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Abstract Two years of self-potential (SP) measurements were made in a monitoring borehole in the
coastal UK Chalk aquifer. The borehole SP data showed a persistent gradient with depth, and temporal var-
iations with a tidal power spectrum consistent with ocean tides. No gradient with depth was observed at a
second coastal monitoring borehole ca. 1 km further inland, and no gradient or tidal power spectrum were
observed at an inland site ca. 80 km from the coast. Numerical modeling suggests that the SP gradient
recorded in the coastal monitoring borehole is dominated by the exclusion-diffusion potential, which arises
from the concentration gradient across a saline front in close proximity to, but not intersecting, the base of
the borehole. No such saline front is present at the two other monitoring sites. Modeling further suggests
that the ocean tidal SP response in the borehole, measured prior to breakthrough of saline water, is domi-
nated by the exclusion-diffusion potential across the saline front, and that the SP fluctuations are due to the
tidal movement of the remote front. The electrokinetic potential, caused by changes in hydraulic head
across the tide, is one order of magnitude too small to explain the observed SP data. The results suggest
that in coastal aquifers, the exclusion-diffusion potential plays a dominant role in borehole SP when a saline
front is nearby. The SP gradient with depth indicates the close proximity of the saline front to the borehole
and changes in SP at the borehole reflect changes in the location of the saline front. Thus, SP monitoring
can be used to facilitate more proactive management of abstraction and saline intrusion in coastal aquifers.

Plain Language Summary Self-potential (SP) measurements in coastal boreholes respond to the
movement of seawater, which occurs remotely from the borehole. Thus, monitoring changes in SP in coastal
boreholes could assist the management of abstraction of fresh water from coastal aquifers.

1. Introduction

Seawater intrusion is a global phenomenon occurring in many coastal aquifers (van Weert et al., 2009;
Werner et al., 2013). Reduction in recharge to aquifers and/or the abstraction of groundwater decreases the
freshwater hydraulic head and can result in the saline front advancing inland toward abstraction boreholes
(van Weert et al., 2009). On the south-coast of the UK, seawater intrusion is considered one of the main risks
to the Chalk aquifer groundwater resource (Jones & Robins, 1999). The Chalk is a dual porosity aquifer; with-
out secondary fracture porosity, the Chalk would not be a productive water resource. However, these frac-
ture networks also control the extent of saline intrusion, providing highly permeable pathways for rapid
movement of seawater into the aquifer (Jones & Robins, 1999; Robins & Dance, 2003). High-resolution moni-
toring methods, that provide spatial and temporal information on the movement of the saline front, are
required for improved management of coastal abstractions. Surface geophysical methods, such as electrical
resistivity tomography (ERT) and electromagnetic methods (EM) can provide the required resolution (de
Franco et al., 2009; Werner et al., 2013). However, such methods can be difficult to conduct in many areas
where surface infrastructure or other restrictions prevent access. Furthermore, and despite recent advances,
ERT and EM provide information only about the saturated rock resistivity rather than directly about the aqui-
fer fluid dynamics, although they can serve as a useful proxy for the latter when saturation changes occur in
an unconfined aquifer or when natural or artificial tracers are present (de Franco et al., 2009; Falg�as et al.,
2009; Rosas-Carbajal et al., 2013). Borehole ERT and EM can also be conducted, but require instrumentation
to be installed within the saline zone. Moreover, downhole ERT requires a minimum of two boreholes.
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Recent evidence suggests that measurements of borehole self-potential (SP) could be used to monitor sea-
water intrusion in real time, using an array of electrodes permanently installed in a single monitoring bore-
hole some distance from the saline front (MacAllister et al., 2016). SP arises in order to maintain overall
electrical neutrality when a separation of charge occurs due to gradients in pressure (electrokinetic poten-
tial) and concentration (electro-exclusion-diffusion potential or simply exclusion-diffusion potential) (e.g.,
Glover et al., 2012; Revil, 1999). The electrokinetic potential (EK) arises in response to pressure gradients
induced by tides and during abstraction. Concentration gradients are a characteristic feature of seawater
intrusion and also give rise to an electro-exclusion-diffusion potential (EED). The measured SP is the electri-
cal potential difference (i.e., voltage) between two or more electrodes within the monitoring array.

SP monitoring has been demonstrated in a variety of hydrological settings (e.g., Jackson et al., 2012a; Jar-
dani et al., 2006; Kullessa et al., 2003; Revil et al., 2005; Revil et al., 2009). A number of laboratory experi-
ments and numerical modeling studies have suggested that a remote saline front could be detected using
SP measurements (Ikard et al., 2012; Jackson et al., 2012b; Jardani et al., 2013; Maineult et al., 2004, 2005;
Martinez-Pagan et al., 2010). However, only two previous studies have obtained SP data in coastal aquifers
and neither was designed to provide information on the location or movement of a remote saline front
(Kang et al., 2014; Pezard et al., 2009).

In this study, SP data were acquired and analyzed from a coastal monitoring borehole which had low and
uniform salinity for a period of at least 1 year prior to the beginning of the monitoring experiment. No sig-
nificant changes in salinity were observed in the monitoring borehole until approximately 3 months into
the experiment, after which the concentrations in the borehole increased, suggesting that the saline front
was located close to the borehole throughout the monitoring period. Since there was little evidence of
borehole processes that could have influenced the SP observed in the first 3 months, these conditions were
ideal for testing the feasibility of long-term remote SP monitoring of seawater intrusion.

