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Abstract: Self-potential (SP) signals arising from electrokinetic coupling induced by fluid flow in
porous media are widely used in hydrogeophysical and geophysical applications. These signals are
fundamentally controlled by the electrical double layer (EDL) at the mineral-fluid interface, in which
the zeta potential plays a key role. Accurate determination of zeta potential is therefore essential for
quantitative interpretation of SP measurements. In this study, the zeta potential of three porous rock
samples (Bentheim sandstone, Berea sandstone, and an artificial ceramic) saturated with divalent
electrolytes (CaClp, CaSQO4, and MgSO4) was investigated over a concentration range from 10 to
102 M. The zeta potential was derived by combining measurements of the streaming potential
coefficient and electrical conductivity. The results show that the magnitude of the zeta potential
systematically decreases with increasing electrolyte concentration for all samples, reflecting
compression of the EDL. Significant dependence on both rock type and electrolyte composition is
observed: The zeta potential depends strongly on both rock type and electrolyte conditions. In most
cases, the natural sandstones exhibit more negative zeta potentials than the artificial ceramic, and
MgSO4 generally produces more negative values compared to calcium-based electrolytes, indicating
stronger Mg?" surface interactions. In addition, an empirical linear relationship between zeta
potential and the logarithm of electrolyte concentration is proposed for divalent electrolytes.
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1. Introduction

The interaction between fluids and porous media governs a wide range of geophysical and
environmental processes, including groundwater flow, hydrocarbon recovery, and contaminant
transport. In such systems, electrokinetic phenomena are largely governed by the zeta potential at the
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solid-fluid interface, which reflects the properties of the electrical double layer (EDL). Consequently,
accurate knowledge of the zeta potential is essential for interpreting streaming potential, electroosmosis,
and related geophysical signals.

Self-potential (SP) measurements, arising from electrokinetic coupling, have been widely used to
investigate subsurface fluid flow in a variety of geophysical and hydrogeological contexts. Recent
studies show that SP data can be effectively applied to delineate flow pathways and to monitor processes
such as tracer transport, saline intrusion, hydrothermal circulation, and contaminant migration, thereby
providing quantitative insights into the dynamics and spatial distribution of fluid movement [1-4].
Beyond qualitative imaging, SP methods have increasingly been used to estimate key hydrogeological
parameters, including hydraulic conductivity and aquifer geometry [5, 6] as well as to monitor emerging
applications such as CO; geological storage, where changes in pore-water chemistry modify
electrokinetic coupling [7, 8].

Among the mechanisms contributing to SP signals, the streaming potential is of primary importance
in hydrogeological systems due to its direct dependence on fluid flow. Reliable quantitative
interpretation of SP data therefore requires accurate estimation of the zeta potential, which governs the
electrokinetic coupling at the solid-fluid interface [1].

Most experimental studies of streaming potential and zeta potential in porous media have
predominantly focused on systems saturated with monovalent electrolytes, such as NaCl and KCl, for
which both experimental datasets and theoretical descriptions are relatively well established [e.g., 9-14].
However, natural groundwater systems typically contain significant concentrations of divalent ions,
including Ca?", Mg?*, SO4*, and COs?", whose electrochemical behavior differs fundamentally from that
of monovalent species. In particular, divalent ions induce stronger electrical double layer (EDL)
compression, enhanced surface charge screening, and more pronounced specific adsorption at mineral
surfaces, resulting in substantial modifications of zeta potential and electrokinetic coupling.

Recent studies have further shown that ion-specific effects, hydration structure, and surface
complexation reactions play a crucial role in controlling electrokinetic responses in multivalent
electrolyte systems. As a result, the dependence of zeta potential on electrolyte concentration and
composition in divalent systems can deviate significantly from trends established for monovalent
electrolytes [15, 16]. Despite these advances, systematic experimental investigations of zeta potential in
natural porous rocks saturated with divalent electrolytes remain limited, particularly over a wide range
of concentrations and for different mineralogical compositions. This lack of data restricts the
development of robust models for interpreting electrokinetic phenomena under realistic groundwater
conditions.

