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during metamorphism: newly-formed Fe-rich minerals 
allowed preserving bulk rock Fe compositions during meta-
morphic reactions and hampered any Fe isotope fractiona-
tion. Greenschists have δ56Fe values (+0.17 ± 0.01 to
+0.27 ± 0.02‰) similar to high-pressure rocks. Hence,
metasomatism related to fluids derived from the subducted 
hydrothermally altered metabasites might only have a lim-
ited effect on mantle Fe isotope composition under sub-
solidus conditions, owing to the large stability of Fe-rich 
minerals and low mobility of Fe. Subsequent melting of the 
heavy-Fe metabasites at deeper levels is expected to gener-
ate mantle Fe isotope heterogeneities.

Keywords Fe isotopes · Metabasites · Subduction · HP–LT 
metamorphism · Blueschists · Eclogites · Greenschists · 
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Introduction

High-pressure/low-temperature (HP–LT) rocks are 
remnants of ancient subduction zones. They provide 
information on geochemical processes and deep fluid-rock 
interactions occurring at present-day active convergent 
margins. Fluid infiltration during high- and low-
temperature hydrothermal alteration of the oceanic crust 
at mid-ocean ridges and on the seafloor is responsible for 
the hydration of basic rocks and serpentinisation of the 
lithospheric mantle. During subduction, the hydrothermally 
altered oceanic crust dehydrates continuously and releases 
large amounts of  H2O at a relatively shallow level in the 
subduction zone (50–80 km) (Schmidt and Poli 1998; 
Rüpke et al. 2004). Deserpentinisation of the lithospheric 
mantle occurs at deeper levels (100–200 km), where fluids 
are expected to be the source of arc melting (Ulmer and 

Abstract Characterisation of mass transfer during subduc-
tion is fundamental to understand the origin of composi-
tional heterogeneities in the upper mantle. Fe isotopes were 
measured in high-pressure/low-temperature metabasites 
(blueschists, eclogites and retrograde greenschists) from 
the Ile de Groix (France), a Variscan high-pressure ter-
rane, to determine if the subducted oceanic crust contrib-
utes to mantle Fe isotope heterogeneities. The metabasites 
have δ56Fe values of +0.16 to +0.33‰, which are heavier
than typical values of MORB and OIB, indicating that their 
basaltic protolith derives from a heavy-Fe mantle source. 
The δ56Fe correlates well with Y/Nb and (La/Sm)PM ratios,
which commonly fractionate during magmatic processes, 
highlighting variations in the magmatic protolith compo-
sition. In addition, the shift of δ56Fe by +0.06 to 0.10‰
compared to basalts may reflect hydrothermal altera-
tion prior to subduction. The δ56Fe decrease from blue-
schists (+0.19 ± 0.03 to +0.33 ± 0.01‰) to eclogites
(+0.16 ± 0.02 to +0.18 ± 0.03‰) reflects small variations
in the protolith composition, rather than Fe fractionation 
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Trommsdorff 1995; Rüpke et al. 2004). Fluid- and melt-
mediated mass transfer from the slab to the overlying 
mantle wedge during devolatilisation reactions, triggers 
mantle metasomatism (e.g. Schmidt and Poli 1998; Downes 
2001; Kessel et al. 2005).

Currently, fluid-induced oxidation of the mantle wedge 
during subduction is a matter of debate (e.g. Evans 2012; 
and references therein). Dehydration-redox reactions 
happening in the subducting slab are responsible for 
a transfer of redox-sensitive (Fe) or volatile elements 
(C, S, F, Cl) from subducted sediments, altered oceanic 
crust and serpentinised lithospheric mantle to the mantle 
wedge (e.g. Malaspina et al. 2010; Evans 2012; Galvez 
et al. 2013; Debret et al. 2016). These processes in turn 
control the redox state of arc magmas, which are shown 
to be more oxidised  (Fe3+/ΣFe = 0.3) than mid-ocean
ridge basalts (MORB)  (Fe3+/ΣFe = 0.07–0.16; Christie
et al. 1986; Bezos and Humler 2005; Kelley and Cottrell 
2009; Cottrell and Kelley 2011), and have long-term 
(>1 Ga) consequences for the bulk mantle (Evans 2012). 
Hypersaline brines, supercritical fluids, silicate-rich 
C-bearing fluids, silicate melts or sulphate-bearing fluids 
derived from the oceanic lithosphere are recognised as 
effective metasomatic oxidising agents in the lithospheric 
mantle (Kelley and Cottrell 2009; Malaspina et al. 2010; 
Debret et al. 2016). The prograde transition from lizardite 
to antigorite results in a decrease of the serpentine  Fe3+/
ΣFe ratio and magnetite modal percentage under eclogite 
facies conditions (Debret et al. 2014). Fe mass transfer 
accompanying the release of oxidised fluids (e.g.  SOX, 
 H2O,  CO2) leads to Fe reduction in serpentinites (Debret 
et al. 2014).

Iron isotopes (54Fe, 56Fe, 57Fe and 58Fe) may be a tool 
with which these mass transfer processes can be tracked, 
because their distribution is strongly sensitive to changes in 
redox conditions (e.g. Williams et al. 2005, 2009; Dauphas 
et al. 2009; Sossi et al. 2012, 2016; Teng et al. 2013). Fe 
isotopes may fractionate significantly at high-temperature 
(>700 °C) in mantle-derived rocks and minerals (deviation 
of the xFe/54Fe ratio is noted as δxFe = [(xFe/54Fe)sample/
(xFe/54Fe)standard − 1] × 1000; with x = 56 or 57). In
magmatic rocks, fractionation may result from: (1) variable 
degrees of partial melting (Williams et al. 2005; Weyer 
and Ionov 2007; Dauphas et al. 2009; Teng et al. 2013); 
(2) fractional crystallisation (e.g. Teng et al. 2008, 2013; 
Schuessler et al. 2009; Sossi et al. 2012; Liu et al. 2014); 
and/or (3) fluid- and melt-induced mantle metasomatism 
(Beard and Johnson 2004; Zhao et al. 2010; Poitrasson et al. 
2013). Variations of oxygen fugacity and redox conditions 
in the mantle also play a role in Fe isotope fractionation, as 
they affect mantle melting processes (Williams et al. 2004, 
2005; Dauphas et al. 2009; Teng et al. 2013). MORB [δ56Fe 
from 0.053 ± 0.015‰ at 95% confidence level (CL), to

0.176 ± 0.014 at 2σ standard error (2σ SE); Weyer and
Ionov 2007; Craddock and Dauphas 2011; Sossi et al. 2012; 
Nebel et al. 2013; Teng et al. 2013], back-arc basin basalts 
(BABB) [δ56Fe from 0.026 ± 0.022 to 0.096 ± 0.022‰ at
2σ SE; Teng et al. 2013; Nebel et al. 2013], as well as ocean 
island basalts (OIB) [δ56Fe from −0.011 ± 0.030‰ (95%
CL) to +0.30 ± 0.028‰ (2σ SE); Weyer and Ionov 2007;
Teng et al. 2008, 2013; Schuessler et al. 2009; Konter et al. 
2016], are isotopically heavier than mantle peridotites and 
xenoliths [δ56Fe = +0.014 ± 0.018‰ (95%CL), Weyer and
Ionov 2007; +0.025 ± 0.025‰ (95%CL), Craddock et al.
2013; δ57Fe = +0.05 ± 0.01‰ (2σ SE), corresponding to
a δ56Fe value of c. 0.034 ± 0.01‰, Sossi et al. 2016]. This
difference indicates Fe isotope fractionation during mantle 
partial melting and magma differentiation (Teng et al. 
2013). Fe isotope fractionation in basaltic magmas results 
in a preferential incorporation of the isotopically heavier, 
incompatible  Fe3+ in the melt phase (Dauphas et al. 
2009). While Fe fractionation between mantle and basaltic 
magmas is regulated by fractionation between  Fe2+ and 
 Fe3+, the heavier composition of OIB compared to MORB 
has been explained by fractional crystallisation of olivine 
and pyroxene in the basaltic magma, as well as by mantle 
source Fe isotopic heterogeneities (e.g. Teng et al. 2013).

During low-temperature (low-T) hydrothermal processes 
(<450 °C), Fe isotope fractionation strongly depends on 
redox conditions: fluids become enriched in the light Fe 
isotopes under reducing conditions (e.g. Saunier et al. 
2011) because of the higher solubility of isotopically light 
 Fe2+ in fluids relative to  Fe3+. Subsequent precipitation 
of hydrothermal products produces  Fe2+-bearing phases 
isotopically lighter than  Fe3+-bearing phases, in which Fe 
is co-ordinated by the same ligand (e.g. O) (Polyakov and 
Mineev 2000). However, Fe isotopes may also fractionate 
significantly in aqueous solutions if changes occur in the 
non-redox environment, i.e. in the ligand composition 
(chloride, sulfide), as well as in the speciation, relative 
abundances, coordination number of  Fe2+ and  Fe3+, and in 
the ionic strength of the solution (Hill et al. 2010). Changes 
in the chemistry of Fe-bearing solutions have major 
implications on the isotopic composition of Fe-precipitates: 
Fe redox isotope fractionation between  Fe2+- and 
 Fe3+-bearing species decreases with decreasing chlorinity, 
while it is more sensitive to changes in ferric speciation 
than in ferrous speciation (Hill et al. 2010).

