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ARTICLE INFO ABSTRACT

Editor: Michael E. B The present theoretical study analyzes the kinetic characteristics of precipitation of magnesite and lizardite as a
Keywords: result of hydrothermal alteration of olivine under high carbonate alkalinity. It makes use of a simulation strategy
Hydrothermal alteration in which, both the chemical evolution of the aqueous solution and the solid phases are considered. The simu-
CO, lation is performed with the help of the NANOKIN code. It includes a full treatment of speciation processes in the
Nucleation and growth aqueous solution, a rate equation for the dissolution of olivine, and a full account of nucleation and growth
Computer simulation processes during the formation of secondary particles. The comparison between experimental (Lafay et al., 2014)
NANOKH\_I code and simulation results puts strong constraints on the simulation parameters, in particular those related to the
Nanoparticles nucleation and growth of the particles. Modeling points to an incongruent olivine dissolution and reveals a

Olivine R Lo . . . 15
Magnesite transitory precipitation of SiO,, not detected experimentally, showing that the fate of Si is more complex than a
Lizardite mere incorporation in lizardite. It highlights how lizardite, magnesite and SiO, compete for the incorporation of

silicon and magnesium released by the olivine dissolution.

1. Introduction

In the context of the increasing global warming of the Earth atmo-
sphere, thought to be essentially due to anthropogenic CO, emissions,
artificial weathering of magnesium bearing silicates, widespread in the
Earth crust, has been proposed as a promising solution for geological
storage of CO,. During such an industrial process, gaseous CO, would
be dissolved into an aqueous solution subsequently injected into the
geological reservoir. The drop in pH in the solution due to CO, would
induce the silicate dissolution before its carbonation. Understanding the
reaction mechanisms, the kinetics and the role of pressure, temperature
and pH has stimulated numerous experimental studies of the serpenti-
nization or carbonation of various silicates (Luce et al., 1972; Chen and
Brantley, 2000; Oelkers, 2001; James et al., 2003; Giammar et al.,
2005; Bearat et al., 2006; Héanchen et al., 2006; Prigiobbe et al., 2009;
Andreani et al., 2009; Garcia et al., 2010; King et al., 2010; Daval et al.,
2011; Malvoisin et al., 2012; Gadikota et al., 2014).

These studies mainly focused on the determination of kinetic rate
laws of dissolution as those control the availability of chemical ele-
ments from the altered minerals. However, experimental approaches
generally show coexisting dissolution and precipitation, which opens
the question of feed-back effects and complex coupling between
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secondary mineral precipitation and the dissolution process that in-
itiates the whole alteration process. This was, in particular, the case for
Lafay et al. (2014), who recently studied the simultaneous precipitation
of lizardite and magnesite from hydrothermal alteration of olivine
under high-carbonate alkalinity in the lab. This work raised interesting
questions on the competitive incorporation of magnesium and silicon
released by the dissolution of olivine, into the two secondary mineral
phases.

In the present work, we complement these lab experiments by a
simulation strategy allowing a better understanding of these complex
processes which coexist in natural hydrothermal systems. Our kinetic
modeling treats on an equal footing dissolution and precipitation pro-
cesses. It makes use of the NANOKIN home made simulation code
(Noguera et al., 2006a,b; Fritz et al., 2009), which allows an account of
ion speciation in the aqueous solution, dissolution, nucleation and
growth processes. It has been recently applied to decipher the me-
chanism of calcite formation by hydrothermal carbonation of Portlan-
dite (Fritz et al., 2013), as well as to analyze the characteristics of
amorphous silica nanoparticles precipitation under various thermo-
dynamic conditions (Noguera et al., 2015).

The paper is organized as follows. Section 2 provides information on
the synthesis route and a thorough interpretation of thermogravimetric
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analysis results (TGA). The numerical method is presented in Section 3
and the choice of the parameter values is discussed. The main results on
the alteration of olivine are presented in Section 4. In the last section
(Section 5), the incongruent olivine dissolution and the existence of a
transitory SiO, secondary phase are discussed. A preliminary attempt to
take into account the Fe content of the San Carlos olivine is described.
Finally, we analyze on which basis relies the competition between li-
zardite, magnesite and SiO, for the incorporation of silicon and mag-
nesium released by the olivine dissolution. Section 6 is a conclusion.

2. Experimental results and their interpretation

In this section, we first recall the experimental conditions under
which simultaneous precipitation of magnesite and lizardite has been
obtained and characterized (Lafay et al., 2014). Then, we propose a re-
interpretation of the TGA data, allowing to determine the time evolu-
tion of the absolute amounts of each solid phase.

