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Abstract Self-potential (SP) measurements can be used to characterize and monitor, in real-time, fluid
movement and behavior in the subsurface. The electrochemical exclusion-diffusion (EED) potential, one
component of SP, arises when concentration gradients exist in porous media. Such concentration
gradients are of concern in coastal and contaminated aquifers and oil and gas reservoirs. It is essential that
estimates of EED potential are made prior to conducting SP investigations in complex environments with
heterogeneous geology and salinity contrasts, such as the UK Chalk coastal aquifer. Here we report
repeatable laboratory estimates of the EED potential of chalk and marls using natural groundwater (GW),
seawater (SW), deionized (DI) water, and 5 M NaCl. In all cases, the EED potential of chalk was positive
(using a GW/SW concentration gradient the EED potential was ca. 14 to 22 mV), with an increased
deviation from the diffusion limit at the higher salinity contrast. Despite the relatively small pore size of
chalk (ca. 1 um), it is dominated by the diffusion potential and has a low exclusion efficiency, even at
large salinity contrasts. Marl samples have a higher exclusion efficiency which is of sufficient magnitude to
reverse the polarity of the EED potential (using a GW/SW concentration gradient the EED potential was
ca. —7 to —12 mV) with respect to the chalk samples. Despite the complexity of the natural samples used, the
method produced repeatable results. We also show that first order estimates of the exclusion efficiency can
be made using SP logs, supporting the parameterization of the model reported in Graham et al. (2018,
https://doi.org/10.1029/2018WR022972), and that derived values for marls are consistent with the
laboratory experiments, while values derived for hardgrounds based on field data indicate a similarly high
exclusion efficiency. While this method shows promise in the absence of laboratory measurements, more
rigorous estimates should be made where possible and can be conducted following the experimental
methodology reported here.

1. Introduction

Real-time monitoring is becoming more important as the subsurface is increasingly used as a source of
energy, a repository for waste and a source of freshwater supplies. In that context, self-potential (SP)
monitoring has been shown to have a plethora of applications for fluid monitoring in subsurface
environments. For example, SP monitoring has been applied to a variety of hydrological applications,
including pumping tests (Jackson et al., 2012; Maineult et al., 2008; Rizzo et al., 2004), flow in a buried
paleochannel (Revil et al., 2005), in a sinkhole (Jardani et al., 2006), subglacial flows (Kulessa, 2003), and
monitoring of contaminant plumes (Arora et al., 2007; Naudet, 2003; Revil et al., 2009). SP can also be used
to monitor enhanced oil and gas recovery (Gulamali et al., 2011; Jackson et al., 2012) and to characterize oil
and gas reservoirs, including to better understand reservoir wettability (Alroudhan et al., 2015; Alroudhan
et al., 2016; Jackson et al., 2016). It has also been applied to studies of CO, sequestration (Vieira et al.,
2012) and in geothermal applications (Darnet et al., 2004; Jardani et al., 2008; Revil et al., 1999).

Much of the focus for SP monitoring has been on the electrokinetic potential (EK), but the electrochemical
exclusion-diffusion potential (EED) is also of interest where concentration gradients exist. For example,
MacAllister et al. (2018) and Graham et al. (2018) demonstrate that borehole measurements of SP can
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provide spatial and temporal warning of an intruding saltwater-freshwater interface in coastal aquifers. Such
concentration gradients also exist in oil reservoirs during water flooding for enhanced oil recovery (Gulamali
et al., 2011; Jackson, Gulamali, et al., 2012) and in contaminated aquifers (Revil et al., 2009).

SP arises in order to maintain overall electrical neutrality when charge separation occurs due to gradients in
pressure (EK) and concentration (EED; Revil, 1999). EED potentials remain poorly understood. Thus, the
aim of this study was to develop a reliable and repeatable method for measuring the EED potential and
assess how heterogeneities and variations in concentration gradient affect the EED potential. To our knowl-
edge, no previous experiments of the EED potential have been conducted using natural water samples or
natural chalk and marls. Several studies have reported EED potentials in sandstones (Hill & Millburn,
1956; Leinov & Jackson, 2014; Nourbehecht, 1963; Ortiz et al., 1973; Smits, 1968; Thomas, 1976), and one
study estimated EED potential in argillite (Revil et al., 2005). Unlike sandstones, which were investigated
by Leinov and Jackson (2014), carbonate rocks, such as chalk, react strongly with potential determining ions
in pore waters via dissolution and adsorption processes (Al Mahrougi et al., 2017; Alroudhan et al., 2016;
Jackson et al., 2016). To investigate EED potentials in heterogeneous carbonate environments, we obtained
natural chalk, marl, and water samples from a chalk coastal aquifer near Brighton on the South Coast of the
UK, which is known to be affected by seawater intrusion. The objectives of the study were as follows: (i)
make repeatable estimates, for the first time, of the EED potential component of SP in chalk using natural
groundwater and seawater samples by modifying and extending the method developed by Leinov and
Jackson (2014), (ii) investigate how two different concentration gradients affect the magnitude of the EED
potential in chalk, and (iii) assess the role of different chalk lithologies, including marls and hardground,
on the magnitude of the EED potential.

2. Materials and Methods

Three different sets of experiments were conducted; the first used natural groundwater and seawater and are
referred to as the GW/SW experiments. The second set of experiments used deionized (DI) water and 5 M
NacCl, both of which were allowed to equilibrate with chalk fragments (following the method outlined in
Alroudhan et al., 2016) for several weeks prior to the experiments and which represented an end-member
of a large concentration contrast and simple ionic composition. These experiments are referred to as the
DI/5M experiments. The third set of experiments used the GW/SW concentration gradient but used chalk
marl samples to investigate the influence of natural heterogeneities in the chalk aquifer. These experiments
are referred to as the heterogeneity experiments. As a benchmark, a shale core was also tested to ensure that
the experiments produced reliable results and that a negative potential, suggesting a dominance of the exclu-
sion potential, could be measured. Shale was used because it has a microporous matrix and should be domi-
nated by the exclusion potential. All experiments were conducted in the Novel Reservoir Modelling and
Simulation Laboratory at Imperial College London, with a controlled temperature of 22.5 + 1 °C.

