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ARTICLE INFO ABSTRACT

Keywords: The formation of abyssal serpentinites leads to deep changes of the oceanic lithosphere rheology and
Abyssal serpentinites geochemistry, hence playing a key role on geodynamic and geochemical cycles. Here we review and discuss the
Geochemistry

Geodynamical setting
Tectonic context

geochemical diversity of serpentinites collected on abyssal floors (i.e., abyssal serpentinites) from different
geodynamical settings, namely passive margin, forearc and oceanic spreading ridges. We further divided abyssal

serpentinites from spreading ridges according to the tectonic contexts in which they were exhumed, differen-
tiating slow-spreading centres (exhumed within the axial valleys and at oceanic detachments), ultra-slow
spreading centres (from amagmatic axial valleys and smooth seafloor), fast spreading axis (mostly from

deeps) and large transform faults (all spreading rates).

The major and trace element composition of abyssal serpentinites is first controlled by melt extraction and
melt/rock interaction processes occurring prior to serpentinization. Slow-, fast- spreading ridges and forearc
serpentinites are distinguished by low Alo03/SiO3 ratios and depleted REE signatures when compared to abyssal
serpentinites recovered from ultra-slow spreading ridges, transform faults and passive margins, where magmatic
extraction is likely more limited or/and melt/rock reaction prominent. Ultra-slow spreading ridge serpentinites
have high Fe3*/3 Fe when compared to passive margin and forearc serpentinites, while slow spreading ridge and
transform fault serpentinites have intermediate Fe3*/3 Fe, close to that of magnetite. This distribution is
correlated with MgO/SiO, ratios, suggesting that high MgO contents could thwart Fe oxidation, and thus Hy

production, in abyssal environments.

The presence of mafic units at depth affects the chemical properties (e.g., sulfur activity [aH2S], oxygen
fugacity (fO2)) of the serpentinizing fluids leading to contrasting enrichments of redox sensitive elements (S, U,
Eu, Ce, As, Sb) and metals (Zn, Cu) in abyssal serpentinites. At slow-spreading ridges, the circulation of high aH»S
and low fO; fluids, equilibrated with gabbroic rocks, leads to the formation of serpentinites with pronounced Eu
anomalies, enrichments of LREE over M-HREE and of As over Sb, and to the storage of metal (Zn, Cu) and sulfide
in serpentinites. In contrast, at ultra-slow spreading ridges and at transform faults, the absence of an active
magmatic system limits changes in seawater composition prior to serpentinization. The oxidizing conditions
favours Ce(IV) (Ce anomalies on REE patterns), and the preferential mobility of Sb(V) over Sb(III) (coupled
behaviour between Sb and As), as well as the storage of sulfate over sulfides in rocks. Fast spreading ridge
serpentinites present both features with samples having negative Ce anomaly (Ce (IV)) and others with positive
Eu* (Eu (II)). Fluid mobile (FME) and non-redox sensitive elements (e.g., Cs, Ba, Rb, B or Li) in abyssal ser-
pentinites are homogeneous at oceanic spreading ridges. Both passive margin and forearc serpentinites are free of
Ce anomalies and only few forearc samples display Eu anomalies with moderate LREE enrichments. The forearc
serpentinites appear as a geochemical endmember. There, the influence of slab-derived fluids enhances the
formation of FME-rich serpentinites having a strong affinity with COg-rich sediment-derived fluids (i.e., en-

richments in Cs and As relative to Rb and Sb respectively).
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1. Introduction

Serpentinites are of particular importance for global geochemical
cycles. They regulate chemical exchanges between Earth’s main reser-
voirs, from mid-oceanic ridges during seawater percolation within the
lithosphere to subduction zones during slab dehydration and recycling
to the deep mantle. Over the last decades, serpentinites have received
much attention, especially in subduction zones where many reviews
have established their elemental and redox budgets (Cannao and
Malaspina, 2018; Deschamps et al., 2013; Hattori and Guillot, 2007;
Pettke and Bretscher, 2022; Scambelluri et al., 2019), emphasizing their
importance for arc magma composition (e.g., Debret and Sverjensky,
2017; Scambelluri and Tonarini, 2012; Zhang et al., 2021) and deep
mantle chemical evolution over geological times (Bouilhol et al., 2022;
Duncan and Dasgupta, 2017; Eguchi et al., 2020). In contrast to the large
number of high-quality geochemical studies of subduction-related ser-
pentinized peridotites, less geochemical studies focused on abyssal ser-
pentinized peridotites (see section 2 for a review of available data). Most
studies have assessed the role of pre-existing mantle composition, partial
melting and/or melt-rock interaction processes affecting abyssal peri-
dotite composition prior to their exhumation and serpentinization (see
for example the reviews of Bodinier and Godard, 2013; Niu, 2004 or
Warren, 2016), while geochemical studies of abyssal serpentinites are
limited to regional observations (e.g., Paulick et al., 2006; Vils et al.,
2009). Hence, there is a significant knowledge gap regarding the role of
the serpentinization processes on the geochemical budget of abyssal
peridotites worldwide.

The serpentinization process principally leads to the recrystallization
of anhydrous mantle minerals, such as olivine [(Mg,Fe)2SiO4] and
orthopyroxene [MgSiOs], into serpentine [(Mg,Fe,Ni)3SioOs5(0OH)4], a
phyllosilicate integrating up to 13 wt% of water in its structure, as well
as variable amounts of brucite [(Mg,Fe)(OH)2] and magnetite [Fe304].
This process is particularly efficient near major tectonic structures, such
as extensive faults (normal or oceanic detachment faults) or transform
faults that serve as major fluid paths to the deep lithosphere (see Mével,
2003 for comprehensive reviews of abyssal peridotite serpentinization
at mid-ocean ridges). Abyssal serpentinites were principally recognized
at slow and ultra-slow spreading ridges where they represent a major
component of the oceanic crust (Cannat, 1995; Sauter et al., 2013), but
also at fast-spreading ones although their presence on the seafloor is
scarce (Mével and Stamoudi, 1996). Serpentinites also occur in abun-
dance in other abyssal settings. They were documented at passive
margins (e.g., Iberia margin), where they result from mantle exhuma-
tion due to crustal thinning during the initial rifting stages (Beslier et al.,
1993; Boillot et al., 1980). Active margins such as the Tonga or Mariana
trenches also expose serpentinites (Ewans and Hawkins, 1979; Ficher
and Engel, 1969) that are clearly associated with subduction related
processes and are thought to result from mantle wedge exhumation
(Fryer, 2012). In all these abyssal geodynamical settings and tectonic
contexts, the structure and lithology of the oceanic lithosphere, as well
as the thermal regimes influence serpentinizing conditions, fluid
composition, metamorphic reaction pathways and therefore are ex-
pected to deeply impact the chemistry of serpentinites. In particular, the
serpentinization is associated with reducing conditions, as a conse-
quence of Hy production due to the oxidation of Fe?" to Fe3" in the host
rock by water (Andreani et al., 2013; McCollom and Bach, 2009; Mével,
2003). However, large variations of fO, or extensive variables (e.g.,
aHsS or aSi0y) are expected across serpentinization settings influencing
the stability of redox phases, such as sulfide/sulfate, carbonaceous
compounds/carbonates, Fe-bearing opaques, and therefore the redox
budget of abyssal serpentinites worldwide.

This review concentrates on the geochemistry of serpentinites
collected on abyssal floors by dredging, submersible and drilling during
oceanographic expeditions in the main geodynamical settings described
hereafter, i.e., oceanic spreading ridges, passive margins and forearcs.
Ocean ridge settings were further divided according to the tectonic
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contexts in which the serpentinites were sampled, i.e., slow-spreading
centres, ultra-slow spreading centres, fast spreading axis and large
transform faults (all spreading rates). This classification allows to deci-
pher the influence of the local tectono-magmatic framework on fluid
geochemistry and serpentinite composition. The aim is to establish key
geochemical characteristics of each serpentinization setting and context,
providing a robust database for future oceanographic expeditions and
for deciphering the origin of the serpentinization in orogenic contexts.
We first review the main characteristics of serpentinization conditions in
each geodynamical setting and tectonic context where abyssal serpen-
tinites occur. Then, on the basis of a comprehensive review of the data
available in the literature and of new geochemical data, we compare the
major, volatile, trace and stable isotope (S, C, Fe, Zn and Cu) signatures
of abyssal serpentinites. Finally, we discuss the role of serpentinization
processes on the distribution of volatile and redox sensitive elements
within the oceanic lithosphere and highlight the main geochemical
heterogeneities among the different geodynamical settings and tectonic
contexts.

2. Geodynamical setting and tectonic context

We describe here the morphology, the tectonic, magmatic and
geophysical characteristics, and the conditions of serpentinization
associated with each geodynamical setting. Each setting is expected to
influence the conditions (e.g., pressure, temperature, oxygen fugacity)
and the nature (e.g., composition, pH, activity, source) of the serpenti-
nizing fluids, hence having a first order control on abyssal serpentinite
mineralogy and geochemistry. The Fig. 1 locates the samples compiled
in this work.

2.1. Mid-oceanic ridges
We grouped abyssal serpentinites from mid-oceanic ridges according

to their geographical proximity with tectonic structures, namely, slow-
spreading centres (abyssal serpentinites exhumed within the axial

=
Fast (>80 km/Ma)
— Intermediate (40-80 km/Ma)
— Slow (20-40 km/Ma)
— Ultraslow (<20 km/Ma)
- - Oceanic trench
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© Transform fault
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Fig. 1. Spilhaus projection map of abyssal serpentinites global distribution. The
map displays the location of geodynamical settings and tectonic contexts in
which abyssal serpentinites with geochemical published data were collected
(locations and references are display in Electronic Appendix). It does not reflect
the entire collection of abyssal serpentinites worldwide. The projection was
created by the ArcGIS Pro 2.5 software (Chen et al., 2023).
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valleys and at oceanic detachments), ultra-slow spreading centres
(abyssal serpentinites from amagmatic axial valleys and smooth sea-
floor), fast spreading axis (mostly from deeps) and transform faults (all
spreading rates).

2.1.1. Slow-spreading ridges

At slow-spreading ridges, serpentinized peridotites were mainly
sampled at segments ends, along with limited volcanic rocks and vari-
able amounts of deep magmatic rocks exhumed through long-lasting
detachment faults (thereafter referred as oceanic detachments) that
root at depths of up to ~10 km below seafloor (b.s.f.). These structures
can form corrugated, dome-shaped massifs, recognizable on bathy-
metric images and known as oceanic core complexes (OCC; Escartin
et al., 2008; Escartin and Canales, 2011; [ldefonse et al., 2007; MacLeod
et al., 2009; Tucholke et al., 1998). Detachment faulting leads to the
asymmetric accretion of a heterogeneous oceanic lithosphere made of
peridotites embedding not negligible proportions of gabbroic rocks
(~50 % in average, Tucholke et al., 2008).

The study of rock and microseismicity at oceanic detachments
exposed along the Mid-Atlantic ridge (MAR) reveal brittle deformation
(T < 750 °C for the oceanic lithosphere; Searle and Escartin, 2004) and
possible water penetration down to ~6-10 km b.s.f. (Craig and Parnell-
Turner, 2017; Dusunur et al., 2009; Grevemeyer et al., 2019; Miranda
and John, 2010; Parnell-Turner et al., 2021; Picazo et al., 2012). How-
ever, seismic profiles suggest that detectable serpentinization (>5 %)
associated with oceanic detachments progressively decreases with depth
and remains restricted to the first ~4 km b.s.f., (Blackman et al., 2009;
Bown and White, 1994; Canales et al., 2000; Dunn et al., 2017).