This study builds on recent work, using data obtained at the same boreholes in the UK Chalk aquifer, show-
ing that time-varying pressure and concentration gradients, driven primarily by ocean tides, cause fluctua-
tions in borehole SP with a tidal power spectrum (MacAllister et al., 2016). The aim of the work reported
here is to determine the relative contribution of EED and EK potentials to the tidal SP response observed in
the previous study, and determine whether borehole SP measurements, obtained using a permanently
installed array of electrodes, indicate the proximity and movement of a remote saline front.

2. Methods

2.1. Field Site Description and Data Acquisition
The site locations and monitoring boreholes used in this study are shown in Figures 1a and 1b. At all sites,
borehole SP monitoring was conducted within the Seaford and Lewes Nodular Chalk formations (Bristow
et al., 1997). Much of the field data analyzed here were previously reported by MacAllister et al. (2016) and
electrode naming conventions follow those used in that study. Monitoring and borehole profiling were con-
ducted over a 2 year period in the Saltdean monitoring borehole (MBH) near Brighton (Figure 1b). Monitor-
ing was undertaken using a permanently installed array of electrodes and pressure/temperature/fluid
electrical conductivity (P/T/FEC) probes (Figure 1c). Borehole profiles were conducted using an electrode
(BH1-C) attached to a P/T/FEC probe, both of which were detached from the main electrode array and could
be moved up and down the borehole (the traveling electrode (TER), Figure 1c). Data from the Saltdean MBH
are the main focus of this study, but we make some comparisons with data obtained at the nearby Balsdean
MBH which is approximately 1 km further inland (Figure 1b), and also at a monitoring borehole at an inland
site approximately 80 km from the coast (denoted by the square in Figure 1a). In all boreholes voltage
measurements from the electrodes were recorded relative to a reference electrode in the borehole, just
below the water table (electrode BH13-C in the case of the Saltdean MBH; Figure 1c) (MacAllister et al.,
2016). Locating the reference electrode below the water table eliminates surface noise and complex SP
responses in the unsaturated zone (MacAllister et al., 2016; Maineult et al., 2008). All boreholes were open
hole, with 10–20 m sections of casing in the unconsolidated chalk. The casing in the Saltdean MBH was
stainless steel and the borehole was ca. 0.5 m diameter. The other two boreholes used PVC casing and were
ca. 0.14 m diameter.
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2.2. Numerical Models
Simple two-dimensional (2-D) models of the coastal aquifer were constructed along the section shown in
Figure 1b. The models were used to investigate the source mechanisms giving rise to the SP signal at the
Saltdean MBH during monitoring periods when there was no saline water present in the borehole. A num-
ber of coupled hydrodynamic, and solute transport models were constructed. The outputs of these (pres-
sure and salt concentration) were used to calculate the electrodynamic properties of the aquifer. The
electrodynamic model was used to determine the relative contributions of the EED and EK potentials to the
measured SP. The simple two-dimensional models were not designed to simulate exactly the hydrodynamic
and electrodynamic properties of the aquifer, but rather to investigate the relative magnitudes of the SP
source mechanisms related to ocean tidal processes in the aquifer. The models serve as a starting point to
understand the SP signals in the complex and heterogeneous coastal UK Chalk aquifer.

Figure 1. (a) Location of the coastal (hollow gray circle) and inland (hollow gray square) SP monitoring sites. The black
areas indicate the UK Chalk aquifer. (b) Location of the coastal Saltdean MBH (hollow circle), Balsdean MBH (hollow dia-
mond), Balsdean ABH, (hollow square), and the Newhaven tidal gauge (hollow triangle). The black line illustrates the 2-D
model section. (c) Saltdean MBH SP monitoring array. Depths are in mAOD. (d) Numerical model grid. The thick black
dashed line indicates the model extent used for the electrodynamic model. The vertical gray line shows the position of
the Saltdean MBH, the horizontal gray line shows the position of the modeled fracture zone and the gray rectangle shows
the position of a possible adit. SBC denotes seaward boundary conditions, LBC landward boundary conditions and B/TBC
bottom and top boundary conditions. The arrows illustrate cell and domain sizes. Adapted from MacAllister et al. (2016).
Maps: VC Crown copyright and database rights 2015 Ordnance Survey (Digimap License).
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2.2.1. Hydrodynamic Model
The coupled hydrodynamic and solute transport models were solved using Eclipse 100 (Schlumberger,
2010), a fully implicit, three-phase, variable density flow simulator. Eclipse 100 uses a finite-difference, finite-
volume scheme to solve for pressure, concentration, and saturation and has previously been used to model
seawater intrusion (Labregère, 2006). The dual porosity system in the aquifer was not explicitly modeled;
rather, an equivalent porous medium (EPM) approach was used (Berkowitz et al., 1988; Ireson & Butler,
2013; Long et al., 1982; Singhal & Gupta, 2010). The effects of recharge to the aquifer were approximated by
varying the inland head boundary condition, based on observations reported in Jones and Robins (1999).
This is a reasonable first-order representation of the influence of recharge on the modeled pressure gra-
dients, which, along with the concentration gradients, are the key output required from the hydrodynamic
model. Pumping at the Balsdean abstraction borehole (ABH) was also neglected, because tidal fluctuations
at Saltdean were significantly larger than pumping effects (Figures 2b and 2c).

Salt transport was simulated in Eclipse 100 using:

@

@t
Sw CMð Þ5 kw

lw
rPw2qw gzð ÞCM1Qw CM (1)

Here Sw is the water saturation (dimensionless), CM is the salt concentration as total ionic strength (M), kw

is the saturation-dependent intrinsic permeability to water (m2), lw is the dynamic viscosity of water
(Pa s), Pw is the water pressure (Pa), qw is the water density which varies linearly with salinity (kg/m3), g is
the gravitational acceleration (m/s2), z is the depth (m), and Qw is a source/sink term denoting gains/losses of
water to/from the aquifer (m3/s). The equation is solved in Eclipse 100 using the Newton iteration method.

