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Abstract 

Rocks in many subsurface settings are at elevated temperature and are saturated with brines of 

high ionic strength (high salinity) containing divalent ions. Yet most laboratory measurements 
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of zeta potential in earth materials are obtained at room temperature using simple monovalent 

electrolytes at low ionic strength. Consequently, the zeta potential at conditions relevant to 

many subsurface settings is not known. We report experimental measurements of the 

temperature dependence of the zeta potential in well characterised, natural quartz sandpacks 

over the temperature range 23-120°C saturated with electrolytes containing divalent ions at a 

range of concentrations relevant to natural systems. We find that the key control on zeta 

potential in these unbuffered experiments is pH, which varies in response to temperature and 

electrolyte composition. The zeta potential is negative irrespective of sample or electrolyte, 

but its magnitude is strongly correlated to pH, which varies both with temperature and the 

concentration of divalent ions. The pH decreases with increasing temperature at low ionic 

strength, but is independent of temperature at high ionic strength. The pH is also typically 

lower in the presence of divalent ions, irrespective of the total ionic strength. The zeta potential 

increases in magnitude with increasing pH. Different relationships between zeta potential, 

temperature and concentration of divalent ions could be obtained in buffered experiments 

where the pH is fixed at a given value. 

 

1. Introduction 

The zeta potential is a measure of the electrical potential at mineral surfaces in water-

saturated rocks. Its magnitude and polarity control the electrostatic interactions between the 

mineral surfaces and polar or ionic species present in both aqueous and non-aqueous phase 

fluids and the magnitude and polarity of the self-potential (SP) arising from electrokinetic and 

charge exclusion processes (e.g. Jouniaux and Pozzi, 1995; Revil, 1999; Maineult et al., 2004; 

Glover et al., 2012; Leinov and Jackson, 2014).   

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; 
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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; Jouniaux et al., 2000; Revil et al., 2011) and during 

seismoelectric exploration (Revil and Mahardika, 2013; Jouniaux and Zyserman, 2016), the 

rocks are at elevated temperature and are saturated with brines of high ionic strength (high 

salinity) containing divalent ions such as Ca2+, Mg2+ and SO4
2-. Yet most laboratory 

measurements of zeta potential in earth materials are obtained at room temperature using 

simple monovalent electrolytes at low ionic strength (see Walker et al., 2014 for a 

compilation). Previous studies have investigated high ionic strength but monovalent 

electrolytes (e.g. Jaafar et al., 2009; Vinogradov et al., 2010; Walker and Glover, 2018), 

elevated temperature but monovalent electrolytes (e.g. Vinogradov and Jackson, 2015) and 

electrolytes containing divalent ions but at ambient temperature (e.g. Coreño et al., 2001; 

Lorne et al., 1999 Mammen et al., 1997; Pierre et al., 1990; Thanh and Sprik, 2016).  

Consequently, the zeta potential at conditions relevant to many subsurface settings is not 

known.   

In many natural and engineered earth processes, brine of one composition is replaced by 

brine of a different composition and/or ionic strength. Such displacements are observed when 

saline water or a saline tracer invades a freshwater zone (e.g. Boleve et al., 2011; Jougnot et 

al., 2015; MacAllister et al., 2016) and vice-versa (e.g. Appelo, 1994; Valocchi et al., 1981) 

and during oil recovery by controlled salinity waterflooding (CSW) (e.g. Jackson et al., 

2016a).  Yet the effect of compositional changes, or the history of compositional changes, on 

the zeta potential of earth materials at the conditions of elevated temperature and/or ionic 

strength relevant to subsurface systems is also not known. 

The aim of this study is to determine the temperature dependence of the zeta potential in 

pure, natural quartz sandpacks over the temperature range 23-120°C, saturated with NaCl 
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electrolytes containing the divalent ions Ca2+ and/or Mg2+ at 0.015M (comparable to potable 

water; 1 M = 1 mol dm-3), 0.45M (comparable to seawater) and 2M (comparable to formation 

brines in deep saline aquifers) ionic strength.  We use well characterised, natural quartz 

sandpacks as analogues for natural sandstones, arguing that a thorough understanding of these 

simpler analogue materials is essential prior to investigating sandstones and the additional 

complexities associated with multiple mineral phases.   

 

2. Materials and method 

2.1.  Sandpack preparation and initial characterisation 

The zeta potential was determined using the streaming potential method (e.g. Delgado et al., 

2007).  The streaming potential and, from this, the zeta potential was determined using the 

methodology of Vinogradov et al. (2010) and Vinogradov and Jackson (2015) implemented in 

a multi-sample setup developed as part of this study (Figure 1). The streaming potential was 

measured on packed samples of Ottawa and Fontainebleau sand, both characterised by >99% 

quartz content. The sand was poured into an FEP heat shrink sleeve with internal diameter of 

38mm which matches that of the core holders. To ensure full water saturation (Sw=1), the 

sandpacks were prepared by pouring the sand into the sleeve partially filled with the electrolyte 

of interest until the required length of pack was achieved. To ensure consistent properties, 

intensive tapping of the sleeve walls was used and axial pressure of c. 800kPa was applied onto 

the end-caps after the pack was sealed.   

Sandpack mass and volume (by water displacement) were measured to calculate the sand 

grain density, and mass balance between empty and fully assembled core holders was used to 

determine the porosity. The electrical conductivity of each pack was measured using the 

methodology reported by Vinogradov et al. (2010). The absolute liquid permeability (k) was 

measured during coreflooding experiments and the formation factor (F) was measured at 
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ambient temperature (21oC). The sandpack preparation method provided consistent results for 

over 30 sandpacks used in the experiments, with the average petrophysical properties of the 

sandpacks shown in Table 1. Note that the uncertainty of the properties represents the 

repeatability across different packs. 

