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Abstract High-quality streaming potential coupling coefficient measurements have been carried out using
a newly designed cell with both a steady state methodology and a new pressure transient approach. The
pressure transient approach has shown itself to be particularly good at providing high-quality streaming
potential coefficient measurements as each transient increase or decrease allows thousands of measurements
to be made at different pressures to which a good linear regression can be fitted. Nevertheless, the transient
method can be up to 5 times as fast as the conventional measurement approaches because data from all
flow rates are taken in the same transient measurement rather than separately. Test measurements have been
made on samples of Berea and Boise sandstone as a function of salinity (approximately 18 salinities between
107> mol/dm? and 2 mol/dm?). The data have also been inverted to obtain the zeta potential. The streaming
potential coefficient becomes greater (more negative) for fluids with lower salinities, which is consistent

with existing measurements. Our measurements are also consistent with the high-salinity streaming potential
coefficient measurements made by Vinogradov et al. (2010). Both the streaming potential coefficient and

the zeta potential have also been modeled using the theoretical approach of Glover (2012). This modeling
allows the microstructural, electrochemical, and fluid properties of the saturated rock to be taken into account
in order to provide a relationship that is unique to each particular rock sample. In all cases, we found that the
experimental data were a good match to the theoretical model.

1. Introduction

Measurement of the electrokinetic and electrical properties of porous media is becoming increasingly
more important in a wide range of research domains. Interest is particularly strong in the Earth sciences,
where there are applications in hydrocarbon exploration and production [e.g., Saunders et al., 2008], water
reservoir management [Dupuis et al., 2009; Ishido and Pritchett, 1999; Titov et al., 2005], the remediation of
polluted soils [Shapiro and Probstein, 1993; Maineult et al., 2006; Minsley et al., 2007], and the prediction of
volcanic [Ishido, 2004; Revil et al., 2002, 2003; Aizawa et al., 2005] and seismic [e.g., Mizutani et al., 1976]
activity. There are also important commercial applications in polymer sciences [Kocer and Weiland, 2013],
membrane sciences [Szymczyk et al., 2013], catalysis [Zhang and Catchmark, 2011], microfluidics [Cho et al.,
2012], and food science [Jindal et al., 2013].

The electrical conductivity of Earth materials varies by over 24 orders of magnitude and can be measured
with high accuracy, making the measurement extremely sensitive. Furthermore, the electrical properties of
rocks can be measured remotely using electromagnetic induction [e.g., Ingham et al., 2009]. By contrast, it is
not possible to monitor the flow of fluids in the subsurface without using boreholes, and each one samples
only one position in the heterogeneous and anisotropic rock mass where complex flow and other processes
are occurring.

The importance of electrokinetic phenomena is that they link the electrical and fluid flow properties of the
porous and fractured rocks [Jouniaux and Ishido, 2012]. They offer, in principle, the ability to use remotely
measured high-quality electrical measurements to monitor the presence and movement of fluids in the
subsurface indirectly. Those mobile fluids may be associated with a water or hydrocarbon reservoir [Saunders
et al., 2008], a pollutant plume [Shapiro and Probstein, 1993], new hydrothermal circulation stemming from
the emplacement of new magma in a volcano [Revil et al., 2002], or fluid ingress into a fault that is in a critical
earthquake state [Mizutani et al., 1976].
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Although this paper concerns itself with using slowly varying transient pressure variations to measure a steady
state streaming potential, there have previously been several studies of transient streaming potentials and
streaming potentials that result from harmonic flows in order to study the nature of the transient streaming
potential or to measure the frequency-dependent streaming potential. A full review of these studies can be
found in Glover et al. [2012b, 2012c].

