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Abstract Minimally intrusive geophysical methods are required to monitor CO2 leakages from
underground storage reservoirs. We investigate the impact of gaseous CO2 on both electrical conductivity
and electrokinetic properties of two limestones during their drainage. These data are contrasted with
measurements performed on one clay‐free sandstone. The initial NaCl brine concentrations before drainage
(from 8.5 to 17.1 mMol/L) correspond to the limit between freshwater and slightly brackish water. These
values are representative to saturated brine formations inside which CO2 can be stored. Using these water
salinities, the surface conductivity of the samples represents less than 5% of the overall electrical
conductivity. A CO2 release leads to an increase of the electrical conductivity of the rock during drainage in
limestones and no change in sandstone. This increase in the electrical conductivity is due to the dissolution
of calcite with the concomitant release of Ca2+ and HCO3

− in the pore water. It is not due to the CO2

dissociation in the pore water in the pore pressure range 0–0.5 MPa and at a temperature of T = 20 °C. The
measurements of the streaming potential show a substantial decrease of the streaming potential coupling
coefficient and zeta potential magnitudes after a CO2 release in carbonates. This observation is explained by
the increase of the ionic strength of the pore water in the course of the experiment. This change can be used,
in turn, to determine calcite dissolution rates from the measurement of the electrokinetic properties.

1. Introduction

Geological CO2 sequestration is considered as a viable way of reducing CO2 concentration into the atmo-
sphere (Benson & Cole, 2008; Moore et al., 2004). In order to host CO2, underground locations have been
proposed such as depleted oil and gas reservoirs (Jenkins et al., 2012), saturated brine formations (Benson
& Cole, 2008), and coal seams (Shi & Durucan, 2005). The injected CO2 is generally trapped below low‐
permeability and high capillary entry pressure seals corresponding for instance to clay‐rich anticlines (Liu
et al., 2011). CO2 dissolves partly into the pore water and interacts with the surrounding minerals promoting
dissolution/precipitation reactions (Bachu et al., 1994). Two well‐known geophysical galvanometric meth-
ods can be used to monitor fluid flow in shallow or deep formations, namely, the self‐potential (SP) method
and the electrical conductivity/resistivity tomography methods (Le Roux et al., 2013; Zhou et al., 2012).

The electrical conductivity method is an active geophysical method. A low‐frequency current is injected in
the ground and the resulting field is recorded in order to reconstruct the conductivity/resistivity distribution
of the subsurface. This method is already used in the field to identify CO2 leakages (Le Roux et al., 2013;
Zhou et al., 2012). Recent studies showed the ability of electrical conductivity monitoring to detect variations
caused by CO2 flowing in porous media (Giese et al., 2009; Kiessling et al., 2010; Schmidt‐Hattenberge et al.,
2011; Strazisar et al., 2009; Würdemann et al., 2010; Zhou et al., 2012). Strazisar et al. (2009) showed, for
instance, the increase of the size of a conductivity anomaly observed after the injection of CO2 in a vertical
injection well. They suggested that the dissolution of CO2 in the pore water is responsible for such a conduc-
tivity increase. Along the same line, Lewicki et al. (2007) argued that only a small amount of CO2 is dissolved
in the pore water system during its release, leading only to a slight pore water conductivity increase. This
increase is due to the CO2 dissociation in pore water, leading to an increase of the ionic strength of the solu-
tion. Recently, some authors focused on the carbonate/CO2 interactions to explain the observations men-
tioned above (e.g., Cohen et al., 2013; Garcia et al., 2013; Loisy et al., 2013). The conductivity of the pore
water decreases when the water saturation decreases. However, there is also two other effects impacting
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the conductivity of the rock mixture, namely, (a) the CO2 dissociation in water and (b) the carbonate disso-
lution. These two additional effects can counterbalance the saturation effect, leading to an increase of the
conductivity of the mixture (Le Roux et al., 2013).

The self‐potential method is a passive galvanometric technique consisting in recording the electrical field
associated with in situ sources of electrical current in the subsurface. Such current source densities can
be, for instance, associated with the flow of the liquid water phase in a porous material. Such component
is said to be of electrokinetic nature (Aubert & Yéné Atanga, 1996; Darnet et al., 2003; Jougnot et al.,
2012; Naudet et al., 2003; Naudet et al., 2004). The resulting electrical current density is called the streaming
current. The self‐potential method is a well‐recognized method in geophysics used to identify fluid flow
characteristics such as preferential flow paths (Corwin & Hoover, 1979; Revil et al., 2004) or transport prop-
erties including permeability and the specific storage coefficient (Cerepi et al., 2017; Cherubini et al., 2018;
Jackson, 2010; Perrier & Morat, 2000; Revil et al., 2007; Soueid Ahmed et al., 2016). Streaming potential sig-
nals are due to the presence of an electrical diffuse layer on the surface of the minerals (Dukhin & Derjaguin,
1974; Overbeek, 1952). The drag of the excess of charge of the diffuse layer by the flow of the pore water gen-
erates the streaming current. This current serves as a source to generate electromagnetic signals, which can
be measured remotely.

Our goal in this study is to develop experiments showing how electrical conductivity and electrokinetic prop-
erties are influenced by a release of CO2 in carbonate rocks. We use two limestones known to be reactive in
presence of CO2. These data will be contrasted with similar experiments realized with a sandstone core sam-
ple. We use a clean silica‐based Fontainebleau sandstone for these additional experiments. Regarding the
potential influence of gaseous CO2 on the electrical conductivity, we want to test the two different assump-
tions proposed in the literature and briefly discussed above, that is, (i) the dissociation of CO2 in the pore
water can control the pore water conductivity (see Dreybrodt et al., 1997; Lide, 2003) and (ii) calcite dissolu-
tion can change the ionic strength of the pore water. We propose a model allowing us to quantify calcite dis-
solution rates with the self‐potential method, using the streaming potential coupling coefficient as a tool to
define these rates.