 

2.2. Electrolytes 

The electrolytes used in this study were solutions of reagent-grade NaCl, CaCl2•2H2O, 

MgCl2•6H2O (Sigma Aldrich UK) in deionised water (electrical conductivity <1S/cm). The 

electrolytes were prepared in volumetric flasks open to atmospheric CO2; the electrolyte pH 

and electrical conductivity was measured at regular intervals and chemical equilibrium was 

assumed to have established when these properties remained unchanged and constant for over 

3 hours. The electrolytes used in our experiments and their properties are given in Table 2. 

After the initial equilibration, the electrolyte of interest was used to saturate the sandpack. 

Once loaded into the core holder, the experimental setup ensures that the sample and 

electrolytes are isolated from atmospheric CO2 during measurements of streaming potential. 

 

2.3. Experimental methodology 

Prior to carrying out the streaming potential measurements, chemical equilibrium between 

samples and electrolytes was established at a given temperature following the procedure 

described by Vinogradov and Jackson (2015). There was no attempt to fix the pH at a given 

value; the pH in a given experiment reflects the equilibrium obtained for a given electrolyte, 

sand and temperature. To measure the streaming potential coupling coefficient (Csp) we used 

the paired-stabilization (PS) method described by Vinogradov and Jackson (2011). The zeta 
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potential was calculated from the streaming potential coupling coefficient using the modified 

Helmholtz-Smoluchowski equation (e.g. e.g. Jouniaux and Pozzi, 1995; Glover, 2015). 

𝐶𝑠𝑝 =
∆𝑉

∆𝑃
=

𝜀𝜁

𝜇𝜎𝑟𝐹
 Eq. 1 

Here μ is the dynamic viscosity of the electrolyte, ε is the electrical permittivity of the 

electrolyte, σr is the electrical conductivity of the saturated samples (measured following the 

procedure described in detail by Vinogradov et al., (2010)), and F is the intrinsic formation 

factor of the samples. The intrinsic formation factor is defined as the ratio between the 

electrical conductivity of the electrolyte and the electrical conductivity of the sample saturated 

with the same electrolyte when the surface conductivity is negligible, i.e. at high ionic strength. 

The intrinsic formation factor was measured at ambient temperature following the procedure 

described by Vinogradov et al., [2010]. 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 apparent 

(measured) zeta potential in streaming potential experiments may significantly differ from the 

true one if the electrical double layers (EDL) from the opposite pore walls overlap [Datta et 

al., 2010; Leinov and Jackson, 2014]. However, in the experiments reported here, the EDL 

thickness is more than three orders of magnitude smaller than the pore radius of the sandpacks 

(of order 10s m), so no correction is required. 

At the end of each PS experiment, two electrolyte samples were collected using sealed 

sampling tubes: one sample was used for the measurements of electrolyte electrical 

conductivity and pH; the second electrolyte sample was allowed to cool down to ambient 

temperature and a repeat measurement of electrolyte pH and a complete chemical analysis 

(using a Metrohm 930 Compact ion chromatographer) was carried out for comparison. 

 

2.4. Design of experiments 
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To determine the effect of temperature, ionic strength and divalent ions on the zeta potential 

of the sandpacks, four distinct sets of experiments were conducted: 

1. Effect of Na concentration and temperature. The aim of these experiments was to 

determine whether the sandpacks show similar temperature- and concentration-dependent 

behaviour in a simple monovalent electrolyte as the natural sandstones investigated 

previously by Vinogradov et al. (2010) and Vinogradov and Jackson (2015).  Zeta 

potential was measured for 0.015M, 0.45M and 2M NaCl electrolyte at temperature up to 

120ºC (NaCl electrolytes in Table 2). 

2. Effect of Ca and Mg concentration and temperature. The aim of these experiments was to 

determine the impact on the zeta potential of individual divalent ions that are abundant in 

natural brines. The impact of these ions at concentrations relevant to natural brines has not 

been determined previously (see Thanh and Sprik (2016) for data at low ionic strength and 

laboratory temperature). Zeta potential was measured for pure CaCl2 and MgCl2 

electrolytes at 0.015M and 0.45M ionic strength and temperature up to 120ºC (CaCl2 and 

MgCl2 electrolytes in Table 2). 

3. Effect of temperature and Ca or Mg concentration in mixed electrolytes containing Na. 

The aim of these experiments was to determine the impact of Ca and Mg on zeta potential 

in electrolytes containing Na and one of these divalent ions in a 9:1 proportion relevant to 

natural brines. These mixed electrolytes (NaCl:CaCl2 and NaCl:MgCl2 in the ratio 9:1 

TDS; NaCl-CaCl2 and NaCl-MgCl2 electrolytes in Table 2) have been used in previous 

experiments (e.g. Cissokho et al., 2010). The effect of saturation history of these simple 

single and mixed electrolytes was also tested (Table 3). 

4. Effect of saturation history using variable electrolyte concentrations. The aim of these 

experiments was to determine the change in zeta potential in response to changes in brine 
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composition relevant to CSW. A number of different saturation histories were investigated 

(see Table 4). 

 

3. Results 

We begin by briefly reporting the results of chemical analysis of the electrolytes used in the 

experiments, with analysis conducted on a given electrolyte before it contacted the sandpack, 

and at the end of the streaming potential measurements.  Analysis for anions (Cl-) and cations 

(Na+; Ca2+; Mg2+) in the effluent electrolytes showed no measurable change in concentration 

for all electrolytes and temperature conditions used in the experiments. This is an important 

result that will be referred to later in the paper.  Note also that all measured zeta potentials in 

the experiments reported here were negative. 

