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Abstract

The present study reports original experimentsrateto investigate the simultaneous
serpentinization and carbonation of olivine withevance in Earth systems (e.g. functioning of
hydrothermal fields) or in engineered systems (exgsitu and in-situ mineral sequestration of
CO,). For this case, specific experimental conditiovere examined (200°C, saturated vapor
pressures 16bar, solution/solid weight ratio = 15, olivineagn size < 30um and high-carbonate
alkalinity = 1M NaHCQ). Under these conditions, competitive precipitataf magnesite and
serpentine (preferentially lizardite type) wereatlg determined by using conventional analytic
tools (XRD, FESEM, FTIR and TGA); excluding the dapf the iron initially contained in
olivine, the alteration reaction for olivine undeigh-carbonate alkalinity can be expressed as

follows:

2Mg,Si0, + 2H,0 + HCO; » MgCOs + Mg5Si,0s(OH), + OH™

This reaction mechanism implied a dissolution pssceeleasing Mg and Si ions into solution
until supersaturation of solution with respect tagmesite and/or serpentine. The released iron
contained in the olivine has not implied any préatpn of iron oxides or (oxy)hydroxides; in
fact, the released iron was partially oxidized (#b60%) via a simple reduction of water
(2Fe?* + 2H,0 — 2Fe3* + H, + 20H7). In this way, the released iron was incorporaited
serpentine (Fe(ll) and Fe(lll)) and in magnesite((l. This latter was clearly determined by
FESEM/EDS chemical analysis on the single magnesitstals. The nucleation and epitaxial

growth processes at the olivine-fluid interfacesr be excluded in our investigated system.

The experimental kinetic data fitted by using aekim pseudo-second-order model have revealed
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a retarding process of serpentine formation widpeet to magnesite (about three times slower);
in fact, the magnesite seems to reach an appatantization after about 20 days of reaction
while the serpentine follows a progressive slowargion. We assumed that the magnesite has
reached a fast apparent equilibrium with solutienduse the available carbonate species are not
renewed from fluid phase as typically constrainecdgueous carbonation experiments where a

given CQ pressure is imposed in the system.

On the other hand, the reactivity of serpentininédine (chrysotile+brucite+small amount of
residual olivine) and high-purity chrysotile at tekeme above investigated conditions; and the
olivine serpentinization in initial acid pH 0.66 are also reported as complementary informatio

in this study.

These novel experimental results concerning simatias serpentinization and aqueous
carbonation of olivine expand the thermodynamicditions where serpentine and magnesite can
simultaneously precipitate; this could contribute & better understanding of fluid-rock

interactions in natural active hydrothermal fietasEarth.
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1. Introduction

The physicochemical reactions at the solid-fluittifaces play a crucial role in the global cycle
of major and trace elements in the Earth and otbkuric planets. In this way, chemical
weathering, metamorphic reactions, diagenetic i@ast hydrothermalism, volcanic activity,
crystal-melt reactions are important non-limiteg/gibochemical processes that shape the Earth’s
surface and sub-surface. However, many physicodarand textural aspects of these so-called
rock-fluid interactions are still poorly understooBor example, when mantle peridotite is
tectonically exposed with (sub-) surface fluidsg(eseafloor water and meteoric water), the
olivine and pyroxene anhydrous minerals contaimeg@eridotite are far-from-equilibrium with
respect to fluid composition. In this way, numer@hysicochemical reactions at peridotite-fluid
interfaces can take place such as hydration (-Otbrporation or serpentinization) and
carbonation processes if the required temperatudeflaid compositions are enough to activate
these reactions; both most important processestlyinrelated to natural JHand abiotic methane
production via redox reactions and the formatiorotbfer non-limited secondary minerals as it
has been observed in various natural hydrotherited ¢e.g. Logatchev, Rainbow, The Lost
City...) (e.g. Charlou et al., 2002; Allen and S&d, 2004; Ludwig et al., 2006; Seyfried Jr. et
al., 2007; McCollom and Bach 2009; Klein et al.02Q Rudge et al., 2010 ; Seyfried Jr., et al.,
2011). Such reducing systems may represent anadguearly Earth environments and may
provide insights into requirements for the emergeotlife, probably initiated at the sea floor
(e.g. MacLeod et al., 1994; Charlou et al., 2002hFGreen et al., 2003; Kelley et al., 2005). The
field monitoring and ex-situ characterization haxevealed complex fluid chemistry and

generally low pH (from 2.8 to 4.3) and high tempera (from 275 to 365°C) in the expelled
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fluids from various studied ultramafic-hosted hytiermal systems at the Mid-Atlantic Ridge
(Charlou et al., 2002). Conversely, the expellendi at the Lost City field and other sites for
example in continental serpentinization systemsg. (8amail Ophiolite in Oman) are highly
alkaline (pH>9) and lower temperatures have beenitored/determined (from 55 to 90°C)
(Kelley et al., 2001; Frih-Green et al., 2003; Liglet al., 2006; Kelemen et al., 2011). These
surprising measurements and the recent discovegp@étacular carbonate towers at the Lost
City hydrothermal field have stimulated interesttle role of serpentinization and carbonation
processes on the production of hydrogen- and methah fluids and on the biological
communities that may be supported in these enviemtsn(Friih-Green et al., 2003; Kelley et al.,
2005; Schrenk et al., 2013). Moreover, at the presme, the ex-situ and in-situ carbonation of
mafic and ultramafic rocks (e.g. basalts and péitielo extensively available in the oceanic crust
and ophiolites, have been proposed as a promisihgien to mitigate the global warming of
Earth’s atmosphere related to excessive anthropogen natural C@emissions; because Mg-
Ca- or Fe-carbonates resulting from mineral carbonaof CQ, can remain stable at the
geological time scales as frequently observed & Harth surface and/or sub-surface (e.g.
Seifritz, 1990; Lackner et al., 1995; Bachu, 20R8szuba et al., 2003; Xu et al., 2004, Kaszuba
et al., 2005; IPCC, 2007; Gerdemann et al., 20(&eiken and Matter, 2008; Oelkers et al.,
2008; Montes-Hernandez et al., 2009; Matter andeideh, 2009; Kelemen et al., 2011,
Schwarzenbach et al., 2013). In this general contemerous experimental studies concerning
the serpentinization or carbonation of peridotdegingle olivine) have been recently performed
using batch, semi-continuous or flow-through reecin order to better understand the reaction
mechanisms and kinetics, reaction and crackingggajon from the grain boundaries, nature

and role of secondary phase formation, potentidhyafrogen production, potential for mineral
6
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sequestration of CQand role of P, T, pH, solid/fluid ratio and fluathemistry (e.g. Wunder and

