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Ultramafic hosted hydrothermal deposits are ubiquitous along slow-spreading ridges such as the Mid-
Atlantic Ridge (MAR; e.g., Ashadzé, Rainbow, Lost City) where they exert a major control on the cycling 
of economically important elements (e.g., Zn, Cu, Ni). However, the origin of metal mobility in these 
environments remains unclear. Here we use Zn (δ66Zn), Cu (δ65Cu) and Fe (δ56Fe) stable isotopes to 
explore the mobility of metals during (1) the serpentinization of the Rainbow massif basement in a 
seawater dominated system at low temperature (<250 ◦C) and (2) the subsequent high temperature 
(>350 ◦C) mineralization of serpentinites through seawater-derived fluids that interacted with gabbro 
prior to interacting with serpentinite near hydrothermal sites (stockworks).
The Rainbow samples display among the largest range of isotopic variations ever reported for ultramafic 
rocks (−0.10� ≤ δ66Zn ≤ +0.47�; −0.93� ≤ δ65Cu ≤ +0.24�; −0.15� ≤ δ56Fe ≤ +0.25�). These 
variations reflect a two-stage process. (1) Serpentinization of the ultramafic basement is accompanied 
by a decrease in Zn (26–41 ppm) and Cu (1–13 ppm) concentrations and an increase of δ66Zn 
(+0.30–+0.47�) in peridotites relative to primitive mantle (Zn ∼ 55 ppm, Cu ∼ 20 ppm, δ66Zn ∼
+0.16�). Striking correlations between δ66Zn and indices of serpentinization (LOI and Fe3+/�Fe) show 
preferential leaching of isotopically light Zn by fluids during the serpentinization of the massif. This 
isotopic fractionation is controlled by the dissolution of both mantle sulfides and/or spinels and Zn 
complexation with chlorine in fluids. At this stage, Fe seems to be immobile as attested by correlations 
between δ56Fe and indices of peridotite fertility (e.g., Al2O3/SiO2). (2) The mineralization of serpentinites 
near the Rainbow stockwork is accompanied by an increase in Fe3+/�Fe (>0.7), FeO (up to 19.8 wt%), Zn 
(�50 ppm) and Cu (�20 ppm) concentrations. The δ66Zn and δ65Cu values progressively decrease with 
indices of serpentinite mineralization (e.g., Zn, Cu, Fe3+/�Fe), while several samples display abnormally 
high δ56Fe (up to 0.25�) relative to primitive mantle (δ56Fe ∼ 0.025�), suggesting a high mobility of 
Zn, Cu and Fe in high temperature hydrothermal fluids. These isotopic fractionations can be explained 
by the local oxidation of sulfur bearing fluids in contact with seawater. This process enhances metal 
precipitation as well as the formation of Fe3+-bearing phases, such as magnetite, beneath the stockwork, 
explaining the presence of magnetic anomalies below the Rainbow hydrothermal field. Our study shows 
that the mobility of metals in hydrothermal fluids can be enhanced by both peridotite interaction with 
seawater or with fluid that interacted with deeper mafic bodies and then flowed to the surface. These 
processes may generate hydrothermal deposits with distinct metal signatures.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hot, reducing (H2-rich) and metal-rich hydrothermal fluids that 
exit black smokers or carbonated chimneys at the seafloor can
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be formed through interactions of seawater with oceanic mafic 
crust and/or its ultramafic basement. These interactions (1) modify 
the composition of oceanic lithosphere, (2) affect ocean chemistry, 
(3) produce metal-rich deposits (possible analogues to ore deposits 
present on land), and (4) sustain biological communities in the 
deep sea. Ultramafic hosted hydrothermal systems are commonly 
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observed along the slow-spreading Mid-Atlantic Ridge (MAR; e.g., 
Ashadzé, Rainbow, Logatchev, Lost City) and in several other places 
along ultraslow-spreading ridges (e.g., South West Indian Ridge 
or the Arctic Ridges), (meta-)ophiolites (e.g., New Caledonia; Bou 
Azzer paleo-hydrothermal system) or forearc basins (e.g., Mari-
anas; Baker et al., 2004; Fouquet et al., 2010; Hodel et al., 2017;
Kelley et al., 2001; Ohara et al., 2012). In those environments, 
the main H2 production results from oxidation of primary S2−-
or Fe2+-bearing phases to form sulfate-bearing serpentine (gen-
eral equation (1); Debret et al., 2017) and Fe3+-bearing phases, 
such as magnetite at high temperature or Fe3+-serpentine at 
low temperature (general equation (2); Andreani et al., 2013;
Bonnemains et al., 2016; Klein et al., 2014), respectively:

2FeS + 11H2O(aq) → 2SO2−
4 + Fe2O3 + 9H2(aq) + 4H+

(aq) (1)

2FeO + H2O(aq) = Fe2O3 + H2(aq) (2)

The reducing power of these general reactions has been recognized 
as a source for the production of abiotic hydrocarbons including 
methane via Fischer–Tropsch Type or Sabatier reactions, or of pol-
yaromatic hydrocarbons (Holm and Charlou, 2001):

CO2 + [
2 + (m/2n)

]
H2 → (1/n)CnHm + 2H2O (3)

These environments are also associated with abundant sulfide de-
posits enriched in economically important elements such as Cu, Zn, 
Co, Au and Ni (e.g., Marques et al., 2007; Fouquet et al., 2010).

At slow- and ultraslow-spreading ridges, the source of metals 
in fluids remains unclear. It can arise from the interaction of cir-
culating seawater with mantle peridotites and/or be an admixture 
of a fluid escaping from mafic bodies at depth. Indeed, the hy-
drothermal circulation within ultramafic rocks is generally related 
to low magmatic activity in which hydrothermal cells are likely 
driven by regional heat flow induced by ephemeral gabbroic intru-
sions cooling at depth and/or by exothermic heat produced during 
serpentinization (e.g., Allen and Seyfried, 2004; Dunn et al., 2017;
Kelley et al., 2001). The latter is enhanced early during mantle 
exhumation by detachment faulting through the percolation of sea-
water dominated fluids. However, the nature and timing of the 
hydrothermal processes, the reaction pathways and/or the nature 
of the ligands that enhance metal mobility in ultramafic systems 
remain unknown.

