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Abstract

Over the past decades, the field of mineral dissolution kinetics has undergone a spectacular
evolution, with an increasingly detailed description of the atomic scale mechanisms of fluid-
solid interactions. The development of probabilistic dissolution models has played a
prominent role in this evolution, as they allow for bridging the outputs of ab initio
calculations to macroscopic observables such as dissolution rates and nanoscale surface
features. It is however admitted that these models cannot be easily adapted to simulate natural
systems at large space and time scales due to the restricted dimensions and durations that can
be simulated numerically. In the present study, we demonstrate that the steady-state outputs of
the face-specific stochastic treatment of enstatite dissolution, which was experimentally
validated in a previous paper, can be boiled down to a single analytical expression under the

form:

i = kP2 Pl o P

bulk Mg—-O-Mg*™ Mg—O-Si" Si—-O-Si

where rlfgllc,‘f) is the steady-state dissolution rate of a defect-free (hkl) face [Aliter], Py-o-m’

stands for the bond-breaking probability of the M-O-M’ bond, and %, a, f and y are fitting
parameters adjusted following the outputs of the stochastic simulations. When dislocations

outcrop at the surface of a given (hk/) face of enstatite, the relation then becomes:

(hkl) _  (hkd) | (k)
r = Vouik + Viistocation (PMg—O—Mg H PMg—O—Si H RS'i—O—Si )
where réﬁ’f?cati on stands for the contribution of the dislocations to the overall dissolution rate.

The derivation of simple analytical expressions to get steady-state rate data that are similar to
those obtained using stochastic dissolution models, may contribute to parametrize efficiently
the bond-breaking probability of various atoms for pyroxene solid solutions, and raises the

question of the extension of such surrogate expressions to other silicate structures. Finally, the



48  development of surrogate models such as those reported here represents one of the possible

49  strategies for upscaling dissolution processes from the atomic scale to the micron scale.
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1. Introduction

Many complementary approaches have been developed to predict the fate of water-
rock interactions, at various space and time scales. Historically, the conceptual framework
underpinning the corresponding models has been closely linked to the disciplinary field in
which they were developed.

When dealing with the Earth system, the first attempts to develop weathering rate laws
for large space (km?) and time (Myr) scales were undoubtedly phenomenological, and
strongly relied on empirical relations. The pioneering work of Berner and coworkers, aimed at
reconstructing the evolution of the CO: concentration in the atmosphere during the
Phanerozoic through the development of the BLAG ! and GEOCARB 2 codes, was based on
model weathering reactions, whose rates were largely parametrized according to empirical
rate-runoff, rate-pCOz and rate-temperature relations inferred from field measurements. Since
the early 90s, this approach has been gradually superseded by reactive transport models,
where the source-terms of the classical reaction-dispersion-advection equation are described
following kinetic rate laws derived from dissolution experiments conducted on powdered
single-crystals. Although the corresponding rate equations, which relate the dissolution rate to
fundamental parameters such as temperature, pH, surface area or solution saturation state,

) 37, several studies

were originally claimed to result from the transition state theory (TST
subsequently questioned the theoretical validity of the extension of TST to silicate dissolution
89 the experimental validation of which being described as nothing more than a fitting
exercise with little physical basis by some authors '°. More generally, a growing number of
experimental studies have underlined the limitations of TST-based relations, which fail to

1-19 "and are unable to account

accurately relate dissolution rates to solution saturation state
for the variability (heterogeneity and anisotropy) of crystal dissolution rates 228, With respect

to the relation between dissolution rate and fluid saturation state, the deviation from a TST-
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behavior has often been attributed to the nucleation and opening of etch pits where
dislocations outcrop at the mineral’s surface ' 1 232932 Etch pits have been extensively

reported for a wide variety of minerals 2223 3238

, when the fluid under saturation is large
enough and does not exceed a critical value of the Gibbs free energy. The efficiency of these
sites to enhance mineral dissolution rate has been showed both experimentally and
numerically, and is accounted for by the stepwave model 3!. At the atomic-scale, the opening
of etch pits results in an increase of the density of kink and step sites. This process exposes
atoms with a lower coordination to the fluid which are, as a result, more rapidly dissolved.
More generally, the reactivity of minerals is highly heterogeneous, with hotspots of reactivity
such as kinks, steps (and ultimately crystal edges and corners) and can be accurately captured
by the “rate spectra” concept 2 3°. Finally, several studies have pointed out that mineral

dissolution is anisotropic '% 2223 38, 40-41

, resulting from the anisotropic distribution of atomic
positions in the crystal lattice. These observations have emphasized the need for deeper
experimental and theoretical studies of fluid-mineral interactions from the atomic- to the nm-
scale to unravel the dissolution mechanisms.

Precisely at the other end of the spatiotemporal spectrum, the advent of microscopic
and spectroscopic techniques of characterization of the fluid-mineral interface offered new
avenues to understand mineral reactivity 2% %33, Studies dedicated to the molecular-scale
description of the silicate dissolution process following ab initio quantum mechanical
calculations and molecular dynamics (MD) models emerged some 20 years ago >**°. These
studies provided essential theoretical insights into the dissolution process. Admittedly, the
corresponding studies have been of limited direct interest (and were not intended) to model

chemical weathering in natural settings, due to the restricted durations and dimensions of the

system that can be simulated numerically.
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A first intermediate step in the upscaling process of dissolution reaction rates has been
successfully reached with the emergence of stochastic models of silicate and carbonate

dissolution 25, 28, 36, 48, 53, 57, 60-69

, Whose parametrization may strongly rely on the results of ab
initio calculations mentioned above, with considerable simplifications of the reaction details.
Such an approach dramatically increased the size of the studied systems from clusters of a few
atoms to nanocrystals of several tens of millions of atoms, simulating time scales of up to
several weeks *!* 7%, However, implementing such models into reactive transport codes is not
an easy task since they usually do not provide the rate laws that are required by these codes to
predict the rates of water-rock interactions at large space and time scales ', Promising
strategies combining Monte Carlo simulations and Voronoi methods have been recently

developed to circumvent this issue * 73

, offering the perspective to reach the next step in the
upscaling process, i.e., the continuum scale, where reactive transport can be applied. Such
recent breakthroughs emphasize the crucial importance of maintaining efforts to investigate
into more details the various theoretical and empirical emerging relations of stochastic
dissolution models, which represents one of the goals of the present paper.

