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Abstract

Recent studies of carbonate surface reactivity have underscored the fundamental variability of dissolution rates and the
heterogeneous distribution of the reaction over the mineral surface due to the inhomogeneous distribution of surface energy.
Dolomite dissolution rates relative to different cleavage planes (r-planes) and surfaces cut approximately perpendicular to the
c-axis (c-planes) were studied at 50 �C as a function of pH (3.4 � pH � 9.0) and solution composition by vertical scanning
interferometry (VSI) and atomic force microscopy (AFM), with the aim of providing an estimate of the intrinsic rate variation
of dolomite single crystals and describing the surface reaction distribution and the rate controlling mechanisms. Surface nor-
mal retreat rates measured under acidic conditions increased linearly with time and were not visibly affected by the parallel
increase of surface roughness. Mean total dissolution rates of r-planes decreased by over 200 times from pH 3.4 to pH 9.0 and
CO3

2–-rich solutions, whereas corresponding rate variations spanned over 3 orders of magnitude when also c-plane rate dis-
tributions were included in the analysis. At acid to near neutral pH, c-planes dissolved � three times faster than the adjoining
r-planes but slower at basic pH and high total carbon concentration, displaying a distinctive morphologic evolution in these
two regimes. The comparison of polished and unpolished crystals showed that polished cleavage planes dissolved about three
times faster than the unpolished counterpart at near neutral to basic conditions, whereas no significant difference in reactivity
was observed at pH < 5.

Although experimental data and observations indicate a tendency of dolomite faces to reach a low-energy topography over
the course of the reaction, the evolution of the entire crystal morphology depends also on the reactivity of edge and corner
regions, whose contribution to measured rates is not generally taken into account by laboratory experiments. The study of
time-dependent mineral morphology and reactivity requires an integrated approach of kinetic modeling and experimentation,
where measured rate variance and observed reaction mechanisms represent fundamental parameters for the improvement of
geochemical models in predicting long-term reaction rates in a wide range of environmental conditions.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The extent to which mineral dissolution rates involved in
various industrial processes and long-term weathering reac-
tions can be accurately predicted depends on the knowledge
of the fundamental mechanisms that take place at the
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mineral-fluid interface and on the understanding of the
effects that the complex interplay of different physicochem-
ical parameters, such as temperature, pH, pCO2, chemical
composition of the fluid, presence of organic ligands, and
the crystallographic and microstructural features of reactive
surfaces, exerts on these reactions (cf. White and Brantley,
2003; Maher et al., 2009; Voltolini et al., 2012; Lüttge et al.,
2013). Although large discrepancies generally exist between
field-derived rates and laboratory measurements, the com-
parison of various experimental data also reveal the exis-
tence of significant variations in measured laboratory
rates (cf. Arvidson et al., 2003; Beig and Lüttge, 2006;
Lüttge et al., 2013). The origin of such differences mostly
resides in the intrinsic variability of surface reactivity,
which reflects the heterogeneous distribution of surface
defects and active sites, and possibly the variation of grain
size and grain-boundary density of the investigated solids
(cf. Arvidson et al., 2003; Fischer et al., 2012, 2014). Clear
evidence of the intrinsic variability of measured dissolution
rates is provided by recent high-resolution studies con-
ducted on single crystal surfaces by atomic force micro-
scopy (AFM), optical profilometry [confocal profilometry
(CP), phase-shift interferometry (PSI) and vertical scanning
interferometry (VSI)] and other complementary techniques
(e.g., Fischer et al., 2012; Godinho et al., 2012; Daval et al.,
2013; King et al., 2014; Pollet-Villard et al., 2016), which
illustrate the dependence of measured surface retreat rates
on the crystallographic orientation, the physico-chemical
microstructure of the investigated planes as well as the
exposure time to the reactive fluid.

Knowledge of such inherent variability is particularly
relevant within the carbonate system given the fundamental
implication of major carbonate minerals (calcite and dolo-
mite) in a wide variety of geological processes. The dissolu-
tion of calcite and dolomite plays an essential role in the
regulation of the long-term C cycle (Berner et al., 1983;
Mackenzie and Andersson, 2013) and significantly affects
pH and alkalinity of natural waters; it controls the levels
of trace metals released into groundwater (see Apps et al.,
2010; Wunsch et al., 2013) and allows the development of
carbonate reservoirs influencing their productivity
(Worthington and Ford, 2009).

Many AFM and VSI studies were carried out over the
last two decades to describe the elementary processes that
control the dissolution of carbonate minerals, specifically
investigating the formation of etch pits and the kinematics
of monolayer steps under a wide variety of experimental
conditions (e.g., Liang and Baer, 1997; Jordan and
Rammensee, 1998; Shiraki et al., 2000; Lea et al., 2001;
Higgins et al., 2002; Lüttge et al., 2003; Teng, 2004;
Bisschop et al., 2006; Urosevic et al., 2012; Smith et al.,
2013; Emmanuel, 2014). However, most of these works
reported observations made on limited areas of the

f1014g cleavage surfaces and for relatively short experi-
mental durations (typically ranging from a few minutes to
several hours), so that the long-term evolution of represen-
tative portions of the mineral surface and the correspond-
ing rates and distribution of the dissolution reaction were
not adequately examined.
A limited number of publications looked at the influence
of the crystallographic orientation and the effects of polish-
ing and applied stress on the dissolution mechanisms of cal-
cite. It was shown that the dissolution rates of calcite
surfaces increase with the angle of miscut with respect to

the f1014g cleavage planes (Compton et al., 1986;
Bisschop et al., 2006) but such difference decreases with
increasing aqueous solution saturation (Smith et al.,
2013). Schott et al. (1989) and MacInnis and Brantley
(1992) reported an increase of dissolution rates by a factor
of 2–3 for the cleavage planes of strained calcite samples
whereas the rate dependence on dislocation density was
generally found to be weak.

There have been few studies conducted on dolomite sur-
face reactivity with atomic to nano-scale resolution com-
pared to calcite (Lüttge et al., 2003; Higgins and Hu,
2005; Hu et al., 2005; Fenter et al., 2007; Kaczmarek and
Sibley, 2007; Ruiz-Agudo et al., 2011; Urosevic et al.,
2012; Xu et al., 2013; Putnis et al., 2014) and, although a
notable progress in the understanding of the mechanisms
and rates that control dolomite dissolution has been
achieved, the complex nature of this mineral still requires
detailed investigations to get to a more comprehensive pic-
ture of the processes that control its reactivity and forma-
tion in natural environments (cf. Kaczmarek and Sibley,
2014).

In this study we examine the effects of crystallographic
orientation, pH and presence of defects generated by pol-
ishing on the mean rates of dolomite dissolution and the
corresponding distribution of dissolution fluxes over the
mineral surface with the two main objectives of: (i) provid-
ing experimental data that contribute to a more representa-
tive characterization of dolomite dissolution mechanisms
and rates as a function of time and aqueous solution com-
position; (ii) improving our general understanding of min-
eral surface reactivity to help the advancement of modern
computational tools in predicting long-term weathering
reactions at the field-scale. The evolution of surface
micro-topography and the surface normal retreats of mm-

sized dolomite crystals were analyzed on both the f1014g
cleavage planes and miscut surfaces approximately parallel
to the {0001} crystallographic form. Because of the differ-
ent morphologic characteristics and the different surface
energies associated with these two planes, the analysis and
comparison of their reactivity allow the description of the
amplitude of dolomite rate variations and provide data that
serve to model the evolution of the surface area of crystal
grains as a function of time.

To express the observed variance of dissolution rates,
recent AFM and VSI studies on calcite and dolomite
(Fischer et al., 2012; Emmanuel, 2014; Emmanuel and
Levenson, 2014) proposed the use of rate spectra providing
information on range and distribution of surface dissolu-
tion fluxes and the frequency of corresponding energetic
sites, as opposed to the use of single mean rate values
obtained by traditional surface area normalization opera-
tions, which do not allow the description of the effects of
these parameters on the intrinsic reaction rate variation.
The use of this analytical tool is therefore of great relevance
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for the accurate description and modeling of mineral sur-
face reactivity and will be employed to illustrate our results.

