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Abstract

Serpentinization processes occur at geological settings notably during oceanic subduction and obduction, where mantle
rocks interact with water. Different types of serpentine minerals form according to temperature and pressure conditions,
and potentially chemical exchanges. Therefore, the characterization of serpentine minerals, and the possible occurrence of
multiple serpentine generations in mantle rocks provide essential constraints on the conditions of fluid—rock interactions
in the mantle. The serpentinite sole of the Peridotite Nappe of New Caledonia (Southwest Pacific) is the result of several
superimposed serpentinisation events. The latter were discriminated using mineralogical and geochemical approaches and
modeling. Lizardite represents more than 80% of the entire serpentine content of the ophiolite. It is crosscut by several
veins of other serpentine species in the serpentinite sole. The relative chronology appears as follows: lizardite 1 — lizardite
2 — antigorite — chrysotile — polygonal serpentine. The transition from primary/magmatic minerals to lizardite 1 is almost
isochemical. Then, the development of lizardite 2 yields an enrichment in fluid-mobile elements such as Cs, Rb, Ba, U and
light rare-earth elements and an apparent increase of the Fe**/Fe ratio. The modeling of 8'%0 values (1.9-13.9%0) and 8D
values (88—106%o) of all serpentine species through Monte-Carlo simulations show that New Caledonia serpentines were
mainly formed in equilibrium with fluids released by the dehydration of altered oceanic crust (AOC) during subduction
between 250 and 350 °C. AOC-derived fluids are not the unique source of fluids since a low temperature (100-150 °C)
meteoric component is also predicted by the models. Thus, serpentine acts as a tape-recorder of fluid—rock interactions into
the mantle from depth to (sub-)surface.

Keywords Serpentinization - New Caledonia ophiolite - Subduction - Obduction - Serpentine geochemistry - Meteoric fluid
circulation

Introduction

Serpentinization is a hydrothermal alteration process that

leads to upper mantle hydration. Serpentine minerals
are ubiquitous in ultramafic rocks from various geologi-
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two decades: In divergent environments, which include
ultraslow and slow-spreading centers and mantle-exhuming
passive margins, serpentine occurs mainly along fractures
and detachment faults, weakening the upper mantle, pro-
moting strain localization and resulting in the exhumation
of serpentinized peridotites at the seafloor (Andréani et al.
2007,2014; Cannat et al. 1995; Chenin et al. 2017; Delacour
et al. 2008; Gillard et al. 2019; Guillot et al. 2015; Mével
2003; Picazo et al. 2012). Such tectonic processes involve
significant mass transfer between the mantle and oceanic
reservoirs (Alt and Shanks IIT 2003; Iyer et al. 2008; Kodola-
nyi et al. 2012; Pinto et al. 2016; Rouméjon et al. 2015;
Schwarzenbach et al. 2015). Also, the rheology of serpenti-
nized rocks strongly influences deformation and seismicity
in the forearc and controls geodynamics of the subduction
zone (Hyndman and Peacock 2003; Peacock and Hyndman
1999; Stern 2002). Here again, serpentine is assumed to be
one of the most efficient ways to recycle water and fluid-
mobile elements (FME) into the deeper mantle (Debret et al.
2013; Deschamps et al. 2011, 2012; Klein et al. 2017; Poli
and Schmidt 2002; Riipke et al. 2004; Savov et al. 2005;
Scambelluri et al. 2004). Thus, the uppermost part of the
oceanic lithosphere is hydrothermally altered before enter-
ing subduction zones. Then, the dehydration of the subduct-
ing slab favors the formation of forearc serpentine, which
hosts a large amount of water (up to~ 13 wt%). The cir-
culation of such an amount of aqueous fluids may, in turn,
transport fluid-mobile elements (FME) deep into the mantle
down to~ 150 km (Ulmer and Trommsdorff 1995; Wunder
et al. 2001). At temperature above ~650 °C, serpentine is
no longer stable and aqueous fluids are liberated by serpen-
tine breakdown, triggering mantle wedge melting that gives
rise to arc volcanism (Hattori and Guillot 2003; Iwamori
1998; Reynard 2013; Schmidt and Poli 1998; Ulmer and
Trommsdorff 1995, 1999). Therefore, studying serpentinite
is fundamental in the aim of addressing questions about
plate tectonics and global geochemical cycles.

When convergence results in the closure of ocean basins,
slices of the forearc mantle may be obducted. Serpentinite
then acts as a lubricant, facilitating the ophiolite emplace-
ment and subsequent exhumation of the high pressure rocks
(Agard et al. 2016; Guillot et al. 2000,2009; Schwartz et al.
2001). However, the conditions of fluid-rock interactions
and serpentine formation, as well as the nature and source
of serpentinizing fluids, are mostly unconstrained.

In New Caledonia (NC), large ultramafic massifs form an
extensive and well-exposed ophiolite obducted during the
Late Eocene, termed Peridotite Nappe (Fig. 1; Avias 1967).
Peridotites recorded various degrees of serpentinization, and
the base of the Peridotite Nappe is made of a thick serpen-
tinite sole characterized by multiple generations of serpen-
tine veins, the origin of which remains unclear (Frost et al.
2013; Gautier et al. 2016; Mothersole et al. 2017; Quesnel
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et al. 2016b; Ulrich et al. 2014). In this paper, the source
and nature of the fluids involved in the serpentinization are
therefore unraveled thanks to new petrological, mineralogi-
cal and geochemical data as well as geochemical modeling.

Geological settings

New Caledonia is an island of the SW Pacific, ~ 1300 km to
the east of Australia, which forms the northernmost part of
the Norfolk Ridge, an elongated slice of thinned and largely
submarine continental crust, rifted from the Gondwana
margin during the Late Cretaceous. The Peridotite Nappe
tectonically overlies a patchwork of pre-Oligocene terranes
and covers at present about one-third of the island. The main
unit is located in the south of the island, so-called Massif
du Sud, and several tectonic klippes are spread along the
West coast (Fig. 1). All these units result from the evolution
of a marginal basin that opened to the east of the Norfolk
Ridge during the Campanian—Paleocene (90-55 Ma; Cluzel
et al. 2001). This basin was inverted at 56 Ma by north-
eastward-subduction (Cluzel et al. 2012a) and the upper
plate of the system (the Loyalty Basin) was obducted at ca.
34 Ma (Cluzel et al. 1998) when the Norfolk ridge entered
the trench and jammed the Eocene subduction. Harzburgites
and dunites formed in a supra-subduction zone environment
are predominant, while lherzolites, inherited from the initial
marginal basin are also found in the northernmost massifs
(Pirard et al. 2013; Secchiari et al. 2016, 2019; Ulrich et al.
2010). The Peridotite Nappe bears a lateritic regolith (up to
100 m thick) that contains ~ 10% of the world Ni reserves
(McRae 2018). The Peridotite nappe overlies the Poya Ter-
rane, which corresponds to a large composite allochthon
formed of two sub-units: (i) tectonic slices of massive and
pillow basalt (Poya Terrane Basalts) of dominant MORB
affinity and abyssal argillites of Campanian to Early Eocene
age (Aitchison et al. 1995), derived from the upper oceanic
crust of the South Loyalty Basin (Cluzel et al. 1997; Eissen
et al. 1998) and accreted in the fore-arc region of the Loyalty
Arc (Cluzel et al. 2001), and (ii) Coniacian—Santonian distal
turbidites (Kone Facies) accumulated on the ancient passive
margin of the Norfolk Ridge, and intruded by lower Eocene
dolerite sills of EMORB affinity (Cluzel et al. 2018).

