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Abstract The zeta potential is a measure of the electrical charge on mineral surfaces and is an important
control on subsurface geophysical monitoring, adsorption of polar species in aquifers, and rock wettability.
We report the first measurements of zeta potential in intact, water-saturated, natural carbonate samples at
temperatures up to 120°C. The zeta potential is negative and decreases in magnitude with increasing
temperature at low ionic strength (0.01 M NaCl, comparable to potable water) but is independent of
temperature at high ionic strength (0.5 M NaCl, comparable to seawater). The equilibrium calcium
concentration resulting from carbonate dissolution also increases with increasing temperature at low ionic
strength but is independent of temperature at high ionic strength. The temperature dependence of the zeta
potential is correlated with the temperature dependence of the equilibrium calcium concentration and
shows a Nernstian linear relationship. Our findings are applicable to many subsurface carbonate rocks at
elevated temperature.

1. Introduction

The zeta potential is a measure of the electrical charge on a mineral surface. The value of the zeta potential
controls the magnitude and polarity of the streaming potential, a component of the self-potential (SP) that
arises in response to pressure gradients across water saturated rocks [e.g. Jouniaux and Pozzi, 1995;
Schoemaker et al., 2012; Luong and Sprik, 2013; Jackson, 2015]. SP measurements are widely used in geophy-
sical monitoring of fluid flow in aquifers, hydrocarbon reservoirs, and geothermal fields [e.g., Corwin and
Hoover, 1979; Morgan et al., 1989; Wurmstich and Morgan, 1994; Revil and Pezard, 1998; Darnet et al., 2003;
Darnet et al,, 2004; Jardani et al., 2008; Suski et al., 2008; Boléve et al., 2009], and the zeta potential is an impor-
tant material property used when interpreting these data (see Jackson [2015] for an overview). The zeta
potential also controls the magnitude and polarity of the seismoelectric response [e.g., Pride, 1994;
Schoemaker et al.,, 2012; Grobbe et al., 2014; Grobbe and Slob, 2016]. Rock wettability is strongly controlled
by the zeta potential [e.g., Buckley et al., 1989; Strand et al.,, 2006; Hiorth et al., 2010; Jackson et al., 2012]
and subsurface engineering processes, such as modifying the composition of injection brine during water-
flooding of hydrocarbon reservoirs, are affected by its value [e.g., Strand et al, 2006; Zhang et al., 2007;
Yousef et al, 2011; Mahani et al.,, 2016]. Adsorption and exchange of polar species on the mineral surfaces
in aquifers is also influenced by the zeta potential [e.g., Appelo, 1994]. Consequently, knowledge of the zeta
potential at conditions relevant to natural subsurface systems has broad application.

In many subsurface settings, including hydrocarbon reservoirs [e.g., Gulamali et al, 2011; Saunders et al.,
2012], deep saline aquifers [e.g., Guichet et al, 2006] and hydrothermal systems [e.g., Revil and Pezard,
1998; Suski et al., 2008], there are carbonate rocks at elevated temperature (typically > 60°C), yet the tempera-
ture dependence of the zeta potential in carbonates remains poorly understood [Glover, 2015]. No measure-
ments above laboratory temperature are available in the literature. The aim of this paper is to determine the
temperature dependence of the zeta potential in natural carbonates for the first time over the range 22-120°C.
We investigate three different natural limestone samples (Table S1 in the supporting information) saturated
with two different electrolytes. One electrolyte contains 0.01 M (1 M=1mol dm3) NaCl (total ionic strength
comparable to potable water); the second contains 0.5 M NaCl (total ionic strength comparable to seawater).
Both electrolytes contain Ca* and other ions, such as Mg?* and SO, These are not added to the electrolyte
as salts. Rather, they are present as a consequence of dissolution and exchange with the carbonate minerals
during equilibration of the electrolyte-rock system at the temperature of interest, prior to measuring the
zeta potential.
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2. Materials and Methods

We measured the zeta potential of the intact limestone samples using the streaming potential method (SPM)
at elevated temperature recently developed by Vinogradov and Jackson [2015] and applied by them to intact
sandstone samples. Their experimental setup was 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). As the SPM has been described previously, we provide only a short overview here.