Schreyer, 1997; James et al., 2003; Giammar eR@0%; Béarat et al., 2006; Seyfried Jr. et al.,
2007; Andreani et al., 2009; McCollom and Bach,20Ring et al., 2010; Garcia et al., 2010;

Daval et al., 2011; Hovelmann et al., 2011; Mateailet al., 2011; Klein and Garrido, 2011;

Bonfils et al., 2012; Malvoisin et al., 2012; Lafayal., 2012). However, the competitive and/or
coexistence between serpentinization and carbanatioperidotite-fluid interfaces have been
rarely investigated at the laboratory scale, remagrithat serpentinization and carbonation of
peridotite, leading to precipitation of serpentiieeg. lizardite, chrysotile...) and magnesite (or
hydrated Mg carbonates), could occur simultaneousipatural hydrothermal systems if the
interacting solution is supersaturated with respedioth minerals. For this simple reason, the
main goal of this present study was focussed tergehe the simultaneous precipitation of
serpentine and magnesite from hydrothermal altaradf olivine under high-carbonate alkalinity.

For this particular case, specific experimentaldibons were used (200°C, saturation vapour
pressure f§16bar), solution/solid weight ratio (=15), olivingrain size (<30um) and high-

carbonate alkalinity solution (1M NaHG)). These experimental conditions were selectet wit
help of previous-experimental studies, investigatindependently the serpentinization or the
carbonation of olivine (e.g. Giammar et al.; 20B®arat et al., 2006; Seyfried Jr. et al., 2007,
King et al., 2010; Garcia et al., 2010; Daval et 2011; HOvelmann et al., 2011; Marcaillou et
al., 2011; Bonfils et al., 2012; Malvoisin et &012; Lafay et al., 2012). High-purity synthetic
chrysotile and serpentinized olivine (chrysotilebrucite mineral + small amount of residual
olivine) obtained in our laboratory were also usedstarting solids in complementary-similar
experiments in order to determine their reactivityder high-alkalinity. As expected, the

chrysotile was slightly altered and brucite quickignsformed to magnesite at the investigated
7
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conditions. Various analytical tools such as X-whjfraction (XRD), Field Emission Gun

Scanning Electron Microscopy (FESEM), Thermogravimenalyses (TGA/SDTA) and Fourier
Transform Infrared Spectroscopy (FTIR) were useccharacterize the solid products. TGA
analyses and the respectiv& derivative curves were particularly used to deteenwith high

accuracy the temporal variation of magnesite angesdine during olivine alteration.

2. Materialsand M ethods
2.1. Preparation of solid reactants

Olivine grains. Millimetric grains of olivine San Carlos (50 were crushed using a Fritsh
Pulverisette 7 micro-crusher. One class of grantifda size (particle size<30 um) was isolated
by sieving. The samples were washed three timewyusgh-pure water in order to remove the
ultrafine particles that possibly stuck at graimfaces during crushing step. Optical and electron
microscopy was performed to control the initiakstappearance of olivine surfaces. On the other
hand, high specific surface area (2.3/gh was deduced from MNadsorption isotherm using
conventional Brunauer—Emmett—Teller (BET) methodhisThigh specific surface area was
probably due to a significant presence of very fagticles (<1um; not verified), not spherical

morphology of grains and significant surface-defaahd/or roughness.

High-purity synthetic chrysotile: 250ml of 1M NaOH solution, 1.302g of silica gel,§#0;) and
5.082g of magnesium chloride hexahydrate (Md@ELO) were placed in a Pacopper alloy
reactor (autoclave with internal volume of 0.5Lhi§ aqueous reactive system was immediately

stirred using constant mechanical agitation (30@)rduring the reaction. The agueous system

8
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was then heated at 300°C for 30h by using a hegdicket adapted to the reactor. Based on
several previous experiments, these experimentadiitons were optimal to synthesize high-
purity chrysotile with high specific surface areSsgy = 185m2.g), more specifically a

mesoporous material (pore size 2 to 50 nm) (Lafal.e2013).

Serpentinized olivine (chrysotilet brucitet+ small amount of residual olivine): micrometric grains

of olivine (<30um) were altered in concentrated Na€blution (1M) at 200°C in static batch
mini-reactors for 30 days. 30 days of olivine-fluiteractions were enough to obtain almost
complete mineral replacement of olivine to chrygoind brucite. This implied a spatial and
temporal coupling of dissolution and precipitati@actions at the interface between olivine and
chrysotile—brucite minerals. This coupled dissolutiprecipitation led to the alteration of starting
olivine grains (so-called primary or parent mingtala porous mineral assemblage of chrysotile
and brucite with preservation of the initial olieirgrain shape. For more specific details on the
olivine replacement by chrysotile and brucite, uthg kinetics and reaction steps, refer to Lafay

etal., (2012).

2.2. Preparation of reacting solutions

High-alkaline NaHCO; solution (S1): This alkaline solution was recovered from mageesit
synthesis that has used Mg(QHlmol), NaOH (2mol), high-purity $© (1L) and CQ (50bar

equivalent to 2mol in the reactor) as reactantsreMdetails on this synthesis method and
recovery of alkaline solution by centrifugation dasfound in Montes-Hernandez et al., (2012).

In summary the recovered solution has a pH of B@&atured at ~20°C), a high concentration of
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total carbon (=1M) measured by TOG3{ analyzer and low concentration of Mg (~250mg/L)
measured by ICP-OES. Assuming that all dissolvedbara comes from injected GQthe
Phreeqc equilibrium modeling (Parkhurst and App2899) confirms that the recovered solution

is enriched particularly with NaHG{~1M).