In seafloor hydrothermal fluids, Fe isotopic composition 
is generally shifted to lower δ56Fe (and δ57Fe) values by 
−0.2 to −0.7‰ compared to the basaltic rocks (Rouxel
et al. 2008). During low-T hydrothermal alteration of 
basalts, formation of  Fe3+-rich secondary clays (e.g. 
celadonite) or Fe-hydroxides may increase the δ56Fe (and 
δ57Fe) values of alteration products (Rouxel et al. 2003). 
Kinetic isotope fractionation during basalt alteration may 
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also be responsible for preferential leaching of light Fe 
isotopes and, consequently, for an increase in δ56Fe (and 
δ57Fe) compared to fresh MORB (Rouxel et al. 2003). On 
the other hand, sulphide products display variable light 
δ56Fe [−1.79 ± 0.06 to −0.11 ± 0.14‰; 1σ standard
deviation (SD); Rouxel et al. 2008], depending on whether 
they were formed in equilibrium with aqueous  Fe2+ 
hydrothermal fluids, or were inherited from FeS precursors 
(Polyakov and Soultanov 2011). Rouxel et al. (2003) have 
shown that hydrothermal alteration processes are in turn 
responsible for the highly variable Fe isotopic composition 
of the bulk altered oceanic crust [δ57Fe from −2.49 to
+2.05‰ (mean +0.12 ± 0.19‰ at 2σ SE; n = 52); i.e.
δ56Fe from −0.73 to +1.39‰ (mean +0.08 ± 0.13‰;
2σ SE); including altered basalts, volcanoclastic material, 
veins and interflow materials] and altered oceanic basalts 
[δ56Fe from −0.30 to +2.05‰ (mean +0.31 ± 0.18‰ at
2σ SE; n = 28); i.e. δ56Fe from −0.2 to +1.39‰ (mean
+0.21 ± 0.12‰; 2σ SE)], albeit similar in mean to the
MORB value.

Studies on orogenic eclogites (Beard and Johnson 2004) 
and eclogite xenoliths from kimberlite pipes (Williams et al. 
2009) have revealed that eclogites may conserve mantle-
like δ56Fe values. On the contrary, Fe isotope fractionation 
is currently undetermined in metabasalts of blueschist and 
eclogite facies that were formed during subduction zone 
metamorphism and have recorded various stages of fluid-
rock interactions. Solubility of Fe increases with increasing 
chlorinity in subduction zone fluids, as Fe is mainly 
transported as Fe-chloride complexes (Manning 2004). 
Because chlorinity of subduction zone fluids is generally 
below seawater (Mottl et al. 2004; Manning 2004), Fe 
was considered to be relatively insoluble and immobile, 
contrary to Al, Si and alkalis (Schneider and Eggler 1986; 
Manning 2004). However, the hydrated oceanic mantle 
may carry significant amounts of Cl into the subduction 
zone (Scambelluri et al. 2004). Subsequent devolatilisation 
reactions progressively release Cl, at the transition from 
oceanic serpentinites to high-pressure serpentinites, as 
well as under P–T conditions of antigorite breakdown 
(Scambelluri et al. 2004). In this context, a recent study 
has revealed an unusual increase in δ56Fe in subducted 
serpentines (from −0.02 ± 0.15 to +0.08 ± 0.11‰; 2σ

SD) with the decrease of their  Fe3+/ΣFe ratio (from 0.7 
to 0.5) at the transition from lizardite to high-pressure 
antigorite (Debret et al. 2016). The authors conclude that 
isotopically light-Fe is carried as Fe(II)-SOX or Fe(II)-Cl2 
species by sulfate-rich and/or hypersaline fluids that 
are released in the mantle wedge (Debret et al. 2016). 
While the Fe isotope database for ultrabasic and basic 
rocks is growing substantially, further work is required 
to understand Fe mobility and isotope fractionation in 
subduction-related basaltic rocks of blueschist and eclogite 

facies. During subduction, the dehydrating metabasites 
release significant amounts of fluids (Schmidt and Poli 
1998). Characterisation of Fe isotope fractionation in 
metabasaltic rocks is expected to provide information on 
oceanic crust recycling in subduction zones and contribute 
to the current debate on the effects of subduction zone 
fluids on deep mantle magmatic cycles.

This study investigates hydrothermally altered 
metabasites (Ile de Groix, France) of prograde blueschist 
and eclogite facies, and retrograde greenschist facies, 
in order to decipher Fe isotope fractionation during the 
various stages of subduction/exhumation processes. We 
aim to determine whether the Fe isotope compositions 
of the studied rocks were modified during the various 
metamorphic stages and associated fluid-rock interactions 
(hydrothermal alteration, dehydration and rehydration 
reactions), or if they directly reflect the magmatic protolith 
composition. Finally, we discuss if and how subduction 
of oceanic basic rocks may generate mantle Fe isotope 
heterogeneities.

Geological setting and investigated samples

In this study, we investigate metabasic samples of blues-
chist, eclogite, and retrograde greenschist facies from the 
Ile de Groix (Armorican Massif, France), a well-known 
Variscan HP–LT unit (Fig. 1) (see Bosse et al. 2002; 
Ballèvre et al. 2003; El Korh et al. 2013; and references 
therein). The metabasites correspond to former hydrother-
mally altered enriched mid-ocean ridge basalts (E-MORB), 
interlayered with pelitic micaschists (Bernard-Griffiths 
et al. 1986; Bosse et al. 2002; El Korh et al. 2009, 2013). 
Because of the lack of ultrabasic and gabbroic rocks, the 
high-pressure rocks were interpreted as remnants of the 
uppermost part of an oceanic lithosphere or of basaltic 
lavas, emplaced during the Cambro-Ordovican rifting 
widely recognised along the northern Gondwana mar-
gin (El Korh et al. 2012; von Raumer et al. 2015). The 
Cambro-Ordovician magmatism in the southern Armori-
can Massif is thought to result from the intra-continental 
back-arc basin rifting following the closure of the Proto-
Rheic ocean, as recognised in the allochthonous domain 
of the Variscan belt (von Raumer et al. 2015). The meta-
basalts and metasediments were sheared off and imbri-
cated in an accretionary prism during the Variscan subduc-
tion (El Korh et al. 2012). The rocks recorded two main 
metamorphic events: (1) a prograde blueschist to eclogite 
facies metamorphism M1 related to subduction, and (2) 
a greenschist facies overprint M2 related to exhumation 
(e.g. Barrientos and Selverstone 1993; Bosse et al. 2002). 
In eclogites, the peak pressure–temperature (P–T) condi-
tions were estimated at 1.6–2.5 GPa and 500–600 °C (using 
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pseudo-section phase diagrams) and correspond to the 
blueschist to eclogite facies transition, i.e. to a 60–70 km 
depth in a subduction zone with an intermediate thermal 
regime (El Korh et al. 2009). In micaschists, the maximum 
peak P–T conditions were estimated to be 1.6–1.8 GPa, 
450–500 °C using the NFMASH system (Bosse et al. 
2002). Based on trace element and bulk rock δ18O analy-
ses, El Korh et al. (2013) have shown that pervasive fluid-
rock interactions occurred as an open system during sea-
floor hydrothermal alteration, as well as during the early 
subduction metasomatism (interaction with pelite-derived 
fluids). During HP metamorphism, fluid migration in the 
metabasites is relatively slow because of their low poros-
ity and low permeability that result in low and slow fluid 
fluxes (El Korh et al. 2013). Only vein channels show high 
fluid-rock ratios, high fluid fluxes and significant fluid-rock 
interactions along vein boundaries (El Korh et al. 2011). 
The retrograde metamorphism (<1 GPa; <400–450 °C) was 
interpreted as an overprint of fluids that were already in 
equilibrium with the metabasites under HP–LT conditions, 
without infiltration of additional externally derived fluids. 
Metabasites that underwent pervasive alteration by pre-HP 
metasomatic processes, show greater effects of retrogres-
sion (El Korh et al. 2013).

Blueschist and eclogite facies metabasites are com-
posed of garnet, glaucophane, epidote, phengite, apatite, 
quartz, titanite and/or rutile. Omphacite porphyroblasts 
are present in eclogites. Blueschist facies rocks often con-
tain pseudomorphs after lawsonite, composed of epidote, 
phengite, paragonite, actinolite, and albite (Ballèvre et al. 
2003). The different mineral assemblages between blue-
schists and eclogites result from slight differences in the 
composition of the protolith and/or small variations in 
temperature (50–75 °C) for the peak metamorphic condi-
tions (El Korh et al. 2009). Partial retrogression of eclog-
ites and blueschists is evidenced by: (1) barroisite + albite 
symplectites replacing omphacite; (2) barroisite and acti-
nolite overgrowths along glaucophane rims; (3) alteration 
of garnet to chlorite; and (4) replacement of rutile by titan-
ite. Besides, retrograde assemblages in greenschists cor-
respond to epidote, chlorite, actinolite, barroisite, albite, 
magnetite, and titanite. High-pressure garnet is partially to 
totally replaced by chlorite, actinolite and by a retrograde 
generation of epidote. “Albitic greenschists” contain large 
albite porphyroblasts ± calcite, and have experienced 
intensive fluid-rock interactions during retrogression 
[for discussion, see El Korh et al. 2013, and references 
therein]. Overall, thirteen metabasites were analysed dur-
ing this study and include five blueschists (GR 02, 04, 11b, 

Fig. 1  Geological map of the Ile de Groix (after Audren et al. 1993; Bosse et al. 2002; El Korh et al. 2013). *The beach “Plage des Grands 
Sables” periodically moves with the oceanic currents
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12b and 25a), three eclogites (GR 21, 24a and 29) and five 
retrograde greenschists (GR 06a, 23 and 25b and albitic 
greenschists GROA 43 and 52) [for the detailed descrip-
tion of the samples see El Korh et al. 2009, 2011, 2013; 
and Table 1].