The EED potential, which cannot be directly measured, was estimated by measuring the potential difference
across rock samples placed between a low and high salinity reservoir, which created a concentration gradi-
ent across the sample. The experiments were designed such that no other SP source mechanisms (e.g., pres-
sure gradients which generate electrokinetic potentials) were present. The rock sample was initially
saturated with the low salinity electrolyte, for two reasons; the first was that this mimics seawater intrusion;
the second was that the electrical double layer (EDL), a layer of counter-ions adjacent to the rock surface
within the pore space, is thickest when the saturating electrolyte is of low salinity (Revil & Pezard, 1999),
meaning that co-ions are more likely to be excluded from within the pore space and an exclusion dominated
EED potential observed.

A two-stage approach was taken to account explicitly for electrode effects (Jougnot & Linde, 2013; Leinov &
Jackson, 2014). The “column” apparatus (Figure 1b) facilitated estimates of the electrochemical diffusion
potential across the salinity front without the porous media. The “plug” experiment (Figure 1a) facilitated
estimates of the EED potential across the rock samples. Note that in contrast to the thin samples used by
Leinov et al. (2010) and Leinov and Jackson (2014), the rock plugs used were a minimum length of
ca. 50 mm in order to avoid leakage around the samples. Furthermore, the longer samples made it easier
to achieve a stable initial voltage measurement. The total electric potential measured in the plug experiment
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Figure 1. (a) Configuration of the “plug” experiment for measuring the electrochemical exclusion-diffusion potential across a salinity front in rock samples. (b)
Configuration of the “column” experiment for isolating the diffusion potential and measuring electrode effects. (c) Detail of the electrode design.

(Figure 1a) is termed the apparent plug electric potential (AV4p). It is made up of the EED potential (AVggp)
and a concentration dependent electrode potential (AV(; Leinov et al., 2010, Leinov & Jackson, 2014):

AV p = AVEpp + AV @®

The electrode potential was removed by conducting a second experiment using refreshed but, otherwise
identical, electrodes without the chalk plug. Instead, the two reservoirs (Figure 1b) were connected in a ver-
tical column arrangement and the electric potential across the gravity-stabilized salinity front was measured.
The apparent column electric potential (AV,c) was made up of the diffusion potential (AVgp) and a
concentration-dependent electrode effect (AV), which was assumed to be identical to the electrode effect
in the plug experiment (Leinov et al., 2010; Leinov & Jackson, 2014):

AVpc = AVgp + AV @)

In these experiments, the electrolytes used are natural and as such contain multiple ionic species. The diffu-
sion potential for multi-ionic electrolytes was calculated using the expression developed by Lanteri
et al. (2009):

AV — kT (ZiKiDizi(Cfg—c?)> n (ZiK,»DiziZCRﬁ) )

e \ Y KiDiz2(Cii—C?) 3 KiDiz2C5%

Here kg is the Boltzmann constant, T is the absolute temperature, e is the electron charge, K; is the hindrance
diffusion coefficient, which for the case of an infinite pore volume is 1, D; is the diffusion coefficient (follow-
ing Lanteri et al., 2009), values of which are taken from Haynes and Lide (2012) for each ion, z; is the charge
number of ion i, C3,, is the concentration of each ion the highest salinity solution and C4 is the concentration
of each ion the lowest salinity solution. Equation (3) is equivalent to the expression used by Leinov and
Jackson (2014) in the case of a 1:1 electrolyte (see supporting information (SI) Text S1).

Combining equations (1) and (2) gives an expression for the EED potential:
AVgpp = AV op—(AV 4c—AVgp) 4)

Voltage measurements were made using an NI1-9219 voltmeter with an internal impedance >1 GQ, an accu-
racy of 0.18% of the full-scale measurement (1 V) and resolution of 50 nV. The electrical conductivity of the
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electrolytes was measured using Jenway 4520 conductivity meters (+0.5% accuracy and resolution of 0.01
uS/cm), and the temperature was measured using K-type isolated thermocouples (accuracy +0.5 °C).
Voltage, temperature, and electrical conductivity were recorded with a 1-Hz sampling frequency.

2.1. Electrodes

Leinov and Jackson (2014) found that electrode effects dominated the estimated EED potential and so devel-
oped their method with the expressed intent of accounting explicitly for these effects. Here we also account
for electrode effects, but the method used differs from that of Leinov and Jackson (2014). They used uncased
Ag/AgCl electrodes placed directly into the main reservoirs, which were filled with NaCl solution. In the
experiments reported here the range of ionic species present in the natural waters, used to fill the main
reservoirs, were highly reactive with the bare electrode surface and caused problems with electrode stability
and experimental repeatability. To minimize these effects, the electrodes were placed in a smaller NaCl filled
reservoir and separated from the main reservoir using a low-permeability ceramic disk (Figure 1c).

