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Abstract — The ophiolite of Sivas (Turkey) was studied in order to define the chronology of different
alteration events related to a series of serpentinization and carbonation episodes. Six samples were
investigated, representative of different types of ophicalcite (partially carbonated serpentinite). X-ray
diffraction (XRD) and Mossbauer spectroscopy were used to determine the bulk mineralogy and the bulk
Fe*t/Fe, ratio, respectively. Electron microprobe and secondary ion mass spectrometer (SIMS) analyses
were also conducted to identify the chemical composition of different mineral phases in addition to the
carbon and oxygen isotopic compositions of calcite. An initial, i.e. pre-obduction, phase of olivine and
pyroxene serpentinization was followed by a brecciation event associated with precipitation of massive
serpentine. This first alteration event occurred during exhumation of the peridotites to the seafloor, followed
by a carbonation event at temperatures in the range 35-100 °C. A low-temperature (~35 °C) carbonation
event occurred between 90 and 65 Ma. Finally, a reheating of the system likely occurred after the obduction
at 55—40 Ma, resulting in a carbonation episode followed by late serpentinization. Our study presents the
first direct evidence of serpentinization after obduction. In that geological context, the hydrogen produced
during the proposed multiphase serpentinization may have been trapped by the salt deposits overlying the
ophiolite but subsurface data will be necessary to define potential traps and reservoirs; further studies are
also needed to determine whether the serpentinization process is still ongoing.

Keywords: Sivas / ophiolite / ophicalcite / serpentinization / carbonation / H,

Résumé - Multiples épisodes de serpentinisation et de carbonatation enregistrés par I’ophiolite de
Sivas (Turquie), de la zone d’accrétion de crolte océanique a I'altération tardive post-obduction.
L’ophiolite de Sivas (Turquie) a été étudiée pour caractériser les différents épisodes de serpentinisation et de
carbonatation. Pour cela, six échantillons représentatifs des différents types d’ophicalcite (serpentinite
partiellement carbonatée) ont ét€ analysés. La diffraction des rayons X et la spectroscopie Mossbauer ont été
utilisées pour déterminer respectivement la minéralogie et le rapport Fe® "/Fe,o en roche totale. Les analyses
en microsonde électronique et au spectrometre de masse a ions secondaires ont permis d’identifier la
composition chimique des différentes phases et la signature isotopique en carbone et en oxygéne des
calcites. Ces mesures ont permis de proposer un modele ou I’olivine et le pyroxéne ont été serpentinisés
avant de subir une bréchification menant a la précipitation de serpentine massive dans les fractures. Ce
premier épisode d’altération a eu lieu durant I’exhumation des péridotites, suivie par une carbonatation entre
35°C et 100 °C. Une autre carbonatation basse température (~35°C) a ensuite eu lieu entre 90 et 65 Ma.
Enfin, un réchauffement du systéme a probablement eu lieu apreés obduction entre 55 et 40 Ma menant a une
carbonatation et une serpentinisation tardive. C’est ainsi la premiére évidence directe de serpentinisation
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post-obduction. Il n’est pas clair si I’hydrogéne produit durant les différents épisodes de serpentinisation a
été piégé par les dépots de sel sus-jacents et d’autres études seront nécessaires pour comprendre si la

serpentinisation est toujours en cours.

Mots clés : Sivas / ophiolite / ophicalcite / serpentinisation / carbonatation / H,

1 Introduction

Ophiolites are fragments of oceanic lithosphere that have
been thrusted onto the continental margin. The oceanic crusts
and lithospheres are commonly altered by seawater at the mid-
ocean ridge (MOR) during exhumation and emplacement of
mantle rock at sea bed, and by meteoric and basinal fluids when
they outcrop after shortening event and induced thrusting. This
alteration often leads to partial to complete serpentinization of
the ophiolitic peridotite. This serpentinization is coupled with
the production of dihydrogen (H,) by the redox reaction
between H,O and Fe? ™

2FeO+H,0—Fe,03 + Hy, (1)

where ferrous iron can come from the olivine or pyroxene
and ferric iron be formed in magnetite and can even be present
in serpentine. The serpentinization occurs both at the seafloor
(Charlou et al., 2002) and at the surface of continents
(Combaudon et al., 2022; Vacquand et al., 2018). Fe* can be
present in primary minerals of unaltered peridotites (e.g.,
olivine ((Mg,Fe),Si04) and pyroxene ((Mg,Fe),Si,04) and
secondary minerals of altered peridotites (e.g., Fe-brucite
((Mg,Fe)(OH),), serpentine ((Mg,Fe);Si,05(OH),) and mag-
netite (Fe304): Bach et al., 2006; D’ Antonio and Kristensen,
2004; Frost et al., 2013; Moody, 1976; Seyfried et al., 2007).
Therefore, petrological investigation of partially to completely
serpentinized peridotite may provide crucial insight regarding
its H, generation potential, both in the past and at present. Such
petrological investigation, combined with isotopic analyses,
could help to better distinguish whether there is continuous H,
outflow from the seafloor to the continent, or sporadic H,
production within each serpentinization episode.

This study focuses on the Late Cretaceous ophiolite from
Sivas in Turkey. This ophiolite sequence forms the basement of
the Tertiary Sivas Basin, which is characterized by intense salt
tectonic activity (e.g. Legeay et al., 2019). The basin
constitutes a vertical sequence of ophiolite where several
episodes of serpentinization are evident and commonly
followed by carbonation. The purpose of this study is to
quantify the alteration episodes and constrain their chronology.
Although H, seeps are present in the nearby Tekirova ophiolite
(i.e., the Chimaera seep: Etiope ef al., 2011; Hosgormez et al.,
2008), no evidence of H, seeps has been found related to the
Sivas ophiolite. Considering the thickness of the evaporites
overlying the ophiolite, a geological trap of H, may be
possible, questioning the presence of this green resource
(Moretti, 2019), unless the faults here allow gas migration to
the surface. Additionally, the geological history of the Sivas
ophiolite is quite similar to that of the Samail ophiolite in
Oman, where H, production results from hyperalkaline springs
in a way similar to what is observed in the ophiolites in the
Philippines, New Caledonia, Turkey, Italy, Canada (Abrajano

et al., 1990; Abrajano et al., 1988; Barnes et al., 1967; Bruni
et al., 2002; Cardace et al., 2015; Chavagnac et al., 2013;
Cipolli et al., 2004; Deville and Prinzhofer, 2016; Deville
et al., 2010; Etiope et al., 2013; Meyer-Dombard et al., 2015;
Neal and Stanger, 1983; Sano et al., 1993; Szponar et al., 2013;
Woycheese et al., 2015). Although such springs have not been
observed in relation to the Sivas ophiolite, it is necessary to
study the serpentinites with an emphasis on their H, potential,
in order to compare them with other ophiolites in Turkey and
Oman.

Here, we present a detailed petrological, textural, and
geochemical study of different types of ophicalcite (partially
carbonated serpentinite) in the Sivas ophiolite. The aim is to
reconstruct the chronology of different serpentinizing and
carbonating fluid flow events and constrain their chemical
conditions, temperatures, and oxygen fugacities (fO,).

