LITHOS 456-457 (2023) 107275

Contents lists available at ScienceDirect

LITHOS

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/lithos

Check for

The B isotopic signature of serpentine from obducted ophiolites: Mixing of [&&s
fluids and tectonic implications

Celine Martin® ", Kennet E. Flores ™? George E. Harlow °, Samuel Angiboust ¢, Florent Hodel ¢,
George L. Guice®

& Department of Earth and Planetary Sciences, American Museum of Natural History, New York, NY 10024-5192, USA

b Department of Earth, Marine and Environmental Sciences, University of North Carolina, Chapel Hill, NC 27599-3315, USA
¢ Ecole Normale Supérieure de Lyon, Université Lyon 1, CNRS, F-69007 Lyon, France

d Laboratoire Chrono-Environnement, UMR6249 CNRS-UFC, Besangon, France

ARTICLE INFO ABSTRACT

Keywords:

Obducted ophiolites

Supra Subduction Zone ophiolites
B isotopic signatures
Serpentinites

Mixing of fluids

Obducted ophiolites expose oceanic lithosphere slivers in suture zones. The few previous studies focusing spe-
cifically on the serpentinization of the ultramafic part of ophiolites mostly concluded that serpentinization was
driven by seawater. Recent developments in B isotope geochemistry have enabled the tracking of fluid source(s)
in serpentinites, suggesting 5!'B values above +10%o mostly reflect seawater hydration and 5''B values below
+10%. mostly reflect hydration by subducted crust-derived metamorphic fluids. In this study, we further
investigate the fluid sources recorded by ophiolitic serpentinites by presenting B isotopic geochemistry for
seventeen samples from well-characterized ophiolites in Guatemala, Iran, and Brazil. The samples from
Guatemala and Iran are from fossil Supra Subduction Zones (SSZ), while samples from Brazil represent a fossil
Ocean-Continent Transition (OCT). Most of the samples display the pseudomorphic mesh matrix and bastite
microtexture typical of serpentinites. Nine of the samples are either totally (both microtextures) or partially (one
microtexture only) out of isotopic equilibrium, with §!'B variations of up to 18%o within individual samples/
textures. Among the samples with a narrow 5!'B range (i.e., at isotopic equilibrium), those from a fossil OCT
ophiolite have 8''B ranging from +3.8 to +23.2%c, which is broadly consistent with serpentinization by
seawater. In contrast, serpentinites from fossil SSZ ophiolite have 5!!B straddling 0%, ranging from —7.7 to
+13.5%o. These data indicate that seawater alone cannot be responsible for serpentinization of these ultramafic
rocks, but rather either subducted crust-derived metamorphic fluids, or a mixture of seawater and subducted
crust-derived metamorphic fluids. This interpretation agrees with the recent suggestions that SSZ ophiolites
possibly represent fossil forearc lithosphere.

1. Introduction

The term obducted ophiolite was originally coined to describe a part
of a fossil oceanic lithosphere thrusted onto the continental crust margin
(Steinmann, 1927). The oceanic material is interpreted as having been
produced at mid-ocean ridges and then “trapped” during the closure of
ocean basins. From the initial definition, ophiolites contain, from the top
to the bottom: volcanic rocks (pillow basalt), sheeted dikes, gabbros,
cumulates, and upper mantle rocks (Penrose Conference, 1972). How-
ever, several early publications pointed out that the volcanic rocks at the
top of ophiolitic complexes present geochemical similarities with the
arc-related lavas produced at convergent margins (Miyashiro, 1973;
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Pearce et al., 1984). These ophiolites, containing arc-like lavas, were
termed suprasubduction zone (SSZ) ophiolites, in reference to the
seemingly paradoxical chemical affiliation with subduction zones
(Pearce et al., 1984; Pearce and Reagan, 2019). This observation was
initially explained by a hypothesis whereby SSZ ophiolites form in as-
sociation with island arcs (extensional systems associated with conver-
gent margins), reconciling the geochemical evidence with structural
evidence for seafloor spreading (Dewey, 1976; Pubellier et al., 2004).
More recently, SSZ ophiolites have been interpreted as representing
ancient forearc lithosphere (e.g., Stern et al., 2012), by comparison with
studies focusing on the present-day Izu-Bonin Mariana trench system (e.
g., Ishizuka et al., 2010, 2006). Forearc lithosphere is indeed optimally
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situated for obduction and associated preservation as ophiolites (Casey
and Dewey, 1984; Metcalf and Shervais, 2008; Wakabayashi and Dilek,
2004): it comprises young, hot, and buoyant material, which prevents its
subduction but facilitates ophiolite obduction (Stern et al., 2012).
Several publications additionally suggest that the formation of ophio-
lites is related to incipient subduction (e.g., Moores, 1982; Pearce et al.,
1984; Prigent et al., 2018). The obduction of ophiolites is then facilitated
by a metamorphic sole, usually amphibolite, representing the meta-
morphosed oceanic crust subducting below ophiolite (e.g., Moores,
1982; Prigent et al., 2018; Wakabayashi and Dilek, 2004). Regardless of
the tectonic setting (spreading center, back-arc, or forearc) in which the
future ophiolite forms, all authors agree that an ophiolite represents a
sliver of the oceanic upper plate (i.e., not the subducting plate). Thus,
the meta-ophiolite complexes (e.g., Western Alps and other low tem-
perature — high pressure metamorphic belts) will not be considered here,
as they represent parts of subducted slabs (e.g., Barnicoat and Cart-
wright, 1995; Ernst and Dal Piaz, 1978).

The lowermost part of ophiolites represents the upper mantle and is
partly or totally serpentinized. However, little is known about the origin
of the fluid(s) responsible for its serpentinization. It is commonly
accepted that ophiolites (irrespective of the layer considered) are altered
by seawater, because they represent slivers of oceanic crust, and
consequently have been — at least to some extent — in contact with
seawater during seafloor residency (e.g., Gregory, 2003; Mcculloch
et al., 1980). There has been limited research focusing on the serpenti-
nization of obducted ophiolites, including the nature of fluid(s)
responsible for serpentinization. Most studies have concluded that
seawater was responsible for serpentinization, whether on the basis of
trace elements (Agranier et al., 2007; Li and Lee, 2006) or B isotopes
(Lécuyer et al., 2002; Martin et al., 2016). However, Prigent et al. (2018)
recently suggested that the fluids responsible for serpentinization of the
mantellic part are metamorphism-related fluids, on the basis on B iso-
topes. Boron isotopes have indeed been used for tracking the source of
fluids encountered in subduction zones (e.g., Angiboust et al., 2014;
Harvey et al., 2014a; Martin et al., 2016, 2020; Scambelluri and
Tonarini, 2012; Yamada et al., 2019b, 2019a). Martin et al. (2020)
suggested that serpentinites showing a 5!'B above +10%o represent a
mantle hydrated by seawater-derived fluid, whereas serpentinites
showing a 5'!B below -+10%o have mostly been hydrated by subducted
crust-derived metamorphic fluids. However, a slight overlap of both
fluids (seawater and subducted crust-derived metamorphic fluids) is
visible for serpentinite with 5'!B in the range +5 to +10%o, meaning
values in this range may not allow concluding for the origin of the fluid
responsible for serpentinization. In the present paper, serpentinites from
well-characterized SSZ ophiolites located in the Guatemala Suture Zone
(Guatemala; seven samples) and in the Sistan Suture Zone (Iran; two
samples) have been selected and their B contents and isotopic signatures
acquired to determine the source of fluid(s) responsible for serpentini-
zation in obducted ophiolites. Eight samples from the Araguaia Belt
(Brazil), which represent serpentinites from a passive margin Ocean-
Continent Transition (OCT, as defined by Picazo et al. (2016)), have
also been studied to compare their B isotopic signatures with those of
SSZ ophiolites.

2. Geological background of the studied samples
2.1. Guatemala

The Cretaceous Guatemala Suture Zone (GSZ) is the fault-bound
region in central Guatemala that contains the present North American-
—Caribbean plate boundary, the left-lateral, strike-slip Motagua fault
system (Flores et al., 2013). The GSZ is bounded north and south by two
continental crust blocks (Maya and Chortis, respectively) and contains
various high-grade schist and gneisses, accreted metavolcanic-
metasedimentary sequences, low-grade schists and metasediments,
serpentinite mélanges and obducted ophiolites. The complex tectonic
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assemblages contain the relics of Pacific-type subduction margin (i.e.,
south GSZ) and the closure of proto-Caribbean back arc basin (i.e., north
GSZ; Flores et al., 2015, 2013). The serpentinite mélanges occur north
and south of the Motagua fault system and enclose high-pressure-low-
temperature (HP-LT) rocks such as eclogite, jadeitite, garnet-
amphibolite, and blueschist (Brueckner et al., 2009; Harlow et al.,
2004; Tsujimori et al., 2006). Based on the association of a serpentinite
matrix, HP-LT blocks, and vein-related metamorphic rocks, these
mélanges have been interpreted as examples of subduction channel
(deep mantle wedge) sequences exhumed from depths up to 80-100 km
(Flores et al., 2013; Martin et al., 2020, 2016). The main bodies of
dismembered ophiolite sequences (Baja Verapaz and Sierra de Santa
Cruz) are found in the northern section of the GSZ, where they have been
thrust over the passive margin sedimentary sequences of the Maya block
(Fig. 1a). Smaller ophiolitic slivers (e.g., Juan de Paz) also occur north
and south of the Motagua fault system, tectonically associated with
various metamorphic sequences and serpentinite mélanges (Flores et al.,
2013).