Transition metal stable isotopes (e.g., Zn, Cu, Fe) provide key 
constraints on element mobility and mass balance, as equilibrium 
stable isotope fractionation between different phases (such as ser-
pentine minerals, Fe-oxides, sulfides and fluids) is driven by con-
trasts in element bonding environment and oxidation state (e.g., 
Fujii et al., 2014). The mobility of Zn, Cu and Fe, and therefore iso-
topic fractionations of Zn, Cu and Fe isotopes, are particularly sen-
sitive to chlorine, sulfur and/or carbon complexes in fluids. Those 
isotopic systems have the potential to provide new insights into 
metal mobility during fluid/rock interactions and to explore the 
origin of metal deposits in ultramafic systems. For example, Fe iso-
tope values as low as −0.67� and as high as −0.09� have been 
measured in hydrothermal vent fluids along the MAR (e.g., Beard 
et al., 2003; Severmann et al., 2004), while associated hydrother-
mal deposits can display a large range of values (from about −2�
to +0.5�; e.g., Rouxel et al., 2008). Potential processes control-
ling the variability of isotopes in hydrothermal fluids and associ-
ated deposits include melt/rock interactions (e.g., Hedenquist and 
Lowenstern, 1994), metamorphism (e.g., Rouxel et al., 2003) and 
sub-seafloor processes leading to Fe precipitation or remobilization 
(e.g., Blanchard et al., 2009). However, studies of the effects of ore 
precipitation on isotopic systems are largely restricted to sulfide 
deposits and hydrothermal fluids (e.g., Beard et al., 2003; Rouxel 
et al., 2008, 2004) while the ultramafic substratum, from which 
metals may have been extracted, is often neglected resulting in a 
major knowledge gap.

In this study we investigated Zn, Cu and Fe systematics of ul-
tramafic rocks from the Rainbow massif (36◦14′N), including rocks 
sampled near or at the hydrothermal field, and compared these 
results to other hydrothermal settings from slow- and ultraslow-
spreading ridges and orogenic contexts. Among known hydrother-
mal areas, the Rainbow hydrothermal vent fluids are character-
ized by some of the highest H2, CH4 and metal (Fe, Mn, Cu, 
Zn and Co) concentrations ever reported (Charlou et al., 2002;
Douville et al., 2002). The hydrothermal field is also associated 
with a positive magnetic anomaly (Szitkar et al., 2014), that is 
interpreted as the signature of a large-volume mineralized zone 
below the Rainbow hydrothermal field and likely corresponding 
to the stockwork. The Rainbow massif has also been the focus of 
recent geological and geophysical studies (Andreani et al., 2014;
Dunn et al., 2017), that provide constraints on the structure and 
distribution of possible magma lenses and depth, and the location 
and geometry of the serpentinization front. Here we used stable 
isotopes to unravel the reaction pathway that produced hydrother-
mal fluids below venting areas for similar serpentinization systems 
at slow- and ultraslow-spreading ridges and provide a model of 
temporal and spatial variations of hydrothermal processes at depth, 
incorporating geological and geophysical constraints available.

2. Geological setting and sample selection

The Rainbow massif lies at 36◦14′N along the MAR (Fig. 1) 
within a non-transform discontinuity. It is an inactive oceanic 
core complex (OCC) composed of peridotites intruded by gabbroic 
rocks and overlain by a sedimentary cover (Andreani et al., 2014;
Canales et al., 2017). Seismic experiments have revealed the pres-
ence of numerous reflectors underlying the hydrothermal field and 
massif, at depths of 2–10 km, attributed to magma lenses variably 
crystallized (e.g., Canales et al., 2017). The massif also shows cone-
shaped velocity gradient associated with seismic reflectors, where 
microseismicity concentrates, that are interpreted as the possible 
location of the serpentinization front (Dunn et al., 2017).

The massif hosts an active high temperature (>350 ◦C; Rain-
bow) and two inactive low temperature (serpentinization tempera-
ture inferior to 250 ◦C; Ghost City, Clamestone) hydrothermal sites 
(stockworks), near its summit at 2300 m water depth (Fig. 1), that 
were most probably established after the fault activity (Andreani et 
al., 2014). The active Rainbow field is located on the western flank 
of the massif and extends over ∼200 × 100 m, heated by under-
lying magmatic bodies (Marques et al., 2006, 2007; Canales et al., 
2017). This area is associated with a positive magnetic anomaly 
(Szitkar et al., 2014), which reflects the presence of a wide min-
eralized zone in the Rainbow stockwork, where several chemical 
processes concur to create and preserve strongly magnetized mag-
netite (e.g., Marques et al., 2006).

The dominant alteration of the massif was triggered by an early 
widespread and pervasive circulation of seawater-derived fluids 
during massif exhumation onto the seafloor. This episode was as-
sociated with the serpentinization of peridotites at temperatures 
ranging from 160 to 260 ◦C (Andreani et al., 2014). Near the ac-
tive venting area, petrographic observations reveal various stages 
of serpentinized peridotite recrystallization and sulfide precipita-
tion (Andreani et al., 2014; Debret et al., 2017; Marques et al., 
2006, 2007). Those are triggered by the circulation of high temper-
ature (∼360 ◦C) and acidic (pH ∼ 3.5) hydrothermal fluids (Charlou 
et al., 2002).

The studied samples were collected by dredging (DR-) and div-
ing (PL-) during the FLORES (1996), SALDANHA (1998), IRIS (2001) 
and MoMARDREAM (2007, 2008) cruises (Fig. 1). Full descrip-
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Fig. 1. Location of the dredging or diving sampling sites from the FLORES (FL), IRIS (IR) and MoMardream (M7 and M8) cruises. Most of the mineralized ultramafic rocks 
were sampled on the Rainbow active hydrothermal area with exception of M8-Dr12, M8-Dr13 and M8-Dr08 samples. Away from these zones, no evidence of mineralization 
of serpentinized peridotites has been observed (Andreani et al., 2014). Non-mineralized samples: M8-DR6-01a-c; M8-DR6-01a; M8-DR5-1; M7-PL04-14; M7-PL04-6; Min-
eralized samples: M8-Dr08-07a; M8-DR13-1A; M8-DR12-1a; M7-DR13-2; FL-PL10-15; SAL-04-01; IR-DR01-A-05; FL-PL02-04; IR-DR03-S; IR-DR02-L1; FL-PL08-05). HT: High 
temperature; LT: Low temperature.
tions of the studied samples are available elsewhere (Ribeiro da 
Costa, 2005; Marques et al., 2006, 2007; Andreani et al., 2014;
Debret et al., 2017). Two different kinds of samples have been 
studied (Appendix A). (1) The first group of samples was recov-
ered away from the Rainbow stockwork (Fig. 1). These samples 
correspond to non-mineralized pseudomorphic serpentinites. The 
serpentinization degree of the samples is high (typically higher 
than 80%) with, sometimes, olivine and orthopyroxene embedded 
within mesh and bastite textures, respectively, associated with thin 
strings of magnetite and crosscut by late chrysotile veins. Mantle 
Cr-spinel is usually partly recrystallized to ferritchromite and/or 
magnetite (Ribeiro da Costa, 2005; Marques et al., 2006). These 
samples record the pervasive serpentinization of Rainbow massif 
basement in a seawater-dominated context and are sulfide free 
(Debret et al., 2017). They will be referred to as non-mineralized 
serpentinites in the following sections. (2) The second group of 
samples displays mesh and bastite textures that have been partly 
to fully replaced by brownish serpentine during hydrothermal fluid 
circulation. This process is accompanied by precipitation of hy-
drothermal sulfides (mainly pyrite and pyrrhotite) and chloride 
minerals (Debret et al., 2017; Marques et al., 2007). These samples 
will be referred to as mineralized serpentinites in the following 
sections. Although highly abundant within or near the stockwork 
area, they are not exclusively restricted to this area (Fig. 1; Ap-
pendix A).

