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ABSTRACT

We report a new, open-source, MATLAB-based 3D code for numerically simulating the self-potential
(SP) in subsurface reservoirs. The code works as a post-processor, using outputs from existing
reservoir flow and transport simulators at a selected timestep to calculate the SP throughout the
reservoir model. The material properties required to calculate the SP are user defined and may be
constant or vary in each cell. The code solves the equations governing flow and transport of electrical
charge and global charge conservation using a control-volume-finite-difference scheme. Electrical
currents associated with the SP may spread beyond the reservoir model domain, and the code allows
for the domain to be extended vertically and laterally to account for this. Here, we present the
governing equations and the numerical method used and demonstrate application of the code using
an example in which we predict the SP signals associated with oil production from a subsurface

reservoir supported by water injection.

Keywords

Self-Potential — Subsurface Reservoirs — Electrokinetic Potential — Exclusion-Diffusion potential —
Thermoelectrical potential.

1. Introduction

The self-potential (SP) is a naturally occurring electrical potential that can be measured using
electrodes at the Earth surface or in boreholes. Measurement of the SP is one of the oldest
geophysical surveying methods with numerous applications (Jackson, 2015). Here, we focus on the
use of SP to characterize and monitor water flow and the associated transport of salt species and/or
heat in subsurface reservoirs. Numerous studies have investigated the SP associated with water flow
in geothermal reservoirs (e.g., Corwin and Hoover, 1979; Revil and Pezard, 1998; Darnet et al., 2004)
and during volcanic unrest (e.g., Zlotnicki and Nishida, 2003; Ishido, 2004; Finizola et al., 2004; Mauri
etal., 2010); groundwater flow in aquifers (e.g., Fagerlund and Heinson, 2003; Titov et al., 2005; Linde
et al., 2011; Jackson et al., 2012a; Hu et al., 2020); water flow in hydraulically active fractures (e.g.,

Revil and Pezard, 1998; Wishart et al., 2006, Roubinet et al., 2016, DesRoches et al. 2018; Jougnot et
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al., 2020); contaminant transport in aquifers (e.g., Naudet et al., 2003, 2004; Minsley et al., 2007; Linde
and Revil, 2007; Jougnot et al., 2015); saltwater intrusion in coastal aquifers (MacAllister et al., 2018;
Graham et al., 2018), and water flow during hydrocarbon production (Saunders et al., 2008; Gulamali
et al., 2011; Jackson et al., 2012b; ljioma, 2016). The SP method has also been found very useful in
mineral exploration (e.g., Caglar, 2000; Murthy et al., 2005; Abdelrahman et al., 2008; Di Maio et al.,
2016) and more recently eco-hydrology (Voytek et al. 2019). However, prediction or interpretation of
the SP in these subsurface environments is challenging as there may be several source mechanisms;

moreover, flow and transport paths may be complicated by geological heterogeneity.

The aim of this paper is to report a new, open-source, MATLAB-based 3D code for numerically
simulating the self-potential (SP) in subsurface reservoirs. Sources of SP in natural environments are
numerous (e.g. Jackson, 2015) and here we restrict ourselves to the SP arising in partially or entirely
water-saturated rocks in response to gradients in pressure (above hydrostatic, also termed water
potential or head), water composition (salt concentration) and temperature. Numerous studies have
described these SP source mechanisms (e.g. Ishido and Mizutani, 1981; Hunter, 1986; Revil et al.,
1999a; Revil, 1999; Jackson et al., 2012b) and we provide a summary for the interested reader in
Appendix A. A number of codes to simulate SP have been reported in the literature, but are limited
to modelling the SP arising from pressure gradients in water saturated rocks (e.g., Soueid Ahmed et

al, 2013; Riicker et al., 2017).

The new code works as a post-processor, taking outputs from existing reservoir flow and transport
simulators at a selected timestep, and calculating the SP throughout the reservoir model using the
simulated values of water saturation, pressure, concentration and temperature. The additional
material parameters required to calculate the SP are user defined and may be constant or vary in each
cell. Earlier versions of the code have been used previously in studies of saline intrusion into
freshwater aquifers (MacAllister et al., 2018; Graham et al., 2018), and oil production from

hydrocarbon reservoirs (ljioma, 2016). However, the governing equations and method of solution
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were not reported in these studies and the code has not hitherto been made available. Additional
functionality included here also allows local grid refinement and simulation of SP in models of faulted

reservoirs.

The code solves the equations governing flow and transport of electrical charge and global charge
conservation using a control-volume-finite-difference scheme on the reservoir 3D mesh. Electrical
currents associated with the SP may spread beyond the reservoir model domain, and the code allows
for the domain to be extended vertically and laterally to account for this. The code can be used to
predict the SP in a given reservoir, which is useful for (i) designing and implementing SP monitoring
programmes, (ii) interpreting SP measurements from existing monitoring programmes, and (iii)
understanding SP source mechanisms and the link between source mechanisms and flow and
transport processes in the reservoir. Future applications could include inversion of SP measurements
for reservoir properties of interest. The code can be used in a broad range of subsurface reservoir
types including aquifers, geothermal reservoirs, targets for CO; storage, and hydrocarbon reservoirs.
We present the governing equations and the numerical methods used to solve these and show that
the code returns the correct solution for some simple test cases. We demonstrate application of the
code using an example in which we predict the SP signals associated with oil production from a

subsurface reservoir supported by water injection.

2. Governing equations

Assuming that water is the only charge-carrying fluid in the rock pore space, the general form of the
constitutive equations used to describe the coupled problem can be written as (De Groot and Mazur,

1962)

[oFs (Sw) Lgk Lrg Lgp lrvu

J
kK (Sw)
aw|__| Lo =S4 4, Ve
h = Hw vT (1)
[LTE A KGSW) A |ge
v f
LED AZ A3 D(Sw)
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where j is the current density (A-m?), 0y is the saturated rock electrical conductivity (S'm?), S, is the
water saturation, VU is the electrical potential gradient (V-m™), q,, is the water Darcy velocity (m-s™),
k is the rock absolute permeability (m?), k,, is the relative permeability of water (fraction), u,, is the
dynamic viscosity of water (Pa's), V@ is the pressure gradient above hydrostatic (or water potential in
Pa-m™) where ® = PB,, — p,, gz, h is the heat flux (W-m™), K is thermal conductivity (W-m™-K?), VT is
the temperature gradient (K-m™), v is the concentration flux (M-s*m™), D is the diffusion coefficient

(m?:s), and VCy is the concentration gradient (M-m*).

The on-diagonal terms in equation (1) appear in the well-known constitutive equations of Ohm’s law,
Darcy’s law, Fourier’s law, and Fick’s law, respectively. The matrix is symmetric in linear
thermodynamic systems in which fluxes are linear functions of thermodynamic forces
(VU,V®, VT and V(y) (De Groot and Mazur, 1962). The off-diagonal terms Lk, Lgp and Ly are the
electrokinetic (EK), exclusion-diffusion (ED), and thermoelectrical (TE) cross-coupling terms,
respectively. These terms describe the cross-coupling between electrical current and gradients in
water potential, concentration, and temperature. The off-diagonal terms A; through As represent
cross-coupling terms governing the interactions between fluxes and gradients in electrical potential,

water potential, temperature, and concentration that are not considered here.