The samples MVE15-9-2 and MVE15-9-5 were collected ~3 km north
of the Motagua fault in the eastern section of the Guatemala Suture Zone
near Concua (Fig. 1a). This area consists of a tectonic association of
slivers of high-grade metamorphic rocks and serpentinite mélanges of
the Chuacus complex and North Motagua Mélange, respectively (Flores
et al., 2013). Samples from this locality occur within a km-sized sliver
composed of stacks of serpentinites containing rodingites, metabasalts,
low-grade metasediments, and partially metamorphosed limestones.
This sequence resembles the associations of the Juan de Paz and Sierra
de Santa Cruz ophiolites. The MVE10-10-1 serpentinite sample is taken
from sliver of ultramafic rocks that is a hundred meters long, in tectonic
association with metabasalts, and that outcrops parallel to the western
Motagua fault system near the town of Gualan (Fig. 1a). This ophiolitic
sliver overthrusts the low-medium grade metasediments of the Las
Ovejas Complex from the south GSZ (Flores et al., 2013). Samples from
the MVE15-17 locality were collected in the southern region of the GSZ
near Potrero Carrillo, ~14 km south of the Motagua fault system
(Fig. 1a). This area consists of a southward imbricated stack of tectonic
slivers composed of serpentinite mélanges, low-medium grade
metavolcanic-metasedimentary sequences, and massive ultramafic
slivers (e.g., Potrero Carrillo) grouped as South Motagua Mélange and El
Tambor complex, respectively (Flores et al., 2013). The Potrero Carrillo
sliver (El Tambor complex) is a massive, partially serpentinized body; no
association with metasediments, metabasalts, or HP-LT rocks was
observed.

2.2. Iran

The Sistan ophiolitic Suture Zone, now exposed along the Iran-
Afghanistan border, comprises a paleo-accretionary wedge formed by
the closure of the Sistan Ocean, a N-S extension of the Neotethys, during
late Cretaceous times (99.6 Ma - 65.5 Ma; e.g., Angiboust et al., 2013;
Bonnet et al., 2018; Tirrul et al., 1983). This wedge consists of three
distinct units with markedly different metamorphic imprints. Some
dismembered eclogites are preserved as blocks and lenses in a weak
matrix (the “eclogitic unit”) overlain by large coherent masses of epidote
blueschist-facies metasediments (Angiboust et al., 2013; Bonnet et al.,
2018; Fotoohi Rad et al., 2005). This High Pressure-Low Temperature
material is commonly (tectonically) overlain by obducted, coherent,
laterally-continuous slivers that comprise weakly-deformed serpenti-
nized ultramafics associated with red radiolarian cherts, basalts or
gabbros, and various folded flysch and tuff sequences (e.g., Babazadeh
and De Wever, 2004; Delaloye and Desmons, 1980; Tirrul et al., 1983).
The unit has been referred as the “Western Unit” in a field study by
Angiboust et al. (2013), and samples Su09-17 and m52 are from this unit
(see sample location in Fig. 1b)
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Fig. 1. Geological maps of the studied areas. a), Guatemala Suture Zone, Guatemala (after Flores et al., 2013), b) Sistan ophiolitic suture zone, Iran (after Angiboust
et al., 2013), and ¢) Araguaia Belt, Brazil (after Hodel et al., 2019). The white stars represent the location of the samples studied in the present paper. The blue stars
on a) represent the samples published in Martin et al. (2016) and added in the discussion on the present paper. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2.3. Brazil

The Araguaia Belt is a 1200 km long and 150 km wide Neo-
proterozoic fold and thrust belt located in central Brazil. Bordering the
eastern Amazonia Craton, it results from the collision between the
Parnaiba block and the Amazonian, the West African and the Sao
Francisco-Congo cratons during the Panafrican/Brasiliano orogeny (e.
g., Daly et al., 2014; Hodel et al., 2019; Moura and Gaudette, 1993). It
mainly consists in low-grade metasedimentary rocks (Estrondo and
Tocantins Groups, Hasui et al., 1977) in which mafic/ultramafic bodies
outcrop (dismembered ophiolitic units, Alvarenga et al., 2000; Gorayeb,
1989; Hodel et al., 2019; Paixao et al., 2008). Recently, Hodel et al.
(2019) proposed that the Araguaia Belt constitutes the remnants of a
Neoproterozoic ocean-continent transition (OCT, passive margin). Ser-
pentinite samples of the present study originate from the two main ul-
tramafic complexes of the Araguaia Belt: the Serra do Quatipuru unit
(QT-08 to QT-31), and the Serra do Tapa unit (QT-69 to QT-80) (Fig. 1c).

3. Methods

Serpentinite polysomes from Guatemala have been identified using
X-ray diffraction on 1-in. diameter polished sections (Rigaku DMAX/
RAPID instrument, with JADE (MDI) software and the International
Center for Diffraction Data PDF-2 database for phase identification,
AMNH). Additionally, one sample (MVE15-17-3) has been analyzed as a
demonstration of a new Raman Integrated Scanning Electron Micro-
scope (RISE). The serpentinite polysomes of samples from Iran and
Brazil have been identified by Raman spectroscopy (respectively Angi-
boust et al., 2013, and Hodel et al., 2019).

Trace element contents were analyzed in situ by LA-ICP-MS with an
ESI New Wave UP-193-FX ArF* (193 nm) excimer laser coupled to a VG
PQ ExCell (ThermoScientific) ICP-MS at Lamont Doherty Earth Obser-
vatory, Columbia University and a Photon Machine (193 nm) excimer
laser coupled to an ICap QC (ThermoScientific) ICP-MS at the Depart-
ment of Earth and Planetary Sciences, Rutgers University. The following
isotopes were monitored: 7Li, nB, 24Mg, 2981, 52Cr, 55Mn, 57Fe, 59Co,
60N, 63Cu, 567n, 75As, 85Rb, 88Sr, 90Zr, 121sb, 133Cs, 137Ba, 13910, 140Ce,
ilpy 145N, 47gm, 153gy, 17Gd, 159Th, 19Dy, 15Ho, 16Fr, 169Tm,
172y, 1751y, and 178Hf. Analyses were performed using traverses (~200
pm long, with a beam diameter of 100 pm (LDEO) and 85 pm (Rutgers
University)) at a repetition rate of 10 Hz and a monitored energy density
of 10 J/cm? on the sample surface. Using 2°Si as an internal standard,
quantification was performed via external calibration using several glass
reference materials (U.S. Geological Survey natural glasses BHVO-2G,
BIR-1G and BCR-2), and these same standards were run as unknown
material to validate the measurements. Based on the standards and
settings described, external reproducibility for the elements measured
was typically below 10-15% relative standard deviation (Supplemen-
tary Material 1, Table SM1).

Boron isotopes from Guatemalan and Iranian samples were
measured in situ by LA-MC-ICP-MS, using an ESI New Wave UP-193-FX
ArF* (193 nm) excimer laser coupled to a Neptune Plus (Thermo-
Scientific) MC-ICP-MS (Lamont Doherty Earth Observatory, Columbia
University), following the method developed by Martin et al. (2015).
The instrument was setup with Ni / Jet X cones and a RF power of 1100
W. The data were collected by electron multipliers with a repetition rate
of 10 Hz, at a speed of 3 pm per second, along traverses of ~300 pm in
length and between 75 and 175 pm in diameter. Brazilian serpentinites
were measured using a Photon Machine (193 nm) excimer laser coupled
to a Neptune Plus (ThermoScientific) MC-ICP-MS (Department of Earth
and Planetary Sciences, Rutgers University), with a repetition rate of 10
Hz and a fluence of ~5 J/cm? on the sample surface, along traverses of
~600 pm in length and 40 pm in diameter. The isotopes have been
collected by electron multiplier for 1°B, and Faraday cup (with a 1012 Q
amplifier) for 1B Boron isotopic data on sample Q80 (Brazil) have been
collected using both instruments (see Martin et al., 2020 for a detailed
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comparison of the data acquired on both instruments). Mass-bias
correction was performed with the standard-bracketing method, using
NIST SRM 612 standard glass (see Martin et al., 2015 for details), and
the variations in B intensity are corrected following the calibration
method also described in Martin et al. (2015). The B isotopes results are
presented using & notation (see formula below), in which g, 10Bsmp1e is
the isotopic ratio measured on the sample, and 1B /108 dard the iso-
topic ratio of the reference material SRM 951 (Catanzaro, 1970, U.S.
National Institute of Standards and Technology, NIST). The error given
for each result (samples, standards, and standards used for bracketing)
has been propagated from the error (2 S.E.) on the measured ''B/'°B and
the published error on the standard SRM 951 (*'B/'°B = 4.044 + 0.001,
Catanzaro, 1970)

