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Abstract

While Fluid-Mobile Elements (FMEs) such as B, Sb, Li, As or Cs are particularly concentrated in serpentinites, data on
FME fluid–serpentine partitioning, distribution, and sequestration mechanisms are missing. In the present experimental
study, the behavior of Sb, As and Cs during San Carlos olivine serpentinization was investigated using accurate mineralogical,
geochemical, and spectroscopic characterization. Static-batch experiments were conducted at 200 �C, under saturated vapor
pressure (�1.6 MPa), for initial olivine grain sizes of <30 lm (As), 30–56 lm (As, Cs, Sb) and 56–150 lm (Cs) and for periods
comprised between 3 and 90 days. High-hydroxyl-alkaline fluid enriched with 200 mg L�1 of a single FME was used and a
fluid/solid weight ratio of 15. For these particular conditions, olivine is favorably replaced by a mixture of chrysotile, polyg-
onal serpentine and brucite. Arsenic, Cs or Sb reaction product content was determined as a function of reaction advancement
for the different initial olivine grain sizes investigated. The results confirm that serpentinization products have a high FME
uptake capacity with the partitioning coefficient increasing such as CsDp/fl = 1.5–1.6 < AsDp/fl = 3.5–4.5 < SbDp/fl = 28 after
complete reaction of the 30–56 lm grain-sized olivine. The sequestration pathways of the three elements are however substan-
tially different. While the As partition coefficient remains constant throughout the serpentinization reaction, the Cs partition
coefficient decreases abruptly in the first stages of the reaction to reach a constant value after the reaction is 40–60% complete.
Both As and Cs partitioning appear to decrease with increasing initial olivine grain size, but there is no significant difference in
the partitioning coefficient between the 30–56 and 56–150 lm grain size after complete serpentinization. X-ray absorption
spectroscopy (XAS) measurements combined with X-ray chemical measurements reveal that the As(V) is mainly adsorbed
onto the serpentinization products, especially brucite. In contrast, mineralogical characterization combined with XAS spec-
troscopy reveal redox sensitivity for Sb sequestration within serpentine products, depending on the progress of the reaction.
When serpentinization is <50%, initial Sb(III) is oxidized into Sb(V) and substantially adsorbed onto serpentine. For higher
degrees of reaction, a decrease in Sb sequestration by serpentine products is observed and is attributed to a reduction of Sb(V)
into Sb(III). This stage is characterized by the precipitation of Sb–Ni-rich phases and a lower bulk partitioning coefficient
compared to that of the serpentine and brucite assemblage. Antimony reduction appears linked to water reduction accompa-
nying the bulk iron oxidation, as half the initial Fe(II) is oxidized into Fe(III) and incorporated into the serpentine products
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once the reaction is over. The reduction of Sb implies a decrease of its solubility, but the type of secondary Sb-rich phases
identified here might not be representative of natural systems where Sb concentrations are lower. These results bring new
insights into the uptake of FME by sorption on serpentine products that may form in hydrothermal environments at low tem-
peratures. FME sequestration here appears to be sensitive to various physicochemical parameters and more particularly to
redox conditions that appear to play a preponderant role in the concentrations and mechanism of sequestration of redox-
sensitive elements.
� 2016 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Serpentine minerals are ubiquitous in ultramafic rock
alteration, or ‘‘serpentinization”, at temperatures below
400 �C. This hydrothermal alteration reaction leads to the
hydration of the upper mantle, especially at slow spreading
ridges, and to the formation of serpentinite rock, which
constitute up to 15% of the ocean floor lithosphere
(Carlson, 2001; Mével, 2003). In the last decade, the num-
ber of studies investigating the trace element geochemistry
of ocean floor serpentinites has considerably increased
(Paulick et al., 2006; Agranier et al., 2007; Vils et al.,
2009; Pabst et al., 2011; Kodolányi et al., 2012). Serpen-
tinites are assumed to control much of the transfer of water
and trace elements from the hydrated oceanic lithosphere
(Bonatti et al., 1984; Vils et al., 2008) to the subduction
environment (Rüpke et al., 2004; Hattori and Guillot,
2007; Deschamps et al., 2011,2012; Kodolanyi and Pettke,
2011; Kodolányi et al., 2012). Serpentinites from the ocea-
nic lithosphere are characterized by high enrichment in
FME (B, Sb, As, Li Cs, Pb, and Cl) with respect to primary
minerals from peridotite (olivine and pyroxenes; Hattori
and Guillot, 2003; Paulick et al., 2006; Agranier et al.,
2007; Lee et al., 2008). In the abyssal environment, FME
enrichment in serpentinites is explained by the intense
hydrothermal activity under very high fluid/rock ratios
(Schmidt et al., 2007; Delacour et al., 2008a,b; Rouméjon
and Cannat, 2014). The enrichment is not surprising in
the case of elements such as Cl and to a lesser extent B that
are abundant in seawater. However, the enrichment in As,
Sb and Cs is more complex to explain and certainly invoke
the combination of several parameters (FME source, pH,
T, fluid/rock ratio) to account for their large concentration
ranges (up to hundreds of lg g�1) measured in natural ser-
pentinites (Deschamps et al., 2013 and reference therein).

With increasing P–T conditions towards the subduction
zone, FME trapped by serpentine are remobilized by des-
orption or structural removal (Philippot et al., 2007; Vils
et al., 2011; Lafay et al., 2013) accompanying serpentine
phase transformation (e.g. lizardite to antigorite), and
dehydroxylation (Scambelluri and Philippot, 2001;
Scambelluri et al., 2004a,b; Vils et al., 2011). Water released
from the subducted lithosphere during serpentine break-
down into olivine (Schmidt and Poli, 1998; van Keken
et al., 2011) can induce partial melting within the overlying
mantle wedge, leading to arc magmatism with a specific
FME signature (Kerrick, 2002; Tatsumi, 2005) depending
on the FME discharge depth (Hattori and Guillot, 2003;
Scambelluri et al., 2004a,b; Deschamps et al., 2013).
Therefore, FME are considered to be powerful geochemical
tracers of the slab (including sediments) dehydration in the
subduction zone (Scambelluri et al., 2004a,b; Savov et al.,
2005; Hattori and Guillot, 2007; Deschamps et al.,
2011,2012, 2013).

FME sequestration processes and partitioning by ser-
pentinite minerals during peridotite alteration are little
understood. It is of prime importance to investigate the dis-
tribution and sequestration mechanism of FME during ser-
pentine formation from hydrothermal alteration of olivine,
since they control the FME mobility in response to fluid cir-
culation or recrystallization/dehydration reactions occur-
ring to the oceanic lithosphere in abyssal and subduction
environments. In natural serpentinites, determining the
FME distribution is challenging due to the low FME con-
centration and the microscopic crystal size of serpentinite
minerals. While a large number of high quality bulk serpen-
tinite rock compositions is available (e.g. Hattori and
Guillot, 2007; Kodolányi et al., 2012), the lack of spatial
control of this method hampered the characterization of
FME distribution in the serpentinite minerals (e.g. serpen-
tine, brucite, magnetite, talc and other accessory minerals).
Although laser ablation coupled ICP-MS and NanoSIMS
investigations (e.g. Deschamps et al., 2010, 2011; Pabst
et al., 2011; Kodolányi et al., 2012) record in-situ high-
precision analyses on serpentinites, the analytical volumes
are still commonly higher than the crystal size of single ser-
pentinite minerals. Therefore, data interpretation in order
to determine trace element distribution is restricted mainly
by the limit of detection (spatial and concentration) and the
difficulty in determining FME sequestration processes.
Indeed, not only the FME distribution but also the seques-
tration mechanisms need to be characterized in order to
determine if FME adsorbed on the mineral surface or
incorporated in the crystal lattice of serpentine (Wunder
et al., 2010).

Hydrothermal experiments have been used successfully
to investigate the reaction processes of peridotite serpen-
tinization (e.g. kinetics, cracking propagation or potential
H2 production) and influence of the overriding parameters
(temperature, pressure, pH) (Seyfried and Dibble, 1980;
Macleod et al., 1994; James et al., 2003; Seyfried et al.,
2007; McCollom and Bach, 2009; Hövelmann et al.,
2011). Nevertheless only a few experimental studies have
focused on FME partitioning during serpentinization pro-
cesses (Wunder et al., 2010; Lafay et al., 2014). In this
study, a series of San Carlos olivine hydrothermal alter-
ation experiments was conducted to investigate the behav-
ior and sequestration of As, Sb and Cs during
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serpentinization under high pH fluid conditions at 200 �C.
Such alkaline conditions were chosen because they show
the fastest serpentinization kinetics with well-characterized
alteration products represented by the association of chry-
sotile and brucite (Lafay et al., 2012). Alkaline conditions
are also representative of some hydrothermal fields in which
high pH fluids are observed, such as the famous Lost City
(Ludwig et al., 2006; Foustoukos et al., 2008). The main
goals of this study are to (1) determine the FME distribu-
tion and the sequestration mechanism in the reaction prod-
ucts, (2) evaluate the influence of the extensive parameters
(e.g. grain size, serpentinization extent) on the FME parti-
tioning mechanisms, and (3) provide an estimation of FME
partitioning between fluid and solid (FMEDp/fl), during ser-
pentinization. For these purposes, we rely on accurate min-
eral product characterization using conventional-resolution
(e.g. electron probe microanalyses (EPMA), thermogravi-
metric analyses (TGA)) and high-resolution tools such as
transmission electron microscopy (TEM), Mössbauer spec-
troscopy or (XAS) at the As and Sb K-edges to determine
the speciation and coordination of As and Sb in the reac-
tion products. This highly comprehensive approach
required overcoming FME concentration detection limit
in solid products (typically few 100’s to 1000’s lg g�1 for
EPMA and XAS), which explains for the 200 mg L�1

FME concentration used in the starting experimental fluid
(Lafay et al., 2014).
2. EXPERIMENTS AND ANALYTICAL TECHNIQUES

2.1. Experimental procedure

Experiments concerning olivine mineral serpentinization
under hydrothermal conditions were conducted in small
static batches in a Teflon-lined cell. Experiments were per-
formed using 1.5 ml of high alkaline solution (1 M of
NaOH, pH � 13.5 at 25 �C) reacting with 100 mg of San
Carlos olivine at 200 �C under constant saturated pressure
(�16 bar). The high fluid–rock ratio (�15) favored fast
reaction kinetics controlled by the initial olivine grain size.
The starting solution was systematically doped with dis-
solved As, Sb or Cs at a concentration of 200 mg L�1.
The respective sources of As(V), Sb(III) and Cs(I) were
Na2HasO4�7(H2O), SbCl3 and CsNO3. The relatively high
FME concentrations in the starting fluid may have only
minor impact on the sequestration mechanism and fluid/-
solid distribution coefficient in comparison to lower con-
centrations typical of those encountered in natural
environments (Lafay et al., 2014).