2. EXPERIMENTAL

2.1. Dolomite crystals preparation

Several dolomite single crystals of high optical quality,
with an average size of 3 to 5 mm, were prepared by cleav-
ing a dolomite sample from Eugui (Navarra, Spain) parallel

to the natural f1014g cleavage planes. Electron micro-
probe analyses of this sample provided the following chem-
ical composition by weight: MgO = 20.96 ± 0.32%,
CaO = 30.53 ± 0.23%, FeO = 0.71 ± 0.18% and
MnO = 0.08 ± 0.03%. These results are in very good agree-
ment with the data obtained by bulk chemical analyses
(performed by total fusion, ICP-OES and IR analyses at
Activation Laboratories, Ancaster, Canada):
MgO = 21.24 ± 0.1%, CaO = 29.95 ± 0.1%, FeO = 1.00
± 0.2%, MnO = 0.09 ± 0.001% and CO2 = 46.9 ± 0.3%.
The average chemical composition resulting from these
analyses is consistent with the following recalculated dolo-
mite formula: Ca1.0Mg0.99Fe0.01(CO3)2.

A number of the obtained rhombohedral crystals were
polished on three adjacent cleavage faces while a miscut
surface, approximately perpendicular to the c-axis ([001]
crystallographic orientation) was also cut and polished to
study the evolution of the surface topography and the ver-

tical retreat in comparison with the f1014g cleavage sur-
faces. The polishing procedure was carried out on already
cleaved crystal samples. The samples were mounted onto
a dop of a faceting machine (XS3) equipped with a digital
goniometer with a theoretical precision of �0.02�. Pitch
and roll angles of the polishing arm were adapted to accom-
modate the flat, cleaved surface, onto the polishing lap.
Once the crystal and lap surfaces were parallel, the two
angles were locked in place and kept constant during the
polishing procedure. This alignment procedure was carried

out for each f1014g surface. The polishing procedure was
performed in two stages: first, a pre-polish using 3000 grit
diamond powder with WD40 fluid extender on a tin alloy
lap was done to polish out the visible steps. Finally a polish-
ing stage using 100.000 grit diamond on a tin alloy lap
(~400 rpm speed) was done to assure a flatter and better
polished surface. The pre-polish and polish procedures were
carried out on cleaned tin alloy laps, meaning that the pol-
ishing agent was distributed, then forced into the lap sur-
face using a flat piece of synthetic corundum, and then
cleaned with a paper towel. This procedure ideally results
in embedded particles in the metal matrix, and no loose
particles, assuring a smaller effective scratch size with no
rolling action of the grit particles at the crystal-lap inter-
face. The choice of using a metal polishing lap was also
made to minimize the heating of the sample: polishing gen-
erates heat, and a highly thermally conductive material,
such as the used tin alloy, acts as a heat sink and efficiently
dissipates any generated heat. The {0001} surfaces were
cut and polished with the same procedure, adding to the
jaw angle 43.9 degrees from the last rhombohedral face pol-
ishing setting. The RMS roughness (Rq) of pristine polished
surfaces, as measured by vertical scanning interferometry
(VSI) for a field of view (FOV) of 692 mm � 518 mm, was
generally lower than 200 nm (see Section 4.2).

A few crystals were only cut parallel to the f1014g form
and used without any chemical or mechanical treatment to
assess the effects of roughness and initial cleavage-induced
topography vs. polishing on the measured rates of dissolu-
tion and the associated topography development. For sake

of simplicity, we will refer to the main f1014g cleavage sur-
faces as r-planes and to the surfaces parallel to the {0001}
orientation as c-planes, in agreement with the notation used
by Smith et al. (2013).

2.2. Experimental setup and surface measurements

Experiments were carried out in a thermostatic bath at
50 ± 1 �C using 120 ml PFA containers by Savillex, which
were assembled to perform as reactors in flow-through
mode. At the beginning of each experiment, one or two
dolomite single-crystals were placed inside one of the reac-
tors, where the experimental solution was previously circu-
lated for some time while the temperature of the system
attained 50 �C. The reactor was opened just to introduce
the dolomite crystals, then closed and immediately put back
in the thermostatic bath. The experiments were conducted
with a fluid flow rate of 0.5 ml/min using a Gilson Minipuls
peristaltic pump and the solution in the reactors was con-
tinuously mixed using a suspended magnetic stirrer rotating
at a constant speed of 350 rpm. The duration of the exper-
iments varied between 1 and 30 days (Table 1). At the end
of each run, the dolomite crystals were recovered and rinsed
for several seconds in deionized water and in ethanol and
then dried in an oven at 50 �C before surface analyses.

Aqueous fluids of different pH’s and aqueous carbonate
concentrations were prepared by mixing variable amounts
of HCl, NaHCO3, NaOH, CH3COONa and NaCl while
keeping the total electrolyte (Na) concentration at a con-
stant value of 0.01 M. The list of the experiments and the
aqueous solution compositions used in this study are given
in Table 1.

To measure the vertical surface retreat due to the disso-
lution reaction, selected portions of the crystal surface were
prevented from dissolving by physically masking these
areas using both Viton discs and silicone glue spots
(Fig. 1), according to the methods described by Arvidson
et al. (2004) and Daval et al. (2013). These protections were
removed from the surface at the end of the experiments, or
after each reaction step, so that the masked, unreacted
areas of the analyzed samples provided the reference sur-
face against which changes in vertical surface height and
topography were measured and corresponding dissolution
rates were calculated (refer to Arvidson et al. (2004) for a
description of the rate calculation method). The changes
in topography and surface retreat were measured by verti-
cal scanning interferometry (VSI) using a Zygo New View
7300 interferometer equipped with 10� and 50� Mirau
objectives, with a maximum horizontal resolution of
100 nm and a vertical resolution of �0.1 nm. Topographic
data of different regions of analyzed crystal surfaces were
obtained using different FOV’s and resolutions. In particu-



Table 1
Summary of the single crystal flow-through experiments and corresponding aqueous solution compositions used in this study. The pH of the
aqueous solutions was adjusted to the desired value by addition of small amounts of HCl or NaOH not indicated in the table. Note that: runs
# DT2A–C refer to three distinct reaction steps conducted on the same crystal under identical conditions; DT-1 and DT-6 were conducted in
different time steps to study the r-plane and c-plane retreat change as a function of time.

Run # Investigated planes Polishing Number of
Faces studied

Starting
pH (20 �C)

NaCl mM NaHCO3 mM NaAcet mM Duration (days)

DT-1 (104) No 1 4.45 10 0 0 3.9
DT-2A (104), (001) Yes 4 4.44 10 0 0 4.2
DT-2B (104), (001) Yes 4 4.44 10 0 0 5.0
DT-2C (104), (001) Yes 4 4.44 10 0 0 5.0
DT-3 (104), (001) Yes 4 9.05 6 4 0 4.1
DT-4 (104), (001) Yes 4 8.10 9 1 0 8.0
DT-5 (104), (001) Yes/no 4/1a 9.05 6 4 0 30
DT-6 (001) Yes 1 4.43 10 0 0 8.3
DT-7 (104) No 1 4.43 10 0 0 3.8
DT-8 (104) Yes/no 4/1a 5.47 7.5 0 2.5 5.0
DT-9 (104) Yes/no 2/3a 4.45 10 0 0 4.0
DT-10 (104) Yes 3 3.27 10 0 0 3.2
DT-11 (104), (001) Yes 4 3.27 10 0 0 0.9

a the second figure corresponds to an unpolished crystal: only f1014g planes were analyzed.