Analytical techniques

The Fe isotope ratios, in whole rocks, were measured 
by multi-collector inductively coupled plasma mass 
spectrometry (MC-ICPMS) at the CRPG-Nancy. Fe was 
separated following a detailed chemical procedure (Marin-
Carbonne et al. 2011). About 10 mg of powdered samples 
were dissolved in three steps using: (1) a 2:1 mixture 
of HF (28 N) and  HNO3 (15 N) on a hot plate at 90 °C; 
(2)  HNO3 (15 N) at 60 °C; and (3) HCl (7 N) at 60 °C. 
After total dissolution of the samples and centrifugation, 
Fe was isolated through AG-MP-1 resin-exchange 
chromatography columns. To avoid over-saturation of 
the resin, only c. 40–50 μg of Fe was introduced into the 
columns. Fe fractions were eluted with HCl (2 N) and 
dried down. Fe fractions were then re-dissolved in  HNO3 
(7 N) and dried down before final dissolution in  HNO3 
(0.05 N) for MC-ICPMS analyses. Total procedural Fe 
blanks (including chemistry and measurements) were 
<50 ng, which are negligible compared to the amount of 
sample Fe processed (<0.12%). The BIR-1 basalt (Iceland) 
geostandard (USGS) served as secondary standard. It was 
dissolved and submitted to the same chemical procedure as 
the studied samples.

Fe isotopes were measured using a NeptunePlus 
MC-ICPMS (ThermoFisher Scientific, Germany and 
USA), following the procedure described in Liu et al. 
(2014). Samples were introduced into the MC-ICPMS via 
a standard nebuliser and cyclonic chamber. Ni skimmer 
and sampler cones in standard geometrical configuration 
were employed. The instrument was operated in static 
mode at a high resolution (M/ΔM ≈ 8000), which 
allowed solving argide polyatomic interferences on Fe 
masses (40Ar14N on 54Fe; 40Ar16O on 56Fe; 40Ar16O1H 
on 57Fe). The cup configuration consisted of: Low 3 
(53Cr), Low 2 (54Fe), Axial (56Fe) and High 1 (57Fe). 
53Cr was employed to correct the isobaric interference 
between 54Cr and 54Fe intensities using a 54Cr/53Cr 
ratio of 0.248921 (Rosman and Taylor 1998). Gas flow 
rates (carrier Ar 1.06–1.08 L/min; auxiliary Ar 0.8 L/
min; cool Ar 15 L/min), torch parameters and ion lenses 
were optimised using a solution of the IRMM-014 ultra-
pure Fe standard. Correction coefficients between the 
Faraday cups were obtained by gain calibration before 
optimising the peak shapes and centring the peaks. 
Analyses were performed on 3 ppm Fe solutions, diluted 
in  HNO3 (0.05 N). 50 cycles, with 8 s integration time, 
were measured during 10 min, after a 13 min washout 
in  HNO3 (0.5 N) and 8 min washout in  HNO3 (0.05 N). 
Each sample analysis was sequentially bracketed by 
measurements of the IRMM-014 standard.

Fe isotope compositions are expressed in ‰ delta 
values (δ56Fe and δ57Fe), relative to the IRMM-014 
standard. Data accuracy and bulk external reproducibility 
(chemistry and isotope measurements) were evaluated by 
replicate analyses of the BIR-1 geostandard. Fe isotopic 

Table 1  Provenance, metamorphic facies and mineral assemblage of the studied samples

* See Figure 1

** The mineral abbreviations are from Kretz (1983); ◊ lws: pseudomorphs after lawsonite

*** [1] El Korh et al. (2009); [2] El Korh et al. (2013); [3] El Korh et al. (2011)

Sample Locality* Metamorphic facies Mineralogical assemblage** Reference***

GR 02 Les Sables Rouges Blueschist Grt-gln-barr-ep-phe-qtz-ttn-rt-ap- ◊ lws [1]

GR 04 Beg er Skeul Blueschist Grt-gln-barr-ep-phe-qtz-ttn-ap- ◊ lws [2]

GR 11b Les Saisies Blueschist Grt-gln-barr-ep-phe-chl-ab-ttn-Fe ox (mt)- ◊ lws [1]

GR 12b Porh Roëd Blueschist Gln-act-ep-phe-chl-ab-ttn-ap-qtz-Fe ox (hm)- ◊ lws [1]

GR 25a Port Lay Blueschist Grt-gln-ep-phe-act-qtz-chl-ttn-Fe ox (mt)- ◊ lws [1]

GR 21 Poskedoul Eclogite Grt-gln-omph-barr-ep-phe-chl-qtz-Fe ox (hm, mt) [1]

GR 24a Plage du Rolaz Eclogite Grt-gln-barr-ep-omph-phe-chl-qtz-Fe ox (hm, mt) [1]

GR 29 Porh Giguéou Eclogite Grt-gln-omph-barr-ep-phe-chl-qtz-ap-rt-ttn-± ◊ lws [1]

GR 06a S of Locqueltas Greenschist Chl-ep-ab-phe-barr-qtz-Fe ox (mt)-Fe hydrox [2]

GR 23 Côte d’Héno Greenschist Grt-ep-chl-ab-barr-phe-act-gln-ttn-rt-Fe ox (mt) - ◊ lws [1]

GR 25b Port Lay Greenschist Grt-ep-chl-gln-barr-act-ab-qtz-ap-ttn-rt-Fe ox (mt) [1]

GROA 43 Biléric Greenschist Chl-Ab-cc-phe-ilm-czo-Fe ox (mt)-± qtz [2]

GROA 52 Gadoéric Greenschist Ab-chl-qtz-ep-act-barr-cc-ttn-Fe ox (mt) [3]
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measurements of BIR-1 yielded δ56Fe and δ57Fe values of 
+0.061 ± 0.045 and +0.101 ± 0.060‰ (2σ SE; n = 7), 
respectively (Table 2), that are similar to those reported 
in the literature (Craddock and Dauphas 2011).

Results

The Fe isotope ratios are given in Table 2. All samples 
have a reproducibility on δ56Fe better than 0.032‰ (2σ 
SE). In the δ57FeIRMM-014 vs. δ56FeIRMM-014 diagram 
(Fig. 2), all data plot within uncertainty on the slope of 
the equilibrium and kinetic theoretical mass fractionation 
lines. The metabasites have δ56Fe values that vary from 
+0.16 to +0.33‰. The δ56Fe values generally decrease 
from blueschists (+0.19 to +0.33‰) to eclogites (+0.16 
to +0.18‰), while greenschists have δ56Fe values (+0.17 
to +0.27‰) within the range of both blueschists and 
eclogites (Table 2; Figs. 3, 4).

Table 3 summarises the δ18O values, the  SiO2,  Al2O3, 
 Fe2O3

tot, FeO and Rb concentrations, and the Y/Nb and 
(La/Sm)PM ratios (El Korh et al. 2009, 2011, 2013, 
2017), as well as the  Fe3+/ΣFe values (El Korh et al. 
2017), that will be discussed below. For the whole set of 
samples, the δ56Fe values do not show any well-defined 
linear correlation with the  Al2O3,  SiO2 and  Fe2O3

tot 
contents (Fig. 3a–c), nor with the  Fe3+/ΣFe and Fe/
Ti ratios (Fig. 3d, e). A trend can still be identified: the 

δ56Fe appears to increase with the decrease of  Fe2O3. 
Besides, the δ56Fe decreases from blueschists to eclogites 
with decreasing  Al2O3 content and with increasing  SiO2 
content (Fig. 3a, b). Despite the absence of any linear 

Table 2  Iron isotopic 
compositions of the studied 
metabasites and BIR-1 
reference basalt

Uncertainties are 2σ standard deviations of the mean, i.e. 2σ standard errors (2SE)

n number of replicates

* Reference values are from Craddock and Dauphas (2011)

** Analytical uncertainties are given at 95% confidence interval

Samples n δ56Fe (‰) δ57Fe (‰)

Mean ±2σ SE Mean ±2σ SE

BIR-1 Basalt Standard (USGS) 7 0.061 0.045 0.101 0.060

Reference* 0.053 0.015** 0.087 0.023**

GR02 Blueschist 8 0.223 0.027 0.334 0.043

GR04 Blueschist 7 0.248 0.032 0.376 0.064

GR11b Blueschist 8 0.325 0.007 0.512 0.037

GR12b Blueschist 4 0.194 0.027 0.261 0.053

GR25a Blueschist 8 0.246 0.018 0.380 0.036

GR21c Eclogite 6 0.160 0.018 0.254 0.059

GR24a Eclogite 6 0.182 0.012 0.278 0.042

GR29 Eclogite 8 0.184 0.026 0.278 0.043

GR06a Greenschist 7 0.279 0.021 0.406 0.069

GR23 Greenschist 4 0.174 0.012 0.294 0.020

GR25b Greenschist 7 0.214 0.025 0.337 0.049

GROA43 Greenschist 4 0.228 0.023 0.338 0.042

GROA52 Greenschist 7 0.202 0.014 0.315 0.037

Fig. 2  δ57FeIRMM-014 vs. δ56FeIRMM-014 diagram for the studied 
samples from the Ile de Groix. Error bars are at 2σ SE external 
reproducibility, based on replicate analyses. The data plot within 
uncertainty along the equilibrium and kinetic theoretical mass frac-
tionation lines (TMFL) defined by equations δ57FeIRMM-014 = (1/
m57Fe − 1/m54Fe)/(1/m56Fe − 1/m54Fe) × δ56FeIRMM-014 ≈ 1.475 × 
δ56FeIRMM-014 (equilibrium TMFL) and δ57FeIRMM-014 = [ln(m57Fe/
m54Fe)/ln(m56Fe/m54Fe)] × δ56FeIRMM-014 ≈ 1.488 × δ56FeIRMM-014  
(kinetic TMFL). The long-term reproducibility at 2σ SE for the BIR-1 
geostandard (±0.045‰ for δ56Fe and ±0.060‰ for δ57Fe) is repre-
sented as error bars
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correlation between δ56Fe and  Fe3+/ΣFe values (Fig. 3d), 
it is graphically evident that blueschists have generally 
higher δ56Fe and  Fe3+/ΣFe values than eclogites (Fig. 3d; 
Table 3). The garnet-free blueschist GR 12b, with the 
highest  Fe3+/ΣFe ratio, has a δ56Fe value within the same 
range as other metabasites.