The salt was modeled as total concentration and advection was assumed to dominate salt transport. This
assumption is a reasonable first-order approximation in the UK Chalk aquifer (Cook et al., 2012) because the
Chalk is often considered to demonstrate subkarstic behavior (Banks et al., 1995; Maurice et al., 2006). The
Saltdean MBH is located within a high permeability zone below a dry valley (Jones & Robins, 1999; Robins &
Dance, 2003), and the modeled section approximately follows the profile of this valley. The inland boundary
was placed at the base of the interfluve, 2.5 km from the coast. The model domain and grid, which was
most refined around the monitoring borehole and a fracture zone, less refined in the areas surrounding
these features and coarsest at the extremities of the model, are shown in Figure 1d. An outline of the hydro-
dynamic model properties follows (summarized in Table 1). The boundary conditions are shown in Figure
1d. Note that in Figure 1d, the position of a suspected adit is also shown. The properties of this possible adit
are highly uncertain. Therefore, it was assessed, and is discussed below, separately.

In the UK Chalk aquifer, most of the flow occurs within fractures, so the kinematic porosity and bulk hydrau-
lic conductivity, both of which are primarily provided by the fractures, were modeled (Table 1). The bulk
hydraulic conductivity in the bottom 100 m of the model was decreased to account for the reduction in
hydraulic conductivity at depth within the Chalk aquifer (Allen et al., 1997; Jones & Robins, 1999; Williams
et al., 2006). It was assumed that flow 50 m below the water table was negligible because fractures are
closed owing to the rock overburden or the presence of secondary calcite (Allen et al., 1997; Jones & Robins,
1999; Price, 1987; Williams et al., 2006). The bulk hydraulic conductivity of the Chalk was modeled as isotro-
pic (Price, 1987) which is a reasonable first-order assumption due to the presence of orthogonal, solution-
enhanced fracture sets and relatively few marl seams at this location (Bristow et al., 1997; Jones & Robins,
1999; Maurice et al., 2012).

Although the aquifer was primarily modeled as an EPM, a fracture zone was included at the base of the Salt-
dean MBH based on evidence from borehole logs (Jones & Robins, 1999). It was assumed that this fracture
zone is ca. 30 cm wide (Bloomfield, 1996; Maurice et al., 2006; Worthington, 2015; Worthington & Ford,
2009) and that individual fractures contributed an additional 1% to the kinematic porosity, relative to the
bulk rock, within the fracture zone (Owen & Robinson, 1978; Price, 1987). Due to convergence problems,
the borehole was not included in the hydrodynamic models.

The simulations were conducted in three stages. First, a steady state saline wedge was developed. The
model was initially filled with seawater below the water table, which was set at 0 m above ordnance datum
(mAOD), and freshwater was injected from the inland boundary at constant head. The unsaturated zone
filled with water immediately, owing to the small pore throat radius and corresponding high air-entry
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pressure in the Chalk (Price, 1987) (Table 1). Next, tidal forcing was added by perturbing the steady state
head at the seawater boundary such that a new dynamic equilibrium was obtained, defined by a consistent
average position of the saline front within the fracture zone. Finally, the model was run for a single spring/
neap cycle.

In the first of these stages, the midtidal level (0 mAOD) was used as the seaward boundary. For the subse-
quent steps, tidal fluctuations were modeled using a fluctuating head boundary based on tidal gauge data
(Figure 1b). The boundary comprised two overlapping sine functions, one with a 12.42 h period replicating
the dominant tidal component and the other with a 2 week period for the spring/neap tidal cycle. The max-
imum amplitude for the tidal function used in the models was 3.5 m. The inland head was set at 1 mAOD to
match water levels during the summer months when recharge is low.

For the final spring/neap model runs, the boundary conditions (Figure 1d) were changed to ensure that the
saline front moved toward the monitoring borehole. Thus, the inland head was dropped to 0.5 mAOD,
allowing investigation of severe drought conditions (Jones & Robins, 1999) when the movement of the
saline front is most significant.
2.2.2. Electrodynamic Model
The electrodynamic and hydrodynamic problems are related as follows (Gulamali et al., 2011; Jackson et al.,
2012b; Leinov & Jackson, 2014; Revil, 1999; Sill, 1983):

j52rrecrV1LEKr Pw2qw ghð Þ1LEEDrln rfecð Þ (2)

Here j is the current density (A m22), rrec is the electrical conductivity of the saturated rock (S/m), rfec is the
FEC (S/m), rV is the electric potential gradient (V/m), r(P 2 qwgh) is the pressure gradient above hydro-
static pressure (Pa/m) (density varies with salinity and temperature) andrln rfecð Þ is the gradient of the nat-
ural log of FEC ((S/m) m21). The FEC of the water was used as a proxy for activity (Revil, 1999) because FEC
was measured in the field. Revil (1999) originally used FEC as a proxy for a 1:1 electrolyte. Here however, the
measured FEC accounts for all ions dissolved in solution so it serves as a first-order approximation for the
more complex natural electrolytes in the coastal aquifer. The terms LEK (A Pa21 m21) and LEED (A (S/m) m21)
are the electrokinetic and electro-exclusion-diffusion cross-coupling terms, respectively. Assuming there are
no external current sources or sinks, charge conservation yields:

r � j50 (3)

Combining equations (2) and (3) yields the equation solved in the electrodynamic model:

r � rrecrV5r � LEKr Pw2qw ghð Þ1LEEDrln rfecð ÞÞð (4)

At all boundaries we setrV50 andr Pw2qw ghð Þ5rln rfecð Þ50. The electrodynamic problem was solved
using a control-volume finite-difference method (Recktenwald, 2012) based on the scheme developed by Saun-
ders et al. (2008) and extended by Gulamali et al. (2011), Jackson et al. (2012b), and Ijioma and Jackson (2014).