In this paper we present an apparatus for measuring the DC streaming potentials on cylindrical rock cores (or
samples of any other porous medium) that are saturated with aqueous fluids. The apparatus, which is also
capable of measuring the complex electrical properties (conductivity, resistivity, or permittivity) of the sample
as a function of applied electrical frequency between 1 mHz and 20 MHz, differs little from a number of such
existing apparatuses, combining and extending the best aspects of previous designs. We have also developed a
new methodology for making streaming potential coefficient measurements that employs a transiently varying
fluid pressure difference instead of the steady state flow [Jouniaux et al., 2000] or continuous ultralow frequency
harmonic flows [Revil et al., 2002] that have been used previously. Other recent studies of importance include
those of Allégre et al. [2010, 2012] and Jouniaux et al. [2009], the latter of which uses measurements in both
directions. This new approach has the advantage of providing high-quality measurements extremely quickly
and allowing higher quality measurements to be made at high fluid salinities where streaming potentials are
extremely low.

2. Apparatus and Experimental Methodology

Figure 1 shows the new apparatus. Most of the cell is made from engineering polymers. The central bore is
large such that the pressure drop between the position of the lower electrode and the lower pressure trans-
ducer is negligible. The electrodes are inserted at an angle in order that gas bubbles can be removed easily
from the flow path. The electrodes themselves are leak-free nonpolarizing reference Ag/AgCl electrodes
(Warner Instruments 69-0053) with polyetheretherketone (PEEK®) bodies, a diameter of 1 mm, and an overall
length of 100 mm. The electrodes are placed such that their porous tips are close to but not within the main
flow path. Inserting the electrodes into the main flow path caused lower and erratic measured streaming
potentials. The measured potentials were amplified by custom-designed amplifiers before being logged by a
National Instruments DAQBoard NI USB6229 USB logger and PC running LabView Signal Express. The signals
from each of two high-quality pressure transducers (Omega PX302 calibrated to an Endress and Hauser
Deltabar S PMD75 secondary calibration standard) were also amplified by individual custom-designed ampli-
fiers before being logged. A differential pressure transducer was added to the experimental setup for some
measurements. The amplifiers are not strictly needed for the majority of the measurements made with the rig.
However, the use of amplifiers enables us to extend the range of possible measurements (i) for high-salinity
fluids, where the streaming potential is extremely low [Vinogradov et al., 2010], or (ii) for low-salinity fluids,
where the pressure difference required to generate a streaming potential is very low.

The electrical conductivity and pH of the fluids leaving the cell were also measured, together with their
temperature and the temperature of the apparatus itself. Figure 1 incorporates flow loops associated with
each measurement methodology, using the pump for steady state measurements and the high-pressure
reservoir for the transient measurements. The entire apparatus was enclosed in a Faraday cage to remove
unwanted noise.

In steady state measurements, streaming potential and fluid pressure difference measurements are usually
made at between four and eight steady flow rates that are imposed using a pump. Some laboratories make
measurements while fluid flows through the rock at several flow rates in each direction [Revil et al., 2002;
Jouniaux et al., 2009], while others make more measurements but with fluid flowing in only one direction
[Lorne et al., 1999a; Jouniaux et al., 2000]. When the data are plotted on a graph of streaming potential against
imposed fluid pressure difference, the gradient provides an accurate streaming potential coefficient. This
approach is common within the literature [e.g., Vinogradov et al., 2010; Jouniaux et al., 2000; Lorne et al., 1999a,
1999b]. The steady state method is extremely accurate for moderate salinities, taking about 5-10 min to obtain
steady potential and pressure readings for each flow rate. The data are logged for a statistically reasonable
period so that an average value with an improved precision and signal-to-noise ratio can be calculated. Since
each streaming coupling coefficient determination can use up to 10 flow rates in each direction, a typical set of
measurements might take about between 2 and 4 h after fluid equilibrium has been achieved.
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Figure 1. The new streaming potential coefficient cell (upper) and the simplified experimental arrangement (lower).
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Figure 2. Measured streaming potential as a function of measured fluid pressure differ- compare it to measurements under
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error £ 3 mV), upward transient method (11,020 measurements, red symbols, no line), K
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is 1.40 mV/psi (2.03x 10~ 7 V/Pa).

The problem with the steady state approach becomes apparent at very high salinities. At very low salinities
the streaming potential coefficient is of the order of 107> V/Pa, requiring only a small pressure difference to
give a streaming potential of sufficient size to measure with accuracy (1 kPa gives 10 mV). However, at high
salinities the streaming potential coefficient is of the order of 107'°V/Pa, requiring pressures of the order of
100 MPa to give a streaming potential of about 10 mV. Pumps that can generate fluid pressures of this order
of magnitude are not commonly available.