!, we developed a probabilistic model of enstatite dissolution

In a previous study *
which successfully reproduced the measured anisotropy of enstatite dissolution rates and
associated surface features. In the present study, hundreds of simulations were conducted with
this model by varying the bond-breaking probabilities of the crystal-to explore the analytical
relation that may link together the detachment of individual atoms from the enstatite surface
to the overall face-specific dissolution rates. This work was in part motivated by the fact that
mineral dissolution kinetics is often treated by mixing macroscopic parameters with
microscopic ones, resulting in rate laws for which the theoretical basis remains questionable

(see discussion in e.g. °). Here we illustrate how overall rate constants may be derived from

atomic-scale parameters, considering especially the bond-breaking probability of hydrolysis
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processes. In particular, we show that, at steady-state conditions, an analytical relation can be
derived to express the overall dissolution rate constant, whose parameters can be adjusted
following the outputs of numerical simulations performed at the atomic scale. We then show
that the resulting analytical relation can be used to predict the steady-state enstatite face-
specific dissolution rates over a wide range of bond-breaking probabilities. This relation is
then further extended from defect-free surfaces to defective surfaces impacted by screw
dislocations. Finally, we discuss the implications of such surrogate expressions, both from the
perspective of the mechanisms of pyroxene dissolution and for the upscaling of silicate

dissolution rates.

2. Methods

2.1 Model description and algorithms
A complete description of the model is given in Bouissonnié et al. *!. In short, the

1 7 are used to create the

positions of Mg, Si and O atoms provided by Hugh-Jones and Ange
enstatite cell thanks to the symmetry elements of the Pbca space group. Mg and Si atoms are
then linked to the 6 and 4 nearest O atoms respectively. Since probabilistic dissolution models
generally consider the bond-breaking probabilities of M-O-M’ bonds * 3% ¢, each Mg and Si
atom is connected to its first coordination sphere °.

Usually, the probability attributed with one event (i.e. the bond-breaking probability)
is written as follows 3:

-E

a

P:ekBT (1)

where P stands for the bond-breaking probability, E, for the activation energy of the bond
hydrolysis (J), kg for the Boltzmann constant (J/K) and T for the temperature (K). In the

present study, the most likely bond-breaking probability (i.e., the bond hydrolysis associated
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te with the lowest activation energy, Mg-O-Mg) was arbitrarily set to 0.99 and the two other
probabilities were scaled according to the differences between their corresponding activation

energies following:

_(ES-ED)
Lo w @)
PB
where A and B represent two different bonds.
48, 61-66

In agreement with previous studies , an “all-or-none” approach has been used.
This approach considers the hydrolysis of atoms instead of individual bonds. In other words,
for a given simulated step, an atom is released only when all the remaining bonds that connect
the atom to the surface of the crystal are broken simultaneously. Otherwise, the corresponding
atom remains connected to the surface. The probability of an atom M to be released in the
fluid depends on the number and type of atomic bonds present in its first coordination sphere.

In the case of the enstatite, this probability can be written as follows:

E, o E
M Mg M—-0—Si
n g m M-0-Si

W, kT _pr  pnm 3)

M-0-Mg  M-O-Si

P,=e

where n and m stand for the number of bonds that the considered atom shares with Mg and Si
atoms respectively.

The dissolution algorithm was described in details in Bouissonnié et al. *' and is
schematically represented in Fig. 1. Such algorithms have previously proven successful to
simulate the dissolution of silicate materials (e.g. *"* ** °"). In short, a random number Z
uniformly distributed between 0 and 1 is drawn for each atom at the surface defined by an
incomplete coordination sphere (i.e. an atom at the crystal surface). If Z < Py, all atomic
bounds are broken and the atom is considered as dissolved (removed from the surface); if not,
the atom stays at the surface. The first coordination spheres of the remaining atoms are then
updated if necessary (i.e., when a removed atom was belonging to the coordination spheres of

one of the neighboring remaining atoms). Because coordination spheres are modified, the
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probability of dissolution Py of the corresponding atoms increases. In such kinds of
algorithms, each iteration step corresponds to a given simulated duration, and the time-step is
therefore constant for all simulations. The proportionality factor to convert the number of
iterations into time is not known a priori, and can be determined by comparing the outputs of
a simulation with experimental data (see *' for details). This aspect contrasts with kinetic
Monte Carlo algorithms based on a “divide and conquer” approach ¢ ® which use an
adaptive time step that varies at each iteration as a function of the random number that is
drawn, corresponding to a specific surface site that is dissolved during the iteration. The main
strengths of the “divide and conquer” approach are that they allow for a direct link between
time and the number of iterations, while precluding the existence of “dead” iterations,
reducing accordingly the computing time required to simulate a given process. Conversely,
“dead” iterations may sometimes occur over the course of the algorithm that we used
(essentially, at the beginning of the simulations), but as opposed to the “divide and conquer”
approach, it allows for simultaneous events to occur over a given iteration (and time step).
Although both methods should ultimately provide identical results (see theoretical derivation
in 7°), to the best of our knowledge, a comparison between both types of algorithms has never
been proposed for mineral dissolution, and is out of the scope of the present study.