The serpentinization processes of the Peridotite Nappe
have never been studied in-depth, while peridotites are
highly serpentinized. Orloff (1968) highlighted, for the first
time, the decreasing degree of serpentinization from bottom
to the top of the ophiolite. More recently, Frost et al. (2013)
identified three generations of serpentine veins in a dunite
sample: two-first generations of lizardite and the last one
of chrysotile. The transformation of lizardite to chrysotile
would have been accompanied by the release of Fe and the
subsequent formation of magnetite. Mothersole et al. (2017)
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Fig.1 Simplified geological map of New Caledonia, showing the exposures of Paleocene-Eocene terranes, (adapted from Maurizot). Pre-obduc-

tion situation is modified from Cluzel et al. (2012a,b)

used NC serpentinites as proxies of mantle wedge serpen-
tinites and compared them with those from the 1520° N
fracture zone in the Mid-Atlantic Ridge to evaluate the effect
of hydrothermal alteration on a budget of major and minor
elements in the two different geodynamic settings (Mother-
sole et al. 2017). They concluded that serpentinization was
nearly identical in the two environments, except more oOXi-
dized Fe as well as enrichments in Cl, S, and C in abyssal
serpentinites compared to the forearc serpentinites. Serpen-
tine-bearing faults were extensively studied (i) to character-
ize their kinematics and the mechanisms of NC ophiolite
emplacement on the continental basement (Gautier et al.
2016; Quesnel et al. 2016b), and (ii) to constrain the car-
bonation and silicification of the serpentinite sole in relation
to meteoric fluid percolation (Quesnel et al. 2013,2016a;
Ulrich et al. 2014) and (iii) to understand the formation of
secondary Ni-rich phyllosilicates, mostly talc-like phases, in
serpentine-filled fractures at the top of the ophiolite (Cathe-
lineau et al. 2015,2016; Fritsch et al. 2016; Muifioz et al.
2019). High temperature, slab-derived fluids are proposed
for the origin of syntectonic tremolite—antigorite veins,
which are widespread in the Peridotite Nappe (Cluzel et al.

2019). But the source and nature of fluids in equilibrium
with the main serpentinization episode that affected the
whole ophiolite remains, however, unconstrained.

Materials and methods
Sampling and analytical strategies

A collection of 30 samples, collected from 5 different mas-
sifs (the Massif du Sud, Kopeto, Koniambo, Tiébaghi and
Poum), includes serpentinized harzburgites, lherzolites and
dunites referred to as “upper serpentine” hereafter, as well
as serpentinites from the sole of the Peridotite Nappe. They
represent most rock types and serpentine occurrences of
the NC ophiolite.The serpentinites were characterized by:
(1) Raman spectroscopy, to identify serpentine species, (2)
major and trace element chemistry of primary minerals and
serpentines crystals, to evaluate the chemical mobility dur-
ing fluid—rock interactions, (3) oxygen and hydrogen isotope
geochemistry of each serpentine variety to discuss the source
of fluids involved in the serpentinization processes.
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Raman spectroscopy

Raman spectra were acquired at ENS Lyon (France) using
a Horiba Jobin—Yvon LabRam HR800 spectrometer and
a visible ionized argon laser source with a wavelength of
514 nm. Output laser power was 100 mW, and measure-
ments were performed using an Olympus lens of 100 X to
focus the laser beam onto an area that was 1 pm in diam-
eter. Analyses were carried out on 30 um polished thin sec-
tions. Spectra result from the average of five acquisitions of
10-20 s for each point measured to optimize the signal/noise
ratio. Raman spectra were recorded in two spectral inter-
vals: 2001250 cm™! for structural bonding characterization
and 3550-3800 cm™! for the characterization of hydroxyl
groups. Serpentine species were mainly identified by com-
paring spectra with those already published (Auzende et al.
2004; Lemaire 2000), focusing on the OH stretching range.

Mineral chemistry

Electron microprobe analyses of minerals were carried out
with a Cameca SX 100 at Service Commun de Microsco-
pie Electronique et de Microanalyses (SCMEM, Nancy,
France). All analyses of major elements, Na, Mg, Al, Si,
K, Ca, Ti, Cr, Mn, Fe, Ni, were made against natural and
synthetic mineral standard: albite (Si, Na), corundum (Al),
andradite (Ca), olivine (Mg), hematite (Fe), MnTiO; (Mn,
Ti), NiO (Ni), orthoclase (K), with the exception for ser-
pentine measurements for which Mg was calibrated using
natural clinochlore. Acceleration voltage and beam current
were 15 kV and 12 nA, respectively, the counting time was
10 s, and standard correction procedures were applied. The
beam diameter was focused to 1 um. Total Fe content is
calculated on a divalent basis, as FeO. Structural formu-
lae were calculated based on of the following number of
oxygens: olivine, 4; pyroxene, 6; lizardite, chrysotile and
polygonal serpentine, 7. Antigorite has a general formulae
Mgs,,_351,,,05,,(OH),,,_¢ that differs from the idealized
serpentine formula Mg;SiOs(OH), by a minor Mg(OH),
depletion, m being the number of tetrahedra along an entire
wavelength. Structural formulae for antigorite were calcu-
lated based on m=17.

Fe?* and Fe’* contents in serpentine were calculated
using the approach described by Beard and Frost (2017).
Thus, in the (Mg+Fer) pfu vs. (Si+ Al) pfu space, the
microprobe analyses of serpentine lie along a linear trend
that extends from pure Mg serpentine (lizardite/chrysotile
or antigorite) to brucite (Mg(OH),). The trend towards
brucite is a consequence of extremely fine-grained serpen-
tine—brucite intergrowths. According to Beard and Frost
(2017), the deviation of a serpentine analysis from the bru-
cite trend reflects the stoichiometric effects of ferric iron
substitutions in the crystal chemistry of serpentine. Here, a
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full dioctahedral substitution is assumed, meaning that ferric
iron is accommodated in the serpentine structure by substitu-
tion for divalent cation plus the addition of a vacancy in the
octahedral sheet. In this case, a serpentine that integrates a
significant amount of ferric iron would deviate from the bru-
cite trend, showing lower (Mg + Fey) pfu at a given (Si+ Al)
pfu. Considering that this deviation is only caused by ferric
iron substitution, the following equation provides Fe** pfu:

Fe** = —xx (Si+ Al +7 — (Mg + Fe;), )

where x is the ideal number of Si cations when the serpen-
tine formula is calculated for seven oxygens (i.e., 2 in lizar-
dite/chrysotile and 2.05 in antigorite).

A High-Resolution Laser Ablation Inductively Coupled-
Plasma Mass Spectrometer (HR-LA-ICP-MS) at the Geo-
sciences Ocean laboratory (Brest, France) composed of
a 193 nm MicroLas CopexPro Coherent coupled with an
Element II ICP-MS has been used for trace element ana-
lyzes. Laser ablations were performed with a constant 5 Hz
pulse rate, with an ablation crater of 90-120 pum in diam-
eter. The number of pulses was 200, which is sufficient to
form a long and stable signal for integration. The ablated
material is transported using a constant He flow and mixed
with Ar in a cyclone coaxial mixer before entering the ICP
torch and being ionized. The ions are then sampled, acceler-
ated and focused before being separated and analyzed in the
mass spectrometer. 2°Si content—known from prior elec-
tron microprobe analyses—was used as internal standard
and concentrations were calibrated against the NIST 612
rhyolitic glass using reference values from Pearce et al.
(1997). Data reduction was carried out using SILLS soft-
ware, following the standard methods of Longerich et al.
(1996). Detection limits were between < 1 and 60 ppb for
most trace elements, < 0.5 ppm for B, Li, Mn, Co, Ni, As
and between 1 and 50 ppm for Mg, Ca, Ti considering a spot
size of 120 pm.

Stable isotope measurements

Stable oxygen and hydrogen isotope compositions were
measured from separated serpentine fragments at the Stable
Isotope Laboratory at the University of Lausanne. Separated
powders were obtained by micro-drilling using a drill of
500 um of diameter for the largest veins of antigorite and
chrysotile. A smaller drill of 100 um of diameter was used to
sample the mesh core of lizardite. Serpentine samples were
then purified from magnetite grains using a hand-held mag-
net and potential denser primary minerals were separated by
settling in water. Oxygen isotopes were measured according
to a method adapted after Sharp (1992). Between 1 and 2 mg
of powder are loaded in a Pt sample holder and heated with a
CO,-laser under a F atmosphere and a pressure of 50 mbar.
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The liberated oxygen is analyzed as O on a Finnigan MAT
253 mass spectrometer. Hydrogen isotope were measured
by applying the method of Sharp et al. (2001). Between
0.5 and 1 mg of sample powder is loaded in a tin capsule
and reduced by reaction with glassy carbon at 1450 °C in a
helium carrier gas-producing H and CO. Produced gases are
separated in a gas chromatograph and analyzed in a Finnigan
MAT Delta Plus XL mass spectrometer configured to make
hydrogen isotope analyses in continuous flow mode. Results
are given in the standard 8-notation, expressed relative to
Vsmow in permil (%o). Replicate oxygen isotope analyses of
the standards (UWG-2 garnet) yielded an average precision
of +0.25%o for 8'80 values. The precision of the G1 biotite
in-house standards for hydrogen isotope analyses was = 2%o.

