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Abstract
Recent work has suggested that the rates of mineral dissolution in aqueous solutions are dependent on the kinetics of
dehydration of the ions building the crystal. Dehydration kinetics will be ultimately determined by the competition between
ion–water and water–water interactions, which can be signiﬁcantly modiﬁed by the presence of background ions in solution.
At low ionic strength, the eﬀect of electrolytes on ion–water (electrostatic) interactions will dominate (Kowacz et al., 2007). By
performing macroscopic and in situ, microscopic (atomic force microscopy) dissolution experiments, the eﬀect of background
electrolytes on the dissolution kinetics of gypsum (CaSO42H2O) {0 1 0} cleavage surfaces is tested at constant, low ionic
strength (IS = 0.05) and undersaturation (saturation index, SI = 0.045). Dissolution rates are systematically lower in the
presence of 1:1 background electrolytes than in an electrolyte-free solution, regardless of the nature of the electrolyte tested.
We hypothesize that stabilization of the hydration shell of calcium by the presence of background ions can explain this result,
based on the observed correlations in dissolution rates with the ionic surface tension increment of the background ion in solution. Stabilization of the cation hydration shell should favor dissolution. However, in the case of strongly hydrated ions such
as Ca2+, this has a direct entropic eﬀect that reduces the overall DG of the system, so that dissolution is energetically less
favorable. Overall, these results provide new evidence that supports cation dehydration being the rate-controlling step for gypsum dissolution, as proposed for other minerals such as barite, dolomite and calcite.
Ó 2016 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Knowledge of the dissolution behavior of gypsum
(CaSO42H2O) in aqueous solutions is of primary importance in many natural and technological processes. The
study of the mechanisms and kinetics of water–gypsum
interactions may provide insights into the role of gypsum
on crustal deformation in numerous geological settings
and in trapping large oil and gas accumulations (De Meer
and Spiers, 1997). A quantitative, mechanistic-based
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understanding of gypsum behavior in contact with aqueous
solutions is also relevant for predicting the evolution of the
wide areas of gypsum karsts existing worldwide, their
instability and potential collapse (Jeschke et al., 2001).
Additionally, the dissolution of gypsum has important
environmental implications. The presence of calcium and
sulfate ions in water inﬂuences the dissolution of other minerals containing toxic metals (e.g. uranium) (Kuechler et al.,
2004) and the quality of drinking water (Raines and
Dewers, 1997). Moreover, it can help to ameliorate the
acidity of soils as it permits the complete precipitation of
dissolved aluminum and increases the level of dissolved
calcium in the soil solution allowing roots to penetrate into
the subsoil (Sumner et al., 1986).
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An in-depth understanding of gypsum dissolution
behavior is also required in the oil and gas industry, as gypsum is one of the main inorganic scale deposits in hydrocarbon reservoirs (Raju and Atkinson, 1990), which can
signiﬁcantly aﬀect oil recovery. Enhanced chemical dissolution of gypsum precipitates is an eﬃcient way to remove
these scales. A better understanding of gypsum dissolution
would also provide insights into the mechanism of the
strong enhancement of creep of plasterboards in humid
environments. It has been suggested that this behavior is
related to the dissolution of gypsum in the intercrystalline
water of the plaster. To slow down such a process, anticreep salts are commonly added (Pachon-Rodriguez et al.,
2011). Knowledge of the dissolution kinetics of gypsum in
water containing diﬀerent electrolytes is thus necessary to
ﬁnd new additives to avoid such a problem. Finally, gypsum dissolution plays a critical role in the hydration of
Portland cement. Gypsum is added to suppress the rapid
hydration reaction of calcium aluminate during cement setting. Immediately upon wetting of the cement, the dissolution of gypsum releases calcium and sulfate ions into
solution that react with aluminate and hydroxyl ions forming ettringite (Ca6Al2(SO4)3(OH)1226H2O) needles, which
subsequently precipitate on calcium aluminate grains,
retarding their hydration (Chen and Jiang, 2009).
Most commonly, water in contact with rock-forming
minerals or technologically relevant materials contains signiﬁcant and variable amounts of ions in solution. In all the
applications described above, the morphology and rates of
gypsum dissolution can be aﬀected by the presence of ions
in solution in an, as yet, unknown way. Few studies have