2 Geological setting

Central Anatolia consists of three crustal Blocks (the
Pontides, Kirsehir, and Tauride Blocks that are delimited by
suture zones that contain ophiolites. In western Anatolia,
the Pontides and Tauride—Anatolide Blocks are delimited by the
Izmir—Ankara—Erzincan Suture Zone (IAESZ), which marks
the Late Cretaceous to Early Paleogene closure of the northern
branch of the Neo-Tethys. The Tauride Block is delimited to the
south by the Cyprus Suture Zone, which represents a remnant of
the southern Neo-Tethys branch. The Kirsehir Block (Legeay
et al., 2019) crosscuts the oceanic lithosphere after regional
burial, as indicated by relicts of ophiolitic mélange and obducted
suprasubduction-zone ophiolite fragments (Lefebvre et al,
2011; Legeay et al., 2019; van Hinsbergen et al., 2016; Yaliniz
et al., 2000). The ophiolite was obducted between the late
Santonian and pre-late Campanian. It is covered by sedimentary
successions consisting of Maastrichtian to Thanetian shallow-
water platform carbonates (Tecer Formation: Inan and Inan,
1990; Legeay et al., 2019), changing northward to middle
Eocene transgressive marine facies of the Cerpagindere
Formation (Aktimur ef al., 1990). The late Eocene “Bartonian”
regressive phase resulted in deposition of the Tuzhisar evaporite
(Pichat, 2017; Pichat et al, 2021). A first generation of
continental mini-basins were formed and subsequently infilled
by sediments of the Selimiye Formation. A second generation of
mini-basins followed during the Oligocene, separated from the
primary mini-basins by the evaporite canopy. A transgression
followed during the early Miocene (Callot et al, 2014;
Kergaravat et al., 2017; Kergaravat et al., 2016; Legeay,
2017; Pichat, 2017; Pichat et al., 2018; Ribes, 2015; Ribes et al.,
2018; Ribes et al., 2015; Ringenbach et al., 2013).

The Sivas ophiolite crops out along the southern boundary
of the Sivas Basin and extends for over 100 km from west to
east and for a few kilometers from north to south. The study
area lies between the Giirlevik/Tecer Mountains to the north
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Fig. 1. (a) A tectonic map of Turkey and the Eastern Mediterranean region illustrating major suture zones, faults systems, ophiolite outcrops, and
tectonic units (Legeay et al., 2019). (b) N—S cross-section showing the relationship between crustal blocks and ophiolites (Legeay et al., 2019).
(c) A geological map of the Sivas Basin with the sampling zone indicated by a yellow point. The location of the sampling zone is illustrated by a
black square (b, c). conglo.: conglomerate; limest.: limestone; numm.: nummulitic; sandst.: sandstone.

and the Tauride carbonate platform to the south (Fig. 1). From
seismic data, it has been determined that the ophiolite is
located at the bottom of the foreland basin and involved in the
thrust slices (Legeay ef al., 2019).

The pre-obduction evolution of the oceanic domain north
of the future Sivas Basin shows that the Sivas ophiolite is
characterized by serpentinized peridotites (mostly harzbur-
gite), with minor magmatic intrusions and chromite pods
(Legeay et al., 2019). The top of the serpentinized mantle is
characterized by cataclastic deformation with several phases of
ophicalcite, which are interpreted as an extensional detach-
ment fault (Legeay et al., 2019). Based on two samples from
the rare magmatic intrusions, U—Pb zircon dating yielded
approximate ages of 91.49+0.8Ma and 72.7+0.5Ma.
Petrological and geochemical data also revealed that the
magmatic intrusions were affected by hydrothermal metaso-
matism early after the emplacement of oceanic crust. These
data highlight that the Sivas ophiolite may have recorded
forearc hyperextension in the context of the Late Cretaceous
suprasubduction zone. Post-obduction evolution is character-
ized by the deposition of a Maastrichtian—Paleocene carbonate
platform (Tecer and Giirlevik platforms) overlying the
ophiolite, followed by clastic sediments containing reworked
ophiolitic and Mesozoic Tauride clasts.

3 Methods
3.1 Sampling

Increased proximity to the Tecer carbonate ridges enhances
the carbonation of the serpentinites, leading to breccias with
clasts of serpentine surrounded by a carbonated matrix (Fig. 2).
The term ophicalcite can therefore be used to describe these
samples (Lemoine et al., 1987; Artemyev and Zaykov, 2010).
We refer here to three types of ophicalcite corresponding to the
six rocks that were sampled:

— type I (Fig. 2b, c) describes serpentinites crosscut by large
veins of calcite. We distinguish type Ia deposits with veins
of calcite (A1*) from type Ib deposits containing veins of
massive serpentinite partially replaced by calcite (B1-2%);

— type II (Fig. 2d) describes monogenic breccia with
serpentinite clasts surrounded by calcite (C1*) and more
or less residual serpentine (D1%*);

— type II (Fig. 2e) describes polygenic breccias with
different clasts from the ophiolite (serpentinite, amphibo-
lite, chromitite) surrounded by calcite (E1%).

3.2 Petrographic inspection
3.2.1 Optical microscopy

Thin sections (30 wm thick) were prepared for the collected
samples in order to undertake petrographic study at the
microscopic scale. We used a Nikon Eclipse LVIOOND
microscope to investigate the thin sections. We also performed
cathodoluminescence analysis to study calcite cements and
fracture infill, using a Nikon Labophot-2 microscope
combined with a cathodyne (12-20kV and 200—400 mA).

3.2.2 Raman microspectroscopy

The different phases of serpentine (chrysotile, lizardite,
antigorite) were distinguished using Raman microspectro-
scopy (performed with the instruments of the Equipex-
CRITEX at the LCA, Toulouse-INP). We used a LabRAM HR
evolution spectrometer (HORIBA Jobin Yvon Ltd), equipped
with a grating (600 grooves/mm) and combined with an
Olympus microscope with a 532 nm laser. A long-working-
distance objective lens (50x) provided a 1.3 wm focal spot
size. The measurements were performed with a power of
12.5mW for two spectral ranges: 100-1200cm™' and
3600-3750cm ™. First, punctual analyses were made with
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Fig. 2. (a) Illustrative vertical profile of the ophiolite (modified from Legeay et al., 2019). (b, ¢) Type I ophicalcite constituting serpentinite clasts
several decimeters in size, taken in massive serpentine with different degrees of carbonation. (d) Type Il ophicalcite with serpentinite clasts
surrounded by a matrix of calcite and serpentine. (e) Type III ophicalcite containing different rounded clasts surrounded by calcite. cal: calcite;

spt: serpentine.

an acquisition duration of S5min distributed over two
accumulations. The Raman spectrometer was calibrated with
a silicon standard. Secondly, mapping was undertaken for the
spectral range 36003750 cm™ ' with a 0.4 s acquisition time,
repeated during three accumulations. These parameters were
based on measurements by Noél (2019).

3.2.3 X-ray diffraction

The rock samples were crushed by hand in an agate mortar
and sieved to 100 wm for X-ray diffraction analyses using a D2
Phaser from Bruker (LFCR, Pau). The CuKa radiation at
30kV and 10mA and the SSD160 detector were used.
Measurements were made with a step size of 0.02°, with a step
time of 0.2 s/step in the range 5—80° (26) with 30 trs/min.

3.3 Chemical analyses
3.3.1 Electron microscopy

Electron microscopy was performed on thin sections
coated with 20nm carbon. The samples were imaged using
scanning electron microscopy (SEM, Zeiss Supra 55VP, ISTeP,
Paris) with an electron beam at 15 keV and an angular selective
backscatter (AsB) detector. Some energy dispersive spectros-
copy (EDS) maps were also acquired with this SEM to study
oxide distribution and Fe zonation in serpentines.

3.3.2 Electron microprobe

Punctual quantitative chemical analyses were conducted
using an electron microprobe (CAMECA SX-Five, Centre
Raimond Castaing, Toulouse, France). We used a primary

beam of 15kV and 10nA. The spot size was 2 pum for
serpentine and 10 pm for calcite. The measured elements were
Na, Si, Al, K, Mn, Fe, F, Mg, Cl, Cr, Ni (with Ka), and Ba
(with La), with the respective standards albite, wollastonite,
corundum, sanidine, pyrophanite, hematite, topaz, periclase,
tugtupite, chromite, nickel metal, and barite. A qualitative map
was also obtained with a step size of 4 um, a dwell time of
0.2s, and a primary beam at 15kv and 20 nA. The measured
elements were Si, Mg, Fe, Ca Cr, Na, Al, Mn, K, and Ti (with
Ka).

