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Abstract 
 

Carbon geological storage (CGS) defined as a practice of injecting CO2 into subsurface 

formations to reduce anthropogenic CO2 emissions in the atmosphere. This option has 

become popular in recent years as the technology has been successfully implemented in the 

several subsurface formations (e.g., Sleipner gas field in Norway). However, some scientific 

aspects still need improvements in order to minimise the risks associated with the 

implementation of CGS projects. One of the main issues in deploying CGS projects is to 

ensure the security of storage and to maximise the efficiency of CGS. To maximise the 

capacity and minimise the risk of CO2 leakage, an essential property called the wettability of 

geological target formations must be accurately evaluated. In subsurface settings containing 

CO2, the wettability is controlled by the interactions of rock surface-CO2-water interfaces. 

These interactions can be characterised by an electrical property termed the zeta potential.  

This dissertation reports a fundamental study of the zeta potential under typical CGS 

conditions, characterised by high pressure and elevated temperature conditions. Novel 

measurements of zeta potential using the streaming potential method in intact rock samples 

under supercritical CO2 conditions are presented. To cover a broad range of potential CGS 

sites, the measurements were conducted at various experimental conditions covering single- 

and multi-phase flows, broad ranges of pressure, temperature, amount of dissolved CO2, 

compositional variety of aqueous solutions and rock mineralogy. Additionally, a new surface 

complexation model that provides important insights into complex interactions between 

different fluids and minerals, thus explaining the underlying physics of the zeta potential, was 

developed and validated. 

The first part of this dissertation reports the single-phase zeta potential measurements, where 

the investigations were conducted in an intact ‘clean’ (99 wt.% quartz) and ‘clayey’ (1 wt.% - 

4 wt.% clay content and 2 wt.% - 6 wt.% feldspars content) sandstone using two pore water 

conditions, namely the ‘dead water’ defined as an aqueous solution equilibrated with 

atmospheric CO2, and the ‘live water’ defined as an aqueous solution equilibrated with pure 

CO2 at elevated temperature and high pressure consistent with CGS conditions. In addition, 

to investigate the effect of fractures combined with the impact of feldspars and micas in rocks, 

single-phase dead water zeta potentials were measured on a fractured gneiss sample under 

varying confining pressures. The results show that the zeta potential of dead and live water in 

clean sandstone is controlled by water pH. The temperature, salts type, and dissolved CO2 

affected the water pH thus indirectly affecting the zeta potential. At the same time, the zeta 

potential of dead and live solutions in the clayey sandstone was less negative compared to 

that measured in the clean sandstone under identical conditions, which was attributed to the 
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presence of clays and feldspars. Furthermore, the dead water zeta potential in the fractured 

gneiss sample was found to be unique and dissimilar to the data obtained for clean and clayey 

sandstones or carbonates. This result is explained by the presence of micas and feldspars in 

gneiss sample, both of which were reactive with multi-valent ions in the solution.  

In the second part of the dissertation the multi-phase zeta potential in intact clean sandstone 

under supercritical CO2 conditions investigated. A novel experimental methodology was 

developed to accommodate the injection of supercritical CO2 into a rock sample fully saturated 

with live water. At residual CO2 saturation, the results demonstrate that the zeta potential of 

CO2-water interfaces had a significant contribution to the overall multi-phase zeta potential 

when the wetting state shifted from water-wet to more CO2-wet. In contrast, the contribution 

of the zeta potential of CO2-water interface became less significant when the wettability of the 

system shifted toward more water-wet.  

Lastly, the dissertation concludes with a new surface complexation model developed in order 

to understand the behavior of the calcite-water zeta potential over a wide range of ionic 

strength and chemical composition. A novel approach of decreasing capacitance with 

increasing ionic strength was implemented to simulate the zeta potential. Moreover, the new 

model was tested for accurately predicting calcite-water zeta potentials at equilibrium and non-

equilibrium conditions, given the concentration of all ionic species were provided. The 

predictions were successfully validated against published experimental data.  

The results produced from this research are essential for improved understanding of zeta 

potential, particularly in characterising wettability of the subsurface geological settings for CGS 

applications. The obtained measurements of the zeta potential combined with the improved 

understanding of the complex electrochemical interactions from modelling, provide important 

insights in how some conditions including water composition and salinity, pressure, 

temperature and the amount of dissolved CO2 affect the zeta potential. Moreover, the effect 

of specific ions presents in the water and having an impact on the zeta potential and therefore, 

the wetting state of CO2-water-rock systems is also investigated. The reported results improve 

our understanding of the relationship between the zeta potential and wettability, hence 

providing a means for assessing the suitability of the potential storage formations and 

evaluating the efficiency and the security of CGS projects.  
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Chapter 1 General Introduction 

1.1.    Background 

A recent global meeting of the COP (Conference of the Parties) 26 brought numerous 

countries together to get them to commit to tackling climate change by reducing greenhouse 

gas (CO2) emissions in the atmosphere. The US National Oceanic and Atmospheric 

Administration (NOAA) has reported that the carbon dioxide (CO2) concentration in the 

atmosphere reached 417 ppm (parts per million) in March 2022 (NOAA, 2022), indicating an 

increase of nearly 30% over the last half century. This constant increase in CO2 content has 

become a significant contributor to increases in the earth's temperature (Davis et al., 2010; 

Leduc et al., 2016). Therefore, to prevent further catastrophic impacts on our planet, this 

research will focus on improving our understanding of the application of CO2 injections for 

carbon geological storage application. 

Carbon geological storage (CGS) has been identified as one of the key solutions for reducing 

anthropogenic greenhouse gas (CO2) emission in the atmosphere (IPCC, 2005). CGS is part 

of the complex process known as carbon capture and storage. Generally, the overall carbon 

capture and storage process is divided into three main stages, including (e.g., Pires et al., 

2011; Raza et al., 2019; Ali et al., 2020): 

i. ‘Capturing’ CO2. At this stage, CO2 is captured directly from the atmosphere and/or 

significant sources of CO2, such as fossil fuel/coal power plants and the cement 

industry. Then, the captured CO2 is processed and compressed before transporting it 

safely to storage sites. 

ii. ‘Transporting’ CO2 via a network of pipelines and/or cargo ships to the storage sites. 

iii. ‘Storing’ CO2 by injecting it into suitable geological subsurface formations so that CO2 

remains underground permanently. 

According to the recent report published by the International Energy Agency (IEA), the total 

global CO2 emission in 2021 was 36.3 giga tonnes (Gt), which increased by 2.1 Gt from 2020 

levels (IEA, 2022). Further, a report from Global Carbon Capture and Storage Institute showed 

an increasing trend of the development of commercial carbon capture and storage facilities 

worldwide from 60 million tonnes a year (Mtpa) of capture capacity in 2017 to 149 Mtpa in 

September 2021 (Global CCS Institute, 2021). Moreover, the potential storage capacity in 

sedimentary formations is in the range of 5,000 – 25,000 Gt of CO2 worldwide (de Connick 

and Benson, 2015). Considering the enormous potential in subsurface storage formations 

combined with a growing number of carbon capture and storage facilities, tackling climate 

change becomes viable. 
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Despite the rapid development of CGS projects, two challenges have been identified that are 

hampering the progress. Firstly, the biggest question remains as to whether CGS is safe to 

implement. The fear of CO2 leakage from storage sites and concerns as to whether the CGS 

project might fail to reduce atmospheric CO2 are major obstacles (IPCC, 2018).  

Secondly, there are concerns as to whether the project of carbon capture and storage can be 

made commercially viable, as stated in the report by Butler (2020). Therefore, some help from 

the government in the development stages, such as incentives, becomes an essential pre-

condition for project feasibility. 

As a researcher working on the engineering side, this dissertation will address the first 

challenge of how to safely store CO2 in subsurface formations without fearing any leakage. 

Numerous studies have been carried out in the past to understand the parameters affecting 

CO2 behaviour in the subsurface. Many of them reported the wettability of the subsurface 

system as one of the important factors that dictate CO2 flow behaviour in the subsurface 

formations (Al-Khdheeawi et al., 2017; Al-Khdheeawi et al., 2018; Valle et al., 2018), hence 

defining the efficiency of CO2 trapping mechanisms. Research related to the impact of 

wettability on CGS is still on-going thus indicating that the phenomenon is still not fully 

understood. Therefore, investigating the wettability of the subsurface system when CO2 

interacts with subsurface rocks and formation water from more fundamental perspectives can 

potentially lead to an improved understanding of this complex process and a more successful 

CGS project. 

Wettability controls the behaviour of CO2 in underground storage formations. After CO2 is 

injected, it will interact with formation water and rock minerals and disturb the equilibrium 

condition in the subsurface system. As CO2 is less dense than formation water, CO2 will move 

upward, and therefore excellent impenetrable sealing rocks are required to hold CO2 stay in 

place. In order to prevent CO2 from penetrating the sealing rocks, which will lead to leakage, 

the wetting state of the sealing rocks has to be wetted completely by water, so that CO2 as a 

non-wetting phase is had to have a high capillary entry pressure to be able to displace it.  

Furthermore, the wettability of the subsurface system is not fixed. Several parameters, 

including pressure, temperature, formation water compositions, rock mineralogy and dissolved 

CO2 in the formation water, are reported to affect the wettability. Therefore, to improve the 

understanding of wettability and its impact on CGS application, this dissertation comprises a 

description of the fundamental principles characterising the wettability in potential rock 

formations as a function of various parameters mentioned above. The results obtained from 

this study provide meaningful insights into underlying physico-chemical mechanisms 
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responsible for CO2-water-rock wettability and therefore, are helpful in designing future CGS 

projects in a safer and more efficient way. 

1.2.    Aim and objectives 

In order to safely store CO2 in subsurface geological formations, the wettability of the potential 

rock samples must be characterised accurately. The wettability is affected by the interaction 

between formation water and CO2/mineral of rock surface at the interfaces. These interactions 

(i.e., electrostatic interaction) play a key role in thermodynamics of wettability (Jackson et al., 

2016a; Hirasaki, 1999) and it can be characterised using an electrical property known as the 

zeta potential.  

The aim of this research is to improve the understanding of the zeta potential at reservoirs 

conditions consistent with CGS applications. This dissertation consists of two primary 

investigations using experimental and numerical approaches with four main novelties, namely 

the use of live water (CO2-rich water) for single-phase experiments, combining immiscible 

supercritical CO2 with live water in multi-phase experiments, using dead water for single-phase 

experiments in a fractured rock system and developing a reliable surface complexation model 

for carbonates. The development of a surface complexation model in carbonates was based 

on the adsorption reactions between calcite surface sites and ions in the aqueous solution.  

To fulfil the research aim, the objectives of the experimental investigation are as follows: 

• To acquire new data on live water-quartz zeta potentials. It is widely known that quartz 

is the main mineral in sandstones, which is one of the potential sedimentary rocks to 

store CO2. To date, there have been no experimental measurements of the zeta 

potential in a live water-quartz system. Therefore, the experiment is started by using 

an intact clean (pure quartz) sandstone sample saturated with CO2-rich water. Note 

that clean sandstone is also stable under low pH conditions, pH range of 1.0 – 4.0 

(Crundwell, 2017), which is good as a starting point of the investigation as there have 

been no published studies before.   

• To acquire new data on live water-clayey sandstone zeta potentials. A significant 

amount of other minerals such as clays and feldspars in sandstone have been shown 

to significantly impact the measured zeta potential (e.g., Li et al., 2018; Alarouj et al., 

2021). However, there are no available data on the zeta potential under the conditions 

typical for CO2 sequestration applications. Therefore, the changes in the zeta potential 

of clayey sandstone samples saturated with CO2-rich water will be investigated. 

• To acquire new data on the zeta potential of an intact clean sandstone sample when 

both live water and supercritical CO2 are present in the pore space. The investigation 
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focuses only on live water-quartz system, in this experiment, supercritical CO2 is 

injected into the rock sample as a separate phase. The experiment aims to elucidate 

the zeta potential of a live water-rock-CO2 system and its relationship to wettability. 

• To acquire new data on the zeta potential of an intact fractured gneiss sample with 

unique mineralogy. Fractured rock is mostly found in subsurface settings. Having a 

fracture in rocks leads to a potential leakage in the CGS project and affects the flow 

pathways. Hence, this experimental investigation aims to understand the effect of the 

fracture aperture on the zeta potential. Moreover, the uniqueness of gneiss mineralogy 

also provides new insights into how different minerals affect the zeta potential of gneiss 

compared to other rock samples. Therefore, the gneiss sample in this study, although 

not a typical rock of formations relevant to CGS, served as a test-rock for investigating 

the effect of multiple minerals and fracture, both of which are abundant in the 

subsurface formations. 

Furthermore, the objective of the numerical investigation is as follows: 

• To investigate the physical mechanisms behind the behaviour of the zeta potential in 

a wide range of ionic strength and complex brine compositions using the surface 

complexation model. Although the modelling approach was developed for carbonates 

(carbonates are also recognized as potential sedimentary target formations for the 

CGS projects), the proposed and validated physical mechanism of decreasing 

capacitance with the ionic strength of the solution can be implemented for all other 

rocks.  