The sample was confined in a polyether ether ketone (PEEK) core holder and placed in an oven along with the
reservoirs (columns) that supply electrolyte to the sample, and the electrodes used to measure the electrical
potential across the sample. The oven had temperature controlled to +0.5°C. The pump used to flow the elec-
trolyte through the sample remained outside of the oven and multipar oil was used as a hydraulic fluid to
force electrolyte from one reservoir, through the sample, and into the other reservoir, via flow lines that pass
through the wall of the oven from the reservoirs to the pump. A backpressure was applied to the fluids in the
reservoirs of approximately 50 kPa above the temperature-dependent water boiling pressure.

For temperatures in the range 22-80°C, the electrolyte pH, electrical conductivity, and concentrations of key
ions were measured using samples obtained inside the oven; measurements at higher temperature were not
possible. However, the zeta potential and the electrical conductivity of the saturated rock sample were
measured over the entire temperature range investigated.

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 are recorded across the sample (e.g., Figure 1a). Stable pressure and voltage
indicate that a steady state has been reached at which the streaming current induced by the flow is balanced
by a conduction current so the total current in the sample is zero across any cross section perpendicular to
the induced pressure gradient. The streaming potential can only be interpreted to yield the zeta potential
once this steady state is reached. The flow direction is then reversed at the same rate. The voltage change
is checked to have the same magnitude but opposite polarity in response to flow in each direction, confirm-
ing that electrode polarization effects are small [e.g., Ball and Fuerstenau, 1973] and that the measured elec-
trical 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 pres-
sure difference [e.g., Jouniaux and Pozzi, 1995; Lorne et al.,, 1999; Schoemaker et al.,, 2012; Luong and Sprik,
2013] (see Figure 1b). The gradient of a linear regression through these data yields the streaming potential
coupling coefficient (Cyp), which is related to the zeta potential ({) via a modified version of the Helmholtz-
Smoluchowski equation that accounts for surface electrical conductivity [e.g., Fairbrother and Mastin, 1924;
Jouniaux and Pozzi, 1995; Revil et al., 1999; Glover, 2015].
AV (e

Cop= — = . 1
P AP H,0cF M

Here u,, is the dynamic viscosity of the electrolyte, ¢ is the permittivity of the electrolyte, o, is the conduc-
tivity of the sample saturated with the electrolyte at experimental conditions, and F is the intrinsic
formation factor of the sample. Similar to Vinogradov and Jackson [2015], we obtained ux and ¢ as a func-
tion of temperature and ionic strength using the approach of Saunders et al. [2012, Appendix A], and the
electrical conductivity of the saturated sample o, was measured before and after each streaming po-
tential measurement using the approach reported in Vinogradov et al. [2010] (Figure 1c). The intrinsic
formation factor F at 22°C along with other key data for the Portland, Estaillades, and Ketton samples
investigated was available from previous studies [Alroudhan et al., 2016] (see Table S1 in the supporting
information). All three samples are pure limestone and appear compositionally similar in X-ray diffraction
measurements.

The main difference in our approach compared to Vinogradov and Jackson [2015] was in the preparation of
the samples and electrolytes prior to the measurement of zeta potential. The limestone samples were
cleaned following the procedure outlined in Alroudhan et al. [2016]. Each sample was flooded with at least
two pore volumes (PV) of deionized water prior to cleaning with methanol in a Soxhlet apparatus for 48 h
and then dried for at least 12 h in a vacuum oven at 80°C. It was then allowed to cool at room temperature
for a minimum of 6 h and flooded with a further 4 PV of 0.05 M NaCl electrolyte that had been equilibrated
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Figure 1. Experimental results. (a) Typical paired stabilization results obtained at a flow rate of 80 mL min~' on the
Estaillades sample saturated with 0.5 M NaCl electrolyte at 80°C. (b) Typical plot of stabilized voltage against stabilized
pressure difference at four different flow rates; here the linear regression has adjusted R*=0.998. The slope of the linear
regression yields C,. (c) Electrical conductivity of the saturated samples as a function of temperature: filled symbols denote
0.5 M NaCl electrolyte and are plotted against the right-hand axis; empty symbols denote 0.01 M NaCl electrolyte and are
plotted against the left-hand axis. (d) Electrolyte pH as a function of temperature: filled symbols denote 0.5 M NaCl
electrolyte; empty symbols denote 0.01 M NaCl electrolyte. Error bars on pH reflect the instrument accuracy (+0.2 pH units).
(e and f) show streaming potential coupling coefficient as a function of temperature for 0.01 M NaCl electrolyte (Figure 1e)
and 0.5 M NaCl electrolyte (Figure 1f).

with the carbonate samples (see below). This enhanced cleaning protocol ensures that divalent ions have
been flushed from the mineral surfaces.