Petrographic and isotopic studies of serpentinites indicate that their
alteration starts below ~500 °C and that the main serpentinization stage
occurs near 300 °C where olivine is most reactive, with minor episodes
at lower temperature (Agrinier and Cannat, 1997; Andreani et al., 2014;
McCaig et al., 2010; Rouméjon et al., 2018). As predicted by thermo-
dynamic calculations and experimental results, the dominant forms of
serpentine near 300 °C are lizardite and chrysotile polymorphs with
abundant magnetite (Andreani et al., 2007; Bach et al., 2004; Bonne-
mains et al.,, 2016; Klein et al., 2014; Maffione et al., 2014; Mével,
2003). Rare antigorite has been observed in areas moderately enriched
in Si (Rouméjon et al., 2019).

Data on abyssal serpentinites from oceanic detachments at slow-
spreading ridges regroup samples that were collected along the axial
valley of the MAR and at oceanic detachment (Fig. 1). The database
includes abyssal serpentinites sampled by drilling to the north and south
of the MAR 15°20 fracture zone (Alt et al., 2007; Jons et al., 2010;
Kodolanyi et al., 2012; Mothersole et al., 2017; Paulick et al., 2006;
Regelous et al., 2016), within the western fault scarp bounding the
MARK area (Alt and Shanks, 2003; Andreani et al., 2013; Day et al.,
2017; Debret et al., 2018; Regelous et al., 2016, this study) and the west
flank of the North Central Atlantic ridge (Regelous et al., 2016), by TV-
guided grab at the massif hosting Logachev hydrothermal field on the
eastern rift valley flank of the MAR (Augustin et al., 2008, 2012), and by
drilling, dredging and/or diving at OCCs including the Rainbow
(Andreani et al., 2014; Debret et al., 2018) and the Atlantis massifs
(Delacour et al., 2008a, 2008b; Regelous et al., 2016; Ternieten et al.,
2021; Whattam et al., 2022; see location in Electronic Appendix).

2.1.2. The amagmatic Smooth seafloor (SMS) at ultra-slow spreading
ridges

Along ultraslow-spreading ridges (full extension rate < 3 cm/yr),
serpentinized peridotites can represent up to 25 % of the accreted lith-
osphere (Grevemeyer et al., 2018; Hayman et al., 2011; Sauter and
Cannat, 2010). “Smooth-seafloor” (SMS), only identified at ultraslow-
spreading ridges, is an additional structural domain capable of
exhuming peridotites. It is characterized by the absence of corrugations
along exhumed section, and the lack of volcanic rifts, giving a smooth
aspect to the seafloor (Cannat et al., 2006; Sauter et al., 2013). This
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domain comprises abundant peridotites with rare basalts and virtually
no gabbroic bodies, attesting of a very limited magmatic activity
(Cannat et al., 2008; Tucholke et al., 2008).

According to the depth of micro-earthquakes, the brittle-to-ductile
transition at ultra-slow spreading ridges may extend to 10-17 km
depth (Grevemeyer et al., 2019). This could highlight a deep serpenti-
nization of the oceanic lithosphere, potentially deeper to that expected
at slow-spreading ridges. However, such a result contrasts with the
depth of serpentinization as estimated from seismic profiles, which
suggest that serpentinization occurs to a maximum depth of 5 km b.s.f.
(Corbalan et al., 2021), i.e. similar to slow-spreading contexts.

Serpentinization of the lithosphere exposed at SMS dominantly oc-
curs at the same range of T as slow-spreading settings, between 200 and
300 °C, as estimated by oxygen isotopes (Rouméjon et al., 2014). But the
fluid composition differs, as it did not undergo exchanges with
magmatic bodies and rather displays a composition closer to seawater,
and probably alkaline (Rouméjon et al., 2014). The petrographic char-
acteristics of serpentinites generated at SMS are similar to that described
at slow-spreading ridges, with mineralogical assemblages dominated by
lizardite, chrysotile, rare antigorite and magnetite (Rouméjon et al.,
2014). So far, only low-T hydrothermal activities, similar to Lost City
(Kelley et al., 2005), have been described on smooth-seafloor regions
(Old City; Lecoeuvre et al., 2021).

Data of abyssal serpentinites from ultra-slow spreading ridges
regroup samples dredged along the South West Indian Ridge on amag-
matic segments, between 60 and 65°E (Dessimoulie, 2019; Dessimoulie
et al., 2020; Niu, 2004; Rouméjon, 2014; Zeng et al., 2012) and between
9 and 16°E (Craddock et al., 2013; Day et al., 2017), and along the
sparsely magmatic zone of the Gakkel ridge (Craddock et al., 2013; Day
et al.,, 2017; Liu et al., 2019; Regelous et al., 2016; see location in
Electronic Appendix).

2.1.3. Fast spreading ridges

The abundant magmatic activity at fast spreading ridges results in a
thick mafic oceanic crust that hampers the exhumation of mantle rocks,
while temperatures near the axis may be too high to allow an extensive
serpentinization of the mantle. Hence, whether or not the mantle is
serpentinized below this mafic crust remains an open question and
serpentinization might therefore be limited to off-axis processes. Study
of analogous ophiolites usually favours a main serpentinization stage
during the obduction process (Barnes et al., 1978), while relict oceanic
serpentinization may have been fully overprinted. Hence, exposures of
peridotites at fast spreading ridges are scarce, and their occurrence
required specific tectonic contexts (i.e., deeps) where the thick oceanic
crust was deeply dissected by normal faulting (e.g., Hess Deep) allowing
access to the lithospheric mantle, mainly at the tip of ridge propagators.

Investigations of fast-spreading ridge serpentinites show that the
temperature of serpentinization ranges between 200 and 350 °C
(Agrinier et al., 1995), similar to that record at slow- and ultra-slow
spreading ridges and probably reflecting fluid/rock interaction during
peridotite exhumation along deeps. Recovered abyssal serpentinites are
closely associated with gabbroic rocks and display evidences for melt
impregnation processes (e.g., clinopyroxene-spinel intergrowths and Al
enrichment in ferromagnesian minerals, (Arai and Matsukage, 1996;
Edwards and Malpas, 1996). The mineralogy of abyssal serpentinites
along deeps is quite simple and dominated by lizardite/chrysotile and
magnetite intergrowths forming the classical mesh and bastite textures
(Mével and Stamoudi, 1996).

Data of abyssal serpentinites from deeps along fast spreading ridges
are limited to the drilling of the Hess Deep area in the East Pacific Rise
(Alt and Shanks, 1998; Kodolanyi et al., 2012; Paquet et al., 2022;
Regelous et al., 2016), see location in Electronic Appendix).

2.1.4. Oceanic Transform faults
Oceanic Transform faults (OTF) are widespread along fast, slow and
ultra-slow spreading ridges. The length of the transform fault is highly
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variable, from ~10 km up to 1000 km (e.g., Romanche, MAR), so is the
width which varies from 1 to >30 km (Bonatti and Crane, 1984). OTF
are usually composed of a deep valley flanked on both sides by two
prominent ridges. It is expected that the flanks might be influenced by
tectonic reworking of pre-existing structure (i.e., serpentinite hydrated
at the ridge and exposed along the fault), while the centre of the OTF
should exhumed deep lithospheric rocks. Serpentinized peridotites are
abundant, while mafic rocks are scarce, within transform fault zones.
These rocks are thought to be exhumed by transtension or transpression
movement accommodating the changing geometry of ridge-transform
intersection (Bonatti et al., 2005, 1994).

Geophysical observations indicate gravity anomalies (Gregg et al.,
2007; Pickle et al., 2009) and low seismic wave velocities compared to
the surrounding lithosphere (Froment et al., 2014; Roland et al., 2012),
advocating for extensive serpentinization of the mantle along OTF.
Low-velocity anomalies down to 9 km suggest that the depth of ser-
pentinization might exceed that reported along spreading centres
(Gregory et al., 2021). Based on numerical models, relatively low
amount of magmatic rocks (<10 %) are expected at depth within OTF
(Bonatti et al., 2001).

OTF serpentinized peridotites can be highly deformed (e.g., mylo-
nitic textures) and record a large range of hydration temperatures, from
amphibole-rich mylonites indicative of fracturing and fluid flow up to
850-875 °C, to lizardite and chrysotile bearing serpentinites equili-
brated at ~120 °C according to oxygen isotopes (Boschi et al., 2013;
Prigent et al., 2020). Most of OTF serpentinites display %”Sr/%Sr ratios
close to that of seawater, suggesting intense interactions with seawater-
derived fluids that had negligible interactions with surrounding
magmatic rocks or sediments, in agreement with Cl and B isotopic data
(Boschi et al., 2013).

Data of transform fault serpentinites include both samples taken
away from the spreading axis and samples from the central fault area.
They were all recovered by dredges or dives from the Vema Lithospheric
Section (Boschi et al., 2013), the Romanche OTF (this study) and the
Ascension 2B (Regelous et al., 2016) along the MAR, the Unditsev OTF
crossing the Pacific Antarctic Ridge (Niu, 2004; Paquet et al., 2022) and
numerous transform faults along the American Antarctic Ridge, the
South West and Central Indian Ridge compiled by Niu (2004), Liu et al.
(2019) and Day et al. (2017) (see locations in Electronic Appendix).

2.2. Forearc

Serpentinization of the forearc area is related to slab devolatilization
and mantle wedge metasomatism by slab derived fluids, rather than
seawater percolation to depth (Hyndman and Peacock, 2003). The most
studied examples of forearc mantle hydration and serpentinization
include serpentinite mud volcanoes in the Mariana and Izu-Bonin fore-
arcs (Fryer, 1996). There, the exhumation of serpentinite muds con-
taining abundant clasts of the forearc mantle is linked to large normal
fault systems affecting the first kilometres of the oceanic crust (Fryer,
2012). These faults result from the increasing curvature of the forearc
and the rollback eastward of the Pacific Plate (Fryer et al., 1999). They
allow fluids originating from the subduction channel to percolate
through the forearc mantle and erupt to form serpentinite mud vol-
canoes of up to 50 km in diameter and 2.5 km in height (e.g., Asut
Tesoru).

The size and the serpentinization degree of the forearc area is mainly
controlled by isotherm distributions (Abers et al., 2017) and is highly
variable from one subduction to another. Geophysical observations
suggest that the forearc mantle may commonly be ~20 % serpentinized
with, locally, serpentinization degree reaching 50 % (Hyndman and
Peacock, 2003). It is inferred that the serpentinized forearc mantle
wedge never excess 600-700 °C, the upper limit of antigorite stability
field (Ulmer and Trommsdorff, 1995), limiting its depth to approxi-
mately 80 km.

Investigations of serpentinite clasts recovered in serpentinite mud
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volcanoes show that the serpentinization temperature ranges between
180 and 420 °C, based on oxygen isotopes measurements (Alt and
Shanks, 2006; Debret et al., 2019). The clasts display highly variable
mineralogical assemblages, from Fe-rich lizardite and brucite when
serpentinization occurs at low temperature nearby the seafloor (< 200
°C), to abundant antigorite, Fe-poor brucite and magnetite when ser-
pentinization occurs close to the slab interface at higher temperature
(>250 °C) and depth of more than 15 km (Debret et al., 2019).

Data of forearc serpentinites correspond to samples dredged from the
Guatemala (Geldmacher et al., 2008; Kodolanyi et al., 2012), the Tonga
(Birner et al., 2017; Day and Brown, 2021) and the Sandwich (Pearce
et al., 2000) subduction zones, and drilled samples from the Mariana
subduction zone (Alt and Shanks, 2006; Debret et al., 2019, 2020, 2022;
Kodolanyi et al., 2012; Parkinson and Pearce, 1998; Savov et al., 2005a,
2005b, 2007 - excluding serpentinite muds; see location in Electronic
Appendix).