1.3.    Thesis outline 

Chapter 2 is a literature review. It discusses CO2 injection into subsurface settings and 

explains CO2 trapping mechanisms. This chapter also addresses the link between wettability 

and two primary trapping mechanisms, which yield to storage capacities and containment 

security. Furthermore, the theory of wettability, the electrical double layer, the zeta potential, 

and experimental evidence of the relationship between the zeta potential and wettability are 

presented. In addition, the main differences between the two main methods used to measure 

zeta the potential, namely the electrophoretic mobility method and the streaming potential 

method, are presented. 

Chapter 3 reports novel data on the zeta potential of CO2-rich aqueous solutions on natural 

clean sandstone at temperatures of 23°C and 40°C and pressures up to 10.0 MPa. The 

chapter describes the development of a new experimental methodology to measure the zeta 

potential in an intact sandstone sample using the streaming potential method under high 
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pressure and elevated temperature conditions. The chapter also addresses the difference 

between ‘dead’ and ‘live’ water experiments and the impact of different pressures, 

temperatures, water compositions and dissolved CO2 on the zeta potential. 

Chapter 4 presents novel data on the zeta potential of a CO2-rich NaCl solution on natural 

clayey sandstone at supercritical CO2 conditions. The chapter aims to understand the impact 

of a different mineralogy on the zeta potential using a simple NaCl solution saturated with CO2 

at the high pressure and elevated temperature typical for CO2 geological sequestration. 

Chapter 5 features novel multi-phase experimental zeta potential data from an intact clean 

sandstone sample at supercritical CO2 conditions. An experimental protocol featuring multi-

phase experiments is developed to accommodate the injection of supercritical CO2 as the 

immiscible phase. The chapter also examines the relationship between the zeta potential of 

rock-water and CO2-water interfaces under fully saturated live water and residual conditions. 

The zeta potentials of these two interfaces are then interpreted and normalised to find their 

links to wettability and CO2 recovery.  

Chapter 6 reports the first time measurement of zeta potential on an intact fractured gneiss 

sample. This chapter addresses the effect of different confining pressures, and water 

compositions along with the uniqueness of gneiss mineralogy on the measured zeta potential. 

Despite the fact that the zeta potential data on fractured gneiss rocks is rare and not as mature 

as sedimentary rocks, this chapter sheds light on the zeta potential of a fractured system, 

which is useful for the characterisation of other fractured rocks (e.g., carbonates) and provides 

new information from the mineralogy perspective. 

In chapter 7, the result of numerical investigation via surface complexation model to predict 

zeta potential at calcite-water interfaces is presented. The chapter presents the detailed 

development of the surface complexation model for simulating the zeta potential under a wide 

range of ionic strengths and complex water conditions. The simulated zeta potentials match 

up well with multiple experimental zeta potentials under equilibrium and non-equilibrium 

conditions. Moreover, we propose a new physical explanation of the effects of high salinity on 

the zeta potential. 

Lastly, in Chapter 8, the results from Chapter 3 – Chapter 7 are summarized. Also, the key 

conclusions regarding the zeta potential and wettability on CGS applications are presented 

here. This chapter ends with recommendations and suggestions for future wor



Chapter 2 Literature review 

2.1.    Carbon geological storage (CGS) 

The practice of injecting CO2 into subsurface geological formations has been investigated and 

implemented for decades. For example, one of the first CO2 injection projects happened in 

1972 at the Kelly-Snider oil field in Texas (Nabi et al., 2019). The main objective of CO2 

injection initially was to improve oil recovery in depleted hydrocarbon reservoirs, also known 

as CO2 enhanced oil recovery (EOR) method. The main advantage of using CO2 as the 

injected gas is that CO2 has low minimum miscibility pressure (MMP; is the minimum pressure 

of the injected gas that becomes miscible with oil at the reservoir temperature) compared to 

other gases (Gozalpour et al., 2005). Furthermore, increasing global temperature due to 

increasing anthropogenic CO2 emissions has become a major problem in recent years. 

Therefore, the objective of CO2 injection was extended from only improving oil recovery 

through CO2 injection to storing CO2 in subsurface geological formations. 

Carbon geological storage (CGS) is recognised as one of the promising methods to dispose 

of CO2 by injecting it into subsurface geological formations for permanent storage. Several 

researchers have identified the subsurface sedimentary fresh and/or saline aquifers, including 

sandstone (Baklid et al., 1996; Leetaru et al., 2009; Koukouzas et al., 2018) and/or carbonate 

formations (Whittaker et al., 2003; André et al., 2007; Arif et al., 2017), depleted hydrocarbon 

reservoirs (e.g., Benson and Cole, 2008; Kelemen et al., 2019), and coal layers (e.g., Li et al., 

2014; Kou et al., 2021) as potential target formations (Figure 2.1). Recent evidence from CO2 

sequestration project in Iceland indicates that basalt rocks can also be efficient and safe hosts 

(Gislason et al., 2010; Snæbjörnsdóttir et al., 2018; von Strandmann et al., 2019). Further, it 

is possible that other geological formations, such as granite, will be considered suitable 

candidates in the near future (Liu et al., 2003; Fujii et al., 2009; Ré et al., 2014). 

Focusing on deep sedimentary subsurface formations (i.e., depleted oil reservoirs and 

fresh/saline aquifers), CO2 is stored in its supercritical state (critical pressure and temperature 

of CO2 is 7.38 MPa and 31.1°C), as typical depths of these formations exceed 800 m (Bruant 

et al., 2002; IPCC, 2005; Iglauer, 2018). In such conditions, CO2 tends to move upward due 

to its buoyancy and therefore, carbon dioxide trapping mechanisms are required to hold CO2 

safely in place. Furthermore, there are various numbers of successful large-scale CO2 storage 

projects in sedimentary formation worldwide (e.g., Sleipner; Baklid et al., 1996 and Snøhvit; 

Shi et al., 2013) and thus, proving that CGS is possible and safe.  
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Figure 2.1. Schematic of the overall of CSS project (Ali et al., 2022) 

 

2.2.    Carbon dioxide (CO2) trapping mechanism 

The efficiency of the CGS project on the potential subsurface formations depends on various 

trapping mechanisms. These trapping mechanisms include structural and stratigraphic 

trapping (e.g., Iglauer, 2017; Iglauer, 2018), residual trapping (e.g., Juanes et al., 2006; Hesse 

et al., 2008; Qi et al., 2009), dissolution trapping (e.g., El-Maghraby et al., 2012; Agartan et 

al., 2015; Soltanian et al., 2017; Chen et al., 2018) and mineral trapping (e.g., Matter et al., 

2016; Pogge von Strandmann et al., 2019; Clark et al., 2020; Snæbjörnsdóttir et al., 2020), as 

illustrated in Figure 2.2. After CO2 is injected into the target geological formation, the trapping 

mechanisms operate on different time scales as CO2 interacts with rocks and formation water 

over time. As a result, different trapping mechanisms provide different contribution in terms of 

containment security, as shown theoretically in Figure 2.4. Structural and residual trapping 

are considered the primary trapping mechanisms for the first few centuries. Therefore, 

understanding the parameters controlling these trapping mechanisms is crucial to assess the 

total storage capacity and assure its security.  

2.2.1.   Structural trapping 

Structural trapping relies on the caprock (sealing rock), which acts as a seal/barrier and is 

located around the porous reservoir rock to prevent outward migration of CO2. After CO2 is 

injected into a target reservoir, due to the density difference between CO2 and formation water, 

CO2 tends to move upward and must be stopped by the caprock to inhibit leakage. Thus, the 
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caprock has to have a high capillary entry pressure (i.e., completely water-wet condition) to 

prevent the invasion of CO2 (Iglauer et al., 2015a). Therefore, understanding the wetting state 

of caprocks is crucial for successful deployment of CGS project. 

 

 

Figure 2.2. An illustration of CO2 trapping mechanisms in the subsurface formation; the image was 

adapted from Flude and Alcade (2020) 

A published study by Iglauer et al. (2015b) reported that the wetting state of CO2-brine/water-

rock mineral system can be classified based on contact angle measurement (see Figure 2.3). 

The detailed classification of the wetting state according to Iglauer et al. (2015b) are: i) 

complete wetting of water (water contact angle, θ = 0°), ii) strongly water-wet (θ = 0° - 50°), iii) 

weakly water-wet (θ = 50° - 70°), iv) intermediate wet (θ  = 70° - 110°), v) weakly CO2-wet (θ 

= 110° - 130°), vi) strongly CO2-wet (θ = 130° - 180°) and vii) complete nonwetting of water (θ 

= 180°).  

Under ideal conditions, the caprock should remain wetted by water (completely water-wet 

condition) so that CO2 stays in the reservoir rock. This assumption has been used for decades 

to estimate storage capacities. An experimental investigation by Iglauer et al. (2015a) showed 

that the contact angles of eight caprock samples reached up to 70° under typical subsurface 
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conditions (high pressure and temperature condition). These results imply that the wetting 

state under such conditions was likely to be either weakly water-wet or intermediate-wet, 

contradicting with the above assumption and thus, reducing the storage security and 

capacities of the geological formations. Hence, Iglauer and co-workers concluded that the 

wettability of cap rock-water-CO2 system is an essential parameter for the structural trapping 

mechanism (Iglauer et al., 2015a; 2015b, Al-Yaseri et al., 2016).  

 

Figure 2.3. Illustration of different contact angles measurement: strongly water-wet (blue), intermediate-
wet (yellow), and CO2-wet (green); this image was adapted from Iglauer et al. (2015b). 

In addition, despite the importance of the wetting state in the geological formations, rock 

integrity also depends on CO2 injection pressure. A high rate of CO2 injection can lead to 

overpressure condition resulting a fracture and/or fault activation in the caprock itself and 

provide a channel for CO2 to escape (Chiaramonte et al., 2008). Hence, the optimum CO2 

injection rate must be designed carefully by considering geomechanical rock properties of the 

storage formations to avoid a fracture and/or fault activation during the injection process. 

2.2.2.   Residual trapping 

Residual trapping, also known as capillary trapping, traps CO2 (or any other non-wetting fluid) 

in small clusters in the pore space. After CO2 is injected into the target formation, it displaces 

the formation water in the pore space. As CO2 behaves as a non-wetting phase, the wetting 

supercritical CO2 
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phase (formation water) is imbibed back into the pore space filled with CO2 (Juanes et al., 

2006; Hesse et al., 2008). Consequently, as a result of the process known as snap-off CO2 is 

separated into small clusters and gets trapped by the formation water due to capillarity, thus 

becoming permanently immovable. 

Several studies investigated the impact of the relative permeability hysteresis on the residual 

(capillary) trapping mechanism (e.g., Juanes et al., 2006; Krevor et al., 2012). Relative 

permeability is a parameter used to describe multiphase flow behaviour and the wetting state 

in porous media. Juanes et al. (2006) reported that the relative permeability hysteresis must 

be considered in order to correctly determine the distribution of the injected CO2 on the 

residual trapping. In the case of no hysteresis, the injected CO2 migrates upward and forms a 

mobile gas cap at the top of the subsurface formation, while the result from the hysteresis 

case shows that the injected CO2 spreads out and traps as a residual phase (Juanes et al., 

2006).  

Furthermore, residual trapping also depends on the wetting state of the reservoir (e.g., 

Soroush et al., 2003; Rahman et al., 2016; Al-Khdheeawi et al., 2017; Al-Khdheeawi et al., 

2018; Valle et al., 2018). For example, a simulation study by Al-Khdheeawi et al. (2017) 

analysed the effects of five different wettability systems (strongly water-wet, weakly water-wet, 

intermediate-wet, weakly CO2-wet and strongly CO2-wet) on the reservoir and its impact on 

CO2 storage capacity and migration in deep saline aquifers. The authors found that the 

contribution of residual trapping mechanism increased when the wetting state shifted from the 

strongly CO2-wet condition to the strongly water-wet condition. Further, in CO2-wet condition, 

CO2 migrated upwards and created a ‘candle-like shape’, while the water-wet condition 

caused CO2 to sink and create a ‘rain-drop-shaped’ plume (Al-Khdheeawi et al., 2017). In 

addition, Valle et al. (2018) investigated the impact of supercritical CO2 injections on three 

different sandstone samples saturated with brine. They found that more water-wet conditions 

are preferable for CO2 storage (see the details of the experimental procedures and results in 

Valle et al., 2018). Hence, based on the presented evidence, the understanding of the residual 

trapping mechanism is essential in order to maximise the amount of CO2 trapped in the 

subsurface formations. 

