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g Laboratoire de Géologie, UMR 8538, Département de Géosciences, Ecole Normale Supérieure de Paris, PSL Research University, Paris, France

A R T I C L E  I N F O

Associate Editor: Batrice Luais

Keywords:
Non-traditional stable isotopes
Oceanic lithospheric mantle
Transition metals
Hydrothermal alteration
Kinetic isotope fractionation
Mid-Atlantic Ridge Kane area

A B S T R A C T

At slow to ultraslow-spreading ridges, tectonic mantle exhumation and magmatic processes accounts for het-
erogeneity in the lithosphere and drives deep hydrothermal circulation and fluids venting at the seafloor. 
However, the spatio-temporal evolution and the interplay between magmatic and hydrothermal processes during 
mantle exhumation, as well as their consequences for chemical exchange at mid-ocean ridges are poorly 
constrained.

We carried out a Fe, Cu and Zn isotope study of mantle rocks drilled at the Mid-Atlantic Ridge Kane (MARK) 
area (23′30◦N) to decipher the consequences of magmatic versus hydrothermal chemical exchange on litho-
spheric mantle composition. At MARK, mantle rocks undergo complex melt-rock interaction during melt 
percolation overprinted by high temperature (HT, > 350 ◦C) hydrothermal circulation that leads to the formation 
of secondary mineral assemblages (e.g., amphibole, chlorite, ilvaite, hydro-andradite, clinopyroxene, talc, 
serpentine). Serpentinized peridotites cut by hydrothermally overprinted magmatic veins have increased isotopic 
heterogeneity to both lighter and heavier isotope compositions (δ56Fe from − 0.44 to 0.07 ± 0.03 ‰; δ66Zn from 
− 0.24 to 0.32 ± 0.04 ‰), expending the predictive unaltered composition of the primitive mantle (δ56Fe = 0.025 
± 0.025 ‰ and δ66Zn = 0.16 ± 0.06 ‰). Such variability is ascribed to diffusion-related kinetic isotope frac-
tionation during the percolation of Fe- and Zn-rich melt in mantle rocks. Low isotopic values are due to pref-
erential diffusion of lighter isotope in mantle rocks, while high values may involve mixing of serpentinized 
peridotites with isotopically heavy magmatic veins. The lower Cu content (0.5 to 23.9 ppm) and either lower or 
higher δ65Cu (− 0.11 to 0.32 ± 0.04 ‰) of abyssal peridotites, compared to the primitive mantle (30 ppm Cu, 
δ65Cu = 0.07 ± 0.1 ‰), can be explained through Cu leaching during hydrothermal alteration of sulfide, and 
possibly oxide, at high temperature (~ 450–600 ◦C). Hydrothermal veins in serpentinites formed at decreasing 
temperature (~ 300 ◦C) from a metal- and sulfur-rich fluid interacting with serpentinized peridotites. Iron, Cu 
and Zn isotopes record the inventory of magmato-hydrothermal processes during mantle exhumation at (ultra-) 
slow spreading centers, from HT melt-rock interaction to late low-temperature (LT) fluid-rock interaction.

1. Introduction

Mid-Ocean Ridges (MORs) are the locus of thermo-chemical ex-
changes between the lithosphere and oceans, accounting for mass 
transfer and contributing to lithosphere cooling (Humphris and Klein, 
2018). At slow to ultraslow-spreading ridges, mantle exhumation 

commonly accommodates lithospheric divergence (e.g., Escartín and 
Olive, 2022). Hydrothermal fluid circulation in the lithospheric mantle 
may allow seafloor massive sulfide deposits (e.g., Fouquet et al., 2010; 
Debret et al., 2018) and LT carbonate-brucite chimneys to form (e.g., 
Lost City hydrothermal field; Kelley et al., 2001). These chemical ex-
changes between the fluid and mantle rocks have not only strong 
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implications on metal and volatile cycling in the lithospheric mantle but 
also on deep-life development (Van Dover, 2019) as well as chemical 
and redox exchanges in subduction zones (e.g., Debret and Sverjensky, 
2017). Unravelling the nature of fluids venting at the seafloor requires a 
thorough evaluation of the deep melt-rock and fluid-rock interactions. 
However, this is hampered by i) limited exposure at the seafloor and 
difficulty sampling in situ (e.g., ROV or submersible dives) and ii) 
extensive seafloor weathering of exposed rocks. An alternative is to turn 
to drill cores, although they are scarce from mantle-dominated MOR 
environments and generally only penetrate the shallow subseafloor.

Non-traditional stable isotopes, for example Fe, Cu or Zn, have been 
recently used to provide valuable constraints on magmatic and hydro-
thermal processes in the oceanic lithosphere (e.g., Debret et al., 2018; 
Liu et al., 2019; Wang et al., 2023). Mantle partial melting produces 
minor and predictable fractionation of Fe, Cu and Zn isotopes (< 0.1 ‰), 
in all cases leaving a melt slightly enriched in the heavier isotopes 
(Weyer and Ionov, 2007; Ikehata and Irata, 2012; William and Bizimis, 
2014; Liu et al., 2015a,b; Wang et al., 2017; Sossi et al., 2018). In 
contrast, post-melting, HT melt-rock interaction to LT hydrothermalism 
may significantly affect the transition metal isotopic compositions of 
peridotites. For instance, element diffusion induced during melt or fluid 
metasomatism may drastically modify the Fe (up to ~ 0.5 %; Weyer and 
Ionov, 2007; Zhao et al., 2015) and Zn isotope compositions (up to ~ 
0.5 %; Wang et al., 2017; Fang et al., 2022) of metasomatized perido-
tites, while sulfide breakdown or formation may significantly fractionate 
Cu isotopes (up to ~ 2 ‰; Liu et al., 2015a,b). Theory predicts that LT 
hydrothermal processes can induce larger stable isotope fractionations 
than HT processes. However, limited isotope fractionation was reported 
during LT peridotite serpentinization in seawater-dominated systems at 
the seafloor (Pons et al., 2011; Craddock et al., 2013; Scott et al., 2017). 
In contrast, HT (> 350 ◦C) deep fluid circulations appear to lead to 
contrasting Fe, Zn or Cu isotopic signatures in abyssal serpentinites 
(Debret et al., 2018). These are particularly sensitive to the temperature 
of formation (Fujii et al., 2013), nature of ligands complexing metals (e. 
g., Fujii et al., 2014; Moynier et al., 2017) and metal sources (i.e., sili-
cates, oxides, sulfides; Liu et al., 2021). Transition metal isotopes may 
then help unravelling different magmatic and hydrothermal processes 
during mantle exhumation at slow- to ultraslow-spreading centers. 
However, the study of non-traditional stable isotopes in hydrothermal 
systems at mid-ocean ridges is still largely restricted to seafloor massive 
sulfide deposits and hydrothermal fluids (e.g., Beard et al., 2003; Rouxel 
et al., 2004; John et al., 2008; Wang et al., 2023) or dredged weathered 
peridotites (Liu et al., 2019), whilst studies of these non-traditional 
stable isotopes in deep-seated HT magmatic and hydrothermal pro-
cesses in abyssal mantle rocks remain scarce.

In this study, we focus on the Mid-Atlantic Ridge Kane (MARK) area 
where exhumed serpentinized peridotites and magmatic intrusions were 
drilled during ODP Leg 153 (Cannat et al., 1995). A degree of serpen-
tinization as low as < 20 % is recorded by serpentinized peridotites at 
the contact with magmatic intrusions (Andreani et al., 2007), preserving 
mineralogical assemblages formed at HT (> 350 ◦C) and offering the 
opportunity to study the magmato-hydrothermal processes that occur 
prior to or during early serpentinization (Coltat et al., 2023). These 
include early melt-peridotite interaction, subsequent hydrothermal 
alteration of magmatic veins (i.e., pyroxenite and gabbroic veins) and 
transformation of magmatic silicates to secondary amphibole, clino-
pyroxene, chlorite, talc, garnet, serpentine, and late hydrothermal 
veining in serpentinites forming Fe-Ca silicates and sulfides (Coltat 
et al., 2023). We performed Fe, Cu, Zn isotope analyses in abyssal pe-
ridotites to i) decipher the behavior of metals during melt-rock and fluid- 
rock interactions and ii) unravel the physico-chemical conditions of 
fluid-rock interaction, aiming at providing constraints on metal mobility 
at MORs.