2. Theory
2.1. Electrical Conductivity

The electrical conductivity σ of rocks is the sum of two contributions, (i) one contribution through the
bulk pore space and dependent on the conductivity of the pore water σw, plus (ii) a second contribution
called surface conductivity and written below as σs. This second contribution is dispersive (i.e., frequency
dependent) and related to the conduction in the electrical double layer (Stern and Gouy‐Chapman diffuse
layers) coating the surface of the minerals. We use the following conductivity equation defining the sur-
face conductivity σS,

σ ¼ 1
F
σw þ σs; (1)

where F denotes the intrinsic formation factor (dimensionless) and is connected to the porosity ϕ (dimen-
sionless) by the first Archie's law (Archie, 1942),

F ¼ ϕ−m: (2)

In equation (2), m is called the cementation or porosity exponent.

According to Waxman and Smits (1968), the effect of saturation Sw on electrical conductivity is given by

σ ¼ Snw
1
F
σw þ Sn−1w σs; (3)

where n (‐) represents the saturation or second Archie's exponent. The resistivity index is defined as the ratio
of the conductivity at full saturation (σ0) and the conductivity at a given saturation (σ). The resistivity index
RI (‐) is therefore given by (Revil et al., 2014)
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RI ¼ S−nw
σw þ Fσs

σw þ Fσs=Sw

� �
: (4)

When surface conductivity can be neglected compared to bulk water conductivity, the resistivity index can
be written as

lim
σs→0

RI ¼ S−nw ; (5)

and under the same assumption F can be approximated as the ratio of the pore water conductivity (σw) to the
conductivity of the sample at full saturation (σ0) as

lim
σs→0

F ¼ σw

σ0
; (6)

In the case of a gaseous CO2 injection, the presence of CO2 impacts the saturation Sw. Since CO2 is not an
immiscible gas, it will also impact the conductivity of the pore water solution through the dissolution of
the carbonic acid in the pore water and the potential dissolution of the mineral into water. In this case, Le
Roux et al. (2013) formulated the resistivity index (RICO2 ) in terms of the pore water conductivity before
CO2 release (σw) and pore water conductivity at CO2 saturation (σw−CO2) assuming thatm, n, and ϕ are con-
stant under CO2 or N2 conditions,

lim
σs→0

RICO2 ¼
σw

σw−CO2

S−nw : (7)

2.2. Streaming Potential

There are two types of electrical current in porous media in which pore water flows. The first current is the
classical conduction current and is due to the fluxes of charges under the effect of the electrical field. The
second current is a source current associated with the drag of the electrical charges by the flow of the pore
water itself. This advective current is called the streaming current. The total current density is the sum of the
two current densities. For the case of a rock sample crossed by fluid flow and acting as an open system, the
total current density is equal to zero and that the streaming current density counterbalances the conduction
current density. In this case, the streaming potential Δψ (V) is given by (e.g., Revil et al., 2007)

ΔΨ ¼ εwζ
ηwF

σw
F þ σs

� �Δp: (8)

where εw (F/m) denotes the dielectric permittivity of the liquid pore water, ζ (V) the zeta potential (the poten-
tial of the diffuse layer at the shear plane close to the mineral surface where the velocity of the pore water is
zero), ηw (Pa s) the dynamic viscosity of the liquid water phase, ψ (V) the electrical potential of electrokinetic
nature and measured on the end faces of the rock sample, and p (Pa) the pore fluid pressure. If the surface
conductivity is neglected, the streaming potential reduces to

lim
σs→0

ΔΨ ¼ εwζ
ηwσw

Δp: (9)

The streaming potential coupling coefficient C(Sw) (V/Pa) is given by (Helmholtz, 1879),

C Swð Þ ¼ ΔΨ
Δp

� �
J¼0

: (10)

The zeta potential is related to the streaming potential coupling coefficient (e.g., Alroudhan et al., 2016;
Guichet et al., 2006; Li et al., 2016; Revil et al., 1999) using the intrinsic formation factor, F, as
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Csat ¼ εwζ
ηwFσ

; (11)

and can be reduced to the well‐knownHelmholtz‐Smoluchowski equation
if we neglect the surface conductivity (e.g., Hunter, 1981),

lim
σs→0

Csat ¼ εwζ
ηwσw

: (12)

According to Linde et al. (2007) and Revil et al. (2007), the streaming
potential coupling coefficient can also be related to the dynamic excess

of charge dragged by the electrolyte bQV (given by a volume average of
the local current density given by the local charge density of the diffuse
layer times the local fluid flow velocity) and the permeability k, as

Csat ¼ −
kbQV

ηwσ
: (13)

The relative streaming potential coupling coefficient is given by the ratio of the coupling coefficient at
saturation Sw to the value of the coupling coefficient at full saturation (Revil & Cerepi, 2004),

Cr Swð Þ ¼ C Swð Þ
Csat

: (14)

Revil et al. (2007) proposed a relationship tested in Cerepi et al. (2017) and Cherubini et al. (2018) with nitro-
gen between the relative streaming potential coupling coefficient Cr (‐) and the saturation Sw (‐) using the
Corey exponent (Nw) defined using relative permeability curves according to Brooks and Corey (1964),
and the saturation Archie's exponent (n) as

Cr Swð Þ ¼ 1
Snþ1
w

Seð ÞNw ; (15)

with

Se ¼ Sw−Swi
1−Swi

� �
; (16)

where Swi and Se denote the irreducible water saturation and the effective saturation, respectively.

3. Experimental Methodology
3.1. Core Samples

Three core samples were investigated at full and partial brine saturation. They include two algal rhodolith
packstones (L1 and L2, also called Estaillades limestones) from Provence (southeast of France) and one
clay‐free sandstone (S1). This clay‐free sandstone corresponds to a Fontainebleau sandstone from the
Paris basin. This pure silica sandstone is considered much less reactive (if not reactive at all) with respect
to CO2. The three core samples have a length of 80 mm and a cross‐section diameter of 39 mm. They were
drilled parallel to the stratification using a drilling tool made with tungsten carbide to avoid fracturing the
samples. They were dried in an oven (60 °C) before each experiment and then saturated with a degassed
brine using a vacuum pump (5 Pa). We checked that the drilling operation does not create any fractures
using a micro scanner (CT‐Scan). Samples L1 and L2 were drilled in the same block, few centimeters from
each other.