The water flux, heat flux, and ion species flux can be calculated using existing commercial and
academic reservoir flow and transport simulators such as Eclipse (Schlumberger, 2010), TOUGH2
(Pruess et al., 1999), IC-FERST (e.g. Gomes et al., 2016), the Matlab Reservoir Simulation Toolkit
(MRST; Lie, 2019), SUTRA3D (Voss and Provost, 2002) and many more. These simulators neglect the
cross-coupling terms L because their impact on the calculated fluxes is negligible in the reservoirs of
interest (Ishido and Mizutani, 1981; Wurmstich and Morgan, 1994; Revil et al., 1999b; Saunders et al.,
2008). Given this, we can solve for the electrical current independently from the flux calculations in a
‘post-processing’ step, given the water potential, temperature, and concentration fields obtained

from reservoir simulation.
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3. Numerical solution

3.1.  Electrodynamic Problem

The equation governing transport of charge solved here, which includes the cross-coupling of current
flow j with gradients in water potential, concentration and temperature, is extracted from equation

(1)
j= —Ufs(sw)VU — Lpg (Sw)V® — Lgp (SW)VCf — Lrg(Sy,)VT (2)

The coupling terms L, are functions of the electrical conductivity of the fluid saturated rock oss and

the so-called coupling coefficients c, (Jackson et al., 2010)
Ly = OfsCyx 3)

where subscript x represents EK, ED, or TE. The coupling coefficients (c,) are petrophysical properties
that relate electrical potential to gradients in water potential, concentration and temperature, and

have units of V-Pa?, V-M* and V-K?, respectively.

Given that charge is conserved and assuming no net current flow across the boundaries of the model

domain, then
V.j=0 4
Combining equations (2) and (4) results in
V. (075(SW)IVU) = =V. (Lgg (S )VP) = V. (Lpc(Sy)IVECr) — V. (Lrg(S,)VT) (5)

In order to solve for the SP (U), equation (5) is discretized and solved for given values of saturation
(Sw), water potential (®), salt concentration (Cr), and temperature (T'), and appropriate values of
Ofs, Lgk, Lgp, and Lrg. The S, ®, C, and T data are obtained using any commercial or academic
reservoir simulator. The resulting values usually represent discrete properties defined at the center of
each grid cell of the model. To be consistent with this, we use a control-volume-finite-difference

method to discretize and solve equation (5). We assume the simulator uses either a regular Cartesian
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grid or a cornerpoint grid. Many commercial and academic reservoir simulation codes are compatible

with these schemes for discretizing space (e.g. Schlumberger, 2010; Voss and Provost, 2002).

3.2.  Discretization for Numerical Solution

A one-dimensional system is used to explain the discretization (Figure 1). The domain is divided into

grid cells with properties of interest defined at the center of each cell.

Grid cell

| ‘ l |

1 1 1

1 I ) I

. H : ; I ' ;
Xi—1 Xi-1 Xi Xj Xit1 Xig1 Xig2

Figure 1: An example of a 1-D grid system
For simplicity, the numerical solution will be demonstrated considering only the EK potential; the
procedure is the same to obtain the ED and TE potentials, replacing water potential @ by

concentration C or temperature T, and Lgc by Lep or Lie respectively.

For a non-boundary cell such as cell i in Figure 1, equation (5) can be written as

d( dU+L d(b)_o 6
de \ 7S gy TEK gy ) T (6)

Integrating equation (6) over cell i results in

J‘xl’ﬂd( dU+L d<b>d
5 dx s ax T UEK g ) X

- au v L o L i =0
B (O-fsyiﬂ E) Bl (O-fsfi E)fi * ( ER%i1 E) Bl ( B E)J?i -

Xit1 Xiy1

()

L. dU ao . . . S
Substituting o and o with their central difference approximation leads to
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Uy,,. — U, Uy, — Uy, o, —>,. o, — D,
[(O-fsy, Xit+1 xl) _ (stf_ Xi xl—l)] + [(LEKT Xit+1 xl) _ (LEK)?_ Xi xl—l)] =0
B Xiy1 — X EXp T Xi— W1 Xiy1 — X LoXi — Xi—1

®)
where variables Uy; and @,; are identified at cell centers and oy, and L are identified at cell
l l

faces. To further simplify equation (8), it can be written as

Uiy Usipa + OpUx, + @z Us ) = biyyy Py + bpPoy + bz Py €©))
where
O-fsfi+1 O-fsj—{_
Qg .. — 10a , Az, = = -t 10b
L X =X (10a), @z, Xi — Xi_1 (105)
O-fSJ_C- 1 O-fSJ—C.
= _xi+1 l—+xi B X; — x;_l - _(a’?iﬂ + afi_1) (10c)
LEKJ—C. LEK—.
b, = ———t1 11a), b _ Ry 11b
Hin Xit1 — X (Ha), bz, Xi — Xi—1 (11b)
Lek, Lek-
— i+1 X _
b, = i1y L = —(bg,, +bg,_,) (110)

Equation (9) can be applied to all non-boundary cells. In boundary cells, we choose to set VU = 0
consistent with equation (4) which assumes no current enters or leaves the domain, by assigning

virtual cells outside of the model boundary with the same electrical potential as the boundary cells.

3.3. Interface Properties
Solution of equations 9 - 11 requires values for the properties at the interface between connected grid

cells (Ufo-H and Lgg_ ). Earlier approaches (ljioma, 2016; Graham et al., 2018) used a harmonic

average of the cell-center values, which is a reasonable assumption when the polarity of the coupling

terms L for the two connected grid cells are the same. However, coupling terms can have variable
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polarity, depending on the rock mineralogy, brine composition and mineral surface wettability (e.g.
Leinov and Jackson 2014; Jackson et al. 2016). Thus, there is no guarantee that the coupling terms in
each connected cell have the same polarity. When they have opposing polarity, the harmonic mean

is not the appropriate averaging scheme to calculate the coupling term at the interface.

The new averaging scheme proposed in this paper uses conservation of charge to recognize that the
total current (sum of the conduction and streaming currents) must be continuous at the interface to

give

Igi,, = _O-fsfiHVUfiﬂ - LEKJ‘ci_,_qu)fiﬂ (12a)
Iy, = —O'fsxiVle. - LEle-VcDxi (12b)
Ly = _Gfsxi+1VUxi+1 - LEKxi+1Vq)xi+1 (12c)

where x; and x;,, are the location of the centers of grid cells i and i + 1, while x;4 represent the
location of the interface between the two grid cells (Figure 2). The subscripts in equation (12) reflect
the location at which each property (1, g¢s, VU or Lgg) is calculated. The first term on the right-hand
side of equation (12) describes the conduction current while the second term represents the
streaming current. The interface properties are calculated assuming continuous total current (I, =

I, = Iy,,,). The final equations for calculating the interface properties are as follows (the derivation

is shown in Appendix B)

Ofs O (xj41 — x;)
fsxi fsxi+1 i+1 i

Ofs . = — — (13)
TS %isa (Xi41 — xi+1)0'fsxi + (Xiy1 — xi)o'fsxi+1

lo} L Xirq1 —X;) +0fc L Xir1 — X;
fst1 Ele.( i+1 l) fsxl_ EKxi+1( i+1 l+1)

Lgg, == = = (14)
Yit1 (41 — xi+1)0'fsxi + (X1 — xi)a'fsxi+1
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The same formulations are used for the EC and TE potentials, replacing Lgx and V® by Lg. and VC or

Lrg and VT, respectively.

