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Abstract

I report theoretical modelling of streaming potential coefficient Cg, and zeta potential ¢ in
porous media with NaCl electrolytes as a function of temperature up to 150°C. The model-
ling captures the essential behaviour of both C, and ¢ as a function of both temperature,
salinity and pH, the latter of which also depends on temperature and salinity. The model-
ling also shows ¢ which is negative, decreasing in magnitude with temperature, and as pH
becomes smaller. It also shows that Cg, is also negative but has a complex temperature and
pH dependence. These behaviours are controlled mainly by the temperature dependence of
pH, but also depend on the temperature dependence of the density, viscosity, relative per-
mittivity and electrical conductivity of the pore solution. The model has been compared to
experimental data for sandstones up to 150°C, and describes the data reasonably well when
using physically reasonable values for the electro-chemical parameters describing the elec-
trical double layer. This modelling has implications for the calculation of electro-kinetic
parameters in geothermal reservoirs, CCUS targets and radioactive storage underground.

keywords zeta potential - streaming potential - porous material - temperature - pH - uid
salinity

1 Introduction

The temperature dependence of the steady-state streaming potential coefficient Cg, and
zeta potential ¢ of rock samples are important because their magnitude and frequency-
dependence (Tardif et al. 2011, 2012; Glover 2018; Glover et al. 2012a, b, 2020; Walker
and Glover 2018) determine the size of coupling between fluid and electrical flow in tech-
niques such as electro-seismics (Saunders et al. 2008; Dupuis et al. 2009). Applications of
these electro-kinetic parameters are found in hydrocarbon, geothermal resources, aquifers
and prospective sites for carbon capture and storage by deep underground injection, and
the storage of radioactive waste in the subsurface. All these applications involve elevated
temperatures.
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However, it is not clear whether CSp and of rock samples increases or decreases with tem-
perature. Previous measurement and modelling have focussed on the variation of Cy, and {
with pH, frequency and microstructure (Walker et al. 2014; Glover 2018; Walker and Glover
2018; Peng et al. 2020). Vinogradov and Jackson (2015) have collated the existing data on
the temperature dependence of these electro-kinetic phenomena and found data which showed
apparently conflicting behaviour as temperature increases (Reppert and Morgan 2003a;
2003b; Ishido and Mizutani 1981; Alekhin et al. 1984; Dunstan 1994). Vinogradov and Jack-
son (2015) attributed the observed contrasting behaviour to the pH, which was controlled in
some studies and free to vary with temperature in others. This explanation not only explains
the apparently conflicting behaviour, but is also supported by their data and conclusions.

Vinogradov and Jackson (2015) made electro-kinetic measurements on four sandstones for
two salinities (0.01 mol/dm? and 0.5 mol/dm?) as a function of temperature up to about 150°C.
They found that the { was negative, decreasing in magnitude with increasing temperature at
low ionic strength (0.01 mol/dm?), and remaining independent of temperature at high ionic
strength (0.5 mol/dm®). They measured electrolyte pH and observed its decrease with increas-
ing temperature at low salinity with no verifiable change with temperature at high salinity,
which led to their assertion that the temperature dependence of the { can be explained by the
temperature dependence of the pH. Vinogradov and Jackson (2015) carried out some basic
modelling of only the £, finding it consistent with the approximate formulation by Revil et al.
(1999a), which was implemented by Saunders et al. (2012) and discussed in Glover (2018).

The first theoretical model that was capable of providing both the { and Cj, efficiently for
rock samples with individual pore microstructural parameters was reported by Glover et al.
(2012a, b) who combined the Revil and Glover (1997, 1998) and Revil et al. (1999a) method
for calculating the ¢ from the electro-chemical relationships arising from the electrical dou-
ble layer (EDL) with the modifications to the Helmholtz-Smoluchowski formula (e.g., Glover
(2015)) to take account of the pore microstructure (Glover and Déry 2010).

This paper modifies the Glover et al. (2012a, b) model so that it can be used to model the
variation of C, and ¢ as a function of temperature, recognizing that many of its input param-
eters are dependent on both temperature and salinity, and then attempts to model the Vinogra-
dov and Jackson (2015) data.

2 The Model

The model I use in this study is a modified and re-implemented version of that of Glover et al.
(2012a, b) incorporating all known temperature dependencies and implemented for the tem-
perature range 0—150°C and for salinities between 10~> and 1 mol/dm®. Details of the model
can be found in the text below, and the supplementary information (Glover 2026) includes the
model implemented in Excel with active graphics.

2.1 Streaming Potential and Zeta Potential
The streaming potential of capillary tubes is known to be governed by the Helmholtz-Smolu-

chowski (HS) equation (e.g. Overbeek 1952; Hunter 1981; Maineult et al. 2004; Saunders
et al. 2008), which is given in its simplest form by
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where the streaming potential C, (in V/m) is the ratio of the measured streaming potential
AV (in V) to the applied fluid pressure difference AP (in Pa) that drives the fluid through
the capillary tube. This value depends upon the electric permittivity of the pore fluid
er=¢,&y (in F/m), ¢, is the relative permittivity of the pore fluid (unitless), g, is the electric
permittivity of free space (8.854 x 1072 F/m), the dynamic viscosity of the pore fluid N
(in Pa.s), the pore fluid electrical conductivity a;f (in S/m) and the zeta potential { (in V).
The zeta potential is the electric potential on the shear plane when a part of the diffuse
layer is transported by fluid flow. Equation 1 is valid for bundles of capillary tubes but is
commonly applied to porous media including rocks even though it has never been validated
for these media since there exists no independent measurement of the zeta potential for
complex porous media.

The approach used in this work is a combination of fundamental theory and the use of
empirical relationships. Theoretical models have been used for the heart of the model, i.e.
to calculate the Debye screening length, Stern plane potential, zeta potential, surface con-
ductance and streaming potential coefficient of the rock. Empirical relationships have been
used to allow certain of the model’s input parameters to vary as a function of temperature
and fluid salinity instead of using input data from tables; these are the density, electrical
conductivity, dynamic viscosity, the disassociation constant of water and the relative elec-
tric permittivity of the bulk fluid.

In parallel with the approach of other researchers, I have initially treated dielectric satu-
ration (Pride and Morgan 1991) and visco-electric effects (Lyklema and Overbeek 1961;
Hunter 1966; Pride and Morgan 1991) as negligible, the justification for which is given in
Glover et al. (2012a, b).

The fluid conductivity in Eq. 1 has contributions from the bulk fluid and surface con-
duction. The latter depends both on the surface conductance and the microstructural prop-
erties of the rock (porosity, cementation exponent, grain size, etc.) as discussed in detail in
Glover and Déry (2010). Consequently, Eq. 1 can be rewritten as (Morgan et al. 1989)

AV €& ¢

N = —_— = —_—_—
AP " (Gf + sz) 2

C

where X is the specific surface conductance (in S) and A is a length scale characteristic of
the pore microstructure (in m) introduced by Johnson et al. (1987). In this paper, I follow
the approach of Glover and Déry (2010) by substituting the relationship of Revil and Cath-
less (1999) for the characteristic length scale (A = d/(3 (F — 1))) into Eq. 2 to obtain
an equation for the streaming potential coefficient in terms of the mean grain diameter and
formation factor of the rock giving Eq. 4 of Glover and Déry (2010)

= ﬂ = dsfg
’ ap ne(doy + 6Z,(F—1)) ®)

where d is the mean grain diameter (in m) and F=¢™" is the formation factor of the rock.
It is worthwhile noting that I have chosen to work with grain diameter in this modelling.
However, other equations in Glover and Déry (2010) allow the modelling to be carried out
as a function of pore radius or pore throat radius if one wishes, and these are also included
in Fig. 1, which shows the main functional dependencies of the whole model.
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Fig. 1 Illustration of the main known influences in the model, which are described in Sect. 2 of this work,
C, (in V/m) is the ratio of the measured streaming potential AV (in V) to the applied fluid pressure differ-
ence AP (in Pa), e;.=¢¢£, (in F/m) is the electric permittivity of the pore fluid, & is the relative permittivity
of the pore fluid (unitless), g, is the electric permittivity of free space (~8.854 X 1072 F/m), 7y (in Pa.s) is
the the dynamic viscosity of the pore fluid, ;" (in S/m) is the pore fluid electrical conductivity, and ¢ (in
V) is the zeta potential. The symbol A is a length scale characteristic of the pore microstructure (in m), d is
the mean grain diameter (in m), r is the grain radius (in m), dpy is the pore throat diameter (in m), m is the
cementation exponent (no units), ¢ is the porosity or fluid fraction, a is a grain packing parameter whose
value is 8/3 for spheres, M; is the pore size to pore throat ratio for the i" packing, and F=¢™™ is the forma-
tion factor of the rock; e, a;, c;, ¢;, h; and d; are various empirical parameters with different units, 7 is the
operant temperature (in °C or K, depending in the equation (see text)), and Cy is the salinity of the bulk
pore fluid (mol/dm?) and C{" is the molality of that solution. K, is the disassociation constant or water,
and K, and K, are reaction coefficients of the reaction of CO, with water. C, and C,, are the acid and base
concentrations (in mol/dm?) needed to be added to attain a given pH. k,=1.38 x 10~%* is Boltzmann’s con-
stant (J/K), e=1.602%x 107" is the elementary charge (C), N=6.022% 107 is Avogadro’s constant (/mol),
I; is the ionic strength (mol/dm3), Z, is the valence of the it species, Ky, is the binding constant for cation
(usually sodium) adsorption on quartz, (-), K_, or K_1is the disassociation constant for dehydrogenisation of
silanol surface sites, I SO is the surface site density (/m?). @, is the Stern plane potential (V), y, is the Debye
screening length (m), and x,=2.4x 1071 is the shear plane distance, (m). The values of B, are the equiva-
lent ionic mobilities, and f3; are the ionic mobilities for each ion (both in m%s V), while B, is the stern plane
mobility. Z, is the surface conductivity, which is the sum of contributions from the EDL (£ L), from pro-
ton and electron conduction (™), and from the Stern layer (Z.5°™), and where ¢, is the proton surface
conductance contribution rate.