2.1. Synthesis and characterization

Two alkaline solutions have been prepared (Lafay et al., 2014). The
first one (S1), recovered from magnesite synthesis (Montes-Hernandez
et al., 2012a,b) had a pH of 8.9 (measured at 20°C), a high con-
centration of total carbon (TC = 1 M) and low concentration of Mg
(250 mg/1). The second (S2) was obtained by direct capture of CO, via
ionic dissociation in a concentrated NaOH solution (2M). Herein,
50 bar of CO, (2 mol) were injected into a reaction titanium cell (21 of
volume) at ambient temperature (20 °C). The CO, consumption and
temperature were in-situ monitored during about 24 h, until a macro-
scopic equilibrium was reached. Then, the residual CO, gas was re-
moved from the reactor and the solution was recovered by simple de-
canting of supernatant solution (pH = 8.7 and TC = 0.95 M). The main
difference between the two solutions lies in the initial Mg concentration
which is equal to 1.09 - 10~ 2 for S1 and 10~ for S2, a difference which
can be considered as yielding quasi-negligible errors in comparison to
the uncertainties in the TGA measurements. In the following, we will
thus only discuss the average behavior of S1 and S2.

In each experiment, 1.5 ml of high-alkaline solution (S1 or S2) and
100 mg of San Carlos olivine (Foo; and grain size < 30 um) were placed
in a Teflon reaction cell, immediately assembled into a steel autoclave
and the closed autoclave was placed in a multi-oven and heated to
200 °C (P 44 = 16 bar). The multi-oven included ten independent tem-
perature compartments, allowing parallel experiments to be stopped at
various olivine-fluid reaction times from 3 to 60 days. This allowed
determining the serpentinization and carbonation rates of olivine under
the investigated hydrothermal conditions.

At the end of the experiments, the autoclave was quenched in cold
water and then disassembled. Mineral characterization of the olivine
alteration was made by FESEM (Field Emission Scanning Electron
Microscopy), XRD, thermogravimetric analyses (TGA) and FTIR
(Fourier Transform Infra Red), revealing the presence of magnesite and
mainly lizardite. The magnesite crystallites had lateral sizes in the
range 5-30 um. The determination of the lizardite particle size was
more difficult due to their lamellar shape and their aggregation state.
However, their lateral size never exceeded 500 nm. In the following of
this section, we will mainly focus on the TGA results (runs 1-5 and
16-20 in Table 1 of Lafay et al., 2014) which yield the more quanti-
tative information on the process.

2.2. TGA analysis

For each reaction time, the relative mass amounts of residual oli-
vine, produced magnesite and produced serpentine (lizardite), Pr, Py
and P;, respectively, were determined by TGA. Experimental points
from runs 1-5 and 16-20 in Lafay et al., are plotted as a function of time
in Fig. 1a, together with smoothing curves P; = a; * t/(b; + t) (as used in
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Fig. 1. a): Time evolution of TGA ratios (%) Pr, Py, Py, of olivine (forsterite),
magnesite and lizardite, respectively, from runs 1-5 and 16-20 in Lafay et al.
(2014); b): time evolution of their corresponding mole numbers (normalized to
1kg H;0) Ng, Ny, N;, and Si concentration in solution, issued from the re-
solution of Eq. (4), assuming x = 0.15 (see text). Lines are drawn to guide the
eyes.

Lafay et al., 2014) through an average of S1 and S2 experimental
points. In order to relate the measured relative mass amounts to the
mole numbers of each mineral (normalized in the following to 1kg of
water), we make the following hypothesis and analysis.

First, we disregard the existence of Fe in the system, so that for-
sterite is used instead of olivine and the precipitated magnesite and
lizardite do not contain Fe. The question of Fe will be discussed in
Section 5.2. Secondly, we assume incongruent forsterite dissolution.
Indeed, it is well-established that silicates weather incongruently, be-
cause Mg-O bonds break upon proton attack, a process which is gen-
erally faster than the hydrolysis of Si-O bonds (Rosso and Rimstidt,
2000; Schott et al., 2009; Daval et al., 2011). We assume that the in-
congruent forsterite dissolution amounts to congruently dissolve a mi-
neral of chemical formula Mg>Si; —,O4_2,. A single adjustable para-
meter x is thus introduced which is subsequently determined as to
better represent the time evolution of the solid phase amounts. Its value
will be discussed in Section 5.1.

The relevant dissociation equations for the three minerals are thus
the following:

Mngil_xO4_2x + 4H* — 2Mg2+ + (1 - X)H4Si04 + Ztzo
MgCO; — Mg?* + COZ~

Mg, Si,Os(OH); + 6H* — 3Mg?* + 2H,Si0,; + H,0 o)
At time t, the mole numbers of remaining and dissolved
Mg-,Si; —xO4 -2, and precipitated magnesite and lizardite, noted Ng(t),
SNE(t), Ny (t) and N (1), respectively, are thus linked to the relative mass
amounts of each mineral P; by the relationships:
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Pr = (mpNy — mp8Np)/Mio:
Py = myNy/ My,

PL = mLNL/Mtot (2)

with No the initial mole number of forsterite,
M,y = mpNy — mp8Ng + my Ny + mg N, and mg, my,, m; and my the
molar masses of forsterite, magnesite, lizardite and Mg,Si; — 04— o,
respectively. The molar masses can be obtained from mineral data
bases, and at each time, only two independent quantities can be derived
from the experimental results, e.g.:

o = mpPy/my Pr = Ny /(No — (my/mg)S8Nr)

B = mpP/myPr = Ni/(Ny — (my./mp)SNF) 3)

The time evolutions of SNx(t), of the N;(t), and of the concentrations
cmg(t) and cgi(t) of Mg and Si in the aqueous solution are then given by
the set of equations:

Np(t)= No — SNk (1)

Ny ()= a(t)(No — (mp/mgp)ONr (1))

N ()= BNy — (mg/mp)dNr (1))

cpg ()= 20Np(t) — Ny (t) — 3N (t)

csi(t)= (1 — x)SNp (1) — 2N (t) @

If cs; exceeds SiO, solubility, some solid SiO, phase may precipitate
(with mole number Ns;0,) and cg; has to be replaced by cs; + Nsio, in Eq.
.