The use of a NaCl-filled electrode casing results in a liquid junction potential between the main reservoir and
the electrode casings (Barry & Diamond, 1970; Jougnot & Linde, 2013), because of differences in ionic
species and concentrations between them. However, the presence of chloride ions in the electrode casing
slows dissolution of the silver chloride coating on the silver electrode rod (Raynauld & Laviolette, 1987),
which avoids the creation of time-dependent and irreversible equilibrium contact potentials (Jougnot &
Linde, 2013). The chloride ions in the casings also control the intrinsic potential of the electrode (Jougnot
& Linde, 2013; Junge, 1990). The presence of the ceramic disk ensured reduced noise and increased electrode
stability by slowing the migration of other ionic species into the electrode casings, preventing unwanted
contact potentials (Snyder et al., 1999), minimized convective mixing and helped ensure that the chloride
content was kept as stable as possible for the duration of the experiment. The reproducibility of electrode
potentials was tested by repeating the column experiment fifteen times for the GW/SW experiments and 6
times for the DI/5M experiments (for further details see SI Text S5).

To prepare the NaCl solutions used in the electrode casings, the electrical conductivity of the main reservoir
fluids was measured (in S/m) and then converted to concentration using the expression (equation (5))
developed by Vinogradov et al. (2010). The resulting NaCl solutions had a higher chloride content than
the chloride content in the main reservoirs (ca. 5 times higher in the low salinity electrode casing and
ca. 1.25 times higher in the seawater casing). The higher chloride content in the electrode casings, relative
to the main reservoirs, buffered the effect of ionic concentration gradients across the ceramic disk
(Tallgren et al., 2005) and ensured that the chloride concentration in the electrode casings remained reason-
ably constant throughout the duration of each experiment.

Cy = 5.9738 X 107704’ — 3.5136 X 10 %0, + 7.823 X 10 *op.* — 8.0334 X 1030,
+4.0791 X 10 207,c> + 3.4996 X 1020, + 3.6104 X 1072 (5)

It is impossible to eliminate completely diffusion across the ceramic disk and all of the ionic species within
the natural electrolytes in the main reservoirs will diffuse into the electrode casing over time. Despite this,
the electrode design ensured that the electrodes were stable for the first hour of the experiments and that
the measurements were repeatable. Once the electrodes started to drift, the experiments were terminated.
At the start of each experiment, a new set of electrodes was prepared for both the column and
plug apparatus.

2.2. Measurements Procedure

In the column experiment, the lower reservoir was filled with the high-salinity electrolyte (Figure 1b). The
two reservoirs were separated by a ball valve (V, in Figure 1b) with the same diameter as the column. The
lower reservoir was filled just above the ball valve to ensure that no air was trapped and then the valve
was closed. Any excess water was cleared from the compartment separating the two reservoirs, and the
upper reservoir was filled with the low-salinity electrolyte. Since the denser water was at the base of the col-
umn, no convective mixing occurred and the salinity front was stable once the ball valve was opened, at
which point the experiment started.
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In the plug experiments (Figure 1a), the rock sample, initially saturated with the low-salinity electrolyte, was
placed in a rubber sleeve and attached to the low salinity reservoir, which was then filled. The core sample
was wrapped in PTFE tape, a type of deformable filler, which was used to seal the contact between the core
and the rubber sleeve. The high-salinity reservoir was then filled; a valve at the end of the core channel
ensured that the reservoir did not leak. The water level in each reservoir was identical, so no pressure gra-
dients existed across the sample. Once the electrodes were attached, the measurements started. Then the
valve (V7 Figure 1a) at the end of the core channel was opened. At this point, the electrical contact between
the two reservoirs was established and the experiment began. All measurements were taken with reference
to the electrode in the low salinity reservoir.

The water samples used in the reservoirs were analyzed for the ionic concentrations of their constituent
components once experimental repeatability was achieved. Aliquots were sampled from random experi-
ments to ensure that there was no significant change in the ionic concentrations of the electrolytes that were
used (i.e., in the case of groundwater and preequilibrated DI water <20% for major ionic constituents and in
all samples <50% for minor ionic constituents; these values were determined based on a basic sensitivity
analysis of equation (3)).

In the GW/SW experiments, the chalk samples were presaturated with groundwater. The average ionic con-
centration for groundwater and seawater are shown in SI Text S2; these values were used in equation (1)
(Lanteri et al., 2009) to calculate the diffusion potential. The seawater electrodes internal electrolyte was cre-
ated from 55 mS/cm NaCl solution in deionized water (the conductivity of the deionized water was <1
uS/cm). The chloride content of these electrodes was ca. 24,160 mg/L. The groundwater electrodes internal
electrolyte was created using the same starting electrolyte as the seawater electrode, but the solution was
diluted by 100 times, giving an electrode with an internal conductivity of ca. 675 uS/cm. The chloride content
of these electrodes was ca. 241 mg/L.

In the DI/5M experiments, the high salinity electrode had an internal 5 M NaCl solution. The low salinity
electrode was identical to the electrode used in the GW/SW experiments, because the use of deionized water
resulted in electrode instability. The rest of the experimental procedure was the same as described for the
GW/SW experiments.

2.3. Sample Characterization

Natural groundwater samples were taken from the Chalk aquifer in East Sussex and seawater samples were
taken from the English Channel. Prior to being used in the experiments the groundwater and seawater were
filtered using 0.6-mm filter paper and exposed to UV radiation, to remove suspended matter and bacteria or
other microorganisms present in the samples. After UV treatment the samples were filtered once more
before being used in the experiments.

Sample aliquots were taken from the main reservoirs (Figure 1) before beginning each experiment and were
stored at 4 °C prior to analytical analysis, which was used to determine the ionic concentrations of constitu-
ent ions of each electrolyte used in the experiments. All aliquots were analyzed using ion chromatography
(Eith et al., 2001; Jackson, 2000), titration for carbonate and bicarbonate analysis (Franson, 1998), and
inductively coupled plasma atomic emission spectroscopy (Tatro & Amarasiriwardena, 2006) for silica,
strontium, and barium. The average ionic composition of the groundwater and seawater are shown in SI
Text S2. Note that samples were only used in the calculation for the EED potential if they had a charge bal-
ance error less than 5% (Hounslow, 1995).