2. Geological setting of the Mid-Atlantic Ridge Kane area (23◦30′ 
N MAR) and sampling

2.1. Geological setting

The southern intersection between the Kane fracture zone and the 
axial rift valley is referred to as the MARK area, 23◦30′N (Fig. 1A, B). The 
western wall of the MARK area is an inside corner, forming a dome-like 
topographic high (Fig. 1B, Cannat et al., 1995), namely the Kane meg-
amullion (Dick et al., 2008). The presence of serpentinites cropping out 
along a 2 km-wide belt that extends at least 20 km parallel to the MAR 
axis in the western wall of the MAR axial valley was confirmed by 
submersible dives (Karson et al., 1987). The conjugate crust (i.e., east of 
the MAR) exhibits a deeper bathymetry (> 3500 m), less steep topog-
raphy and exposes block-faulted basaltic pillow lavas (Cannat et al., 
1995). The axial valley hosts the median neovolcanic ridge that extends 
40 km south to the Kane transform fault (Fig. 1B; Cannat et al., 1995), 
hosting the active Snake Pit hydrothermal field. The full spreading rate 
here is ~ 2.5 cm/year (Schulz et al., 1988).

ODP Site 920 is located at 23◦20.32′N, 40-km south of the Kane 
transform fault at a depth of ~ 3300 m below sea level (Fig. 1, Cannat 
et al., 1995). During ODP Leg 153, serpentinized harzburgites with 
minor gabbroic veins were drilled at Holes 920B and 920D, reaching 
depths of 126 and 200 m below the seafloor, cumulative recovery rates 
of 38 % and 47 %, respectively (Fig. 1C; Cannat et al., 1995). Despite 
pervasive serpentinization of the MARK mantle rocks, primary textures 
are well-preserved. Serpentine-rich shear zones mimic the shallow E- 
dipping fabrics of mantle rocks. These structures are almost parallel to a 
HT crystal-plastic fabric carried by oriented olivine and elongated py-
roxene grains (Mével et al., 1991). This supports a model in which fluid 
circulation and serpentinization occurred during mantle exhumation at 
MARK (Andreani et al., 2007).

Oxygen and sulfur isotope compositions of the MARK serpentinites 
suggest serpentinization temperatures from > 350–400 ◦C down to 200 
◦C (Agrinier and Cannat, 1997; Alt and Shanks, 2003), typical of (sub) 
greenschist metamorphic conditions. However, mineralogical assem-
blages and sulfur element and isotope compositions of serpentinites 
point to a high temperature hydrothermal event prior to serpentiniza-
tion (Cannat et al., 1995; Alt and Shanks, 2003), suggesting changes in 
hydrothermal regimes over time. Mafic rocks intruding serpentinites 
recorded similar variable hydrothermal conditions from amphibolite to 
greenschist metamorphic conditions, while local rodingitization of 
mafic rocks suggests interaction with a serpentinization-derived fluid 
(Cannat et al., 1995). A Fe-Ca-metasomatism forming ilvaite, hydro- 
garnet, diopside, amphibole and carbonate occurs in mantle rocks 
locally close to magmatic veins (Gaggero et al., 1997; Coltat et al., 
2023). Coltat et al. (2023) propose a two-step process to explain Fe-Ca 
metasomatism. First, melt percolation in peridotites promotes melt- 
rock interaction and Fe, Co, Zn supply in the surrounding mantle sili-
cates. Subsequent HT (> 350 ◦C) fluid circulation and alteration of 
magmatic intrusions mobilizes Ca and Cu, forming the above mineral 
assemblages. Late fluid circulation during serpentinization (< 400 ◦C) 
produces hydrothermal veins and associated oxide (magnetite) and 
sulfide (pyrrhotite and chalcopyrite). Metals might derive from the 
leaching of primary mantle and magmatic sulfides during intense ser-
pentinization and alteration of magmatic rocks, respectively (Gaggero 
et al., 1997; Coltat et al., 2023).

2.2. Sampling strategy

We focused our study on 15 mantle rock samples described by Coltat 
et al. (2023), forming 3 distinct petrographic and geochemical groups. 
The first group consists of serpentinized peridotites. The second and 
third groups are serpentinized peridotites either cut by hydrothermally 
overprinted magmatic veins or hydrothermal veins, respectively. This 
sample suite records the magmato-hydrothermal history during mantle 
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exhumation with i) melt percolation and melt-rock interaction in the 
peridotite basement, ii) HT hydrothermal alteration responsible for the 
formation of (Fe-)Ca mineral phases, and iii) serpentinization and late 
hydrothermal veining at lower temperatures. Geochemical compositions 
of the MARK mantle rocks are given in Table 1 and are published in 
Coltat et al. (2023). Samples from the second and third groups represent 
mechanical mixing between veins and the serpentinized peridotites.

MARK serpentinized peridotites (SPs) analyzed in this study have 
Al2O3/SiO2 ranging between 0.02 and 0.03, typical of harzburgite, and 
higher than typical refractory peridotites (Godard et al., 2008). They 
have slightly lower MgO content (44.39–49.84 wt% on a volatile-free 
basis) and Mg# (90 to 92) than MARK SPs reported in the literature 
(Fig. 2A). One dunite and one plagioclase-impregnated SP have high 
FeO (8.08–8.82 wt% on a volatile-free basis), Nb (0.038 and 0.039 ppm) 
contents and high chondrite-normalized GdN/LuN (0.47 and 0.75), 
compared to common MARK SPs, pointing to melt-rock interaction in 
those samples (Paulick et al., 2006). This is due to the high solubility of 
high strength field element (HFSE, e.g., Nb) in silicic melts (Paulick 
et al., 2006). Overall, the two other SPs, although having low MgO 
content, are indistinguishable from the MARK SPs reported in the 
literature.Serpentinized peridotites cut by hydrothermally overprinted 
magmatic veins (MPs) have high Al2O3/SiO2 (0.02–0.2), GdN/LuN 
(0.52–1.15), FeO (8.04–11.68 wt% on a volatile-free basis) and Nb 
contents (0.027–2.195 ppm), and low Mg# (81–90, Fig. 2), in good 
agreement with the magmatic (i.e., pyroxenite/mafic) origin of the veins 

(Coltat et al., 2023). Most of these have higher FeO content than the 
MARK serpentinized peridotites (average at about 7.25 wt% FeO), the 
primitive mantle (8.08 wt% FeO, McDonough and Sun, 1995) and the 
depleted MORB mantle (8.18 wt% FeO, Workman and Hart, 2005). 
Hence, we interpret MPs as products of melt-rock interaction over-
printed by HT fluid-rock interaction forming secondary mineral 
assemblages.

Serpentinized peridotites cut by hydrothermal veins (HPs) have low 
Al2O3/SiO2 (0.02–0.04), MgO (33.82–43.32 wt% on a volatile-free 
basis), FeO (6.41–7.12 wt% on a volatile-free basis) and Nb contents 
(0.004–0.009 ppm), while they present high Rb/Nb (54–62.2; Fig. 2). 
The high Rb/Nb is a combination of low Nb contents (Fig. 2B) and Rb 
addition to the rock during vein formation (Fig. 2C), according to the 
high solubility of large ion lithophile elements (LILE, e.g., Rb) in hy-
drothermal fluids (Palmer and Edmond, 1989), while HFSE are poorly 
soluble (Paulick et al., 2006).

3. Methods

About 50 mg of powdered samples were dissolved using a 1:1 mix of 
concentrated HF and HCl in square bodied Teflon vials (© Savillex) at 
150 ◦C in an oven for 5 days. These were then further digested with aqua 
regia, a 1:3 mix of concentrated HNO3 and HCl for 3 days at 130 ◦C. 
Finally, samples were brought into solution in 6 M HCl prior to column 
chemistry. The whole procedure ensures full dissolution of refractory 

Fig. 1. (A) Shaded relief bathymetric map of the Mid-Atlantic Ridge Kane area. (B) Tectonic interpretation of the MARK area (modified after Dick et al., 2008). Green 
dashed lines are ridge-parallel volcanic lineaments, heavy tabbed lines are detachment fault zone terminations, light tabbed lines are detachment breakaway zones. 
Active transform fault zone displayed as continuous blue line and its inactive trace by dashed blue line. Double blue line shows the ridge axis. ODP sites displayed as 
full circles. (C) Lithological logs of the Holes 920B and 920D showing the sample location (modified after Cannat et al., 1995).
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Table 1 
Compositions for selected geochemical markers and Fe, Cu and Zn isotope compositions of mantle rocks of the MARK area (ODP Leg 153).