Fig. 1. Dolomite single crystal and homemade Ti-jig serving as
sample-holder for the dissolution experiments. The crystal shows
four polished faces covered with red silicone glue spots and a Viton
disc (top face) to protect a portion of each face against dissolution
and provide a reference level to calculate the corresponding surface
normal retreat after reaction. The crystal is held in place by
pressing a Ti-screw down against the Viton disc on the upper face
of the crystal. (For interpretation of the references to color in this
caption, the reader is referred to the web version of this article.)
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lar, 3D-maps of the entire surface of the investigated crystal
faces were acquired by operating the VSI in stitching mode
(with a 20% overlap between successive frames) to get rep-
resentative data of the spatial distribution of the dissolution
reaction and to calculate the corresponding total rates of
dissolution of different crystal faces. The total rate of disso-
lution is the sum of two different contributions (Arvidson
et al., 2003): (i) the ‘‘global” retreat rate of the entire sur-
face, as measured by the height difference across the edge
of the masked region, and (ii) the ‘‘local” rate due to the
local development of etch pits, which provide a supplemen-
tary volume of material removed by dissolution.
Additional surface topography characterization was
accomplished by atomic force microscopy (AFM) to cap-
ture finer scale topographic details of the reacted surfaces,
but without providing any supplementary information on
measured surface normal retreats and rate distributions.
A Digital Instruments Multimode AFM working in tapping
mode with a Nanoscope IV control system was used for this
purpose.

On previously polished dolomite crystals, average total
surface retreat rates were calculated by measuring height
differences between the unreacted reference surface and
the dissolved surface along surface profiles typically taken
along 4 different directions while averaging data over
widths comprising between 100 and 150 data-lines. How-
ever, this method could not be applied successfully to
unpolished dolomite faces because of their very rough
topography. In this case surface vertical retreats were mea-
sured according to a void volume calculation, i.e., by sub-
tracting the topography of the starting surface from that
of the dissolved surface, after superimposition of the corre-
sponding 3D-maps with respect to the same reference point
retrieved on the protected portion of the analyzed surface.
Total surface retreat rates were obtained by dividing the
volume of material dissolved underneath the original sur-
face topography by the reaction time and the selected sur-
face area of analysis, the dimensions and shape of which
were chosen to approximate those of the examined face of
the crystal. This calculation was carried out using a com-
puter routine developed with the software SPIP v6.3.3 by
Image Metrology. The same procedure was also applied,
whenever it was possible, to calculate total surface normal
retreats of polished samples. The results obtained according
to the two described methods (surface profiling and void
volume calculation) were generally in good agreement,
showing differences on the order of 4–10%. However, in
some instances (particularly in the case of small global
retreats and important topographic development) the void



Fig. 2. Vertical surface retreats of four dolomite single-crystal
polished faces as a function of pH and total carbon concentration
(RCO2) after 4–8 day-long experiments: (a) pH = 4.6, RCO2 < 10�4

M; (b) pH = 8.1, RCO2 = 0.001 M; (c) pH = 9.0, RCO2 = 0.04 M.
Three faces are parallel to the f1014g cleavage planes and
designated as ‘‘r-planes” (A, B and C) and one perpendicular to
the [001] crystallographic direction and named ‘‘c-plane”.
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volume calculation provided a more accurate estimate of
the total retreat of the surface and the value obtained from
this method was preferred to that obtained by vertical pro-
file averaging.

2.3. Fluid sample analyses and thermodynamic calculations

Several aqueous samples were collected during the
experiments, acidified with concentrated nitric acid and
analyzed for Ca and Mg by ICP-OES (Varian 720 ES) to
monitor the progress of the dissolution reaction in solution.
All speciation and solubility calculations were carried out
using the geochemical code PHREEQC v. 3.1 (Parkhurst
and Appelo, 2013) using its LLNL thermodynamic data-
base. Activity coefficients for dissolved species were calcu-
lated using the Debye-Hückel equation.

The degree of saturation of the aqueous solutions with
respect to the minerals of interest are expressed in terms
of saturation index, defined as the decimal logarithm of
the ratio between the ion activity product of the reaction
of mineral hydrolysis and the corresponding value of the
solubility product [SI = log (IAP/Ksp)].

3. RESULTS

3.1. Surface normal retreat rates as a function of solution

composition, surface orientation and time

A series of experiments were conducted to study the
effect of pH and solution composition on the measured ver-
tical retreats of dolomite cleavage surfaces (r-planes) and
the surface cut parallel to the {0001} plane orientation
(c-plane). The measured retreats relative to three different
experiments conducted at an increasing pH and carbonate
ion concentration (runs DT-2, DT-3, DT-4 and DT-11)
are illustrated in the plots of Fig. 2 and reported in Table 2.
These plots show that, as one might expect (cf. Lüttge et al.,
2003), the three r-planes dissolved approximately by the
same amount after each tested experimental condition, dis-
playing however up to 55% variation with respect to the
mean value of the retreats measured on the same crystal.
It is also evident that surface retreat rates decreased with
increasing pH and total carbonate concentration, in agree-
ment with the results of previous macroscopic studies (e.g.,
Chou et al., 1989; Pokrovsky and Schott, 2001). The reac-
tivity of the c-plane varied more rapidly compared to the
r-planes as a function of the fluid composition: c-plane
retreat rates were apparently faster than r-plane rates under
mildly acidic conditions (expt. DT-2, Fig. 2a) but became
slower as pH and carbonate ion concentration increased
(Fig. 2b and c). As shown in Fig. 2c, the c-plane dissolution
at pH 9 was slower than the dissolution of the adjacent r-
planes.

3D maps of unreacted and dissolved crystal faces per-
mitted identification of the variation of dissolution fluxes
over the entire surface of the analyzed crystal face and
quantification of the face-specific total rates of dissolution.
A reconstructed 3D image of the 4 faces of the crystal ana-
lyzed after the experiment DT-2A is shown in Fig. 3. The
picture clearly shows the relief of the unreacted portion of
the faces that were protected with Viton (largest elevated
area) and silicone glue masks. The surface distribution of
the dissolution fluxes was obtained by a histogram analysis
of the height distribution of the surface after reaction (cf.
Fischer et al., 2012; Emmanuel, 2014). Rate spectra relative
to single r-planes and c-planes of the crystals reacted at dif-
ferent pH conditions are represented in Fig. 4 and 5. It can
be observed that: (i) the mean values of the data distribu-
tions reflect the dependence of dissolution rates on the
aqueous fluid composition, with spectra located at lower
rate values for increasing pH’s; (ii) the variance of the data
distribution tends to decrease with increasing pH values,
reflecting the generally lower and more uniform reactivity
of the surface at basic pH and high carbonate concentra-
tions. The asymmetry exhibited by these spectra is related



Table 2
Summary of the average surface retreats and corresponding mean rates of dissolution for dolomite crystals at the studied conditions. All the experiments were conducted with the same fluid flow
rate, equal to 0.5 ml/min, and the aqueous solutions in the reactor were mixed at a constant speed of 350 rpm. Note that mean r-plane and c-plane dissolution rates express the average value of
measured retreat rates for these planes. Provided surface rate ranges refer to 90 % of the observed surface reaction distributions between slow- and fast- dissolving planes of the analyzed crystals.

Run # Surface
treatment

Outlet pH
(50 �C)

Crystal Face retreats (mm) Mean r-plane
dissolution rate

Mean c-plane
dissolution rate

Surface rate range
(90% distribution)

Duration

r-planes c-plane (mol/cm2/s) (mol/cm2/s) (mol/cm2/s) (days)

DT-1 Polished 4.52–4.82 7.00 ± 0.5 nd 3.3 � 10–11a nd nd 3.9
DT-2A Polished 4.64 11.58 ± 1.03 28.02 ± 1.97 4.5 � 10–11 1.2 � 10–10 0.4–1.4 � 10–10 4.2

10.98 ± 0.62
8.88 ± 0.59

DT-3 Polished 9.00 0.51 ± 0.04 0.18 ± 0.03 1.8 � 10–12 7.6 � 10–13 0.5–3.4 � 10–12 4.1
0.32 ± 0.08
0.40 ± 0.119

DT-4 Polished 8.12 1.62 ± 0.09 2.13 ± 0.17 3.6 � 10–12 4.7 � 10–12 1.5–4.9 � 10–12 8.0
1.27 ± 0.10
1.97 ± 0.12