The cross-coupling terms are expressed in terms of the saturated rock electrical conductivity (rrec) and by a
coupling coefficient (Cx ) (Jackson, 2015):

Lx5rrecCx (5)

The coupling coefficients relate the magnitude of the SP gradient to the associated gradient in fluid poten-
tial or concentration and were measured in the laboratory (Leinov et al., 2010; Leinov & Jackson, 2014;
Vinogradov et al., 2010).

Major ions were measured in the laboratory using ion chromatography and these results were used to estimate
total dissolved solids (TDS) and ionic strength (CM) of both groundwater and seawater (Table 1). TDS was then
converted to FEC using a conversion factor of 0.7, which approximates the FEC of seawater and carbonate-rich
groundwater (Walton, 1989). The FEC (rfec) was then corrected for temperature (Hayashi, 2004):

rfec5rfspec 110:02 T2298:15ð Þð Þ (6)

Here rfspec is the specific fluid electrical conductivity (S/m) of the water at 298.15 K (258C) and T is the aver-
age measured temperature (K) which was 284.45 K (11.38C). The temperature was very stable for the dura-
tion of the monitoring experiment with a standard deviation of 0.1 K. It was not possible to obtain ERT or

Water Resources Research 10.1002/2017WR021034

MACALLISTER ET AL. 5



EM measurements over the domain due to access issues (Figure 1b). Thus, the electrical conductivity of the
rock in the domain was calculated using Archie’s law (Telford et al., 1990):

rrec5/mrfec (7)

Here / is porosity, m is the dimensionless cementation exponent of the rock, and rfec is obtained from the
hydrodynamic model. Despite the limitations associated with Archie’s law in carbonates (Barker, 1994), its
use here provided a reasonable match to the measured rock conductivity in the seawater dominated
regime (measured in the laboratory following the method outlined in Vinogradov et al., 2010), but slightly
underestimated the measured rock conductivity in the freshwater regime (see Table 1 for measured and
modeled values). Due to the high air-entry pressure (Table 1), the unsaturated zone remained fully water
saturated (Price, 1987) so there was no need to model the saturation dependence of the rock electrical con-
ductivity. In the electrodynamic model, the porosity used in Archie’s law was the mean Chalk porosity in
East Sussex (Table 1) because the bulk rock is the main pathway for current flow.

The EK coupling coefficients (Table 1) in groundwater and seawater were obtained from laboratory meas-
urements on chalk samples following the method described in Vinogradov et al. (2010) and modeled using
equation (8), where CM is the total ionic strength (M) of the water. Equation (8) gives an EK response consis-
tent with that observed in a pumping test in the UK Chalk aquifer (Jackson et al., 2012a). Since the electrode
array is installed below the water table vertical infiltration, from rainfall, does not contribute to the observed
EK (MacAllister et al., 2016), which further justifies the use of a variable inland head boundary condition as a
proxy for recharge:

CEK 520:0071C20:908
M (8)

The EED coupling coefficient, based on the equations presented in Leinov and Jackson (2014) and Jackson
(2015), was scaled from the exclusion potential end-member using the laboratory measured EED potential
(VmEED, Table 1). The EED potential was measured following the method described in Leinov and Jackson
(2014). The modeled coupling coefficient was (Appendix A):

CEED52SEED
kbT

e
(9)

Here kb is Boltzmann’s constant (1.38 3 10223 J/K); e is electron charge (1.602 3 10219 C), and SEED is a scal-
ing factor (Table 1). The laboratory experiments used natural seawater and groundwater so we implicitly
account for the complexity of these natural waters in the models. All modeled voltages are reported with
reference to the voltage at a location in the model similar to the position of the reference electrode in the
Saltdean MBH (Figure 1d). As a result of the linearity of the potential fields, the SP is simply the sum of the
modeled EED and EK potentials. All equations are developed here using SI units, but in the results and dis-
cussion sections, and in Table 1, more convenient units are used.
2.2.3. Sensitivity Analysis
The model described above matched the data most closely. However, basic sensitivity analysis was con-
ducted, to investigate the uncertainties associated with the hydrodynamic and electrodynamic model
properties.

The impact of model permeability was assessed in two ways. First, the bulk hydraulic conductivity of the
top 100 m of the model was varied across the range shown in Table 1. The change in extent and shape of
the saltwater wedge was minimal. Second, the permeability in the chalk is known to decrease with depth.
Thus, the permeability in the bottom 100 m of the model domain was modeled in two ways. The first
approach, highlighted above, assumed flow was negligible. The second approach assumed that fractures
contribute to flow in the deeper zone, which changed the shape and position of the saline front. Inland
head also controlled the geometry of the saline front. Thus, two end-members for the inland head were
tested; 3 mAOD during periods of high rainfall and 1 mAOD during the summer months when rainfall is
lower (Jones & Robins, 1999).

The key electrodynamic properties investigated during the sensitivity analysis were the bulk rock conductiv-
ity and the SP coupling coefficients. These were investigated by varying the parameter values across the
ranges reported in Table 1, in order to investigate the impact of the laboratory measurement uncertainty
on the modeled SP.
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3. Results

3.1. Field Monitoring Results
Borehole referenced SP and FEC, collected by MacAllister et al. (2016), are shown in Figure 2 for the duration
of the monitoring experiment. Saline breakthrough, caused by a gradual decline in the inland head, occurred
in September 2013 and 2014. SP data acquired during this period were not included in the modeling reported
below, which only used data acquired when the saline front was remote from the borehole. SP was anticorre-
lated with head (Figures 2b and 2c) which is consistent with an EK source mechanism for SP with an ocean
tidal power spectrum. However, an initial analysis by MacAllister et al. (2016) suggested that EK cannot be
solely responsible for the ocean tidal spectrum within the SP. This is investigated further below.