Carbonate minerals are soluble in aqueous solutions, with calcite having a solubility product Ky, = 107848
[Plummer and Busenberg, 1982]. Equilibrium between carbonate minerals in contact with aqueous electrolyte
is defined by the pH, the concentration of the soluble ionic species and, in open system conditions, the partial
pressure of CO, (pCO,) in solution [Somasundaran et al., 1985; Somasundaran, 2006]. The equilibrium pH of
water in contact with calcite in the presence of CO, is 8.2-8.4 [Garrels and Christ, 1965; Stumm and Morgan,
1996]. Any factor, such as organic activity, CO, partial pressure, or temperature that modifies the equilibrium
will result in precipitation or dissolution of calcite.
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The appropriate equilibrium conditions for a natural carbonate/water/CO, system were replicated here fol-
lowing the approach described in Alroudhan et al. [2016]. In this approach, NaCl electrolytes were prepared
and then placed in a closed beaker at room temperature with offcuts of the tested carbonate, maintaining an
air layer in the beaker to provide a source of atmospheric CO,, for 4-8 weeks with regular testing to deter-
mine whether equilibrium has been achieved. This mimics the open system conditions under which most car-
bonate rocks are initially formed [Morse, 1986; Morse and Mackenzie, 1990; Stumm and Morgan, 1996].
Previous studies of these samples have shown that equilibrium is reached at a measured pH of 8.2+ 0.2
[see Alroudhan et al, 2016], consistent with previous measured and calculated values [Garrels and Christ,
1965]. These electrolytes, equilibrated initially at open system conditions and room temperature, were used
to saturate the limestone samples.

The samples were then loaded into the SPM apparatus described above. This is closed to the atmosphere and
mimics the closed-system conditions pertaining to a rock-brine system at depth. The temperature was then
raised to the desired value, and equilibrium of the rock/water system at this temperature and closed condi-
tions was established by pumping the electrolyte through the sample from one reservoir to the other and
back again. At regular intervals, the electrical conductivity and pH of the electrolyte in the reservoirs was mea-
sured, and equilibrium was assumed to have been reached when the conductivity and pH of the electrolyte
in each reservoir differed by <5%.

Electrolyte pH was measured using a Five-Go Mettler-Toledo pH meter with their 3-in-1 pH electrode LE438,
implementing where necessary the manufacturer’s recommended calibration and correction procedures at
high ionic strength. The concentration of Ca®*, Mg®*, and SO, ~ was measured, for temperatures in the
range 22-80°C, using a Metrohm 930 ion chromatographer. Electrolyte samples were diluted to obtain con-
centrations between 2 and 200 pmm, and the instrumental error was assessed by running certified standard
solutions contain Ca®*, Mg?*, and 50, ~. Repeatability was determined by conducting five repeat measure-
ments on all the samples whose standard deviation is represented by the error bars. The errors were found to
be small: 3.5% for Ca** and Mg?* and 0.5% for SO,4° —.

3. Results

Typical raw results of the PS experiments are shown in Figures 1a and 1b. The uncertainty in the streaming
potential coupling coefficient arising from the range of linear regressions that can be forced through the sta-
bilized voltage and pressure data was used to determine the associated experimental error in the reported
zeta potentials. Figures 1c and 1d show the measured sample electrical conductivity and electrolyte pH for
all experiments over the range of temperatures investigated. The sample conductivity increases with tem-
perature almost linearly (Figure 1c), and the conductivity also increases with the electrolyte ionic strength;
the higher the electrolyte concentration, the higher the conductivity. Electrolyte pH is constant within
experimental error in all investigated samples and electrolytes (Figure 1d). Figures 1e and 1f show the
temperature-dependent change in streaming potential coupling coefficient for the 0.01 M and 0.5M elec-
trolytes, respectively. The streaming potential coupling coefficient is negative for all samples and decreases
in magnitude with increasing temperature at low ionic strength (Figure 1e) but is constant within experimen-
tal error at high ionic strength (Figure 1f).