Greenschists have major element compositions within 
the range of both blueschists and eclogites, except 
albite-/calcite-bearing greenschists (GROA 43 and 52), 
which underwent intensive fluid-rock interactions during 
retrogression (Fig. 3a, b). While albite-/calcite-bearing 
greenschists show the lowest  Fe3+/ΣFe ratios, their Fe 

Fig. 3  Al2O3 (a),  SiO2 (b),  Fe2O3
tot (c),  Fe3+/ΣFe (d) and Fe/Ti (e) 

vs. δ56Fe in the metabasites of the Ile de Groix. The corresponding 
data are reported in Tables 2 and 3. Error bars and long-term repro-
ducibility (BIR-1) on plot (a) are the same as in Fig. 2. Uncertainties 
for the  Fe3+/ΣFe ratio are c. 0.5%. The grey field in the  Fe3+/ΣFe 
vs. δ56Fe diagram (d) represents the garnet-bearing metabasites. The 

 Fe3+/ΣFe values for MORB are from Christie et al. (1986), Bezos 
and Humler (2005), Kelley and Cottrell (2009), and Cottrell and Kel-
ley (2011). The δ56Fe values for MORB are from Weyer and Ionov 
(2007), Craddock and Dauphas (2011), Sossi et al. (2012), Nebel 
et al. (2013), and Teng et al. (2013)

7

ht
tp
://
do
c.
re
ro
.c
h



Fig. 4  δ18O (a) and Rb (b) vs. δ56Fe in the metabasites of the Ile de 
Groix. The corresponding data are reported in Tables 2 and 3. Error 
bars are at 2σ SE external reproducibility. Error bars and long-term 
reproducibility (BIR-1) on plot (b) are the same as in Fig. 2. In the 
δ18O vs. δ56Fe diagram, distinct trends are observed for each lithology 
and originate from a common isotopic composition in δ56Fe ≈ +0.10 
to +0.12‰ and δ18O ≈ +5.8 to +6.0‰, similar to that of MORB. 

The MORB end-member was included in the calculation of the 
regression lines for each lithology: blueschists (blue arrow; slope 
15.38; R2 0.938), eclogites (red arrow; slope 45.71; R2 0.937) and 
greenschists (green arrow; slope 25.01; R2 0.959; calcite-bearing 
greenschist GROA 43 excluded). d In the Rb vs. δ56Fe diagram, the 
Rb abundances increase with the degree of hydrothermal alteration. 
No correlation is observed with the δ56Fe values

Table 3  SiO2,  Al2O3  Fe2O3 tot, FeO and Rb concentrations,  Fe3+/ΣFe, Y/Nb and (La/Sm)PM ratios, and δ18O of the studied metabasites

SiO2,  Al2O3,  Fe2O3 tot, and FeO in wt %; Rb in ppm; Fe/Ti, Y/Nb, (La/Sm)PM weight ratios in ppm/ppm

* Data from: El Korh et al. 2009 [1]; El Korh et al. 2013 [2]; El Korh et al. 2011 [3]; El Korh et al. 2017 [4]

** The  Fe3+/ΣFe ratios were calculated using the whole rock  Fe2O3 tot content, as well as the FeO content measured by volumetric method (see 
El Korh et al. 2017)

*** (La/Sm)PM normalised to the Primitive mantle (normalisation values are from Sun and McDonough 1989)

Reference* SiO2 Al2O3 Fe2O3 tot Fe3+/ΣFe** Fe/Ti Y/Nb (La/Sm)PM*** Rb δ18O (‰)

[1, 2, 3] [1, 2, 3] [1, 2, 3] [4] [1, 2, 3] [1, 2, 3] [1, 2, 3] [1, 2, 3] [1, 2, 3]

Blueschists

GR02 46.61 16.96 13.37 0.54 9.48 8.97 1.14 12 8.2

GR04 46.44 17.90 9.59 0.53 6.99 3.58 1.41 5.3 8.5

GR11b 47.63 15.72 12.45 0.54 5.58 2.50 1.73 11 9.2

GR12b 46.91 16.42 10.34 0.64 8.96 1.26 3.85 17 7.8

GR25a 47.56 15.40 12.67 0.35 6.91 6.04 1.11 11 8.13

Eclogites

GR21c 48.75 15.43 12.65 0.43 9.00 11.1 0.73 16 8.25

GR24a 49.39 15.05 13.12 0.35 8.08 11.49 1.18 13 8.78

GR29 49.48 13.72 14.18 0.32 5.74 9.76 1.03 3.6 9.92

Greenschists

GR06a 49.51 15.84 10.56 0.39 6.85 1.69 1.82 18 10.09

GR23 48.04 14.47 14.30 0.50 6.67 10.03 0.85 4.6 7.71

GR25b 48.49 14.98 12.26 0.33 6.66 5.62 1.02 5.9 8.76

GROA43 43.22 12.43 11.86 0.20 7.62 8.11 0.90 21 6.91

GROA52 44.74 14.35 11.40 0.23 7.35 8.69 0.90 1.2 8.98
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isotope values are similar to the δ56Fe values recorded by 
the other metabasites.

Even if the δ56Fe and δ18O do not correlate for the 
whole set of samples, a positive correlation between δ56Fe 
and δ18O is observed within each metamorphic facies, 
all trends arising from a common isotopic composition in 
δ56Fe ≈ +0.10 to +0.12‰ and δ18O ≈ +5.8 to +6.0‰, 
similar to that of MORB (Fig. 4a). The slope of the frac-
tionation line increases from blueschists (15.38 ± 1.97) to 
eclogites (45.71 ± 7.89). Greenschists, deriving either from 
blueschists or eclogites, have a slope with an intermediate 
value (25.01 ± 2.99). Only sample GROA 43, which dis-
plays abundant retrograde calcite formation, does not plot 
along the fractionation line determined for greenschists.

The Rb content in metabasites (1.2 to 21 ppm; El Korh 
et al. 2009, 2011, 2013) does not correlate with the δ56Fe 
values (Fig. 4b), this, independently of the metamorphic 
facies.

A well-defined negative correlation is observed between 
the δ56Fe values and the Y/Nb ratios in the studied meta-
basites, except for the garnet-free blueschist GR 12b (R2 
coefficient of 0.8123) (Fig. 5a). A good correlation is also 
observed between the δ56Fe values and the (La/Sm)PM ratio 
(R2 coefficient of 0.7308) (Fig. 5b). All the δ56Fe values are 
shifted by +0.06–0.10‰ to higher values, in comparison to 
MORB at the same Y/Nb or (La/Sm)PM ratio (Figs. 5a, b).

Discussion

Fe isotope fractionation in the studied metabasites 
during subduction zone metamorphism

Different processes need to be considered to explain 
the high δ56Fe values in the metabasites of the Ile de 
Groix: (1) a pre-subduction overprint related to the 

Fig. 5  Y/Nb (a) and (La/Sm)PM (b) vs. δ56Fe in the metabasites 
of the Ile de Groix compared to a series of tholeiitic (BIR-1, East 
Pacific Rise, JB-2, BCR, FAMOUS–MAR: “French-American Mid-
Ocean Undersea Study—Mid-Atlantic Ridge”) and alkaline basalts 
(BHVO-1, Samoa, Easter Island, Reunion). Data for the Ile de 
Groix samples (surrounded by dotted lines) are reported in Tables 2 
and 3. The δ56Fe values are from Weyer and Ionov (2007) for East 
Pacific Rise, JB-2, Easter Island and Reunion samples; from Konter 
et al. (2016) for Samoa samples; and from Nebel et al. (2013) for 
the FAMOUS basalts (E-MORB). The mean δ56Fe values for BIR-
1, BHVO-1 and BCR basalts are from Weyer and Ionov (2007), and 
from Craddock and Dauphas (2011). The trace element compositions 
are from: Govindaraju (1994) for BIR-1, BHVO-1 and BCR basalts; 

Imai et al. (1995) for JB-2 basalt; Haase (2002) for East Pacific Rise 
and Easter Island samples; Fretzdorff and Haase (2002) for Reunion 
sample; Langmuir et al. (1977) for the FAMOUS basalts; and Jack-
son et al. (2007) for Samoa samples. The long-term reproducibility 
(BIR-1) is represented as an error bar on plot (a). Error bars are at 
2σ SE external reproducibility, and at 95% confidence level for East 
Pacific Rise, Reunion Easter Island and JB-2 basalts. a The δ56Fe 
values of the metabasites of the Ile de Groix, except for the garnet-
free blueschist GR 12b, show excellent correlation with the Y/Nb 
(slope −63.65 ± 9,67; R2 0.8123) ratios. b A good correlation is also 
observed between the δ56Fe values and the (La/Sm)PM ratio (slope 
6.13 ± 0.68; R2 0.7308). Only the garnet-free blueschist GR 12b 
plots away from the line

9

ht
tp
://
do
c.
re
ro
.c
h



pervasive low-T hydrothermal alteration; (2) Fe isotope 
fractionation during devolatilisation reactions related to 
the HP metamorphism and/or; (3) Fe isotope fractionation 
during rehydration reactions related to exhumation.