3. Stable isotope analytical method

Major and trace elements analyses are from Ribeiro da Costa
(2005), Marques et al. (2007) and Andreani et al. (2014) and are 
displayed in Appendices A and B. The Zn, Cu and Fe isotope mea-
surements were carried out on the same whole-rock powders at 
the Laboratoire G-Time, Université Libre de Bruxelles (ULB). About 
100 mg of powdered samples were dissolved using a 1:1 mix of 
concentrated HF and HCl in Parr bombs at 160 ◦C in an oven for 
5 days. These were then further attacked 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 refrac-
tory phases such as spinels. 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 
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the procedure developed by Sossi et al. (2015). All reagents used 
in the chemistry and mass spectrometry procedures were distilled 
and subboiled using Teflon two-bottle stills at the ULB. The total 
procedural blank contribution was <14 ng for Zn, <4 ng for Cu 
and <80 ng of Fe, which is negligible compared to the amount of 
Zn, Cu and Fe in the samples (blank contribution is 	1%).

3.1. Zn and Cu isotope analyses

Bulk rock Zn and Cu isotope data were obtained at the ULB 
(Laboratoire G-Time) on a Nu Plasma II Multi-Collector-Inductively 
Coupled Plasma-Mass Spectrometer (MC-ICP-MS Nu Instruments, 
Ltd.; for more details see Petit et al., 2008). The analyses were per-
formed in wet plasma mode. Instrumental mass bias was corrected 
by sample-standard bracketing and external normalization (Cu-
and Zn-doping technique for Zn and Cu measurements, respec-
tively). Each sample was bracketed by two analyses of a standard 
(either Zn in-house JMC standard or Cu NIST SRM 976). Both sam-
ple and standard solutions were run at 400 ppb in 0.05M HNO3, 
giving the same total beam intensity of 6 V. In addition to Zn and 
Cu masses, we also monitored 62Ni to avoid interference between 
64Ni and 64Zn. However, the 62Ni beam intensity was systemati-
cally lower than the background signal, which indicates a complete 
Ni separation from the analysed solutions.

The δ66Zn isotope composition of the samples is presented as 
a delta value in permil notation relative to the JMC-Lyon isotopic 
standard. δ68Zn are also given to demonstrate mass dependency of 
the measurements. All reported errors are 2 standard deviations 
(2sd).

δ66Zn = ((66
Zn/64Znsample

)
/
(66

Zn/64ZnJMC-Lyon
) − 1

) × 103

δ68Zn = ((68
Zn/64Znsample

)
/
(68

Zn/64ZnJMC-Lyon
) − 1

) × 103

Due to a limited supply of the JMC-Lyon standard solution, sam-
ples were measured relative to an in-house standard. This stan-
dard is offset from JMC-Lyon by +0.09 (±0.03, 2sd)� for δ66Zn 
and by +0.18 (±0.06)� for δ68Zn (over two years of measure-
ments – n ∼ 200); as such we were able to correct our measured 
value by this factor and present our data relative to JMC-Lyon, as 
widely accepted. During data acquisition, IRMM-3702 was analysed 
throughout each Zn session giving a mean δ66Zn value of 0.30 ±
0.04 (2sd)� and a mean δ68Zn value of 0.61 ± 0.08�, where n
is 20, in excellent agreement with previously published measure-
ments of this standard (Petit et al., 2008).

The δ65Cu isotope composition of the samples is presented as 
a delta value in permil notation relative to the NIST SRM 976 Cu 
isotopic standard:

δ65Cu = ((65
Cu/63Cusample

)
/
(65

Cu/63CuNIST976
) − 1

) × 103

Repeated measurements of the in-house NIST SRM 976 Cu gave an 
average δ65Cu value of 0.00 ± 0.03� (n = 9). In addition to these, 
reference materials (BHVO2 basalt, UB-N and BCh6 serpentinites, 
LZ17a peridotite) were processed through columns and analysed 
for δ66Zn, δ68Zn and δ65Cu alongside samples. Data are displayed 
in Appendix B and are in good agreement with previous studies.

3.2. Fe isotope analyses

Bulk rock Fe isotope data were obtained at the ULB (Labora-
toire G-Time) on a Nu Plasma II MC-ICP-MS in wet plasma and 
medium resolution mode. Instrumental mass bias was corrected 
by sample-standard bracketing. Both sample and standard solu-
tions were run at 1 ppm in 0.05M HNO3, giving the same total 
beam intensity of 13 V. Isotope ratios are reported as δ56Fe in per-
mil notation relative to IRMM-014 external standard, and δ57Fe is 
given to demonstrate mass dependency of the measurements. All 
reported errors are 2 standard deviations (2sd).

δ56Fe = ((56
Fe/54Fesample

)
/
(56

Fe/54FeIRMM-014
) − 1

) × 103

δ57Fe = ((57
Fe/54Fesample

)
/
(57

Fe/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 iso-
baric interference from 54Cr and 58Ni on the 54Fe and 58Fe masses. 
These corrections were either negligible or non-existent due to the 
effective separation of Fe from Cr and Ni during column chemistry. 
An in-house standard MIX was analysed throughout each analyti-
cal sessions giving an average δ56Fe value of −1.55 (±0.05, 2sd)�
and average δ57Fe value of −2.30 (±0.15, 2sd)�, where n = 12. In 
addition, reference materials (BHVO2 basalt, UB-N and BCh6 ser-
pentinites, LZ17a peridotite) were processed through columns and 
analysed alongside samples. The data are displayed in Appendix B 
and are in good agreement with previous studies.