Considering that the ratios a and  are known from the TGA mea-
surements, this is a set of five equations for six (possibly seven) un-
knowns. To be able to solve it, we add the condition that cy(t) = 0,
following the well-known observation that, under hydrothermal con-
ditions in silicate rocks, Mg is always nearly completely incorporated
into the solid phases (Fournier and Potter, 1979; Michard, 1979; Fritz,
1981). The NANOKIN results presented in the next section will confirm
the validity of this hypothesis.

Fig. 1b displays the time evolution of Np, Ny, and N; for a value of x
equal to 0.15. Temporarily, the concentration of Si in the aqueous so-
lution (maximum 0.038 mol /kg H,0) slightly exceeds the solubility of
amorphous silica, equal to 0.0155mol /kg H,O at T = 200 °C, thus
leaving the possibility that some amount of SiO, polymorph might
precipitate. Such precipitation was not observed experimentally neither
by FESEM at t = 60 days, nor by TGA at all times, due to the small
amounts involved, and the limited analytical sensitivity.

3. Numerical simulation
3.1. Method: the NANOKIN code

The simulation of olivine alteration in the batch reactor at
T = 200 °C and under constant gaseous volume conditions, was per-
formed with the help of the NANOKIN code (Noguera et al., 2006a,b;
Fritz et al., 2009). It includes a full treatment of speciation processes in
the aqueous solution, a rate equation for the dissolution of forsterite
deduced from the TGA analysis (see following section), and a full ac-
count of nucleation and growth processes during the formation of
magnesite and lizardite (and possibly SiO,).

Simulation is performed assuming constant gaseous volume V = 11
in the reactor, including gaseous CO, and water vapor. The system is
closed, so that there is conservation of the total amount of carbon
(including gaseous CO,, aqueous carbon species and carbon contained
in the magnesite phase). The CO, gaseous phase is described by a van
der Waals gas state equation (Fritz et al, 2013) (P + na’/vV %) *
(V — nb’) = nRT in which P, V, T and n are the partial pressure, volume,
temperature and mole number, respectively, R the perfect gas constant,
a’ = 0.364Pa-m®mol ™2 and b’ = 4.27 x 10~ °m>mol " !. CO, gas is
assumed to be in equilibrium with the aqueous solution at each time.

The treatment of precipitation relies on the theoretical approach of
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nucleation, growth and/or resorption of particles of fixed composition
in aqueous solutions at constant temperature, that we have developed
in the past (Noguera et al., 2006a,b; Fritz et al., 2009). The saturation
state I of the aqueous solution with respect to each newly formed phase,
represents the driving force for its precipitation if I > 1. The method
combines the classical theory of particle nucleation (Adamson, 1960;
Markov, 1995) with a size dependent growth law allowing particle
growth and/or resorption, and thus Ostwald ripening effects (Noguera
et al., 2006a,b; Fritz et al., 2009). For each three dimensional secondary
mineral (magnesite, amorphous silica), the number of formula units n
in the critical nuclei and the nucleation barrier AG™ read:

_ Xv?o3
(kpr)? )

In these expressions, o is the mean surface energy, v the volume of one
formula unit, and kjp is related to R and the Avogadro number N,, by
kg = R/N4,. The geometrical parameter X is equal to X = 32 for mag-
nesite particles and X = 16st/3 for amorphous silica spherical particles.
Lizardite particles have the shape of platelets of thickness e = 7 A and
their growth is considered to be two dimensional. In this case, n" and
AG” read (Fritz et al., 2009):

2u

* — 7

T InI

AG* u .
=m with u

kBT

u_ . AG* _ u
kBT

n*f= —
In?I

(6)

The nucleation rate F is assumed to vary exponentially with the nu-
cleation barrier, with a constant pre-factor Fy:

AG*)
kgT @]
F becomes significant (F > 1 particle/s/kg H,O) for a given mineral

only when I exceeds a critical value I.. For example, for lizardite, I,
reads:

F=F exp(—

23 evg?