(“B/IOB> I
sampte
(“B/]OB> standard

The standard used to monitor and bracket the B isotopes measure-
ments by LA-MC-ICP-MS is NIST SRM 612 (!B/!°B = 4.048, Jochum
and Stoll (2008), compiled value). It yields 5''B of +0.72 + 2.49%q (2 S.
D., n = 171), using Lamont Doherty Earth Observatory instrument, and
of +0.53 + 2.09%o (2 S.D., n = 42), using Rutgers University instrument,
in agreement with previously published values of +0.68 + 3.31%o (2 S.
D., Martin et al., 2015) and — 0.51 + 0.52%o (Kimura et al., 2016), both
using the same analytical in situ method. This value is also consistent
with the wet chemistry values ranging from —1.07 + 0.85%o (minimum
value, Kasemann et al. (2001)) to +0.10 & 0.40%0 (maximum value,
Jochum et al. (2011)). The synthetic glass NIST SRM 610 has been run as
unknown and yield 8B of +0.97 + 3.43%o (2 S.D., n = 11) using LDEO
instrument, in agreement with the published in situ values of —0.27 +
2.88%o (2 S.D., Martin et al., 2015) and —0.33 % 0.28%o (Kimura et al.,
2016). This value is also in agreement with the wet chemistry values
ranging from —1.31 + 0.68%o (minimum value, Kasemann et al. (2001))
to 0.00 £ 0.20%o0 (maximum value, Jochum et al. (2011)). The serpen-
tinite standard UB-N has been measured in a separate session using
LDEO instrument, and the preliminary results yield 5''B of +9.24 +
1.92%o (2 S.D., n = 5). This result is in agreement with the two previ-
ously published wet chemistry values of +10.47 + 0.26%o (1 S.D., Zhu
et al., 2021) and + 13.1 £ 0.3%o0 (2 S.D., Gangjian et al., 2013). These
results indicate that possible matrix effects due to the difference of
chemical composition between standards (synthetic glasses) and
serpentine minerals are likely negligeable, as expected by Yamada et al.
(2019a), who estimated the matrix effect in the range of +0.5%o.
Additionally, the fact that NIST SRM 612 (~35 ppm), UB-N (~140
ppm), and NIST SRM 610 (~350 ppm) gave accurate isotopic values
indicate that there is no significant impact of the B content on the
measured isotopic value.

§''B = —1 | x 1000

4. Samples and petrographic description

Sample MVE15-9-2 (Concua, Guatemala) is a dark green massive
serpentinite made of lizardite with magnetite and calcite as accessory
phases (Table 1). No relicts of mantellic phases or bastite textures are
visible (Fig. 2a). MVE15-9-5 (Concua, Guatemala) is a dark green sample
cut by folded veins of diopside (Fig. 2b), with some bastite visible in thin
section (Fig. SM2-1a, 1b). The serpentine polysomes are lizardite and
antigorite in the bastite, likely lizardite, antigorite + chrysotile in the
matrix (Table 1), and nodules of Cr-rich spinel are present as an acces-
sory phase (Fig. 2b; Table SM2). In both samples, the structural formulae
show that matrix serpentine have Si content higher than pure lizardite or
chrysotile (on average 2.03-2.04 apfu, Table SM2, while Si in pure liz-
ardite/chrysotile is ~2 apfu), likely indicating interlayers of talc in the
serpentine crystals.

Sample MVE10-10-1 (Gualan, Guatemala) is a massive, light green
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Table 1
Serpentinite samples mineralogy (abbreviations from Whitney and Evans, 2010).
Sample atg ctl 1z tle chl spinel ol px opl Vein
North GSZ
MVE15-9-2 + + None
MVE15-9-5 + + + di
South GSZ
MVE10-10-1 + + clc + 1z
MVE15-17-1b + + + + + + opl + tlc + srp
MVE15-17-2 + + None
MVE15-17-3 + + + + atg
MVE15-17-4 + + + + 1z/atg?
Sulabest
Su09-17 —+ —+ —+ —+ None
mb52 + + + None
Araguaia Belt
QT08 + + n
QT09 + + +
QT31 + + +
MA28 + + +
QT69 + + atg
QT78 —+ + atg
QT79 + + atg
QT80 + + atg

serpentinite, with some bastite. Both microtextures consist of lizardite +
chrysotile (Table 1), and as with samples MVE15-9, the higher contents
of Si apfu in the matrix (Table SM2) may indicate interlayers of talc in
the serpentine crystals. A vein made of a mixture of lizardite and calcite
cut the sample (Fig. 2c).

Samples from Potrero Carillo, Guatemala (MVE15-17-1b, MVE15-
17-2, MVE15-17-3, and MVE15-17-4) are medium green serpentinites
consisting of lizardite, chrysotile, and minor antigorite. Except MVE15-
17-2, which has the typical mesh matrix and bastite texture visible in
thin section (Fig. SM2-1g, 1h), the samples display white and green
patches, both made of lizardite and chrysotile mixture (Fig. 2d, e, f,
Fig. SM2-2a) that are indistinguishable under the microscope (Fig. SM2-
lc, 1d) or in BSE (Fig. SM2-2b). As with the other samples from
Guatemala, the Si content of these serpentine polysomes is significantly
higher (~2.03 to 2.05 apfu) than typical lizardite or chrysotile (~2.00
apfu), probably indicating interlayering with talc (Table SM2). Sample
MVE15-17-1b also contains some chlorite (clinochlore) in the green
matrix and the white patches, chromite as an accessory phase, and or-
ange areas that are made of a mix of serpentine (lizardite and chrysotile)
and probably opal, talc, and Fe, Ni-rich spinel (Table SM2). The orange
coloring may be due to meteoric alteration of the spinel, or to oxidation
of sulfide. A vein of opal, with minor amounts of talc and serpentine,
crosscuts the sample (Fig. 2d, Fig. SM2-1e, 1f, and Table SM2). The
serpentine and chlorite chemistry are similar in both the green and
white areas (Table SM2). Sample MVE15-17-2 has a simple mineralogy,
made of lizardite only, in both the matrix and bastite. The accessory
phase is Cr-rich spinel with magnetite overgrowths (Fig. 2e; Table SM2).
Samples MVE15-17-3 and MVE15-17-4 also have green and white
patches made of lizardite and chrysotile for the green ones, slightly
enriched in Cry03, and lizardite + talc for the white patches. MVE15-17-
3 has spinel, magnesioferrite, magnesiochromite, and magnetite as
accessory phases (Table SM2), with talc at the core of the white patches,
and some antigorite veinlets have been identified using the RISE system
(Fig. SM2-2). MVE15-17-4 is cut by a vein of lizardite and/or antigorite,
and displays opal grains, which are also present in the opaque nodules,
together with magnetite (Fig. 2f; Table SM2).

Sample Su09-17 and m52 from the Sulabest region (Sistan ophiolitic
belt, Iran, Fig. 1b) are massive lizardite-bearing serpentinites with minor
chrysotile (Table 1, Angiboust et al., 2013). Su09-17 exhibits two

pyroxenes (enstatite and diopside) and olivine (Fogy) (Table SM2).
Sample m52 contains bastite (lizardite) and magnesioferrite as accessory
phase.

Samples from the Araguaia Belt (Brazil) have been previously
described (Hodel et al., 2019). They all display the typical pseudomor-
phic mesh and bastite texture. The serpentine polysomes present in
samples from Serra do Quatipuru (QT08, QT09, and QT31) and samples
from Morro do Agostinho (MA28) are mostly lizardite and chrysotile,
with minor antigorite, while samples from Serra do Tapa (QT69, QT78,
QT79, and QT80) are characterized by a mesh matrix made of a mixture
of lizardite and antigorite, cut by antigorite veins.

5. Results
5.1. Trace element contents of serpentinites

5.1.1. In SSZ ophiolites

At Concua (Guatemala), the Fluid Mobile Elements (FME = Li, B, As,
Sb, Cs) contents of sample MVE15-9-2 — which displays a homogeneous
texture with no relict of mantellic minerals or bastite — are above
detection limits (except for As). By contrast, in sample MVE15-9-5, the
FME contents are mostly below detection limits with the exception of B
and Li, which have similar concentrations in the matrix and the bastite,
and slightly lower than in MVE15-9-2 (Fig. 3, Table SM1). Siderophile
elements display some differences related to the microtextures of
serpentine in MVE15-9-5 (Fig. 3): Ni is slightly enriched in the matrix
compared to the bastite, while Cr shows the opposite, in broad agree-
ment with EMPA results (Table SM2). Interestingly, the Ni content of
this sample is one order of magnitude lower than MVE15-9-2 (same
outcrop), and overall, significantly lower than any of the studied sam-
ples (Fig. 3, Table SM1). This likely indicate that Ni was leached by the
fluid responsible for the formation of the diopside vein, while Sr was
brought by that same fluid.