SP also became more negative with depth with a gradient of ca. 0.22 mV/m (Figures 3a and 3b). Only the Salt-
dean borehole displayed a gradient with depth (Figure 3a). During saline breakthrough in July 2013 the gradi-
ent recorded by the permanent array decreased (Figure 2). However, comparison with the gradient recorded
by the traveling electrode (TER, BH1-C) after the breakthrough event, revealed that the decrease was an elec-
trode artifact (Figure 3b) caused by the changes in salinity at the electrodes (Jougnot & Linde, 2013).

Conductivity remained low and relatively constant in the borehole before and after the saline breakthrough
events observed each October (Figures 3c and 3d). However, conductivity profiles conducted during saline
breakthrough revealed that vertical flow occurred in the borehole across the tidal cycle (Figures 3e and 3f).
Saline water entered via the fracture zone at the base of the borehole and flowed up the borehole during a ris-
ing tide and vice versa when the tide was falling. These tidally induced vertical flows likely also occurred
throughout the rest of the monitoring period. The numerical models described above were used to investigate
the relative contributions of EK and EED potentials to the observed SP prior to any saline breakthrough occur-
ring in the borehole. Saline breakthrough caused processes which complicated the interpretation of the SP

Table 1
Model Properties, Ranges Indicate Sensitivity Analysis.

Symbol Description Value Unit Source

Hydrodynamic Model Properties
CM Groundwater concentration 0.008 M Measured in laboratory
CM Seawater concentration 0.70 M Measured in laboratory
mw Groundwater dynamic viscosity 0.0011359 kg/m s Labregère et al. (2006)
mw Seawater dynamic viscosity 0.0011360 kg/m s Labregère et al. (2006)
qw Groundwater density 1,000 kg/m3 N/A
qw Seawater density 1,025 kg/m3 N/A
B Rock compressibility 1 3 10210 Pa21 Mathias (2005)
B Groundwater compressibility 4.885 3 10210 Pa21 Labregère et al. (2006)
B Seawater compressibility 4.875 3 10210 Pa21 Labregère et al. (2006)
/k Bulk kinematic porosity 0.01 N/A Butler et al. (2012)
/k Fracture kinematic porosity 0.02 N/A Butler et al. (2012)
kw (K) Bulk intrinsic permeability 1.5 3 10211 to 3.9 3 10211 m2 (m/d) Price (1987) and

MacDonald and Allen (2001)(Bulk hydraulic conductivity) (10–40)
kw (K) Fracture intrinsic permeability 1.6 3 1029 to 6.4 3 1029 m2 (m/d)

Price (1987)(Fracture hydraulic conductivity) (1600 – 65000)
P Air-entry pressure 29x104 Pa Price (1987)

Electrodynamic Model Properties
U Bulk rock porosity 0.4 N/A Bloomfield et al. (1995)
U Fracture porosity 0.41 N/A Butler et al. (2012)
M Cementation factor 2.4 N/A Measured in laboratory
rrec Rock electrical conductivity seawater 5.2–5.75 (5.2 measured) mS/cm Measured in laboratory
rrec Rock electrical conductivity groundwater 0.06–0.25 (0.25 measured) mS/cm Measured in laboratory
CEK EK coupling coefficient groundwater 20.575 6 0.080 mV/mH2O Measured in laboratory
CEK EK coupling coefficient seawater 20.0101 6 0.0020 mV/mH2O Measured in laboratory
VmEED Measured EED potential 22.60 6 8.62 mV Measured in laboratory
SEED EED scaling factor 20.13 to 20.25 N/A Calculated from

laboratory results

Note. Hydraulic conductivity (K) is shown for convenience in brackets.
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(Figure 3b); postbreakthrough data are presented here for transparency, but are not of interest in the context
of remote monitoring of the saline front, so the modeling focused on the period prior to saline breakthrough.

3.2. Modeling Results
In order to identify the main hydrodynamic and electrodynamic contributions to the observed SP, a large
number of models were constructed. However, only a few of these models showed a reasonable match to
the data. The results reported here are drawn from the model that provided the best match. Figure 4 shows
contour plots of the modeled FEC and SP distribution during a spring tide. Broadening of the FEC contours

Figure 2. (a) Borehole referenced SP data at the Saltdean MBH smoothed with a 2 h window. The voltage becomes more
negative with depth (i.e., from BH11-C to BH1-C). (b) Borehole referenced SP zoomed on July to August 2013. In Figures
2a and 2b, the solid black boxes highlight the time period used to test the models, before saline water entered the bore-
hole, and the dashed black boxes highlight the times that spot profiles of SP and/or FEC were obtained. The spot profiles
are presented in Figure 3. (c) Borehole referenced SP zoomed on 28 July 2013, despite the noise it is clear that the SP sig-
nal is anticorrelated with the head. The gray boxes indicate periods when the Balsdean ABH was pumped at ca. 600 m3/h.
There is a clear pumping signal in the Saltdean MBH head data at around 18:00, where changes in slope occurred in
response to changes in pumping in the Balsdean ABH, but the tidal signature is significantly larger. The head response at
the Saltdean MBH lagged changes in pumping at the Balsdean ABH by 2–3 h.
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in parts of the model domain (Figure 4a) is likely caused by the dominance of advection and/or different
cell sizes in the model grid.