High-alkaline NaHCO;3 solution (S2): This solution was obtained by direct capture of,Ga
ionic dissociation in a concentrated NaOH solut{@m). Herein, 50bar of CO(~2mol) were
injected into the reaction titanium cell (2L of uale) at ambient temperature (~20°C). The,CO
consumption (or pressure drop of §Cnd temperature (exothermic reaction) were m-sit
monitored until a macroscopic equilibrium that waached after about 24h. Then, the residual
CO, gas was removed from reactor and the solution rgasvered by simple decanting of

supernatant solution. Based on Solvay typical reast the following global reactions are

expected:
2NaOH +CO, - Na,CO, +H,0 (1a)
Na,CO, + H,0+CO, - 2NaHCQ, (1b)

The X-ray diffraction on the recovered solid and theasurements in the solution (pH=8.7 and

TC=0.95M) have confirmed this above reactions.

2.3. Serpentinization-Carbonation experiments

In each experiment 1.5 ml of high-alkaline soluti®@l or S2) and 100 mg of olivine (grain

size<30um) were placed in a Teflon cell reacticap{cell also in Teflon). Cell reaction and cap-
10
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219

cell were previously washed by an acidic treatnfelhbwed by washing with high-pure water.
This cell reaction was immediately assembled instea| autoclave without agitation, referred to
as ‘“static batch reactor” and the closed autoelaas placed in a multi-oven (ten independent-
temperature compartments) and heated to 200 ¢&=iBbar). Various olivine-fluid reaction
times from 3 h to 60 days were considered in otdedetermine the serpentinization and
carbonation rates of olivine at the investigateddrbthermal conditions. Complementary
experiments were carried out at the same experaheanditions. Herein, serpentinized olivine
(chrysotile+brucite+small amount of residual ol®jnwvas reacted witgl solution (runs: 11 to
15) and high-purity synthetic chrysotile was alsaated withSl solution (runs: 6 to 10). All

experiments or runs and some results are summarniZeable 1.

At the end of the experiment, the autoclave wasgued in cold water and then disassembled.
The quenching step avoids a significant perturipatibsolid reaction products. Conversely, the
chemistry of recovered solutions (pH, ion compositand probably ion speciation) can be
significantly modified by cooling and/or depresswyiprocesses as clearly demonstrated by
modelling for calcite precipitation under hydrotmal conditions (Fritz et al., 2013). For this
reason, the olivine alteration was directly dedutredn solid mineral characterization in this
present study. Moreover, for batch experimentsjaghecomposition and/or concentration are not
directly related to alteration extent for a givermnemnal(s). In summary, only the pH into the
collected solutions was measured at room tempexgt@0°C) “not representative of in-situ pH
during olivine alteration”, these results are adsonmarized in Table 1. The solid product was

systematically washed in 25ml of high-purity wad@d separated by centrifugation. Finally, the

11
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solid product was directly dried in the centrifugat flask at 90 °C for 24 h. The dry solid

product was recovered for further solid charactiins described below.
2.4. Serpentinization ininitial acid pH

Similar to above alteration procedure was perfortoedvestigate the effect of initial acid pH on
the serpentinization process. For this case, thenel grains (<30um) were exposed in HCI
solution &) (initial pH=0.63) at different duration times (166, 90 and 180 days). These batch

experiments are also summarized in Table 1.
2.5. Characterization of solid products

The following four conventional techniques were dig® complementary manner to determine

the mineral composition, morphology of crystals aedbentine polymorphs of reacted samples.

FESEM observations. Serpentinized-carbonated materials were dispdygedtrasonic treatment

in absolute ethanol (chemical purity>98%) for fiteeten minutes. One or two droplets of the
suspension were then deposited directly on an alwmisupport for SEM observations, and
coated with platinum. The morphology of variouses&#d powders was observed using a Zeiss
Ultra 55 field emission gun scanning electron nscape (FESEM) with a maximum spatial
resolution of approximately 1nm at 15kV.

XRD measurements. X-Ray Powder Diffraction (XRD) analyses were jpenied using a Siemens
D5000 diffractometer in Bragg-Brentano geometryjipged with a theta-theta goniometer with
a rotating sample holder. The XRD patterns werkectdd using Cudg (Aka1:1.5406§) and kx,
(Aka2:1.5444}'&) radiation in the rang2d= 10 - 70° with a step size of 0.04° and a cogntime

of 6 seconds per step.
12
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Thermogravimetric analyses. TGA for all Serpentinized-carbonated samples wsegformed
with a Mettler Toledo TGA/SDTA 851e instrument untlee following conditions: sample mass
of about 10 mg, 150 pl alumina crucible with a mileh heating rate of 10°C mtnand inert N
atmosphere of 50 ml min Sample mass loss and associated thermal effents obtained by
TGA/SDTA. In order to identify the different massst steps, the TGA first derivative (rate of
mass loss) was used. The TGA apparatus was calibmtterms of temperature. The melting
points of three compounds (indium, aluminum andpeopobtained from the DTA signals were

used for the sample temperature calibration.

FTIR measurements: Infrared measurements (in transmission mode) wertormed using an IR
microscope Bruker Hyperion 3000. The IR beam wasi$ed through a 15x lens and the typical
size of infrared spot is 50x50 MnThe light source is a Globar (TM) and the beatiitspis in
KBr. The spectra were measured from 700 to 4000 ¢ cm’® resolution) with a MCT
monodetector cooled by liquid nitrogen. Samplestnigsthin (less than 100 um) and flat to
avoid absorption band saturation or scatteringcedfeSample preparation has involved a careful
crushing of samples in mortar and manual compaatfdme crushed particles between two KBr
windows. In general, five spectra per sample wetkected in different zones and/or aggregates

in order to verify their homogeneity/discrepancy.