4. Results

Zn, Cu and Fe concentrations and isotope ratios, together with 
Al2O3/SiO2 and Fe3+/�Fe ratios are given in Appendix B. The 
Rainbow serpentinized peridotites have refractory compositions, 
(e.g., dunite or pyroxene-poor harzburgites) characterized by low 
Al2O3/SiO2 (<0.03) and high MgO/SiO2 (>0.87) ratios (Fig. 2a). 
They display high loss on ignition (LOI) values (>12 wt%) and high 
Fe3+/�Fe ratios (>0.4) compatible with high serpentinization de-
grees (Fig. 2b). Rainbow mineralized samples are characterized by 
the highest Fe3+/�Fe values reported in abyssal or orogenic ser-
pentinization settings (Fig. 2b).

As a whole, the Rainbow serpentinized peridotites display 
broad concentration ranges for Zn (25–1323 ppm), Cu (0.5–2168 
ppm) and Fe2O3

Total (6.1–19.8 wt%). Metal concentrations in-
crease from non-mineralized (Zn = 26–44 ppm; Cu = 1–13 ppm; 
Fe2O3 = 6.1–9.2 wt%) to mineralized (Zn = 53–1323 ppm; Cu 
= 0.5–2168 ppm; Fe2O3 = 6.5–19.8 wt%) samples. δ66Zn and 
δ65Cu data of Rainbow serpentinized peridotites vary from −0.10 
(±0.03, 2sd) to +0.47 (±0.01, 2sd)� and from −0.93 (±0.02, 2sd) 
to +0.24 (±0.03, 2sd)�, respectively. Those variations (∼0.6�
for Zn isotopes and ∼1.1� for Cu isotopes) are among the high-
est reported in an ultramafic massif, independent of the context 
(abyssal or orogenic; Fig. 3). The δ66Zn values of Rainbow serpen-
tinized peridotites progressively decrease from non-mineralized 
(+0.30 ± 0.07� ≤ δ66Zn ≤ +0.47 ± 0.01�, 2sd), which display 
high δ66Zn relative to primitive mantle (PM, δ66ZnPM = 0.16 ±
0.06�, Sossi et al. (2018), to mineralized samples (−0.10 ± 0.03�
≤ δ66Zn ≤ +0.29 ± 0.03�, 2sd). Given that serpentinized peri-
dotites have relatively low Cu concentrations (<10 ppm), only one 
non-mineralized sample was analysed for Cu isotopes. This sam-
ple (M7-PL04-6) displays a δ65Cu of +0.24 ± 0.03�, higher than 
the primitive mantle value (δ65CuPM = +0.07 ± 0.1�, Savage et 
al., 2015; Fig. 3) and close to the analysis reported by Rouxel et 
al. (2004; δ65Cu = +0.14�). The mineralized samples (−0.93 ±
0.02� ≤ δ65Cu ≤ +0.24 ± 0.03�, 2sd) display a large range 
of δ65Cu values, most of them being relatively light compared to 
non-mineralized samples (Appendix B, Fig. 3). The δ56Fe of non-
mineralized samples vary from −0.14 (±0.08) to +0.08 (±0.01)�
and are close to those reported in other abyssal or orogenic con-
texts (Fig. 3). The mineralized samples display a large range of 
δ56Fe (−0.15 ± 0.08� ≤ δ56Fe ≤ +0.25 ± 0.06�) with sam-
ples from the Rainbow stockwork (IR-DR01-A-05 and FL-PL08-05; 
Fig. 1) displaying the heaviest values (Fig. 3).
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Fig. 2. Plots of (a) MgO/SiO2 vs Al2O3/SiO2 and (b) Fe3+/�Fe vs Loss On Ignition (LOI, in wt.%) in abyssal serpentinized peridotites. Because abyssal peridotites often 
display a high serpentinization degree, the characterization of peridotite fertility is better assessed by Al2O3/SiO2 ratio rather than Al2O3 concentrations (Godard et al., 
2008). The thin black line on Fig. 2a represents the primitive mantle (PM) ratios and the grey fields correspond to dunite and harzburgite compositions (after Godard et 
al., 2008). On Fig. 2a, changes in whole-rock ratios of both MgO/SiO2 and Al2O3/SiO2 accompany the transition (left to right) of depleted (e.g., dunite) to enriched (e.g., 
lherzolith) peridotites (grey fields are from Godard et al., 2008). On Fig. 2b, changes in whole-rock Fe3+/�Fe ratio and LOI accompany the transition (left to right) of fresh 
peridotite to fully serpentinized peridotite. The high LOI values (>12 wt.%) probably reflect a high amount of brucite, talc, sulfides, organic carbons, carbonates and/or 
clay minerals. Compilation of abyssal peridotite and orogenic peridotite compositions are from: Pindos (Bonnemains et al., 2016), Alps (Debret et al., 2013; Sossi et al., 
2018), and Horoman (Takazawa et al., 2000) for orogenic contexts; IODP sites 1270 & 1271 (Paulick et al., 2006) and ODP Leg 153 (MARK region; Andreani et al., 2014;
Bonnemains et al., 2016) for Mid-Atlantic Ridge; Vancouver Leg 7 (Craddock et al., 2013) for the South West Indian Ridge (SWIR); western half of the Gakkel ridge from 5◦W 
to 85◦E, with peridotites recovered primarily between 3 and 29◦E in the Sparsely Magmatic Zone (Craddock et al., 2013; this study) for Gakkel ridge.

Fig. 3. Zn, Cu and Fe isotopic ranges of orogenic and abyssal peridotites. The grey boxes and red dotted lines show the composition of the Primitive Mantle (PM) after Sossi 
et al. (2018), Savage et al. (2015) and Craddock et al. (2013) for δ66Zn, δ65Cu and δ56Fe, respectively. The isotope compositions are reported for orogenic serpentinized 
peridotites (Ben Othman et al., 2006; Ikehata and Hirata, 2012; Debret et al., 2016 – SSP: Slightly Serpentinized Peridotites and Liz-serpentinites; Pons et al., 2016 – SSP and 
Liz-serpentinites – and Sossi et al., 2018 – Balmuccia), Gakkel Ridge serpentinized peridotites (Pons et al., 2011; Craddock et al., 2013 – unweathered samples), MARK and 
Rainbow (this study). (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
5. Discussion

The Rainbow serpentinized peridotites display a large range of 
Zn, Cu or Fe concentrations and isotopic values, overlapping the 
whole range of terrestrial ultramafic rock compositions (Figs. 3
and 4). This variability reflects a high mobility of metals during 
Rainbow massif formation which can be induced by: (1) mantle 
heterogeneities and/or melt/rock interactions occurring below the 
massif and prior to serpentinization, (2) serpentinization of the ul-
tramafic basement at relatively low temperature (<250 ◦C) and/or 
(3) mineralization of serpentinized peridotites at high tempera-
ture (>350 ◦C) during hydrothermal fluid circulation below the 
Rainbow stockwork. The influence of kinetic effects, related to the 
preferential mobility of isotopically light species during fluid/rock 
interactions or diffusion processes, can be ruled out as the di-
rection of diffusive transport from solid (Zn-, Cu- and Fe-rich) to 
fluid (Zn-, Cu- and Fe-poor) would result in heavy δ66Zn, δ65Cu 
and δ56Fe in the residue and therefore generate covariations be-
tween δ66Zn, δ65Cu and δ56Fe in the studied samples (e.g., Pogge 
von Strandmann et al., 2015), which are not observed. In the fol-
lowing sections we discuss the impact of these three processes on 
metal concentrations and stable isotope variations in abyssal ser-
pentinized peridotites.

