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Peridotites exhumed along detachment faults at slow- and ultraslow-spreading ridges undergo variable and
complex serpentinization. Here, we present in-situ oxygen isotope analyses in serpentine minerals from a tex-
tural sequence identified in samples drilled at the Atlantis Massif (Mid-Atlantic ridge, MAR, 30°N) and dredged
along the easternmost Southwest Indian ridge (SWIR, 62–65°E). The textural sequence is similar at both locations
and involves:mesh texture and bastite formation after olivine and orthopyroxene,mesh texture recrystallization
into chrysotile- and antigorite-dominated textures, and banded and fibrous veins. The δ18O in serpentine de-
creases with the textural sequence, which we interpret to record an increase in the time-integrated water-rock
ratio under a nearly constant temperature. While mesh texture development starts at stoichiometric water-
rock ratios and creates an isotopic variability at a scale of ~100 μm, recrystallized textures indicate serpentinization
temperatures on the order of 260–290 °C (seawater-dominated fluid hypothesis) or 320–360 °C (hydrothermally
altered seawater hypothesis). The subsequent banded veins record the evolution towards colder and seawater-
dominated fluids potentially present in shallower levels of the detachment footwall. Serpentinization leading to
the mesh textures appears faster and more heterogeneous in Atlantis Massif samples than in SWIR samples. We
propose that such features are influenced by the amount of gabbros intruded in the peridotite. In addition to
influencing fluid pathways, gabbros also provide a source for observed Si-enrichments in some Atlantis Massif
samples and control the pH, which in turn influences the mobility of Al.

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

Exhumation and serpentinization of upper mantle peridotites is
common along slow- and ultraslow-spreading ridges (full spreading
rates b40 and b 20mm yr−1, respectively). In these settings, ultramafic
rocks, intruded by variable amounts of gabbros, form the footwall of de-
tachment fault zones (large offset normal faults; e.g., Cann et al., 1997)
that bring fresh rocks in contact with seawater-derived hydrothermal
fluids, leading to hydration and alteration. These systemshave been rec-
ognized along theMid-Atlantic Ridge (MAR; Karson et al., 1987; Cannat,
1993; Kelemen et al., 2004; Früh-Green et al., 2017; Früh-Green et al.,
2018), the Southwest Indian Ridge (SWIR; Dick et al., 2003; Sauter et
al., 2013), and the Arctic ridges (Michael et al., 2003). However, because
direct observation of the reaction zone remains impossible, uncer-
tainties still exist on how and under which conditions serpentinization
occurs, and on the extent of serpentinization at depth.
uméjon).
Different approaches have been developed to address these issues,
focusing either on the rock or on the fluid phase. Among them, oxygen
isotope ratios of serpentinized peridotites have been widely used. They
allow estimations of serpentinization temperatures (Früh-Green et al.,
1996; Saccocia et al., 2009; Wenner and Taylor, 1971; Zheng, 1993) or
time-integrated water-rock ratios (Taylor, 1977; Sakai et al., 1990),
and allow the isotopic composition of the serpentinizingfluids to be cal-
culated (Agrinier and Cannat, 1997). These results can be compared to
constraints derived from other methods. For instance, experimental
studies (e.g., Allen and Seyfried, 2003; Lafay et al., 2012; Malvoisin et
al., 2012) allow correlation of mineralogical assemblages (e.g., serpen-
tine versus talc after orthopyroxene, or presence of magnetite) to spe-
cific temperature ranges (Bach et al., 2004; Klein et al., 2014).
Thorough description of textural sequences help to qualitatively esti-
mate the evolution of water-rock ratios and the openness of the system
with progressive exhumation and fluid-rock interaction (Andreani et
al., 2007; Rouméjon and Cannat, 2014; Viti and Mellini, 1998). Finally,
geochemical (Boschi et al., 2008; Delacour et al., 2008; Paulick et al.,
2006) and petrological studies in general (Bach et al., 2004, 2006;
Boschi et al., 2006; Rouméjon et al., 2015, 2018) provide additional
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information on the conditions of serpentinization, such as the redox
state or the mobility of chemical elements.

The composition of serpentinizing fluids cannot be measured at
depth and is hypothesized to be similar to that of fluids escaping at hy-
drothermal vents. The nature of the fluids venting on the seafloor de-
pends on the lithologies they interact with at depth. At Atlantis Massif
(MAR, 30°N), the Lost City hydrothermal field is associated with low
temperature (b100 °C), alkaline (pH 9–11), H2– and CH4-rich fluids, as-
sumed to have interacted primarily with peridotites (Kelley et al., 2001,
2005; Kelley and Shank, 2010). In contrast, seawater-derived hydro-
thermal fluids interacting with gabbroic intrusions within peridotite
lead to warmer (365 °C), acidic (pH ~3), sulfur-rich fluids such as at
the Rainbow hydrothermal field (MAR, 36°N; Douville et al., 2002).
The oxygen isotope composition of these fluids varies from a seawa-
ter-dominated composition (δ18O≈ 0–0.1‰) such as at Lost City (At-
lantis Massif; Früh-Green et al., 2003) to hydrothermally altered
seawater (δ18O= 2.4‰) influenced by the interaction with underlying
lithologies, such as at the Snake Pit vent field (MAR, 23°N; Campbell et
al., 1988).

Until recently, oxygen isotopes in serpentinized peridotites were
only measured in bulk rocks or serpentine separates, targeting the
whole sample or only specific textures (e.g., Agrinier and Cannat,
1997; Boschi et al., 2008; Früh-Green et al., 2004; McCaig et al., 2010;
Rouméjon et al., 2015; Wenner and Taylor, 1971). The development of
serpentine standards for ion microprobe analyses (Scicchitano et al.,
2018) now allows studying the oxygen isotope behavior in serpentine
minerals at scales previously unreachable (b 100 μm), and therefore
provides new opportunities to evaluate isotopic heterogeneity in alter-
ation textures.

This study focuses on the Atlantis Massif and the easternmost SWIR
(62–65°E). In addition to detailed characterization of serpentine tex-
tures, we take advantage of in-situ oxygen isotope analyses in serpen-
tine minerals to 1) follow the isotopic evolution of serpentine during
Fig. 1. a) Location of the studied serpentinized peridotites, drilled at Atlantis Massif along the M
dredged along the Southwest Indian Ridge (SWIR) between 62°E and 65°E during the Smooth
which samples 76B-7 and 76B-8 were extracted, and c) Sample SMS_DR28-04-08 (SMS-5) d
sequence of successive serpentinization textures targeted in this study: a mesh-textured core
at Atlantis Massif).
exhumation, 2) study small scale heterogeneities of isotopic exchange
and fluid-rock interaction, 3) derive constraints on the conditions of
serpentinization (temperature, water-rock ratio, composition of the
fluids), and 4) compare the two areas and investigate the influence of
the gabbros on the serpentinization process.

2. Geological settings and sampling

2.1. Atlantis Massif (MAR, 30°N)

The Atlantis Massif is a 1.5–2-m.y.-old, dome-shaped bathymetric
high (Blackman et al., 1998; Cann et al., 1997) located at 30°N along
the slow-spreading MAR (Fig. 1a; 24 mm yr−1 full spreading rate;
Zervas et al., 1995). It lies on the western flank of the axial valley and
is bordered on the south by the Atlantis Fracture Zone. While a suite
of mafic rocks, with a minimum thickness of 1400m, forms the corru-
gated central dome (Blackman et al., 2006; Ildefonse et al., 2007), the
non-corrugated southern wall of the massif is dominated by altered ul-
tramafic rocks (~70%) that were intruded by gabbros before the onset of
alteration (~30%; Blackman et al., 2002; Karson et al., 2006; Früh-Green
et al., 2017). Samples recovered by dredges, dives and drilling on the
south wall show that alteration of the peridotites is heterogeneous
throughout themassif at scales of a few hundredmeters to a kilometer.
These heterogeneities are linked to the distribution of the fluid path-
ways during exhumation and to the presence of altered gabbroic intru-
sions (Rouméjon et al., 2018), in particular producing significant talc
metasomatism in the deformed layers of the detachment fault zone
(Boschi et al., 2006).

In this study, we used five serpentinized harzburgites and one du-
nite (Table 1) recovered by drilling during International Ocean Discov-
ery Program (IODP) Expedition 357 (Oct.-Dec. 2015, RRS James Cook;
Früh-Green et al., 2017). These samples are representative of the spe-
cific alteration that occurred in each hole, considered as independent
id-Atlantic Ridge (MAR, 30°N) during IODP Expedition 357 (Früh-Green et al., 2017), and
seafloor cruise (Sauter et al., 2013). b) Portion of Atlantis Massif Core M0076B-7R1 from
redged along the SWIR. These two serpentinized harzburgites exhibit the characteristic
overprinted by rims of recrystallized serpentine and crosscut by serpentine veins (+ talc



Table 1
Lithological and textural description of the 11 serpentinized peridotites targeted for in-situ oxygen isotope analyses in this study.

