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Abstract We report measurements of the zeta potential of natural sandstones saturated with NaCl
electrolytes of varying ionic strengths at temperatures up to 150°C. The zeta potential is always negative
but decreases in magnitude with increasing temperature at low ionic strength (0.01M) and is independent of
temperature at high ionic strength (0.5M). The pH also decreases with increasing temperature at low ionic
strength but remains constant at high ionic strength. The temperature dependence of the zeta potential can
be explained by the temperature dependence of the pH. Our findings are consistent with published models
of the zeta potential, so long as the temperature dependence of the pH at low ionic strength is accounted
for and can explain the hitherto contradictory results reported in previous studies.

1. Introduction

The zeta potential is a measure of the electrical potential of the mineral surfaces in water-saturated rocks. Its
magnitude and polarity control the electrostatic interactions between mineral surfaces and polar species in
aqueous solution, and also the magnitude and polarity of the self-potential resulting from electrokinetic
processes. In many subsurface settings, including geothermal fields [Corwin and Hoover, 1979; Fitterman
and Corwin, 1982; Ishido et al., 1989; Revil and Pezard, 1998; Darnet et al., 2004; Jardani et al., 2008], deep
saline aquifers [Moore et al., 2004; Ishido et al., 2013], hydrocarbon reservoirs [Gulamali et al., 2011;
Saunders et al., 2012], volcanoes [Aubert and Atangana, 1996; Michel and Zlotnicki, 1998; Revil et al., 2011],
and during seismoelectric exploration [Revil and Mahardika, 2013], the rocks are at elevated temperature;
yet the temperature dependence of the zeta potential remains poorly understood [Glover, 2015]. There are
very few previous experimental studies, and these report inconsistent and contradictory behavior; some
studies have found that the zeta potential increases in magnitude with increasing temperature, while
others have found that it decreases in magnitude (e.g., Figure 1). Moreover, few studies have investigated
salt concentrations relevant to natural systems; most used deionized water or NaCl/KCl electrolytes at low
ionic strength (10�3M; 1M=1mol dm�3; see Figure 1 and Table S1 in the supporting information). Natural
groundwater is typically more saline than this. The aim of this study is to determine the temperature
dependence of the zeta potential in natural sandstones over the range 23–150°C, saturated with NaCl
electrolytes of 0.01M (comparable to potable water) and 0.5M (comparable to seawater) ionic strength.

2. Materials and Methods

We use the streaming potential method described by Vinogradov et al. [2010] to determine the zeta potential
of intact natural sandstone samples. The experimental setup is modified from that described by Jaafar et al.
[2009] and Vinogradov et al. [2010] to allow measurements at elevated temperature (see Figure S1 in the
supporting information). The core holders containing the sample, the reservoirs (columns) that supply the
electrolyte to the sample, and the electrodes used to measure the electrical potential across the sample,
were placed in an oven with temperature controlled to ±0.5°C. The pump used to flow the electrolyte
through the sample remained outside of the oven, and the electrolyte was forced from one reservoir,
through the sample, and into the other reservoir, by using Multipar oil as a hydraulic fluid and flow lines that
pass through the wall of the oven from the reservoirs to the pump. For temperatures in the range 18–80°C,
the pH and electrical conductivity of the NaCl electrolyte were measured inside the oven using a Mettler
Toledo pH meter and a Metrohm 712 conductometer, respectively. The electrical conductivity of the
saturated rock specimen was measured over the entire temperature range investigated using the approach
of Vinogradov and Jackson [2011].
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The saturated samples were placed in the
sample holder inside a Viton sleeve of
2mmwall thickness and a confining pres-
sure of about 1.4MPa above atmospheric
was applied. The sleeve is capable of with-
standing temperatures up to 150°C. A
backpressure was applied to the fluids
in the reservoirs of about 50 kPa above
the temperature-dependent water boil-
ing pressure. The samples were cleaned
using the Soxhlet extraction procedure
described by Jackson and Vinogradov
[2012], saturated under vacuum with
the electrolyte of interest and loaded
into the sample holder. The electrolyte
was flowed repeatedly through the
sample from one reservoir to the other
and back again while periodically mea-
suring the pH and conductivity of the
electrolyte, until the pH and conductivity
remained constant within a 5% tolerance

(typically over 24–48h). The final measured values represent the equilibrium pH and electrolyte conductivity at
laboratory temperature. The sample was then brought to the temperature of interest and left to equilibrate for a
further 24–48h, after which the electrolyte was again flowed repeatedly through the sample from one reservoir
to the other and back again for 4–5h, to confirm that the pH and conductivity at the temperature of interest
remained constant within a 5% tolerance. The final measured values represent the equilibrium pH and electrolyte
conductivity at the temperature of interest. Streaming potential measurements then commenced.