3. Resaults
3.1. Mineral composition of products
The conventional analytic techniques (XRD, TGA, RTand FESEM) have revealed that the

hydrothermal alteration of olivine using high-camate alkalinity solutions, i.e. enriched with

13
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CO; (S1 and 2 solutions), concerns the competitive formation of magneaitd serpentine, in
other words, competitive carbonation and serpezdtion processes during olivine alteration was
clearly observed. As expected, both solutidfisgnd S2) have revealed a very similar effect on
the olivine alteration because the mineral compwsivf products and alteration extent were not
significantly affected for comparable samples. Specific details, refer to mineral composition
evolution summarized in Table 2 for runs 1 to 5 46dio 20. Herein, magnesite was observed
from 3 days of reaction until the end of experiméf days). Conversely, the formation of
serpentine (preferentially lizardite type) was reé¢al with respect to magnesite because it was
clearly identified by X-ray diffraction after 10 y& of reaction. Chrysotile tubes were also
observed by FESEM, preferentially after 30 daysctiea. All these qualitative results are
summarized in the Figure 1, displaying some XRDtggas and some FESEM images for
collected products as the function of reaction tile note that the experimental duration of 60
days were not enough to transform the availablenaicompletely into magnesite and serpentine
as qualitatively determined by x-ray diffractiore¢sXRD pattern after 60 days in Figure 1) and
by infrared spectroscopy (Fig. 2). This latter ghehl tool has confirmed a preferential
formation of lizardite polymorph as attested byirtwo typical stretching infrared modes at 966
and 1085 cni for Si-O group (see Fig. 2b). These infrared femtuare clearly different to
infrared features of chrysotile polymorph (Fig. .2&Je remark also that infrared features are in
agreement with FESEM observations, which reveat foarticles with platy morphology for
lizardite (Fig. 1¢) and typical tubular morpholofgy chrysotile (Fig. 1d). In an effort to quantify
“with high-accuracy” the co-formed amount of magteeand serpentine as a function of time,
the thermogravimetric analysis (TGA) were perfornagda specific heating rate of 10°C/min

under 100% M atmosphere (see materials and methods sectiondig specific details). Herein,
14
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the first derivative curve (DTG) was successfulsed to delimit the magnesite and serpentine
contents for each reaction-time sample as illustk&t Figure 3. All calculated relative-values for
magnesite and serpentine are summarized in Tabledlthey were also used to determine the
competitive serpentinization and carbonation reg¢psrted in the sub-section 4.2.
Complementary experiments using a serpentinizethelias starting material (runs 11 to 15), i.e.
a mineral material containing chrysotile+brucite-seinramount of residual olivine (after Lafay et
al., 2012), have revealed a fast carbonation ddtiexj brucite, leading to magnesite formation
(see Figure 4). Conversely, insignificant strudt@ffect was measured/observed for interacting
chrysotile by using XRD, IR and FESEM. This was emmpentally confirmed by using high-
purity chrysotile as starting material in other gpje experiments (runs 6 to 10) at the same
hydrothermal conditions as qualitatively measungdhfrared spectroscopy (Figure 5). This solid
characterization suggests that chrysotile remdmsedo equilibrium with respect to interacting

solution at the investigated conditions.

4. Discussion
4.1. Reaction steps

In a previous recent study, we reported that thpesginization of San Carlos olivine
under high-hydroxyl alkalinity “or high-basic cotidns” (pH=13.5 ex-situ measured at 20°C)
takes place via mineral replacement of olivine bgysotile and brucite assemblage, i.e. a spatial
and temporal coupling of dissolution and precipitatreactions at the interface between olivine
and chrysotile—brucite minerals, leading to presgon of external shape of olivine grains
(Figure 6a). For more specific details refer todyaét al. 2012. Conversely, in the present study

using the same pressure-temperature conditionsubig now C@rich alkaline solutionsSL
15
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and &) “or high-carbonate alkalinity”, the above mineraplacement reactions has not taken
place. In other terms, the original external shaipelivine grains was not preserved as observed
by FESEM observations (see for ex. Figure 6d). &haelsservations suggest that the super-
saturation for precipitating minerals (magnesitegrdite and chrysotile) is also reached into the
bulk interacting solution, leading to the precipda of single magnesite crystals and fine

particles of serpentine from solution, i.e. tha thineral dissolution was temporally and spatially
decoupled of precipitation reactions. However, tineleation and epitaxial growth processes at
the olivine-fluid interfaces cannot be excludediunr investigated system. As mentioned above,
competitive precipitation of magnesite and serpentvere clearly determined on solid products;
for more simplicity, i.e. excluding the fate of thien initially contained in olivine, the alteratio

reaction for olivine under high-carbonate alkaliran be expressed as follows:

2Mg,Si0, + 2H,0 + HCO; — MgCOs + Mg5Si,05(0OH), + OH™ )

This reaction mechanism implied a dissolution pssceeleasing Mg and Si ions into solution
until supersaturation of solution with respect t@agmesite and/or serpentine. Their kinetic
behavior depends directly on the fluid chemistrghsias gradual consumption of dissolved
carbonate species and in-situ Ot¢generation in this closed system. This changdlud
chemistry can probably promote the chrysotile fdroma at the end of the experiment as
observed on FESEM images (Figure 1 (d)). This issfimly due to a decrease of carbonate
alkalinity (consumption of HC¢) which is directly proportional to an increase rofdroxyl
alkalinity as illustrated in reaction (2). Moreoyeecently Lafay et al. (2012) has reported that
chrysotile formation is favored under high-hydrozaikalinity.

On the other hand, the released iron containellarolivine has not implied any precipitation of

16
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iron oxides or (oxy)hydroxides for runs 1 to 5 drédto 20; in fact, the released iron was partially
oxidized (about 50%) via a simple reduction of wgbFe?* + 2H,0 — 2Fe3* + H, + 20H").

In this way, the released iron was incorporatedseénpentine (as Fe(ll) and Fe(lll)) and in
magnesite (as Fe(ll) only). This latter is cleatgtermined by FESEM/EDS chemical analysis on

the single magnesite crystals (Figure 7 concerningb).