dealt with the eﬀect of electrolytes on gypsum reactivity.
Brandse et al. (1977) found that sodium chloride signiﬁcantly increased the gypsum growth rate. Traditionally,
the eﬀect of foreign ions on mineral growth or dissolution
behavior has been ascribed to changes (increase) in solubility (ionic strength eﬀect, Buhmann and Dreybrodt, 1987) or
to the ability of some ions to adsorb at the mineral surface
and hinder the detachment of the ions building the crystal.
However, current research suggests that the control that
background electrolytes exert on water structure is limited
to the local environment surrounding the ions and is not
related to long-range electric ﬁelds emanating from the
ions, nor with the speciﬁc interactions with active sites on
mineral surfaces (e.g. Kowacz and Putnis, 2008; RuizAgudo et al., 2010, 2011a,b). In this sense, the early work
by Brandse et al. (1977) showed an enhancement in gypsum
growth kinetics above the expected increase associated with
the relative increase in the solubility of gypsum in brines.
Bosbach et al. (1996) concluded that the interaction
between gypsum (0 1 0) surfaces and water at such interfaces
determines the kinetics of growth in the presence of background electrolytes. In particular, these authors propose
an increased dehydration frequency for hydrated Ca2+ in
the presence of Cl relative to NO
3 . Interestingly these
authors indicate that such a hydration eﬀect cannot be deciphered from bulk growth experiments, and in situ microscale experiments are needed. Similar eﬀects should thus
be expected during dissolution experiments. The eﬀect of
foreign ions on the hydration shell(s) of the building units
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of the crystal and the ions’ capacity to break or structure
water (i.e. chaotropic and kosmotropic ions, respectively)
seem to strongly dictate the inﬂuence that these background
ions have on the kinetics of mineral growth and dissolution
(Kowacz and Putnis, 2008; Ruiz-Agudo et al., 2010,
2011a,b).
Several authors have studied gypsum reactivity – dissolution and growth – by in situ, microscopic techniques
including atomic force microscopy (AFM) and scanning
force microscopy (SFM) (Bosbach and Rammensee, 1994;
Bosbach et al., 1996; Hall and Cullen, 1996; Fan and
Teng, 2007); however, none of them have considered the
eﬀect of speciﬁc background ions on the kinetics of gypsum
dissolution. Here we report the results of a systematic study
on the eﬀect of a series of 1:1 background electrolytes
(Na-bearing and Cl-bearing salts) on the kinetics of dissolution of gypsum (0 1 0) cleaved surfaces. Experiments were
performed under conditions of low ionic strength, when
the eﬀects of background ions on the hydration shell of
the ions building the crystal are thought to dominate (e.g.
Ruiz-Agudo et al., 2011b). This study was carried out by
combining in situ nanoscale dissolution experiments by
means of AFM that allows direct observations and quantiﬁcation of the kinetics of the processes occurring at the
mineral surfaces, with macroscopic ﬂow-through dissolution experiments. We show that dissolution rates are systematically lower in the presence of low concentrations of
background salts compared to electrolyte-free solutions,
regardless of the nature of the electrolyte tested. Dissolution rates under the conditions of our experiments correlate
directly with ionic radius and inversely with the diﬀerences,
between the two ions that compose a background salt, of
the diﬀusion coeﬃcients. These trends are explained considering the diﬀerential stabilization of hydration shells of
calcium ions achieved in the presence of each of the salts.
2. METHODOLOGY
2.1. Materials
Freshly cleaved gypsum {0 1 0} surfaces (pure crystals
from Naica, Chihuahua, Mexico) were used for all ﬂowthrough dissolution experiments. In the case of AFM experiments, crystals of ca. 3  3  1 mm in size were used as
substrates. For the macroscopic experiments, disk-shaped
crystals of ca. 14 mm in diameter and 2 mm thick were
used. The disk samples used for bulk experiments were
cleaved from a cylindrical core, whose bases are parallel
to the (0 1 0) cleavage plane. This core was previously
obtained from a centimeter-sized gypsum crystal using a
cylindrical drill. Then, fragments were obtained by cleaving
the crystals perpendicularly to the elongation axis of the
cylinder.
Five 1 M saline stock solutions (NaCl, NaBr, NaNO3,
KCl, CsCl and NH4Cl) were prepared from high purity
reagent grade reactants (Sigma Aldrich) using doublydeionized water type I+ (<18.2 MX). A saturated CaSO4
stock solution was also prepared by dissolving gypsum
powder in excess (obtained by milling the same gypsum
crystals used in dissolution experiments) in water type I+
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Table 1
Composition of solutions used in the dissolution experiments.
Background ion