Sample Type Vein mineralogy Vein 
vol.

δ56Fe δ57Fe δ65Cu δ66Zn δ68Zn FeOtot
a MgOa Al2O3/ 

SiO2

Cu Zn Rb Nb GdN/ 
LuN

Rb/ 
Nb

​ ​ ​ (%) ‰ 2sd ‰ 2sd n ‰ 2sd n ‰ 2sd ‰ 2sd n wt. % wt. % ​ ppm ppm ppm ppm ​ ​
920B-3R-1, 2–5 HP Srp, Cal, Ccp 100 − 0.13 0.02 − 0.19 0.04 3 0.02 0.02 5 0.27 0.05 0.57 0.10 4 6.41 43.32 0.04 119.6 126 0.487 0.009 0.09 53.98
920D-6R-2, 

28–31
HP Cpx, Srp, Grt, Cal, Po 40 − 0.30 0.04 − 0.48 0.09 2 − 0.19 0.02 5 0.34 0.06 0.67 0.09 4 7.12 33.82 0.02 247.5 317 0.225 0.004 0.22 62.19

920D-3R-2, 4–7 SP Srp N.A. − 0.23 0.03 − 0.33 0.09 4 0.25 0.07 5 0.35 0.04 0.72 0.09 3 8.08 44.84 0.02 41.1 37 0.220 0.039 0.47 5.57
920B-7R-1, 

21–22
SP Srp N.A. − 0.12 0.03 − 0.23 0.05 3 0.00 0.05 5 0.18 0.03 0.37 0.07 5 7.56 40.39 0.03 42.4 88 0.399 0.009 0.19 46.08

920B-7R-2, 
67–68

SP Srp N.A. − 0.19 0.01 − 0.31 0.06 3 0.18 0.06 5 0.09 0.06 0.23 0.14 4 6.77 41.28 0.02 117.9 53 0.189 0.009 0.19 20.55

920D-10R-3, 
0–4

SP Srp N.A. − 0.39 0.05 − 0.55 0.08 3 0.16 0.02 4 0.05 0.02 0.14 0.03 5 8.82 43.90 0.03 4.0 58 0.069 0.038 0.75 1.81

920B-4R-1, 
76–77

MP Srp, Amp, Chl, Tlc 30 − 0.20 0.01 − 0.28 0.02 3 − 0.10 0.06 5 0.24 0.06 0.55 0.12 5 8.37 38.34 0.08 17.5 60 0.372 0.650 0.99 0.57

920B-7R-3, 
82–84

MP Srp, Amp, Chl 30 − 0.44 0.02 − 0.66 0.06 3 0.32 0.04 3 0.07 0.04 0.13 0.06 5 9.30 44.62 0.03 1.0 46 0.046 0.027 0.55 1.68

920D-4R-1, 
80–81

MP Cpx, Srp, Chl, Amp, Cal, 
Mag

90 0.07 0.02 0.08 0.04 2 − 0.11 0.03 5 0.16 0.05 0.37 0.10 5 8.04 28.56 0.06 18.8 41 0.170 1.113 1.15 0.15

920D-8R-1, 
12–13

MP Chl, Cal, Srp, Sulf 10 0.00 0.02 − 0.03 0.00 2 0.06 0.04 5 0.15 0.07 0.31 0.10 5 8.46 40.81 0.05 23.9 59 0.175 0.230 0.72 0.76

920D-13R-4, 
5–9

MP Srp, Chl 5 − 0.02 0.03 − 0.02 0.07 4 0.15 0.05 2 0.08 0.03 0.23 0.05 3 9.24 43.38 0.03 5.6 44 0.093 0.079 0.51 1.17

920D-16R-7, 
19–22

MP Srp, Chl, Amp, Cpx, Tlc 25 − 0.25 0.06 − 0.34 0.10 3 − 0.07 0.03 2 0.32 0.05 0.64 0.06 4 11.68 42.11 0.02 1.9 39 0.059 0.219 0.63 0.27

920D-17R-1, 
46–48

MP Srp, Amp, Chl, Tlc, Ttn 50 − 0.06 0.02 − 0.08 0.02 4 ​ ​ ​ − 0.24 0.06 − 0.44 0.12 5 9.67 22.49 0.20 0.5 41 0.112 2.195 1.01 0.05

920D-18R-3, 
29–33

MP Amp, Srp, Cpx 35 − 0.18 0.03 − 0.28 0.10 3 0.38 0.05 5 0.15 0.01 0.37 0.04 2 10.27 37.95 0.03 3.5 36 0.109 0.305 1.11 0.36

920D-18R-3, 
48–54

MP Cpx, Srp 10 − 0.37 0.04 − 0.59 0.10 3 0.24 0.01 5 0.10 0.04 0.20 0.07 5 11.19 41.91 0.03 23.9 50 0.033 0.055 0.55 0.60

UB-N RM ​ ​ 0.02 0.04 0.02 0.10 5 0.06 0.03 6 0.32 0.06 0.66 0.10 4 ​ ​ ​ ​ ​ ​ ​ ​ ​
preferred values RM ​ ​ 0.06 0.03 0.08 0.05 ​ 0.06 ​ ​ 0.38 0.09 0.73 0.30 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
JP1 RM ​ ​ 0.00 0.05 0.00 0.05 4 0.06 0.05 4 0.13 0.01 0.31 0.02 2 ​ ​ ​ ​ ​ ​ ​ ​ ​
preferred values RM ​ ​ 0.00 0.05 ​ ​ 3 0.03 0.05 3 0.22 0.04 0.43 0.06 6 ​ ​ ​ ​ ​ ​ ​ ​ ​

“Vein vol.” denotes the volume of magmatic hydrothermally overprinted and hydrothermal veins (serpentine veins are not considered) mixed with the host serpentinite (from Coltat et al., 2023).
ageochemical compositions given on a volatile-free basis. HP = serpentinized peridotite cut by hydrothermal vein; SP = serpentinized peridotite; MP = serpentinized peridotite cut by hydrothermally overprinted 
magmatic vein; RM = reference material.
Srp = serpentine, Tlc = talc, Chl = chlorite, Amp = amphibole, Cpx = clinopyroxene, Grt = hydro-garnet, Ttn = titanite, Cal = calcite, Mag = magnetite, Sulf = sulfides, Ccp = chalcopyrite, Po = pyrrhotite.
Preferred values for UB-N are from Bishop et al. (2012) for Cu and Telus et al. (2012) for Fe and Zn, preferred values for JP1 are from Weyer et al. (2005) for Fe, Liu et al. (2015a,b) for Cu, Wang et al. (2017) for Zn.
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phases such as spinels (see Debret et al., 2021). Quantitative purification 
of Zn, Cu and Fe was achieved by chromatographic exchange, using 1 ml 
of AG1-x8 (200–400 mesh) and 0.4 × 7 cm Teflon columns, following 
the procedure of Sossi et al. (2015). The total procedural blank contri-
bution was < 80 ng for Fe, < 15 ng for Zn and < 1 ng for Cu which is 
negligible with respect to the total amount of dissolved sample (blank 
contribution ≪ 1 %).

3.1. Fe isotope analyses

Bulk-rock Fe isotope data were obtained at Institut de Physique du 
Globe de Paris (IPGP) on a Neptune Plus MC-ICP-MS in wet plasma and 
high-resolution mode. Instrumental mass bias was corrected by sample 
standard bracketing. Both sample and standard solutions were run at 2 
ppm in 0.5 M HNO3, giving the same total beam intensity of 14 V using a 
1011 Ω resistor. Isotope ratios are reported as per-mil notation relative to 
the IRMM-014 external standard (δ56Fe), and δ57Fe is given to demon-
strate mass dependency of the measurements. All reported errors are 2 
standard deviations (2sd, n = 2–5). 

