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Electrochemical interactions at calcite-water interface are characterized by the zeta potential and play an
important role in many subsurface applications. In this work we report a new physically meaningful sur-
face complexation model that is proven to be efficient in predicting calcite-water zeta potentials for a
wide range of experimental conditions.
Our model uses a two-stage optimization for matching experimental observations. First, equilibrium

constants are optimized, and the Stern layer capacitance is optimized in the second stage. The model
is applied to a variety of experimental sets that correspond to intact natural limestones saturated with
equilibrated solutions of low-to-high salinity, and crushed Iceland Spar sample saturated with NaCl at
non-equilibrium conditions.
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Aqueous solutions
Surface complexation model
High salinity
Complex composition
Predictive model
Stern layer capacitance
The proposed linear correlation of the Stern layer capacitance with the ionic strength is the main novel
contribution to our surface complexation model without which high salinity experiments cannot be mod-
elled. Our model is fully predictive given accurately known conditions. Therefore, the reported parame-
ters and modelling protocol are of significant importance for improving our understanding of the
complex calcite-water interfacial interactions. The findings provide a robust tool to predict electrochem-
ical properties of calcite-water interfaces, which are essential for many subsurface applications including
hydrology, geothermal resources, CO2 sequestration and hydrocarbon recovery.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Calcite is a very common mineral on the Earth’s surface com-
prising approximately 4% by weight of Earth’s crust. Physico-
chemical processes that take place in porous calcite-aqueous solu-
tion (water for simplicity) systems are of great importance for a
variety of scientific and technological areas. Properties of the cal-
cite mineral surface and the interface between calcite and aqueous
solution are important for a broad range of applications including
geological storage of nuclear waste and CO2 [1], freshwater aquifer
management [2,3], hydrocarbon production [4], paper production
[5]. However, electrochemical properties of the interfaces between
calcite and aqueous solutions (specifically, electrical surface charge
and zeta potential), especially under conditions relevant to natural
subsurface systems (i.e., water chemical composition, temperature,
pressure) remain poorly understood because of their microscopic
nature, the high reactivity of the calcite mineral, and the lack of rel-
evant measurements and models [6].

The zeta potential is defined as the electrical potential at the
shear plane when water flow occurs parallel to the pore surface
[7]. It is most commonly used to estimate the electrochemical
properties of calcite because acid-base potentiometric titration,
usually employed to measure the surface charge of minerals, is
extremely difficult to carry out for highly reactive calcite [8]. There
are many studies that have reported measurement of the zeta
potential of various calcite-water systems. However, many
reported results are contradictory (see for example Fig. 3 in Jackson
et al. [9]). Most of the experimental studies have reported zeta
potential measured with low salinity single-salt solutions (e.g.,
[10,11]), and there is inconsistency in the experimental conditions
when some experiments were conducted at equilibrium between
the mineral and water while others reported the zeta potential
with non-equilibrium solutions (see for example discussion in Sec-
tion 3 and 4 Al Mahrouqi et al. [12]). The experimental studies have
also employed a variety of electrokinetic methods including the
electrophoretic mobility (EPM [13]) and streaming potential
method (SPM; [14]). Each of these experimental techniques suffers
from several limitations [15]. The EPM applies an electrical field (of
magnitude hundred Volts per meter) that mobilizes charged parti-
cles relative to aqueous solution and measuring the resulting
mobility. The EPM is conducted on powdered calcite samples sus-
pended in aqueous solution thus potentially exposing fresh min-
eral surfaces. Moreover, the method is usually limited to solution
concentration below 1 M (M = mol/L) [16]. The ratio of the mineral
to the solution is also very low (typically few grams per liter) and
not representative of real rocks. On the other hand, the SPM applies
a pressure difference across the sample and measures a resulting
voltage, it can be carried out under equilibrium conditions, on
intact rock samples at salinities up to full saturation (e.g.,
[17,18]). However, unlike the EPM method, SPM can be time con-
suming and very challenging for highly reactive minerals such as
calcite in highly saline conditions thus limiting its ability to cover
a wide range of rock-solution permutations (see for example typi-
cal duration of both the equilibration process and individual SPM
853
experiment, as well as the voltage stability issues at high salinity
reported in Alroudhan et al. [19]). Moreover, the zeta potential val-
ues obtained with SPM can be specific to rock type as different car-
bonate samples may contain different impurities such as anhydrite
and dolomite (e.g., [12]).

A model capable of predicting the zeta potential of calcite-water
systems at equilibrium as well as non-equilibrium conditions, low
to high salinity, and complex solution composition is crucially
important. Such model will not only be capable of predicting the
zeta potential, but also improve our understanding of the complex
electrochemical processes that take place at calcite-water inter-
face. To date, there have been numerous attempts to develop such
model with most of published studies using the so-called surface
complexation modelling (SCM) approach (e.g., [6,10,11]). In this
method the calcite surface is presented as an ensemble of chemi-
cally active surface sites that interact with ions from the adjacent
bulk electrolyte. The strength of these interactions is described
by the equilibrium constants (similar to chemical reactions), so
that the resulting equilibrium concentration of positive and nega-
tive surface complexes establishes the net surface charge and the
corresponding surface potential [20]. Depending on the complexity
of the aqueous solution, such models can be realized analytically
(e.g., [21]) or by using numerical methods already available in soft-
ware packages such as PHREEQC (e.g., [22]).

Studies published to date on SCM have used different
approaches to model the zeta potential (Fig. 1): Basic Stern Model
(BSM, e.g., [10]), Triple Layer Model (TLM, e.g., [23]), Quad-Layer
Model (QLM, e.g. [24]) and Diffuse Layer Model (DLM, e.g. [25]).
BSM, TLM and QLM explicitly describe the Stern layer and a layered
arrangement of ionic species adsorbed on the mineral surface in
the diffuse layer. Both the TLM and QLM distinguish between the
Inner Helmholtz plane (IHP) and the Outer Helmholtz plane
(OHP), at which adsorption of de-hydrated and hydrated ions,
respectively, takes place [23]. On the other hand, BSM for calcite
assumes that adsorption of all ions in compact layer takes place
at the OHP (e.g., [6,10,11]). All three models that explicitly describe
the adsorption layers (i.e., BSM, TLM, QLM) also assume that only
protonation/deprotonation of hydrated calcite lattice ions take
place at the mineral surface. In these models, the surface charge
densities are computed at each plane, from which linear,
capacitor-like variation of the electric potential between the planes
is obtained. Consequently, TLM and QLM simulate separately pro-
tonation/deprotonation and salt ion adsorption reactions at three
different planes (mineral surface, IHP, OHP), and ascribe two
capacitance values to layers confined between the mineral surface
and IHP, and between IHP and OHP. In addition, the QLM considers
a stagnant diffuse layer, implying that the shear plane is located
further away from the OHP. This makes these two models more
computationally expensive compared with BSM, which uses only
one capacitance and all adsorption reactions are considered to take
place at OHP for calcite.