The streaming potential was measured using the “paired-stabilization” (PS) method of Vinogradov and
Jackson [2011]. In this method, the pump is used to flow the electrolyte through the sample at constant
rate until stable pressure and voltage (varying by less <3% of the measured value over a period varying
from 30 s to 20min depending on sample permeability) are recorded across the sample (e.g., Figure S2a in
the supporting information). The flow direction is then reversed at the same rate. A symmetric response
confirms that electrode polarization effects are small and that the measured electrical potential
corresponds to the streaming potential. These PS experiments are repeated at three or four different flow
rates and the stabilized voltage for each experiment plotted as a function of the stabilized pressure
difference (e.g., Figure S2b in the supporting information). The gradient of a linear regression through
these data yields the streaming potential coupling coefficient (Csp), which is related to the zeta potential
(ζ ) via a modified version of the Helmholtz-Smoluchowski equation that accounts for surface electrical
conductivity. This modification was first proposed by Fairbrother and Mastin [1924] and later used by many
authors [see, for example, Jouniaux and Pozzi, 1995; Glover, 2015]

Csp ¼ ΔV
ΔP

¼ εζ
μσrF

(1)

Here μ is the dynamic viscosity of the electrolyte, ε is the permittivity of the electrolyte, σr is the conductivity
of the sample saturated with the electrolyte at experimental conditions, and F is the intrinsic formation factor
of the sample. We obtained μ and ε as a function of temperature and ionic strength using the approach of
Saunders et al. [2012] (see his Appendix A). The sample conductivity σr was measured before and after
each streaming potential measurement using the approach reported in Vinogradov et al. [2010] (Figure 2a).
The intrinsic formation factor F along with other key sample data was available from previous studies,
including measurements of streaming potential for single and multiphase flow at laboratory temperature
[Jaafar et al., 2009; Vinogradov et al., 2010; Leinov and Jackson, 2014] (see Table S2 in the supporting
information). The electrolytes were prepared by dissolving NaCl salt in deionized water obtained from a
Barnstead TII (Thermo Scientific) water system with an electrical resistivity >15MΩ cm.
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Figure 1. Summary of all published experimental data for the temperature
dependence of zeta potential. Data sets: 1 and 2—Reppert and Morgan
[2003]; 3, 4, and 5—Ishido andMizutani [1981]; 6—Alekhin et al. [1984]; 7 and
8—Dunstan [1994]. More detailed information can be found in Table S1 in
the supporting information.
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3. Results

Typical results of the PS experiments are shown in Figure S2 in the supporting information. Figure 2a shows the
measured electrical conductivities of all samples saturated with 0.01M (hollow symbols) and 0.5M NaCl (filled
symbols). These data show increasing conductivity with temperature, higher conductivity for the more
concentrated 0.5M electrolyte, and higher conductivity for the higher-porosity samples, consistent with previous
studies [e.g., Glover and Déry, 2010; Vinogradov et al., 2010]. Figure 2b shows measurements of the electrolyte pH
at temperatures up to 80°C. For the 0.01M electrolyte, we observe a decrease in pH with increasing temperature;
a similar relationship between pH and temperature for NaCl electrolyte has been observed previously [Millero
et al., 2009]. However, the pH of the 0.5M electrolyte is constant within experimental error. We model the
temperature dependence of the pH for the 0.01M electrolyte using a power law fitted to the data given by

pH ¼ 9:5T�0:11 (2)

with a quality of fit of R2 = 0.98. We have assumed the pH of the 0.5M electrolyte is constant at 7.3 which fits
all of the measured data within experimental error.

Figures 2c and 2d show the temperature dependence of the coupling coefficient at NaCl ionic strength of
0.01M and 0.5M, respectively. We find that the coupling coefficient is negative regardless of temperature,
rock sample, or ionic strength. However, at the lower ionic strength (0.01M), the coupling coefficient
decreases in magnitude with increasing temperature and there is considerable spread between samples,
with the Doddington sample showing the largest magnitude and greatest temperature dependence, and
the St. Bees samples showing the smallest magnitude and least temperature dependence (Figure 2c). At the
higher ionic strength (0.5M), the magnitude of the coupling coefficient is much smaller (compare vertical
axis scales on Figures 2c and 2d) and there is little or no temperature dependence within experimental error,