2.2.3.   Dissolution trapping 

Dissolution trapping, also known as solubility trapping, occurs when the injected CO2 dissolves 

in the formation water and forms carbonic acid, which then dissociates into hydrogen and 

bicarbonate ions, then carbonate ions. The distribution of these species in the solution is 

controlled by the pH, where H2CO3 is dominant at pH ≤ 4, HCO3
− is dominant for a pH within 

the range 6 – 9 and CO3
2− become the main species at pH ≥ 10 (see Figure 6 in Al Mahrouqi 
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et al., 2017). The chemical reactions for these species are (Zeebe and Wolf-Gladrow, 2001; 

Millero, 2007; Adamczyk et al., 2009): 

 CO2 + H2O ⟺  H2CO3 2.1 

 H2CO3  ⟺  H+ + HCO3
− 2.2 

 HCO3
−  ⟺  H+ +  CO3

2−. 2.3 

The amount of CO2 that can be dissolved in formation water depends on several parameters, 

such as pressure, temperature, brine composition and ionic strength. Numerous experimental 

and numerical investigations related to the solubility of CO2 under different conditions have 

been conducted to improve the understanding of this trapping mechanism (Tong et al., 2013; 

Zhao et al., 2015a, 2015b, 2015c). Also, formation water that is saturated with CO2 becomes 

denser than pure water (Garcia, 2001; McBride-Wright et al., 2015; Calabrese et al., 2019). 

As a result, it will sink rather than move upward, reducing the risk of CO2 leakage and 

increasing long-term storage security. The only drawback of this mechanism is the low 

dissolution rate of CO2 in formation water. It takes around 100 years after the injection process 

for this trapping mechanism to have a significant impact in terms of storage security (see 

Figure 2.4). This problem can be tackled by enhancing CO2 dissolution rate by injecting CO2 

into interbedded high- and low-permeability reservoir rocks, as reported by Gilmore et al. 

(2020). The authors argued that at early times after the injection, CO2 will tend to travel in the 

high permeability rocks, which triggers the advective flux and hence, increases the surface 

area between CO2 and surrounding water, thus increasing CO2 dissolution rates. At the 

transition between the early time and the intermediate, as the CO2 accumulates in the high 

permeability rocks, the diffusion dominated regime occurs, enhancing CO2 dissolution rates. 

At the late times, when the CO2 saturation reaches the water in the low permeability rocks 

dampening diffusion, therefore causing a return of advective dominated regime.    

2.2.4.   Mineral trapping 

Mineral trapping occurs when the dissolved CO2 reacts with rock minerals via geochemical 

reactions. The injected CO2 interacts with the formation water and forms carbonic acid (which 

dissociates into H+, HCO3
− and CO3

2− - see Equations 2.1 – 2.3), yielding a lower equilibrium 

pH of the formation water saturated with CO2 (Zeebe and Wolf-Gladrow, 2001; Millero, 2007; 

Adamczyk et al., 2009). Moreover, the amount of carbonic acid also depends on the 

concentration of the dissolved CO2, which is subject to the pressure, temperature, 

composition, and salinity of the formation water in the reservoir (Zhao et al., 2015a, 2015b, 

2015c). Furthermore, as the water becomes more acidic (i.e., has a significant amount of 

carbonic acid), reactions are triggered between the carbonic acid and rock minerals containing 
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divalent ions of Ca2+, Mg2+ and Fe2+, resulting in the formation of carbonaceous minerals (Ding 

et al., 2018). The chemical reactions for this process are (Ding et al., 2018):  

 Ca2+ + HCO3
− ⟺  CaCO3(s) + H+ 2.4 

 Mg2+ + HCO3
− ⟺  MgCO3(s) + H+ 2.5 

 Fe2+ +  HCO3
− ⟺  FeCO3(s) + H+. 2.6 

Based on the above reactions, this trapping mechanism relies on the geochemical process 

and is mainly relevant for basaltic rocks, which contain minerals that can release Ca2+, Mg2+ 

and Fe2+. In addition, some of reservoir rocks containing minerals that can release Ca2+, Mg2+ 

and Fe2+ (e.g., carbonates) also become a potential subsurface storage formation. This 

trapping mechanism can be enhanced by dissolving CO2 into injected water at the surface 

and therefore, making the injected water acidic prior to injection. This strategy has been 

proved to trap CO2 by mineralisation in basaltic rocks, implemented by Carbfix in the Iceland 

(e.g., Matter et al., 2016). 

2.3.    Wettability  

Wettability can be described as a tendency of one fluid to spread over a solid surface in the 

presence of another immiscible fluid (Anderson, 1986a; Ahmed, 2010). This property has 

attracted numerous scientific investigations due to its wide range of applications, including 

underground gas storage (e.g., Tokunaga, 2012; Iglauer et al., 2015a; Higgs et al., 2022), 

hydrocarbon recovery (e.g., Jackson et al., 2016a; Collini et al., 2020), lithium batteries (e.g., 

Xie et al., 2017), cement products (e.g., Ruan et al., 2021), renewable energy (e.g., Zanganeh 

et al., 2020) and dentistry (e.g., Morra et al., 2018; Rupp et al., 2018).  

As mentioned in previous sections, wettability is one of the essential factors controlling the 

structural and residual trapping mechanisms. To emphasise the importance of wettability in 

the CGS project, these two primary trapping mechanisms (structural and residual) have the 

most significant contributions to holding injected CO2 in place safely at early stages (see 

Figure 2.4). Failure to accurately characterise this parameter could lead to CO2 leakage (Al-

Yaseri et al., 2021), leading to potentially catastrophic impacts on the environment (e.g., Patil 

et al., 2010; Molari et al., 2018). Hence, a solid understanding of the wettability of geological 

subsurface formations is necessary to minimize the risk of CO2 leakage and to increase the 

storage capacity. 
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Figure 2.4. The contribution of each trapping mechanism over time to hold the injected CO2 safely in 

place. The image was taken from IPCC (2005) 

There have been several methods to experimentally characterise the wettability reported in 

the literature. Each of these methods has advantages and disadvantages of their respective 

measurement protocols that replicate different conditions of interest. Summary of commonly 

used methods to measure wettability are discussed below. 

2.3.1. Contact angle test 

The most common direct quantitative approach for measuring wettability is the contact angle. 

Among the available methods, the sessile drop method is commonly used owing to its 

simplicity and rapid measurement (Kwok and Neumann,1999; Guancheng, 2018; Kung et al., 

2019). It relies on the interaction between a drop of a fluid phase (e.g., water) and a stationary 

solid surface (e.g., rock). The measurement obtained from this method is called the static 

contact angle. The angle is measured at the point of contact (three-phase contact line) 

between the fluid phase and the rock surface using direct optical imaging (see Figure 2.5). 

Although it is a simple method, it has several disadvantages including the hysteresis effect 

(Anderson, 1986b; Guancheng, 2018), heterogeneity of the rock sample (Morrow, 1975; 

Guancheng, 2018) and surface contamination (Anderson, 1986b; Iglauer et al., 2014), that 

influence the result of the contact angle measurement. The hysteresis effect is primarily 

caused by the surface roughness and heterogeneity (Hubbe, 2001; Chau et al., 2009; 

Rudawska, 2019). Under ideal conditions, when the solid surface is smooth and 

homogeneous, the hysteresis effect should not exist, and the droplet should begin to move as 

soon as the solid surface is tilted. However, in reality, the droplet remains in place even when 
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rock surface is tilted owing to surface irregularities. Realistically, a smooth and homogeneous 

surface is impossible to obtain considering the surfaces of porous media. The temporal 

changes in the droplet owing to the time-dependant of chemical interactions (Hubbe, 2001; 

Rudawska, 2019), liquid-solid surface interactions (Rudawska, 2019), the penetration of the 

droplet into the surface and the reorganisation of particles on the surface (Rudawska, 2019) 

also cause hysteresis.  

The hysteresis effect can also be observed while measuring the dynamic contact angle using 

the tilting plate method. In this method, a drop of the fluid phase is placed on a tilted solid 

surface, which is aligned at a specific tilting angle. The advancing and receding contact angles 

can be measured simultaneously, and the difference between the two measurements is called 

the contact angle hysteresis (e.g., Chau et al., 2009; Butt et al., 2022). The advancing contact 

angle is measured at the leading edge of the droplet, whereas the receding contact angle is 

measured at the trailing edge of the droplet before the droplet moves along the tilted rock 

surface. Although the hysteresis effect can be analysed using this method, the presence of 

surface contaminants influences the accuracy of the contact angle measurement by 

increasing the value of the measured angle (e.g., Iglauer et al., 2014), leading to a biased 

analysis. 

 

Figure 2.5. A schematic of (a) static contact angle and (b) dynamic contact angle using tilting plate 

method. θ is contact angle at static condition, θA is advancing contact angle and θB receding contact 
angle. 

Owing to recent advances of X-ray micro-computed tomography (micro-CT), micro-CT 

imaging is recently gain a popularity to use in experimental pore scale displacement to 

examine multiphase flow in porous media. Using this technology, the in-situ contact angle can 

be measured at the pore scale between the fluid–fluid and fluid–rock surfaces, under typical 

natural subsurface conditions (e.g., Andrew et al., 2014). This in-situ measurement provides 

more representative conditions, including under high pressure and temperature conditions, 

considering pore texture, surface roughness and the effect of displacement in porous media.  
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The initial approach for measuring the in-situ contact angle is to manually analyse the raw 2D 

images obtained through micro-CT imaging by positioning the image perpendicular to the 

three-phase contact line. This approach was successfully applied to measure the contact 

angle of a CO2–brine–carbonate system after imbibition at a pressure of 10 MPa and 

temperature of 50 °C (Andrew et al., (2014). Lv et al. (2017) also adopted this approach to 

estimate the in-situ contact angle at drainage and imbibition of CO2 in a glass-bead pack and 

quartz-sand pack with scCO2 (pressure of 8.0 MPa and temperature of 40 °C) and gaseous 

CO2 (ambient condition). The same approach was implemented by Tudek et al. (2017) for a 

liquid CO2–brine–sandstone system, thereby demonstrating that the manual approach can be 

employed for various systems. However, a significant drawback of this approach is that it is 

extremely time-consuming, and it can also result in measurement errors due to human bias 

(Ibekwe et al., 2020; Yang and Zhou, 2020). To simplify the manual process and minimise the 

error, several researchers have developed automatic approaches to determine the in-situ 

contact angle (e.g., AlRatrout, 2017; Ibekwe et al., 2020; Yang and Zhou, 2020), which is 

useful in obtaining an accurate characterisation of wettability at the pore scale. 

Based on the measured angle and the method used to measure it – static/dynamic/in-situ 

measurement – the wetting state can be classified into non-wetting (i.e., water contact angle 

≥ 90°) and wetting (i.e., water contact angle < 90°) conditions (e.g., Kulkarni and Shaw, 2015). 

Other classifications of the wetting state also exist from other literatures. Triber and Owen 

(1972) divided the wetting state into three categories, including water-wet (water contact angle 

= 0° - 75°), intermediate-wet (water contact angle = 75° - 105°) and oil-wet (water contact 

angle = 105° - 180°) conditions. Further, Dake (1978) is also classified the wettability into three 

categories, including water-wet (0° < water contact angle < 90°), intermediate-wet (water 

contact angle ≈ 90°) and oil-wet (90° < water contact angle < 180°) conditions. Meanwhile, 

based on the water contact angle with the rock surface in the presence of scCO2, Iglauer et 

al. (2015b) reported that the wetting state can be classified into five categories, ranging from 

complete wetting (water contact angle = 0°) to complete non-wetting (water contact angle = 

180°) conditions. Further details regarding this classification system are provided in Chapter 

2.2.1. 

2.3.2. Amott (Amott-Harvey) test 

The Amott test was introduced by Earl Amott in 1959 (Amott, 1959) to characterise the 

average wettability of a core containing water and oil in the pore space. The main principle of 

this test is that the wetting phase will displace the non-wetting phase in the tested core. The 

Amott method relies on the volume of water and oil produced by spontaneous imbibition and 

force displacement. The Amott displacement of water-ratio (Iw) and oil-ratio (Io) can be 

expressed as follows: (Amott, 1959): 
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 𝐼𝑤 =
𝑉𝑤𝑠𝑖

𝑉𝑤𝑠𝑖 + 𝑉𝑤𝑓𝑑
  2.7 

 𝐼𝑜 =
𝑉𝑜𝑠𝑖

𝑉𝑜𝑠𝑖 + 𝑉𝑜𝑓𝑑
 , 2.8 

where 𝑉𝑤𝑠𝑖 and 𝑉𝑜𝑠𝑖 are the volumes of water and oil, respectively, that are spontaneously 

imbibed, and 𝑉𝑤𝑓𝑑 and 𝑉𝑜𝑓𝑑 are the additional volumes of water and oil, respectively, that can 

be forced into the sample through force displacement. The wettability of the core can be 

considered water-wet when Iw is positive and Io is zero, whereas it can be considered oil-wet 

when Iw is zero and Io is positive (Anderson, 1986b). 