This study extends our previous work, in which the streaming potential coefficient (SPC) of
consolidated rocks saturated with three divalent electrolytes was measured over a range of
concentrations [17]. By combining the measured SPC with electrical conductivity data for each rock
sample, the corresponding zeta potentials are derived. In addition, an empirical relationship between
zeta potential and electrolyte concentration for divalent electrolytes is proposed, which, to our
knowledge, has not yet been reported in the literature. The proposed relationship exhibits a functional
form similar to those established for monovalent electrolytes, while variations in zeta potential among
the investigated rocks can be qualitatively attributed to differences in mineral composition. By providing
zeta potential estimates under realistic groundwater chemistries, this study contributes to a more
comprehensive understanding of electrokinetic properties in porous rocks and supports improved
interpretation of streaming potential signals in geophysical and hydrogeological applications.
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2. Theoretical Background of Streaming Potential

In porous geological materials mineral surfaces typically acquire a net negative charge when in
contact with an aqueous electrolyte. This surface charge leads to the electrostatic attraction of counter-
ions from the pore fluid, resulting in the formation of an EDL at the solid-fluid interface. In its simplest
conceptual representation, the EDL consists of two regions: (i) a layer of immobile charges adsorbed
onto the mineral surface and (ii) a diffuse layer of mobile ions whose concentration gradually decreases
toward the bulk pore fluid. A schematic illustration of this charge distribution is shown in Fig. 1 (see
[18] for a detailed description).

The zeta potential ({) is defined as the electrical potential at the shear plane that separates the
immobile surface charges from the mobile ions in the diffuse layer. As a key electrokinetic parameter,
the zeta potential governs the coupling between fluid flow and charge transport in porous media. When
a pressure gradient is applied across a water-saturated rock sample, mobile ions in the diffuse layer of
the EDL are transported by the flowing fluid, generating a streaming current. The resulting charge
separation induces an electric field, which gives rise to a measurable electrical potential known as the
streaming potential.

Under steady-state conditions, the SPC is defined as the ratio between the electrical potential
difference generated by fluid flow and the applied pressure difference across the porous sample [e.g., 9,
10, 15]:

AV
c, =22 (1)
AP
where AV denotes the measured streaming potential and AP is the pressure difference imposed across
the sample.

The SPC arises from electrokinetic coupling between fluid flow and charge transport and is
controlled by both the zeta potential and the physical properties of the pore fluid. Assuming laminar
flow and an electrical double layer that is thin relative to the pore size, the SPC can be described by the
classical modified Helmholtz—Smoluchowski (HS) equation [e.g., 9, 10, 15, 18]:

C, = &5t @)
naeff
where ¢, (unitless) is the relative permittivity of the fluid, g (F/m) is the vacuum permittivity, # (Pa‘s)
is the dynamic viscosity, and et (S/m) is the effective electrical conductivity of the saturated porous
medium.
The effective electrical conductivity of a saturated porous medium accounts for both the bulk pore
fluid conductivity, aw (S/m), and the additional surface electrical conduction associated with EDL. This
effective conductivity can be expressed as [e.g., 18]:

O-eff = O-w + AS ’ (3)
where Z; (S) is the specific surface conductance and A (m) is a characteristic length scale describing the
effective pore size of the porous medium. Physically, A (m) reflects the influence of pore geometry on
surface conduction. Surface electrical conduction occurs primarily within the EDL along mineral
surfaces; therefore, its relative contribution depends on the ratio of surface area to pore-fluid volume. In
porous media with smaller pores, the surface-area-to-volume ratio is larger, increasing the relative
importance of surface conduction compared with bulk-fluid conduction. Conversely, in larger pores,
electrical transport is dominated mainly by conduction through the bulk pore fluid. As a result, surface
conductivity becomes particularly significant in fine-grained or low-permeability materials.
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Figure 1. Stern model for the charge and electric potential distribution in the EDL at a solid-liquid interface
[e.g., 18].