3.3.3 Mdssbauer spectroscopy

Zones of interest were crushed into an agate mortar to
provide 500 mg of powder per analysis. The powder was then
analyzed with a constant acceleration Halder-type spectrome-
ter (ICMCB, Bordeaux) equipped with a *>’Co radioactive
source (embedded in a Rh matrix) maintained at 293 K. The
spectrometer was calibrated using a pure a-Fe? foil for external
reference. All spectra were recorded in transmission geometry
at ambient temperature. The Mdssbauer hyperfine parameters
and the relative areas of each component were refined using the
WinNormos software (Wissenschaftliche Elektronik GmbH).
Three analyses were made per zone, each analysis with a
duration of ~3 days. The results are presented as the average of
the three analyses with the associated error (20).

3.3.4 Stable isotope analyses

Carbon and oxygen isotopes of the calcite phases were
measured by secondary ion mass spectrometry (SIMS) using a
CAMECA IMS 1270 (CRPG, Nancy). A Cs* primary beam of
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rocks. cal: calcite; hem: hematite; mgt: magnetite; spt: serpentine.

2 nA bombarded the samples for pre-sputtering for a duration of
90 s over an area of 25 wm®. Measurements were then performed
over 20 wm? during 40 cycles of 5 s each. Under these conditions,
carbon isotopes were first measured in multicollection on a
Faraday cup (FC) for '?C and an electron multiplier for "*C.
Oxygen isotopes ('°0, '*0) were then measured in multicollection
ontwo FCs on a close spot. The measurements were performed on
thin sections coated with 40 nm of Au. An in-house standard of
calcite from CRPG was used.

The isotopic data are present under the 3'°C and §'°0
expressions, using PDB and SMOW standards respectively:

(130)
¢
< sample _1

sBC = x 1000,
13¢
(ﬁ):mndard
()
16,
s180 = | ~2Lwamie 1] % 1000.
180
(W)standard
4 Results

4.1 Petrology

Based on XRD patterns, the dominant phases are serpentine
and calcite in all investigated samples, except for sample A1%*,
where calcite was not detected (Fig. 3g). Magnetite (Fe30,4) was
detected in every sample, whereas hematite (Fe,O5) was found to
occur only in B2* and C1*. The presence and abundance of
hematite can be assessed qualitatively in hand specimen, as
indicated by the reddish color of samples B2* and C1*. Finally,
we note that neither olivine nor pyroxene were detected, which
suggests a high degree of serpentinization. The following
sections provide detailed descriptions of the samples based on
their ophicalcite group, from type I to type III.

4.1.1 Type | ophicalcite

Type 1 ophicalcites (A1*) display the lowest carbonate
content. A typical pseudomorphic mesh texture can be
observed (Fig. 4b, d), reflecting the replacement of primary
olivine crystals by serpentine. The mesh corresponds to a
microfracture network with different types of serpentine from
the center to the outer part more or less associated to magnetite.
Pyroxene crystals have also been replaced by serpentine,
which we hereafter term “bastite” in order to distinguish it
from the replacement of olivine. The cores of the mesh range in
size (50—100 wm). Bastite crystals are larger (500 wm to 1 mm)
and clearly seen macroscopically. Bastites can be also
identified based on their low content of Fe oxides. Indeed,
in hand specimen, the zones without magnetite or hematite
usually correspond to areas of bastite texture (Fig. 4c). We also
note that bastites exhibit a straight extinction aligned with the
cleavages.

In the mesh zones, Fe content decreases from the core to
the edges (Fig. 4e, f). This Fe zonation corresponds to a
zonation in crystallinity, where the core is mainly chrysotile
and the edge is lizardite as observed in Raman micro-
spectroscopy (Fig. 4g, h) where chrysotile only shows one
peak at 3695cm ! whereas lizardite shows two peaks at
3684cm ™' and 3704cm™' (Schwartz er al., 2013). Unlike
lizardite, chrysotile is commonly associated with magnetite.
We note that only one crystal of antigorite was found in a vein.
Zonation in Fe oxides can be observed in A1*, from the edge of
the clast (hereafter, referred to as zone 1 of A1*) toward the
center, where Fe oxides are rare. In the lower part of the thin
section, Fe oxides are more abundant (hereafter, referred to as
zone 2 of A1*), leading to the dark green color of the thin
section (Fig. 4a). Different mesh zones are separated by
serpentine veins with euhedral Fe oxides. We note that
100—500 pm sparitic calcite grains (hereafter, referred to as
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Fig. 4. (a) Thin section of sample A1*. (b) PPL (Plane Polarized Light) image of a serpentine vein with magnetite grains. (c) Magnified view of a
bastite. (d) SEM image of the mesh texture. (e) Magnified image of the mesh texture and (f) associated Feka map. (g) Raman spectra of
chrysotile and lizardite and (h) Raman map of chrysotile (in red) and lizardite (in green) in mesh. bst: bastite; cal: calcite; chry: chrysotile; liz:

lizardite; mgt: magnetite; spt: serpentine.

Cl1; see Tab. 1 for nomenclature) are present in zone 1 of A1*
(Fig. 4d).

The zonation in Fe oxides is also evident in red clasts
(Fig. 2b). Three zones have been identified in sample B2*
(Fig.5). Inzone 1, few Fe oxides are present and they are located
at the edge of the mesh or crosscutting the mesh. As for A1%, the
characteristic mesh texture can be observed. Some mesh zones
next to the calcite veins, however, contain Fe-rich cores due to
the veins of serpentine that crosscut the mesh (Fig. 5¢). Some of
these veins are spatially related to the massive serpentine vein
occurring as a clast (hereafter, referred to as S1°) in the calcite
vein that is several millimeters thick (hereafter, referred to as
C1’) and in the border between the mesh and C1°. We note that
the presence of bastites is highlighted by their higher Cr content
than in the serpentine mesh (Fig. 5b). Bastites are ~100 pm in
size and sometimes associated with calcite.

The second zone in sample B2* corresponds to the reddish
zone, enriched in micrometric hematite with texture similar to
zone 1. Hematite mainly occurs in the mesh but can also be
observed in some cores associated with chrysotile. It is not

clear whether magnetite is replaced by hematite. The third
zone in sample B2* is more pristine with fewer Fe oxides.
Some mesh cores are poorly crystallized and correspond to
proto-serpentine. We also observed some voids in the cores. It
is not clear whether these voids are an artefact of the polishing
of the proto-serpentine or if there really are voids in some cores
within zone 3. Voids were observed in different preparations of
the same zone, in both thin and thick sections, favoring the
interpretation that they are a true feature and not a result of
sample preparation.

At the macroscopic scale, serpentine is associated with
calcite in veins that crosscut clasts of type I ophicalcites
(Fig. 6a, d). The transition from serpentine to calcite can be
observed in sample B1*, where serpentinite is crosscut by a
vein of massive serpentine (hereafter, referred to as S1) with
replacive calcite (hereafter, referred to as C2). The grains of
calcite are anhedral and vary in size from 200 to 500 pwm. In
addition, a 50-pm-wide vein (hereafter, referred to as C5”) can
be observed at the boundary between the main vein and the
serpentinite. In cathodoluminescence (Fig. 6¢), we were able to
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Table 1. Nomenclature of all calcite and serpentine phases.