Three different grain sizes were used as starting materi-
als: <30 lm; 30–56 and 56–150 lm in order to investigate
FME partitioning for different specific olivine surface areas
and therefore different durations and kinetic regimes. Based
on previous results obtained in undoped solutions (Lafay
et al., 2012), the experiments were left to run for 3–35 days
for <30 lm sized grains and for 3–90 days for 30–56 and
56–150 lm size grains in order to cover almost the complete
serpentinization reaction. A summary of the hydrothermal
experiments performed is provided in Table 1.
At the end of each experiment, the autoclave was dipped
in cold water to quench it quickly and avoid possible sub-
sequent dissolution/precipitation reactions of the serpen-
tinization product. The fluid was then collected and
filtered through a 0.22 lm pore-size filter and the pH was
measured to ensure that there was no substantial change
(note that the pH remains constant and close to 10.1 at
200 �C during the entire experiment, 13.5 at 25 �C). The
solid product was washed several times and dried directly
in the Teflon cell at 80 �C for 24 h and recovered for the fur-
ther physicochemical characterizations described below.
Quenching avoids significant perturbation of the solid reac-
tion products, but may modify the chemistry of the recov-
ered fluids (as shown by modeling, Fritz et al., 2013) as a
result of cooling and depressurization processes causing
low-temperature precipitation of the salts. Indeed, compo-
sition of recovered fluids might not reflect composition at
equilibrium. For these reasons, interpretations of FME par-
titioning between fluid and solid, distribution and seques-
tration mechanism are based on characterization of the
washed solid products assumed to be representative of the
alteration reaction under the given experimental conditions.

2.2. Analytical techniques

2.2.1. X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) analyses were per-
formed in order to identify the minerals at the end of each
experiment. All the samples were crushed manually in an
agate mortar. The powders were carefully loaded and man-
ually compacted in borosilicated capillaries 500 lm in
diameter, which corresponds to about 5 mg of sample.
XRD patterns were recorded with a Bruker D8 powder
diffractometer equipped with a SolX Si (Li) solid state
detector from Baltic Scientific Instruments using CuKa1–
Ka2 radiation and a Göbel mirror. Intensities were
recorded for a 2h interval from 5� to 80� with an 8 s count-
ing time per n.d.24� 2h step for bulk mineralogy
determination.

2.2.2. Fourier transform infrared spectroscopy (FTIR)

FTIR measurements were performed using a Bruker
Hyperion 3000 IR microscope. The IR beam was focused
through a 15� lens and the typical size of the infrared aper-
ture was 50 � 50 lm2. The light source was a GlobarI and
the beam splitter was in KBr. The spectra were measured
from 700 to 4000 cm�1 (4 cm�1 resolution) with a MCT
monodetector cooled by liquid nitrogen. Sample prepara-
tion involved careful crushing in a mortar and manual com-
paction of the fine crushed particles between two KBr
windows to obtain a thickness <100 lm. Five spectra were
obtained per sample and we used OPUS software to fit the
results and compare the spectra from the experimental
products.

2.2.3. Field emission gun scanning electron microscopy

(FESEM) and transmission electron microscopy (TEM)

Imaging of experimental products was done using sec-
ondary or backscattered electron detection modes to evalu-
ate the mineral sizes and morphologies. Micro-imaging was



Table 1
Summary of the results from hydrothermal alteration of olivine. Mineral modal compositions were calculated from TG measurements and Cs, Sb and As concentration in experimental solid
phases were determined by ICP-MS.

Sample Olivine
Grain size

Reaction
time

Mineral content (mass%) Reaction
advancement

Bulk rock FME
content (lg g�1)

FME concentration in
residual fluid (mg L�1)

FME concentration in
reaction product (lg g�1)

(FMEDs/fl) (FMEDp/fl)

Cs Sb As(lm) (days) Olivine Brucite Chrysotile (%) [bulk]/[fluid] [product]/[fluid]

Cs-1 30–56 3 80 1 19 20 192 – – 187 960 1.0 5.1 ± 0.3
Cs-2 30–56 10 68 2 30 32 235 – – 184 734 1.3 4 ± 0.2
Cs-3 30–56 24 46 4 50 54 275 – – 182 509 1.5 2.8 ± 0.2
Cs-4 30–56 50 32 5 62 67 193 – – 187 288 1.0 1.5 ± 0.1
Cs-5 30–56 90 0 7 93 100 289 – – 181 289 1.6 1.6 ± 0.1
Cs-5 dup 30–56 90 0 7 93 100 269 – – 182 269 1.5 1.5 ± 0.1

Cs-6 56–150 13 88 2 10 12 108 – – 193 900 0.6 4.7 ± 0.3
Cs-7 56–150 32 71 2 26 28 130 – – 191 464 0.7 2.4 ± 0.1
Cs-8 56–150 60 53 3 45 48 163 – – 189 340 0.9 1.8 ± 0.1
Cs-9 56–150 90 41 3 53 56 181 – – 188 323 1.0 1.7 ± 0.1

Sb-1 30–56 3 86 1 13 14 – 529 – 165 3779 3.2 22.9 ± 1.3
Sb-2 30–56 10 80 1 19 20 – 775 – 148 3875 5.2 26.1 ± 1.5
Sb-3 30–56 25 53 3 44 47 – 2015 – 66 4287 30.7 65.3 ± 3.8
Sb-4 30–56 50 15 7 78 85 – 1953 – 70 2298 28.0 32.9 ± 1.9
Sb-5 30–56 90 5 7 88 95 – 1919 – 72 2020 26.6 28 ± 1.5

As-1 <30 3 54 4 42 46 – – 510 166 1109 3.1 6.7 ± 0.4
As-2 <30 13 17 6 77 83 – – 1016 132 1224 7.7 9.3 ± 0.6
As-3 <30 20 11 6 84 90 – – 971 135 1079 7.2 8 ± 0.5
As-4 <30 35 0 8 92 100 – – 1091 127 1091 8.6 8.6 ± 0.6

As-5 30–56 3 80 1 19 20 – – 177 188 885 0.9 4.7 ± 0.3
As-6 30–56 10 68 2 30 32 – – 101 193 316 0.5 1.6 ± 0.1
As-7 30–56 24 50 4 46 50 – – 381 175 762 2.2 4.4 ± 0.3
As-8 30–56 41 17 6 76 82 – – 491 167 599 2.9 3.6 ± 0.2
As-9 30–56 51 24 5 72 77 – – 448 170 582 2.6 3.4 ± 0.2
As-10 30–56 72 5 7 89 96 – – 551 163 574 3.4 3.5 ± 0.2
As-11 30–56 90 0 8 92 100 – – 610 159 610 3.8 3.8 ± 0.2

bMineral modal proportion were calculated from TG measurements and the estimated error is below 2 wt.% for brucite and below 5 wt.% for serpentine.
cConcentration in equilibrium fluid were calculated by mass balance in relative weight percent.
dSolid/fluid FME distribution coefficients between bulk solid and fluid FMEDs/fl and between alteration product and fluid FMEDp/fl were determined from Bulk ICP-MS measurements and TGA
analyses.
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done using Zeiss Ultra 55 Field emission gun scanning elec-
tron microscopy (FESEM) to obtain a spatial resolution of
approximately 1 nm at 15 kV. The samples were dispersed
by ultrasonic treatment in absolute ethanol for at least
5 min in order to disaggregate the particles. One or two
drops of dispersion were placed on an aluminum support
and coated with a thin film of platinum for SEM
observation.

Additionally, a drop of the chrysotile suspension in
ethanol was deposited on to perforated carbon foil sup-
ported on conventional copper micro-grids for further
observations with a JEOL 2100F transmission electron
microscope (TEM) operating at 200 kV, equipped with a
field emission gun and a high-resolution pole piece achiev-
ing a point-to-point resolution of 1.8 Å.

2.2.4. Thermogravimetric analyses (TGA)

TGA for experimental solid products were performed
with a TGA/SDTA 851e Mettler Toledo instrument under
the following conditions: sample mass of about 10 mg,
150 ll platinum crucible with a pinhole, heating rate of
10 �C min�1, and inert N2 atmosphere of 50 ml min�1.
The sample mass loss and associated thermal effects were
obtained by TGA/DTGA in a temperature range from 30
to 1200 �C. This method allowed us to determine the pro-
portion of each phase by using the TGA first derivative
(rate of mass loss: Lafay et al., 2012). The TGA apparatus
was calibrated in terms of mass and temperature. Calcium
oxalate was used to calibrate the mass of the sample. The
melting points of three compounds (indium, aluminum
and copper) obtained from the DTGA signals were used
to calibrate the temperature of the sample. The temperature
accuracy of the TGA/SDTA system is about ±0.25 �C. The
weighting accuracy is around 0.1 lg, which corresponds to
0.01% for a 10 mg sample. Due to the possible changes and
shifts in the dehydroxylation range of serpentinization
products in the course of the experiments, we estimate that
the uncertainties with regard to the estimation of phase pro-
portions are below 5 wt.%.

2.2.5. Inductively coupled plasma mass spectrometry (ICP-

MS)

Arsenic, Sb and Cs concentrations were determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) using an Agilent 7500ce at the ISTerre laboratory.
About 10 mg of sampled Sb, As and Cs was crushed in
an agate ring mill before acid digestion by HF and
HNO3. The complete analytical procedure is described in
(Chauvel et al., 2011). The precision and accuracy were
assessed by repeated ICP-MS analyses of three rock stan-
dards: serpentinite UBN, basalts BR-24 and BCR-2. Our
results show good agreement between measured and certi-
fied values for these international reference materials
(Govindaraju, 1994; Jochum et al., 2005). To assess the
accuracy of the elements of interest, we prepared three arti-
ficial standards with trace element (Cs, Sb, As) concentra-
tions of respectively 50 10 ng g�1 and 0.1 lg g�1 in a
matrix of 1 lg g�1 of Si and Mg. Linear regression obtained
on these three artificial standards was used to calculate the
concentration in FME-rich experiments separately. Stan-
dard deviations were in the following ranges: 0.2–1.5% for
As and from 0.2% to 1.2% for Sb and Cs. The limits of
detection are �50 ppb for Sb and Cs and �200 ppb for
As. The concentrations of trace elements in the equilibrium
fluids [(aq)] were deduced from the concentrations of trace
elements in the starting fluids and the final mineral product
concentration [(ctl)] was measured by the method described
here.