On the other hand, DLM assumes that both the protonation/de-
protonation and salt ion adsorption reactions take place at the
mineral surface thus ignoring the complexity of the Stern layer that



Fig. 1. Electrical potential distribution at the calcite-water interface: a) – BSM (no distinction between IHP and OHP, the slip plane may or may not coincide with OHP); b) –
TLM (IHP and OHP are considered separately with different surface complexation reactions taking place at each plane, the slip plane coincides with OHP); c) – QLM (IHP and
OHP are considered separately with different surface complexation reactions taking place at each plane, the slip plane does not coincide with OHP and its distance from OHP
can be constant or varying with salinity); d) – DLM (IHP and OHP are not considered at all as if there is no separation between the mineral surface and OHP, the slip plane may
or may not coincide with mineral/OHP).
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comprises the IHP and OHP. Hence, compared to the BSM, TLM, and
QLM, the DLM is not sensitive to the capacitance values and is only
sensitive to the location of the so-called shear (or slip) plane at
which ions can be mobilized by the flow and at which the electric
potential is defined as the zeta potential. According to the gener-
ally agreed theory of the electrical double layer, concentrations
of counter-ions that populate the region beyond the OHP (in the
diffuse layer) obey the Boltzmann distribution law where they
decrease exponentially towards concentrations of ions in elec-
troneutral bulk electrolyte (outside the diffuse layer). The location
of the slip plane is uncertain and is usually used as a fitting param-
eter to match the model predictions to experimental data [10]. The
assumed location of the slip plane can also be used in BSM, TLM
and QLM as additional fitting parameter, but in contrast with
DLM the modelled zeta potential using these models depends on
adjustable capacitance values and therefore, the location of the slip
plane can be kept constant for matching different experimental
datasets. The QLM published by Alizadeh and Wang [24] assumed
that the slip plane was dynamic and moved further away from the
mineral surface as the ionic strength of the bulk electrolyte
decreased. Although the dynamic slip plane model successfully
reproduced experimental results, the hypothesis was not clearly
justified by the authors or confirmed experimentally.

However, despite the plethora of published SCM studies, all of
the simulated results appear to be specific to an experimental
dataset. Heberling and co-authors [6,10] used fractional charges
of individual surface site, the approach that was consistent with
854
that taken by Wolthers et al. [23], who used the Charge Distribu-
tion MUltiSite Ion Complexation or CD–MUSIC modeling approach.
However, the magnitude of the surface site charges was different.
On the other hand, Van Cappellen et al. [26] used integer surface
site charges in their BSM. Furthermore, Heberling et al. [6,10] used
equilibrium constants for adsorption reactions at OHP limited by
ion-binding ones that corresponded to pairing of ions in the bulk
electrolyte. In contrast, Pokrovsky and Schott [27] estimated their
equilibrium constants for adsorption reactions from the correlation
between stability of surface sites and stability of the same mole-
cules in the solution. As a result, the equilibrium constants used
by Pokrovsky and Schott [27] in their BSM exceeded by several
orders of magnitude those used by Heberling et al. [6,10] in their
BSM. Considering the equilibrium constants of protonation/depro-
tonation reactions that take place at the mineral surface, a signifi-
cant variation in their values was also evident across different
studies. For instance, Heberling et al. [10] used five-fold larger
equilibrium constant for deprotonation of hydrated Ca site com-
pared with their later study [6]. At the same time, Wolthers et al.
[23] used twelve orders of magnitude larger equilibrium constant
for the same reaction compared with Heberling et al. [10].

Previously published studies that used either BSM or TLM relied
on constant Stern layer capacitance, but the reported values used
in these studies varied between 0.45 F/m2, 1.24 F/m2 [11], 17 F/
m2 [27], 52 F/m2 [28] and 100 F/m2 [23]. Therefore, the inconsis-
tency in these values suggests a high degree of freedom and uncon-
strained variation of simulated zeta potential. Moreover, most of
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the published SCM simulated the zeta potential of calcite in contact
with low salinity (typically less than 0.1 M) single salt solutions
(e.g., NaCl) therefore ignoring the effect of divalent ions such as
Mg2+ and SO4

2- and high ionic strength. Studies that included such
reactions reported inconsistent equilibrium constants, with Heber-
ling et al. [6] predicting adsorption of Ca2+ on negative surface sites
to be controlled by an equilibrium constant ten orders of magni-
tude smaller compared with the equilibrium constant calculated
from two consecutive reactions described by Pokrovsky et al.
[28] and Pokrovsky and Schott [29]. All in all, a unique combination
of adsorption reactions, their equilibrium constants, capacitance
values and charges of the surface sites used in published studies
appear to be very specific to the modelled experimental datasets,
thus limiting the use of each model for a very narrow range of ionic
strength, pH and composition of electrolytes in contact with the
calcite mineral.

Therefore, the aim of this study is to develop and validate a new
SCM that accurately computes the zeta potential of any calcite-
water system as long as the experimental conditions are repro-
duced in the model. The developed model has proven to be accu-
rate in simulating and predicting zeta potentials at both
equilibrium and non-equilibrium conditions, high to low salinity,
for any carbonate rock type as long as the dominating mineral is
calcite, and for any solution composition as long as the dominating
salt is NaCl and concentration of SO4

2- does not exceed that of Ca2+

and Mg2+.
2. Methodology

To develop a robust predictive model requires detailed descrip-
tion of experimental parameters and conditions. Therefore, we
have chosen the data reported by Al Mahrouqi et al. [12] as the
most comprehensive experimental work and will briefly describe
the experimental conditions and main conclusions.

2.1. Description of the experimental data on zeta potential in intact
limestone samples

Streaming potential measurements were performed by Al Mah-
rouqi et al. [12] and Alroudhan et al. [19] on three different carbon-
ate rock samples: Estaillades [12], Ketton [12] and Portland [19].
The petrophysical and mineralogical properties of the rock samples
are shown in Table 1.

The zeta potential measurements were conducted at room tem-
perature (23 �C) with NaCl solutions of varying concentration
between 0.05 M (mol/L) and 5.0 M NaCl at equilibrium conditions.
Effluent fluid samples were regularly collected for chemical analy-
ses to determine the concentration of Na+, Ca2+, Mg2+, Cl-, and SO4

2-.
Table 1
Petrophysical and mineralogical properties of three different carbonate rock samples.
Ketton and Estaillades were used in the experiments of by Al Mahrouqi et al. [12],
Portland was used by Alroudhan et al. [19].

Property/rock Ketton Estaillades Portland

Porosity (%) 23.0 ± 0.5 28.0 ± 0.5 20.0 ± 0.5
Permeability

(Darcy)
1.4 ± 0.4 0.13 ± 0.2 0.005 ± 0.001

Formation factor (F) 13.87 ± 0.5 12.92 ± 0.5 22.04 ± 0.5
Composition (%) 97a – calcite 97a (95b) – calcite 96.6a – calcite

3a magnesium 3a (4b) – magnesium 3.4a – quartz
(1b) – anhydrite

a – mineralogy reported by Al Mahrouqi et al. [12] using X-ray diffraction (XRD).
Magnesium was reported to be likely incorporated into the limestone as dolomite.
b – recent study by Udoh and Vinogradov [30], identified and confirmed that there
was 4% dolomite (CaMg(CO3)2) and 1% anhydrite (CaSO4) in the Estaillades sample
using XRD.
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The experimentally confirmed presence of Ca2+, Mg2+, and SO4
2- was

explained by partial dissolution of rock samples during the equili-
bration with NaCl solutions and leaching of these ions.