δ56Fe =
((

56Fe/54Fesample

)
/
(

56Fe/54FeIRMM− 014

)
− 1

)
× 103

δ57Fe =
((

57Fe/54Fesample

)
/
(

57Fe/54FeIRMM− 014

)
− 1

)
× 103 

In addition to Fe masses, 53Cr and 60Ni were also monitored and online 
Cr and Ni corrections were applied to account for any isobaric inter-
ference of 54Cr and 58Ni on the 54Fe and 58Fe, respectively. These cor-
rections were either negligible or non-existent demonstrating the 
effective separation of Fe from Cr and Ni during column chemistry. A 
FeCl standard solution was analyzed throughout each analytical session 
giving an average δ56Fe value of − 0.76 (±0.05) ‰ and average δ57Fe 
value of − 1.13 (±0.09) ‰ (2sd, n = 20), in excellent agreement with 
previous studies (e.g., Williams and Bizimis, 2014). In addition, refer-
ence materials (JP-1 peridotite and UB-N serpentinite) were processed 
through columns and analyzed as unknown. They gave accurate δ56Fe 
values of 0.00 ± 0.05 ‰ and 0.02 ± 0.04 ‰ and δ57Fe values of 0.00 ±
0.05 ‰ and 0.02 ± 0.1 ‰ for JP-1 (n = 4) and UB-N (n = 5), respec-
tively, in agreement with previous studies (Weyer et al., 2005; Telus 

et al., 2012) (Table 1).

3.2. Cu and Zn isotope analyses

Bulk-rock Cu and Zn isotope data were obtained at IPGP on a 
Neptune Plus MC-ICP-MS in wet plasma and low-resolution mode. Each 
sample was bracketed by standard analyses (either Zn AA-ETH standard 
or an IPGP Cu in-house). Both sample and standard solutions were run at 
100 ppb in 0.5 M HNO3, giving the same total beam intensity of 6 V 
using a 1011 Ω resistor. In addition to Cu and Zn masses, we also 
monitored 62Ni to check for interference of 64Ni on 64Zn. However, the 
62Ni signal was systematically lower than the background, which in-
dicates effective Ni separation.

Copper isotope ratios are reported as a delta value in permil notation 
relative to the NIST SRM 976 Cu isotopic standard (δ65Cu). All reported 
errors are 2 standard deviations (2sd, n = 2–5):

δ65Cu = ((65Cu/63Cusample) / (65Cu/63CuNIST976) − 1) × 103.                

Samples were measured relative to an in-house IPGP standard offset 
from NIST SRM 976 Cu by 0.31 ± 0.03 ‰ (long term reproducibility, see 
for example Guinoiseau et al., 2017). During data acquisition, ERM- 
AE647 was analyzed as unknown throughout the Cu session, giving a 
mean δ65Cu value of 0.17 ± 0.05 ‰ (n = 19), in excellent agreement 
with previous studies (Moeller et al., 2012).

Zinc isotope ratios are reported as a delta value in permil notation 
relative to the JMC-Lyon isotopic standard (δ66Zn). δ68Zn are also given 
to demonstrate mass dependency of the measurements. All reported 
errors are 2 standard deviations (2sd, n = 2–5). 

δ66Zn =
((

66Zn/64Znsample

)
/
(

66Zn/64ZnJMC− Lyon

)
− 1

)
× 103

δ68Zn =
((

68Zn/64Znsample

)
/
(

68Zn/64ZnJMC− Lyon

)
− 1

)
× 103 

Due to a limited supply of the JMC-Lyon standard solution, samples were 
measured relative to AA-ETH standard offset from JMC-Lyon by − 0.29 
(±0.05, 2sd) ‰ for δ66Zn (over two years of measurements and in good 
agreement with Archer et al., 2017). We corrected our measured values 
accordingly to report them relative to JMC-Lyon, as is widely accepted. 

Fig. 2. Selected geochemical markers of MARK mantle rocks (from Coltat et al., 2023) plotted against data from the literature. Serpentinized peridotites of ODP Leg 
209 are plotted for comparison with highly depleted mantle rocks. (A) FeOtot vs. MgO (wt. %, volatile-free basis). Dotted lines are iso-Mg#. (B) Nb (ppm) and (C) Rb/ 
Nb vs. chondrite-normalized Gd/Lu (CI compositions from McDonough and Sun, 1995).
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In addition, reference materials (UB-N serpentinite and JP-1 peridotite) 
were processed through columns and analyzed for δ66Zn, δ68Zn and 
δ65Cu alongside samples. They gave accurate δ65Cu values of 0.06 ±
0.05 ‰ and 0.06 ± 0.03 ‰, δ66Zn values of 0.13 ± 0.01 ‰ and 0.32 ±
0.06 ‰, and δ68Zn values of 0.31 ± 0.02 ‰ and 0.66 ± 0.1 ‰ for JP-1 (n 
= 4 for Cu, n = 2 for Zn) and UB-N (n = 6 for Cu, n = 4 for Zn), 
respectively, in agreement with previous studies (Bishop et al., 2012; 
Telus et al., 2012; Liu et al, 2015; Wang et al., 2017) (Table 1).

4. Results

The measured isotopic compositions of the MARK mantle rocks are 
reported in Fig. 3 and are given in Table 1. Regardless of the lithological 
group, our samples mostly display low δ56Fe (− 0.44 to 0.07 ± 0.03 ‰) 
compared to estimates of the primitive mantle (0.025 ± 0.025 ‰; 
Craddock et al., 2013; McCoy-West et al., 2018; Doucet et al., 2020). The 
MPs display the broadest range of isotopic compositions, possibly 
because of a greater number of samples analyzed in this group. They 
reach values as low as those measured in metasomatized peridotites in 
subcontinental and oceanic domains (Weyer and Ionov, 2007; Poi-
trasson et al., 2013; Zhao et al., 2015). SPs that underwent melt-rock 
interaction have the lowest δ56Fe (− 0.23 ± 0.03 ‰ and − 0.39 ± 0.05 
‰) of this lithological group. δ65Cu values range from − 0.19 to 0.38 ±
0.04 ‰, and are centered around the primitive mantle composition 
(0.07 ± 0.1 ‰, Savage et al., 2015). One HPs has the lowest δ65Cu value 
(− 0.19 ± 0.02 ‰) but the second sample overlaps with the two other 
lithological groups (full range from − 0.11 to 0.38 ± 0.04 ‰). δ65Cu 
values of our sample suite both overlap Cu isotope compositions of 
common abyssal serpentinized peridotites and metasomatized (serpen-
tinized) peridotites. It is noteworthy that δ65Cu values of SPs can be 
heavier (up to 0.25 ± 0.05 ‰) than those of the MARK serpentinites 
reported by Debret et al. (2018). δ66Zn values are heterogenous and 
range from − 0.24 to 0.35 ± 0.04 ‰, values lower than those of the 
MARK and common abyssal serpentinites (Pons et al., 2011; Debret 
et al., 2018; Liu et al., 2019). MPs reach values as low as those measured 
in metasomatized peridotites and pyroxenites in subcontinental and 

oceanic domains (down to − 0.44 ‰ and − 0.33 ‰ for peridotite and 
pyroxenite, respectively; Pons et al., 2011; Wang et al., 2017; Sossi et al., 
2018; Huang et al., 2019). HPs tend to have higher δ66Zn values (0.27 to 
0.34 ± 0.05 ‰) compared to the two other lithological groups for which 
δ66Zn values overlap (− 0.24 to 0.35 ± 0.04 ‰).

5. Discussion

The studied sample suite presents heterogenous Fe, Cu, Zn isotope 
compositions pointing to a complex magmato-hydrothermal history for 
the MARK mantle rocks. The lack of correlation between these isotopic 
systems (e.g., Supplementary Material − Figure S2) indicate that tran-
sition metal isotopes fractionate during different processes that need to 
be addressed individually. Here we investigate the contribution of (i) 
pre-existing mantle heterogeneity, (ii) kinetic isotope fractionation 
during melt-rock interaction, and (iii) fluid-rock interaction on the Fe, 
Cu and Zn isotopic variability of mantle rocks.

5.1. Mantle heterogeneity

Partial melting of mantle rocks to generate MORB-like melts and/or 
percolation of asthenospheric melts are two of the main processes that 
generate mantle heterogeneities, modifying the Al2O3/SiO2 ratio of 
mantle rocks (e.g., Godard et al., 2008). These processes fractionate Fe 
isotopes (Weyer and Ionov, 2007), with apparent little effects on Cu and 
Zn isotopes (Savage et al., 2015; Sossi et al., 2018; Fang et al., 2022).