The zeta potential and surface conductance have been calculated according to the model
of Revil and Glover (1997, 1998) and Revil et al. (1999a). While the modelling has been
carried out as a function of bulk fluid pH, it should be noted that the pH of the solution
decreases in the diffuse layer as one approaches the mineral surface. Since the position of
the shear plane is very close to the surface (a distance of about 2.4 x 10~° m according to
Revil and Glover (1997)), it is possible that the zeta potential would be significantly altered
by the perturbation of the pH close to the mineral surface. So, there is the question over
whether the bulk fluid property is the most appropriate one to use, or whether an adjusted
pH value should be used in the calculation of the zeta potential.

However, I have no mechanism for making this adjustment because the surface conduc-
tion theory of Revil and Glover (1997) and Revil et al. (1999a) only accounts for pH vari-
ation in the bulk fluid. I am forced, therefore, to make the unsupported assumption that the
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second-order pH effects close to the surface, including their effect on the zeta potential, are
negligible for most pore fluid salinities.

The following subsections consider the development of the theoretical model, referenc-
ing those parts that have been drawn from previous work, followed by a subsection consid-
ering the main model parameters.

2.2 Theoretical Development

This subsection contains a full theoretical treatment of the temperature-dependent electro-
kinetic modelling of porous media presented in this work. Further supporting information
can be found in Glover et al. (2012a, b). It is possible to calculate the streaming poten-
tial coefficient of reservoir rocks thanks to theoretical developments that began in 1997
(Revil and Glover 1997, 1998; Revil et al 1999a) and have been supplemented and modi-
fied (Glover and Déry 2010; Walker and Glover 2010). Here I combine them to provide a
model for calculating the streaming potential coefficient as a function of 18 fundamental
parameters including temperature, pore fluid concentration and pH, as well as rock param-
eters such as porosity, grain size, pore size and formation factor.

Examination of Eq. 2 shows that in order to calculate the streaming potential coefficient
I need to obtain (i) the zeta potential, (ii) the electrical permittivity of the pore fluid, (iii)
the viscosity of the pore fluid, (iv) the bulk fluid conductivity, (v) the surface conductance,
and (vi) some measure of the characteristic length scale of the pores as discussed in Walker
and Glover (2010). Here I use the grain size and Eq. 4 in Glover and Déry (2010), but one
might equally well use the pore radius or the pore throat radius together with the respective
equation in Glover and Déry (2010) instead.

The calculation method follows the following steps:

1. Calculation of the electrical conductivity of the pore fluid as a function of temperature
and pore fluid concentration using the empirical model of Sen and Goode (1992a,
1992b).

2. Calculation of the relative permittivity of the pore fluid as a function of temperature
and pore fluid concentration using the empirical model of Olhoeft (unpublished note,
1980, as mentioned by Revil et al., (1999b)).

3. Calculation of the mass density of the pore fluid as a function of salinity and tempera-
ture using the approach of Kell (1975) and Novotny and Sohnel (1988).

4. Calculation of the molality of the pore fluid as a function of salinity and temperature,
with consequent calculation of the pore fluid viscosity as a function of temperature
and pore fluid molality using the empirical model of Phillips et al. (1978).

5. Definition of the physical chemistry of the double layer based on the substrate (here
silica) and the fluid (here aqueous solutions of NaCl in equilibrium with dissolved
CO,).

6. Calculation or imposition of the pH of the solution.

7. Calculation of the Debye screening length and the shear plane distance (Revil and
Glover 1997, 1998; Revil et al. 1999a).

8. Calculation of the Stern plane potential (Revil and Glover 1997, 1998; Revil et al.
1999a).

9. Calculation of the zeta potential (Revil and Glover 1997, 1998; Revil et al. 1999a).

10. Calculation of the surface conductance (Revil and Glover 1997, 1998; Revil et al.
1999a).
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11. Use of one of the forms of the modified Helmholtz-Smoluchowski equation given in
Glover and Déry (2010), to finally calculate the streaming potential coefficient as a
function of either (i) grain size, (ii) pore size, or (iii) pore throat size.

These steps are also given in the large summary diagram shown as Fig. 1. It will
be noted that the use of the Helmholtz-Smoluchowski equation or modified Helmholtz-
Smoluchowski equation (Eq. 1-3) is the last step in the streaming potential coefficient
calculation, and has a temperature dependence solely because most of its input param-
eters have a temperature dependence.

It should be noted that this work considers how temperature change affects the physi-
cal properties of the fluid (viscosity, bulk conductivity, dielectric permittivity, pH etc.).
However, in many field applications, temperature can also enhance chemical reactions,
which can also modify fluid pH, ionic strength, conductivity, and therefore surface prop-
erties (Bernabé et al. 2003). These second-order effects can be very significant, but are
specific to the particular applications and would need to be considered when modelling
any specific field application.

There are a large number of input parameters in the model. Not all of them have
a large impact upon the final streaming potential coefficient values, and this will be
described in more detail in a further scientific contribution.

The input parameters fall into 5 groups:

(i) Fundamental constants (e.g. Boltzmann’s constant and Avogadro’s number).

(i) Environmental conditions (e.g. temperature).

(iii) Fluid parameters (e.g. solute concentration, pH, pK,,, pK; and pK,).

(iv) Rock microstructure parameters (e.g. formation factor, cementation exponent, porosity,
grain size, etc.).

(v) Rock-fluid interface parameters, i.e. the electro-chemical parameters associated with
surface adsorption reactions (e.g. pK, .. pK_).

All the following modelling has been carried out as a function of pore fluid concen-
tration assuming that the pore fluid is aqueous NaCl and that all changes in pH can be
accommodated by the addition of small amounts of HCl or NaOH. Computations were
carried out in Microsoft Excel from 107> to 10 mol/dm?, with 5 points per decade, and
in the range 4.5 <pH <9, where I note that for a silica surface the point of zero charge
is about pH 3 (pH,,. ~ 3), which the pH at which the EDL collapses. The methods
for calculating the Stern plane potential and hence zeta potential used in this model-
ling become only approximately valid at pH <5 (Revil et al. 1999a). Modelling has also
been carried out as a function of temperature in the range 0 °C <7<100 °C. Extension
beyond this range is only a matter of finding empirical relationships for the density,
electrical conductivity, dynamic viscosity, dielectric permittivity and disassociation
constant of the bulk fluid which are valid at the higher temperatures and also include
pressure. There have been few studies on the effect of temperature upon those param-
eters entering the HS equation, the most important being those of Reppert and Morgan
(2003a, 2003b).

Following the Roman numeral numbered list above, I consider each step in the fol-
lowing sub-sections, with the temperature dependence of some of the main input param-
eters shown in Fig. 2.
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Fig.2 The temperature and salinity dependencies of the main empirical parameters entering into the model:
a pore fluid density, b pore fluid relative permittivity, ¢ pore fluid viscosity, and d the pore fluid electrical
conductivity, noting that the molality calculated in the model is only used to calculate the viscosity and is
consequently not shown. In addition, I show two intermediate parameters calculated by the model and used
to calculate the { and C,: e the pH as a function of temperature and salinity together with the measured val-
ues and uncertainties for C;=0.01 mol/dm® and C;=0.5 mol/dm>, and (f) the Debye length

2.2.1 Pore Fluid Conductivity
I have used the corrected Sen and Goode (1992a, 1992b) empirical equation to provide

the electrical conductivity of the bulk solution (in S/m) (noting the later reference pro-
vides an important correction to the equation)
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d, + dsT
of(T, Cf) = (d1 + d,T + d3T2)Cf - (;) Cs/z @

I+ dg\/C

where d; =5.6 (S. dm*/m.mol), d,=0.27 (S. dm*/m.mol)/°C, d;=—1.51x 107 (S. dm*/m.
mol)/°C?, d,=2.36 (S/m/(mol/dm*)*?, ds=0.099 (S/m/(mol/dm?)*?/°C), dy=0.214 ((mol/
dm?)~"2), T'is in °C and C; is the salinity of the bulk pore fluid (mol/dm?). The variation of
pore fluid conductivity with temperature is shown in Fig. 2d.

2.2.2 Pore Fluid Relative Electric Permittivity

Most researchers take a value of &;=¢,e,=80x%8.854x 107> F/m (e.g. Revil et al. 1999a,
1999b), which would correspond approximately to the bulk fluid being an aqueous solu-
tion at 25°C. However, I wish to model the streaming potential coefficient as a function of
pore fluid salinity and temperature, both of which affect the value of the relative dielectric
permittivity.