5.1. Mantle heterogeneities

Zn elemental and isotopic compositions in peridotites are pri-
marily controlled by their fertility (Doucet et al., 2016; Moynier 
et al., 2017), with fertile peridotites (e.g., high Al2O3/SiO2; Fig. 4) 
displaying high Zn concentrations and relatively heavy δ66Zn (e.g., 
δ66Znpyroxenite ∼+0.20 ± 0.02� and up to 70 ppm of Zn; Sossi 
et al., 2018) and refractory peridotites displaying relatively low Zn 
concentrations and light δ66Zn (e.g., δ66Zndunite ∼+0.14 ± 0.02�
and down to 41 ppm of Zn; Sossi et al., 2018). The Rainbow non-
mineralized samples have low Zn concentrations (26–44 ppm) and 
high δ66Zn (+0.30� < δ66Zn < +0.47�) relative to dunite while 
the mineralized samples display a large range of Zn concentrations 
(47–1323 ppm) and δ66Zn (−10� < δ66Zn < +0.26�). These val-
ues are incompatible with the refractory composition of Rainbow 
samples (Fig. 2a). In addition, no correlation between Zn concen-
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Fig. 4. Plots of Zn, Cu, FeO concentrations and δ66Zn, δ65Cu, δ56Fe of abyssal and orogenic ultramafic rocks vs a mantle fertility proxy (Al2O3/SiO2). The grey lines correspond 
to primitive mantle variations for Zn, Cu and FeO (Jagoutz et al., 1979; McDonough and Sun, 1995) and for δ66Zn (Sossi et al., 2018) and δ65Cu (Savage et al., 2015). In Fig. 4f, 
the grey field corresponds to upper mantle compositional variations (Debret et al., 2016). The isotope compositions of orogenic samples are from Ben Othman et al. (2006), 
Ikehata and Hirata (2012), Debret et al. (2016 – SSP and Liz-serpentinites), Pons et al. (2016 – SSP and Liz-serpentinites) and Sossi et al. (2018 – Balmuccia), Gakkel Ridge 
from Pons et al. (2011), Craddock et al. (2013– unweathered samples) and Debret et al. (2016), SWIR (South West Indian Ridge) from Craddock et al. (2013 – unweathered 
samples), Mid-Atlantic Ridge and Rainbow from this study. *Composition recalculated in wt.% on a volatile free basis.
trations or δ66Zn and peridotite fertility (e.g., Al2O3/SiO2) have 
been observed (Fig. 4a, b). This shows that abyssal peridotites do 
not preserve their initial Zn concentrations or δ66Zn values during 
serpentinization at mid-oceanic ridges.

In the Rainbow massif, non-mineralized samples display ho-
mogeneous and low Cu concentrations (1–13 ppm) relative to 
primitive mantle. However, there are no systematic changes of 
Cu concentrations or isotope values with peridotite fertility (e.g., 
Al2O3/SiO2; Fig. 4c, d). This suggests that partial melting has only 
a limited effect on Cu concentrations or δ65Cu of abyssal peri-
dotites. In good agreement with this, only limited δ56Cu vari-
ations have been observed in fresh peridotites from orogenic 
massifs (δ65Cu = +0.07 ± 0.09�, Ikehata and Hirata, 2012;
Othman et al., 2006), while the δ65Cu values of magmatic differ-
entiation sequences (−0.08� < δ65Cu < +0.20�; Savage et al., 
2015) largely overlap with those of primitive mantle (δ65CuPM =
+0.07 ± 0.10�; Savage et al., 2015; Fig. 4d). Therefore, the varia-
tions of Cu concentrations and δ65Cu (Fig. 4c, d) observed in Rain-
bow serpentinized peridotites cannot be explained by melt/rock 
interaction processes occurring prior the serpentinization process.
Fe concentrations in abyssal peridotites and serpentinites are 
relatively constant, with the exception of few mineralized samples 
that display abnormally high FeO concentrations (Fig. 4e). This re-
flects a low mobility of Fe in fluids relative to initial peridotite 
Fe concentrations. Several studies have shown that the δ56Fe of 
peridotites are influenced by partial melting, with lherzolites or 
clinopyroxenites displaying high δ56Fe relative to dunites (Debret 
et al., 2016; Williams et al., 2005). In the Rainbow massif, non-
mineralized samples have δ56Fe ranging from −0.14 ± 0.03� to 
+0.08 ± 0.01� with an average value of −0.04 ± 0.02�. These 
values are lower than those reported for Gakkel Ridge and South 
West Indian Ridge serpentinized peridotites, which display aver-
age values of +0.01 ± 0.01� and +0.02 ± 0.01�, respectively 
(Craddock et al., 2013). As illustrated in Fig. 4f, the δ56Fe of abyssal 
and orogenic peridotites and serpentinites form a broad positive 
array with Al2O3/SiO2, with depleted peridotites (Al2O3/SiO2 <

0.04) having δ56Fe inferior to that of primitive mantle and fertile 
peridotites (Al2O3/SiO2 > 0.04) having δ56Fe close to that of prim-
itive mantle (+0.025 ± 0.025�; Craddock et al., 2013). This pro-
vides evidence for some level of source fertility control on protolith 
δ56Fe of Rainbow serpentinized peridotites. In that sense, the rel-



176 B. Debret et al. / Earth and Planetary Science Letters 503 (2018) 170–180
Fig. 5. Zn concentrations in ppm vs proxies of the serpentinization process (LOI in wt% and Fe3+/�Fe). Zn concentrations of peridotites progressively decrease during the 
serpentinization process. Mineralized samples are comparatively enriched in Zn.
atively low δ56Fe average value of non-mineralized samples (δ56Fe 
= −0.04 ± 0.02�) can be attributed to their refractory compo-
sition. It should however be noted that few Rainbow samples are 
offset to higher δ56Fe values, with some mineralized samples dis-
playing values as high as +0.25� (Fig. 4f), implying mobility of Fe 
near the Rainbow stockwork.