Figure 2. Experimental results. (a) Electrical conductivity of the saturatedsamples as a functionof temperature: solid symbols
denote 0.5 M NaCl electrolyte and are plotted against the right-hand axis; open symbols denote 0.01 M NaCl electrolyte
and areplotted against the left-hand axis. (b) BrinepHas a functionof temperature: solid symbols and the solid linedenote
0.5 MNaCl electrolyte; open symbols and the dashed line denote 0.01 MNaCl electrolyte. Also shown are the results from
Millero et al. [2009] for two NaCl electrolytes. (c) Streaming potential coupling coefficient as a function of temperature
for 0.01 M NaCl electrolyte. (d) Streaming potential coupling coefficient as a function of temperature for 0.5 M NaCl
electrolyte.
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although the different samples record different magnitudes (Figure 2d). For all samples, and irrespective of ionic
strength, the measured values of the coupling coefficient at laboratory temperature (23°C) are consistent with
those obtained previously using the same samples [Jaafar et al., 2009; Vinogradov et al., 2010].

We finish by reporting the values of zeta potential obtained using the data recorded in Figures 2a, 2c, 2d, and
equation (1). Despite the spread in values of the coupling coefficient obtained for the different samples, we
find the zeta potential collapses onto a common trend for each of the two ionic strengths investigated
(Figures 3a and 3b). At the lower ionic strength (0.01M; Figure 3a), the zeta potential consistently decreases
in magnitude with increasing temperature, while at the higher ionic strength (0.5M; Figure 3b), the zeta
potential shows no temperature dependence outside experimental error. In all cases, the zeta potential is
negative, consistent with negatively charged mineral surfaces as observed in numerous previous studies of
natural sandstones saturated with NaCl electrolyte at laboratory temperature [see Walker et al., 2014, and
references therein] and in the few studies that investigated elevated temperature (Figure 1).

4. Discussion

We find a clear and consistent temperature dependence of the zeta potential in natural sandstones saturated
with NaCl electrolyte which is the same across the three different sandstones investigated here but depends

Figure 3. Zeta potential as a function of (a) temperature for 0.01M NaCl electrolyte, (b) temperature for 0.5 M electrolyte,
and (c) pH for both electrolytes.
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on the ionic strength of the electrolyte. At the lower ionic strength tested (0.01M), we find that the zeta
potential decreases in magnitude with increasing temperature, while at the higher ionic strength tested
(0.5M), we find that the zeta potential remains constant within experimental error.

Previous studies have tested natural sandstones or silica particles saturatedwith distilledwater, or NaCl/KCl/KNO3

electrolytes at low ionic strength (10�3M; see Figure 1 and Table S1 in the supporting information). We
compare these studies against the data obtained here at 0.01M ionic strength. Dunstan [1994] obtained
a similar trend of zeta potential decreasing in magnitude with increasing temperature in colloidal silica
particles saturated with ultrapure water (data set 8 in Figure 1 and Table S1); they also recorded a
decrease in pH from 6 to 5.1, consistent with our observation. However, they observed no trend in the
same material saturated with 10�3M KCl (data set 7 in Figure 1 and Table S1). By contrast, Reppert and
Morgan [2003] found the opposite trend in Fontainebleau sandstone saturated with deionized water,
and Berea sandstone saturated with 10�3M NaCl electrolyte (data sets 1 and 2, respectively, in Figure 1
and Table S1). In these experiments, the pH was unbuffered and showed a decrease from 8.1 to 5.5 for
the Fontainebleau sample, and from 8.3 to 6 for the Berea sample; note that the pH was always
measured at laboratory conditions, before and after the elevated temperature measurement. Ishido and
Mizutani [1981] similarly found that the zeta potential increased in magnitude with increasing
temperature in crushed quartz saturated with 10�3M KNO3 electrolyte, but they kept the pH fixed and
investigated two different values of pH = 4.2 and 6.1 (data sets 3–5 in Figure 1 and Table S1), while
Alekhin et al. [1984] observed the same trend of increasing zeta potential in powered silica samples
saturated with 10�3 M NaCl electrolyte with a fixed pH= 4 (data set 6 in Figure 1 and Table S1).