Consequently, I have determined the relative permittivity &, (no units) using Olhoeft’s
empirical equation (Olhoeft, unpublished note, 1980 mentioned in Revil et al. 1999b) as

e(T. C) = ay + a;T + a,T* + a;T° + ¢,C; + ¢,C; + ¢;C; S

where a,=295.68, a,=-1.2283 K!, 4,=2.094x107° K2 a;=-141x10"% K,
¢;=-13.00 dm*/mol, ¢,=1.065 (dm*/mol)?, ¢;=-0.03006 (dm*/mol)*, T is in kelvin and
the equation is valid in the range from 273 to 373 K and C; is the salinity of the bulk pore
fluid in mol/dm?. The permittivity in vacuo e,=8.854x 10~'? F/m (Lide 2009).

The variation of pore fluid relative electric permittivity with temperature is shown in
Fig. 2b.

It is debatable whether the value of &, for the bulk fluid is the most appropriate in
this modelling. This is because the value of e, diminishes within the diffuse layer as one
approaches the mineral surface (within a few angstroms), taking values as low as 5 near
the Stern Plane (Grahame 1950). It would, perhaps, be more correct to use a smaller value
of &, that would consider the reduction of the permittivity in the diffuse layer, which would
give larger values of calculated zeta potential at high salinities, and which seem to be sup-
ported by experimental determinations (Jaafar 2009; Jaafar et al. 2009). Jaafar et al. found
that above 0.4 mol/dm?® (i.e. for Debye lengths less than 4.65x 1079 m) the zeta potential
becomes constant and may even increase slightly, however they attributed the behaviour to
surface charge density saturation not to dielectric saturation.

Unfortunately, at present there exists no theoretical model capable of providing us
with a more appropriate effective permittivity value as such a value would depend on the
microstructure of the rock. I have carried out some rudimentary CRIM based mixing cal-
culations using the method of Iglesias and Peon Fernandez (2001) with a simplified rock
microstructure and the results support the supposition that the dielectric saturation effect is
negligible if the entire pore space contributes to the permittivity used by the modified H-S
equation. Additionally, both Booth (1951) and Hunter (1966) provide a model of relative
permittivity as a function of local field strength that indicates that the dielectric saturation
effect is negligible for most bulk electrolyte solutions (Pride and Morgan 1991), but again,
it is assumed that the whole of the pore fluid contributes to the permittivity to be used in
the H-S equation.
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One might consider that the appropriate permittivity to be used in the H-S equation is
that at the shear plane. In which case it would be some exponential mixture of that at the
Stern plane, which presumably approaches 5 after Grahame (1950), and that at the Bjerrum
length from the surface, where the fluid ions are more affected by thermal agitation than
the presence of the Stern layer, and where the permittivity approaches that given by Eq. 5
above. Under this hypothesis, permittivities of the order of 20 or less would be perfectly
possible.

Finally, I note that if I replace the relative electric permittivity calculated by Eq. 5 in
the model by the value of 5 for all salinities, the result is that the streaming potential coef-
ficient is increased (becomes less negative) by an order of magnitude and zeta potential is
decreased (becoming more negative) by approximately 15 mV, which is of the same order
of magnitude as the experimental observations of zeta potential at high salinities made by
Jaafar et al. (2009).

In this work, I have chosen to use the values of fluid permittivity for the bulk fluid (i.e.
Eq. 5) because I considered the solution of the permittivity problem too large to include in
this paper. However, I note that often the results of the model give positive zeta potentials at
high salinities and low pHs that are not reproduced in experimental results. In these cases, I
have added a constant zeta potential contribution, {,, to that calculated by the model for all
salinities. This ad hoc parameter improves the behaviour of the model at high salinity data,
and is fully described in the Sect. 3. I expect that this parameter will not be required once
the model contains a method for including the appropriate electric permittivity.

2.2.3 Pore Fluid Density

Pore fluid density is also required by the model, primarily to help calculate the pore fluid
viscosity. The calculation is a two-step process. First, I calculate the density of pure water
using the Kell equation (Kell 1975), which is given by

T T T T T
pw(T)z(((((gl +8,) +1g3) +84)T+85)T +g) ©
+g,;T

where p,, is the density of water in kg/m®, T is the temperature (°C), and the empirical
parameters are g,= —2.8054253x 10710 (in kg/m*/°C), g,=1.0556302x 1077 (in kg/
m?/°CY), g;= —4.6170461 x 10~ (in kg/m*/°C?), g,= —0.0079870401 (in kg/m*/°C?),
g5=16.945176 (in kg/m*/°C), g=999.83952 (in kg/m?), and g;=0.01687985 (in/°C).

The density of the pore fluid containing a given amount of NaCl can be calculated using
the Novotny and Sohnel (1988) equation

pe(T. C¢) = po(T) + hy(T)C + hy(T)C} + hy(T)C3 7

where; pf(T, Cf) is the solution density (g/dm3), p(T) is the density of pure water (g/dm3)
at a given temperature T, C; is the salinity of the solution in mol/dm?, and the empirical
parameters h, to h; are temperature-dependent functions, which can be found in Novotny
and Sohnel (1988).

The variation of pore fluid density with temperature is shown in Fig. 2a.
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2.2.4 Pore Fluid Viscosity

The dynamic viscosity #; of the pore fluid (in Pa.s) was calculated using the Phillips et al.
(1978) empirical equation

ne(T, C¢) = e, + eyexp (oyT) + esexp (,C) + egexp (3T + a,Cf')  (8)

where e;=4.95166x 107> Pa.s, e,=6.034658x10™* Pa.s, ¢;=9.703832x107> Pa.s,
e,=1.025107x 1073 Pas, a;=-0.06653081/°C, a,=0.1447269/molal,
a;=-0.02062455/°C, a,=0.1301095/molal, 7 is in °C and C;" is the molality of
the bulk pore fluid. For weak solutions it is possible to say that C{"~C}, and conse-
quently to use salinity in mol/dm? in place of molality in Eq. 8. For stronger solutions
it is necessary to calculate the density of the pore fluid and convert C; into C{" using
" = C;/ (pr — (AC;/1000)), where p; is the pore fluid density in g/cm® and A is the
atomic mass of the salt in g/mol (here for NaCl, A=58.44 g/mol). Although the difference
is small even at high salinities, I have implemented the conversion in our model for all
salinities. The variation of pore fluid viscosity with temperature is shown in Fig. 2c.

As discussed in Glover et al. (2012a, b), visco-electric effects have been assumed to be
negligible in accordance with the results of Lyklema and Overbeek (1961), Hunter (1966)
and the interpretation of Pride and Morgan (1991). The separation at which the electrostatic
interaction between two elementary charges is comparable in magnitude to the thermal energy
scale is termed the Bjerrum length Ay, and is given by 4, = &> / 4re gyk,T. For an aqueous
solution of NaCl and salinities less than about 0.4 mol/dm?, the Bjerrum length remains con-
stant at 4,=7.16X 10710 m, increasing to a value of 13.5x 1071 m at 3.98 mol/dm?>. The value
of 4, represents a threshold between a regime where fluid ions are more affected by thermal
agitation than the presence of the Stern layer and the regime where the Stern layer dominates,
and where the local field strength is sufficient to alter the viscosity of the fluid considerably.
Figure 3 in Glover et al. (2012a, b) shows (i) the Bjerrum length 4, (ii) the Debye screening
length y,, (iii) the thickness of the EDL (conventionally, twice the Debye screening length
Zyp), and (iv) the shear plane distance x,=2.4X 1071% m which has been taken from Revil
and Glover (1997), all as a function of salinity. They showed that the Bjerrum length is greater
than the EDL thickness for all salinities greater than about 0.5 mol/dm?. This is the same as
saying that inter-ionic electrostatic interactions are significant for the entire EDL, including
all of its mobile fraction (y>y,=2.4x 107'° m) for salinities greater than 0.5 mol/dm?, and
it is these electrostatic interactions that increase the fluid viscosity in the double layer. This
viscosity perturbance is not taken account of in the Helmholtz-Smoluchowski equation which
instead uses the bulk fluid viscosity rather than the local viscosity in the EDL. The bulk vis-
cosity is perturbed negligibly by the local viscosity changes in such a thin layer near the min-
eral surface, which justifies our approach and that of previous authors (e.g. Pride and Morgan
1991).

2.2.5 Physical Chemistry of the EDL

The value of the Stern plane potential, and hence the zeta potential depends upon the
surface chemistry which is different for different substrates. This paper confines itself to
a silica surface. The reactions at a quartz surface in the presence of aqueous fluids has
already been described well by many authors (e.g., Iler 1979; Revil and Glover 1997,
1998; Revil et al. 1999a). There are two types of neutral surface group. The first is doubly
coordinated siloxal > SizOO, which can be considered inert, and other is singly coordinated
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silanol > SiIOH, which is reactive and gives > SiOH,* when pH <pH,,, and>SiO~ when
pH>pH,,. (the symbol>in the chemical formulae represents the silica crystal framework).
The symbol pH,,. represents the point of zero charge for the mineral, and is the pH at
which [>SiOH,*]=[>SiO], where square brackets indicate concentration. For silica
pH,,.~3 (Lorne et al. 1999).

Following the approach of Revil et al. (1999a) this paper considers a 1:1 electrolyte with
single valency anions and cations in the pH range 6—8 where the surface reactions can be

written

K_
> SiOH? & > SiO~ +H* )
and
KMc
> SiOH® + Me™ < > SiOMe? + H* (10)

where the metal cation is Me™*, and for most of our modelling it represents Na*, though it
might equally well represent K* or some other single valence cation. Note that the positive
surface site>SiOH,* does not occur in Eq. 9, 10 because at pH> 6 I have assumed that
(> SiOH,*)=0. Hence, there results three sites types; two neutral (> SiOH? and > SiOMe?)
and one negative (> SiO"7).