The impact of dislocation density has also been studied by running additional
simulations for the (100) face. Dislocations were introduced as lines running parallel to the
[100] axis, in agreement with previous observations ’®. To simulate the faster dissolution at
dislocation sites (placed at the center of the reactive surface), the bond-breaking probabilities
associated te with the atoms belonging to the dislocation line were set to 1 following

Kurganskaya and LuttgeKurganskaya and Luttge *°.
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One of the goals of this study was to understand how the dissolution rate evolves as a
function of the probabilities used as input parameters. To perform this sensitivity analysis,
each of the three fundamental probabilities (Pmg-0-Mg, Psi-o-mg, or Psi-o-si) was sampled in a

given range while the other two remained constant.

>| L1: Iteration loop

y

- L2: Loop over all > L3: Loop over the dissolved atoms
“ aroms ¢
W

Update of the
coordination sphere of
the corresponding
crystal atoms

Is the atom A located at the
crystal’s surface?

|

End of dissolved
atoms loop

Test for dissolution
Z<Py

Increase the mumber of
dissobved atoms A

!

End of the
iteration loop

End of atoms loop

Figure 1 Scheme of the numerical algorithm of the probabilistic model.

Finally, the boundary conditions (BC) were set as follows: atoms that are part of the
sides of the simulated volume cannot be dissolved. Since it can induce a dependence of the
dissolution rate on the dimensions of the simulated surface, we verified that the simulated

surface area was large enough to avoid any impact of the BC on the dissolution rate.

2.2. Outputs of the model

10
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In order to determine the dissolution rate, the number of released Mg and Si atoms is
stored at each step (iteration). In this study, the dissolution rate calculation is based on the
release of Si atoms (equivalent to the one based on Mg atoms departure and mean surface

height at steady-state conditions *'):

iter

r(hkl) Veeu Z Nei 4)

iter X Ng; ceny X S

where ("1 stands for the dissolution rate (A/it) of a given face (here, either (100), (010) or

(001)), Ng; ; for the number of Si atoms released at each iteration i, N, ., for the number of Si

atoms in enstatite cell (16), iter for the total number of iterations, and S for the geometric
surface area of the crystal face (A2). The second output of the model is related to the chemical
environment of the atoms when they are released from the surface. In particular, knowledge
of the first coordination sphere of each atom that has been dissolved allows for the
determination of the number of Mg and Si atoms that were connected to the released M
atoms. As opposed to other similar numerical studies (e.g. 7"®), our study was not aimed to
capture the intrinsic heterogeneous distribution of reaction rates at the simulated crystal
surface. Instead, our primary goal was to provide an analytical expression for the overall face-
specific steady state dissolution rate as a function of bond-breaking probabilities, which has to
be achieved at the scale of a given face, echoing the face-specific dissolution rates frequently

39,79

reported from dissolution experiments (see for an overview).

3. Results

3.1. Dissolution rate evolution as a function of bond-breaking probabilities

11
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Fig.2. Results of the different simulations for the (100) face. Each graph represents the evolution of the steady-
state dissolution rate as a function of the logarithm of: (A) Pmgo-mg (B) Pwme-0si and (C) Psiosi. Each color
represents a different AEa between the two other probabilities which remains fixed. Slopes and intercepts are
listed in Table 1. Legends correspond to the code indicated for each group of simulations. These codes are used in

Table 1 to indicate which simulation corresponds to which groups of data.
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P P P AE AE AE Fig 2
Me=0-Mg Me=0=5i Si=0-Si (Mg-O-Mg-Mg-0O-Si) (Mg-0-Si-Si-O-Si) (Mg-O-Mg-Si-O-Si) a b 2 Cogde
(kJ/mol) (kJ/mol) (kJ/mol)

0.99-0.50  0.30 0.01 - 10.0 - 287 -336 1.00 Al
0.99-0.60  0.30 0.02 - 8.0 - 223 -3.06 1.00 A2
0.99-0.70  0.30 0.04 - 6.0 - 226 275 099 A3
0.99-0.80  0.30 0.08 - 4.0 - 237 246 099 A4
0.99-0.90  0.30 0.15 - 2.0 - 259 -2.18 0.99 A5
099  0.90-0.25 0.01 - - 14.0 468 -097 1.00 BI
0.99  0.90-0.26 0.02 - - 12.0 467 -068 1.00 B2

(100)
0.99  0.90-0.27 0.04 - - 10.0 462 -041 1.00 B3
0.99  0.90-0.28 0.07 - - 8.0 459 -0.15 1.00 B4
099  0.90-0.29 0.14 - - 6.0 453 0.10 1.00 BS
0.99 025  0.0665 - 0.0091 4.2 - - 1.06 -1.64 1.00 Cl
0.99 0.30  0.0798 - 0.0109 3.6 . - 1.02 -137 1.00 C2
0.99 0.35  0.0930-0.0128 3.1 . - 098 -1.14 1.00 C3
0.99 0.40  0.1063-0.0146 2.7 . - 097 -090 1.00 C4