Total ionic
strength (IS) (25.5 °C)

Saturation index with
respect to gypsum, SI (25.5 °C)

Background electrolyte
concentration (mM)

NaCl
KCl
CsCl
NaBr
NaNO3
NH4Cl

0.050
0.050
0.050
0.050
0.050
0.050

0.046
0.046
0.045
0.046
0.046
0.046

4.59
5.24
3.30
4.59
4.59
7.01

and allowing it to equilibrate at room temperature (21.5
± 0.2 °C) overnight. Subsequently, the solution was vacuum ﬁltered by using 0.22 lm Millipore membranes. Solutions were clear of solids as shown by the absence of
Tyndall eﬀect when a laser was directed to the solutions
after ﬁltering. This was further conﬁrmed by measurements
of the transmittance of the solution using an Optrode
probe. Working solutions were prepared by mixing measured proportions of the saturated gypsum stock solution,
the corresponding saline stock solution and water type I
+. The composition of the solutions used in ﬂow-through
dissolution experiments is listed in Table 1. The composition was designed using PHREEQC software (version
3.1.1-8288) and the PHREEQC.dat database for a ﬁxed
ionic strength (IS) of 0.050 ± 0.005 and a saturation index
with respect to gypsum (SI) of 0.045 ± 0.003. The ionic
strength of a salt solution is deﬁned as: IS = 0.5 * (Ri ci zi2),
where ci is the concentration of each ion and zi is the
charge on each ion. The saturation index can be
2
2+
estimated as: SI = log((a2+
Ca  aSO4)/Ksp, where aCa and
a2
are
the
activities
of
calcium
and
sulfate
ions
and
Ksp
SO4
is the solubility product of gypsum at the given temperature
(PHREEQC.dat 3.1.1-8288).
2.2. In situ AFM ﬂow-through dissolution experiments
AFM ﬂow-through dissolution experiments on gypsum
{0 1 0} surfaces were carried out using a Digital Instruments
(Bruker) Nanoscope III Multimode, equipped with a ﬂuid
cell. Observations were performed in contact mode at ambient temperature (21.5 ± 0.2 °C) assuming a temperature
increase inside the cell of 4 °C due to laser heating according to data estimated by Bruker for the operating conditions. Solution ﬂow was controlled by syringe injections
after every image acquired without disengaging the tip from
the surface (eﬀective ﬂow rate ca. 85 mL h1). AFM images
were collected at a scanning frequency of 4 Hz using Si3N4
tips with a 45 nm coating of Ti/Au (Bruker, tip model SNL10) and analyzed with Nanoscope software (Version 1.40).
Before each AFM dissolution experiment, a saturated gypsum solution at room temperature (21.5 ± 0.2 °C) was
passed over the crystal to clean the cleaved surface, as well
as to adjust the AFM parameters.
Measurements of step retreat velocity (or etch pit
spreading rate) were made from sequential images scanned
in the same direction. All etch pits in several 5  5 lm
scanned areas were monitored; moreover, at least 2 replicates of all the experiments were performed. The lower

number of measurement for each background salt (N) is
always greater than 40, being in some cases up to 200.
The uncertainty of the measurements is reported as


ﬃﬃﬃ . When needed, error propagation was
2rN rN ¼ rpN1
N

done according to direct derivative criteria. The etch pit
spreading rate vi was calculated by measuring the length
increase per unit time between opposite parallel steps in
sequential images, with i = a for the [0 0 1] direction and
i = b for the [1 0 1] direction. During dissolution, etch pits
deepen and widen, thus changing their height and lateral
dimensions. To take into account the geometric changes
that take place on the crystal surface, we used volumetric
acceleration per height, av/h, which is time-independent
and only depends on the etch pit spreading rates in a and
b directions. This parameter describes how fast the surface
area of an etch pit spreads with time (valid also for island
spreading and growth processes) and gives a better approximation of the kinetics of volume loss during dissolution
than considering only the spreading rate along a single crystallographic direction. It is deﬁned according to (see
Appendix 1 for further details and explanation):
aV =h ¼

d 2V
¼ 2  sinðaÞ  va  vb
h  dt2

ð1Þ

where a and b are the length of the etch pits measured by
AFM, va and vb the calculates etch pits retreat velocities,
h the height of the etch pits, a the angle between the directions [0 0 1] (a) and [1 0 1] (b) and V the empty volume of the
etch pits.
Overall dissolution rates, RTotal Calcium (mmol m2 s1),
could thus be simply estimated by multiplying the volumetric acceleration, av, by the etch pit density expressed in
terms of fractional area occupied by etch pits. Indeed, earlier works (e.g. Jordan and Rammensee, 1998) have calculated overall dissolution rates using a similar approach,
but considering as a simpliﬁcation that the walls of the etch
pits are perpendicular to the bottom of the pits. However,
within the same substrate, the etch pit density (related to
the defect density of the material) may vary signiﬁcantly.
Moreover, both the defect and etch pit density can vary signiﬁcantly between gypsum substrates from diﬀerent locations, thus making a comparison between diﬀerent
experiments complicated. This is not very important in
the case of calcite or dolomite, where the high etch pit density in the scanned area (typically 3  3 lm up to
10  10 lm) leads to highly reproducible values of etch
pit densities and thus overall dissolution rates.
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However, the main issue with the gypsum used in our
experiments under the experimental conditions selected, is
the very low etch pit density (which varies from none up
to three-four etch pits) in the scanned area accessible with
the scanner used in our experiments. This can lead to variations in overall rates values determined using the approach
described above, similar to that used for carbonates under
far from equilibrium conditions, of up to 400%. Therefore,
microscopically derived spreading rate data cannot be accurately translated into bulk dissolution rates by assuming an
average defect density, as was also found by Bosbach et al.
(1996) for gypsum growth. This is why we decided to use
just the volumetric acceleration, a parameter that is independent of etch pit density but somehow reﬂects the volume
release to the solution, and it is closely related to absolute
dissolution rate.
Additionally, 6 mL aliquots of the output solution were
collected after ﬂowing through the AFM ﬂuid cell for
subsequent Ca2+ analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES, Varian Vista
proaxial). From these measurements, macroscopic dissolution rates of gypsum, RTotal Calcium (mmol cm2 s1) were
calculated as follows:
RTotal Ca ¼