2.3. Passive margins

The formation of passive margin serpentinites is attributed to the
rifting of the continent that brought up deep continental mantle litho-
sphere close to the surface. The serpentinization can occur by the
exhumation of ultramafic rocks to the seafloor and/or by crustal-scale
brittle faulting accompanying continental rifting and creating fluid
pathways for seawater to reach and react with the cold lithospheric
mantle (Bayrakci et al., 2016; Pérez-Gussinyé and Reston, 2001; Riipke
et al., 2013).

The depth of serpentinization at passive margin is mainly controlled
by the thickness of the continental crust and the occurrence of normal
faulting. The seismic velocity profiles of magma-poor area are compa-
rable to that described at ultra-slow and slow-spreading mid-ocean
ridges, with a depth of serpentinization estimated nearby ~5 km
(Minshull, 2009). However, large heterogeneities and lateral variations
of serpentinization depth (up to 2 km) are reported along passive mar-
gins, with the serpentinization process being largely concentrated
beneath the hanging wall of normal faults (Bayrakci et al., 2016).

Temperature of serpentinization as estimated by oxygen isotopes are
usually <200 °C (Agrinier et al., 1988; Klein et al., 2014; Schwarzen-
bach et al., 2013; Tichadou et al., 2021), i.e., lower than those estimated
in other geodynamical settings. Petro-geochemical investigation of
passive margin serpentinites show that they contain higher modal
amounts of pyroxene than peridotite at MOR (Hébert et al., 2001;
Tichadou et al., 2021). The serpentinites are characterized by small
magnetite amounts (Albers et al., 2021; Bonnemains et al., 2016; Klein
et al., 2014), in agreement with the low T of serpentinization (Seyfried
Jr et al., 2007) and the absence of magnetic anomalies in this setting
(Boillot et al., 1980). Serpentine usually form pervasive textures such as
mesh and bastite with a strong yellow colour attributed to the iron
enrichment of phyllosilicates.

Data of passive margin serpentinites include samples drilled at the
Iberian abyssal plain (Albers et al.,, 2021; Alt and Shanks, 1998;
Kodolanyi et al., 2012; Milliken et al., 1996; Schwarzenbach et al., 2012,
2013; Seifert and Brunotte, 1996) and the Newfoundland passive margin
(Kodolanyi et al., 2012; see location in Electronic Appendix).

3. Materials and methods
3.1. Data compilation

The compilation of abyssal serpentinite compositions and locations is
reported in Electronic Appendix A. The database includes data from the
literature and new data. It is divided into five tables regrouping different
type of measurements: Fe, S and C redox (Electronic Appendix Tables
$1-3), major and trace elements (Electronic Appendix Table S4) and Fe-
Zn-Cu isotopes (Electronic Appendix Table S5). This division was
necessary in order to present, compare and discuss coherent datasets.
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The Electronic Appendix Table S4 is an implementation of Deschamps
et al. (2013) and Peters et al. (2017) compilations. Data from abyssal
settings were compared to serpentinized peridotites displaying various
degrees of serpentinization from on land (meta-)ophiolites in the section
4.1. These serpentinized peridotites regroup samples from Pindos
(Bonnemains et al., 2016), Oman (Godard et al., 2000), the Chenaillet
(Debret et al., 2014), the Apennines (Schwarzenbach et al., 2013) and
New Caledonia (Mothersole et al., 2017) (meta-)ophiolites.

Abyssal serpentinites can form after all kind of ultramafic rocks,
including MgO-rich mafic rocks (e.g., troctolite) or CaO- and SiO» rich
pyroxenites, and be affected by late low temperature metasomatism or
weathering (e.g., carbonatation, chloritisation or clay weathering)
overprinting the primary geochemical signature of the serpentinization
process. In order to consider serpentinites formed from peridotites only,
we assume that Al,03/SiO- ratios are poorly affected by the serpenti-
nization processes, as proposed by Paulick et al. (2006) and as discussed
in section 5.1, and that this ratio must overlap that of mantle peridotites
which is inferior to 0.12 (Bodinier and Godard, 2013). Similarly, we
assumed that Ca is highly mobile in fluids during serpentinization and
that this element is not incorporated within serpentine structure or other
minerals associated with the serpentinization process (e.g., magnetite,
brucite, talc). We therefore consider that the CaO contents of serpen-
tinites cannot exceed that of mantle peridotites, the latter being inferior
to 4 wt% (Bodinier and Godard, 2013). Finally, we excluded all samples
reported as serpentinites but displaying abnormally high SiO, contents
(i.e., superior to 50 w%). When major element chemistry was non-
available, all samples that were not described as serpentinites or ser-
pentinized peridotites were discarded (this is particularly relevant for
Electronic Appendix Tables S2 and S3). Similarly, samples described as
metasomatized or weathered were also discarded.

The non-traditional isotope dataset (Electronic Appendix Table S5)
rules out analyses for which no specific procedure was implement to
dissolve refractory phases, such as spinel, which can be abundant in
serpentinites. Indeed, spinels commonly display high [Zn] and §%Zn
values relative to mantle silicates and sulfides (Ducher et al., 2016;
Wang et al., 2017), the incomplete dissolution of spinel during serpen-
tinite dissolution will lead to apparently light §°°Zn and low [Zn] rela-
tive to mantle values (e.g., Pons et al., 2011).

3.2. Acquisition of new data

A lack of dataset was observed in the Central and South Atlantic
Ocean. To complement previous studies, a suite of abyssal serpentinites
from the Romanche transform fault (SMARTIES cruise, Maia et al.,
2019)) were analysed for major and trace elements. Similarly, we
complement previous dataset from the MARK area (ODP Leg 153, site
920) and the Mariana forearc (IODP exp. 366) with, respectively, new
trace elements and Zn stable isotope analyses.

3.2.1. Major elements

Major elements (SiOy, AloO3, FexO3, MnO, MgO, CaO, NayO, K30,
TiO5) were analysed by Inductively Coupled Plasma Optical Emission
Spectrometry (Thermo ICP-OES Icap 6500) at the SARM (Service
d’Analyses des Roches et des Minéraux Nancy, France — Electronic Ap-
pendix Table S4). Sample digestions were performed on LiBO; fluxed
fusions following the procedures described by Carignan et al. (2001).
The long-term reproducibility of the SARM standard (UB-N serpentinite
standard from the Centre de Recherches Pétrographiques et
Géochimiques (CRPG) of Nancy, France) is better than 2 % for major
elements (https://sarm.cnrs.fr). Additional FeO titration of bulk-rock
samples were performed at the SARM. These analyses were done by
automatic titration at the equivalent point with potassium dichromate
after dissolution of the sample in a HF/H3SO4 mixture, in the presence of
H3BO3 and H3POy4. Subsequently, Fe3*/3Fe ratios were calculated from

the measured Fe,03° and FeO™ values.
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3.2.2. Trace elements

Trace elements (Li, Sc, Ti, V, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Sb,
Cs, Ba, Rare Earth Elements (REE), Hf, Ta, Pb, Th, and U) were analysed
at the University Montpellier (France) on a quadrupole VG-PQ2 ICP-MS
following the procedure described in Godard et al. (2000). The method
involves dissolution of 100 mg aliquots in a HF/HCIO4 mixture and
1000x dilution. In and Bi were used as internal standards during ICP-MS
measurements. Elemental concentrations were determined by external
calibration using multi-element standard solutions (Merck) except for
Nb and Ta. To avoid memory effects due to the introduction of
concentrated Nb—Ta solutions in the instrument, Nb and Ta concen-
trations were determined by using, respectively, Zr and Hf as internal
standards. This technique is an adaptation to ICP-MS analysis of the
surrogate-calibration method described by Jochum et al. (1990) for the
determination of Nb by spark-source mass spectrometry. Accuracy was
assessed using certified rock materials, serpentinite UB-N and perido-
tites JP-1, DTS-1 and DTS-2b (see standard values on Electronic Ap-
pendix). Additional boron concentrations were measured by
spectrophotometric determination using an Agilent CARY60 at the
SARM. For boron, the long-term reproducibility was between 10 % and
20 % at 100 ppm and 10 ppm, respectively (Och and Shields-Zhou,
2012).

3.2.3. Zinc stable isotopes

Zinc stable isotopes (8%0Zn) were analysed at the Université Libre de
Bruxelles (Belgium) on a Nu Plasma II Multi-Collector-Inductively
Coupled Plasma-Mass Spectrometer (MC-ICP-MS Nu Instruments,
Ltd.). About 100 mg of powdered samples were dissolved using a 1:1 mix
of concentrated HF and HCI 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 HCI for 3 days at 130 °C. Finally, samples were
brought into solution in 6 M HCI prior to column chemistry. Quantita-
tive purification of Zn was achieved by chromatographic exchange,
using 1 ml of AG1-x8 (200-400 mesh) and 0.4 x 7 cm Teflon columns,
following the procedure developed by (Sossi et al., 2015). The analyses
were performed in wet plasma mode following the procedure of Debret
et al. (2018). Instrumental mass bias was corrected by sample-standard
bracketing and external normalization (Cu-doping technique). Each
sample was bracketed by two analyses of a standard (Zn in-house
standard). The §°¢Zn isotope composition of the samples is presented
as a delta value in permil notation relative to the JMC-Lyon isotopic
standard. During data acquisition, IRMM-3702 (5°6Zn = 0.28 + 0.03 %c;
§%7n =0.59 + 0.03 %o, n = 21) and reference materials (BHVO-2 basalt,
JP-1 peridotite and PCC-1 peridotite) were processed through columns
and analysed for §°°Zn. Reference material data are displayed in Elec-
tronic Appendix and are in good agreement with previous studies.

4. Volatile and redox sensitive element (H,0, Fe, S and C)
storage during abyssal serpentinization

4.1. Interplays between water and iron

One of the major consequences of the serpentinization process is the
storage of structural water (OH bounds) in serpentinized peridotites. In
absence of a significant modal amount of carbon- and sulfur-bearing
phases (e.g., calcite or pyrite), it is often considered that the loss on
ignition (LOI) of abyssal serpentinites is a good approximation of their
water content and, hence, to their serpentinization degree. The contri-
bution of Fe?* oxidation is neglected, as it has little effects on LOI values
(maximum of ~0.8 wt%).

Most abyssal serpentinites display high LOI (> 10 wt%; Fig. 2) close
to the water content of serpentine minerals (~ 13 wt%), which is
coherent with the high serpentinization degree and the dominance of
serpentine minerals observed in thin sections (Mével, 2003). This high
degree of serpentinization is attributed to a sampling bias, as abyssal
serpentinites are exclusively sampled at, or near, the seafloor (< 1.5 km
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Fig. 2. Iron redox state and water contents in abyssal serpentinites. L.O.I. (Loss
On Ignition, in wt%) versus Fe>*/3 Fe in bulk rock serpentinized peridotites
(dataset used is from Electronic Appendix Table S1). Primitive mantle value is
from Canil et al. (1994).

depth), hence limiting the access to deep lithospheric levels where the
serpentinization degree is expected to significantly decrease. This is
confirmed by geochemical data from on-land ophiolites where serpen-
tinites display a decreasing serpentinization degree from paleo-seafloor
to paleo-Moho (Debret et al., 2013b; Guillot et al., 2015) and overall a
larger range of LOI relative to abyssal serpentinites.