The position of the equilibrium in Eq. 9 is controlled by the disassociation constant for
dehydrogenization of silanol surface sites K. If K, is large, Eq. 9 has an equilibrium
towards the left, giving very many fewer> SiO~ sites than > SiOH” sites, and vice versa.
The position of the equilibrium in Eq. 10 is controlled by the binding constant for cation
(sodium) adsorption on quartz K. If Ky, is small, Eq. 10 has an equilibrium towards the
left, where there are very many fewer > SiOMe? sites than> SiOH® sites, and vice versa.
Hence, K, and Ky, which are unitless, describe the relative concentrations of the three
surface sites. The final parameter of interest is the total surface site density FSO (in m™?),
which is the sum of the surface site densities for each of the three types of surface site.

2.2.6 Fluid pH

The last fluid property that is required is the fluid pH. Knowledge of the fluid pH is needed
to calculate the surface conductance and Stern plane potential.

For an aqueous electrolyte in contact with the atmosphere the pH is defined by (a) the
disassociation constant of water K,,, which varies with temperature, (b) the reaction of
water with carbon dioxide from the atmosphere in a 2-step process, and (c) the addition of
acid, and/or (d) the addition of a base.

The value of K, varies with temperature. I have obtained an equation by fitting a poly-
nomial to K, data which was sourced from Lide (2009) and which is valid in the range
0°C<T<100°C

K, = 69978 x 107!® 4+ 5.0178 x 10717 — 2.4434 x 10777% +7.1948 x 10773
a1
It is worthwhile noting that this variation implies that the pH of pure water is 7.47 at
0°C, about 7 at 25 °C and 6.14 at 100°C. The relationship is likely approximately valid in
the range 100°C <7< 150°C which is the limit of the data space explored in this model,
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but it should be noted that the fit in this range is more approximate because it is an extrapo-
lation outside the original Lide (2009) fitting data.
The reaction of water with atmospheric carbon dioxide occurs in two steps

K
H,0 + CO, & HCO; +H", and (12)
K, _
HCO; « CO; + H* (13)

I have used equilibrium constants K; = 10~"% and K, =107'%3 after Wu et al. (1991) and
Revil et al. (1999a). These two constants may depend upon temperature. I have assumed
them to be independent of temperature. Implementing temperature dependencies of K; and
K, is one area where this model could be improved.

The result of Eq. 11 and Processes 12 and 13 is that pure water in equilibrium with
atmospheric carbon dioxide tends to be acidic. However, this initial acidity is reduced sub-
stantially when the fluid is equilibrated with the silica of the rock matrix. The process fluid
can, of course, take any value of pH depending on the addition of an acid or a base (or
both).

In this paper, I assume that the pH is imposed on the system. This choice is associated
with the constraint that the model can be used with the data in Vinogradov and Jackson
(2015) later in this paper as a case study. Modelling is only possible if the pH is measured
during the experimental process and published with the other data. So many potentially
useful datasets cannot be modelled because the experimental pH is either not measured,
not recorded or not published. Consequently, the model assumes that a more acidic pH is
obtained by adding HCI to the fluid in a concentration equal to C, (in mol.L™!), and a more
basic pH is obtained by adding NaOH to the fluid in a concentration equal to C, (in mol/
dm®). Each addition of acid or base will perturb the concentration of Cl~ ions and Na* ions
in the solution, respectively. Both acid and base can be added together and their effect on
pH will balance out, however, an augmentation of the concentration of CI~ ions and Na*
ions in the solution will still occur. This effect is taken account of in the model by the terms
107" for hydrogen ions, 10PH~PK™) for hydroxyl ions, C, for chloride ions that are added
as HCI, and C, for sodium ions that are added as NaOH. Hence, the model accounts for the
addition of acid and base to the pore fluid solution to ensure that the ionic fluid concentra-
tions in the model reflect those in a real pore fluid at a given pH.

The pH of the silica-H,O-CO, system is defined by the cubic equation (Revil et al.
1999a)

C. - ACC;, - (K, + K;)C,. — 2K,K, =0 (14)

where AC = C, — C, and pH=—log,,(Cy").

Consequently, there are two ways that a link can be built between acid and base concen-
trations and pH into the model. The first is to define the pH and then calculate the respec-
tive concentrations of acid and base required, which will then give us the augmentation in
ClI™ and Na™ ions in the pore fluid. If this approach is taken, it must assumed that either
C, or C, is zero to ensure that the solution of Eq. 14 is unique. The second approach is to
solve Eq. 14 for given values of C, and C,, and use the pH thus calculated in the model.
I have implemented both approaches. The first is more convenient for fitting the model to
experimental data where the pH of the pore fluid is known and has been used for the results
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presented in this paper, while the second is more convenient if the recipe for the pore fluid
is defined, for example, in experiment planning.

Figure 2e shows an example of the modelled pH as a function of temperature showing
the greater functional dependence of the lower salinity solutions, and the agreement of the
model with experimental data from Vinogradov and Jackson (2015).

2.2.7 Debye screening length and shear plane distance

The Debye screening length is given by

_ £,k T (15)
%=\ 2000Ne21,

where.

ky=138x107% Boltzmann’s constant (/K) Lide (2009)
e=1.602x107" elementary charge ©) Lide (2009)
N=6.022x10% Avogadro’s constant (/mol) Lide (2009)
£,=28.854% 10712 electrical permittivity in vacuo (F/m) Lide (2009)

e, relative electrical permittivity ) From Eq. 5

I; ionic strength (mol/dm?®) From Eq. 16

T temperature (K) Model variable

The factor of 2000 arises due to the units for ionic strength being here mol/dm>. This
equation is often found cited with a 2 in place of the 2000, in which case the units for I;
would be mol/m?.

The ionic strength is given by

1 n
I =5 ZZfo (16)

In this work the acid and alkali contributions are usually small compared with that of
the dissolved NaCl. Hence for the most common scenarios where C;> 107> mol/dm® and
5<pH<9, it may be said that I; ~C;.

There currently does not exist a method for independently evaluating the shear plane
distance. Instead, a commonly followed approach is to use the value obtained by Revil
and Glover (1997) when they fitted their model to the data of Scales et al. (1990), which is
X =24x10""m.

The value of the Debye screening length generated in this work varied from
1.75x 107" m to 9.68x 10™® m for C;=3.98 mol/dm® and T=100°C, and C;= 107> mol/
dm® and T=0°C, respectively, both at pH=7. The thickness of the diffuse layer may be
considered to be approximately twice the Debye length. For C;=0.4 mol/dm® at pH=7
and T=25°C Eq. 13 gives 2y,=9.31x107'" m. Since 2y, 2 X a significant amount of the
double layer (74.2%) is moved during electro-kinetic coupling, and this amount increases
swiftly to approach 100% of the double layer for lower pore fluid concentrations. The con-
dition that 2yy=y,is reached at a concentration of 3.395 mol/dm?, but streaming potentials
are possible at higher salinities because the EDL decays away exponentially, ensuring that
the arbitrary limit on its size given by 2y, is not a true reflection on the extent of the EDL.
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The EDL extends beyond 2y,, but very weakly, and it is this weak portion of the EDL
that gives rise to the small streaming potential coefficients at concentrations greater that
3.395 mol/dm’.

Figure 2f shows the variation of the Debye length with salinity and temperature, captur-
ing the smaller Debye lengths for the higher salinity fluids, and noting that there is only a
small decrease in Debye length with temperature up to 150°C for most fluids (those with
C;>5x107* mol/dm®). However, there is a much more pronounced decrease in Debye
length with increase in temperature for very low salinity solutions (C;=10"* mol/dm® and
C;=107 mol/dm®) which we associate later with the cause for the apparently positive
streaming potential coefficients for these low salinities.

2.2.8 Stern Plane Potential

The Stern plane potential was calculated using the techniques described in Revil and
Glover (1997) and in Revil et al. (1999a), and is given by

2T ( 8% 103,60k TN (1071 + KyeCr) [, + €y + G + 107PH + IOPH_pKW] >
n

P4 = T3, 200K, VI

a7
where:
ky=1.38x107% Boltzmann’s constant (J/K) Lide (2009)
e=1.602x107" elementary charge ©) Lide (2009)
N=6.022x10% Avogadro’s constant (/mol) Lide (2009)
£,=28.854 % 10712 electrical permittivity in vacuo (F/m) Lide (2009)
Z=1 valence of the ionic species i =) Lide (2009)
& relative electrical permittivity -) From Eq. 5
I; ionic strength (mol/dm?) From Eq. 16
Ky binding constant for cation (usually =) Model variable

sodium) adsorption on quartz
K. disassociation constant for dehydrogeni- (-) Model variable
sation of silanol surface sites

C, acid concentration (mol/dm?) From Eq. 14
Cy base concentration (mol/dm?) From Eq. 14
T 50 surface site density (/m?) Model variable
C; concentration of the solution (mol/dm?) Model variable
pH pH =) Model variable
T temperature (K) Model variable

This equation is the same as that developed in Glover et al. (2012a, b) but is used
here to explore the temperature dependence of the Stern potential which is both explicit
and hidden in the temperature dependence of many of its other parameters.