Figure 2 shows the temperature dependence of the zeta potential and calcium concentration (expressed as
pCa, where p denotes the negative logarithm; higher pCa corresponds to lower Ca®* concentration and vice
versa) for the 0.01 M (Figures 2a and 2b) and 0.5 M (Figures 2c and 2d) electrolytes. Plotting calcium concen-
tration in this way is analogous to plotting the proton concentration as pH, although we do not account for
the nonideal nature of the electrolyte (i.e., we plot the negative logarithm of calcium concentration rather
than activity).

At low ionic strength, zeta potential and calcium concentration both increase with increasing temperature
(Figures 2a and 2b). A linear regression provides a good fit to the temperature dependence of the zeta poten-
tial for the Estaillades and Portland samples with a common gradient of 0.04 mV/°C (adjusted R = 0.897 for
Estaillades and adjusted R*>=0.974 for Portland), but a power law regression of the form a=bT¢ is required
to obtain a similar quality of fit to the data from the Ketton sample (adjusted R*=0.958) with
b=—41.46 mV and c=—0.409. A linear regression also provides a good fit to the temperature dependence
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Figure 2. Zeta potential and equilibrium pCa, pMg, and pSO, as a function of temperature. (a and b) Zeta potential and pCa
as a function of temperature at low ionic strength (0.01 M NaCl electrolyte). (c and d) Zeta potential and pCa as a function of
temperature at high ionic strength (0.5 M NaCl electrolyte). The equilibrium pCa was measured for temperatures in the
range 22-80°C and extrapolated to higher temperature using the regressions obtained. (e and f) pMg and pSOy4 as a
function of temperature for all samples and electrolytes.

of pCa for the Estaillades and Portland samples with a common gradient of —0.0024 decade/°C (adjusted
R?=0.977 for Estaillades and adjusted R?=0.896 for Portland), but again, a power law regression is required
to obtain a similar quality of fit to the data from the Ketton sample (adjusted R = 0.844) with b=3.23 and
¢=—0.067. The absolute magnitude of the zeta potential and calcium concentration (expressed as pCa) for
each sample consistently follows the order Portland > Estaillades > Ketton.

At high ionic strength, both zeta potential and calcium concentration are independent of temperature within
experimental error (Figures 2c and 2d). The absolute magnitude of the zeta potential for each sample consis-
tently follows the order Portland > Ketton > Estaillades (Figure 2c). However, the calcium concentration
(expressed as pCa) follows the order Portland > Estaillades > Ketton (Figure 2d). Dissolution of the sample
during equilibrium of the rock/electrolyte system therefore yielded a nonzero concentration of Ca®* in the
electrolyte that was temperature dependent at low ionic strength, but constant for a given sample at high
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ionic strength. The equilibration process also yielded nonzero concentrations of Mg>* and S04~ which were
independent of temperature irrespective of ionic strength, but varied between samples (Figures 2e and 2f).
The difference in equilibrium pMg between the three samples is small and follows the trend in pCa, so pMg
is lower in the Ketton sample and higher in the Portland sample; see Figure 2e). The equilibrium pSQOy, is
always lower in the Ketton sample (Figure 2f), consistent with previous results obtained at room tempera-
ture. We discuss the significance of these ions in solution in terms of their impact on zeta potential in the
next section.

4. Discussion

We observe a clear and consistent temperature dependence of the zeta potential in natural carbonates which
is the same across the three different limestone samples investigated here but depends on the ionic strength
of the electrolyte. At the lower ionic strength tested (0.01 M NaCl), the zeta potential decreases in magnitude
with increasing temperature, while at the higher ionic strength tested (0.5 M NaCl), the zeta potential remains
constant within experimental error. This behavior is similar to that observed in natural sandstones by
Vinogradov and Jackson [2015]; they also found that the zeta potential decreased in magnitude with increas-
ing temperature at lower ionic strength (0.01 MNaCl, consistent with that investigated here) but remained
constant at higher ionic strength (0.5 MNadl, as in this study). However, they found that the zeta potential
at a given temperature was the same within experimental error across the three sandstone samples investi-
gated. Moreover, they also found that the electrolyte pH decreased in magnitude with increasing tempera-
ture at low ionic strength but remained constant at high ionic strength. Here we find the value of zeta
potential is different for each limestone sample. Moreover, the pH remained constant within experimental
error, irrespective of temperature or ionic strength.