Name Textural characteristics Sample
Clall
Cl1 Sparitic calcite pervasively replacing some serpentine AT*
Ccr Massive vein of calcite with sparitic grains of calcite BI1*
C1” Calcite present in the matrix replacing some serpentine Di1*
Czall
Cc2 Sparitic calcite grains replacing serpentine B2*
c2 Calcite in the matrix of the breccia El*
C3 Sparitic calcite next to or in the vein of massive serpentine (C3gparice) D1*
C4 Dendritic calcite surrounding sparitic calcite C3 D1*
CSall
Cs5 Massive vein of calcite with sparitic grains of calcite associated to hematite Cl*
Ccs’ Veinlet of calcite which crosscuts all of sample E3* associated with hematite B1-2*
SO Mesh of serpentine and bastites All samples
Slall
S1 Massive serpentine pervasively replaced by calcite BI1*
S1’ Clasts of massive serpentine in a vein of calcite B2*
S2 Massive serpentine with dominant chrysotile which crosscuts all phases except C3 D1*

Fig. 5. (a) PPL image of B2* serpentinite clast (zone of interest delimited in Fig. 3¢) and (b) the associated composite X-ray map of Ca Ka (red),
CrKa (green), Mn Ka (blue). (c—e) SEM images of the serpentine mesh from the outer to the inner zones of the clast. cal: calcite; hem: hematite;

pspt: proto-serpentine; spt: serpentine.

distinguish the different calcites based on their color: C5’
exhibits an intense orange color, whereas C2 is darker. We also
note that the grain boundaries of C2 are brighter than the cores.
This difference in color is related to the chemical composition
of the calcites. We suggest that the presence of Fe inhibits
cathodoluminescence, whereas the presence of Pb or Mn
favors it. We did not fully investigate the reason for this

difference between the calcites and used it only as a diagnostic
tool. In some locations, the vein C5’ crosscuts the carbonated
vein C1” and the clasts of serpentinite (Fig. 6f). Hematite was
also found in association with C5’.

In the more hematite-rich samples (e.g., C1*), where all
serpentinite clasts are red at the sample scale, some reddish
veins are present (Fig. 6¢). This color is due to the presence of
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Fig. 6. (a) XPL (Cross Polarized Light) image of partially carbonated serpentine vein from B1*. (b) PPL image of carbonated serpentine vein
crosscut by veinlet of calcite and hematite from B2*. (c) PPL image of reddish vein of calcite and hematite bordered with vein of calcite from
C1*. (d) Magnified view (with 90° rotation) of (a) with (e) a zoom in the zone represented by the white square in cathodoluminescence (d).
(f) PPL image of the border between the calcite vein and serpentine mesh crosscut by a calcite veinlet. cal: calcite; spt: serpentine.

some micrometric grains of hematite in association with
calcite. This reddish vein is crosscut by a white vein
corresponding to calcite with crystals ~200 wm in width.

In addition to Fe oxides associated with serpentine, we
observed some chromites with a border of magnetite micro-
crystals. Some 100-pwm-sized grains were also found to be
completely replaced by magnetite at their borders (Fig. 7a).
Trace amounts of several sulfides are present associated with
calcite in sample B2*, with sizes ranging between 20 and
50 wm; these include Fe-vaesite ((Fe,Ni)S,) associated with
pentlandite ((Fe,Ni)9Sg), chalcopyrite (FeCuS;), and native
sulfur associated with an undetermined late Fe-rich silicate.
This latter phase could be ilvaite (CaFe;Si,Og(OH)) associated
at the microscale with some sulfides, but more analyses are
needed to well determine its composition. The sulfides are
anhedral and display corrosion textures. Bravoite ((Fe,Ni,Co)
S,) surrounded by Ni(Fe,Co) silicate was also observed in
serpentine. Additionally, pyrite crystals were found in some of
the voids and exhibited a framboidal-like texture.

4.1.2 Type |l ophicalcite

Type II ophicalcites include carbonated clasts of serpen-
tinite (smaller than those in type I ophicalcites) within a matrix
of calcite and serpentine. A partially carbonated clast from a
type II ophicalcite (sample D1%*) is presented in Figure 8b. The
pristine shape of this clast is evidenced by the boundary
between the fine-grained matrix and the coarse-grained
replacement calcite within the clast. This distinction between
grain sizes can be seen in Figure 8a, where whiter zones
correspond to replaced clasts. We can therefore use these
observations to define an approximate boundary between
calcite and serpentine.

This ophicalcite (sample D1*) is crosscut by a vein of
massive serpentine (hereafter, referred to as S2). It corresponds
to chrysotile with a low lizardite content. S2 contains coarse
grains of calcite (hereafter, referred to as C3), which are
euhedral in shape and nearly 1 mm in size (Fig. 8c). In
cathodoluminescence (Fig. 8d), the color of these grains is
orange with a brighter edge. When the vein crosscuts
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Fig. 9. (a) E1* sample with a brownish matrix revealing the presence of goethite and (b, ¢) PPL and XPL of the polygenic breccia with different
clasts (serpentinite, chromitite, amphibolite). Micritic and sparitic calcite can be distinguished in the XPL image. (d) XPL image of the
carbonated border of a clast and the micritic calcite and residual serpentine in the matrix. (e, f) Images acquired in cathodoluminescence of a
carbonated border of a serpentinite clast and authigenic calcite in the matrix. cal: calcite; goe: goethite; spt: serpentine.

serpentinite clasts, calcite is less abundant and occurs inside
the euhedral serpentine (Fig. 8¢). Two types of calcite can be
distinguished: (1) euhedral calcite similar to the coarse grains
present in the vein of serpentine S2, and (2) dendritic calcite
associated with serpentine. In cathodoluminescence, the
dendritic calcite is duller than the coarse grains toward the
center (Fig. 8f). We commonly observed euhedral Fe-rich
serpentine between two generations of dendritic calcite.
Sphalerite (ZnS) and Fe-vaesite are locally associated with
calcite in the matrix (Fig. 7e). Similar to observations in type |
ophicalcites, some chromites are variably replaced by
magnetite. Pyrite is also present in the mesh of some clasts,
typically in the form of elongated crystals (20 wm).

4.1.3 Type lll ophicalcite

Type III ophicalcites correspond to a polygenic breccia
with clasts of serpentinite, amphibolite, and chromitite
(Fig. 9b, c), embedded in a matrix of fine-grained calcite
(hereafter, referred to as C2’) with some micrometric
serpentine (Fig. 9d). The edges of the clasts in contact with
the matrix are commonly bordered by sparitic calcite
(100200 pm). Maximum calcite widths are found closest
to the clasts. In cathodoluminescence, an outer dark border and
an inner bright vein can be seen. Zonation can be occasionally
observed in cathodoluminescence, typical of authigenic calcite
(Fig. 91). In addition, some orange Fe oxides, corresponding to
goethite (FeO(OH)), crosscut both the matrix and clasts. The
outer part of the clasts is orange in color; this can also be
observed macroscopically (Fig. 9a).

4.2 Geochemistry
4.2.1 Element geochemistry
4.2.1.1 Serpentine

4.2.1.1.1 Major elements

Bastites are characterized by their high Al,O5 (0.40—1.74 wt
%) and Cr,O; (0.17-0.88 wt%) contents. By mapping the
bastites, we were able to observe the shape of the altered primary
pyroxenes with a size of approximately 100 wm (Fig. 5b).

Varied contents of FeO + Fe,O5 (hereafter, FeO*) were
measured within the mesh cores (mainly corresponding to
chrysotile) across the samples, in the range 1.04—6.70 wt%. In
sample A1*, FeO* content differs between zone 1 and zone 2,
where zone 2 has a higher magnetite content. The zone 1 mesh
cores have a FeO* content of 1.04—4.40 wt%, compared with
3.72—5.63 wt% in zone 2 mesh cores. A measured point in a
magnetite-rich zone within the mesh core of zone 1 was found
to have a FeO* content of 5.70 wt%. In this sample, the mesh
cores are mainly enriched in MgO; however, we also observed
MgO-depleted mesh cores, particularly in hematite-rich
samples. Bastites contain FeO* in the range 4.11-6.16 wt%,
similar to the lizardite of serpentine mesh. The vein S1 has a
similar FeO* content to the B2* mesh cores, consistent with
the observation that some serpentine veins have the same grey
color as the mesh cores (Fig. 5¢). The S2 vein has a FeO*
content of 3.42—-3.80 wt%.