In sample MVE10-10-1, from Gualan (Guatemala), the serpentine is
present in three microtextures: matrix, bastite, and in a vein where it is
mixed with calcite, and each of these microtextures shows significant
difference in FME. Lithium is enriched in the bastite in comparison to the
matrix, while B shows the opposite, and the vein has the lowest contents
for both elements (Table SM1). Arsenic shows similar concentrations,
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Fig. 2. Selection of 1-in. round polished section representative of samples from Guatemala (northern a, b, c; southern d, e, f). a) sample MVE15-9-2, showing massive
lizardite (liz) and magnetite (mt) as accessory phase, b) sample MVE15-9-5, collected on the same outcrop as a), showing some bastite (bas) in a lizardite matrix cut
by folded veins of diopside (di), ¢) sample MVE10-10-1, showing the classic mesh and bastite texture cut by a vein of lizardite and calcite, d) sample MVE15-17-1b
showing pale green, white, and orange patches cut by a vein of opal displaying chromite at its edges, e) sample MVE15-17-2 showing the classic mesh and bastite
texture, and f) MVE15-17-4, showing the unusual green and white patches, mineralogically similar. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

within error, in the three microtextures (Table SM1). Chromium is results for Cr. Nickel abundance is lower in the vein than in the host
enriched in the bastite in comparison to the matrix, and Ni has similar material, although the results overlap within error (Table SM1).

concentrations, within error, in both matrix and bastite (Table SM1). Samples from Potrero Carrillo (Guatemala) mostly contain green and
Only two points were measured within the vein, yielding inconclusive white patches, respectively made of lizardite and chrysotile, some with
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accessory chlorite (MVE15-17-1b). The trace elements have been
measured in situ in the different microtextures of serpentine. Sample
MVE15-17-1b shows differences in function of the serpentine micro-
textures. The FME concentrations in the green areas are below the
detection limits, except for B, while As and B contents are measurable in
the white areas (Fig. 3, Table SM1). Nickel and Cr have equivalent
concentrations, within error, between both areas (Table SM1). The or-
ange areas, which are a mixture of lizardite, chrysotile, opal, talc, and
Fe-Ni-rich spinel are higher in FME, except B, and lower for Cr and Ni
(Fig. 3). However, the silica content used for normalization in the LA-
ICP-MS analyses has been set as the average of EMPA results acquired
in these areas and is therefore imprecise (Table SM2). The values re-
ported above and in Table SM1 for the orange areas are consequently
estimates. In MVE15-17-2, except for B, the FME concentrations are
systematically below detection limits in both the matrix and bastite
(Fig. 3, Table SM1). Boron is the same in the matrix and bastite. The
siderophile elements Ni and Cr are enriched in the matrix in comparison
to the bastite (Fig. 3, Table SM1). In MVE15-17-3, the FME are all above
detection limits, and similar within error in both green and white areas
(Fig. 3, Table SM1). Nickel and Cr are enriched in the green areas
relative to the white areas (Fig. 3, Table SM1). In MVE15-17-4, the FME
are mostly below detection limit, except for B (Fig. 3, Table SM1), and As
in the green areas. Nickel and Cr again show a contrasted distribution: Ni
and Cr are enriched in the green areas in comparison to the white areas
(Fig. 3, Table SM1).

Sample m52 (Sulabest, Iran) display both matrix and bastite micro-
textures. Lithium and B are enriched in the bastite in comparison to the
matrix, while other FME are below detection limits in both micro-
textures (Fig. 3, Table SM1). Nickel and Cr have contrasted distribution:
Ni is enriched in the matrix in comparison with the bastite, and Cr shows
the opposite. Sample Su09-17 mesh matrix has low FME, with only B
above detection limits. The Ni and Cr contents are unconclusive as there
is only one serpentine microtexture (Table SM1).

5.1.2. OCT ophiolites

The trace element geochemistry of the samples from Brazil has
already been published for samples QT31 and QT 80 (Hodel et al.,
2019). The B contents of serpentine are in the range 120-210 ppm for
these two samples (Table SM1), but some serpentinites from the same
area have B content up to ~700 ppm. Both microtextures have similar B
contents, with no obvious systematic distribution (Fig. 3). Hodel et al.
(2019) pointed out contrasting distribution of other FME related to the
microtexture of serpentine, with higher Li and Cs contents in the bastite
than in the matrix, and higher As and Sb contents in the matrix that in
the bastite (see also Table SM1 and Fig. 3).

To summarize, in the samples displaying both mesh matrix and
bastite, Li seems to be systematically higher in the bastite than in the
matrix (Fig. 3). Boron does not show similar systematics, but the B
concentration in matrix and bastite are close to each other for a given
sample (Fig. 3). Arsenic, Sb, and Cr are often below detection limits and
therefore no systematic can be inferred. In samples with both mesh
matrix and bastite, Cr is systematically and significantly enriched in
bastite in comparison to the matrix, while Ni is slightly enriched in the
matrix in comparison to the bastite (Fig. 3). Only sample MVE15-17-2
has a matrix enriched in both Ni and Cr, which seems to be typical of
Potrero Carrillo outcrop, as the other samples from that locality have
green zones systematically enriched in both Ni and Cr as well, in com-
parison to the white zones (Fig. 3).

5.2. Boron isotopes

All the individual in situ values are reported in Supplementary Ma-
terial (Table SM3).

Serpentine minerals from Concua (Guatemala) have 5B straddling
0%o, ranging from —1.0 + 1.2 to +0.3 + 1.9%0 in MVE15-9-2 (n = 5),
and from —0.8 + 1.2 to +1.0 + 0.7%0 in MVE15-9-5 (n = 4), in both
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bastite and the matrix. The vein of diopside cutting MVE15-9-5 has 5''B
in the range —3.4 £+ 0.9 to —2.1 £ 0.8%o0 (n = 3) (Fig. 4).

Sample MVE10-10-1 from Gualan (Guatemala) yields similar results:
the !B of the matrix range from —3.0 + 1.2 to +7.2 + 0.8%o (n = 5)
and that of bastite range from —11.6 + 1.3 to +2.6 + 2.8%0 (n = 6)
(Fig. 4). A single analysis performed on the lizardite + calcite vein yields
8B of —15.5 + 0.6%o (Table SM3).

Samples from Potrero Carrillo (Guatemala) display an unusual
texture consisting white and green areas composed of lizardite +
chrysotile. The green areas of MVE15-17-1b have 8''B ranging from
—5.3 £ 1.0 to +7.6 £ 1.1%o (n = 6), while the white areas range from
—6.7 £ 0.6 to +4.8 + 1.1%o0 (n = 5). Orange areas, made of serpentine
mixed with talc, opal, and Fe—Ni spinel, yield 5''B of +1.7 + 0.7 to
+3.1 £ 1.3%0 (n = 4), and the veins range from —0.4 £+ 1.6 to +4.5 +
1.1%0%o0 (n = 2) (Fig. 4). In sample MVE15-17-2, both the matrix, the
bastite, and the vein have similar B isotopic signatures: the matrix yields
51!B from +11.1 + 1.1 to +13.5 =+ 0.7%o (n = 3), the bastite yields §!'B
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Fig. 4. Individual 5''B obtained in situ on different minerals/texture of the
studied samples. Error bars are always represented, although sometimes they
are smaller than the symbol and not visible. The ranges of previously published
data on Semail ophiolite, Oman (whole-rocks, Lécuyer et al., 2002 and Prigent
et al., 2018), Baja Verapaz and Juan de Paz, Guatemala (in situ, Martin et al.,
2016) are also represented.
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from +10.1 + 1.3 to +15.1 + 1.2%o (n = 3), and the vein single analysis
is +10.5 + 1.3%o (Fig. 4). In contrast, MVE15-17-3 and MVE1517-4
show slight differences in their B isotopic signature, depending on the
location (green or white area) of the analysis (Fig. 4). Sample MVE15-
17-3 green areas yield §''B from +9.2 + 1.0 to +10.6 + 0.9%0 (n =
3), the white areas yield §!'B from —6.7 + 1.3 to +11.2 & 1.6%o (n = 5).
The one analysis performed in the vein yields 5''B of +2.4 + 1.3%o.
Similarly, MVE15-17-4 green areas yield 5''B from +0.1 + 1.0 to 4+2.0
+ 1.0%o (n = 3), the white areas yield 5!'B from —0.5 + 1.3 to +14.5 &
0.8%o (n = 4), and the vein yields 5!'B ranging from —2.9 + 1.0 to +0.1
+ 1.3%o0 (n = 2) (Fig. 4).

Sample Su09-17, from the Sulabest region (Sistan Suture Zone, Iran),
yields positive only 5!'B, in the range + 9.4 + 0.8 to +14.1 = 1.1%o (n =
6). The 5'!B values from sample m52, from the same geological unit,
show significant differences depending on the location of the analyses:
bastite yields values from +5.8 + 1.0 to +11.7 4+ 1.0%0 (n = 4), and
matrix yields values from —7.7 4+ 1.0 to +1.9 &+ 1.1%o (n = 13) (Fig. 4).