13
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owe Buos  Fios (Al\]/EIg—O—Mg—Mg—O—Si) (Al\];zlg—O—Si—Si—O—Si) (Al\]/E[g—O—Mg—Si—O—Si) ¢ b R
(kJ/mol) (kJ/mol) (kJ/mol)
0.99-0.50 030  0.01 - 10.0 - 2.18 -3.08  1.00
0.99-0.60 030  0.02 - 8.0 - 224 283 1.00
0.99-0.70 030  0.04 - 6.0 - 224 260  1.00
0.99-0.80 030  0.08 - 4.0 - 221 239 1.00
0.99-090 030 0.15 - 2.0 - 221 -2.18  1.00
0.99 0.90 - 0.25 0.01 - - 14.0 448 -078  1.00
(010) 0.9 0.90 - 0.26 0.02 - - 12.0 448 -054  1.00
0.99 0.90 - 0.27 0.04 - - 10.0 472 019  1.00
0.99 0.90 - 0.28 0.07 - - 8.0 479 0.72 1.00
0.99 0.90 - 0.29 0.14 - - 6.0 479  0.29 1.00
0.99 025  0.0665 -0.0091 4.2 - - 0.75 -1.92  1.00
0.99 0.30  0.0798-0.0109 3.6 - - 0.82 -148  1.00
0.99 0.35  0.0930-0.0128 3.1 - - 0.75 -123  1.00

15
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fowe Buos Foos A(I];:/Ig—O—Mg—Mg—O—Si) (Al\];:[g—O—Si—Si—O—Si) (Al\ﬁg—O—Mg—Si—O—Si) ¢ b R
(kJ/mol) (kJ/mol) (kJ/mol)
0.99-0.50  0.30 0.01 - 10.0 - 746 -1.72 100
0.99-0.60  0.30 0.02 - 8.0 - 6.77 -1.77  1.00
0.99-0.70  0.30 0.04 - 6.0 - 6.64 -1.73  0.99
0.99-0.80  0.30 0.08 - 4.0 - 588 -1.74 098
0.99-0.90 030 0.15 - 2.0 - 505 -1.73 096
0.99 0.90 - 0.25 0.01 - - 14.0 4.09 0.39 1.00
(001)  0.99 0.90 - 0.26 0.02 - - 12.0 420 0.46 1.00
0.99 0.90 - 0.27 0.04 - - 10.0 423 0.48 1.00
0.99 0.90 - 0.28 0.07 - - 8.0 421 0.49 1.00
0.99 0.90 - 0.29 0.14 - - 6.0 423 051 1.00
0.99 025  0.0665 -0.0091 4.2 - - 0.17 -1.81  0.99
0.99 0.30  0.0798-0.0109 3.6 - - 0.15 -1.52 097
0.99 0.35  0.0930-0.0128 3.1 - - 0.13 -127  0.98

17



0.99 0.40 0.1063- 0.0146 2.7 - - 0.12 -1.04 0.99

0.99 0.45 0.1196-0.0164 2.4 - - 0.15 -0.80 0.99
0.99 0.50 0.1329-0.0182 2.1 - - 0.12 -0.63 0.99
0.99 0.55 0.1462 - 0.2000 1.8 - - 0.12 -0.45 0.99
0.99 0.60 0.1595-0.0219 1.5 - - 0.11 -0.30 0.99
0.99 0.65 0.1728 - 0.0237 1.3 - - 0.12 -0.14 1.00
0.99 0.70 0.1861 - 0.0255 1.0 - - 0.14 0.02 1.00
0.99 0.75 0.1994 - 0.0273 8.4 - - 0.14 0.14 0.99
0.99 0.80 0.2127-0.0292 6.4 - - 0.14 0.26 0.99
0.99 0.85 0.2260 - 0.0310 4.6 - - 0.14 0.35 0.98
0.99 0.90 0.2393-0.0328 2.9 - - 0.15 0.44 0.98
0.99 0.95 0.2526 - 0.0346 1.2 - - 0.16 0.51 0.95

Table 1. Different AE, values used in this study (the “-” symbol indicates that AE, varies). The slope (a), intercept (b) and correlation coefficient (R?) of the linear regression
of log(r) = f(log(P)) are given in the last three columns (see text for details). When Pumg.0-me Was left constant, its value was set to 0.99. This value allows for minimizing
the simulation time required while having the possibility to associate a corresponding physical AE, value. When the relation between dissolution rate and Pmg-0-mg Was studied,

Pug-0-si was arbitrarily set to 0.3. Finally, the chosen probabilities were constrained by Pwmg-0-mg > Pmg-0-si > Psi.o-si.
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In total, 345 simulations have been conducted (115 per face) to explore a wide range

of activation energies. Over these 115 simulations, 30 were dedicated to unravelling the

dependence of the dissolution rate evolution on Puyg-0-mg , 25 on Pugo-si , and 60 on Psi.o-si .
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Fig.3. Distribution of the different coordination spheres of an atom right before its dissolution. The first two

lines depict Mg atoms, and the following two lines, Si. The proportion is defined by the number of atoms at the

surface having m or n bounds divided by the total number of atoms, so that the sum of all modes is 1. Blue and

red bars correspond to a set of low (Pmg-0-mg = 0.5, Pmg-0-si = 0.3 and Ps;.o-si = 0.0109) and high (Pmg-0-mg = 0.99,
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the simulations on (100), (010) and (001) faces respectively.
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As an illustration, the treatment of the outputs of the simulation conducted with the (100) face
is depicted in Fig. 2. As expected, the simulations with the lowest probabilities correspond to
those resulting in the lowest steady-state dissolution rates. The different datasets of
probabilities (one set corresponds to one value of Pug-0-Mmg, Pug-o-si and Psi-o-si as the master
variable, all else being constant) have been sorted into different groups according to their
fixed AEa value. A total of 25 groups per face were analyzed (5 groups of 6 datasets, 5 groups

of 5 datasets and 15 groups of 4 datasets for the r = f(Pyg—0-mg)s 7 = [ (Pug-o-si) and

r = f(Ps;_o_si) cases respectively). These different groups and the full dataset are listed in
the Table 1.