2.2.6. Electron microprobe (EMP)

Major and FME brucite, serpentine and residual olivine
concentrations were determined quantitatively and qualita-
tively using Electron Microprobe (EMP) analyses and X-
Ray mapping. Measurements were performed at the
ISTerre laboratory using a JEOL JXA-8230. Serpentinized
olivine products were mounted in epoxy studs under vac-
uum and polished to a quarter micron diamond finish for
microprobe analyses. The distribution of the major and
trace elements (As, Cs and Sb) was characterized through
semi-quantitative X-ray mapping of the serpentinized prod-
ucts obtained for different reaction durations. Mapping for
low reaction progress were not possible due to the small size
of serpentinized domains. X-ray mapping was done using
an accelerating voltage of 15 kV, with a focused beam
and a beam current of 12 nA. The combined WDS/EDS
method was applied with a mapping size resolution typi-
cally around 0.5 lm and 600 ms of counting time per pixel.
Quantitative measurements were performed using a WDS
detector, an accelerating voltage of 20 kV and a beam cur-
rent of 50 nA, to evaluate the concentration of As and Sb in
the serpentinized product and residual olivine using a spot
size of 1 lm and San Carlos olivine as internal standard.
The error was lower than 0.3% for Mg and Si, below
0.5% for Fe, and below 2% for Ni, Mn and Na. For the
trace elements the error was lower than 13% and comprised
between 0.3% and 8% for concentrations higher than
500 ppm. A non-acceptable error and detection limit pre-
vented Cs semi-quantitative measurements. The results
from quantitative measurements are reported in Tables 2
and 3 for Sb-rich experiments and As-rich experiments
respectively.

2.2.7. Mössbauer measurements

To evaluate the oxidation state of iron in our samples,
57Fe Mössbauer spectrometry was performed at the ‘‘Lab-
oratoire de Physique de l’Etat Condensé”, of Le Mans
University. Fresh olivine was analyzed first. We then ana-
lyzed the solid product obtained after a complete alteration
experiment starting with 30–56 lm olivine grains. The
Mössbauer spectra were recorded at 77 K using a constant
acceleration spectrometer and a 57Co source diffusing into a
rhodium matrix. Two fitting models refined using a least-
squares fitting procedure were considered to describe the
Mössbauer spectra and untangle the Fe isomeric shift d
(mm s�1) and the quadrupole splitting D (mm s�1) to deter-
mine the Fe oxidation state and coordination number.

2.2.8. X-ray absorption fine structure (XAFS) spectroscopy

The XAFS spectra – including the X-ray Absorption
Near-edge Structure (XANES) region, and Extended



Table 2
Summary of quantitative electron microprobe oxide composition for experimental product from run Sb-5, after 90 days of reaction at 200 �C
and calculated concentration for Sb. n.d. (not detected).

Mineral Oxide composition (wt.%) Sb

MgO Na2O MnO FeO NiO Sb2O3 SiO2 Total (lg g�1)

Olivine 51.8 0.004 0.147 9.0 0.374 0.009 40.5 101.9 75
Olivine 49.3 0.055 0.182 10.2 0.350 0 38.8 99.0 n.d.
Olivine 52.5 0.251 0.191 9.7 0.389 0 39.2 102.4 n.d.
Olivine 47.8 0.016 0.185 10.2 0.341 0 41.7 100.3 n.d.
Olivine 48.3 0.012 0.152 8.9 0.353 0.006 40.6 98.5 50
Olivine 49.0 0.018 0.168 10.3 0.351 0.007 40.8 100.8 58
Olivine 47.6 0.003 0.133 8.8 0.360 0 41.5 98.4 n.d.
Olivine 46.4 0.016 0.132 8.7 0.350 0 38.6 94.3 n.d.
Olivine 50.8 0.020 0.128 8.4 0.367 0 43.8 103.6 n.d.

Serpentine 43.9 0.9 0.2 9.1 0.3 0.2 32.5 87.2 1 646
Serpentine 42.3 1.0 0.13 8.0 0.2 0.19 35.6 87.4 1 612
Serpentine 43.3 1.1 0.14 8.7 0.3 0.3 33.2 87.1 2 539
Serpentine 36.9 1.2 0.09 7.7 0.4 0.5 37.8 84.7 4 219
Serpentine 38.9 1.1 0.08 6.9 0.3 0.27 38.7 86.4 2 214
Serpentine 41.6 0.9 0.1 8.7 0.3 0.33 36.0 88.1 2 782
Serpentine 39.5 1.0 0.09 8.5 0.5 0.41 38.4 88.5 3 458
Serpentine 38.3 2.3 0.08 6.3 0.3 1.0 33.8 82.8 8 404
Serpentine 38.2 1.4 0.1 8.6 0.2 0.26 36.1 85.0 2 130
Serpentine 36.4 1.1 0.07 6.6 0.2 0.36 37.6 82.3 2 957
Serpentine 37.9 0.978 0.133 11.1 0.485 0.008 35.9 86.6 67

Serpentine/brucite 53.6 0.085 0.66 23.7 0.292 0.039 8.4 87.1 326
Serpentine/brucite 46.7 0.3 0.6 16.7 0.084 0.035 13.8 78.2 292
Serpentine/brucite 55.7 0.2 1.1 22.9 0.334 0.032 4.8 85.3 267
Brucite 56.1 0.5 0.6 20.8 0.206 0.024 12.9 91.4 200

Brucite 71.7 0.2 0.7 14.7 0.603 0.006 5.3 93.3 n.d.
Brucite 65.9 0.1 0.8 23.5 0.416 0 4.7 95.6 n.d.
Brucite 63.7 0.1 0.9 19.8 0.355 0 3.8 88.8 n.d.

(mg g�1)

Accessory phase 33.6 1.1 0.1 10.1 5.7 52.2 18.7 121.5 436
Accessory phase 39.9 1.3 0.0 8.6 5.7 40.1 29.1 124.8 335
Accessory phase 28.8 0.8 0.0 8.9 6.6 46.6 25.2 117.0 390
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X-ray Absorption Fine Structure (EXAFS) region – of the
experimental solid product were collected in both transmis-
sion and fluorescence modes at the As and Sb K-edges on
the BM30B-FAME beam line of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France; see Proux
et al., 2005 for a detailed description of the experimental
set-up). A Si (220) double crystal monochromator was used
to select the incident energy. Fluorescence was detected
using a Cambera 30-element energy-resolved detector.
The intensity of the incident beam was measured using an
ion chamber filled with He gas. The beam size on the sam-
ple was 300 � 200 lm and each XAS spectrum is an aver-
age of 4–6 step-by-step acquisitions with a 0.3 eV energy
step and 4 s dwell time. Data normalization (i.e., edge-
jump and slope correction), background removal and linear
combination fits were performed using the Athena software
(Ravel and Newville, 2005).

The samples were carefully diluted in a boron nitride
(BN) matrix and XAFS measurements were carried out
on sample pellets (1 mm thickness and 5 mm diameter)
using a dedicated sample holder. The samples were posi-
tioned at 45� in order to optimize the fluorescence on the
detector. The sample holder was placed in a helium cryostat
at 20 K. Metallic Sb0 and As0, Sb2O3 and As2O3 oxides and
both reactants were analyzed as standards.

3. RESULTS

3.1. Reaction mechanism and kinetics

3.1.1. Mineral nature and composition of the experimental

solid products

Experimental hydrothermal alteration systematically
causes olivine mineral to be replaced by a porous assem-
blage of fibrous serpentine and idiomorphic brucite with
the external shape of the olivine grains being coarsely pre-
served (Figs. 1 and 2) despite the non-isovolumetric reac-
tion. X-ray diffraction measurements only show the
presence of serpentine, brucite and residual olivine (depend-
ing on the progress of the reaction) in all the experiments
(e.g. Fig. 3a and b). Infrared spectra after complete olivine
replacement systematically indicate the presence of chryso-
tile as the dominant serpentine polymorph for the three
classes of grain size used (e.g. Fig. 3c and d). Furthermore,



Table 3
Summary of quantitative electron microprobe oxide composition for experimental product from run As-10, after 90 days of reaction at 200 �C
and calculated concentration for As. n.d. (not detected).

Mineral Oxide composition (wt.%) As

MgO Na2O MnO FeO NiO SiO2 As2O5 Total (lg g�1)

Olivine 47.4 0.08 0.018 8.8 0.1 39.2 0 96.0 n.d.
Olivine 49.6 0.07 0.003 8.3 0.1 41.7 0 100.2 n.d.
Olivine 45.8 0.195 0.146 8.5 0.38 37.6 0.01 92.7 78
Olivine 49.4 0.215 0.163 8.6 0.3 40.4 0 99.1 n.d.

Brucite 62.6 0.6 0.9 17.1 0.3 1.9 0.47 84.1 3077
Brucite 61.3 0.9 0.8 15.5 0.2 6.0 0.23 85.1 1473
Brucite 53.4 0.1 0.6 18.9 0.4 7.1 0.42 81.2 2758

Serpentine/brucite 51.7 1.3 0.5 9.8 0.2 15.0 0.13 78.7 861

Serpentine 34.5 1.6 0.1 6.9 0.2 36.2 0.05 79.6 293
Serpentine 34.8 1.5 0.1 6.7 0.3 32.9 0.09 76.4 600
Serpentine 30.7 1.3 0.1 6.3 0.3 33.9 0.05 72.7 346
Serpentine 46.9 1.5 0.1 6.4 0.3 37.2 0.17 92.6 1095

(mg g�1)

Accessory phase 27.2 1.2 0.0 5.0 11.5 29.4 7.9 82.3 51.3
Accessory phase 36.4 1.4 0.1 6.4 1.8 35.7 1.2 83.0 7.8
Accessory phase 35.8 1.5 0.0 4.4 0.6 32.8 0.8 76.0 5.5
Accessory phase 41.6 1.3 0.0 7.5 1.1 30.9 7.8 90.3 50.9

Fig. 1. Scanning electron microscope imaging of the experimental products. All experiments shown were performed at pH 13.5 (at 25 �C) and
200 �C, for 56–150 lm (a) and 30–56 lm (b–d) initial olivine grain sizes, (a) notches after 32 days of reaction in presence of Cs (run Cs-7), (b)
olivine grains after 3 days of reaction in presence of Sb (run Sb-1), (c and d) olivine grains after 10 and 72 days of reaction in presence of As
(run As-6 and As-10).
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chrysotile particles growing from larger initial grain sizes
(30–56 and 56–150 lm) are systematically wider. Whatever
the initial grain size, occurrence of large particles with a
diameter of more than 100 nm, corresponding to 15-
sectored polygonal serpentine (Fig. 4), was observed in
the case of the longest reaction times (i.e. long-duration ser-
pentinization) (Fig. 2c). This concurs with the results of
infrared spectroscopy for advanced reactions (i.e. >50%
of mineral replacements) where the Si–O–Si vibration
bands (in the 800–1100 cm�1 range) are shifted to lower
wave numbers for the three peak characteristics of chryso-
tile (960, 1020 and 1060 cm�1). Indeed, this is a direct con-
sequence of larger chrysotile particle sizes and a mixing
between chrysotile and polygonal serpentine. SEM observa-
tions and EMP mapping support the precipitation of ser-
pentine and brucite forming a porous medium around the
olivine grains (Fig. 5). The replacement fronts commonly
appear ruffled, including etch pits and micrometric notches
that penetrate further into the olivine following similar ori-
entations (Fig. 5b). The length of the notches varies and
they are less than 2 lm in width, which is typical in the case
of olivine alteration under hydrothermal conditions
(Hövelmann et al., 2011). Pristine olivine grain shapes are
mostly preserved (Figs. 1, 2a and 5) but mixing of scattered
serpentine and brucite is also observed among serpentinized
grains (Fig. 5c). Serpentine assemblages localized at past
olivine grain borders are occasionally characterized by
apparently larger amounts of iron, producing lighter bor-
ders on backscattered electron images, whereas serpen-
tinized olivine cores are characterized by a darker porous
medium and lower apparent iron content (Fig. 5d). Grain
cores occasionally display voids, suggesting the chemical
(dissolution) or mechanical removal of primary or sec-
ondary material.