Inl. =
¢ (kgT)*InF,

(®

Once formed and as the saturation state of the solution evolves with
time, the particles experience growth or resorption, depending upon the
relative value of their size and the instantaneous critical nucleus size.

dl [ (Zu)m]
— =x|I—exp|—
dt n

)
for 3D particles such as magnesite and SiO, and:
dl u 1/2
— =x|I—exp (—)
dt n (10

for 2D lizardite particles. In these growth equations, [ represents the
lateral size of magnesite or lizardite particles or the radius of SiO,
particles. From this, the time dependence I(t;,t) for any particle nu-
cleated at time t; can be obtained. Finally, in the closed system upon
consideration, nucleation and growth exert a feed-back effect on the
aqueous solution modifying its saturation state. At time t, the total mole
number Ni(t) of the secondary phases i which have changed phase, is
equal to:
t

Ni®) = N [} E@)(ni(, 1) = Daly an
From the knowledge of Ni(t), the amount of dissolved forsterite, the
conservation equations for magnesium, silicon and carbon and the
electrical neutrality, it is possible to calculate the activity of all ions in
solution, using published aqueous speciation databases (Helgeson et al.,
1970; Parkhurst and Appello, 1999; Blanc et al., 2012), and thus deduce
the value of the saturation states I; with respect to each mineral at the
next time step using published databases for solubility products (Blanc
et al., 2012). The instantaneous values of the saturation indexes of the
solution I;(t) are the key parameters which drive the size evolution of
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stable/unstable particles and the model keeps track of all particles in
the system.

3.2. Discussion of the nucleation and growth parameters

Aside from solubility products and speciation data which may be
found in data bases, three parameters determine the kinetic behavior of
each mineral, namely the surface energy o, the pre-factor of the nu-
cleation rate Fy, and the growth constant «. Since there is no data base
available for these parameters, we have determined them via a fit to the
experimental results (Fig. 1b and particle sizes at the end of the ex-
periment). It should be understood that such a fit is extremely chal-
lenging due to its highly non-linear character. Variations of one of the
parameters induce modifications of all observables. Additionally, in the
present study, as will be explained in Section 5.3, Mg and Si species are
shared between several minerals, making the kinetic behavior of mag-
nesite, lizardite and SiO, phases very intricate. So, although there is no
certainty that a unique solution exists, the parameter determination is
extremely constrained.

To our knowledge, there are no tabulated values for the mean sur-
face energies of lizardite and magnesite in contact with an aqueous
medium. For magnesite, the value oy, = 0.105 J/m? was determined by
comparison with the value 0.097 J/m? relevant for calcite (Nielsen and
Sohnel, 1971), on the basis of the quasi-linear relationship established
by these authors (Nielsen and Schnel, 1971; Schnel, 1982) between
surface energies and the logarithm of the solubility products of many
minerals. The mean surface energy of lizardite was expected to be close
to those of other silicates (kaolinite, muscovite, clays) of the order of
0.1J/m? (Fritz et al., 2009). However, compared to kaolinite, the li-
zardite particles have a brucite-like termination instead of a gibbsite-
like one. First-principles determinations of the surface energies of
brucite and gibbsite basal surfaces demonstrate that the former is lower
than the latter (Churakov et al., 2004; Fleming et al., 2000). Using this
guideline, we have tentatively taken for o; a value (0.085 J/m?) smaller
than the one we had used for kaolinite. Together with the value of F, (to
be discussed below), it yields a critical value I. for the saturation state of
the aqueous solution, Eq. (8), which allows lizardite to start pre-
cipitating before t = 3 days, in agreement with experiment.

Once the magnesite and lizardite mean surface energies were fixed,
their parameters {Fy, <} had to be determined. It was found that for
each mineral, similar kinetic behaviors could be found, provided that
{Fo, «} are coupled. Fig. 2a displays the relationship between them
which allows obtaining the best agreement with TGA data. Interest-
ingly, in this log-log plot, the slopes of the curves for magnesite and
lizardite are different and close to —1 /3 for the former and —1 /2 for
the latter. This may be understood by noting that, qualitatively, the
volume of precipitated matter is proportional to Fy * I3, i.e. F, * «° for
magnesite (3D growth) and F, * 12, i.e. Fy * &2 for lizardite (2D growth),
in particular at the end of the experiment.

To go one step further, among the coupled {F,, x} values displayed
in Fig. 2a, we chose those yielding correct particle sizes at t = 60 days.
Fig. 2b shows how, for each mineral, the final mean particle sizes vary
as a function of log F,. The rapid variations displayed on this figure
allowed to fix the value of the prefactor Fy of the nucleation rate for
both minerals, with a relative precision, and the growth constants x
were subsequently determined by using the correlation represented in
Fig. 2a.

The values of F, (F, = 10" particles/s/kg H,O for magnesite and
Fo = 10'® particles/s/kg H,O for lizardite) are rather small compared to
typical values found in the literature. However, one should remember
that, before being attached to the critical nuclei, the growth units have
to break their bonds with the solvent molecules. The solvation energy
AU of the ions has thus to be supplied, which enters the expression of F,
« exp— (AU/kgT) (Markov, 1995). AU is particularly high for magne-
sium ions (455.5 kcal/ mol, Jolivet, 2016), which rationalizes the re-
latively small values of F, for lizardite and magnesite.