DT-5 Polished 8.99 2.54 ± 0.11 nd 1.5 � 10–12 nd 1.3–2.3 � 10–12 30
DT-5 Unpolished 8.99 0.87 ± 0.04 nd 5.2 � 10–13 nd 5.1–5.4 � 10–13 30
DT-6 Polished 4.69–4.81 nd 4.22 ± 0.41 nd 7.5 � 10–11 6.2–10.5 � 10–11 1.0

nd 10.15 ± 0.22 nd 8.9 � 10–11 7.8–10.9 � 10–11 2.0
nd 17.83 ± 0.5 nd 8.8 � 10–11 8.6–9.1 � 10–11 4.1
nd 25.57 ± 0.7 nd 7.4 � 10–11 nd 6.2
nd 38.38 ± 1.4 nd 8.3 � 10–11 nd 8.3

DT-7 Unpolished 4.79 8.79 ± 0.29 nd 4.1 � 10–11 nd 3.2–4.9 � 10–11 3.8
DT-8 Polished 5.51 29.39 ± 1.62 82.92 ± 6.60 9.10 � 10–11 2.95 � 10–10 0.80–3.3 � 10–10 5.0

23.31 ± 1.72
24.17 ± 0.51

DT-8 Unpolished 5.51 8.47 ± 1.33 nd 3.0 � 10–11 nd 2.3–5.3 � 10–11 5.0
DT-9 Polished 4.86 8.80 ± 0.53 nd 5.30 � 10–11 nd 3.0–9.2 � 10–11 4.0

15.27 ± 1.13
DT-9 Unpolished 4.86 8.89 ± 0.18 nd 5.47 � 10–11 nd 3.1–9.1 � 10–11 4.0

15.93 ± 0.36
DT-11 Polished 3.41 16.93 ± 0.50 30.90 ± 10.9 3.54 � 10–10 6.38 � 10–10 2.7–6.6 � 10–10 0.9

16.49 ± 1.11
17.98 ± 0.54

a Retreat rate deduced by linear interpolation of measured retreats as a function of time.
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Fig. 3. 3D-reconstructed view of a dolomite crystal dissolved
under acidic conditions (run DT-2A, pH = 4.6). The topographic
images of each face were obtained by VSI measurements after the
experiment. The crystal faces were polished and covered with a
Viton disc and three silicone glue spots to maintain the unwetted
reference surfaces required to measure the corresponding normal
retreat of each face (see Fig. 1). The surface regions that were
protected against dissolution are visible as rounded, elevated areas
in the central portion of each face.

Fig. 4. Calculated rate spectra of dolomite r-planes obtained by
surface analysis of VSI data for different pH conditions and
reaction times, under constant ionic strength (0.01 M NaCl): (a)
pH = 3.4, Dt = 0.9 days; (b) pH = 4.6, Dt = 4.2 days; (c) pH = 9.0,
Dt = 30 days. On each plot is also reported the mean rate value, as
obtained by integration of the data of the corresponding spectrum.
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either to the presence of comparatively unreactive portions
of the surface, such as wide terraces (Fig. 4b), or to the
presence of particularly reactive sites represented by deep
etch pits the development of which is more favorable under
acidic conditions (Fig. 4a). Along with the spectra, the plots
also report the corresponding mean values of each distribu-
tion, calculated by integration of the data of each spectrum
and represented by a red vertical line. We can note that
mean dissolution rates of r-planes decreased by a factor
of 200 between pH 3.4 and pH 9.0, whereas if we look at
the entire surface reaction distribution the dissolution rate
of r-planes varied by about 600 times between these two
pH extremes. An example of a rate spectrum of a c-plane
is reported in Fig. 5. Rate spectra of c-planes were found
to be generally more symmetrical in shape but showing
an increasing variance of the rate distribution data with
increasing reaction time as a consequence of developing
topography and increasing roughness (see Section 3.3).

The comparison of the surface rate distribution relative
to different r-planes allows a good estimate of the actual
intrinsic variability of dolomite dissolution fluxes reacted
under given conditions. Fig. 6 compares the rate spectra
of two pairs of r-planes reacted at the same time at
pH = 4.9. One pair of spectra (red color) corresponds to
the cleavage planes of a polished crystal, whereas the other
two spectra (blue color) refer to the r-planes of an unpol-
ished crystal that underwent dissolution during the same
experiment (run DT-9). The plot shows that equivalent
faces of the same crystal display different distributions of
dissolution fluxes and contribute to a wide variability in
terms of dissolution rate, which spans over almost one
order of magnitude but with a corresponding change of
mean rate values by a factor of �2. Apart from a slightly
different shape of the spectra, no clear difference is evident
between the dissolution behavior of polished and unpol-
ished r-planes of the two crystals at acidic conditions. The
comparison between polished and unpolished r-plane reac-
tivities under basic conditions suggests instead that the pol-
ishing procedure enhanced appreciably the dissolution
reaction. At pH = 9, mean retreat rates of unpolished r-
planes were in fact about 3 times slower than those mea-



Fig. 5. Rate spectrum of a dolomite c-plane dissolved at 50 �C
under acidic conditions (pH = 4.7) for 4 days. The red vertical line
represents the mean value of the rate distribution. (For interpre-
tation of the references to color, the reader is referred to the web
version of this article.)

Fig. 6. Comparison between the rate spectra of two pairs of
adjacent r-planes from two different dolomite crystals reacted
under the same experimental conditions (T = 50 �C; pH = 4.9).
One crystal was polished prior to the reaction (red data-lines) while
the other one was dissolved without any surface treatment before
the experiment (blue data-lines). Both crystals exhibit the same
overall reactivity but an evident difference exists between the
dissolution rate distributions of the two r-planes of each crystal,
one face dissolving approximately two times faster than the other.
(For interpretation of the references to color, the reader is referred
to the web version of this article.)
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sured on the corresponding polished surfaces (see Table 2).
This result is consistent with the observations of Schott
et al. (1989), who reported a larger increase of calcite disso-
lution rates with strain in more alkaline solutions. How-
ever, the observed effects of polishing on the rates are
also related to the limited extent of the reaction, which took
place within the restricted crystal volume affected by the
mechanical treatment (see Section 4.1).

It is interesting to note that the same enhancement of the
dissolution reaction by surface polishing reported at
pH = 9 was also observed for the experiment conducted
at pH 5.5 in acetate-bearing solutions (run DT-8, Table 2).
As observed by Schott et al. (1989), such rate enhancement
becomes generally significant when the dissolution reaction
is no longer transport-limited but controlled by surface
hydrolysis. Dolomite dissolution reaction becomes pH-
independent and promoted by the hydration of surface
metal sites at pH > 5 (Pokrovsky and Schott, 2001; Schott
et al., 2009).

In Table 2 we provide some estimates of the dissolution
rate variability of dolomite surfaces based on the rate distri-
bution (rate spectra) observed for the crystals analyzed
after the reported experiments. The two extremes of each
rate range refer to 90% of the spectral distribution with
respect to the analyzed planes. It should be noted that the
reported rate interval is narrow when only one plane was
investigated: rates vary by a factor of 1.1–2.3 between the
two extremes. When two, three, or four planes were exam-
ined, the resulting ratio between the two extremes of the
rate range varies between 2.4 and 6.8. Given their different
intrinsic reactivity, where both r-planes and c-planes are
considered, the rate variation is larger.

3.2. Topographic characterization and morphologic evolution

of reacted surfaces

The microtopography of reacted dolomite surfaces was
characterized by combining VSI and AFM techniques to
achieve a more accurate description of the most representa-
tive morphological features under the studied conditions.
We will first describe the surface microtopography of the
r-planes, under acid and basic pH conditions, and then
the main morphologic features characterizing the dissolved
c-planes.