 

3.1.  NaCl concentration and temperature 

Figure 2 shows the variation of zeta potential with ionic strength in sandstones at laboratory 

temperature (data compiled in Vinogradov et al. (2010) with the new data obtained here on 

Fontainebleau and Ottawa sand). The sandpack data follow the same trend as natural 

sandstones, most notably in that the zeta potential is the same within experimental uncertainty 

for the ionic strengths of 0.45M and 2M.  Values of the measured zeta potential agree well 

with previously published results and are in line with the conclusion that the zeta potential 

becomes independent of ionic strength for ionic strength >0.45M, that was first postulated by 

Jaafar et al., (2009) and Vinogradov et al., (2010) and later confirmed by Walker et al. (2014) 

and Walker and Glover (2018). Vinogradov et al. (2010) argued that the decoupling of zeta 

potential at high ionic strength reflects a change in behavior of the ion density in the diffuse 
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part of the electrical double layer: at low ionic strength, the behavior is Boltzmann-like, 

whereas at high ionic strength the density is controlled by ion-ion interactions. 

Figure 3 shows the temperature dependence of zeta potential in Ottawa and Fontainebleau 

sand at low (0.015M; Figure 3a) and moderate- to high- ionic strength (0.45M and 2M; Figure 

3b).  The data for each sand type are the same within experimental error. Also shown for 

comparison are data from natural sandstones obtained by Vinogradov and Jackson (2015). The 

sandpack data follow the same trend as the natural sandstones: at low ionic strength, the 

negative zeta potential decreases in magnitude with increasing temperature, while at moderate 

to high ionic strength, the zeta potential is independent of temperature. The temperature 

dependence of the zeta potential at low ionic strength is consistent with the model of Revil et 

al. (1999) if the empirical temperature dependence of pH is accounted for (Figure 4); the 

constant value at moderate to high ionic strength is consistent with the model of Saunders et 

al. (2012). We extrapolate the empirical correlation between pH and the temperature beyond 

the range of directly measured values (>80oC) as a first order hypothesis (Fig.4). The 

correlation provides a good match for the temperature dependence of the zeta potential using 

the model of Revil et al., (1999) in the low salinity domain. However, to confirm the correlation 

at high temperature requires a modification of the experimental setup to allow in-situ 

measurements of the electrolyte pH. 

 

3.2. Ca and Mg concentration and temperature 

At low ionic strength, there is a weaker temperature dependence of the zeta potential in both 

CaCl2 and MgCl2 electrolytes than in NaCl electrolyte, with the zeta potential decreasing in 

magnitude (becoming less negative) with increasing temperature. The temperature sensitivity 

of MgCl2 is greater than CaCl2. For example, in Ottawa sand, the zeta potential decreased from 

c. -12.5mV at laboratory temperature to c. -7.8mV at 120ºC (a change of 4.7mV) in MgCl2, 
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but from c. -10.8mV to c. -9.2mV in CaCl2 (a change of 1.6mV). The Ottawa sand in both 

CaCl2 and MgCl2 electrolytes consistently yielded a more negative zeta potential (larger in 

magnitude) than the Fontainebleau sand. At moderate ionic strength, the zeta potential 

remained constant within experimental error. 

There is no model currently available to describe the temperature dependence of the zeta 

potential in the moderate to high ionic strength 2:1 electrolytes used here. The model of Revil 

et al. (1999) is valid only for 1:1 electrolytes, and a recent model reported by Thanh and Sprik 

(2016) is valid only for symmetric electrolytes. The model of Datta et al. (2009) is valid for 

asymmetric and mixed electrolytes at low concentration and ambient temperature, and 

indicates that the presence of Ca cations results in a less positive (smaller magnitude) zeta 

potential compared to electrolytes containing only Na or Mg cations, consistent with the results 

obtained here at similar conditions (see Figure 5a; data at 20ºC). All of the models mentioned 

above are restricted to Boltzmann distribution of ions in the diffuse part of the electrical double 

layer, which breaks down at moderate and high salinity. 

The less positive (smaller magnitude) zeta potential in CaCl2 and MgCl2 electrolytes 

compared to NaCl electrolyte is consistent with the lower observed pH, and the weaker 

temperature dependence of the zeta potential is consistent with the weaker temperature 

dependence of the pH (Figure 6a). Moreover, the lack of temperature dependence of the zeta 

potential at moderate to high ionic strength is consistent with the lack of temperature 

dependence of pH (Figure 6b). We consider further the relationship between zeta potential and 

pH in the Discussion. 

 

3.3. Ca or Mg concentration in mixed electrolytes containing Na 

Figure 7 shows the temperature dependence of zeta potential in Ottawa and Fontainebleau 

saturated with pure and mixed CaCl2 electrolytes at low (0.015M; Figure 7a) and moderate 
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(0.45M; Figure 7b) ionic strength (see Table 3 for a summary of the flooding sequence of 

electrolytes). Also shown for comparison are the data for the corresponding NaCl electrolyte 

shown in Figure 4.  Note again that the ionic strength in each plot is the same regardless of the 

ionic species in solution, so differences in the temperature-dependence of the zeta potential in 

a given plot reflect only differences in the dominant ion type and history, rather than changes 

in ionic strength. 