21

Chemical Geology 497 (2018) 18-26

-10
(a)
-12 magnesite
¥ -4 lizardite
Ke]
-16
-18
-20
5 10 15 20 25
log FO
120 14
1
z % =
o 08 =
= [0}
8 60 5
S 06 §
E 40
04
20 02
0 4 0
5 10 15 20 25
log FO

Fig. 2. a): Log-log correlation between F, and « values allowing a good
agreement with TGA curves, for magnesite (green) and lizardite (blue). b: mean
particle sizes of magnesite (green line) and lizardite (blue line) at time t = 60
days, as a function of log F, obtained with the associated « values of the top
panel. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The lizardite growth constants deduced from the above procedure
are somewhat different from values found in the literature (Sverdrup,
1990; Palandri and Kharaka, 2004). However, one should remember
that all previous evaluations have been done on the basis of an Ar-
rhenius law for their temperature dependence, with activity energies
which are likely not very precise, especially in the temperature range
around 200 °C. The magnesite growth constant is in qualitative agree-
ment with previous determination considering the uncertainty in the
limit between acidic-neutral and alkaline ranges at 200 °C.

4. Results
4.1. Aqueous solution heating to 200 °C

As a first step to simulate experimental conditions, the S1 solution is
progressively heated up to 200 °C by successive small temperature in-
creases (AT < 0.1°C). At each step, thermodynamic equilibrium is im-
posed, using the temperature dependence of the speciation constants
and solubility products. Total pressure, water partial pressure and CO,
partial pressure in the reactor become equal to 23.5 bar, 15.54 bar and
7.97 bar, respectively. The pH in the aqueous solution decreases down
to pH = 7, a still alkaline pH, considering that neutrality at T = 200 °C
is obtained at pH = 5.6. A very small amount of magnesite (0.01 mol)
already precipitates during the temperature rise. This early magnesite
precipitation makes the solution S1 very similar to S2 in the first
minutes of the experiment. Eventually, we add it to the amount formed
by subsequent nucleation and growth processes (see the following).
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Table 1

Parameters used in the simulation: solubility products K, growth constant «,
volume of the formula unit v (Webmineral, 2014), mean surface energy o, and
prefactor of the nucleation frequency Fy. The parameter of congruence x = 0.15
and the a and b coefficients of the forsterite dissolution rate are equal to
a=0.392mol*s and b =1.63 * 10°s. The initial amount of forsterite is
Ny = 0.474 mol/kg H,0; initial pH = 6.99; initial DPeo, =797 bar.

Forsterite Magnesite Lizardite Amorphous silica
log K 14.59 -11.72 17.55 —1.808
k (m/s) - 2.5 %1012 1.%1071° 1.7 107
v(A®) - 46.9 174 48.15
o(J/m?) - 0.105 0.085 0.022
Fo(/s/kg H,0) - 10! 10'® 102

4.2. Nucleation and growth simulation

The characteristics of the aqueous solution S1 at T = 200 °C just
discussed are used as starting values for the NANOKIN simulation of
precipitation. The forsterite dissolution law was adjusted to the results
of the TGA analysis shown in Fig. 1. It is well accounted for by a second
order law as proposed in Lafay et al. (2014). This amounts to writing
SONg(t) = at/(b + t). Table 1 gives the values of the parameters entered
in the simulation and Figs. 3, 4, and 5 show the time evolution of the
solid phase amounts, of the aqueous solution characteristics and CO,
pressure, and of the particle sizes, respectively.

Fig. 3a compares the amounts of forsterite, magnesite and lizardite
to the values extracted from TGA, at each time. One can see that the
agreement is excellent. The precipitation of magnesite starts much more

lizardite

Solid phase amounts (Moles/kg H,0)

0
0 10 20 30 40 50 60
Time (days)
0.05
Csi (TGA)
6~ 0.04 (b)
T
2
B 0.03
[s}
=
8 002 Aqueous Si + SiO,
o
3 Aqueous Si
12
@ 0.01
0
0 10 20 30 40 50 60
Time (days)

Fig. 3. a): Time evolution of the amounts of forsterite, magnesite and lizardite
obtained from NANOKIN simulations (thick lines) and from the TGA analysis
(symbols and thin lines); b): time evolution of the amounts of amorphous silica,
Si concentration in aqueous solution and their sum (lines), compared to TGA
results for the latter (dots).
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Fig. 5. Time evolution of the mean particle size of lizardite (left scale) and
magnesite (right scale) (microns).

rapidly than that of lizardite. After sixty days, nearly half of the initial
forsterite amount remains and the precipitation process is still going on.
Moreover, despite the incongruent forsterite dissolution which reduces
the Si amounts released in the aqueous solution, the simulation high-
lights the existence of transitory SiO, precipitation, not observed ex-
perimentally (Fig. 3b). As discussed in more details in Section 5.1, the
present modeling assumes that it consists in amorphous silica.