In the DI/5M experiments, the low-salinity electrolyte was prepared using deionized water preequilibrated
with chalk following the procedure described by Alroudhan et al. (2016). Similarly, the high-salinity electro-
lyte used 5 M solutions of NaCl. The average analysis of the low salinity electrolyte and the 5 M electrolyte
are shown in SI Text S3. Samples were only used in the calculation for the EED potential if they had a charge
balance error <10%.

Four different chalk samples were used in the experiments; two marl samples and a shale sample were also
tested. Details of these samples are shown in Table 1 including measurements of pore throat radii which
were made using mercury injection for each of the chalk samples. Zeta potentials, an indicator of mineral
surface charge, were also measured in the laboratory for the chalk samples following the method described
in Vinogradov et al. (2010). The values of zeta potential and pore throat radius for marl and shale samples are

MACALLISTER ET AL.

7922



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth

10.1029/2019JB017829

Table 1

Details of Rock Samples Used in the Experiments

Pore-throat

# Chalk type Source Length (mm) Diameter (mm) Porosity Permeability (mD) radius (nm)

Cl1  Seaford Berkshire 52.5 + 0.05 37.4 + 0.05 0.46 2.5+ 0.10 950.6

Cc2 Seaford Worthing 69.3 + 0.05 36.8 + 0.05 0.38 21+0.11 817.6

C3 Seaford London 77.1 + 0.05 37.8 +0.05 0.37 ~2.0% 654.1

C4 Lewes Kent 76.1 + 0.05 37.7 + 0.05 0.41 ~2.0% 1,332.8

M1  Seaford Berkshire 51.0 + 0.05 37.0 + 0.05 ~0.30° ~0.8° ~100°

M2  Lewes Kent 40.0 + 0.05 37.0 + 0.05 ~0.30° ~0.8° ~100°

S1  Shale Black shale 10.0 + 0.05 37.0 + 0.05 ~0.06° ~0.003¢ ~20°
Zeta-potential

# Chalk type  Source SW conductivity (mS/cm)  GW conductivity (mS/cm) Formation factor =~ Cementation exponent m (mV)

C1 Seaford Berkshire 6.69 + 0.011 0.331 + 0.0002 7.31 +0.11 2.58 +0.01 —20.1 +3.21

C2 Seaford Worthing 5.05 + 0.082 0.245 + 0.0014 9.97 + 1.73 2.36 + 0.16 —20.3 + 3.12

C3  Seaford London 6.16 + 0.025 0.301 + 0.0010 8.17 + 0.32 2.12 + 0.04 ~—10-—20%

C4 Lewes Kent 5.20 + 0.004 0.250 + 0.0004 9.68 + 0.07 2.56 + 0.01 ~—10—20cl

M1 Seaford Berkshire 4.52 + 0.003 0.488 + 0.0003 N/A N/A ~—20-—80°

M2 Lewes Kent 4.95 + 0.004 0.493 + 0.0004 N/A N/A ~—20-—80°

S1  Shale Black shale N/A N/A N/A N/A ~—30-—40°

Note. Some parameters were not directly measured in the laboratory. Mean values for pore-throat radius are taken from

#Bloomfield et al. (1995) for chalk

Fay-Gomord et al. (2016) for marl,and “Nelson (2009) for shale. Ranges for zeta potential are based on dy ackson, Butler,

et al. (2012) and our own laboratory measurements for chalk. Marl zeta potentials are based on *Mammar et al. (2001) who used a range of NaCl solutions,
including solutions with similar concentrations to groundwater, and Jackson et al. (2012). The ranges of zeta potential for marl represent end members of mostly

pure chalk and pure clay. Finally, zeta potential for the shale sample is based on

Barati et al. (2017) who made measurements using distilled water.

taken from the literature. Prior to each experiment, the samples were cleaned following standard core
cleaning procedures (Byrne & Patey, 2004) using a Soxhlet extractor and methanol.

2.4. Measurement Errors

Conservative error estimates were made for each stage of the experimental process. The error in the diffusion
potential (€y,,) was based on the range of concentration values available from repeat analysis of the water
samples (SI Texts S2 and S3). Minimum and maximum diffusion potential estimates (using equation (3))
were calculated using the minimum and maximum concentration gradients possible in the experiments.
The range of concentration gradients was based on the ionic concentration error values shown in SI Texts
S2 and S3. The maximum deviation from the median calculated diffusion potential was taken as the diffu-
sion potential error. The error in the apparent column (€y,.) and plug (€y,,) voltage were determined from
repeat measurements using the maximum deviation from the mean as the error for the apparent column and
plug potential measurements (see SI Text S5). The final error (€y,,,) in the EED potential was determined
using equation (6) and the error in the electrode potential was calculated using equation (7):

EVimp= €vip T €vp + Evye (6)

€y, = €y, + Ev,e T Evye (7)

3. Results

A summary of the results from the column experiment are shown in Table 2a and from the plug experiments
in Table 2b. Each of the repeat measurements for all experiments are shown in SI Text S5. Despite the com-
plexity of the natural water samples, the electrode design ensured the experiments were repeatable. The elec-
trode design used also ensured that voltage measurements were stable (Figures 2 and 3) which in turn helped
decrease the overall error associated with the experimental method by reducing measurement error and
slowing drift of the electrodes. Despite effective electrode design, electrode effects (Table 2a) dominated
the measured voltages, for the GW/SW experiment the electrode potential was —108.82 + 7.4 mV and for
the DI/5M experiments the electrode potential was —172.53 + 5.7 mV.