At low ionic strength, the pure CaCl2 electrolyte shows the least negative (smallest 

magnitude) zeta potential and the pure NaCl electrolyte shows the most negative (largest 

magnitude) zeta potential. The mixed NaCl-CaCl2 electrolyte yields values of zeta potential 

that lie between these two limits, and the value of zeta potential depends upon whether the 

sample was initially saturated with CaCl2 or NaCl electrolyte (shown in brackets). The zeta 

potential is more negative (larger in magnitude) in samples initially saturated with pure NaCl 

electrolyte than in samples initially saturated with pure CaCl2 electrolyte. The temperature 

dependence of the zeta potential is also least significant for the pure CaCl2 electrolyte and most 

significant for the pure NaCl electrolyte, and is more significant for the mixed electrolyte in 

samples initially saturated with pure NaCl electrolyte than in samples initially saturated with 

pure CaCl2 electrolyte. 

At moderate ionic strength, the zeta potential values for the mixed NaCl-CaCl2 electrolyte 

again lie between the maximum and minimum limits obtained from the pure NaCl and CaCl2 

electrolytes respectively, with more negative (larger in magnitude) values when the samples 

are initially saturated with NaCl electrolyte and less negative (smaller in magnitude) values 

when the samples are initially saturated with pure CaCl2 electrolyte. The zeta potential shows 

no variation with temperature irrespective of the electrolyte composition. 

Figure 8 shows the temperature dependence of zeta potential in Ottawa and Fontainebleau 

saturated with pure and mixed MgCl2 electrolytes at low (0.015M; Figure 8a) and moderate 
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(0.45M; Figure 8b) ionic strength. Also shown for comparison are the data for the 

corresponding NaCl electrolyte shown in Figure 3. The trends observed are similar to those 

obtained for the Ca electrolytes shown in Figure 7. The most significant difference is that the 

temperature dependence of the zeta potential at low ionic strength is more pronounced in the 

Mg electrolytes than in the Ca electrolytes, as discussed in the previous section. Note that in 

all cases, the zeta potential behavior depends on the composition history, as it is different for 

a given multivalent electrolyte if the sample was initially saturated with NaCl electrolyte. 

 

3.4. Effect of electrolyte composition and dilution relevant to CSW 

The process of CSW involves changing the injection brine composition during oil recovery in 

a way that modifies the ionic strength and/or concentration of divalent ions and so will impact 

on the zeta potential (see Jackson et al., 2016b for an overview). This final set of experiments 

tested the effect of electrolyte composition and dilution on the zeta potential of the sandpacks. 

Figure 9 shows the change in zeta potential as various initial 2M electrolytes are changed 

for electrolytes with lower ionic strength at high (120ºC; dashed lines) and low (23ºC; solid 

lines) temperature. Intermediate temperatures were also tested and yield behavior that lies 

between the solid and dashed lines. In some experiments, the composition was also changed. 

Straight lines with no change in slope at 0.45M ionic strength represent ‘secondary’ 

waterflooding in which the initial 2M electrolyte is replaced by 0.015M electrolyte; lines with 

a change in slope at 0.45M ionic strength represent ‘tertiary’ waterflooding in which the initial 

2M electrolyte is replaced by 0.45M electrolyte and then 0.015M electrolyte. The electrolyte 

compositions at each step are shown in the figure caption and correspond to those shown in 

Tables 2 and 4. 

Reducing ionic strength from 2M to 0.45M yields no change in zeta potential if the initial 

electrolyte contains divalent ions, or if neither the initial nor dilute electrolyte contains divalent 
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ions (see curves for FMB → SW and Na → Na). However, if the initial 2M electrolyte only 

contains monovalent (Na) ions and the dilute electrolyte at 0.45M contains divalent (Ca or Mg) 

ions then the zeta potential becomes less negative, yielding a positive change in zeta potential 

(see curves for Na → Ca and Na → Mg). However, reducing the ionic strength to 0.015M 

always yields a more negative zeta potential irrespective of the presence of divalent ions. 

The largest (negative) change in zeta potential occurs when FMB electrolyte of either 

composition is directly replaced by SW/30 electrolyte (FMB → SW/30) in a ‘secondary’ 

waterflood at 23ºC. However, the equivalent ‘tertiary’ waterflood (FMB → SW → SW/30) 

and simple dilution of Na electrolyte (Na → Na → Na) yields a similar change. The smallest 

change in zeta potential occurs when 2M NaCl is replaced by Ca or Mg electrolyte in a 

‘tertiary’ waterflood at elevated temperature (see dashed curves for Na → Ca → Ca and Na → 

Mg → Mg). In general, negative changes in zeta potential are suppressed at elevated 

temperature, although the positive change observed when Na is replaced by Ca or Mg is largest 

at elevated temperature.  Both Ottawa and Fontainebleau samples show similar behavior. 

 

4. Discussion 

The key control on zeta potential in these unbuffered experiments is pH, which varies in 

response to temperature and brine composition. We observed a negative zeta potential 

irrespective of sample or electrolyte, the magnitude of which is strongly correlated to pH, 

where the pH varies either because the temperature varies, or because the concentration of 

divalent ions changes (Figure 11). The data form two distinct trends corresponding to low 

(0.015M) and high (0.45 and 2M) ionic strength electrolytes. The pH generally decreased with 

increasing temperature at low ionic strength, but was independent of temperature at high ionic 

strength (see Vinogradov and Jackson (2015) for similar results on natural sandstones). The 

pH was also typically lower in the presence of divalent ions, irrespective of the total ionic 
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strength.  It is possible that a different relationship between zeta potential, temperature and 

concentration of divalent ions would be obtained in buffered experiments where the pH is fixed 

at a given value by addition of controlled amounts of acid or base. 