While the fundamental constants are known to great accuracy, there is some consid-
erable uncertainty over the exact value of other parameters such as Ky, K_, and I" 0
as discussed earlier, in Revil et al. (1999a), and in detail in Sect. 3 below.
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It will be noted that Eq. (17), though the same as that in Glover et al. (2012a, b) is
more comprehensive than the version given in Revil et al. (1999a). This is because the
addition of the C; and 10PH~PK¥ terms allow it to be applied for a full range of pH val-
ues, whereas strictly the equation in Revil et al., (1999a) is only valid for pH < 7.

This work choses to obtain the temperature dependence of pH from the temperature
dependence of K. This allows the temperature dependence of pH and pKw to be cal-
culated for a given set of C, and C,, K, and K,, which makes the calculation more gen-
erally applicable. Use of a direct empirical fit to the pH(T) relationship would be tied
to a fixed set of AC, K, and K, values, which would reduce its utility as a model. Such
a general approach is needed when many of the input parameters to the model (and to
Eq. 17) are themselves temperature-dependent; not to do so risks not including latent
functionalities.

The theoretical values of Stern plane potential arrived at in this work were between
—181.6 mV and 15.1 mV for C;=10"> mol/dm®and T=100°C, and C;=3.98 mol/
dm?and T=0 °C, respectively, and both with pH=7, pKy,.=7.5, pK(_)=7, and
2= 10 sites/nm°.

2.2.9 Zeta Potential

The electrical potential ¢ in the EDL has, approximately, an exponential distribution
given by ¢ ~ ¢, exp(—x/ x4), where @, is the Stern plane potential (V), x4 is the
Debye screening length (m) and y is the distance from the mineral surface (m). It is, in
fact, the solution of the linearised approximation of the Poisson-Boltzmann equation for
the EDL (Eq. 35 of Revil and Glover (1997)). The exponential form of Eq. 18 is often
called the Debye-Hiickel approximation.

The zeta potential can then be calculated using (Revil and Glover 1997, 1998; Revil
et al. 1999a)

¢ = ogexp(=re/ xa) (18)
where.
@4 Stern plane potential V) From Eq. 17
Xa Debye screening length (m) From Eq. 15
X,=24x107" shear plane distance (m) Revil and Glover (1997)

The theoretical values of the zeta potential arrived at in this work were between
—201 mV and zero for C;=1075 mol/dm? and T'=100°C, and C;=mol/dm® and T=0°C,

respectively, and both with pH="7, pKy;,=7.5, pK_,=7, and FSO= 10 sites nm ™.

2.2.10 Surface Conduction

The surface conductance was also calculated using the techniques described in Revil
and Glover (1997; 1998) and in Revil et al. (1999a). The surface conductance is given
by

T = ZEDL + Zfrot + them (19)

S
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where
0
ZSlem — eﬂsrs KMC Cf
s 2/3
—pH VBX10%e,e0ky TN (10 + K31 C) [ €, + G, + €+ 10-PH 4 10PH-PKw
<10 PH 4 K,( 2K 7 + Ky Cr
(20)

and where

1071 4+ CK e
—_— _pH A Me
TEPL = R< l(BNa+Cf + By-107" )((S <W>> Y
_ 107 + CKye \\ 7
l(Bchf + Boy-10°" pKW)(<S <W—e>> o

21
where
2% 107360k, TN
R = 42— %05 " (22)
C; + 10PH
and where;
S = \/8X 100,60k, TN(C, + Cy + C; + 1001 4 107H-pK.) 23)
In Eq. 20 to Eq. 23 pH = —log,, (C},). pK,, = —logy (K,,), and K,, is the disasso-
ciation constant of water that is given by Eq. 9. In Eq. 21, The terms B, are the equivalent
ionic mobilities for each ion, where B; = f; + 2¢.0k,T / nreZ;, and where f; is the ionic
mobility of each ion.
Pt =5.20x1078 Tonic mobility of sodium ions (m?%s V) Crow (1988)
Pyt =3.63x1077 Tonic mobility of hydrogen ions (m%s V) Crow (1988)
P =7.90x 1078 ITonic mobility of chloride ions m%s V) Crow (1988)
Pou =2.05% 1077 ITonic mobility of hydroxyl ions m%s V) Crow (1988)

The ionic mobility controls the size of the electro-migration contribution to the diffuse
layer conductance, while the term 2e g4k, T / neeZ; controls the size of the electro-osmotic
contribution to the diffuse layer conductance. The equivalent ionic mobilities B; thus
account for both processes.

Although the contribution from the diffuse layer ."P* was shown to be negligible by
Revil and Glover (1998) for a small range of parameters, I have implemented it in full in
this model to be as complete as possible.

The contribution of the protons (and electrons) is thought to involve conduction along
the surface only (O’Konski 1960) and to be a function of surface site density but not of
salinity (Revil and Glover 1998). Watillon and de Backer (1970) have found that the sur-
face conduction for a silica glass capillary full of pure water is £, =2.4x 10 =9 S. Given that
Revil and Glover (1998) have found that I",°= (1.0 +0.06) x 10" sites/m? for the same data,
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I have assumed linearity and used the following formulation to calculate the proton contri-
bution to the surface conductance
PO = e IV = 2.4 % 107210 (24)
where cp,,=2.4x 1072® Sm%/site is the proton surface conductance contribution rate. All
the other parameters in Eq. 16 to Eq. 24 have already been described except f,, which is
the ionic surface mobility (in m%/s V). I have used P=5% 10™° m?%s V from Revil et al.
(1998).
The theoretical values of the surface conductance arrived at in this work were between
8.76x107° S and 2.64x 10~ S for C;=3.98 mol/dm® and T=100°C, and C;=10"> mol/
dm? and T=0°C, respectively, and both with pH=7, pKy.=7.5, pK_,=7, and I'’=10

sites nm™.

2.2.11 Streaming Potential Coefficient

The streaming potential coefficient has been calculated from the values of the pore fluid
dielectric permittivity e;=e¢.g,, zeta potential {, bulk fluid conductivity o, pore fluid vis-
cosity #;, and surface conductance X, all calculated previously, together with the grain
diameter d, cementation exponent m, and formation factor F=¢ ™", where ¢ is the porosity,
using Eq. 4 of Glover and Déry (2010)

_ AV de; ¢

C, = — =
AP p(doy + 65 (F—1))

(25)

The grain diameter d, cementation exponent m, formation factor F, and porosity ¢
describe the microstructure of the rock matrix, and allow the previous modelling to be
applied to real geological materials, such as rocks, sands and soils.

2.2.12 Influences

In reading the complex and interwoven functional relationships described in the last eleven
subsections, it will be realised that the model is a web of influences that contain feedback
loops, and where any single parameter (salinity, for example) is the input to many of the
operating equations. The value of both C; and the prime variable in this modelling, Tem-
perature T are both inputs to 10 different operating equations, each of which often interact
with each other. This makes the model extremely difficult to predict. This complexity is
illustrated by the main summary diagram shown as Fig. 1.

3 The Parameters

Since the model presented in this paper is a temperature-dependent modification of that
given by Glover et al. (2012a, b), it shares a similar high number of independently adjust-
able parameters (22  Glover et al.’s (2012a, b) 18), but as before many are either model
variables or are fixed by independent measurements.
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3.1 Model Variables

Temperature T, salinity Cy, and pH are all considered to be model variables. These vari-
ables are either fixed, or the model is run as a function of one or more of them. For the
modelling of the Vinogradov and Jackson (2015) both salinity and pH are known, and are
treated as experiment (sample) fixed parameters.

3.2 Rock-Specific Parameters

Grain diameter d, porosity ¢, grain radius r, pore throat diameter dpy, grain packing param-
eter a, the pore size to pore throat ratio M;, cementation exponent m, and formation factor
F, are all rock-specific microstructural parameters which are fixed by whatever rock sample
one wishes to model.

3.3 Fluid-Specific Parameters

The four effective ionic mobilities in a given aqueous fluid are independently available
from electrochemical research (e.g., Crow 1988). The equilibrium constants K, = 107733
and K, = 10793 are likewise known from studies made on the silica-H,0-CO, system (e.g.,
Wu et al. 1991).

The values of C, and C, that are added to attain a given pH are other fixed fluid-related
parameters, while valence Z; is also defined for the specific fluid being modelled.

3.4 Key Parameters

There is more uncertainty over the value of the six remaining variables; each is discussed
at greater length below.

3.4.1 Surface Site Density

The range of this parameter for silica surfaces varies considerably because silica surfaces
can exist in a variety of forms, from amorphous silica, for which values of 4.6 sites/nm?
(Iler 1979), 5 sites/nm? (Park and Regalbuto 1995) and 6 sites/nm” (Kosmulski 1996) have
been published, to crystalline silica for which both 9.6 sites/nm? and 6 sites/nm?, for the
(001) and (010) crystallographic planes, respectively, have been measured (Hiemstra and
Van Riemsdijk 1990). For crushed quartz, a lower value of 2.6 sites/nm? was obtained by
Jgrgensen and Jensen (1967) which was attributed to the crushing process by Revil et al.
(1999a), while at high pH values and during dissolution values as high as 25 sites/nm?” are
theoretically possible and confirmed by acid/base titration measurements at high pH values
(Tadros and Lykelma 1969; Yates and Healy 1976).