In the pressure transient methodology a high-pressure reservoir is filled with pore fluid that has already
been equilibrated with the rock sample. The reservoir is pressurized using humidified nitrogen to a
predetermined pressure between 5 and 15 MPa (or higher if highly saline fluids are being flowed). The test
is started by starting the logger and equalizing the pressure across the sample. A valve between the high-
pressure reservoir and the sample is opened, resulting in a gradual increase in pressure across the sample
until pressure equilibrium has been attained. A fluid permeability measurement is taken at this point. For
us, the transient increase took approximately 100 s, during which more than 10,000 measurements of
pressure and streaming potential were taken. The input valve was then closed, and logging continued
during the transient exponential decrease of pressure across the sample. Once again, this process took
about 100's, and a similar number of measurements were taken. Once the pressure decrease had progressed to
within a few percent of its asymptotic steady state value, the pressure across the sample was equalized and the
logger stopped.

The zero flow and steady state flow pressures and potentials were used to zero the data, and a plot of the
streaming potential against the fluid pressure difference for both the transient increase and the decrease was
generated so that an accurate streaming potential coefficient could be determined by linear regression on
each of the increasing and decreasing data sets. Figure 2 shows upward and downward transient data for the
same rock/fluid combination that has previously been measured using the conventional methodology. In
fact, the transient data were taken just after the conventional data. Linear regression lines have been fitted to
both sets of data. It can be seen that the downward transient data have a zero offset. Nonzero offsets occur
when the data have not been properly zeroed, and in this case the data have deliberately not been zeroed in
order that they can be distinguished easily from the other data in the figure.
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Figure 3. Upward and downward transient data made with a number of different flow rates. (a and b) Measured fluid pressure difference and
streaming potential, respectively, as a function of duration during the upward leg of the experiment (about 12,000 data points per curve);

(e) cross plot of the same data. (c and d) Measured fluid pressure difference and streaming potential, respectively, as a function of duration
during the downward leg of the experiment (about 14,000 data points per curve); (f) cross plot of those data.

The upward transient data conform to a linear fit which is extremely good (R*=0.9941), and the calculated
streaming potential coefficient is exactly the same as that for the conventional measurement 1.40 mV/psi
(2.03x 1077 V/Pa). The downward transient data also conform to a good linear fit (R*=0.9997), and the cal-
culated streaming potential coefficient 1.466 mV/psi (2.13x 1077 V/Pa) is almost the same as for the upward
transient measurement and the conventional measurement. It is clear, therefore, that the data taken during
the pressure increase and the pressure decrease agree very well with each other and with measurements on
the same sample taken using the conventional approach. The difference here is that the conventional
approach calculates the streaming potential coefficient using measurements of streaming potential at 20
different flow rates and took over 3 h to measure, whereas the transient approach calculates the streaming
potential coefficient using over 20,000 measurements of streaming potential and differential fluid pressure
and was completed within 5 min.
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Table 1. Sample Details for the Experimental Measurements and Parameters Used in the Theoretical Model®