These studies concluded that the zeta potential of carbonate
rock samples was controlled by the concentration of the potential
determining ions (PDIs), which were identified to be Ca2+, Mg2+,
and SO4

2-.
2.2. Calcite surface complexation model development

2.2.1. Basic definitions and assumptions
A BSM was used in this study to model the zeta potential of

pure calcite in contact with aqueous solutions. The modelling
approach was consistent with the most comprehensive and empir-
ically justified model developed by Heberling et al. [6,10]. Since the
content of calcite in all three tested carbonate rock samples (Estail-
lades, Ketton, Portland) was found to be greater than 95%, it was
assumed that calcite was the most dominant mineral in the sam-
ples so that only calcite surface sites were considered in the model.

The measured zeta potential with all tested carbonate rocks
reflected presence of minerals other than calcite (e.g., dolomite
and anhydrite), which led to a non-zero concentration of Mg2+

and SO4
2- found in the bulk solution as a result of mineral dissolu-

tion during the equilibration process. Therefore, we artificially
added the equilibrium concentration of Mg2+ and SO4

2- measured
in the experiment to our geochemical model of pure calcite. The
amount of Ca2+ leached into NaCl solutions during the equilibra-
tion was either added artificially to the model and equilibration
was switched off, or it was not added to the initial solution while
the equilibration was activated (see Section 2.3 for details).

Consistent with Heberling et al. [6,10], calcite (104) face was
assumed to dominate the interface due to its high abundance
and the total surface site density of calcium and carbonate surface
sites on the calcite (104) face was set to 4.95 sites per nm2 for each
type of site. However, unlike Heberling et al. [6], this study
assumed that the zeta potential could be calculated by considering
the shear plane coinciding with the OHP (see Fig. 2), i.e.,
/b ¼ /d ¼ f – the assumption that was also used by Li et al. [11]
(no stagnant diffuse layer). Li et al. [11] considered that the
assumption of the presence of a stagnant diffuse layer in Heberling
et al. [10] was due to the nature of electrokinetic measurements
that were not corrected for surface conductivity effects thus reduc-
ing the experimental zeta potentials and then necessitating smaller
modelled zeta potentials to be further away from the mineral sur-
face, to match the data.

The 0-plane was defined as the hydrolysis layer located 2.3 Å
from the calcite surface defined by the surface of calcium ions, at
which only protonation/deprotonation of surface sites took place
[6]. The surface charge at 0-plane was found to be negative regard-
less of the concentration and composition of the adjacent solution
and pH range of 5–11 tested in our study, similar to the results
reported by Heberling et al. [6]. On the other hand, the b-plane
was set at a distance of 4.6 Å from the surface [6], and we assumed
that all the specific adsorption reactions between the surface sites
and salt ions from the bulk electrolyte only occurred at the OHP
where ions are adsorbed as outer-sphere complexes.
2.2.2. Adsorption reactions and equilibrium constants
All modelled adsorption reactions between calcite surface sites

and ions are listed in Table 2. The original set of adsorption reac-
tions proposed by Heberling et al. [6,10] and Li et al. [11] was
extended to include the reactions between the surface sites and
Mg2+ and SO4

2- (R9 – R11 in Table 2). The equilibrium constant of
R1 that corresponds to deprotonation of hydrated calcium surface
sites was fixed to the value of LogK1 = -0.5 to yield the relative



Fig. 2. Illustration of the Basic Stern Model used in this study. The 0-plane
corresponds to the mineral surface where only protonation/deprotonation reactions
take place. We used fractional surface charge � = 0.5 for all surface sites. The Stern
Layer is confined between the 0-plane and b-plane, with the latter corresponding to
the OHP where all adsorption reactions take place and where the zeta potential (1)
is defined. CSL is the Stern layer capacitance.
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abundance of positive and negative surface complexes at 0-plane
according to Heberling et al. [6].

Among published studies on SCM of calcite, there is no consen-
sus on whether protonation of > CO�0:5

3 surface sites on 0-plane
856
should be considered. Some of these studies included the reaction
> CO�0:5

3 þHþ () > CO3H
þ0:5 (e.g., [10,23,27]), while other stud-

ies (e.g., [6,11]) disregarded it. We could not find any published
justification for inclusion of > CO�0:5

3 protonation based on the
experimental data or theoretical analysis. However, there have
been several publications in support of excluding the protonation
of the > CO�0:5

3 surface sites. One theoretical study on hydration
of (104) calcite surface [31] demonstrated that neutral H2O mole-
cules preferentially ‘chemisorbed’ into > Caþ0:5 to form > CaOHþ0:5

2

site, and existence of > CO3H
þ0:5 surface sites was attributed to

hydration of carbonate surface groups (> CO3OH
�0:5
2 ) but not direct

protonation of the > CO�0:5
3 sites. Therefore, in the absence of

> CO3OH
�0:5
2 surface sites there could be no > CO3H

þ0:5 sites, which
could indeed result from subsequent dissociation of water mole-
cules sorbed onto carbonate surface sites, i.e.:
> CO3OH

�0:5
2 () > CO3H

þ0:5 þ OH�. These conclusions were sup-
ported by a variety of experimental measurements reported in
the paper. Another numerical study [32] also predicted low frac-
tion of protonated > CO3H

þ0:5 sites (<20%) on a variety of calcite
mineral geometries for pH between 5 and 11, which is consistent
with pH values tested with our model. For pH greater than 7, the
fraction of protonated carbonate sites decreased to below 5%
according to this study. Moreover, inclusion of the > CO�0:5

3 surface
site protonation would result in increased pH under simulated
equilibrium conditions, thus mismatching the experimentally
measured values. Effect of > CO�0:5

3 protonation on equilibrium
pH will be discussed in more detail in Section 3. For these reasons
and following Heberling et al., [6] we did not consider hydration of
carbonate surface sites in our model.

For reactions R2 – R11 we identified ranges of possible variation
of equilibrium constants. The ranges were based on previously
published values thus defining the minimum and maximum possi-
ble equilibrium constant for each reaction, LogKmin and LogKmax,
respectively. Note, that due to lack of published information on
some equilibrium constants, their maximum and minimum values
were assumed to be similar to those of other adsorption reactions
or calculated from published values of consecutive reactions (see
caption of Table 2 for details).

We used the Pitzer theory (pitzer.dat database of PHREEQC
[36,37]) to calculate the ion activity coefficients for all complexa-
tion reactions that take place in the bulk solution at high ionic
strength systems (>0.5 M). For ionic strengths below 0.5 M it
was found that there was no noticeable difference in the modelled
results obtained using either the Debye-Huckel (phreeqc.dat data-
base of PHREEQC) or Pitzer theory to calculate the ion activity coef-
ficients. Therefore, the Pitzer theory was used throughout the
entire range of tested ionic strengths.