The modeled pressure fluctuations provide a reasonable fit to the observed fluctuations (Figure 5a). Simu-
lated conductivity was slightly lower than observed (600 mS/cm against 800 mS/cm) but the fluctuations
were the same order of magnitude and very small (Figure 5b). As discussed previously pumping at the Bals-
dean ABH (Figure 1b) was not included in the models, explaining the slight discrepancy in the shape of the
observed and simulated results. All of the model hydrodynamic results are obtained from the same position
as the field data (BH1-C), and simulated voltages are presented with reference to a position equivalent to
the field reference electrode (BH13-C) (Figure 1c).

Figure 4b shows a contour plot of the SP distribution during a spring tide. The saline front was initially only
ca. 4 m from the base of the borehole. The modeled fracture zone was necessary to reproduce the field

Figure 3. (a) Normalized SP data at the Saltdean MBH for high and low water tables (WT) on 8 August 2013 compared to
SP recorded in the Balsdean MBH on 17 November 2015 and SP at the inland site on 16 July 2013. (b) Normalized SP at
the Saltdean MBH from the permanent array and TER on 6 February 2014. The gradient recorded by the permanent array
decreased after saline breakthrough. Profiles were normalized by subtracting the shallowest value from the rest of the
profile. (c and d) FEC profiles in the Saltdean MBH on 8 August 2013 prior to saline breakthrough. (e and f) FEC profiles in
the Saltdean MBH on 10 October 2013 during saline breakthrough revealed that vertical flow occurs within the borehole.
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observations. The zone introduced both a high permeability pathway for movement of the saline front and
a high electrical conductivity pathway for current flow.

The model replicated the magnitude of the observed SP data reasonably well (Figure 5c). The modeled SP
was anticorrelated with pressure (Figure 6a). EK contributed only ca. 20 mV to the tidal SP (Figures 6a and
6b). The EK response was expected to be 1808 out of phase with the pressure fluctuation but it was ca. 908

Figure 5. Modeled time series results. Observed data were recorded at BH1-C and were from the period beginning 28
July 2013, which is highlighted by the solid black boxes in Figure 2. (a) Simulated versus observed pressure fluctuation.
(b) Simulated versus observed FEC. (c) Simulated versus observed SP. Simulated SP is the sum of the simulated EK and
EED potential contributions. All observed and simulated data were normalized by subtracting the initial value from each
data set from the remainder of the time series.

Figure 4. (a and b) FEC and SP for the model which best matched the observed data. This model had a low inland head
boundary condition and low bulk permeability at the base. The gray line marks the position and extent of the borehole in
the field (the borehole is not explicitly represented in the hydrodynamic model). The gray cross represents the position of
the reference voltage in the model, equivalent to the position of the reference electrode in the field (Figure 1). The dis-
tance from the base of the borehole to the midpoint of the saline front is indicated.
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out of phase (Figure 6b). This is investigated further below. The EED potential was the dominant component
of tidal SP (Figure 6a) with a magnitude of ca. 600 mV and was caused primarily by fluctuations in the posi-
tion of the saline front in the fracture zone. Models without the fracture zone showed a tidal SP one order
of magnitude smaller. In the best matching model, the SP response in the fracture zone was superimposed
on these smaller fluctuations in the matrix. Since EED was anticorrelated with head (ca. 1808 out of phase)
the SP was also anticorrelated with pressure which is consistent with field observations (Figure 2). Thus,
modeling suggests that EED is the dominant component of the observed tidal SP. The modeled SP gradient
(Figure 7) also showed a reasonable match to the observed gradient (Figure 3). The SP gradient was also

Figure 6. Modeled SP time series results. (a) SP, showing both the EK and EED potential contributions, and normalized
pressure fluctuation. (b) EK and normalized pressure fluctuation.

Figure 7. Modeled SP gradient. (a) Simulated (thick black line) and observed SP. (b) EED and (c) EK component of modeled SP.
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dominated by the EED potential, suggesting that the EED potential is the main source mechanism responsi-
ble for both the tidal SP response, and the SP gradient, observed in the Saltdean MBH.
3.2.1. Sensitivity Analysis
A simple sensitivity analysis of the electrodynamic model results was conducted by varying the coupling
coefficients and, separately, the groundwater rock conductivity. The magnitude of the ocean tidal SP (ca.
0.6 mV in the best fitting model, Figure 6a), varied from ca. 0.3 mV to ca. 1 mV and the change in voltage
with depth (ca. 3 mV or ca. 0.1 mV/m in the best fitting model, Figure 7), varied from ca. 1 mV to ca. 5 mV
(ca. 0.03 mV/m to ca. 0.16 mV/m) across the ranges shown in Table 1. Importantly the main features, i.e., the
gradient and the tidal SP, persisted across all sensitivity models. Moreover, in all models, the EED potential
was at least one order of magnitude larger than the EK contribution supporting the conclusion that the EED
potential dominates the SP in the Saltdean MBH.

