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Abstract

Recent measurements on the dissolution rate of nano- and micron-scale rough calcite surfaces have shown lateral varia-
tions in dissolution rate, which can be quantified using rate spectra. This study uses numerical simulations to investigates the
hydrodynamic processes during such experiments to explore whether hydrodynamic effects can explain the observed dissolu-
tion rate spectra. For this purpose, we simulated the dissolution processes of nano- and micron-scale rough calcite surfaces in
COMSOL Multiphysics. We imposed surface topographies and local reaction rates measured using Vertical Scanning Inter-
ferometry (VSI), and implemented the same flow rate (i.e., 6 � 10�8 m3 s�1), solution chemistry (pH 8.8, alkalinity 4.4 meq/
kg-H2O and pCO2 10

�3.48 bar) and flow-cell geometry as those used in the experiment. We have compared the simulated rate
spectra against the experimentally measured values at a calcite surface having the same surface topography and reactive-flow
conditions.

Simulations using a single dissolution rate for the rough calcite surface did not produce similarly wide dissolution rate
spectra like those observed experimentally. Our results have shown that only by explicitly incorporating the rate spectra in
the model the simulated and the measured rate spectra would match. Sensitivity analyses by varying chemical composition
and flow velocity were performed to examine the effects of these parameters on the calculated rate spectra. This study con-
cludes that for the reactive-flow regimes where dissolution rate spectra are observed experimentally, the chemical heterogene-
ity, topography of the crystal surface and the resulting heterogeneity in the free energy landscape at the surface play a major
role in controlling the dissolution rate spectra. With the injection of more acidic (pH 2) solutions at higher velocities (i.e.,
0.04 m s�1), we observed an increase in the hydrodynamics-induced rate variability at microscopically rough surfaces.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

In past decades, numerous experiments have been con-
ducted to better understand the controlling processes for
calcite dissolution at both the macroscopic bulk scale
(Plummer, 1978; Sjöberg and Rickard, 1984; Busenberg
and Plummer, 1986; Chou et al., 1989; Pokrovsky et al.,
2005) and at the microscopic scale (Shiraki et al., 2000;
Arvidson et al., 2003; Lüttge et al., 2003; Fischer et al.,
2012; Brand et al., 2017). Yet, the reported rate equations
provide different surface normalized dissolution rates for
similar state of the solution (i.e., similar pH, Omega,
DIC) with discrepancies over several orders of magnitude
(Arvidson et al., 2003, Bollermann and Fischer, 2020). Sev-
eral explanations have been suggested for this discrepancy
including (i) different laboratory settings leading to flow
heterogeneity within the reactor, e.g. fluidized bed reactors
(Chou et al., 1989) or disk-shaped flow cells (Arvidson
et al., 2003) or mixed-flow reactors (Pokrovsky et al.,
2005), or rotating disk batch reactors (Sjoberg and
Rickard, 1984; Pokrovsky et al., 2005), (ii) the texture of
the reacting substrate i.e., single crystals (Sjoberg and
Rickard, 1984; Busenberg and Plummer, 1986), powder
(Plummer L. N., 1978; Chou et al., 1989; Pokrovsky
et al., 2005), single crystal surfaces with defect structures
and variation in dissolution mechanism such as the step-
wave model ((Lasaga and Luttge, 2001), and iii) the intrin-
sic variability of surface reactivity, expressed by dissolution
rate spectra (Fischer et al., 2012; Brand et al., 2017; Noiriel
et al., 2020). Mineral surface area has also been suggested
as a source of uncertainty related to reasons (ii) and (iii)
above, since bulk experiments rely on the value of the sur-
face area of the substrate (crystal/powder) to calculate nor-
malized rate values that can be compared across different
investigations. Therefore, accurate parameterization of
mineral surface area becomes critical. Three definitions
for the surface area have been discussed in the literature
including (a) geometric surface area, GSA, which assumes
microscopically smooth crystal surfaces, (b) specific surface
area, SSA, which corrects for smoothness assumption and
takes care of surface roughness, and (c) reactive surface
area, RSA, which is often related to the SSA using a con-
stant factor often set between one and three with no clear
basis for this choice (Yoon et al., 2012; Steefel et al.,
2015; Yoon et al., 2015; Yoon et al., 2019).

Dissolution experiments at the microscopic scale, such
as those using Atomic Force Microscopy (AFM), Vertical
Scanning Interferometry (VSI) and X-ray Computer
Tomography (XCT) approaches obtain dissolution rates
directly from the evolution of the subsequently measured
crystal surface area (Shiraki et al., 2000; Arvidson et al.,
2003; Fischer et al., 2012; Brand et al., 2017). These meth-
ods capture the temporal evolution of crystal surface mor-
phology at nano- to micro-scale without any assumptions
about surface reactivity and surface area normalization
via rate map measurements and calculations (Fischer
et al., 2012; Emmanuel and Levenson, 2014; Yuan et al.,
2019; Kahl et al., 2020; Noiriel et al., 2020). The topogra-
phy evolution information combined with the molar vol-
ume of calcite dissolved provides the dissolution rate
average and/or the lateral heterogeneity. In the past, such
studies have revealed that the molecular-scale crystal struc-
tures, such as point defects, etch pits, steps and faces signif-
icantly influence the calcite dissolution rate and mechanism
(Fischer et al., 2012; Brand et al., 2017; Noiriel et al., 2020).
These studies have shown that in the case of crystal hetero-
geneity (particularly, crystal surface heterogeneity) a rate
spectrum for the surface reactivity more adequately
describes dissolution, in comparison with using a single
value for the reaction rate (Fischer et al., 2012). Further-
more, molecular level modelling with kinetic Monte Carlo
algorithms have shown that the kink site density, modified
by both the defect density and the surface nano-topography
is critically controlling the reaction kinetics, e.g., (Fischer
et al., 2018; Kurganskaya and Rohlfs, 2020).