4.2.1.1.2 Minor elements (Ni, CI, F)
Ni, Cl, and F are some of the elements that may replace
others in serpentine. Ni is more frequent in lizardite,
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Fig. 10. Chemical compositions of the serpentines. (a) (Mg + Fe)/(Si+ Al) ratio versus Mg/(Mg + Fe) noted as Mg#. (b) Al,O5 oxides versus
Cr,05. The bastites are enriched in those oxides compared to the serpentines replacing olivine. (c—f) Abundances of FeO*, NiO, Cl and F. When
a value was below the detection limit of an element, it was set to 0, which explains the basal trends.

occasionally occurs in chrysotile of serpentine mesh, but was
not observed in bastites or within the veins. When detected,
NiO has a content of approximately 0.4 wt%. The CI contents
are higher in the mesh cores than at the edges. The Cl content in
bastite is either similar to, or higher than, the Cl content within
the mesh cores, as observed in the bastites from the B2*
sample. F was only detected in the S2 vein in the range
0.60—0.77 wt%. The F content is higher (up to 1.02 wt%) in the
Fe-rich serpentine located in vein S2. It is not clear whether
this is an accurate F content for the sample or is related to
contamination during sample preparation. However, the fact
that the total oxide content is around 85 wt% minimizes the
impact of pollution on the F measurement (Fig. 10).

4.2.1.2 Calcite

4.2.1.2.1 Major elements

The chemistry of different recorded carbonate phases
likely corresponds to nearly pure calcite, with average and
maximum MgO contents of 0.43wt% and 1.24wt%,
respectively. This maximum is not correlated with an increase
in SiO, content. Some analyses show an increase in Al,O5; up
to 1.74 wt%, correlated with an increase in MgO up to 1.98 wt
%, which we suggest may be related to the presence of spinel.
Notably, FeO was not detected in calcite.

4.2.1.2.2 Minor elements (Mn, Na, F)

MnO was detected in calcites from the sample D1* in the
range 0.38—0.48 wt%. Na,O and F were also detected in some
calcites of sample D1*. Similar to the measurements of F in
serpentine, it is not clear whether the presence of these minor
elements can be attributed to contamination during sample
preparation.

4.2.1.3 Fe speciation

The >'Fe Mdssbauer spectra exhibit various signals (sub-
spectra)  associated with iron oxides (magnetite
(Fe* Fe**,0,), hematite (Fe*>™,05), maghemite (y-Fe’,05),
chromite (Fe*"Cr,0,)), iron oxyhydroxide (goethite (Fe*TO
(OH))), and Fe-rich phases (serpentine ((Mg,Fe* " Fe>")5(Si,
Fe3+)205(OH)4)Z) (Fig. S1). The relative proportions of each
component (Fe*™ or Fe’") extracted from the fitting of
experimental data are presented in Table 2. Serpentine is the
main mineral containing Fe in each sample. In the main veins,
where the powder represents only one phase, the Fe’"/Few
ratio of serpentine is 0.31 for S1° and for S2. Hematite contents
of several percent are associated with S1°, whereas magnetite
is associated with S2. In multi-mineral assemblages, the Fe**/
Fe, ratio ranges between 0.49 and 0.68. Type II ophicalcite
(D1%*) contains only magnetite, whereas both magnetite and
maghemite were found in type I ophicalcite (A1*). C1* and
B2* contain only hematite as Fe oxide. Type III ophicalcite
(E1*) contains maghemite and goethite. Furthermore, a
positive correlation was observed between the Fe®/Fe,, ratio
of serpentine and the bulk Fe®>"/Fe,, ratio (Fig. 11).

4.2.2 Isotope geochemistry
4.2.2.1 Stable isotopes (C, O)

Carbon and oxygen isotopes were measured in the main
calcite veins (Fig. 12). Two main endmembers were detected:
Q) 3'"%0 ~ 18%o and 8'°C ~ —2%o, and (ii) 5'%0 ~30%o and
3'3C ~ —2%o. A third pole was also defined, with 8'%0 ~ 23%.
and 8'°C ~ —18%o; this corresponds to a single zoned calcite
grain present in the vein C1°.
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Table 2. Relative proportions (%) of each Mdssbauer sub-spectrum extracted from analysis of the experimental data collected at room
temperature, and F e>/Fey, ratios (%) of the serpentine and the bulk powder.

Al* B2* zone 1 B2* zone 3 B2* (S1°) Cl1* D1* D1* (S2) E1*

Serpentine FezJr 18 16 41 63 22 37 64 25
Serpentine Fe*™ 30 35 41 28 30 36 29 39
Chromite Fe** 4 0 5 5 0 6 6 3
Hematite 0 49 13 4 48 0 0 0
Magnetite 28 0 0 0 0 20 0 0
Maghemite 21 0 0 0 0 0 0 23
Goethite 0 0 0 0 0 0 0 9
Fe*t/Feq,, serpentine 62.7 50.4 68.2 30.9 58.0 49.3 31.3 61.1
Error (20) 14.2 8.0 14.0 5.8 12.4 8.2 53 11.0
Fe*t/Fey bulk 69.2 54.3 83.7 323 78.0 49.7 29.3 79.0
Error (20) 18.5 13.2 13.6 10.1 13.0 11.0 5.7 22.0

The lowest 8'%0 values (Tab. 3) are present in the vein C5’ 1.0
associated with hematite, and in the vein C5 crosscutting the
hematite-rich samples. Low 8'®0 values are also present both
in the matrix of the type II ophicalcite (D1%*) and the dendritic 0.8 r
calcite (Fig. 8¢). Notably, the highest 8'*0 values (~30%o) are
associated with calcites C2 (sample B1*), C2’ (sample E1¥), o _|:
and C3 (sample D1%*). Intermediate 3'*O values were observed & 06 | —
in samples Al* and B2*. The 3'°C values are broadly &
consistent, ranging between —5%o and 0%o. However, the 3'°C =
values from the type II ophicalcite are lower than in the other @ %4 | $2 .
samples, for which 3'®0 values are around 30%. s1

. 02 |

4.2.2.2 Temperature of carbonation

In order to discuss the origin of different calcites (no
dolomite was observed), it is crucial to define their carbonation 0.0 : :

0.0 0.2 0.4 0.6 0.8 1.0

temperatures using oxygen isotopes. To obtain these temper-
atures, we used the fractionation law determined by Kim and
O’Neil (1997);

10° 10°
) =401 x 5~ 466 x —
T T

+1.71. (2)

calcite—water

1000 x 1n(a‘80“60

To complete the equation, the unknown 3'%0 of water must
be defined. This requires an assumption of the carbonation
time period. Previous work has shown that the Sivas ophiolite
has a geological history similar to that of the Oman ophiolite,
in terms of both its timing of formation and its obduction
during the Late Cretaceous (Legeay et al., 2019). Additionally,
carbonation of the ophiolite is known to occur mainly at the
seafloor (Schwarzenbach et al., 2013). Thus, we can assume
that 8'*0 of water during carbonation had a value of 0%o,
defined as the value of Cretaceous seawater (Pucéat et al.,
2003; Veizer and Prokoph, 2015).

After applying Equation (2), the carbonation phases in the
studied samples likely occurred at temperatures ranging from
25°C to 100°C. This temperature range suggests that no
isotopic resetting occurred, otherwise all temperature values
would depend directly on the degree of metamorphism as

Fe3*/Fe,,, bulk

©OAl1 OBlzonel OBlzone3 MBlvein @C1 @D1 @EDlvein OE1

Fig. 11. Fe*>/Fe,, ratio of serpentine plotted versus bulk Fe>/Fe,
ratio of sample.

interpreted by Bernoulli and Weissert (2021). Moreover, no
zonation in 8'*0 was observed in calcite grains. The calcites
C2, C3, and C5 have specific carbonation temperatures around
36+ 6/—5°C, 34+1°C and 91 4 3/—2°C, respectively. The
other values fall between these endmembers. The different
events within the carbonation sequence will be discussed
further in the following sections.