Alternatively, the SPC may be expressed as [e.g., 15, 18]:

£.E,6
C = Zrf0> “4)
* nFo

r

where o, (S/m) is the electrical conductivity of a sample saturated with a pore fluid of conductivity oy,
and F is the formation factor of a porous medium.

As implied by Eq. (4), the zeta potential of a saturated rock sample can be experimentally determined
from measured values of Cs, F, and o,. This relationship provides a practical approach for estimating the
electrokinetic properties of porous media, making it particularly useful in laboratory and field-scale
applications.

Table 1. Mineral composition, intrinsic permeability ko (mD) and porosity ¢ (%) of the investigated samples

# Sample Mineralogy ko ¢ F
1 S1 Predominantly silica with feldspar and kaolinite 1382 22.3 15.5
2 S2 Fused silica 430 44.1 6
3 S3 Silica, Alumina, Ferric Oxide, Ferrous Oxide 310 20.1 14,5

3. Experiment and Results

Based on the theoretical framework of zeta potential and the streaming potential coefficient outlined
above, a series of laboratory measurements was conducted on three rock samples - Bentheim sandstone
(denoted as S1), Berea sandstone (S2), and an artificial ceramic sample (S3). The samples were saturated
with three divalent electrolytes (CaCl,, CaSO4 and MgSQy) at five concentrations: 104 M, 5x107* M,
107 M, 5x107° M and 1072 M. All measurements were performed at approximately 22°C and pH values
ranging from 6.0 to 7.5 under the same experimental conditions as those reported by Thanh and Sprik
(2016) [15].
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The rock cores were cylindrical, with a diameter d = 2.5 cm and a length L = 5.5 cm. Their mineral
composition, as provided by the suppliers, is reported in Table 1. The permeability, porosity, and
formation factor of each sample were determined following procedures similar to those reported in [e.g.,
15] and are also summarized in Table 1.

The method used to measure the SPC is described in detail in [17]. The SPC values obtained for
each sample-electrolyte combination were previously reported in [17] and are reproduced in Table 2 for
completeness. As discussed above, determination of the zeta potential additionally requires
measurements of the electrical conductivity of the saturated samples (o,). For this purpose, the
experimental setup shown in Fig. 2 was employed, following the procedure described below.

The samples were first saturated by continuously circulating the corresponding electrolyte solutions
through their pore spaces until full saturation was achieved. The electrical resistance, R (Q2), of each
saturated sample was then measured using an impedance analyzer (Hioki IM3570). To ensure reliable
electrical contact, two silver mesh electrodes were placed on opposite faces of each sample. The electrical
conductivity of the saturated rock sample, o,, was subsequently calculated from the measured resistance
together with the sample length, L (m), and diameter, d (m), using the following equation:

R:i 4L2 ‘
o rd

)

The measured values of o, for all samples are summarized in Table 3. From the measured values of
Cs, F, and o,, the zeta potential was calculated using Eq. (4). The resulting zeta potential values are
presented in Table 4. The average uncertainty associated with the zeta potential measurements was
approximately 10%, as reported in [10] for similar experimental measurements.

Table 2. The SPC (mV/bar) measured for the rock samples saturated with different electrolytes at various
electrolyte concentrations