CaT  Q
A

ð2Þ

where CaT the total calcium in the eﬄuent solution minus
the inﬂuent calcium (mmol L1) determined by ICP-OES,
Q is the solution ﬂow rate (L s1) and A is the geometric
area of calcite exposed to the solution (m2).
2.3. Macroscopic ﬂow-through dissolution experiments
For the macroscopic experiments the crystals were ﬁxed
to the bottom of an opened TeﬂonÒ reactor with nanocarbon dispersion (Leit-C, Plano GMBH). Solutions were
allowed to ﬂow continuously (1 mL min1) for 90 min
using a peristaltic pump (Miniplus Evolution, Gilson,
Inc.). In-line measurements of pH and free-Ca2+ were performed during the experiment at diﬀerent heights from the
crystal surface using a pH micro-electrode (PHR-146 Micro
Combination pH Electrode, Lazar Research Laboratories,
Inc.) and a Ca2+ ion-selective microprobe (LIS-146 CACM
Micro Calcium Ion Electrode, Lazar Research Laboratories, Inc.). A mechanical step-displacement micrometer
(Model 9664-0107, Limit, Sweden) was used to set the
height of the microprobes. Fig. 1 shows a schematic representation of the experimental set-up. The response time of
the pH electrode is 1 s, and the time in each position (total
number of positions = 6) was 10 s. Therefore, at the time in
which the reading was recorded, the probe had had enough
time to settle in the corresponding position, reporting a
constant value. Measurements in each point were carried
out every 60 s. Once the data were collected, going up
and down in distance from the mineral surface with the
time, the plot was constructed by interpolation of the information between measured points.
Experiments were performed at constant room
T (22 ± 1 °C). Additionally, 5 mL aliquots of the output
solution were collected at diﬀerent t intervals and analyzed
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for total calcium by ICP-OES (Varian Vista proaxial).
From these measurements, macroscopic dissolution rates
of gypsum, RTotal Ca (mmol m2 s1) were calculated using
also the Eq. (2).
3. RESULTS
3.1. Dissolution of {0 1 0} gypsum surfaces as seen by AFM
Freshly cleaved {0 1 0} gypsum surfaces seen in air show
atomically ﬂat terraces (Fig. 2a). To induce dissolution,
samples were brought into contact with calcium sulfate
solutions that were initially saturated with respect to gypsum at 21.5 °C. Upon injection of the solutions in the ﬂuid
cell, laser heating increases the solution T up to 25.5 °C. As
gypsum solubility increases with T, the solutions become
undersaturated with respect to gypsum (SI = 0.045) and
dissolution of gypsum surfaces begins as reﬂected by the
immediate formation and spreading of elongated etch pits
(Fig. 2b–h). These conditions were chosen to maintain a
level of surface reactivity so that changes occurring between
successive scans could be easily monitored and measured
using AFM.
The edges of the etch pits show a typical height of
11 Å (Fig. 3b and cross-section). Etch pit edges are
aligned parallel to two main directions ([0 0 1] and [1 0 1])
and dissolution progresses by retreat of these edges. The
step retreat velocity is constant over the course of an
experiment (20–40 min) but diﬀers signiﬁcantly for the
two main directions. For example, in the case of dissolution in the absence of any background electrolyte (see
Fig. 2), the velocity of the faster moving step is 6.6
± 0.2 nm/s, while that of the slower moving step is 0.7
± 0.1 nm/s. In our experiments, the slow-moving edges
of the etch pits are parallel to h0 0 1i, while the faster moving edges are parallel to h1 0 1i, as shown in Fig. 3c. No
signiﬁcant changes in etch pit morphology or dissolution
mechanism were observed in the presence of the 1:1 background electrolytes tested here. However, etch pit spreading rates (va and vb) and the volumetric acceleration per
unit height (av/h) determined from measurements of length
changes in consecutive AFM images varied systematically
depending on the nature of the salt used to adjust the
ionic strength (Table 2 and Fig. 4).
3.2. Dissolution rates, calcium concentration and pH proﬁles
determined in macroscopic ﬂow-through experiments
Strong mm-scale concentrations gradients are typically
formed during gypsum dissolution under unstirred conditions (Colombani and Bert, 2007). However, measurements
performed using ion selective microelectrodes at diﬀerent
heights from the mineral surface show that under the conditions of continuous ﬂow of our experiments there is
almost no concentration gradient from the mineral surface
towards the bulk, particularly ca. 1750 s after the beginning
of the experiments, when the steady state has been reached
in the system (see Appendix 2). Rates calculated from the
free-Ca (determined using the ion-selective microelectrode)
and total calcium (determined by ICP-OES) concentration
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Fig. 1. Experimental set up for the position-sensitive measurements of free-Ca concentration and pH using microelectrodes.