 

4.1 Effect of pH, temperature and salt species 

The initial electrolyte pH at ambient temperature was dictated by the concentration of H+ 

in equilibrium with the salt species of interest and atmospheric CO2, recalling that the 

electrolytes were prepared by adding salts to de-ionized water in open flasks.  However, during 

heating and cooling, the electrolytes were in the closed system of the experimental setup (Fig. 

1).  In the low ionic strength electrolytes, the pH decreased in magnitude with increasing 

temperature, but any temperature dependence of the pH was too small to resolve in the 

moderate and high ionic strength electrolytes (see Fig. 4 for NaCl data and Fig. 6 for CaCl2 

and MgCl2 data).   

The temperature dependence of pH can be interpreted, at least in part, in terms of enhanced 

dissociation of the water molecules (Millero et al., 2009). This process is reversible with 

respect to temperature, confirmed here in separate experiments in which samples of electrolyte 

were heated and cooled in a closed system without contact with sand.  However, when the 

samples were in contact with sand, the temperature dependent change in pH was irreversible 

(Figure 12; see also Vinogradov and Jackson, 2015).  Vinogradov and Jackson (2015) 

hypothesized that, in addition to the dissociation of water molecules, some ion exchange occurs 

with the mineral surfaces, with protons from the silanol group being replaced by salt ions from 

the electrolyte.  However, preliminary surface complexation modelling has failed to reproduce 

the irreversible pH change, because the surface reactions are assumed to be reversible.  Further 

work is required to understand and explain the irreversible changes in pH observed here in 

sandpacks, and by Vinogradov and Jackson (2015) in natural sandstones. 
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In electrolytes containing divalent salt ions, the electrolyte pH was lower than the equivalent 

NaCl electrolyte (see Fig. 6).  The lower in magnitude negative zeta potential measured in 

sandpacks saturated with divalent electrolytes compared with NaCl at ambient temperature, is 

a result of initially lower pH (Figure 11). Our results are consistent with previous experimental 

data (Kosmulski et al., 2002; Datta et al., 2009) who found that addition of divalent cations to 

NaCl electrolytes of 10.8 mM ionic strength resulted in a more positive zeta potential measured 

in silica microchannels.  Thanh and Sprik (2016) also reported smaller in magnitude negative 

zeta potential in divalent electrolytes compared with NaCl, but their analysis did not extend 

beyond 1mM. 

Datta et al. (2009) concluded that at ambient temperature, the negative zeta potential was 

smaller in magnitude with addition of Ca2+ compared to Mg2+, which agrees with our 

experimental results (compare black and grey symbols in Figure 5 at 17oC and 23oC). Datta et 

al., (2009) explained their observation (supported by numerical modelling) by a stronger 

association of Ca2+ to the silica surface relative to Mg2+, which led to stronger Van der Waals 

interactions. They also suggested that smaller hydrated diameter of Ca2+ ion compared to the 

hydrated diameter of Mg2+ (the fully hydrated cation diameter reported by Kielland, (1937) 

follows the order: Na (450pm = 4.5Å)  Ca (600pm = 6Å)  Mg (800pm = 8Å)) led to a 

closer distance of approach to the mineral surface and consequently smaller in magnitude zeta 

potential. 

 

4.2 Effect of grain size  

Zeta potentials measured in the Ottawa sandpacks were generally more negative compared to 

those measured in Fontainebleau sandpacks regardless of ionic strength and temperature 

(compare circles with the corresponding triangles in e.g. Fig. 5). As reported in Table 1, the 

grain size of the Fontainebleau sand is classified as mesh 60 (average grain diameter of 250 
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m), while Ottawa sand is mesh 20-30 (grain dimeter between 600 m and 850 m). 

Moreover, the shape of grains for the two sand types is different: Ottawa sand grains are 

rounded (Wang et al., 2015) while the Fontainebleau sand grains are angular (Montaron and 

Han, 2009). We hypothesise that the effective shear plane in Fontainebleau samples is located 

further away from the mineral surface, thus making the measured apparent zeta potential 

smaller in magnitude compared with Ottawa samples (see also arguments presented by 

AlRoudhan et al., 2016). 

 

4.3 Implications for CSW  

Controlled salinity waterflooding typically involves dilution of the brine injected into oil 

reservoirs during recovery (Jackson et al., 2016b).  Simple dilution from 2M to 0.45M yields 

no significant change in zeta potential irrespective of temperature if the initial and diluted 

electrolytes contain Na plus divalent ions or Na ions alone (Fig. 9), consistent with the 

suggestion of Vinogradov et al. (2010) that the diffuse part of the double layer only begins to 

expand in response to decreasing ionic strength once the double layer thickness exceeds the 

hydrated radius of the key counter ion(s) (c. 0.45M for Na ions). Dilution of Na electrolyte 

plus addition of Ca or Mg ions yields a positive change in zeta potential (i.e. the negative zeta 

potential becomes smaller in magnitude) (Fig. 9); addition of Ca or Mg ions to Na electrolyte 

at constant ionic strength also yields a positive change in zeta potential and vice-versa (Fig. 9).  

Switching from 2M formation brine (FMB) to 0.45M seawater (SW) also yields no significant 

change in zeta potential (Fig. 9), consistent with the observation that significant dilution is 

required to observe improved recovery (often termed a ‘low salinity effect’ (LSE)) in 

sandstones. The most significant (negative) change in zeta potential is observed when 

switching from FMB to dilute (0.015M) SW (SW/30), which involves both dilution and a 

change in composition (Fig. 9). 
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If it is assumed that the LSE in sandstones is associated with a negative change in zeta 

potential (see, for example, Jackson et al., 2016a for a discussion of this assumption), then 

these results suggest that the most significant LSE will be observed when switching from FMB 

to dilute seawater in either secondary or tertiary mode, especially if there is a decrease in 

temperature associated with injection of the dilute seawater. A smaller LSE will be observed 

at constant high temperature or through selective removal of Ca and Mg at constant ionic 

strength. No LSE is expected in response to addition of Ca or Mg. 