Berea Sandstone Boise Sandstone

Parameter Symbol BR1 B1ll Units Comments
Rock sample properties
Modal grain size (diameter) d 265 739 um from laser diffractometry measurements
Cementation exponent m 1.80 1.85 (=) calculated from impedance measurements of the sample
Formation factor F 10.46 6.31 (-) calculated from impedance measurements of the sample
Porosity [ 0.266 0.3002 (=) from mercury porosimetry, used in modeling
0.272 0.3695 from helium pycnometry
Permeability to pore fluid k 6.89x10 " 135x10 ° m’ measured during the streaming potential measurement,
208x10 "7 the lower value was measured with low-salinity pore fluids
and the higher with high-salinity pore fluids
Surface conductivity 2% 26%x10°° 326%x10° S/m calculated from impedance measurements of the sample
Modeling parameters
Surface site density I NA 10° sites/nm’ within range of values for quartz made
by independent measurements
(2.6-25 sites/nmz, see Glover and Déry [2010])
Binding constant for cation (sodium) PKute NA 7.5° (-) within range of values for quartz made
adsorption on quartz by independent measurements
(5.5-7.5; see Glover and Déry [2010])
Disassociation constant for PK—) NA 9 (=) within range of values for quartz made
dehydrogenization of silanol by independent measurements
(6.5-9; see Glover and Déry [2010])
Shear-plane distance xe NA 2x10°% m within range of values for silica made
by independent measurements
(24 % 10 " to2x10° m; see Glover and Déry [2010])
Surface conduction (proton) Zspm‘ NA 24%10°° S calculated from the surface site density
and experimental determinations
lonic Stern-plane mobility Ps NA 5x10 P m/s/V within range of values for quartz made
by independent determinations
@x10"" t0 5.14x 10" m; see Glover and Déry [2010])
Zeta potential offset Co NA —0.015 Vv Chosen to allow a reasonable model fit at

high salinities [see Glover et al., 2012a]

?NA = not applicable—no modeling was carried out on this sample in this paper.
PParameters which may be varied within the strict bounds set out in the comments column but were taken as constant in this work.

Figure 3 shows the measured streaming potentials and applied differential pressures during upward and
downward transient experiments to different end pressures that were made during the validation of the
transient method in order to confirm that the experimental system behaved reasonably and that nonlaminar
flow was not affecting the results. These data were collected using a Pharmacia P500 dual piston pump to set
up the pressure difference during the upward measurements rather than a gas-pressurized vessel that was
used for later experiments. The data are “typical” rather than “high quality” and show a number of experi-
mental artifacts, which are instructive for those also wishing to use this technique. For example, the upward
measurements at a pump flow rate of 150 mL/h were affected by an erratic increase in pressure difference,
and this is shown in both the streaming potential and pressure difference curves (Figures 3a and 3b) in a manner
that is proportionate and does not result in a gross change of the streaming potential coefficient (Figure 3e).
The erratic pressure difference was caused by the development of an air bubble inside one of the pump
pistons. The upward measurement at a flow rate of 200 mL/h is slightly effected by 10 Hz noise which, in
our case, arises from a radio/TV mast within 1 km of the laboratory in Québec. This source of noise was
episodic and often overwhelmed our signal. We normally chose not to make measurements while it was
active. It should be noted that an electrically quiet environment is essential for high-quality electrokinetic
measurements. The flow rates above 340 mL/h all show a sudden loss of pressure that then recovers. These
pressure loss events are caused by the changeover of piston barrels in the pump and cannot be avoided if a
pump is used. It only affects the high flow rates because it is only these high flow rates that require a
changeover of pistons within the duration of the experiment. Figure 3 shows that this artifact is present in
both the measured pressure difference and the measured streaming potential. However, the effect is not
proportional as can be seen in the derived streaming potential coefficient data (Figure 3e), where the effect
is noted as an excursion to the left of the main trend that corrects itself.

The first and last of these artifacts is removed by our later use of a gas-pressurized cylinder as a source of
driving pressure rather than the pump, while the broadcast noise problem was avoided by not making
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fluid and the original stock fluid for about 18 different salinities and three samples of

Boise sandstone, according to Ac(%) = 100 X (Ostock — Tactual)/Tactual- Samples of Berea and Boise sand-

stone were used for the initial tests. A

range of basic petrophysical tests
were carried out on the samples (Table 1). The first of these rock types was chosen because it is a common
reservoir analogue, with much other data available about it in the literature. Boise sandstone is less well
studied. It is a highly permeable rock that we had available for frequency-dependent electrokinetic studies
and was chosen to represent high-porosity, high-permeability rocks. Both steady state and transient mea-
surements were carried out on a number of samples. Streaming potential measurements were carried out for
18 salinities between about 107> mol/dm?® and 2 mol/dm?>, at a nominal pH of 7. In each case the solutions
had to be equilibrated with the rock sample in order to obtain stable, repeatable streaming potential coef-
ficient values. The equilibration was carried out by changing the fluid and then recycling the new fluid
through the sample until at least 50 pore volumes had been flowed and after all the pore fluid reservoir had
passed through the sample at least twice. The electrical conductivity and pH of the fluids exiting the sample
were measured as shown in Figure 1.