We compare our zeta potential measurements obtained at 0.01M ionic strength with the model of Revil
et al. [1999] (specifically, their equations 34 and 46). We use the temperature dependence of pH given in
equation (2), and values of KMe = 10�7.5, K(�) = 10�7, and Γ0S= 4nm�2 which are typical for silica in
contact with NaCl electrolyte and similar to those used by Revil et al. [1999] and Saunders et al. [2012].
We assume that concentration and ionic strength are identical (i.e., the NaCl electrolyte behaves as an
ideal electrolyte) and that concentration of acids is negligible. We also assume that the shear plane is
located at χζ = 3.64 nm, which can be compared to the Debye length of χd= 3.03 nm calculated for this
ionic strength [see Jackson, 2015]. Also shown for comparison is the model prediction assuming constant
pH=6.73, which corresponds to the pH at laboratory temperature (23°C). We observe a good match
between the model prediction (solid line in Figure 3a) and our measured data, which we recognize is
nonunique as there are multiple parameters that can be adjusted in the model over the range
reasonable for silica in contact with NaCl electrolyte. The key point is that a reasonable match can only
be obtained if the temperature dependence of pH is accounted for. Assuming constant pH yields a zeta
potential that increases in magnitude with increasing temperature (dashed line in Figure 3a).

There are no published experimental data against which we can compare the results obtained here at 0.5M,
and the model of Revil et al. [1999] is not valid at such high ionic strength. However, Saunders et al. [2012]
predicted that the zeta potential of sandstone saturated with NaCl electrolyte is insensitive to temperature at
ionic strength greater than about 0.3M based on the following argument. Above approximately 0.3M, it has
been shown that the magnitude of the zeta potential at laboratory temperature in sandstones saturated with
NaCl electrolyte no longer decreases with increasing ionic strength [Jaafar et al., 2009]. Moreover, it has been
suggested that the maximum packing of Na+ counterions within the diffuse layer is reached at this ionic
strength [Vinogradov et al., 2010]. As the ionic strength increases beyond this point, the counterion density
within the double layer remains constant, so the zeta potential also remains constant [see, for example,
Vinogradov et al., 2010, Figure 11a]. Saunders et al. [2012] argued that the physical size of ions is expected to
be only weakly temperature dependent, so the same limiting minimum value of zeta potential may be used
at all temperatures if the ionic strength is greater than about 0.3M. Jaafar et al. [2009] found that the limiting
minimum zeta potential at laboratory temperature was approximately �17mV, while Vinogradov et al. [2010]
found that it was �13.5 ± 3.5mV. Data from Walker et al. [2014] also suggest a minimum limiting zeta
potential of �13±3mV. Here we find a limiting minimum zeta potential of �9.5± 1mV that is independent
of temperature, consistent with those obtained previously at laboratory temperature within experimental
error, and with the prediction of the simple model of Saunders et al. [2012]. However, it should be noted that
this model neglects the effect of varying pH.
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In the data reported here we observe a strong correlation between zeta potential and pH. At the lower ionic
strength investigated, pH and zeta potential both decrease with increasing temperature; conversely, at the
higher ionic strength, the pH and zeta potential are both constant and independent of temperature.
Figure 3c shows the zeta potential plotted against pH. A linear regression matches most of the data at
lower ionic strength within experimental error and yields a good quality of fit with R2 = 0.92. The data at
higher ionic strength clusters around the mean pH and zeta potential values of 7.3 and �9.5mV,
respectively, and these mean values match most of the data within experimental error. It is well known
that pH controls the surface charge of metal oxides such as quartz, and we hypothesize that the
temperature dependence of the zeta potential observed here is primarily caused by the temperature
dependence of the electrolyte pH. This hypothesis is supported by the experimental data we report here,
and also by much of the previously published data. It can also explain the apparently contradictory
behavior observed previously.

In unbuffered experiments in which the pH is not externally controlled, the pH and zeta potential at low ionic
strength both decrease in magnitude with increasing temperature. Such behavior is demonstrated here and
was also observed by Dunstan [1994], although they did not test the correlation between pH and zeta
potential. It is also consistent with the model of Revil et al. [1999] if the temperature dependence of pH is
accounted for. In buffered experiments in which the pH is externally controlled, the zeta potential at low
ionic strength increases in magnitude with increasing temperature, as observed by Ishido and Mizutani
[1981] and Alekhin et al. [1984] and consistent with the model of Revil et al. [1999] if the fixed pH is
accounted for. In both buffered and unbuffered experiments at high ionic strength, the pH and zeta
potential remain constant and independent of temperature. The constant value of zeta potential depends
upon the mineral type, electrolyte composition, and pH and is found here to be �9.5 ± 1mV in sandstones
saturated with NaCl electrolyte at pH 7.3.