A linear relationship between the logarithm of the dissolution rate and the logarithm of
the bond-breaking probabilities can be observed for the different simulations (see Fig. 2). This
linear model matches results from numerical simulations quite satisfactorily. Moreover, the
slope remains constant when changing the activation energy for the hydrolysis of one bond,
whatever the difference in the activation energy of the two other bonds (i.e. the slopes are the
same for the results shown in each Fig. 2A, 2B and 2C). Slopes, intercepts and R? of these

linear regressions are listed in Table. 1.

3.2. Mean first coordination sphere of released atoms

The attainment of a mean surface configuration when steady-state dissolution rates are
reached represents a common trait of all simulations. The corresponding mean first
coordination spheres of the M atoms at the iteration step of their detachment from the surface
are depicted in Fig. 3. The coordination spheres will be referred as M-(O-Mg), or M-(O-Si)m
in the following (n and m standing for the number of Mg and Si neighbors, respectively).
Whereas the coordination of Si-(O-Si)m is dominated by a single mode for which m = 1,

others are more dispersed around one or more principal modes. Regarding Mg-(O-Mg)a, n is
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always an even number, regardless of the set of probabilities, consistent with the structure of
enstatite. The value of the principal modes of Mg-(O-Mg),, Mg-(O-Si)m, and Si-(O-Mg)m
depends on the probability and differs from one face to another, as illustrated in Fig. 3, where
the blue and red bars corresponds to two distinct sets of probabilities ([Pmg-0o-mg = 0.99, Pmg-o-
si = 0.3, Psio-si = 0.0109] and [Pmg-0o-Mg = 0.7, Pmg-0-si = 0.3 and Psi-osi = 0.1547]) selected
from the slowest and fastest range of dissolution rates respectively. However, these
distributions also reveal that the mean coordination spheres remain constant, regardless of the
set of probabilities used to run the simulation or the face that is considered (4.02 + 0.01; 6.64

+ 0.02 and 1.002 £ 0.002 for Mg-O-Mg; Mg-O-Si+Mg-O-Si and Si-O-Si bonds, respectively).

0.020 T T T T T T T T T
[Pmg-0-mgi Prg—o-sis Psi—o-sil
0.018F
[0.99; 0.3; 0.0109]
[0.99; 0.25;0.0096]
0.016F b
0.014F 1
0012} .
%\ Kgpp = 0.011
.2 0.010F b
T8
(S
0.008F 1
0.006 .
. Kapp = 0.005
0.004F . b
'
L)
0.002F e [ ) 1
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. ) . 11 -2
Dislocation density (x10°" ¢cm *)
Fig 4. Contribution of dissolution rate specific to dislocation (r(100) ) to the total dissolution rate (r(100))
Ig 4. utl solu P 1 1008 (T gisiocation 1s501u i

as a function of the dislocation density. The filled circles represent the results of the different simulations and
lines, the application of Eq. 16 using the parameters that allow for the best fit of all the simulations. Colors
represent different [Pug.0-me; Pug-0-si; Psi-o-si] input probabilities: [0.99; 0.25; 0.0669], [0.99; 0.3; 0.0109] and
[0.99; 0.25; 0.0096] for the cyan, blue and red lines respectively. Values of k., are 0.018, 0.011 and 0.005 for

the cyan, blue and red lines respectively.
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3.3. Dislocation density

The results of simulations conducted with dislocations are reported in Fig. 4. The
dislocation density has been investigated by varying the surface area (i.e., all simulations were
conducted using a single dislocation line, while varying the simulated surface area).
Simulations containing dislocations have been conducted on the (100) face. The presented
result show the relation between the dissolution rate and the dislocation density after

subtraction of the “bulk” contribution to the overall dissolution rate (i.e., r4D =" _

r "Dy The results highlight an asymptotic relationship between dissolution rate and

dislocation density.

4. Discussion

4.1 Bulk dissolution rate evolution as a function of bond-breaking probabilities

From the numerical experiments described in Section 3.1, the steady state dissolution
rates of enstatite (defined as congruent and constant dissolution rates with time) are
proportional to each individual bond-breaking probability raised at a given power inferred
from the linear regressions depicted in a log-log diagram (Fig. 2). Moreover, since the slope
of the linear regression between Log(P;) (i stands for Mg-O-Mg or Mg-O-Si or Si-O-Si) and
Log(r) is constant whatever the difference between the two other involved probabilities; a

more general function of the dissolution rate can be written as:

i =k P WP Pl

bulk Mg—-0O-Mg*™ Mg—0O-Si~ Si—-O-Si (5 )
where k is a constant and & [3,¥ are the corresponding slopes listed in Table 2 for the various
regressions. The parameter & is then obtained using equation 5 and is constant for each face.

The different parameter values are summarized in Table 2, the &, ﬁ, ¥ values are obtained by
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taking the average values of the corresponding slopes and the dissolution rates calculated with

the surrogate model (Eq. 5) are compared with the simulated one in Fig. 5.

Face k a B 7

(100) 8.87 2.46 4.62 0.94
(010) 7.80 2.22 4.65 0.75
(001) 4.72 6.36 4.19 0.14

Table 2. Values of the different face-specific parameters of the surrogate model.