3.1.2. Reaction progress

The amounts of serpentine and brucite (serpentinization
degree) were estimated by TGA measurements for each



Fig. 2. Scanning electron microscope imaging of the reaction
product from olivine alteration, (a) (<30 lm) after 30 days in
presence of As-rich solution (run As-4), (b) (30–56 lm) after
90 days in presence of Sb-rich solution (run Sb-5), (c) (56–150 lm)
after 90 days in presence of Cs-rich solution (run Cs-9). Ctl:
chrysotile, Brc: brucite, PS: polygonal serpentine.
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experiment (the results are reported Table 1). This estima-
tion is based on H2O loss of 13 and 30 wt.% for pure ser-
pentine and brucite respectively in the range 200–1000 �C,
assuming that H2O loss is proportional to the serpentine
and brucite phase contents. The complete procedure was
described in detail in Lafay et al. (2012).

Thermogravimetric patterns display limited (below 2%)
weight loss below 300 �C, which is attributed to molecular
water desorption. Brucite dehydroxylation is prompt and
occurs between 300 and 400 �C. Serpentine dehydroxyla-
tion is characterized by a marked weight loss between 400
and 700 �C. In this range, the features of the TG/DTG
curves evolve as a function of reaction advancement
(Fig. 6); this indicates a substantial change in the properties
of the serpentine phase throughout the experiments, regard-
less of the grain size in question. DTG serpentine patterns
are characterized by a single peak (characteristic of chryso-
tile) and then a doublet or triplet of dehydration pulses
migrating from lower (450–600 �C) to higher (450–700 �C)
temperatures as a function of reaction advancement. Specif-
ically, we note a decrease in the weight loss component
ranging, from 400 to 540 �C, and an increase in the compo-
nent between 550 and 700 �C. As mentioned above, the
shift in serpentine dehydroxylation range to higher temper-
atures could be linked to the presence of larger serpentine
particles. According to the literature (Cressey and
Zussman, 1976; Middleton and Whittaker, 1976; Viti,
2010), indicating that the transition from rolled to flat ser-
pentine will favor dehydroxylation at higher temperatures,
the change in TG features from a single peak to a doublet
reinforces the supposition of a transition from pure chryso-
tile to a mix between chrysotile and polygonal serpentine
consisting of flat layers of lizardite arranged as an outer
shell around the chrysotile core. Phase quantification by
TGA, reported in Table 1, is consistent with the spectro-
scopic and textural identifications described by Lafay
et al. (2012).

Based on modal proportion measurements for the ser-
pentine and brucite, serpentinization reaction kinetics were
modeled by iterative regression using a pseudo-second
order kinetic model (200 fits and 200 iterations) following

the equation nt ¼ nmax t
t1=2þt. Here, nt is the reaction extent for

a given reaction time t, nmax is the maximum serpentiniza-
tion extent (constraint to 100% for the different calcula-
tions) and t1=2 is the half serpentinization time. We

estimated reaction advancement either considering only ser-
pentine modal proportion (as it was done in Lafay et al.,
2012) or considering both serpentine and brucite mineral
content (Fig. 7 and Table 4). Serpentinization reaction
kinetics depends on initial grain size of the olivine, but no
significant changes were observed between the 3 systems
tested for a similar grain size (30–56 lm).

Under the specific experimental conditions we estimate
that As, Sb and Cs have no quantifiable effect on the ser-
pentinization reaction kinetics with respect to FME-free
system Our estimations are consistent with results obtained
in alkaline FME-free systems where only serpentine mineral
abundance was considered (Lafay et al., 2012). Considering
both brucite and serpentine mineral abundance and a sim-
ilar kinetic regime for olivine mineral alteration in As-, Sb-
and Cs-rich systems, the average initial rate m0 ¼ nmax=t1=2
and the t1=2 estimated from the calculations are:

3.9 E�06 s�1 and about 3 days, 6.65 E�07 s�1 and
17.4 days, 1.6 E�07 s�1 and 73 days for <30 lm, 30–56
and 56–150 lm initial grain size, respectively. Obviously,
the calculations result in a slightly faster reaction kinetic
than considering serpentine only. As nmax asymptote is con-
straint to 100%, the modeling of mineral abundance



Fig. 3. XRPD diffractograms (a) for As-rich experiments (<30 lm initial grains) and (b) Sb-rich experiments (30–56 lm initial grains) for
different reaction times, and FTIR spectra (c) for As-rich experiments (<30 lm initial grains) and (d) Cs-rich experiments (30–56 lm initial
grains). Peak position, O: olivine (Forsterite ICDD card #7-74), S: serpentine (chrysotile ICDD card #27-1275) and B: brucite ICDD card
#74-2220.

Fig. 4. Transmission electron microscope imaging of chrysotile
and polygonal serpentine assemblage precipitated after 90 days of
reaction for 30–56 lm initial grain size in As-rich solution (run As-
11), inset shows 15-sectored polygonal serpentine with 100 nm wide
chrysotile core having disappeared.
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remains difficult for longer reaction advancement (and sec-
ondary products may be slightly overestimated from TGA
measurements).

3.1.3. Iron oxidation state

The Mössbauer spectrum of San Carlos olivine (30–
56 lm) is characterized by a single doublet with an Fe cen-
tre shift d of 1.15 mm s�1 and a quadrupole splitting D of
3 mm s�1 (Fig. 8) typical for Fe(II) (De Coster et al.,
1963; Delmelle and Gerard, 1964). Fig. 8 displays the Möss-
bauer spectrum of alteration product after complete serpen-
tinization of San Carlos olivine with no trace elements in
the starting experimental fluid. The spectrum is character-
ized by four doublets typical of two ferrous components
(d = 1.15, D = 2.93 and d = 1.04, D = 2.98) and two ferric
components (d = 0.26, D = 0.52 and d = 0.35, D = 0.82).
The first ferrous component (�30% of total Fe) is related
to brucite and the second (�20% of total iron) corresponds
to octahedral Fe(II) in serpentine (Blaauw et al., 1979;
MacKenzie and McGavin, 1994). Mössbauer spectrum
modeling for serpentinized product indicates that under
our specific high alkaline conditions, almost half of bulk
Fe is Fe(III). Considering both isomeric shift and quadru-
pole splitting, and regarding the results of the study by
Klein et al. (2009) investigating the iron oxidation state



Fig. 5. Scanning electron microscope imaging of the reaction product from olivine alteration, (a) thin serpentine border around olivine grains
after 3 days in Sb-rich solution (30–56 lm, run Sb-1), (b and c) notches developed in olivine grains and porous serpentine/brucite assemblages
after 41 days in presence of As-rich solution (run As-8), (d) SEM imaging and corresponding EMP mapping for Mg, Si and Fe for
experiments after 50 days of reaction in presence of Cs-rich solution (run Cs-4).

Fig. 6. (a) Typical thermal analyses, example for Sb-rich series samples (30–56 lm initial grains) for different reaction times (air atmosphere,
heating rate 10 �C min�1 and temperature range 0–800 �C) and (b) corresponding DTG revealing the change in serpentine component
properties.
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Fig. 7. Mineral abundance (deduced from TGA/DTG measurements) versus time for different olivine grain sizes reacting with As-rich (circle),
Sb-rich (square), or Cs-rich (triangle) solution, (a) including serpentine + brucite content and (b) using serpentine abundance only. Best fit for
pseudo-second order kinetic models using parameters reported in Table 4 are also represented (solid lines) as well as the 95% prediction bands
(dotted lines) which accounts for uncertainty and scattering of data during the fitting.

Fig. 8. Mössbauer spectrum obtained at 77�K, on ferrous San Carlos olivine (left) characterized by high quadrupole splitting typical of Fe(II),
and on alteration product (right) characterized by two ferrous components (brucite Fe(II) (purple) and serpentine octahedral Fe(II) (green))
and two ferric components (octahedral (red) and tetrahedral (blue) Fe(III) in serpentine). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 4
Summary of kinetic parameters calculated from thermogravimetric analyses.

Initial olivine size (lm) nmax (%)* t1=2 (days) m0 (1/s) Fitting r2

Using chrysotile + brucite mineral content contenabundance

<30 100 ± 5 2.95 ± 0.7 3.9 � 10�6 ± 0.7 � 10�6 0.97
30–56 100 ± 9 17.4 ± 5 6.8 � 10�7 ± 1.5 � 10�6 0.94
56–150 100 ± 22 73 ± 30 1.6 � 10�7 ± 0.5 � 10�7 0.99

Using chrysotile mineral content

<30 100 ± 2 3.9 ± 0.4 3 � 10�6 ± 0.4 � 10�6 0.99
30–56 100 ± 8 20 ± 5 5.8 � 10�7 ± 2.5 � 10�7 0.96
56–150 100 ± 27 82 ± 39 1.4 � 10�7 ± 3.4 � 10�7 0.98

* Kinetic parameters are calculated using experimental data from Table 1 and following the nonlinear equation: nt ¼ nmax t
t1=2þt with nt, the

reaction advancement (%), for a given reaction time t, nmax the maximum alteration extent constraint to 100% and t1=2 the half reaction

progress time and m0 ¼ nmax=ðt1=2 � 100Þ the initial reaction rates. The values obtained using only the chrysotile mineral content can directly be

compared kinetic with values from Lafay et al. (2012).
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during serpentinization, the two ferric components were
attributed to octahedral Fe (�40% of total Fe) and tetrahe-
dral Fe (�10% of total Fe) in the serpentine. Neither Fe(II)
nor Fe(III) component related to magnetite was observed.
Thus at 200 �C, despite the absence of magnetite precipita-
tion, the bulk Fe(III)/Fe(II) is approximately 1 after com-
plete experimental olivine serpentinization. Iron is
incorporated by Fe-rich brucite containing around 18 wt.
% of Fe as Fe(II) and serpentine that contains
6–11% of Fe with a substantial amount a ferric iron
(Fe(III)/FeTotal(serp) � 0.7). The KD = (XFe/XMg)Srp �
(XMg/XFe)Brc is about 0.44. It should be borne in mind that
this represents the final state for iron, Fe(III)/Fe(II) in the
reaction product having evolved throughout the reaction.