Cell i Cell i+1
e e
S > >
Vo, EVcDxHi

X; Xis1 Xit1

Figure 2: Variation in grid properties at the interface between two connected grid cellsi and i + 1.

3.4.  Fault Modeling

Faults represent planar discontinuities in the rock mass across which rock units are offset. These
discontinuities may modify fluid flow, and component and heat transport, depending on the
properties of the fault (Cherubini et al., 2013; Knipe et al., 1998; Nurafigah et al., 2019). Thus, they
may modify charge transport in response to gradients in water potential, concentration and
temperature. Faults may also modify the conduction currents that maintain overall electroneutrality.

Hence, it is important to include them in reservoir models.

In many numerical models, the (cornerpoint) grid follows the geometry of the rock layers and the grid-
cells are offset across fault planes in similar manner to the way in which the rocks are offset (e.g. Qu
et al., 2015; Figure 4). Thus, cells juxtaposed across the fault are not logically neighbors and must be

connected using so-called ‘non-neighbor’ connections (NNCs; e.g. Schlumberger, 2010).

In our example faulted grid (Figure 3b), grid cells (i + 1,j + 2) and (i + 2,j) are juxtaposed across
the fault and NNCs must be defined between these cells to model charge transport across the fault.

We also need to identify new boundary cells resulting from the offset of the grid across the fault. In
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our example faulted grid (Figure 3b), grid cell (i +1,j+ 1) is a boundary cell. The SP solver is
equipped with built-in functions to specify NNCs and boundary cells in order to correctly model charge
transport. Modeling the charge flux into/out of each grid cell requires knowledge of all the grid cells
connected to that cell. In our 2D example faulted grid (Figure 3b), grid cell (i + 1, + 2) has three
neighbor connections with cells (i +1,j+ 1),(i,j +2) and (i + 1,j + 3) and one NNC with cell

(i+2,)).

Reservoir simulators that use this approach to represent faults typically generate a list of NNCs across
fault surfaces. However, this list may be modified based on a cutoff transmissibility value (default or
user defined) below which a NNC is deleted (Schlumberger, 2010). It is assumed that no fluid flow
occurs across the deleted NNCs. However, there may be charge transport across these connections
depending on the coupling terms and rock conductivity in the cells on each side. Hence, the NNC list
calculated for fluid flow in a reservoir simulator may not be suitable for charge transport in the SP
solver presented here. Hence, we have developed a bespoke function to generate the NNC list for the
SP solver. The NNC list is generated based on the coordinates of the corner points of each cell,
identifying any deviation in the grid geometry from the non-faulted case and generating NNC’s across
the boundaries of all juxtaposed cells (Figure 3). For the non-faulted case, the depths of the corner
points at the interface between each two neighboring cells are the same, while in the presence of
fault, layers offset across the fault interface, and hence, the depths of the corner points are not the
same. The NNC list is generated by comparing the vertical offset in the depths of the corner points
between all the cells across the fault interface. The layers offset may not be uniform resulting in
multiple NNCs for one cell (figure 3b, grid Cell (i + 1,j + 3)). In this case, the interface properties
calculated according equations (13) and (14) need to be corrected by multiplying by the ratio of the
cross-sectional area in contact with each non-logical neighbor to the total cross-section area. The
modeling approach described in this section deals with sealing faults only. However, faults could be

hydraulically active; in this case, the SP may behave differently across the fault interface (e.g., Revil
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and Pezard, 1998; Wishart et al., 2006, Roubinet et al., 2016, DesRoches et al. 2018; Jougnot et al.,

2020). Modelling of the SP arising from flow in faults remains an area of active research.

a)
L i+ 1, i+ 2, i+ 3,)
iLj+1 i+ 1,5+1 i+2,7j+1 i+ 3,5+1
L2 i1, 2 i+2,j+2 P43, 41
Lj+3 i+1,j+3 i+2,j+3 i+3,j+3
b)
. L J ) @ Top corner points
o - i+ Ly ® Bottom corner points
Lj+1 P41, 41
Lj+2 i+1,j+2
Yta i+ 25 i+ 3,
B
iLj+3 i+ 1,7+ 3 &
[ i+ 2, + 1 i+3,j+1
i+2,j4+2 i+3,j4+1
i+2,j+3 i+3,j+3

Figure 3: a) Example of an unfaulted 2D mesh. b) Example of a 2D mesh offset across a simple
vertical fault. Arrows represent the non-neighbor connections that allow flow and transport
between cells on opposite sides of the fault.

3.5.  Local Grid Refinement

In many models used to simulate SP monitoring scenarios, the grid resolution that provides a
reasonable approximation of fluid flow and heat and mass transport is too coarse for accurate
prediction of the SP, especially in the vicinity of SP monitoring locations where it may be necessary to
capture changes in the hydrodynamic properties (e.g. water saturation, potential, concentration and
temperature) at higher resolution. However, refining the grid across the entire model domain may be
excessively computationally expensive. Instead, it may be sufficient to locally refine the grid (termed
here ‘Local Grid Refinement’ (LGR) or ‘child’ model) around SP monitoring locations within the coarse
(‘parent’) model (ljioma, 2016; Figure 4). Many commercial and academic reservoir simulation codes

allow LGR and we include functionality to allow these LGRs to be included in the SP solver.

We use a ‘ghost-node’ model-linking method (James et al. 2006) to couple the parent model with the

LGR with appropriate LGR boundary conditions. The SP is simulated on the parent model, and the
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electrical (SP, rock conductivity, coupling terms) and dynamic water saturation, potential,
concentration and temperature) properties in each parent grid cell bordering the LGR are used to
determine boundary conditions for simulating SP within the LGR. At the boundaries of the LGR, ghost
cells similar in dimension to the LGR cells are placed in the parent cells (e.g. cells: i, — 1, j. in Figure
4). Properties for these ghost cells are calculated by linearly interpolating values between the parent
cells. For example, pressure and SP for ghost cell i, — 1, j. (Figure 4) are interpolated between the
parent cell hosting that ghost cell (i, j + 1 in Figure 4) and the parent cell hosting the LGR (i + 1,j + 1
in Figure 4). The electrodynamic model is then solved within the LGR subjected to the boundary

conditions identified in the ghost cells.

i,j i+1,j i+2,j
L] L] L
_______________________ -
feje—1 i+ 1,j.—1 Vig+2j.—1
T T
1 1
) 1
1 . 3 1
ot | EA IERETAN BT
' ;

o j=————— 4 )
Lj+1 i Vi+2,j+1
] . R H
. Vi-njesn e+ 1 et Lo+l | ic+2,jc+1 io+3jo+1 .