If the parameter a can be considered as constant for (100) and (010) faces (Table 1), the slope
that corresponds to a variation of Pmg-o-mg decreases from 7.46 to 5.05 when the difference
between Emg.0-si and Esi-osi decreases, i.e., when Emgo-si gets closer to Esi-osi. For these
cases, the assumptions used in the concept of the surrogate model may not be fulfilled (e.g., £
is constant and does not depend on the different probabilities). This assumption will be
discussed in the next section. Despite this approximation and the apparent trend for the (001)
face, the proposed model described by Eq. 5 is capable of satisfactorily estimating the
simulated dissolution rates (Fig. 5) for the three different faces. Note that Eq. (5) has been
derived from simulations where only the first coordination sphere of surface atoms is
considered for expressing the dissolution probability of individual atoms. Several studies 3% %
have shown that second coordination sphere may also play a role in the dissolution, and may
impact the shape of the developed etch pits. However, we showed that considering only the
first coordination sphere is enough to reproduce satisfactorily the face-specific shape of etch

pits observed on enstatite !

, explaining why we stick to this model in the present study.
Considering the impact of the second coordination sphere would make Eq. 5 more

sophisticated, since it would probably incorporate specific terms related to the second

coordination spheres.
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4.2. Theoretical interpretation of the surrogate model

The development of the surrogate expression given in Eq. 5 is derived from a
statistical analysis of the outputs of the stochastic simulations of enstatite dissolution, with no
preconception of the mathematical form that should be used to relate the steady-state
dissolution rates to the individual bond-breaking probabilities describing enstatite hydrolysis.
In the present section, we provide a possible theoretical explanation of Eq. 5.

The dissolution rate can be defined as the derivative of the number of atoms that are
dissolved with time:

dN,, ,
r=——- 6
& (6)

where Nua stands for the amount of dissolved atoms belonging to the M species during the
time interval df. Arguably, Numa should depend on two parameters: the amount of atoms
located at the mineral surface (Nums) and the intrinsic detachment rate of these atoms.
Importantly, classical theories of dissolution kinetics suggest that at steady-state conditions,
Nus is constant and proportional to the considered surface area °. This aspect was numerically
verified in our previous study *' where we showed that the amount of surface atoms level to a
plateau as soon as the dissolution becomes congruent and the dissolution rate is constant.

At steady state, the number of dissolved atoms of Mg or Si is given by:

A

N=N,

g

PMg =NgF; (7

where N is the number of dissolved atoms of Mg or Si, N , is the number of atoms A (Mg or

Si) at the mineral surface, P, is the probability that atom A is dissolved. Following the

previous equation, N can be rewritten as:

N = V NMgPMgNSiRS'i (8)
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that are reported in Table 1.
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Fig 5. Comparison between the dissolution rates estimated with the surrogate model (rueory; Eq. 5) and
dissolution rates provided by the numerical simulations (7..q) for faces (100) (A), (010) (B) and (001) (C). The
comparison is made for all the different simulations listed in Table 1. For instance, (A) presents all the

simulations shown in Fig. 2, and the rate variability results from the corresponding bond-breaking probabilities

The dissolution of an A atom for a given coordination sphere i is given by:

)
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where &, and B, are the number of bonds connecting the considered A atom to another A or
to a B atom (Si or Mg accordingly), respectively. At the solid surface, we consider that there
are Nc different coordination spheres and 7, atoms with a coordination sphere i. Therefore,

the probability to dissolve the atom A over the mineral face is:

1 Ne ‘ » . Ne
Pi=—>'nP: P}, and N,=>n, (10)
4 i=1 i=1
Or
l N -, pBi—P oy B y B
P == zniPA—A P\ PPy =k PPy (1T)
A i=1
with
| e
k=== 2 m P P (12)

4 =1

and the number of dissolved atoms is:

_ J 7 g Bug osi pBsi
N = \/ N Mg Ny \/ kMg P, MgOMg P, MgOSikSiPSiOSiP MgOSi
_ Ix \ o B 4
- NMnggNSikSi MgOMgPMgOSiIDSiOSi

with 0(=0(Mg, ﬂ:ﬁMg'i_ﬂS,‘a 7/:“3[-

(13)

The statistical analysis of the numerical experiments provides some values of the parameters

k, o, ,B, Y (see Table 2). Surprisingly, the parameter k£ does not depend on the probabilities
P,_, and P,_, in the range of the numerical values used for the experiments. An appropriate
choice of («,,B,) may explain this property. Assuming that &, =¢, and S, =p,, the

constant k, can be rewritten as:

n. 1 _ _
k,==+—= n Pl plhl 14
R NZ P (14)
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. =0 f—pB; . . .
Therefore, k, can be a constant value if n; >> E nP’ P .’ which is possible when
i=l,i#

&, >a; and/or S > f3,, for having positive exponents for the probabilities P,_, and/or P,_,.
Given that the exponents are positive, considering k as a constant is a reasonable assumption
if the difference between P, , and P, , is significant. The validity of this condition is
difficult to appreciate if P, , and P, , are close, as it is the case for the simulations run for

(001) face (see section 4.1 and Table 1). Finally, this demonstrates that the dissolution rate is

therefore compatible with Eq. 5:

o B
rew Ny o lluosBios iy o Ve (1)
dt dr iterXNema XS

with N_ _standing for the number of "complexes" (see 4.4) in the enstatite cell.

cmx

4.3. Accounting for the impact of dislocation density on the dissolution rates

Dislocations have a measurable impact on the dissolution rate, whatever the set of
probabilities that was tested (Fig 6C). This result is consistent with numerical and
experimental studies that showed that the presence of dislocations outcropping at mineral
surfaces globally increases the dissolution rate when the nucleation of etch pits is
thermodynamically favorable (i.e., at far-from-equilibrium conditions !> 4 16 23, 31 37y
However, when dealing with natural samples, the dislocation density remains a parameter
impossible or difficult to control a priori, which complicates the prediction of its impact on
dissolution rate. Furthermore, several studies showed that the mineral dissolution rate is not a

strictly increasing function of the dislocation density 3!-37- %

since above a given threshold, the
dissolution rate no longer varies with the dislocation density.