Revil and Glover (1998) found a value of 10.0+0.6 sites/nm? while modelling the data
of Watillon and de Backer (1970) which was made using an aqueous KNO; electrolyte at
pH=6.8 in a silica glass capillary. Later, Revil et al. (1999a) refined the surface site den-
sity to 9.3 sites nm~2 modelling the same data, and also stated that they consider that the
value should generally lie in the range 5 to 10 sites/nm?® providing pH <8.
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Glover et al. (2012a, b) carried out modelling varying this parameter between 2.5 and
25 sites/nm® for a NaCl pore fluid with a pH between 5 and 8 while keeping all other
parameters constant (pK,,.=7.5, pK_,=7.1, y, =2.4X 10719 m, ¢po =2.4% 10728 Sm?/site
B=5%10" m%s V, d=2x10""> m, m=1.8, ¢=0.2) and found that it has the effect of
changing the streaming potential negligibly for C;>0.01 mol/dm? NaCl, and diminishing it
by up to one order of magnitude for C;<0.01 mol/dm® NaCl. They noted that the strength
of the low salinity effect is dependent upon the microstructural properties of the rock (grain
size, formation factor, porosity etc.). In addition, they noted that the change from 2.5 to 25
sites nm~2 reduced the sensitivity of the streaming potential coefficient to pH in the range
5to 8.

In this work, a value of 10 sites/nm? has been used.

3.4.2 Binding Constant for Cation Adsorption

The value of this parameter is not well known, partly because it is rarely measured and var-
ies according to which cation is dominant. Existing data for silica give pK,, (Li")=7.8 and
pK,,. Na")=7.1 (Dove and Rimstidt 1994), pK,,, (Li")=7.7, pK,,. (Na*)=7.5 and pK,,
(Cs*)=7.2 (Kosmulski 1996), and pK,. (Na*)=3.25 and pK,,. (K*)=2.8 (Revil et al.
1999a).

Glover et al. (2012a, b) carried out modelling varying this parameter between 3.25
and 7.5 for a NaCl pore fluid with a pH between 5 and 8 while keeping all other param-
eters constant (I'’=10 sites/nm®, pK_ =7.1, 7,=24x107'"" m, cp,=2.4x107%
Sm?%site, f,=5x10"" m*/s V, d=2x107> m, m=1.8, ¢=0.2) and found that it has
little effect C;<0.01 mol/dm® NaCl, but seems to have a drastic effect in the range
0.01>C;>2 mol/dm® NaCl where positive streaming potentials are predicted as
pK,. —3.25. They concluded that it is clearly important to understand the sensitivity of
this parameter.

In this work, a value of pK . =7.5 has been used.

3.4.3 Disassociation Constant for Dehydrogenization

Once again, the actual value of this parameter is not well known. Experimental val-
ues include pK_,=6.8 (Dove and Rimstidt 1994), pK_)=6.5 (Kosmulski 1996), and
pK_y=7.5 (Hiemstra and van Riensdijk, 1990). A modelling study by Rustad (1998)
predicted that pK_,=38.5. Revil et al. (1999a) have used pK_,=7.4 to 7.5 in their mod-
elling, while Glover et al. (2012a, b) used pK_,=7.7.

Glover et al. (2012a, b) also carried out modelling varying pK_, between 6.5 to
8.5 for a NaCl pore fluid with a pH between 5 and 8 while keeping other parameters
constant (I'’= 10 sites/nm?, pK,,.=7.5, Xe=2.4X 1071 m, cpo =2.4% 10728 Sm?%/site,
B=5% 107 m¥s V, d=2%x10"> m, m=1.8, ¢=0.2) and found that increasing Pk,
decreases the streaming potential coefficient for all salinities except those greater than
1 mol/dm>. The decrease was found to be small for solutions with pH 7 and pH 8 (about
a twofold decrease), but is larger for pH 6 and leads to more than an order of magnitude
for pH 5.

In this work, a value of pK_)= 7.7 has been used.
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3.4.4 The shear Plane Distance

There exist few independent measurements of the shear plane distance Xee Smith (1976)
found Xe= 5.0x107'% m, while Revil and Glover (1997) used X¢ as an adjustable
parameter in their model to obtain x,=2.4X 1071 m. A similar fitting procedure was
used by Ishido and Mizutani (1981) to obtain y,=2.0x 10~ m.

It should be noted that Revil et al. (1999a) used X€=0 m, which corresponds to the
shear plane and Stern plane being co-located (i.e., fluid flow transports the entire diffuse
layer). While this is a useful tool to reduce the number of parameters in the model by
one, Glover et al. (2012a, b) considered it to be unduly restrictive because the modelled
streaming potential coefficient at high salinities is sensitive to changes in this parameter.

Glover et al. (2012a, b) also carried out modelling varying x . between 2.4 x 107" m
and 2.4x 10~ m for a NaCl pore fluid with a pH between 5 and 8 while keeping the
other parameters constant (I",°= 10 sites/nm?, pK,,.=7.5, pKy=T7.1, cp;o;=2.4X 10728
Sm?/site, p,=5% 107 m¥s V,d=2x10" m, m=1.8, ¢ =0.2) and found that increasing
X reduces the streaming potential coefficient curves for all four pHs, but only negli-
gibly for y, changing from 2.4 X 107" m to 2.4x107'° m, but reduces the streaming
potential by half an order of magnitude for all four pHs when augmenting the value
further to 2.4 x 10~ m, which provided model curves that were an extremely good fit to
the data.

The modelling in this paper sets y,=5 X 10~° m.

3.4.5 Contributions to Surface Conduction

The surface conduction has contributions from so-called proton conduction, from the Stern
plane and from the diffuse layer. The contributions from the Stern plane and diffuse layers
are not input parameters as they are calculated in the model. Although the contribution
from the so-called proton conduction is also calculated in the model, it is directly con-
trolled by the values of the proton surface conductance contribution rate c,,, and the den-
sity of surface sites (discussed in subSect. 3.4.1. above). Consequently, ¢, may be consid-
ered to be an important input parameter.

Watillon and de Backer (1970) carried out experimental determinations using pure
water on silica glass at 20-25°C, obtaining cp,,,=2.4 X 10~2® Sm?/site, which gives a value
of Zf ot — 2.4x 107 Susing Eq. 24 and I'y= 10 sites/nm?, coinciding with the value used
by Revil et al. (1999a) and Glover et al. (2012a, b).

Glover et al. (2012a, b) carried out a brief sensitivity of this parameter, increasing
it from 2.4x1072° m to 2.4x107?’ m for a NaCl pore fluid with a pH between 6 and 8
while keeping other parameters constant (/' °=10 sites/nm?, pPKie=7.5, pK_,=7.1,
X =24x%107"" m, f=5x10"" m%s V, d=2x10" m, m=1.8, ¢=0.2). They found
that increasing c,,, has negligible effect upon the streaming potential for fluids with
C¢>0.01 mol/dm” NaCl, pH 5-8. However, there is a significant reduction in the stream-
ing potential for fluids where C;<0.01 mol/dm® NaCl, pH 5-8. Glover et al. (2012a, b)
concluded that increasing cp,,, has a similar effect as changes to rock microstructural prop-
erties which enhance the role of surface conduction, with both increasing the effect of sur-
face conduction on the streaming potential coefficient.

The modelling in this paper uses cp,,,=2.4 X 107* Sm?/site.
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Table 1 General modelling parameters

Parameter Units Value Source
Temperature °C, K Modelling variable Imposed
Salinity, C¢ M Modelling variable Imposed
pH -) Modelling variable Calculated in the model
Pore fluid density, p; kg/m3 Empirical Lide (2009)
Pore fluid molality, b, mol/kg  Empirical Lide (2009)
Pore fluid viscosity, #; Pas Empirical Phillips et al. (1978)
Pore fluid relative permittivity, &; =) Empirical Revil et al. (1999b)
Pore fluid electrical conductivity, 6; ~ S/m Empirical Sen and Goode (1992a, 1992b)
Disassociation constant of water pK, () Empirical Lide (2009)
Surface site density /', sites/nm® 10 Revil and Glover (1998)
Binding constant for cation (Na*) (-) 7.5 Kosmulski (1996)
adsorption on quartz pKy,.
Disassociation constant for ) 7.7 see range in Glover et al. (2012a, b)
dehydrogenization of silanol pK_,
Shear plane distance y, m 5.0x107° see range in Glover et al. (2012a, b)
Protonic surface conduction ™ N 24x107° Revil et al. (1999b)
Ionic Stern plane mobility S m¥sV  50x107° see range in Glover et al. (2012a, b)
Tonic mobility of Na* ions fy,* m¥sV  52x1078 Crow (1998)
Tonic mobility of H* ions g+ m¥sV  363x1078 Crow (1998)
Tonic mobility of CI™ ions fc; m*sV  79x107% Crow (1998)
Tonic mobility of OH™ ions fqy” m*sV  20.5x1078 Crow (1998)
Zeta potential offset ¢ mV -9.5 Vinogradov and Jackson (2015)
Modal grain size dy;, m 1.3x107™ St. Bees Sandstone 1Vinogradov
Porosity ¢ © 0.19 and Jackson (2015)
Cementation exponent m =) 1.74

3.4.6 The Surface Mobility

There is significant uncertainty over the value of the surface mobility (Glover et al. 2012a,
b). Watillon and de Backer (1970) has used value of f;=4x 10~ m%s V in modelling their
data, while Revil and Glover (1998) used a value of 5.14x 10~ m%/s V that was derived
by fitting their theory to shaly sand data. Later, both Revil et al. (1999a) and Glover et al.
(2012a, b) used a value of 5x 10~ m?/s-V in their modelling. These surface mobilities are
approximately ten times less than the mobility of Na* in water (ﬁf(+)=5.2x 1078 m%sV)
according to Crow (1988) and Waxman and Smits (1968).