A modified Amott test, which is known as the Amott–Harvey test is also widely used to evaluate 

wettability. The Amott–Harvey test primarily differs from the original Amott test in its initial 

preparation stage. In the original Amott test, the preparation stage only consists of displacing 

the volume of oil in the core until the residual oil saturation stage. In the Amott–Harvey test, 

after reaching the residual oil saturation stage, an additional step is performed, wherein the 

water is displaced until the irreducible water saturation stage. Subsequently, the test begins 

and follows the same procedure as the original Amott test (see Amott, 1959 for details). The 

Amott–Harvey wetting index (𝐼𝐴𝐻) is: 

 𝐼𝐴𝐻 = 𝐼𝑤 −   𝐼𝑜, 2.9 

where 0.3 ≤ 𝐼𝐴𝐻 ≤ 1.0 indicates a water-wet state, −0.3 ≤ 𝐼𝐴𝐻 ≤  0.3 indicates a neutral-wet 

state and −0.3 ≤ 𝐼𝐴𝐻 ≤  −1.0 indicates an oil-wet state (Anderson, 1986b). Although the 

effects of heterogeneity and the natural surface roughness of the core are implicitly involved 

in the measurement, the results of the Amott and Amott–Harvey wettability tests are 

insensitive to the near neutral wetting state (Anderson, 1986b). 

2.3.3. US Bureau of Mines (USBM) test 

Like the Amott test, USBM test (Donaldson et al., 1969) is used to determine the average 

wettability of a core. The USBM test uses capillary pressure curves to quantify the wetting 

state of a system. Figure 2.6 shows the typical result of the capillary pressure curves obtained 

from full displacement cycles. The USBM index (𝐼𝑈𝑆𝐵𝑀) can be expressed as follows 

(Donaldson et al., 1969): 

 𝐼𝑈𝑆𝐵𝑀 = log (
A1

A2
), 2.10 

where A1 and A2 are the areas under the capillary pressure curves of the oil and water drive 

processes, respectively (see Figure 2.6). The core is characterised as water-wet when 𝐼𝑈𝑆𝐵𝑀 

is ≈ +1, oil-wet when 𝐼𝑈𝑆𝐵𝑀 is ≈ −1 and neutral-wet when 𝐼𝑈𝑆𝐵𝑀 is ≈ 0 (Anderson, 1986b). 
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Unlike the Amott test, the USBM test is sensitive to the near neutral wetting condition. 

However, it cannot differentiate fractional (mixed) wettability in a system. 

 

Figure 2.6. Typical result of standard USBM test (Mirzaei-Paiaman, 2022) 

2.3.4. Zeta potential test 

Another parameter used to characterise the wettability is the zeta potential, which can be 

obtained using the streaming potential method (e.g., Jackson et al., 2016a) and 

electrophoretic mobility method (e.g., Kosmulski et al., 2002, Kosmulski and Dahlsten, 2006). 

These methods have become increasingly popular in recent years because the zeta potential 

represents the electrostatic forces between the water-rock and water-non-aqueous phase fluid 

(NAPF; e.g., CO2, oil) interfaces. The electrostatic force is an essential component of the total 

disjoining pressure and consequently, it contributes to wettability (Hirasaki, 1991; Busireddy 

and Rao, 2004; Jackson et al., 2016a). The main benefit of using the streaming potential 

method instead of the electrophoretic mobility method to measure the zeta potential is the use 

of a real rock sample (e.g., Walker and Glover, 2018) or sandpack (e.g., Vinogradov et al., 

2018) to represent porous media during the measurement. Moreover, the streaming potential 

method can be extended to elevated temperature, pressure and ionic strength conditions that 

limit electrophoretic mobility. The streaming potential measurement can also be used in the 

field or downhole by recording the voltage in response to fluid flows. Therefore, the streaming 

potential method has wide applicability, from laboratory to field applications. The 

measurement of the zeta potential through the electrophoretic mobility and streaming potential 

methods is discussed in detail in Section 2.5. 

Based on the fundamental thermodynamics of wettability, there are three principal forces that 

act between the rock-water and water-NAPF (e.g., CO2) interfaces that are related to the total 

disjoining pressure. These forces are: 1) structural, Πstructural, 2) van der Waals, Πvan der Waals, 

and 3) electrostatic forces, Πelectrostatic (Hirasaki, 1991; Busireddy and Rao, 2004; Jackson et 
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al., 2016a). The contributions of these three forces to the disjoining pressure and wetting film 

stability are illustrated in Figure 2.7. The total disjoining pressure (Πtotal) is the sum of 

structural, van der Waals and electrostatic components and can be expressed using Equation 

2.11 (Busireddy and Rao, 2004).  

 Πtotal =  Πstructural + Πvan der Waals + Πelectrostatic 2.11 

The structural forces, also known as the hydration forces, are short-range repulsive forces, 

which implies that they make a positive contribution to the disjoining pressure (Jackson et al., 

2016a; Xie et al., 2016). The van der Waals forces can be either attractive or repulsive, 

depending on the polarity of the Hamaker constant (i.e., a coefficient related to the interactive 

van der Waals energy to the distance between separation of two molecules; Hirasaki, 1991; 

Donaldson and Alam, 2008). When the Hamaker constant is positive, the van der Waals forces 

are attractive and make a negative contribution to the disjoining pressure (Hirasaki, 1991). 

Conversely, a negative Hamaker constant means that the van der Waals forces are repulsive 

and provide a positive contribution to the disjoining pressure (Hirasaki, 1991). 

Lastly, the electrostatic forces occur when two interfaces interact while having a non-zero 

electric interfacial potential, which results from the so-called Electrical Double Layer (EDL) 

arrangement. This force can be positive (repulsive) or negative (attractive) depending on the 

ionic strength, brine composition and pH (e.g., Vinogradov et al., 2018). Moreover, the 

electrostatic forces can vary with temperature (Vinogradov and Jackson, 2015), rock 

mineralogy (Li et al., 2018; Alarouj et al., 2021) and partial CO2 pressure (Heberling et al., 

2011). Figure 2.7 illustrates how the magnitude and polarity of the electrostatic forces affect 

the total disjoining pressure. Hence, knowledge of these forces is essential, as they can control 

the stability of the wetting film. 

 

Figure 2.7. The (a) contributions of the forces, including the structural forces (dotted line), van der 

Waals forces (dashed line) and electrostatic forces (solid and dot-dashed lines), on disjoining pressure, 

and (b) the disjoining pressure based on (a), where IS is the acronym for ionic strength; the image is 

modified from Jackson et al. (2016a).  
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2.4.    Electrical Double Layer (EDL) theory 

The electrical double layer (EDL) at rock-water interface is established when the minerals at 

the rock surface interact with an aqueous solution. This interaction causes the rock surface to 

become electrically charged with what is known as the surface charge. The charge at the rock 

surface is then balanced by the opposite charge from ionic species of the aqueous solution to 

maintain electrical neutrality, thus resulting in separation of the electrical charge termed the 

electrical double layer (EDL; Figure 2.8; Hunter, 1981). For example, when the rock surface 

is negatively charged, it will attract the opposite charges (i.e., positive counter-ions) from the 

solution close to the rock surface and ‘push away’ (exclude) ions of the same polarity (i.e., 

negative co-ions) from the rock surface. The detailed development of surface charges for both 

silica and calcite, which represent two major sedimentary formations (sandstone and 

carbonate, respectively) will be discussed in the following subsection (see subsection 2.4.1). 

 

Figure 2.8. Illustration of the electrical double layer of rock surface with the solution at the interface, 

adapted from Glover and Jackson (2010). Here, the authors consider the rock surface is silica (silica is 

the main mineral of quartz) and the overall surface charge is negative (see detail in Glover and Jackson, 

2010). 

The region of ions located next to the rock surface is called the Stern layer and it is considered 

to be the first layer of EDL (see Figure 2.8). The Stern layer consists of two planes, namely 

the Inner and Outer Helmholtz Plane (IHP and OHP, respectively). The IHP generally 
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describes the location of un-hydrated salt ions directly attached to the rock surface, while the 

OHP is defined as the location of the hydrated ions from the solution that are firmly attached 

to the rock surface (e.g., Al Mahrouqi et al., 2017). The electric potential within the Stern layer 

is similar to the variation of the potential between two parallel plates of a capacitor (e.g., 

Heberling et al., 2014), which changes linearly between the plates. 

In general, counter-ions in the Stern layer cannot completely balance the charge on the rock 

surface; therefore, counter-ions from the solution will be attracted to the interface to balance 

this excess charge, and these counter-ions will reside in the so-called diffuse layer. In the 

diffuse layer, the ions are also attracted to the rock surface. The charge density of counter-

ions in the diffuse layer exponentially decreases with an increasing distance from the OHP 

and throughout the diffuse layer, following the Boltzmann distribution law as suggested by the 

Gouy-Chapman theory (Hunter, 1981). Within the diffuse layer, there exists a plane called the 

shear/slip plane, which separates hydraulically immobile and mobile ions (see Figure 2.8). 

Consequently, the ions in the mobile part can be moved by different thermodynamic potential 

gradients (concentration, temperature and pressure). The electric potential at the shear plane 

is defined as the zeta potential (Hunter, 1981). Some of surface complexation models that 

describe the EDL consider the location of shear plane to coincide with OHP and thus, the zeta 

potential represents the electric potential at the OHP (e.g., Heberling et al., 2014; Li et al., 

2016). 

Considering the behaviour of ions in the EDL, the movement of ions in the EDL under the 

influence of pressure is called the electrokinetic phenomena (Cerepi et al., 2006). Several 

types of EK phenomena have been identified, including electrophoresis, streaming potential, 

electro-osmosis and sedimentation potential (see details in Delgado et al., 2007). However, 

only the streaming potential and electrophoresis will be discussed in this study, as these 

phenomena are commonly utilised to measure the zeta potential.  

3.4.1. Rock surface charge development in aqueous solution   

For quartz (silica) surfaces, two main groups are considered to form the surface sites, namely 

the single-Si-coordinated (> SiOH - silanol) and double-Si-coordinated (> Si2O - siloxane) 

groups (Leroy et al., 2013; Hiemstra et al., 1989). The estimated equilibrium constant of 

protonation of the surface siloxane group is very low, and thus, it can be considered completely 

inert (Leroy et al., 2013; Hiemstra et al., 1989; Revil et al., 1999). Therefore, only > SiOH 

groups are considered to represent the silica surface, with two protonation/deprotonation 

reactions (Leroy et al., 2013; Hiemstra et al., 1989):  
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 >  SiOH0  ⟺ > SiO− + H+ 2.12 

 > SiOH0 + H+ ⟺ > SiOH2
+ 2.13 

Hiemstra et al. (1989) argued that the protonation of the neutral silanol group (> SiOH0) was 

unlikely to happen in the pH range of 2 – 12 due to very low surface equilibrium constant. 

Hence, the charge of the silica surface is dominated by the first reaction (Equation 2.12). 

Considering only Equation 2.12, the relative concentration of silica surface sites is dictated 

by the solution pH (pH indicates the concentration of H+ relative to OH-) thus making pH the 

main control of the surface charge and zeta potential. Consequently, when the solution 

becomes more acidic, the protonation silanol increases, resulting in the less negative surface 

charge and the zeta potential, as confirmed previous experimental studies on the zeta 

potential at silica-water interfaces (e.g., Kosmulski et al., 2002).  

On the other hand, formation of the surface charge of calcite in an aqueous solution is more 

complex than that of silica. It is well known that calcite is soluble and can dissolve when in 

contact with an aqueous solution, which can be expressed as follows: 

 CaCO3(s) ⟺  Ca2+(aq) + CO3
2− 2.14 

In an open system where water is exposed to surrounding atmosphere, some of CO2 from air 

will dissolve into the solution thus affecting the equilibrium solution pH (see Equations 2.1-

2.3). The pH is related to the dissolved carbon speciation into carbonic acid, bicarbonate and 

carbonate ions along with calcium ions in the solution (e.g., Anabaraonye et al., 2019; Eriksson 

et al., 2007). Considering all these ions in the solution, the development of calcite surface 

charge is not necessarily dependent on just the solution pH, as in the case of the silica surface. 

At first, the calcite lattice ions in contact with aqueous solutions get hydrated to form >

CaOH2
+0.5, while > CO3

−0.5 remains unhydrated (Heberling et al., 2011). Then, these two surface 

groups undergo deprotonation and protonation reactions in the hydrolysis layer (Heberling et 

al., 2011), which can be expressed as: 

 > CaOH2
+0.5 ⟺ > CaOH−0.5 + H+ 2.15 

 > CO3
−0.5 + H+ ⟺> CO3H+0.5  2.16 

However, in a later study Heberling et al. (2014) updated their calcite surface reactions and 

suggested that direct protonation of > CO3
−0.5 does not take place and could be disregarded 

(Equation 2.16). Heberling et al. (2014) also argued that based on the theoretical study by 

Villegas-Jimenez (2009), water molecules did not adsorb onto > CO3
−0.5 surface groups with 

subsequent dissociation of OH- to form > CO3H+0.5. Based on both arguments, only 
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deprotonation of > CaOH2
+0.5 is considered (Equation 2.15), and three calcite surface sites 

are formed: > CaOH−0.5, > CaOH2
+0.5 and > CO3

−0.5 (see the detailed explanation in Chapter 7). 