The serpentinization of peridotite is commonly associated with the
oxidation of iron, from ferrous (Fe2") iron mainly stored in olivine to
ferric (Fe3+) iron stored in newly formed minerals, dominantly
magnetite at high temperature (~300 °C) and Fe>*-serpentine at lower
temperature (< 200 °C) (Andreani et al., 2013; Bonnemains et al., 2016;
Evans, 2008; Klein et al., 2014; Seyfried Jr et al., 2007). The redox
balance involves the liberation of molecular hydrogen according to the
simplified reaction:

2FeO + HzO(aq) = Fe203 + HZ(aq) (l)

Reaction pathways controlling iron distribution and oxidation, and
Hj, production, are complex and not well understood yet. It is notably
affected by the precipitation and/or dissolution of secondary minerals
(e.g., brucite, sulfide and/or Ni-alloys; Albers et al., 2021; Evans, 2008;
Frost and Beard, 2007; Jones et al., 2010; Klein and Bach, 2009; Martin
and Fyfe, 1970; McCollom et al., 2020; Pens et al., 2016; Tichadou et al.,
2021). From a geochemical perspective, the coupled processes of water
storage and iron oxidation are well illustrated by a positive correlation
between LOI and Fe*/SFe ratio in serpentinized peridotites (Fig. 2).
Some analyses, especially at ultra-slow spreading ridges, have higher
Fe3'/SFe ratios than magnetite, highlighting the role of Fe*'-rich
serpentine minerals and/or late accessory phases (e.g., hematite or
goethite; Dessimoulie et al., 2020). Above 10 wt% LOI, the correlation
between LOI and Fe3*/SFe dies down, the Fe*>*/SFe ratios range from
0.3 to 0.8 and are not correlated with LOI anymore.

Among the highly serpentinized peridotites, the average Fe>'/3 Fe
values are similar between tectonic contexts, with slow (0.61 + 0.02,
calculated according to 2 s.d. / \/ (n), s.d., standard deviation, n = 118),
ultra-slow (0.66 + 0.05, n = 37) spreading ridges and transform fault
(0.65 + 0.06, n = 18, excluding two fresh peridotite mylonites) ser-
pentinites having an average value of 0.62 + 0.02 (n = 173). The Fe3*/
>"Fe values plot on the correlation of Fig. 2 showing that the oxidation
of iron and Hy production through water circulation is a ubiquitous
process associated with the serpentinization whatever the tectonic
setting, and that the main variable that controls this reaction is the
serpentinization degree. On Fig. 2, for a given LOI, abyssal serpentinites
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from ultra-slow spreading ridges display the highest Fe>/S Fe values,
with most of the serpentinites having a LOI > 10 wt% standing above the
Fe3*/SFe ratio of magnetite. This suggest that Fe>"-serpentine carry a
significant part of the bulk rock Fe redox budget in this tectonic context.

The Fe3+/ZFe values decrease at forearc (0.53 £ 0.05, n = 24) and
passive margins (0.52 + 0.03, n = 52). This highlight the role of the
geodynamical setting influencing metamorphic reaction pathways and
therefore iron oxidation and Hj productivity during the serpentinization
process (see also section 5.1). Forearc and passive margin serpentinites
stand out off the correlation of Fig. 2. This reflects the role of Fe2*-rich
hydrous phases, e.g., Fe-enriched brucite, whose precipitation hampers
the oxidation of Fe in these geodynamical settings.

4.2. Sulfur redox state

In mantle peridotites, sulfur is mainly stored in a reduced form
(sulfides) and sulfur concentrations vary between 60 and 250 ppm
depending on peridotite fertility (Alt and Shanks, 2003). In abyssal
serpentinites, the amount and redox state of sulfur are highly variable
(Fig. 3a): they range between a sulfate serpentine endmember with low
sulfur contents (between 100 and 1500 ppm; Debret et al., 2017), and a
sulfide endmember (e.g., pyrite [FeS], pyrrhotite [Fe;,S], pentlandite
[(Fe,Ni)oSgl). Overall, abyssal serpentinites display higher sulfur con-
centrations than mantle peridotites (Fig. 3a), indicating an addition of
sulfur during the serpentinization process.

Serpentinites from slow spreading ridges ([S] = 1515 + 586 ppm;
S6+/ZS = 0.58 £+ 0.08, n = 62) and passive margin (1771 + 691 ppm;
S5 /578 = 0.59 + 0.10, n = 35) display the highest amount of sulfur and
sulfides. In contrast, the sulfur redox budget of serpentinites formed at
ultra-slow spreading ridges (SG+/ZS ~ 1%; determined by XANES
spectroscopy as no geochemical bulk rock study is at that time available,
see Debret et al., 2017) or fast spreading axis ([S] = 373 + 71 ppm; sé+/
>°S = 0.89 £ 0.03, n = 33) is mainly carried by sulfate, with signifi-
cantly lower sulfur concentrations. Among mid-ocean ridge and passive
margin serpentinites a negative correlation between sulfur redox state
and total concentration is observed. Only forearc serpentinites stand out
of this correlation and display highly variable S6+/ZS and low sulfur
concentrations (446 + 312 ppm; SG+/ES =0.72 £ 0.10, n = 31).

Sulfur isotope analyses of sulfides (5%*Seuifide) highlight a multiple
origin of this element in abyssal serpentinites (Alt et al., 2007; Delacour
et al., 2008a; Schwarzenbach et al., 2012). Their signatures vary be-
tween three endmembers (Fig. 3b): mantle (sulfur inherited from the
peridotite, 534S = +0.5 %o; (Chaussidon et al., 1989), seawater (sulfate,
534S ~ +21 %o) and hydrothermal (Alt and Shanks, 2003). Microbial
activity can also modify the concentration, redox state and isotope
signature of sulfur in abyssal serpentinites(Alt et al., 2007, 2013; Alt and
Shanks, 1998). The impact of microbial-dominated systems on sulfur
isotopic behaviour was described at the Hess Deep site and on the Iberia
Abyssal Plain (Alt and Shanks, 1998; Schwarzenbach et al., 2012).

The stability of mantle sulfides, sulfate-bearing serpentine and hy-
drothermal sulfides is controlled by variations of fO5 and aHsS. During
the earliest stages of serpentinization, the production of H; (eq. 1) leads
to a strong decrease of fO,, while the aH,S of the serpentinizing fluid (i.
e., seawater) is expected to be low, hence favouring mantle sulfides
dissolution (Klein and Bach, 2009; Schwarzenbach et al., 2012). Sulfur is
oxidized and stored as sulfate in serpentine minerals; seawater acting as
the major oxidizing agent (Debret et al., 2017). At this stage, sulfur
stored in serpentine minerals originates from both mantle and seawater
as evidenced by mixed isotopic signatures between seawater and the
mantle of sulfate-rich serpentinites (Alt et al., 2013; Alt and Shanks,
1998, 2003; Delacour et al., 2008a). These processes would primarily
occur in settings where the serpentinization fluid composition is close to
seawater (Alt et al., 2013), such as ultra-slow spreading ridges and deeps
at fast spreading ridges.

The precipitation of hydrothermal sulfides results from an increase of
aH,S and/or a decrease of fOy (Klein and Bach, 2009; Schwarzenbach
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affecting the sulfur isotope composition of sulfide in serpentinites (after Alt et al.,

2007; Delacour et al., 2008a; Schwarzenbach et al., 2013). *prediction of ultra-slow spreading ridge serpentinite §*S sulfide composition based on Ding et al. (2021).

et al., 2012). This process is particularly active at high-temperature sites
near black smokers driven by emplacement of magmatic bodies at depth
(e.g., Rainbow hydrothermal site) and is accompanied with a strong
increase of [S] and decrease of SG+/ZS in bulk rock (Fig. 3a). There,
seawater percolation into the gabbroic units of the heterogeneous lith-
osphere is accompanied by sulfide leaching, producing HS-rich fluids
(Alt and Shanks, 2003; Charlou et al., 2002). The percolation of these
fluids in abyssal serpentinites promotes sulfate reduction and hydro-
thermal sulfide precipitation. These processes are well documented at
slow-spreading ridges. Today, no sulfur isotope studies of ultra-slow
spreading serpentinites are available for comparison. However, recent
analyses of sulfides associated with hydrothermal fields along the South
West Indian Ridge show that they can display heavy 8%*Suifide (9-14 %o)
close to that of slow-spreading ridges (Fig. 3b; Ding et al., 2021).

4.3. Inorganic and organic carbon

The current carbon dataset in abyssal serpentinite worldwide is
limited to very few areas, that do not include transform faults (Fig. 4,
Table S3). Available data show that the Total carbon concentrations
(TC) of abyssal peridotites/serpentinites are highly variable (from 60
ppm to 30 wt%) and overall higher than those of mantle peridotites
(50-120 ppm). This attests for a significant storage of carbon during the
serpentinization process. In abyssal serpentinites, carbon can be stored
as carbonate minerals (TIC: Total Inorganic Carbon) or as carbonaceous
materials (TOC: Total Organic Carbon). This is well illustrated by carbon
stable isotope values (613C; Fig. 4) that spread from an inorganic end-
member derived from seawater (§'3Cyic ~ -+ 0 to +3 %o) to an organic
endmember (613CTOC ~ - 25 %o).

On average, the [Cric] / [Crc] ratio of abyssal serpentinites is about
63 £ 5% (n = 169), with a mean [Cric] of 11,351 + 4992 ppm and a
mean [Croc] of 509 + 117 ppm. Hence, inorganic carbon is commonly
considered as the main carrier of carbon in abyssal serpentinites (e.g.,
Kelemen and Manning, 2015; Plank and Manning, 2019). In details, the
amount of TIC is the highest in passive margin serpentinites ([Cric] /
[Crcl = 67 £ 9 %; [Cric] = 21,199 £ 10,369 ppm; [Croc]l = 956 + 299
ppm), where ophicarbonates are abundant, and then in slow spreading
serpentinites ([Cric] / [Crc]l = 72 + 7; [Cric]l = 3994 + 1862 ppm;
[Croc] = 284 + 38 ppm), compared to ultra-slow ([Cric] / [Crc] = 46 +
12; [Cic] = n/a; [Croc] = 220 4 35 ppm) or forearc ([Cricl / [Crc] = 45
+ 12; [Cric] = 503 £ 298 ppm; [Croc] = 368 £ 49 ppm) serpentinites
that display comparable amounts of TIC and TOC. TIC usually corre-
sponds to dolomite or calcite (more rarely magnesite) crystallization
from a seawater-dominated fluid at relatively low temperature (< 180
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Fig. 4. Carbon isotopes, concentrations (a) and redox state (b) in abyssal ser-
pentinites (dataset used is from Electronic Appendix Table S3). Abiotic organic
carbon value is from Debret et al. (2022) and corresponds to the average value
of antigorite-bearing serpentinites. Biogenic organic carbon values are wide-
spread, ranging from —30 to —60 %o (Friih-Green et al., 2004). The modern
marine carbonate value spreads from seawater (0 %o) to marine carbonates (+3
%o, Delacour et al., 2008b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

°C) (Lafay et al., 2017; Noél et al., 2018; Schwarzenbach et al., 2013), or
from a mixed hydrothermal-seawater fluid at higher T (>200 °C)
(Eickmann et al., 2009). Lower temperatures of carbonatation usually
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correspond to authigenic carbonatation (Lafay et al., 2017; Schwar-
zenbach et al., 2013).