4.2. Kinetics

The kinetic pseudo-first-order and pseudo-secodé+tomodels have been widely used to
describe several physicochemical reactions at -$loiid interfaces such as uptake processes of
ions and molecules, photocatalytic oxidation ofamig molecules, sorption of vapour water in/on
clays, osmotic swelling process of clays, aquearbanation of alkaline minerals and crystal
growth processes (e.g. Ho and Mckey, 1999; MontesyH Geraud, 2004; Montes-H, 2005; Ho,
2006; Montes-Hernandez et al., 2009; Montes-Hereamrd al., 2010b). In the present study, the
kinetic pseudo-second-order model was specificaligd to describe the kinetic behaviour of
olivine alteration under hydrothermal conditionsagtion 2) by using the variation of formed
mineral(s) content or the alteration extégie: (%) with timet (day). As mentioned above,
temporal variation of magnesite and serpentine eomcg the reaction (2) was directly
determined by using thermogravimetric measuremgsgs Fig. 3 and Table 1). These kinetic
data were successfully fitted using a kinetic psesglcond-order model. This simple model
predicts a fast mass transfer followed by a slouildmgation of mass transfer in closed systems.

The differential form for this kinetic model can teitten as follows:

as
extent = kalteration (Eextent,max - Eextent)2 (3)
dt
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353  wherekyeration IS the rate constant of olivine alteration [1/%d@eqentmax IS the maximum value
354 of formed mineral(s) content or alteration exteh@pparent equilibrium [%)] anéken: IS the

355  formed mineral(s) content or alteration extgfl at any time [day].

356  The integrated form of Equation (3) for the bounydasnditionst = 0 tot = t and¢exent = O tO

357  Lextent = Cextents IS represented by a hyperbolic relationship:

358 Eextent :( fEXL“e;u:,ma;yk1: ) t (4)

Kalteration*$extent,max

359  Note that the rate constadfieraion (1/% day) has no physical interpretation. For teeson a new
360 parameter can be defined Kdferation® Cextentmax) = tu2”, Which represents the duration after which
361 half of the maximum of alteration extent was olgdinThe Equation 4 can be then expressed as

362 follows:

t

{exrem - Eextent ,max

363 t1/2 +t

(5)

364 Inthe current studyy,, is called “half-extent time” and can be used tlouate the initial-rate of

365 olivine alterationyy [1/day] by using the following expression:

366 vy = —fi’fgé’jzm“" (6)
1/2

367  Graphically, the initial rate of olivine alteratienis defined as the slope of the tangent line when

368 the timet tends towards zero on thes. t curve (see for ex. Montes-Hernandez et al., 2009).

369 A non-linear regression by the least-squares methas performed to determine these two
370  kinetic parameterséfentmax @ndtyz) from Eqg. 5. All values, including correlation facs and

371 initial alteration rates/ are summarized in Table 2. We note that the aiteraates were
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normalized with respect to initial specific surfaarea for olivine fine-grains (2.3%h) deduced
from N, adsorption isotherm and applying the conventidBalnauer—Emmett—Telle(BET)
equation.

Competitive carbonation (or magnesite formationj aarpentinization (or serpentine formation)
concerned in the reaction (2) and displayed in feigiconfirm a retarding process of serpentine
formation with respect to magnesite (about threeesi slower); in fact, the magnesite seems to
reach an apparent stabilization after about 20 ddéy®action while the serpentine follows a
progressive slower evolution. We assumed that thgnesite reaches a fast apparent equilibrium
with solution because the available carbonate eperie not renewed from gas phase as typically
constrained in aqueous carbonation experimentsenvaagiven CQ pressure is imposed in the
system (e.g. Bearat et al., 2006). In this way sémentinization process remains active until the
end of experiment and the carbonation process seeims inhibited after about 30 days in the
system as shown in Figure 8. On the other handalfeeation rate of olivine in presence of
dissolved CQ or under high-carbonate alkalinity (1.8636X1@ol/nT s) is significantly retarded
with respect to a C&free system or under high-hydroxyl alkalinity betsame P-T-grain size-
solid/fluid ratio conditions (1.6659xT0mol/nT s) as illustrated in Figure 9. As invoked above,
the chrysotile and brucite were preferentially fednunder high-hydroxyl alkalinity and the
original external shape of olivine grains was prese (Lafay et al., 2012). Conversely, under
high-carbonate alkalinity, lizardite and magnesitere preferentially formed and the original

external shape of olivine grains was not prese(i#glre 6d).
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4.3. Role of pH and fluid chemistry

In a previous recent study, we demonstrated thgit-hydroxyl alkalinity (1M NaOH, pH=13.5
at 20°C) promote a fast serpentinization procesSaof Carlos olivine (Lafay et al., 2012), if it is
compared with experimental serpentinization of iokvin high-purity water or in salt solution
(seawater analogue) already reported by Malvoisial.e(2012). This latter study has clearly
described the influence of temperature and inigidin size on the serpentinization rate. In
general, the serpentinization rate increases withaease of initial grain size and an increase of
temperature from 200 to 350°C (Malvoisin et al.120 However, the serpentinization rate of
olivine can also depend on the fluid/solid ratityid hydrodynamics and fluid chemistry
(including pH) as suggested by field fluid monitgyiand modeling studies (e.g Charlou et al.,
2002; Frih-Green et al., 2003; Allen et al., 2004¢lwig et al., 2006; Seyfried et al., 2011). In
this way, the present study has revealed that alsichange in alkalinity from high-hydroxyl
alkalinity (1M NaOH, pH=13.5 at 20°C) to high-cartate alkalinity (1M NaHCgQ pH=8.9 at
20°C) retards significantly the alteration proce$olivine (Figure 9), leading to a preferential
formation of lizardite and magnesite. Moreover, spatial and temporal coupling of dissolution
and precipitation reactions (or mineral replacemmatctions) was not observed under high-
carbonate alkalinity. This means that the fluidrarstry and pH play an important role on the
alteration kinetics, reaction mechanisms and naitiselid-gas products during olivine alteration
in natural hydrothermal systems. The effect of pHtlee dissolution rate of olivine and/or of
forsteritic olivine has been assessed using cootisu semi-continuous or discontinuous
experimental systems (e.g. Pokrovsky and Schofi0;2Rosso and Rimstidt, 2000; Chen and