Sample Electrolyte ™15\ [ sx10° M Corllgé?trl\zuon 5<10°M | 10°M
CaCl, -330 -102 -61 -9.5 -4.5
S1 CaSOg4 -363 -110 -66 -22 -8.7
MgSO4 -343 -160 -92 -26 -13
CaCl, -310 -95 -48 -9.0 -4.2
S2 CaSOg4 -297 -89 -48 -10.7 -5.6
MgSO4 -328 -129 -67 -19 -11
CaCl, -85 -37 -23 -6.7 -3.1
S3 CaSOy4 -81 -35 -24 -4.9 -3.5
MgSO4 -83 -45 -34 -12 -9.0
Table 3. Electrical conductivity of samples o, (mS/m) at different electrolyte concentration
Sample Electrolyte ™5\ [ sx10°M™ Corllgiltrhznon 5<10°M | 10°M
CaCl, 0.7 1.4 2.2 10.0 18.9
S1 CaSOg4 0.9 1.3 2.1 5.2 10.2
MgSO;4 0.7 1.3 2.1 5.9 10.8
CaCl, 1.3 2.9 4.8 21.6 37.1
S2 CaSOg4 1.2 2.9 4.8 13.5 23.2
MgSO;4 1.5 2.9 4.7 15.7 26.6
CaCl, 1.3 2.1 3.0 10.5 18.1
S3 CaSOg4 1.2 1.9 2.8 7.5 10.9
MgSO4 1.0 1.6 2.1 5.7 9.9
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Figure 2. Experimental setup for electrical conductivity measurements: (1) core holder containing the rock
sample; (2) positions of the silver mesh electrodes; (3) pump used to saturate the rock samples;
and (4) impedance analyzer (Hioki IM3570).

Table 4. Zeta potential { (mV) for all samples and electrolytes at different electrolyte concentrations

Concentration
Sample Electrolyte ™55y T 5x10% ™ 10°M | 5%10°M 102M
CaCl, 2505 312 293 2028 -18.6
S1 CaSO, 714 312 303 25 19.4
MgSO, 525 455 42 335 307
CaCl, 363 25 248 173 142
S2 CaSO, 36.8 27 268 251 171
MgSO, 435 392 36.6 345 293
CaCl, 877 338 374 204 167
S3 CaSO, 789.1 427 378 337 194
MgSO, 70.2 523 395 303 237

The experimental results in Table 4 demonstrate that the zeta potential strongly depends on rock
type, electrolyte type, and electrolyte concentration. From the measured { values, the variation in the
magnitude of { with rock type and electrolyte concentration is illustrated in Fig. 3: (a) for CaCl,, (b) for
CaSO0ys, and (c) for MgSO,. Figure 3 indicates that increasing the electrolyte concentration leads to a
systematic reduction in the magnitude of the zeta potential for all rock types. This trend reflects the
progressive compression of the electrical double layer and is in good agreement with previously
published results for monovalent electrolytes [9, 10, 15]. Among the investigated samples, Berea
sandstone (S2) and Bentheim sandstone (S1) exhibits the more negative surface charge than the artificial
ceramic sample (S3). These differences can be attributed to variations in mineral composition and
surface chemistry among the samples, which control the density and reactivity of surface charge sites.
In particular, the presence of clay minerals and surface heterogeneities in natural sandstones enhances
specific interactions with divalent cations, whereas differences in the abundance and nature of reactive
surface sites among the investigated materials may lead to different electrokinetic responses.
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Figure 3. Variation in the magnitude of the zeta potential (|{]) with rock type and electrolyte concentration:
(a) CaCly; (b) CaSOs; and (c) MgSOsa.

Previous studies have shown that mineral composition, clay content, and surface heterogeneity can
significantly influence zeta potential through their effects on surface charge and ion adsorption processes
[9, 14, 15, 18]. Therefore, the differences observed among the investigated samples may partly reflect
variations in their mineralogical composition. However, because detailed mineralogical characterization
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was not performed in this study, this interpretation remains qualitative and is based on the mineralogical
information reported in Table 1.

Additionally, MgSO4mostly produces more negative zeta potentials for the same rock than calcium-
based electrolytes except at electrolyte concentration of 10 M, indicating stronger Mg?* adsorption onto
mineral surfaces.
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Figure 4. Zeta potential as a function of electrolyte concentration. The solid line represents the best fit of Eq.
(6) to the experimental data.