1 1

1
e 4
1 1
' :
: o= Ljo+2 Qe+ 2 e+ Lje+2 | i+2j.+2 ie+3,j+2 1
1 1
) 1

H

/f 1
1]
1]
1] 1
Ghost cells feje+3 0 41,j+3 i +2j.+3
1

i

L]
iL,j+2 i+1,j+2 i+2j+2

Figure 4: Example LGR within the parent grid (denoted by the red boundary). Cells outlined by dashed
lines are the ghost cells introduced at the boundaries of the LGR. Subscript ¢ (e.g., i., j.) denotes cells
within the LGR or ghost cells at the LGR boundaries.

3.6.  Electrical Properties

In order to solve equation (2), the concentration and temperature dependent material properties

(rock conductivity (ays) and coupling terms (Lgk, Lgp, LTg)) must be specified. The operation of the
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SP solver is independent of the models used to describe these material properties and the user can
modify the code to implement their own preferred descriptions. We outline in Appendix C the

approach we use in the code at present, and that was used to obtain the results presented.

3.7.  Numerical Solution of the Linear System of Discretized Equations

Equations 9-11 were used to write the formulation in matrix form considering all the grid cells in the

system

Ax = By (15)

where A and B are n X n sparse matrices (n is the total number of grid cells) comprising the a and b
terms in equation (9), respectively. x and y aren X 1 vectors representing the unknown EK, ED or TE
potential and the known water potential, concentration, or temperature from the reservoir

simulation, respectively.

MacAllister et al. (2018) and Graham et al. (2018) found that the solution obtained for x using an
iterative solver was unstable and highly sensitive to changes in the iterative solver tolerance, and
Graham et al. (2018) recommended using a direct solver to obtain a stable solution. Therefore, we
typically use a direct solver using the mldivide function in MATLAB (APPENDIX D) to solve for x in
equation (15). Although slower than the various iterative methods implemented in MATLAB, speed is
not essential as we do not need to solve for the SP at numerous timesteps. We solve equation (15)
for each of the EK, EC and TE potentials using the appropriate material properties and water potential,
concentration or temperature as required. The total SP is obtained by summing over the EK, ED and

TE potentials thus obtained.

As the SP signal is a potential difference between two points, the modelled SP is the difference in
potential between a given location and that of a reference location, which is usually chosen at some

distance above the reservoir layer.
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4. Results

4.1. Model Validation

A simple 1-D case was used to confirm that the code works correctly. The test case represents a
sandstone reservoir measuring 200x100x50m with one oil/water production well and one water
injection well. The ECLIPSE reservoir simulator was used to model two scenarios: first, water displacing

water to represent single-phase flow and second, water displacing oil to represent two-phase flow.

First, we test the EK potential solver. Salinity and temperature were assumed to be constant across
the reservoir (0.5 M/L and 80C°®), so that EK potential is the only contributor to overall SP. We used a
constant value of the EK coupling coefficient for the flow of water at fully water saturated conditions
and at the residual non-wetting (oil) phase saturation (C,; (S,, = 1) = Cor (Syy = 1 — Spr) = 2.5 X
1072 VPa™ 1) (see Appendix C). For the two phase scenarios, we used fluid viscosities and relative
permeability curves that yield a piston-like displacement such that oil is flowing at the irreducible
water saturation ahead of the displacement front (S,, = S,,i;») and water is flowing at residual oil
saturation behind the front (S,, = 1 — S,,,,). These material properties were used in the SP solver

along with the outputs of the ECLIPSE reservoir simulator (S,,, ®,,) to predict the EK potential.

Results are shown in Figure 5 for both single- and multiphase flow scenarios. For the single-phase
scenario, the correct solution yields a linear variation in EK potential from the inlet to the outlet
boundary, with the most positive value adjacent to the inlet boundary where the water potential has
the largest positive value. Moreover, a cross-plot of EK potential against water potential yields a linear
relationship, with the gradient giving the EK coupling coefficient. We find that the SP solver predictions
confirm the expected behavior irrespective of the grid resolution tested (Figure 5b), and the coupling
coefficient obtained from the numerical solution is identical to the input value to high precision (Figure

5c).

For the multi-phase scenario, the correct solution yields constant EK potential ahead of the

displacement front where there is no water flow, and a linear variation in EK potential from the inlet
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to the location of the displacement front (see, for example, Figure 14 in Jackson, 2015). Moreover, a
cross-plot of EK potential against water potential in the region behind the displacement front yields a
linear relationship, with the gradient giving the EK coupling coefficient. As is well known (e.g. Aziz and
Settari, 1979), numerical solutions of the multiphase displacement problem are highly dependent on
grid resolution. However, as the grid is refined, the Eclipse simulator results converge to capture the
correct sharp displacement front across which the water saturation changes sharply and the water
phase potential changes gradient (Figure 5d,e). The SP solver results also converge to give the correct
solution for the EK potential (Figure 5f); note that the rate of convergence is dominated by
convergence of the Eclipse simulation results, not the SP solver itself. Behind the displacement front,
the coupling coefficient obtained from the numerical solution approaches the input value as the grid
is refined to high precision for the most refined case tested (Figure 5g). Thus, we have confidence

that the SP solver returns correct solutions for the EK potential for both single and multiphase flow.
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Figure 5: Numerical solutions from a single timestep of the EK validation model as a function of
distance from the inlet to the outlet boundary. A) Water potential for the single-phase problem. b) EK
potential for the single-phase problem. c) Cross-plots of EK potential against water potential for the
single-phase problem. d) Water saturation for the multiphase problem. e) Water potential for the
multiphase problem. f) EK potential for the multiphase problem. g) Cross-plots of EK potential against
water potential for the multiphase problem. Lines in each plot correspond to different grid resolutions
used in the model between the inlet and outlet boundaries.

To validate the ED potential solver, we modelled injection of lower salinity (ionic strength) brine
(Cinj = 0.5M/L) into a reservoir containing higher salinity brine (C,.; = 1M/L) using the ECLIPSE
reservoir simulator. We assumed constant reservoir temperature of 80 C°.

For the single-phase

scenario, we assumed an exclusion efficiency of zero for the reservoir rock (similar to sandstone; see
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Appendix C) and described the saturation dependence using equation (C.13) in the multi-phase
scenario. These material properties together with the outputs of the ECLIPSE reservoir simulator

(Sw, C) were used in the SP solver to predict the ED potential.

Results are shown in Figure 6 for both single- and multiphase flow scenarios. The correct solution
yields constant ED potential behind the trailing edge of the salinity front and ahead of the leading
edge of the salinity front (representing maximum and minimum values). Across the salinity front, the
ED potential varies between these two values. We find that the SP solver predictions confirm the
expected behavior. However, the grid resolution used significantly affects the modelled variation of
the ED potential across salinity front, especially for the multiphase scenario (Figures 6b,f). This is
primarily due to the grid-resolution-dependence of the solutions for salinity (and water saturation for
the multiphase case) in the ECLIPSE simulator (Fig. 6a,d,e), rather than the solution for ED in our SP
solver. Asthe grid is refined the solutions converge as expected, although high resolution is required

for the multiphase case.

We confirm the validity of the SP solver solution by plotting the ED coupling coefficient values used as
input to the SP code together with the simulated coefficients, determined using the ED potential
determined by the solver and associated salinity (recalling Czp = AUgp /ACy) for each neighboring
cells as a function of distance from the inlet to the outlet boundary (Figure 6¢c,g). The coupling
coefficient obtained from the numerical solution is the same as the input value to high precision.
Therefore, we have confidence that the SP solver returns correct solutions for the ED potential for

both single and multiphase flow.