Results
Serpentine petrography

In agreement with the work of Orloff (1968), whereas the
degree of serpentinization is moderate to high throughout
the ophiolite (> 50%, “facies normal”, Fig. 2a, b), it is close
to 100% near the base, giving to the rock a typical dark color
(“facies de base”; Fig. 2c). Locally, near the top of the mas-
sifs, the degree of serpentinization is less than 10% (“facies
superieur”). There, serpentine occurs along fracture walls
and also forms mm-thick black veins pervasively surround-
ing preserved grains of olivine and pyroxene.

Fig.2 a, b. Slightly (<20%) to
moderately (~50%) serpenti-
nized peridotite, respectively,
corresponding to the “facies
supérieur” (b) and “facies
intermediaire” (a) described in
Orloff (1968). ¢ Serpentinite
from the base of the ophiolite
nappe, just above the serpen-
tinite sole. d—f Serpentinite
from the serpentinite sole
showing multiple generations of
serpentine in the form of veins
and fracture infilling. These
serpentines include centimeter-
scale greenish veins (d) that are
crosscut by millimeter-scale
veins filled by fibrous serpen-
tine and/or light green to white-
colored massive serpentine (e, f)

The base of the ophiolite consists of a schistose and
intensely brecciated serpentinite sole of 20-300 m thick.
Breccias are composed by mm to dm-scale blocks (phacoids)
of totally serpentinized peridotite embedded in a matrix
of sheared serpentinite. Several generations of serpentine
can be identified even at naked eye: massive serpentinite is
crosscut by mm to cm-thick, yellow to light-green serpentine
veins (Fig. 2d). These veins are systematically surrounded
by dark seams of magnetite and the overall is frequently
crosscut by mm-thick fibrous veins, the latter being occa-
sionally replaced by veins of greenish to white serpentine
(Fig. 2e, f). This greenish to white serpentine may also com-
pose large amounts of the breccia matrix. In thin section, the
latest generations of serpentine occur almost exclusively as
limited domains or veins formed after microfracture infilling
(Fig. 3b—d). Larger domains of replacement can be found,
but they usually correspond to the strongly deformed area
where secondary serpentine composes the breccia matrix.

In the less serpentinized samples, serpentinization starts
at the boundaries of olivine grains and along micro-frac-
tures (Fig. 3). It progressively extends from the rim to the
core of the grains as the serpentinization degree increases,
giving the rock a typical mesh texture (see S1 in Fig. 3a).
In general, olivine is strongly affected by serpentinization,
while orthopyroxene remains relatively preserved or develop
bastite rims around fresh cores. Iron released during serpen-
tinization crystallized as magnetite rimming olivine grains
and along mm-scale fractures, forming dark seams (Fig. 3a).

@ Springer
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Fig.3 a Microphotography
(cross-polarized) of the typical
mesh texture (S1) observed in
serpentinized peridotite and ser-
pentinites from the upper parts
of the Peridotite Nappe. Black
veins correspond to magnetite
(sample MS60). b Micropho-
tography (cross-polarized) of
the serpentinite sole show-

ing the primary mesh texture
(S1) crosscut by 4 successive
generations of serpentine veins
(S2-S5; sample xx3786). ¢
Microphotography (cross-
polarized) of the serpentinite
sole showing the primary mesh
texture (S1) crosscut by S3
veins, itself crosscut by fiber-
habitus S5 veins and the close
association between S5 and S6
serpentines (sample xx3758). d
Schematic representation of (b).
mgt magnetite, chr chromite

Six generations of serpentine have been identified in the
sole (S1-S6 in Fig. 3). The first generation of serpentine
after the primary mesh texture (S1) forms homogeneous
domains that display the same grey color as the mesh tex-
ture under cross-polarized light (S2, Fig. 3b, d). Black veins
of magnetite identical to those observed in the mesh texture
are present in S2, and extend parallel to the S2 borders. The
limits of the S2 domain are diffuse, suggesting progressive
replacements of the mesh texture S1. Both serpentine gen-
erations are closely associated with pm to mm-thick veins of
serpentine of a characteristic bluish-grey color under cross-
polarized light (S3, Fig. 3b—d). S3 veins are made of decus-
sate blades of tens of micrometers in size, giving these veins
a typical interlocking texture. The borders of S3 veins are
marked by the accumulation of magnetite grains, both inside
and outside the veins. S4 veins occasionally crystallize in
tension gashes, similarly to S5 veins and exhibit transitional
texture between the decussate blades of S3 and the fibrous
habitus that characterizes S5. Fibers can reach ~200 um in
size and have a grey to yellow birefringence under cross-
polarized light (Fig. 3b, c¢). They are commonly oriented
perpendicularly to the vein edges. The latest serpentine
generation (S6) occurs as replacement of previous serpen-
tine generations, forming veins (Fig. 3c) or covering large
domains that form the matrix of breccias as shown by Ulrich
et al. (2014) and Quesnel et al. (2016b).

Nature of serpentine polymorphs

The typical Raman spectra for the different generations of
serpentine (i.e., from S1 to S6, as previously described)
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are displayed in Fig. 4. Their specific spectral signatures
allow identifying serpentine species (Fig. 4; Auzende et al.
2004; Lemaire 2000). Except for minor changes in the low
wavenumber region, the discrimination and identification
of serpentine minerals are mainly based on the OH stretch-
ing bands located in the range 3600-3750 cm™!. Lizardite
characterized by peaks at 3685 and 3706 cm™!, is the most
abundant variety, forming the S1 and S2 generations. In con-
trast, the typical Raman spectrum obtained for S3 veins cor-
responds to antigorite, with characteristic peaks at 3670 and
3699 cm™!. S5 perfectly matches with the spectral signature
of chrysotile, and S4 corresponds to a mixture of antigorite
(S3) and chrysotile (S5). Finally, the serpentine S6 is identi-
fied as polygonal serpentine, characterized by a weak band
at 3648 cm™! and a doublet at 3690 and 3697 cm™~! (Cathe-
lineau et al. 2016).

Chemistry of primary minerals

The representative compositions in major and trace elements
of primary minerals and each serpentine variety identified
are presented in Tables 1 and 2. The supplementary table S1
provides all the data. Standard deviations are 20. Analyses
of the primary minerals are consistent with those previously
published for the NC peridotites (Frost et al. 2013; Mother-
sole et al. 2017; Pirard et al. 2013). Olivine is Foy, (Fig. 5)
and has a NiO content of ~0.4 wt% (Ni=0.1 pfu) and MnO
content of ~0.16 wt%. Olivine is also characterized by an
extreme depletion in trace elements so that they are usu-
ally close, or below, the detection limit. High-field strength
elements (HFSE) have Primitive Mantle (PM)-normalized
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Fig.4 Raman spectra of the main serpentine species identified in this study

concentrations varying between 10~ and 107! (Fig. 6).
Orthopyroxene is mainly enstatite and has a constant Mg#
similar to olivine (0.91). CaO content ranges between 0.42
and 2.79 wt% with an average value of 1.06 wt% (Ca=0.04
pfu). Al,O; and Cr,0; have concentrations ranging between
2.27 and 4.51 wt% and 0.56 and 0.88 wt%, respectively, and
a corresponding Cr# of ~0.12 and down to 0.09, reflecting
a high degree of depletion of the peridotite. PM-normalized
trace element patterns show that orthopyroxene is strongly
depleted in light rare-earth elements (LREE), with Cey/
Yby <0.05. Clinopyroxene is diopside and is mainly pre-
sent in spinel and plagioclase lherzolite, although some
occurrences may be observed in harzburgite, mostly from
exsolution in orthopyroxene. Clinopyroxene is character-
ized by slightly higher Mg# (~0.93) and Al,O; of ~4.16 wt%
(A1=0.2 pfu) and Cr,0; of 0.94 wt% (Cr#~0.13). PM-nor-
malized trace element patterns show a strong fractionation
of LREE relative to heavy (H)REE (Cey/Yby<0.01) and
a nearly flat HREE pattern (Dyy/Yby~0.8). Slight Sr and
Eu anomalies are observed and reflect equilibrium with
plagioclase.