The petrophysical properties of the core samples are reported in Table 1. The connected porosity is calculated
using the dry mass difference method (ϕw = VV/VT, where VV (m3) and VT (m3) are the volume of
the connected voids in the sample and the total volume of the sample, respectively). The quantity VV is

Table 1
Petrophysical Characteristics of the Limestones (L1 and L2) and the
Sandstone (S1) Samples Studied

Sample ϕw
k

(mD) F m

n

Nw σs (S/m)N2 CO2

L1 0.28 80 16.7 2.21 2.47 2.12 4.5 7.0 × 10−4

L2 0.27 100 16.7 2.15 2.30 2.62 4.5 7.0 × 10−4

S1 0.13 130 51.6 1.93 2.87 3.04 4.6 1.1 × 10−4 a

Note. The parameters ϕ and k are respectively the porosity and the perme-
ability. F is the formation factor,m, n, andNw are respectively the cemen-
tation, saturation, and Corey exponents; σs is the surface conductivity.aData calculated from the formula of Revil et al. (2014) for the
Fontainebleau sandstones logσs = − 3.11 − log(Fϕ).
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calculated from the mass difference between saturated and dry samples, using a pore water density equal to
1.0 g/cm3. We obtained ϕw = 0.28, ϕw = 0.27, and ϕw = 0.13 for the samples L1, L2, and S1, respectively. For
the sample L1, we also calculated the porosity using a scanner, considering all the voids of the sample (con-
nected and disconnected voids). We obtain ϕscan = 0.29 that is slightly higher than the value calculated using
the dry mass difference method (ϕw = 0.28). This slight difference could be explained by a minor presence of
disconnected porosity (ϕdisconnected ≈ 0.01). The permeability (k, in square meters) at brine saturation is
determined by measuring the pressure difference measured for each brine rate, using the Darcy's law, when
steady state is reached. The saturation Archie's exponent (n) is calculated using equation (5) using conduc-
tivity data at different saturations. The cementation exponent (m) is calculated using the first Archie's law
(equation (2)) using the porosity and formation factor data. Finally, the Corey exponent (Nw) is determined
by fitting relative permeability data with the Brooks and Corey (1964) model.

3.2. Apparatus and Experimental Procedure

The experimental setup used to measure the streaming potential coupling coefficient and the conductivity of
the samples is shown in Figure 1. The cylindrical core samples are wrapped in a rubber sleeve and confined
within a core holder with a confining pressure equal to 3 MPa. We proceeded to some tests of fluid flow with
a scanner to control fluid paths in real time. With the confinement pressure of 3 MPa, the pore fluid flows
through the core sample and is not expected to flow through the sample‐sleeve interface. The confining pres-
sure is regulated by a pump to avoid pressure fluctuations due to temperature variations and possible lea-
kages and is constant throughout the experiment. The stainless steel body of the core holder does not
come into contact with the sample or fluids (except the oil confinement) and is grounded.

The electrical measurements (streaming potential and electrical conductivity experiments) as well as the
relative permeability measurements are performed using a steady‐state flooding technique. Such a system
simultaneously allows injecting both a NaCl brine prepared by mixing pure dehydrated NaCl with deionized
water (through the two inlets shown in Figure 1) with flow rates between 0.1 and 20 ml/min and gas (one
inlet in the center of the spiral injection, Figure 1) in the sample (rocks are water wet). For each drainage
experiment on the samples L1, L2, and S1, the gas partial pressure (N2 or CO2) is in the range 0.1–0.4
MPa. Brine and gas are therefore mixed when entering the rock sample. The steady state is reached when
the pressure difference (Δp) between the inlet and the outlet of the sample is stable, after few minutes.
The spirals are also used as electrodes to measure the conductivity of the core sample and the streaming
potential coupling coefficient. These electrodes are made of hastelloy, a material highly resistant
to corrosion.

One pump is used to inject brine in the core at constant flow rate, while a gas flow regulator (Bronkorst F‐
201‐CV) regulates the flow of gas. The brine/gas flow rate ratio is decreasing during the drainage phase. The
pressure difference measured for each brine‐gas ratio permits to measure relative permeabilities using
Darcy's law when steady state is reached and when the water saturation in the sample is stable. At each
saturation, the electrical conductivity of the sample and the streaming potential coupling coefficient are
measured. Concerning electrical conductivity measurements, the voltage is self‐regulated by the impedance
meter in the range 0–3 V, with a phase error less than 1 mrad. Measurements are performed with a Solartron
1265 at 1 kHz, using a four‐electrode arrangement, separating the current and voltage electrodes. Current
electrodes are 8 cm apart, while voltage electrodes are separated by 2.5 cm.

As we calculate the pore water conductivity using the model of Le Roux et> al. (2013), it is necessary to verify
if the porosity remains the same, before and after a CO2 injection. If not, Le Roux et al. (2013) model corre-
sponding to equation (7) is not valid in our case. The sample L1 was investigated using the computerized
tomography method (Figure 2). The X‐ray absorption was calculated in the full saturated sample before
CO2 release (red line, Figure 2a) and after drainage, when the sample is saturated again (blue line,
Figure 2a).

4. Results and Discussion
4.1. CO2 Effects on Porosity During Drainage

A drainage experiment using gaseous CO2 was leaded on the sample L2, at ambient temperature (20 °C). The
pore water pressure before drainage is around 0.15 MPa (the water flow rate is equal to 10 ml/min), and CO2
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partial pressures (in MPa) are in the range 0.1 < pCO2 < 0.4 during drainage. When the irreducible water
saturation is reached, the sample is saturated again using the same brine. The CT number difference
(which is a normalized value of the X‐ray absorption coefficient of a pixel) has a positive value along the
core (Figure 2b), meaning that the density of the sample‐brine system was higher before drainage. We
also note that the effective dissolution is higher close to the inlet and is almost equal to zero near the
outlet. The system brine‐CO2‐dissolved ions tend toward chemical equilibrium as the CO2 flows in the
sample. This observation is consistent with the studies by both Grigg et al. (2003) and Luquot
and Gouze (2009).