Brantley, 2000; Hanchen et al., 2006; Daval et 2011). However, the effect of pH on the
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serpentinization rate for olivine is more diffictitt be experimentally assessed because it implies
dissolution of primary components followed by ppetztion of secondary mineral phases and H
production whether redox reactions are signifiqang. Marcaillou et al., 2011; Malvoisin et al.,
2012; Lafay et al., 2012). In an effort, to evatudie pH effect on the serpentinization rate, the
olivine serpentinization was recently investigateter high-hydroxyl alkalinity (pH=13.5 at
20°C) (Lafay et al., 2013). This extreme scenass provided interesting insights on the kinetics
and reaction mechanism. For example, the magr&&€©,) secondary mineral phase, typically
observed from olivine serpentinization in high-pynivater at T>200°C (Marcaillou et al. 2011
and Malvoisin et al., 2012) was not observed urtdgh-hydroxyl alkalinity. However, the
magnetite formation during serpentinization is treqtly related to redox reactions and/or H
production (McCollom and Bach, 2009; Marcaillouadt, 2011); herein, we note that the H
production is not necessary associated to magr@tigpitation because it can be produced by
simple oxidation of Fe(ll) (initially contained wlivine) followed by a simple reduction of water
as expressed by the following coupled oxidationsotion reaction ZFe?* + 2H,0 — 2Fe3* +

H, + 20H™). In fact, the oxidized iron (Fe(lll)) and reducadn (Fe(ll)) can be selectively
incorporated and/or sequestered in major secorglayes (serpentine, brucite, magnesite..) (e.qg.
Klein et al., 2009; Lafay et al., 2012; this studyjis limits the formation of iron oxides and/or
oxyhydroxides in specific environments. Under higttkalinity, preliminary Mossbauer
spectroscopy measurements (results not shown baré)o selected samples have revealed a
partial iron oxidation¥50%) from Fe(ll) to Fe(lll) of initial iron contaéd in olivine. Moreover,
FESEM//EDS chemical analyses have revealed thajlesiorystals of magnesite contain
significant amount of iron. We note that only Fe@dan be incorporated into magnesite crystals;

this confirms also a partial oxidation. Based ois tiesult, the kKl production is expected in our
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system and could be roughly quantified, but, tipecefic study was mainly oriented on the

simultaneous serpentinization and aqueous carlmmatiolivine.

On the other hand, some serpentinization expersngnns 21 to 24 in Table 1) under high-
acidic solutions (initial pH=0.66) have revealedvetr serpentinization rates and a more complex

kinetic behavior (sigmoidal kinetic behavioré [, = & e ma /@ +eXpE(t—t,,)/b)))]) than

under high-hydroxyl alkalinity (Lafay et al., 2012nd under high-carbonate alkalinity (this
study); however, as expected, the pH increaseopiopally with serpertinization progress (see
Figure 10), because by definition the dissolutidrolovine (ultrabasic rock) in acidic solutions
and in discontinuous (or closed) systems, impligam@sient consumption of protons‘jHind the
production of hydroxyl ions (Ol until the solution supersaturation with respecsérpentine,
brucite and other minor mineral phases (e.g. TQlysland iron oxides/oxyhydroxides),. The
brucite mineral (Mg(OH) is a direct proof of hydroxyl ion production imet system. A
simplified reaction mechanism for serpentinizat@nolivine in acidic solution and in batch

system, i.e. excluding the fate of initial Fe(Igntained in olivine, can be expressed as follows:
Dissolution step,

2Mg,Si0, + 4H,0 + 4H* —> 4Mg?* + 2H,Si04(4q) + 40H~ aj7
Precipitation from solution and/or nucleation-grbverocesses at olivine-fluid interfaces,
AMg** + 2H,Si04(aq) + 40H™ > Mg3Si,05(0H)4 + Mg(OH), + H,0 + 4H* (7b)

The summation of these two reaction steps (7a)74bylgives a classic serpentinization global

reaction for forsteritic olivine as described inmggrevious studies:
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2Mg,Si0, + 3H,0 —» MgsSi,05(0H), + Mg(OH), (7¢)

This global serpentinization reaction for San Cardivine, initiated at low pH (=0.66), is in
agreement with thermogravimetric measurements tegan Table 1 (runs 21 to 24) and in
Figure 10. However, we note that minor other mihetaases were also identified from XRD

patterns in these experiments such as the hydrafiterand TOT clay (talc type).

4.4 |s “silica passivating layer” a universal pregeluring olivine alteration?

The formation of passivating layers during solididl interfacial processes are widely
documented in materials sciences and chemical eagig areas. For example, in gas-solid
carbonation of alkaline sorbents, the £0rbent reaction typically takes place by the fation

of a dense non-porous layer of carbonate (or ptigeecarbonate layer) around the reacting
particles. For these cases, the carbonation readsiogenerally stopped before a complete
carbonation (e.g., Fernandez Bertos et al., 20Q41 & al., 2008; Prigiobbe et al., 2009;
Stendardo and Foscolo, 2009; Huntzinger et al.,9R0Conversely, recent studies have
demonstrated that the formation of a so-calledipassg layer of carbonate depend strongly on
the intrinsic textural properties of reacting paes and on the experimental conditions such as
relative humidity, CQ pressure, fluid dynamics and temperature (e.gutBesind Botter, 2000;
Dheilly et al., 2002; Seo et al., 2007; Zeman, 20d@8ntes-Hernandez et al. 2010a and 2010b;
Montes-Hernandez et al., 2012). In this way, thenfdion of a protective carbonate layer leads
to a physical increase in volume at the grain s@@tgansion or swelling process) or a decrease