Abyssal serpentinites can have significant amounts of organic car-
bon, sometimes exceeding those of inorganic carbon whatever the
geological setting or tectonic context (Fig. 4b). Observations on ODP Leg
149 and 173 from the Iberian margin show that organic carbon becomes
dominant with increasing depth, being the principal carbon phase at
more than 50-100 m depth (Schwarzenbach et al., 2013). Similar ob-
servations were made in forearc settings, where authigenic carbonates
are abundant nearby the summit and flanks of mud-volcanoes, while
organic carbon is dominant in the deep lithosphere, below mud-
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volcanoes (Debret et al., 2022). Organic carbon corresponds to
condensed carbonaceous matter of both biological and abiotic origin. It
can be made of aromatic and/or aliphatic chains combining C, H and/or
N, and are intimately associated with serpentine textures at micro- to
nano-scale (Andreani et al., 2023; Debret et al., 2022; Ménez et al.,
2018, 2012; Pasini et al., 2013; Sforna et al., 2018). The characteristics
of these different types of carbon are the topic of current scientific re-
searches (see review of Andreani and Ménez, 2020 for more details).
Today, there is still no established consensus that discriminate the
isotope signature of biological versus abiotic organic carbon in abyssal
serpentinites.
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line is theoric and does not fit orogenic peridotite values (see section 5.1).
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Owing to sampling limitation, less is known about carbon distribu-
tion and sequestration in the deepest part of the oceanic lithosphere.
There is a potential for abiotic organic carbon to be the main carbon
carrier in the deepest part of the oceanic lithosphere (>100-200 m) in
which inorganic carbon concentration is likely to decrease
(Schwarzenbach et al., 2013). This challenges current carbon flux
models (e.g., Dasgupta and Hirschmann, 2010; Kelemen and Manning,
2015; Plank and Manning, 2019) that classically consider the seques-
tration of carbon at MOR by carbonates only (i.e., shallow surface
processes).

5. Major, rare earth and trace elements systematics
5.1. Major elements

Whether (or not) serpentinization has consequences on the major
element chemistry of peridotites remains an open question (see reviews
of Malvoisin, 2015; Mével, 2003; O’Hanley, 1996 to follow this dis-
cussion over the last decades). The essence of this problem relates to the
changes of both density and volume accompanying peridotite serpenti-
nization. If we consider an exchange of water during serpentinization,
the rock density decreases from 3300 kg/m?> (olivine) to 2900 kg/m>
(serpentine) while the solid volume can increase by up to 50 % if the
system is closed (Coleman and Keith, 1971). In order to compensate for
these two effects, the serpentinization process must be isochemical.
Indeed, the oxide/SiO, ratios between weakly and strongly serpenti-
nized rocks (Fig. 5a-b) overlap and seem to spread between a refractory
endmember, poor in Al;O3 and rich in MgO corresponding to a dunitic
protolith, and a fertile endmember, rich in Al,O3 and poor in MgO
corresponding to a lherzolitic protolith. However, several authors
(Boschi et al., 2008; Komor et al., 1985; Malvoisin, 2015; Niu, 2004;
Paulick et al., 2006; Snow and Dick, 1995) noted that abyssal serpen-
tinites exhibit MgO/SiO, ratios on average 5 % lower than the mantle
(represented by the “mantle trend” line in Fig. 5a-b, calculated using the
estimated compositions of the bulk silicate earth or Primitive Mantle by
Jagoutz et al., 1979; McDonough and Sun, 1995). This anomaly is often
interpreted as a gain in SiO3 and/or a loss in MgO during the serpenti-
nization process (Malvoisin, 2015; Paulick et al., 2006; Snow and Dick,
1995). However, orogenic peridotite, which are less affected by the
serpentinization process (see section 4.1), are also shifted relative to the
mantle trend line and overlap with abyssal serpentinite composition. It
therefore suggests that the mantle trend line defined by bulk silicate
earth or primitive mantle composition poorly fits the measurements of
natural mantle peridotites. Hence, the MgO/SiO; ratio is a poor proxy
for the serpentinization process and associated SiOy gain or MgO loss.

There are also abyssal serpentinites with abnormally low MgO/SiO»
ratios (~0.5; Fig. 5a-b). These compositions could mark a large amount
of talc crystallization during serpentinization as these samples display
MgO/SiO5 close to that of talc on Fig. 5a-b. This mineral can form
through the percolation of Si-rich fluids for examples near detachment
faults (Boschi et al., 2006), or after orthopyroxene during the first stages
of peridotite hydration at a high temperature (>350 °C) (Martin and
Fyfe, 1970) but is then poorly preserved following olivine serpentini-
zation. Talc is also observed in transform faults recording high tem-
perature alteration (> 500 °C; Prigent et al., 2020). These low MgO/SiO,
abyssal serpentinites could therefore be specific of (near-)deformation
areas.

High LOI serpentinized rocks (LOI > 15 wt%) systematically show
high MgO/SiOy ratios compared to other serpentinized peridotites
(Fig. 5b). This is explained by the presence of brucite (and/or iowaite) in
these rocks. The crystallization of this mineral is constrained by high
MgO contents reflecting either a refractory protolith or an important
mobility of SiOy and/or MgO during serpentinization. Yet, although
silica can be mobile during serpentinization, many authors agreed that
SiO4 transfers poorly affect Al;03/SiO; ratios and that the latter is a
good marker of protolith fertility (Deschamps et al., 2013; Malvoisin,
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2015; Paulick et al., 2006; Fig. 5b). This is well illustrated in the Al,03/
SiO9 vs. MgO/SiO, space where Al;03/SiO; variations in abyssal ser-
pentinites are comparable to those of the mantle. Based on Al;03/SiO;
ratios, most abyssal peridotites have a relatively refractory protolith
(Al,03/Si04 < 0.04). The most refractory protoliths are found in forearc
areas (e.g. Mariana) where partial melting rates are expected to be the
highest (Parkinson and Pearce, 1998). The most fertile protoliths
correspond to rocks analysed at ultra-slow spreading ridges where
oceanic expansion is dominantly accommodated by tectonic activity
(see section 2.1). Both slow- and fast- spreading serpentinites, display
intermediate compositions. In these tectonic contexts, the significant
contribution of magmatism to the oceanic extension attests of multiple
steps of partial melting and melt/rock interactions impacting the
fertility of the protolith and therefore the Al;03/SiO; ratios. Few sam-
ples from passive margin can display high Al,03/SiO, for a given MgO/
SiOg ratio. These can be attributed to impregnation processes by
asthenosphere melt and associated plagioclase crystallization that are
commonly reported in this type of setting (e.g., Piccardo et al., 2007). It
is important to note that many authors report analyses of “serpentinites”
sensu largo with anomalous Al,03/SiO2 ratios (> 0.12). These rocks
have a non-peridotitic protolith and are therefore not comparable to
abyssal serpentinites sensu stricto. This is particularly obvious for
Archean serpentinites that form after ultramafic lavas with high Al,03/
SiOy and low MgO/SiO, ratios (Szilas et al., 2015) or serpentinites
formed from pyroxenites or rocks altered at very low temperatures
(<<100 °C) that commonly display abnormally high aluminium con-
tents (Aly03/SiO5 > > 0.12; Bodinier and Godard, 2013). These rocks
are generally composed of minerals that are not common in abyssal
serpentinites (e.g. abnormal abundance of chlorite or amphibole, pres-
ence of micas or clays). The geochemical behaviour of these rocks during
serpentinization cannot be approached in the same way and these
samples were not included in our database.

The mobility of major elements is particularly visible when looking
at the CaO contents in abyssal serpentinites. The latter are abnormally
low for a given Al»03/SiO5 ratio compared to mantle peridotites
(Fig. 5¢). This shows a significant leaching of Ca during the serpentini-
zation process which can be explained by the inability of the serpentine
minerals to incorporate Ca cations into their structure. It is interesting to
note that few analyses show abnormally high CaO contents relative to
that of mantle peridotites (“mantle trend” in Fig. 5¢). These analyses
attest of a slight Ca enrichment by early fluid- and/or melt- rock inter-
action processes. For example, the impregnation of the peridotite pro-
tolith (e.g., passive margin serpentinites, Fig. 5a) is characterized by the
precipitation of plagioclase, increasing both Al and Ca contents in bulk
rock. These compositions will favour in turn the precipitation of Ca-
bearing phases, such as calcite and amphibole, during hydrothermal
alteration. Such phases remain stable during the serpentinization of
peridotite, hampering Ca leaching.

When comparing the MgO/SiO; and Fe3*/SFe ratios in highly ser-
pentinized peridotites in which the Fe3*/SFe ratio is not a function of
rock hydration anymore (LOI > 10 wt%, see section 4.1), an inverse
tendency is observed between these two parameters (Fig. 5e). This
suggests that high MgO contents are related to limited Fe oxidation and,
therefore, to lower Hy production during serpentinization. Such a high
Mg activity favours early brucite precipitation that incorporates Fe™,
hence limiting the formation of Fe>-rich serpentine and/or magnetite
(e.g., Frost and Beard, 2007), in agreement with previous discussion at
end of section 4.1 (Fig. 2). This corresponds to the same two particular
geodynamical settings: the forearc area of the Mariana subduction zone
and the Iberian abyssal plain. In the case of the Mariana, the protolith is
a highly refractory (Mg-rich) peridotite due to extensive flux-melting
episodes in the pre-arc position (Parkinson and Pearce, 1998).

At the opposite, serpentinites with the highest Fe>*/SFe and the
lowest MgO/SiO, ratios correspond to serpentinites from the SWIR,
where melting rates are expected to be low and peridotite more fertile
(Mg-poor, Figs. 5a and e). These observations agree well with
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experimental studies showing an important role of protolith modal
composition on Fe oxidation kinetics (McCollom and Bach, 2009). The
presence of pyroxene inhibits brucite formation during serpentinization
as its dissolution increases SiO; activity, which favours magnetite and
Fe3+—serpentine (Frost and Beard, 2007; Klein et al., 2013). Overall, the
geodynamical setting and tectonic context, as related to peridotite
fertility, seems to be the main factor controlling Fe oxidation and
therefore Hp productivity at mid-oceanic ridges, with ultra-slow
spreading ridges having the highest Hy productivity.

However, when comparing the Al;03/SiO», considered as robust to
serpentinization and as a good proxy for protolith fertility, with Fe3*/
SFe ratios in serpentinites (Fig. 5d), the relationship between protolith
fertility and Fe3*/SFe ratios in serpentinites disappears. This shows that
protolith composition alone cannot be the only factor controlling Fe
oxidation and H, productivity and that other parameters or processes,
related to the geological setting, occur. For example, a low temperature
of serpentinization (<250 °C) thermodynamically favours brucite for-
mation relative to magnetite (Klein et al., 2014). This fits well with the
temperature conditions (< 200 °C) recorded by serpentinites from Ibe-
rian margin (Schwarzenbach et al., 2013) and MgO-rich Mariana (blue-
serpentinites; Debret et al., 2019) samples displaying the lowest Fe3t/
SFe (see sections 2.2 and 2.3). In all the other settings, a higher tem-
perature of serpentinization close to 300 °C was estimated (Table 1).

5.2. Rare Earth elements

Abyssal serpentinites show variable chondrite and primitive mantle
normalized rare earth (REE: Rare Earth Elements) and trace elements
profiles depending on the geodynamic setting and tectonic context
(Fig. 6). A large part of these profiles is inherited from the peridotite
protoliths (Andreani et al., 2014; Debret et al., 2013a; Dessimoulie et al.,
2020; Niu, 1997, 2004; Paulick et al., 2006). Mantle peridotite REE
profiles are controlled by the abundance of pyroxene (see Bodinier and
Godard, 2013 for a comprehensive review): lherzolites are characterized
by a depletion in light REE (LREE: La to Nd) and flat heavy REE segments
(HREE: Tb to Lu), while pyroxene-poor harzburgites or dunites have
lower HREE concentrations and their REE profiles are characterized by a
progressive depletion from HREE to LREE, with generally flat LREE
segments.