3.2. FME behavior during serpentinization

3.2.1. Bulk FME concentration

Table 1 and Fig. 9 report the results of the bulk-rock
measurements on the bulk experimental material as well
as calculated concentrations for experimental product (ser-
pentine and brucite only). The results indicate that the three
elements where efficiently trapped by the experimental pro-
duct but in a different range of concentrations and follow-
ing a different pathway. From bulk rock ICP-MS
measurements (including serpentine ± brucite ± residual
olivine) and the advancement of serpentinization, we esti-
mated the amount of FME in the alteration product (i.e.
serpentine + brucite only, Fig. 9b, d and f), and estimated
the partitioning coefficient between reaction product and
fluid FMEDp/fl, (Table 1).

Arsenic content in the experimental product increases
linearly from 100 ppm (degree of serpentinization � 30%)
to 610 ppm for total replacement whereas the As concentra-
tion rises from 500 ppm (�50% replacement) to 1090 ppm
(total replacement) for the smallest initial grain size exper-
iments (Fig. 9a). When these data are converted to As con-
centrations in the alteration products, it appears that As
slightly decrease from �880 lg g�1 after 3 days of reaction
to �600 lg g�1 after 40 days of reaction using an intermedi-
ate initial grain size (30–56 lm) and remains almost the
same in the last stage of the reaction (Fig. 9b). This results
in a distribution coefficient AsDp/fl that remains nearly
unchanged and comprise between 3.5 and 4.5. Despite the
lack of data before 50% of reaction for the <30 lm grain
size, the As concentration value in alteration products
appears to remain close to 1200 lg g�1, which corresponds
to an AsDp/fl of 8.6 after complete reaction.

Cesium concentrations in the bulk experimental prod-
ucts are comprised between 108 and 181 lg g�1 (11–55%
replacement) for 56–150 lm and from 192 to 269 lg g�1

(19–100% replacement) for 30–56 lm initial grain sizes
(Fig. 9c). These results correspond to a nonlinear decrease
in the concentration of Cs sequestered by serpentine and
brucite as a function of the progress of serpentinization
(Fig. 9d). The average Cs concentration in the alteration
product highly decreases during the first step of the reac-
tion, from 1050 (20% replacement) to �500 lg g�1 (50%
replacement) starting with 30–56 lm olivine grains and
from 1000 (15% replacement) to 330 lg g�1 (50% replace-
ment) starting with 56–150 lm grains. In the latter case,
assuming the trend is correct, the value should be lower
than 300 lg g�1 after the reaction is complete. These results
outline a decrease in CsDp/fl from 5 to 1.5 with progressive
advancement of the serpentinization reaction (from 15% to
50% replacement), with minor difference between the two
experimented grain fractions after 50–60% of replacement
(Fig. 7).

Antimony concentrations in the experimental products
(30–56 lm olivine grains) greatly increase during the first
stage of the reaction from �500 lg g�1 after 3 days to
2000 lg g�1 (Fig. 9e) after 25 days (�47% replacement).
The Sb bulk concentration then remains nearly the same
(�2000 lg g�1), forming a concentration plateau. These
observations correspond to a two-stage behavior for Sb
partitioning with first, an increase in average Sb concentra-
tion in the alteration product from 3900 to 4500 lg g�1 (up
to 50% replacement) and then a substantial decrease from
4500 to 1900 lg g�1. Corresponding estimated SbDp/fl

increases from �20 to �65 from 3 to 25 days of reaction.
This corresponds to the trapping of the majority of the
Sb by reaction product prior to a decrease in SbDp/fl from
�65 to �28, suggesting that bulk Sb sequestration
decreases or stops after 25 days of reaction, this probably
linked to a change of sequestration processes.

3.2.2. Spatial distribution of FME

In X-ray maps, Fe appears heterogeneously distributed
in serpentine mineral with the highest apparent Fe content
found in serpentine that formed at the pristine grain bound-
aries of olivine (Fig. 10) and the lowest content in the ser-
pentinized core. Keeping in mind that the bulk Fe spatial
distribution is also probably linked with heterogeneous dis-
tribution of Fe(II)/Fe(III). Single brucite grains and/or bru-
cite aggregates are readily recognizable on X-ray mapping
by their high Mg and Fe content with no Si
(Figs. 4, 10 and 11). The presence of aggregate of brucite
minerals in the most advanced experiments suggests for
possible chemical segregation and mineral coarsening by
dissolution/precipitation throughout the serpentinization
reaction (Oswald ripening). Quantitative measurements
(EPMA) reveal that brucite grains are characterized by a
high Fe content with respect to serpentine
(Figs. 5d, 10 and 11). Assuming all Fe to be divalent,
EPMA give 6–11 and 14–25 wt.% for FeO in serpentine
and brucite respectively (Table 2 and 3).

Arsenic X-ray maps for an advanced reaction (e.g.
90 days starting from 30–56 lm grain size) display a higher
As content in brucite (Fig. 10a) than in serpentine and oli-
vine residual. Indeed As quantities in residual olivine are
below the detection limit (Tables 2 and 3) but are between
300 and 1000 lg g�1 in serpentine and between 1400 and
3000 lg g�1 in brucite. Yet, brucite is not enriched with
other minor elements (Ni, Cu, Cr, etc.). Based on the ser-
pentine and brucite amounts in the serpentine product,
the in-situ quantitative concentrations are consistent with
those measured by ICP-MS on the bulk serpentine products
(600 lg g�1 for As starting with 30–56 lm grain size). We
report the presence of sparse sub-micrometric As-rich
phases (Fig. 10a) containing large amounts of Ni



Fig. 9. Concentration of FME in bulk solid product (left) and corresponding average concentration in experimental product (right:
serpentine + brucite) as a function of reaction advancement (open symbols) and for the different experimental grain sizes. Concentrations
calculated for FME in residual fluid are also reported (filled symbols): (a and b) results for As, (c and d) for Cs and (e and f) for Sb,
partitioning trends are represented with dotted arrows.
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(0.6–11 wt.% Table 3) but displaying no specific correlation
between Fe and As. They may represent hydrated arsenates
such as annabergite [Ni3(AsO4)2�8H2O] but also little As-
clusters adsorbed at the serpentine surface (Table 3).

Quantitative measurements for Cs are below detection
limit, nevertheless, Cs mapping suggests lower content at
serpentinized grains core with respect to borders
(Fig. 10b) and no correlation with Fe and Ni. No Cs-
bearing phases were observed whatever the initial grain size
used in the experiment and the advancement of the serpen-
tinization process.



Fig. 10. (a) SEM imaging of As-rich altered product, and corresponding EMP mapping for Fe As and Ni after 72 days of reaction starting
with 30–56 lm grain size (run As-10). (b) SEM imaging of Cs-rich altered product, and corresponding EMP mapping for Fe, Cs and Ni after
90 days of reaction starting with 30–56 lm grain size (run Cs-5).
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The distribution of Sb correlates very well with the dis-
tribution of Ni in the serpentinization product (Fig. 11).
This is particularly remarkable after long reaction times,
where a collar of Ni- and Sb-rich serpentine minerals is
found as relic of the pristine grain borders. As for As, we
report no spatial correlation between Sb and Fe. Abundant
amounts of Sb-rich phases are observed in serpentinized
products in the case of advanced reactions (>50%



Fig. 11. (a and b) SEM imaging and corresponding EMP mapping for Fe, Sb and Ni from 30–56 lm initial grain size experiments in presence
of Sb after 25 days of reaction (run Sb-3) and 50 days of reaction (run Sb-4). The presumed former grain boundaries are reported with dotted
white lines, the color scale for count rate is not the same for each map, (b) example of Sb-count (cts) intensity section measured by EMP cross-
cutting serpentinized grains (A-B profile in (b)). Note the presence of Sb-enriched serpentinized grain borders and Sb- Ni-rich microphases
after 50 days of reaction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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replacement, Fig. 11b). The Sb content of these phases is
difficult to estimate due to their sub-micrometric size.
Indeed, microprobe measurements overlap with those of
serpentine, but show that Sb-bearing phases contain more
than 40 wt.% of Sb2O3 (Table 2) and about 6 wt.% of
NiO but are not characterized by abnormal amounts of
Fe (8–10 wt.% oxides) with respect to serpentine. Else, data
treatment using oxides exceeds 100% for microprobe anal-
yses suggesting that Sb and Ni are at least partly in their
metallic form in these Sb-rich phases. Since Ni/Sb-rich
phases were not observed in less advanced experiments,
we can be sure that these microphases are not related to a
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bias in quenching and/or incomplete washing. The Sb semi-
quantitative measurements for Sb in serpentine are mainly
comprise between 1600 and 8400 lg g�1, with the highest
concentrations at the periphery of the sub-grain domains.
This is confirmed independently from mapping
(Fig. 11a and b) and by elementary profiles through the ser-
pentinized product (Fig. 11c) and isolated measurement.
Indeed, the value of 67 ppm corresponds to measurements
taken in the centre of serpentinized grains. Pure brucite
contains no Sb (<330 lg g�1 when mixed with serpentine,
Table 2). These results indicate a completely different pro-
cess for the sequestration of Sb with respect to As and Cs.

3.2.3. Speciation of As and Sb

The normalized XANES spectra collected at the As
K-edge and Sb K-edge for the different degrees of advance-
ment of olivine alteration in the presence of 200 ppm of dis-
solved As or Sb are reported in Fig. 12a and b respectively.
Normalized XANES spectra for the three references used in
this study are also reported for the sake of comparison.

XANES measurements display no change in the As
K-edge region (Fig. 12a) with the degree of serpentiniza-
tion. E0 for all the samples remains at the same energy
(�11,873.4 eV) and, with respect to the standards, is typical
of As(V). This suggests that the As valence state remains
unchanged. Moreover, no change in As coordination num-
ber and intensity are observed from EXAFS region analysis
Fig. 12. Normalized As-K pre-edge (a) and Sb-K pre-edge, (b) XANES sp
and corresponding standards for As-rich series (a) and Sb-rich series (b) r
times with corresponding reaction advancement are also reported. Dotte
linear combination over the specified fitting range using three Sb standa
(Fig. 13). The lack of second and third neighbors in the FT
indicates that As(V) is apparently adsorbed by an inner-
sphere adsorption mechanism in the experimental products.
Hence, the structural incorporation of As in serpentine
products including brucite or secondary As-bearing phases
(possibly represented by annabergite) seems negligible with
respect to the overall As adsorption at the surface of the
serpentinization products (serpentine and brucite).