The principal topographic features which characterize
the r-planes under the acidic conditions here considered
(3.4 < pH < 5.0) are illustrated in Fig. 7. Dissolution of
cleavage planes is led by the formation of typical pseudo-
rhombic etch pits, the size of which was observed to vary
as a function of the fluid chemical composition and the
reaction time. In the range of pH 3.4–3.5 and after 1 day
of reaction (run DT-11), the etch pit size was observed to
vary between 75 and 180 mm, whereas their depth was typ-
ically between 1.7 and 12.5 mm. For a longer exposure time
(3.2 days, run DT-10) the surface was instead dominated by
fewer but much larger etch pits having dimensions that var-
ied between 450 and 500 mm and an average depth of about
9 mm. At these pH conditions the pit morphology was also
characterized by a slight rounding of the obtuse steps
(Fig. 7a), which can be attributed to a partial control by dif-
fusion of the dissolution reaction (cf. De Giudici, 2002).
Smaller dimensions characterized the dolomite etch pits
that developed at pH of 4.6–4.9 after 4 days of exposure
to the fluid (Fig. 7b): the quasi-rhombic etch pits showed
horizontal dimensions between 30 and 150 mm with few pits
reaching sizes of about 200 mm. Those pits displayed char-
acteristic depths of 0.5 to 3 mm but reached up to 6 mm in
few cases. For increasing time of reaction an evolution
towards larger dimensions of dissolution pits was again
observed. The same dolomite crystal reacted for 4 days
(run DT-2) was dissolved in the same solution for two suc-
cessive time intervals of 5 days (DT-2B–C). Pit size range
increased first to 95–235 mm and then to 160–430 mm after
the second step of dissolution, while pit depth range



Fig. 7. Details of dissolution etch-pit morphology, size and distribution on the cleavage r-planes of dolomite at acidic conditions. a) Etch pits
formed after 1 day of reaction at pH = 3.4; b) etch pits formed after 4 days of reaction at pH = 4.6. To better render the representation of
surface micro-topography, contour lines with 100 nm vertical interdistance were added to both VSI images.
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increased to 1.5–9.1 mm and remained essentially
unchanged after the second dissolution period. No evident
changes in geometry and density of dissolution pits were
observed between initially polished and unpolished dolo-
mite crystals under acidic conditions.

Remarkable changes in surface topography were found
when dolomite crystals were dissolved at basic conditions.
To illustrate the effect of the fluid composition on surface
topography, we will limit our analysis to the experiment
conducted at pH 9 for 30 days (run DT-5). Two dolomite
crystals were used in this experiment, one polished on 3 r-
planes and a c-plane, the other one unpolished and pro-
tected with masks only on the natural cleaved r-planes.
Both samples were characterized by the development of
abundant etch pits that exhibited a rounded shape in corre-
spondence of the corner region between the two obtuse
steps (Fig. 8a). This morphology can be attributed to the
inhibiting effect of the high carbonate ion concentration
in solutions ([CO3

2�] � 0.3 mM). The same effect was in fact
observed by Lea et al. (2001) when studying calcite dissolu-
tion in CO3

2�-rich aqueous solutions ([CO3
2-] varying

between 0.15 and 0.9 mM). This generation of etch pits
showed horizontal dimensions that ranged between 15
and 40 mm and depths of 0.1–1.5 mm on the polished sur-
faces, whereas pits displayed relatively larger dimensions
on the r-planes of the unpolished sample, being between
20 and 80 mm in width and varying between 0.4 and 3 mm
in depth. A second generation of shallower pits was also
distinguishable on the polished r-planes. These pits had
an average size of 2–6 mm and were between 60 and
150 nm deep (Fig. 8b). The most striking aspect that distin-
guished the polished r-planes from the corresponding
unpolished surfaces was the development of linear features
that crossed the surface of the polished r-planes, which were
the result of scratches and surface damage generated by the
polishing procedure but were not clearly visible on the
freshly polished crystal surfaces. The following etching pro-
cess amplified the effects of the surface treatment suggesting
that subsurface damage could be produced by small frag-
ments of dolomite breaking from the edges and rolling
under the crystal surface during the polishing. These fea-
tures appeared like trenches 15–80 mm wide and 0.3–
1.5 mm deep, consisting of linear arrays of pits (Fig. 8c).
The development of these linear features was also evident
on the polished crystal reacted for 4 days at the same con-
ditions (run DT-3).

The surface topography of the reacted triangular c-plane
is quite different from the adjacent r-planes described
above. Under acidic conditions the dissolution of this sur-
face results in the development of pyramidal features, with
no evidence of etch pit formation accommodating the disso-
lution reaction (Fig. 9). On the contrary, under basic condi-
tions (pH 9, run DT-5) the surface topography was
characterized by the formation of triangular etch pits,
which were analogous to those observed by Smith et al.
(2013) on the equivalent crystallographic plane of calcite
dissolved at various degrees of fluid saturation. Such pits
could not be distinguished on the {0001} plane surface
after only a few days of reaction but were clearly visible
on the dolomite crystal reacted for 30 days (Fig. 10).

3.3. Rate variation and surface topography evolution as a

function of time: f1014g vs. {0001}

Measurements of surface retreat rates as a function of
time were conducted at pH of �4.7 both for an unpolished
r-plane and a polished c-plane by masking the same surface
region and measuring the height difference with respect to
the underlying topography at different time steps
(Fig. 11). The surface normal retreat of both planes showed
an approximately linear dependence on time. The observed
trends of r- and c-plane retreat rates can be compared with
the corresponding evolution of the surface roughness dur-
ing the course of the reaction. Plots of the evolution of
the root square mean (RMS) roughness (Rq) measured
for an r-plane and a c-plane under the investigated condi-
tions are reported in Fig. 12. Rq values were obtained for
fields of view of 692 � 518 mm and 105 � 140 mm for the
r-plane and the c-plane, respectively. It can be observed
that, while the increase of RMS roughness is linear for
the r-plane, the progress of this parameter follows an expo-
nential increase for the c-plane as a function of time,



Fig. 8. Typical surface topography and etch pit morphology of
dolomite r-planes reacted under basic conditions and high carbon-
ate ion concentration (pH = 9; [CO3

2�] = 0.3 mM). As in Fig. 7,
contour lines were added to the images to better visualize the
morphology and depth of the represented features. (a) Dissolution
under high [CO3

2�] results in the formation of etch pits with
rounded shape on the obtuse step side (VSI image of an unpolished
r-plane). (b) AFM image showing the presence of two different
generation of etch pits on the polished surface of an r-plane. (c) VSI
image showing how triangular-rounded shaped etch pits are
concentrated along linear features inherited by the polishing
procedure. Contour line vertical interdistance is 100 nm in (a),
10 nm in (b) and 75 nm in (c).
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although Rq varied by less than 1 mm in the latter case. This
indicates that the progress of the dissolution reaction
brought about a relative decrease of surface reactivity due
to the development of a progressively less reactive surface
morphology (see Section 4.2).

3.4. Fluid chemical data

The composition of the aqueous solution reacting with
the dolomite crystals was analyzed for Ca and Mg concen-
trations during the progress of the experiments. In the case
of the runs conducted at pH 8 and 9, because of the slow
rates of dissolution and the very high solution volume to
dolomite surface area ratio, Ca and Mg concentrations
were below the detection limit for ICP-OES, so that we
could not follow the chemical evolution of the fluid at these
conditions. The composition of the aqueous solution could
be monitored during the experiments conducted under
acidic conditions (pH � 5.5). The analytical data for these
conditions show that the Ca/Mg concentration ratio in
the solution increases with decreasing pH, varying from
0.95 at pH 5.5 (run DT-8) to 1.12 at pH 3.4 (run DT-11),
whereas the Ca/Mg ratio of the solid equals 1.01. These
data are consistent with a preferential departure of Ca from
the mineral surface and the formation of a Mg-rich surface
layer at pH < 5.0 (cf. Pokrovsky and Schott, 2001; Urosevic
et al., 2012). The evolution of the Ca and Mg concentra-
tions during the experiment DT-2A–C performed at pH
of �4.7 is illustrated in Fig. 13. This experiment was carried
out in three separate steps, interrupting the reaction at 4
and 5 day intervals to look at the morphologic evolution
of the crystal surfaces during the reaction. The plot of
Fig. 13 shows that the concentration of the two elements
reached a steady state after a period of 60–90 h (first step
of reaction) and remained relatively constant during the fol-
lowing 200 h (second and third steps of reaction) but show-
ing a slight increase after 300 h, right before the end of the
experiment. This apparent increase may be related to the
change of reactive surface area of the crystal after the first
several days of dissolution (see discussion below). Element
concentrations and corresponding saturation ratios of the
aqueous solution with respect to dolomite and calcite are
listed in Table 3.