Effect of hydrothermal alteration on Fe isotope 
fractionation

Pervasive pre-HP hydrothermal processes in the 
metabasites of the Ile de Groix (low-T seafloor 
hydrothermal alteration and early-subduction 
metasomatism related to sediment-derived fluids) were 
responsible for an increase in large ion lithophile element 
(LILE: Cs, Rb, Ba) and δ18O values (El Korh et al. 2013).

According to Rouxel et al. (2003), the altered oceanic 
crust displays variable Fe isotopic composition, with 
δ57Fe from −2.49 to +2.05‰ (i.e. δ56Fe from −1.69 to 
+1.39‰) in alteration products, hydrothermal deposits 
and veins, and altered oceanic crust. Thus, we have inves-
tigated whether the range in δ56Fe values for the metaba-
sites of the Ile de Groix (heavier by c. +0.10 to 0.20‰ 
compared to MORB; Figs. 4, 5, 6) may highlight variable 
degrees of hydrothermal alteration.

A good δ18O–δ56Fe correlation can be observed for 
each metamorphic facies, but not for the whole sample 
set (Fig. 4a). The δ18O increased in all metabasites during 
the low-T hydrothermal alteration, with overlapping δ18O 
values for blueschists, eclogites and greenschists (El 
Korh et al. 2013). Williams et al. (2009) found highly 
variable Fe isotope compositions in bulk mantle eclogite 
xenoliths (T of 935–1401 °C) from kimberlite pipes 
(δ57Fe from −0.59 ± 0.12 to +0.33 ± 0.09‰; δ56Fe 
from −0.38 ± 0.42 to +0.26 ± 0.20‰; 2σ SD), and a 
positive correlation between δ57Fe and δ18O. However, 
they did not observe any Fe isotope fractionation, nor 
any correlation with the δ18O in hydrothermally altered 
oceanic basaltic dykes, despite large uncertainties 
in Fe isotope ratios (δ57Fe from +0.10 ± 0.07 
to +0.33 ± 0.13‰; δ56Fe from +0.11 ± 0.11 to 
+0.31 ± 0.19‰; 2σ SD). Consequently, Williams 
et al. (2009) have interpreted the correlation between 
δ18O and δ57Fe as the result of isotope fractionation by 
disequilibrium partial melting in the mantle rather than 
the effects of metasomatism. By contrast, Gréau et al. 
(2011) have interpreted the positive correlation between 
Fe and O isotopes in the same series of eclogites as the 
result of intensive mantle metasomatism by high-δ18O 
carbonatite- or kimberlite-related fluids/melts.

Even if our data are similar within uncertainty to 
the results of Williams et al. (2009) (Fig. 6), the P–T 
conditions of blueschist- and eclogite-facies metamorphism 
(1.6–2.5 GPa; 500–600 °C; El Korh et al. 2009) in the 

metabasites of the Ile de Groix were too low to generate 
partial melting. Moreover, the δ18O values of the 
metabasites of the Ile de Groix are significantly heavier 
than MORB and mantle values by 1.1–4.3‰. Such a large 
difference argues against fractionation at high temperature 
during partial melting, which is not a feasible mechanism 
to generate large δ18O variability. Here we explore different 
modes of isotope fractionation of O and Fe (Fig. 4a). One 
possible explanation is that O and Fe fractionation did 
not occur concomitantly. While O isotope fractionation 
in the metabasites is highly sensitive to low-T seafloor 
hydrothermal alteration, Fe isotope fractionation may have 
been limited and only reflect variations in the protolith 
composition (Fig. 5a, b). A second possibility is that the 
variable Fe isotope compositions result from changes in 
the redox conditions (blueschists and eclogites:  Fe3+/
ΣFe = 0.32–0.65) during hydrothermal alteration of 
basaltic protoliths (Fig. 3d). Thus, the various degrees of 
Fe oxidation states might have been responsible for the 
precipitation of different alteration products (reduced 
 Fe2+-rich sulphides, oxidised  Fe3+-rich oxides and/or 
hydroxides) with variable δ56Fe values during seafloor 
hydrothermal alteration. The decrease of the slope of 
the fractionation line in the δ18O vs. δ56Fe graph from 
eclogites to blueschists could reflect different diffusion 
rates and kinetic isotope fractionation of Fe compared to 
O during hydrothermal alteration and, possibly, during 
early-subduction interaction with sediment-derived fluids 
(Fig. 4a). A superimposed effect of variable temperatures 
of hydrothermal alteration might also be envisaged, even if 
all metabasites have δ18O within the typical range of low-T 
(<450 °C) hydrothermal alteration (El Korh et al. 2013).

The LILE (Cs, Rb and Ba) abundances in the 
metabasites of the Ile de Groix have increased during 
hydrothermal alteration (El Korh et al. 2013). However, 
the δ56Fe values do not correlate with LILE contents in 
the studied metabasites (Fig. 4b; Electronic Appendix; 
Fig. A2). The fluid-mobile LILE abundances may have 
been disturbed during high-pressure dehydration reactions, 
contrary to O isotopes (El Korh et al. 2013). Despite this 
lack of correlation, the range of Fe isotopic compositions 
of the metabasites of the Ile de Groix, heavier by c. 0.06–
0.10‰ compared to MORB and OIB (Figs. 4, 5, 6), may 
still highlight variable degrees of hydrothermal alteration.

The studied metabasites have δ56Fe comparable 
to the values obtained by Williams et al. (2009) for 
hydrothermally altered basaltic dykes (+0.12 to +0.31‰) 
(Fig. 6). By contrast, our data show smaller variations than 
those of Rouxel et al. (2003), who measured a large range 
of δ57Fe from −0.30 to +2.05‰ (i.e. δ56Fe from −0.20 to 
+1.39‰) in altered oceanic basalts. The intensively altered 
basalts that show the heaviest Fe isotopic compositions are 
generally depleted in  Fe2O3

tot compared to fresh MORB 
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Fig. 6  Comparison of the Fe isotope composition of the studied 
blueschists, eclogites and greenschists with published values for 
the bulk mantle rocks, mid-ocean ridge basalts (MORB), back-arc 
basin basalts (BABB), ocean island basalts (OIB), island arc basalts 
and lavas (IAB and IAL), and basic eclogites. Grey bars correspond 
to the range of values for each set of samples. Mean δ56Fe values 
were calculated using the data from: [1] Weyer and Ionov (2007); 
[2] Craddock et al. (2013); [3] Craddock and Dauphas (2011); [4] 
Teng et al. (2013); [5] Nebel et al. (2013) (sample FAMOUS–MAR: 
“French-American Mid-Ocean Undersea Study—Mid-Atlantic 
Ridge”); [6] Williams et al. (2009); [7] Sossi et al. (2012); [8] Teng 
et al. (2008); [9] Schuessler et al. (2009); [10] Konter et al. (2016); 

[11] Dauphas et al. (2009); [12] Nebel et al. (2015); [13] Beard and 
Johnson (2004). Data for the altered oceanic crust from Rouxel et al. 
(2003) are not included in the figure because of the large variation 
of Fe isotopic values [δ56Fe from −0.73 to +1.39‰, with a mean 
of +0.08 ± 0.13 (2σ SE), for the bulk oceanic crust; from −0.20 to 
+1.39‰, with a mean of +0.21 ± 0.12 (2σ SE), for altered basalts]. 
Error bars (thin black lines) are represented at 2σ SE, and at 95% 
confidence level for bulk mantle [1], Knipovich Ridge [1] and JB-2 
[1] samples. Error bars for the eclogite xenolith from Bellsbank [6] 
are at 2σ SD. The black dotted line represents the bulk mantle Fe iso-
topic composition
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(Rouxel et al. 2003). The  Fe2O3
tot content and  Fe3+/

ΣFe ratios of the metabasites of the Ile de Groix do not 
correlate with markers of hydrothermal alteration (δ18O 
or Rb content; Electronic Appendix Fig. A3). Thus, there 
is no clear evidence of any Fe leaching or addition in the 
metabasites during hydrothermal alteration, even if the 
studied samples have heterogeneous Fe concentrations 
 (Fe2O3

tot from 9.59 to 14.30%; Table 3; Fig. 3c), all within 
the typical range of ocean floor basalts  (Fe2O3

tot from 8.73 
to 17.36%; Jenner and O’Neill 2012). The metabasites 
have  Fe3+/ΣFe ratios (0.20–0.64; El Korh et al. 2017) that 
are significantly higher than those of MORB (0.07–0.16; 
Christie et al. 1986; Bezos and Humler 2005; Kelley and 
Cottrell 2009; Cottrell and Kelley 2011) (Fig. 3d). It is 
difficult to determine exactly during which process Fe 
oxidation occurred (seafloor and sub-seafloor hydrothermal 
alteration, early subduction hydrothermal processes, HP 
metamorphism). If Fe oxidation was triggered by low-T 
(sub-) seafloor hydrothermal alteration after protolith 
emplacement, it would have probably resulted from the 
precipitation of  Fe3+-rich phases during hydrothermal 
alteration, with  Fe3+-rich phases preferentially 
incorporating the heavier isotopes (Polyakov and Mineev 
2000). The δ56Fe values do not correlate with the Fe redox 
state for the entire series of metabasites (Fig. 3d). Thus, 
two hypotheses can explain their high  Fe3+/ΣFe compared 
to MORB: (1) Fe oxidation and isotope fractionation 
processes were decoupled during low-T hydrothermal 
alteration, or (2) Fe oxidation occurred in a closed system, 
i.e. without Fe addition or loss, during the dehydration 
reactions related to the prograde metamorphism up to the 
blueschist facies P–T conditions.