The inheritance of peridotite protolith composition is well illustrated
when HREE concentrations are plotted against High Field Strength El-
ements (HFSE) or other fluid immobile elements, such as Th (Fig. 7a),
which indicates that magmatic processes (melting, melt-rock interac-
tion) is the dominant factor controlling the compositional variation of
abyssal serpentinites (Niu, 2004; Paulick et al., 2006). HREE depletion is
most pronounced in forearc serpentinites: their protoliths are thought to
be highly refractory sub-arc peridotites formed by extensive flux melting
before being carried into forearc position by mantle convection
(Parkinson and Pearce, 1998). However, large deviations relative to
melt/rock trends can be observed (Fig. 7b-c), by comparing LREE (or
Middle REE - Sm to Gd) to HREE at relatively constant Th

Table 1
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concentrations (about 3 to 4 order of magnitude). Paulick et al. (2006)
interpret these variations as an evidence for L-MREE mobility in hy-
drothermal fluids during serpentinization process.

5.3. Cerium and europium anomalies

The influence of the serpentinization conditions is more pronounced
when looking at Ce and Eu anomalies (Fig. 6) that imprint different
signatures on the REE patterns among the geodynamical settings and
tectonic contexts. Both Ce and Eu anomalies do not covary with tracers
of melt/rock interactions such as HFSE or Th (Fig. S2). The fractionation
of these elements is typically interpreted as indicators of redox varia-
tions with the formation of Ce(IV) in oxidative environments and Eu(II)
in reducing environments. This change of valence induces a change of
chemical behaviour with respect to the neighbouring valence (III) ele-
ments and beyond the differences in ionic radius that characterizes REE.

The mobility of Ce depends on its redox state and fluid pH. It is
generally accepted that Ce is immobile in oxidized form under neutral
pH (e.g., seawater) but that it becomes mobile, in a similar way to
neighbouring LREE, at low pH and in reducing conditions (Allen and
Seyfried Jr, 2005). In abyssal serpentinites, the negative Ce anomaly is
interpreted as the percolation of oxidizing seawater (Dessimoulie et al.,
2020; Frisby et al., 2016; Rouméjon et al., 2014). Frisby et al. (2016)
support this interpretation in the SWIR serpentinites by reporting high
U/Th ratios associated with negative Ce anomaly (Fig. 8). Both U and Th
are incompatible elements and Th is considered as immobile in fluids.
The authors attribute the increase of U/Th ratio to an addition of U by
the serpentinizing fluid in oxidizing conditions (U(VI)) and the negative
Ce anomaly by the addition of La(III) and Pr (III), assumed to be fluid-
mobile relative to Ce(IV) under these conditions. Fig. 8 shows that this
anomaly is characteristic of ultra-slow spreading ridges and transform
faults serpentinites. It is worth noting that these negative Ce anomalies
are not related to a late overprint by seawater, e.g., related to a longer
resident time of the samples on the seafloor as expected at passive
margins or for dredged samples relative to drilled ones. Indeed, although
Ce anomalies are reported in samples collected by dredges or dives at
ultra-slow spreading ridges or transform faults (Fig. 6), few to no Ce
anomalies were reported at passive margins or slow-spreading contexts
where samples were collected by both dill and dredge methods (Figs. S1
& S3). At transform faults, abyssal serpentinites can also display positive
Ce anomalies with very low U/Th ratios and enrichments in LREE
(Fig. 6e). These serpentinites had to form after a protolith abnormally
enriched in LREE prior to a serpentinization stage by seawater that
leached all LREE but Ce, immobile in seawater. These two types of Ce
anomalies and LREE patterns suggest that serpentinites observed at
transform faults formed after peridotites with highly variable LREE/M-
HREE ratios, and that the mantle sampled in this context is more het-
erogeneous relative to other contexts. In addition, this characteristic
REE pattern of transform fault serpentinites (Fig. 6e-f) is very distinct to
the ones of fast- and slow-spreading serpentinites (Fig. 6b-c; e.g., Eu
anomaly). This suggests that serpentinites collected so far at transform

Main characteristics of abyssal serpentinites according to geological settings and tectonic contexts. * Maximum depth of serpentinization, see section 2 for more details.

Geodynamical Tectonic setting Maximum Temperature Main Mineralogy —Sampling Methods  Sampling Areas
Setting Depth*
Drilling-Dredging-
Slow Spreading Ridges 4 km 300-500 °C  Liz/Ctl-Mag r1. ng re.glng North Atlantic Ridge
Insitu sampling
Ultra-Slow Spreading 5 km 200-300 °C  Liz/Ctl-Mag Dredging-Insitu Gakkel Ridge, South West Indian Ridge
Mid-Ocean Ridges sampling
Ridges Fast Spreading Ridges ? 200-350 °C  Liz/Ctl-Mag Drilling East Pacific Rise
North & Central Atlantic Ocean, Central & South West
. oy ot 5
Oceanic Transform Faults 9 km (1:20 550() Liz/Ctl-Mag l)ar;d%;;lg Insitu Indian Ocean, American-Antarctic Ocean, Pacific-Antarctic
pling Ocean
Forearc 15 km 180-420 °C Liz/Ctl-Brc or Drl‘llmg»Drec'igmg- Mariana, Guat.emala, Tonga, South Sandwish, Trench
Atg-Brc-Mag Insitu sampling fracture zone intersection
Passive Margin 5 km < 200°C Liz/Ctl-Bru Drilling Iberian abyssal plain, Newfoundland
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Fig. 6. Representative REE profiles of abyssal serpentinites as a function of geodynamical setting (dataset used is from Electronic Appendix Table S4). Samples are
compared according to localities: samples from (a) the SWIR (Ultra-slow spreading) are compared to (d) transform faults crossing the SWIR (for sake of clarity only
samples from the Marie Celeste, Atlantis II, Bouvet, Islas Oscadas, Prince Edward, Shaka, Vulcan and NW Bullard were plotted), (b) the 15°20° Fracture Zone (Slow
spreading) are compared to (e) Vema transform fault, (c) Hess Deep (Fast spreading) are compared to (f) the Udinstev transform fault. Only Mariana forearc REE
profiles are displayed in (h). A full overview of worldwide REE profiles is provided in Fig. S1. Seawater and hydrothermal fluid values are from Douville et al. (2002).
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faults, whatever the type of spreading rate, were not affected by axis
processes and are therefore formed in situ by later interaction between
seawater and fresh peridotites.

Europium has different charges and ionic radii depending on tem-
perature and redox conditions, with Eu>" being mobile in fluids and
Eu®" being relatively immobile (Allen and Seyfried Jr, 2005). This af-
fects the ratio of Eu concentrations relative to the neighbouring REE (Sm
and Gd) in serpentinites (Fig. 6). The Eu anomaly is dominant feature of
REE patterns of slow-spreading serpentinites suggesting that Eu has
been mobilized under divalent state in high T fluids before being stored
in serpentinites in trivalent form under lower T conditions. This obser-
vation fits well with the reducing nature and high T of hydrothermal
fluids observed in this tectonic context at HT black smokers (see sections
2 and 4.2, and Fig. 6b; Charlou et al., 2002). There, the significant
magmatic activity provides heat and Eu source which modifies the fluid
(e.g., Alt and Shanks, 2003) prior to serpentinization at shallower levels,
more propitious for Eu oxidation and storage in rocks. Since the ionic
ratio of Eu is theoretically too large to be structurally substituted in
serpentine minerals, the Eu anomaly may be accommodated by other
processes (i.e., mineral surface processes) or phases. Indeed, Eu positive
anomaly is a common feature of massive sulfides associated with HT
hydrothermalism (Zeng et al., 2015). The precipitation of hydrothermal
sulfides could contribute to the appearance of Eu anomalies in abyssal
serpentinites (e.g. Rainbow, Andreani et al., 2014). The absence of the
Eu anomaly in other settings suggests either the absence of an Eu source
or an aqueous geochemistry of Eu dominated by the trivalent state and
low temperature processes. As the serpentinization T is similar in all
tectonic contexts (see section 2), the absence of an Eu source, such as
magmatic units, during the course of fluid is favoured.

Overall, the predominance of either Ce or Eu anomalies is less
evident in geodynamical settings or tectonic contexts (Fig. 6) other than
(ultra-)slow-spreading ridges and transform faults. This is well illus-
trated on Fig. 8b where ultra-slow spreading ridges and transform faults
serpentinites plot along the Eu* axis of the primitive mantle, while they
display highly variable Ce* (from negative to positive anomalies). At the
opposite, slow-spreading ridges serpentinites plot along primitive
mantle Ce* axis and display highly variable Eu* showing a high mobility
of both Eu and Ce in fluids. This dichotomy between abyssal serpen-
tinites formed at ultra-slow spreading ridges and transform faults, versus
slow-spreading ridges, is similar to that report for sulfur (see section
4.2). It shows that fluid/rock interaction between magmatic rocks and
serpentinites deeply impact the redox state (i.e., fO3) of the serpenti-
nizing fluids, favouring the mobility of redox sensitive elements, such as
Eu, Ce and S, at depth.

5.4. Fluid mobile elements

Among trace elements, the fluid mobile ones (FME: U, B, Li, As, Sb,
Pb, Sr, Rb and Cs) are particularly affected by the serpentinization
process as testified by frequent positive (or more rarely negative)
anomalies of these elements on abyssal serpentinite spidergrams (e.g.,
Deschamps et al., 2013; Peters et al., 2017; see also Fig. S4).

Uranium has the particularity of being both incompatible and highly
mobile in fluids. Abnormally high U concentrations in abyssal serpen-
tinites can therefore be attributed to either magmatic and/or hydro-
thermal processes. In order to decorrelate these effects, uranium is often
normalized to thorium, which has similar physico-chemical properties
to uranium, being also incompatible, but immobile in fluids. Hence, by
comparing U/Th ratios of serpentinites with that of the primitive
mantle, we see that this element is strongly enriched in serpentinites
(Fig. 8), showing a storage of U over Th during serpentinization.

Concentrations of alkali and alkaline metal, such as strontium,
rubidium and caesium, in abyssal serpentinites are influenced by both
melt/rock interactions affecting peridotites prior to serpentinization,
leading for example to Sr- and alkali-rich plagioclase crystallization (e.
g., impregnation processes; Drouin et al., 2009), and/or by the
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serpentinizing fluid composition. Carbonatation is also expected to in-
crease alkali concentrations, with ophicarbonates displaying high Cs,
Rb, and Sr relative to serpentinites (Schwarzenbach et al., 2021).
However, such a process also increases Ca concentrations. Our data
filtering (see section 3) should therefore avoid the influence of carbo-
natation in the data compilation. Most of abyssal serpentinites display a
correlation between U/Th ratios and Sr, Rb or Cs, showing that these
elements are added during the serpentinization process. Only forearc
serpentinites show preferential addition of Sr and Cs over U and Rb
(Fig. 9a-b). This highlights the role of slab derived fluids which are likely
to be derived from Sr and alkali-rich sediments and depleted in U or Rb
(Peters et al., 2017).