The zeta potential results reported here can be interpreted in terms of the three key mineral-

surface-scale mechanisms that may be responsible for improved oil recovery during CSW: 

double layer expansion (DLE), pH change (pH) and multi-ion exchange (MIE) (Jackson et 

al., 2016b). At high ionic strength, the variation in zeta potential is small and reflects the 

limited pH that occurs via MIE in response to replacement of Na by Ca or Mg ions. Reduction 

in ionic strength from 2M to 0.45M yields little or no change in zeta potential as there is no 

DLE in these concentrated electrolytes (Figure 13; see cluster of points in upper right corner). 

Further dilution to lower ionic strength (0.015M) yields a change in zeta potential that 

primarily reflects DLE, although a change in temperature during dilution also results in pH 

and is associated with MIE. The spread in values of zeta potential at low ionic strength reflects 

pH and MIE in response to changes in temperature and replacement of Na by Ca or Mg at 

constant ionic strength (Figure 13; see spread of points across lower left corner). The difference 

in the temperature sensitivity of Ca and Mg at low ionic strength yields diverging trends when 

these ions are present. 

 

5. Conclusions 

1. In unbuffered experiments on sandpacks the zeta potential is always negative and the 

behaviour is consistent with natural sandstones investigated previously. 
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2. At low salinity (<0.45M) the zeta potential decreases in magnitude with increasing 

temperature, consistent with a decrease in pH. 

3. At moderate to high salinity (>0.45M) the zeta potential is independent of temperature 

within experimental error, consistent with constant pH. 

4. There is a difference in the zeta potential response of the sandpacks to Ca and Mg. 

4.1. The zeta potential becomes smaller in magnitude when Ca/Mg are present compared to 

simple NaCl brine. 

4.2. The zeta potential is smaller in Fontainebleau than Ottawa, with the largest differences 

observed when Ca/Mg are present. 

5. The zeta potential shows a distinct dependence on saturation history: the change in zeta 

potential relative to NaCl brine is largest for samples that have been exposed to more Ca 

or Mg. 

6. Mg becomes more active than Ca at elevated temperature. 

7. For a given ionic strength, temperature and brine composition control pH, which in turn 

controls zeta potential. 

8. The most significant change in zeta potential towards more negative values is observed 

when samples saturated with high salinity (2M) formation brine are flooded at low 

temperature with dilute (0.015M) seawater. 
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Figure captions 

 

Figure 1: Experimental setup for measuring the streaming potential. (a) Setup 
developed by Vinogradov et al. [2010], placed in an oven for the elevated temperature 
measurements of Vinogradov and Jackson [2015]. (b) In the new setup, the single 
core holder is replaced by six core holders with flow driven by a single pump. The core 
holders and reservoirs are placed in the oven for elevated temperature 
measurements. 
 
Figure 2: Zeta potential versus ionic strength for simple NaCl brine. Also shown for 
comparison are previous data for natural sandstones from Vinogradov et al. [2010]. 
 
Figure 3: Temperature dependence of the zeta potential in Ottawa and Fontainebleau 
saturated with NaCl electrolyte at (a) low (0.015M) and (b) moderate to high (0.45M 
and 2M) ionic strength. Also shown for comparison are data from natural sandstones 
(Stainton, Doddington and St. Bees) published by Vinogradov and Jackson [2015], 
along with the temperature dependence of zeta potential predicted by the models of 
Revil et al. [1999] at low ionic strength and Saunders et al. [2012] at high ionic 
strength. The parameters used in both of the models are identical to those published 
in Vinogradov and Jackson [2015]; the temperature dependence of pH used in both 
models is taken from the experimental data shown in Figure 4. 
 
Figure 4: Temperature dependence of the effluent pH from Ottawa and Fontainebleau 
saturated with NaCl electrolyte at (a) low (0.015M) and (b) moderate (0.45M) ionic 
strength. Also shown for comparison are data from natural sandstones (Stainton, 
Doddington and St. Bees) published by Vinogradov and Jackson [2015], along with 
data from NaCl electrolytes at similar ionic strength but not in contact with sand or 
sandstone from Millero et al. [2009]. 
 
Figure 5: Temperature dependence of the zeta potential in Ottawa and Fontainebleau 
saturated with CaCl2 and MgCl2 electrolytes at (a) low (0.015M), (b) moderate (0.45M) 
and (c) high (2M) ionic strength. Also shown for comparison are the equivalent data 
for NaCl electrolyte from Figure 3. 
 
Figure 6: Temperature dependence of the pH in Ottawa and Fontainebleau saturated 
with CaCl2 and MgCl2 electrolytes at (a) low (0.015M) and (b) moderate (0.45M) ionic 
strength. Also shown for comparison are the equivalent data for NaCl electrolyte from 
Figure 4. 
 
Figure 7: Temperature dependence of the zeta potential in Ottawa and Fontainebleau 
saturated with pure and mixed CaCl2 electrolytes at (a) low (0.015M) and (b) high 
(0.45M) ionic strength. The data for pure CaCl2 electrolyte is the same as that shown 
in Figure 5. Also shown for comparison are the equivalent data for NaCl electrolyte 
from Figure 3. In experiments where the electrolyte composition changed, the initial 
composition is shown in brackets (see also Table 3). 
 