5 Discussion

The contacts between different phases of calcite and
serpentine allow us to construct a chronology of alteration. An
initial serpentinization event occurred before repeated carbon-
ation events, followed by a late serpentinization event. We first
discuss this early serpentinization episode, followed by
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Table 3. C and O isotopic data for calcites and estimated temperature of precipitation. Error is given in 2c.

Calcite name 8'3C 5'%0 T (°C)

Cl1 2407 23.5+18 62 +11/-10
cr 29+13 24.4+1.1 57+6
Cl’ soned grain -10.9+1.8 24.0+0.7 59+4
c1» 2.5+0.7 227+18 66 +12/-10
2 0.2+0.9 28.7+1.2 36 4-6/-5
c2 02+0.7 29.5+0.5 3242
C3 32405 29.2+0.3 34+1
C30ned grain 29408 269+25 44 413/-12
C4 -1.8+05 18.6+1.1 96+9
C5 0.3+0.5 192+0.4 91+3
cs -19+15 19.0+0.3 9242

constraining the conditions during the different carbonation
events. Finally, we discuss the last serpentinization event and
the geological context in which it occurred.

5.1 Early serpentinization
5.1.1 Protolith

Primary minerals are absent in the serpentinite clasts. This
means that the altered peridotite samples were completely
serpentinized prior to brecciation. Despite the absence of
primary minerals, the bastite content allows us to determine the
initial pyroxene content. The modal proportion of bastites is
approximately 25%. We interpret the straight extinction with
reference to their cleavages as a relic of the typical extinction
of orthopyroxene. We did not observe any bastites with an
oblique extinction. Therefore, we propose that the protolith of
the ophicalcites is harzburgite, consistent with literature
(Parlak, 2016; Kavak et al., 2017).

5.1.2 Evolution of serpentinization

Serpentinization is both spatially and temporally variable
(Oufi et al., 2002; Bach et al., 2004; Rouméjon and Cannat,
2014; Noél, 2019). Generally, the mantle peridotites are first
altered by seawater during their exhumation, passing from
high-temperature zones (>350°C) near the MOR to cooler
zones. This exhumation process leads to 70—75% serpentini-
zation (Oufi et al, 2002). Commonly, the first phase of
serpentinization involves formation of a mesh, where lizardite
replaces the edges of fractured olivines and pyroxenes. During
the second phase, chrysotile replaces the remaining cores of
olivines and magnetite commonly evolves. This serpentiniza-
tion sequence has been previously described in the literature
(Bach et al., 2006) and was typically observed in serpentinite
clasts of type I ophicalcites of the Sivas ophiolite. Lizardite is
present in bastites and at the edges of the mesh, whereas
chrysotile is observed in the cores as well as in veins in
association with magnetite.

There is only one occurrence of antigorite, and this is
located within a vein. Its presence could be the result of local
Si-metasomatism due to the serpentinization of pyroxene at
depth (O’Hanley, 1992; Rouméjon et al., 2015; Schwartz et al.,
2013). We did not investigate further the origin of the

antigorite owing to its scarcity. We suggest, however, that the
presence of antigorite could be consistent with the presence of
some bastites in the veins, perhaps indicating previous
formation of pyroxenite veins that localized fluid flow. NiO
is only present in serpentine (not in bastite) and approximately
constant in volume when present, at ~0.4 wt%. The low NiO
content could be explained by pervasive replacement of former
olivine and/or by the multiplicity of recrystallization events
(Rouméjon and Cannat, 2014). This is consistent with the
absence of talc, tremolite, or brucite, which can be explained
by continued fluid—rock interactions resulting in changes in
fluid pH and silica activity, and reaction of these phases to
serpentine (Bach et al., 2004). Hence, the absence of these
minerals suggests an advanced stage of alteration, whereby
only serpentine and Fe oxides remain. The lack of brucite can
be explained in two ways: (i) a high Si content of the fluid, or
(i) a dissolution of brucite by late fluid—rock interactions
(Bach et al., 2006, Frost and Beard, 2007). However, The
hypothesis (i) can be discarded because this would help
stabilize talc and tremolite (Allen and Seyfried, 2003), phases
that were not observed.

As observed by Noél (2019), we determined a domain
where there is less magnetite, leading to some zonation in Fe
oxides (sample B2*). Because the zonation is crosscut by the
S1 vein, we suggest that this zonation results from an early
serpentinization and traces the fluid flow path. In the zones
with fewer or no Fe oxides, chrysotile cores can be replaced by
late chrysotile with a higher Fe content. This Fe-rich
serpentinization episode occurs mainly next to the S1 vein
which has a similar Fe content, so we propose that these
episodes are linked. This episode is similar to that described by
Noél (2019).

5.1.3 Brecciation event(s)

It is common to observe carbonate-filled fractures in
ophicalcites related to a brecciation event (Artemyev and
Zaykov, 2010; Lafay et al., 2017; Schwarzenbach et al., 2013).
It is rare, however, to observe massive serpentines like those
seen in sample B1* filling the fractures. According to the clast
morphology, the clast size, and the presence of veins filled
with crystallized serpentine, a large-scale brecciation
associated with S1 could have been produced by either
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Fig. 12. 3'%0 against 8'*C compositions of calcites from the Sivas ophiolite. The estimated temperatures of precipitation of calcite are also

presented for discussion.

(1) hydro-fracturing or (ii) small-scale reaction-induced
fracturing processes (Renard, 2021; Taber, 1916; Wiltschko
and Morse, 2001). The systematic presence of massive
serpentine S1 in type I ophicalcite (Figs. 2¢ and 3b) reflects the
first crystallization phase within the voids created by fractures
before calcite replacement. This is in favor of model (ii), where
the crystallization of serpentine would have led to fracturing,
but we cannot eliminate model (i). The geological context for
this brecciation is unclear. A detachment fault is usually
proposed to explain the origin of brecciation (Cannat et al.,
2010; Rouméjon and Cannat, 2014). As the ophicalcite
evolved from type I to type II over several dozens of meters, it
is difficult to infer a detachment fault as a source; instead, we
propose that this brecciation likely occurred in the fault
damage zone. We did not perform isotopic measurements on
this serpentine to constrain its formation temperature, but we
suggest that it formed at relatively low temperatures (150—
200°C) owing to its high Fe content and the absence of
associated magnetite (Klein et al., 2014).

It is likely that the brecciation occurred at the same time
than type II ophicalcite formation (sample D1*). More intense
brecciation can be associated with the zone closer to the fault
damage zone. However, the ophicalcites studied here seem to
have been formed by a tectono-sedimentary brecciation
without massive crystallization in fractures. The origin of
the residual serpentine in the matrix is unclear. It could have
either crystallized within voids created by fractures such as S1,
or resulted from finely brecciated serpentinite clasts. Sulfides
that occur between the clasts in type I and type II ophicalcites
are interpreted as the result of desulfurization of primary
sulfides and a later precipitation during fluid-dominated
serpentinization (Paulick et al., 2006).

5.2 Carbonation events

Carbonation of the studied samples is heterogeneous,
where samples near the top of the ophiolitic succession (Fig. 2)

are more carbonated (i.e., samples C1* and E1*). This supports
that this upper part can be a major tectonic contact that
channelized the hydrothermal fluid or a paleo-seafloor. The
ophicalcites show a spectrum of carbonation intensity, from
pervasive carbonation to the formation of calcite veins, as
observed in literature (Picazo et al., 2020; Schwarzenbach
et al., 2013).