To qualitatively comply with the above-mentioned studies, the results for the (100)

face (Fig. 4) were fitted using the following empirical relation between dislocation density
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and the additional dissolution rate resulting from etch pit opening at dislocation outcrop (see
Section 3.3.), which verifies that the dissolution rate levels to a plateau value when the

dislocation density tends towards infinity:
_Pa
ragils(l)(?c?at[on = kapp l —-e @ (16)

where £, and @ (= 5.51 x 10'%) are empirical parameters that were obtained by calibration

on the outputs of the simulations, and p, is the dislocation density. Whereas w does not seem

to vary with the probabilities used as input parameters, it clearly appears that k&, (Fig. 4)

depends on the individual bond-breaking probabilities. From a physical standpoint, this
observation may result from the fact the first coordination spheres of atoms in the vicinity of a
dislocation line differ from those of atoms considered for defect-free surface.

Considering this apparent relationship between ks and the probabilities, a first
tentative to link the global rate to the probabilities and the dislocation density was performed
using the same exponent for each probability as the “bulk” case. Since the global rate is

(hkl) (hk) (hkl)

equivalent to r™" =150 o 410k » it 18 possible to assume the following relation:

_Pa
= |:k + kg [l —e H PAZ(g—o—MgPAfg—O—S"RWZ‘O‘Si 17

A comparison between this relation and the experimental results is given in Fig. 6A and the
value of kais is given in Table 3. Although the relationship between the surrogate model and
the results of the simulations was proven efficient to simulate the dissolution of defect-free
surfaces (R*> 0.9 in all cases), it is not the case when using Eq. 17, for which R> = 0.76.

In order to improve the agreement between the surrogate model of the global rate and
the results of the simulations, numerical experiments were run for face (100) with dislocations

similarly to Section 4.1. The dissolution rates were fitted using the following function:
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Pa
(hkt) — i Buis Viis o
Vaistocation = kdisk PMg—O—MgPMg—O—SiPSi—O—Si l-e (18)

The values of &,,f3,.,7,; are lower than those obtained in the “bulk” (defect-free) case

(Table 3), which makes sense since the coordination spheres of atoms are arguably lower in

the vicinity of the dislocation line, resulting in greater measured dissolution rates.

kdis adis ﬂ dis ydis Y R2
227.9 2.46 4.62 0.94 0.72
44.7 2.09 4.09 0.67 0.86

Table 3. Values of the parameters of the model described by Eq. 17 and Eq. 18 and the correlation coefficient
R2. The bold characters represent the fitted parameters.

The global dissolution rate of enstatite can then be calculated by summing rb(glk,:) and

(hkl)

Tistocation> Tesulting in the following relation:

Pa
(hkl) _ [22 B Y Qis Biis Viis o
o =kP, e-0-se Pvig-o-sisio-si T kg B e 0-se Py o-siFsitosi [1 —e ” } (19)

Therefore, the agreement between the results of the simulations and the surrogate model is
improved and its correlation coefficient increases from 0.72 to 0.86 (Fig. 6B).

If this type of relations can be extended to other minerals and other types of defects
(e.g. vacancies), they may represent an interesting method to link together dissolution rates
derived from considerations at the atomic scale and those derived from observations at the
mineral scale. This type of relations can also represent a significant progress for reactive
transport models that simulate steady-state dissolution reactions. Indeed, even though the
present work represents a preliminary step to link relations at the atomic scale to macroscopic
dissolution rates, it shows promise as a mean to express face-specific steady-state dissolution
rates as a function of the bond-breaking probabilities (and therefore, of the activation energies
of hydrolysis) of the different types of bonds that exist for a given mineral. While some

studies have questioned the possibility to use the outputs of Monte Carlo simulations in
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reactive-transport codes because of the limited space- and time-scales investigated following

such stochastic treatments of the dissolution process, here we show that steady-state

dissolution rates may be satisfactorily calculated from considerations at the atomic scale. As a

consequence, rate equations similar to Eq. 17 or Eq. 19 may be simply implemented in

reactive transport codes as the rate-constant of the source term of the classical reaction-

advection-diffusion equation. This may be of interest for modeling processes for which the

fluid composition can be considered as unchanged over the considered simulated time, such

as chemical weathering in rivers or in some aquifers with a constant fluid velocity, or fluid

circulation in deep fractured geothermal reservoirs, where the fluid composition is

approximately constant and poorly affected by geothermal power plant functioning (e.g. 8").

More work remains however needed to assess whether this result is limited to enstatite or the
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Figure 6. Comparison of experimental dissolution rates (r..¢) and dissolution rates determined with the surrogate

model (¥umeory) With the presence of one dislocation (dislocation density is changed by varying the surface area).