Sample Expedition Site/Hole Core/Section Interval (cm) Protolith Relicts Mesh texture Bastite Serpentine 2 Antigorite Fibrous veins Banded veins

68B-1 357 68B 4R1 14–17 harzburgite ol, opx, cpx X o o o o
69A-6 357 69A 10R3 10–12 dunite X o
71C-5 357 71C 9R1 24–26 harzburgite X X X X
72B-1 357 72B 8R1 43–46 harzburgite ol X o o
76B-7 357 76B 7R1 68–71 harzburgite o X X X
76B-8 357 76B 7R1 74–77 harzburgite X X X o o X
Sample Expedition Dredge Rock type Sample number
SMS-1 SMS 05 03 26 harzburgite X o X X o o
SMS-2 SMS 13 04 04 harzburgite X o X o
SMS-3 SMS 17 04 04 harzburgite ol, opx, cpx X X X
SMS-4 SMS 17 04 66 dunite ol, opx X o X o
SMS-5 SMS 28 04 08 harzburgite X X X o

ol: olivine, opx: orthopyroxene, cpx: clinopyroxene; o: texture present in the sample; X: texture successfully analyzed with SHRIMP.
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portions of the footwall with their own unique history of fluid-rock in-
teraction. The samples have been the subject of detailed textural,miner-
alogical and in-situ major and trace element chemical characterization
(Rouméjon et al., 2018) that allowed the following conclusions to be de-
rived: two samples, 68B-1 and 71C-5, record long-lasting and intense
pervasive fluid-rock interaction during exhumation, while samples
69A-6 and 72B-1 underwent limited pervasive fluid-rock interaction.
Samples 68B-1 and 72B-1 interacted with fluids that participated in
the alteration of gabbros, while samples 69A-6 and 71C-5 were altered
in a peridotite-dominated environment. Samples 76B-7 and 76B-8 orig-
inate from the same core (Fig. 1b) that shows a transition between
moderate, pervasive fluid-rock interaction and subsequent, more in-
tense and localized fluid-rock interaction associated with moderate
amounts of altered gabbros. All these samples contain magnetite
which, combined with reinterpreted bulk rock oxygen isotopes data
(Boschi et al., 2008), point to serpentinization temperatures in the
range of 200–350 °C.
2.2. Easternmost Southwest Indian Ridge (62–65°E)

The easternmost part of the SWIR, west of the Rodrigues triple junc-
tion, is an ultraslow spreading ridge (Fig. 1a; 14 mm yr−1 full rate;
Patriat et al., 2008) and is recognized as a nearly amagmatic end-mem-
ber in the global ridge system (Cannat et al., 1999; Dick et al., 2003).
Magmatism is concentrated in localized volcanic domains, and the low
magmatic supply results in a ~3.5 km-thick crust on average (Cannat
et al., 2006; Minshull et al., 2006; Muller et al., 1999). The volcanic do-
mains are laterally discontinuous and separated by ultramafic-domi-
nated domains that can extend up to 50 km along-axis and be
continuously produced during periods of up to 11 Myr (Sauter et al.,
2013). In these domains, the seafloor, referred to as “smooth seafloor”
(Cannat et al., 2006), is characterized by a smooth topography made
up by broad and rounded bathymetric highs oriented parallel to the
ridge axis. Both geophysical data (Cannat et al., 2006) and rock sam-
plings (dredges and dives; Sauter et al., 2013; Cannat et al., 2017) indi-
cate that wide portions of the seafloor are dominated by peridotites
withminor gabbros (b 3%) and localized basaltic eruptions. Exhumation
occurs along detachment faults that frequently switch polarity, cross-
cutting earlier ones, leading to the smooth topography.

We selected four serpentinized harzburgites and one dunite (Table
1) dredged during the Smoothseafloor cruise (Oct. 2010, R/V Marion
Dufresne; Sauter et al., 2013) between 62 and 65°E. The sampled
smooth seafloor domains are both on- and off-axis and have a maxi-
mum age of ~5.9 Ma (magnetic anomaly C3An.y; Sauter et al., 2009).
The samples benefit from previous detailed textural and mineralogical
characterization, with a number of them also characterized for in-situ
major and trace element geochemistry (Rouméjon et al., 2015;
Rouméjon and Cannat, 2014). They were interpreted to record a multi-
stage serpentinization process during exhumation, in an amagmatic
context. Oxygen isotope analyses of these rocks were performed previ-
ously on local bulk separates extracted from the different serpentine
textures. Together with the presence of magnetite, they record
serpentinization temperatures in the range of 200–350 °C under in-
creasing time-integrated fluid-rock ratios (Rouméjon et al., 2015).
3. Methods

3.1. Sample preparation

Textures andmineralogical assemblageswere identifiedwith optical
microscopy and micro-Raman spectroscopy on 80-μm-thick thin sec-
tions. Seventeen pieces of maximum 3 by 3 mm were cut out of 11
thin sections using a diamond wire sawing machine. At the Australian
National University (ANU), hundred-μm-sized fragments of reference
materials were handpicked and mounted together in epoxy disks as
closely as possible. After drying overnight, the mounts were polished
and cut to extract a block containing the referencematerials. Each refer-
ence material block contained 20 fragments of San Carlos olivine, 30
fragments of Cerro del Almirez antigorite (sample Al06-44A; Padrón-
Navarta et al., 2011), 10–15 fragments of lizardite and two fragments
of chrysotile (from the Mineralogical Collection at the Research School
of Earth Sciences), one with horizontally-oriented fibers and one with
vertically-oriented fibers (see Scicchitano et al. (2018) for more details
on reference materials). A reference material block was mounted with
three to four pieces of sample and the whole polished to ensure a flat
target surface.

Backscattered electron maps of each of the five mounts were pro-
duced using a JEOL JSM6610A Scanning Electron Microscope (SEM).
Maps were constructed from a mosaic of images obtained using a 1-
mm step between pictures under a 120-times magnification and a 15
kV-voltage. Reflected light photos were also taken to image surface ir-
regularities and help orient the samples during analyses. After removal
of the carbon coating, themounts were cleaned using an ethanol bath, a
detergent bath with ultrasound, and then dried in a vacuum oven
(60 °C) for a few days.
3.2. Electron microprobe analyses

Major elements were acquired on a JEOL JXA-8200 electron micro-
probe at the ETH Zürich, as close as possible to the SHRIMP targets.
We used a 15-kV acceleration voltage, a 10 nA beam current, and a 5-
μm spot size. Each element was standardized using natural and syn-
thetic mineral standards and measured for 30 s (10 s for the back-
ground, 20 s for the peak). The data were averaged by texture and
given in Table A1, which includes a compilation of datasets previously
acquired on samples from SWIR (Rouméjon et al., 2015) and Atlantis
Massif (Rouméjon et al., 2018).



Fig. 2. a) Compilation sketch summarizing the sequence of serpentine textures targeted in this study at both the Atlantis Massif and SWIR. b) Partially serpentinized olivine and
orthopyroxene leading to the mesh and bastite textures, respectively (sample SMS-4). Inset in Fig. 3b) shows Scanning Election Microscopy (SEM) image of a mesh cell delimited by
magnetite concentrations along interconnected microfractures. The mesh cell is composed of a serpentine mesh rim (outer + inner) and a mesh core containing an olivine relict.
c) Transition between a fully serpentinized mesh texture and the chrysotile-dominated serpentine 2 recrystallization texture (sample SMS-5). d) Fully serpentinized mesh texture and
bastite (sample 71C-5). The mesh rims are overprinted by antigorite recrystallization and all are crosscut by chrysotile fibrous veins. e) Serpentine 2 domain replaced by antigorite and
crosscut by a banded vein (sample 76B-8). Magnetite is concentrated at the serpentine 2-antigorite transition. All photomicrographs taken under cross-polarized light. See Table 2 for
a summary of the lithological and textural characteristics of the individual samples.

159S. Rouméjon et al. / Lithos 323 (2018) 156–173
3.3. Sensitive high-resolution ion microprobe (SHRIMP) analyses

The mounts were first coated with a 42-Å-thick layer of gold.
SHRIMP analyses were conducted with a 12 nA Cs+ primary beam
focused to a spot size of ~30 μm. An electron gun provided charge
neutralization of the insulator mineral surfaces. Each analysis
consisted of a pre-burn phase of 2 min, followed by five or six 20
s scans. The Cerro del Almirez antigorite was used as the primary
serpentine reference material (δ18O= 8.30 ± 0.12‰; Scicchitano et
al., 2018) while San Carlos olivine (SCO, δ18O= 5.27‰; Ahn et al.,
2012), lizardite, and chrysotile secondary reference material allowed
monitoring mineralogical matrix bias (δ18O = 5.26, and 4.37‰;
Scicchitano et al., 2018). The antigorite standard was analyzed
twice every eight sample spots, and the SCO twice every 16 sample
spots. Four analyses of each of the lizardite and the two orientations
of chrysotile were added to each mount. The repeatability of the
antigorite primary reference material was between 2.9 and 4.1‰
and the uncertainty on the mean value was 0.60‰ (2 σ-error).
Measured average δ18O for the secondary reference materials SCO,
lizardite and chrysotile were 5.29 ± 0.20, 5.20 ± 0.25, 4.51 ±
0.28‰, respectively, so that the measured average biases relative
to antigorite were 0.02, −0.06, and 0.14‰. These measured biases
were subtracted from sample analyses for lizardite and chrysotile.
Internal uncertainties on individual measurements were typically
on the order of 0.10–0.15‰ (2 σ-error). Overall, the external uncer-
tainty of sample δ18O measurements (propagated uncertainty in-
cluding the uncertainty on the reference material mean value,
uncertainty on the measured matrix bias and internal analytical un-
certainty) was on the order of 0.7–0.9‰.

Using the SHRIMP data reduction program POXI, we applied back-
ground and electron-induced secondary ion emission (EISIE; Ickert et
al., 2008) corrections, and instrumental mass fractionation drift correc-
tions, using a linear regression through the referencematerial measure-
ments, where necessary. Measured sample oxygen isotope ratios are
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reported as bias-corrected values in δ18O versus VSMOW (Vienna Stan-
dard Mean OceanWater, in ‰).

In the initial dataset, several δ18O values were unexpectedly low for
serpentine (down to −16‰). Most of these suspect values
corresponded to textures with a potential significant porosity based
on optical microscopy and SEM images (Fig. 2a and b). We tested this
hypothesis by analyzing all the SHRIMP targets with the electronmicro-
probe. Except for primary minerals, all the targets had a structural for-
mula of a serpentine and hence did not include significant traces of
other mineral components (Fig. A1). However, most of the textures as-
sociated with low δ18O had a total oxide content (in weight per cent, wt
%) below 80 wt%, i.e. below typical serpentine values (~85 wt%). These
total oxide contents linearly decreased with the measured δ18O (Fig.
2c). We therefore discarded these δ18O values. We also discarded δ18O
values obtained in two fresh orthopyroxenes as the absence of a proper
pyroxene standard led to values (3.7–4.9‰) out of the classic range for
orthopyroxenes (5.4–6.1‰; Mattey et al., 1994) and no textural and
major element evidence pointed towards a secondary origin of the
orthopyroxenes.