The metabasites of the Ile de Groix are interlayered 
with pelitic sediments, whose trace element composition 
is similar to the upper continental crust (UCC) or global 
subducting sediment (GLOSS), with high LILE and LREE 
contents (Bernard-Griffiths et al. 1986; Bosse et al. 2002; 
El Korh et al. 2013). Most metabasites have (La/Sm)PM 
ratios typical of MORB (up to 1.5; John et al. 2010) 
(Fig. 5b; Table 3). Two samples with high δ56Fe (blueschist 
GR 11b and greenschist GR 06a) have (La/Sm)PM ratios 
slightly higher than MORB (Fig. 4b). El Korh et al. (2013) 
have shown that metasomatic processes related to the early 
stages of subduction, i.e. a pronounced interaction with 
sediment-derived fluids, were responsible for LILE and, to 
a lesser extent, LREE enrichment in these two metabasites.

A recent study has determined δ56Fe values of 
subducting sediments from +0.05 to +0.18‰ [average: 
+0.12 ± 0.04 (2σ SD); Nebel et al. 2015], which are 
close to that of UCC (δ57Fe of c. +0.15‰, i.e. δ56Fe of c. 
+0.10‰; Foden et al. 2015) and average MORB. However, 
the δ56Fe values of the metabasites of the Ile de Groix 
are generally heavier than those of subducting sediments. 

Despite a good correlation between δ56Fe and (La/Sm)PM 
ratio, their heavy-Fe isotopic composition cannot be 
explained by an interaction with sediment-derived fluids, 
in agreement with the absence of correlation between 
δ56Fe and Ba/La values (Electronic Appendix; Fig. A2). 
Only the garnet-free blueschist GR 12b has a high (La/
Sm)PM ratio of 3.87 and does not plot along the (La/Sm)PM 
vs. δ56Fe line (Fig. 5b). While intensive interaction with 
sediment-derived fluids has increased its light rare-earth 
element (LREE) content (El Korh et al. 2013), this sample 
only shows restricted Fe isotope fractionation. Despite its 
high  Fe3+/ΣFe ratio, blueschist GR 12b has a δ56Fe value 
similar to rocks with a lower  Fe3+/ΣFe ratio. While large-
scale transfer of oxidised Fe from sediments to the mantle 
wedge is not considered as a significant oxidising process 
(Nebel et al. 2015), local Fe isotope re-equilibration 
between sample GR 12b and sediment-derived sulfate-rich 
and/or hypersaline fluids may have been responsible for the 
decoupling of δ56Fe and  Fe3+/ΣFe.

Fe isotope fractionation during subduction zone 
metamorphism

The δ56Fe decrease from blueschists (0.19–0.33‰) to 
eclogites (0.16–0.18‰) is associated with an increase in 
 SiO2 content (46.4–47.6% in blueschists, 48.8–49.5% 
in eclogites) and to a decrease in  Al2O3 content (15.4–
17.9% in blueschists, 13.7–15.4% in eclogites) (Tables 2, 
3; Fig. 3a, b). These chemical differences may suggest 
that iron isotope fractionation has occurred during 
devolatilisation reactions at the transition from blueschist 
to eclogite facies (500–600 °C; El Korh et al. 2009).  Al2O3 
can be dissolved in  SiO2-bearing  H2O-NaCl fluids that 
may accompany metasomatic processes in the crust and 
mantle during subduction-zone metamorphism (Manning 
2004, 2006). Solubility of  Al2O3 increases with pressure 
at temperatures of 700–1000 °C (Manning 2006). It is also 
significant in high-pressure environments under lower peak 
temperature conditions (c. 2.2 GPa and 625 °C; Widmer 
and Thompson 2001). Preferential mobility of  Al2O3 during 
metamorphic reactions under eclogites-facies conditions 
(omphacite formed at the expense of glaucophane and 
epidote) may have resulted in a relative enrichment in  SiO2 
in eclogites compared to blueschists. However, blueschists 
and eclogites have only recorded small differences of 
50–75 °C in peak metamorphic temperature conditions 
(see El Korh et al. 2009). It has been shown that subduction 
zone fluids are dilute  H2O-rich solutions (Manning 2004). 
Thus, fluids in equilibrium with the dehydrating rocks only 
generate restricted chemical changes. The elemental budget 
of the studied metabasites was relatively undisturbed from 
its hydrothermally altered protolith despite evidence of 
extensive dehydration. Slow fluid fluxes during dehydration 
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reactions allowed major and trace elements to be recycled 
between the newly-formed metamorphic minerals (El 
Korh et al. 2009, 2013). Thus, the variations in  SiO2 and 
 Al2O3 contents with δ56Fe from garnet-bearing blueschists 
to eclogites reflect small variations in their protolith 
composition, as inferred from the well-defined Y/Nb vs. 
δ56Fe correlation (Fig. 5a).

While the  Fe2O3
tot content does not show any well-

defined correlation with the δ56Fe in blueschists and eclog-
ites (Fig. 3c), the  Fe3+/ΣFe ratio appears to decrease with 
the δ56Fe from garnet-bearing blueschists (0.49 ± 0.09; 2σ 
SE) to eclogites (0.37 ± 0.07; 2σ SE) (Table 3; Fig. 3d). In 
blueschists and eclogites, Fe is mainly distributed between 
the main metamorphic minerals:  Fe2+-rich almandine gar-
net (FeO: 24–31% in blueschists and 25–30% in eclog-
ites),  Fe3+-rich epidote  (Fe2O3: 9.1–15% in blueschists 
and 9.8–12% in eclogites),  Fe2+-Fe3+-bearing glaucophane 
(FeO: 7.0–11% in blueschists and 6.2–11% in eclogites; 
 Fe2O3: 1.8–5.1% in blueschists and 1.9–5.1% in eclogites) 
and  Fe2+-Fe3+-bearing omphacite (FeO: 3.1–7.4%;  Fe2O3: 
2.2–6.7% in eclogites) (El Korh et al. 2009) (Fig. 7). Even 
if eclogites are characterised by the presence of  Fe3+-rich 
omphacite formed at the expense of  Fe2+-rich glaucophane, 
epidote in eclogites is generally richer in Al and poorer in 
 Fe3+ than in blueschists  (XFe3+ 0.21–0.33 in blueschists 
and 0.19–0.25 in eclogites) (El Korh et al. 2009). Variations 
in  Fe3+/ΣFe and δ56Fe are relatively restricted between 
bulk garnet-bearing blueschists and eclogites, suggesting 
that Fe isotope fractionation in the basic rocks was con-
strained by their Fe content and by their Fe redox state dur-
ing metamorphic reactions (Fig. 7). While  Fe2+-rich gar-
net has probably a light Fe isotopic composition (Li et al. 
2016; Sossi and O’Neill 2017), a heavy-Fe isotopic com-
position is expected for  Fe3+-richer glaucophane, ompha-
cite and epidote, in agreement with the model of Polyakov 
and Mineev (2000) and with the results of Li et al. (2016) 
for ultra-high-pressure eclogites deriving from gabbro 
cumulates.

Fe solubility and transport in fluid requires chlorinity to 
be high (e.g. Chou and Eugster 1977). However, subduction 
zone fluids have generally low Cl concentrations that 
prevent Fe to be mobilised from the dehydrating rocks 
(Schneider and Eggler 1986; Mottl et al. 2004; Manning 
2004). The  Fe2O3

tot compositions and Fe/Ti ratios of 
metabasites do not correlate with the metamorphic facies 
(blueschists: 9.59–13.47%; eclogites: 12.65–14.18%; 
Fig. 3c, e). As Ti is relatively immobile during HP 
metamorphism, the absence of a correlation between the Fe/
Ti ratio and the δ56Fe indicates that Fe isotopic signatures 
were also preserved during dehydration reactions. Fe is 
transported as  Fe2+-chloride or  Fe2+-sulphate complexes in 
subduction zone fluids (Manning 2004; Debret et al. 2014), 
which enhances light-Fe mobility. Hence, light Fe-enriched 

fluids would be released during dehydration reactions 
associated to prograde metamorphism. This leads to 
isotopically heavier metabasites with metamorphic grade, 
the inverse of what is observed (Figs. 2, 3, 4, 5).

Therefore, the distinct δ56Fe values of blueschists and 
eclogites mainly reflect variations in their hydrothermally 
altered protolith composition, even if small Fe isotope 
fractionation related to dehydration reactions in eclogites 
cannot be excluded. Only a few samples show evidence of 
local transport of Fe in high-pressure epidote segregation 
veins (blueschist GR 02, retrograde greenschist GR25b), 
which was probably enhanced by high fluid-rock ratios and 
by halogen complexes in the fluid phase (as suggested by 
the presence of F-apatite in veins) (El Korh et al. 2011), but 
without any significant effect on host rock δ56Fe values.