MACALLISTER ET AL.

7923



Journal of Geophysical Research: Solid Earth 10.1029/2019JB017829

Table 2
(a) Summary of the “Column” Experimental Results and (b) Summary of the “Plug” Experimental Results
Average column Diffusion potential Electrode potential
(a) voltage AV, (mV) AVgp (mV) AV (mV)
GW/SW Experiment —80.93 + 2.6 27.89 +4.8 —108.82 + 7.4
DI/5M Experiment —128.22 + 1.1 44.30 + 4.6 —172.53 £ 5.7
Average plug voltage GW/SW

C1 —86.60 + 0.56 22.22 +£7.91 N/A

C2 —94.21 + 1.20 14.61 + 8.55 18.24 + 7.68

C3 —87.44 + 2.46 21.38 +9.81 32.19 + 5.77

C4 —86.23 + 1.27 22.60 + 8.62 31.82 + 7.37

M1 —116.68 + 3.22 —7.71 £ 10.8 N/A

M2 —121.64 + 3.11 —12.19 +£9.9 N/A

S1 N/A N/A —14.21 + 5.74

Note. All of the repeat experimental results of the column and plug experiments can be found in SI Text S5.

Typical results from the column experiments using GW/SW are shown in Figure 2. The voltage drifted initi-
ally but then the electrodes stabilized to within +50 uV. After a period of 2 hr, the voltage drifted again. The
reason for the voltage drift is not clear but may be due to diffusion of ionic species from the natural ground-
water and seawater samples across the ceramic disk into the electrode casings (Figure 1c). The conductivity
in both reservoirs remained constant throughout this period. The stabilized voltage, averaged across a period
of ca. 1.5 hr after the initial drift, was taken as the apparent column voltage (AV ¢, equation (3)). The stabi-
lized voltage was used to calculate the electrode potential. The column experiment was repeated 15 times for
the GW/SW experiments. For the DI/5M experiments it was repeated 6 times.

Typical experimental result from the plug experiments are shown in Figure 3. Where possible a minimum of
three repeat experiments were conducted for each rock sample, for both the GW/SW and the DI/5M experi-
ments. Measurements of the voltage averaged across a period of ca. 1 hr were taken as the apparent plug vol-
tage (AV4p, equation (4)). After 1 hr significant drift of the voltage occurred and the experiment was
terminated. The average value from the repeat plug experiments were used to calculate the EED potentials,
using equation (4), for each rock sample (Table 2b). Similar behavior was observed in the DI/5M experi-
ments, so these results are not reproduced here.

Figure 4 shows the results of EED potential estimates after removing electrode effects. The results are
expressed as a function of concentration ratio, calculated as the ratio of the total ionic strength of the high
and low salinity electrolytes shown in SI Texts S2 and S3.

At the GW/SW concentration ratio and in chalk, the maximum EED potential was +22.60 + 8.62 mV, and
the smallest was +14.61 + 8.90 mV. For the DI/5M experiments using chalk, the maximum EED potential
was +32.19 + 5.77 mV and the minimum was +17.45 + 7.68 mV. In the DI/5M experiments, the values were
further from the diffusion limit. For all chalk samples, the EED potential was positive. The marl core sam-
ples both showed a negative EED potential using GW/SW, with a maximum value of —7.91 + 9.0 mV and a
minimum of —12.19 + 8.3 mV. The shale sample had the most negative EED potential with the 5M/DI con-
centration gradient and were —14.21 + 5.74 mV.

4. Discussion

The methodology developed for measuring the EED potential using natural water and rock samples success-
fully produced stable, repeatable, and reliable experimental results. Key to the adapted method was elec-
trode design; in particular, it was essential to maintain higher chloride concentrations in the electrodes
than in the natural water samples contained in the corresponding reservoirs. Other electrode designs were
tested but none were able to provide the level of repeatability or stability shown in Figures 2 and 3. In fact,
no other design was able to reproduce a consistent electrode potential, which was crucial to the experimental
method reported. Thus, when conducting measurements of the EED potential using natural water samples,
we highly recommend following the electrode preparation procedure outlined in section 2.1. Despite the
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Figure 2. (a) Typical result for the “column” experiment using groundwater/seawater. The main figure shows the results
for the first 2 hr of the experiment, the grey box illustrates the area from which the apparent column voltage was

taken. (b) The results for the first 5 hr and the area (dashed box) from which the results in (a) are taken. (c) Shows the
results for 25 hr illustrating that after the first hour of the experiment significant drift of the voltage occurred. Also shown
is the area from which the results in (b) are taken (dashed box). (d) Selected additional results from the column
experiments illustrating the repeatability and stability of the method.

reliability of the electrodes, our results show that the electrode potential dominates the measured voltage in
all experiments (Table 2a) and must always be accounted for. However, it is clear from our results that it is
possible to make reliable and repeatable estimates of the EED potential in complex natural water samples if
the electrodes are designed appropriately.