Iron isotopes fractionate during partial melting and leave residues 
with light δ56Fe relative to melts (Weyer and Ionov, 2007). This results 
in a positive correlation between Al2O3/SiO2 and δ56Fe (melting arrow 
in Fig. 4B). Such a correlation is not observed in our samples that have 
variable Fe2O3

t content and δ56Fe values regardless of peridotite fertility 
(i.e., Al2O3/SiO2; Fig. 4A). Although partial melting can account for Fe 
isotope variability in peridotites, this effect is limited as high degrees of 
melt extraction (>30 %) cannot generate strongly fractionated residues 
(< 0.1 ‰, Williams and Bizimis, 2014; Sossi and O’Neill, 2017; Dauphas 
et al., 2017). This suggests that partial melting cannot account for the Fe 

Fig. 3. δ56Fe, δ65Cu and δ66Zn values in mantle rocks of the MARK area compared to ultramafic rocks from different settings. The vertical lines and grey boxes show 
the average and standard deviation of estimates of the primitive mantle (from Craddock et al., 2013; McCoy-West et al., 2018; Doucet et al., 2020 for Fe, Savage et al., 
2015 for Cu and Sossi et al., 2018 for Zn). Data from the literature includes MARK serpentinites and Rainbow stockwork (Debret et al., 2018); (serpentinized) 
peridotites (Weyer and Ionov, 2007; Pons et al., 2011; Craddock et al., 2013; Poitrasson et al., 2013; Liu et al., 2015a,b; Zhao et al., 2015; Doucet et al., 2016; Huang 
et al., 2017a,b; Wang et al., 2017; Debret et al., 2018; Huang et al., 2018; Sossi et al., 2018; Huang et al., 2019; Liu et al., 2019); metasomatized (serpentinized) 
peridotites (Weyer and Ionov, 2007; Pons et al., 2011; Poitrasson et al., 2013; Liu et al., 2015a,b; Zhao et al., 2015; Wang et al., 2017; Huang et al., 2019) and 
pyroxenites (Ben Othman et al., 2006; Poitrasson et al., 2013; Zhao et al., 2017; Sossi et al., 2018; Huang et al., 2019; Zou et al., 2019; Kempton et al., 2022).
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isotopic variability observed here (− 0.44 to 0.07 ± 0.03 ‰) The low 
δ56Fe values are unlikely to be due to melt addition because melts 
display heavy δ56Fe relative to primitive mantle (Fig. 4B, Craddock 
et al., 2013; McCoy-West et al., 2018; Doucet et al., 2020).

Most of MPs and SPs have δ65Cu values (from − 0.11 to 0.32 ± 0.04 
‰) that overlap the composition of the primitive mantle (0.07 ± 0.1 ‰) 
regardless of peridotite fertility (Fig. 4D). The δ65Cu of MPs that extend 
the primitive mantle estimate composition might reflect magmatic ma-
terial addition, as gabbroic rocks (full range between − 1.14 ‰ to 0.87 ‰ 
for the South-West Indian Ridge gabbroic cumulates, Zou et al., 2024) 
and pyroxenite can have varying δ65Cu (full range between − 0.66 ‰ to 
0.66 ‰ for the Balmuccia pyroxenites, Zou et al., 2019). At MARK, 
pyroxenite veining in peridotites has been documented based on 
petrographic observations (Cannat et al., 1995; Casey, 1997) and trace 
element compositions of serpentinized peridotites cut by hydrother-
mally altered magmatic veins (Coltat et al., 2023). However, as pyrox-
enitic (and gabbroic) melt is enriched in Cu relative to the primitive 
mantle, such melt addition in peridotite should increase the Cu content 
of the rock, while the reverse relation is observed (Fig. 4C). Therefore, 
mantle processes cannot account for the Cu element and isotopic vari-
ations at MARK.

Melt extraction during peridotite partial melting produces very little 

Zn isotope fractionation (< 0.08 ‰ between the residual peridotite and 
the melt; Sossi et al., 2018) and thus cannot explain the variable δ66Zn 
values (− 0.24 to 0.35 ± 0.04 ‰) of our samples compared to the 
primitive mantle (0.16 ± 0.06 ‰). As melts have higher Zn content and 
heavier δ66Zn than the primitive mantle, melt addition in mantle rocks 
should result in a positive correlation between the Zn content and δ66Zn. 
This is not observed in our samples. On the other hand, variable Zn 
contents (15 to 70 ppm) and high δ66Zn values have been measured in 
orogenic pyroxenites (up to 0.42 ‰; e.g., Sossi et al., 2018; Huang et al., 
2019). At MARK, REE compositions of MPs support a scenario of py-
roxenitic melt addition in mantle rocks (Coltat et al., 2023). Such melt 
addition may decrease the Zn content and increase the δ66Zn values of 
percolated rocks relative to the primitive mantle composition (Zn = 55 
ppm; δ66Zn = 0.16 ± 0.06 ‰). This may explain the high δ66Zn (0.35 ±
0.04 ‰ and 0.32 ± 0.05 ‰) and relatively low Zn content (37 and 39 
ppm) measured in one SP and in one MP, respectively (Fig. 4E, F). 
However, this process fails to explain light δ66Zn of MPs, as low as 
− 0.24 ‰, pointing to another process.

5.2. Contribution of melt-rock interaction to kinetic isotope fractionation

Percolation of Fe-rich melts through mantle rocks creates a local 

Fig. 4. Fe2O3, Cu and Zn concentrations and δ56Fe, δ65Cu and δ66Zn of mantle rocks of the MARK area vs a proxy for peridotite fertility (Al2O3/SiO2). The melting 
trend is from Debret et al. (2018). The different lithological fields (i.e., serpentinized peridotites, metasomatized peridotites and pyroxenites) are built from data 
literature (see references in Fig. 3). Primitive mantle compositions are from McDonough and Sun (1995); Craddock et al., 2013; Savage et al., 2015; Sossi et al., 2018; 
McCoy-West et al., 2018 and Doucet et al., 2020.
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chemical gradient that promotes Mg-Fe interdiffusion between the melt 
and peridotite wall rock, leaving a metasomatized peridotite enriched in 
Fe (Weyer and Ionov, 2007; Zhao et al., 2015; 2017). Because light 
isotopes diffuse faster than heavy ones (Richter et al., 2009), the kinetic 
isotope fractionation induced by Fe-Mg diffusion should produce lighter 
δ56Fe (i.e., preferential incorporation of 54Fe) in the metasomatized 
peridotite compared to the melt. Most of MPs have lower δ56Fe relative 
to worldwide serpentinized peridotites (Figs. 3, 4B) and have δ56Fe 
values as low as those of Fe-rich peridotites (Zhao et al., 2015) and 
peridotites affected by melt metasomatism (i.e., metasomatized peri-
dotites of Poitrasson et al., 2013; Fig. 3). Several numerical studies have 
calculated the extent of Fe kinetic isotope fractionation during melt- 
olivine interaction (Dauphas et al., 2010; Teng et al., 2011). Dauphas 
et al (2010) and Teng et al., (2011) predicted Fe isotope fractionation as 
high as 0.6 ‰ between olivine and melt, even considering low variations 
of Mg# between these. Such an isotopic range between olivine and melt 
encompasses the range of δ56Fe values measured in MPs, suggesting that 
kinetic isotope fractionation during melt percolation might explain the 
Fe isotope variability measured in our samples.

Kinetic isotope fractionation can also account for important Zn 
isotope fractionation in peridotite interacting with Zn-rich melt (Wang 
et al., 2017; Huang et al., 2019; Fang et al., 2022). Considering the melt- 
olivine partition coefficient of Zn close to unity, diffusion gain of Zn in 
olivine is expected during melt percolation. Because of faster diffusion of 
64Zn over 66Zn, this process results in neighboring peridotites having 
lower δ66Zn than the primitive mantle, as recently observed in Fe-rich 
mantle rocks cut by pyroxenite veins (i.e., metasomatized peridotites, 
Fang et al., 2022). This process might explain low δ66Zn values 
measured in MPs (down to − 0.24 ‰).