Based on the values reported in Table 4, the zeta potential was plotted as a function of electrolyte
concentration for all rock types and electrolytes. Error bars of + 10% were included to provide an
indication of the variability and scatter in the data, as shown in Fig. 4. In electrokinetics and surface
chemistry, the zeta potential commonly exhibits a monotonic dependence on the logarithm of electrolyte
concentration. Over a limited concentration range, many models predict an approximately linear
relationship between the zeta potential and the logarithm of concentration (see, for example, [9] and
references therein), which can be expressed as

g—alog1O(C)+b, ©)
where { is expressed in mV and C is the electrolyte concentration in mol/L (M). The coefficients a and
b were determined using the ordinary least squares method by minimizing the sum of squared residuals
between the measured zeta potentials and the values predicted by Eq. (6). The resulting best-fit
parameters are a =17.9, b =16.5, with a coefficient of determination R*=0.57.

The zeta potential values obtained in this study are generally consistent with those reported
previously for silica-rich sandstones and porous materials saturated with electrolyte solutions. For
example, Vinogradov et al., [9] reported zeta potentials ranging approximately from —10 to —40 mV for
sandstone samples saturated with NaCl brines over a wide salinity range, while Thanh and Sprik [15]
observed zeta potentials between approximately —15 and —60 mV for porous rocks saturated with mono-
and divalent electrolytes. More recent studies on quartz-rich materials and sandstone samples have also
reported negative zeta potentials whose magnitude decreases with increasing ionic strength due to
compression of the electrical double layer [8, 14]. Although direct quantitative comparison is
complicated by differences in mineralogy, electrolyte composition, pH, and experimental methodology,
the zeta potential values measured in the present study (approximately —14 to —89 mV) fall within the
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broader range reported in the literature and exhibit the same overall trend of decreasing magnitude with
increasing electrolyte concentration.

It is worth noting that only a limited number of empirical relationships have been proposed in the
literature to estimate zeta potential as a function of electrolyte concentration, and these are almost
exclusively restricted to monovalent electrolytes. Empirical expressions applicable to divalent
electrolytes remain scarce. For example, Vinogradov et al. fitted experimental data for silica-based
materials, including sandstones, sand packs, silica nanochannels, Stainton, and Fontainebleau samples,
saturated with monovalent NaCl and KCI solutions at pH values between 6 and 8, obtaining fitting
parameters a = 19.02, b = —9.67 mV with R* = 0.71 [9]. In contrast, Eq. (6) and the fitted parameters
reported here are directly relevant to systems containing divalent electrolytes, thereby extending existing
empirical descriptions to a less explored but practically important regime.

5. Conclusions

This study presents an experimental investigation of the zeta potential of consolidated porous rocks
saturated with divalent electrolytes, using a combined approach based on streaming potential coefficient
and electrical conductivity measurements. Experiments conducted on Bentheim sandstone, Berea
sandstone, and an artificial ceramic sample with CaCl,, CaSO4, and MgSO. solutions over a
concentration range of 10 to 102 M demonstrate a systematic decrease in the magnitude of the zeta
potential with increasing electrolyte concentration, consistent with progressive compression of the
electrical double layer.

The results highlight a strong dependence of zeta potential on both rock type and electrolyte
composition. Natural sandstones generally exhibit more negative zeta potentials than the artificial
ceramic, which can be attributed to differences in mineralogy and surface charge properties. In addition,
MgSO:s tends to produce more negative zeta potentials than calcium-based electrolytes, suggesting
stronger specific adsorption of Mg?" ions at mineral surfaces.

An empirical linear relationship between zeta potential and the logarithm of electrolyte
concentration is proposed for divalent electrolyte systems. This relationship extends existing empirical
models, which are largely limited to monovalent electrolytes, and provides a useful framework for
predicting electrokinetic behavior under more realistic groundwater conditions. Overall, these findings
contribute to improving the quantitative interpretation of streaming potential signals in porous media
and offer valuable constraints for hydrogeophysical applications.
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