Samples from Brazil all have strongly positive §!'B. In the Serra do
Quatipuru, QT08 has 5'!B ranging from +5.4 + 1.1 to +23.9 = 1.1%o (n
= 8) in the matrix, and a single analysis in bastite yields §!'B of +28.0 +
1.0%o (Fig. 4). QT09 matrix has 5B ranging from +19.2 + 1.2 to +28.2
=+ 1.3%o (n = 6), and QT31 matrix has 5!'B ranging from +9.8 &+ 1.0 to
+14.8 £ 1.0%0 (n = 6) (Fig. 4). The unique sample from Morro do
Agostinho (MA28) studied here shows slight B isotopic differences be-
tween the matrix, which yields 5B from +12.0 + 1.0 to +18.2 = 1.0%o
(n = 4), and the bastite which yields §!'B from +3.7 + 1.1 to +12.3 +
1.1%o (n = 3) (Fig. 4). Samples from Serra do Tapa are the only ones to
contain some antigorite mixed with lizardite. QT69 matrix yields 5''B
from +9.2 + 1.0 to +16.3 £ 1.0%o0 (n = 7), the bastite yields 5!'B from
+12.7 £+ 1.1 to +19.9 + 1.1%o (n = 3), and the vein yields 5!'B from
+0.4 £ 1.0 to +1.1 = 1.0%0 (n = 3) (Fig. 4). QT78 matrix yields 5''B
from +14.8 + 1.0 to +23.2 + 1.0%o0 (n = 6), and the bastite yields !B
from +18.0 £ 1.2 to +23.0 + 1.1%o0 (n = 3) (Fig. 4). QT79 matrix yields
5'B from +10.1 + 1.0 to +24.8 =+ 3.0%0 (n = 5), and the bastite yields
8"B from +12.7 + 1.0 to +17.1 + 1.0%0 (n = 4) (Fig. 4). QT80 matrix
yields 5!'B from +3.8 &+ 0.7 to +9.9 & 1.0%0 (n = 4), and the bastite
yields 5'!B from +12.3 + 1.2 to +18.7 + 1.1%o (n = 4) (Fig. 4).

6. Discussion

6.1. Trace element signatures of the different microtextures of serpentine
minerals

Most of the samples studied here (except MVE15-9-2 from
Guatemala, and Su09-17 from Iran) display several serpentine minerals
microtextures: either mesh matrix and bastite texture, or a patchy
texture made of green and white areas, and some are serpentine veins
(Table 1). Samples with a mesh matrix and bastite porphyroblasts in
which the siderophile elements have been measured (MVE15-9-5,
MVE10-10-1, MVE15-17-2, m52) show different features. In MVE15-9-5
and m52, Cr is enriched and Ni is depleted in the bastite in comparison
to the mesh matrix (Fig. 3) This probably reflects the composition of the
precursor minerals, as suggested by Orberger et al. (1999) and
Deschamps et al. (2013). Indeed, orthopyroxene, which is known to be
the precursor of bastite (e.g., Mével, 2003), is usually depleted in Ni and
enriched in Cr in comparison to olivine (e.g., Stosch, 1981). In contrast,
mesh matrix and bastites in MVE10-10-1 have similar Ni and Cr con-
tents, which is similar to features observed in slab serpentinites from the
Lanzo Ultramafic massif (Western Alps), where it has been interpreted as
representing a homogenization of the inherited composition with
increasing serpentinization (Debret et al., 2013), although these rocks
are subducted slab serpentinites. Sample MVE15-17-2 has both Cr and
Ni enriched in the mesh matrix in comparison to the bastite. Similarly,
samples MVE15-17-3 and MVE15-17-4, from the same outcrop, also
have the green patches enriched in Cr and Ni in comparison to the white
patches (Fig. 3), although these samples do not show the mesh and
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bastite texture. In contrast, sample MVE15-17-1b, also from the same
outcrop, has similar Cr and Ni contents in both green and white patches,
but the Cr contents are variable, as shown by the great uncertainties on
the averages (Tables SM1 and SM2). The orange areas (Fig. 3), which
consist of a mixture of serpentine, talc, and opal, have significantly
lower Ni and Cr concentrations than the white and green areas. This
MVE15-17 outcrop from the southern GSZ, therefore, has both unusual
texture and an intriguing Cr and Ni distribution. Several papers indicate
that olivine is preferentially altered below ~400 °C, while orthopyrox-
ene is altered above ~400 °C (e.g., Deschamps et al., 2010; Mével,
2003). In particular, a detailed study conducted on the present-day
seafloor — focusing on exhumed altered peridotites from the Southern
Wall of the Atlantis Massif — highlighted that at temperatures higher
than 350 °C, orthopyroxene is altered prior to olivine, and transformed
into tremolite, talc, and/or chlorite. Below 350 °C, olivine and pyroxene
transform simultaneously into serpentine polysomes (Rouméjon et al.,
2018a). Sample MVE15-17-1b indeed contains chlorite and some talc
mixed with lizardite, and no mesh or bastite texture, and some antigorite
needles have been identified in MVE15-17-3, suggesting temperatures
around 300-350 °C. Thus, the unusual texture of samples from the
southern GSZ may reflect alteration starting above 350 °C. This may also
explain the Cr and Ni patterns observed in most samples from this
outcrop: if the orthopyroxene broke down first, it releases Cr that may be
incorporated in the product of olivine breakdowns. The former olivine is
therefore enriched in both Cr and Ni (mesh matrix in MVE15-17-2, and
green patches in MVE15-7-3 and MVE15-17-4), and the former pyroxene
is depleted in these elements.

The FME are expected to represent the signature of the fluid(s)
responsible for serpentinization, as the ultramafic protoliths are
depleted in these elements, particularly Li and B (e.g., Benton et al.,
2004, 2001; Deschamps et al., 2013). All samples studied here exhibit
various concentrations of FME. In MVE15-9-5, MVE15-17-2, MVE15-17-
3, and QT80, all serpentine microtextures within a given sample have
similar FME contents (Fig. 3). This likely indicates a single, massive
influx of fluid was responsible for the extensive serpentinization, and
consequent homogenization of the FME contents within the rock. This
hypothesis is supported by the interpretations that serpentinization /
mesh texture develops in two steps: the first one corresponds to low
water/rock ratio, and only a couple of veins are visible through the
samples, while the second step corresponds to pervasive serpentiniza-
tion, at high water/rock ratio (e.g., Debret et al., 2013; Viti and Mellini,
1998). In our case, none of the samples with multiple serpentinite
microtextures contains any inherited ultramafic silicates, indicating
complete or nearly complete serpentinization consistent with the second
step mentioned above. In all the other samples, the different micro-
textures have different concentrations in one or more of the FME (Fig. 3,
Table SM1). In samples displaying white and green patches (MVE15-17-
1b, and MVE15-17-4), which we attribute to successive alteration of
pyroxene then olivine, diachronic alteration can account for the
different microtextures having different FME contents (Rouméjon et al.,
2018a). Because there is a sequence of hydration steps, the fluid
responsible for pyroxene alteration had a different composition than the
fluid responsible for olivine alteration. For the three other samples
(MVE10-10-1, m52, and QT31), the textures consist of mesh matrix and
bastite, which are expected to form simultaneously (Rouméjon et al.,
2018a), so the differences in contents observed among the matrix and
the bastite are difficult to reconcile. The hypothesis of heterogeneities
inherited from precursor minerals is ruled out, as ultramafic olivine and
pyroxene have low FME contents, particularly for B that is usually below
1.2 ppm (e.g., Debret et al., 2013; Pabst et al., 2012). In comparison, B in
MVE10-10-1, m52, and QT31 varies from 24 to 134 ppm (Table SM1).
The fact that the variations observed among the different microtextures
are different, i.e., that sometimes B and Li co-vary (m52), and sometimes
the opposite (MVE10-10-1 and QT31), likely indicates that these vari-
ations are not related to any systematic process, like equilibrium parti-
tioning. Thus, the most likely hypothesis to explain the differences in
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FME between mesh and bastite is that these textures did not form
simultaneously, on the contrary to the hypothesis suggested by
Roumeéjon et al. (2018a), and that different fluids were therefore
responsible for serpentinization of the different microtextures.

6.2. Boron isotopic signatures of the different microtextures of serpentine

Only a few investigations have studied the variation in isotopic sig-
natures from different microtextures of serpentine within a given sam-
ple, and to our knowledge, none have been conducted on B isotopes. In
these studies, the authors observed heterogeneities similar to what we
show in the present paper. The first, conducted on dredged samples from
Southern Indian Ridge, highlights that the 8°Li of distinct serpentine
pseudomorphs after pyroxene and olivine are highly heterogeneous and
overlapping, which is interpreted as a variation of the isotopic frac-
tionation factor between mineral and fluid coupled with variations of
fluid composition (Decitre et al., 2002). The second one, conducted on
drilled samples from Atlantis Massif and dredged samples from the
Southern Indian Ridge, highlights that the §!%0 of mesh cores, mesh
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rims, and bastite (which all represent primary alteration) all overlap, but
with great heterogeneities. Mesh rim O isotopic signatures are
completely heterogeneous, mesh core and bastite are moderately het-
erogeneous, while recrystallized chrysotile, antigorite, and serpentine
veins show lower and more homogeneous §'80. These results are
interpreted as a decrease and homogenization of §'%0 with increasing
time-integrated water/rock ratio at nearly constant temperature
(Rouméjon et al., 2018b). Broadly summarized, both studies concluded
that the observed heterogeneities in the isotopic signatures of early
serpentine microtextures are due to only local equilibrations between
fluid (which may evolve in isotopic composition) and serpentine
precursor.