in porosity (pore closure process) when porous maddeare partially carbonated (Fernandez
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Bertos et al.,, 2004; Chen et al.,, 2007; Sun et 2808 ). Concerning the olivine aqueous
alteration under acid conditions or under high,@@essure (>20bar), incongruent dissolution
process has been measured, leading to a Si-rigl &ieration profile around reacting olivine
grains (e.g. Wogelius and Walther, 1991; Pokrowaky Schott, 2000; Rosso and Rimstidt, 2000;
Prigiobbe et al., 2009); its progressive formatyamerally leads to a passivating effect “limiting
reaction process”. Similar to gas-solid carbonaparcess, the formation of a silica layer around
the olivine reacting particles could passivatequasely stopper the interfacial reaction as already
invoked by Daval et al., 2011. However, the mec$tampathway of its formation is still debated
in the literature; some authors have proposed snpmization process via an ion-exchange
reaction Mg?* & 2H*) and formation of surfacé&=S(OH)4) monomers that polymerize to a
porous or non-porous silica layer (e.g. Wogeliud &valther, 1991; Chen and Brantley, 2000;
Pokrovsky and Schott, 2000; Béarat et al., 2006pv@rsely, other recent studies have proposed
a temporal and spatial coupling of Si releasgS{Bs.q) and silica precipitation process (i€
layer) (e.g. Daval et al., 2011), initially propdsby Hellmann et al. (2003) for labradorite
feldspar altered under acid pH. This implies tih& $ilica phase reaches a rapid supersaturation
near of the reacting mineral phase. In this conéext based on our recent results (Lafay et al.,
2012 and this study), we assume that a silica ypatssg layer during alteration of olivine is only
formed under high acid conditions (pH<4), includimgh CQ pressure (>20 bar) because under
high hydroxyl or carbonate alkalinity conditions<(#H<13.5), the formation of so-called silica
passivating layer was not determined/suspected R XFTIR and TGA measurements. This
observation is in agreement with a previous stuaty @xplanations provided by Pokrovsky and

Schott, (2000).
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5. Coexistence of carbonation and serpentinization processes: from experimentation to

natural systems

In the last decades, the serpentinization of afiiimave been intensively investigated at the lab
scale in order to determine the reaction mechaniants kinetics, the reaction and cracking
propagation from the grain boundaries, its potéfiahydrogen production and its implications
on the early Earth life, i.e. its role on the almdbrmation of organic molecules (MacLeod et al.,
1994; James et al., 3003; McCollom and Bach, 2@fried et al., 2007; Hovelmann et al.,
2011; Marcaillou et al., 2011; Malvoisin et al.,120) Lafay et al., 2012). Obviously, these studies
have direct relevance in Earth systems, but, teysgstematically oriented to investigate the
olivine alteration in high-purity water, in salineater (seawater analogue) or in acidic solutions.
In this way, we demonstrated that the olivine alien under high alkalinity conditions follows
different reaction mechanisms and the kinetic behavis drastically modified as explained
above. On the other hand, direct and indirect agsiearbonation of olivine is intensively being
investigated in order to determine the best expemal conditions for ex-situ mineral
sequestration of CQusing natural olivine. Herein, the Albany Resedtentre has reported that
the optimum sequestration reaction conditions olegeto date are 1M NaCl + 0.64M NaHgO
at T=180°C and Boz135 bar (Chen et al., 2006; Béarat et al., 2006gkit al, 2010;Daval et
al., 2011). In this context, Béarat et al. (2008yé concluded that mitigating passivating layer
effectiveness is critical to enhancing carbonateomd lowering sequestration process cost.
Inspired on these independent results of olivinpesgtinization and aqueous carbonation,
specific novel experimental conditions were usedhia study (1M NaHC@solution, pH= 9,

200°C and saturated vapor pressure) in order tesiigate a competitive effect between
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serpentinization and aqueous carbonation of oliviieese simple experimental constraints could
contribute to a better understanding of fluid-raokeractions in natural active hydrothermal
Earth fields such as Samail Ophiolite in Oman, N@aledonia Ophiolite, etc. where a
simultaneous serpentinization and aqueous carlmmatiocesses are currently expected (e.qg.

Kelemen and Matter, 2008; Matter and Kelemen, 2009)
6. Implicationsfor in-situ carbonation of peridotite for CO, storage

Unregulated C@emissions into the Earth’s atmosphere (about 22xd0 CQ/year), caused
mainly by fossil fuel combustion, have led to camseabout global warming. To maintain the
atmospheric C@level below 500 ppm, C£emissions will have to be stabilized at currewels,
although they are forecast to double over the B8xgears (Allwood et al., 2010). Capture from
individual industrial sources and long-term geotadjistorage are realistic and available ways of
reducing CQ emissions because large volumes of this gas castdred in various deep
geological formations (e.g. Knauss et al., 200%¢dmann, 2007; IPCC, 2007; Bachu, 2008).
Recently, Kelemen and Matter (2008) have proposednt:-situ carbonation of peridotite for @O
storage, i.e. the injection of purified @@ peridotite massifs. This conceptual methodology
requires obviously drilling, hydraulic fracturinthe use of NaHC®as catalyst, pumping fluid
and preheating fluid for the first heating stepthis way, the authors have estimated very fast
carbonation of peridotite compared with naturaligmite hydration and carbonation in the
Samail Ophilite (Oman) and have reported that thaitu carbonation of peridotite could
consume >1 billion tons of C(per year in Oman alone. In this context, the beessearch in the
coming years on the simultaneous hydration (anséopentinization) and carbonation rates of

peridotite “from strategic fields” could have redax implications for this promising potential
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alternative for CQ storage. In addition, sophisticated experimergéliss could be designed to
evaluate hydraulic fracturing and reactive pergofatin fractured-porous media under high
confinement pressure and temperature in order atuate the swelling process and associated
micro-fracturing related to hydration and/or carébon processes of peridotite. Technically, this
is feasible because various percolation experimgniglating the reactivity of supercritical GO

have already been reported (e.g. Le Guen et &7;20ndreani et al., 2009).