Fig. 4 shows the time evolution of the element concentrations in the
aqueous solution, of the pH and of the CO, partial pressure pcq,. As
expected from the magnesite precipitation, there is a consumption of
carbon, which mainly concerns the CO, gas phase, while its con-
centration in the aqueous solution remains approximately constant. The
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aqueous solution is thus buffered with respect to carbonates and the
CO,, pressure strongly decreases as a function of time from 8 to less than
2bar. The small increase of pH with time is the result of competing
effects: consumption of protons for the alteration of olivine and pro-
duction of protons due to CO, gas dissolution. The Mg concentration
remains of the order of 10~ >° during the whole precipitation process,
showing that the Mg produced by the dissolution of forsterite is im-
mediately incorporated into the magnesite and lizardite particles. This a
posteriori justifies the hypothesis made in the TGA analysis
(Section 2.2). Silicon concentration first increases due to the dissolution
of forsterite before lizardite starts precipitating, and then decreases
when the latter becomes significant.

The time evolution of the magnesite and lizardite mean particle
sizes is displayed in Fig. 5. While both monotonically increase with
time, their values strongly differ. Magnesite particles reach about 10 pm
in size. At variance, the lizardite particles remain small with a mean
size which does not exceed 400 nm after sixty days, in good qualitative
agreement with FESEM observations.

4.3. Summary

The simulation of the kinetic precipitation of lizardite and magne-
site from olivine alteration that we have performed succeeds in quan-
titatively reproducing both experimental TGA results and mean particle
sizes observed with FESEM. It also brings additional information which
complement the experimental results. It stresses that the in-situ pH
value at 200 °C is much lower, albeit still alkaline, than in the state of
the aqueous solution prepared at ambient temperature (ex-situ value
equal to 8.7-8.9). It gives information on the silicon status during
precipitation, including the incongruent dissolution, the possible pre-
cipitation of an SiO, solid phase and the H4SiO,4 presence in the aqu-
eous solution. It confirms that all the magnesium released by the dis-
solution of olivine is incorporated in the magnesite and lizardite phases.

Moreover, thanks to the possibility of changing the input para-
meters, the simulation tool allows analyzing the mechanism of com-
petition of lizardite and magnesite, which will be discussed in
Section 5.3.

5. Discussion

In this section, we first discuss the silicon status during precipita-
tion, including the incongruent forsterite dissolution, the possible pre-
cipitation of an SiO, solid phase and the H,SiO,4 presence in the aqu-
eous solution (Section 5.1). We then make a preliminary attempt to take
into account the Fe content of the San Carlos olivine (Section 5.2). Fi-
nally, we discuss the competition between lizardite, magnesite and SiO,
(Section 5.3).

5.1. Incongruent forsterite dissolution, H,SiO4 in solution and SiO,
precipitation

The resolution of the set of Eq. (4) gives information on the silicon
concentration cg;(t) available in the aqueous solution as a result of
olivine dissolution. It significantly depends on the hypothesis made on
the degree of incongruence x of olivine dissolution. However, for all
reasonable values of x (typically < 0.2), and especially x = 0, it is
found that, in some time interval, cs(t) exceeds the solubility of
amorphous silica (0.0155mol /kg H,O at T = 200 °C). Considering
that, at this temperature, other SiO, polymorphs (cristobalite, chal-
cedony or quartz) have smaller solubility products (e.g. cristobalite
0.0121 mol /kg H,0, chalcedony 0.0055mol /kg H,O, quartz
0.0037 mol /kg H,O; Blanc et al., 2012), it is likely that at least one of
them precipitates during olivine alteration. This phase may be detected
neither by TGA analysis nor by FESEM if it remains in very tiny amount.

Relying on the relationship between solubility products and surface
energies (Nielsen and Sohnel, 1971; Sohnel, 1982), amorphous silica
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Fig. 6. Time evolution of the amounts of solid phases and Si aqueous con-
centration obtained from NANOKIN simulations (thick lines) and from the TGA
analysis (symbols and thin lines) upon the assumption of congruent dissolution
of forsterite (x = 0).

should have the lowest surface energy and thus should be the fastest
polymorph to precipitate. This is why we have assumed that the solid
SiO, phase mainly consists in amorphous silica. Its mean surface energy
o and F, nucleation prefactor were extrapolated from those which ac-
counted for amorphous silica precipitation as a function of time
(Noguera et al., 2015).

As far as the x parameter is concerned, we noted that, if x is too
small, it is impossible to obtain a good fit to experiment. Indeed, if the
short time behavior of magnesite is well reproduced, its long term be-
havior is incorrect, as shown in Fig. 6 when x = 0. Moreover, at the end
of the experiment, SiO, particles are still present, which should have
been detected by FESEM. We propose a value of the order of x = 0.15.
It allows a good fit to the TGA curves, is consistent with no SiO, par-
ticles at t = 60 days, and agrees with the numerous observations that
the dissolution of silicates is incongruent.

5.2. Account of Fe

Up to this point, we have disregarded the existence of the 9% sub-
stitution of Mg by Fe in the San Carlos olivine. In reality, during the
olivine alteration, Fe is released in the aqueous solution and in-
corporated in the secondary minerals magnesite and lizardite. In order
to account for the Fe balance in the system, despite insufficient detailed
experimental information on its partitioning, in the following, we will
assume that the secondary phases contain the same Fe/Mg proportion
as olivine.