Figure 1. Sketch of the experimental setup used to measure the streaming potential coupling coefficient and electrical con-
ductivity of the porous plug. (a) Positioning of the electrodes (gray circles). (b) Sketch of the nonpolarizable Hastelloy
electrodes used to measure the streaming potential and the sample electrical conductivity at 1 kHz. The electrode has the
same diameter as the cylindrical core sample wrapped in the sleeve. At the same time, the shape of the electrodes allow the
simultaneous injection of both the gas and brine in the core sample. (c) The streaming potential coupling coefficient is
calculated using the ratio of the pressure difference between the inlet and the outlet of the sample the voltage difference. (d)
Streaming voltage difference across the core sample. We use a KCl brine at three different salinities (5.2 × 10−4; 3.1 × 10−3;
1.0 × 10−2 Mol/L) on the sample L1.
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With the scanner laboratory team, we first establish a CT number baseline
using the sample saturated by deionized water. Then, we remove the sam-
ple of the sleeve to dry it in an oven (at 60 °C). We replace the dry sample in
the sleeve and establish another baseline of the CT number. In each case
(saturated or dry state), the sleeve is in the stainless steel body to consider
the X‐ray attenuation due to the body composition. Knowing the CT num-
bers of saturated and dry samples, and the densities of the water and the
samples, we are able to define a calibration curve allowing us to convert
the CT number to porosity (Figure 2c). The result shows that the increase
of porosity during the drainage process is negligible. Indeed, the average of
absolute porosity variation along the core is only equal to +0.06%. In com-
parison, the dissolved material balance calculated using ionic chromato-
graphy gives an absolute porosity variation equal to +0.035%, that is in
the same range. We also noted that the dissolution is higher close to the
inlet (porosity increase of +0.2%) than to the outlet of the sample (no por-
osity variation). However, we could not compare these results with respect
to the porosity calculated using the dry mass difference before and after
experiment. Indeed, we observe a disaggregation of the sample during
the removal process from the sleeve.

Other authors found porosity variations much higher than our values
(Auffray et al., 2016), between +5% and +15% for gaseous CO2 partial pres-
sures between 3 and 9MPa. The solubility of CO2 is pressure, temperature,
and ionic strength dependent. According to the Henry law in a CO2/H2O
system, the solubility of CO2 in water decreases when the temperature
increases up to 150 °C under atmospheric pressure (Enick & Klara,
1990) and increases for temperatures higher than 150 °C. On the other
hand, the aqueous solubility of CO2 is greater at elevated pressure
(Rosenbauer et al., 2005), which may explain the high dissolution rate of
calcite in the study of Auffray et al. (2016).

4.2. Influence of CO2 on the Conductivity
4.2.1. Surface Conductivity
In order to determine if the surface conductivity can be neglected, we per-
formed electrical conductivity measurements on the three core samples at
different pore water conductivities (Figure 3). We see for all samples the
high‐salinity asymptotic behavior (equation (6)) for which the pore water
conductivity dominates (from σw/F= 1.4 × 10−2 S/m for the limestones L1
and L2 and σw/F = 2.2 × 10−3 S/m for the sandstone S1) and the low‐
salinity behavior for which surface conductivity dominates. Then, the sur-
face conductivity for the limestones is equal to σs = 7.0 × 10−4 S/m. For the
Fontainebleau sandstone, the surface conductivity has been calculated fol-
lowing the formula logσs = − 3.11 − Log(Fϕ) given in Revil et al. (2014)
and validated for a large data set of Fontainebleau sandstones, using
the formation factor and the porosity. The surface conductivity is equal
to σs = 1.1 × 10−4 S/m. In each case, σs ≪ σw/F and the surface conductiv-
ity can be neglected with respect to the pore water conductivity. The
intrinsic formation factor is equal to 11.9 for the two limestones and 51.6
for the sandstone.
4.2.2. Second Archie's Exponent in a Brine‐Gas System
The electrical conductivity of two samples (one pure limestone, L1, and
one sandstone, S1) was measured during a drainage process. We used
these two types of rocks with the goal of determining the influence of
CO2 on the rock conductivity in presence of carbonates. In contrast,

Figure 2. Computed tomography scan response of the sample L1 under N2
and CO2 conditions. (a) CT‐scan along the core sample L1 before drainage
by CO2 (red line) and after CO2 injection (blue line). These test are per-
formed at full brine saturation ([NaCl] = 0.017 Mol/L). (b) Difference
between the CT numbers showing higher values in the vicinity of the inlet.
Note that the difference tends to zero at the outlet of the sample. This
implies in turn an increase of porosity in the vicinity of the inlet. (c)
Generated porosity after the drainage phase using CO2.
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Figure 3. Conductivity of the samples versus pore water conductivity σw at full saturation. The data (black circles) are
fitted with the conductivity model (plain line) of Waxman and Smits (1968). The surface conductivity σs is equal to (a)
7.0 × 10−4 S/m in the limestones L1 and L2 and (b) 1.1 × 10−4 S/m in the sandstone S1. For the sandstone, σs is calculated
using the formula logσS = − 3.11 − log(Fϕ) from Revil et al. (2014) due to the lack of data at low salinities.