5.2. Serpentinization of the Rainbow massif basement (non-mineralized 
samples)

Zinc and copper concentrations in Rainbow non-mineralized 
samples are low relative to those of primitive mantle (Fig. 4a, 
c). In addition, Zn concentrations correlate positively with serpen-
tinization indices (e.g., LOI or Fe3+/�Fe ratio; Fig. 5), suggesting 
that these elements are leached by fluids during serpentinite for-
mation. In agreement with this scenario, a positive correlation 
between δ66Zn and serpentinization indices exists among non-
mineralized samples (Fig. 6a). This provides evidence for a prefer-
ential mobility of isotopically light Zn in fluids during the serpen-
tinization process. It should be noted that, although the δ65Cu of 
non-mineralized samples are close to that of the primitive mantle 
(Fig. 3), we do not rule out that serpentinization may fractionate 
Cu isotopes as only few samples have been analysed in this or 
in previous studies (e.g., Rouxel et al., 2004). The δ56Fe values of 
non-mineralized samples overlap that of primitive mantle and no 
correlation between δ56Fe and serpentinization indices has been 
observed. This suggests that Fe isotopes remain unfractionated in 
bulk rock during the serpentinization process, and thus this ele-
ment is poorly mobile and/or fractionated in seawater relative to 
the initial composition of the peridotite (see also Craddock et al., 
2013; Debret et al., 2016 for similar conclusions in abyssal and 
orogenic contexts).

Therefore, Zn elemental and isotopic compositions are the most 
sensitive tracers of serpentinization effects in abyssal peridotites. 
Zn concentrations in serpentinized peridotites are highly sensi-
tive to sulfide and spinel crystallization and/or dissolution, as both 
minerals can display high Zn concentrations (up to several hun-
dreds of ppm; e.g., Guo et al., 1999; Wang et al., 2017) relative 
to mantle silicates (about 10–50 ppm) or serpentines (10–40 ppm, 
e.g., Debret et al., 2013; Rouméjon et al., 2015). Serpentinization 
of abyssal peridotites is accompanied by progressive disappear-
ance of mantle minerals including the oxidation of mantle sul-
fides into sulfate-bearing serpentine (Debret et al., 2017) and the 
recrystallization of mantle spinels into magnetite, Cr-spinel and 
ferrichromite (e.g., Marques et al., 2007). Leaching of Zn during 
serpentinization can therefore be a direct consequence of mantle 
sulfide and spinel dissolution during the serpentinization process.
Fig. 6. (a) Plot of δ66Zn (�) vs LOI (wt%). During the serpentinization of abyssal 
peridotite, the progressive increase of the LOI is correlated with an increase of 
δ66Zn. (b) Distribution of δ66Zn (�) and Zn (ppm) concentrations in abyssal and 
orogenic serpentinized peridotites (samples with a LOI superior to 0 wt%). Abyssal 
peridotites/serpentinites display relatively high δ66Zn and low Zn concentrations 
relative to primitive mantle. The distribution of δ66Zn (�) and Zn (ppm) concen-
trations is modelled by the leaching of ZnCl2−

4 anions during dissolution of sulfide 
(ZnS) and spinels (ZnAl2O4, ZnO, ZnFe2O4; black lines – see text for more details). 
The starting composition is a dunite in agreement with the refractory composition 
of Rainbow samples. It should be noted that MARK samples display high δ66Zn and 
Zn concentrations relative to Rainbow samples. This can be attributed to their rela-
tively fertile composition.

Previous studies have shown that sulfur and carbon are largely 
retained during serpentinization (e.g., Alt and Shanks, 2003; Debret 
et al., 2017; Delacour et al., 2008), while chlorine is abundant in 
fluids in abyssal context. In addition, Zn complexation with sul-
fate or carbon in fluids will lead to the preferential mobility of 
heavy Zn (e.g., Pons et al., 2016) and therefore cannot be invoked 
to explain the increase of δ66Zn in abyssal peridotites during ser-
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pentinization. We therefore attempt to model the leaching of Zn 
during the dissolution of sulfides and spinel in abyssal peridotites 
by chlorine-bearing fluids (ZnCl2−

4 ). In these models, the elemental 
and isotopic behaviour of Zn in whole rock is approximated to that 
of sulfide or spinels (i.e., β-factor). We used the ab initio calcula-
tions of Fujii et al. (2014) for [ZnCl2−

4 ] complex in fluids and those 
of Ducher et al. (2016) for sphalerite (ZnS) and for different spinel 
endmembers, namely franklinite (ZnFe2O4), gahnite (ZnAl2O4) and 
zincite (ZnO). It should be noted that, to our knowledge, no equi-
librium zinc isotope fractionation factors in Zn-bearing chromite 
are available yet in the literature. The δ66Zn evolution of abyssal 
peridotite during serpentinization was then modelled using a sim-
ple Rayleigh distillation model, according to the following equa-
tions:

103 ln(αfluid-mineral) = 103 ln(βfluid) − 103 ln(βmineral)

δ66ZnFinal =
(
1000 + δ66ZnInitial

) × (
F (α−1) − 1

) + δ66ZnInitial

where α is the fractionation factor between sulfides or spinels 
and a fluid phase complexing Zn as [ZnCl4

2−] at 200 ◦C; F is the 
fraction of Zn remaining in the rock, ranging from 1 (unreacted) 
to 0 (all of Zn lost to the fluid phase), δ66ZnInitial was set to a 
dunite-like value (0.14�; e.g., Sossi et al., 2018). Results of these 
models are displayed in Fig. 6b. Surprisingly, the dissolution of sul-
fide has only a limited effect on δ66Zn of abyssal peridotites. At 
the opposite, the progressive disappearance of mantle spinels dur-
ing serpentinization can lead to strong isotopic fractionation, up to 
∼1�. Both processes, sulfide and spinel dissolutions, can lead to 
a decrease of Zn concentrations and/or an increase of δ66Zn there-
fore explaining the whole set of compositions of non-mineralized 
abyssal or orogenic serpentinized peridotites (Fig. 6b).