Considering only Equation 2.15, the solution pH is expected to dictate the surface charge of 

the calcite. However, this expectation fails to consider the adsorption of calcite lattice ions 

(Ca2+ and CO3
2-) from the adjacent solution. A recent study by Al Mahrouqi et al. (2017) found 

that when the solution pH was kept constant, the zeta potential became increasingly positive 

with increasing amounts of Ca2+ in the solution. Hence, the surface charge of the calcite is 

controlled by the concentration of Ca2+. This condition also implies that calcite's surface charge 

is sensitive to the concentration of specific ions (e.g., Ca2+), which are known as the potential 

determining ions (PDIs). Variations in concentration of other divalent ions, such as Mg2+ and 

SO4
2-, was shown to also affect the zeta potential of the calcite-water interface (Alroudhan, 

2016; Al Mahrouqi et al., 2017). Therefore, these ions are also considered to be PDIs. 

All in all, the surface charge and the zeta potential of calcite in aqueous solution are controlled 

by the complex chemical adsorption of PDIs on the calcite surface. The example of reactions 

of Ca2+ and CO3
2- with calcite surface sites are: 

 > CaOH−0.5 + Ca2+ ⟺ > CaOH−0.5 − Ca2+ 2.17 

 > CO3
−0.5 + Ca2+ ⟺  > CO3

−0.5 − Ca2+ 2.18 

 > CaOH2
+0.5 + CO3

2− ⟺  > CaOH2
+0.5 − CO3

2− 2.19 

These complex reactions are located within the Stern layer. Further, previous studies by Li et 

al. (2016) and Heberling et al. (2014) assumed that the location of these reactions was at the 

end of the Stern layer (OHP), and the same assumption has been implemented in our model. 

The detailed development of the calcite surface complexation model and the complex 

reactions of the calcite surface sites are provided in Chapter 7. 

2.5.    Zeta potential measurements 

The zeta potential is a representation of the electrochemical interactions at the interface 

between an aqueous solution (hereafter referred to as brine, electrolyte or water for simplicity) 

and the rock mineral/NAPF. In order to measure the zeta potential in such a system, there are 

two common available methods: 1) the electrophoretic mobility method (EPM) and 2) the 

streaming potential method (SPM), which will be discussed in the following subsections.  

2.5.1.   Electrophoretic mobility method (EPM) 

The EMP is the most common method used to measure the zeta potential. To measure the 

zeta potential using the EPM, a sample must be of very small size and dispersed as a powder 

(solid) or emulsion (fluid) in the aqueous solution. The EPM relies on the relative motion 



43 
 

between the dispersed sample and the aqueous solution due to the application of an external 

electric field (E). As a result, the electrophoretic velocity (𝜈𝑒) from the movement of the charged 

particles relative to the stationary solution is obtained, and the electrophoretic mobility (𝑢𝑒) 

can be determined as the ratio between the velocity and the electric field (Delgado et al., 

2007). Further, to quantify the zeta potential (ζ) using the EPM, the Helmholtz–Smoluchowski 

(HS) equation for electrophoresis is used as follows (Delgado et al., 2007): 

 𝑢𝑒 =
𝜀𝜁

𝜇
, 2.20 

where 𝜀 is the solution permittivity in [F·m-1] and μ is the solution viscosity in [Pa·s]. 

 

There are several benefits to use the EPM for measuring the zeta potential, including relatively 

quick measurements and commercially available apparatus (zeta meter). On the other hand, 

there are four reasons why the EPM should not be used to measure the zeta potential with 

the application to real rocks, particularly in porous media, which are as follows (Al Raoudhan 

et al., 2016; Jackson et al., 2016a; Al Mahrouqi et al., 2017):  

i. The EPM requires very fine samples immersed in solution, so it does not consider the 

pore space complex topology (e.g., tortuosity, pore throats) in porous rock. 

ii. Crushing a rock sample into fine particles to make it suitable for the EPM creates ’fresh’ 

rock (mineral) surface sites. This increases the amount of active surface sites exposed 

to the solution that might affect the results. 

iii. The volumetric ratios between the solution and the sample are not comparable when 

the solution is in contact with the rock surface in porous media. Moreover, the EPM 

cannot accommodate solutions with high ionic strength in its measurements. 

iv. The EPM is limited to a maximum of two phases (i.e., rock powder-solution or oil/gas-

solution) during the measurement and cannot accommodate the presence of a third 

phase (e.g., oil/gas), as commonly found in subsurface geological formations. 

 

2.5.2.   Streaming potential method (SPM) 

The streaming potential method (SPM) relies on the difference of pressure (pressure gradient) 

to induce the flow of aqueous solution across the stationary saturated porous rock (Figure 

2.7; e.g., Delgado et al., 2007; Jackson et al., 2012a). 
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Figure 2.9. Schematic of the streaming potential in porous saturated rock. An EDL is formed between 

rock surface and fluid(water) at the interface. Some of excess charge in EDL is dragged along with fluid 

direction due to pressure gradient and giving rise to the streaming potential in the opposite direction. 

This image was adapted from Jackson et al. (2012a). 

Assuming we have a negative surface charge of the rock surface, the ions of the opposite 

polarity (positive ions) from the aqueous solution try to balance the surface charge to maintain 

the electrical neutrality by forming the EDL. Along with the same flow direction, some of the 

excess counter-ions within the EDL are moved and create the streaming current (𝐽𝑆). To 

balance this streaming current, a conduction current (𝐽𝐶) is generated in the opposite direction, 

giving rise to a streaming potential. Hence, the total current density (𝐽𝑇) can be expressed as 

follows (Sill, 1983; Li et al., 2016): 

 𝐽𝑇 = 𝐽𝑆 + 𝐽𝐶 =  −𝜎𝛻𝑉 + 𝐿𝛻𝑃, 2.21 

where 𝜎 is the electrical conductivity of saturated porous rock, 𝛻𝑉 is the electric potential 

gradient across the rock sample, 𝐿 is the electrokinetic cross coupling term and 𝛻𝑃 is the 

pressure gradient across the rock sample. Under steady state conditions, with an isolated 

system and one-dimensional flow, the total current density is equal to zero (𝑗 = 0) and the 

streaming potential coupling coefficient (𝐶𝑆𝑃) can be determined as follows (Sill, 1983): 

 𝐶𝑆𝑃 =
∆𝑉

∆𝑃
|
𝑗=0

 , 2.22 

where ∆𝑉 is the stabilised voltage [V] and ∆𝑃 is stabilised pressure difference [Pa] across the 

rock sample. In order to interpret zeta potential from SPM, a modified HS equation accounting 

for the surface electrical conductivity is used and can be expressed as follows (Jouniaux and 

Pozzi, 1995; Glover, 2015): 
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 𝐶𝑆𝑃 =
𝜀𝜁

𝜇𝜎𝑟𝑤𝐹
 , 2.23 

where 𝜀 is the water permittivity in [F·m-1], μ is the dynamic water viscosity in [Pa·s], 𝜎𝑟𝑤 is the 

electrical conductivity of the saturated rock sample in [S·m-1] and F is the intrinsic formation 

factor and it can be determined by the ratio between the fluid conductivity (𝜎𝑤)  and the 

saturated rock conductivity 𝜎𝑟𝑤 at high ionic strength conditions. When the porous rock is 

saturated with high ionic strength solution, the surface conductivity becomes negligible, and 

the classical HS equation can be used to evaluate the zeta potential (Jouniaux and Pozzi, 

1995):  

 𝐶𝑆𝑃 =
𝜀𝜁

𝜇𝜎𝑤
 . 2.24 

There is one disadvantage of using SPM to measure the zeta potential, which relates to the 

fact that the measurement represents the zeta potential averaged over many interfaces with 

only portion of them having identical properties (e.g., Collini and Jackson, 2022; Alarouj et al., 

2021). For example, if the rock sample is pure quartz, the averaged macro-scale zeta potential 

obtained from SPM should in theory be equal to the micro-scale zeta potentials of individual 

quartz-water interface; this has later been confirmed experimentally. However, if there are 

other than quartz minerals present in the rock sample (e.g., clays), the macro-scale zeta 

potential is an average of the micro-scale zeta potentials of quartz-water and clay-water 

interfaces. In terms of practicality, a SPM experiment consist of a very complex experimental 

protocol and time-consuming measurement (see the detailed experimental protocol in 

Vinogradov et al., 2010). In contrast, there are three main advantages of using the SPM 

approach to measure zeta potential, particularly in porous media, which are: 

i. The SPM can use an intact rock/sandpack to accurately represent the porous medium 

(e.g., Walker et al., 2014; Vinogradov et al., 2018). This condition can be achieved by 

placing the sample in a special core holder (see Figure 3.1 in Chapter 3) and allowing 

only one-dimensional flow through the system. This core holder is equipped with 

pressure transducers and electrodes at each end to measure pressure difference and 

voltage across the sample simultaneously. Hence, when the steady state condition is 

reached, the measured stabilised voltage and pressure difference can be used to 

determine 𝐶𝑆𝑃 (Equation 2.22) and thus the zeta potential (Equation 2.23 and/or 

2.24). 

ii. The SPM can measure the zeta potential at elevated temperatures (e.g., Vinogradov 

and Jackson, 2015) and high ionic strength conditions (e.g., Vinogradov et al., 2010; 

Walker and Glover, 2018), which EPM cannot do. These two conditions are essential 

to be implemented during the measurements, as they are typical of subsurface 
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geological formations relevant for CGS projects. For example, Vinogradov and 

Jackson (2015) reported that the zeta potential at low ionic strength condition (0.01M; 

M= mol∙L-1) in sandstone was negative and became less negative with increasing 

temperature (up to 150°C). Meanwhile, at high ionic strength condition (0.5M), the zeta 

potential was independent of temperature. Therefore, using the SPM in conditions 

close to those of the subsurface system is crucial for accurately interpreting the zeta 

potential.  

iii. The SPM can measure two-phase flows (water and NAPF) inside the porous rock at 

the same time (e.g., Jackson and Vinogradov, 2012; Jackson et al., 2016a; Collini et 

al., 2020). Measuring the zeta potential under this condition provides the electrostatic 

interactions at two interfaces, namely the rock-water and NAPF-water interfacial zeta 

potentials, which can be used later for wettability characterisation. The details 

regarding the zeta potential measurements under multi-phase conditions will be 

discussed in subsequent sections. 

2.6.    Zeta potential and its link to the wettability 

One of the most important applications of the zeta potential in porous saturated rock is the 

characterisation of wettability in subsurface geological formations. At the molecular level, the 

wettability is controlled by the electrostatic interactions between rock-water and NAPF-water 

interfaces (Hirasaki, 1991; Jackson et al., 2016a). Due to the nature of subsurface formations, 

which have two fluid phases (water and NAPF) in the pore space simultaneously, only SPM 

that accurately represents real rock in target formations is suitable for the 𝐶𝑆𝑃 and zeta 

potential measurements and these will be discussed in this section. 

Several experimental multi-phase streaming potential measurements have been done to 

understand the behaviour of 𝐶𝑆𝑃 as a function of fluid saturation (e.g., Moore et al., 2004; Revil 

and Cerepi, 2004; Vinogradov and Jackson, 2011). In particular, two studies (Revil and Cerepi, 

2004; Vinogradov and Jackson, 2011) reported that the 𝐶𝑆𝑃 fell to zero at residual water 

saturation after gas/water displacement at the end of drainage processes. Moreover, this 

finding is consistent with the theoretical study by Vinogradov et al. (2021) regarding the 

observation of zero 𝐶𝑆𝑃 at the residual water condition, which implies that non-wetting phase 

fluid (gas) in the pore space is non-conductive and prevents the rise of streaming current. In 

contrast, non-zero 𝐶𝑆𝑃 readings were observed at residual water saturation after 

oil(undecane)/water displacement (Vinogradov and Jackson, 2011) and liquid CO2/water 

displacement (Moore et al., 2004). This situation was likely caused by the flow of 

unmeasurable amount water in the pore space that yielded the non-zero streaming current. 

However, these studies did not obtain or explain the relationship between the measured 

properties and wettability. 
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A later experimental study by Jackson and Vinogradov (2012) found a link between measured 

zeta potential and wettability using SPM. The experiments were conducted using two 

carbonate core samples with similar properties, both fully saturated with the same brine at the 

temperature of 23°C. Prior to pumping each core sample with crude oil (drainage process), 

the zeta potential of each core sample was measured when only brine saturated the pore 

space (single-phase zeta potential; Sw = 1). At the end of the drainage process (when 

irreducible water saturation was achieved, Sw = Swirr), the first sample was aged for 8 weeks 

at the temperature of 93°C, while the second sample was not. The next step was to pump the 

same brine into the oil saturated core samples (imbibition) until the residual oil saturation (Sor) 

was reached, after which the multi-phase zeta potential was measured  at Sw = 1 – Sor.  