4. The sequence of serpentinization textures

Sampling at the Atlantis Massif and SWIR recovered highly to fully
serpentinized peridotites. The primary minerals are replaced by succes-
sive generations of serpentine textures (Rouméjon et al., 2015, 2018)
indicating that serpentinization is amultistage process, as previously re-
ported in various contexts (e.g., Andreani et al., 2007; Kahl et al., 2015;
Viti andMellini, 1998). Despiteminor differences between the two loca-
tions and evenbetween holes at AtlantisMassif, the sequence of serpen-
tine textures is very similar. In hand specimen (Fig. 1b and c), the
Fig. 3. Criteria for selection of the reliable δ18O data. a) SEMmap of themesh texture in sample
The lighter grey network corresponds tomesh rimswith δ18O valuesmore common for serpent
with portions of thefibrous vein. c) δ18O versus total oxide content in all theminerals and textur
below the typical value of ~85 wt% for serpentine) confirming a significant porosity in serpentine
the lack of an appropriate matrix-matched pyroxene standard.
sequence consists of ~10-cm-long mesh-textured relict domains
overprinted at their edges by recrystallized serpentine and veins, with
later talc at Atlantis Massif. The textures indicate the transition between
an early pervasive hydration and a later localization of fluid flow under
more open conditions. The 11 selected samples from the two areas con-
tain either the full sequence or only part of it (Table 1).

The textural sequence targeted for oxygen isotopes measurements
at both the Atlantis Massif and SWIR is schematically shown at the
thin section scale in Fig. 3a. Four of the analyzed samples still contain ol-
ivine relicts and three of them have orthopyroxene and clinopyroxene
relicts. Olivine serpentinization leads to a ubiquitous mesh texture
(e.g., Rouméjon and Cannat, 2014; Viti and Mellini, 1998; Wicks and
Whittaker, 1977). An interconnected, tightly-spaced (≤100 μm), perva-
sive network ofmicrofractures crosscuts the olivine, definingmesh cells
(Fig. 3b). The microfractures serve as pathways allowing fluids to react
with the olivine and to first produce lizardite mesh rims. As a second
step, the olivine that remains in themesh core is replaced by disoriented
and finely-grained lizardite and/or chrysotile which gives an isotropic
aspect to the mesh cores under cross-polarized light. Part of the iron
mobilized during the conversion of olivine to serpentine is incorporated
asmagnetite in themesh rims and concentrates along themicrofracture
planes. No brucite was observed in any of our samples. In the At SWIR
samples, some mesh rims consist of two concentric parts (inset in Fig.
3b): the outer rim is in contact with the microfracture and magnetite,
and the inner rim is in contact with themesh core. The outer rims result
from interaction between the fluids and the initial mesh rims that lo-
cally leads to the replacement of lizardite by chrysotile (e.g., sample
SMS-1) and to magnetite concentrations. The inner rims correspond
to remnants of the initial mesh rims so that the chronology of emplace-
ment is: innermesh rims,mesh cores, outermesh rims. Orthopyroxenes
69A-6. The negative δ18O values are in the dark grey areas that are suspected to be porous.
ine. b) In sample SMS-3, the negative δ18O are associatedwith the dark greymesh cores or
es targeted. The negative δ18O values correlatewith total oxide contents below80wt% (i.e.,
. The δ18O valuesmeasured inpyroxenes (reddots around100 wt%)were discardeddue to



Fig. 4. a) Reliable oxygen isotope ratios (δ18O) measured in the olivine and serpentine textures in the AtlantisMassif and SWIR samples. Serpentine minerals have lower δ18O values than
the olivine and show an overall decrease in δ18Owith the sequence. b) Histogram of the reliable δ18O in serpentineminerals. c) δ18O range (δ18Omax - δ18Omin) for each serpentine texture.
The range is maximal in the mesh texture and bastite and decreases in the subsequent textures suggesting homogenization of the isotopic composition with increasing fluid-rock
interaction.
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are altered to bastite pseudomorphs in nine samples or to talc, tremolite
and/or chlorite in several samples. Clinopyroxenes are either fresh or al-
tered to talc or tremolite.

In seven samples, the mesh texture is locally replaced by a homoge-
neous texture, dominated by chrysotile and is isotropic under cross-po-
larized light (Fig. 3c). The sharp transition between the mesh texture
and this texture, referred to as serpentine 2, implies replacement of
lizardite by chrysotile via dissolution-recrystallization processes
(Rouméjon et al., 2015). It occurs as bands, crosscutting the sample,
that develop along continuous microfractures of the mesh texture and
laterally grow up to a few centimeters in width. Serpentine 2 is
interpreted as amarker of preferentialfluid pathways that led to intense
fluid-rock interaction in specific domains of the peridotite. Lizardite re-
placement by chrysotile is driven by the increasing degree of supersat-
uration of the fluids with respect to serpentine and by the geometry of
the nucleation site (Grauby et al., 1998; Normand et al., 2002). Magne-
tite is rare in serpentine 2, and rather concentrates at the contacts with
the antigorite/banded vein domains developed in the center of the
bands (Fig. 3e).

Antigorite forms interlocking to interpenetrating textures and
shows two types of occurrence: 1) in the variably serpentinized mesh
texture, as thin planes continuous across the thin section (Fig. 3d) and
develops along interconnected microfractures at the expense of
lizardite mesh rims; 2) at the center of serpentine 2 domains, replacing
chrysotile. The later banded veins break apart the antigorite texture into
elongated domains (Fig. 3e). In both cases, antigorite crystallization is
assumed to be triggered by interaction with fluids slightly enriched in
Si (e.g., Rouméjon et al., 2015, 2018; Schwartz et al., 2013).
The banded veins are made up of ~1-μm-thick bands of serpentine
(chrysotile ± polygonal serpentine ± lizardite), oriented parallel to
the vein wall, that correspond to successive opening increments
(crack-seal mechanism; Andreani et al., 2004; Fig. 3e). They develop
as en echelon lens-shaped veins, up to several millimeters in width,
that eventually join to produce the continuity observed in hand speci-
mens (Fig. 1b and c). Fibrous veins are extensive lens-shaped veins,
with chrysotile fibers parallel to the opening direction and joining the
vein walls. They develop parallel to the mesh texture microfractures
or during later stages in the serpentinization history, for instance or-
thogonally crosscutting banded veins. Some samples also contain later
serpentine veins, with various shapes and textures, but as no systematic
relationships were found at either location we have not incorporated
these into this study.

5. Results

5.1. Oxygen isotope data

Five of the six olivine grains analyzed by SHRIMP and standardized
to SCO have average δ18O values between 5.1 and 5.6‰, with a maxi-
mum intracrystalline variability of 0.9‰ (Fig. 4a,Table 2). The sixth sam-
ple (72B-1) has an average value of 3.9‰ including one analysis
strongly departing from the rest (2.7‰). All the serpentine minerals
have lower δ18O values than the precursor olivine, with δ18O ranging
between −2.7 and 5.4‰, although most values lie between 1 and 4‰
(Fig. 4b). Only two textures have negative values that are not associated
with a low total oxide content: antigorite in sample SMS-2 and



Table 2
All reliable δ18O data, with the average value, standard deviation, and range (δ18Omax - δ18Omin) within each texture.

Sample Texture δ18O (‰) Average Std Range

68B-1 olivine 4.98 4.99 5.03 5.07 5.28 5.07 0.12 0.30
mesh rim 2.21 2.73 2.93 3.15 4.05 4.68 3.29 0.91 2.46
olivine 5.18 5.25 5.25 5.43 5.47 5.31 0.12 0.28
mesh rim 1.54 2.04 2.31 2.67 2.90 3.37 2.47 0.65 1.83
mesh rim 1.07 1.99 2.11 2.22 2.40 3.52 2.22 0.79 2.45
mesh core 1.80 2.16 2.28 3.46 3.51 4.47 2.95 1.03 2.67

69A-6 mesh rim 2.84 2.84 3.14 3.21 3.54 3.64 3.71 3.74 4.54 3.47 0.53 1.70
71C-5 mesh rim 1.69 1.75 1.76 1.84 1.87 2.07 1.83 0.14 0.39

bastite 0.85 1.13 1.25 1.31 1.54 1.81 1.31 0.33 0.96
antigorite 1.19 1.43 1.65 1.68 1.72 1.77 1.57 0.22 0.58
fibrous v. 0.47 0.49 0.57 0.59 0.73 1.03 0.65 0.21 0.56

72B-1 olivine 2.65 4.13 4.14 4.26 4.40 3.92 0.72 1.75
mesh rim 2.41 3.12 3.27 3.57 3.73 4.21 3.39 0.61 1.80
mesh core 2.49 3.29 3.73 3.90 4.13 4.40 3.65 0.68 1.91

76B-7 serp. 2 1.25 1.59 1.66 1.83 2.52 2.66 1.92 0.55 1.41
antigorite 1.35 1.41 1.51 1.64 1.67 1.84 1.57 0.18 0.49
banded v. 0.11 0.24 0.40 0.80 0.85 1.10 0.58 0.39 1.00

76B-8 mesh rim 1.87 1.96 2.55 2.63 2.95 3.25 2.53 0.54 1.37
mesh core 2.61 2.75 2.93 3.01 3.02 2.86 0.18 0.41
bastite 2.38 2.44 2.45 2.55 2.65 3.39 2.64 0.38 1.00
serp. 2 0.98 1.25 1.41 1.21 0.22 0.43
banded v. 1.01 1.04 1.06 1.41 1.13 0.19 0.40