Fe isotope fractionation during retrograde greenschist 
facies

Greenschists have  Al2O3,  SiO2 and  Fe2O3
tot compositions 

and δ56Fe values (+0.17 to +0.27‰) within the range of 
eclogites and blueschists (Tables 2, 3; Fig. 3a–c). During 
the early stages of retrogression, fluid-rock interactions 
occurred in a closed system and garnet-bearing greenschists 
underwent only limited fluid-rock interactions (El Korh 
et al. 2013). Fluids responsible for the rehydration of the 
rocks were equilibrated with the metabasites (El Korh 
et al. 2013). Retrograde formation of Fe-rich epidote 
 (Fe2O3 9.1–15%), chlorite (FeO 20–23%), barroisite 
(FeO 4.3–12%;  Fe2O3 0–16%), actinolite (FeO 4.9–6.9%; 
 Fe2O3 1.6–5.6%) and magnetite, mainly at the expense of 
garnet, glaucophane and omphacite (El Korh et al. 2009), 
hampered any Fe loss during retrogression and, hence, 
any Fe isotope fractionation (Fig. 7). During the advanced 
stages of retrogression, pervasive fluid-rock interactions 
with upwelling fluids derived from the dehydrated 
metabasites were responsible for significant albitisation of 
the rocks (El Korh et al. 2013), and required addition of 
 CO2 + H2O to the fluid phase (Barrientos and Selverstone 
1993). Retrograde quartz, albite and calcite veins have 
revealed that fluids were mainly transporting Na, Al, Si and 
Ca, but were depleted in Fe (El Korh et al. 2011). While 
intensive fluid-rock interactions have strongly modified 
the  Al2O3 and  SiO2 compositions of albite-/calcite-bearing 
greenschists, their Fe content remained similar to that of 
high-pressure rocks and garnet-bearing greenschists, owing 
to the large stability field of chlorite, epidote and magnetite 
under decreasing P–T conditions (El Korh et al. 2009).

The δ56Fe values of the greenschists do not show 
any correlation with the  Fe3+/ΣFe. The garnet-bearing 
greenschists have recorded  Fe3+/ΣFe ratios (0.41 ± 0.10; 
2σ SE) and δ56Fe values (+0.17 to +0.27‰) similar 
to those of high-pressure rocks (Tables 2, 3; Fig. 3d). 
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However, even if Fe is more reduced in the albite-/calcite-
bearing greenschists  (Fe3+/ΣFe: 0.20–0.23; Table 3), their 
δ56Fe (+0.20 to +0.23‰) remains within the same range as 
the blueschists, eclogites and garnet-bearing greenschists. 

The retrograde fluid-rock interactions have not altered Fe 
isotope signatures of high-pressure metabasites despite the 
presence of  CO2 in the fluid (Barrientos and Selverstone 
1993): their  Fe2O3

tot composition was preserved during 

Fig. 7  Fe2O3 and FeO budgets 
for blueschists GR 02 (a) and 
GR 25a (b), eclogites GR24a 
(c) and GR 29 (d), and green-
schist GR 25b (e). Calculation 
employed the relative propor-
tion of minerals in thin section 
and their mean  Fe2O3 and FeO 
composition (from El Korh 
2006, unpublished data; El 
Korh et al. 2009), as well as 
the whole rock  Fe2O3 and FeO 
composition. The following 
mineral modal percentages 
were used: GR 02: grt [13–16], 
ep [32–38], gln [28–32], phe 
[5], ttn [3], barr [4], ap [2–3], 
qtz [2–5], rt [1–2]; GR 25a: 
grt [20], ep [33], gln [33], phe 
[4], ttn [4–5], qtz [2–3], chl 
[2], rt [< 1.5], ap [< 1]; GR 
24a: grt [20], ep [21], gln [28], 
omph [10], barr [6], phe [6], 
ttn [5], qtz [3], Fe ox [1]; GR 
29: grt [18–20], ep [17–21], gln 
[30–35], omph [21], phe [3–4], 
rt [2–4], qtz [1–3], ap [<2]; GR 
25b: grt [13–16], ep [30–32], 
gln [12], act/barr [11–12], chl 
[14–15], ab [7], ttn [1–2], rt 
[1–2], qtz [1–5], ap [1–2], phe 
[1], Fe ox (mt) [1–1.5]. The 
Fe-poor minerals (qtz, ap, ab, 
rt and ttn) are not represented. 
Under- or overestimation of 
 Fe2O3 and FeO distribution 
results from compositional het-
erogeneities in mineral phases, 
from uncertainties on  Fe2O3 
and FeO proportions (calculated 
using the structural formulae 
from microprobe analyses), and/
or from non-analysed accessory 
minerals. Accessory Fe oxides 
were included in the calcula-
tion only if they change the Fe 
budget significantly
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metamorphic reactions and still limited Fe isotope 
fractionation during retrogression.

Is the Fe isotope composition of the metabasites 
representative of the magmatic protolith?

While pre-subduction hydrothermal alteration may have 
been responsible for a shift of the δ56Fe values by +0.06–
0.10‰ in the metabasites of the Ile de Groix compared to 
MORB, further investigations are required to determine 
if their heavy Fe isotope composition and variation up to 
+0.33‰ could mirror an unusual heavy Fe magmatic 
protolith. In basaltic rocks, variations of incompatible 
trace element ratios [high field strength elements (HFSE) 
and rare-earth elements (REE)] may result from changes 
in mantle source composition, mixing of sources or, to a 
lesser extent, from fractional crystallisation (Pearce 1996; 
Shervais et al. 2005). Y, REE, Zr and Nb are variably 
incompatible elements during mantle melting and fractional 
crystallisation, with decreasing incompatibility behaviour 
from Nb to Y, as well as from heavy REE (HREE) to 
medium REE (MREE) and light REE (LREE). This 
results in higher Nb and LREE contents in OIB formed 
by low degree of mantle partial melting than in MORB 
(e.g. Shervais et al. 2005; John et al. 2010). Variations 
in Y/Nb, Zr/Yb, (La/Sm)PM and (Ce/Yb)PM ratios then 
reflect compositions that span between a depleted source 
[N-MORB; high Y/Nb and Zr/Nb, and low (La/Sm)PM and 
(Ce/Yb)PM ratios] and an enriched source [E-MORB and 
OIB; low Y/Nb and Zr/Nb, and high (La/Sm)PM and (Ce/
Yb)PM ratios] (e.g. Shervais et al. 2005; John et al. 2010) 
(Fig. 5).

The metabasites of the Ile de Groix are former tholeiitic 
E-MORB basalts, whose HFSE and REE compositions 
have evolved between enriched source and depleted source 
end-members (El Korh et al. 2013) (Fig. 5). Moreover, the 
correlation between the Y/Nb and Zr/Nb ratios described by 
El Korh et al. (2013) indicates that variations in the basaltic 
protolith composition cannot be considered as an effect of 
fractional crystallisation. The δ56Fe values of the studied 
metabasites increase as Y/Nb and Zr/Nb ratios decrease, 
i.e. with the increase of the enrichment degree of the 
magmatic source (Fig. 5a; Electronic Appendix, Fig. A1). 
While pre-HP hydrothermal processes may have increased 
the LREE abundances in three metabasite samples, the 
increase in δ56Fe with (La/Sm)PM and (Ce/Yb)PM ratios 
rather supports a magmatic origin. The more enriched 
samples have more variable Fe isotopic compositions. 
A similar behaviour can be observed between tholeiitic 
and alkaline basalts from various localities (Fig. 5a, b; 
Electronic Appendix, Fig. A1). Thus, variations in Fe 
isotopic compositions in the samples from the Ile de Groix 
may reflect variations in the initial mineral assemblage of 

the protolith. The δ56Fe values of the metabasites mirror the 
Fe isotopic characteristics of their protolith, in agreement 
with previous studies that showed heterogeneous and 
isotopically heavier δ56Fe signatures in the more enriched 
basalts (OIB) than in MORB and BABB (Weyer and Ionov 
2007; Teng et al. 2013; Fig. 5a).

The δ56Fe values of +0.16 to +0.33‰ measured in 
the metabasites of the Ile de Groix are higher than the 
δ56Fe values generally measured in N-MORB (+0.06 to 
+0.17‰; Weyer and Ionov 2007; Craddock and Dauphas 
2011; Teng et al. 2013), E-MORB (+0.09 to +0.17‰; 
Teng et al. 2013; Nebel et al. 2013) and BABB (−0.01 to 
+0.11‰; Teng et al. 2013; Nebel et al. 2013), as well as 
in OIB (+0.05 to +0.30‰; Weyer and Ionov 2007; Teng 
et al. 2008, 2013; Schuessler et al. 2009; Craddock and 
Dauphas 2011; Konter et al. 2016), or in island arc basalts 
and lavas (IAB, IAL) (−0.04 to +0.15‰; Dauphas et al. 
2009; Nebel et al. 2015) (Fig. 6). In addition, our results 
are in accordance with the unusual heavy δ56Fe values (up 
to +0.34‰) recently determined in Samoan differentiated 
lavas (Konter et al. 2016) (Fig. 6), although the chemical 
composition of the metabasites of the Ile de Groix  (SiO2 
43.2–49.5%; MgO 4.1–7.7%;  Fe2O3

tot 9.6–14.3%; El Korh 
et al. 2009, 2011, 2013) differs slightly from the Samoan 
lavas  (SiO2 42.3–52.3%; MgO 5.1–14.7%;  Fe2O3

tot 7.1–
13.5%; Konter et al. 2016). Enrichment in the heavy Fe 
isotopes in Samoan lavas was interpreted to be the result 
of a metasomatised mantle source or of a pyroxenite 
component in the source (Konter et al. 2016). By analogy, 
the heavy δ56Fe values measured in the metabasites 
of the Ile de Groix suggest that they derive from an 
unusual heavy-Fe enriched mantle source. Variations in 
incompatible trace element composition (Y/Nb, Zr/Nb) 
may reflect changes in mantle source composition or a 
mixing of sources during the intra-continental back-arc 
basin magmatism recognised in the allochthonous domain 
of the Variscan belt (von Raumer et al. 2015).