5.2.1 Multiple carbonation events: cooling to reheating

Previous work suggested that serpentinization and
carbonation of ophiolites, especially peridotites, occurs at
the seafloor during and/or after exhumation (Andreani et al.,
2014; Noél, 2019; Lafay et al., 2017). Here, we use
petrological and isotopic data to constrain the timing of the
low-temperature and high-temperature calcites, in order to
construct a cooling and/or heating history for the serpentinized
peridotites. We do not discuss here the Ca source because of
the lack of relevant data. We can assume, however, that the Ca
might derive from the breakdown of clinopyroxene during the
hydration of peridotite and/or seawater.

5.2.2 Cooling

Other studies (e.g., Lafay et al., 2017) have shown that
some ophicalcites record a continuum between serpentiniza-
tion and carbonation, the latter beginning at temperatures of
~150°C. We did not observe a continuum in our samples (Tab. 3),
which favors separate carbonation and serpentinization
processes (Coltat et al., 2019, 2020). Moreover, after textural
relationships, carbonates formation postdates serpentinization.
We can then assume that after the first event of serpentinization
leading to S1,, a cooler fluid led to the formation of C1’ at
temperatures of 35—100 °C. The first carbonation event could
have occurred during the exhumation of serpentinized
peridotites to the seafloor. Indeed, one grain found in the C1’
vein shows 8'°C values as low as ~—17%o. Such low 8'3C
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Fig. 13. Relative chronology of the different episodes of alteration. In grey color, are the possible scenarios for calcite C5,),.

can be explained by (i) local input of organically derived C
decreasing the C isotopic value (White, 2015), or (ii) by
Fischer—Tropsch reactions in serpentinization-derived fluids
(McCollomand Seewald, 2007; Schrenk et al.,2013) occurring
during peridotite exhumation. Based on the carbon and oxygen
isotopic values, we propose that the C1’ calcite present in the
matrix between serpentinite clasts was formed during the same
event as Cl and Cl1”. This is consistent with petrologic
evidence, where the ophicalcite containing the calcites C1” in
the matrix is crosscut by the sparitic calcite C3, which formed at
low temperatures (~35 °C). The calcites Cl1,;; seem therefore
related to cooling after the S1 serpentinization even if a
carbonation during a different hydrothermal event cannot be
ruled out.

5.2.3 Seafloor alteration

The second carbonation event is recorded by calcites with
slightly enriched 313 compared to Cl,);, with low precipita-
tion temperatures (~35 °C). For example, C2 has pervasively
replaced S1 (Fig. 6a), whereas C2’ represents calcite that
precipitated directly after brecciation of the serpentinites,
chromitites, and amphibolites. Based on the study of Legeay
et al. (2019), the amphibolites are dated at ~90Ma and
complete obduction occurred at 65Ma. We can therefore
estimate that the formation of C2’ occurred 90—65 Ma ago, at
the seafloor even if a post-obduction carbonation can still be
possible.

5.2.4 Heating

Finally, the last low-temperature calcite is represented by
C3. We suggest that this calcite did not form at the same time as
C2,11, because it is related to a heating event. The ophicalcite
D1* was fractured and first filled by C3 at the borders. Calcite
and serpentines formed the zoned grains; the cores of sparitic
calcites register formation temperatures of 32—57 °C, whereas
the outer dendritic calcites formed at 87—105 °C. Such heating
could occur in oceanic environment near the oceanic ridge.

However, the fact that C2 and C3 postdate the amphibolite
brecciation suggests that the rocks are not in such an
environment. Instead, we propose that fluids could have been
heated at depth (~3 km) circulating in a foreland setting for
example between 55 and 40 Ma (Legeay et al., 2019). After
this period, the Sivas Basin sediments underwent rapid cooling
(Darin et al., 2018), suggesting that the heating we observed
happened before 40 Ma. Therefore, we suggest a late hot fluid
during the early Eocene could have altered the ophiolite.

We also discuss here the formation of the dendritic texture
of C4 at high temperature. Although we chose to describe the
texture as dendritic, this description can be confusing. The
texture is often related to a fast change in temperature, but it
can also result from oversaturation. The texture we observed is
similar to that described by Hopkinson et al. (2000), who
interpreted it as a result of carbonate replacement of
serpentine. Even if such replacement can be assumed, we
also suggest that, locally, alternating events of serpentinization
and high-temperature carbonation could result in this dendritic
texture, related to disequilibrium during precipitation of calcite
C4. Further observations of this texture could better determine
its true origin.

The CS5 calcites could also have been formed during the late
hot carbonation event that produced the C4 calcites. The C5
calcites recorded a higher oxidizing environment associated
with hematite. We did not, however, observe any contact
between calcites C4 and C5. Therefore, this hot carbonation
event could have occurred between the C2 and C3 carbonation
events, between the C4 and S2 alteration events, or just after
the late S2 serpentinization event (Fig. 13). In all cases, this is a
recent alteration event.

If the C3, C4, and C5 carbonation events occurred during
the Eocene, we can also discuss the use of the oxygen isotopic
value for Cretaceous seawater in Equation (2) (Pucéat ef al.,
2003; Veizer and Prokoph, 2015). Evaporite formation
suggests that the water source during the Eocene was likely
to be from an ocean, whatever the mechanism responsible for
the brine concentration (e.g. Gaucher, 2020; Warren, 2016).
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Based on Veizer and Prokoph (2015), the oxygen isotopic
value of Eocene seawater is similar to the value of the
Cretaceous seawater at about 0%o. Therefore, the estimated
precipitation temperatures would not change.

Based on our observations, the chronology of the different
episodes of serpentinization and carbonation events are
summarized in Figure 13. This chronology highlights that
serpentine S2 is the youngest phase.

5.3 Late serpentinization and H, potential

Only indirect evidence exists for continental serpentiniza-
tion, particularly via hyperalkaline fluids resulting from the
interaction of water and partially serpentinized ophiolites
(Barnes et al., 1967; Neal and Stanger, 1983; Abrajano et al.,
1988; Deville and Prinzhofer, 2016). Based on the normal
geothermal gradient in the continent, around 30 °C/km, it is
proposed that continental serpentinization happens at rather
low temperatures, in the range 150-200°C (Abrajano et al.,
1988; Etiope et al., 2011; Moody, 1976; Neal and Stanger,
1983).

The S2 serpentine observed in Sivas ophiolites seems to
result from a heating of fluids as described in the previous
section, leading first to the formation of euhedral, dendritic
calcite and serpentine. The S2 serpentine is massive, mainly
correspondmg to chrysotile, with a low Fe content and a low
Fe*t/Fe,, ratio. The precipitation temperature of this
serpentine remains unclear. The absence of magnetite still
suggests that the temperature of serpentinization were below
200 °C, maybe between 150 °C and 200 °C which would be at

the boundary with the high temperature carbonation associated
to C4 calcite. We propose that this late serpentinization
occurred after the obduction that led to the first carbonation
events. Therefore, this serpentinization most likely took place
in a continental environment. We suggest a likely tectonic
environment for serpentinization would be the onset of
shortening in the Sivas Basin, in a foreland setting between 55
and 40 Ma (Legeay et al., 2019), as discussed in the previous
section. The burying of ophiolites at several km deep would
have favored the heating of fluids altering it.

Therefore, the formation of S2 occurred simultaneously
with the deposition of Bartonian evaporites (Pichat, 2017;
Pichat et al., 2021). If confirmed by other analyses, this finding
favors a possible causal relationship between serpentine and
evaporite formation, through water pumping and dehydration
of the foreland basin. Indeed, some models propose that
serpentinization could lead to enrichment in fluid salinity,
which could then precipitate as dehydratites (Debure ef al.,
2019). Geochronology could be used to further constrain the
timing of serpentine precipitation. Unfortunately, we found
that the U and Pb contents were insufficient to allow dating of
the calcites associated with the S2 serpentine phase and the
associated heating.