Flow-through experiments rely on certain assumptions
regarding the hydrodynamic effects. A key assumption is
related to the mass transfer conditions at the surface section
under investigation. One of the prerequisites of AFM and
VSI experiments is the prevalence of surface-controlled con-
ditions. Constraints about fluid residence time etc. are dis-
cussed in detail in literature, exemplified by the
observations on calcite surface step movement as a function
of distance from equilibrium during dissolution reaction at
different flow-through rates (Liang and Baer, 1997). In gen-
eral, the demanded value of the flow rate emanates from a
sensitivity test where the mean dissolution rate of the
observed calcite surface section levels off as flow rate
increases (e.g. Fig. 1 in Liang and Baer, 1997). Eventually,
the onset of a steady state reaction rate, independent of flow
rate, gives a cut-off flow rate above which the reactive trans-
port system is assumed to be kinetically/surface controlled.
However, several reactive transport simulations of AFM
fluid cells, particularly for gypsum dissolution, have previ-
ously revealed that the transport conditions in cells are often
more complex (Gasperino et al., 2006; Peruffo et al., 2016).
For example, Peruffo et al (2016), inspected the impact of
mass transfer conditions over the assumed kinetics-
controlled reaction regime. They found that the flow rate
value of 5 � 10�8 m3 s�1 in a fluid cell of a volume of
100 mL produces a reaction-controlled regime, based on a
sensitivity test. However, in reality this flow rate leads to a
build-up of calcium and sulfate in the order of 7 mM near
the gypsum surface. This indicates the prevalence of a mixed
surface-transport controlled regime at higher flow rates
depending on the solubility of the solid under investigation.

Surface roughness is a factor which may contribute to
an enhancement of a boundary layer where dissolution
products can accumulate. At the pore scale, it has been
shown that the surface roughness of minerals influences
the hydrodynamic interactions between fluid and solid sur-
face through the development of the non-uniform diffusion
boundary layer (DBL, Jeschke and Dreybrodt, 2002). Such
a non-uniform diffusive boundary layer results into local-
ized stagnant/immobile zones on mineral surface which
attain lower values for the reaction rate. In the past, a num-
ber of pore-scale studies have explored the hydrodynamics
of differently textured porous media and the effect of diffu-
sion boundary layer development on the calcite dissolution
rate (Yoon et al., 2012; Noiriel, 2015; Yoon et al., 2015;
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Deng et al., 2018; Yoon et al., 2019; Molins et al., 2020).
Moreover, a limited number of studies have quantified
the hydrodynamics at a nano- and micron-scale rough cal-
cite surfaces during surface dissolution experiments
(Levenson and Emmanuel, 2013; Levenson et al., 2015).
For example, Deng et al., 2018, presented an explicit con-
trol of the pore scale hydrodynamics for a range of trans-
port and reaction regimes and upscaled these pore scale
processes to estimate a correlation factor for the reactive
and specific surface areas. However, this study utilized frac-
ture profiles with much higher roughness magnitude
(>10 mm) than the generally observed roughness magnitude
of calcite surface in VSI and AFM experiments. Levenson
et al. (2013), simulated the crystal surfaces obtained from
AFM experiments and showed that for a given roughness
magnitude of the crystal and under surface-controlled dis-
solution conditions, the diffusion boundary layer remains
uniform. However, they also noted that the choice of the
chemistry model might influence this observation. This
motivates the current study to utilize a detailed reactive
transport model for delineating the fluid hydrodynamics
at a nano- and micron-scale rough calcite surfaces for both
reaction and transport-controlled dissolution regimes.

The main goal of this paper is to examine whether the
experimentally observed lateral heterogeneities in dissolu-
tion rates (rate spectra) at the microscopic scale can be
explained by the contribution of hydrodynamic effects. Ini-
tially, we investigated the influence of nano to micron scale
surface roughness of the crystal on the dissolution rate vari-
ability under surface-controlled regimes. For this purpose,
a set of simulations, centered around the dissolution exper-
iments from Bollermann and Fischer (2020) were carried
out. These simulations were performed in COMSOL
Multiphysics at the scale of the whole flow cell utilized
for calcite marble dissolution experiments. These simula-
tions were performed using a flat surface as well as using
the surface topography of the VSI experiment from
Bollermann and Fischer (2020) taken at a time of t = 10
hours. Each of these dissolution simulations were per-
formed using either a single rate or a rate spectrum. In all
simulations, the bottom surface of the flow cell was a single
grain calcite surface. Next, in order to get further insight
into the impact of nano or micron scale surface roughness
on the dissolution rate variability under transport-
controlled regimes, sensitivity studies were performed by
varying chemical composition and flow velocity in
smaller-scale simulations and using higher numerical reso-
lution. In summary, this study aims to answer whether
hydrodynamic effects or the calcite surface topography, or
their coupled interaction, can explain the observations of
surface-direct measurements of dissolution rate spectra.

2. MATERIALS AND METHODS

In this study, centimeter to millimeter scale reactive
transport including single-phase fluid flow, transport of
the multiple solute species, and chemical reactions were
simulated in the presence of nano- and micron-scale rough-
ness of the calcite crystal surface by solving a coupled sys-
tem of non-linear equations in 3D model set-up using
COMSOL Multiphysics. The following subsections provide
the modelling formulation. Further details of the numerical
method can be found in (Agrawal et al., 2020).