Fig. 2. AFM deﬂection images of a gypsum (0 1 0) cleaved surface exposed to an undersaturated solution (SI = 0.045) for increasing periods
of time (time lapse between images ca. 85 s). Background electrolyte: NaCl (IS = 0.05).

measurements at steady state depend on the background
electrolyte present in the solution, as shown in Table 3
and Fig. 5.

AFM-derived parameters (etch pit spreading rates and
the volumetric acceleration per unit height) are regarded
to be more accurate and representative of the actual
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Fig. 3. AFM (a and b) height, (c and d) deﬂection and (e and f) 3D images of (a, c, and e) monolayer and (b, d, and f) multiple layer etch pits
formed on gypsum (0 1 0) cleaved surfaces exposed to an undersaturated solution (SI = 0.045). Background electrolyte: NaCl (IS = 0.05).

dissolution rates, than rates determined from ion concentrations in the solutions after contact with the solid. A critical issue is the use of geometric surface area instead of the
actual reactive surface area. Determining the actual reactive
surface area is not an easy task. Recent studies have shown
that surface topography plays a major role in determining
dissolution kinetics and mechanisms. Experimental studies
performed using in situ, nanoscale imaging techniques such
as AFM or VSI have shown that even for the same mineral
surface, diﬀerent sites may have diﬀerent reactivity (Fischer
et al., 2012; Luttge et al., 2013).
Therefore, our work suggests that a more adequate
approach for a comparative study on the eﬀects of background electrolytes on mineral dissolution kinetics, which
would remove the uncertainty related to actual reactive surface area, could be the evaluation of dissolution rates from
observations and measurements of dissolving surfaces, such
as those reported in this paper. However, note that overall

rates determined from measurements of ion concentrations
in AFM and macroscopic dissolution experiments show
(roughly) comparable trends with diﬀerent background
electrolytes to those seen for AFM-derived parameters.
Nevertheless, problems related to uncertainties in the actual
reactive surface area described above precludes making any
conclusion on these data, conﬁrming that AFM-derived
parameters are more accurate for interpreting trends in dissolution rates.
4. DISCUSSION
4.1. Dissolution features and gypsum crystal structure
Nanoscale observations of mineral surfaces during dissolution have shown that etch pit formation is a fundamental step in this process, as it provides a source of step edges
where kink site nucleation is energetically favored in
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Fig. 4. Etch pit spreading rates (va and vb, nm s1), volumetric acceleration (aV/h, nm2 s2) and overall dissolution rates (Rtotal Ca,
mmol s1 m2, determined from calcium measurements in the solutions using ICP-OES, see the text for further explanation) on gypsum
cleavage surfaces for the diﬀerent background electrolytes used in this study, represented as a function of the ionic surface tension increment
of the background ion, ki = dc/dCl. Error bars show 2rN of the measurements.

comparison to a ﬂat surface (Ruiz-Agudo and Putnis, 2012
and references therein). In this study, etch pits form on gypsum surfaces immediately upon injection of the undersaturated solutions in the ﬂuid cell. Deep, multiple-layer etch
pits are commonly observed under the conditions selected
for this study. As described for other minerals such as
calcite (e.g. Liang et al., 1996), these etch pits nucleate at
surface defects, most likely at dislocations. Shallow,
single-layer steps are not frequently found. Note that the
formation of these steps that nucleate at point defect or
defect-free areas typically requires a high degree of undersaturation and our experiments are performed at close to
equilibrium conditions.
The gypsum structure can be described as a regular
stacking of double layers of calcium and sulfate ions perpendicular to the [0 1 0] direction, each of them separated
by a double layer of water molecules (Fig. 6). Along the
[0 1 0] direction, the unit cell is globally formed by two of
these calcium-sulfate double layers (Fig. 6). The observed

deep, etch pits represent a source of steps that propagate
with the progress of the dissolution process, each with a
height of approximately 2/3 of the (0 1 0) d-spacing. This
corresponds to the height of one and a half calciumsulfate double layers separated by a double layer of water
molecules (10.5 Å) that corresponds to the average height
measured from AFM images of etch pits (11 Å) (Fig. 3).
During gypsum dissolution, steps parallel to h0 0 1i retreat
at slower rates than steps parallel to h1 0 1i. As explained
by Hall and Cullen (1996), this observation is consistent
with the trend in crystal face stability described for gypsum.
In gypsum the most stable faces are (0 1 0) and (1 2 0), while
(0 1 1) and (1 1 1) are fast growing and less stable (Weijnen
et al., 1987). The h0 0 1i steps are at the intersection of the
(0 1 0) plane with the stable (1 2 0) plane, which we observe
to be very slow moving and stable during dissolution. On
the other hand, the h1 0 1i steps are the intersection of the
(0 1 0) plane and the unstable (1 1 1) plane. Under the conditions tested here, dissolution occurs preferentially along
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Fig. 5. Dissolution rates determined in macroscopic, ﬂow-through dissolution experiments from measurements of free Ca2+ concentration
(Rfree-Ca2+, mmol s1 m2, determined from free calcium measurements in the solutions using ion selective microelectrodes, see the text for
further explanation) and total calcium (Rtotal Ca, mmol s1 m2, determined from calcium measurements in the solutions using ICP-OES, see
the text for further explanation) on gypsum cleavage surfaces for the diﬀerent background electrolytes used in this study represented as a
function of the ionic surface tension increment of the background ion, ki = dc/dCl. Error bars show 2rN of the measurements.