2.2.3. BSM – capacitance of the Stern layer and electric potential
distribution within EDL

The electric potential distribution within the Stern layer,
between 0-plane and b–plane, is described by a linear variation,
similar to the concept of two parallel plates capacitor which it
can be expressed as follows:

r0 ¼ CSLð/0 � /bÞ ð1Þ
where r0 is the surface charge density at 0-plane (C�m�2), CSL is

the specific Stern layer capacitance (or Stern layer capacitance for
simplicity) between 0-plane and b-plane (F�m�2), /0 is the electric
potential at 0-plane (V) and /b is the electric potential at b-plane
(V). The Stern layer capacitance can also be expressed as:

CSL ¼ eoer
x

; ð2Þ



Table 2
Adsorption reactions and their equilibrium constants. Equilibrium constant for R1 was not optimised.

No Reactions LogKmin LogKmax LogKopt

0–plane reactions
R1 > CaOHþ0:5

2 () > CaOH�0:5 þHþ �0.5 �0.5 �0.5

b–plane reactions
R2 > CaOH�0:5 þNaþ () > CaOH�0:5 �Naþ 0.09a 0.56b 0.56

R3 > CaOHþ0:5
2 þ Cl� () > CaOHþ0:5

2 � Cl� �2.10c 0.45d �0.64

R4 > CaOH�0:5 þ Ca2þ () > CaOH�0:5 � Ca2þ 1.68b 3.40e 3.40

R5 > CaOHþ0:5
2 þHCO�

3 () > CaOHþ0:5
2 � HCO�

3
0.04b 12.50f 10.65

R6 > CaOHþ0:5
2 þ CO2�

3 () > CaOHþ0:5
2 � CO2�

3
�7.07b 6.00 g �4.59

R7 > CO�0:5
3 þ Ca2þ () > CO�0:5

3 � Ca2þ 1.68b 3.40 h 3.40

R8 > CO�0:5
3 þ Naþ () > CO�0:5

3 � Naþ 0.56b 3.40i 0.56

R9 > CaOH�0:5 þMg2þ () > CaOH�0:5 �Mg2þ 1.66a 3.40j 2.81

R10 > CaOHþ0:5
2 þ SO2�

4 () > CaOHþ0:5
2 � SO2�

4
�2.10 g 3.30 k 3.30 ? 11.9

R11 > CO�0:5
3 þMg2þ () > CO�0:5

3 �Mg2þ 1.68 l 3.40 l 2.81

a – Song et al. [33].
b – Heberling et al. [6].
c – only one value for the equilibrium constant for R3 was found in the literature (0.45), hence we considered LogKmin to be equal to that of R10 due to similarity.
d – Li et al. [11].
e – only one value for the equilibrium constant for R8 was found in the literature (1.68), hence we considered LogKmax to be equal to that of R7 due to similarity.
f – combined from two reactions reported in Pokrovsky and Schott [29].
g – Qiao et al. [34].
h – combined from two reactions reported in Pokrovsky et al. [28].
i – only one value for the equilibrium constant for R8 was found in the literature (0.56), hence we considered LogKmax to be equal to that of R7 due to similarity.
j – only one value for the equilibrium constant for R9 was found in the literature (1.66), hence we considered LogKmax to be equal to that of R4 due to similarity.
k – Qiao et al. [35].
l – this is a new additional reaction introduced in our model with no values for the equilibrium constant found in the literature, hence we assumed both LogKmin and LogKmax

to be equal to those of R7 due to similarity.
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where eo is vacuum permittivity (F�m�1), er is relative permit-
tivity of the Stern layer and x is the distance between 0-plane
and b-plane or the thickness of the Stern layer (m). Beyond the
b-plane, in the diffuse layer, the electrical potential distribution
is described using the Gouy-Chapman theory based on the
Poisson-Boltzmann equation. The electrical potential magnitude
decreases exponentially with the distance from the mineral surface
and ion concentrations follow a Boltzmann distribution.

2.2.4. Two-step optimization
Our model was developed through a two-step optimization pro-

cess applied to experimental zeta potential results obtained with
Estaillades and Ketton rock samples saturated with equilibrated
NaCl solutions of ionic strengths between 0.05 M and 5 M.

The first-step optimization aimed at determining the equilib-
rium constants of R2-R11, while the logKR1 and the Stern layer
capacitance (CSL) were kept constant and equal to �0.5 and
1.24F/m2, respectively, in accordance with the study of Li et al.
[11]. The optimization of equilibrium constants of the surface com-
plexation reactions and Stern layer capacitance was a necessary
step, as previous studies considered either low salinity (e.g., [11])
or moderate salinity solutions (e.g., seawater model by Song
et al. [33]) using different sets of the parameters for each ionic
strength, thus making their models suitable to very specific exper-
imental conditions. To the best of our knowledge there has been no
study that tried SCM for a range of salinities, and especially for
ionic strengths above 0.5 M which are typical for many subsurface
settings. The first-step optimization was conducted in the follow-
ing manner:

� Concentration of all ions (Na+, Ca2+, Mg2+, Cl- and SO2�
4 ) and pH

reported by Al Mahrouqi et al. [12] were used as input param-
eters. The concentration of carbon related ions (HCO3

–, CO3
2–),

termed C(4) ions in PHREEQC, was not reported in the corre-
sponding paper, therefore it was calculated from the charge bal-
ance equation. It was also assumed that the calculated C(4)
concentration could exceed that of Ca2+ and C(4) ions that orig-
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inate from the dissolved atmospheric CO2 in aqueous solution at
equilibrium with air. This assumption is consistent with the
experimentally confirmed dissolution of CaCO3 during the equi-
libration process that resulted in 10-3 M of dissolved Ca2+, and
hence the same concentration of C(4) [12,19], which is higher
than the equilibrium concentration of 1.5 � 10-5M of C(4) in
solution at equilibrium with air [11].

� The dissolution and precipitation of calcite was switched off at
this optimization step by implementing PHREEQC code ‘Calcite
0 0’ in ‘equilibrium_phases’ section [6,22].

� The R2 – R11 equilibrium constants were optimized by mini-
mizing the objective function, f, that defines the normalized dif-
ference between the observed and the simulated zeta potential
and pH:

f ¼
X fobs � fsim

df

� �2

þ
X pHobs � pHsim

dpH

� �2

ð3Þ

where fobs is the observed zeta potential (mV), fsim is the simu-
lated zeta potential (mV), df is the experimental uncertainty of the
zeta potential (mV), pHobs is the observed pH, pHsim is the simu-
lated pH and dpH is the experimental uncertainty of pH. Note that
pH was included in the objective function since the computed
value for a given set of equilibrium constants could be different
from the input (experimental) value. Therefore, both directly mea-
sured properties (zeta potential and pH) were included in Eq. (3).
The optimization was conducted by combining the PHREEQC geo-
chemical code with an optimization software, PEST, in which the
Gauss Marquardt Levenberg method was implemented.