5.4 Summary of the chronology

In summary, the harzburgite underwent both serpentiniza-
tion and carbonation events. First, peridotites underwent a
typical serpentinization SO during exhumation. It is difficult to
constrain the timing of SO, but it likely occurred between 120
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and 90 Ma (Fig. 14). The partially to completely serpentinized
peridotite then underwent brecciation. This was likely
controlled by chemically induced fracturing and hydro-
fracturing, resulting in precipitation of massive serpentine
S1.. This massive serpentine was then partially to completely
carbonated at low temperature. Based on the presence of
amphibolite within the breccia, this carbonation likely
happened after 90 Ma. Finally, during the shortening event
and the subsidence of the Sivas foreland Basin (55—40 Ma), the
ophiolites underwent low-temperature carbonation C3. A
high-temperature carbonation event C4 followed, and then a
final serpentinization event S2 led to the formation of massive
serpentine. The youngest episodes in the Eocene could have
been associated with oxidizing alteration that led to the
formation of hematite associated with calcite C5. We note that
it remains unclear whether maghemite formed during seafloor
alteration or during incomplete hematitization. Finally, late
goethitization could have occurred during meteoric alteration.

5.5 H, production and potential:

During serpentinization, H, is produced via water—rock
interaction coupled with oxidation of Fe*" into Fe*™ (Klein
et al, 2009; Andreani et al, 2013). This means that all
minerals containing Fe®" (magnetite, hematite, maghemite,
goethite, and serpentine) with variable Fe®/Fe, ratios are
commonly associated with the production of H,. It would
imply that the higher the Fe*'/Fe,, ratio (in serpentine or
bulk), the more H, would be likely produced. However, this
can only be true if the alteration proceeds in an open-system
where H; can escape, so that the rock could be oxidized even
forming hematite while H, is produced and goes out of the
system (Klein et al., 2013).

In Sivas ophiolite, Fe* is present in serpentine, magnetite,
maghemite, hematite and goethite. Among these minerals,
only the serpentine can have different Fe*T/F €0t ratios. The
different serpentines of the mesh have Fe*/Fe,, ratio between
0.49+0.08 (20) and 0.68+0.14 (20). The serpentinites for
which nearly 50% of the iron is ferric corresponds to the most
pristine zone. This is a value similar than the one measured by
Klein et al. (2009) whereas the other serpentines of the mesh
have higher ferric iron which could be related to a higher H,
production. According to Andreani ef al. (2013), any increase
in Fe’"/Fey, ratio implies an increase in the degree of
serpentinization. Even if serpentinization is complete in all
samples, we propose that higher Fe®/Fe,, ratios imply more
alteration episodes and therefore greater H, 3produc‘tion. We
can note that for most of the rocks, the Fe’/Fe,, ratio of
serpentine is similar than the bulk Fe’"/Fe,, ratio. This would
suggest that oxidation state of serpentine represents the
oxidation state of the rock.

For the most oxidized rocks, the hematite contains most of
the ferric iron and the serpentine does not have the same Fe> "/
Fe, ratio than the bulk rock. Therefore, during the event of
hematitization, the serpentine would not have been affected. In
this context, H, could only have been produced by hematite
(Frost, 1985), maybe by the oxidation of magnetite, if H, was
then lost during the process as discussed previously. In
contrast, the veins of serpentine S1° and S2 have a low Fe**/
Fe ratio (~0.31). It is unclear whether this lower ratio relates

to a more reducing environment or if it reflects higher
solubility of Fe*" compared to Fe" in fluid solutions before
the precipitation of serpentine.

We suppose that H, produced during the -classic
serpentinization stage was lost by degassing in the Neo-
Tethys ocean as it happens today along all the MOR (Worman
et al., 2020). It remains unclear, however, whether H,
produced by the precipitation of hematite and goethite and
during late serpentinization was trapped as a free gas phase. If
this H, generation still occurred after salt precipitation, some
of the H, could have been trapped beneath this salt cap or water
rich clay levels, if not recombined into CH,4 or consumed by
any abiotic or biologic sink (Zgonnik, 2020).

Today, serpentinization can still occur by the alteration of
chromite that contains Fe? ", or by the alteration of olivine if it
is present in deep peridotite and kinetically possible. No
evidence of ongoing alteration has been observed to date.

6 Conclusions

We investigated carbonated ophicalcites from the Sivas
ophiolite in order to identify different episodes of alteration,
especially an early and a late serpentinization, intercalated with
several carbonation events. The first episode of alteration
occurred on the seafloor and is characterized by a complete
serpentinization of olivine and pyroxene, forming serpentine
and magnetite. This was followed by brecciation of the
serpentinites, likely occurring in a fault damage zone. The
space created during brecciation was filled by massive
serpentine. This is one of the first occurrences of massive
serpentine present in some fractures. It is not clear if the
fracturing was caused by brittle deformation into the damage
zone of the fault or by serpentinization-induced fracturing
(Renard, 2021). We observed no continuum between
serpentinization and carbonation. During cooling related to
the exhumation of serpentinized peridotites, seafloor alteration
led to low-temperature carbonation after 90 Ma. Finally, we
found a reheating of the system that led to a late
serpentinization episode, likely during the early Eocene. This
is of particular interest because it implies serpentinization
associated with the formation of salt deposits at 55-40 Ma
(Debure et al., 2019).

H, could have been produced during two main alteration
events: the first is linked with seafloor exhumation of the Sivas
ophiolite, and the second likely took place after obduction. It is
thus proposed that the Sivas ophiolite, and likely obducted
ophiolites in general, can be a source of H, in at least two
pulses: one occurring on the seafloor and the other within the
continent. This late serpentinization, characterized by massive
serpentine crosscutting type II ophicalcite, shows that deep or
partially fresh peridotites could still be present and that
ongoing serpentinization could be possible. This could result in
ongoing H, generation, similar to that observed in the
Chimaera seeps (Etiope et al., 2011) or in Tuscany (Leila et al.,
2021).

In this study, we have shown important features of the
Sivas ophiolite that could help better understand the complete
alteration process from the seafloor to the continent. Dating
measurements also constrain the chronology, particularly for
the final stage of serpentinization. Further studies will be
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necessary in order to confirm if large quantity of H, were
trapped under salt deposits, and whether this H, can be
produced.

Supplementary material

Fig. S1. Mossbauer spectra of (a) B2* zone 1 and (b) D1* and
the associated tables with the Mossbauer hyperfine parameters
and the different contents of each sub-spectra. The values in
brackets denote the error corresponding to the associated
value. hem: hematite, mgt: magnetite, spt: serpentine. obs.:
observed, calc.: calculated.

Table S1. Serpentine electron microprobe analyses (wt% and
number of cations). The detection limits were 640 ppm,
510 ppm, 420 ppm, 640 ppm, 730 ppm, 970 ppm, 1010 ppm,
6760 ppm, 440 ppm, 280 ppm, 930 ppm, 920 ppm, 330 ppm,
and 1100 ppm for Na, Si, Al, K, Ca, Mn, Fe, F, Mg, Cl, Ba, Ti,
Cr, and Ni, respectively.

Table S2. Calcite electron microprobe analyses (wt% and
number of cations). The complement of the total (wt%) is
equivalent to CO, (wWt%). The detection limits were 760 ppm,
400 ppm, 370 ppm, 560 ppm, 1060 ppm, 1010 ppm, 1050 ppm,
10,210 ppm, 450ppm, 250ppm, 1010ppm, 1020 ppm,
350 ppm, and 1130 ppm for Na, Si, Al, K, Ca, Mn, Fe, F,
Mg, Cl, Ba, Ti, Cr, and Ni, respectively.

The Supplementary Material is available at https://www.bsgf.
11/10.1051/bsgt/2022015/0lm.
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