Fig. 6. (a) Sketch showing the structure of gypsum, view perpendicular to the (0 0 1) plane. The unit cell is marked by a discontinuous, blue
line. (b) Normal view of the atomic arrangements in the (0 1 0) plane of gypsum. Color code: calcium (blue), sulfur (orange), oxygen (red),
hydrogen (gray). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

these steps, which spread signiﬁcantly faster than the h0 0 1i
steps. Furthermore, the observation of such a strong degree
of crystallographic control on step spreading indicates that
gypsum dissolution is controlled by the rate of detachment
of the ions building the crystal and not by diﬀusion towards
the bulk solution under the compositional and ﬂow

conditions used in this study (Hall and Cullen, 1996).
Despite the fact that concentration gradients develop at
the gypsum-solution interface, as shown by free-Ca and
pH measurements using microelectrodes, the rate of ion
detachment from the gypsum surface seems to be exclusively determined by structural factors.
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4.2. Dissolution at low ionic strength: stabilization of Ca2+
hydration shells by background electrolytes
Step edges on a mineral surface in contact with a solution are not static even at equilibrium; ions building the
crystal are constantly attaching and detaching from/into
solution (De Yoreo and Vekilov, 2003). Dissolution from
an undersaturated solution occurs because the ﬂux of molecules detaching from the crystal surface exceeds the ﬂux of
molecules attaching to the surface. The overall rate of the
process is given by the diﬀerence between the kinetics of
the attachment and detachment processes at step edges,
which are determined by the energy barriers seen by the
molecules (De Yoreo and Vekilov, 2003). Diﬀerent experimental studies over the last decades have shown that rates
of mineral growth and dissolution are ultimately controlled
by the kinetics of hydration/dehydration of the ions building the crystal (Dove and Czank, 1995; Pokrovsky and
Schott, 2002; Kowacz et al., 2007; Kowacz and Putnis,
2008; Ruiz-Agudo et al., 2010, 2011a,b). In particular,
Kowacz et al. (2007) showed that the growth rate of barite
exhibits a maximum for a lattice ion ratio in solution (r)
when barium activity exceeded that of sulfate, implying a
lower attachment frequency factor for barium than for sulfate ions. Indeed, lowering the solvation of the barium ion
by the addition of methanol to the growth solution resulted
in a maximum growth rate occurring at r = 1, as would be
expected for equal attachment frequency factors for both
building units. Overall, these observations imply that diﬀerences in integration rates of the cation and anion in water
solutions arise mainly from the diﬀerence in their dehydration frequencies, this ultimately being the rate-controlling
step during dissolution in stoichiometric solutions.
Over the last decade, a range of independent experiments has shown that the rate at which carbonate crystals
grow display a similar dependence on the ion activity ratio,
i.e. the solution stoichiometry (e.g. Perdikouri et al., 2009;
Stack and Grantham, 2010; Bracco et al., 2012; Wolthers
et al., 2012; Bracco et al., 2014). Moreover, our latest experimental results demonstrate as well that calcite dissolution
depends on the solution stoichiometry, with dissolution
rates reaching a maximum when calcium activity is in excess
with respect to stoichiometric conditions (Wolthers et al.,
2015).
Based on these previous studies, we assume that in the
case of gypsum calcium solvation/desolvation frequency
will control as well the rate of cation attachment/

detachment to the mineral surface, and thus the kinetics
of dissolution under stoichiometric solutions. This will be
determined by a competition between building ion–water
(electrostatic) and water–water (hydration forces) interactions, which can be signiﬁcantly modiﬁed by the presence
of background ions in solution (Kowacz and Putnis,
2008; Ruiz-Agudo et al., 2010, 2011a,b). The eﬀect of background ions on building ion–water interactions is more
important in dilute electrolyte solutions, while their eﬀect
on water–water interactions seems to be stronger with
increasing electrolyte concentration.
According to this model, at the low IS used in our experiments, the dissolution kinetics of gypsum and its dependence on the background electrolyte used to ﬁx the ionic
strength could be interpreted considering the speciﬁc eﬀects
that each of these salts have on the hydration of the building
units of the crystal. First, it should be considered that the
water molecules in the solvation shell of a solute ion are stabilized by the presence of background counter-ions in the
solution (Samoilov, 1967a,b, 1971). This occurs regardless
of the counter-ion because there would be a stronger electrostatic interaction between an ion building the crystal and the
water molecules surrounding this ion in a dilute electrolyte
solution than in pure water (Kowacz and Putnis, 2008;
Ruiz-Agudo et al., 2010, 2011a,b).
One could in principle think that stabilization of the
cation hydration shell will favor dissolution. The increased
aﬃnity of the water molecules to the solute ions in dilute
saline solutions, however, hampers dissolution in the case
of strongly hydrated ions such as Ca2+ or Mg2+ compared
to weakly-hydrated ions such as Ba2+, as inferred from the
values of the free energy of hydration, 1820, 1943 and
1238 kJ mol1 for Mg2+, Ca2+ and Ba2+, respectively
(Schmid et al., 2000). This is related to the structuring eﬀect
of the water molecules when they are ordered around
strongly hydrated calcium and magnesium ions. This eﬀect
is negative from an entropic point of view (i.e. the presence
of strongly hydrated ions in solution upon mineral dissolution increases to some extent the order of the system), and it
is augmented by the stabilization of the hydration shell of
water molecules around solute ions due to the presence of
background salts, thus making the overall dissolution process less energetically favorable (Ruiz-Agudo et al., 2010,
2011a,b). Such an eﬀect is clearly observed in our dissolution experiments. At a constant degree of undersaturation
(SI  0.045) of the solution with respect to gypsum,
dissolution rates determined from AFM and macroscopic