The serpentinite samples analyzed here also show differences in the
B isotopic data. More than half of the samples (nine out of seventeen:
MVE10-10-1, MVE15-17-1b, MVE15-17-3, MVE15-17-4, QT08, QT09,
MA28, QT69, and QT78) displays a wide range of 5''B within a single
sample, and sometimes even within a given microtexture, and the 5B
of the different microtextures overlap (Table SM3, Fig. 4). Samples
QT08, QT09, and QT31 display mesh matrix and bastite, but only the
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Fig. 5. Cartoon displaying the different possibilities explaining the isotopic compositions observed in ophiolitic serpentinites. See text for details.
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matrices have been analyzed for B isotopes. These three samples are
therefore not discussed in this paragraph. In the six samples displaying
strong isotopic heterogeneities for which both microtextures have been
analyzed, all completely serpentinized, two groups can be distinguished.
The first group, consisting of samples MVE10-10-1 and QT69 with both
matrix and bastite, shows a wide range of 5''B in both the matrix and
bastite. This suggests that none of these samples have undergone a
single-stage serpentinization, but rather successive influxes of localized
fluids (Fig. 5, i), probably with a different elemental and B isotopic
composition (Table SM2) that never equilibrated at the scale of the rock.
However, the vein of antigorite cutting QT69 is homogeneous, and
isotopically significantly different than the host-rock (Table SM3),
indicating a later, more homogeneous fluid. The second group, made of
samples MVE15-17-1b, MVE15-17-3, and MVE15-17-4 from the south-
ern GSZ in Guatemala, as well as samples MA28 and QT78 from Brazil,
shows one microtexture isotopically homogeneous in B and one or more
microtexture(s) with a wide range of B isotopic variations. The homo-
geneous microtextures are the orange areas in MVE15-17-1b, which may
have crystallized directly from the fluid, as indicated by the presence of
chrysotile, the green areas in MVE15-17-3 and MVE15-17-4, supposedly
after olivine, the matrix in MA28, and the bastite in QT78. For all these
microtextures, all the isotopic analyses overlap within errors
(Table SM3). The microtexture(s) with heterogeneous isotopic values
are the white and green areas in MVE15-17-1b, the white areas in
MVE15-17-3 and MVE15-17-4, which we interpret to be after pyroxene,
the bastite in MA28, and the matrix in QT78). All these microtextures
have a great range of 5!'B signatures, up to 18% of variation in MVE15-
17-3 (Table SM3). We suggested above that in samples from southern
GSZ, white areas formed first, at slightly higher temperature than the
green areas. Isotopic results seem in agreement with this interpretation:
the first influxes of fluid(s) are localized and do not achieve full isotopic
equilibration of the serpentine after pyroxene, but when the fluid/rock
ratio increases, the transformation of olivine into serpentine yields ho-
mogeneous 8''B within a given sample (Fig. 5, ii), in agreement with
what Roumeéjon et al. (2018b) suggested. MVE15-17-1b has a more
complex texture, with three microtextures of serpentine minerals. The
white areas have a great range of variation (up to 12%o), typical of
localized influxes of fluid that do not fully equilibrate with the rock. The
green areas have one outlier value (8''B = —5.7%o, Table SM3), but the
other values fall in a narrow range, indicating an increase in the fluid/
rock ratio, even if full equilibrium may not have been attained. Finally,
the orange areas have homogeneous 8'!B, related to an influx of
pervasive fluid, which was likely also responsible for opal crystalliza-
tion. MA28 and QT78 probably also record the transition from low fluid/
rock ratio to higher fluid/rock ratio, but it is surprising to notice that the
isotopically homogeneous microtexture is different in each sample,
particularly as both microtextures are interpreted to form simulta-
neously (Rouméjon et al., 2018a).

For three samples (m52, QT79, and QT80), the mesh matrix and the
bastite isotopic signatures are distinct (Table SM3, Fig. 4). To the best of
our knowledge, this has never been reported in literature. The range of
511B in a given microtexture is moderate (typically within ~6%o, with an
occasional outlier value, as in the bastite of QT80, Table SM3). This is
clearly different to what was observed in the samples discussed above,
where the values were scattered with wide and overlapping 8''B vari-
ations. The hypothesis that the distinct B isotopic signatures observed in
the different microtextures of m52, QT79, and QT80 may be due to the
first, localized influx of fluids must, therefore, be ruled out. Three other
hypotheses can be considered. First, the bastite and the mesh matrix
formed at different times and represent two different fluids (Fig. 5, iii).
This may be true in particular for m52, where both the FME and B iso-
topic signature are distinctly different in the mesh matrix and the bastite
(Fig. 4). In addition, this sample is the one for which the gap between
mesh matrix B isotopic signature and bastite B isotopic signature is the
greatest (~4%o). The second hypothesis is that the samples underwent a
slight change of T and pH while being serpentinized by a single
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pervasive fluid, like described in (Boschi et al., 2008). In this case, mesh
matrix and bastite also have to form at slightly different times, and a
single fluid, whose isotopic composition would evolve with slight
changes in T and/or pH, is required. A third hypothesis is that the B
isotopic fractionation between fluid and serpentine is different
depending upon the serpentine precursor (olivine versus pyroxene). This
hypothesis may be supported by the fact that the FME contents are
similar in both microtextures in QT80 (Fig. 3), and, more importantly,
because the mesh matrix (after olivine in the three samples) has a lower
5!!B than the bastite (after pyroxene). More work is necessary to vali-
date or reject this hypothesis, but our preferred hypothesis is the first, i.
e., different fluids altered olivine and pyroxene at different times.

Finally, samples MVE15-9-5 from northern GSZ and MVE15-17-2
from southern GSZ in Guatemala, show homogeneous overlapping
5B values in both mesh matrix and bastite (Fig. 4, Table SM3). This is
consistent with an influx of a single pervasive fluid (Debret et al., 2013),
i.e., a high fluid/rock ratio allowing the homogenization of the isotopic
signature of the rock (Rouméjon et al., 2018b). Sample MVE15-9-5
indeed shows some recrystallized lizardite (Fig. SM2a, b), indicating
an increase in the fluid/rock ratio (Rouméjon et al., 2018a). Interest-
ingly, MVE15-9-2, collected in close vicinity of MVE15-9-5, shows only a
homogeneous matrix (Table SM2), and also has a homogeneous 5B
signature, with values similar to MVE15-9-5. This is another argument in
favor of a single pervasive fluid widely distributed at the outcrop scale
(Fig. 5, iv).

To summarize, the distribution of 5!'B among the different micro-
textures of serpentine is not well constrained and more work is necessary
to fully understand the processes that occurred during serpentinization
of the mantle and the associated B isotopic fractionation. However, this
study highlights four possible scenarios (Fig. 5):

(i) All serpentine microtextures have wide ranges of 5!'B that over-
lap, which likely indicates that serpentinization occurred at low fluid/
rock ratios by channelized fluids. The wide ranges of 5'!B observed may
be due to a lack of isotopic equilibration, successive fluids with different
B isotopic signatures, or both.

(i) Different serpentine microtextures have overlapping 5'!B, but
one microtexture has a significantly narrower range than the other(s).
This has been primarily observed in the samples from the southern GSZ
in Guatemala, which are inferred to have been serpentinized in two
steps, following interpretations of Rouméjon et al. (2018a): first, the
pyroxene breaks down (above 350 °C) to serpentine + chlorite, then the
olivine breaks down (below 350 °C) to serpentine. The B isotopic sig-
natures are consistent with this hypothesis. Serpentine + chlorite mix-
tures after pyroxene display the highly variable &!'B, with an
interpretation similar to (i), whereas the serpentine after olivine has a
narrower range of 5''B, which is interpreted as homogenization at high
fluid/rock ratios (Rouméjon et al., 2018b). Interestingly, samples with
the more common mesh and bastite texture show similar isotopic fea-
tures (one microtexture heterogenous, and one homogeneous), sug-
gesting that the formation of mesh and bastite is not systematically
synchronous.

(iii) The different microtextures of serpentine in a given sample have
moderately variable §!'B that do not overlap. This has never been re-
ported in literature, and the best hypothesis is that successive pervasive
fluids are responsible for serpentinization of the different microtextures.
The sequence may be coupled with variation of temperatures, as sug-
gested by Rouméjon et al. (2018a), even if the classical mesh and bastite
textures are observed. Otherwise, some unknown process or processes
are required.