The EED potential in pure chalk samples was positive (with respect to a reference electrode in the low sali-
nity reservoir) for both the GW/SW and DI/5M experiments (Figure 4). There was a small exclusion compo-
nent at both salinity contrasts, although deviation from the diffusion limit (indicated by the black line in
Figure 4) was greater in the DI/5M experiment. Figure 4 also shows that clay minerals, which are present
in the marl and shale samples, can profoundly affect estimated values of the EED potential. Clean sandstone
and chalk samples produce consistently positive values of the EED potential, indicating a dominance of
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Figure 3. (a) Typical experimental result for the electrochemical exclusion-diffusion “plug” experiment using a chalk
sample and groundwater/seawater. The main figure shows the results for the first 2 hr of the experiment, the grey box
illustrates the area from which the apparent plug voltage was taken. (b) The results for 5 hr and the area (dashed box) from
which the results in (a) are taken, inset (c) shows the results from 10 hr and highlights the area (dashed box) from
which the results in (b) are taken. (d) Selected additional results from the plug experiments for chalk illustrating the
repeatability and stability of the method, the larger range as compared to the column experiments, reflects the influence of
the range of chalk exclusion-diffusion potentials (Table 2b) on the measured voltage.

electrochemical diffusion over exclusion. In contrast, shale and marl samples display negative values of the
EED potential, suggesting that electrochemical exclusion is dominant in these lithologies. The pore-throat
radius of chalk samples (Table 1), which is typically smaller in the presence of clay minerals (ca. 0.1 um)
than the pore-throat radius of pure chalk (ca. 1 um; Fay-Gomord et al., 2016), is clearly an important
factor in this regard. Mineral surface charge, which is strongly influenced by the presence of clay (Revil &
Leroy, 2001), also exerts control on exclusion of ions from within the rock pore space (Leinov & Jackson,
2014). The much smaller pore throat radius in shale and marl samples (Table 1), possibly combined with
the higher electrical surface charge represented by the more negative zeta potential in Table 1, results in
more significant exclusion of ions from within the pore space of these samples, which in turn results in a
more negative EED potential.
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Figure 4. Electrochemical exclusion-diffusion potential in chalk, marl and shale samples. The black line represents the
diffusion limit and the dashed line the exclusion limit calculated by Leinov and Jackson (2014). Also shown are values
for shaly sand by Hill and Millburn (1956) and sandstone by Leinov and Jackson (2014).

Although Leinov and Jackson (2014) used sandstone samples and the pore throat radius of their samples
(ca. 10 um) was generally an order of magnitude larger than the chalk samples (ca. 1 um) used in this
study (Table 1), the results reported by them (crosses in Figure 4) lie on a similar trend to the chalk
results reported here (circles in Figure 4). Leinov and Jackson (2014) used sandstone samples saturated
with a 0.1 M NaCl solution. The saturating solution in the experiments reported here, that is, either nat-
ural groundwater (~0.008 M) or preequilibrated chalk DI water (~0.002 M) have an ionic strength ca. 2
orders of magnitude smaller than those used by Leinov and Jackson (2014); thus, more exclusion might
be expected in chalk. However, it is possible that since the exclusion of ions also depends on the surface
charge (Leinov & Jackson, 2014), the more positive zeta potential in chalk (Table 1) prevents greater
exclusion from occurring, despite its smaller pore throat radii compared to sandstone and the use of simi-
larly low concentrations of saturating electrolyte in each experiment (Vinogradov et al., 2010).

4.1. The Exclusion Efficiency

The exclusion efficiency (Westermann-Clark & Christoforou, 1986) is used to quantify the relative contri-
butions of the exclusion and diffusion potentials to the overall observed EED potential and can be used to
upscale the laboratory results to the aquifer or reservoir scales. Using the exclusion efficiency as a para-
meter in numerical models aids understanding of the effects of geological and geoelectric heterogeneity
on electrical signals arising as a result of concentration gradients observed during SP monitoring
(Graham et al., 2018). Thus, estimates of the exclusion efficiency are essential for monitoring and predic-
tion of the SP response to the spatial and temporal dynamics of concentration gradients within complex
subsurface environments. For example, Graham et al. (2018) relied on field-based estimates of the exclu-
sion efficiency to model the SP response to seawater intrusion in the UK Chalk aquifer. Similarly, the
exclusion efficiency is required to understand the contribution of the EED potential during low salinity
water flooding in oil and gas reservoirs, migration of contaminant plumes in aquifers and in other subsur-
face environments were concentration gradients occur. Leinov and Jackson (2014) suggest that the exclu-
sion efficiency () can be modelled as a linear function of %, where r is the pore throat radius and 4 is the
Debye length.

The relationship between the pore throat radius (r) and the ionic strength of the saturating electrolyte influ-
ences the magnitude and polarity of the EED potential, because this relationship determines the relative
influence of the EDL. The size of the diffuse layer within the EDL is dependant on the salinity of the satur-
ating fluid and is thicker at low salinity (Revil & Pezard, 1999). The characteristic thickness of the diffuse
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layer is given by the Debye length (4; Revil et al., 1999, Leinov & Jackson, 2014, Jackson, 2015), which is
related to the total ionic strength (I) of the electrolyte:

_ EkaT 3
A= (2000e2NAI) ®

Here N, is Avogadro's number and ¢, is the electrolyte permittivity. The Debye length (SI Text S4) was cal-
culated for the groundwater saturated core samples (3.44 + 0.14 nm) and the preequilibrated DI water satu-
rated core samples (6.40 + 2.93 nm). The exclusion efficiency was then calculated as follows:

_ AVEgp—AVEgp

= 57T AV ED 9
K AVgp—AVEgp ©)

The limiting value of the diffusion potential (AVgp) was calculated using equation (3). The limiting value of
the exclusion potential (AVgg) was calculated using (Revil, Cary, et al., 2005):

kgT I,

AVigg = ——~1In (%) (10)
e Iy

were I9;; is the total ionic strength of the high salinity electrolyte and I fjf is the total ionic strength of the low

salinity electrolyte (the ionic strength for each are shown in SI Texts S2 and S3).