We propose below that such a kinetic isotope fractionation occurs in 
the mantle rocks at MARK during melt percolation, as supported by high 
Fe and Zn contents measured in olivine at the contact with magmatic 
veins (up to 32.5 wt% FeO and 235 ppm Zn, Coltat et al., 2023) con-
trasting with residual mantle olivine (9.33 wt% FeO and ~ 56 ppm Zn, 
Coltat et al., 2023). To further test this hypothesis, we numerically 
simulate Fe and Zn isotope fractionation during the percolation of Fe-Zn- 
rich melts in mantle rocks at 1200 ◦C (Fig. 5). Instead of simple diffusion 
models in single spherical olivine-melt systems (i.e. where rim compo-
sitions are a fixed boundary conditions; e.g., Dauphas et al., 2010; 
Huang et al., 2018), we here consider the percolation process in a 
transport situation. To that end, we use a mass-balanced percolation- 
diffusion model (following the procedure of equations 1 to 4 described 
in Tilhac et al., 2023) consisting of a 1-D column made of a porous 
aggregate of spherical minerals. Hence, not only the kinetic fraction-
ation associated with the diffusional gain of Fe and Zn is simulated, but 
also the diffusional loss from the melt as it percolates away from its 

source (e.g., a dyke) into the peridotite. The peridotite is here approxi-
mated as a matrix of olivine, which is a reasonable approximation 
considering the high modal abundance of primary olivine in MARK 
mantle rocks (> 80 %) suggesting that the whole-rock Fe-Zn budget is 
dominated by olivine. For the model, the kinetic isotope fractionation 
factors (βZn and βFe) in olivine that account for the slightly different 
diffusion coefficient of two different isotopes (see equation 3 in Huang 
et al., 2018) was set to 0.05 as proposed in previous studies (Dauphas 
et al., 2010; Huang et al., 2018). The different input and model pa-
rameters are listed in Table S1.

The model simulates temporal variations in the olivine diffusion 
profiles as a function of the position with respect to the melt source. For 
simplicity, we here only discuss the results obtained during 100 years 
near the contact with the ascending melts. The model predicts that the 
diffusional gain of Fe and Zn produces i) a strong isotope fractionation 
up to − 0.6 ‰ and − 0.33 ‰ for δ56Fe and δ66Zn, respectively (Fig. 5) and 
ii) the melt exhibits a transient enrichment (until the olivine is fully re- 
equilibrated) in heavy isotope due the loss of 54Fe and 64Zn and display 
high δ56Fe and δ66Zn values up to 0.32 ‰ and 0.47 ‰, respectively 
(Fig. 5). The combination of these competing effects results in a strong 
isotopic variability in olivine (grey fields in Fig. 5), ranging from vari-
ously low δ56Fe and δ66Zn throughout the grains to isotopically heavier 
rims, which essentially overlaps the whole range of isotope compositions 
measured in MPs at MARK. We conclude that Fe and Zn kinetic isotope 
fractionation during the ascent of Fe-Zn-rich melts result in the forma-
tion of metasomatized peridotites having lower δ56Fe and δ66Zn than the 
upper mantle from which they originally derive (i.e., δ56Fe = 0.025 ±
0.025 ‰, Craddock et al., 2013; δ66Zn = 0.16 ± 0.06 ‰; Sossi et al., 
2018). High δ56Fe and δ66Zn values (samples 920D-4R-1, 80–81 cm and 
920D-16R-7, 19–22 cm; Table 1) may reflect the mixing, in variable 
proportions, of isotopically heavy melts and light mantle rocks.

5.3. Metal behavior during fluid-rock interaction

At MARK, the increase of Cu and Zn contents with Rb/Nb in HPs 
indicates metal mobility during fluid-rock interaction (Fig. 6). In HPs, 
Cu and Zn are mostly scavenged by hydrothermal sulfide and in less 
extent serpentine (Fig. S3) indicating formation from a hydrothermal 
fluid enriched in S, Cu and Zn interacting with mantle rocks. No sys-
tematic metal depletion nor addition are observed in SPs, suggesting 
that serpentinization only has minor (local) effect on metal mobility. 
MPs have low Cu content (0.5–23.9 ppm), while their Zn content re-
mains fairly constant (36–60 ppm) at varying Rb/Nb. This suggests Cu 
(and Rb) leaching during HT (> 350 ◦C) hydrothermal alteration, while 
Zn remains relatively unsensitive (Coltat et al., 2023). Hence, the metal 
concentrations of our samples point to two different processes, namely i) 

Fig. 5. Modeled kinetic (diffusive) fractionation of δ56Fe and δ66Zn in olivine during melt percolation in olivine-dominated mantle rocks. At each time increment, the 
two dots correspond either to the minimum (kinetic isotope fractionation) or maximum (heavy isotope enrichment in melt) isotope fractionation predicted by 
numerical modeling for a given isotopic profile in olivine. The grey fields labelled “olivine” show the full ranges of Fe and Zn isotope compositions of olivine 
percolated by the melt. The Fe and Zn elemental and isotopic compositions given in boxes represent the starting compositions of the olivine column and the melt that 
percolates it.
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Cu leaching from primary sulfides/oxides/silicates during hydrothermal 
alteration of MPs and ii) hydrothermal veining and formation of HPs 
from a metal- and sulfur-rich fluid interacting with serpentinized peri-
dotite. Below, we investigate these two processes through geochemical 
modeling to constrain the physico-chemical conditions during fluid-rock 
interaction.

5.3.1. Cu leaching during HT hydrothermalism
We use a simple Rayleigh distillation model to predict Cu leaching 

and transport as different complexes in fluid during the dissolution of 
sulfides, oxides and Cu-bearing silicates in MPs. To that end, we assume 
that the element and isotopic behavior of Cu in whole rock can be 
approximated to that of chalcopyrite (for sulfides), cuprite (for oxides) 
and Cu-bearing enstatite (for silicates; i.e., β-factor). This approach has 
been successfully used to model Zn leaching during serpentinization of 
mantle rocks (Debret et al., 2018). Fig. 7 shows the model for Cu 

leaching by chlorine-bearing fluids (CuCl(H2O)4
+); additional models are 

shown in Figure S4. We used the ab initio calculations compiled in 
Moynier et al. (2017) for [CuCl3(H2O)-] complex in fluids (Fujii et al., 
2013) and those of Liu et al. (2021) for chalcopyrite (CuFeS2), cuprite 
(CuO) and Cu-bearing enstatite (Mg31/16Cu1/16Si2O6). We run isotopic 
distillation models at 100, 300, 450 and 600 ◦C. Based on petrographic 
observations, we assume the starting composition of the MPs to be a 1:1 
peridotite-pyroxenite mixture. Considering a primitive mantle starting 
composition would yield isotopic dilution trends that fail to reproduce 
the measured compositions at investigated temperatures (Fig. S4). The 
δ65Cu evolution of MPs during hydrothermal alteration is then modeled, 
according to the following equations: 

103ln
(
αfluid− mineral

)
= 103ln

(
βfluid

)
− 103ln(βmineral)

δ65CuFinal =
(
1000 + δ65CuInitial

)
×
(
F(α− 1) − 1

)
+ δ65CuInitial 

where α is the fractionation factor between sulfides, oxides or Cu- 
bearing silicates and a fluid phase complexing Cu as [CuCl3(H2O)-] at 
100, 300, 450 or 600 ◦C; β is the reduced partition function ratio of 
isotopologues that allow the obtention of the equilibrium constant of an 
isotopic exchange reaction (e.g., Moynier et al., 2017); F is the fraction 
of Cu remaining in the rock, ranging from 1 (unreacted) to 0 (all of Cu 
lost to the fluid phase); δ65CuInitial was set to a value corresponding to as 
the peridotite-pyroxenite mixture in 1:1 proportion (0.12 ± 0.1 ‰; e.g., 
Ben Othman et al., 2006; Savage et al., 2015; Zou et al., 2019; Kempton 
et al., 2022).