Table 2
Etch pit spreading rates (va and vb, nm s1), volumetric acceleration (aV/h, nm2 s2) and overall dissolution rates (RTotal-Ca, mmol s1 m2,
determined from calcium measurements in the solutions using ICP-OES, see the text for further explanation) on gypsum cleavage surfaces for
the diﬀerent background electrolytes used in this study.

H2O
NaCl
KCl
CsCl
NH4Cl
NaBr
NaNO3

va nm/s

2r

vb nm/s

2r

av/h nm2/s2

2r

RTotal-Ca mmol s1 m2

2r

0.74
0.19
0.17
0.31
0.35
0.36
0.50

0.11
0.03
0.02
0.06
0.04
0.05
0.06

6.58
4.59
5.82
7.24
6.13
3.89
7.01

0.11
0.23
0.40
0.20
0.20
0.43
0.26

6.89
1.23
1.40
3.11
3.03
1.98
4.96

0.15
0.23
0.28
0.70
0.42
0.48
0.74

16.1
7.5
14.5
16.6
17.8
11.6
16.8

0.2
0.7
1.2
0.2
0.1
1.1
0.2
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Table 3
Dissolution rates determined in macroscopic, ﬂow-through dissolution experiments from measurements of free-Ca concentration (Rfree-Ca2+,
mmol s1 m2, determined using ion selective microelectrodes, see the text for further explanation) and total calcium (Rtotal Ca, mmol s1 m2,
determined from calcium measurements in the solutions using ICP-OES, see the text for further explanation) on gypsum cleavage surfaces for
the diﬀerent background electrolytes used in this study.

H2O
NaCl
KCl
NH4Cl
NaBr
NaNO3
a

Rfree-Caa mmol s1 m2

2r

RTotal-Ca mmol s1 m2

2r

0.103
0.071
0.052
0.084
–
0.094

0.001
0.001
0.001
0.001
–
0.003

–
1.608
1.606
1.636
1.732
1.625

–
0.0161
0.01342
0.04472
0.06261
0.04472

Values at steady-state measured using microprobes.

experiments in the presence of the diﬀerent 1:1 electrolytes
used here are systematically lower than those measured in
the electrolyte-free solution (see Tables 2 and 3).
4.3. Ion-speciﬁc eﬀects on the kinetics of gypsum dissolution
As stated above, electrostatic interactions between background ions and the water in the solvation shell of the calcium ions will ultimately dictate the eﬀect of the
background electrolytes on the kinetics of gypsum dissolution in the dilute 1:1 electrolyte solutions used in this study.
These electrostatic interactions will be stronger with
decreasing ionic radius of the background ion (i.e. with
decreasing distance between the water dipoles and the
unlike electric ﬁeld of background ions), and thus higher
stabilization of water molecules in the solvation shell of
the ions building the crystal would occur in the presence
of smaller background ions. This would result in decreased
dissolution rate in this latter case compared to the case in
which bigger background ions are present.
Accordingly, changes in the eﬀective charge of the electrolyte anion should also result in a diﬀerential stabilization
of the solvation shell of the ion building the crystal depending on the background electrolyte used to adjust the ionic
strength. Although all the electrolytes tested here are monovalent salts, the eﬀective charge of the cations and anions in
the background electrolyte is likely to be reduced as a consequence of the tendency of ions to pair in solution. When
two ions in solution approach one another, their combined
electric ﬁelds are signiﬁcantly screened and, consequently,
their electrostatic inﬂuence on hydration water and the stabilization is expected to diminish. Highly paired background ions should have a smaller eﬀective charge and
thus they would induce less stabilization in the water molecules of the calcium solvation shell than less paired salts
(Ruiz-Agudo et al., 2010, 2011a,b). The net eﬀect would
be an increase in gypsum dissolution rate in the presence
of highly paired salts compared to less paired salts.
Available experimental techniques in our laboratory cannot directly determine the arrangement of water molecules
in the vicinity of a solvated ion. For this reason, we inferred
the eﬀect of background electrolyte ions from thermodynamic data. Under the conditions of low ionic strength used
in our experiments, we use the ionic surface tension increment
of the background ion, ki = dc/dCl as a proxy for the eﬀects of
background ions on the solvation shell of ions building the