2.1. Fluid flow and transport

To simulate fluid flow, we have considered laminar flow
(i.e., resulting in a Reynolds number Re < 100) and incom-
pressible fluid in Navier - Stokes equations to obtain:

q
@u
@t

þ u:ru
� �

¼ �rp þ lr2u ð1Þ

r:u ¼ 0 ð2Þ
where p is pressure, u is velocity, q is the fluid density
and l is the fluid viscosity. Initially, i.e., at the time of
zero, steady state flow field conditions were main-
tained in the domain. Further details on the bound-
ary conditions are provided in SI Section S1.1.

Transport of the aqueous species was modelled using the
advection–diffusion-reaction equation complemented with
an extra term to represent chemical reactions as:

@ci
@t

þr: �D:rcið Þ þ r:ðu:ciÞ ¼ Ri ð3Þ

where, D is the diffusion coefficient taken as
3.36 � 10�9 (m2 s�1), ci and Ri are concentration

(mol m�3) and reaction input of ith species (mol
m�3 s�1), respectively.

Transport of mass in normall direction to the calcite sur-
face was used to represent calcite dissolution at the fluid–
solid boundary as:

�n: �D:rci þ u:cið Þ ¼ RCalcite ð4Þ
where, RCalcite (mol m�2 s1) is the calcite dissolution
rate calculated from Eq. (5). Further details on the
boundary conditions are provided in SI Section S1.1.

In order to investigate the coupling of flow and reac-
tive transport during the transient stage (i.e., before that
the simulations show a steady-state behavior), we simu-
lated time-dependent forms of flow and transport
equations.

2.2. Geochemical model

The aqueous complexation reactions corresponding to
the dissolution of CO2 in the water were implemented as
equilibrium reactions, i.e., they were assumed to occur
instantaneously, which under the simulated conditions
may be considered a valid approximation (Zeebe and
Wolf-Gladrow, 2001). Table 1 provides chemical reactions
together with the corresponding equilibrium constant
values.

Dissolution of calcite can be simulated by applying three
pathways (Plummer et al., 1978; see details in SI Sec-
tion S1.2) rates of which can be combined into a single dis-
solution rate law as:

RCalcite½molm�2S�1� ¼ RIRE ð5Þ
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RE½molm�2S�1� ¼ ðk1aHþ þ k2aCO2ðaqÞ þ k3aH2OÞ
� ð1� 100:67SIÞ ð6Þ

whereRIdenotes the intrinsic rate factor derived from
molecular scale roughness of the calcite surface
(Fischer et al., 2012), REis the extrinsic rate factor
derived from the composition of the solution. SI is
the saturation index of the solution calculated as
ðaCa2þaCO2�

3
Þ=ðKeqÞ, where Keq = 10�8.48 (Plummer

and Busenberg, 1982). ai is the activity of the ith

species calculated from the concentration of the ith

species and ionic strength of the solution using Davies
equation. In Eq. Eqn 6, the first term represents the
driving force while the second term determines the
distance from the equilibrium state. All chemical
reactions were implemented in the COMSOL model
and solved simultaneously as a fully coupled system.

For this study, we implemented four types of calcite dis-
solution rate models through variations in RI . In the first
type, the reactivity of the calcite surface was assumed to
be controlled only by the composition of the solution and
therefore the value of RI was set to 1. Models with a single
value of RI include 1R in the nomenclature (Table 2). The
remaining three types of models included location depen-
dent values for RI– i.e., R1I x1; y1ð Þ, R2I x2; y2ð Þ and
R3I x3; y3ð Þ. To calculate these values, three areas of size
0.021 � 0.021 mm2 were extracted from different regions
of a reaction rate map obtained experimentally in a VSI
setup (Fig. S2). This reaction rate map was obtained using
a dissolution time frame taken from time periods of 2–6
hours. For more information on the reaction rate map see
(Bollermann and Fischer, 2020). Calculation of RI x; yð Þ
was performed as:
Table 1
Implemented bulk phase reactions and their corresponding equi-
librium rate constants.

Reactions Equilibrium rate constant

CO2(aq) = H+ + HCO3
– a4.5 � 10�7

HCO3
– = H+ + CO3

2– a4.78 � 10�11

H2O = H+ + OH– 1 � 10�14

a Equilibrium rate constants were taken from Plummer and
Busenberg (1982).

Table 2
Variants of set I, the base Model G1 i.e., Full 3D flow cell for calcite
properties. 1topography h1 x1; y1ð Þ, 2topography h2 x2; y2ð Þ and 3to
RI ¼ R1I x1; y1ð Þ in Eq. (5); 5 RI ¼ R2I x2; y2ð Þ in Equation (5); 6 RI ¼ R3

Model Highlight surface

Model G1-Flat-1R Flat reactive surface
Model G1A-HE1-1R Area A: topography and height from
Model G1A-HE2-1R Area A: topography and height from
Model G1A-HE3-1R Area A: topography and height from
Model G1A-HE1-RS1 Area A: topography and height from
Model G1A-HE2-RS2 Area A: topography and height from
Model G1A-HE3-RS3 Area A: topography and height from
RI x; yð Þ ¼ RVSI x; yð Þ
RVSI ;m

ð7Þ

where, RVSI x; yð Þ is the reaction rate recorded in VSI
experiment and RVSI ;m is the mode of the RVSI x; yð Þof
the extracted area. Models with location specific
value of R1I x1; y1ð Þ, R2I x2; y2ð Þ and R3I x3; y3ð Þ
include RS1, RS2 and RS3, respectively, in the
nomenclature (Table 2).