XANES spectra for the two Sb(III) standards display an
absorption edge E0 at 30,494.2 and 30,494.5 eV for SbCl3,
Sb2O3 respectively, whereas the absorption edge is located
at 30,492.7 eV for Sb0 (Fig. 12b). Absorption edges for
Sb-doped samples are systematically located at higher
energy levels than the investigated standards. The peak is
typically at 30,498.2 eV in the case of small degree of ser-
pentinization (OlSb0a) and at 30,496.2 eV after the reaction
is complete. These results provide two sorts of information.
First the higher absorption energy is attributed to the pres-
ence of pentavalent Sb in the experimental product. Second,
the non-negligible continuous shift of E0 to a lower energy
level after 25 days of reaction (reaction progress �47%) up
to complete reaction, underlines a change in Sb valence
throughout the experiment. Depending on the EXAFS
region, we note no change in Sb coordination number
and first neighbor positions during the first 10 days of the
reaction (Fig. 14b). The lack of secondary neighbors sug-
gests that Sb(V) trapping is controlled by an inner-sphere
ectra as a function of energy for the different experimental products
espectively. Solid lines represent the experimental data and reaction
d lines represent E0 positions and gray lines (b) represent fits using
rds (a values from Table 5). For more details refer to the text.



Fig. 13. Normalized k2-weighted transmission As K-edge EXAFS spectra for As-rich series and As(III) and As(V) standards.

Fig. 14. (a) Normalized k2-weighted transmission Sb K-edge EXAFS spectra for Sb-rich series and (b and c) their corresponding Fourier
transform (FT) magnitudes (v(R + phi)) corresponding to the radial distribution function as a function of distance from the central antimony
atom not corrected for phase shift, respectively, (b) shifted along the vertical axis (compared with acquisitions on Sb(III) and Sb0 standards)
and (c) superposed for better observation of the trend (vertical arrows indicate the decrease (dotted) of first O component and increase (solid)
of second component).
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adsorption mechanism as in the case of As. After 10 days of
reaction (OlSb1a) we observed the first appearance of a sec-
ond component at (R + phi = 3.25 Å) that matches with
oxide standards (Fig. 14b), but as no shift in E0 was
observed between 3 and 10 days, we infer that it may corre-
spond to the presence of small amounts of transient Sb(V)
oxides. After 24 days of reaction, the Sb first neighbor com-
ponent decreases significantly, indicating a change in Sb
coordination (Fig. 14c). This is related to the emergence
of a secondary component that matches with the SbCl3
standard at 2.11 Å (uncorrected for phase shifts) and grows
progressively with the degree of serpentinization. We can-
not exclude that minute of transient oxide phase precipi-
tates after 10 days of reaction regarding the second
coordination component that emerge at 3.2 Å (uncorrected
for phase shifts).

The Sb bulk oxidation state was estimated by linear
combination modeling of the XANES (30,460–30,560 eV
range, Fig. 12b) and EXAFS (1–13 Å�1 region). Four Sb-
‘‘end-members” were used Sb(III)-oxide and Sb(III)-
chloride, Sb(0) standard, as well as the first sample of the
(OlSb0a) series, which was assumed to be a Sb(V) compo-
nent. Different fits were performed using Sb(V) and
Sb(III) only and using Sb(V), Sb(III) and Sb(0). Examples
of proportions calculated are displayed in Table 5. Both
models match and are comparable whatever the Sb(III)
standard. Our results indicate that about 30% of Sb(V) is
reduced to Sb(III) after 25 days of reaction. After complete
reaction, only 50% of initial Sb(V) remains present in solu-
tion. Therefore the bulk solid system is characterized by the
presence of Sb(V), Sb(III) and possibly metallic Sb(0). After
25 days and until the end of the reaction, Sb is significantly
trapped in Ni- and Sb-rich phases, which might correspond
to pure end-member or mixture of chloride ((Ni,Sb)Cl3),
valentinite (Sb2O3), breithauptite (NiSb) or nisbite
(NiSb2). EMPA show no evidence for linkage between Cl
and Sb, indicating rather for Sb precipitation as oxides or
alloys.



Table 5
Results of linear combination of XANES and EXAFS regions at the Sb K-edge for Sb-doped samples.

Component (%) Reaction time

XANES region EXAFS region XANES region EXAFS region (days)

Sb-1 SbCl3

Sb-1 100 100 0 0 3
Sb-2 100 100 0 0 10
Sb-3 72.4 67.5 27.6 32.5 25
Sb-4 59.5 40.5 49 35.9 50
Sb-5 54.1 52 45.9 48 90
SbCl3 ᵝ 0 0 100 100 –

Component (%) Reaction time

XANES region (days)

Sb-1 Sb2O3 Sb0

Sb-1 100 0 0 3
Sb-2 100 0 0 10
Sb-3 67 34 0 25
Sb-4 54 34 12 50
Sb-5 49 13 37 90
Sb0 0 0 100 –

bConsidering run Sb-1 and SbCl3 as standards.
aConsidering run Sb-1, Sb2O3 and Sb0 as standards.
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4. DISCUSSION

4.1. Reaction mechanism and evolution of serpentinization

reaction

In natural serpentinites, the typical olivine alteration
reaction involves mass transfer of Si, Fe and Mg, and leads
to the formation of characteristic serpentine mesh textures
(olivine pseudomorphosis) surrounded by magnetite that
highlight former (sub)grain boundaries (Wicks and
Whittaker, 1977). The presence of magnetite is due to the
removal in solution and oxidation of the Fe(II) originally
contained in olivine (Allen and Seyfried, 2003; Bach
et al., 2006; Seyfried et al., 2007). This reaction leads inher-
ently to reducing conditions during the serpentinization
reaction (Frost, 1985), which in turn can affect the behavior
of the redox-sensitive minor and trace elements (Ballhaus,
1993; Andreani et al., 2013), and cause the precipitation
of metallic mineral and/or sulfide deposits (Rona, 1984;
Frost, 1985; Alt et al., 2013). At low alteration tempera-
tures (<200 �C), magnetite is generally lacking (Klein
et al., 2009, 2014; Lafay et al., 2012; Andreani et al.,
2013; Evans et al., 2013) but brucite is found commonly
(Allen and Seyfried, 2004; Lafay et al., 2012). The absence
of magnetite does not necessarily reflect the absence of Fe
(III), but only that it is redistributed in serpentine minerals
and brucite (Klein et al., 2009, 2014). The presence of
coarse brucite and brucite-rich rims reflects the discrepancy
between brucite and serpentine supersaturation related to
olivine alteration (Klein et al., 2009).

In our experimental system, we used a powder consisting
of individual olivine grains but alteration textural features
similar to those reported in natural systems were repro-
duced. The typical olivine replacement textures include a
clear serpentinization front, the presence of notches at the
reaction interface, and the development of sub-grains by a
fracturing process (Fig. 5; Iyer et al., 2008). Under this high
alkaline environment at 200 �C, no iron oxide is formed
during alteration and olivine is replaced by the typical
low-temperature assemblage composed of serpentine and
brucite (Allen and Seyfried, 2004; Lafay et al., 2012;
Klein et al., 2014). Here, Mössbauer’s results confirm that
about half the Fe(II) originally contained in the olivine is
oxidized and preferentially incorporated into the serpentine
minerals. The remaining Fe(II) is trapped mainly by brucite
(�30% of total iron) and serpentine (�20% of total iron).
Thus, our static system is a characteristic example where
redox development appears to be controlled by a (Fe(II)/
Fe(III)-serpentine)/(Fe(II)-brucite) buffer and the presence
of H2-bearing fluids despite the lack of magnetite. Our
results are in agreement with the mean values for KD =
(XFe/XMg)Srp � (XMg/XFe)Brc reported in the literature
(0.5) for brucite–serpentine assemblages (Evans and
Trommsdorff, 1972; Klein et al., 2009).

In the experimental conditions, the reaction kinetics is
faster than in the case of serpentinization in neutral condi-
tions (at least 10 time faster referring to Malvoisin et al.,
2012), and is dependent of the initial olivine grain size
(Lafay et al., 2012). Here, the textural properties (dimen-
sions, morphology) of the serpentinization product appear
to be vicariously related to the grain size of the initial oli-
vine and the progress of the reaction. Indeed, experiments
using the smallest starting grain size with the fastest
replacement kinetics lead to the formation of the smallest
chrysotile–brucite particles. Furthermore, a longer reaction
time favors the growth of larger serpentine fibers (including
polygonal serpentine). The starting grain size also affects
the thickness of the serpentinization product and thus the
ease with which fluids percolate up to and are disposed of
on the surface of the olivine. The textural development of
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the experimental products may account for the bending in
the pseudo-second order kinetic curves (Fig. 7).

4.2. Solid/fluid distribution and sequestration mechanism of

As, Cs and Sb during olivine serpentinization

Under the experimental conditions investigated here, the
solid/fluid partition coefficients (FMEDp/fl) estimated
from the FME concentrations in the experimental products
(ICP-MS) are systematically higher than 1. The typical
sequence determined for an initial olivine grain size of
30–56 lm is: CsDp/fl <

AsDp/fl <
SbDp/fl after the reaction is

completed (Table 1 and Fig. 9). Although it was observed
that serpentinization products effectively trap As, Cs or
Sb, the combination of geochemical measurements (FME
concentrations in serpentine products) and accurate analyt-
ical techniques (including high-resolution in-situ tech-
niques) reveals not only the different affinities of FME for
serpentine and brucite but also three distinct behaviors.

4.2.1. Arsenic

Arsenic trapping by alteration products remains almost
the same throughout the olivine serpentinization process,
suggesting that the partitioning mechanism remains
unchanged as the reaction progresses (Fig. 9b). Arsenic
seems to be homogeneously distributed in the serpentine
minerals (300–1000 lg g�1 from semi-quantitative EPMA),
and brucite typically retains 3–5 times more As compared
with serpentine (1400–3000 lg g�1 from semi-quantitative
EPMA). The preferential As sequestration at the brucite
surface is compatible with results found in the literature
(Yang et al., 2005; Bochkarev et al., 2010; Opiso et al.,
2010), showing that Layered Double Hydroxides (LDH)
with brucite-like octahedral layers constitute good adsor-
bents for As (Yang et al., 2005). The preferential As seques-
tration from brucite with respect to serpentine may account
for the larger AsDp/fl (4–9) compared with the chrysotile/
fluid partition coefficient of 2.6 determined on pure Mg-
chrysotile synthesized from a fluid solution at 300 �C under
alkaline conditions (Lafay et al., 2014).

In light of the XANES measurements, we propose that
the state of oxidation of As(V) remains unchanged through-
out the reaction and, thus, the conditions for As(V) reduc-
tion into As(III) were not achieved in the course of the
serpentinization reaction. Furthermore, EXAFS results
indicate that As bonding remains characterized by strong
first-oxygen coordination. The absence of a secondary
neighbor for As(V) suggests that adsorption mechanisms
control As trapping by serpentine products (serpentine
and brucite). An adsorption mechanism may also account
for the variation in the amount of As trapped in serpentine
depending on the initial grain size. Indeed, a change in the
variety and textural properties of the serpentine minerals
affects As trapping ability: chrysotile (small olivine grain
size and fast kinetics) seems much more able to trap As
(AsDp/fl � 8) than mixed chrysotile/polygonal serpentine
(larger grain size and slower kinetics and AsDp/fl � 4).