The dissociation equations for the three minerals then read:

Mg, 5, Feo18Sii_xO4_ax + 4H —

1.82Mg2+ + 0.18Fe** + (1 — x)H,SiO, + 2xH,0

Mgy 91Fe0.00COs—

0.91Mg?* + 0.09Fe** + CO3~

Mg, ,,Feo275i,05(OH), + 6H'—

2.73Mg?* + 0.27Fe** + 2H,Si0, + H,0 12
The TGA analysis only allows to determine the two independent

quantities a and 8 as before, with a mere modification of the molar

masses mg, my, my and mg’ of the solid phases. The resulting time

evolutions of SNg(t), the Ni(t), and of the concentrations cpg(t), cre(t)

and cg;(t) of Mg, Fe and Si in the aqueous solution are thus given by the

set of equations:
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Nr(£) = Ny — 6Np(t)

Nur(£) = a(O)(No — (mg/mp)SNe(8))

NL(t) = B(&)(No — (mp/mp)SNE (1))

Cug (£) = 1.820N () — 0.91Ny (£) — 273Ny (1)
Cro(£) = 0.188N; (£) — 0.09Ny (£) — 0.27N, (£)

¢si(t) + Nsio, = (1 — x)SNg(£) — 2N (¢) (13)

The resolution of these equations proceeds as in the absence of Fe,
with the additional assumption that cg(t) = O in the aqueous solution,
which will be numerically confirmed. The time evolution of Ng, Ny, N
and Ny, issued from the experiment is very similar to that displayed in
Fig. 1. The amount of dissolved olivine §N; again follows a second order
reaction law with a and b coefficients slightly different from before, and
the aqueous solution at some point becomes oversaturated with respect
to amorphous silica.

The incorporation of Fe changes the solubility products with respect
to the pure minerals. Considering that, under the present conditions,
the mixing is less than 10%, we have used the ideal solid solution ex-
pression for the stoichiometric solubility product of an A; _,B,C solid
solution as a function of the solubility products Ks¢c and Kpc of its end-
members (Noguera et al., 2010; Noguera et al., 2016):

K(z) = Kic*Kgez* (1 — )19 a4

In the present case, we use magnesite and siderite FeCO3; as end-
members of Mg, _.Fe,CO3; and lizardite and greenalite Fe3Si,Os(OH),
as end-members of (Mg, —,Fe,)3Si,Os5(OH)4. At 200 °C, the solubility
products of siderite FeCO3; and greenalite Fe3Si,Os(OH), are respec-
tively equal to logK = —13.29 and logK = 10.60 (Blanc et al., 2012),
which leads to log K values of the solid solutions equal to —11.99 and
16.79 for magnesite and lizardite, respectively.

As far as elementary volumes are concerned, a 100% replacement of
Mg?* by Fe** in magnesite and lizardite leads to an increase of volume
of about 10% (Webmineral, 2014). Consequently, 9% replacement
should be associated to not more than 1% volume increase. We have
neglected it since it would lead to corrections smaller than the experi-
mental error bars.

On the basis of the quasi-linear relationship established by S6hnel
(Nielsen and Sohnel, 1971; Sohnel, 1982) between surface energies and
the logarithm of solubility products, we have accordingly modified the
values of o for the magnesite and lizardite (0 = 0.110 J/m? and
0.100 J/m?, respectively, to be compared with previous values 0.105
and 0.085 J/m?). No modification of F, was necessary for the former
while only a small one for the latter (Fy = 3.¥10'®) led to the excellent
agreement shown in Fig. 7. We checked that the Fe concentration in the
aqueous solution never exceeds 10 ~°mol, which a posteriori justifies
the approximation (cp. = 0) that we made that the amount of aqueous
iron is negligible with respect to that produced by the forsterite

aq Si ——
Csi
Si02 ——

Q
I
g 0.4
8 035
o
2 03
@
S 025
3 >
g 0.2 magnesite
Q N
g o lizardite )
2 01
ie]
8 0.05 o
0 &=
0 10 20 30 40 50 60
Time (days)

Fig. 7. Same as Fig. 3a, for a NANOKIN simulation which takes into account 9%
content of Fe in the dissolving olivine.
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dissolution and precipitated by the secondary phases. The mean particle
sizes at the end of the experiment are 375nm and 15 um for lizardite
and magnesite, respectively.

To summarize, within this treatment of precipitation which includes
iron incorporation in magnesite and lizardite, most kinetic parameter
values that we have determined are little modified with respect to those
found in the absence of Fe, the fit to the experiment is as good, and,
more importantly, as far as the competition between SiO,, magnesite
and lizardite is concerned (see following section), the interpretation of
the alteration process is unchanged.

However, it was noted in the experiment, that, according to pre-
liminary Mossbauer measurements at t = 60 days, roughly 50% Fe had
been transformed to Fe>* (Lafay et al., 2014), suggesting that iron
oxidation was also accompanied by some hydrogen gas emission. A full
account of such a complex chemistry would require treating simulta-
neously the oxido-reduction processes in the aqueous solution, the
hydrogen gas emission and the time dependent partition of Fe?* and
Fe* in the lizardite particles, but this is beyond the present capabilities
of NANOKIN. Future joint experimental and numerical work will be
necessary to assess the relevance of our simplified Fe treatment.