Agreement using (A) Eq. 17 and (B) Eq. 19. (C) Comparison between dislocation-driven dissolution and bulk

(dislocation-free) dissolution. The presence of dislocations increases dissolution rates for all the simulations. The

data points represent the simulations conducted using sets of probabilities and dislocation densities given in Table 4.
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pyroxene group (there is a priori no reason to think so), as well as expanding the relation to
the transient regime, where the dissolution rate is neither stoichiometric nor constant. As long
as this latter task remains not fulfilled, alternate approaches such as the use of Voronoi

distance maps 3% 73

probably represents the most promising compromise to upscale kinetic
Monte Carlo simulations. This strategy nonetheless remains far more complicated than just

using a surrogate expression as proposed above.

D lgi‘;lcs?:;on MgOMg  MgOSi SiOSi
1.99E+11 0.99 0.3 0.0109
1.99E+11 0.99 0.25 0.0096
1.99E+11 0.99 0.9 0.0096
1.99E+11 0.99 0.25 0.0091
1.99E+11 0.99 0.25 0.0669
4.88E+10 0.99 0.3 0.0109
4.88E+10 0.99 0.25 0.0096
4.88E+10 0.99 0.9 0.0096
4.88E+10 0.99 0.25 0.0091
4.88E+10 0.99 0.25 0.0669
2.21E+10 0.99 0.3 0.0109
2.21E+10 0.99 0.25 0.0096
2.21E+10 0.99 0.9 0.0096
2.21E+10 0.99 0.25 0.0091
2.21E+10 0.99 0.25 0.0669
1.21E+10 0.99 0.3 0.0109
1.21E+10 0.99 0.25 0.0096
1.21E+10 0.99 0.9 0.0096
1.21E+10 0.99 0.25 0.0091
1.21E+10 0.99 0.25 0.0669
3.00E+09 0.99 0.3 0.0109
3.00E+09 0.99 0.25 0.0096
3.00E+09 0.99 0.9 0.0096
3.00E+09 0.99 0.25 0.0091
3.00E+09 0.99 0.25 0.0669

1.9899E+11 0.99 0.5 0.0096

1.9899E+11 0.8 0.3 0.0109

1.9899E+11 0.7 0.3 0.0109

4.8773E+10 0.99 0.5 0.0096

4.8773E+10 0.8 0.3 0.0109

4.8773E+10 0.7 0.3 0.0109

2.211E+10 0.99 0.5 0.0096

2.211E+10 0.8 0.3 0.0109

2.211E+10 0.7 0.3 0.0109
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Table 4. Dislocation densities and probabilities used in the simulations used for Fig. 5. Bolded lines represent
the input parameters used in the simulations shown in Fig. 3.

4.4. Relation between the coordination of atoms leaving the surface and the
surrogate expression

Interestingly, when atoms are released from the mineral surface, they seem to have a
specific average coordination. This assertion is supported by the analysis of the environment
of Mg and Si when they leave the surface, since the mean values of Mg-O-Mg, Mg-O-Si+Mg-
O-Si and Si-O-Si bonds remain constant and unaffected by the set of probabilities used to run
the simulations for all faces (see Section 3.2). However, the numerical values of the
parameters used in the surrogate expression of the dissolution rate are face-specific. This
apparent paradox can be easily explained by recalling that the histograms reported in Fig. 3
actually take into account all atoms leaving the surface, including those whose departure is
not rate-limiting of the dissolution process.

By analogy with Eq. 3, the surrogate expression given by Eq. 17 or Eq. 19 may reflect
the average coordination of atoms that control the dissolution process, as kink sites would do.
The fact that the numerical values of a, f and y are face-specific indicates that this average
rate-controlling configuration is not unique for a given mineral. Most likely, this result
reflects the fact that kink sites, which are much more difficult to define using a real crystal
lattice than simplified isotropic cubic Kossel crystals, differ from one face to another when
dealing with anisotropic structures. This explanation would in turn be consistent with the

observed anisotropic reactivity of the pyroxene structure.

5. Conclusion

In this study, we presented the results of hundreds of probabilistic simulations of

enstatite dissolution to link the overall dissolution rate to the bond-breaking probabilities used
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as input parameters. By varying independently each probability, we showed that it is possible
to build a surrogate model that links the different probabilities to the dissolution rate
following a power law. This result contributes to the general effort of upscaling of mineral
dissolution kinetics, since this surrogate expression is based on a mechanistic approach
developed from considerations at the atomic-scale, from which the resulting dissolution rate
constants can be used as a source term in reactive transport simulations. However, the relation
remains valid at steady-state conditions only, and the transient regime must be treated
following other upscaling approaches, such as the use of Voronoi distance maps % 7.

The various simulations conducted with dislocations have shown that it is possible to
link the dissolution rate to the dislocation density by introducing an exponential factor to the
global r = f (]_[iPl.Zi) relation. This relation further extends the interest of probabilistic
simulations of mineral dissolution to account for the impact of some important parameters
that are hardly controlled in experimental studies. In addition, in case of a bond hydrolysis
with significant higher activation energy than the others, the dissolution rate is strongly
correlated to this activation energy, and the surrogate model may be used to estimate the value
of this parameter.

However, the surrogate model also presents some limitations, particularly when M-O-
Si and Si-O-Si hydrolysis probabilities are getting close to each other (where M is a divalent
cation, i.e., Mg in the case of enstatite). In this specific case, the results may be out of the
limits of the theoretical framework that supports the development of the surrogate expression.
Of note, such cases are however those for which the input parameters are physically
unrealistic, as the activation energy of Si-O-Si hydrolysis is admitted to be much lower than

any other M-O-Si bond.
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Finally, this study represents a first step towards the development of surrogate
expressions of mineral dissolution rates. Its application to natural environment, its extension

to other groups of minerals as well as its extension to transient state still have to be explored.
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