Chemistry of serpentine

Lizardite replacing primary minerals in the upper parts of the
massif (upper serpentines) has been divided in four types:
lizardite after olivine (i.e., in the mesh core), lizardite in the
mesh rim, lizardite after orthopyroxene and lizardite after
clinopyroxene. All have H,O content of ~ 13 wt%, which
is consistent with the hydroxyl stoichiometry of lizardite.
Lizardite after olivine shows rather homogeneous composi-
tions with ~41 wt% SiO, and MgO (Si=2.0 pfu, Mg=2.9
pfu) and ~4 wt% FeO (Fe** =0.2 pfu). Compared to olivine,
mesh cores have higher Al,O; content (~0.3 wt%) and lower
NiO content (~0.2 wt%). Mesh rims are characterized by
lower SiO, and MgO contents (38 wt% and 37 wt%, respec-
tively). FeO content is higher (> 10 wt%, Fe>* =0.5 pfu) and
may reflect the presence of minute grains of magnetite in the
mesh rims. Bastite contains 38—-42 wt% SiO,, and is usually
characterized by lower Si at a given Mg + Fe; compared to
lizardite after olivine, and displays higher Cr and Al con-
tents. Mg# varies between 0.91 and 0.97, with an average
of 0.92 (Fig. 5). Bastites formed either after orthopyroxene
or clinopyroxene do not show any difference in the major
element concentrations. Regarding the Fe oxidation state
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Polygonal

Chrysotile
Vein

Antigorite

Lizardite

Clinopyroxene

Orthopyroxene

Lizardite Lizardite Olivine

Lizardite

Type

Vein and breccia

matrix

Vein

Clast and breccia matrix

Bastite

Bastite

Mesh core

Texture

Cpx

Opx

Primary  Olivine

miner-

als

xx3786a

xx-3758 KOP-3

Ti -50 Poum- XX- Ti-47 xx-3758 KOP-3 Ti-47 xx-3758  xx-

Poum-

TI-48

Ti-50 TI- Poum-
13

Ti-6

Ti -50

Ti-6

Sample
name

3786a

3786a

11

50Ti-50

0.158 0.019 0.071 0.014 0.025 0.027 0.025 0.027 0.024 0.069 0.003
0.005

0.732

<0.026 0.039

<0.002
<0.004

0.063 0.003 0.045 0.055 0.028

0.007
0.002

0.002

Pb
Th
U

<0.0005
0.003

<0.002 0.001 <0.0008 <0.002
0.043

0.016

<0.0008 <0.002

0.010

<0.0003
0.024

<0.001 0.004 0.001 <0.002
0.003 0.003

<0.001

<0.001 <0.005 0.006 <0.001
0.002

<0.007
0.002

0.014

0.008

<0.003

0.001

0.002

<0.003

<0.0004 <0.004

in upper serpentines, our estimates show that Fe is mostly
divalent (Fe3+/FeT <0.1, Fig. 5d), consistently with previous
estimates made by Beard and Frost (2017).

Primitive Mantle normalized trace element patterns of
upper serpentines are presented in Fig. 6. Despite some
slight differences (particularly some enrichments in large
ion lithophile elements, LILE), PM-normalized trace ele-
ment patterns of serpentines match well those of primary
minerals. Minor and trace elements in lizardite after olivine
is highly depleted (Ti: 10.0-85.8 ppm; Mn: 125-1059 ppm;
Co: 18.7-81.1 ppm; Y: 0.060-0.375 ppm), with a strong
fractionation between LREE and HREE (0.008 < (Ce/
Yb)y <0.132). Lizardite after orthopyroxene is slightly less
depleted in minor and trace elements (Ti: 158—174 ppm; Mn:
568-635 ppm; Co: 26.8 ppm; Y: 0.907-0.994 ppm) but still
shows LREE depleted patterns and strong LREE/HREE
fractionation (0.02 < (Ce/Yb)y <0.162) similar to lizardite
after olivine. LREE are depleted in serpentine after clino-
pyroxene. Elements such as Y (7.81 ppm), Ti (2163 ppm),
Mn (1460 ppm) and Co (67.4 ppm) are enriched compared
to lizardite after olivine and orthopyroxene. Only one occur-
rence of lizardite after clinopyroxene was found, confirming
that the clinopyroxene is more frequently transformed into
amphibole (tremolite) than serpentine during the hydra-
tion processes. Regarding fluid-mobile elements (FME),
upper serpentines are enriched in B (4.71-24.3 ppm), Sb
(0.007-0.016 ppm) and U (0.854-2.74 ppm) and depleted
in Li and Sr with respect to Depleted Mantle (DM) values
(Fig. 7). More specifically, Pb and Sr concentrations are
similar to those previously published for NC serpentinized
peridotites (Secchiari et al. 2016, 2019; Ulrich et al. 2010),
and overlap the fields of abyssal serpentinites and subducted
serpentinites with some sedimentary contributions. Upper
serpentinites display B, Li and Sb concentrations lower than
those of other serpentinites worldwide (Fig. 7). Arsenic is
always below the detection limits.

In the serpentinite sole, all serpentine species display
homogeneous major and trace element compositions.
They contain ~44 wt% SiO, (Si=2.0 pfu), ~40 wt% MgO
(Mg =2.8 pfu),~ 13 wt% H,0 and they are characterized by
very low FeO (~2 wt%, Fe <0.1 pfu) and Al,0, (<0.1 wt%,
Al<0.005 pfu; Fig. 5) and very high Mg# (~0.98) compared
to upper serpentines. Calculated Fe®*/Fe ratio shows that
serpentines from the sole integrate significant amounts of
ferric iron: on average, lizardite and chrysotile have Fe>*/
Fey ratio of ~0.2, antigorite, 0.35, and polygonal serpentine,
0.7 (up to 1). They also show HFSE depletion similar to that
described in upper serpentines. However, they are slightly
more depleted in HREE and significantly more enriched
in LREE, except Ce which has a similar concentration to
that of moderately serpentinized NC peridotites. Serpen-
tines from the sole display a strong Ce negative anomaly
(Ce/Ce*=0.009-0.739, Fig. 7). They also display enriched
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Fig.5 Plots of a Si+Al cations vs. Mg+Fe cations; b Mg cati-
ons vs. Fer cations; ¢ Fep cations vs. Al cations; and d Mg# (Mg2+/
(Mg** +Fe?™)) vs. Fe**/Fe; (lower right), showing that serpentine
from the sole integrates less Al and Fe and more oxidized iron than
upper serpentines. Compositions of primary minerals are also shown.
Ol olivine, Opx orthopyroxene, Cpx clinopyroxene. Atoms per for-

concentrations in FME relative to upper serpentines (B:
2.13-8.52 ppm; Sb: 0.005-0.057 ppm; Li: 0.054-0.543; Cs:
0.004-0.022; Rb: 0.014-0.275 ppm; Ba: 0.066-0.952 ppm;
Pb: 0.002-0.133; Sr: 0.202—4.05 ppm) with a pronounced U
positive anomaly (U: 0.001-0.043 ppm; Fig. 6). Similarly to
upper serpentines, as concentrations in the serpentinite sole
were too low to be determined (Table 2).

mula units are calculated based on 7 oxygens for serpentine minerals,
except for antigorite which is calculated based on 6.823 oxygens. Oli-
vine and pyroxene structural formulas are calculated based on 4 and 6
oxygens, respectively, and then converted to 7 oxygens for compari-
son with serpentine minerals. Brucite and Fe** dioctahedral substitu-
tion trends are from Beard and Frost (2017)

0 and H stable isotope composition

The 5'0 and 8D values of fresh peridotites are +5.5%¢ and
—70%o, respectively, which are consistent with mantle rock
compositions (Deloule et al. 1991; Eiler 2001). Serpentines
display a wide range of 8'30 values from +1.7 to 4+13.9%.
In contrast, 8D values are quite homogeneous (— 107 to

@ Springer
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Fig.6 PM-normalized extended trace element patterns of serpentine
minerals. a Lizardite from upper serpentines compared to their mag-
matic mineral precursors (olivine, orthopyroxene, clinopyroxene).
The first serpentine generation (lizardite S1) preserves the initial trace
element patterns. b Trace element patterns of lizardite from the ser-
pentinite sole (S2) compared to lizardite S1. ¢ Trace element patterns
of antigorite (S3) from the serpentinite sole compared to lizardite S2.