4. DISCUSSION

The results presented here show how the dissolution
behavior of dolomite surfaces varies not only as a function
of changing chemical conditions but is also intrinsically
related to the heterogeneous distribution of surface defects
and the inherited surface morphology resulting from sam-
ple treatment and reaction history (cf. Arvidson and
Lüttge, 2010). In this regard we observed how the surface
damage generated by mechanical polishing enhanced the
reactivity of the crystals at near neutral pH and conditions
otherwise relatively unfavorable to dissolution (basic pH
and carbonate-rich fluids). The morphologic progression
of dissolving dolomite surfaces varied as a function of aque-
ous solution composition and controlled in its turn the rates
of the overall dissolution reaction. Understanding the



Fig. 9. c-plane surface morphology of dolomite after 48 h (a) and 144 h (b) of reaction under acidic conditions (pH = 4.7, run DT-6).
Dissolution of the c-plane at these conditions brings about the development of pyramidal features the density and size of which increase as a
function of the reaction time and lead to a less reactive surface. The vertical interdistance of the drawn contour lines is 25 nm.
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effects of different parameters on dolomite surface topogra-
phy and reactivity is thus crucial to model the dissolution
behavior of this mineral under a wide range of conditions.
In the following subsections we discuss our experimental
results in relation to the investigated parameters (mechani-
cal polishing, fluid chemistry, surface orientation and reac-
tion time) to provide a more comprehensive description of
dolomite dissolution rates and their intrinsic variability.

4.1. Influence of mechanical polishing on surface topography

and measured retreat rates

Pretreatment of dolomite surfaces did not have any
apparent effect on measured dissolution rates under the
tested acidic conditions (pH � 4.9). Under these conditions
an increase of the dissolution rates for polished surfaces can
be expected but it is generally transitory and limited to the
early stages of the reaction, where a relative increase of sur-
face area combines with decreasing surface energy due to
dislocation cores opening and expanding (Schott et al.,
1989; Lasaga and Lüttge, 2001). Because the number of
active sites on the mineral surface largely exceeds the den-
sity of defects and dislocations even in strained samples,
the dissolution behavior of polished crystals under acidic
conditions will be negligibly affected by the increase of
the defect density and the presence of various surface arti-
facts (cf. Lüttge, 2005). This is confirmed by the compar-
ison of couples of polished and unpolished crystal faces
reacted under the same conditions at pH 4.9 (Fig. 6), the
surface normal retreats and rate distributions of which



Fig. 10. AFM images of dolomite c-plane surface morphology developed after 30 days of reaction under basic conditions (pH = 9.0).
Different from acidic conditions, the surface shows the formation of triangular etch pits. Note that (b) shows a detail of the surface
represented in (a). Contour line vertical interdistance is 20 nm on both images.
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show negligible differences. Nonetheless, the different rate
distribution between the two r-planes of each crystal is clear
and could not be related to any distinctive feature that
would explain it. Therefore, we simply assume that the
observed difference in rate distributions is an expression
of the intrinsic variation of surface energy that character-
izes dolomite cleavage planes. On the contrary, at alkaline
pH’s and high carbonate ion activities (runs DT-3, DT-5)
the increased density of surface defects generated by
mechanical polishing corresponds to a large increase in
the concentration of dissolution-active sites compared to
a smooth or unpolished surface (cf. Pokrovsky and
Schott, 2001; Duckworth and Martin, 2003), resulting in
enhanced dissolution rates. The influence of polishing on
the reactivity of dolomite is clearly exhibited by the mor-
phology of the r-planes reacted at pH 9.0, where dissolution
took place preferentially along scratches and micro-
fractures inherited by the surface treatment
(Fig. 8b and c). These features locally increased the energy
of the surface by providing preferential sites for the nucle-
ation of etch pits and their subsequent expansion, which
constitutes the fundamental mechanism driving the normal
retreat of the surface under those conditions (cf. Lasaga
and Lüttge, 2001).

Similarly, the increased density of surface defects
explains the faster rates of dissolution observed for polished
crystals in acetate-bearing solutions at pH = 5.5. It should
be noted that no clear effect of acetate ions on the rates
of both polished and unpolished surfaces could be observed
at the concentration level used in this study (2.5 mM). This
ligand can catalyze carbonate mineral dissolution at con-
centrations higher than 10 mM but its effects are generally
less important compared to other organic ligands
(Pokrovsky and Schott, 2001; Pokrovsky et al., 2009).

According to the measured vertical retreats and corre-
sponding surface topography, it is evident that the adopted
polishing method affected the crystal structure and its reac-
tivity to a depth of several micrometers below the surface,
which is consistent with studies of near surface damage gen-
erated by mechanical polishing of various crystalline mate-
rials (Lucca et al., 2006; Klopfstein and Lucca, 2011). This
fact implies that, if the same conditions are maintained, the
observed surface topography and the increased retreat rates
represent transient non-steady state conditions towards a
smoother topography and slower rates of dissolution,
which will be attained after the extent of surface retreat
becomes larger than the thickness of the crystal affected
by damage due to sample treatment. The higher dissolution
rates obtained from the analysis of polished crystals at
pH > 5 are thus related to the removal of a volume of mate-
rial that was affected by the polishing procedure and are not
representative of steady state conditions.

4.2. Morphologic evolution of c-planes and r-planes as a

function of pH and reaction time

Remarkable differences in mean rates and rate spatial
distribution were evident by the comparison of dolomite
r-plane and c-plane surface topography as a function of
time and fluid composition. As observed above, the c-
plane dissolved 2–3 times faster than the r-plane at acidic
conditions but slower in basic and CO3-rich fluids
(Fig. 2). However, the rate spectra obtained by analysis of
the surface before and after a few days of dissolution
revealed that r-planes were generally characterized by a
wider variability in rate distribution than c-planes, particu-
larly at acidic pH’s, where the heterogeneous distribution of
surface energy was manifested in the asymmetric shape of
the rate spectra and the corresponding frequency of highly
reactive sites (deep etch-pits) versus comparatively slow dis-
solving regions (e.g., wide flat terraces between major etch-
pit arrangements; see Fig. 4b). Although the surface area of



Fig. 11. Vertical retreat of dolomite surfaces as a function of
reaction time. a) Total retreat variation of an r-plane at pH 4.7 over
a 4 days period. b) Total rate variation of a c-plane at pH 4.7 over
an 8 days period. c) Local retreat variation of the same c-plane of
(b) relative to an area not affected by the formation of pyramidal
features. Dashed lines drawn through the symbols represent a
linear least square fit of the data with the 95% confidence interval
(thin black dotted lines).
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analyzed c-planes was between 3 and 6 times smaller than
the r-planes, such size difference does not explain the funda-
mentally distinct surface reaction distribution, which stems
from different reaction mechanisms. The different dissolu-
tion behavior of the two planes can be compared by consid-
ering the periodic bond chain (PBC) model of Hartman and
Perdok (1955), which relates the nature and reactivity of
different faces to the number of the continuous chains of
strong bonds they contain. Dolomite r-planes are character-
ized by three non-parallel PBCs (Fouke and Reeder, 1992;
Paquette and Reeder, 1995) and constitute the most stable
form of trigonal carbonates (F faces). On the contrary,
the c-planes do not contain any PBC direction and are
kinked (K) faces, which, as a result, are very unstable.
Therefore, the higher reactivity of the c-plane under acidic
conditions is not surprising if one considers its highly
kinked nature and consequent instability compared to the
cleavage plane. However, the morphologic evolution of this
plane indicates that its reactivity might decrease progres-
sively as a function of time in the acid pH range, as shown
by the formation and growth of pyramidal protrusions
mimicking the intersection of the adjacent dolomite cleav-
age planes. The growing emergence of such features was
responsible for the exponential increase of surface rough-
ness (Rq) but did not impact considerably the retreat rates
measured under these conditions (Fig. 11b), probably
because the increase of surface roughness was limited to
few hundreds nm (Fig. 12b). Nevertheless, if we consider
the vertical retreat of a restricted region not affected by
the formation of those features (Fig. 11c), we observe that
the retreat rates were slightly faster compared to the
retreats measured on the entire surface. This suggests that,
if the reaction was protracted for a longer time, the average
retreat rate of this plane will eventually decrease while sur-
face roughness will keep increasing as a consequence of the
further development of the observed surface microtopogra-
phy. An inverse relation between total retreat rates and sur-
face roughness was reported by Godinho et al. (2014) when
dissolving different faces of fluorite crystals and is consis-
tent with the evolution of the surface towards a more stable
(low-energy) topography.