2.3. Physical-chemical parameters

2.3.1. Numerical models of physical domains/geometry

Two numerical models of physical domains were utilized
in the current study as base models. Set I is geometrically
identical to a flow cell used to perform calcite marble disso-
lution experiments in Bollermann and Fischer (2020). Sim-
ulation conditions including flow rate and solution
compositions were chosen to represent the conditions of
the experimentally measured surface roughness and dissolu-
tion rate spectra (Bollermann and Fischer, 2020). This base
model and its variations (Table 2) was aimed at studying
different surface topographies and different kinetics of the
dissolution processes (Fig. S3).

Set II is a small parallelepiped sub-volume taken from
the larger set I domain, requiring relatively less computa-
tional time than set I. Set II consists of two variants
(Table 3), which were used in parametric and sensitivity
studies of dissolution processes under different flow rate
and solution composition. Figs. S2 and S3 provide concep-
tual pictures of all the variants of Model G1-Flat-1R and
Model G2-Flat-1R. A more detailed description of the con-
sidered numerical models/geometries reads as follows.

Set I.
Model G1-Flat-1R represents the whole disk-shaped flow

cell with a diameter of 15 mm and a thickness value of
1.75 mm as shown in Fig. 1, with an entirely flat surface
and single dissolution rate imposed in the simulation. A sin-
gle grained calcite surface served as the base surface of the
flow cell. In the VSI experiment, calcite marble was the
investigated polycrystalline material, part of which was
masked using an inert material (with thickness ~ 550 nm)
so that it could be used as the reference point after the
experiments. Further details regarding the experimental
setup are available in Bollermann and Fischer (2020).
Model G1-Flat-1R included all these settings to be consis-
marble dissolution experiment used in this study and their main
pography h3 x3; y3ð Þ from (Bollermann and Fischer, 2020); 4

I x3; y3ð Þ in Eq. (5) from (Bollermann and Fischer, 2020).

Kinetics

Single value of RI in Eq. (5)
experiment1 Single value of RI in Eq. (5)
experiment2 Single value of RI in Eq. (5)
experiment3 Single value of RI in Eq. (5)
experiment1 Location specific values of R1I

4 in Eq. (5)
experiment2 Location specific values of R2I

5 in Eq. (5)
experiment3 Location specific values of R3I

6 in Eq. (5)



Table 3
Variants of the base Model G2 i.e., small 3D parallelepiped used in this study and their main properties. 1topography h1 x1; y1ð Þ from
(Bollermann and Fischer, 2020).

Model Highlight surface Kinetics

Model G2 – Flat-1R Flat reactive surface Single value of RI in Eq. (5)
Model G2 – HE1-1R Area A’’ : topography and height from experiment1 Single value of RI in Eq. (5)

342 P. Agrawal et al. /Geochimica et Cosmochimica Acta 307 (2021) 338–350
tent with the experiments, except for the surface topogra-
phy. Furthermore, for result analysis, we have chosen an
area with a size of 0.021 � 0.021 mm2 on the surface of
the crystal, namely area A. The location of the area A is
shown in Fig. 1. From the VSI experiment we obtained
point wise height and reaction rate information of the
calcite marble surface which was imposed at the single grain
calcite surface of area A. A smooth surface was used to fit
to these points and was meshed using tetrahedral mesh ele-
ments. A high resolution (0.4 mm size of tetrahedral mesh
elements) for the surface topography was used for area A

in all G1 variants and a low resolution (0.23 mm size of tri-
angular mesh elements) was used in the remaining parts of
the flow cell.

Six variants of Model G1-Flat-1R were considered to
investigate the influence of experimentally measured crystal
surface topography and the kinetics of the dissolution pro-
cess (Table 2, HE in nomenclature corresponds to the crys-
tal surface topography). In some of the HE models,
location specific values of RI (i.e., R1I x1; y1ð Þ,
R2I x2; y2ð Þ;R3I x3; y3ð Þ) were implemented (see Section 2.1.2
for more details).

Set II
For the sensitivity analyses presented in Sections 3.3,

Model G2–Flat-1R, was developed. This model contained
a rectangular flow domain with a dimension of 1 mm
(length) � 0.3 mm (width) � 1.75 mm (depth). At 0.8 mm
from the inlet boundary and 0.13 mm from the lateral
boundary of the domain, Area A’’ (0.021 � 0.021 mm2)
was either kept as flat surface (Model G2–Flat-1R) or
replaced with the same experimental topography as in
Model G1A-HE1-1R (Model G2A’’ – HE1-1R) (Fig. S4).
Boundary conditions were set to ascertain that Area A’’

in Model G2–Flat-1R has similar flow conditions as Area

A in Model G1-Flat-1R.

2.3.2. Chemical compositions and flow rates

For this study, five sets of injecting solutions with differ-
ent compositions, Sol. #1, Sol. #2, Sol. #3, Sol. #4, Sol. #5,
were considered. Sol. #1 (i.e., pH 8.8 and alkalinity of
4.4 meq/kg-H2O) was similar to the solution used in the
VSI experiments from which the topography and dissolu-
tion rate maps were obtained for our models, except the
added amount of Ca2+ species with an amount of
1 � 10�6 mol m�3 (as explained in Fig. S1). The composi-
tion of all inflow solutions with target pH values and pCO2

conditions were initially defined using PhreeqC program
(Parkhurst and Appelo, 2013) with the phreeqc.dat data-
base. Except Sol. #2, all other solutions were prepared for
a system open to the atmospheric. The choice of simulating
an open system is due to the experimental conditions we
aim to simulate. In those experiments, solutions that were
initially in equilibrium with atmospheric CO2 were injected
in the flow cell. The corresponding values of the species
concentrations in the inflow solutions are provided in
Table S1. Note that the current model did not simulate ions
pairs of Ca2+ such as CaCO3 and CaHCO3

�. This consider-
ation will have an impact on the absolute dissolution rates,
but we assume that its impact on the width of the dissolu-
tion rate spectra is negligible.