Figure 4. Conductivity during drainage under N2 and CO2 conditions (a) in the limestone L1 (left column) and the sandstone S1 (right column). (b) When N2 is
injected, the conductivity follows equation (5) in both rocks (surface conductivity can be neglected), while it is not the case in the presence of CO2 for the lime-
stone (the pore fluid conductivity has to be corrected). The brine is composed of 8.55 mMol/L NaCl (σw = 1.0 × 10−1 S/m at 20 °C) in each case.
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silica materials are not expected to react in presence of CO2. In the general
case, if the gas does not react with the sample, the electrical conductivity of
the core sample decreases when the water saturation decreases too. Both
drainage experiments were first performed using nitrogen acting as neu-
tral gas (Figure 4a, upper line). Then, these drainage experiments were
performed again using carbon dioxide (Figure 4a, lower line). In all these
experiments, the salinity of the pore water is equal to 8.55 mMol/L of NaCl
(σw = 1.0 × 10−1 S/m at 20 °C) in each case. As expected, the rock conduc-
tivity and the water saturation are related to each other by a power law
(equation (5)) under nitrogen conditions (Archie, 1942). Equation (5) is
indeed valid in this case since as shown in section 4.2, the surface conduc-
tivity can be safely neglected for the salinity used in our experiment. We
obtain n = 2.47 and n = 2.87 for the core samples L1 and S1, respectively
(Figure 4b). Under carbon dioxide conditions, n= 3.04 for S1, while n can-
not be directly estimated for L1 without pore water conductivity correc-
tions, due to the conductivity increase during the first part of drainage
(between Sw = 1 and Sw = 0.818). The same phenomenon was previously
observed in Le Roux et al. (2013). A significant increase of conductivity is
observed in this case when carbon dioxide is injected in carbonate rocks
(Figure 4a, lower left corner) due to the elevation of the ionic strength of
the electrolyte (between 0 and 15min of injection). The unexpected peaks
(Figure 4a, lower right corner) during the first step of the CO2 release
(at Sw = 0.871) could be due to the heterogeneity of the mixture close to
the electrodes area. The gaseous CO2 does not seem to have finished
migrating by gravity to the top of the sample.

This conductivity increase can be associated with a change in the pore
water conductivity related to CO2 dissolution (Lindsay, 1979; Plummer
et al., 1979; Rasmuson et al., 1990). The dissolution of CO2 in the pore
water can be written as

CO2 þH2O↔H2CO3↔Hþ þHCO−
3 ↔2Hþ þ CO2−

3 : (17)

These ionic species (bicarbonate and carbonate) influence the pore water
conductivity in a given set of conditions and, thereby, the electrical rock
conductivity. This reaction holds also in sandstones. However, in the same
experimental conditions (temperature and pore pressure), the electrical
rock conductivity during drainage has the same trend in the sandstone
S1 using N2 or CO2. From these observations, we expect that the dissocia-
tion of CO2 in pore water cannot be the mechanism controlling the electri-
cal rock conductivity change in carbonates. Next, we investigate the
influence of the dissolution of calcite regarding the observed change in
the electrical conductivity.

4.2.3. Calcite Dissolution in a Brine‐CO2 System
A drainage experiment in carbonate using CO2 has been performed with sample L2 with an initial NaCl con-
centration equal to 0.017 Mol/L. From equation (17), the formation of H2CO3 and H

+ leads to chemical reac-
tions responsible for the dissolution of calcite (Talman et al., 1990)

CaCO3 þHþ→Ca2þ þHCO−
3 ; (18)

CaCO3 þH2CO3→Ca2þ þ 2HCO−
3 ; (19)

CaCO3 þH2O→Ca2þ þHCO−
3 þ OH−: (20)

Figure 5. Influence of calcite dissolution on the conductivity during drai-
nage under CO2 conditions. (a) Conductivity of the sample L2 during the
drainage phase, with a brine concentration equal to 17.1 mMol/L before
CO2 injection, associated with (b) calcite dissolution into the pore water for
each saturation step. Two tomograms show the gas phase (green bubbles)
for two water saturation steps (0.863 and 0.768). CO2 equilibrium is reached
at the first drainage step (Sw = 0.876), allowing to calculate (c) the saturation
Archie's exponent (n = 2.62).
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AlthoughH+, H2CO3, andH2O reaction with calcite occur simultaneously throughout (far from equilibrium,
as well as at equilibrium), the calcite dissolution is dominated by reaction with single species as a function of
pH and CO2 partial pressure (Plummer et al., 1979). The reaction of calcite with water is not considered in
our dissolution rate, because it occurs when pCO2

≤0:01 MPa (Plummer et al., 1979), which is significantly

lower than the CO2 partial pressure in our system. Moreover, we consider that there is no longer CO2 in
the brine (liquid or supercritical) when the system reaches the equilibrium due to temperature (20 °C) and
pressure (<0.5 MPa) conditions. Then, dissolution of calcite is determined by the overall reaction

CaCO3 þH2Oþ CO2→CaCO3 þHþ þHCO−
3 →Ca2þ þ 2HCO−

3 : (21)

We test now the assumption that this change is responsible for the observed conductivity change. To
check our assumption, we analyzed the changes of the concentration of Ca2+ (the main cations in
the pore water) by ionic chromatography at different saturations (Figure 5). The initial calcium

Figure 6. Simulated Molar concentration (using PHREEQC) of dissolved ions versus CO2 partial pressure during drai-
nage. (a) Simulation for sandstone S1, following the reaction CO2 þH2O↔Hþ þHCO−

3 (b) Simulation for limestone L2
following the global reaction CaCO3 þH2Oþ CO2→Ca2þ þ 2HCO−

3 . (c) The model fits very well with data of dissolved
Ca2+ (blue circles) measured using ionic chromatography and predicts a drastic decrease of CO3

2− during drainage and an
increase of Ca2+ and HCO3

− due to the decrease of the pH.
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content (at Sw = 1) is about 10 mg/L (when the brine is equilibrated with the suface of the rock),
whereas its final concentration (during drainage) is close to 350 mg/L. This is 40 times higher than
the initial concentration. The Ca2+ equilibrium in the pore water is reached at the end of the second
desaturation step (Sw ≈ 0.863). At the same time, the electrical rock conductivity reaches its higher
value during this drainage step (Figure 5a). When the Ca2+ equilibrium is reached, the conductivity
decreases with decreasing the saturation following the second Archie's law (Figure 5c). This result is
not however consistent with the studies of Dreybrodt et al. (1997) and Lide (2003), which argue that

conductivity modifications in pore water are mostly related to CO2

dissociation in water than calcite dissolution due to the high value of
gas dissolution kinetic of CO2 for the first ones, and due to the higher
value of H+ ionic conductivity than Ca2+ ionic conductivity for the
second one.