5.3. Competition between lizardite, magnesite and SiO precipitation

As shown in the preceding sections, we have simulated the si-
multaneous precipitation of lizardite and magnesite from hydrothermal
alteration of forsterite under high-carbonate alkalinity, and we have
been able to obtain a good agreement with experimental results. The
different kinetic behaviors of lizardite and magnesite raise questions on
the competitive incorporation of Mg and Si ions released by the dis-
solution of forsterite into the secondary phases. Our NANOKIN simu-
lation tool allows to scrutinize the mechanism of these competitions
and to highlight on which parameter they mainly rely.

The starting point is the conservation laws of Mg and Si in the
system. They relate the amounts of phases produced and dissolved and
the aqueous Si concentration. The Mg conservation implies:

26NE(t) = Ny (t) + 3N, () (15)
and the Si one:
csi(t) + Nsio, = (1 — x)0Np(t) — 2N (¢) (16)

Eq. (15) tells that any excessive magnesite precipitation induces an
insufficient lizardite precipitation and vice-versa. According to Eq. (16),
any excessive lizardite precipitation induces a strong reduction of the
available Si in the aqueous solution and the SiO, solid phase. In the
following we quantitatively exemplify these trends, by changing the
kinetic parameters of magnesite and lizardite.

Fig. 8a shows a typical example in which the magnesite nucleation
rate was strongly increased (F, = 103 particles/s/kg H,O instead of
Fo = 10'1). Because magnesite is the mineral which starts precipitating
quasi immediately, the enhancement of its nucleation rate leads to an
increase of its precipitated amount in the short time and a delay of 5 to
6 days in the production of lizardite. The Si concentration released by
the forsterite dissolution, not being incorporated in lizardite, conse-
quently increases and leads to a strong precipitation of SiO,.

Similarly, an increase in the kinetic parameters of lizardite has an
impact on magnesite growth and Si in the aqueous solution. This is
exemplified in Fig. 8b for which the lizardite nucleation rate was
strongly increased (F, = 1022 particles/s/kg H,O instead of Fo = 10'®).
Not only is there a decrease of the aqueous silica activity and absence of
SiO, precipitation, but the amount of magnesite produced is insufficient
compared to experiment.

These examples demonstrate the intricate kinetic behaviors of the
magnesite, lizardite and SiO, solid phases, due to the sharing of the Mg
and Si released by the forsterite dissolution. Because lizardite occurs in
both conservation laws, the amounts of the three precipitating phases
are strongly coupled and constrained during the whole precipitation
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Fig. 8. Same as Fig. 3a for a): an increase of magnesite nucleation frequency
Fo = 10" particles/s/kg H,O instead of Fo = 10''; b): an increase of lizardite
nucleation frequency F, = 10?2 particles/s/kg H,O instead of F, = 10'8,

process.
6. Conclusion

The present theoretical study analyzed the kinetic characteristics of
precipitation of magnesite and lizardite as a result of hydrothermal
alteration of olivine under high carbonate alkalinity at 200 °C. The si-
mulations were performed with the help of the NANOKIN code which
includes a full treatment of speciation processes in the aqueous solu-
tion, a rate equation for the dissolution of olivine, and a full account of
nucleation and growth processes during the formation of secondary
minerals.

The thermodynamic conditions of the alteration process were
chosen similar to those of the experiments performed by Lafay et al.
(2014). We have proposed a re-interpretation of the TGA data, allowing
to determine the time evolution of the absolute amounts of each solid
phase. We have found that, temporarily, the concentration of Si in the
aqueous solution exceeds the solubility of amorphous silica, thus
leaving the possibility that it precipitates.

We have succeeded in quantitatively reproducing both the experi-
mental TGA results and the mean particle sizes observed with FESEM.
The comparison between experimental and simulation results puts
strong constraints on the simulation parameters, in particular those
related to the nucleation and growth of the particles. It also brings
additional information which complement the experimental results. It
stresses that the in-situ pH value at 200 °C is much lower (= 7.3), albeit
still alkaline, than in the state of the aqueous solution prepared at
ambient temperature (ex-situ value equal to 8.7-8.9). It gives in-
formation on the silicon status during precipitation, pointing to an in-
congruent dissolution of olivine. It reveals a transitory precipitation of
SiO,, not detected experimentally, showing that the fate of Si is more
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complex than a mere incorporation in lizardite. Moreover, thanks to the
possibility of changing the input parameters, the simulation tool has
highlighted how lizardite, magnesite and SiO, compete for the in-
corporation of silicon and magnesium released by the olivine dissolu-
tion.

As a final remark, we would like to stress the interest of a com-
plementary use of numerical modeling and experimental approaches in
studies of fluid-rock interactions. As shown in the present work, mod-
eling can help understanding what happens in aqueous solutions in
terms of mineral saturations and subsequent kinetics of dissolution and
precipitation. It also gives information of the time evolution of the
particle populations of each mineral. Such a combined strategy may
result crucial to address topics of societal importance, relevant in Earth
systems like the functioning of hydrothermal fields, or in engineered
systems like ex-situ and in-situ mineral sequestration of CO,.
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