Finally, to validate the TE potential solver, we modelled injection of cooler water ( T;,; = 20°C) into
a hotter reservoir ( T,..s = 80°C) using the ECLIPSE reservoir simulator. Salinity was assumed to be
constant (Cres = Cin; = 0.5M). We again assumed an exclusion efficiency of zero for the reservoir
rock for the single-phase scenario and described the saturation dependence of the exclusion efficiency

using equation (C.13) in the multi-phase scenario (Appendix C). These material properties together
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with the outputs of the ECLIPSE reservoir simulator (S,,, T) were used in the SP solver to predict the

TE potential.

Results are shown in Figure 7 for both single- and multiphase flow scenarios. The correct solution
yields constant TE potential behind the trailing edge of the temperature front and ahead of the leading
edge of the temperature front (representing maximum and minimum values). The TE potential varies
between these two values across the temperature front. The SP solver predictions are consistent with
the expected behavior. However, the variation of the TE potential across the temperature front is
highly affected by the grid resolution, especially for the multiphase scenario (Figures 7b,f). This is
mainly due to the grid-resolution-dependence of the solutions for temperature (and water saturation
for the multiphase case) in the ECLIPSE simulator (Figure 7a,d,e), rather than the solution for TE in our

SP solver. As expected, we find that the TE solutions converge as the grid is refined.

For the single-phase scenario, a cross-plot of TE potential against temperature should yield a linear
relationship, with the gradient giving the TE coupling coefficient. We find that the coupling coefficient
obtained from the numerical solution (0.188 mV/K; gradient from figure 7c) is identical to the input
value (0.188 mV/K, according to equation (C.9); Appendix C) regardless of the grid resolution. This
confirms the validity of the SP solver for TE solutions in the single-phase scenario. For the multi-phase
scenario, the validity of the TE solution is confirmed by plotting the TE coupling coefficient values used
as input to the SP code, together with the simulated coefficients determined using the TE potential
determined by the solver and associated temperature (recalling Crg = AUrg/AT) for each pair of
neighboring cells, as a function of distance from the inlet to the outlet boundary (Figure 7g). The
coupling coefficient obtained from the numerical solution is the same as the input value to high
precision. Thus, we also have confidence that the SP solver returns correct solutions for the TE

potential in multiphase flow.
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Figure 6: Numerical solutions from a single timestep of the ED validation model as a function of
distance from the inlet to the outlet boundary. A) Water salinity for the single-phase problem. b) ED
potential for the single-phase problem. c) ED coupling coefficient for the single-phase problem. d)
Water saturation for the multiphase problem. e) Water salinity for the multiphase problem. f) ED
potential for the multiphase problem. g) ED coupling coefficient for the multiphase problem. Lines in
each plot correspond to different grid resolutions used in the model between the inlet and outlet
boundaries.
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Figure 7: Numerical solutions from a single timestep of the TE validation model as a function of
distance from the inlet to the outlet boundary. A) Temperature for the single-phase problem. b) TE
potential for the single-phase problem. c) Cross-plots of TE potential against temperature for the
single-phase problem. d) Water saturation for the multiphase problem. e) Temperature for the
multiphase problem. f) TE potential for the multiphase problem. g) Cross-plots of TE potential against
temperature for the multiphase problem. Lines in each plot correspond to different grid resolutions
used in the model between the inlet and outlet boundaries.



430 4.2.  Self-Potential in a Hydrocarbon Reservoir: Brugge Field Model

431

432  The Brugge field case is a synthetic oil reservoir model comprising four stratigraphic layers: Schelde,
433 Maas, Waal and Schie, from top to bottom (Figure 8; Table 1; Peters et al., 2010). The reservoir is
434  initially saturated with oil and formation brine and overlies a water saturated aquifer (Figure 8; Table

435  2).

436  The production scenario considered here comprises 20 oil producers and 10 water injectors. The initial
437  reservoir temperature and formation brine salinity were assumed to be 80 C° and 1 M/L, respectively.

438  The injected brine was assumed to have lower temperature (30 C°) and salinity (0.5 M/L).

439

440  Figure 8: Structure of the Brugge field model showing the depth above and below the oil/water
441  contact (in m) and the 30 wells (BR-P: production wells and BR-I: injection wells; Peters et al., 2010).

442

443  Table 1: Stratigraphy in the Brugge field model with main petrophysical properties (Peters et al., 2010).

Reservoir Average Average porosity, Average Average NTG,
formation thickness, m % permeability, md fraction
Schelde 10 20.7 1105 0.6
Maas 20 19 90 0.88
Waal 26 24.1 814 0.97
Schie 5 19.4 36 0.77
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Table 2: Rock and fluid used in the Brugge model.

Properties Water Qil Rock

Density, (lbm/ft3) 62.2 56 -

Compressibility, (1/psi) 3x10°® 9.26x10°® 3.5x10°®
Viscosity, (cp) 1 1.294 -
Irreducible water saturation 0.252 - -
Critical water saturation 0.29 - -
Residual oil saturation 0.15 - -
Endpoint water relative permeability 0.3 - -
Endpoint oil relative permeability 0.8 - -

The average grid size in the model is 120 x 120 x 10 m in the i,j,k directions respectively, which is too
coarse to accurately simulate the SP in the vicinity of a well (Jackson et al. 2012a). Therefore, we
placed LGRs of resolution 4 x 4 x 0.5 m around selected production wells to improve the predictions
of the SP solver. Refining the grid to this level across the whole model would be computationally
infeasible as the number of grid blocks required would be in excess of 1 billion. Hence, the LGR
functionality in the SP solver is essential to obtain high resolution solutions around the wells of
interest. A sensitivity study of the LGR resolution confirmed that the resolution used is sufficient to
capture the SP solution. The refinement strategy that we follow is to refine in x,y and z until we
observe conversion in the SP profile at the monitoring well of interest. The SP solver was used to here
to predict the signals that might be recorded at a production well equipped with permanently installed

downhole electrodes (Gulamali et al., 2011).

After running the dynamic simulation in ECLIPSE, the results were used as inputs for the SP solver. The
model was modified in the solver to include electrically conductive, water saturated shale layers of
thickness 70m above and below the reservoir. These shale layers represent the under- and over-
burden and are required for the SP modelling as electrical currents may spread beyond the reservoir.
The EK coupling coefficients in the reservoir were calculated according to Appendix C, but were zero

in the shale layers as there is no flow. The ED and TE coupling coefficients were calculated following
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the approach in Appendix C. The exclusion efficiency in the reservoir was assumed to vary between 0
to 1 as a function of saturation, while a constant value of 0.4 was used in the shale layers. The SP

solver was used to simulate the EK, ED and TE contributions to the overall SP.