In all models, the flow cell was considered to be filled
with the injecting solution at the beginning of the simula-
tion. The imposed values of flow rate and average velocity
are provided in Tables S2 and S3. Note that all the above
simulation conditions were selected based on the calcite dis-
solution experiments to which our simulations compare and
other comparable, commonly conducted experiments, i.e.,
dissolution experiments using nano- and micron-scale
rough calcite surfaces.

2.4. Parametrization of the flow and reaction regimes

The Péclet number, Pe, is defined as:

Pe ¼ vh
D

ð8Þ

where v is the location specific average velocity, h is
the height of the investigated volume (disk or rectan-
gle, depending on the model run).

For the investigated systems, we defined two Damköhler
numbers. The first Damköhler number, DaI , compared the
reaction time scale with the diffusion time scale as:

DaI ¼ h2 � SR

D � CCalcite
ð9Þ

CCalcite is the density of surface sites of calcite at the start
of dissolution (mol m�2) i.e., 0.8 � 10�5 mol m�2. SR is the
mean dissolution rate (mol m�2 s�1) calculated from
observed reaction rates at a surface of size (0.021 � 0.021
mm2) i.e., Area A in Model G1-Flat-1R. and Area A’’ in
Model G2–Flat-1R; unless otherwise noted. Mean dissolu-
tion rate was calculated as:

SR ¼
PNi

i¼1RCalciteðx; yÞ
Ni

ð10Þ

where Ni is the total numbers of grid points from
which dissolution rate was utilized in calculation. In
a surface size of 0.021 � 0.021 mm2, a total of 144
grid points were utilized such that the distance
between each grid point was 0.148 � 10�3 mm.
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The second Damköhler number, DaII , compared the
reaction time scale with the advection time scale as:

DaII ¼ h � SR

v � CCalcite
ð11Þ

Tables S2 and S3 provides the Pe, DaI and DaII numbers
at the examined locations in Model G1 and Model G2,
respectively.

3. RESULTS

Section 3.1 addresses the hydrodynamic effects and dis-
solution rate heterogeneity at the scale of flow cell and
gives insight into the conditions under which the VSI
experiments were carried out. Section 3.2 addresses the
results related to the main objective of this study i.e.,
investigating the contribution of heterogeneity in hydro-
dynamics due to nano- and micron-scale surface rough-
ness towards dissolution rate spectra. Finally,
Section 3.3 investigates the impact of surface roughness
on the dissolution rate variability under transport-
controlled regimes.

3.1. Hydrodynamics and calcite dissolution rates at the flow-

cell scale

The velocity field inside the flow cell is shown in Fig. 1.
This velocity field corresponds to the flow rate of 6 � 10�8

m3 s�1, which falls in the range of flow rates usually chosen
for surface dissolution experiments (cf. Bollermann and
Fischer, 2020). Pe and Da numbers of this numerical exper-
iment are provided in Table S2. The heterogeneity in the
velocity field was evident in a horizontal cross-section
located at a height of 100 mm from the bottom surface of
the cell and varied up to one order of magnitude i.e.,
Fig. 1. The simulated domain for the whole disk-shaped flow cell, with 15
flow streamlines at a planar surface positioned at a distance of 100 mm fro
velocity was lower than the surrounding locations are marked using blac
between 1 � 10�4 (dark read, at the center) and 1 � 10�5

m s�1 (dark blue, at the rims of the flow cell) (Fig. 1). All
these velocities yielded low Reynolds number, thus laminar
flow, while the flow streamlines showed the development of
horizontal vorticity in the flow field.

The breakthrough curve of the Ca2+ species showed that
the reactive system attained a quasi-steady state within 100
seconds of the dissolution period (Fig. S5). Fig. 2 shows the
observed spatial distribution of Ca2+ concentration, X
(X = 10SI and reflects the saturation state of the solution
with respect to calcite) and reaction rate at the calcite sur-
face, after 200 s (so, after100 s quasi-steady state dissolu-
tion) in Model G1-Flat-1R with Sol. #1 (pH 8.8 and
alkalinity of 4.4 meq/kg-H2O).

The Ca2+ concentration field reflected the heterogeneity
of the flow regime (Fig. 2a). For example, the high velocity
belt between inlet and outlet accumulated the lowest
amount of Ca2+ ions near the calcite surface. Contrastingly,
the low velocity zones towards the boundary of the flow cell
and on both sides of the high velocity belt (highlighted in
the Fig. 1), showed a significantly higher accumulation of
Ca2+ ions near the calcite surface. Despite such significant
accumulation of the Ca2+ ions, the composition of solution
away from calcite surface remained unaffected (vertical 2D
slices in Fig. 2a and 2b), resulting in a significant concentra-
tion gradient in the transversal direction. This build-up of
Ca2+ ions near the calcite surface changed the saturation
state of the fluid that is in contact with the calcite surface
(Fig. 2b). Such a build-up of Ca2+ ions at the calcite surface
indicated a horizontal heterogeneity of the flow regime.
Consequently, at the scale of flow cell, the developed flow
and concentration heterogeneity led to an order of magni-
tude heterogeneity in the dissolution rate such that the
zones with high dissolution rates overlapped with the high
velocity regions (Fig. 2c).
mm diameter and 1.75 mm thickness, showing the velocity field and
m the bottom of the flow cell. Regions where the magnitude of the
k outlines.