SMS-1 inner rims 3.10 3.23 3.34 3.52 3.65 3.81 3.44 0.27 0.71
mesh core 1.89 2.25 2.37 2.51 2.79 2.81 2.44 0.35 0.92
outer rims 0.97 1.05 1.12 1.54 1.93 1.97 1.43 0.45 1.01
serp. 2 2.52 2.52
antigorite 2.10 2.33 2.39 2.49 2.64 2.69 2.44 0.22 0.59
antigorite 1.59 1.69 1.91 2.05 2.23 2.35 1.97 0.30 0.75

SMS-2 bastite 0.09 0.22 0.67 1.06 1.09 1.71 0.81 0.61 1.62
antigorite −2.70 −2.26 −2.15 −2.07 −2.06 −1.68 −2.15 0.33 1.02

SMS-3 olivine 5.42 5.47 5.52 5.62 5.74 5.55 0.13 0.32
inner rims 2.83 2.84 2.89 3.49 3.91 3.95 4.51 3.49 0.66 1.68
outer rims 1.33 1.66 1.88 2.29 2.40 1.91 0.44 1.07
olivine 4.93 5.39 5.55 5.82 5.42 0.37 0.89
inner rims 3.05 4.10 4.17 3.77 0.63 1.13
outer rims 0.31 0.37 0.44 1.06 1.82 1.82 2.15 2.45 1.30 0.86 2.13
bastite 2.12 3.04 3.77 3.81 3.87 4.05 3.45 0.73 1.92
inner rims 2.78 2.84 3.00 3.02 3.21 3.45 3.52 3.12 0.29 0.74
outer rims −0.16 0.48 1.19 1.82 2.45 2.69 1.41 1.12 2.85
inner rims 2.91 3.13 3.14 3.14 3.16 3.26 3.12 0.11 0.34
outer rims 1.24 1.57 1.91 2.12 2.27 2.65 1.96 0.50 1.41
fibrous v. 0.81 1.94 1.38 0.80 1.13

SMS-4 olivine 4.91 4.96 5.17 5.41 5.73 5.79 5.33 0.38 0.87
mesh rim 2.17 2.55 2.67 3.68 4.11 4.64 3.30 0.98 2.47
mesh rim 0.04 0.15 2.27 2.67 2.70 3.64 1.91 1.48 3.60
antigorite 2.55 2.71 2.72 2.88 3.01 3.28 2.86 0.26 0.74

SMS-5 mesh rim 3.19 3.87 4.06 4.07 4.09 4.15 3.90 0.36 0.96
mesh core 1.79 1.99 2.39 3.12 3.28 3.42 2.67 0.70 1.63
mesh rim 3.16 4.24 4.34 4.37 4.49 5.39 4.33 0.71 2.23
mesh core 3.03 3.17 3.32 3.34 3.49 4.10 3.41 0.37 1.06
bastite 3.56 3.96 4.06 4.07 4.15 4.16 4.00 0.22 0.60
serp. 2 −0.63 −0.57 −0.41 −0.17 −0.16 0.20 −0.29 0.31 0.83
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serpentine 2 in sample SMS-5. The overall δ18O of the serpentine min-
erals decreaseswith the textural sequence,which is also verified sample
by sample.Mesh rims andmesh cores share similar ranges and are com-
parable to bastites in a given sample. Values in subsequent recrystalliza-
tion textures and veins differ at the two locations. At Atlantis Massif, the
decrease in δ18O is continuous. At SWIR, it is less pronounced for a given
sample and the δ18O of serpentine 2, antigorite or fibrous vein are either
higher or lower than at Atlantis Massif. Finally, the variation in δ18O
within a given texture (Fig. 4c) is the highest in the mesh texture and
bastites (up to 3.6‰) and is limited to b1.5‰ in the subsequent textures,
indicating homogenization with increasing fluid-rock interaction.

Detailed analyses of the mesh texture reveal heterogeneous δ18O
values at the 100 μm scale. In partially serpentinized domains, narrow
and magnetite-free mesh rims have the highest δ18O (up to 4.6–4.7‰;
Fig. 5a and b)while broadmesh rimswith significantmagnetite concen-
trations have the lowest (down to 2.2%). In the fully serpentinizedmesh
texture, the mesh rims contain magnetite and also show δ18O values
around 2.0–2.5‰ (e.g., sample 68B-1, Table 2). This suggests that δ18O
of the mesh rims decreases with on-going serpentinization after its ini-
tial formation. In Fig. 6a, we compare the δ18O value of the domains
making up themesh texture in the AtlantisMassif samples. Considering
only the mesh rims of fully serpentinized mesh textures, the Atlantis
Massif samples can be divided into three groups: 1) samples 69A-6
and 72B-1, with most of the δ18O values above 2.5‰; 2) samples 68B-
1 and 71C-5, with most of the δ18O values below 2.5‰; and 3) sample
76B-8, with intermediate values. The mesh cores share similar values.
In contrast, in the SWIR samples, each domain with the mesh texture
has homogeneous δ18O values but the overall δ18O decreases with the
inner mesh rim (mostly N2.5‰), mesh core (intermediate), and outer
mesh rim succession (mostly b2.5‰; Fig. 6b). At both locations, the lat-
eral variabilitywithin amesh rim (i.e. b 100 μm)can reach 0.5‰ for par-
tially serpentinizedmesh textures. This variability increaseswith higher
degrees of serpentinization: up to 1‰ in inner and outermesh rims (Fig.
5c and d) and up to 0.8‰ in mesh cores (e.g., sample SMS-5; Table 2).

The five analyzed bastites follow the average value of the mesh tex-
ture analyzed in the same sample and their δ18O decrease with the



Fig. 5. Examples of δ18O spatial variation across various textures and samples, reported on SEM images. In e), the grey dots with white contours are data measured in the banded vein of
sample 76B-8 and reported here with respect of the distance from the vein wall.
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serpentinization sequence. The partially serpentinized orthopyroxene
of sample SMS-3 is associated with a partially serpentinized mesh tex-
ture and has a relatively high δ18O (3.5‰; Table 2) compared to those
associated with fully serpentinized mesh textures (sample 76B-8) ±
antigorite (sample 71C-5) or serpentine 2 domains (sample SMS-2).
Sample SMS-5 is the exception, with an average δ18O of 4.0‰ in a fully
serpentinized mesh texture. In addition, bastites contain a lateral vari-
ability reaching 2‰within a few hundreds of microns. These variations
are not linked to any visible textural or mineralogical feature (e.g., frac-
tures or cleavage, core to rim transect) or any specific major element
composition.

Serpentine 2 or antigorite recrystallizations and fibrous veins share
limited intra-textural variability (b1.4‰). They exhibit no clear spatial
gradients and generally have a lower δ18O than the textures they post-
date (e.g., Fig. 5e). In contrast, banded veins show lateral gradients
across the vein. In Fig. 5e (sample 76B-7), δ18O decreases from left to
right across the vein (1.1 to 0.1‰) with the exception of a higher
value (0.8‰) along the right wall of the vein. The decrease correlates
with the left to right vein opening direction estimated from the
discordant contact between the bands and the vein wall at vein tips
(see Andreani et al., 2004). This suggests crystallization of serpentine
with lower δ18Owith time. In addition, the ~500 μm-long, band-parallel
profile realized in sample 76B-8 indicates that these veins are homoge-
neous in this direction (variability ≤0.4‰). Fig. 5e shows variationswith
distance from the wall and indicates that the δ18O values match with
those of sample 76B-7. This, together with the fact that these two sam-
ples are separated by a few centimeters in the same core drilled at the
Atlantis Massif (Fig. 1b) and that δ18O in the serpentine 2 domains are
similar, allow us to conclude that the banded veins are homogeneous
at least at scales of 10 cm but that the composition of the newly formed
bands evolves with time. This homogeneity between the two samples
also leads us to consider their textural sequences as one feature in the
following discussion.

5.2. Major elements in serpentine minerals

The serpentine textures show negligible variability for most major
elements. Only Si and Al show significant trends between the two



Fig. 6. δ18O in the different domains making up the mesh texture in a) the Atlantis Massif samples and b) the SWIR samples (see text).
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locations and between holes at the Atlantis Massif. The serpentine tex-
tures from the SWIR samples (grey fields in Fig. 7) are the most Al-
rich, as reflected by their position along the Tschermak's substitution
trend (Al replacing an octahedral or tetrahedral cation, Fig. 7a and
b) and their departure from the brucite-serpentine-talc trend in the
Si versus Mg+ Fe space (Fig. 7c and d). The domains making up the
mesh texture of the SWIR samples plot around stoichiometric serpen-
tine with a slight depletion in Si for some of them (Fig. 7a and c),
while the subsequent textures show Al and Si enrichments (Fig. 7b
and d). The serpentine from the Atlantis Massif Site M0071 follows
this behavior. Those from Holes M0069A, M0072B and M0076B plot
along the brucite-serpentine-talc trend, around the stoichiometric ser-
pentine but with variable amplitudes (Fig. 7c). They are all enriched in
Si (in the serpentine-talc space in Fig. 7d) for the recrystallizations
and veins. Serpentine textures from Hole M0068B are systematically
Si-rich and always higher than the serpentine end-member. Note
that such departures from stoichiometric serpentine towards brucite,
talc, or chlorite are very limited and do not necessarily indicate that
these phases are present, even as significant intergrowths, given the
present scale of observation.