Although precipitation of minute As-rich microphases
was observed by 2D chemical analysis, we propose that
the As-rich phases probably play a minor role on the As
budget as spectroscopic EXAFS measurements reveal a sin-
gle adsorption mechanism with no contribution related to
structural As. This appears to be confirmed independently
by mass balance calculations based on As concentrations
measured in serpentine and brucite mineral that account
well for the bulk As concentrations measured in the reac-
tion product (using modal abundance determined by
thermogravimetry).

4.2.2. Cesium

Cesium is the FME with the lowest uptake by serpen-
tinization products. Cesium concentrations in serpentine
products are too low to distinguish the respective distribu-
tion between serpentine and brucite by EMPA. In contrast
to As, no secondary phase was observed.

The slight decrease in sequestration with increasing
grain size (Fig. 9c and d) suggests here again that there is
a single adsorption mechanism for Cs trapping in serpen-
tine products. Remarkably, the solid/fluid partition coeffi-
cient clearly decreases throughout the reaction (from �5
to �1.5) with both initial grain sizes investigated. Since
Cs is the investigated FME with the lowest CsDp/fl, the pro-
gressive decrease in Cs trapped in serpentine products dur-
ing the experiment cannot be explained by a modification in
the FME concentration in the experimental fluid. There-
fore, it is proposed that Cs is preferentially trapped in the
incipient stages of alteration, probably at the interface
between the solution and the border of the replaced grains.
Coarsening of the serpentine minerals and/or an Ostwald
ripening mechanism might cause a change in partitioning.
Moreover, the fluid percolating from the free medium to
the surface of the olivine through the serpentinized front
may undergo progressive Cs depletion, and the amount of
Cs trapped by serpentine will decrease as the reaction pro-
gresses. This might lead to the formation of a concentration
gradient from the mesh border to the core. Preferential
enrichment at the mesh border is observed in the case of
Li (an element with a similar electronic charge to Cs) during
natural olivine replacement (Benton et al., 2004; Pabst
et al., 2011). The large difference in terms of charge, prefer-
ential coordination (octahedral for Cs(I) and both octahe-
dral and tetrahedral for As(V)) and ionic radius size (1.67
and 0.35 Å for Cs and As respectively, Shannon, 1976)
could explain the differences between As and Cs migration
and sorption in the serpentinized product. As serpentiniza-
tion is linked to expansion and diffusion of major elements
(Kelemen and Hirth, 2012), diffusion processes can also
appear to redistribute As during grain coarsening.

4.2.3. Antimony

Antimony distribution changes considerably as
hydrothermal alteration progresses. The incipient reaction
favors a high SbDp/fl, which rapidly increases (from 22 to
65, Table 1 and Fig. 9e, f), indicating that a significant
amount of Sb is removed from the fluid (66 mg L�1 residual
Sb in fluid after 47% of serpentinization) by neo-formed
serpentine products. EMPA reveals that serpentine con-
tains at least 5 times more Sb than brucite. XANES results
indicate that the first stages of the reaction are marked by
prompt oxidation of the SbCl3 introduced into the starting
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solution (characterized by inner sphere complexes of
Sb(III)) in aqueous Sb(V) (Sherman et al., 2000).
Antimony(V) seems to be easily removed from the fluid
via adsorption by serpentine as can be seen on the XANES
spectra of the serpentine products (until about half of the
replacement has taken place). Quantitative measurements
in serpentine (1500–8000 lg g�1) are in agreement with
ICP-MS values (�4000 lg g�1 on average in serpentization
product). During the second stage of the serpentinization
reaction (extent of reaction >47%), the decrease in average
Sb concentration in the bulk serpentinization products
(Fig. 9f), and related SbDp/fl by a factor of 2 highlights a
change in the Sb sequestration mechanism. This change
appears to be linked, remarkably, with the reduction from
Sb(V) to Sb(III) and apparently Sb(0), as suggested by
XANES combined with EMPA on Sb- and Ni-rich micro-
phases. Indeed, reduced varieties of Sb being less soluble
(Vink, 1996; Filella et al., 2002a), Sb reduction favors pre-
cipitation of accessory phases and in turn partly prevents
Sb sequestration by serpentine minerals. Consequently,
the late-formed serpentine contains less Sb (Fig. 10) and
the partitioning coefficient decreases remarkably. The final
estimated SbDp/fl of about 28 represents a mixture of Sb(III)
incorporated in accessory phases and Sb(V) sorbed in
serpentine (possibly in the early stage of reaction).

In the experimental system, the oxidation of half of the
total Fe(II) originally contained in the pristine olivine
(Fig. 8) drives the system towards reductive conditions.
Changes in redox conditions related to Fe oxidation have
crucial implications with regard to the Sb partitioning
mechanism. Indeed, Fe remains the main supplier for elec-
tron exchanges and its oxidation appears to be related to
the reduction of water and minor/trace elements such as
Sb; Sb(V) reduction following for example the coupled
redox reactions: 2FeðIIÞ ) 2FeðIIIÞ þ 2e� and
SbðVÞ þ 2e� ) SbðIIIÞ. Consequently, whereas Sb(V) is
adsorbed by serpentine during the incipient reaction, we
propose that reduced Sb (Sb(III) and possibly Sb(0)) is
mainly contained by Ni- and Sb-rich accessory phases.
While the use of high pH enhances Sb aqueous species sol-
ubility (mainly as SbO3

� and Sb(OH)6
� for high pH and oxi-

dizing conditions), the reduction of Sb is linked to a
decreasing of it solubility in aqueous solution (Vink,
1996; Filella et al., 2002a; Helz et al., 2002). In our experi-
mental system, the precipitation of secondary Ni- and Sb-
rich accessory phases is enhanced by the high Sb-
concentration of the starting solution.

In natural systems the precipitation of FeNi oxides and
metallic phases was recognized for reducing conditions
(Eckstrand, 1975; Sleep et al., 2004; Plümper et al., 2014)
but the occurrence of trace element is rarely discussed
and Sb-rich alloy is only addressed for ore-deposit systems
(e.g. Cook, 1996). However it is also recognized that Sb
might be adsorbed by metallic oxy-hydroxide
(Thanabalasingam and Pickering, 1990; Filella et al.,
2002a).

Interestingly we note that the appearance of Ni–Sb
accessory phases limit Sb adsorption by serpentine, after
reaction is 50% complete. After complete reaction, the total
Sb uptake in Sb(V) adsorbed at the surface of serpentine
remains higher than total reduced Sb that precipitated as
a microphase.

4.3. Implications for FME distribution in natural

hydrothermal systems

4.3.1. Concentrations in natural serpentinites

Many abyssal serpentinites are enriched in the trace ele-
ments studied here in relation to their mantle precursors
(Deschamps et al., 2010; Kodolányi et al., 2012; Lafay
et al., 2013). Among the investigated FME, As is the most
enriched but As, Sb and Cs concentrations never exceed a
dozen lg g�1 and are mostly below 1 lg g�1 on average in
serpentinite rocks (from the mid-ocean ridge, passive mar-
gin and forearc environments). Arsenic concentrations vary
in a range of at least 3 orders of magnitude from tens of
ng g�1 to tens of lg g�1, whereas Cs and Sb concentrations
are typically reported at 0.1–1 lg g�1 or even below
(Werner and Pilot, 1997; Paulick et al., 2006; Deschamps
et al., 2012; Kodolányi et al., 2012; Andreani et al., 2014).
It should be noted that Deschamps et al. (2010) report even
higher As concentrations in forearc serpentinites, ranging
up to 80 lg g�1.

Seawater contains very small and homogeneous quanti-
ties of FME: typically around 1.7, and 0.3 lg L�1 for As
and Cs respectively (Charlou et al., 2002) and about
0.18 lg L�1 for Sb surface oceanic waters (Filella et al.,
2002b). Hydrothermal vents where fluids might be com-
pared with the fluid used in the present experiments are
found in the Lost City field (fluid temperature beneath
sea floor �200 ± 50 �C and pH 9–11 (Proskurowski et al.,
2008 and reference therein) but there are no data concern-
ing the As, Cs or Sb compositions for these fluids. Indeed,
data concerning hydrothermal fluids where ultramafic alter-
ation is recognized are scarce and are mainly for high tem-
perature (>300 �C) low-pH (below 4) hydrothermal vents.
Concentrations reported for these vents compare well from
one site to another and the values are systematically higher
than those reported for seawater, especially with regard to
Cs (�40–50 lg L�1) (Rainbow, Flores and Logatchev
mid-oceanic hydrothermal fields, (Douville et al., 1999,
2002; Charlou et al., 2002; Schmidt et al., 2007). In the
Logatchev hydrothermal field, the values for Sb and As
are �0.3–0.9 and 2.8–4.7 lg L�1, respectively (Douville
et al., 2002; Schmidt et al., 2007).

As was observed first in the case of pure chrysotile syn-
thesis at 300 �C (Lafay et al., 2014), we confirm in this study
that serpentinization products (serpentine and brucite) can
efficiently trap up to thousands of lg g�1 of As, Cs and Sb
during olivine alteration. This indicates that the limits (sat-
uration) of FME adsorption by serpentinite rocks are
clearly never reached in natural systems.

Serpentinization reactions generally occur in open sys-
tems out of equilibrium (Bach et al., 2006; Rouméjon and
Cannat, 2014) and it is difficult to know whether the serpen-
tinites were at equilibrium with fluids when they were
formed and if trace element concentrations measured in flu-
ids leaving hydrothermal vents are representative of serpen-
tinization fluids at depth. However, assuming that the
composition of fluids (hydrothermal vents being evidence
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of alteration reactions in the oceanic lithosphere) and abys-
sal serpentinites found in the literature (Werner and Pilot,
1997; Bach et al., 2006; Deschamps et al., 2010;
Kodolányi et al., 2012) represents equilibrium concentra-
tions, we can roughly estimate solid/fluid FME partition-
ing. It is remarkable that there is relatively good
agreement between the Cs distribution coefficient (�2.5)
calculated using average Cs � 0.1 lg g�1 in serpentinite
and �45 lg L�1 and the experimental value obtained here.
In the case of As and Sb, natural solid/fluid FME partition-
ing remains 1–2 orders of magnitude higher than our
results. This difference between the experimental and natu-
ral coefficients may have numerous causes including the
alteration reaction conditions (T, redox, fluid composition),
the serpentinization reaction product (including Fe-oxide
and associated alloys), and certainly the lower FME con-
centrations of natural fluids that will enhance solid/fluid
partitioning (Lafay et al., 2014). However, the solid/fluid
partition coefficients for all the investigated FME are high
(�1) and, on the basis of our data, we propose that one effi-
cient sequestration mechanism is adsorption on the serpen-
tine products.