—88%0). No systematic difference can be observed between
serpentine species (Table 3).

The upper serpentines (i.e., lizardite) display a narrow
range of isotopic compositions: +5.4%¢ < 880 <4 6.9%0
and — 103%o0 < 8D < — 97%o. In the serpentinite sole, the
8!80 and 8D values of lizardite are somewhat broader:
8'%0,;,=+2.2 to+ 5.7%c and 8D,;, = — 107 to —97%o. The
whole range of values including other serpentine species
from the sole is +1.7 to +12.2%0 for oxygen, — 107 to
— 88%o for hydrogen. Two samples (Ti 5la—1, —2, Poum
4-6, —2, -3) have traces of amorphous silica, and also
the highest 5'%0 values. Such high values are likely due
to amorphous silica, which has high §'%0 values around
+30%0 (Quesnel et al. 2016a). For this reason, these data
will not be considered further in the following discussion.
The isotopic compositions of serpentines are thus assumed
to range between +1.7 and +7.9%o0 for 8'%0, and from
— 107 to — 88%o for 6D.

@ Springer
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d Trace element patterns of chrysotile (S5) and polygonal serpentine
(S6) from the serpentinite sole compared to lizardite S2. S1-S2 tran-
sition is marked by an enrichment in fluid-mobile elements (in blue),
especially with a pronounced U positive anomaly and an enrichment
in LREE except for Ce. S2 to S6 transitions occurred isochemically.
Primitive-mantle values are from McDonough and Sun (1995)

Discussion

Deciphering the source of serpentinization
fluids and conditions of serpentinization

from the serpentine chemistry: a new modeling
approach

The New Caledonia serpentines plot away from the field
of oceanic serpentines defined in the literature (Sakai et al.
1990; Wenner and Taylor 1973), therefore excluding the
involvement of seawater in the serpentinization process
(Fig. 8a). Some trace element concentrations also confirm
this inference (Fig. 7), since abyssal serpentines are usually
characterized by a high U/Th ratio, attributed to seawater
interaction with peridotite (Deschamps 2010; Frisby et al.
2016). U and Th are highly depleted in the mantle (e.g.,
Salters et al. 2002), but U is enriched in seawater relative to
Th (Chen et al. 1986), leading to a significant fractionation
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Fig.7 Plots of concentrations of selected fluid-mobile elements
(B, Li, Sb, Pb, and Sr), U/Th and Ce/Ce* ratios in serpentines from
Upper serpentinites and from the serpentinite sole. Primitive and
depleted mantle values are from McDonough and Sun (1995) and
from Workman and Hart (2005), respectively, except for B, Li and
Sb concentrations in the depleted mantle which are from Salters and
Stracke (2004). Global subducted sediments (GLOSS II) concentra-

between these elements when seawater is involved in serpen-
tinization process. The Ce negative anomaly (Ce/Ce* <1,
with Ce/Ce* equals to CeN/[(LaN*PrN)m]) is typical of
the seawater where Ce" is oxidized tino the less soluble
Ce** (Elderfield and Greaves 1982). Low Ce/Ce* is also
a common feature in abyssal serpentines (Delacour et al.
2008; Frisby et al. 2016; Rouméjon et al. 2015). Frisby et al.
(2016) have recently shown that seawater influences the
LREE budget of serpentine through the addition of La and
Pr, and that Ce/Ce* decreases in abyssal serpentines with
increasing U/Th. NC serpentines, more specifically those
from the serpentinite sole, are characterized by high U/Th
and low Ce/Ce*ratios compared to moderately serpentinized
NC peridotites (Fig. 7). However, U/Th ratio never exceeds
10 in our samples whereas it is >> 10 in abyssal serpentines
(up to 10,000). Also, most of our samples display much
larger Ce negative anomalies than that of abyssal serpen-
tines, thus providing additional evidence that seawater was
unlikely involved in the formation of NC serpentines.
Serpentine with 8D values as low as — 100%o0 have been
identified in other places worldwide, forming the “Ophi-
olite serpentines” field defined by Wenner and Taylor (1973)
where NC serpentines plot (Fig. 8a). These Ophiolite serpen-
tines are commonly assumed to result from the interaction of
peridotite with meteoric or metamorphic fluids either during
obduction or during exhumation and retrograde re-equilibra-
tion of the peridotites (Frith-Green et al. 1996, 2001; Kyser

tions are from Plank (2014). Other concentration ranges are from
Frisby et al. (2016) and Peters et al. (2017) for abyssal serpentinites;
Lafay et al. (2013) and Peters et al. (2017) for serpentines with sedi-
mentary imprints; Ulrich et al. (2010) and Secchiari et al. (2016,
2019) for NC serpentinized peridotites; Ulrich et al. (2019) for later-
ites. Ce/Ce* = CeN/[(LaN*PrN)”2]

et al. 1999; O’Hanley 1996). Typically, very low 8D values
for serpentine minerals (< — 100%o) are attributed to late
serpentinization events due to the circulation of meteoric
waters under subsurface conditions. On the other hand, 8D
values in the range of — 100 to —70%o are better explained
by the presence of composite fluids (Burkhard and O’Neil
1988; Friih-Green et al. 2001).

The O and H isotope compositions of a given serpentine
depend on three main parameters: (1) the isotopic compo-
sition of the serpentinizing fluid (8'%0,;4 and 8Dg;y), (2)
the serpentinization temperature (T), and (3) the water—rock
ratio (W/R) during the reaction. The complex relationships
between these three parameters on one hand, and the isotopic
fractionation factors on the other hand, have been charac-
terized experimentally and from the study of natural sam-
ples (e.g., Saccocia et al. 2009; Sakai and Tsutsumi 1978;
Savin and Lee 1988; Wenner and Taylor 1973; Zheng 1993).
The isotopic compositions of serpentinizing fluids may be
calculated using calibrated serpentine—water isotopic frac-
tionation factors, and assuming W/R values and temperature
(e.g., Alt et al. 2012; Alt and Shanks Iii 2006; Friih-Green
et al. 2001; Kyser et al. 1999; Rouméjon et al. 2015; Sakai
et al. 1990; Thakurta et al. 2009). Alternatively, W/R can be
determined if the composition of the serpentinizing fluid
is known (Agrinier and Cannat 1997; Alt et al. 2007; Bur-
khard and O’Neil 1988; Magaritz and Taylor 1974; Roumé-
jon et al. 2015; Wenner and Taylor 1973). Conversely,
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Table 3 Oxygen and hydrogen
compositions of NC serpentines