During equilibration, the electrical conductivity and pH of the evolved fluid was found to change.
Consequently, these two parameters were used to judge the equilibration of the pore fluid with the sample. It
was found that low-salinity fluids increased in salinity by as much as 1 order of magnitude for low-salinity
fluids, while the pH could change by up to 1.5 points. Figure 4 shows the percentage change in fluid con-
ductivity between the fully equilibrated fluid and the original stock fluid for about 18 different salinities and
three rock samples, according to Aa(%) =100 X (Ostock — Oactual)/Oactual- The figure shows clearly that low-sa-
linity bulk fluids increase in salinity, and hence conductivity, when equilibrated with the rock sample, whereas
at high salinities there is some slight evidence that the opposite effect is taking place. The size of the effect at
low salinities is such that it is impossible to have an ultralow-salinity fluid in the pore space in order to make a
measurement because equilibration with the matrix increases its salinity and conductivity. This effect is
sufficiently important that we not only need to equilibrate our pore fluids fully with the rock under study but
we need to analyze the resulting streaming potential coefficient measurements with respect to the salinities,
conductivities, and pHs of the actual fluid in the rock during the measurement rather than those of the bulk
fluid. This implies that the electrical conductivity and pH of the evolved fluids should be measured at the
outlet of the sample in real time.

All the results presented in this work are plotted against the salinity of the fluid evolving from the sample at
the time of the streaming potential measurement after full equilibration had been achieved, and if one
wanted to plot the data as a function of electrical resistivity or pH, one should also use the electrical resistivity
or pH of the fluid evolving from the sample at the time of the streaming potential measurement.

The achievement of equilibration has been judged by stability in the pH and electrical conductivity of the
evolving fluids. However, the question arises how long that takes. Unfortunately, we did not study the
equilibration time explicitly. However, initially we flowed at least 50 pore volumes through the rock, which for
the Berea sample took over 16 h. We noticed that equilibration was slowest for low-salinity fluids and fastest
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for high-permeability rocks through which we could flow fluids more quickly. Sometimes we could attain
equilibration for the Berea sandstones within 5h when the fluid salinities were fairly high and only incre-
mentally changed from the previous fluid and as fast as 30 min in the case of the high-permeability Boise
sandstone. Equilibration is, then, more controlled by the volume of fluid that has passed through the sample
than the time it takes to do so.

4, Data Analysis Methodology
There are two data analysis pathways—experimental and theoretical.

In the experimental part (section 5—Initial Results) measurements are made to find (i) the streaming potential
coefficient, (ii) fluid pH, (iii) fluid conductivity, (iv) the apparent (or instantaneous) formation factor as a function
of salinity, and (v) the formation factor at high salinity. These are independent measurements that are used
together with values of fluid permittivity and viscosity from empirical relationships in order to calculate a
zeta potential using the standard Helmholtz-Smoluchowski equation but with the fluid conductivity element
modified using Overbeek’s correction to account for the extra conduction provided by the diffuse layer at low
salinities [Pozzi and Jouniaux, 1994; Jouniaux and Pozzi, 1995; Alkafeef and Alajmi, 2006; Wang and Hu, 2012]. The
relevant equation is

C _ Cs77f Of F

M

7
&f Finst

where the formation factor is defined as the ratio of the electrical conductivity of the fluid to that of the fluid
saturated rock, F is the formation factor of the sample at high salinity (where the surface conduction is insig-
nificant compared to conduction through the bulk fluid), F;,s; is the formation factor of the sample at each
salinity (where there may be a significant contribution of surface conduction to the total fluid conductivity),
7r is the viscosity of the equilibrated pore fluid, & is the permittivity of the equilibrated pore fluid, of is the
electrical conductivity of the equilibrated pore fluid, {'is the zeta potential, and C; is the measured streaming
potential coefficient. The ratio of the two formation factors is termed the Overbeek correction.