 

Figure 2.10. Zeta potential obtained from two different core samples, fully saturated with brine (left) 

and saturated with brine at residual oil (right), adopted from Jackson and Vinogradov (2012). The 1st 

sample was aged while the 2nd sample was non-aged. 

The measured zeta potential at the residual oil saturation for the aged sample was 

substantially different compared to the single-phase zeta potential (see Figure 2.10). In 

contrast, the multi-phase zeta potential of the second non-aged sample was similar (within 

experimental uncertainty) to its initial condition (see Figure 2.10). The authors (Jackson and 

Vinogradov, 2012) suggested that after aging, the wetting state in the first sample was altered 

and thus some of the pore walls became oil-wet, while the rest remained water-wet (see Figure 

8 in Jackson and Vinogradov, 2012 for the illustration of wettability alteration in the first 

sample). In water-wet conditions, the water is adjacent to the rock surface and forms the EDL 

at rock-water interface throughout the pore space. Thus, when the water flows in the pore 
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space, the excess charge is transported along the continuous rock-water interface, giving rise 

to the streaming current. On the other hand, in oil-wet conditions, some oil wets the rock 

surface and when it comes into contact with brine, the EDL of oil-water interface is formed. As 

a result, the EDL of the rock-water interface becomes discontinued, and when the water flows 

in the pore space, the streaming current becomes an average of individual contributions of the 

rock-water and oil-water interfaces.  

Furthermore, Jackson et al. (2016a) conducted another study to understand the correlation 

between zeta potential and wettability using four different crude oils (oil samples A, B, C and 

D) and three brine compositions (namely FMB, SW and 20dSW) in a carbonate rock sample 

(Estaillades limestone). In this study, the authors also measured the Amott wettability index of 

water (Iw) to gain a better understanding of the wetting state of the tested core samples. The 

zeta potential was measured during the coreflooding experiment at room temperature (c. 

23°C) when the sample was fully saturated with brine (single-phase zeta potential; Sw = 1) and 

at the residual oil saturation (multi-phase zeta potential; Sw = 1 – Sor). Before measuring the 

zeta potential at residual oil, the sample was aged for at least 4 weeks with crude oil and brine 

at the temperature of 80°C. A more detailed explanation regarding the experimental procedure 

can be found in Jackson et al. (2016a). 

 

Figure 2.11. Zeta potential as a function of water wetting index for each of the four crude oils tested (A-

D) aged with FMB. The image was adapted from Jackson et al. (2016a). Filled grey symbols represent 

aging in the absence of water, open symbols represent aging with water and the filled black triangle 

represents the non-aged sample. Log (Iw) = 0 represent fully saturated brine (water-wet) condition in 

the tested core sample. 
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Two distinct trendlines were observed from the results of Jackson et al. (2016a). The authors 

argued that the difference between the two trendlines was caused by the difference in polarity 

of oil sample(A)-water interface (positive), and of oil samples(B-D)-water interfaces (negative). 

In oil samples B-D, the multi-phase zeta potential decreases linearly when the water wetting 

index decreases (Figure 2.11). This behaviour implies that the multi-phase zeta potential 

becomes smaller in magnitude when the wetting state shifts from water-wet to oil-wet. As the 

oils(B-D)-water interface polarity is negative, the initially positive rock-water zeta potential at 

water-wet condition decreases due to increasing contribution of negative oils(B-D)-water 

interface at oil-wet condition and yields to the smaller multi-phase zeta potential. On the other 

hand, in oil sample A, the multi-phase zeta potential increases when the water wetting index 

decreases (Figure 2.11), which implies that the zeta potential becomes more positive when 

the wetting state changes from water-wet toward oil-wet condition. This happens because the 

positive oil(A)-water interface significantly contributes at oil-wet conditions, giving a more 

positive multi-phase zeta potential.  

Despite the different polarities of oil-water interface, one of the notable conclusions of this 

study was that the multi-phase zeta potential is controlled by the effective zeta potential of oil-

water and rock-water interface. In more oil-wet condition, oil-water zeta potential significantly 

contributes to overall multi-phase zeta potential while in more water-wet conditions, rock-water 

zeta potential becomes dominant.  In this study, Jackson et al. (2016a) also found that 

additional oil recovery was observed during controlled salinity waterflooding (CSW) when oil-

water and rock-water interface had the same polarity and thus, created repulsive forces 

between the interfaces and stabilise the wetting film. 

Lastly, a recent study by Collini et al. (2020) extended the experimental investigation of zeta 

potential and its link to the wetting state of carbonate samples and subsequently to improve 

oil recovery. The experiments were conducted at various conditions using seven oil samples, 

nine intact carbonate core samples, and three main types of brine compositions, namely 

formation brine, seawater and low salinity brine (see details in Table 1 of Collini et al., 2020). 

Similar to Jackson et al. (2016a), the core samples were left to age with crude oil and brine 

for at least 4 weeks to allow the wettability alteration to occur at the temperature of 80°C. 

Further, the measurement of zeta potential was conducted at two different conditions, single-

phase zeta potential (Sw = 1) and multi-phase zeta potential (after aging, Sw = 1 – Sor) with 

different experimental temperatures (23°C, 70°C, 80°C and 100°C).  



50 
 

 

Figure 2.12. Changes in zeta potential measured in formation brine after aging for various 

experimental conditions (a range of crude oils, formation brine compositions carbonate core samples 

and temperatures, see detail of the experimental results in Collini et al. 2020). The water wetting index 

(Iw) equals 1 represents water-wet condition. The image was adapted from Collini and Jackson (2020). 

Collini et al. (2020) expressed the difference between the measured single- and multi-phase 

zeta potential as Δζwett, which implied that the change in zeta potential was due to wettability 

alteration. Δζwett is plotted against the wetting index (Iw), as shown in Figure 2.12, where small 

number of Iw means oil-wet condition. Moreover, Figure 2.12 also indicates that with the 

increasing value of |Δζwett|, the wetting state changes toward oil-wet condition. This study 

found that no oil recovery was observed at the end of coreflooding experiments when the 

interpreted oil-water zeta potential had the opposite polarity with rock-water zeta potential. 

Hence, the authors suggested that the polarity of rock-water and oil-water interfaces should 

be the same to increase the electrostatic repulsive force between these two interfaces and 

subsequently gain more oil recovery. As a result, the polarity of the interpreted rock-water and 

the oil-water zeta potential (after aging) must be known in order to design the injected brine in 

such a manner as to achieve the same polarity for the two interfaces and yield to the 

improvement oil recovery. 
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2.7.    Previous measurement of the zeta potential of CO2 containing 
system 
 

Numerous experimental measurements of the zeta potential have been conducted for a wide 

range of subsurface applications, including hydrocarbon recovery (e.g., Jackson et al., 2016a, 

2016b), geothermal resources (Revil and Pezard, 1998; Vogt et al., 2014), underground gas 

storage (Moore et al., 2004), characterising a fractured subsurface system (Jougnot et al., 

2020), monitoring groundwater aquifers (Graham et al., 2018; MacAllister et al., 2018) and 

contaminant transport of nanoplastics in porous media (Lu et al., 2021). However, the 

measurement of the zeta potential in the presence of CO2 in rock and/or water systems is rare, 

particularly under conditions suitable for CO2 underground storage.  

A study by Moore et al. (2004) reported the measurement of the streaming potential in Berea 

sandstone samples saturated with tap water and liquid CO2. The experiments were conducted 

at the maximum pressure of 6.5 MPa and temperature of 20°C. The authors reported that the 

streaming potential coupling coefficient before liquid CO2 flooding was negative and 

decreased ten-fold from the initial value after the liquid CO2 flooding (Moore et al., 2004). 

Despite the fact that the authors did not report the value of the zeta potential explicitly, the 

polarity of zeta potential can be interpreted quantitively as the same as the reported streaming 

potential coupling coefficient, as both parameters are directly proportional. In addition, as the 

experiments were conducted in sandstone samples, which are widely known for the high pH 

dependency at the quartz-water interfaces (e.g., Vinogradov and Jackson, 2015; Vinogradov 

et al., 2018), the equilibrium pH between the aqueous solution with rock sample becomes a 

crucial parameter. However, the authors did not report any pH measurements.   

Furthermore, a study by Ushikubo et al. (2010) examined the zeta potential of CO2-water 

interface by generating CO2 gas bubbles in ultrapure water. The experiments were conducted 

at the temperature of 20°C and pressure of 0.1 MPa using the electrophoretic mobility method 

(EPM). The zeta potential of CO2 gas in ultrapure water was negative and became more 

negative with increasing water pH. Similar findings were also reported by an experimental 

study of Kim and Kwak (2017), in which the authors reported the measurements of zeta 

potential of CO2-water interface at the maximum pressure of 0.2 MPa in 0.01M (M = mol∙L-1) 

NaCl solution with unreported temperature of experiments. The zeta potentials for the pH 

range of 3 – 11 were negative and decreased with increasing solution pH. Lastly, the most 

recent study by Phan et al. (2020) generated CO2 bubbles in the deionized pure water at three 

different pressures of CO2 (0.30, 0.35 and 0.40 MPa) at the temperature of 25°C. The results 

of their experiments were consistent with the previous studies (Ushikubo et al. 2010; Kim and 

Kwak, 2017). Therefore, we can conclude that the findings of CO2-water zeta potentials for all 
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these three studies (i.e., Ushikubo et al. 2010; Kim and Kwak, 2017; Phan et al. 2020) are 

negative and controlled by solution pH, however none of the studies investigated CO2 in its 

supercritical state.



Chapter 3 Zeta potential of CO2-rich aqueous solutions in 

contact with intact sandstone sample at temperatures of 23°C 

and 40°C and pressures up to 10.0 MPa* 
*) The text for this chapter was prepared for publication and it was accepted during the registration 
period of my study in Journal of Colloid and Interface Science. The final version of the published paper 
can be seen at https://doi.org/10.1016/j.jcis.2021.09.076   

3.1.   Introduction 

Quartz is a common mineral comprising 12% of the Earth’s crust (Ronov and Yaroshevsky, 

1969). Quartz is also the constituent mineral of sandstone formations, and it can be found in 

many subsurface settings including aquifers (e.g., Edmunds et al., 1982; Edmunds and 

Smedley, 2000), hydrocarbon reservoirs (e.g., Coop and Willson, 2003; Gulamali et al., 2011) 

and geothermal sources (e.g., Aquilina et al., 1997; Schmidt et al., 2017). To characterise the 

subsurface flows in such settings, a variety of electrical geophysical methods are available 

including electrical resistivity tomography (e.g., Daily et al., 1992; Ogilvy et al., 2009), electro-

seismic (injecting electric current and measuring the resulting seismic energy; e.g., Haartsen 

and Pride, 1997; Jouniaux and Zyserman, 2016), seismo-electric (generating a seismic wave 

and measuring the resulting electric field; e.g., Jouniaux and Zyserman, 2016; Peng et al., 

2020) and self-potential (SP) (voltage that arises in response to existing gradients in pressure, 

concentration or temperature; e.g., Jouniaux et al., 2009; Revil and Jardani, 2013) 

measurement. The SP has been shown to be an efficient method to characterise single- and 

multi-phase flows in the subsurface, especially in sandstone reservoirs (e.g., Jackson et al., 

2012a; Vinogradov and Jackson., 2015). Moreover, the SP method can characterise 

permeability heterogeneities (e.g., fractures, faults, and variable permeability zones; Vogt et 

al., 2014; Jougnot et al., 2020).  

The SP method relies on electrochemical processes that arise in response to the 

establishment of an electrical double layer (EDL) at the rock-water interface; this can be 

characterised by the zeta potential (e.g., Hunter, 1981; Revil et al., 1999). The zeta potential 

also plays an important role in determining the wettability (e.g., Collini et al., 2020); while the 

wetting state controls the pore occupancy of aqueous solutions (hereafter referred to as water 

for simplicity) and non-aqueous phase fluids (NAPF) in multi-phase systems, and thus strongly 

influences fluid saturations and flow patterns, e.g. in CO2 geological storage (CGS) (Pentland., 

et al 2011), hydrocarbon recovery (Green and Willhite, 1998), or H2 geo-storage (Iglauer et 

al., 2021). 

There are three principal forces (namely van der Waals, structural and electrostatic forces 

(Hirasaki, 1991) that act between rock-water and NAPF-water interfaces; these forces 

determine the disjoining pressure, which in turn controls the wetting state. Structural forces 

https://doi.org/10.1016/j.jcis.2021.09.076
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are always repulsive, thus implying a positive (repulsive) contribution to the disjoining pressure 

(Hirasaki, 1991; Jackson et al., 2016a), while van der Waals forces depend on properties of 

all constituent phases (refractive index, dielectric constant and absorption frequency), and 

these forces can be characterised by the Hamaker theory, resulting in either positive or 

negative (Israelachvili, 1974; Hirasaki, 1991; Adair et al., 2001) to the disjoining pressure.  