Sample Location Protolith ~ Position  Type 8" 0gmow (%0)  Dgmow (%o)
Porl12-1 Massif du sud Du usS liz 2.2 - 106
Por12-2 Massif du sud Du us liz 4.2 —106
Por12-3 Massif du sud Du usS liz 2.9 —106
Por6 Massif du sud Hz usS WR 53 —66
Porl 1 Massif du sud Hz usS WR 5.5 =75
Porl2 Massif du sud Du usS WR 22 -95
Kop6-1 Kopéto Hz Sole liz 4.1 -107
Kop6-2 Kopéto Hz Sole ant 6.3 -98
Kop6-3 Kopéto Hz Sole ant 3.8 -98
Kop6-4 Kopéto Hz Sole ant 53 -98
xx3758 Koniambo Hz Sole ant 4.0 —104
xx3773 Koniambo Hz Sole ant 1.7 -91
xx3778 Koniambo Hz Sole ant 5.1 -
Ko-05-1 Koniambo Hz Sole chrys 4.4 —100
Ko-05-2 Koniambo Hz Sole chrys 4.3 —-102
Ti 24-1 Tiébaghi Lhz Sole liz 29 —103
Ti47-2 Tiébaghi Lhz Sole liz 5.7 -97
Ti 48.06-1 Tiébaghi Lhz UsS liz 5.4 -97
Ti 48.06-2 Tiébaghi Lhz usS liz 5.6 -103
Ti 5-1 Tiébaghi Hz Sole liz 24 -95
TiSlc-1 Tiébaghi Lhz Sole liz 3.0 —-104
Ti47-3 Tiébaghi Lhz Sole ant 1.9 —88
Ti 47-3 dup Tiébaghi Lhz Sole ant 2.1 —88
Ti 52E Tiébaghi Lhz Sole ant 4.9 -95
Ti 52E dup Tiébaghi Lhz Sole ant 53 -95
Ti5-3 Tiébaghi Hz Sole chrys 1.7 -
Ti51a-1 Tiébaghi Lhz Sole chrys 9.5 -91
Ti51a-2 Tiébaghi Lhz Sole chrys 10.8 -91
Ti 54b Tiébaghi Lhz Sole chrys 4.9 —-94
Ti5lc Tiébaghi Lhz Sole WR 2.6 —88
Ti 24 Tiébaghi Lhz Sole WR 1.9 -90
Ti 47 Tiébaghi Lhz Sole WR 5.8 -87
Ti 48.06 Tiébaghi Lhz [ON WR 6.4 -97
Poum 17-1 Poum Lhz UsS liz 6.8 —103
Poum 17-1dup  Poum Lhz [N liz 6.9 —103
Poum 18-1 Poum Lhz usS liz 6.5 —101
Poum 4-5 Poum Hz Sole liz 7.6 —100
Poum 4-6 Poum Hz Sole liz 13.9 -94
Poum 4-1 Poum Hz Sole ant 7.9 —101
Poum 4-2 Poum Hz Sole ant 12.2 —104
Poum 4-3 Poum Hz Sole ant 12.1 —104
UWG-2 gnt (n=16; valeur théorique: 5.8%o) 5.78+0.25 -

G1 Biotite (n=16; valeur théorique: —66%0) - —67+2

US upper serpentinites, Lhz lherzolite, Hz harzburgite, Du dunite, [z lizardite, atg antigorite, ct/ chrysotile,
pol polygonal serpentine, BR bulk rock

the approximative temperature of serpentinization can be
estimated using the serpentine-magnetite geothermom-
eter, based on the oxygen isotope fractionation between
these two cogenetic minerals (Wenner and Taylor 1971).

@ Springer

Actually, this approach is somewhat unsatisfactory because
it requires knowing or arbitrarily setting at least one of the
parameters listed above. For example, in the oceanic context,
serpentine fluids are relatively well constrained because they
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are either seawater or seawater modified by hydrothermal
fluids (Agrinier and Cannat 1997). But for fluids derived
from ancient lithospheric remnants, §'%0j;; and 8Dy, are
generally unknown and need to be assumed or calculated. It
follows that the serpentine-magnetite geothermometer can
hardly be used in the case of multiple serpentinization events
since the related generations of magnetite are challenging to
identify and separate.

In this study, we developed a new approach based on
Monte Carlo simulations to constrain the source of fluids
in equilibrium with NC serpentines based on their oxygen
and hydrogen isotope compositions. Figure 8b—d shows the
result of one million Monte Carlo simulations using the iso-
topic fractionation factors of Wenner and Taylor (1973) (as
modified by O’Hanley 1996) for oxygen isotopes:
1000In a,07°0

serpentine—water

=1.69 x 10°/T% — 4.23, 2)

and of Saccocia et al. (2009) for hydrogen isotopes:

1000 1n P71

serpentine—water

=3.436 x 10%/T? —34.736 x 10° /T + 21.67,
3
where T is the temperature in Kelvin. It should be noticed
that the use of oxygen isotope fractionation factors from
Saccocia et al. (2009) provides quite similar results to those
of Wenner and Taylor (1971) in the temperature range of
250450 °C. However the serpentine—water #0190 frac-
tionation factor of Wenner and Taylor (1971) is applicable
for a wide range of temperature, contrarily to the experi-
mental approach of Saccocia et al. (2009) whose fractiona-
tion factor was calibrated for temperatures > 250 °C. As a
consequence, the use of the Wenner and Taylor fractiona-
tion factor was found more consistent with calculating the
8!80 composition of serpentinizing fluids when no other
constraint on serpentinization temperature is available.
The O and H isotope compositions of a serpentine can be
calculated by applying Sheppard et al. (1969) mass-balance
equation:

Omante + W/R X (5ﬂuid + 1000 In aserpentine—water)
1+W/R ’
“
With S¢erpentines Omante 30d Spyiq are the O and H isotope com-
positions of the serpentine, the mantle and the serpentinizing
fluid, respectively, W/R is the fluid—rock ratio and 1000Ina
is the fractionation factor calculated with Egs. (2) and (3).
Mantle values of 8'%0 = +5.5%¢ and 8D = — 80%o have been
chosen for the composition of the starting material (Deloule
et al. 1991; Eiler 2001). Other parameters are defined ran-
domly for each simulation in the following ranges:
50 <T°C<450,0.13 < WR < 1000, — 40 <3"30y,,4 (%c) <40
and — 200 < 8Dy ;4 (%0) < 20 (see Fig. 8). Although serpen-
tine can be stable at temperature up to~700 °C, the

0

serpentine —

temperature of serpentinization rarely exceeds 350 °C at
spreading centers and 400-500 °C in subduction zones (e.g.,
Evans 2004; Klein et al. 2013; Ulmer and Trommsdorff
1995). Low-temperature serpentinization remains poorly
documented, even though some authors argued for serpen-
tinization might occur at temperature lower than 80 °C (e.g.,
Agrinier et al. 1995; Bonatti et al. 1984). Thus, a low-tem-
perature threshold of 50 °C was chosen arbitrarily. The range
of fluid—rock ratios was chosen considering that 0.13 is the
minimum ratio required to convert an olivine into a serpen-

tine stoichiometrically, and §WR=1000 o gWR=c0 5 ..
serpentine serpentine ut

thresholds were chosen so that almost all compositions of
terrestrial fluids were covered (Hoefs 2009). In our modeling
approach, a simulation is considered to be valid when the
modeled serpentine displays 8'30 and 8D compositions that
are in the range of NC serpentinites (1.7%o < 8'%0 <7.9%o;
—107%0 < 8D < —88%0). Results are provided in supplemen-
tary materials and are presented in Fig. 8:Fig. 8b reports the
calculated 5'%0 and 8D compositions of fluids that are able
to reproduce a serpentine that matches the O and H composi-
tions of NC serpentines. Among 1 million random simula-
tions, ~6500 were consistent with the O and H signatures of
NC serpentines. Figure 8c, d show, respectively, the calcu-
lated 8'80y,;4 and 8Dy, as a function of the correspondent
temperatures of serpentinization. Results of Monte-Carlo
simulations show that fluids in equilibrium with NC serpen-
tines extend between the meteoric water line and an area
defined between +3 and +8%o in 8'%0 and —80%¢ and
—60%0 in 8D in which most of the results plot (~40% of
6500 simulations, see the red, white cross-hatched area in
Fig. 8b). Fluids that fall into this area have interacted with
the mantle at temperatures between ~ 250 and 430 °C (the
white cross-hatched areas in Fig. 8c, d), while interactions
with fluids showing negative 8'%0 and higher 8D signatures
(> —60%0) occurred at lower temperatures (100-200 °C;
Fig. 8c, d). With a few exceptions, our calculations show that
NC serpentines were formed at relatively high W/R (> 1)
(see Figure S1 in supplementary materials).

Origin of NC serpentinites
From deep serpentinization...