This is a “top-down” approach to finding the zeta potential in that the zeta potential is derived solely from
experimental measurements.

In the theoretical approach (section 6—Theoretical Modeling) the approach is completely different and does
not rely on knowing the streaming potential coefficient in advance. It calculates both the zeta potential and
surface conduction using the electrochemical approach originally pioneered by Glover et al. [1994], Pride
[1994], Revil and Glover [1997, 1998], and Revil et al. [1999]. The input parameters are (i) the surface site
density, (i) the binding constant for cation (sodium) adsorption on quartz, (iii) the disassociation constant for
the dehydrogenization of silanol, (iv) the shear-plane distance, (v) the protonic surface conduction, and (vi)
the ionic Stern-plane mobility. This is a “bottom-up” approach to finding the zeta potential in that the zeta
potential is arrived at from the electrochemistry of the mineral-fluid interface.

Once the zeta potential is independently theoretically modeled, the streaming potential coefficient may be
obtained from it by using the same equation that was used to calculate the experimental zeta potential but
backward, i.e.,

& Finst

C = . 2
5= o F )

However, we have preferred to use a modified form of the Helmholtz-Smoluchowski equation that was in-
troduced by Glover and Déry [2010] in order to account for the functional dependence of the streaming
potential coefficient on the grain size of the rock.

derl
CS = )
ne(dof + 4X;mF)

3)

where d is the modal grain size, m is the cementation exponent, and X is the surface conductance (specific
surface conductivity).
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Figure 5. The (a) streaming potential coefficient and (b) zeta potential for a sample of Boise sandstone (B1ll) while saturated with various
salinities and pHs of aqueous NaCl (between 10> mol/dm® and 2 mol/dm® and pH approximately 6.88). The data are given with respect
to salinity of the stock solution before equilibration of the fluid with the sample (open diamonds) and with respect to the fully equilibrated
pore solution, with electrical conductivity, salinity, and pH measured as it leaves the sample during streaming potential measurements (solid
diamonds). The zeta potential is calculated with equation (1) as described in the text. The crosses represent a database of undifferentiated
measurements made on silica-based rock types measured previously (full details in Glover et al. [2012a]).

Equations (2) and (3) are, in fact, formally the same and differ only in that the former accounts for the extra
conduction from surface conduction at low salinities in terms of the ratio of instantaneous to high-salinity
formation factors, while the latter relates the surface conduction to grain size, surface conductance, cementa-
tion exponent, and formation factor. The advantage in using the Glover and Déry [2010] approach in the the-
oretical modeling is that the surface conduction is available from previous electrochemical modeling, while the
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modal grain size was available from laser diffractometry measurements on crushed samples and the cemen-
tation exponent and formation factor were already available at the experimental conditions.

Hence, there is no circular argument in the theoretical modeling, and the results of theoretical modeling and
experimentally derived values for both the zeta potential and the streaming potential coefficient may be
considered independent and can be compared.

5. Initial Results

Figure 5 shows the streaming potential coefficient and zeta potential of a sample of Boise sandstone (B1ll) made
with the new transient methodology. This is one typical data set from a number that have been measured on
Berea, Boise, and Lochaline sandstones as a function of pore fluid type, salinity, and pH, and which will form
the subject of future publications. The measurements shown here were made over a period of a couple of
months; the duration is not controlled by the actual measurements, which are fairly fast, as previously described,
but by the length of time it took to equilibrate each of the fluids with the rock sample. Figure 5 shows the
difference between plotting the streaming potential coefficient data against the equilibrium fluid that is in the
rock at the time of the streaming potential measurement (solid diamonds) and that of the bulk fluid (open
diamonds) at the same temperature (25°C).

The parameters used in equation (1) to derive the zeta potential from the experimental streaming potential
coefficient are (i) electrical permittivity, which was calculated for an aqueous NaCl solution for each salinity at
25°C using the unpublished method of Gary Olhoeft [e.g., Glover et al., 2012a], (ii) pore fluid viscosity, which
was calculated for a NaCl solution for each salinity at 25°C using the method of Phillips et al. [1978], (iii) the
fluid electrical conductivity, which was measured on the fluid leaving the sample at the time of the streaming
potential measurement, (iv) the measured streaming potential coefficient, and (v) the experimentally deter-
mined instantaneous and high-salinity formation factors. Hence, the zeta potential is calculated using a number
of independent measurements with two empirical relationships for fluid properties.