� The optimization was repeated three times, with the initial val-
ues of all equilibrium constants being either i) the minimum
found in literature (LogKmin), ii) the maximum reported in the
literature (LogKmax), or iii) the median within the tested range
(see more details in Table 2 caption). This repetitive optimiza-
tion procedure was required to find the global minimum of f ,
which corresponded to the best match between the experimen-
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tally measured and computed zeta potential and pH, so that the
equilibrium constants that corresponded to the smallest f were
taken forward.

� The results of the first step optimization procedure are shown in
Table 2 (LogKopt column).

It was found that the calculated zeta potentials of Estaillades
and Ketton were positive except for Estaillades at ionic strength
below 1 M. In contrast, the experimental results showed that the
zeta potential of both rock samples remained negative at low ionic
strength to become less negative/positive at high ionic strength
(Fig. 3a). Moreover, the calculated Ketton zeta potential was more
positive compared with that of Estaillades, while the experimental
data showed an opposite trend. The more positive zeta potential
measured in Estaillades sample could not be explained by different
rates of calcite dissolution as the equilibrium Ca2+ concentration
was found to be higher in Ketton sample (Fig. 9a in Al Mahrouqi
et al. [12]), which would imply a more positive zeta potential, con-
sistent with our model.

However, a considerably higher concentration of SO4
2- was also

reported in experiments with Ketton (Fig. 9b in Al Mahrouqi
et al. [12]), and more negative zeta potential compared with that
of Estaillades sample was attributed to it. The authors demon-
strated that the zeta potential was not very sensitive to SO4

2- con-
centration (Fig. 8b in Al-Mahrouqi et al. [12]), as long as
concentration of all other ions remained unchanged thus implying
that high sensitivity to SO4

2- only took place when sulfate content
was less or equal to that of the divalent cations. However, the
paper did not consider a possibility of Ca2+ ions acting as bridges
to SO4

2- ions [38–40] thus enhancing sulfate adsorption when ele-
vated concentration of Ca2+ is found in bulk solution. Such bridging
ability of Ca2+ implies that higher concertation of Ca2+ (and/or
Mg2+) combined with higher concentration of SO4

2- (as was
observed by Al Mahrouqi et al. [12]) should result in overall higher
adsorption of sulfate and more negative zeta potential. Keeping in
mind that dissolved SO4

2- could only originate from undetected
minerals such as anhydrite (CaSO4) or epsomite (MgSO4�7H2O), a
higher concentration of sulfate ions would always be accompanied
by a higher equilibrium concentration of Ca2+ and/or Mg2+ as it was
indeed reported by Al-Mahrouqi et al. [12]. Therefore, we assumed
that the reactivity of calcite to SO4

2- was considerably higher for
rock samples that leached more sulfate and the constraint on
LogKmax for R10 was removed, which resulted in a substantially
better match to the experimental data (Fig. 3b) and the corre-
Fig. 3. Calculated zeta potential after the first step optimization a) with the constraint
denote the experimental results from AlMahrouqi et al. [12].
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sponding value of the optimized equilibrium constant, LogKopt, of
11.9 (Table 2). We expect that including Ca2+–SO4

2- ion bridging
in the surface complexation reactions would lower LogKopt. Such
inclusion implemented in SCM, would require currently unavail-
able experimental data to validate the model and therefore, data
acquisition and the corresponding SCM adjustments will be con-
ducted in a follow-up study.

The calculated concentration of Ca2+ and SO4
2- (note, that input

pH and concentration of Mg2+ were constant at 8.3 and
pMg = 4.19, respectively, as reported by Al-Mahrouqi et al. [12],
pMg = -logCMg with C denoting the ion concentration in M) for both
rock samples is shown in Fig. 4. The computed solution pH and
concentration of all other ions (those that are not shown in
Fig. 4) remained unchanged and equal to the input values regard-
less of LogKopt for R10, hence the corresponding plots for these ions
are not included in the figure.

After increasing the LogKopt for R10 to the value of 11.9, the
match to the experimental results significantly improved as shown
in Fig. 3b for ionic strength � 2 M. However, the simulated zeta
potential at ionic strength greater than 2 M remained significantly
more positive compared with the observed values, and for the Ket-
ton sample it became positive as opposed to the negative zeta
potential obtained from the experiments. Therefore, additional
modification to the model was made.

The second step optimization was initiated by fixing the opti-
mal values of all equilibrium constants obtained from the first step
optimization. Then, using the same objective function as in the 1st
optimization step (Eq. (3)), the 2nd step optimization was imple-
mented for each rock sample and each concentration of NaCl solu-
tion using the following variables:

� The concentration of Ca2+ and SO4
2- was allowed to vary within

the reported experimental uncertainty.
� A variable capacitance of the Stern layer was assumed and
allowed to vary between 0.2F�m�2 and 1.4F�m�2 (see more
detailed discussion in section 2.2.5).

The resulting from the 2nd optimization step pH and concentra-
tion of SO4

2- and Mg2+ remained the same compared with the
results of the 1st optimization step. However, to obtain a better
match to the experimentally measured zeta potential required a
non-monotonic change of the optimized Stern layer capacitance
(Fig. 5a) and increased concentration of Ca2+ (see the yellow?red
shift for Estaillades and green?blue shift for Ketton in Fig. 5b).
�2:10 � logKR10 � 3:30, b) without the constraint �2:10 � logKR10. Black symbols



Fig. 4. Computed pCa (a) and pSO4 (b) from the first optimization step. Black symbols represent the experimental data [12]. The results in color correspond to the modelled
zeta potential that appears in Fig. 3b.

Fig. 6. Calculated zeta potential after the first and the second step optimization.
Black symbols correspond to the experimental data of Al Mahrouqi et al. [12]. The
yellow?red (Estaillades) and green?blue (Ketton) shifts demonstrate a significant
improvement of the match after applying variable Stern layer capacitance. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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The computed zeta potential was found to be in a good agreement
with the experimental data after the variable capacitance was
implemented (see the yellow?red shift for Estaillades and
green?blue shift for Ketton in Fig. 6).

2.2.5. Variable Stern layer capacitance
As mentioned in the previous section, in order to obtain a good

match with the experimentally measured zeta potential it was
required to allow the Stern layer capacitance (CSL) to vary and to
decrease globally. Following the definition of CSL (Eq. (2)), its opti-
mized concentration dependence (Fig. 5a) can be explained by
either: i) constant distance between the 0-plane and b-plane, x,
and decreasing relative permittivity of the Stern layer, er, with
increasing NaCl concentration; ii) constant relative permittivity
and increasing with salinity x; iii) increasing with salinity x and
decreasing er; or iv) decreasing x and er with increasing salinity
so that the rate of decrease of er exceeds that of x. Previously pub-
lished studies have suggested that hydration diameter of cations
decreases considerably with increasing salinity, hence x might
become smaller as smaller in diameter ions may have a closer dis-
tance of approach to the mineral surface (see for example, results
Fig. 5. Optimized Stern layer capacitance (a) and pCa as a function of NaCl concentration. Black symbols in b) correspond to the experiments of Al Mahrouqi et al., [12]. The
yellow?red and green?blue shift represent manual adjustment of pCa to obtain a better match to the computed zeta potential in Fig. 6. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