Figure 8: Temperature dependence of the zeta potential in Ottawa and Fontainebleau 
saturated with pure and mixed MgCl2 electrolytes at (a) low (0.015M) and (b) high 
(0.45M) ionic strength. The data for pure MgCl2 electrolyte is the same as that shown 
in Figure 5. Also shown for comparison are the equivalent data for NaCl electrolyte 
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from Figure 3. In experiments where the electrolyte composition changed, the initial 
composition is shown in brackets (see also Table 3). 
 
Figure 9: Effect of dilution on zeta potential for different electrolyte compositions in (a) 
Fontainebleau and (b) Ottawa sandpacks. Zeta potential is expressed in terms of the 
change from the value recorded in the initial (2M) electrolyte. Solid lines denote 
experiments at 23ºC; dashed lines denote experiments as 120ºC. All zeta potentials 
recorded were negative. Zeta potentials for 2M NaCl electrolytes at the corresponding 
temperatures are shown in Fig. 3b.  Zeta potentials for 2M FMB are shown in Fig. 10. 
 
Figure 10. Zeta potential as a function of temperature for FMB electrolyte. 
 
Figure 11. The correlation between zeta potential and pH of different electrolytes of 
(a) low and (b) moderate and high ionic strength. The arrows indicate the increase in 
temperature and provide trend lines for different electrolytes. The distribution of red 
and yellow symbols in Fig.12a is a result of varying temperature and differences in 
grain size and shape between Ottawa and Fontainebleau samples. The spread 
between the red and yellow trend lines is a result of different activities of Ca (red) and 
Mg (yellow). 
 
Figure 12. Hysteresis in the temperature dependence of pH in NaCl electrolytes of 
0.015M ionic strength. 
 
Figure 13. Summary plot relating changes in zeta potential and electrolyte pH across 
all of the streaming potential measurements reported here (Figs. 2 – 10) to the key 
mechanisms thought to be responsible for IOR during LSW (Jackson et al., 2016b). 
Recall that the pH was not varied by addition of acid or base; it varies only in response 
to changes in electrolyte temperature and/or composition. 
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Table 1: Petrophysical properties of sandpacks. Values of the absolute permeability 
and the intrinsic formation factor include the experimental uncertainty that comprises 
the inaccuracy of individual measurements and the repeatability of measurements 
obtained from over 10 sandpacks of each sand type. The absolute permeability was 
calculated using Darcy’s Law from the slope of the linear regression of the flow rate 
plotted against the pressure difference and using the fluid viscosity as a function of 
temperature and ionic strength obtained using the approach of Saunders et al. (2012). 
The permeability calculation was performed using at least three different flow rates 
and after confirming high quality of the regression’s linearity (R2 > 0.97). 

Sand type 
Porosity, 

% 
Permeability, 

mD 
Formation factor, 

F 
Grain size 

Ottawa 31±1 2400±100 10±1 

20-30 mesh 

(600 m – 850 

m) 

Fontainebleau 33±1 2200±100 4±0.5 
60 mesh 

(250 m) 

 
 
Table 2: Electrolytes and their properties. In the table, ‘I’ is the ionic strength, TDS is 
the Total Dissolved Solids, FMB1 and FMB2 stand for the two artificial formation 
brines used in the experiments, SW is the seawater and SW/30 represents the 30 
times dilution of SW. 

Electrolyte 
ID 

I, M Composition 
TDS, mg L-

1 
TDS 
ratio 

Initial 
pH 

NaCl 0.015 NaCl 876.6 N/A 6.5±0.1 

NaCl 0.45 NaCl 26298 N/A 7.1±0.2 

NaCl 2 NaCl 116880 N/A 7.1±0.2 

CaCl2 0.015 CaCl2•2H2O 714.9 N/A 5.5±0.2 

CaCl2 0.45 CaCl2•2H2O 21447 N/A 6.9±0.2 

MgCl2 0.015 MgCl2•6H2O 956.05 N/A 5.7±0.1 

MgCl2 0.45 MgCl2•6H2O 28681.5 N/A 6.8±0.2 

NaCl-CaCl2 0.015 NaCl+CaCl2•2H2O 828.6 9:1 6.6±0.1 

NaCl-CaCl2 0.45 NaCl+CaCl2•2H2O 24856.9 9:1 7.1±0.2 

NaCl-MgCl2 0.015 NaCl+MgCl2•6H2O 808.57 9:1 6.7±0.2 

NaCl-MgCl2 0.45 NaCl+MgCl2•6H2O 24257  9:1 7.1±0.2 

FMB1 2M NaCl:CaCl2+NaCl:MgCl2 114757.5 
9:1 + 
14:1 

7.1±0.1 

FMB2 2M NaCl:CaCl2+NaCl:MgCl2 99021.5 
3:1 + 
14:1 

6.9±0.1 

SW 0.45M NaCl:CaCl2+NaCl:MgCl2 23330.9 
18:1 + 

7:1 
7.0±0.1 

SW/30 0.015M NaCl:CaCl2+NaCl:MgCl2 777.7 
18:1 + 

7:1 
6.5±0.2 

 
 
Table 3: Sequence of electrolyte compositions in experiments testing the effect of Ca 
and Mg concentration on zeta potential in mixed electrolytes. 