Based on the new petrological, mineralogical, geochemical
and modeling data presented here, the chronology of serpen-
tinization of NC peridotites would be as follows. First, the
decreasing serpentinization degree from bottom to the top of
the Peridotite nappe is good evidence for a fluid circulation
mainly located at the base of the ophiolite. Since the NC
ophiolite was in the forearc position for~20 Ma before its
obduction on the Norfolk Ridge, the most likely source of
the fluids forming pervasive lizardite S1 would come from

@ Springer
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dehydration of the subducting slab. As our results fall into
the Alpine Ophiolite-type field of Wenner and Taylor (1973),
they are consistent with this assumption. Consequently, three
potential sources of fluids present in the recycled oceanic
lithosphere can contribute to hydrating the mantle wedge:
the altered oceanic crust (AOC), the subducted sediments
and the subducted abyssal serpentinites. The fluids in equi-
librium with all of these components have distinct signatures
in trace elements and stable isotopes that also sharply differ
from the composition of the mantle wedge (Eiler et al. 1998;
Kodolanyi et al. 2012; Peters et al. 2017). One of the best
examples documented worldwide is provided by the forma-
tion of serpentine mud volcanoes along the Marianna Trench
(Fryer 1992). The geodynamics in this region approximates
the one assumed for the South Loyalty Basin at the subduc-
tion time, and the occurrence of serpentinite seamounts pro-
vide a unique window for studying fluid circulations into the
forearc mantle. Alt and Shanks III (2006) used typical $'30
and OD values for the AOC, oceanic sediments, and abyssal
serpentinites to predict the isotopic compositions of fluids
in equilibrium with each subducted component, and deter-
mine the source of serpentinizing fluids in the Marianna
forearc mantle. In their modeling, they assumed that the
metasomatized basaltic basement has 520 = +8 to+ 11%o
and 8D =—90 to — 120%o0 (Alt 2003), and used a simplified
AOC mineralogy with 49% albite, 49% chlorite and 2% cal-
cite. The dehydration of metabasalts having these isotopic
compositions and mineralogy would produce, therefore, flu-
ids with 8'80 values of +2 to+8%o (up to + 10%o at 400 °C)
and 8D values of —50%o0 to —90%o. Similarly, the authors
calculated higher 880 (+ 12 to+ 16%o¢) and 8D (- 20 to
—40%o) values for sediment-derived fluids and 8'%0 and 8D
in the range of + 5 to+ 9% and — 5 to —30%o respectively
for serpentine-derived fluids at~200-350 °C (Fig. 8b). By
comparison, the main O and H isotope values calculated for
fluids in equilibrium with NC serpentinites (the red, white
cross-hatched area in Fig. 8b) are consistent with fluids com-
ing from the dehydration of an AOC. On the contrary, nei-
ther sediment-derived fluids nor serpentine-derived fluids
fit our modeled serpentinizing fluids. Our simulations also
predict that AOC-derived fluids interacted with the forearc
peridotites at temperatures of 250430 °C (Fig. 8c, d). These
temperatures are close to those of AOC dehydration usually
proposed in forearc settings (200-450 °C; Alt and Shanks
Tii 2006; Riipke et al. 2004). Additionally, the maximum
temperature of 430 °C estimated by our simulations may be
lowered to~350 °C based on field observations: lizardite is
commonly replaced by antigorite at temperature > 350 °C in
(supra)-subduction environments (Evans et al. 1976; Evans
2004; Ulmer and Trommsdorff 1995,1999). This replace-
ment has never been observed in the NC ophiolite, where
lizardite is the dominant serpentine variety, while antigorite

@ Springer

is mainly restricted to synkinematic crack seals (Cluzel et al.
2019; Quesnel et al. 2016b).

Regarding trace elements, the evolution of the mantle
wedge composition interacting with slab-derived fluids is
evaluated by proposing a single-step process where the flu-
ids that migrate from the descending slab are mixed with
the overlying forearc mantle. Trace element concentrations
of a slab-derived fluid C; can be estimated by applying the
following equation:

_CyxM
= F

, ®

where C; is the concentration of an element in the sub-
ducted component (i.e., the AOC, the sediments or the
serpentinites), M is the mobility (in percent) of an element
during the dehydration of a subducted component, and F is
the weight fraction of fluid extracted from the subducted
component (Sano et al. 2001). All parameters used for the
modeling of trace elements, references and results of calcu-
lations are summarized in Table 4. The weight fraction of
fluids released from the AOC and sediments is assumed to
be 1.5 and 3 wt%, respectively, in agreement with estimates
previously published (Peacock 1990; Riipke et al. 2004).
The lizardite—antigorite transition in the subducting slab
could have released fluids at temperatures below 350 °C in
the forearc subducted slab. Thus, pure Mg-lizardite con-
tains 13 wt% H,O, while pure Mg—antigorite (m=17) only
contains 12.3 wt% H,0. Consequently, the weight fraction
of serpentine-derived fluids was set to~0.7 wt%. Data of
element mobility during dehydration processes are taken
from experimental studies on natural pelite for sediments
(Aizawa et al. 1999), natural amphibolite for AOC (Kogiso
et al. 1997; Sano et al. 2001) and natural antigorite for ser-
pentinite (Tenthorey and Hermann 2004). U, Th, B and Zr
are used because of their behavior during dehydration and
their respective concentrations in the slab components: Th
and Zr mobilities are rather low in hydrous fluids, while B is
highly mobile. U mobility depends on its oxidation state: it
is immobile in its reduced form U*" while it is mobile in its
oxidized form U®* (Brenan et al. 1995). Actually, the high
solubility of uranium in subduction zone fluids has been
reported by several studies (e.g., Bailey and Ragnarsdottir
1994; Bali et al. 2010). All of these elements are enriched in
sediments (Plank 2014) and depleted in the mantle (Salters
and Stracke 2004; Secchiari et al. 2019). The U/Th ratio is
low in sediments, but is roughly similar in AOC and abys-
sal serpentinites (Table 4). However, the U/Th ratio is more
fractionated during serpentine dehydration than during AOC
dehydration (Kogiso et al. 1997; Tenthorey and Hermann
2004). As a consequence, the U/Th ratio is higher in ser-
pentine-derived fluids than in AOC fluids, and is the lowest
in sediment-derived fluids (Fig. 9). Subducted serpentinites
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Table 4 Chemical compositions, mobilities and references used for trace element modeling

Element B Th U Zr U/Th B/Zr References

NC mantle wedge 0.06 0.001 0.0005 0.053 0.5 1.13 U, Th, Zr: Secchiari et al. (2016, 2019); B: Salters and Stracke
(2004)

AOC 52 0.070 0300 66.5 429 0.078 U, Th,Zr: Staudigel et al. (1996); B: Smith et al. (1995)

Mobility (%) 60 37.7  29.1 0.1 Kogiso (1997); Sano et al. (2001)

AOC-derived fluid (F=1.5%) 208 176 5.82 443 331 46.9 Weight fraction of fluid F: Peacock (1990); Riipke et al. (2004)

GLOSS 1T 679 8.10 1.73 129  0.214 0.526 Plank (2014)

Mobility (%) 70 2.5 3.0 0.1 Aizawa et al. (1999)

Sed-derived fluid (F=3%) 1584 6.75 1.73 4.3 0.256 368  Weight fraction of fluid F: Peacock (1990); Riipke et al. (2004)

Abyssal serpentines 50 0.073 0.569 24 7.79
Mobility (%) 392 2 10 0.1
Serp-derived fluid (F=0.69%) 2841 0.212 8.25 0.348 39.0

20.8  Peters et al. (2017)

Tenthorey and Hermann (2004)

8167 Weight fraction of fluid F: Water loss during Lz/Ctl to Atg

transition

have a high B/Zr ratio (> 20), contrarily to subducted sedi-
ments and AOC, which are characterized by low (< 1) to
very low (<0.1) B/Zr ratios, respectively. Considering these
ratios and the high mobility of B in fluids compared to Zr,
the addition of subduction zone fluids in the mantle wedge
leads to an increase of B/Zr ratio towards ~50 for AOC-
derived fluids, ~370 for sediment-derived fluids and up
to ~ 8,200 for serpentine-derived fluids. Consistently with
the conclusions drawn from the stable isotope study, the
trace element modeling suggests that NC upper serpentines
were likely formed by the interaction with AOC-derived flu-
ids, with nevertheless some addition of sediment-derived
fluids (<30%, Fig. 9). This result is consistent with the
highly radiogenic strontium isotope compositions of some
NC serpentines from which a metasedimentary contribu-
tion was inferred (Cluzel et al. 2019). The modeling also
indicates that the amount of slab-derived fluids that inter-
acted with NC peridotites in the forearc was low, in the range
of <0.1-3 wt% (Fig. 9). The amount of sediment-derived
fluids in the mantle wedge was consequently in the order
of 0.9 wt% or less. Such a low amount of sediment-derived
fluids is unresolvable by our modeling approach based on
stable isotopes (Fig. 8). On the contrary, the Sr budget of
sediments is high compared to the mantle so that a minute
amount of sediments can buffer the Sr isotope system. These
results together with the very low concentrations of As and
Sb, which are proxies of the sedimentary contribution in
serpentine chemistry (Deschamps et al. 2011,n2013; Hat-
tori and Guillot 2007), imply that the amount of subducted
sediments was low at the time of forearc peridotite hydra-
tion. The limited influence of sediment-derived fluids in the
serpentine signature is also inferred by the lack of sedimen-
tary prism, the latter being replaced by slices of basaltic
rocks (i.e., the future Poya Terrane) scrapped off the down
going plate during the Eocene NE-dipping subduction of the
SLB (Cluzel et al. 2001, 2012b). In Fig. 9, the domain of
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the serpentinite sole is more widespread than that of upper
serpentines, with some samples plotting away from the mod-
eling trends. This could reflect the effects of a later episode
of fluids circulation (see the next section below) rather than
those of slab-derived fluids contribution.