Fig. 2. The simulated flow cell showing steady state fields at the calcite surface for (a) Ca2+ concentration (b) saturation state of solution with
respect to calcite (X = 10SI); (c) computed surface reaction rate map based on Eq. (5) at the calcite surface. Vertical 2D slices in plots a-b show
vertical profiles of the respective variables. Simulation conditions are 6 � 10�8 m3 s�1 flow rate, Sol. #1 (pH 8.8 and alkalinity of 4.4 meq/kg-
H2O).
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We observed that the mean dissolution rate of the whole
calcite surface in the flow cell was around 5 � 10�7 mol m2

s�1 which is nearly one order of magnitude lower than the
expected dissolution rate as per the composition of the
injected solution i.e., 2.3 � 10�6 mol m�2 s�1 (Fig. 2c).
The sensitivity of this rate heterogeneity towards imposed
flow and reaction regime is explored further in SI Section 2.
We have observed that at the scale of the observation win-
dow for the VSI experiment there was no significant com-
position heterogeneities around Area A (Fig. S9).

3.2. The rough calcite surface

In order to unravel the impact of hydrodynamics near
rough surfaces on measured dissolution rates, we focus on
Fig. 3. Reaction rate maps of area A, after 200 s of solution injectio
concentration slices of Ca2+ were extracted along profile PQ from (c) M

zone highlights Ca2+ enriched pockets. Simulations performed with a flow
4.4 meq/kg-H2O).
area A (Fig. 1), which is of similar size to the field of view
used in VSI experiments that revealed the surface topogra-
phy variability and dissolution rate spectra. Simulations
were performed with experimental solution pH (8.8, Sol.
#1) and flow rate (6 � 10�8 m3 s�1; Pe and Da numbers
of this numerical experiment are provided in Table S2).

Reaction rate maps were obtained for location A with a
smooth surface (Model G1-Flat-1R) as well as with the VSI
experiment-based topography (Model G1A-HE1-1R)
imposed (Fig. 3a and b). When location A was flat, a con-
stant solution composition (i.e., no horizontal gradient) was
observed at steady state, resulting in a homogenous con-
stant dissolution rate of 4.69 � 10�7 mol m�2 s�1

(Fig. 3a). Imposition of surface topography in location A
introduced heterogeneity in the flow field and concentration
n using (a) Model G1-Flat-1R (b) Model G1A-HE1-1R. Vertical
odel G1-Flat-1R (d) Model G1A-HE1-1R. The green color marked
rate of 6 � 10�8 m3 s�1 and using Sol. #1 (pH 8.8 and alkalinity of
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field and therefore also in the reaction rates (Fig. 3b). As a
result, a 4 % lower mean ± 2r dissolution rate of 4.52 ± 0.
16 � 10�7 mol m�2 s�1 was obtained (Fig. 3b). Fig. 3c and
3d show vertical slices with the Ca2+ concentration in the
first 5 mm above the rough calcite surface, along the
cross-section PQ shown in Fig. 3b. While the smooth calcite
surface resulted in homogeneous accumulation of the Ca2+

concentration, the deeper (etch pit) parts at the rough cal-
cite surface were found to be enriched in Ca2+ (Fig. 3c
and 3d). Expectedly, due to this accumulation of Ca2+,
the etch pits showed lower dissolution rates (Fig. 3b) and
a general depth dependency of dissolution rate was
observed (see Fig. S10 and the detailed description in SI
Section S3) from which the rate spectra were calculated.

The rate spectrum observed in the simulations of the
rough calcite surface falls within the experimental rate spec-
tra (Fig. 4) but shows a narrower range. The rate spectrum
obtained from the simulations varied within a factor of two
(Fig. 4), while the rate spectrum measured experimentally
showed more than two orders of magnitude variation i.e.,
mean ± 2r dissolution rate is 4.56 ± 5.56 � 10�7 mol
m�2 s�1.

We observed a similarly narrow spectrum when simulat-
ing two other experiment topographies (Model G1-HE2-1R

and Model G1-HE2-1R). Even amplifying the surface
topography did not yield dissolution rate spectra at quasi
steady state to an extent that reproduce the experimentally
observed rate spectra (Fig. S11, SI Section S4)

Recall that in these simulations (Model G1-HE1-1R,

Model G1-HE2-1R and Model G1-HE2-1R) a single disso-
lution rate was imposed, irrespective of the surface topogra-
phy. In order to represent surface-controlled heterogeneity
in dissolution rates, we also utilized a model in which we
imposed location specific values of RI to area A (Model

G1A- HE1-RS1). While theModel G1-Flat-1R yielded a sin-
gle dissolution rate and Model G1A-HE1-1R a very narrow
dissolution spectrum in the quasi-steady state, Model G1A-

HE1-RS1 showed a wider dissolution rate spectrum with an
optimum width comparable to the dissolution rate spec-
Fig. 4. Comparison of the simulated rate spectra against the experime
h1 x1; y1ð Þ and reaction rate map R1I x1; y1ð Þ. Simulation conditions inc
alkalinity of 4.4 meq/kg-H2O).
trum measured experimentally (Fig. 4, yellow and green
line). The rate spectrum obtained from the simulations with
imposed rate spectra extends over more than one orders of
magnitude, similar to the rate spectrum measured experi-
mentally. Additionally, we imposed the rate spectra
extracted from two other locations in Model G1A- HE2-

RS2 and Model G1A- HE3-RS3 and compared the simu-
lated rate spectra with experimental rate spectra at these
locations. We observed that experimental rate spectra were
unique to the location of extraction (Figs. 4 and 5) and that
the simulated rate spectra were of comparable width, how-
ever with a faster mean dissolution rate (Fig. 5).