The results presented here focus on the new functionality of our SP solver. We begin by considering
the benefits of the LGR functionality. The effect of increased grid resolution on the solution obtained
is clearly observed (Figure 9). The LGR solutions yields a sharper saturation front as there is less
numerical diffusion (compare Figure 9a, 9c), which significantly affects the simulated SP (compare
Figure 9b, 9d). The higher resolution solution delivered by the LGR shows that the SP signal extends
to the production well, ahead of the moving waterfront. Consequently, monitoring of the SP recorded
at the well would provide useful information about the location of the waterfront as it approached
the well (e.g. Gulamali et al., 2011; Saunders et al., 2012). In contrast, the coarse grid solution suggests
that the SP would be featureless at the well (Figure 10). These results demonstrate the utility of the

LGR modelling capability in our SP solver.

We next consider the modelling of faults. Figure 11 shows an example on the behavior of SP across
fault (at cross-section B; figure 8). The fault shown in figure 11a is a sealing fault so there is no flow
across the fault. In the simulation model grid, there are therefore no NNCs across the fault. However,
the fault is electrically conductive so electrical current can flow across the fault. Consequently, the
SP generated by flow on one side of the fault penetrates into the reservoir and bounding shales on
the other side of the fault. These current fluxes are modelled using the NNCs generated by our SP

solver. The results demonstrate the utility of the fault modelling capability in our SP solver.
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488 model, and (d) SP in the LGR model. The dashed lines denote the 4 reservoir layers and the solid line
489 represents the production well BR-P-2.



SP, mv
-0.25 0.2 -0.15 0.1 -0.05 0 0.05

1595

1605

1615

1625

Depth, m

1635

1645

1655

1665

—LGR ——Coarse

490

491 Figure 10: Predicted SP that would be measured along the well from the coarse and LGR models. The
492 dashed lines denote the 4 reservoir layers and the solid line represents an assumed noise level of 0.1

493 mV.
494
Horizontal distance, m
a) 7800 6700 5600 Sw
1450 03
No fluid flow 0
05
Shale e
£ 07
= 1590 =
k= 0.8
@ .
o Reservc"r \—ﬂ
No fluid flow
Shale
1740
SP,mV
b)
1450
Reservoir
£
= 1590
‘;;J Continuouscurrent
a
1740
-7800 -6700 -5600

Horizontal distance, m

495

496



497
498
499

500
501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

Figure 11: Vertical cross-sections along the plane B in Figure 10, showing a snapshot in time of (a)

water saturation and (b) SP across the fault. The dashed lines denote the reservoir layers. There is

no fluid flow across the fault, but there is current flow, so the SP generated by flow on one side of
the fault penetrates into the reservoir and bounding shales on the other side of the fault.

5. Conclusions

We report a new, open-source, MATLAB-based code for numerically simulating the self-potential (SP)
in subsurface reservoirs. The code works as a post-processor, using outputs from existing reservoir
flow and transport simulators at a selected timestep to calculate the SP throughout the reservoir
model. The material properties required to calculate the SP are user defined and may be constant or
vary in each cell. The code solves the equations governing flow and transport of electrical charge and

global charge conservation using a control-volume-finite-difference scheme.

We implement a new approach to calculate the current fluxes across grid-cell boundaries that can
account for changes in polarity of the SP coupling coefficients. Electrical currents associated with the
SP may spread beyond the reservoir model domain, and the code allows for the domain to be
extended vertically and laterally to account for this. Accurate modelling of the SP may require locally
fine grid resolution, and the code allows the use of local grid refinement in the reservoir flow or
transport simulator and in the modelling of SP. Many subsurface reservoirs include faults, and the
code allows the use of faulted grid, generating non-neighbor connections as necessary to model
current flow across the fault. These non-neighbor connections may differ from those created in the
reservoir flow or transport simulator, because the fault may act as a barrier to fluid flow or salt

transport, but not as a barrier to electrical current.

We demonstrate that the SP solver produces accurate SP solutions for both single and multiphase flow
in a series of test case, and then demonstrate its utility in predicting the SP signal that would be
measured at a production well during oil production from a faulted sandstone reservoir bounded

above and below by shales. Accurate simulation of the SP requires local grid refinement around the
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production well, and must capture the flow of electrical current across the fault. The results suggest
that downhole SP monitoring could be useful to identify and locate moving waterfronts in the

reservoir.

Computer code availability

The code presented in this paper was developed in MATLAB. In order to run the code, the Parallel
Computing toolbox should be installed. The code along with a detailed user manual can be
downloaded from https://github.com/mutlagalarouj/SP-SOLVER.git. Please cite this paper if you use
the code. Test data for a simple hydrocarbon reservoir are also available in the same repository. The
developers can be contacted via: m.alaroujl7@imperial.ac.uk or m.d.jackson@imperial.ac.uk. Kuwait
Oil Company are thanked for financial support. We thank TNO for making the Brugge Field dataset

available.


mailto:m.alarouj17@imperial.ac.uk
mailto:m.d.jackson@imperial.ac.uk

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

Appendix A
Origin of the self-potential

Sources of SP in natural environments are numerous (e.g. Jackson, 2015). Here we restrict ourselves
to the SP arising in partially or entirely water-saturated rocks in response to gradients in pressure
(above hydrostatic, also termed water potential or head), water composition (salt concentration) and

temperature.

Gradients in water potential cause water and other fluids to flow through the rock. The water drags
with it an excess of electrical charge in the so-called ‘electrical double layer’ adjacent to the mineral
surfaces, establishing a current termed the ‘streaming current’ (Hunter, 1986; Jackson et al., 2012b;
Figure A.1a). However, the water is electrically conductive, so the charge dragged along by the flow
cannot accumulate. Instead, a conduction current is established that globally balances the streaming
current to ensure overall electroneutrality. The streaming current may not follow the same pathways
as the conduction current, so locally they may not balance. From Ohm’s Law, it is well known that a
conduction current must be driven by an electrical potential difference; this potential difference is
termed the ‘electrokinetic’ (EK) or ‘streaming’ potential and is the part of the SP that arises from

gradients in water potential (Ishido and Mizutani, 1981; Revil et al., 1999a).

The water (brine) found in subsurface reservoirs contains dissolved, dissociated salt species.
Gradients in salt species concentration cause ion transport by diffusion. However, the saltions do not
migrate at the same rate, causing an electrical charge separation that is countered by an electrical
potential termed the ‘diffusion potential’. The effect of the diffusion potential is to cause salt ions to
migrate down the concentration gradient at the same rate irrespective of their mobility (Revil et al.,
1999). If there is a concentration gradient across a rock with very small pore-size, then the electrical
charge on the mineral surfaces may prevent ions of the same polarity from entering the pores; only
ions with the opposing polarity can migrate down the concentration gradient, giving rise to an

electrical potential termed the ‘exclusion potential’. Together, these two sources of SP are termed
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the ‘exclusion-diffusion’ (ED) or ‘electrochemical’ (EC) potential; this is the part of the SP that arises

from concentration gradients (Revil, 1999; Jackson et al., 2012b; Figure A.1b).