It is known that the streaming potential coefficient is extremely insensitive to changes
in the surface mobility in this restricted range. Unreasonably high surface mobilities, four
orders of magnitude higher, are required any effect upon the modelled streaming potential
coefficient can be noted (Glover et al. 2012a, b).

In this modelling, a value of surface mobility #,=5x 10~ m?*/s V has been used.

@ Springer



71 Page 22 of 33 P.W. J. Glover

4 Implementation

The model begins by calculating important pore fluid parameters as a function of tem-
perature using the well-understood empirical and theoretical relationships set out in the
last section: (i) density py, (i) molality by, (iii) relative permittivity &g (iv) viscosity #; (V)
electrical conductivity oy, (vi) Debye length yp,, and (vii) pK,,. The values of pH and pOH
can then be calculated. The value of pH is particularly important not only because the ulti-
mate values of C, and { are extremely sensitive to this parameter, but the pH varies with
both temperature and fluid salinity. The temperature dependence of most of these input
parameters are shown in Fig. 2, while Table 1 shows the source of the relationships used to
obtain them.

Each of these input parameters undergoes significant variation over the range of salin-
ities (107 to 1 mol/dm®) and temperatures (0 to 150°C) considered in this paper. Pore
fluid density, molality, relative permittivity, viscosity and electrical conductivity undergo a
change of —8.4%, —9.2%, —49.8%, 89.1%, and + 664 %, respectively, over the temperature
interval 0 to 150°C. In addition, the water product coefficient pKw (and hence pH) also
varies with temperature, leading to a change of +22% in pH over the same temperature
range for a 0.01 mol/dm? NaCl solution, which becomes less for fluids with a larger salinity
and greater for lower salinity fluids (Fig. 2e).

The modelled temperature dependence of electrolyte pH accounts for water dissocia-
tion, addition of acid/base, and CO, dissolution in water due to fluid equilibration with
atmospheric CO, The Vinogradov and Jackson (2015) experimental data were obtained in
a closed systems without any access to atmospheric CO,, thus no change in pH associated
with CO, dissolution was expected during the experiment but the fluids would have been
equilibrated with the atmosphere before the experiment started. Vinogradov and Jackson
(2015) noted experimentally that the pH of brines of high salinity (0.5 mol/dm?) did not
change with temperature in the range 20-80°C, while lower salinity brines reduced in pH,
exemplified by that of 0.01 mol/dm*® NaCl brine which decreased from about pH 6.5 to
pH 5.5 in the range 20°C-80°C. It is interesting to note that our model provides the same
behaviour as found experimentally by Vinogradov and Jackson (2015).

The Stern potential can be calculated using the method of Revil et al. (1999a). This
potential decays exponentially throughout the thickness of the EDL on a scale that is char-
acterized by the Debye length yp,. The ¢ can be obtained by considering the value of the
electrical potential at the shear plane y,, which is an important input parameter to the
model, and then adding the ¢ offset (Glover et al. 2012a, b).

The zeta potential offset is a parameter that was introduced by Glover and Déry (2010)
in the initial formulation of the model because it was recognized that the zeta potential cal-
culated using the Revil et al. (1999a) approach did not provide values which matched the
measured values at high salinities.

In this work, modelling has been carried out while setting the zeta potential offset {,
to zero but it was not possible to find solutions of the overall model that would fit the
measured zeta potential and streaming potential coefficient curves while retaining physi-
cally reasonable values of the other model parameters. Consequently, and in agreement
with previous reports, it is concluded that a nonzero zeta potential offset is necessary for
the operation of the model. The requirement for the zeta potential offset is probably due to
a physical limit on the Debye length at high salinities caused by the size of the hydrated
ions (Fig. 2f) (Vinogradov and Jackson 2015) or capacitor-like behaviour between excess
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ions on the Stern plane and the shear plane if the latter is inside the Stern layer as proposed
by Eq. (1) of Leroy et al. (2022).

Consequently, the results given in this paper arise from used of the model with
£o=-9.5 mV, kept constant irrespective of salinity or temperature. This assumption is
forced by the lack of data allowing a more nuanced approach. In reality, it is likely that the
zeta potential offset is both a function of temperature and salinity if we are correct in attrib-
uting it to a physical limit on the Debye length.

In the case of low and medium salinities the zeta potential is always much greater than
the zeta potential offset, and the zeta potential offset will consequently have a small if not
negligible effect on the final results. For high salinities, the zeta potential offset is needed
for the model to provide physically realistic results, whether they match measurements or
not. We implemented the model with a variable zeta potential offset such that at any salin-
ity the total zeta potential was constrained to be greater than —9.5 mV, and found that the
results were negligibly different from those presented in this paper.

This paper shows that the zeta potential generally decreases as temperature increases.
Consequently, there will be a temperature where a zeta potential offset needs to be imposed
if a physical limit needs to be introduced. This value is likely to be the same as that for
salinity of it is caused by a physical limit.

The C, is calculated using one of the modified forms of the Helmholtz-Smoluchowski
relationship (e.g., Glover 2015) that were developed by Glover and Déry (2010). This
model takes account of the individual microstructural parameters which describe the pore
network (grain size dgrain, porosity ¢, cementation exponent m, and formation factor F),
allowing modelling to be carried out for individual samples. In this study I have carried
out Cy, modelling for individual samples using d,,;,, ¢, m data given in Vinogradov and
Jackson (2015). However, since their data is restricted to the two relatively high salini-
ties, 0.01 mol/dm? and 0.5 mol/dm?, the effect if the microstructure of the pores upon the
streaming potential is smaller than it would be for samples saturated with lower salinity
pore fluids. This allows a single curve to represent all 4 samples. I have used the data from
the St. Bees 1 sandstone to calculate the curve, with the data shown in Table 1.

Other input parameters such as the pore fluid relative permittivity, viscosity and electri-
cal conductivity, which were discussed earlier, are also temperature and salinity dependent.
The final input parameter is the surface conduction. The surface conduction is made up of
three contributions, each of which is calculated in the model using the methods in Revil
and Glover (1997; 1998) and Revil et al. (1999a), and summed to provide an input to the
final calculation, which is also temperature-dependent because it depends on a number of
temperature-dependent parameters including pH. Unfortunately, there is no space to exam-
ine the temperature dependency of the surface conduction in this paper.

The sources and values of all the parameters used in the modelling are shown in Table 1.
A full description of all the parameters used in the model together with independent meas-
urements and the ranges over which they vary is given in Glover et al. (2012a, b) and in the
supplementary material (Glover 2026).
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Fig.3 The results of the model for the parameters shown in Table 1. a the { as a function of temperature
with variable pH (solid lines) and fixed pH=7 (dashed lines), b { as a function of pH (note the curves for
1, 0.5 and 0.1 mol/dm? are coincident), ¢ C,, as a function of temperature with variable pH (solid lines) and
fixed pH="7 (dashed lines), and d C, as a function of pH. Part e shows the same data as (c) but on linear
axes in order to portray the full variation of the streaming potential without the curves being curtailed

5 Results

Figure 3 shows the implementation of the model for the calculation of { and C, as a func-
tion of temperature from 0 to 150°C and the consequential changes in pH for seven salini-
ties from 1075 to 1 mol/dm? and for the modelling parameters given in Table 1.

The ¢ is negative at lower temperatures with larger magnitudes for lower salinities
(Fig. 3a). As temperature increases, { decreases in magnitude at a faster rate for low salin-
ity fluids than with higher salinity fluids ultimately becoming positive. This behaviour is
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Fig.3 (continued)

strongly influenced by the decrease in pH with temperature and its larger effect for low
salinity solutions (see Fig. 2e). Comparison of the solid curves for variable pH with the
dashed curves, which are calculated for a fixed pH="7, shows the degree to which ¢ is
highly influenced by changing pH, which is supported by Fig. 3b showing the variation
of { with pH. This agrees in all respects with the observations of Vinogradov and Jackson
(2015). In each case the change is not linear, having a shape that is clearly influenced by
the nonlinearity in the pH/temperature curve (Fig. 2e). The change in { over the tempera-
ture interval 0°C to 150°C varies with salinity, being —98.1% at 10~ mol/dm?, reaching
the greatest change of —136.4% at 0.01 M and tending to zero change for salinities greater
than 1 mol/dm? for the modelling parameters in Table 1. This is also consistent with the
experimental measurements.
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Fig.3 (continued)

Varying the modelling parameters such as pKy,., pK_), Iy, and , all change the sensi-
tivity of the { to temperature, but the general pattern, with the greatest changes occurring
for salinities between 0.001 mol/dm®and 0.01 mol/dm?, and with a tendency to negligible
temperature dependence at high salinities, is retained. There is a greater sensitivity to tem-
perature as pKy, pK_) and I all increase, though the effect is weak for pKy,, and vary-
ing x, controls the salinity at which the greatest decrease of ¢ per change in temperature
occurs.

The behaviour of the Cg, is more complex as shown by Fig. 3¢, e. These two parts show
the same data but on differently scaled axes. Figure 3c uses a logarithmic axis which repre-
sents the large range of variation but curtails the curves when they become positive for the
low salinity fluids, while Fig. 3e uses a linear scale which shows the full variation of the
low salinity curves, but does not discriminate the high salinity curves whose small values
become indistinguishable from zero when plotted this way.