Our model predicts that at any considered temperature, the disso-
lution of Cu-bearing enstatite is accompanied with important Cu isotope 
fractionation (up to 2.5 ‰) that fails to reproduce the isotopic variability 
observed in our samples. At 100 and 300 ◦C, the dissolution of sulfide 
leaves a residual rock with low δ65Cu values that fails to reproduce the 
δ65Cu values of our samples (Fig. 7, Fig. A4), while oxide dissolution at 
300 ◦C produces limited Cu isotope fractionation that cannot explain the 
high δ65Cu values. At temperatures > 450 ◦C, cuprite dissolution leaves 
a residual rock with high δ65Cu values that are close to the highest 
compositions measured in our samples. More discriminant is chalcopy-
rite dissolution; at 450 ◦C and 600 ◦C it is accompanied with moderate 
Cu isotope fractionation towards, respectively, low δ65Cu and high 
δ65Cu values, reproducing the range of δ65Cu measured in MPs. There-
fore, the Cu elemental and isotope compositions of MPs may be 
explained by Cu leaching during sulfide dissolution at temperatures of 
~ 450–600 ◦C. This scenario is plausible considering that Cu is mostly 
sourced in sulfides in magmatic and mantle rocks (e.g., Luguet et al., 
2001; Liu et al., 2015a,b; Patten et al., 2016). This range overlaps with 
the ~ 420–830 ◦C temperature range calculated for hydrothermal 
alteration based on Ti-thermometry in amphibole present in MPs and 
one altered gabbro at MARK (Coltat et al., 2023). Alternatively, 

Fig. 6. (A) Cu and (B) Zn concentrations of mantle rocks of the MARK area vs 
Rb/Nb ratio, a proxy for fluid-rock interaction. The primitive mantle compo-
sitions (grey bars) are from McDonough and Sun (1995).

Fig. 7. Modeled and measured of δ65Cu (‰) vs Cu (ppm) of serpentinized peridotites cut by hydrothermally overprinted magmatic veins at MARK. Modeled 
compositions are obtained from leaching of CuCl3(H2O)- during the dissolution of Cu-bearing enstatite, chalcopyrite and cuprite at temperatures of 450 ◦C (A) and 
600 ◦C (B). In (B) are also displayed the modeled Cu element and isotope compositions at 300 ◦C considering the same reacting minerals (grey lines). The initial Cu 
content and isotope composition (red star) is set to as a 1:1 mixture of peridotite-pyroxenite (0.095 ± 0.1 ‰; 83 ppm Cu; e.g., Frey, 1980; Garrido and Bodinier, 
1999; Ben Othman et al., 2006; Savage et al., 2015; Tilhac et al., 2016; Huang et al., 2019; Zou et al., 2019; Kempton et al., 2022).

R. Coltat et al.                                                                                                                                                                                                                                   Geochimica et Cosmochimica Acta 388 (2025) 48–60 

56 



considering hydrothermal alteration to occur at 450 ◦C, we cannot rule 
out that Cu might also derive from both sulfide and oxide dissolution. 
Indeed, Fe(− Ti) oxides in pyroxenites can be enriched in Cu (up to 3.66 
wt%), significantly accounting for the Cu whole rock budget (Kempton 
et al, 2022). Finally, at such HT condition (>450 ◦C), Cu isotope frac-
tionation predicted by Rayleigh distillation models is roughly similar 
regardless of the nature of Cu-bearing complexes in hydrothermal fluid 
(e.g., CuCl(H2O)4

+, Cu(HS)2(H2O)3, CuHS(H2O)4
+, CuOH(H2O)4

+, 
CuCO3(H2O)2; Fig. S4). Hence, the precise nature of species complexing 
Cu in hydrothermal fluids cannot be constrained solely from our results.

5.3.2. Hydrothermal veining in serpentinized peridotites
Petrographic evidence constrains HPs formation during or after 

serpentinization of mantle rocks (Coltat et al., 2023). From the above 
Rayleigh distillation models, we observe that Cu is leached, at HT con-
ditions, during the dissolution of magmatic and mantle sulfide and 
possibly oxide. We do not have evidence to constrain the Zn sources. In 
mantle rocks, spinel is the main source of Zn and is commonly altered 
during serpentinization of mantle rocks (Burkhard, 1993), while sili-
cates can account for the Zn budget in lesser extents (e.g., Wang et al., 
2017; Fang et al., 2022; Lin et al., 2023). Seawater circulation and 
leaching of mantle and magmatic sulfides and oxides is expected to 
produce Cu and Zn-rich, high chlorinity and HS-bearing fluids (Alt and 
Shanks, 2003; Debret et al., 2018), possibly similar to those from which 
hydrothermal vein form in HPs.

We model the interaction between serpentinized peridotites and 
such a metal-, chlorine- and HS-rich hydrothermal fluid by using 
different fractions of these two components. We calculate the δ65Cu and 
δ66Zn values of the hydrothermal fluid using various proportions of 
pyroxenite (0, 50 and 100 %). Copper is expected to entirely derive from 
chalcopyrite, and Zn from spinel. To test a potential source of Zn from 
magmatic sulfides and mantle silicates, we also model Zn leaching from 
sphalerite and hemimorphite (Zn4Si2O7(OH)2⋅H2O), respectively. This 
defines a large range of fluid compositions from which ab initio calcu-
lations exist for Cu (CuCl(H2O)4

+; CuCl3(H2O)− ; CuHS(H2O)4
+; Cu 

(HS)2(H2O)3; CuCO3(H2O)2; CuOH(H2O)4
+; Fujii et al., 2013; Moynier 

et al., 2017) and Zn (ZnCl(H2O)5
+; ZnCl42− ; Zn(HS)3(H2O)2

− ; Zn(HS)4
2− ; 

ZnHCO3(H2O)5
+; Zn(OH)2(H2O)4; Fujii et al., 2011; 2013; Moynier et al., 

2017). We set the reaction progress to an average value of 0.5, meaning 
that the reacting rocks lose half of their metal budget to the hydro-
thermal fluid. This value accounts for the remaining magmatic sulfides 
and unaltered mantle spinel in magmatic and mantle rocks of the MARK 
area, respectively. This fluid mixes with serpentinized peridotites which 
Cu and Zn elemental and isotope compositions are set to the average 
values of SPs measured in this study ([Cu] = 51.3 ppm; δ65Cu = 0.15 ‰, 
[Zn] = 59 ppm; δ66Zn = 0.16 ‰). The HPs can be considered as a 
mixture between the serpentinized peridotites and mantle-derived 
fluids: 

δ65Cumixture =
(
Naδ65Cua + Nbδ65Cub

)
/(Na + Nb)

δ66Znmixture =
(
Naδ66Zna + Nbδ66Znb

)
/(Na + Nb)

where Na and Nb are the amounts of Cu or Zn added to the rock during 
progressive fluid-rock interaction and the initial Cu or Zn contents of the 
serpentinized peridotite, respectively. δ65Cu and δ66Zn values of HPs can 
be explained by the mixture of chalcopyrite-derived fluids (for Cu) and 
spinel-derived fluids (for Zn) and serpentinized peridotites at tempera-
tures of ~ 300 ◦C (Fig. 8). Both Cl-bearing and HS-bearing complexes 
can produce the measured δ65Cu and δ66Zn values of HPs, hindering the 
determination of the metal-bearing complexes that are transported by 
the hydrothermal fluid. The most probable Cu-bearing complexes are 
CuCl3(H2O)-, Cu(HS) and Cu(HS)2 and Zn-bearing complexes are ZnCl 
(H2O)5

+ and Zn(HS)3(H2O)2
− . Sphalerite dissolution probably has a 

negligible effect on the Zn budget because a fluid in equilibrium with 
sphalerite yields lighter δ66Zn than that of a spinel-derived fluid (Fig. 8). 
However, dissolution of Zn-bearing silicates during serpentinization 
may indeed have accounted for part of the Zn budget. This is supported 
by our geochemical modeling that predict that a HS- and/or Cl-bearing 
fluid in equilibrium with hemimorphite mixing with serpentinite would 
yield Zn isotope compositions close to those measured (Fig. S5C). In 
agreement with that, at similar temperatures (~311 ◦C), experiments 
showed that spinel is efficiently altered during serpentinization and that 
associated Al and Cr release would enhance the kinetic of mantle olivine 
dissolution (Huang et al., 2017a,b). Finally, a Cl- or HS-bearing fluid 
reacting with the rock at 100 ◦C, at the same F = 0.5, would produce 
δ65Cu values lower than those measured for HPs (Fig. 8). Note that δ65Cu 
and δ66Zn values in carbonate- (CuCO3(H2O)2 and ZnHCO3(H2O)5

+) and 
hydroxyl-bearing fluids (CuOH(H2O)4+ and Zn(OH)2(H2O)4) were also 
modeled and both predict lower δ65Cu and δ66Zn than those measured 
with Cl- and HS-bearing fluids (Fig. S5A, B).