6. Discussion

6.1. Porosity in serpentine textures

In a previous study, serpentine separates were extracted from the
same SWIR samples as those analyzed here (Rouméjon et al., 2015).
Each separate targeted ~1cm3 of the mesh texture, recrystallized ser-
pentine, veins, or a combination of them (Table 3). Here we compare
the δ18O of these separates and the reconstructed δ18O values calculated
using the contribution of the textures analyzed in-situ. The relative con-
tributions are determined by quantifying the area occupied by each tex-
ture in portions of SEM maps such as those presented in Fig. 5. In all
cases, the reconstructed δ18O values are lower than the serpentine sep-
arate δ18O values. The differences are the highest for partially
serpentinized mesh textures (2.6 and 3.4‰) and the lowest for the
fully serpentinizedmesh textures (0.9 and 1.1‰). They are intermediate
for the serpentine 2 (2.2‰). Phases other than serpentine could contrib-
ute to these differences. The bulk separates consisted only of a serpen-
tine powder after extraction of magnetite using a magnet and primary
phases (olivine, pyroxenes) by settling inwater. Considering that differ-
ences are higher for partially compared to fully serpentinizedmesh tex-
tures, it is possible that removal of olivine and pyroxene relicts was not
perfect, shifting the separates to higher δ18O values. This however re-
quires unrealistic modal amounts of primary minerals relicts in the
preparation (e.g., 86% in mode for sample SMS-4) to explain the entire
discrepancy so that this potential contribution is limited to negligible.
The role of additional undetermined heavy phases in the mineral sepa-
rates is unlikely as such phases are absent in thin sections (Rouméjon et
al., 2015). Similarly, though magnetite concentrations were avoided,
some grains may have been included in the in-situ measurements. We
nevertheless estimate that their amount is too low to significantly
shift the δ18O to lower values. Part of these differences could also derive
from the fact that the narrowest mesh rims, bearing the highest δ18O
values (e.g., Fig. 5), could hardly be analyzed due to the analysis spot
size. The value used for the mesh rims and the resulting reconstructed
values could therefore be underestimated, but such contribution is dif-
ficult to quantify. Finally, the systematic lower values of in-situ δ18O
could result from an analytical bias. Contrary to bulk rock or serpentine
separate analyses that destroy the inter- and intracrystalline structures,
in-situ analyses integrate the natural porosity of the serpentine tex-
tures. Such a porosity creates topography which can influence micro-
probe measurements (e.g., Kita et al., 2009), or could be filled by glue
or epoxy during sample preparation, lowering the measured δ18O.

Serpentinized peridotites are recognized to host a significant poros-
ity (e.g., Falcon-Suarez et al., 2017; Miller and Christensen, 1997). This
comes from open fractures crosscutting the rock and whose network
evolves with serpentinization due to the reaction-driven volume in-
crease (e.g., Jamtveit et al., 2009; Plümper et al., 2012; Rouméjon and
Cannat, 2014). This adds to the porosity of serpentine textures that



Fig. 7. Major element compositions of serpentine minerals in the Atlantis Massif (colored symbols) and SWIR (grey shaded fields) samples. Compositions are expressed in atoms per
formula unit (apfu) on the basis of 7 oxygen atoms in the serpentine formula. Si, Mg, and Fe are substituted by Al in variable amounts (Tschermak's substitution trend in a) and b))
and departure from the brucite-serpentine-talc trend in c) and d). Si is variably enriched compared to Mg+ Fe.
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ranges from the micrometer scale as a result of phase dissolution (e.g.,
brucite or relict olivine) with increasing fluid flow (Jöns et al., 2017)
down to the nanometer scale and the intracrystalline porosity associ-
ated with defects in serpentine (Tutolo et al., 2016). The
serpentinization texture development indicates that at least part of
this porosity is interconnected and forms a permeability network able
to channel the hydrothermal fluids in abyssal peridotites. Veins repre-
sent the crystallization from a fluid in voids open along fractures and
are therefore the most evident marker of permeability pathways
through these rocks. The emplacement of multiple generations of
Table 3
Comparison between serpentine separates (Rouméjon et al., 2015) and in-situ measurements

Sample Textures in serpentine separates δ18O (‰) In situ textures

SMS-1 Fully serpentinized mesh texture 4 Inner mesh rims
Mesh cores
Outer mesh rims

Banded vein + serpentine 2 3.4 Antigorite
Serpentine 2
Banded vein

SMS-2 Banded vein + antigorite 2.3 Antigorite
Banded vein

SMS-3 Partially serpentinized mesh texture 4.8 Inner mesh rims
Mesh cores
Outer mesh rims

SMS-4 Partially serpentinized mesh texture 6 Mesh rims
SMS-5 Fully serpentinized mesh texture 4.6 Mesh rims

Mesh cores
Serpentine 2 1.9 Serpentine 2

The precision is ±0.2‰ for serpentine separates δ18O values and around ±0.8‰ for reconstruc
a relative proportions calculated on portions of SEM maps using the ImageJ software.
b textures no targeted with SHRIMP or initially targeted with SHRIMP but giving unreliable
c proportions recalculated without the mesh cores whose contribution is negligible (part of
veins can record the evolution of the openness of the systemwith exhu-
mation of the detachment footwall under decreasing lithostatic pres-
sure (Andreani et al., 2007). The continuity of some of these veins
(e.g., banded veins) over length scales higher than the drilled or
dredged sample size however precludes accurate characterization and
quantification of the permeability they represent. In contrast, fractures
only partially account for the development of the mesh texture or ser-
pentine 2 recrystallization that rather resemble alteration halos along
thin and unfilled central fractures. In both cases, the reaction front (ol-
ivine-lizardite or lizardite-chrysotile) progressively moves away from
in the SWIR samples.

Average δ18O (‰) Proportion (%)a Reconstructed δ18O (‰) Difference

3.44 64 2.93
2.44 21 1.07
1.43 15
2.44 20 –
2.52 20 –
No datab 60
−2.15 30 – –
No datab 70
3.32 37 (41)c 2.18
No datab 9 2.62
1.61 54 (59)c

2.61 100 2.61 3.39
4.12 58 3.67 0.93
3.04 42
−0.29 100 −0.29 2.19

ted δ18O values.

data due to porosity.
these 9% is olivine which was removed from the separates).



Fig. 8. Temperatures of serpentine crystallization calculated using the oxygen isotope
geothermometer of Saccocia et al. (2009). The upper panel is for seawater-type fluids
(δ18O = 0‰), the lower panel is for more hydrothermally altered seawater (δ18O =
2.4‰). The reported values are the minimum and maximum temperatures for each
sample.
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the fracture plane. To maintain on-going reactions, fluids must be
channeled through the mesh rims or the serpentine 2, respectively,
over a few hundred microns to a fewmillimeters. This is likely possible
by the imperfect arrangement of lizardite plates as pseudo-columns in
the mesh as observed in several contexts (Viti and Mellini, 1998;
Boudier et al., 2010; see also Fig. 3a in Rouméjon et al., 2015) or by
the reduced size and random orientation of the chrysotile fibers in ser-
pentine 2 (see Fig. 3b in Rouméjon et al., 2015).

Although all serpentine textures are porous/permeable, the absence
of correlation between the δ18O value and the total oxide content in
most of our SHRIMP targets (Fig. 2) suggests that porosity does notmas-
sively influence the δ18O. We thus consider that the relative δ18O varia-
tions between these textures are real and are discussed below. In the
following, we attempt to translate the δ18O values into temperatures
and water-rock ratios. Knowing that in-situ measurements give lower
δ18O values than traditional bulk rock analyses, these estimates will
likely correspond to overestimated values compared to previously pub-
lished data. In contrast, the textures associated with the discarded δ18O
data reflect a much higher porosity, as suggested by the correlation be-
tween the decreasing δ18O and the decreasing total oxide content, and
by observations on SEM images. Some correspond to the imperfect ar-
rangement of chrysotile fibers in fibrous veins. Others are mesh cores
(samples 69A-6 and SMS-3) or serpentine 2 and banded veins (sample
SMS-2) and probably indicate dissolution of a phase, maybe part of the
serpentine or early brucite (Jöns et al., 2017).

6.2. Temperatures of serpentinization and time-integrated water-rock
ratios

The fractionation of oxygen isotopes between serpentine and the
fluid is a function of the temperature so that several geothermometers
have been proposed over the past decades (Früh-Green et al., 1996;
Saccocia et al., 2009; Wenner and Taylor, 1971; Zheng, 1993). Here we
consider the most recent calibration of Saccocia et al. (2009), obtained
experimentally by reacting lizardite and chrysotile with water at 250–
450 °C. The time-integrated water-rock ratio (hereafter simply referred
to as water-rock ratio) is the total amount of water that interacted with
a volume of rock during the fluid-rock interaction history. For a given
temperature, the fractionation evolves with increasing water-rock
ratio until equilibrium at a given temperature is reached. Conversely,
one can calculate the water-rock ratio assuming the composition of
the initial fluid, mineral reactant andmineral product, and a crystalliza-
tion temperature (Taylor, 1977), either in a closed system (every parti-
cle of fluid undergoes recirculation and progressive homogenization
with the rock) or in an open system (every particle of fluid makes one
single pass through the rock).

Using the geothermometer of Saccocia et al. (2009), the δ18O of ser-
pentine minerals measured in our samples correspond to temperatures
mostly between 210 and 350 °C for a seawater-dominated fluid (δ18O
= 0–0.1‰; e.g., Lost City vent field; Früh-Green et al., 2004; Fig. 8a)
and between 250 and 450 °C assuming hydrothermally altered seawa-
ter (δ18O= 2.4‰; e.g., Snake Pit vent field, MAR 23°N; Campbell et al.,
1988; Fig. 8b). Samples from the Atlantis Massif and the SWIR share
similar ranges of calculated temperatures and no distinction can be
made between samples.

At SWIR, the δ18O values of serpentine separates decrease with the
serpentinization sequence (Rouméjon et al., 2015), which was
interpreted as a record of an increasing water-rock ratio (b 1 for the
mesh texture and N 1 for the subsequent recrystallizations and veins)
under nearly constant temperatures (270–340 °C), assuming a fluid
with a constant isotopic composition. Here, we observe a comparable
decrease in δ18O at the sample scale, both at SWIR and Atlantis Massif.
The data are consistentwith the interpretation that the serpentinization
textures form at nearly constant temperatures and increasing water-
rock ratio, given that the formation of mesh textures is recognized to
start at very low water-rock ratios (e.g., Viti and Mellini, 1998) while
veins are, by definition, associated with high water-rock ratios. In addi-
tion, the development of veins also marks a transition towards
shallower and more open conditions during exhumation (Andreani et
al., 2007). This could imply an increasing influence of colder seawater
with light composition and therefore seems incompatible with a tem-
perature increase. Using this framework, we now focus on the texture
scale to characterize local fluid-rock processes and propose more accu-
rate estimates of serpentinization temperatures and associated water-
rock ratios.