Electrolyte ID 
Initial 

electrolyte 
Initial ionic 
strength, M 

Final 
electrolyte 

Final ionic 
strength, M 

ACCEPTED M
ANUSCRIP

T



 42 

0.015M NaCl-CaCl2 
(NaCl) 

NaCl 0.015 
NaCl-CaCl2 

(9:1) 
0.015 

0.015M NaCl-CaCl2 
(CaCl2) 

CaCl2 0.015 
NaCl-CaCl2 

(9:1) 
0.015 

0.45M CaCl2 (NaCl) NaCl 0.45 
NaCl-CaCl2 

(9:1) 
0.45 

0.45M CaCl2 (CaCl2) CaCl2 0.45 
NaCl-CaCl2 

(9:1) 
0.45 

0.015M NaCl-MgCl2 
(NaCl) 

NaCl 0.015 
NaCl-MgCl2 

(9:1) 
0.015 

0.015M NaCl-MgCl2 
(MgCl2) 

MgCl2 0.015 
NaCl-MgCl2 

(9:1) 
0.015 

0.45M MgCl2 (NaCl) NaCl 0.45 
NaCl-MgCl2 

(9:1) 
0.45 

0.45M MgCl2 (MgCl2) MgCl2 0.45 
NaCl-MgCl2 

(9:1) 
0.45 

 
 
Table 4: Sequence of electrolyte compositions in experiments testing the effect of 
saturation history relevant to CSW on zeta potential. In all cases the initial electrolyte 
has ionic strength 2M, the second electrolyte (if used) has ionic strength 0.45M, and 
the third electrolyte has ionic strength 0.015M. 

Initial electrolyte (2M) Second electrolyte (0.45M) Third electrolyte (0.015M) 

NaCl NaCl NaCl 

NaCl CaCl2 CaCl2 

NaCl MgCl2 MgCl2 

FMB1 SW SW/30 

FMB2 SW SW/30 

FMB1 - SW/30 

FMB2 - SW/30 

 
Table 5: Variation of electrolyte pH with temperature for systems in and without 
contact with silica. The values in bracket correspond to NaCl solutions with no contact 
with sand. 

Electrolyte Ionic strength, M T, oC pH pH from initial 

NaCl (w/o sand) 

0.015 

23 6.5±0.1 (6.5±0.1) N/A 

40 6.3±0.1 (N/A) -0.2±0.1 (N/A) 

80 6.0±0.1 (6.2±0.1) -0.5±0.1 (-0.3±0.1) 

23 6.1±0.1 (6.4±0.1) -0.4±0.1 (-0.1±0.1) 

0.45 

23 7.2±0.2 (7.2±0.2) N/A 

40 7.1±0.2 (N/A) -0.1±0.2 (N/A) 

80 7.1±0.2 (7.1±0.2) -0.1±0.2 (-0.2±0.2) 

23 7.1±0.2 (7.2±0.2) -0.1±0.2 (0.0±0.2) 

2 

23 7.1±0.2 (7.1±0.2) N/A 

70 6.9±0.2 (6.9±0.2) -0.2±0.2 (-0.2±0.2) 

23 7.1±0.2 (7.1±0.2) 0.0±0.2 (0.0±0.2) 

CaCl2 

0.015 

23 5.5±0.2 N/A 

40 5.2±0.2 -0.3±0.2 

80 5.2±0.2 -0.3±0.2 

23 5.4±0.2 -0.1±0.2 

0.45 
23 6.9±0.2 N/A 

40 6.8±0.2 -0.1±0.2 
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80 6.8±0.2 -0.1±0.2 

23 6.9±0.2 0.0±0.2 

MgCl2 

0.015 

23 5.7±0.1 N/A 

40 5.6±0.1 -0.1±0.1 

80 5.5±0.1 -0.2±0.1 

23 5.5±0.1 -0.2±0.1 

0.45 

23 7.0±0.2 N/A 

40 7.0±0.2 0.0±0.2 

80 6.9±0.2 -0.1±0.2 

23 7.0±0.2 0.0±0.2 

NaCl-CaCl2(NaCl) 

0.015 

23 6.2±0.1 N/A 

40 6.1±0.1 -0.1±0.1 

80 6.0±0.1 -0.2±0.1 

23 6.1±0.1 -0.1±0.1 

0.45 

23 7.1±0.1 N/A 

40 7.0±0.1 -0.1±0.1 

80 7.0±0.1 -0.1±0.1 

23 7.1±0.1 0.0±0.1 

NaCl-CaCl2(CaCl2) 

0.015 

23 5.7±0.1 N/A 

40 5.6±0.1 -0.1±0.1 

80 5.5±0.1 -0.2±0.1 

23 5.5±0.1 -0.2±0.1 

0.45 

23 7.1±0.1 N/A 

40 7.0±0.1 -0.1±0.1 

80 7.0±0.1 -0.1±0.1 

23 7.1±0.1 0.0±0.1 

NaCl-MgCl2(NaCl) 

0.015 

23 6.1±0.2 N/A 

40 5.9±0.2 -0.2±0.2 

80 5.8±0.2 -0.3±0.2 

23 6.1±0.2 0.0±0.2 

0.45 

23 7.2±0.1 N/A 

40 7.1±0.1 -0.1±0.1 

80 7.1±0.1 -0.1±0.1 

23 7.1±0.1 -0.1±0.1 

NaCl-MgCl2(MgCl2) 

0.015 

23 5.9±0.1 N/A 

40 5.8±0.1 -0.1±0.1 

80 5.7±0.1 -0.2±0.1 

23 5.7±0.1 -0.2±0.1 

0.45 

23 7.0±0.1 N/A 

40 6.9±0.1 -0.1±0.1 

80 6.9±0.1 -0.1±0.1 

23 6.9±0.1 -0.1±0.1   
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