Figure 5 also shows the streaming potential and zeta potential data for a database of previous measurements
on predominantly silica-based rocks (290 streaming potential coefficient and 269 zeta potential) compiled in
Glover et al. [2012a]. We make no distinction in this figure between these measurements in order not to
overcomplicate it, but full information can be found in Glover et al. [2012a]. It should be noted that there is
considerable ambiguity whether some of the historic zeta potential data were derived from the standard
Helmholtz-Smoluchowski equation with or without the Overbeek correction. What is more, some historic
data make no distinction between stock and equilibrated pore fluids. This variability of approach may explain
some of the scatter in the historic data and will lead to the zeta potential being underestimated progressively
as salinities become weaker than 0.001 mol/L. However, most of the scatter is due to differences in fluid pH, a
fluid property which is very important in electrokinetic research but which is often not measured or reported
in papers. Figure 5 shows clearly that the new streaming potential coefficient and zeta potential measure-
ments are consistent with those that have been derived previously and seem to have less scatter.

6. Theoretical Modeling

Between 1994 and 1998 a number of papers were published that allowed the modeling of the electrical
double layer in rocks and which made it possible to calculate the steady state electrical conductivity of a rock
including the contribution made by surface conduction [Glover et al., 1994; Pride, 1994; Revil and Glover, 1997,
1998; Revil et al., 1999]. This theoretical approach is based upon the electrochemical interactions that give rise
to the electrical double layer at the interface between the rock matrix and the pore fluid. These papers also
allowed the calculation of the zeta potential [Revil et al., 1999]. Unfortunately, Helmholtz-Smoluchowski’s law
could not then be used to obtain the streaming potential coefficient because it is only valid for capillary
tubes. In the case of a porous medium the streaming potential coefficient is sensitive to its particular mi-
crostructure, which is described by its formation factor, cementation exponent, and porosity, as well as some
measure of grain or pore size. Recently, Glover and Déry [2010] reported a method for incorporating these
individual rock parameters in Helmholtz-Smoluchowski’s law (equation (3) above and its analogues), which
has led to a full electrochemical theory for the calculation of the streaming potential coefficient for individual
rock samples [Glover et al., 2012a].
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Figure 6. Comparison of the (a) measured streaming potential coefficient and (b) zeta potential for the sample of Boise sandstone (B1ll)
given in Figure 5 with the results of the Glover et al. [2012a] theoretical model. The model has been calculated for an aqueous solution of
NaCl at 25°C with salinities between 10> mol/dm* and 2 mol/dm® and five pHs between 6 and 8 in increments of half a pH unit. The data are
given with respect to salinity of the fully equilibrated pore solution in the sample at the time of the measurement of streaming potential.
Modeling parameters are shown in the figure and also in Table 1.

We have used this model to calculate the zeta potential and streaming potential coefficient for individual
rock samples measured in this work. A full description of the model can be found in Glover et al. [2012a] with
additional information also in Glover and Déry [2010]. A comparison of the measured streaming potential and
zeta potential data with curves generated from the theoretical model is given as Figure 6.
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The model curves have been calculated for aqueous NaCl fluid salinities between 10~ mol/dm?® and 10 mol/dm?
and pH from 6 to 8. Table 1 contains the model parameters used to produce the models shown in Figure 6. No
parameters in the model are freely adjustable. The microstructural parameters are fixed by the sample, while
there are a number of parameters that are either fundamental constants, modeling variables (temperature and
salinity), or constant electrochemical parameters such as the equilibrium constants that define the pH of the
solution. There are five parameters that could be adjusted in a limited way if one wanted to fit the model to the
data. However, we have not followed that approach. These electrochemical parameters describe the electrical
double layer and are shown with superscripted letter b in Table 1. Each is adjustable within strict limits imposed
by independent experimental measurements that are noted in Table 1 and discussed fully in Glover et al. [2012a].
In most cases, variation of these parameters within the given limits does not affect the model significantly. The
approach we have used is to choose a typical constant value for each of the parameters marked with
superscripted letter b within the range of experimentally determined values made by other researchers
and discussed fully in Glover et al. [2012a] rather than let an automatic best fitting procedure find the values
that best fit the model to the data. In this way, the model and the data remain independent.