859



J. Vinogradov, M. Hidayat, M. Sarmadivaleh et al. Journal of Colloid and Interface Science 609 (2022) 852–867
obtained from an analytical model for Mg2+ in Afanas’ev and Usti-
nov [41] and for Na+ in Afanasiev et al. [42] using the same
approach, both verified by various experimental data) thus
restricting the possible explanation for the decreasing CSL to option
iv). This assumption is also supported by Brown et al. [43] who
suggested a substantial compression of the Stern layer with
increasing electrolyte salinity, which was interpreted from experi-
mental observations including EPM. In contrast, some molecular
dynamics studies (e.g., [44]) suggest that there is no change in x
with increasing salt concentration due to the presence of the
hydrolysis layer. At the same time, an electric field within the Stern
layer that is exerted on polar water molecules results in its polar-
ization and may lead to a substantial decrease in er with increasing
salinity (e.g., [45]), consistent with options i), iii) and iv). In the
light of the above arguments, we assumed option i) in our model,
implying constant x and decreasing with salinity er. Note, that
we tested hypothesis iv) and found that CSL is significantly less sen-
sitive to the variation of x (even assuming the maximum possible
range between fully hydrated Na+ radius of 4.5 Å and crystallo-
graphic Na+ radius of 0.5 Å at 5 M [46]) compared with allowed
variation of er (between the value that corresponds to diluted elec-
trolyte, �80 at a temperature of 20 �C and that of structured water
in the Stern layer, �6 [10]), but this sensitivity analysis is not pre-
sented here.

For simplicity we used a linear regression through optimized
values of CSL as shown in Fig. 7:

CSL ¼ �0:2232� ISþ 1:357 F �m�2� � ð4Þ
Where IS is the ionic strength of the solution of interest (M). To

verify the regression is physically meaningful we assumed a con-
stant distance between 0-plane and b–plane of � = 2.3 Å [6] and
used a published equation for the Stern layer relative permittivity
[47,48]:

er ¼ ez � es

1þ b � d/
x

� �2 þ es ð5Þ

where ez is the relative permittivity of the bulk electrolyte (at a
given ionic strength and temperature), es is the relative permittiv-
ity near the mineral surface (�6 [48]), d/ is the electrical potential
difference (V) between 0-plane with b–plane calculated by our
model, and b = 1.2 � 10-17 m�V�1 is a constant [48]. The values of
CSL calculated using er computed from Eq. (5), and x = 2.3 Å are
Fig. 7. Optimized Stern layer capacitance compared with values obtained using Eq.
(5) and approximated by the linear regression fitted to the optimized values in blue
(Eq. (4); quality of match to the optimized values of capacitance in blue is R2 = 0.91)
as a function of ionic strength. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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plotted in Fig. 7 and are in good agreement with the optimized val-
ues thus confirming the validity of our approach. Note, that d/ for
Eq.5 were computed by PHREEQC using the linear regression of CSL

(blue line in Fig. 7) and provided an excellent match to the zeta
potentials, so that non-linear regressions for CSL were not tried as
this was not the focus of this study.

2.3. Calcite surface complexation model implementation

To use our model for predicting the zeta potential of calcite in
contact with aqueous solutions requires identification of input
parameters and model options that accurately replicated the
reported experimental conditions. Therefore, the following steps
should be taken to obtain an accurate prediction of the zeta
potential:

� Define the saturation index and the amount (typically, 10 mol to
20 mol to allow sufficient amount of calcite to equilibrate with
the solution of interest) in ‘EQUILIBRIUM_PHASES’ section (see
Appendix A). A non-zero amount should be chosen to replicate
chemical equilibration between calcite and water of the exper-
iment of interest, while the saturation index should be adjusted
so that the computed Ca2+ concentration matches the experi-
mental value.

� Define input concentrations of all ions in the modelled solution
consistent with the reported values. Note, that the input con-
centration of Ca2+ should be kept at zero and dissolution/precip-
itation of calcite switched on, when simulating the zeta
potential experiments under equilibrium conditions, in which
case content of Ca2+ in the solution is computed by PHREEQC
and cross-compared with the experimental data. Otherwise,
the measured concentration of Ca2+ should be used while
switching off the calcite dissolution option (see examples in
the Appendix A).

� Use the optimized equilibrium constants for R1-R11 (Table 2).
� For a given ionic strength, calculate the Stern layer capacitance
using the linear regression equation (Eq. (4)) and allow
PHREEQC to compute the zeta potential. To validate the result
cross-compare the simulated pH and concentrations of all ions
against the measured values.

3. Model validation, results and discussion

Our model described in previous sections was tested against the
experimentally measured zeta potential in intact carbonate core
samples saturated with aqueous solutions reported by Al Mahrouqi
et al. [12], Jackson et al. [49] and Li et al. [11]. The developed model
simulated the zeta potential from SPM conducted on three differ-
ent intact carbonate samples saturated with equilibrated NaCl
solutions [12], one intact carbonate sample saturated with equili-
brated artificial solutions [49], and crushed Iceland spar sample
saturated with unequilibrated NaCl solutions [11].

3.1. Estaillades and Ketton samples saturated with equilibrated NaCl
solution

[12]We began modelling the zeta potential with defining the
input equilibrium concentration of Na+, Cl-, Mg2+, SO4

2- as reported
in the paper. The initial input concentration of Ca2+ was set to zero
M, partial CO2 pressure is set to 10-3.44 atm (consistent with atmo-
spheric CO2), and dissolution of calcite is switched on (zero default
value of the saturation index and 20 mol amount) to replicate the
equilibrium experimental conditions. Applying the specific capaci-
tance values calculated using Eq. (4) for each value of tested ionic
strength our model computed the zeta potential and the resulting
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equilibrium concentration of Ca2+, and the results are shown in
Fig. 8a and b (note, that simulated pH and concentration of all ions
except Ca2+ were found to be identical to the experimental values
used as input parameters). It can be seen from Fig. 8a and b that
simulated results for the Ketton sample underestimate the concen-
tration of Ca2+ and consequently overestimate the negative zeta
potential. To be consistent with the experimental data, the calcite
dissolution rate for Ketton was enhanced by setting the saturation
index to 0.8, so that the modelled equilibrium concentration of Ca2+

became comparable with the measured one, which resulted in an
excellent correlation between the modelled and measured zeta
potential (Fig. 8c and d).
3.2. Portland sample saturated with equilibrated NaCl solution
[12]

Our model was then applied to simulate the zeta potential
obtained from Portland limestone. To evaluate the equilibrium
concentration of Ca2+ dissolved from the Portland sample we
implemented a similar procedure by comparing the computed
and measured equilibrium concentration of Ca2+, which was
reported to be slightly lower than that for the Ketton sample
Fig. 8. Experimentally measured (black symbols) and simulated zeta potential (a, c) and p
NaCl solutions. The modelled results were obtained assuming identical saturation index
Ketton (0.80) sample relative to the default value (0) of Estaillades (c, d).
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(compare diamonds and squares in Fig. 10a of Al Mahrouqi et al.
[12]). A good agreement between the computed and measured
Ca2+ concentration corresponded to the saturation index of 0.6.
However, a significantly higher, compared with either Estaillades
or Ketton, concentration of SO4