7. Conclusion

The coexistence of serpentinization and aqueousonation of ultrabasic rocks has up to now
not been investigated at laboratory scale and wariquestions still remain unanswered
concerning its mechanistic pathways in naturalesyst mainly under high alkalinity. In response
to this scientific gap, this study provides newighss on competitive serpentinization and
aqueous carbonation of olivine under high-carborzdkalinity. In this way, we quantified a
retarding process of serpentine formation with eespo magnesite (about three times slower) by
using a simple kinetic pseudo-second-order modkelfact, the magnesite seems to reach an
apparent stabilization after about 20 days of reaawhile the serpentine follows a progressive
slower evolution. We assumed that the magnesitadashed a fast apparent equilibrium with
solution because the available carbonate speceesarrenewed from fluid phase as typically
constrained in aqueous carbonation experimentsenvaeagiven CQ pressure is imposed in the
system. In summary, we demonstrated that a sinfy@age of fluid chemistry (including pH) has
a significant impact on the reaction mechanism kinétics for olivine alteration at a given

temperature. Some FESEM/EDS chemical analyses sgitnmary Méssbauer measurements
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have revealed that about 50% of initial Fe(ll) vexsdized to Fe(lll). The not oxidized iron in

solution (Fe(ll)) from reacting olivine was prefatially incorporated into magnesite crystals.
This means a classic hydrogen production via alsimater reduction. The full quantification of
redox reactions during simultaneous serpentininatind carbonation of olivine and peridotite

under high carbonate alkalinity remains a futuralleimge.
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813 Table 1. Summary of experimental conditions andntlogravimetric analyses (TGA)

) ] pH Product amount (%) from TGA
Ru Start|r.1g Time Solution
material (days) initial final Serpentine Magnesite Brucite Residual
olivine

1 ol 3 S1 8.9 9.17 4.0 12.8 - 83.2

2 ol 10 S1 8.9 9.38 21.6 14.9 - 63.5

3 ol 20 S1 8.9 9.63 18.5 25.5 - 56.0

4 ol 33 S1 8.9 9.55 27.0 23.7 - 49.3

5 ol 60 S1 8.9 9.58 40.6 26.6 - 32.8

6 Ctl 3 S1 8.9 9.05 95.4 4.6 - -

7 Ctl 11 S1 8.9 9.18 95.4 4.6 - -

8 Ctl 22 S1 8.9 9.25 95.8 4.2 - -

9 Ctl 32 S1 8.9 9.19 95.7 4.3 - -

10 Ctl 78 S 8.9 8.83 96.8 3.2 - -

11 | Ctl+bru | 3 S1 8.9 9.57 82.9 17.1 - -

12 | Ctl+bru | 10 S1 8.9 9.57 82.6 17.4 - -

13 | Ctl+bru | 20 S1 8.9 9.59 83.6 16.4 - -

14 | Ctl+bru | 33 S1 8.9 9.58 81.3 18.7 - -

15 | Ctl+bru | 60 S1 8.9 9.66 79.0 21.0 - -

16 ol 3 S2 8.7 9 2.8 10.1 - 87.0

17 ol 10 S2 8.7 9.4 19.6 16.6 - 63.8

18 ol 20 S2 8.7 9.45 26.7 22.8 50.5

19 ol 23 S2 8.7 9.49 24.8 20.9 - 54.4

20 ol 60 S2 8.7 9.57 46.7 23.0 - 30.3

21 ol 10 S3 0.63 | 4.77 3.8 - <1 96.2

22 ol 66 S3 0.63 | 6.37 14.5 - <1 85.5

23 ol 90 S3 0.63 | 7.29 33.1 - 5 62.9

24 ol 183 S3 0.63 | 7.95 71.4 - 7.9 20.7
814  All experiments were carried out at 200°C and saéat vapor pressure. Fluid/solid weight ratio
815 is always~= 15. S1 and S2 are high-carbonate alkalinity sohsticlM NaHCQ). S3 is an
816 acid solution (pH0.63) prepared by dilution of concentrated HCI 8olu(10%v/v). pH is ex-
817 situ measured at room temperata9°C. Ol: olivinie; Ctl: chrysotile; bru: brucite.

818

819 Table 2. Summary of kinetic parameters for sim@tars serpentinization and aqueous
40



820 carbonation of olivine, including alteration of whe under high carbonate and hydroxyl

821 alkalinity.
Process Eextent, max ty Vo R2
(%) days 1/s
2Mg,Si0, + 2H,0 + HCO3 - MgCO3 + Mg3Si,05(0H), + OH™
Serpentine formation 65113 33+134 2.3x107 0.90
Magnesite formation 27+1.7 4.8+1.3 6.5x10” 0.85
Alteration 81+5.2 1442.5 6.6x107=1.8636x10° mol/m’ s 0.96
2Mg,Si0, + 3H,0 - Mg(OH), + Mg5Si,0s(0OH),
Alteration 10545.5 2+0.46 5.9x10°=1.6659x10® mol/m’ s 0.96
__ Alteration 83+7.0°  99+10°  9.7x10%°"=2.7389x10°mol/m?s  0.99"
(initiated in acid pH)

822 & emax IS the maximum value of mineral(s) content orralien extent at apparent equilibrium
823 andt,,, is the half-content time determined by using @kmpseudo-second-order modglis
824  the initial reaction ratevg = &, ma/ 1/, *100). *: values obtained from fitting of a sigmoidal
825  equation €, . = emenmax /(A EXP((t —1,,,)/b))). **: effective reaction rate after the so-called
826 incubation period (or induction time) in sigmoid@hetic behaviors. The alteration rates were

827  normalized with respect to initial specific surfarea for olivine fine-grains (2.3%q).
828
829
830
831
832

833

834
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Figure 1.(a) Experimental -ray diffraction patterns for starting olivine andr fproducts a

different reaction timg3 days: run 1; 10 days: run 2 and 60 days: ri; S: serpentine, O:
olivine, M: magnesite.l), (c) and (d) FESEM images showing the coexigepic magnesit
(Mg) and serpentine (lizardite: Lz and chrysoti®#t) during olivine (Ol) alteration after 3 de¢

“run 1” (b), 10 days “run 2{c) and 60 day“run 5” (d).
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brucite under highvydroxyl alkalinity, implying the preservation ofiginal external shape ¢
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