5.4. Isotopic variability of the oceanic lithospheric mantle recorded by 
magmato-hydrothermal processes during mantle exhumation

Tectonically exhumed mantle rocks make up to 10–25 % of the 
Earth’s seafloor, reaching up to ~ 50 % in certain areas like the Northern 
Mid-Atlantic Ridge (Escartín et al., 2008) and the Central Indian Ridge 
(Pak et al., 2017). Only a few studies have investigated the magmato- 
hydrothermal processes in the oceanic mantle using Fe, Cu, Zn iso-
topes (Craddock et al., 2013; Debret et al., 2018; Liu et al., 2019), 
focusing mainly on dredge/dive samples where seafloor weathering is 
significant. In this study, which examines drilled serpentinized perido-
tites of the MARK area, we demonstrate that the oceanic lithospheric 
mantle records contrasted Fe, Cu, and Zn element and isotopic compo-
sitions on a relatively small scale (< 200 m), primarily controlled by 
magmatic and hydrothermal processes during mantle exhumation. 
Consistent with previous studies (e.g., Sossi et al., 2018; Fang et al., 

Fig. 8. Plots of the δ65Cu and δ66Zn versus Cu and Zn concentrations, respectively, in the serpentinized peridotites cut by hydrothermal veins. The black lines 
represent the modeled (A) addition of Cu by dissolution of CuCl(H2O)4

+; CuCl3(H2O)− ; Cu(HS); Cu(HS)2 at temperatures of 100 and 300 ◦C and (B) addition of Zn by 
dissolution of ZnCl(H2O)5

+; ZnCl42− ; Zn(HS)3(H2O)2
− ; Zn(HS)4

2− either deriving from oxide (spinel) or sulfide (sphalerite).
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2022), it appears that mantle heterogeneity does not predominantly 
control the isotopic heterogeneity. Instead, isotopic differences in 
oceanic lithospheric mantle can be attributed to kinetic isotope frac-
tionation during melt-rock interaction or fluid-rock interaction under 
varying thermal conditions. This raises the question of whether the 
magmato-hydrothermal processes responsible for isotopic variability at 
MARK might be widespread across mantle-dominated MOR environ-
ments. Consequently, the oceanic lithospheric mantle at intermediate to 
ultraslow-spreading ridges could be isotopically heterogenous.

At MARK, following textural and geochemical observations and data, 
magmatic veins and dykes form at the base of the lithosphere during 
early mantle exhumation (see Fig. 14 of Cannat et al., 1997). Cannat 
et al. (1997) proposed that melts crystallize in hot mantle rocks near the 
melt solidus temperature (~860 ± 30 ◦C). At 15◦N, an oceanic core 
complex drilled along the MAR revealed even higher thermal conditions 
for magmatic impregnation of mantle rocks (~1100 ◦C; ODP Leg 209; 
Kelemen et al., 2007). At these temperatures, element inter-diffusion 
between melt and rock occurs rapidly (several years to several ky; 
Dauphas et al., 2010) compared to long-lived tectono-magmatic pro-
cesses related to mantle exhumation (100 ky to several My; Grimes et al., 
2008; Escartín and Olive, 2022). At Site 920 at MARK, Cannat et al. 
(1997) estimated that magmatic intrusions only make up 4 % of the total 
rock volume. However, magmatic rocks may represent a more sub-
stantial part of oceanic core complexes. This is supported by deep drill 
holes in gabbroic rocks at the Atlantis Massif (Hole U1309D, 30◦N, MAR; 
Blackman et al., 2006) and the Atlantis Bank (Hole 735B, 57◦E, South 
West Indian Ridge, Dick et al., 2019) and lithological estimations made 
at 15◦N yielding ~ 20–40 % of magmatic rocks intruding mantle rocks 
(Kelemen et al., 2007). These findings align with results from the recent 
IODP Exp 399, which recovered ~ 30 % of magmatic rocks along a 1268 
m section of mantle rocks at the Atlantis Massif (Lissenberg et al., 2024). 
Considering the timing of magmatic processes and volume of magmatic 
rocks formed in the oceanic lithosphere mantle, we infer that significant 
diffusion-induced Fe and Zn isotope fractionation can be recorded in 
deep mantle rocks worldwide before mantle exhumation at the seafloor. 
This is supported by the low δ56Fe measured in oceanic metasomatized 
mantle xenoliths of the Kerguelen archipelago (down to − 0.54 ‰, Fig. 3; 
Poitrasson et al., 2013). As mantle and magmatic rocks are progressively 
exhumed and transported from the lithosphere base, long-lived (Grimes 
et al., 2008) magmatic processes sustain melt injection in newly-formed 
hot lithospheric mantle rocks, further generating isotopic variability. 
This may eventually expend to the entire oceanic lithospheric mantle.

During mantle exhumation and cooling, downward seawater circu-
lations interact with the exhuming rocks, producing various hydro-
thermal alterations (Table 1) that lead to Cu (and Zn) isotope 
fractionation in hydrothermal veins, while locally preserving the Fe 
isotope compositions inherited from deep melt-rock interaction. Coltat 
et al. (2023) showed, through petrographic and geochemical tracing, 
that mantle and magmatic rocks at MARK experienced continuous fluid- 
rock interaction at varying thermal regimes, from sub-solidus conditions 
(< 850 ◦C) to lower temperatures during serpentinization (< 400 ◦C). 
These varying thermal regimes during fluid-rock interaction are sup-
ported by the Cu and Zn isotopic compositions of MARK mantle rocks. 
This suggests a long hydrothermal history, possibly occurring at 
different structural positions during mantle exhumation. Metamorphic 
conditions from upper amphibolite (> 650 ◦C) to sub-greenschist facies 
(< 250 ◦C) were reported in altered mantle and magmatic rocks drilled 
at oceanic core complexes (Kelemen et al., 2007; Früh-Green et al., 
2018; Dick et al., 2019; Lissenberg et al., 2024), suggesting comparable 
hydrothermal histories as for MARK. Therefore, despite a general lack of 
Fe, Cu and Zn isotope data of drilled rocks at oceanic core complexes, it 
is reasonable to think that hydrothermal processes account for similar 
isotopic variability in these settings. If this hypothesis holds true, it 
means that fluid-rock interaction might primarily control the Cu budget 
and isotope composition of the oceanic lithospheric mantle, a theory 
that needs further testing.

6. Conclusions

Serpentinized peridotites drilled at the Mid-Atlantic Ridge Kane area 
offer an opportunity to unravel the magmatic and hydrothermal pro-
cesses with regard to metal mobility during mantle exhumation. We 
conducted Fe, Cu and Zn isotope analyses on mantle rocks to constrain 
these processes. As a main outcome, metals show contrasted behaviors 
regarding of magmatic or hydrothermal processes. We show that Fe and 
Zn isotopes are sensitive to kinetic isotope fractionation during melt- 
rock interaction. This increased isotopic heterogeneity to both lighter 
and heavier isotope compositions (δ56Fe from − 0.44 to 0.07 ± 0.03 ‰; 
δ66Zn from − 0.24 to 0.32 ± 0.04 ‰) expending the range around the 
predictive unaltered composition of the primitive mantle(0.025 ±
0.025 ‰ and 0.16 ± 0.06 ‰, respectively). This process promotes large 
isotope heterogeneity in mantle rocks, exceeding the range expected 
during mantle processes (i.e., partial melting, mantle heterogeneity 
through melt fertilization). Hence, one may be careful at investigating 
mantle source heterogeneity using Fe and Zn isotope systematics. Cop-
per is sensitive to hydrothermal processes at varying thermal conditions. 
It is leached during HT hydrothermal alteration (~ 450–600 ◦C), pro-
ducing variable δ65Cu depending on the Cu source (sulfide and oxide), 
while Cu and Zn are efficiently mobilized during LT (300 ◦C) hydro-
thermal circulations in Cl- and/or HS-bearing fluids possibly genetically 
linked to serpentinization. Finally, our study reveals that transition 
metal isotopes, namely Fe, Cu and Zn, can bring valuable information on 
both magmatic and hydrothermal processes in mantle rocks over a wide 
range of temperatures that is relevant for the tectono-magmatic evolu-
tion of spreading centers.
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