5.3. Hydrothermal fluid circulation and serpentinite mineralization

Hydrothermal circulation near and within the Rainbow stock-
work leads to sulfide crystallization (Marques et al., 2006; Fouquet 
et al., 2010; Debret et al., 2017) and to an increase of chalcophile 
element concentration (e.g., As, Sb, Zn, Cu) in serpentinized peri-
dotites, showing that both Zn and Cu are transported by sulfur-
bearing fluids (Marques et al., 2007; Andreani et al., 2014; Debret 
et al., 2017). Mineralized samples display high Fe3+/�Fe ratios 
(0.58–0.88) relative to non-mineralized serpentinites (0.43–0.63; 
Figs. 2 and 5), suggesting that the mineralization process is as-
sociated with Fe oxidation. However, if magnetite is the main 
Fe3+-carrier in the sampled serpentinites, the Fe3+/�Fe values 
are too high to be only controlled by magnetite precipitation 
(Fe3+/�Fe ∼ 0.67), suggesting crystallization of Fe3+-bearing ser-
pentine (e.g., Andreani et al., 2013). Abundant magnetite precip-
itation associated with localized hydrothermal circulation is in 
good agreement with the existence of strong magnetic anoma-
lies localized right below the Rainbow hydrothermal field (Szitkar 
et al., 2014). Similar features have been observed in ophiolites 
where abundant magnetite precipitation has been enhanced by 
hydrothermal fluid circulation during the opening of the Alpine 
Tethys (Toffolo et al., 2017). This process is likely to be favoured by 
the circulation of high temperature fluids (Klein et al., 2014) and 
certainly contributes to the release of high amounts of H2 (Eq. (4)) 
at vents (Charlou et al., 2002):

3FeO + H2O(aq) = Fe3O4 + H2(aq) (4)

However, this strong and localized Fe enrichment and oxidation 
at depth cannot be related to serpentinization alone, which classi-
cally produces a lower “background” magnetic signal (i.e. the one 
Fig. 7. (a) Plot of δ66Zn (�) versus Fe3+/�Fe in Rainbow ultramafic samples. The 
mineralization of the serpentinized peridotites is accompanied with a decrease of 
both δ66Zn and Fe3+/�Fe values. (b) Plot of δ66Zn (�) versus Zn concentrations in 
Rainbow ultramafic samples. The decrease of δ66Zn is accompanied by a gain in Zn. 
The black lines correspond to mixing model results: addition of Zn by ZnS(HS)H2O−
or Zn(HS)4 fluids at temperatures of 100 and 300 ◦C.

of the surrounding rocks; e.g., Bonnemains et al., 2016), or high 
temperature conditions alone since high temperature hydrothermal 
areas are not always associated with magnetic anomalies (Szitkar 
et al., 2014), thus calling for an alternative reaction pathway and 
Fe source.

The increase of Fe3+/�Fe ratios in mineralized samples is as-
sociated with an increase of Zn and Cu concentrations and a de-
crease of δ66Zn and δ65Cu values (Appendix B, Fig. 7). This sug-
gests addition of light Zn and Cu by fluids during ultramafic rock 
mineralization within and near the stockwork (Fig. 8a). Geologic 
evidences of gabbros intruding peridotites at depth are common in 
the Rainbow massif, corroborated by geophysically-imaged magma 
lenses at depth (e.g., Andreani et al., 2014; Canales et al., 2017;
Dunn et al., 2017; Marques et al., 2006, 2007). These melts can 
thus provide a heat source for hydrothermal circulation at depth 
(Fig. 8a), after a phase of low-temperature serpentinization, that 
may have occurred at the periphery of the stockwork (Fig. 8a) 
and/or during exhumation and therefore while the Rainbow de-
tachment was active (Fig. 8b). In addition, the reaction between 
seawater and gabbro at relatively high temperature (>350 ◦C) can 
leach magmatic sulfide and produce HS-bearing fluids with low 
pH (Alt and Shanks, 2003), comparable to Rainbow hydrothermal 
fluids, providing a potential source for light Zn and Cu in fluids 
(Fig. 8a). To further explore this link, we modelled sulfide miner-
alization in Rainbow serpentinized peridotites by gabbro-derived 
fluids in the following section.

There are at this time almost no constraints on Zn speciation 
in hydrothermal fluids at mid-oceanic ridges. We first attempted 
to model hydrothermal fluid isotopic composition during sulfide 
dissolution in gabbros by using a Rayleigh model and a large 
range of fluid compositions, for which ab inito calculations are 
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Fig. 8. Conceptual model illustrating reaction pathways beneath hydrothermal fields. 
Core complex internal structures are based on seismic reflection images from 
Canales et al. (2017). (a) The emplacement of hot and ductile gabbros at depth pro-
vides heat and leads to a high temperature hydrothermal circulation. The leaching of 
magmatic sulfides at depth enhances the formation of sulfur bearing fluids and the 
preferential mobility of Zn, Cu and Fe in fluids. The oxidation of these fluids below 
the stockwork enhance serpentinite mineralization and the formation of hydrother-
mal deposits with heavy Zn, Cu and light Fe signatures. (b) Seawater percolates at 
depth through fractures in the footwall of detachment faults and enhanced the ser-
pentinization of mantle peridotites. This episode is accompanied by the leaching 
of Cu and Zn by seawater derived fluids, which preferentially transport isotopically 
light Zn. The release of fluids can potentially enhance the formation of low tem-
perature and low pH white smokers and the precipitation of Zn- and Cu-bearing 
hydrothermal deposits with low δ66Zn.

available (Zn(HS)2(H2O)4; Zn(HS)4; ZnS(HS)H2O−; ZnSO4(H2O)6; 
Zn(H2O)2+

6 ; ZnCl4
2−; ZnCl3(H2O)−), and temperatures (from 100 

to 300 ◦C; Appendix C). The dissolution of sphalerite during Zn 
leaching by fluids was fixed to an advanced stage (F = 0.1) and 
modelled using the ab initio calculation of Fujii et al. (2014, the 
compilation is from Moynier et al., 2017) and Ducher et al. (2016). 
The initial δ66Zn of sphalerite was taken from Maréchal et al.
(1999). The composition of Rainbow mineralized samples was then 
considered to be a binary mixture between non-mineralized sam-
ples and gabbro-derived fluids:

δ66Znmixture = (
Naδ

66Zna + Nbδ
66Znb

)
/(Na + Nb)

where Na and Nb are the amounts of Zn transported by fluids 
and the initial abundance of Zn in a non-mineralized serpen-
tinite, respectively. The whole data set of Rainbow mineralized 
samples can be explained by the percolation of Zn(HS)2(H2O)4
or ZnS(HS)H2O− fluids at temperatures ranging from 100 ◦C to 
300 ◦C (Fig. 7 and Appendix C). At the opposite, percolation of ei-
ther Zn(HS)4 or ZnCl4

2− fluids will drive serpentinized peridotites 
toward heavier values, while the percolation of ZnSO4(H2O)6, 
Zn(H2O)2+
6 or ZnCl3(H2O)− fluids will produce serpentinized peri-

dotites with lighter values (Fig. 7 and Appendix C). It should be 
noted that the mineralized sample FL-08-05 (Appendix B) displays 
high δ66Zn and Zn concentrations, compatible with the existence 
of Zn(HS)4 fluids in the stockwork. This suggests that the for-
mation of Zn(HS)2(H2O)4 or ZnS(HS)H2O− complexes could occur 
through mixing between seawater (H2O-rich) and fluids interacting 
with gabbros at depth (HS-rich).