The permeability at depth, which controlled the shape of the saline front and its proximity below the MBH
(Figures 8a–8d), had a significant influence on the modeled SP gradient, but negligible impact on the

Figure 8. (a and b) FEC and SP for the model with low inland head boundary condition and high bulk permeability at the base. (c
and d) FEC and SP for the model with high inland head boundary condition and low bulk permeability at the base. The distance
from the base of the borehole to the midpoint of the saline front is indicated for all models and the simulated gradients from these
models are shown in Figures 8e and 8f. (e) Change in gradient with increasing distance to the saline front (SF). (f) EED contribution.
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modeled tidal SP. The tidal EED component was marginally smaller when the depth to the saline front
increased (ca. 500 mV compared to ca. 600 mV at ca. 40 m and ca. 4 m from the base of the borehole,
respectively). The slight decrease in the EED potential can be explained by the fact that the salinity front,
in the bulk rock, was further from the base of the monitoring borehole (ca. 40 m, Figure 8c) and the
more mobile part of the saline front, in the fracture zone, was more distant from the borehole (>200 m),
consistent with findings reported by Jackson et al. (2012b). The magnitude of the EK potential was unaf-
fected by the position of the saline front. Thus, the tidal signature was not significantly influenced by the
permeability structure at depth. Rather, the modeling results suggest that lateral movement of seawater
through the fracture zone controls the magnitude of the dominant EED component. However, in models
which yielded a steeper saline front, further from the base of the borehole, the SP gradient disappeared
(Figures 8e and 8f).

4. Discussion

4.1. Ocean Tidal SP Source Mechanisms
A cross plot of EK versus normalized pressure, from the best fitting model, revealed that the relationship
was nonlinear (Figure 9b), because of the phase lag (Figure 6b). The EK coupling coefficient cannot be esti-
mated using the observed head fluctuations (Figures 2b and 2c). Instead, the coupling coefficient must be
estimated using the pressure gradient above hydrostatic between the electrodes at the positions of interest,
which is very difficult using field data because the pressure difference above hydrostatic is very small. Esti-
mating the coupling coefficient, using the simulated difference in pressure (Figure 9a) between the refer-
ence and monitoring position in the model, resulted in a value for the EK coupling coefficient that was
greater than the laboratory measured coupling coefficient (Table 1). The larger coupling coefficient is
related to the spreading of the current through the 2-D medium (Revil & Linde, 2011). Similarly, the effects
of three dimensions in reality further complicate the estimate of the EK contribution directly from the field
data.

The modeled EED contribution was ca. 600 mV compared to the ca. 20 mV EK contribution (Figure 6). Evi-
dence for the dominance of the EED component was also demonstrated by Gulamali et al. (2011) and
Jackson et al. (2012b) who modeled an intruding water front in an oil reservoir. The importance of the
EED potential has also been demonstrated in laboratory sand tank (Ikard et al., 2012; Maineult et al.,
2004; Martinez-Pagan et al., 2010) and field tracer experiments (Jougnot et al., 2015; Sandberg et al.,
2002).

The source of the EED potential recorded in the Saltdean MBH was the tidally induced movement of the
remote saline front through the fracture zone, some distance (ca. 200 m) from the monitoring borehole,
combined with smaller tidal fluctuations of the front within the bulk rock (ca. 4 m from the base of the bore-
hole). Similarly, Gulamali et al. (2011), Jackson et al. (2012b), and Jardani et al. (2013) showed that the

Figure 9. (a) Cross plot of the modeled EK potential versus the pressure difference (above hydrostatic) between the top
and bottom of the borehole, equivalent to how the voltages were obtained. The relationship is linear with a coupling
coefficient of, 20.779 mV/mH2O. (b) Cross plot of the modeled EK versus the local normalized pressure change measured
at a single point.
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presence of fractures and low permeability zones controlled the magnitude of the EED potential. Multiple
studies have demonstrated the utility of the SP method for characterizing fracture flow (Hunt & Worthing-
ton, 2000; Robert et al., 2011; Roubinet et al., 2016; Suski et al., 2008; Wishart et al., 2008). However, this
study is the first to demonstrate remote detection of a fluctuating salinity front in fractured porous media
using SP measurements.

4.2. Gradient of SP With Depth
The gradient of the SP with depth was as a ubiquitous feature of the data from the Saltdean MBH. Further-
more, such a gradient was not observed at the inland site or less than 1 km further inland (Figure 3a). The
gradient was a result of the close proximity of the saline front to the Saltdean borehole array. Modeling indi-
cated that the gradient was caused by the EED potential (Figure 7). Furthermore, as the modeled saline
front became deeper (ca. 15 m and ca. 40 m, respectively, Figures 8a–8d) the SP gradient disappeared (Fig-
ures 8e and 8f). In the model that best matched the data, the saline front was only ca. 4 m away from the
base of the borehole (Figure 4a). Our results suggest that the presence of an SP gradient with depth indi-
cates that saline water is close to the borehole.

4.3. Impact of Vertical Flow
Conductivity profiles, conducted during saline breakthrough (Figures 3e and 3f), demonstrated that vertical
flow occurred within the borehole across the tide. Therefore, there must also have been a vertical head gra-
dient. A rise in head caused the ground water to flow up the borehole and vice versa; therefore, over a tidal
cycle the vertical head gradient changed direction. Chalk has a negative EK coupling coefficient (Table 1),
so vertical head gradients lead to an EK potential gradient of the opposite direction. Since the vertical head
gradient changed direction across the tide, an EK source would also cause the polarity of the SP gradient
with depth to change, which was not observed (Figure 3a), confirming the dominance of the EED potential
in the observed SP gradient.

A suspected adit (Figure 1d) may have caused the vertical flow observed. As previously discussed, since the
properties of the adit are highly uncertain it was not included in the models described above. The adit was
simulated in an additional model but, because of these uncertainties, it was not possible to replicate the
magnitude of the SP fluctuations accurately. Adit storage was simulated by increasing and calibrating adit
porosity, and by calibrating fracture and matrix permeability (to the maximum values in Table 1), to ensure
the correct pressure fluctuations in the borehole. When the adit was included in the models a dynamic ver-
tical pressure gradient was induced across the tidal cycle and the EK component did change polarity (Figure
10). The EED component, on the other hand, did not change polarity. In the models that included an adit
the vertical change in EK was an order of magnitude too small to explain the SP gradient. Since the bore-
hole was not explicitly simulated in the hydrodynamic models, the water was forced through the bulk rock
which is only possible with a large vertical pressure gradient. Thus, it is likely that in the adit model the EK
component was overestimated relative to its real contribution. Therefore, the only possible source of the SP
gradient with depth, confirmed in all models investigated, was the EED component, caused by the close
proximity of the saline front to the borehole.