6.3. Inputs from in-situ measurements on local fluid-rock interaction

6.3.1. Olivine
Oxygen isotope compositions of primary olivine in peridotites gen-

erally range from 4.8 to 5.9‰, with an average δ18O of ~5.2‰ (Eiler et
al., 2011; Mattey et al., 1994). Studies of individual grains in multiple
samples have revealed an inter- and intracrystalline variability lower
than 1‰ suggesting that the upper mantle is relatively homogeneous
(Eiler, 2001; Eiler et al., 2011; Mattey et al., 1994). These results are in-
dependent of the facies (spinel-, garnet-, or diamond-bearing perido-
tites; Mattey et al., 1994), mantle metasomatism (anhydrous versus
hydrous, i.e. amphibole-bearing peridotite; Chazot et al., 1997), or the
degree of partial melting (Eiler, 2001). Mattey et al. (1994) also re-
ported an average δ18O of ~5.6‰ for orthopyroxenes and ~5.7‰ for
clinopyroxenes and estimated an average δ18O of 5.5‰ for peridotites.
Our results are in agreement with these values: with the exception of
one sample, the olivine grains have an average δ18O of 5.1 to 5.6‰
with intracrystalline variability of maximum 0.9‰. This suggests a rela-
tive homogeneity of the protolith so that any variability in serpentine
textures derives from hydrothermal processes and heterogeneous
fluid-rock interaction.

6.3.2. Mesh texture: onset and developments
In the partially serpentinized domains of the mesh textures, the

narrowest andmagnetite-freemesh rims record the highest δ18O values



Fig. 9. Control of the time-integrated water-rock ratio on the evolution of oxygen isotope
compositions in serpentine. In this example, the startingmaterial has a δ18O value of 5.5‰
and reacts with a fluid of 0‰ leading to a mesh rimwith a δ18O of 2.2‰. The fractionation
corresponds to a temperature of ~275 °C (Saccocia et al., 2009) and to awater-rock ratio of
~493 (in oxygen atomic proportions, closed-systemmodel; Taylor, 1977) or lower (30, see
text). Considering an insufficientwater-rock ratio and therefore amesh rimwith a heavier
composition (e.g., 4.7‰) leads to underestimate the temperature (e.g., ~220 °C).
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(up to 4.6–4.7‰). In contrast, the largest and magnetite-bearing tex-
tures have the lightest compositions (down to 2.2‰; Fig. 5a and b)
and equal the values observed in the fully serpentinized domains (2–
2.5‰). This suggests: 1) thatmesh rims have relatively high δ18O values
when they form after olivinewith δ18O decreasingwith increasingfluid-
rock interaction and serpentinization, and 2) fluid-rock interaction is
heterogeneous at the mesh cell scale (100–200 μm).

The onset of mesh texture formation has been proposed to occur at
very lowwater-rock ratios (Viti andMellini, 1998).We can test this hy-
pothesis by calculating the δ18O of serpentine thatwould be obtained by
serpentinizing a harzburgite under stoichiometric conditions, i.e. all the
water is consumed, in a closed-system case. We consider the following
reaction:

Olivineþ Orthopyroxeneþ 2H2O ¼ Serpentine:

And the mass-balance equation described in Taylor (1977):

Wδ18Oinitial
fluid þ Rδ18Oinitial

rock ¼ Wδ18Ofinal
fluid þ Rδ18Ofinal

rock ð1Þ

where W and R are the oxygen atomic proportions, respectively, of the
fluid and the rock in the fluid+rock system. If all thewater is consumed,
Eq.(1) becomes:

Wδ18Ofluid þ Rδ18Operidotite ¼ W þ Rð Þδ18Oserpentine ð2Þ

So that:

δ18Oserpentine ¼
W�

Rδ
18Ofluid þ δ18Operidotite

1þ W�
R

ð3Þ

In our calculations, we use a water-rock ratio of 0.286 (W/R=2/7),
a δ18O of 5.5‰ for the peridotite (Mattey et al., 1994) and of 0 and 2.4‰
for the fluid. The resulting serpentine has a δ18O of 4.3–4.8‰, which
matches the values measured in the narrow, magnetite-free, mesh
rims and is consistent with the interpretation that the incipient
serpentinization occurs under stoichiometric conditions. The heaviest
δ18O in the mesh texture therefore correspond to a weighted mixing
of the mineral and fluid signatures. We acknowledge that the consid-
ered reaction with olivine and orthopyroxene may not be the most rel-
evant for the investigated scales of reaction, especially during the early
stages of serpentinization where orthopyroxene alteration could be de-
layed compared to olivine (e.g., Rouméjon et al., 2015). Alternatively,
reaction of olivine alone with water can lead to serpentine associated
withmagnetite or brucite (e.g., Evans et al., 2013), requiring the consid-
eration of the fractionation of oxygen isotopes between these products.
However, magnetite and brucite bear negative δ18O under comparable
serpentinization conditions (e.g., Agrinier and Cannat, 1997; Saccocia
et al., 1998) so that δ18O in serpentine would be heavier than the calcu-
lated range, leading to similar conclusions.

The further decrease of δ18O in themesh rims correlateswith contin-
ued progress of serpentinization. This is indicated by the increased
width of themesh rims, i.e. more olivine has been consumed, by the ap-
pearance of magnetite, whose production sharply increases after 75%
serpentinization (Andreani et al., 2013a; Oufi et al., 2002), and by the
compositions reaching similar δ18O values as those measured in the
fully serpentinized mesh textures. The heterogeneity of δ18O within
the mesh rims around single olivine relicts indicates that
serpentinization does not proceed as efficiently in all directions at the
mesh cell scale (100–200 μm; Fig. 5). The most likely explanation is
that the fluid supply is heterogeneous so that fluids do not equally
reach the reaction front around the olivine relict. At this scale of obser-
vation, fluid influx depends on how continuous and open the
microfractures are and how well oriented they are compared to fluid
flow. Some microfractures are therefore better suited to channel the
fluids and serpentinization proceeds more efficiently along them
(Rouméjon and Cannat, 2014). It follows that the mesh rims with the
highest δ18O represent relatively closed-system domains with limited
fluid flux after the olivine to serpentine conversion, while the lightest
compositions represent an evolved stage where δ18O decreases because
of increasing fluid-rock interaction.

Such δ18O decrease suggests that mesh rims require a significant
water-rock ratio to approach the δ18O value imposed by the tempera-
ture. In Fig. 9, we consider a transition from a peridotite (5.5‰) to a
mesh rim (2.2‰) composition. The mesh rim δ18O value corresponds
to a temperature of ~275 °C for a fluid at 0‰ (~340 °C for a 2.4‰ fluid)
and a water-rock ratio of ~493 using the non-stoichiometric case
expressed by Eq.(1) in a closed system. The calculated ratio is very
high and it is likely that the mesh rims do not reach full equilibrium
δ18O values imposed by the temperature. Considering that the rate of
serpentine δ18O decrease diminishes at ratios higher than 10, values ap-
proaching 2.2‰ could be reached at ratios one order of magnitude
lower. For example, a δ18O of 2.30‰ would correspond to a ratio of 30,
i.e. 15 g of water for 1 g of rock when expressed in mass. This is on the
same order than estimates of Andreani et al. (2013a) based on Fe
redox state in fully serpentinized mesh textures (20 to 35 in mass,
their Fig. 9a). Fig. 9 also shows that limited fluid fluxes maintain heavy
serpentine δ18O, leading to colder temperatures estimates (e.g., 4.7‰
gives ~220 °C). In consequence, using mesh-textured peridotites to es-
tablish serpentinization temperatures could lead to underestimated
temperatures, as at least some parts of the mesh texture interacted



Table 4
Temperatures of serpentinization using the oxygen isotope geothermometer of Saccocia et
al. (2009) and the δ18O values of serpentine 2 and antigorite textures in our samples.

Sample Texture δ18O (‰) T (°C) (fluid = 0‰) T (°C) (fluid = 2.4‰)

71C-5 Antigorite 1.57 289 362
76B-7 + 8 Serpentine 2 1.68 286 358
76B-7 Antigorite 1.57 289 362
SMS-1 Antigorite 2.21 273 340
SMS-2 Antigorite −2.15 417 568
SMS-4 Serpentine 2 2.86 259 319
SMS-5 Antigorite −0.29 343 444

168 S. Rouméjon et al. / Lithos 323 (2018) 156–173
with less fluids and may not achieve an equilibrium isotopic composi-
tion at a given temperature. Similarly, the bastites δ18O values seem to
decrease with on-going fluid-rock interaction: bastites associated with
the mesh texture are heavier than those associated with antigorite or
serpentine 2.