The simple model described above, which relates the temperature dependence of the zeta potential to the
temperature dependence of pH, explains the experimental results reported here and also the previously
published data shown in Figure 1 with the exception of Reppert and Morgan [2003] (data sets 1 and 2 in
Figure 1 and Table S1). They reported an increase in the magnitude of the zeta potential with increasing
temperature, along with a decrease in pH. However, when we calculate the zeta potential corresponding
to data sets 1 and 2 using equation (1) and values of the streaming potential coupling coefficient,
saturated rock conductivity and formation factor reported by Reppert and Morgan [2003], we find that the
temperature dependence of the zeta potential is consistent with our observations and the simple model
outlined above (shown as recalculated data sets 1 and 3 in Figure 3a). We cannot explain the discrepancy
between the zeta potential reported by Reppert and Morgan [2003] and the values we calculate here from
their reported experimental data.

The relationship between temperature and electrolyte pH, and hence zeta potential, is still poorly
understood. Millero et al. [2009] reported similar behavior to that observed here, but the measurements
were conducted on NaCl electrolyte alone with no minerals present, and the decrease in pH was
attributed solely to enhanced dissociation of water molecules with increasing temperature. Moreover,
Glover et al. [2012] predicted a similar decrease in pH with increasing temperature owing to enhanced
dissociation of water molecules and pointed out that electrolyte pH is also expected to decrease with
increasing temperature as a result of increased dissolution of atmospheric CO2 in the electrolyte. However,
we carried out closed system experiments with minimal exposure of the electrolyte to atmosphere,
consistent with deep subsurface settings. We hypothesize that in addition to the dissociation of water
molecules, some ion exchange occurs with the mineral surfaces in our sandstone samples, with a proton
from the silanol group being replaced by a Na+ ion from the solution (as suggested by Revil et al. [1999]).
This further reduces the brine pH and results in a more positive zeta potential (i.e., the negative zeta
potential reduces in magnitude) as observed in numerous previous studies [e.g., Kosmulski and Matijević,
1992]. This hypothesis is supported by the observation that some of the change in electrolyte pH in our
experiments was irreversible: the pH did not return to its original value at laboratory conditions. For
example, the pH of the 0.01M NaCl electrolyte remained 1 pH unit lower than the initial value after
conducting experiments at 80°C. Moreover, the same electrolyte showed no such irreversible change
when heated to 80°C without contact with the sandstone samples. Changes in electrolyte pH resulting
only from enhanced dissociation of water molecules or CO2 dissolution at elevated temperature would be
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similar irrespective of whether the sample was in contact with the sandstone samples, which was not the case
here. The irreversible pH change observed when the electrolyte is in contact with the samples supports our
hypothesis of ion exchange on the mineral surfaces.

The relationships between zeta potential, temperature, and electrolyte ionic strength and pH reported in this
study are important for many subsurface applications. For example, many deep sandstone reservoirs relevant
to hydrocarbon production or CO2 storage, or sandstones in hydrothermal fields, are at temperatures>80°C.
At low ionic strength, and in the absence of any pH buffers such as calcite or clay minerals, the zeta potential
may be considerably lower than that measured in experiments at laboratory conditions. Conversely, if the pH
is buffered and the value was known and correctly reproduced in laboratory conditions, the zeta potential in
situ may be considerably higher than that measured at laboratory conditions. Measurements of the in situ pH
in such systems are essential in order to predict correctly the zeta potential. At high ionic strength, the zeta
potential is insensitive to temperature and, for a given value of pH, measurements at laboratory conditions
may be applied in situ.

5. Conclusions

We find that the temperature dependence of the (negative) zeta potential in natural sandstones saturated with
NaCl electrolyte depends on ionic strength. At low ionic strength (<0.5M), the zeta potential decreases in
magnitude with increasing temperature; at high ionic strength (>0.5M), the zeta potential is independent of
temperature. Moreover, at low ionic strength, the pH also decreases with increasing temperature, but at high
ionic strength the pH remains constant. The temperature dependence of the zeta potential can be explained
by the temperature dependence of the pH, which is well known to control the surface charge of metal
oxides such as quartz. Our findings are consistent with published models of the zeta potential, so long as the
temperature dependence of the pH at low ionic strength is accounted for. Moreover, they explain the
hitherto contradictory results reported in previous studies that used low ionic strength electrolytes. In
unbuffered experiments, the pH decreases with increasing temperature, and the zeta potential decreases in
magnitude, while in experiments with fixed pH, the zeta potential increases in magnitude with increasing
temperature. The results have broad application to deep sandstone reservoirs and hydrothermal fields.
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