In fact, the two parameters to which the model is most sensitive are the surface site density (I',) and the
disassociation constant for dehydrogenization of silanol (pK|_,), while increasing the value of the shear-plane
distance (x-) removes the pH dependence of the curves without significantly changing their position or
gradient. Since there are strict limits on the adjustability of these modeling parameters, we are content that
the quality of fit between the measured and theoretical curves in Figure 6 does not arise solely from freedom
of fitting but is due to the known microstructural parameters for each rock sample.

The final parameter is the zeta potential offset {, (Table 1). This parameter was invoked in the description of
the theoretical model [Glover and Déry, 2010; Glover et al., 2012a] in order to ensure that the streaming
potential can be modeled at high salinities (C;> 1 mol/dm?3). It is added to the variable zeta potential cal-
culated from the model using electrochemical considerations. In this work it is taken to be constant and
equal to —15mV.

Hence, it is clear that the new experimental data are also consistent with the results of the best theoretical
model that is currently available. However, it is recognized that this model could be improved such that the
zeta potential offset is not required in future.

7. Conclusions

A new apparatus and a new transient approach have been developed for the measurement of streaming
potential coefficient in porous and fractured rocks. The apparatus and new methodology have been tested
and found to produce high-quality data that (i) are statistically identical with those made using the conventional
methodologies, (ii) are consistent with experimental data on other types of sandstone, and (jii) are also consis-
tent with the theoretical model for streaming potential and zeta potential in porous rocks. A large number of
measurements have been made using this technique on different types of sandstone for different fluid types,
salinities, and pHs. These will be published in forthcoming papers.

During the analysis of the data it became clear that the salinity, electrical conductivity, and pH of the fluid
in equilibrium with the rock sample when the streaming potential measurement is made can be significantly
different from that of the initial stock solution. It is therefore recommended that all data from electrokinetic
measurements in the laboratory are analyzed and presented with reference to the actual electrical
conductivity, salinity, and pH of the fluid in the rock at the time of the measurement and leaving the
sample, after full equilibration of the sample with the pore fluid, rather than the values measured on the
bulk pore fluid before equilibration with the sample.

Comparison of the theoretical model with the experimentally derived data for both the streaming potential
coefficient and the zeta potential shows clearly that the theoretical models that are based on electrochemical
arguments are becoming very good at describing the experimental data. Problems remain, however, with
the need to use a zeta potential offset in order for the high salinities to be modeled well. Further work is
needed on the fluid viscosity and permittivity inputs to the model as the value of these parameters will be
different in the Electrical Double Layer (EDL) [Glover et al., 2012al. It is expected that the zeta potential
offset will not be required when the correct viscosity and permittivities are used.

WALKER ET AL.

©2014. American Geophysical Union. All Rights Reserved. 968



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2013JB010579

Acknowledgments

The funding for this work was provided
by the Natural Sciences and
Engineering Research Council of
Canada (NSERC) Discovery Grant
Programme and a dowry from the
University of Leeds.

At the least, we now have two ways of determining the zeta potential and streaming potential coefficients
of rocks: by accurate experimental measurement using a developing protocol or by theoretical modeling.
Both are quite complex. The experimental measurements should be done with accuracy and a care taken to
use equilibrated fluids. The theoretical model has many input parameters, all of which need to be carefully
chosen and justified.

One thing is certain; the effect of fluid equilibration, fluid conductivity, surface conductivity, and fluid pH are
all important. It is strongly recommended that all of these parameters are carefully measured and controlled
in any future experimental studies. We recognize, for example, that the lack of fluid pH control is the biggest
factor leading to the large degree of scatter in historic zeta potential measurements.
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