In order to go one step further in our analysis, we performed a numerical
simulation test with the software package PHREEQC (Parkhurst &
Appelo, 1999). We use this software to estimate the evolution of the overall
dissolution reactions in the sandstone S1 and the limestones L2, using
experimental CO2 partial pressures and brine NaCl concentration
(Figure 6). As expected from equation (17), the CO2 dissolution in pore
water (equation (17)) is the only reason of the presence of HCO3

‐ in the
pore fluid (Figure 6a). Note that the negligible concentration of CO3

2‐

(equation (17)) is explained by the low value of the pH during drainage
(Figure 6c). The presence of HCO3

− andH+ have a low impact on the over-
all ionic strength of the pore fluid (HCO3

−: 0.6; H+: 0.6%; Na+: 49.4%; Cl
−: 49.6%).

At the opposite, the overall reaction leading to the dissolution of calcite in
presence of CO2 lead to high concentrations of Ca2+ and HCO3

− with
respect to what is expected from equation (21) in the pore fluid

Figure 8. Water relative permeability data during drainage using N2 (blue
circles) and CO2 (red circles) for the limestone L2. In each case, the Corey
exponent (Nw) is equal to 4.5 and determined using the least squares
method.

Figure 7. Pore water conductivity during the drainage (a) under CO2 (red symbols) and N2 (blue symbols) conditions, cal-
culated using equation (7), for the limestone L1 (circles) and the sandstone S1 (triangles). The initial NaCl brine
concentration is 8.55 mMol/L.(b, c) Rock conductivity dependence of pore water conductivity for the sandstone S1 (upper
graph) and the limestone L1 (lower graph). Models (blue and red lines) are calculated using equation (5).
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(Figure 6b). The simulation seems applicable to our system. Data (obtained using ionic chromatography) and
simulated value of Ca2+ dissolution are consistent in the limestone L2 (Figure 6b). Ca2+ and HCO3

‐ have a
high impact on the overall ionic strength of the pore fluid (Ca2+: 46.2%; HCO3

− 25.0%; H+: negligible; Na+:
14.4%; Cl−: 14.4%). Therefore, the conductivity of pore water is controlled by the calcite dissolution
especially by the high contribution of Ca2+ on the overall ionic strength of the pore water.

Moreover, the electrical rock conductivity is related to the saturation by equation (5) when the Ca2+ equili-
brium is reached. At the saturation Sw ≈ 0.863, we determine the saturation exponent n = 2.62. This value of
the saturation exponent is close than the value of the saturation determined under nitrogen conditions
(n = 2.30).
4.2.4. Pore Water Conductivity
In section 4.1, we observe that the porosity does not change in a carbonate‐brine system in presence of CO2,
at ambient temperature and with a pore pressure in the range 0.1–0.4 MPa. The formation factor (F) and the
saturation exponent (n) remain also the same. The formula proposed by Le Roux et al. (2013) is applicable in
our case when surface conductivity can be neglected (see section 4.2.1). We can use this model to calculate
and monitor the pore water conductivity (equation (7)) relative to the experiments presented in Figure 4.
In presence of N2 or CO2, the pore water conductivity is quite the same (we just observe a low decrease of
conductivity from 0.1 to 0.08 S/m) during drainage in the sandstone S1 (Figure 7a). With an initial NaCl brine
concentration (C0) equal to 8.55 mMol/L, the initial pore water conductivity is equal to 0.1 S/m at Sw = 1,
whereas it is also around 0.1 S/m at Sw = 0.74 in each case.

For limestone L1, the pore water conductivity is also around 0.1 S/m in presence of N2 in the saturation
range Sw = 0.75–1. This is not the case in presence of CO2. As shown above (see section 4.2.3) the pore water
conductivity is controlled both by the calcite dissolution and the presence of Ca2+ in pore water. Its value

Figure 9. Streaming potential during drainage in the limestone L2. (a, b) Voltage (black line) and pressure difference
(orange line) relationships in a brine‐N2 (a) and a brine‐CO2 (b) system, for different saturation steps at NaCl brine con-
centrations, respectively, equal to 8.55 mMol/L and 17.1 mMol/L. (c, d) Voltage during the drainage associated to the
theoretical voltage calculated using equation (24) (red line) under (c) N2 and (d) CO2 conditions. The red dashed line
represents the theoretical model based on equations (10), (14), and (15). The potential difference δΔψ between the two
models is equal to 20.5 mV.
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increases in the saturation range 1–0.82 to reach a stable value around 0.34 S/m in the saturation range 0.82–
0.67. Then, the rock conductivity is related to the saturation by the same power law in the sandstone S1
(Figure 7b) and in the limestone L1 (Figure 7c), in presence of N2 or CO2, adding pore
fluid conductivity corrections.

4.3. CO2 Effects on Electrokinetic Properties

We evaluate now the influence of CO2 on the streaming potential in porous media. The fitting parameters
are the saturation Archie's exponent (n) and the Corey exponent (Nw), which are both determined using
equation (5) (assuming that the surface conductivity is negligible) and water relative permeability curves
with drainage data (Figure 8), respectively. These parameters will be used to establish a predictive curve
for the streaming potential based on the Helmholtz‐Smoluchowski equation (section 4.3.1) and the relative
streaming potential coupling coefficient model (equation (15)).
4.3.1. Streaming Potential Model
Drainage processes under N2 and CO2 conditions have been performed on the core samples L1 and L2
(Figure 8) to determine their relative permeability (kr) curves. In turn, these curves are fitted with the relative

permeability model (kr ¼ SNw
e ) of Brooks and Corey (1964) and we obtain the same value of the Corey

exponent Nw = 4.5 for the two core samples. At each saturation step, the voltage and the pressure difference
between the inlet and the outlet face are recorded (Figures 9a and 9b). The ratio between the pressure differ-
ence and the voltage (in other words, the streaming potential coupling coefficient, see equation (10)) is nega-
tive. We focus on streaming potential data under unsaturated conditions in a limestone (L1 with N2 and L2
with CO2). We propose to modify equation (10) as