2- was reported for equilibrated solu-
tions in contact with Portland (compare diamonds with squares in
Fig. 10b of Al Mahrouqi et al. [12]), while the reported concentra-
tion of Mg2+ in all rock samples was the same (pMg = 4.19). Since
SO4

2- in the equilibrated solution could only originate from dissolu-
tion of sulfate containing minerals (anhydrite or epsomite), the
equilibrium concentration of SO4

2- would not be expected to exceed
that of the total concertation of Ca2+ and Mg2+, which was not the
case reported for Portland sample. We could not explain this dis-
crepancy, and thus assumed that the reported concentration of
Ca2+ was inaccurate and contained an experimental uncertainty,
which resulted in underestimated concentration of the cation.
Therefore, we artificially added Ca2+ to our simulated aqueous
solution, so that the concentration of the added cation was equal
to the difference in sulfate concentration across the salinity range:

D SO2�
4

h i
¼ SO2�

4

h i
Portland

� SO2�
4

h i
Ketton

. Note that the difference in

sulfate concentration depends on the salinity as shown in Fig. 9c,
so that a single value of the saturation index could not be used thus
Ca (b, d) at equilibrium conditions for Estaillades and Ketton samples saturated with
for both rock samples toward NaCl solutions (a, b), and higher saturation index for



Fig. 9. Measured and modelled zeta potential (a), pCa (b) and SO4
2- (c) of three natural rock samples. The amount of artificially added Ca2+ to the model of Portland equals the

reported difference in concentration of SO4
2- as shown in (c) and explained in Section 3.2. Yellow diamonds represent the modelled zeta potential (a) and pCa (b) assuming

saturation index of 0.6 and zero artificially added Ca2+. The results of the model with artifically added Ca2+ are denoted by green diamonds. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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justifying our approach of adding Ca2+ to the solution artificially.
Keeping the saturation index equal to 0.6, the total computed con-

centration of Ca2+ increased by the amount equal to D SO2�
4

h i
(as

denoted by the yellow ? green shift in Fig. 9b), and we success-
fully modelled the zeta potential as presented in Fig. 9a (the yel-
low ? green shift in Fig. 9a shows the effect on the computed
zeta potential made by adding Ca2+ to the solution).
3.3. Estaillades sample saturated with artificial natural solutions
[49]

Jackson et al. [49] measured zeta potential on Estaillades rock
sample saturated with three different equilibrated solutions: low
salinity 20dSW (20 times diluted seawater), SW (seawater) repre-
senting moderate ionic strength of 0.749 M, and 3.537 M high
862
salinity FMB (formation brine), with detailed composition provided
in Table 1 in Jackson et al. [49]. The purpose of these experiments
was to simulate the conventional and/or inverted low salinity
waterflooding used to maximize oil recovery. To simulate the
results, we modelled equilibrium conditions between calcite and
the aqueous solutions by using zero initial concentration of Ca2+

and the same calcite dissolution rate as in Section 3.1. for Estail-
lades (default zero value of saturation index). The results of mod-
elled zeta potential for all three solutions are presented in
Fig. 10. Our model could successfully reproduce the measured zeta
potential (Fig. 10a). However, the modelled equilibrium pH was
significantly higher with 20dSW and significantly lower with
FMB experimental data (Fig. 10b) despite the fact that modelled
concentrations of all ionic species were found to be identical to
the measured ones. We hypothesize that such discrepancy could
result from the experimental protocol reported by Jackson et al.



Fig. 10. Simulated zeta potential (a) and pH (b) of three different brine compositions for Estaillades rock sample plotted as a function of ionic strength. The experimental data
denoted by black symbols are extracted from Jackson et al. [49].
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[49] who reported the initial (at time of preparation) pH and ionic
concentration of solutions but not the final values established after
equilibration with the rock sample.

It is worth mentioning, that equilibrium pH computed by our
model in all tested aqueous solutions and rock samples matched
the experimentally measured values apart from the results pre-
sented in Fig. 10, where the simulaed equiibrium pH was higher
than experimental for 20dSW and SW and lower than experimen-
tal for FMB. Inclusion of protonation of > CO�0:5

3 surface sites with-
out changing the optimized equilibrium constants resulted in
increased simulated equilibrium pH compared with the experi-
mental values. Thus, the assumed exclusion of protonation of the
> CO�0:5

3 surface sites was confirmed for all tested parameters
except for FMB, for which such reaction might need to be included,
and this will tested in a follow-up study.
3.4. Iceland spar saturated with NaCl at non-equilibrium
conditions [11]

Finally, our model was tested against the data reported by Li
et al. [11] on crushed Iceland spar saturated with 10-3 M, 10-2 M,
and 5 � 10-2 M NaCl not equilibrated with the mineral. Description
of the experimental procedure reported by Li et al. [11] did not pro-
vide detailed information on the duration of the streaming poten-
tial measurements. However, considering the expected high
permeability of the crashed samples (comparable to permeability
of sandpacks reported by Vinogradov et al. [50]) and low salinity
solutions used by Li et al. [11], it was assumed that the reported
streaming potential measurements on crushed Iceland spar did
not last hundreds of hours required for complete equilibration
between the mineral and the tested solutions. Therefore, we
assumed that only partial equilibration was reached during the
experiments and for that reason we modelled the data reported
by Li et al. [11] as obtained at non-equilibrium conditions so that
any equilibration of calcite was disabled in the model (zero amount
was set, Section 2.3 and Appendix A). However, due to partial equi-
libration expected in the experiments, we artificially added some
non-zero initial concentration of Ca2+ to the modelled solution.
The concentration of dissolved Ca2+ in 0.05 M NaCl was adjusted
to 10-4.2 M (expressed as pCa = 4.2 in Fig. 11b) at pH 9, consistent
with observations reported by Alroudhan et al. [19] . Firstly, we
assumed that the amount of dissolved (and therefore artificially
added to the model) Ca2+ should depend on pH (lower pH would
lead to higher concentration of dissolved Ca2+, consistent with
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higher dissolution rate reported by Anabaraonye et al. [51]. Fur-
thermore, the pH dependence of pCa in 0.05 M NaCl experiments
was extended throughout the entire range of pH (5–11) using a lin-
ear slope of DpCa/DpH = 0.1, consistent with calcite dissolution
rate reported by Chou et al. [52] .