In addition to laboratory estimates, equation (9) can also be used to make first-pass estimates of the exclusion
efficiency from field measurements of SP and electrical conductivity (Graham et al., 2018). Graham et al.
(2018) required estimates of the exclusion efficiency in order to construct models designed to understand
the source mechanisms controlling the SP response to seawater intrusion in the UK Chalk aquifer. Here
we provide more details of the approach used by Graham et al. (2018) to estimate the exclusion efficiency,
validate their estimates using our laboratory measurements, comment on the implications for their field-
based estimates and broader model results, and discuss potential limitations of the field-based approach to
estimating the exclusion efficiency.

In order to make field estimates of the exclusion efficiency, an SP and electrical conductivity log needs to be
collected in a borehole which intersects lithologies of interest. Graham et al. (2018) used preexisting data
from a borehole in the UK Chalk aquifer (Jones & Robins, 1999), which had known lithology, to estimate
the exclusion efficiency of chalk hardgrounds and marl in the absence of laboratory measurements.
Figure 5 shows the SP and electrical conductivity log, used by Graham et al. (2018), to make their estimates
of the exclusion efficiency. The borehole from which the logs were taken is in the lithologies of the UK Chalk
aquifer as the boreholes from which the chalk samples used in our experiments were obtained. Graham et al.
(2018) estimated the exclusion efficiency, by assuming that the borehole is one dimensional and intersects a
sharp horizontal saline interface. They also assumed that the SP signal in the borehole is dominated by
exclusion-diffusion potential effects (as opposed to electrokinetic or redox potential effects). Comparison
of the electrical conductivity and SP logs shown in Figure 5 reveals changes in both parameters across some
marl and hardground bands. Assuming that the total change in SP across these horizons provides an estimate
of AVggp and the change in electrical conductivity (which is converted to ionic strength) gives the end mem-
bers AVgp and AVgg, then equation (9) can be used to make an initial estimate of the exclusion efficiency.

Figure 5 shows that distinct, monotonic changes in both SP and electrical conductivity occur adjacent to the
Shoreham Marl, the Hope Gap Hardground and the Navigation Marl, as well as between the two Lightpoint
Marls. In the case of the Navigation marl, it is not clear whether the changes occur across the chalk or marl
horizon, and hence, they have been excluded from further analysis. Similarly, it is not possible to distinguish
changes in SP and electrical conductivity across the Lightpoint marls, from changes across the chalk layer
that separates them, so these horizons have also been excluded from any further analysis. Applying the sali-
nity and voltage changes, shown by the arrows in Figure 5, to equations (9) and (10) and assuming the var-
iations in SP within the borehole are representative of AVggp within the adjacent formation gives EED
potential estimates for these horizons within the Chalk aquifer (further details in SI Text S6). The field esti-
mates of ) are shown against ﬁin Figure 6, alongside the values derived in the laboratory for chalk, marl, and
shale.
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Figure 5. Electrical conductivity and self-potential with depth in the Victoria Gardens Borehole in Brighton, East Sussex,
which intersects the same lithologies as the chalk samples used in the experiments. Changes in electrical conductivity
and self-potential (sense of change shown by arrow head) across specific hardground and marl horizons are highlighted,
based on stratigraphic interpretation by Jones and Robins (1999). This figure is adapted from Graham et al. (2018).

Figure 6 shows that chalk and marl have a comparable exclusion efficiency to sandstones, despite the rela-
tively higher ratio of pore throat radius to Debye length (4) for sandstones (indicated by the position of the
black line to the left of our results in Figure 6). Possible hypotheses to explain the similar exclusion efficiency
of chalk and marl to sandstones given the difference in , are the influence of salinity on the cation exchange
capacity and/or the higher surface charge of sandstones (Vinogradov et al., 2010). A higher surface charge in
sandstone may explain relatively more exclusion of ions than the surface charge contribution to ion exclu-
sion within chalk. Further work would be required to test these hypotheses.

In general, the simple inverse relationship between exclusion efficiency () and pore throat diameter (r), pro-
posed by Westermann-Clark and Christoforou (1986), is supported by our measurements in chalk. The
highly variable results shown in Figure 6 for marl, hardgrounds, and shale, which have a higher clay con-
tent, a smaller pore throat radius and more negative zeta potential (Table 1), suggest that more complex
models relating EED potential to surface charge (e.g., Revil & Jougnot, 2008; Jougnot et al., 2009) should
be investigated. However, the required input parameters for these models, such as the mobility of
counter-ions at the mineral surface are more difficult to determine (Leinov & Jackson, 2014).

The similarity between the field and laboratory estimates of the exclusion efficiency of marl supports the
model parametrization used by Graham et al. (2018). The parametrization they used was crucial to their
finding that geoelectric heterogeneity is the key factor controlling the spatial and temporal behavior and
magnitude of SP signals observed in a monitoring borehole ahead of an intruding saline front in the UK
Chalk coastal aquifer. The model constructed by Graham et al. (2018) was able to capture the main proper-
ties of the SP signals observed in the UK Chalk coastal aquifer, which suggests that the field-based estimates
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Figure 6. The exclusion efficiency as a function of pore throat radius. The black line shows the empirical relationship
derived by Leinov and Jackson (2014), for comparison with their estimates of exclusion efficiency of sandstones. Field-
based estimates and laboratory estimates are shown. For reasons described in the text it was not possible to calculate errors
in the field-based estimates of exclusion efficiency ().

of SP are reliable as an initial rudimentary indicator of the exclusion efficiency. Thus, field estimates could
provide useful initial estimates of the exclusion efficiency in heterogeneous subsurface environments where
laboratory methods are absent or where it may not be possible to collect core samples. The field estimates
also allow a comparison between the likely exclusion efficiency of chalk hardgrounds, which were not
tested in the laboratory, and chalk and marl samples for which laboratory measurements were conducted.