3.3. Varying reaction and flow regime

To investigate the impact of flow and reaction regimes
on the observed dissolution rate variability, we performed
a series of simulations on smaller domain sizes using the
smaller Set II, namely, Model G2-Flat-1R and Model G2-

HE1-1R which are parallelepiped sub-volumes of Model

G1-Flat-1R (Fig. S4).
For a given flow velocity, lowering the pH value of the

injecting solution resulted into increased reactivity towards
the calcite surface and thus increased production of the
reaction products. As a result, the rate of removal of these
products became the limiting factor in determining the dis-
solution rate and the reaction regime moved towards
transport-controlled kinetics. For example, injection of a
solution with a pH value of 2 at an average velocity of
0.002 m s�1 resulted in a mean ± 2r dissolution rate at
quasi steady state of an order of 1.10 ± 0.07 � 10�4 mol
m2 s�1 (Model G2-HE-1R). Due to the transport-
controlled kinetics, the pH of the solution in the diffusive
boundary layer was around 2.8 and little higher in the dee-
per etch pits (Fig. 6b). Ca2+ accumulation was also
observed in the deeper parts of the surface profile. As a
result, these etch pits attained up to 12 % lower dissolution
rate (Fig. 6a) than the average dissolution rate. This
decrease in the dissolution rate due to a change in reaction
ntally observed rate spectra corresponding to surface topography
luded a flow rate of 6 � 10�8 m3 s�1 using Sol. #1 (pH 8.8 and



Fig. 6. (a) Steady state reaction rate map in location A” in Model G2-HE1-1R (b) Vertical concentration slice for pH obtained along profile
PQ. Green oval points to the less acidic pockets. Simulation conditions were 0.002 m s�1 average velocity using Sol. #4 (pH 2).

Fig. 5. Comparison of the simulated rate spectra against the experimentally observed rate spectra corresponding to (a) surface topography
h2 x2; y2ð Þ and reaction rate map R2I x2; y2ð Þ and (b) surface topography h3 x3; y3ð Þ and reaction rate map R3I x3; y3ð Þ. Simulation conditions
included a flow rate of 6 � 10�8 m3 s�1 using Sol. #1 (pH 8.8 and alkalinity of 4.4 meq/kg-H2O).
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regime was reflected through the increasing value of the Da
number (Table S3). Calculation of the DaI and DaII number
based on the steady-state mean dissolution rate (Eqs. (9)
and (11)), instead of based on the composition of the
injected solution, allowed for analysis of rate heterogeneity
due to local factors only (such as local surface topography)
independent of other factors that affect this rate (e.g. size
and shape of the numerical flow cell and location of the
studied area with respect to the inlet). We observed the
highest heterogeneity in dissolution rates (±12 %, due only
to hydrodynamics) for the given surface roughness
atDaI = 12572 (i.e., pH 2 Sol. #4) and further increase of
DaI number (i.e., decrease in pH) did not increase the rate
heterogeneity any further (Figs. 7 and S12).

For the inflow solutions that were closer to equilibrium
with respect to calcite, the relationship between flow rate,
solution reactivity and dissolution rate heterogeneity
became more complex: we observed a higher amount of
rate heterogeneity for solutions with lower reactivity
regimes (Fig. 7a). When the dissolution reaction time scale
was 3 orders of magnitude higher than the diffusion time
scale, further increase in the reactivity by lowering pH did
Fig. 7. Rate spectra for simulations corresponding to (a) fixed Pe nu
corresponding to DaI numbers.
not impact the rate heterogeneity (Fig. 7b). Contrastingly,
when reaction time scales were less than 3 orders of magni-
tude higher than diffusion time scale, increased rate hetero-
geneity was observed with decreasing pH (Fig. 7). This
range of DaI number covered the state of solutions from
being transport controlled (pH > 5) to surface controlled
kinetics (pH < 5) (Table S3).

4. DISCUSSION

4.1. Controls on dissolution rate heterogeneity at the

microscopic scale

At the microscopic scale, i.e., the scale of commonly uti-
lized fields of view for dissolution experiments using VSI or
AFM, the solution near the calcite surface was well-mixed
thus a single dissolution rate was observed (Location A
Fig. 3a and S9) and no impact of the flow-cell-scale rate
heterogeneity was observed. Furthermore, the imposition
of the real crystal topographies (Figs. 4 and 5) resulted in
the development of narrow rate spectra. These rate spectra
were a direct consequence of the surface roughness on local
mber and different DaI numbers, and (b) different Pe numbers
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hydrodynamics, since in these models (i.e., Model G1A-

HE1-1R, Model G1-HE2-1R and Model G1-HE3-1R) a sin-
gle reaction rate law was implemented. The observed rate
spectra at the nano- and micron-scale rough calcite surface
were much narrower compared to the experimentally
observed rate spectra (Figs. 4 and 5). This indicates that
the hydrodynamic effects created due to surface roughness
are not sufficient to explain the overall experimentally
observed dissolution rate heterogeneity, even until 10 hours
of dissolution when deeper etch pits had evolved. In our
simulations, the magnitude of roughness induced in this dis-
solution period did not develop significant non-uniformity
in the diffusive boundary layer. Consequently, for the con-
sidered roughness and flow regime, the diffuse boundary
layer can be considered of a uniform thickness. This con-
firms that under surface-controlled dissolution conditions,
the experimentally observed rate spectra cannot be
explained purely by heterogeneity in hydrodynamics
induced by surface topography. The fact that we could
not obtain similarly wide rate spectra without imposing rate
spectra from the start of the simulations is a strong indica-
tion that calcite surfaces intrinsically show local variability
in dissolution rate. These findings are in the agreement with
the observation made by Levenson et al. (2013) for surface-
controlled kinetics.