Among FME, B has received particular attention in recent years since
abyssal serpentinites constitute the main reservoir of B in the oceanic
lithosphere (Marschall, 2018). Boron is particularly enriched in
seawater relative to mantle peridotites and highly sensitive to pH, such
that at pH > 8.6, borate ion dominates in aqueous solution while at
lower pH boric acid is the dominant species (Hershey et al., 1986). There
is a large overlap of abyssal serpentinite boron concentrations between
the different serpentinization settings, with most of abyssal serpentinites
displaying boron concentration between 10 and 100 ppm and an
average value of 38 ppm (Fig. 9¢). Serpentinites from the forearc (Bpean
= 25 ppm), slow (Bpean = 35 ppm) and fast spreading ridge (Bpean = 27
ppm) are less enriched in B compared with serpentinites formed at ultra-
slow (Bpean = 58 ppm) spreading ridges, transform fault (Bpean = 58
ppm) and passive margin (Bpean = 99 ppm).

Abyssal serpentinites have highly variable Li contents, with some
samples depleted in Li relative to the primitive mantle (Fig. 9c).
Serpentine minerals incorporate low Li contents (generally less than 1
ppm) compared with mantle minerals (0.1-10 ppm; Vils et al., 2008)
suggesting that the observed variability is inherited from peridotite
protolith while Li is mainly leached in fluids during serpentinization. It
is generally accepted that the Li budget of the oceanic lithosphere is
carried by other rocks (e.g. altered mafic crust) and that serpentinites
play a lesser role in lithium geochemical cycle.

Arsenic and antimony are two redox sensitive metalloids, usually
considered as having a similar behaviour during the serpentinization
process (e.g., Deschamps et al., 2011). Antimony solubility is controlled
by the formation of secondary minerals that can store Sb as Sb(III) (e.g.,
spinels such as SbyOs3), while serpentine minerals incorporate lower
concentrations of Sb(V). As such, a reduction of Sb(V) into Sb(III) fa-
vours a decrease of Sb solubility and the storage of this element. Arsenic
is stored under As(V) in serpentine (Hattori et al., 2005) or spinel. The
partition coefficient of this element remains constant throughout the
serpentinization reaction whatever the variations in redox condition or
fluid composition (Lafay et al., 2016). As and Sb concentrations of

serpentinites overlap worldwide (Fig. 9d). Only forearc serpentinites
tend to display low As and Sb concentrations relative to serpentinites
derived from other geodynamical settings, once highlighting the par-
ticularity of serpentinizing fluids derived from the slab.

It is worth noting that some decoupling behaviour between As and Sb
can be highlighted among the geodynamical settings. Such decoupling
was also observed in experimental investigation during olivine serpen-
tinization in hydrothermal alkaline systems (Lafay et al., 2016) and was
attributed to variation of Sb redox state.

At ultra-slow spreading ridges, abyssal serpentinites display Sb/As
ratios close to that of seawater. The oxidation of Fe during serpentini-
zation should favour a decrease of fO, in water and, therefore, a
decrease of Sb solubility. This process leads to the storage of both As and
Sb in serpentinites.

At slow spreading ridges, the redox states of both Sb and As in the
serpentinizing fluid are dominated by reaction between seawater and
gabbros occurring prior to serpentinization (see sections 4.2 and 5.3)
favouring a reduction of Sb(V) to Sb(III) and therefore limiting Sb
mobility in fluids compared to As. This could lead to a decoupled
behaviour between As and Sb in this tectonic context (i.e., preferential
addition of As and decrease of Sb/As ratios, Fig. 9d-e). In agreement
with this, Breuer and Pichler (2013) estimated that hydrothermal fluids
at the Mid-Atlantic Ridge should contain up to 24 pg.L ! of As, while Sb
hydrothermal fluids concentrations vary between 0.37 and 1.34 pg.L ™}
(Douville et al., 2002). This leads to Sb/As ratios inferior to <<0.06, so
between 2 and 10 times lower than seawater (Sb/As = 0.13, Li, 1991) in
agreement with As and Sb variations in this setting (Fig. 9d).

Intriguingly, transform fault serpentinites display similar As and Sb
composition with slow spreading ridge serpentinites, while these rocks
are expected to be serpentinized by seawater derived fluids that are not
affected by interaction with gabbroic units (see section 5.3, Fig. 9d-e).
This could be attributed to low water / rock ratios at depth favouring a
redox re-equilibration of the serpentinizing fluid with the host rock (i.e.,
reduced conditions associated with Hy production limiting Sb mobility),
while at ultra-slow spreading context, the more abundant fluid circu-
lation should favour a redox disequilibrium between the oxidizing ser-
pentinizing fluid (seawater) and the host rock.

In forearc settings, the relatively low Sb/As ratios and Sb concen-
trations of serpentinites must be attributed to either a protolith highly
depleted in Sb, a low solubility of this element in slab derived fluids and/
or a leaching of this element during serpentinization which can occur if
fluids are sufficiently oxidized during serpentinization (Fig. 9e). Overall,
these results highlight different redox conditions during abyssal ser-
pentinization processes leading to a preferential incorporation of As
over Sb during the serpentinization.
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Sb/As vs Sb. Primitive mantle values are from McDonough and Sun (1995), depleted mantle values are from Salters and Stracke (2004) and seawater values are from
Turekian (1968). Evolution lines for linear enrichments were calculated either using depleted or primitive mantle values (note that variable melt extraction and/or
melt/rock interaction are expected to shift the starting point of these models).

6. Transition metals mobility: An isotope approach to constrain mobility of these elements in fluids and therefore on mass balance of
fluid geochemistry metals exchanges between the lithosphere and oceans. The dataset on
Fe-Zn-Cu stable isotopes is currently limited to slow (Rainbow massif,
Ultramafic host hydrothermal sites are often associated with a sig- MARK), ultra-slow (Gakkel ridge, SWIR) and transform faults (Shaka,
nificant mobility of metals (e.g., Cu, Zn, Co, Au, and Ni) in fluids Prince Edward) tectonic contexts and the Mariana forearc setting
(Fouquet et al., 2010). The source of these metals results either from the (Electronic Appendix Table S5).
interaction of seawater with mantle peridotites and/or be an admixture
of fluids escaping from mafic bodies at depth. The use of transition metal
stable isotopes (e.g., Fe, Zn, and Cu) provides key constraints on the

14



B. Debret et al.
6.1. Iron isotopes

The first Fe isotope analyses (5°°Fe) in abyssal serpentinites were
presented by Craddock et al. (2013). These authors show greater vari-
ability of 5°%Fe (—0.10 %o < 5°®Fe < +0.11 %o) in abyssal serpentinites
compared with the primitive mantle (+0.03 + 0.01 %o; Sossi et al.,
2016). However, a large fraction of these analyses has high CaO contents
(>4 wt%) and/or Al;03/SiO, ratios (>0.12), consistent with the
observation of weathering surface (Craddock et al., 2013), suggesting
late partial re-equilibration with seawater at very low temperatures
(<100 °C). These features are not consistent with serpentinization pro-
cesses (see sections 3.1 and 5.1). When these anomalous data are dis-
carded, the abyssal serpentinites analysed by Craddock et al. (2013)
display 5°°Fe values between —0.06 %o and + 0.05 %o, similar to that of
mantle peridotites. In Fig. 10a, the absence of correlation between §°°Fe
and LOI in abyssal serpentinites suggests a limited impact of the ser-
pentinization on Fe mobility in hydrothermal fluids. Conversely, in
Fig. 10b, 5°°Fe values vary with Al,03/SiO5 ratios, spreading between a
fertile endmember, enriched in heavy isotope, and a refractory and
isotopically light endmember. These observations suggest that Fe iso-
topes are poorly fractionated during the serpentinization processes and
that this process alone cannot explain the high mobility of Fe observed in
hydrothermal fluids (Debret et al., 2018). However, when comparing
different tectonic contexts with contrasting fertility of the peridotite
protoliths, samples from ultra-slow spreading ridges (+0.01 + 0.02 %o)
show comparable 5°°Fe values relative to samples from slow spreading
ridges (—0.03 + 0.05 %o), overlapping within an error with that of the
primitive mantle (+0.03 £ 0.01 %o; Sossi et al., 2016). This suggests a
limited influence of melting processes on the signature of 5°°Fe at mid-
oceanic ridges.

Peridotite minerals (olivine and pyroxene) display isotopic signa-
tures close to +0.02 %o (Sossi et al., 2016). Among serpentinite forming
minerals, serpentine has a light isotopic signature (< —0.3 %o) in
contrast to Fe-rich phases, such as magnetite or awaruite that have
isotopically heavy signatures (> +0.3 %o; Scott et al., 2017). This sug-
gests a redistribution of Fe at sample scale between the newly formed
minerals. These results agree with theoretical calculations of isotopic
fractionation coefficients predicting a preferential incorporation of
heavy Fe in Fe'-oxides (e.g., Polyakov and Mineev, 2000). Hydro-
thermal sites are typically associated with strong magnetic anomalies
(Szitkar et al., 2014) suggesting the precipitation of large amount of
magnetic minerals within the hydrothermal plumbing system. Extensive
magnetite precipitation could potentially explain the release an isoto-
pically light Fe-rich fluids in ultramafic-hosted hydrothermal systems.
This scenario agrees with recent analyses of isotopically heavy miner-
alized serpentinites containing a large amount of sulfides and magnetite
near hydrothermal sites (Debret et al., 2018) and with the occurrence of
magnetite rich deposits associated with ultramafic-hosted paleo-hydro-
thermal systems in ophiolites (Hodel et al., 2017; Toffolo et al., 2017).
However, the origin of these formations and the mechanisms enhancing
magnetite deposits in these settings remain poorly constrained and they
are debated in the literature (Hedenquist and Lowenstern, 1994; Rouxel
et al., 2003).

Forearc serpentinites stand out as an isotopically light Fe endmem-
ber, with an average value of —0.06 + 0.03 %o and values as low as
—0.26 + 0.06 %o (Fig. 10). These light values are difficult to explain with
melting models, the later predict that even large (>30 %) degrees of melt
extraction do not generate strongly fractionated residues (< 0.1 %o;
Dauphas et al., 2017; Sossi and O’Neill, 2017; Williams et al., 2004;
Williams and Bizimis, 2014). These samples correspond to antigorite-
bearing serpentinites, recording high temperature of serpentinization
(> 320 °C). Negative correlations between serpentinite bulk 656Fe, fluid-
mobile element concentrations (e.g., B, As) and Fe>*/SFe suggest that
these §°°Fe values could reflect the transfer of isotopically light iron by
slab-derived fluids (Debret et al., 2020).
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6.2. Zinc and copper isotopes

Zinc (5°0Zn) and copper (8%cu) isotope ratios of mantle peridotites
are little affected by melting and late magmatic processes and the
average value of the primitive mantle is estimated at +0.16 + 0.06 %o
and + 0.07 £ 0.10 %o, respectively (Moynier et al., 2017; Savage et al.,
2015; Sossi et al., 2018). The Zn and Cu budget in mantle peridotites is
controlled by Zn rich spinels and Cu rich sulfides, respectively (up to
several hundred ppm compared to mantle silicates, about 10-50 ppm;
Guo et al., 1999; Hodel et al., 2018; Wang et al., 2017). When comparing
Zn and Cu isotope ratios of abyssal serpentinites formed at forearc,
transform fault, slow and ultra-slow spreading ridges, two trends are
evident (Fig. 10c-d): transform fault and ultra-slow spreading ridges
serpentinites show a Zn and Cu depletion and high §%Zn and §%°Cu
isotope ratios relative to that of the primitive mantle, while slow
spreading ridges serpentinites display relatively high Zn and Cu con-
centrations and highly variable isotope ratios.