Implications for the mantle Fe isotopic composition

Craddock et al. (2013) estimated the average Fe isotope 
composition of the terrestrial mantle to be 0.025 ± 0.025‰ 
(95% CL), based on analyses of abyssal peridotites. 
However, large Fe isotope variations from −0.54 to 
+0.16‰ have been identified in bulk mantle xenoliths 
(Beard and Johnson 2004; Weyer and Ionov 2007; Zhao 
et al. 2010; Poitrasson et al. 2013; Su et al. 2015). In the 
following discussion, we will address how processes 
in subduction zones could induce Fe isotope mantle 
heterogeneities.

Only few studies have focused on Fe isotope 
fractionation in high-pressure metamorphic rocks. 
Debret et al. (2016) measured δ56Fe values in subducted 
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serpentines (blueschist and eclogite facies) to vary from 
−0.02 ± 0.15 to +0.08 ± 0.11‰ (2σ SD). Beard and 
Johnson (2004) reported a narrow range of δ56Fe values 
for bulk subduction-related eclogites and separated 
minerals [−0.06 ± 0.03 to −0.02 ± 0.06 (1σ SD) relative 
to igneous rocks; i.e. +0.03 ± 0.03 to +0.07 ± 0.06 
relative to the IRMM-014 standard] that are similar within 
uncertainty to the value of bulk mantle (+0.014 ± 0.018 
to +0.05 ± 0.01‰ (95% CL); Weyer and Ionov 2007; 
Craddock et al. 2013; Sossi et al. 2016) and upper mantle 
rocks [+0.020 ± 0.030 (95% CL); Weyer and Ionov 2007]. 
Although they derive from a similar tectonic environment 
(a palaeo-subduction zone), the high-pressure rocks 
of the Ile de Groix have higher δ56Fe values, resulting 
from a combination of heavy-Fe magmatic and pre-HP 
metasomatic signatures (Fig. 6). Besides, our data are 
consistent with the highly variable Fe isotopic compositions 
found by Williams et al. (2009) for altered sheeted dykes 
and eclogite xenoliths (δ56Fe from −0.38 ± 0.42 to 
+0.31 ± 0.19‰; 2σ SD).

Metasomatic processes in the ocean crust and mantle 
induced by dehydration and/or partial melting of subducted 
material are controlled by different parameters. Recent 
studies have shown that variations in the nature and mode 
of metasomatic processes result in variable effects on Fe 
isotope composition of mantle rocks (Weyer and Ionov 
2007; Poitrasson et al. 2013). Fe solubility, transport and 
isotope fractionation in subduction zone fluids strongly 
depends on its oxidation state and relative abundance, as 
well as on the fluid composition (Polyakov and Mineev 
2000; Manning 2004; Hill et al. 2010; Debret et al. 2014, 
2016). Our results confirm that the subducted oceanic crust 
may be a source for mantle iron isotope heterogeneities at 
different depth levels:

(1) The subducted metabasites have retained the heavy 
Fe isotopic signatures of their hydrothermally altered 
protolith until eclogite facies P–T conditions were 
reached (1.6–2.5 GPa; 500–600 °C; 60–70 km), owing 
to the large stability of Fe-rich minerals and restricted 
variations of  Fe3+/ΣFe in high-pressure metabasites 
(Fig. 8). According to Beard and Johnson (2004), fluid 
released during dehydration of the altered oceanic crust 
may serve as metasomatic agents and produced isotop-
ically variable mantle composition through selective Fe 
transfer from the crust. Fluids were mainly equilibrated 
with the subducted metabasites of the Ile de Groix dur-
ing dehydration reactions, as fluid-rock interactions 
mostly occurred at low fluid/rock ratios and slow fluid 
migration rates (El Korh et al. 2011, 2013). Large-scale 
transport of Fe from the basaltic crust to the mantle 
wedge requires Cl and/or  SOX to be released in the 
fluid phase (Manning 2004; Debret et al. 2014) and 

Fe to be mobilised during metamorphic reactions (i.e. 
breakdown of a Fe-rich phase). However, our results 
argue that metasomatism induced by metabasite-
derived fluids may only have a limited or a local effect 
on Fe isotope heterogeneities under subsolidus condi-
tions, when Fe is hosted by metamorphic minerals in 
metabasites at the transition from blueschist to eclogite 
facies and thus can be relatively immobile.

(2) Subduction of the heavy-Fe oceanic basaltic crust to 
deeper levels can preferentially carry the isotopically 
heavier Fe in the mantle. The conservative behaviour 
of Fe in metabasites contrasts with a recent study 
in subducted serpentinites (Debret et al. 2016). The 
authors observed an increase in δ56Fe in serpentinites 
at the lizardite to antigorite transition (300–400 °C). 
They suggest that dehydration reactions in subducted 
ultrabasic rocks may release light-Fe sulfate-rich and/
or hypersaline oxidised fluids along the mantle wedge 
(Debret et al. 2016). Therefore, serpentinites subducted 
at deeper levels can also carry heavy-Fe isotopes until 
the P–T conditions of antigorite breakdown are reached 
(100 to 200 km; Ulmer and Trommsdorff 1995; Rüpke 
et al. 2004).

(3) Our data predict that MORB-derived rocks with a 
large range of Fe isotope composition may be carried 
deeply into subduction zones. Addition of slab-derived 
heavy Fe to the light-Fe mantle wedge through partial 
melting of deeply subducted basic eclogites would 
preserve a MORB signature of +0.1‰. It has been 
suggested that disequilibrium partial melting of the 
subducted oceanic crust (at depth >100 km; Rüpke 
et al. 2004) may produce iron isotope fractionation in 
basic eclogites (Williams et al. 2009). Melt extraction 

Fig. 8  Summary of Fe isotope fractionation throughout the meta-
morphic cycle experienced by the samples of the Ile de Groix. The 
schematic P–T path in bold is from El Korh et al. (2009) (dotted line 
prograde path; continuous line retrograde path). The dark grey field 
represents the maximum peak P–T conditions calculated for eclogite 
GR 29. The light grey field represents the P–T conditions of low-T 
hydrothermal alteration. Thin dotted lines are the supposed trajecto-
ries followed by the rocks since the basaltic protolith emplacement to 
its embedment in the subduction zone
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and percolation in the fore-arc mantle wedge is 
expected to trigger mantle metasomatism and, thus, to 
generate Fe isotopic heterogeneities in the mantle (e.g. 
Beard and Johnson 2004; Weyer and Ionov 2007; Su 
et al. 2015). Subsequent melting of the metasomatised 
heavy-Fe upper mantle may in turn be source of 
OIBs with elevated δ56Fe values (Konter et al. 2016), 
supporting a deep mantle cycle. By contrast, arc lavas 
display a lighter Fe isotopic signature than MORB 
(Sossi et al. 2016), reflecting extensive melt-depletion 
and preferential removal of  Fe3+ over  Fe2+ during 
prior melting, leaving a light Fe isotopic signature of 
the residue in the sub-arc mantle wedge (Nebel et al. 
2013, 2015). These recent studies emphasise negligible 
influence of slab-derived fluids on the Fe isotopic 
composition of the mantle wedge. In agreement 
with these studies, our data argue for a conservative 
behaviour of Fe in subducted rocks, demonstrating 
that Fe isotopes are useful tracers of the protolith 
composition of magmatic subducted rocks and their 
precursor mantle source.

Conclusions

The metabasites of the Ile de Groix deriving from hydro-
thermally altered E-MORB, display δ56Fe values ranging 
from +0.16 to +0.33‰, heavier than the values usually 
measured in MORB. However, their Fe isotopic composi-
tions are consistent with the high δ56Fe obtained for differ-
entiated oceanic lavas and OIBs, arguing that their basaltic 
protoliths derive from a heavy-Fe enriched mantle source. 
The correlation between the δ56Fe values and the Y/Nb and 
(La/Sm)PM ratios indicates that the scattering of Fe isotopic 
compositions reflects variations in the initial basic protolith 
composition. Besides, Fe isotopes may have also fraction-
ated during open-system hydrothermal alteration prior to 
subduction, simultaneously with Fe oxidation, which may 
have further enriched heavy Fe isotopes in the basic rocks 
by +0.06 to 0.10‰. Thus, heavy Fe isotopic compositions 
of the metabasites result from a combination of magmatic 
and pre-subduction metasomatic signatures. Dehydration 
and rehydration reactions related to the HP metamorphism 
have not generated significant Fe isotope fractionation in 
metabasites, owing to the large stability of Fe-rich min-
erals and restricted variations of  Fe3+/ΣFe. During sub-
duction, metasomatism related to fluids derived from the 
dehydration of hydrothermally altered metabasites might 
only have a limited effect on mantle Fe isotope composi-
tion under subsolidus conditions. However, disequilib-
rium partial melting of the subducted heavy-Fe oceanic 

crust and subsequent melt-induced metasomatism of the 
mantle wedge are expected to create mantle Fe isotope 
heterogeneities.
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