4.4. Implications for SP Monitoring in Coastal Aquifers
The results presented here suggest that SP can be utilized for remote detection and monitoring of sea-
water intrusion, including management of pumping regimes to avoid saline breakthrough in coastal
boreholes. The SP signal arises primarily as a consequence of the concentration gradient across the
saline front while it is remote from the borehole, rather than fluctuations in head at the borehole. Devel-
opment of an inversion algorithm (e.g., Jardani et al., 2013) could assist in utilizing borehole SP measure-
ments for proactive aquifer management because it would allow the distance of the saline front to be
predicted using observed SP signals. Furthermore, by adapting technologies used within the oil and gas
industry, SP could be used to provide active inflow control in abstraction boreholes at risk of seawater
intrusion (Ijioma & Jackson, 2014). This could be facilitated by automatic SP profiling in abstraction bore-
holes to identify small changes in the gradient and tidal signatures that indicate changes in the behavior
and position of the saline front. Further work, however, would be required to assess the use of SP moni-
toring in or near abstraction boreholes as the EK component will be larger. A further application of SP
monitoring, could be in conjunction with other geophysical techniques (Beaujean et al., 2014; Jardani
et al., 2013). Overall, it appears that SP can assist in improving our understanding and management of
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fractured coastal aquifers. Further work, however, is required to understand how SP could be applied in
other aquifer types and in different contexts where fresh groundwater resources may be at risk, includ-
ing, for example, low-lying coastal deltas or in the vicinity of river estuaries.

5. Conclusions

The numerical models reported here suggest that SP signals observed in the coastal UK Chalk aquifer provide
information on the spatial and temporal properties and behavior of a remote saline front during seawater intru-
sion. The ocean tidal power spectrum observed in the SP was caused by the movement of saline water, some
distance away from the monitoring borehole, primarily through a fracture zone near the base of the borehole
and superimposed on smaller tidal fluctuations within the bulk rock. The dominance of the electro-exclusion-
diffusion (EED) component in the tidal signature implies that the SP recorded in the borehole responded to the
movement of a remote saline front long before saline breakthrough occurred at the borehole. Numerical

Figure 10. SP results across a tidal cycle from model with an adit, allowing vertical flow to develop. (a) EK, (b) vertical
pressure gradient, (c) EED, and (d) FEC with depth.
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modeling also confirmed that the EED potential arising from the close proximity of the saline front below the
monitoring borehole was responsible for a SP gradient with depth. This effect progressively reduced to zero as
the distance from the base of the monitoring borehole to the saline front increased. Therefore, SP measure-
ments were indicative of the position of the remote saline front relative to the monitoring borehole. Thus, SP
monitoring can be used to provide early warning of saline breakthrough in coastal boreholes and has the
potential to improve management of highly exploited fractured coastal aquifers at risk of seawater intrusion.

Appendix A: Derivation of the EED Potential Coupling Coefficient

The EED coupling coefficient (CEED) used in the models was based on the equation in Jackson (2015). Our
modification was based on laboratory measurements (following Leinov and Jackson, 2014) of the EED
potential in chalk, which were designed to replicate the concentration gradient between seawater and
freshwater during seawater intrusion. All the samples used were natural. Thus, our results (Figure A1)
account for the complexity of the groundwater and seawater in the coastal aquifer.

The scaling factor applied in the models SEEDð Þ, scales the exclusion potential end-member VEEð Þ, at the con-
centration ratio between seawater and groundwater, to match the measured EED potential (VmEED, Table 1)
(Figure A1):

SEED52
VmEED

VEE
(A1)

We assume in the first instance that the scaling factor, which is conceptually similar to the exclusion-effi-
ciency (Leinov & Jackson, 2014), is constant throughout the model, which may not be the case if local con-
centration gradients develop, such as between the matrix and the fractures. However, this serves as a
reasonable first-order approximation for the processes occurring on the macroscale and across the range of
concentrations encountered in the coastal aquifer (Leinov & Jackson, 2014). Given the large error values
obtained in the laboratory experiments, their subsequent use in a sensitivity analysis and the fact that there
is presently no model that describes the exclusion-diffusion potential of multiionic fluids in a complex
charged porous material such as chalk, this approach yields a reasonable first-order approximation of the
EED contribution to the overall SP. The EED coupling coefficient was derived as follows (Leinov et al., 2010;
Leinov & Jackson, 2014; Jackson, 2015; Revil, 1999):

CEED52
kbT

e
T12T2ð Þ (A2)

Figure A1. The EED potential (hollow square) measured in the laboratory shown as a function of the concentration ratio.
The black line represents the diffusion limit and the dashed line the exclusion limit calculated by Leinov and Jackson
(2014).

Water Resources Research 10.1002/2017WR021034

MACALLISTER ET AL. 16



Here T6 are the macroscopic Hittorf transport numbers:

T11T251 (A3)

For the exclusion potential VEEð Þ end-member, the macroscopic Hittorf transport number is:

T151 (A4)

Thus, following Leinov and Jackson (2014) and Jackson (2015), and applying the scaling factor, the EED cou-
pling coefficient used in the models was:

CEED52SEED
kbT

e
(A5)
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Erratum

In the originally-published HTML version of this article, Figure 2 incorrectly preceded Table 1. The error has
been corrected, and this may be considered the official version of record.
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