crystal. Most salts in aqueous solutions increase the solution
surface tension. These increments by aqueous electrolytes
can be split into the contributions of the individual ions i
of the electrolyte, ki (i.e. the ionic surface tension increments) (Marcus, 2012). This parameter shows distinct
dependencies for cations and anions, but an overall good
linear inverse correlation with ionic size (Marcus, 2012).
Moreover, it increases with net charge of the ion. Therefore,
ki increases with the solvation energies of the background
electrolyte ions, and is expected to reﬂect the electrostatic
interactions of background electrolytes on water of solvation of building ions, in a single parameter.
This idea is corroborated in our study considering the
good correlation found between the diﬀerent kinetic parameters obtained (both in macroscopic and, particularly,
AFM dissolution experiments) and the ionic surface tension
increments of the background electrolyte ions (Figs. 4 and
5). The higher the value of ki, the smaller the ion and the
higher its net eﬀective charge; this would mean a strong
interaction with the hydrated calcium ion and an enhanced
stabilization of its water solvation shell. As explained in
Section 4.2, this would result in slower dissolution rates,
as we observed indeed in our experiments. Due to the
uncertainties in the actual reactive surface area of the
solids, kinetic parameters determined from AFM measurements (etch pit spreading rates and the volumetric acceleration per unit height) are regarded to be more accurate and
representative of the actual dissolution rates.
The observed correlation of gypsum dissolution rates
with ki provide indirect evidence that support our hypothesis of the electrostatic interactions dictating the eﬀect of the
background electrolytes on the kinetics of gypsum dissolution. Interestingly, the dissolution rate was found to be

higher in NO
solutions,
3 bearing solutions than in Cl
opposite (as expected) to the trend observed by Bosbach
et al. (1996) for gypsum growth, this supporting the validity
of our model for gypsum growth as well.
5. CONCLUSIONS
The results of our micro- and macroscopic dissolution
experiments, performed under conditions of constant, low
ionic strength (0.05) and undersaturation (0.045), provide
experimental evidence for gypsum dissolution rates being
ultimately controlled by the inﬂuence of the background
salts on the hydration shell of the calcium ions. Dissolution
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rates are systematically lower in the presence of 1:1
background electrolytes than in an electrolyte-free solution,
regardless of the nature of the electrolyte tested. This can be
explained considering that the presence of background ions
electrostatically stabilizes the hydration shell of calcium.
This has a direct entropic eﬀect that reduces the overall
DG of the system, so that dissolution is energetically less
favorable. The correlation of dissolution rates with the
ionic surface tension increments of the background electrolyte constituents further supports the validity of such a
model for explaining the diﬀerential eﬀect of electrolytes
on gypsum dissolution. Our results are expected to contribute to a better understanding of how ions inﬂuence gypsum dissolution reactions, that may be of importance for a
wide range of processes including the weathering of gypsum
karst formations, deformation of gypsum-bearing rocks,
the quality of drinking water, amelioration of soil acidity,
scale formation in the oil and gas industry and solution
creep of gypsum plasters. Furthermore, they are critical
for the correct implementation of gypsum dissolution rate
laws in the formulation of codes aimed at quantifying the
kinetics of the natural and technologically relevant processes described above. This ultimately extends our ability
to predict gypsum reactivity in the ﬂuids of both engineering and natural systems.
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APPENDIX 1
As an approximation to global dissolution rates from
AFM measurements, we used volumetric acceleration per
height, av/h, which is time-independent and only depends
on the etch pit spreading rates in a and b directions. It is
deﬁned according to:
dV
dða  b  senðaÞ  hÞ
dða  bÞ
¼
¼ h  senðaÞ 
dt
dt
dt


b  da þ a  db
¼ h  senðaÞ 
dt
da
db
and vb ¼
dt
dt
a ¼ va  t þ a0 and b ¼ vb  t þ b0
va ¼

ðA1Þ
ðA2Þ
ðA3Þ

where a and b are the length of the etch pits measured by
AFM, va and vb the measured etch pits retreat velocities, h
the height of the etch pits, a the angle between the directions
[0 0 1] (a) and [10 1] (b) and V the empty volume of the etch pits.
Assuming that for a given pit h is constant in a short
time sequence and the boundary conditions:
if t ¼ 0 then a0 ¼ b0 ¼ 0

ðA4Þ

dV
¼ 2  h  sinðaÞ  va  vb  t
dt

ðA5Þ

V ¼ h  sinðaÞ  va  vb  t2

ðA6Þ

Finally results:
aV =h ¼

d 2V
¼ 2  sinðaÞ  va  vb :
h  dt2

ðA7Þ

APPENDIX 2
Plots showing the time evolution of the solution (left)
free calcium concentration (mM) and (right) pH, during
gypsum dissolution in an undersaturated solution
(SI = 0.045) dosed with NH4Cl (IS = 0.05).
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