(iv) All serpentine microtextures have narrow ranges of 5!'B that
overlap, which is interpreted as the product of a single pervasive fluid (i.
e., high fluid/rock ratio; Rouméjon et al., 2018b) yielding an isotopi-
cally homogeneous serpentinization of the rock.
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6.3. Sources of the fluid(s) responsible for serpentinization of the
ophiolitic mantle

The B isotopic signature of serpentine minerals in obducted ophio-
lites is quite variable, as shown above. Hence, with the exception of
samples MVE10-10-1, QT08, QT09, and QT69, which display wide
variations in 5!'B and may be out of equilibrium, the other samples, or at
least one serpentine microtexture of the sample, can be used to track
down the source(s) of the fluid responsible for serpentinization. Previ-
ously published samples from Baja Verapaz (BVP) and Juan de Paz
(JdP), Guatemala, have homogeneous B isotopic signatures (Martin
et al., 2016) and are also considered in the following discussion on the
tracking of the source(s) of fluid responsible for serpentinization of
ophiolite. All these samples either have homogeneous or moderately
variable 8'!B, generally within a range of 6% for a given sample or a
given microtexture within a sample, which is typically what was pre-
viously observed in samples for which it was possible to determine the
source(s) of the fluid (see Martin et al., 2016, 2020). Recently, Martin
et al. (2020) suggested that serpentine minerals or serpentinites with
51B above +10%o have been serpentinized by seawater-derived fluid,
while serpentine minerals or serpentinites with 5'!B below +10%o have
been serpentinized by subducted crust-related metamorphic fluid.

6.3.1. Serpentinites from SSZ ophiolites

In samples from Guatemala and Iran, the §!'B of serpentinites ranges
from —7.7 to +15.1%0%o (Table SM3), which is in agreement with pre-
viously published values in serpentinites from SSZ ophiolites, which
range from —5.7 to +25.1%o (Fig. 4, Fig. 6a; Lécuyer et al., 2002, Martin
et al., 2016, Prigent et al., 2018). The B isotopic results presented here
for SSZ obducted ophiolites, as well as previously published values on
ophiolitic serpentinites from the Semail Ophiolite (Oman) and the Baja
Verapaz and Juan de Paz Ophiolites (Guatemala), are distributed on
both sides of the 5!'B = +10%s threshold (Fig. 6a, b, ¢, d), indicating that
both types of fluid have been involved in the ophiolite serpentinization
process. Are these fluids mixed prior to serpentinization, or are there
successive influxes of fluid from both sources?

On a histogram of frequencies, serpentinites forming from either
seawater or subducted crust-related metamorphic fluids show a bimodal
distribution, with the maximum frequency for serpentinites forming
from seawater for 5''B in the range +10 to -+20%o, while serpentinites
forming from subducted crust-related metamorphic fluids peak at 5!'B
of 0 to —10%0 (Fig. 7a). Interestingly, the 8'!B peak observed for
ophiolitic serpentinites is in the range —5 to +15%o, partly where the
relative frequency of seawater- or subducted crust-related metamorphic
fluid serpentinites is the lowest (Fig. 7a). This suggests that, in samples/
textures with homogeneous B isotopic signatures, both fluids have been
mixed, in different proportions, prior to serpentinization. If serpentini-
zation had occurred from successive influxes, either the last influx would
erase previous signature, or the signature would likely be heteroge-
neous, as suggested above and on Fig. 5. Only m52 may testify of two
successive fluids at equilibrium (see below). A tentative model, using the
equations of B isotopes partitioning between aqueous fluid and phyllo-
silicate (Wunder et al., 2005), has been implemented to estimate the
5'!B signatures of serpentinites formed from endmembers fluids (either
seawater or subducted crust-related metamorphic fluid with 5!B of
—5%o, see Supplementary Material 4 for the discussion about the 5'!B
value for the subducted crust-related metamorphic fluid) and from a
mixing of both fluids in different ratios (see details on the equations and
parameters used for the modeling in Supplementary Material 4). How-
ever, a subducted crust-related metamorphic fluid with a §''B of —5%o
represents only one possible scenario. Any significant change in the 5''B
of the initial metamorphic rock, the pH, the temperature, or the
mineralogy of the initial metamorphic rock may have dramatic effect on
the 5'!B released by the metamorphic rock, and the 8!'B of the mixture
with seawater. An example of mixing between the same fluids with a
basic pH is presented in Supplementary Material 4, Fig. SM4-1.
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The samples with a homogeneous 5!'B signature independent of the
microtexture, or the samples without visible microtextures likely only
experienced a single influx of pervasive fluid, as discussed above.
Samples MVE15-9-2 and MVE15-9-5, as well as a sample (matrix) from
BVP (MVE12-39-1 — see Martin et al., 2016) have 8!'B straddling 0%o
(Fig. 6a, b), and the model suggests — with the considered parameters —
that the fluid would most likely be a mixture of seawater with 30 to 60%
of subducted crust-related metamorphic fluid with 5!'B of —5%o
(Fig. 7b). Alternatively, it is possible that shallow subducted crust-
related metamorphic fluids have less fractionated B isotopic signatures
(e.g., Bebout and Nakamura, 2003; Yamada et al., 2019b) and that the
5'!B of the serpentine minerals forming from these fluids will be less
negative than the one forming at greater depths or slightly positive, in
the range of what is observed for these three samples. Similarly, sample
MVE15-17-2 has 8''B between +10 and +15%. (Fig. 6¢), in the field of
serpentine forming from seawater-derived fluid. The model also show
that these values may correspond to serpentinites that have been altered
by a mixture of seawater and 30-40% of subducted crust-related
metamorphic fluid (Fig. 4e). Previously published sample MVE12-30-4
(Martin et al., 2016), from BVP (Guatemala) has 5!'B between +4 and
+6%o (Fig. 6a), suggesting that this serpentinite has been altered with
seawater mixed with 10-40% of subducted crust-related metamorphic
fluid (Fig. 7b). Finally, sample Su09-17 from Sulabest (Iran) and a pre-
viously published sample from JdP (MVE10-16-3, Guatemala, Martin
et al., 2016) has !B straddling +10%. (Fig. 6a, d), suggesting the fluid
responsible for serpentinization was predominantly seawater, with
possibly a maximum of ~30% of subducted crust-related metamorphic
fluid with 8B of —5%s, according to the modeling (Fig. 7b).

The other samples have distinct isotopic signatures depending on the
microtexture. Among them, samples m52 is interpreted as having
recorded different fluids in its different microtextures: m52 mesh texture
may have formed from a mixture of fluids containing between 20 and
70% of subducted crust-related metamorphic fluid with 5!'B of —5%o
(Fig. 7¢), or from shallow subducted crust-related metamorphic fluid, as
described above. The bastite texture formed from a fluid that could be
nearly seawater-derived fluid only or a mixture of seawater with up to
~40% of subducted crust-related metamorphic fluid, depending on the
temperature (Fig. 7c). Finally, samples MVE15-17-1b, MVE15-17-3, and
MVE15-17-4 have only one microtexture with §''B in equilibrium. It is
impossible to determine if the difference between the microtextures is
due to different influxes of fluid, or to an increase of the fluid/rock ratio
during serpentinization. Whatever the scenario considered, the isoto-
pically homogeneous phase in samples from south GSZ, Guatemala
testifies to a strong influence of subducted crust-related metamorphic
fluid mixed with seawater (~ 50-60% of metamorphic fluids in MVE15-
17-1b and MVE15-17-4, and ~30-50% in MVE15-17-3, Fig. 7c). The
hypothesis of a shallow subducted crust-related metamorphic fluid can
also be considered for samples MVE15-17-1b and MVE15-17-4.

Thus, it seems that for most SSZ ophiolite serpentinite samples, the
mixing of both fluids in variable proportions occurred prior to serpen-
tinization, with the possible exception of samples MVE15-17-2 and the
bastite microtexture in m52, which could have formed from seawater-
derived fluid only. For the samples whose B isotopic signature strad-
dles 0%o, the hypothesis of shallow subducted crust-related meta-
morphic fluids, yielding slightly positive to slightly negative
serpentinites, may also be considered, although the actual value of §''B
in serpentinite cannot be directly linked to the depth of serpentinization
(see Supplementary Material SM4 for details). Additionally, serpentin-
ites with 5!!'B in the range 0 to + 5% are the least common among
serpentinites forming from subducted crust-related metamorphic fluids,
while these values are overrepresented for ophiolites (Fig. 7a).