The elementary mechanism leading to the formation of
the observed microscopic pyramids on the c-plane is not
clear because we could not distinguish any regular morpho-
logic pattern connecting the emergence of such features on
the c-plane surface. Formation by a (re-) precipitation
mechanism can be excluded given the highly undersaturated
conditions of the aqueous solution (cf. Table 3) and consid-
ering that the relative height of these protrusions did not
increase with time compared to the unreacted reference sur-
face. Regardless of the microscopic mechanisms, the
observed morphological progression of the c-plane
(Fig. 9) suggests that the {0001} surface might macroscop-

ically evolve into a f1014g form on the long term, as the
pyramidal protrusions grow in size and total retreat rates
decrease to approach those measured on the r-plane. Direc-
tions and surface angles of the microfacets bounding the
pyramidal features developed on the {0001} also seem
compatible with r-planes. Such evolution becomes instead
more unlikely if we look at the topography developed by
the c-plane at pH 9. Under these conditions the surface is
dominated by the presence of small-sized triangular pits

with wall inclination close to the f1014g orientation
(Fig.10). Although we do not have a time sequence showing
the morphologic progression of this plane, we can argue
that, in analogy with the mechanisms proposed by Smith
et al. (2013) for calcite c-plane reactivity, this surface will
eventually maintain its {0001} macroscopic form. Irrespec-
tive of the long-term three-dimensional evolution of dolo-
mite crystals (see next section) the evident divergence of
c-plane dissolution behavior between acidic and basic con-



Fig. 12. RMS roughness (Rq) evolution of r-plane (a) and c-plane (b) surfaces as a function of reaction time at mildly acidic pH
(4.6 � pH � 4.8). FOV is of 692 � 518 mm for the r-planes and 105 � 140 mm for the c-plane. Refer to Fig. 11 for the corresponding variation
of total retreat rates. Dashed lines drawn through the symbols represent a fit to the data to illustrate the linear and exponential increase of Rq

with time for r-planes and c-plane, respectively.

Fig. 13. Variation of Mg and Ca concentration with time for the
experiment conducted in three separate reaction steps (DT-2A–C)
under acidic conditions (pH = 4.7). Each reaction step is delimited
by a different background color on the plot area. Concentrations
reach a steady state during the first step of the reaction and keep it
through the successive stage of dissolution but they seem to
increase near the end of the 3rd reaction step, indicating a possible
increase of the reactive surface area of the dolomite crystal.
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ditions favors, in both cases, the development of a more
stable microtopography, but suggest that the different
microscopic features observed on this plane (triangular pro-
trusion vs. triangular pits) are the result of surface dynamic
processes whose sensitivity to changed chemical conditions
is higher than on contiguous r-planes. As a consequence,
when measured c-plane retreat rates are faster than r-
planes pyramidal protrusions are formed, whereas the
slower dissolution of the c-plane at basic conditions (and
high dissolved inorganic carbon concentrations) leads to
the development of triangular etch pits, which likely control
the overall retreat of the surface.

The morphologic study of the r-plane showed that
shape, size and spatial distribution of the etch pits control-
ling the dissolution process is strongly influenced by the pH
of the aqueous solution. As it was previously observed by
Orton and Unwin (1993), dolomite dissolution at room T

can also exhibit a highly anisotropic character with respect
to the fluid-flow conditions at pH as low as 3–4, where etch-
pit geometry and distribution are controlled by the rate of
solute transport. Evidence of rate dependence on mass-
transport was observed at the low pH end of this experi-
mental study (pH = 3.4), where etch pits displayed an evi-
dent rounding of obtuse step corners (Fig. 7a). In that
regard it is worth considering that the increase of pH at
the dolomite/fluid interface due to transport control was
presumably very small (cf. Gautelier et al., 1999) and thus
unable to affect considerably the saturation state of the
interfacial fluid compared to the bulk solution. We do not
have any clear evidence of diffusion-limited rates at the
higher pH’s investigated in this study (4.5 < pH < 5.0),
but a mixed control by surface reaction and solute trans-
port cannot be excluded a priori in the acidic to near neu-
tral pH region (cf. Gautelier et al., 1999). Furthermore,
the evolution of the cleavage surface at mildly acidic condi-
tions (pH = 4.7) is characterized by the progressive expan-
sion and deepening of a few etch pits, which is consistent
with the growth behavior described by Lüttge et al.
(2003) at pH 3 and 25 �C for the same dolomite planes.
As shown in Fig. 12a the growth of those etch pits is accom-
panied by a relatively constant increase in surface rough-
ness, which suggests that, at least at these conditions, a
morphological steady state may not be reached with time
at the surface of dolomite r-planes. The attainment of such
condition could be in fact a quite fortuitous event and
would require a discontinuous character of the etch pit
nucleation process (MacInnis and Brantley, 1992).
Nonetheless, the surface-normal retreat of the r-plane as
function of time remains essentially constant (Fig. 11a)
despite the observed increase in surface roughness, suggest-
ing that the apparent increase of surface area is balanced by
an increasing proportion of surface features characterized
by a lower reactivity (cf. Godinho et al., 2014) such as the
steep walls of expanding etch pits, where the formation of
step bunches and macrosteps by interstep interaction
(Jordan and Rammensee, 1996; Smith et al., 2013) could
lead to a significant reduction of local dissolution rates.
In other words, the relatively uniform and constant vertical
retreat of the surface is primarily controlled by the move-
ment of the steps present at the boundaries of widening,



Table 3
Aqueous solution concentration change in Ca and Mg during the experiment DT2A–C, conducted at pH 4.7 and 50 �C at a constant flow rate
of 0.5 ml/min. Refer to Fig. 13 for the plot of Ca an Mg concentration as function of time. SI defines the saturation index of the aqueous
solution with respect to dolomite (Dol) and calcite (Cc).

Sample Elapsed
time (hours)

pH (50�C) Ca (mM) Mg (mM) Ca/Mg SI(Dol) SI(Cc)

1st step DT-2A-1 17.7 4.63 3.41E�03 3.22E�03 1.06 �16.6 �8.9
DT-2A-2 24.1 4.62 3.27E�03 3.13E�03 1.05 �16.7 �9.0
DT-2A-3 41.7 4.67 3.71E�03 3.56E�03 1.04 �16.4 �8.8
DT-2A-4 49.9 4.64 3.89E�03 3.77E�03 1.03 �16.4 �8.9
DT-2A-5 65.3 4.67 3.83E�03 3.69E�03 1.04 �16.3 �8.8
DT-2A-6 73.9 4.65 3.80E�03 3.63E�03 1.05 �16.4 �8.8
DT-2A-7 89.8 4.63 3.79E�03 3.61E�03 1.05 �16.5 �8.9
DT-2A-8 98.8 4.64 4.03E�03 3.82E�03 1.06 �16.4 �8.8