Once again Cg, is always negative at low temperatures with much larger magnitudes
for lower salinities. However, while C, increases slightly in magnitude as temperature
increases for low salinities until about 20°C, it then decreases in magnitude significantly
especially for the low salinity fluids. For the lowest salinities, it may be seen that the trend
to become more positive stops after about 100°C, with the value of Cg, approaching zero
as 1 mol/dm? is approached. These effects can be seen to be controlled by the behaviour of
¢, which is ultimately controlled by the pH variation. For medium to higher salinity fluids
C,, decreases in magnitude as temperature increases to 150°C remaining negative. The pH
variation is also complex, decreasing with pH for low salinity pore fluids and increasing
with pH for medium to high salinity pore fluids. Once again Fig. 3d and comparison of the
solid curves for variable pH with the dashed curves for a fixed pH=7 in Fig. 3c, e show the
large influence of pH, approaching a factor of 10* in the case of 10™> mol/dm? at 150°C.
This behaviour also agrees well with the limited data coverage provided by Vinogradov
and Jackson (2015).

The temperature dependence in Cg, over the temperature interval 0-150 °C varies with
salinity, being —92.3% at 107> mol/dm?, reaching the greatest negative change of —181.1%
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at about 10~* mol/dm>, and tending towards a temperature dependence of about —52% for
salinities greater than 1 mol/dm?>.

Once again, varying pKye, pK(_y, I'p, and y; all change sensitivity of the { to tem-
perature, but the general pattern, with the greatest positive temperature dependence
occurring for the lowest salinities and the greatest negative temperature dependence
between 0.001 mol/dm* and 0.01 mol/dm® with a tendency to negligible temperature
dependence at high salinities, is retained. There is a greater sensitivity to tempera-
ture as pKyj, pK(_) and I all increase, especially at low salinities, though the effect
is weak for pKy,. Once again, varying y, controls the salinity at which the greatest
decrease of { per change in temperature occurs, and increasing the protonic surface
conduction (and hence the total surface conduction) only affects the Cg,, making the
positive temperature dependence greater at low salinities and the negative temperature
dependence weaker at high salinities.

Vinogradov and Jackson (2015) speculated that most of the temperature sensitivity
of { was due to consequential changes in the pH of the pore solution, implementing
a simplified model of the ¢ for both variable and fixed mol/dm®. This modelling con-
firms that such a hypothesis is consistent with the latest understanding, but shows that
modelling with a fixed pH is invalid. Indeed, Fig. 3 also shows our modelling with a
fixed pH=7 (dashed lines), which is clearly in agreement with the limited { modelling
at pH=7 carried out by Vinogradov and Jackson (2015), and shows how the model-
ling results of both { and C,, must include variable pH for pore fluids less than about
0.01 mol/dm”>.

We note particularly that the zeta potential becomes positive as temperature
increases above about 82°C, 77°C and 52°C for 1073 mol/dm?, 10™* mol/dm?, and
1073 mol/dm?, respectively (Fig. 3a) and has a corresponding effect on the streaming
potential coefficient (Fig. 3e). The model seems to be consistent with all of the data
presented in Vinogradov and Jackson (2015). We know of no data for the higher tem-
perature behaviour of sufficiently low salinity fluids, so cannot validate this behaviour,
but note that it may not be realistic and may indicate that an important aspect of the
model is lacking for low salinity fluids.

6 Case Study: The Vinogradov and Jackson (2015) data

While the previous section considered the general modelling results as a function of
temperature, pH and salinity, this section considers how well the full model can fit the
data provided by Vinogradov and Jackson (2015). The large number of parameters in the
model implies that a good fit might be possible. However, detailed examination reveals
that many of these parameters are fixed by the conditions of the experiment or inde-
pendent measurements, and where there is scope for varying the parameters, independ-
ent electro-chemical measurements restrict the range over which the remainder may be
varied. Consequently, of the 22 input parameters listed in Table 1, 8 of them are defined
by the temperature and pressure conditions of the measurements (7, C; and the 6 empiri-
cal relationships), 4 of them are rock-specific parameters or other parameters provided
by Vinogradov and Jackson (2015) (¢, m, dy,;, and {y), 7 are electro-chemical param-
eters for which the values are well-known or to which the model is relatively insensitive
(PKyier Z2B.. Bt » P> Ber» Porr-) leaving three parameters (pK(_y, Iy, and y)which
exert the greatest control over the shape of the { and Cy, curves. These three parameters
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Fig.4 Implementation of the model for the parameters pertaining to the data from Vinogradov and Jackson
(2015). a the ¢ as a function of temperature, b ¢ as a function of pH, ¢ Cj, as a function of temperature, and
d C,, as a function of pH. Modelling parameters are shown in Table 1

are constrained by independent measurements to specific ranges (6.5 <pK_,<38.5;
2.6<Iy<25;2x% 10710 m < y,< 5%10710 m), which are sourced and discussed in full in
Sect. 3 above and in Glover et al. (2012a, b).

The modelling values used in this study (Table 1) provide the closest fit of the {
and Cj, curves to the data while varying these three parameters within the experimental
ranges. The fit was carried out by manual exploration rather than any curve fitting pro-
cess and consequently a slightly better fit might be obtained by using slightly different
input parameter values.

Figure 4 shows the results of modelling the Vinogradov and Jackson (2015) ¢ and
C,, data as a function of temperature and pH for both of the experimental salinities. The
models perform creditably in all cases but cannot be considered to be an exact match to
the data. This is likely to be due to a combination of experimental errors and inadequa-
cies in the model.

For the ¢ the high salinity data (0.5 mol/dm?) as a function of both temperature and
pH is modelled well mainly because its value is controlled by the imposed value of the
¢ offset (—9.5 mV).

The model for the lower salinity (0.01 mol/dm®) as a function of pH is also modelled
very well, while that as a function of temperature reproduces the sign, approximate
magnitude and shape of the data well, but overestimate the magnitude in the middle
salinities by about 3 mV, which I regard as a creditable performance.

The fit to the temperature dependence can be improved by small changes to the three
main parameters (e.g., any one of pKy 7.7—8.0; I, 107, X¢ 3.5x107%), all of
which remain within the acceptable range, but Ain each case the fit to the pH depend-
ency is degraded for temperatures above 150°C. The reason for this small difference in
the model efficacy is not easy to ascertain. It might be that there was a systematic error
in either the temperature or pH measurement, but this is very unlikely as an error of
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either 30°C, or 0.3 pH points would be necessary. Another reason could be a failure of
the relationship between temperature and pH used in the model, but this is a well-known
and well-tested empirical relationship. A third, and more plausible reason might be that
the pH in the rock is different from that calculated in the model because of reactions
between the pore fluid and the rock matrix. It was recognized (Revil and Glover 1997)
that the pore fluid pH changes within the EDL, and that there is some uncertainty as
to the value of pH that ought to be used in the modelling of process operating at these
scales, and which define the { and Csp.

For the Cy, modelling of both the high salinity data (0.5 mol/dm?) and the lower salinity
(0.01 mol/dm?) as a function of both temperature and pH reproduces the sign, approximate
magnitude and trend of the data well, with the model underestimating the high salinity data
by a factor of 2 and falling within the spread of the low salinity data.

It is tempting to ascribe the spread of the C, data to variations in the pore microstruc-
ture between the samples measured by Vinogradov and Jackson (2015), which includes
samples with porosities ranging from 0.13 to 0.19, cementation exponents ranging from
1.34 to 1.86, formation factors between 10 and 45 and grain sizes from 60X 107 m to
200% 107> m. Analysis of the magnitudes of the C,, measurements shows no obvious rela-
tionship to the microstructural parameters. In any case, the microstructural parameters have
almost no effect on the modelled Cg, for these high salinities. The curves shown in Fig. 4
are for St. Beesl parameters. Implementation of the model for any of the other of the Vino-
gradov and Jackson (2015) rocks moves the curve by a very small amount, insufficient to
allow the curve to match the relevant data points.

7 Conclusions

Vinogradov and Jackson (2015) have reported experimental measurements of C, and
derived {. The Glover et al. (2012a, b) approach for calculating the { and CSp or porous sil-
ica-based rocks filled with aqueous NaCl pore fluids has been implemented as a function of
temperature, pH and salinity. The model curves reproduce the sign, magnitude and shape
of the { and C, as a function of both temperature and pH dependence, fitting the Vinogra-
dov and Jackson (2015) data reasonably well. However, small discrepancies between the
model and the data show that there is scope for improvement of the model, and new experi-
mental methodologies (Walker et al. 2014).

The modelling confirms Vinogradov and Jackson’s (2015) assertion that the tempera-
ture effect on both the ¢ and the Cy, is mainly through its effect on the pH of the pore fluid.
While the temperature dependencies of the { and the Cg, have long been ambiguous, the
combination of the Vinogradov and Jackson (2015) data with the modelling carried out in
this work has confirmed the sign, magnitude and trend of these parameters as temperature,
pH and salinity varies, opening the door for more accurate electro-kinetic predictions in
hydrocarbon exploration and production, geothermal resources, aquifers, prospective sites
for carbon capture and storage by deep underground injection, and in characterising sub-
surface sites for the storage of radioactive waste.

I have been made aware of further datasets that might be treated by this model (Hidayat
et al. 2022; Vinogradov 2024). While such data cannot be included in this paper due to
time constraints, this modelling will be prepared for a further publication.
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