Table 2
Ionic Strength, Streaming Potential Coupling Coefficient (Csat), and Zeta Potential (ζ) of the Saturated Sample L2 for Two Drainage Experiments, Before and After the
CO2 Injection

Sample L2

Ionic strength (mMol/L) Csat (nV/Pa) ζ (mV)

Before CO2 After CO2 Before CO2 After CO2 Before CO2 After CO2

Drainage 1 1.7 41.5 −546.0 −25.5 −23.9 −18.7
Drainage 2 17.1 58.6 −72.6 −15.0 −22.1 −15.6

Note. The zeta potential is calculated from equation (11).

Figure 10. Streaming potential coupling coefficient at full saturation in the limestone L2 (a) before CO2 release
(Csat = − 5.46 × 10−7 V/Pa) and (b) after CO2 release (Csat = − 2.55 × 10−8 V/Pa). The initial NaCl brine concentra-
tion is equal to 1.71 mMol/L, whereas the total ionic strength after dissolution equals 41.5 mMol/L. (c) These results are
compared to the absolute values of streaming potential coupling coefficient data (black circles) and model (dashed line)
obtained in carbonate rocks by Cherubini et al. (2018), using NaCl brines, at full saturation.
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C Swð Þ ¼ ΔΨ
Δp

� �
J¼0

¼ ΔΨ t−1−ΔΨ t

Δpt−1−Δpt
; (22)

ΔΨ t ¼ ΔΨ t−1− C Swð Þ Δpt−1−Δptð Þ½ �: (23)

Combining equations (15) and (23) leads to

ΔΨ t ¼ ΔΨ t−1−
CsatSNW

e

Snþ1
w

Δpt−1−Δptð Þ
� �

: (24)

The streaming potential at a given time ΔΨt (V) is now connected to the
water saturation Sw and the streaming potential coupling coefficient at full
saturation Csat. This model is fitted with experimental data in Figures 9c
and 9d, under nitrogen and carbon dioxide conditions. On one hand, the
model fits quite well with data when the nonpolar phase is nitrogen (red
line, Figure 9c). The initial streaming potential (ΔΨ0, at Sw = 1) is equal
to −40 mV for a brine salinity equal to 8.55 mMol/L. On the other hand,
the model does not fit with data when carbon dioxide is injected (red line,
Figure 9d). The model seems only valid before and few seconds after the
CO2 injection. There is a voltage drop immediately after the injection
shown by a significant increase of the observed streaming potential.
However, it is possible to translate the model and fit it with data after
the CO2 injection, using a given streaming potential difference δΔΨ equal
to +20.5 mV (red dashed line in Figure 9d) as,

ΔΨ t CO2ð Þ ¼ ΔΨ t þ δΔΨ : (25)

We saw in section 4.2.4 that the pore water conductivity increases after the
CO2 release until it reaches a stable value quickly. This effect probably
explains the voltage drop after the injection. The model fits quite well
when the pore water is at the equilibriumwith the solid phase. That means
that the relative streaming potential coupling coefficient model of Revil et
al. (2007) is also valid using CO2 and not only with an inert gas (such as
N2) as tested in Cherubini et al. (2018).
4.3.2. Influence of Calcite Dissolution on Csat

The streaming potential coupling coefficient has been calculated before
and after CO2 release during two drainage experiments on the sample L2
(Figure 10). Its magnitude decreases from −546.0 to −25.5 nV/Pa and
from −72.6 to −15.0 nV/Pa when the initial brine concentrations are
respectively equal to 1.7 and 17.1 mMol/L (Table 2). The initial brine
concentration is known (brine prepared in laboratory), whereas the final
concentration has been determined using ionic chromatography and
PHREEQC. Initial (yellow circles) and final (red circles) data of the
streaming potential coupling coefficient (at Sw = 1) are represented in
Figure 10c and are closed to the trend connecting Csat and the ionic

strength in carbonates (Cherubini et al., 2018). As expected, the use of CO2 has a real impact on the value
of Csat because of calcite dissolution. Although we lead drainage in carbonates using CO2 only twice, we
saw at a first glance that the streaming potential coupling coefficient could be an interesting tool, alterna-
tively to costly methods to determine the dissolution rate after CO2 injection in carbonates. By subtracting
the initial brine concentration to the final brine concentration after CO2 release calculated from streaming
potential measurements, we obtain,

Figure 11. Measured versus theoretical [Ca2+ + 2HCO3
−] dissolution after

CO2 release in the limestone L2. (a) The theoretical dissolution is calculated
using equation (26), with α = − 1.41 × 10−9 and β = − 0.86 (values from
Cherubini et al., 2018). Using two initial NaCl brine concentrations
(C0 = 1.71 mMol/L (orange circle, thick border) and C0 = 17.1 mMol/L
(orange circle, thin border)), the streaming potential coupling coefficient is
respectively equals to Csat = − 25.5 nV/Pa and Csat = − 15.0 nV/Pa after
CO2 release. (b) The error bars in the upper figure are determined using the
streaming potential coupling coefficient data of Cherubini et al. (2018) with
their uncertainty.