Field estimates of exclusion efficiency assume that changes in SP and electrical conductivity with depth in
the borehole are representative of AVggp and VIn(C) respectively in the adjacent formation. However, the
enhanced electrical conductivity of the water column relative to the surrounding formation, as well as mix-
ing within the borehole, is likely to have a dampening effect on these parameters and is a clear source of
uncertainty in the field values of exclusion efficiency obtained. It was not possible to quantify the magnitude
of this error because the original data came from a secondary source (Jones & Robins, 1999). In principle,
repeated electrical conductivity logging would provide the basis to quantify this error. Unfortunately, during
our study, it was not possible to access the original borehole used by Jones and Robins (1999) and to conduct
a repeat electrical conductivity log. However, the small discrepancy between the field and laboratory values
for marl suggests that borehole data may give a reasonable first-pass estimate of exclusion efficiency in the
absence of laboratory measurements. Although hardground samples could not be obtained for laboratory
testing, the field-derived hardground values may provide a reasonable estimate of the exclusion efficiency
likely to arise across hardground horizons in the Chalk. The laboratory estimates of the exclusion efficiencies
are slightly higher than those estimated using the field data. This could be explained by the fact that the rock
cores tested in the laboratory comprised 4-5 cm of almost pure marl, in comparison to 1- to 2-m intervals in
the boreholes that are likely to comprise an anastomosing mixture of marl and chalk layers. In reality, these
larger intervals comprise a mixture of chalk and marl bands and their effective exclusion efficiency values
are likely to lie between the values for marl and chalk shown in Figure 6.

4.2. Implications for Application of SP in Subsurface Environments

Graham et al. (2018) found that geoelectric heterogeneity is required for the existence of an exclusion-
diffusion potential dominated SP precursor (i.e., early warning) prior to the breakthrough of saline water
into a coastal monitoring borehole. Here we provide a method for characterizing the type of geoelectric het-
erogeneity encountered in the Chalk coastal aquifer and similar subsurface environments. Our results con-
firm that significant geoelectric heterogeneity exists in the Chalk aquifer and demonstrate the importance of
rigorous characterization of the exclusion-diffusion potential in subsurface environments where concentra-
tion contrasts exist and where SP monitoring is conducted.
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In the absence of suitable core samples or access to specialist laboratories it is possible to obtain initial esti-
mates of the exclusion efficiency from SP and electrical conductivity borehole logs. The results from this
technique are consistent with laboratory data from the same lithology. Although this field-based approach
may assist in the early stages of model parameterization or provide a useful proof of concept in areas where
SP monitoring is being considered, we acknowledge the simplifying assumptions used and recognize that
further validation of the method is required to provide confidence, and to quantify uncertainty, in the result-
ing estimates of exclusion efficiency. Ideally, the laboratory procedures described in this paper should be
used to measure the EED potential, estimate the exclusion efficiency, and quantify uncertainty.

The laboratory results provide estimates of the electrical potential that arises in porous media in the presence
of concentration gradients, regardless of scale. For a given concentration gradient, the EED potential mea-
sured across rock core in the laboratory is the same EED potential, within experimental error, as that found
in an aquifer or oil and gas reservoir. Thus, the EED potential measured in the laboratory using the GW/SW
concentration gradient is the same electrical potential as that which occurs in a chalk aquifer subject to sea-
water intrusion. Ultimately, the laboratory measurements provide the most accurate estimates of the exclu-
sion efficiency of aquifer or reservoir material, and these estimates are only limited by the availability of
suitable rock core. Ideally, laboratory experiments should be conducted on representative core samples
taken from each lithology in the subsurface area under investigation. Like any upscaling procedure, upscal-
ing of the laboratory estimates of EED potential are limited by model assumptions, computational power
(i.e., model meshing) and the relationship between core samples and the environment from which samples
were taken, that is, how well the samples reflect the heterogeneity of the subsurface. Although upscaling
inevitably results in a loss of accuracy, rigorous and thorough laboratory analyses are necessary for improved
modelling predictions.

The methods presented here have relevance to any subsurface environment where SP monitoring is con-
ducted and where there is evidence that concentration gradients exist. Therefore, our rigorous and reliable
method has broad application to support parameterization of geoelectric models and to understand electrical
signals observed during SP monitoring of, amongst other things, enhanced oil and gas recovery (Gulamali
et al., 2011; Jackson, Gulamali, et al., 2012), contaminant plume migration in aquifers (Arora et al., 2007;
Naudet, 2003; Revil et al., 2009), tracer tests (Ikard et al., 2012; Jougnot et al., 2015), and seawater intrusion
(Graham et al., 2018; MacAllister et al., 2018).

5. Conclusions

Estimates of the exclusion-diffusion potential component of SP in chalk, marls, and a shale sample were
made in order to understand the relative contributions of the exclusion and diffusion potentials to the overall
SP likely to be observed in heterogeneous subsurface environments. An existing experimental method was
adapted to estimate the EED potential component using natural water and rock samples. The new method
successfully produced reliable and repeatable experimental results. The EED potential in chalk is positive
and is dominated by the diffusion potential. In the case of marl and a shale, the EED potential is negative
and so is dominated by the exclusion component. The smaller pore throat radius in shale and marl is respon-
sible for the negative potential observed and resulted in a higher exclusion efficiency when compared to the
chalk samples. First order estimates of the exclusion efficiency can be made using data from borehole SP and
electrical conductivity logs, but these are not sufficient to understand the associated uncertainties and
should only be used as an indicator of the likely magnitude of the exclusion efficiency. Our results confirm
the importance of rigorous characterization of the subsurface prior to conducting SP monitoring and/or geo-
electric modelling. The experimental methodology reported here facilitates repeatable characterization of
the exclusion-diffusion potential in complex subsurface environments where concentration gradients exist.
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