The striking correspondence between the model predictions 
and our Zn isotope and concentration measurements provides 
strong evidence that Zn(HS)2(H2O)4 and ZnS(HS)H2O− (Fig. 7) are 
the main Zn complexes in the fluid during the mineralization of 
serpentinites. Such fluids have the potential to enhance further Fe 
oxidation of Fe and sulfide precipitation in serpentinites, as well as 
the production of H2 at the Rainbow field, e.g.:

3FeO + ZnS(HS)H2O− = Fe3O4 + ZnS + H2(aq) + HS(aq) (5)

The source of Fe during this reaction is assumed to be hosted by 
the rock. However, recent studies have underlined that Fe can be 
mobile in S-bearing fluids (Debret et al., 2016) and the measured 
Fe contents in Rainbow fluids are among the highest reported on 
MAR (∼24000 mM; Charlou et al., 2002) suggesting that a certain 
amount of Fe is transported from the gabbros to the serpentinized 
peridotites by fluids. In good agreement with this, Rainbow miner-
alized samples can display abnormally high amounts of S (>1 wt%; 
Marques et al., 2006, 2007), Fe (up to 19.8 wt% of Fe2O3) and 
high δ56Fe values (up to 0.25�) relative to mantle peridotite field 
(Figs. 3, 4c, f). It should be noted that no correlation between 
Fe concentrations and δ56Fe is observed in mineralized samples. 
This can be attributed to variability in δ56Fe compositions either 
in the serpentinite protolith (e.g., from −0.15� to +0.10�, Fig. 3) 
and/or in fluids circulating at depth, whose composition is likely 
to evolve during the emplacement of magmatic pods at depth, the 
tectonic evolution of the massif and over time (e.g., Severmann 
et al., 2004). As Fe is considered to be mobile as Fe(II) and im-
mobile as Fe(III), this suggests that the local oxidation of Fe near 
the surface may lead to the concomitant precipitation of sulfide 
and magnetite in serpentinites. Previous natural and theoretical 
studies have also demonstrated that magnetite and pyrite precipi-
tating in equilibrium hydrothermal conditions should be enriched 
in heavy Fe isotopes (Blanchard et al., 2009; Scott et al., 2017;
Syverson et al., 2014) explaining the heavy values of serpen-
tinites nearby the Rainbow stockwork. Hence, the co-precipitation 
of magnetite and pyrite below the stockwork can result in the pref-
erential partitioning of isotopically light Fe and heavy Zn and Cu in 
hydrothermal fluids (Fig. 8a). This observation is in agreement with 
previous Fe and Cu isotope studies that report hydrothermal de-
posits and/or fluids with light Fe and heavy Cu isotopic signature 
near vent chimneys in high temperature systems (e.g., Lucky Strike, 
Rainbow; Beard et al., 2003; Rouxel et al., 2004, 2008; Severmann 
et al., 2004).

6. Conclusions

Rainbow serpentinized peridotites display highly variable metal 
concentrations and transition-metal isotopic values, among the 
highest reported in abyssal or orogenic settings. These variations 
result from a two-stage process (Fig. 8) first enhanced (1) at low 
temperature by the leaching of Zn and Cu during pervasive serpen-
tinization of ultramafic basement, in a seawater-dominated system 
and (2) by addition of Zn, Cu and Fe during the localized circula-
tion of high temperature (>350 ◦C) gabbro-derived fluids near the 
Rainbow stockwork.

During serpentinization of abyssal peridotites in seawater-
dominated systems, Zn and Cu are progressively leached by fluids 
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(Fig. 8b). This process is accompanied by an increase of bulk-rock 
δ66Zn values, suggesting the preferential leaching of isotopically 
light Zn by fluids. Geochemical models show that the fractionation 
of Zn isotopes during serpentinization is controlled by the disso-
lution of both mantle sulfide and/or spinels and Zn complexation 
with chlorine in fluids. At the opposite, Fe isotopic variations in 
abyssal serpentinites are inherited from peridotite protoliths sug-
gesting that this element is poorly mobile in seawater-dominated 
systems (i.e., no interactions between seawater and gabbros prior 
to the serpentinization process). This reaction pathway is likely 
to occur in various low temperature abyssal environments, near 
the surface during the pervasive serpentinization of mantle peri-
dotites (serpentinization gradient affecting the first kilometres of 
the lithosphere; Fig. 8b) and/or away from major heating sources 
(e.g., magmatic intrusions; Fig. 8a). It can lead to the precipitation 
of Zn- and Cu-ore deposits with light δ66Zn signatures near low 
temperature vent chimneys in ultramafic systems (e.g., Lost City, 
Saldanha or Clamstone).

Localized high temperature hydrothermal circulation at the 
summit of Rainbow massif enhanced the mineralization of serpen-
tinites. This process is associated with significant sulfide and mag-
netite precipitation and leads to an increase of Fe3+/�Fe, FeOTot, 
Zn and Cu concentrations in serpentinites, as well as isotopic frac-
tionation of Zn, Cu and Fe. This suggests high metal mobility in 
Rainbow hydrothermal fluids. Indeed, geochemical models show 
that leaching of magmatic sulfides at depth enhance metal mo-
bility and the transport of Zn, Cu and Fe by sulfur complexes in 
fluids. The oxidation of these fluids during their migration toward 
the surface leads to mineralization and isotopic fractionation of 
Zn, Cu and Fe in serpentinized peridotites. This process is asso-
ciated with a production of H2 and can lead to the precipitation of 
ore deposits with heavy δ66Zn and δ65Cu and light δ56Fe near the 
venting area of high temperature systems (e.g., Rainbow, Ashadzé).

The study of the Rainbow ultramafic basement and stockwork 
shows that serpentinization can generate fluids with distinct com-
positions and isotopic signatures, depending on the fluid temper-
ature, geological setting (tectonic vs magma-dominated) and fluid 
reaction pathways below venting areas. In particular, the existence 
of sulfur-bearing fluids seems to enhance metal mobility at depth. 
The percolation of such fluids toward the surface can lead to abun-
dant magnetite precipitation and the formation of strong mag-
netic anomalies under active hydrothermal fields (e.g., Rainbow, 
Ashadzé; Szitkar et al., 2014), possibly equivalent to magnetite and 
chromite deposits observed in ophiolites (e.g., Toffolo et al., 2017; 
Hodel et al., 2017).
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