6.3.2. Samples from OCT ophiolites

Samples from Brazil represent obducted ophiolite forming in passive
margins, in an ocean-continent transition. Their 5'!B ranges from +3.8
to +24.8%o (Fig. 6e; Table SM3), also within the range of 5''B measured



C. Martin et al. LITHOS 456-457 (2023) 107275

+40- a) Published Ophiolites - b)North GSZ
AT % MVE15-9-2 AZ
= % MVE15-9-5 =
el el
+30] g 1 2
o o v v
o) ® = 5
+20{ 7@ © o & . g
= o z 5
S o & 3
o +10 i I i
= (@)
® &
0 = l0 l}_(\) 6|0 8.0 100 1|20 1.40 1.60 0 40 610 8]0 100 1.20 1]40 1]60
D o 5 (Rom) T2 (Ppm) oY
~ R S
164 53 2, - S5 g
—QoSemallo hiolite (Oman) R i) TR ES
BaJaVeraBaz (Guatemala) § § gg 53 g S
220 J Juan de Paz (Guatemala Y i | 2
+40, ¢) South GSZ _ d) Sulabest (Iran)
° MVE10-10-1 A2 ® Su09-17 AZ
¥ MVE15-17-1b = N 152 i
+304 Y MVE15-17-2 .g a4 .g
Y MVE15-17-3 S E
¥ MVE15-17-4 2 °
+20- 2 . 2
2 2
< 3 & 8
Q\O/ wv wv
R T TS - e b
© =
6|0 8.0 100 1 I20 1.40 160 ZlO 1 610 8.0 100 1 I20 &40 1.60
3 (ppm) g 8 B(ppm) T
T = Q T =2 Q
255 £55
STE, ] S3 g
z28s3 Zgs3
v S 2y 2
v 3 R 25 ES
b,
e) Araguaia Belt (Brasil)
+40- -
A2
[—
+304 2
% = -
+20 ; " ¥ . - o
2 : DAL AR
= B *X o x ¥
SNLIEPY K 00 = S5V S
o
0 E':O 1100 r 0 ﬁIOO 2.50 3|00 3.50 4IOO 4|50 SIOO
o L B (ppm)
3¢
-104 ‘:‘:,S 3 g Serra do Quatipuru Morro do Agostinho Serra do Tapa
Rk [ qros [\ MA28 * Y QT69
=5 v 2GES B Qroo ﬁQT78
U B a3 QT79
Y4 QT80

Fig. 6. 5'!B vs. B contents diagrams for the serpentinite samples from ophiolite a) published ophiolites (whole-rock Oman data from Lécuyer et al. (2002), for which
only the minimum and maximum values are represented by lines, as no B content was available, and from Prigent et al. (2018), with full symbols representing fully
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Fig. 7. a) A distribution of 511B values from serpentinites formed from known fluids (seawater and subducted crust-derived metamorphic fluids) and of serpentinites
found in SSZ ophiolites. Data for serpentinites formed from seawater are from Boschi et al. (2013, 2008); Cannao et al. (2016); Harvey et al. (2014a, 2014b); Martin
et al. (2020); Scambelluri and Tonarini (2012); Spivack and Edmond (1987); Vils et al. (2009), data for serpentinites formed from subducted crust-derived meta-
morphic fluids are from Cannao et al. (2015); Martin et al. (2020); Peacock and Hervig (1999), data for serpentinite in ophiolites are from Lécuyer et al. (2002);
Martin et al. (2016); Prigent et al. (2018), and the present paper. The 8''B = -+10%o threshold is taken from Martin et al. (2020), the numbers written on each bar of
the histogram represent the n number of data for a given range. Fig. 7b—c: 5''B of serpentinites forming from fluids varying from 100% seawater to 100% subducted
crust-derived metamorphic neutral fluid at temperature from 50 to 600 °C and comparison with measured values, modeled using the B isotopes partitioning between
aqueous fluid and phyllosilicates equations of Wunder et al. (2005). b) samples showing a single, homogeneous B isotopic signature and previously published samples
from Guatemala, c¢) samples showing two distinct B isotopic signatures or only one homogeneous microtexture.

in serpentinites from ophiolites (5'!B from —5.7 to +25.1%o; Fig. 6a; These observations partly contradict the interpretation of all papers
Lécuyer et al., 2002, Martin et al., 2016, Prigent et al., 2018). However, previously published, as the authors alternately suggested that seawater
these samples lack negative values, and with the exception of matrix alone was responsible for serpentinization of the peridotite found in
data in QT80, all 5!'B are above +10%o (Fig. 6e). Such results (no obducted ophiolites (Agranier et al., 2007; Lécuyer et al., 2002; Li and
negative values, and barely any below the +10%. threshold) are even in Lee, 2006; Martin et al., 2016) or subducted crust-related metamorphic
better agreement with serpentinites hydrated by seawater and seawater- fluid only (Prigent et al., 2018). If serpentinites in OCT ophiolites are
derived fluids, as seen in Martin et al. (2020) and on the histogram indeed hydrated by seawater only, serpentinites in SSZ ophiolites are
(Fig. 7a), even if the B content of Brazilian serpentinites are among the hydrated by a mixture of seawater and subducted crust-related meta-
highest measured, and the reason for that is still unknown. Thus, OCT morphic fluids in various proportions, and the mixing of fluids appar-
serpentinites have been hydrated by seawater or seawater-derived only, ently occurred prior serpentinization in most cases.

as expected for passive margins.
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6.4. Tectonic settings of SSZ ophiolites

As discussed above, the B isotopic signature of serpentine minerals in
SSZ ophiolites is mostly distinct from serpentinites from other origins,
and likely results from the influence of both seawater-derived fluids and
subducted crust-related metamorphic fluids, possibly mixed prior to
serpentinization.

The locations in which seawater or seawater-derived fluids and
subducted crust-related metamorphic fluids can be mixed prior entering
ultramafic rocks are represented on Fig. 8. First, subduction initiation
(Fig. 8a) would allow the mixing of seawater, percolating through the
oceanic crust, and early subducted crust-related metamorphic fluids
released from the downgoing slab. Such a setting has previously been
considered to explain formation of Oman SSZ ophiolite and the associ-
ated slightly negative to moderately positive B isotopic signatures (Pri-
gent et al., 2018). Alternatively, assuming that shallow subducted crust-
related metamorphic fluids indeed have a less negative to slightly pos-
itive 5'!B (because they are less fractionated than deeper, strictly
negative fluids), this setting would also explain the B isotopic signatures
observed for serpentinites in SSZ ophiolites, even without seawater
percolation. Similarly, an early forearc setting (Fig. 8b) would facilitate
the mixing — in variable proportions — of seawater percolating through
the oceanic crust and of subducted crust-related metamorphic fluids
released from the downgoing slab. This assessment is consistent with the
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papers suggesting that SSZ ophiolites represent ancient forearc litho-
sphere (Stern et al., 2012). Finally, fully developed back-arcs with
spreading center (Fig. 8c), which have been suggested to be the setting
in which SSZ ophiolites form (Dewey, 1976; Pearce, 2003), are also good
candidates to explain fluids mixing prior serpentinization. The relative
proximity of the spreading center, which is the most likely location for
seawater percolation (see Fig. 8a insert), and of slab subduction, would
facilitate the mixing of both seawater-derived and subducting
crust-derived fluids, yielding the observed 5'!B in SSZ serpentinites.

7. Conclusions

o The 8''B of serpentine minerals found in altered ultramafic rocks in
SSZ ophiolitic complexes from Guatemala and Iran varies from -7.5
to +15%o. This range of values straddles the 5''B = -+10%o threshold
previously argued as the boundary between seawater-derived fluids
(above +10%0) and subducted crust-related metamorphic fluid
(below +10%o), suggesting that the fluids responsible for serpenti-
nization in SSZ ophiolite are both seawater-derived and
metamorphism-derived from subducted oceanic crust.

o The B isotopic signatures of most of the SSZ samples studied here
indicate that the fluids from both sources have been possibly mixed
prior serpentinization. Such a mixing is inconsistent with a mid-
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Fig. 8. Schematic representation of the different settings in which future ophiolite can form and be hydrated: (a) subduction initiation with a zoom on serpenti-
nization mechanism at seafloor spreading (b) early arc stage, (c) full arc-back arc system with spreading (Supra Subduction ophiolites). After Baitsch-Ghirardello

et al. (2014).

15



C. Martin et al.

ocean ridge setting, but is instead interpreted as related to subduc-
tion initiation, forearc, or back-arc setting.

The 8B of serpentine minerals found in altered ultramafic rocks in
OCT ophiolitic complexes from Brazil ranges from +4 to +25%o,
similar to the 8''B of abyssal serpentinites altered by seawater. This
confirms that ophiolites representing oceanic lithosphere formed
away from subduction zones (at passive margin) have strictly
seawater-derived only B isotopic signatures.

The term ophiolite is often used to designate any sliver of oceanic
crust preserved on the continents, regardless of its original setting.
This study highlights the fact that the B isotopic signature of SSZ
ophiolite serpentinites shows the influence of both seawater and
subduction crust-related metamorphic fluid(s), while OCT ophiolite
serpentinites only show seawater influence, which could help
discriminating the origin of the ophiolite in complicated or reworked
settings.

In most samples, coexisting bastite and mesh textures have different
B isotopic signatures. This textural control of B isotope signature has
not been previously reported in serpentinites, and raises several
questions, in particular about the relative timing of alteration re-
actions of olivine (to mesh texture) and orthopyroxene (to bastite
texture). More work is needed to understand the complex links be-
tween fluid/rock ratio, mineral transformation, and isotopic equili-
bration in ultramafic material.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.lithos.2023.107275.
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