Electrostatic forces can also be positive or negative (Hirasaki, 1991; Misra et al., 2019) 

depending on rock mineralogy, water pH, ionic strength and chemical composition. The 

magnitude and polarity of the electrostatic forces depend on the interfacial zeta potentials, 

which can vary substantially (Jackson et al., 2016a), therefore these forces play a key role in 

controlling the wettability.  

In order to accurately characterise the wettability, the measured experimental data of zeta 

potential of rock-water and NAPF-water interfaces is essential. There are two common 

methods available for measuring zeta potential; namely the electrophoretic mobility and 

streaming potential. The electrophoretic mobility method (EPM) relies on the motion of the 

dispersed phase (either rock or NAPF) relative to the continuous stationary water phase under 

the influence of an applied electric field (Delgado et al., 2007). In contrast, the streaming 

potential method (SPM) is based on the flow of water through a stationary porous medium, 

which may also contain NAPF, under the influence of a pressure gradient (Revil et al., 1999; 

Delgado et al., 2007). The benefits of using EPM include a relative ease of use commercially 

available instruments. However, the measurement conditions are far from representative of 

deep subsurface settings for several reasons. Firstly, EPM cannot currently be used under 

high pressure and elevated temperature conditions, or with high ionic strength electrolytes 

(>1.0 M), the conditions that are typical for deep rock formations (Jackson et al., 2016a). 

Secondly, EPM requires either a powdered mineral sample or emulsified NAPF dispersed in 

water and therefore, it cannot capture the true complex pore space topology (Jackson et al., 

2016a). Finally, EPM cannot take into account a third phase, which is needed for multi-phase 

flow (e.g., water and gas) (Alroudhan et al., 2016). In contrast, SPM can be used on intact 

sandstone samples (e.g., Walker et al, 2014; Walker and Glover, 2018), at elevated 

temperature (e.g., Vinogradov and Jackson, 2015), using low-to-high salinity electrolytes of 

simple and complex composition (e.g., Vinogradov et al., 2010) and also on multi-phase 

systems containing water, NAPF and minerals at the same time (e.g., Vinogradov and 

Jackson, 2011; Collini and Jackson, 2021). However, conducting SPM experiments is 

challenging and time consuming, especially under the typical deep subsurface settings (high 

pore pressure and elevated temperature). Acquisition of the high pore pressure and elevated 

temperature data is particularly important as gas (CO2) under these conditions (e.g., CO2 

injected into subsurface formations for long-term sequestration) dissolves in water to a higher 
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degree and alters the ionic composition, reduces pH, so that the resulting aqueous solution 

becomes the so-called carbonated water (C_water). Such changes in water chemistry will 

have an impact on the C_water-rock and C_water-NAPF zeta potentials and will ultimately 

affect the wettability and dynamics of flow of each fluid. Note that the term C_water used in 

this study corresponds to any aqueous solution with non-zero concentration of dissolved CO2. 

Several attempts have been made to measure the zeta potential in CO2 containing systems. 

A recent study published by Kim and Kwak (2017) reported the zeta potential of CO2-water 

interfaces using EPM. The experiments were conducted by bubbling CO2 gas through 0.01M 

NaCl solution. The zeta potential was reported to be negative, but the experiments were 

conducted at atmospheric pressure and unreported temperature. Another study by Moore et 

al. (2004) reported measurements of the zeta potential using SPM in Berea sandstone 

samples saturated with tap water and liquid CO2. The experiments were conducted at a 

maximum pressure of 6.5 MPa and temperature of 20°C, so that the latter value is not 

consistent with the expected temperature of 38oC normally found at the depth that 

corresponds to 6.5 MPa (Liebscher et al., 2013). The single-phase zeta potential was 

measured in a rock sample fully saturated with water, which was not carbonated prior to the 

experiments, i.e., the amount of dissolved CO2 corresponded to the atmospheric level. The 

experiment was repeated with water and immiscible liquid CO2 and the effective (i.e., multi-

phase) zeta potential was found to be negative and approximately ten-fold smaller in 

magnitude compared with the single-phase zeta potential. However, Moore et al. (2004) did 

not report single-phase zeta potential measurements conducted with C_water under the same 

experimental conditions, hence the contribution of the zeta potential at the interface between 

water and immiscible liquid CO2 could not be quantified. Moreover, Moore et al. (2004) did not 

report the equilibrium pH of water during the experiments, to indicate whether chemical 

equilibrium between the mineral, water and liquid CO2 was established. Since pH is known to 

have a strong effect on the silica-water zeta potential (Vinogradov and Jackson, 2015; 

Vinogradov et al., 2018), uncertainty exists in relation to Moore et al. (2004)’s reported multi-

phase zeta potential results. Furthermore, to the best of our knowledge, no experimental zeta 

potential data for C_water-rock or C_water-immiscible CO2 interfaces under high pressure and 

elevated temperature conditions has been reported (which are typical for deep subsurface 

formations). Note that in CGS, CO2 is stored below a depth of 800 m, so that the CO2 exists 

in a dense supercritical phase (IPCC, 2005; Iglauer, 2018), pressure ≥ 7.38 MPa and 

temperature ≥ 31.1°C. 

In the absence of such measured zeta potential data, several models have been proposed 

with which the wettability of sandstones can be predicted. For instance, Tokunaga (2012) and 

Kim et al. (2012) reported an analytical model of water film stability based on DLVO (Derjaguin, 
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Landau, Verwey, Overbeek) theory; the model was used to simulate CO2 geological storage 

(CGS) conditions in sandstone reservoirs. The model required knowledge of the electrostatic 

interactions between silica-water and CO2-water interfaces, to calculate the corresponding 

contribution to the disjoining pressure, and the model was implemented using compression 

approximation (Gregory, 1975). Tokunaga (2012) and Kim et al. (2012) assumed that the zeta 

potential of the silica-water interface was -25 mV for 0.01 M ionic strength solution, and -5 mV 

for 2 M ionic strength. Both Tokunaga (2012) and Kim et al. (2012) assumed a zero zeta 

potential at the CO2-water interface. However, neither of the assumed values was validated 

due to a lack of experimental data under true CGS conditions. Moreover, when the CO2 

dissolves in water at high pressure, and the pH of C_water becomes substantially lower 

(Adamczyk et al., 2009; Peng et al, 2013), the zeta potential of C_water-silica interfaces 

should become vanishingly small (Kosmulski et al., 2002). This, however, is inconsistent with 

the assumed values by Tokunaga (2012) and Kim et al. (2012), thus their wettability estimates 

are also doubtful.  

Therefore, the main aim of this study is to develop an experimental methodology and for the 

first time measure the streaming potentials in intact sandstone samples under high pressure 

and elevated temperature, using C_water, to improve our understanding of the 

electrochemical processes that take place at silica-water interfaces. The outcomes of this 

study will, among other applications, better inform CGS, hydrocarbon recovery and 

geothermal projects. This work also provides fundamental petrophysical data essential for a 

broad range of Earth sciences. 

3.2.   Materials and methods 

3.2.1.   Materials 

A cylindrical Fontainebleau sandstone sample was used in this study. Petrophysical properties 

of the sample listed in Table 3.1 suggest partial cementation, in line with the values of porosity 

and formation factor (Walker and Glover, 2018), which was important for repeated saturation. 

Prior to conducting the streaming potential measurements, the sample was thoroughly 

cleaned following the procedure reported by Alroudhan et al. (2016). 

We used synthetic single-salt solutions made with reagent-grade NaCl, CaCl2·2H2O, 

MgCl2·6H2O, and Na2SO4 (Sigma Aldrich, Australia) dissolved in deionized (DI) water. The DI 

water (electrical resistivity 15 MΩ∙cm -18 MΩ∙cm) was supplied by a filtering system from Ibis 

Technology (Ascot, Australia). The ionic strength of all four solutions was kept constant at 0.05 

M during preparation under laboratory (ambient) pressure and 23oC temperature. Although 

the 0.05 M ionic strength is lower than that of a typical deep aquifer or hydrocarbon reservoir 

identified for implementation of CGS, the concentration was selected as an initial point in this 
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proof-of-concept study, and further work probing higher concentration is planned. All 

laboratory experiments were conducted using two types of aqueous solutions: ‘dead’ and ‘live’ 

water. The dead water was a synthetic aqueous solution fully equilibrated with atmospheric 

CO2 (which corresponds to partial CO2 pressure of 10-3.44 atm and to a dissolved CO2 

concentration of 1.487 × 10-5 M; Li et al., 2016). The CO2 content of the dead water remained 

unchanged throughout the experiment. On the other hand, to prepare the live water we used 

a salt solution prepared under ambient pressure and temperature, which subsequently was 

brought in contact with pure CO2 (supplied by Coregas, Australia, with the mole fraction ≥ 

0.99) in a mixing reactor (El-Maghraby et al., 2012). The system was pressured and heated 

to target experimental pressure and temperature. Allowing CO2 and water to mix for a long 

period of time in the reactor (no less than 3 hours); while measuring the volume of the CO2 

cap until it stabilised under constant pressure, the thermodynamic equilibrium between water 

and CO2 was established. The target pressure and temperature that corresponded to the live 

water equilibrium was maintained throughout each experiment. 

Prior to carrying out the streaming potential measurements with dead water, the saturated 

rock sample was placed in a core holder, and the entire system was sealed from atmosphere. 

The detailed experimental protocol of the streaming potential measurement using both dead 

and live water is provided in subsequent sections. 

Table 3.1. Petrophysical properties of the Fontainebleau sandstone sample used in this study. 

Mineralogy of the sample was taken from (Vinogradov et al., 2010; Al Saadi et al., 2017; Cherubini et 

al., 2019). Sample porosity was measured by gas (N2) expansion using AP-608 Automated 

Permeameter and Porosimeter (Coretest System Inc, USA). The formation factor was obtained with 

five dead NaCl solutions with ionic strength between 0.05 M and 1 M. The liquid permeability was 

calculated using Darcy’s Law from the slope of linear regression of the flow rate against the pressure 

difference during the streaming potential measurements using at least four different flow rates with 

confirmed the quality of regression (R2) is high (R2 ≥ 0.98). 

Sample Fontainebleau sandstone 

Mineralogy >99 wt.% quartz 

Porosity 9.0 ± 1.0% 

Liquid Permeability 70 ± 5 mD (6.91 × 10-14 ± 4.93 × 10-15
 m2) 

Dimensions Length = 0.0783 m, Diameter = 0.0382 m 

Formation Factor, F 58 ± 2 
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3.2.2.   Measurements of pH and water and saturated rock electrical conductivity 

The dead water experiments were conducted at pore pressures up to 10 MPa and 

temperatures up to 40°C. Since the concentration of dissolved CO2 remained constant at 

atmospheric level during the dead water experiments (in the closed system), effluent water 

samples were regularly collected and pH values and electrical conductivities were measured 

outside the system using a FiveGo pH meter (Mettler Toledo, accuracy of 0.01 pH units) and 

a Jenway 4520 conductivity meter (Cole-Palmer, 0.5% accuracy), respectively. 

The live water experiments were carried out over the same pressure ranges (up to 10 MPa 

backpressure) and temperatures of 40°C. Live water pH values were measured using an in-

line high-pressure pH meter (model number of pH-G-10”-T375-NPT250A-C276, Corr 

Instruments, LLC, accuracy of 0.01 pH units). Both pH meters, as well as the conductivity 

meter were regularly calibrated using standard solutions and manufacturer’s recommended 

procedure. 

The chemical equilibrium between the rock sample and all aqueous solutions was assured 

using pH and water electrical conductivity measurements on a regular basis as detailed by 

Vinogradov and Jackson (2015). The solution was pumped from the injection pump to the 

receiving pump through the rock sample and then back again repeatedly. The equilibrium 

condition was obtained when the measured pH and water conductivities from both pumps was 

constant and equal within 2% tolerance. Therefore, the measured pH values and water 

conductivities reported here represent the equilibrium values (for a given solution, pressure 

and temperature). Dead and live water properties are provided in Table 3.2. 

The saturated rock conductivity (𝜎𝑟𝑤) was measured in-situ using a pair of internal electrodes 

and following the procedure of Vinogradov et al., (2010). The internal electrodes were 

connected to a BK Precision 891 LCR Meter, and AC was induced sweeping over the 

frequency range of 20 Hz to 300 KHz (1KHz = 1000 Hz). The measurement was conducted 

inside the oven to keep the constant temperature condition while the coreflooding cell was 

kept pressurised. The reactance (X) was then calculated from the measured total impedance 

(Z) and the resistance (R) over the frequency range by, 

 𝑋 = √𝑍2 − 𝑅2. 3.1 

The value of the Rx at the minimum X was used to calculate the 𝜎𝑟𝑤 using equation below, 

 𝜎𝑟𝑤 =
𝐿

𝑅𝑥𝜋𝑟2
, 3.2 

where L is length of the core sample and r is the radius of the core sample. The intrinsic 

formation factor (F) was obtained prior to carrying out the streaming potential measurements 
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using NaCl solutions between 0.05M and 1M, and following the protocol of Vinogradov et al. 

(2010). 