The subduction inception occurring at (or near to) the
ridge axis in the SLB led to the development of a forearc
magmatic activity from 55 to 47 Ma (Cluzel et al. 2006,
2016). During this period, thermal conditions in the forearc
were high, causing the melting of the mantle wedge rather
than its hydration. The continuous influx of fluids released
from the dehydration of the oceanic crust of the subduct-
ing slab progressively cooled the forearc mantle, leading to
the cessation of the forearc magmatism about 10 Ma after
subduction inception (Cluzel et al. 2012a, 2016; Ulrich et al.
2010; Whattam et al. 2008). This period was long enough to
alter significantly the oceanic crust exposed at the seafloor
(Staudigel et al. 1981). Then, the AOC entering the sub-
duction zone releases fluids in the overlying mantle wedge.
Such fluids finally cause the massive serpentinization of the
future NC ophiolite (Fig. 10a). It is worth noting that based
on these results, no trace of oceanic serpentinization related
to the opening of the SLB was identified so far. It is pos-
sible however that the serpentinized upper part of the upper
plate (the Loyalty Basin) was removed early (i.e., soon after
subduction inception) when the hot and buoyant lower plate
had to force its way beneath the future Loyalty fore-arc.
Such a feature could account for the absence of MORB-type
basaltic crust on top of the peridotites in the Massif du Sud
and the occurrence of fore-arc cumulates directly overlying
highly depleted harzburgites and dunites.

...to (sub-) surface serpentinization

The development of multiple serpentine generations in
the tectonic sole likely reflects changes in crystallization
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Fig.9 Plots of a U/Th vs. U and b B/Zr vs. B of NC serpentines.
Thick solid lines represent the bulk mixing between the NC mantle
wedge and sediment-derived fluids (in orange), with AOC-derived
fluids (in blue) and with serpentine-derived fluids (in green). Thin
dotted lines represent the bulk mixing between the NC mantle wedge
and AOC-derived fluids mixed with various amounts of sediment-

conditions, including the fluid composition and the forma-
tion events, both being connected with the tectonic his-
tory of the Peridotite Nappe. Consistently, the significant
differences in the chemical compositions from S1 to S2

derived fluids (in orange) and serpentine-derived fluids (in green).
Grey dotted lines correspond to the percentage additions of slab-
derived fluids to the mantle wedge. Compositions of the NC mantle
wedge and AOC, sediment and serpentine-derived fluids and respec-
tive sources are listed in Table 4

serpentines (e.g., increasing Mg#, different trace element
patterns) may reveal a change in the elemental budget of
serpentinizing fluids. On the other hand, the transition
from the lizardite—antigorite assemblage (S2-S3/S4) to
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Fig. 10 a A simple model for
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chrysotile—polygonal serpentine (S5-S6) without signifi-
cant changes in the serpentine chemistry is in favour of a
sole development under cooling temperatures. Our modeling
approach of stable isotopes suggests that AOC-derived fluids
alone cannot explain the formation of the serpentinite sole.
Low temperature fluids (~ 100-250 °C) of a meteoric origin
can be considered (Fig. 8b). The involvement of meteoric
fluids is also suggested by major and trace element com-
positions of sole serpentines. The high Fe**/Fe ratio in

@ Springer

serpentines from the sole (Fig. 5) indicates a formation
under more oxidizing conditions than in the upper system,
which may be interpreted in term of formation depth.
Interestingly, Mufioz et al. (2019) showed that second-
ary serpentines, which are formed close to the surface by
the circulation of meteoric fluids during the early stages
of laterization display an increasing amount of ferric iron
from lizardite (Fe**/Fe; = 0.4) to polygonal serpentine
(Fe*/Fe;=0.95). Fe**/Fe; ratios in serpentines from the
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sole are very comparable to those measured in the regolith.
Polygonal serpentine was also the latest serpentine variety
to form and it has the highest Fe>*/Fe;. We thus interpret
the increase of ferric iron in serpentines from the sole as
evidence of their formation under near-surface conditions
(i.e., low temperature, high fO,). The behavior of LREE
provides additional proof of meteoric fluid involvement in
the formation of the serpentinite sole. Serpentines from the
serpentinite sole are LREE-enriched, except Ce. The exact
opposite, i.e., LREE depletion and strong Ce positive anom-
aly (Fig. 7), is observed in laterites on top of the NC regolith
and is explained by the very low mobility of Ce** relative
to all other REE (Ulrich et al. 2019). Also, the downslope
migration of elements from the regolith can explain the high
U/Th ratio in serpentines from the sole. Indeed, U is mobile
under oxidizing surface conditions, while Th is insoluble
(e.g., Dequincey et al. 2002). As a consequence, U/Th ratio
is lower in laterites than in the initial peridotite (Fig. 7).
Meteoric fluids may thus transport LREE, and potentially
other FME, released during weathering. A high U/Th ratio
and a low Ce/Ce* ratio in serpentine is therefore not neces-
sarily a marker for the influence of seawater solely.

Lateritization has been considered as rather early and
was active during or slightly after the ophiolite emplace-
ment by Quesnel et al. (2013), based on a coupled isotopic
and structural analysis of magnesite veins. Following our
Monte-Carlo simulations, the O and H isotope signatures
of the meteoric fluids involved during serpentinization
(6180 =—6+2%0, 8D =—40+ 10%o; Fig. 8b) are compa-
rable with present-day rainwater (Nicolini et al. 2016). The
current discharge of H,, CH, and Ny-enriched hyperalkaline
spring waters reveals active and low-temperature serpenti-
nization at the base of the NC ophiolite (Deville and Prin-
zhofer 2016; Monnin et al. 2014). Thus, the serpentinization
of the serpentinite sole was partly formed in response to the
circulation of meteoric fluids during the late stages of its
emplacement (Fig. 10b). After the crystallization of lizar-
dite 2 in microfracture networks, antigorite veins may have
crystallized under moderate temperatures (<250 °C), and
high deformation conditions, such as documented by Ribeiro
Da Costa et al. (2008). Finally, as the obduction proceeded,
the progressive cooling temperatures may have led to the
replacement of antigorite into lower temperature species,
such as chrysotile and polygonal serpentine, as shown by
Quesnel et al. (2016b).

Conclusions

The new mineralogical and geochemical data presented here,
on the serpentinites from the peridotite nappe and the sole of
NC ophiolite, provide evidence for a polyphasic history of
fluid—rock interactions. Using trace element concentrations

and a new modeling approach based on Monte Carlo simula-
tions applied on oxygen and hydrogen isotope compositions,
we propose that the main serpentinization event (lizardite
formation) mostly occurred during the NE-dipping sub-
duction in the SLB due to slab dehydration and subsequent
hydration of forearc mantle wedge (i.e., the future Peridotite
Nappe). Also, our simulations shift serpentinization tem-
peratures in the fore-arc mantle in the range of 250-450 °C,
with an upper threshold that may be lowered to ~350 °C, as
inferred by the lack of antigorite.

Other serpentine species present in the serpentinite sole
recorded retrogression during fore-arc cooling and obduc-
tion. These serpentinization events occurred under high
strain conditions and at lower temperature, from ~250 °C
to < 100 °C. From the oxygen and hydrogen isotope compo-
sition of these serpentines, we suggest a meteoric contribu-
tion for the late stage serpentinizing fluids. Thus, this study
demonstrates that serpentine in ophiolite may record a long
history of fluid—rock interactions, from early fluid circula-
tions deep into the forearc mantle to late meteoric fluid per-
colation at shallow depth during obduction.
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