Secondly, we assumed that dissolved Ca2+ concentration should
also depend on NaCl concentration (higher NaCl concentration
would lead to higher concentration of dissolved Ca2+ as reported
in Al Mahrouqi et al. [12]). Therefore, for NaCl solutions of 10-2

M and 10-3 M the end-points of pCa were moved up the vertical
scale by 0.4 units relative to one another to reflect on the salinity
dependence of calcite dissolution. The value of 0.4 was approxi-
mated from the reported calcite dissolution rate as a function of
NaCl concentration [53] and assuming duration of the steaming
potential measurement experiments conducted by Li et al. [11]
to be approximately 10 h. Ultimately, ascribing the end-point val-
ues for Ca2+ concentration for each tested NaCl solution on the pH
scale (Fig. 11b) and applying linear variation of pCa between these
end-points, our model successfully predicted the measured zeta
potential (Fig. 11a). Moreover, our model predicts that Ca2+ must
be added to the modelled solution in order to replicate the exper-
imentally measured zeta potential. Note, that C(4) of the amount
equal to the added Ca2+ must also be added to the solution in addi-
tion to the initial concentration of C(4) that reflects the equilibrium
content of dissolved CO2. Despite the fact that the computed from
calcite dissolution or artificially added Ca2+ and C(4) to the bulk
electrolyte was not reported by Li et al. [11], the adsorption reac-
tions for these ions were included in their SCM. Therefore, we
are confident that our approach is consistent with Li et al. [11].
Our results also explain how the experimental data from Li et al.
[11] was successfully matched by means of non-zero concentration
of Ca2+ and C(4) in the solution, both of which should increase with
decreasing pH. If such pH dependence of Ca2+ and C(4) concentra-
tion was not applied to the model of Li et al. [11], the simulated
zeta potential would become more positive with increasing pH,
which is an inverted trend relative to that reported in the paper.

3.5. Model capabilities, limitations and implication to carbonate-water
subsurface settings

The developed robust SCM uses a set of justified and well-
defined calcite surface sites and surface reactions’ equilibrium con-
stants combined with physically meaningful salinity dependence
of the Stern layer capacitance. The model is capable to accurately
predict zeta potential of a variety of carbonate-aqueous solution



Fig. 11. Modelled zeta potential (a) and pCa (b) of crashed Iceland spar samples saturated with three different NaCl solutions under non-equilibrium conditions. The
modelled zeta potential is plotted in comparison with the experimental data [11] denoted by black symbols. The slopes and intercepts of the pCa as a function of pH are
discussed and defined in Section 3.4.
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systems as long as calcite is the dominating mineral comprising
natural rocks and the aqueous solution is dominated by NaCl.
Moreover, an additional requirement for predictive capability of
our model relates to the naturally occurring concentration of
SO4

2- in the solution, which has to reflect dissolution of sulfate con-
taining minerals such as anhydrite or epsomite over geological
deposition timescale. This requirement implies that the equilib-
rium concentration of SO4

2- should not exceed the combined con-
centration of Ca2+ and Mg2+.

The set of equilibrium constants proposed in this paper for
ambient conditions (25 �C and 1 atm) has not been tested to model
experimental results obtained with aqueous solutions with artifi-
cially added SO4

2- beyond natural occurrence, so that some amend-
ments could be required to model such experiments. Moreover, we
have not considered elevated temperature experimental condi-
tions, which would require additional adjustments to the model:
i) the equilibrium constants should be adjusted for elevated tem-
perature by using for example the Van‘t Hoff equation; ii) the rel-
ative permittivity of the Stern layer should be recalculated; iii) the
distance between the 0-plane and the b-plane should be reduced to
account for reduced hydrated diameter of cations at elevated tem-
perature (consistent with [50,54]); iv) the salinity dependence of
the Stern layer capacitance should be amended taking into account
ii) and iii) so that a new temperature specific regression is used.

Capabilities of our model have a broad range of applications
since the approach reported here has demonstrated to provide an
accurate prediction of the zeta potential of natural carbonate rock
in contact with aqueous solutions, subject to the above conditions.
Our model works best for equilibrium experimental conditions as
long as concentration of all major ionic species is known. In this
sense, our model can significantly improve our understanding of
streaming potential measurements and associated flows in shallow
aquifers where temperature and pressure are low and therefore,
laboratory measurements of pH and concentration of all ions of
the solution at aquifer conditions are straight forward. Laboratory
experiments should, in this case, assure establishment of full equi-
librium between rock and the solution of interest and fluid samples
should be analyzed for molar concentration of all ions to be used as
input parameters of the model. The modelled zeta potential can
then be used to predict flow patterns in critical zones (e.g., [55]),
permeability heterogeneities (e.g., [56]) or even serve as an early
warning of saline intrusion (e.g., [2,3]).

Our model is useful in situations where the exact concentration
of all ions is unknown. For example, the model can accurately
assess the initial estimate of CO2 geological storage efficiency.
864
The model would require input from the experimental data, given
that laboratory experiments are conducted to establish full chem-
ical equilibrium between carbonate rock and a CO2-saturated
aqueous solution at the target formation conditions of temperature
and pressure. Such experiment should report at least one mea-
sured concentration (of constituent ions such as Ca2+, Mg2+, SO4

2-

or protons, pH) to validate the simulated by our model concentra-
tions (similar to the experiments reported by Li et al. [57]). The
modelled zeta potential then can be used to interpret the wetting
state using Derjaguin-Landau-Verwey- Overbeek (DLVO) theory
(e.g.,[58]) and the resulting residual trapping of the gas.

4. Conclusions

We report a robust surface complexation model of calcite-water
interfaces. The model was developed adopting a two-step opti-
mization, in which the equilibrium constants of surface reactions
were initially optimized to match two experimental datasets,
while the ionic strength dependence of the Stern layer capacitance
was obtained in the second optimization step. The model was
applied to successfully predict multiple experimental datasets
with an excellent quality of match, and the modelling results
demonstrate that:

� The unique set of the optimized equilibrium constants can be
used universally to simulate the calcite-water zeta potentials
obtained from the streaming potential measurements for all
tested systems and conditions.

� The Stern layer capacitance should decrease with increasing
salinity to replicate high salinity zeta potentials; the range of
varying capacitances was found to be consistent with analyti-
cally predicted values [48] and with values used in previously
published numerical studies [45].

� Using experimental composition of investigated solutions as the
only input, our model accurately predicts zeta potentials of all
tested systems and conditions including natural limestones
equilibrated with simple salt and complex solutions of ionic
strengths between 0.05 M and 5 M, and crushed calcite not
equilibrated with NaCl solutions of ionic strength between
0.001 M and 0.01 M.

� To simulate zeta potentials of natural carbonate-water systems
at equilibrium conditions, the developed model requires knowl-
edge of concentration of SO4

2- andMg2+ that leach from dolomite
and anhydrite inclusions, while the equilibrium concentration
of Ca2+ is produced by the model.
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� To simulate zeta potentials of calcite in contact with water
under non-equilibrium conditions requires knowledge of either
measured in real-time Ca2+ concentration or duration of the
simulated experiment.

� Our model is fully predictive given the required input parame-
ters (e.g., ion concentration) are provided. However, additional
surface reactions and/or model adjustments might be required
to simulate the zeta potentials for carbonate rock in contact
with aqueous solutions in which SO4

2- concentration exceeds
that of Ca2+ and Mg2+ combined, this will be investigated in a
follow-up study.

Future work will also aim at acquiring additional experimental
data obtained with varying concentration of C(4) and SO4

2- ions
under equilibrium conditions to inform the surface complexation
model, which will be updated and/or modified to include the
hypothesis of ion bridging outside OHP.
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Appendix A. – PHREEQC code examples

In examples below, text that follows the # symbol is not part of
the code, but comments aimed at clarifying the meaning of pro-
gram keywords and values
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