4.3.2. Incidence of a prevalent adsorption mechanism

The mechanism of FME trapping in natural serpen-
tinites remains unclear, as FME could either be adsorbed
at the mineral surface, structurally incorporated in serpen-
tine minerals or included in accessory phases such as metals
or oxides. Since the sites and state of oxidation of As and
Sb in silicate and oxide minerals are poorly known, it has
been suggested that As(V) and Sb(V) may reside in tetrahe-
dral sites of silicate minerals by replacing Si(IV) (Essozv,
1965; Shannon, 1976).

Although As, Cs and Sb display substantially different
pathways, under the specific experimental conditions inves-
tigated in this study, we indicate that Cs, As and Sb are
preferentially adsorbed at the surface of the serpentine
products. We infer that the anti-correlation between the ini-
tial grain size and the bulk FMEDp/fl (for Cs and As Fig. 9)
is controlled mainly by the specific change in surface area of
the serpentine mineral, which is related to the initial grain
size of the olivine (Lafay et al., 2012). Thus, both spectro-
scopic measurements and textural arguments indicate that
adsorption remains the predominant mechanism for their
sequestration (except for Sb as Sb(III) and Sb0). This mech-
anism is coherent with previous spectroscopic results
obtained on As-sorbed at the surface of Mg-minerals in
experiments performed at 25 and 50 �C (Opiso et al.,
2010). Moreover, with regard to the previous study,
Opiso et al. (2010) indicate that the adsorption of arsenate
in brucite, hydrotalcite and serpentine at 50 �C is governed
mainly by an inner-sphere complexation with oxides or
hydroxides coordinated to magnesium (Pokrovsky and
Schott, 2004; Morimoto et al., 2009). The presence of pen-
toxides in our experimental system is consistent with the
oxidation state encountered in open-system alteration
under oxic conditions, where they represent the predomi-
nant form for As and Sb (Filella et al., 2002b; Onishi and
Sandell, 1955). Deciphering for one adsorption mechanism
is crucial because it implies that FME can be readily remo-
bilized through later changes in the physicochemical prop-
erties of the fluid such as temperature (Seewald and
Seyfried, 1990) or serpentine recrystallization (Vils et al.,
2011; Schwartz et al., 2013; Rouméjon et al., 2015), some-
thing that is inherent to the history of natural hydrothermal
systems in the abyssal and subduction environments.

In comparison with serpentinite rocks, which display
variable FME concentrations, the composition of natural
seawater and hydrothermal vents is fairly homogeneous
(discussion above). This suggests that differences in FME
sequestration are caused mainly by the heterogeneity of
the rock. In view of the extreme heterogeneity of natural
serpentine geochemistry, even at the same location
(Paulick et al., 2006; Deschamps et al., 2013; Andreani
et al., 2014), it is hard to estimate the predominant param-
eters controlling FME partitioning. For example, a study
by Deschamps et al. (2010) reports that differences in terms
of trace element abundance in serpentine can be related to
magmatic inheritance. Additionally, Benton et al. (2004)
report changes in the concentrations and isotopic signature
of Li as hydrothermal alteration progresses. This might
explain concentration gradients and heterogeneous FME
distributions at mineral scale (not only for Cs and As
(e.g. for Li and B, (Benton et al., 2004; Pabst et al., 2011)
as a consequence of (1) the reaction zone considered, (2)
the diversity of fluid networks and (3) the change in poros-
ity during the sea-floor serpentinization sequence
(Rouméjon and Cannat, 2014).

4.3.3. Accessory phases and serpentinisation conditions

In this study, we revealed that not only serpentine min-
erals but also brucite (for As(V)) and accessory micro-
phases (which are rarely discussed in natural
serpentinites) may carry a large proportion of FME. The
evidence of FME distribution in accessory phases has sig-
nificant implications for the FME trapped in natural ser-
pentinite. In comparison to serpentine minerals, the
stability of accessory phases is more dependent on the
pH, T, ligands in solution and redox conditions of the ser-
pentinization reaction. In turn, accessory mineral precipita-
tion will impact the FME budget in solution. Accordingly,
the nature of the secondary accessory phases that may con-
trol the FME distribution in serpentinite rocks may differ
from that precipitated in the investigated experimental
study (at high FME concentrations in the starting solution).
Consequently, the mineral-fluid partitioning of trace ele-
ment will change. Particularly, the results of the present
study reveal that redox conditions may play a crucial role
in the sequestration mechanism and uptake of redox-
sensitive FME.

In their oxidized form, Sb(V) and As(V) are more
mobile and appear mainly adsorbed at the surface of ser-
pentine (and brucite for As). With Sb reduction (into Sb
(III) and Sb(0)), there is a change of the sequestration
mechanism and its subsequent partitioning into secondary
phases (Fig. 10). While As(V) reduction into As(III) was
not achieved in the experimental conditions, it is expected
that As reduction may also occur in natural hydrothermal
systems and then modify the sorption mechanism. In the
investigated conditions, we show that it is not serpentine
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but brucite that has the highest As partitioning coefficient.
This result is consistent with previous observations that
shown that brucite is an efficient agent for removing As
from fluids (Bochkarev et al., 2010). This experimental
result indicates that As may be particularly trapped in nat-
ural serpentinite that contained brucite and formed rather
after olivine rich peridotite alteration (Moody, 1976), at
low temperature (Hyndman and Peacock, 2003) and/or
high pH (Lafay et al., 2012).

In natural serpentinite, reduction of redox sensible ele-
ments can occur as a concomitant result of Fe oxidation
(and water reduction). Changes in redox conditions during
progressive serpentinization are expected in rock-
dominated ultramafic systems (e.g. Klein et al., 2009;
Plümper et al., 2014) occurs at olivine grain boundary dur-
ing low water–rock incipient serpentinization (Klein and
Bach, 2009). This reduction that accompanied serpentinisa-
tion reaction (and Fe-oxidation into Fe(III) in serpentine
mineral, (magnetite or grossular) lead locally to reduction
of redox sensitive elements. It is known that serpentiniza-
tion reaction in high pH and low fO2 geochemical environ-
ments favors the precipitation of native metals and alloys
(Frost, 1985; Klein and Bach, 2009). For example,
Plümper et al. (2014) reported the precipitation of awaruite
(Ni2Fe to Ni3Fe) in the vicinity of veins containing an
assemblage of grossular, serpentine, and brucite.

In the alkaline system, fast conversion of olivine to ser-
pentine (with subsequent Fe oxidation) may locally gener-
ate sufficient reducing conditions for Sb valence state
change and Ni-rich phases precipitation (Wilson et al.,
1969; Eckstrand, 1975; Sleep et al., 2004). The most reduc-
ing conditions occur for more advanced reaction in the core
of former olivine as a consequence of both Fe progressive
oxidation and decreasing of fluid availability. The lower
solubility of the reduced form of the FME then enhanced
their (co)-precipitation. In our study, the high Sb concen-
trations in solution have clearly favored the precipitation
of Sb-rich phases that could correspond to valentinite
(Sb2O3), breithauptite (NiSb) or nisbite (NiSb2). Based on
natural observations, the Sb(III)-rich mineral in our sys-
tems could be valentinite (Brookins, 1986; Vink, 1996;
Filella et al., 2002a). Such Sb–Ni rich accessory micro-
phases might be specific of the experimental conditions.
In natural systems with lower Sb concentrations, Sb will
probably be sorbed or precipitated in other oxy-
hydroxides and/or sulfides.

To our knowledge, there are no data on the FME distri-
bution in accessory minerals of serpentinites that are com-
monly too small for such investigations. In many geological
contexts, (Onishi and Sandell, 1955; Hannington et al.,
1991; Hattori et al., 2005), As and Sb are commonly asso-
ciated with sulfides, oxides and alloys in a reduced or native
form (Wood, 1989; Mosselmans et al., 2000; Filella et al.,
2002a; Hattori et al., 2005). In our system, where the activ-
ity of sulfide remains limited and no sulfide precipitates, As
and Sb appears to be adsorbed on serpentine minerals or
precipitated as oxy-hydroxide phases (and/or alloys). This
may be different in natural systems, since serpentinites
can contain up to 1 wt.% of sulfur in natural hydrothermal
system (Delacour et al., 2008a,b; Alt et al., 2012, 2013).
Herein, sulfide minerals may be a sink for Sb and As trap-
ping in natural systems in addition to (hydro)oxides under
reducing conditions (Wood, 1989; Mosselmans et al., 2000;
Filella et al., 2002a; Hattori et al., 2005).
5. CONCLUDING COMMENTS

In the present experimental contribution, accurate min-
eralogical product characterization provides new results
concerning the sequestration of Sb, As, and Cs during oli-
vine serpentinization at 200 �C (Psat) in highly alkaline con-
ditions. Arsenic, Cs and Sb are shown to behave differently
throughout serpentinization and several conclusions have
been drawn.

I. FME partitioning is dominated by an adsorption
mechanism. XAS measurements indicate that, in
alkaline conditions, neither As(V) nor Sb(V) are
structurally incorporated in serpentine.

II. Estimates for the solid/fluid distribution coefficient
after the reaction is complete are 3.8–8.6 and
1.5–1.8 for As and Cs respectively; this concerns
serpentine and brucite and the lower values are for
the largest initial grain size. The value is much higher
in the case of Sb, especially Sb(V) sorbed at the
surface of serpentine (up to 65).

III. Antimony speciation and related sequestration mech-
anisms radically change in response to original Fe(II)
oxidation and related modifications in redox condi-
tions. First, Sb(V) is adsorbed by serpentine. Then
the reduction of Sb(V) implies remobilization and
precipitation of Sb in Sb(III) and possibly Sb(0) as
Sb–Ni-accessory phases. The sequestration mecha-
nism (adsorption/precipitation, nature of micro-
phases) remains to be addressed in natural systems
with lower Sb concentrations in solution and where
sulfides can precipitate.

IV. Arsenic sequestration is controlled by adsorption in
serpentine and even more in brucite. In the condi-
tions investigated, As seems to be less redox-
sensitive than Sb and the conditions for the reduction
of As(V) into As(III) are not reached. Here, arsenate
sequestration mechanism remains the same through-
out the serpentinization reaction.

V. FME partitioning appears to depend on the initial
olivine grain size and subsequent reaction kinetics
and/or textural properties of the particles produced.
This indicates that FME sequestration is possibly
dependent on the fluid flux at the reaction surface
(i.e. the ease with which the fluid reaches olivine dur-
ing serpentinization).

These observations constitute sources of reflection for
understanding FME partitioning by serpentine and acces-
sory phases in experimental and natural systems. When
possible, a coupled characterization of the in-situ Fe oxida-
tion state and FME distribution, oxidation state and
atomic environment will provide a better understanding
of element sequestration in serpentinized rock.
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