The negative values of zeta potential obtained here for all three carbonate samples investigated are consis-
tent with previously reported values on natural carbonates and calcites at the equilibrium pH=28.2 [e.g., Berlin
and Khabakov, 1961]. However, there are no published data on the temperature dependence of the zeta
potential on calcite or natural carbonates against which the results obtained here can be compared. All
previously published data were obtained at laboratory temperature [e.g., Foxall et al., 1979; Thompson and
Pownall, 1989; Pierre et al, 1990; Huang et al., 1991; Cicerone et al., 1992; Chen et al., 2014; Alroudhan et al.,
2016]. These studies have shown that unlike metal oxides such as silica [e.g., Glover et al,, 2012], the proton
is not the key potential determining ion (PDI; being those ions whose concentration in aqueous solution con-
trols the polarity and density of electrical charge on the mineral surface) for the calcite surface. While pH does
control the protonation and deprotonation reactions that occur at the calcite mineral surface, the variation in
surface charge over the pH range 5.5-11 is small [e.g., Heberling et al., 2011].

The zeta potential is instead controlled by the concentration-dependent adsorption of the lattice ions Ca**
and Mg?* on the mineral surface. Many authors have concluded that Ca®* and Mg?" are the principle PDIs
[e.g., Somasundaran and Agar, 1967; Foxall et al., 1979; Pierre et al, 1990; Huang et al., 1991; Cicerone et al.,
1992; Stipp, 1999; Moulin and Roques, 2003; Wolthers et al.,, 2008; Heberling et al, 2011; Alroudhan et al.,
2016]. The consistent observation in these studies is that decreasing pCa and/or pMg yield more positive zeta
potential, consistent with increased adsorption of Ca®* and/or Mg?* onto the calcite surface. The SO4>~ ion
has also been suggested as a PDI for calcite [e.g., Smallwood, 1977; Strand et al., 2006]. The zeta potential of
the natural limestone samples investigated here is therefore controlled by pCa, pMg, and pSOyg; i.e., the
concentration of Ca*, Mg?*, and S0,°~.

The equilibrium pMg and pSO, observed in our experiments was constant for a given sample and electrolyte
irrespective of temperature (Figures 2e and 2f). At the higher ionic strength tested, the equilibrium pCa was
also constant for a given sample and electrolyte irrespective of temperature (Figure 2d). However, at the
lower ionic strength tested, the equilibrium pCa decreased with increasing temperature (i.e., the concentra-
tion of Ca®* increased; Figure 2b). Moreover, at the lower ionic strength, a clear correlation between zeta
potential and pCa was obtained for a given sample, yielding a linear (Nernstian) regression with a gradient
of —15mV/decade for the Portland and Estaillades samples (adjusted R?>0.91) and —20 mV/decade for
the Ketton sample (adjusted R>=0.90) (Figure 3a). Previous studies on the same carbonate samples investi-
gated here [e.g., Alroudhan et al., 2016] and on calcite samples in NaCI/KCl electrolytes at low ionic strength
(<2%x 1072 M) have also observed a Nernstian relationship between zeta potential and pCa with similar
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Figure 3. Relationship between zeta potential and PDI concentration. (a) Zeta potential plotted against pCa. (b) Zeta poten-
tial plotted against p(Ca + Mg-SOj,). Red arrows represent increasing temperature from 22°C to 120°C. Grey symbols are
extrapolated values at 120°C.

gradient but at fixed (laboratory) temperature [Foxall et al., 1979; Thompson and Pownall, 1989; Cicerone et al.,
1992]; see Figure S2 in the supporting information. At the higher ionic strength, the data clustered at one
value of pCa and zeta potential for each sample (Figure 3a).

The temperature dependence of the zeta potential in sandstones observed by Vinogradov and Jackson [2015]
was explained by them in terms of the temperature dependence of the electrolyte pH (i.e., the concentration
of the proton and the PDI for the silica surface). Here we find that the temperature dependence of the zeta
potential for a given carbonate sample can be explained by the temperature dependence of the electrolyte
pCa (i.e., the concentration of the calcium ion and a PDI for the calcite surface). At the lower ionic strength
investigated, both the zeta potential and pCa decrease (i.e., the concentration of Ca>* increases) with increas-
ing temperature (Figures 2a and 2b) and the change in zeta potential reflects a Nernstian response to the
change in pCa (Figure 3a). At the higher ionic strength investigated, both the zeta potential and pCa remain
constant irrespective of temperature (Figures 2c and 2d) but the constant zeta potential nonetheless reflects
a Nernstian response to the change in pCa (Figure 3a).