10.1029/2018JB017057Journal of Geophysical Research: Solid Earth

CHERUBINI ET AL. 14



CD;th ¼ Csat

α

� �1=β

−C0; (26)

with C0 (Mol/L) the initial brine concentration and CD,th (Mol/L) the the-
oretical dissolution rate calculated from streaming potential measure-
ments. The fitting parameters α = − (1.41 ± 0.60) × 10−9 and
β = − 0.86 ± 0.03 are defined from the study of Cherubini et al. (2018)
(see Figure 11b). The dissolution rate is in the same range in spite of the
initial brine concentration (CD,th = 42 mMol/L and CD,th = 40 mMol/L
for C0 = 17.1 mMol/L and C0 = 1.7 mMol/L, respectively). In both cases,
the theoretical dissolution rate calculated from streaming potential mea-
surements is in the same range as the values obtained using PHREEQC
(Figure 11a).
4.3.3. Zeta Potential on the Calcite‐Water Interface
The zeta potential calculated from streaming potential coupling coefficient
data (equation (11)) presents a decrease in magnitude after dissolution,
when the ionic strength increases (Table 2) in both drainage cases. The
magnitude of the zeta potential decreases from −23.9 to −18.7 mV
with an initial brine concentration of 1.7 mMol/L and from −22.1 to
−15.6 mV for an initial concentration equal to 17.1 mMol/L. This decrease
in magnitude was expected for limestones (Cherubini et al., 2018; Li et al.,
2016). Indeed, it is expected to increase with the pH in the pH range 5.5–10
(Figure 12a). However, it is complicated to dissociate the effects of pH and
ionic strength on the zeta potential magnitude. Li et al. (2016) showed a
slight decrease of the zeta potential magnitude at constant brine concen-
tration, assuming that the influence of the calcite dissolution is negligible
under atmospheric CO2 partial pressure conditions (pCO2

¼ 10−1:43 kPa).

We question this assumption using PHREEQC. Indeed, at pCO2
¼ 10−1:43

kPa, the ionic strength of the dissolution term [Ca2+ + 2HCO3
−] is equal

to 1.5 mMol/L, which represents 60% of the total ionic strength of the aqu-
eous solution (2.5 mMol/L) when the initial NaCl concentration is equal to
1.0 mMol/L, hence the need to store the aqueous solutions in glassware to
avoid equilibrating chemical processes with atmospheric components
(particularly the CO2). In comparison, Guichet et al. (2006) showed a quite
stable zeta potential (however with a significant data dispersion) in the pH
range 5.5–10 (Figure 12a) on a silica sand containing 2% of calcite.

Guichet et al. (2006) measured scattered zeta potential values for pH
higher than 10.5 and assumed that this scattering is related to calcite
precipitation (Figure 12a). As seen previously in this study and in Li et
al. (2016) this scattering does not seem to be due to the calcite‐water inter-
face, but from the decrease in permeability, as they suggested. This
assumption is consistent with the following equation obtained by combin-
ing equations (11) and (13), as

ζ ¼ −
kbQVF
εw

: (27)

However, they performed their experiments on a sand characterized by a
very low value of the surface conductivity (σs = 1.1 × 10−4 S/m) using a
CaCl2 electrolyte with a concentration equal to 2.0 × 10−3 Mol/L. We
represent the values of the zeta potential of the sample L2 assuming sur-
face conductivity variations (Figures 12b and 12c). We take the values of
σs = 1.1 × 10−4 S/m (Guichet et al., 2006; represented by the white

Figure 12. Variations of the zeta potential as a function of pH. (a) Our data
are presented in colored circles showing the influence of dissolution on the
magnitude of the zeta potential. Data of Guichet et al. (2006) are also
represented (black circles) at constant ionic strength of the aqueous solution
(2.0 × 10−3 Mol/L) using a CaCl2 electrolyte. Their measurements were
performed with a sand composed of 98% of quartz and 2% of calcite. (b, c)
Check of the sensitiveness of zeta potential for various surface conductivities
in the pH range 5.5–10 for initial brine concentrations (C0) equal to 1.7 and
17.1 mMol/L, respectively. The values of 1.1 × 10−4 S/m is taken from
Guichet et al. (2006), whereas the value of 1.3 × 10−3 S/m is from Li et al.
(2016). Note that the surface conductivity of our sample L2 before drainage
(orange circle) is equal to 7.0 × 10−4 S/m.
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circles) and σs = 1.3 × 10−3 S/m (Li et al., 2016; represented by the blue circles) for initial brine concentra-
tions equal to 1.7 × 10−3 Mol/L (Figure 12b) and 17.1 × 10−3 Mol. L (Figure 12c). For low concentrations
(Figure 12b), the magnitude of the zeta potential is highly influenced by the surface conductivity effects,
while this is not the case for higher salinities (Figure 12c). This phenomenon could explain the scattered zeta
potential values measured by Guichet et al. (2006) because of the likely decrease of the electrolyte concentra-
tion due to calcite precipitation at high pH values (>10.5).

5. Conclusion

Electrical and electrokinetic measurements were performed to investigate the impact of CO2 during
drainage in carbonate rocks. Electrical conductivity measurements are also performed during drainage with
N2 (considered as a neutral gas) and CO2 in a sandstone (considered as a chemically neutral rock with
respect to CO2) and limestones (reactive rocks).

In a pure limestone, the rock conductivity increases when the saturation decreases until the pore water equi-
librium is reached, when the nonwetting phase is composed of CO2. The pore water conductivity does not
vary during drainage in a pure sandstone whatever the nonwetting phase (N2 or CO2). This assumption is
also true in a limestone in presence of N2 only. The presence of CO2 has a drastic impact regarding the con-
ductivity of the pore water. Two main phenomena are tested to explain this increase of pore water conduc-
tivity in presence of CO2 in carbonates. The change in Ca2+ in the pore water during drainage with CO2 in a
limestone explains the change in the pore water conductivity. Indeed, the ionic strength of water is domi-
nated by the presence of Ca2+ when calcite dissolution occurred.

Electrokinetics properties are also impacted by the presence of CO2 in carbonates. The dissolution of calcite
after a CO2 release leads to a decrease of the magnitude of the streaming potential coupling coefficient due to
the increase of the water ionic strength (and thereby the increase of brine conductivity) in agreement with
the prediction of the Helmholtz‐Smoluchowski theory. The streaming potential coupling coefficient seems
to be a potentially interesting tool to estimate brine concentrations after a CO2 release in carbonates, and
thereby, a tool to estimate dissolution rates. Moreover, we can expect to use this parameter in order to detect
CO2 leakages from storage sites.
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