The fully serpentinized domains of themesh textures reveal a differ-
ent evolution in oxygen isotope exchange between Atlantis Massif and
SWIR. At Atlantis Massif, mesh rims and mesh cores share similar δ18O
values in a given sample (Fig. 6a). This suggests that serpentinization
occurred relatively fast, allowing a constant temperature and fluid com-
position and limiting the discrepancy of water-rock ratios between the
mesh rims and mesh cores. In parallel, the samples can be divided in
three groups based on the δ18O values of the mesh rims: samples 69A-
6 and 72B-1 are mostly above 2.5‰, samples 68B-1 and 71C-5 are
mostly below, and sample 76B-8 is intermediate. The same division
was previously established between the drill holes using textural obser-
vations and trace elements enrichment (Cu, U, Sr; Rouméjon et al.,
2018): Holes M0068B and M0071C correspond to portions of the de-
tachment footwall that underwent long-lasting and intense fluid-rock
interaction; Holes M0069A and M0072B underwent limited fluid-rock
interaction; and Hole M0076B is intermediate with fluid-rock interac-
tion becoming more intense later in the exhumation history. The δ18O
values therefore confirm that fluid fluxes and resulting fluid-rock inter-
action is spatially heterogeneous in the detachment footwall at Atlantis
Massif, at scales of a few hundred meters to a kilometer. In contrast, at
SWIR, the δ18O of a given domain within the mesh texture is homoge-
neous between the samples (Fig. 6b): inner mesh rims are mostly
above 2.5‰ while outer mesh rims are mostly below, and mesh cores
are intermediate. Considering the chronology between these domains,
the δ18O decreases during the mesh texture formation. Again, this is
most likely recording an increase in fluid-rock ratio so that
serpentinization was probably slower at the SWIR than at Atlantis Mas-
sif although fluid-rock interaction was spatially homogeneous. There-
fore, there appears to be a difference in the serpentinization style
between the two locations that requires us to take into account the geo-
logical context. This is addressed in the last section of this discussion.

6.3.3. Serpentine recrystallization
Saccocia et al. (2009) quantified the amount of isotopic exchange be-

tween serpentine andwater during different experimental runs. In their
chrysotile experiments, the isotopic exchangewas 6–10% at 250–350 °C
respectively, while it ranged from 17 to 82% for their lizardite experi-
ments at the same temperatures. These results correlatewith the obser-
vation of partial conversion of lizardite to chrysotile via dissolution-
recrystallization while chrysotile fibers morphology remained
unchanged. This logically suggests that dissolution-recrystallization is
more efficient than volume diffusion to equilibrate the serpentine min-
erals with the fluids. In a context of facilitated exchange with fluids, re-
crystallized textures (serpentine 2 chrysotile, antigorite) aremore likely
to reach equilibrium oxygen isotope compositions imposed by temper-
ature than are mesh textures. This also explains the homogenization of
δ18O with the serpentinization sequence (Fig. 4c). It is therefore more
appropriate to use δ18Omeasured in the recrystallization textures to es-
timate serpentinization temperatures, and which yield temperatures
between 259 and 289 °C (fluid at 0‰) and 319–362 °C (fluid at 2.4‰;
Table 4). These estimates are in agreement with the observed mineral-
ogical assemblages (serpentine±magnetite after olivine). According to
observations on natural samples, laboratory experiments, and thermody-
namicmodels, iron is preferentially incorporated inmagnetite rather than
in Fe-rich serpentine and brucite at temperatures higher than 200 °C
(Klein et al., 2009, 2014; Lafay et al., 2012; Malvoisin et al., 2012;
Seyfried et al., 2007) and serpentinization of olivine remains efficient
up to 350 °C (Allen and Seyfried, 2003; Malvoisin et al., 2012; Martin
and Fyfe, 1970). These estimates also match previous analyses at Atlan-
tis Massif, carried out on both serpentine separates (Früh-Green et al.,
2004) and bulk rocks (Boschi et al., 2008; McCaig et al., 2010). The
δ18O range between 0.4 and 5.6‰ (one exception of 6.7‰) correspond
to temperatures of 210–320 °C (seawater-dominated fluid) or 250–
410 °C (hydrothermally altered seawater). As previously discussed,
these temperatures may constitute overestimates due to the observed
discrepancywith serpentine separates.We remain cautiouswith regard
to the temperatures above 400 °C obtained on samples SMS-2 and SMS-
5 as they are incompatible with the observed mineralogical
assemblages.

6.3.4. Banded veins
The depth of the serpentinization front remains unknown on-axis. It

however reaches 4 km away from the detachment plane, based on off-
axis seismic profiles that have been made in the Kane area (MAR,
23°N; Canales et al., 2000). The isotopic evolution of the down-going
serpentinizing fluids as they reach this front is also unconstrained. The
fact that these fluids penetrate and interact with several kilometers of
variably altered peridotites and gabbros suggests that they do notmain-
tain a typical seawater signature (0‰) at depth. Instead, they may be as
high as 2.4‰ during the mesh and recrystallization textures formation,
characterized by a rock-dominated and closed system environment,
and probably constant temperatures. In contrast, later veins record a
transition of the exhuming system towards more open and fluid-domi-
nated conditions (Andreani et al., 2007) with increasing permeability
and higher fluid fluxes. At these lesser depths, one can expect less hy-
drothermally altered seawaterwith lower δ18O values and temperature.

We propose that the δ18O decrease (Fig. 5e) coeval to the banded
vein formation in samples 76B-7 and 76B-8 record such changing con-
ditions, allowing us to evaluate which parameters trigger the decrease.
The veins correspond to high water-rock ratios, we therefore assume
that the crystallizing serpentine has equilibrated with the fluids. In Fig.
10, we represent the serpentine δ18O as a function of temperature and
δ18O of the fluid. As previously argued, a progressive temperature in-
crease during exhumation is unlikely and we consider maximum tem-
peratures in the range of 335 to 370 °C to be most likely. A decrease
from 1.4‰ down to 0‰, as observed in samples 76B-7 and 76B-8, is
then framed by two end-member possibilities: 1) the fluids have the
same temperature but have a lower δ18O, or 2) the fluids are colder
and have a lower δ18O. Starting with a fluid of 1.4‰ implies a constant
temperature. Note that this range of temperature, although probably
overestimated, is in the range of hydrothermal fluids commonly mea-
sured in black-smoker systems (e.g., Douville et al., 2002). Finally, the
value of 0.8‰ on the right side of the vein in Fig. 5e, is either attributed
to another branch of the banded vein that open previously to the last
bands of themain vein, or to afinal stage of the samevein and could cor-
respond to a pulse of warmer or higher δ18O, more hydrothermally al-
tered seawater.

6.4. Influence of gabbro intrusions on fluid-rock interaction at Atlantis
Massif and SWIR 62–65°E

In this study, we show on the basis of isotopic and major element
chemical arguments that despite similar textural sequences,
serpentinization proceeds differently in peridotites exhumed at the



Fig. 10. Evolution of temperature and δ18O of the fluid to explain the decrease of the
serpentine δ18O measured in the banded vein of samples 76B-7 and 76B-8. The
serpentine δ18O decreases from 1.4 to 0.1‰ (limited by the light grey fields) without an
increase in temperature (limited by the darker grey fields). The two possibilities to
explain the δ18O decrease are: 1) the fluids have the same temperature but become
progressively isotopically lighter, or 2) the fluids are progressively colder and
isotopically lighter. Note that the considered temperatures are within the range of what
is measured in hydrothermal fluids escaping black-smoker-type vents.
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Atlantis Massif and along the easternmost SWIR (62–65°E). At Atlantis
Massif, the mesh texture development occurs relatively fast and fluid-
rock interaction is spatially heterogeneous in the detachment footwall
(Fig. 6), while the mesh texture development is slower and fluid-rock
interaction is spatially homogeneous at SWIR. Serpentine textures in
the SWIR samples are systematically enriched in Al compared to those
at Atlantis Massif and show a Si enrichment between the mesh texture
formation and the subsequent recrystallizations and veins (Fig. 7). At
Atlantis Massif, only samples from Site M0071, associated with intense
fluid-rock interaction and small amounts of altered gabbros
(Rouméjon et al., 2018), are enriched in Al. The highest Si enrichments
in serpentine textures correlate with the presence of talc after the
mesh texture in Hole M0068B samples and after serpentine 2 in Hole
M0076B samples, two holes associated with intense fluid-rock interac-
tion and a relative proximity with altered gabbros (Früh-Green et al.,
2017). Samples from Holes M0069A and M0072B show only a limited
Si enrichment between themesh texture and the subsequent recrystal-
lizations and veins. They are associated with portions of the holes that
underwent limitedfluid-rock interaction and respectively no and signif-
icant amounts of altered gabbros.

The average spreading rate at AtlantisMassif (24 mm.yr−1; Zervas et
al., 1995) is higher than at SWIR (14mm.yr−1; Patriat et al., 2008). This
implies a faster exhumation at Atlantis Massif so that one could expect
that alteration conditions (e.g., temperature, system openness) evolve
faster and lead to significant δ18O changes among textures. As this is
not the case (e.g., Figs. 4 or 6a), we conclude that the spreading rates
are slow enough not to influence the course of serpentinization. Instead,
gabbros account for 30% of the peridotite-gabbro volume exhumed at
Atlantis Massif (Blackman et al., 2002; Früh-Green et al., 2017; Karson
et al., 2006) compared to 3% at the SWIR (Sauter et al., 2013). Although
the distribution and size of these gabbroic bodies remain unconstrained,
these proportions could explain the observed isotopic and composi-
tional discrepancies.

Gabbros, which intruded into the peridotite before hydration com-
menced, likely act as relatively impermeable domains, because pyrox-
enes and plagioclases are generally less fractured than the olivine.
Olivine grains are crosscut by tight and regularly-spacedmicrofractures,
providing an efficient permeability network to channel hydrothermal
fluids through the peridotite (Rouméjon and Cannat, 2014). In the geo-
logical model presented in Fig. 11, we therefore tentatively propose that
a limited amount of gabbros, such as at SWIR, only slightly influences
fluid flow paths. This allows a uniform distribution of seawater-derived
fluids into the peridotite (Fig. 11, left panel) and explains the homoge-
neity of the δ18O values acquired in the mesh texture. Higher volumes
of gabbros, as observed at Atlantis Massif, may provide hindrances to
the fluid flow path and variably influence fluid-rock interaction and iso-
topic exchange along its path. The gabbroic bodies likely concentrate
fluid flow in intermediate domains (Fig. 11, right panel), leading to in-
tense, focused fluid-rock interaction and isotopic exchange (i.e. low
δ18O) in the mesh textures, such as at Site M0071 and Holes M0068B
and M0076B, while they shield other domains leading to less intense
fluid-rock interaction (i.e. higher δ18O) in the mesh textures, evident
in Hole M0069A. In Hole M0072B, the selected sample corresponds to
a domain (tens of centimeter in size) overprinted by fracturing during
mesh texture emplacement. These fractures channeled the fluids so
that the mesh texture underwent only limited fluid-rock interaction
(Rouméjon et al., 2018).