Such rate spectra can therefore be attributed to atomic-
scale surface heterogeneities such as surface nanotopogra-
phy, kink densities and defect distribution at or near the
crystal surface, which result in a free-energy landscape at
the dissolving surface (Shiraki et al., 2000; Arvidson
et al., 2003; Lüttge et al., 2003; Fischer et al., 2012;
Wolthers et al., 2012; Brand et al., 2017; De La Pierre
et al., 2017).

When simulating different imposed surface topographies
with the imposed rate spectra of location A, disagreement
between measured and simulated rate spectra was observed
(Fig. 5). This indicates that rate spectra are linked to the
local surface topography and cannot be captured using a
single rate spectrum. As explained in Bollermann and
Fischer (2020), the investigated polycrystalline material in
the VSI experiment showed additional variability in surface
reactivity, e.g., due to effects of crystal orientation and twin-
ning. Thus, the observed rate ranges are more heteroge-
neous than for a single crystal surface. Consequently,
inclusion of rate variability in reactive transport models
becomes additionally a function of the lateral variability
of surface roughness, and a single rate spectrum is not suffi-
cient to capture the rate heterogeneity of the entire surface.

4.2. Sensitivity analysis

The sensitivity analysis performed for a range of trans-
port and reaction regimes showed that the hydrodynamics
induced rate heterogeneity became more pronounced with
increasing acidity of the injected solution and with increas-
ing injection fluid velocity (Figs. 7 and S12). For the simu-
lated roughness magnitudes of nano or micron scale, we
observed that the highest noted variability in the dissolu-
tion rate due to hydrodynamics was only around 12%. This
highest limit of rate heterogeneity due to hydrodynamics at
the calcite surface was lower than the observed impact for
the much higher roughness of a fracture (Deng et al.,
2018) where the roughness was of (>10 mm) higher
magnitude.

4.3. Implications

Our simulation results show that for the reactive flow
regimes considered here and at the microscopic scale,
surface-controlled calcite dissolution of a polycrystalline
material cannot be described by a single rate law. Even a
fairly flat crystal surface with nano-to-micro topography
that would not yield lateral variability in dissolution rate
due to the hydrodynamics effects shows a dissolution rate
spectrum. Moreover, the dissolution rate spectrum varies
with surface topography and the underlying crystal struc-
ture variations, increasing the variability of calcite
dissolution.

At surface-controlled dissolution conditions, our results
imply that

� the single rate dissolution models are not always
applicable,

� as long as the rate spectra cannot be explained by
hydrodynamics effects, explanations of the rate
spectra phenomenon should be sought in the sur-
face free energy landscape. Works in this area
are carried out only at atomistic level, e.g., using
kinetic Monte Carlo algorithms, and targeted
research should be dedicated to investigating rate
spectrum phenomena at larger scales.

Our sensitivity study reveals that the impact of the sur-
face free energy landscape on the dissolution rate spectra
decreases when the system moves from surface-controlled
to transport-controlled conditions. This implies that

� in this case the rate heterogeneity averages out fas-
ter in space and in time, and averaged single rates
can be used at larger scales. Further investigations
are needed to gain qualitative and quantitative
understanding of how the interactions of the local
Peclet and Damköhler numbers with the crystal
heterogeneity influence the applicability of aver-
aged single rate models.

� Further investigations are needed to gain under-
standing on the dissolution rate spectrum phe-
nomenon in the case of multigrain crystals in
particular, and multigrain polymineral rocks in
general.

5. SUMMARY AND CONCLUSIONS

1. Computer simulations of calcite marble dissolution
experiments were performed at the scale of an
entire flow-through cell with a fixed calcite surface
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as its base. Significant lateral heterogeneity of the
flow and the concentration within the considered
flow cell was observed. Together with the devel-
oped vertical diffusion layer, these variations led
to considerable discrepancy between the reactivity
calculated using the mass outflow from the flow
cell using the composition of the injected fluid,
and the real local reactivities within the flow cell.
However, at the small scale within the observation
area of, for example, AFM or VSI measurements,
the horizontal heterogeneity of the fluid composi-
tion was negligible.

2. The simulations at conditions corresponding to the
reaction and flow regime of VSI surface dissolution
experiment by Bollermann and Fischer (2020)
showed that the crystal surface roughness (from
VSI experiments) did not cause any strong hydro-
dynamic effects near the surface.

3. Our results show that neither flow regimes (affected
by cell geometry) nor consideration of the rough
sample topography (specific surface area) and the
resultingvariability in theflowhydrodynamicscould
explain the experimentally observed dissolution rate
spectra when a constant dissolution rate was used.
Sensitivity studies showed that this observation also
holds true for increased surface roughness.

4. Presence of spatially variable surface reactivity
could describe the experimentally observed disso-
lution rate spectra. This means that the hetero-
geneity of a crystal surface and the free energy
landscape of the surface play an important, if not
determining, role for the dissolution rate spectra
under the flow and reactivity regimes considered
in this study.

5. The impact of surface roughness on flow hydrody-
namics was observed to rise with increased reactiv-
ity (i.e., acidity) of the injected solution and with
increasing injection fluid velocity.
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