2nd step DT-2B-1 106.1 4.65 3.62E�03 3.43E�03 1.06 �16.5 �8.9
DT-2B-2 123.7 4.65 3.74E�03 3.55E�03 1.05 �16.4 �8.9
DT-2B-3 129.0 4.72 3.53E�03 3.37E�03 1.05 �16.2 �8.7
DT-2B-4 156.0 4.62 3.45E�03 3.32E�03 1.04 �16.6 �9.0
DT-2B-5 192.8 4.69 3.78E�03 3.62E�03 1.05 �16.3 �8.8
DT-2B-6 202.0 4.67 3.81E�03 3.63E�03 1.05 �16.3 �8.8
DT-2B-7 217.5 4.72 3.69E�03 3.52E�03 1.05 �16.2 �8.7

3rd step DT-2C-1 234.9 4.64 3.63E�03 3.46E�03 1.05 �16.5 �8.9
DT-2C-2 259.9 4.73 3.77E�03 3.60E�03 1.05 �16.1 �8.7
DT-2C-3 267.9 4.63 4.05E�03 3.89E�03 1.04 �16.4 �8.9
DT-2C-4 292.0 4.65 3.67E�03 3.55E�03 1.04 �16.4 �8.9
DT-2C-5 330.9 4.76 4.19E�03 4.08E�03 1.03 �15.9 �8.6
DT-2C-6 337.9 4.71 4.31E�03 4.22E�03 1.02 �16.1 �8.7

Fig. 14. 3D-plot of dolomite crystal topography at the edge region between r-plane and c-plane after 9 days of reaction at pH 4.7 (runs DT-
2A and DT-2B). VSI data show how, under acidic to mildly acidic conditions, the density of steps and kinks at edges and corners increases
dramatically with respect to the relatively smooth surfaces of cleavage planes, whose retreat and topographic evolution are conventionally
used for rate determinations. The contribution of edge and corner regions to the overall dissolution rate is not taken into account by common
surface retreat measurements and in-situ observations but can explain some of the discrepancies existing between single-face derived rates and
traditional bulk fluid measurements.

108 G.D. Saldi et al. /Geochimica et Cosmochimica Acta 206 (2017) 94–111
coalescing and deepening etch pits (Lasaga and Lüttge,
2001; Lüttge et al., 2003), such that the measured increase
of surface roughness translates into a marginal impact on
the resulting surface retreat rates, which remain approxi-
mately constant.
4.3. The unknown contribution of crystal edges and corners to

dissolution rates

In this study we quantified the dissolution rates of differ-
ent surfaces of dolomite single crystals by providing direct
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measurements of vertical surface retreat rates and illustrat-
ing the heterogeneous distribution of the dissolution fluxes
on the reacted surfaces through time. However accurate this
approach can be, compared to other indirect measurements
of mineral dissolution rates, it always deals with the rela-
tively smooth surfaces of large single crystal faces without
taking into account the corresponding contribution of edge
and corner regions to the overall reactivity of the mineral.
As pointed out by Arvidson et al. (2003), the absence of
such quantitative information may be at the origin of some
of the discrepancies between rates derived from AFM and
VSI studies compared to bulk dissolution rates obtained
from mineral powders. The presence of a high density of
steps and kinks at the edges and corners of mineral grains
will result in bulk dissolution rates that are higher than
those derived by the kinematic study of crystal faces char-
acterized by a relatively smooth topography, especially
when the rate contribution from those regions is higher
than their contribution to the total surface area, an effect
that will be amplified for decreasing size of mineral grains
(Arvidson et al., 2003, 2015; Fischer et al., 2012). Lüttge
et al. (2003) observed that the missing contribution of crys-
tal edges to the calculation of mean rates could explain the
lower rates of dolomite dissolution measured at pH 3 com-
pared to the rates determined by bulk dissolution experi-
ments. The contribution from edges and corners of
dolomite single crystals seems very important also under
the mildly acidic pH’s investigated in this study. Fig. 14
shows a 3D image of the edge region between an r-plane
and a c-plane of a dolomite crystal reacted at pH = 4.7
for 9 days at 50 �C (expt. DT-2). The density of steps and
kink sites is much higher than that observed on the adjoin-
ing cleavage planes. In addition, the extension of the edge
regions between r-planes and c-plane and contiguous r-
planes was observed to increase over the course of the reac-
tion to the detriment of the surface area of those planes,
suggesting an increasing contribution of highly reactive
edge and corner regions to the overall dissolution rate. Such
morphologic evolution of the crystal corresponds to a sce-
nario in which steady acidic conditions lead to an overall
increasing instability of the surface and a dramatic change
of crystal morphology. Such morphologic evolution might
explain the visible increase of Ca and Mg concentration
in the fluid recorded for this experiment after 300 h of reac-
tion, even though such correspondence is actually difficult
to resolve (Arvidson et al., 2015).

The reactivity of corners and edges of single crystals
should be considered carefully also under basic pH as well
as at near equilibrium conditions, where the reactivity of
the interior part of a crystal face might be significantly
reduced relative to the borders. If such condition holds,
the edge of the crystals will be the main source of steps
moving over the surface and driving the dissolution process
while etch pit nucleation at dislocations and point defects
remains comparatively unfavorable. In this case, however,
the edge regions are likely to become dominated by merged
steps (macrosteps) formed by step-step interactions and
step pinning processes (cf. Bonzel, 2003; Smith et al.,
2013). Because the velocities of macrosteps are greatly
reduced compared to isolated monolayer steps (Akutsu,
2014), the extension of vicinal r-plane edge surfaces could
remain rather limited and dolomite might preserve the
low energy morphology of the starting rhombohedral crys-
tals. As a result, dissolution rates derived from the kine-
matic study of smooth cleavage surfaces by AFM might
not differ significantly from those obtained from bulk disso-
lution studies.

5. CONCLUDING REMARKS

The microscopic analysis of dolomite cleavage planes (r-
planes) as a function of aqueous solution composition and
reaction time showed that surface dissolution fluxes varied
by almost one order of magnitude under mildly acidic con-
ditions (e.g., pH � 4.9), reflecting the corresponding hetero-
geneous distribution of surface energy, whereas the rate
variability at basic pH’s and high carbonate ion concentra-
tions (pH = 9; [CO3

2–] � 0.3 mM) was much less pro-
nounced as a consequence of a much lower reactivity of
the surface. At these conditions, however, the surface reac-
tivity appeared to be enhanced by the damage induced by
surface mechanical treatment, which brought about an
increase by a factor of 3 of the mean rate values relative
to unpolished cleavage surface. The parallel study of highly
kinked c-planes (cut perpendicular to the c-axis) added to
the intrinsic variability of dolomite dissolution rates since,
at least for short experimental durations, these surfaces
were observed to dissolve faster than the r-planes under
acidic conditions but slower at basic conditions. The non-
quantified implication of steps and kink sites in the edge
regions of dolomite crystals complicates the interpretation
of dolomite crystal reactivity as a 3D problem, particularly
under acidic conditions where the contribution of these sites
increased appreciably over the course of the reaction.
Moreover, the observed increase of surface roughness did
not correspond to an increase of surface reactivity, suggest-
ing that the use of this parameter as a proxy for the density
of active sites for dissolution (cf. Schott et al., 2012; Fischer
et al., 2014) is not that obvious and should be evaluated
case by case.

If on one hand this study provides a detailed character-
ization of dolomite dissolution behavior as a function of
pH and surface orientation and constrains the rate variabil-
ity under the investigated conditions, on the other hand it
also highlights the inherent complexity of the dissolution
process and stresses the need for a deeper understanding
of the mechanisms that control the dissolution rates of sin-
gle surfaces and crystals as a whole. The determination of
such mechanisms cannot be achieved only by experimental
observations but requires the integrated approach of
computer modeling to identify processes that current exper-
imental techniques cannot resolve nor quantify alone.
Noticeable progress in this respect has been recently
achieved by Kinetic Monte Carlo (KMC) simulations
(Lüttge and Arvidson, 2010; Lüttge et al., 2013), which
promises to be an effective tool to model the evolution of
mineral surface topography and the rate distribution result-
ing from the complex interaction of different elementary
mechanisms (cf. Kurganskaya and Lüttge, 2016). However,
the advancement of these models and their ability to make
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more accurate predictions for systems of increasing com-
plexity rely upon continued experimental work as a means
for verification and further development.
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