Part of the fluids nevertheless penetrates the gabbros and the pyrox-
enes of the peridotites. Their alteration releases Ca, Si, and Al that form
tremolite, talc, and chlorite in-situ, or are transported into the
serpentinized peridotites (e.g., Boschi et al., 2006). If transported, Ca is
carried away by the fluids because its ionic radius is too large to allow
incorporation in serpentine (Shannon, 1976). The ubiquitous presence
of serpentine ± magnetite and absence of brucite in the studied sam-
ples, including in domains associated with very low water-rock ratios,
suggests a moderate external input of SiO2(aq) during olivine
serpentinization and mesh texture emplacement (e.g., Frost and
Beard, 2007). Given the delayed alteration of pyroxenes, especially at
SWIR (Rouméjon et al., 2015), an internal source of SiO2(aq) is less likely.
The subsequent Si-enrichment observed in some samples (Fig. 7) prob-
ably derives from submicrometric intergrowths of phases enriched in Si
compared to lizardite/chrysotile, such as antigorite or talc. These inter-
growths must however be limited, as limited departure from stoichio-
metric serpentine compositions were measured and they could not be
identified with micro-Raman spectroscopy. External addition of Si to
serpentine is clearly identified inHoleM0068B drilled at AtlantisMassif.
Talc progresses from an altered gabbro into the serpentinized
harzburgite where it replaces serpentine, indicating Si mobility over al-
most ameter (Rouméjon et al., 2018; e.g., CoreM0068B-2R1 in their Fig.
3). With distance to the gabbroic source, the SiO2(aq) content of the
fluids progressively decreases and only allows traces of Si-rich phases
to locally crystallize in the serpentine textures (e.g., in sample 68B-1).
In contrast, even with mafic intrusions in the vicinity, the mesh texture
from Hole M0072B is not enriched in Si because the fluid access to the
serpentine textures became limited after the early hydration phase
(Rouméjon et al., 2018). The enrichment observed between the mesh
texture and the subsequent recrystallizations and veins is due to late
Si arrival, either because the altered gabbros are further away (Holes
M0069A andM0076B, and possibly Site M0071) and/or because pyrox-
ene alteration was delayed (SWIR; Rouméjon et al., 2015).

The decoupling of Si and Al enrichments seems then paradoxical but
can be explained by the influence of pH on Al mobility. We calculated
the activity of simple aqueous Al species considering corundum and
using the Deep Earth Water Model program (Sverjensky et al., 2014)
and additional data from Shock et al. (1997). The activity of individual
Al species and their total are presented in Fig. 12 as a function of pH at
1 kbar and 300 °C. Al mobility is the lowest around pH of 3 to 5 and in-
creases at lower and higher pH. Serpentinization of peridotite has been
shown to result in alkaline conditions (Palandri and Reed, 2004) so that
the serpentinizing fluids reach pH of 9–11 at the Lost City vent field
(Kelley et al., 2005) and up to 12 in springs issuing from serpentinites
in the Oman ophiolite (e.g., Neal and Stanger, 1983). In contrast, fluids



SWIR 62-65°E - 3% gabbros, pH ~9-10 Atlantis Massif: 30% gabbros, pH ~3
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Fig. 11. Conceptual sketch illustrating how the abundance of gabbros, which are less permeable than the surrounding peridotite, influences fluid flow distribution. At SWIR (left), the low
proportion of gabbros (3%) leads to a relatively homogeneous fluid distribution and to alkaline pH allowing Almobility and incorporation in serpentine (see Fig. 12). At the AtlantisMassif
(right), gabbros account for 30% so that fluids are concentrated in some domainswhile the gabbros shield other domains. Gabbros are also a source of Si and lead to locally acidic pH so that
Al is immobile. The fluid flow direction is arbitrary.
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interactingwith gabbros ormafic lithologies becomemore acidic due to
the dissolution of pyroxenes (Palandri and Reed, 2004) and to CO2 re-
leased by melts (e.g., Alt, 1995). Fluids venting at the Rainbow,
Logatchev, or Snake Pit fields have a pH around 3 (Douville et al.,
2002). Thus, in the Atlantis Massif case, interaction between the
serpentinizing fluids and the gabbros at depth likely led to locally acidic
conditions (though the exact pH remains unconstrained) where Al is
immobile and forms chlorite blackwalls at the contacts between
gabbros and serpentinized peridotites (Früh-Green et al., 2017). At
SWIR, the peridotite-dominated environment likely led to alkaline con-
ditions allowing progressive loading of the fluids in Al after alteration of
pyroxenes, spinels, andmoderate amounts of gabbros. Al precipitates in
serpentine when the activity becomes sufficiently high. It may reach
levels allowing chlorite crystallization, as is locally observed
(Rouméjon et al., 2015). Similar conditions probably occur at Atlantis
Massif at Site M0071, where gabbros are rare. As for Si, limited fluid-
rock interaction in Hole M0069A does not allow Al concentration and
incorporation to serpentine, although gabbros are rare. Note that in
order to keep this model simple, we have used corundum instead of a
more complex mineralogical system so that the absolute activity values
are admittedly overestimated.
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Fig. 12. Influence of the pH on aluminum activity at 1 kbar and 300 °C. Al mobility is the
lowest around pH of 3–5, which could correspond to values reached in gabbro-rich
environments. Mobility increases at lower pH or at higher pH, the latter corresponding
to conditions associated with dominant serpentinization.
According to experimental studies, several factors could explain the
difference in serpentinization rate in the mesh texture of the Atlantis
Massif and SWIR samples.

However, our observations allow us to discard most of them. For in-
stance, the effect of temperature of the serpentinization rate of olivine
(Malvoisin et al., 2012; Martin and Fyfe, 1970; Wegner and Ernst,
1983) cannot be invoked, as temperatures appear to be similar at both
locations. Similarly, the microfracturing network crosscutting the oliv-
ine have comparable and regular spacing so that the influence of the ini-
tial grain size (Malvoisin et al., 2012) can be dismissed. Aluminum has
been shown to speed up the olivine to serpentine conversion (e.g.,
Andreani et al., 2013b), however, the highest enrichments in Al are in
the SWIR samples serpentine textures that are associated with the
slowest serpentinization rates. Finally, pH does not seem to play a
role. Experiments under strongly alkaline conditions (Lafay et al.,
2012) resulted in similar serpentinization rates as in earlier studies con-
ducted at lower pH (Martin and Fyfe, 1970; Wegner and Ernst). More
recently, McCollom et al. (2016) obtained lower rates, suggesting that
alkaline conditionsmight increase the serpentinization rates. This how-
ever, contradicts our observations, with the slowest rates being associ-
ated with alkaline conditions. Instead, Lamadrid et al. (2017) recently
conducted in-situ experiments to show that serpentinization rates in-
crease when the salinity decreases (i.e. the water activity increases).
Therefore, the renewal of thefluid supply by stronger fluidflowpossibly
helps to increase or at least maintain serpentinization rates. This could
explain faster rates at Atlantis Massif where fluids may be channeled
and concentrated in between the gabbroic bodies.

7. Conclusions

We measured in-situ oxygen isotope compositions in a sequence of
serpentine textures in serpentinized harzburgites and dunites drilled at
the Atlantis Massif (MAR, 30°N) and dredged along the easternmost
SWIR (62–65°E). The sequence is similar at both locations and includes
mesh textures after olivine and bastites after orthopyroxenes, recrystal-
lization textures (chrysotile-dominated serpentine 2, and/or
antigorite), and veins (fibrous, banded).These textures progressively
formed during exhumation of the peridotites localized in the footwall
of detachment faults.

In-situ analyses by SHRIMP proved to be porosity-dependent, which
can be examined using the total oxide contentmeasuredby electronmi-
croprobe. They nevertheless give slightly lower δ18O values than when
analyzing bulk serpentine separates on the same samples.

At the sample scale, decreasing δ18O values correlate with the tex-
tural sequence, which we argue is due to an increasing time-integrated
water-rock ratio under a nearly constant temperature. Serpentinization
linked to the initiation of mesh textures starts at stoichiometric water-
rock ratios. Fluid supply subsequently increases but remains
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heterogeneous at themesh cell scale, creating heterogeneities in δ18O at
scales on the order of 100 μm. Some domains of the mesh texture are
shielded from significant fluid flow during on-going serpentinization
so that using mesh-textured samples to estimate serpentinization tem-
peratures can lead to underestimated values. Instead, we consider the
recrystallization textures and apply the geothermometer developed by
Saccocia et al. (2009) to calculate temperatures on the order of 260–
290 °C (seawater-dominated fluid) or 320–360 °C (hydrothermally al-
tered seawater). The subsequent banded veins may record the evolu-
tion towards cooler and less altered, seawater-dominated fluids
indicating interaction at shallower levels in the footwall as exhumation
proceeds.

Finally, δ18O values show that serpentinization may be faster at At-
lantis Massif during mesh texture development, though laterally het-
erogeneous at scales of several hundred meters to a few kilometers,
while it is slower and homogeneous at SWIR. We propose that the var-
iations in oxygen isotope compositions reflects the varying volumes of
gabbros intruded in the peridotite. At Atlantis Massif, a significant
amount of gabbro influences the distribution of fluid flow in the foot-
wall, leading to intense fluid-rock interaction favoring serpentinization
in some domains while others remain shielded. The negligible amount
of gabbros at SWIR allows a relatively homogeneous distribution of
fluids. In addition, gabbro alteration leads to Si enrichment in the sur-
rounding serpentine textures and to acidic pH that limit Al mobility.
The relative absence of gabbros hinders Si enrichments but favors Al
mobility and incorporation in serpentine.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.09.021.
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