The relationship between zeta potential and equilibrium pCa explains the temperature dependence of the
zeta potential for a given limestone sample but does not explain the difference in zeta potential observed
at a given pCa/temperature between the three investigated limestone samples. For example, the Ketton
sample recorded a larger negative zeta potential than the Estaillades sample at high ionic strength, even
though the calcium concentration was higher (i.e, pCa was lower; see Figure 3a). The difference in zeta
potentials can be accounted for by also including the variations in equilibrium pMg and pSO, observed
across the different samples (Figures 2e and 2f). The difference in the zeta potential response of the three
samples tested can be accounted for by plotting the zeta potential against the total concentration of PDls
(expressed as p(Ca+Mg-SO4)). We choose to plot concentration in this way as the lattice ions Ca®* and
Mg2+ have an identical impact on zeta potential within experimental error, while the S0,%~ ion acts to reduce
the effect of pCa [see Alroudhan et al., 2016]. Plotted in this way, the zeta potential varies linearly with PDI
concentration irrespective of sample type, temperature, and ionic strength, with an identical gradient of
—8mV/decade (adjusted R? > 0.93) (Figure 3b).

A simple but plausible mechanism to account for the observed temperature dependence of pCa and zeta
potential is variable carbonate dissolution during the equilibration process caused by temperature-dependent
changes in pH. At low ionic strength, the pH has been observed to decrease with temperature in unbuffered
NaCl electrolytes [e.g., Millero et al., 2009; Vinogradov and Jackson, 2015]; however, the pH in our closed-system
experiments is buffered at the equilibrium value as a consequence of carbonate dissolution leading to a
decrease in pCa (Figure 2b). At high ionic strength, Vinogradov and Jackson [2015] observed no change in
pH with temperature. Hence, we expect no mineral dissolution and so no change in pCa (Figure 2d).

The relationships between zeta potential, temperature, and pCa reported in this study are important for many
subsurface applications. For example, carbonate hydrothermal fields and many deep carbonate hydrocarbon
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reservoirs or potential CO, storage sites are at temperatures >60°C and, as discussed in section 1, the zeta
potential is an important parameter impacting geophysical monitoring of flow in these reservoirs, as well
as interactions between the mineral surfaces and adjacent fluids. We show here that the temperature depen-
dence of the zeta potential is specific to a given carbonate and depends on the electrolyte ionic strength and
the concentration of the PDIs Ca®", Mg?", and $O,42". In carbonate reservoirs saturated with brines of low
ionic strength, the zeta potential of the mineral surfaces at depth, where temperatures are elevated, will
be smaller in magnitude than values measured on reservoir samples in experiments at laboratory conditions.
Moreover, measurements of equilibrium electrolyte composition, especially the concentration of Ca**, Mg>",
and SO, are essential to predict correctly the zeta potential at depth. However, in carbonate reservoirs
saturated with brines of high ionic strength, the zeta potential will be independent of temperature and, for
a given carbonate type, zeta potential measurements on samples at laboratory conditions may be directly
applied to the reservoir at depth.

5. Conclusions

We find that the temperature dependence of the zeta potential in natural carbonates saturated with equili-
brated NaCl electrolytes (i.e., containing Ca*, Mg>*, and SO,>~ ions at concentrations established during
equilibrium of sample and electrolyte) is sample specific and depends on the ionic strength of the electrolyte.
The zeta potential is negative and decreases in magnitude with increasing temperature at low ionic strength
(represented by the 0.01 MNaCl electrolyte investigated here) but is independent of temperature at high
ionic strength (represented by the 0.5 M NaCl electrolyte investigated here). This behavior is consistent with
zeta potential data in intact natural sandstones. The equilibrium calcium concentration (expressed as pCa) in
the electrolyte also decreases with increasing temperature at low ionic strength but is independent of tem-
perature at high ionic strength. The temperature dependence of the zeta potential can be correlated with the
temperature dependence of the equilibrium pCa and shows a Nernstian linear relationship. The difference in
response of the carbonate samples tested can be accounted for by including sample-dependent variations in
equilibrium pMg and pSO, as well as the temperature-dependent variation in equilibrium pCa. The pH
remains unchanged with temperature irrespective of ionic strength. The results have broad application to
processes in subsurface carbonate rocks at elevated temperature.
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