Gradients in temperature also cause ion transport by diffusion, and the resulting electrical charge
separation is countered by an electrical potential termed the ‘thermoelectric’ (TE) potential; this is the
part of the SP that arises from temperature gradients (Jackson et al., 2012b). Hence, the overall SP
modelled here comprises three components which sum to give the total SP: the electrokinetic (EK)
potential, the exclusion-diffusion (ED) potential and the thermoelectrical (TE) potential, which arise in

response to gradients in pressure, concentration and temperature, respectively.

pressure (relative to hydrostatic)>

(a) = = ( b) concentration - )

solid surface = i 4 *-ul
P4 -*&:"‘E"'-o- + %
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Figure A.1: Representation of charge separation due to (a) pressure, (b) concentration and (c)
temperature gradients. The electrical double layer is denoted simply by the dashed line and here
contains an excess of positive charge that balances the negative charge on the mineral surfaces
(Jackson et al., 2012b). lon transport is denoted by arrows.
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Appendix B

The procedures used to derive the formulas for the saturated rock conductivity and coupling terms

at the interface between two grid cells are presented here. We consider only the electrokinetic

potential (EK). The same steps were followed to derive the formulas for the electrochemical and

thermoelectrical potentials. Referring to Figure 2, the total current at the interface is continuous.

Ifi+1 = _O-fsfiHVUfiﬂ - LEK:‘ciHVq)fiﬂ

VU, . can be approximated as

i+1

YUz =

(B.1)

Uxi+1 B Uxi _ (Uxi+1 B Ufi+1) + (Ufi+1 B Uxi) _ (Uxi+1 B Ufi+1) + (Ufi+1 B Uxi

Xi+1

Knowing that

Xiv1 —Xi  Xip1 — Xig1 Xig1 — X
= + =m+n=1

Xit+1 — Xi Xit+1 — Xi Xi+1 — X
then x;,1 — x; can be written as

_ Xiv1 — Xiv1 X1 — X
Xit1 — X = m = n

Substituting equation (B.4) in equation (B.2)

VU;. =mVU

i+1 Xit+1 + TlVle,
Now, we apply equation (B.1) for cells i and i + 1 as follows

Ly = =0fs, WUy, = Lik, Vs,

—Ofs VUxi+1 - LEKxiHVcDxiH

Xiz1
i1 Xit1

Next, we rearrange equations (B.6) and (B.7) for VU, & VU,

i+1

Xi+1 = Xi Xi+1 — Xi Xi+1 — Xi Xi+1 — Xi

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)
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VU, = — (B.8)
Ofs sy,
VUxi+1 _ _ Ixi+1 _ LEKxi+1 Xit1 (B.9)
O-fsxi+1 O-fsxi+1
After that, we substitute equation (B.8) and equation (B.9) in equation (B.5)
VUg,,, =m <— B LEK’”“VCDXM> +n (— b _ LEKXiV(Dxi) (B.10)
o-fsxi+1 O-fsxi+1 Gfsxi Gfsxi

Rearranging equation (B.10) results in

nl,. ml,, nlpg, VPy, mLgg, V®y,
VU, = - (—x + ﬁ) - ( L+ 1 T (B.11)

Gfsxi Gfsxi+1 O-fsxi O-fsxi+1
Assuming the total current is continuous (I, = Iy,,, = Ig,,,), we can write equation (B.11) as
n m nlpg, VP, mLgg, V®y,
VU, = Iz, ( + ) — ( Ty (B.12)
Gfsxi stxi+1 stxi O-fsxi+1

Ig,,, can be calculated by arranging equation (B.12) as follows

nla, VO Mlex,, Vox,
VUg,,, Ofs . OfSxi4s
Ly =~ m_ —n L _m l (B.13)
O-fsxi O-fsxi+1 O-fsxi Ufsxi+1

The first component of equation (B.11) is the conduction current related to the naturally occurring
SP (VU), while the second component is the streaming current related to the pressure gradient
(V).
The saturated rock conductivity (crfsJE ) at the interface between grid cellsi and i + 1 can be

i+1

calculated by equating the first term of equation (B.1) and (B.13) as follows
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1 Gfsxiafsxi+1(xi+1 - x;) (B.14)
O- _ = == — — .
TS %11 n_,_m (xi41 — xi+1)0fsx_ + (X410 — xi)Ufsx_
Ofs Ofs i i+1
U xXi U Xit1

For the coupling term at the interface (LEKE-_H)’ we need to equate the second terms of equations
L

(B.1) and (B.13) as

i i Xi+1
O-fs O-fS
_ Xi Xi+1
Leky, VP, = T (B.15)
stxi O-fsxi+1

and Vo

Rearranging equation (B.14) considering the numerical approximation of V&, , V& Tiygr

Xit+1’

and considering the definition of m and n for equation (B.3), equation (B.15) can be written as

O-fs

i LEKx.(q)J?i+1 - Cl)xl_) + O-fo.LEKx- 1(q)xi+1 - q)fi+1)
I (CD —® ) _ i+1 i i i+
EKz " Xit1 xi) —

mafsxi + NOfs

(B.16)

Xit+1

The only unknown value in equation (B.16) is & which the water potential at the interface

Xit+1’
between cells i and i + 1. This value can be approximated by linear interpolation. The final formula
of LEK)_C!_+1 can be written as

0. L Xiy1 — Xi) +0rs L Xiv1 — X{
fsx_+1 EKxi( i+1 L) fsxi EKxi+1( i+1 l+1)

Lggy, = l — — (B.17)
Yit1 (X1 — xi+1)0fsxi + (X1 — xi)o-fsxi+1

which is the same as equation (14) presented in the main text.
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Appendix C

In order to solve equation (2), the concentration and temperature dependent material properties
(rock conductivity (ofs) and coupling terms (Lgg, Lgp, L7g)) must be specified. The operation of the
SP solver is independent of the models used to describe these material properties and the user can
modify the code to implement their own preferred descriptions. Here we outline the approach we

use in the code at present, and that was used to obtain the results presented.

The saturated rock conductivity is calculated using the well-known Archie’s equation (Glover et al.,

2000)
ors = @™oy, Swy (c.1

where @ is the porosity, m is the cementation exponent, S,, is the water saturation, n is the saturation
exponent, and g, is the water conductivity (5/m). The water conductivity is calculated as a function

of the salt concentration (C, M/L) and temperature (T, °C) using (Sen and Goode, 1992; Figure 6a)

236 +0.099T
cH (€.2)

gy = (5.6 +0.27T — 1.5 x 107*T?)(; — 1+0214c05 7

The coupling terms (Lgg, Lgp, LTg) are functions of the rock conductivity and the associated coupling
coefficients (Cgk, Cgp, Crg). First, we will consider the electrokinetic coupling coefficient (Cgzg). A
number of experimental and theoretical studies have characterized the electrokinetic coupling
coefficients for sandstones (e.g. Revil and Cerepi, 2004; Jaafar et al., 2009; Vinogradov et al., 2010;
Glover et al., 2012; Walker et al., 2014; Vinogradov and Jackson, 2015; Esmaeili et al., 2016;
Vinogradov et al., 2018; Walker and Glover, 2018; Glover, 2018; Li et al., 2018) and carbonates ( e.g.
Jackson and Vinogradov, 2012; Chen et al., 2014; Alroudhan et al., 2016; Jackson et al., 2016; Al
Mahrougqi et al., 2017; Ghommem et al., 2018; Collini et al., 2020). Here, we focus on sandstones
although, as mentioned above, the Cyx model used here can easily be modified or changed for other

rock types.
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Most of the published EK coupling coefficient data for sandstones were obtained for fully saturated
(Sw = 1) conditions at laboratory temperature. We describe the observed trend with brine

concentration (ionic strength) using (Vinogradov et al., 2010)
Cex (Sw = 1) = —1.36C*1?% x 107° (C.3)

Equation (C.3) fits data measured in sandstone samples saturated with simple monovalent NaCl brines
(Figure C.1b). Alternative expressions can easily be implemented in the code. We note that the
limited data available suggest that the EK coupling coefficient for complex natural brines is smaller in
magnitude for a given ionic strength compared to the values in monovalent brines shown in Figure
C.1b (Vinogradov et al., 2018; Li et al., 2018). We neglect any temperature dependence of the EK
coupling coefficient, consistent with the findings of previous studies that show it is approximately
independent of temperature over the range of 20-120°C in brines of moderate to high ionic strength

(Reppert and Morgan, 2003a, 2003b; Vinogradov and Jackson, 2015; Vinogradov et al., 2018).