At transform faults and ultra-slow spreading ridges, the serpentini-
zation is accompanied with a progressive disappearance of mantle
minerals, including the oxidation of mantle sulfides to sulfate bearing
serpentine (Debret et al., 2017) and oxidation of Fe2+—bearing olivine
mainly into Fe>'-bearing serpentine (see section 4.1). Given that
serpentine minerals incorporate low Zn and Cu concentrations (<10
ppm; Rouméjon et al., 2014), these abyssal serpentinization contexts
should therefore favour an important leaching of Zn and Cu in hydro-
thermal fluids. Such process can be modelled through a Rayleigh
distillation considering the dissolution of sulfides and spinel by chlorine-
bearing fluids (ZnCl%~ or CuCl3) during the serpentinization (see Sup-
plementary Material for modelling details). In these models, the
elemental and isotopic behaviour of Zn and Cu in whole rock is
approximated to that of sulfides, spinels or silicates. We used the ab
initio calculations of Fujii et al. (2014) for ZnCl3~ and CuCl3 complex in
fluids, those of Ducher et al. (2016) for sphalerite (ZnS), different spinel
endmembers, namely franklinite (ZnFe;Q4), gahnite (ZnAl,O4) and
zincite (ZnO), and those of Liu et al. (2021) for villamaninite (CuS-),
chalcopyrite (CuFeS;) and Cu-bearing enstatite (Mgs1,16Cu1, 1651206)-
Results of these models are displayed in Fig. 10e-f. As expected, the
dissolution of sulfide has only a limited effect on §°°Zn of abyssal ser-
pentinites (e.g., sphalerite on Fig. 10e) while it can explain most of
5%°Cu variations (e.g., chalcopyrite or villamaninite on Fig. 10f). At the
opposite, the dissolution of mantle spinels leads to strong Zn isotope
fractionation, up to ~1 %o, and can explain most of the fractionated
composition of transform fault and ultra-slow spreading ridges serpen-
tinites. It is interesting to note that the preferential partitioning of Cu in
silicates may lead to unexpected high Cu isotope fractionation during
the serpentinization process and may explain the high §°°Cu observed in
some Cu-poor samples. Sulfide, spinel and silicate dissolutions by
seawater like fluids can therefore explain the isotope composition of
abyssal serpentinites generated at transform faults and ultra-slow
spreading ridges. It is important to note that consideration of sulfur,
carbon or aqueous complexes in the fluids will lead to isotope frac-
tionations that are not compatible with abyssal serpentinite composition
(Fig. S5). Few samples display abnormally high Zn and Cu concentra-
tions and isotopically light values. These serpentinites are rare and
might correspond to serpentinites equilibrated with external fluids (see
section below).

Forearc serpentinites tend to display a similar behaviour relative to
transform faults and ultra-slow spreading ridges serpentinites for Zn
isotopes, although few samples have higher zinc concentrations than
primitive mantle (Fig. 10c). In this context, a leaching of Zn is therefore
also expected. It suggests a limited transfer of Zn by slab derived fluids.
It is worth noting that apparently light Zn values were reported in this
geodynamical setting (Pons et al., 2011). However, the absence of spe-
cific protocols for dissolving spinel in Pons et al. (2011) and the different
values reported here lead us to discard these values.

At slow spreading ridges, abyssal serpentinites display large
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Fig. 10. Metal stable isotope variations in abyssal serpentinites. Fe (a-b), Zn (c,e,g) and Cu (d, f, h) isotope ratio variations versus Loss On Ignition (L.O.1.), Al,O03/
SiO,, Zn and Cu concentrations (dataset used is from Electronic Appendix Table S5). Fig. 10e and f display Rayleigh distillation models (coloured lines) between
seawater like fluids (ZnCl3~ and CuCls) and minerals. In these figures, the abyssal serpentinite compositions are modelled by a leaching of ZnCl3~ and CuCls anions
in fluids during the dissolution of sulfides (ZnS, CuS and CuFeS,), spinels (ZnFe,04, ZnO, ZnAl,04) and silicate (Cu-enstatite) at temperatures between 100 and 300
°C. Fig. 10g and h display additional mixing model results (black lines) corresponding to an addition of Zn and Cu by HS-rich fluids at temperatures between 100 and
300 °C. Green squares correspond to mineralized samples in Debret et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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variations of Zn and Cu concentrations and isotope ratios (Fig. 10c-d). In
this tectonic context, the hydrothermal circulation is influenced by
gabbroic intrusion which supply both a heat source and an important
metal reservoir, i.e., fresh MORB contain between 50 and 80 ppm of Zn
and between 30 and 220 ppm of Cu mainly stored in sulfides. The re-
action between seawater and gabbro is therefore expected to produce
high temperature (>350 °C), sulfur- (HS;) and metal- rich fluids (Alt and
Shanks, 2003). As they rise to the surface, the oxidation of sulfur-rich
hydrothermal fluids in contact with seawater leads to abundant pre-
cipitation of sulfides and/or magnetite within the hydrothermal stock-
work. This process was further explored by Debret et al. (2018) who
investigated mineralized serpentinites, with high amount of sulfides,
formed near active venting areas of Rainbow massif. The most miner-
alized samples are characterized by the highest Zn and Cu concentra-
tions and low §%Zn and §°°Cu. These compositions were modelled
through a progressive hydrothermal sulfide precipitation in abyssal
serpentinites. Hydrothermal fluid compositions produced during sulfide
dissolution in gabbros was modelled using a Rayleigh distillation and a
large range of fluid compositions, for which ab inito calculations are
available. The composition of mineralized serpentinites was then
considered to be a binary mixture between serpentinite and gabbro-
derived fluids. These modelled were reproduced here for both Zn and
Cu isotopes (see Supplementary Material for modelling details). Both Zn
and Cu data set of slow-spreading ridge serpentinites can be explained
by the percolation of Zn(HS)3(H20)4 and Cu(HS)2(H20)3 fluids at tem-
peratures ranging from 100 °C to 300 °C. The S-bearing complex give the
best match with the slow-spreading ridge dataset relative to other
considered complexes (i.e., HoO-, C- or Cl-bearing complex, Fig. S6). The
percolation of either Cl-rich or C-rich fluids will drive abyssal serpen-
tinites either toward heavier or lighter values (Fig. S6) and cannot be
invoked to explained the observed Zn and Cu isotope variations. The
combination of both Zn and Cu systematics in abyssal serpentinites
therefore highlight the circulation of different serpentinizing fluids ac-
cording to the geodynamic settings, with ultra-slow spreading ridge
environments being dominated by seawater like fluids while fluids
circulating at slow-spreading ridges are doped in HyS through gabbros/
seawater interactions.

7. Conclusions and perspectives

This review highlights major chemical variations in abyssal serpen-
tinites according to the geodynamical setting and the tectonic context.
The major element and REE patterns of abyssal serpentinites is first
controlled by melt extraction and melt/rock interaction affecting peri-
dotite composition prior its serpentinization. At fast, slow- and fast-
spreading ridges and forearc settings, peridotites are intensively affected
by melting processes and magmatic extraction prior their serpentiniza-
tion. As a consequence, these abyssal serpentinites display low Al,O3/
SiO4 and high MgO/SiO ratios (Fig. 5) relative to abyssal serpentinites
generated at ultra-slow spreading ridges or transformed faults, where
magmatic extraction is limited.

The thermal regimes of the ridges, also related to the abundance of
magmatic rocks, play a role on trace element abundance and mobility in
fluids, resulting in contrasting mobility of LREE, redox sensitive ele-
ments (U, Eu, Ce, As, Sb) and metals (Zn, Cu) in fluids. At ultra-slow
spreading ridges or near transform fault, the low magmatic and high
tectonic activity lead to the percolation of seawater derived fluids at
depth with limited geochemical exchanges with high temperature mafic
rocks. The relatively oxidizing conditions of seawater favour Ce immo-
bility in fluids (Fig. 8), the preferential mobility of Sb(V) over Sb(III)
(coupled behaviour between Sb and As Fig. 9), as well as the formation
of Fe3*-serpentine (Fig. 2) and the storage of sulfate over sulfides in
abyssal serpentinites (Fig. 3). These processes favour an extensive
leaching of metals results in a decrease of Cu and Zn concentrations and
an increase of §°°Cu and §°0Zn values in abyssal serpentinites relative to
mantle peridotites.
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At slow-spreading ridges the serpentinizing fluid composition is
affected by high temperature interactions with gabbros prior serpenti-
nization. These are expected to be equilibrated at high aHsS and lower
fO, than pure seawater, as attested by the preferential mobility of Eu®*
and Ce?" in fluids (leading to positive Eu and no Ce anomalies, Fig. 8)
and by the formation of sulfur and metal (As, Sb, Zn, Cu) -rich serpen-
tinites equilibrated with H,S fluids (Figs. 10). These fluids are also ex-
pected to exert a strong control on redox sensitive mobility favouring As
mobility over Sb (Fig. 9) and on the assemblages crystallizing in ser-
pentinites, e.g., favouring the formation of magnetite over Fe3*-
serpentine (Fig. 2) and sulfides over sulfate (Fig. 3).

Fast spreading ridge serpentinites display a bimodal distribution of
trace element patterns, with samples having a seawater like signature
(negative Ce*) and others with a gabbroic signature (positive Eu*). This
suggest a two stage serpentinization in this setting, starting nearby the
ridge centre at high temperature, probably enhanced by seawater cir-
culation in the lower oceanic crust, and ending off axis nearby fault
areas.

Both passive margin and forearc serpentinites are free of Ce anom-
alies and only few forearc samples display Eu anomalies with moderate
LREE enrichments. The forearc serpentinites clearly appear as a
geochemical endmember. There, the influence of slab derived fluids
enhances the formation of FME element rich serpentinites with a strong
affinity with COy-rich sediment derived fluids (i.e., enrichments in Cs
and As relative to Rb and Sb respectively; Fig. 9).

Surprisingly, the behaviour of fluid mobile and non-redox sensitive
elements (e.g., Cs, Ba, Rb, B or Li) is poorly affected by these processes
with abyssal serpentinite displaying a homogeneous record at global
scale for these elements. Similarly, carbon concentrations, isotopes and
redox state are poorly variable among geodynamical settings and tec-
tonic contexts. Most of abyssal serpentinites are characterized by a
[Cricl/[Crc] of about 63 % with passive margin serpentinites charac-
terized by a high TIC abundance relative to other geodynamical settings.
The carbon dataset is however affected by sample bias link to limited
access to the deepest part of the lithosphere in which TIC is likely to
decrease, while abiotic organic carbon is likely stable and might repre-
sent a significant, although unconstrained, reservoir of carbon.

Our observations also suggest that the geodynamical settings influ-
ence Fe oxidation processes and, therefore, Hy production at mid-
oceanic ridges. Iron oxidation state in abyssal serpentinites is primar-
ily distributed along a serpentinization gradient affecting the oceanic
lithosphere with depth. Shallow and highly serpentinized peridotites
sampled near the seafloor, often over represented during ocean cruise
sampling, display high Fe®>'/Y Fe ratios. In contrast, slightly serpenti-
nized peridotites expected to compose the deep part of the lithosphere
are poorly sampled. By comparison with on land ophiolites, these rocks
are expected to display relatively low Fe3+/ZFe (Fig. 2). This distri-
bution suggests the existence of a redox gradient mainly controlled by
the serpentinization degree of oceanic lithosphere. Comparing Fe3*/
> Fe in serpentinites from different settings, it clearly appears that
serpentinites from ultra-slow spreading ridges display higher Fe>*/S Fe
than serpentinites from passive margin or forearc setting (Fig. 2), while
serpentinites from slow spreading ridges and transform faults have in-
termediate Fe>'/S Fe, close to that of magnetite. This distribution is
also varying with MgO/SiO, ratios (Fig. 5), suggesting that high MgO
contents, favouring the formation of brucite, is a hindrance to Fe
oxidation and Hy production.
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