In reservoirs partially saturated with water, such as oil and gas reservoirs and unconfined aquifers, the
EK coupling coefficient is a function of water saturation. A number of studies have measured and/or
modelled the relationship between coupling coefficient and water saturation in sandstone and
carbonate rocks (Wurmstich and Morgan, 1994; Perrier and Morat, 2000; Guichet et al., 2003; Revil
and Cerepi, 2004; Linde et al., 2007; Revil et al., 2007; Jackson, 2010; Vinogradov and Jackson, 2011;
Gulamali, et al., 2012; Allegre et al., 2012; Jougnot et al., 2012; Jackson et al. 2012a; Zhang et al., 2017,
Soldi et al., 2019). Here, we assume water is the wetting phase and follow the approach of Jackson et
al. (2012b) to describe the saturation dependence of the coupling coefficient, noting that it is trivial
to replace this model in the code with other published or new models. We assume that the coupling
coefficient at the residual non-wetting phase saturation is the same as that at fully water saturated

conditions, and define a saturation-dependent relative coupling coefficient (C;._, )

Crex = Sv?/r? (C.4)
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Sw — Swi
Swn — w wirr (C 5)

1- Swirr - Snwr

Cek (Sw) = CEKISW=1CrEK (Sw) (C.6)

where S,,,, is the normalized water saturation, S,,;, is the irreducible water saturation and S, is
the residual non-wetting phase saturation. Equation (C.4) was chosen to match the results of a bundle
capillary tube model presented by Jackson (2010) and experimental data obtained by Revil and Cerepi

(2004).

Next, we consider the ED and TE coupling coefficients. ED and TE potentials have two end-member
cases: pure exclusion and pure diffusion (Figure C.1c,d). The salinity and temperature dependence of
the ED and TE coupling coefficients for pure exclusion and pure diffusion cases are given by (Revil,

1999; Jackson et al., 2012a; Leinov and Jackson, 2014; Jackson, 2015)

2tyg — DT

Cepleq = —8.61 X 1oz G = DT yea (€.7)

f

T
Ceplee = —8.61 X 10_2C_ myv.M~1 (C.8)

f
Crlea = —1.984 x 1071 (2ty, — D(logCs) + 1.059ty, — 5.673 x 1071 mV. K~ (C.9)
Crelee = —1.984 x 107 (logC) + 5.953 x 10°* mV.K~* (C.10)

_(0.39 € <0.09M

Na = {3.66 x 1071 — 212 x 1072(log,oC;) € > 0.09 M (C.11)

where subscripts ed and ee refers to pure diffusion and pure exclusion cases, respectively. ty, is the
macroscopic Hittorf transport number for the Na ions, noting that this approach assumes charge
transport is dominated by Na* and CI ions arising from the dissociation of NaCl, which is a reasonable
assumption for subsurface reservoirs (Numbere et al., 1977; Angelis, 2005). Experimentally measured
data on shales, sandstones and carbonate rock samples lie between the pure exclusion and diffusion

limits for both the ED and TE potentials (Figure C.1c,d). Note that the effect of temperature on the TE
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coupling coefficient is neglected in equations (C.9) and (C.10) because of the small variation of the TE

coefficient (<8%) over the temperature range 20 - 120 C° (Jackson et al., 2012b).

The relative contribution of the exclusion and diffusion components of the EC and TE potentials can
be defined by a dimensionless number termed the ‘exclusion efficiency’ (&). An exclusion efficiency of
unity corresponds to an exclusion-dominated ED or TE potential, while an efficiency of zero
corresponds to a diffusion-dominated ED or TE potential (Leinov and Jackson, 2014). The ED and TE

coupling coefficients are modelled as a function of exclusion efficiency as (Graham et al.,2018)

Cy =$x'(Cx|ee_Cx|ed)+Cx|ed (C.lZ)

where subscript x refers to either ED or TC. Unlike EK potential, ED and TE potentials can be generated
across impermeable layers if there is a concentration or temperature gradient, even though there is
no water flow. The exclusion efficiency in fully saturated rocks varies with the rock pore-size (see
REFS) so an appropriate value of exclusion efficiency value must be assigned to each rock type; for
example, MacAllister et al. (2019) measured values of €=0-0.1 and £=0.3-0.4 for sandstones and

shales, respectively.

In reservoirs partially saturated with water, the exclusion efficiency also varies with water saturation
(Ortiz et al., 1973). We use here the approach described by Ortiz et al. (1973) to model the behavior
of the exclusion efficiency at the saturation endpoints (S,, = S,y and S, = 1 — S,,,,). At low water
saturation, Ortiz et al. (1973) suggested that the excess charge is confined to thin water films and
small, water-occupied pores from which co-charge is efficiently excluded. Thus, the EC and TE
potentials are dominated by exclusion (¢ = 1 and C,,(Syirr) = Cxlee). Conversely, at high water
saturation, the water occupies most of the pores and the EC and TE potentials are dominated by
diffusion (¢ is the minimum for the rock type of interest). At intermediate saturations, we model the

saturation-dependence of the exclusion efficiency as (Jackson et al., 2012b)

g = (1= Syn)® (C.13)
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same behavior for the TE relative coupling coefficient.

1Cyll, V/Pa

Brine Conductivity, S/m

0.01 0.1

Concentration, M/L

AVep (mv)

where g, is the ED or TE exclusion efficiency at intermediate saturation. Equation (C.13) was fitted to

match the data presented in Ortiz et al. (1973) for the ED coupling coefficient, and we assume the

ey
¥ F AN % .
Og =L W
@5,

- - Equation 17

Walker and Glover, 2018
A Vinogradov et al., 2010

Jaafar et al., 2009
* Alkafeef and Alajmi, 2006
+ Ahmed, 1964; Block and Harris, 2006; Guichet et al., 2003;
ilvy et al., 1969; Schriever and Bleil, 1957

x Jiang et al., 1998; Sprunt et al.,, 1994; Jouniaux and Pozzi, 1995;
Jouniaux and Pozzi, 1997; Li et al., 1995; Pengra et al., 1999
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Figure C.1: a) Water conductivity versus brine concentration (ionic strength) at different
temperatures. b) EK coupling coefficient versus brine concentration. c) ED coupling coefficient versus
brine concentration ratio. d) TE coupling coefficient versus brine concentration.
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Figure D.1: algorithm path for the mldivide function (MathWorks, 2020)
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