Table 3.2. Dead and live water properties for all tested experimental conditions, where P is the pore 

pressure, T is the experimental temperature, 𝜎𝑤 is the elctrical conductivity of tested solution. pH values 

reported for all dead water experiments correspond to partial CO2 pressure of 10-3.44 atm. The ionic 

strength of all solution was kept constant at 0.05 M. The reported uncertainties in the table are based 

on both the instrument accruracy and measurement repeatability. The total uncertainty in 𝜎𝑤 was ± 

0.01 S·m-1 in all experiments. 

Solution P, MPa T, ºC Solution type pH value 𝜎𝑤, S·m-1 

NaCl 

0.2 23 Dead water 7.10 ± 0.10 0.55 

4.5 23 Dead water 7.00 ± 0.10 0.55 

7.5 23 Dead water 7.10 ± 0.10 0.56 

10.0 23 Dead water 7.20 ± 0.10 0.55 

0.2 40 Dead water 6.30 ± 0.20 0.61 

4.5 40 Dead water 6.30 ± 0.20 0.60 

7.5 40 Dead water 6.20 ± 0.20 0.61 

10 40 Dead water 6.20 ± 0.20 0.60 

4.5 40 Live water 3.80 ± 0.10 0.65 

7.5 40 Live water 3.50 ± 0.10 0.64 

10.0 40 Live water 3.33 ± 0.05 0.55 

CaCl2 

0.2 23 Dead water 6.20 ± 0.10 0.34 

7.5 23 Dead water 6.20 ± 0.10 0.34 

0.2 40 Dead water 5.60 ± 0.20 0.46 

7.5 40 Dead water 5.50 ± 0.20 0.46 

7.5 40 Live water 3.17 ± 0.05 0.54 

MgCl2 

0.2 23 Dead water 6.90 ± 0.10 0.37 

7.5 23 Dead water 6.80 ± 0.10 0.37 

0.2 40 Dead water 6.05 ± 0.20 0.51 
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7.5 40 Dead water 6.10 ± 0.20 0.51 

7.5 40 Live water 3.40 ± 0.05 0.50 

Na2SO4 

0.2 23 Dead water 7.80 ± 0.10 0.36 

7.5 23 Dead water 7.70 ± 0.10 0.36 

0.2 40 Dead water 6.70 ± 0.20 0.48 

7.5 40 Dead water 6.70 ± 0.20 0.48 

7.5 40 Live water 3.60 ± 0.10 0.59 

 

3.2.3.   Experimental setup 

The streaming potential measurements were conducted in a high pressure-high temperature 

(HPHT) coreflooding apparatus (schematically shown in Figure 3.1). The coreflooding 

apparatus was placed inside an oven with controlled temperature (accuracy of ± 1°C). For the 

dead water experiments, the branch of the experimental apparatus comprising units #10 - #12 

(Figure 3.1), used for preparing live water, was disconnected from the rest of the setup.  

 

Figure 3.1. The experimental apparatus used in streaming potential measurements. The solid grey 
lines represent flowlines and the dashed grey lines represent electrical connections. (#1)  heated 500D 
Hastelloy ISCO pumps to the left and to the right of the core holder; (#2) 500D is a stainless steel ISCO 
pump used to induce the confining pressure around the rock sample; (#3)  data acquisition system; (#4) 
is the HPHT coreflooding cell (core holder); (#5)  two high precision pressure transducers; (#6)  high 
precision pressure transducer used to monitor the confining pressure;  (#7) external electrodes to the 
left and to the right of the core holder; (#8)  internal electrodes to the left and to the right of the core 
holder; (#9) are sampling tubes to the left and to the right of the core holder; (#10) CO2 cylinder; (#11)  
260D Stainless steel ISCO pump used for pumping CO2 into the mixing reactor; (#12)  heated Parr 
mixing reactor; (#13)  high pressure in-line pH meter. 
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The pressure difference across the core sample was measured continuously with a high 

precision Keller-Druck pressure transducer (series 33X, 0.1% accuracy). Furthermore, the 

voltage across the sample was recorded with a NI 9207 voltmeter with high internal impedance 

(>1 GΩ) and 0.52% accuracy. Two high precision syringe pumps (#1 in Figure 3.1; 500D 

Hastelloy ISCO) were used as injector and receiver to induce water flow in either direction 

through the sample. The pump used as injector was set to deliver water at a constant flow rate 

while the receiving pump on the opposite side was set at a constant receiving pressure (i.e., 

maintaining a constant back pressure during the experiment). During all coreflooding 

experiments, the difference between the confining pressure and the pore pressure was kept 

constant at approximately 3 MPa. The maximum difference between the injection and the 

outlet pressure that corresponds to the highest tested flow rate was 0.14 MPa. Constant target 

temperature was maintained during the experiments by heating cylinders of both pumps with 

an embedded water jacket and insulating all flowlines outside the oven to prevent heat losses. 

Upon completion of each streaming potential experiment, the saturated rock conductivity was 

measured using the internal electrodes (#8) connected to a BK Precision 891 LCR meter 

(0.05% accuracy), by sweeping the applied alternate voltage frequency between 20 Hz and 

300 KHz. 

3.2.4.   Streaming potential measurements in rock samples saturated with dead water 

The streaming potential method was used to obtain the zeta potential of the rock-water 

interface. The method relies on the assumption that at steady state, the streaming current is 

balanced by the conduction current during one-directional flow of water through the porous 

medium, consistent with our core flooding experiments where stable pressure and voltage 

were established across the rock sample. To achieve such conditions, the paired-stabilized 

(PS) method described in Vinogradov and Jackson (2011) was implemented to measure the 

streaming potential coupling coefficient (𝐶𝑆𝑃). Employing the PS method also allowed us to 

eliminate any asymmetry in the electrode potential as detailed in (Vinogradov et al., 2010). 

𝐶𝑆𝑃 was interpreted from the slope of linear regression of stabilised (normalised) voltage (see 

Equation 7a in Vinogradov et al., 2010) as a function of stabilised pressure difference 

(normalised P; see Equation 7b in Vinogradov et al., 2010). The zeta potential (𝜁) was then 

calculated via the modified Helmholtz-Smoluchowski equation (which accounts for the surface 

electrical conductivity Jouniaux and Pozzi, 1995; Revil et al., 1999; Glover, 2015): 

 𝐶𝑆𝑃 =
∆𝑉

∆𝑃
=  

𝜀𝜁

𝜇𝜎𝑟𝑤𝐹 
 3.3 

where ∆𝑉 is the stabilised voltage in [V], ∆𝑃 is stabilised pressure [Pa], 𝜀 is the water 

permittivity in [F·m-1], μ is the water dynamic viscosity in [Pa·s], 𝜎𝑟𝑤 is the electrical conductivity 

of the saturated rock sample in [S·m-1] and F is the intrinsic formation factor, which was found 
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to be constant for all tested solutions implying negligibly small surface conductivity even at the 

lowest tested ionic strengths (refer to Appendix A). Note that since the intrinsic formation 

factor was constant for all tested solutions (F = 58; refer to Appendix A), Equation 3.1 

reduces to the classical Helmholtz-Smoluchowski equation and water conductivity can also 

be used to compute the zeta potential. We calculated 𝜀 and μ to account for the temperature 

and ionic strength using the approach provided in Saunders et al. (2012). The details regarding 

the calculation can be referred to Appendix A in Saunders et al. (2012). 

3.2.5.   Streaming potential measurements in rock samples saturated with live water 

The live water experiments required several modifications to the apparatus and the 

experimental protocol due to the corrosive nature of the live water. The new procedure in 

detailed below. 

During the rock sample preparation step, an additional layer of thin polytetrafluoroethylene 

(PTFE) tape was wrapped around the rock sample, and a PTFE heat shrinkable sleeve was 

placed around the PTFE taped sample. The entire assembly was then placed inside a Viton 

sleeve, which was thus isolated from the corrosive pore fluid. The sample inside the Viton 

sleeve was mounted into the core holder (#4) and pressurized with dead water as a confining 

fluid (note that Viton is not compatible with acids). 

For preparing live water, 500 mL dead water was placed in the mixing reactor (#12), and the 

reactor was closed with a small air cap left above of the dead water. The reactor was heated 

overnight by circulating hot water in its water jacket to the target 40°C at atmospheric pressure 

so that the experimental temperature was established.  

Fluid equilibration started with the delivery of CO2 at 4 MPa from the CO2 cylinder (#10) to the 

pre-emptied high precision syringe pump (#11). Subsequently, the CO2 in the pump was 

pressurized to the target pore pressure (4.5 MPa, 7.5 MPa or 10 MPa), and pumped through 

flowlines into the mixing reactor using constant pressure delivery mode. The volume of the 

CO2 remaining in the pump (#11) was constantly monitored every 15 minutes, and the 

pressure in the reactor (#12) was equilibrated with that of the pump (#11) using the constant 

pressure delivery mode, and the gas entrainment stirrer inside the reactor was activated to 

rigorously mix the liquid phase (water) and the CO2 cap at the top (thus accelerating the 

equilibration; El-Maghraby et al., 2012). Equilibrium between the water and CO2 phases was 

assumed to have been established when the volume of CO2 inside the pump ceased to 

decrease and remained constant for at least 3 hours thus indicating that no additional CO2 

dissolved in water. At this stage, we assumed the water was fully saturated with CO2 and it 

was transferred from the reactor to the injection pump (#1, to the left of the core holder in 

Figure 3.1) for the experiments. 
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Due to technical limitations of the injection pump (#1), all of the live water in the reactor (#12) 

was transferred to the pump (#1 to left of the core holder in Figure 3.1) containing 

approximately 5 mL of dead water. Moreover, the setup’s dead volumes (valves, tubing), the 

pore space of the rock sample, and the receiving pump (#1 to the right of the core holder in 

Figure 3.1) also contained pressured (to the same pressure as that in the injection pump) 

dead water. In total, 400 mL of fully CO2 saturated live water was mixed with approximately 

30 mL of dead water remaining in the system, thus disturbing the chemical and thermodynamic 

equilibrium. Therefore, slightly undersaturated solution was induced from left to right and back 

again. The procedure that usually lasted for at least 2 days was repeated several times while 

regularly measuring the pH, rock permeability, electrical conductivity of the sample and 𝐶𝑆𝑃, 

until all properties stabilised at constant values (within 2% tolerance). The confirmed stability 

of electrical conductivity of the saturated rock sample and its permeability throughout the 

equilibration period also indicated there was no measurable dissolution or precipitation of 

minerals. 

The streaming potential measurements then commenced and were completed using at least 

4 different flow rates following the recommended PS procedure (Vinogradov and Jackson, 

2011). To measure the voltage across the rock sample in live water experiments only the 

internal electrodes (#8) were used (details on design and materials used for the internal 

electrodes are provided in Vinogradov et al., 2010) due to their higher stability relative to that 

of the external electrodes. Note that Vinogradov et al. (2010) reported that the external 

electrodes were more stable compared to the internal electrodes, which contrasts our 

experimental observation.  We hypothesize, that under supercritical CO2 conditions of our 

experiments, the ceramic disks located inside the external electrode casings became 

chemically unstable, resulting in less stable voltage.  

The zeta potential was interpreted from the measured 𝐶𝑆𝑃 using Equation 3.1, for which the 

updated values of 𝜎𝑟𝑤, 𝜀 and μ of live water were required (F remained constant in all reported 

single-phase experiments).  

The live water saturated rock conductivity (𝜎𝑟𝑤) was measured in each experiment. Live water 

electrical conductivity (𝜎𝑤)  was calculated by multiplying the intrinsic formation factor 

(assumed to be constant and equal to that measured with the corresponding dead water) by 

the live water saturated rock conductivity and all values are reported in Table 3.2. The live 

water ionic strength (salinity) was determined using 𝜎𝑤 (refer to section 2.6 in Vinogradov et 

al., 2010), and the salinity was then used to adjust the permittivity of live water (𝜀) using the 

approach described in Saunders et al. (2012). 
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The viscosity of the live water (𝜇𝑙𝑤) at given pressure and temperature was then calculated 

via the approach proposed by Islam and Carlson (2012): 

𝜇𝑙𝑤 =  𝜇𝑠  × (1 + 4.65𝑥CO2

1.0134) 3.4 

where 𝜇𝑠  in [Pa·s] is the viscosity of dead water as a function of pressure and temperature, 

and 𝑥CO2 is the mass fraction of dissolved CO2 at experimental conditions. Due to the lack of 

published measurements of 𝜇𝑠  for all tested salt types and temperatures of our dead solutions, 

we adopted the approach of Saunders et al., (2012) to infer the dead water viscosity from the 

measured electrical conductivity. The calculated values of 𝜇𝑠 for our dead solutions were 

compared against available published data (for the same salts at concentrations and 

temperatures consistent with our experimental conditions), and the discrepancy was found to 

be less than 2% thus confirming the appropriateness of the approach. 

The mass fraction of dissolved CO2 (𝑥CO2) was evaluated using the model of Zhao et al. 

(2015b, 2015c) and validated for 0.05M NaCl live water against the experimental values 

reported by Islam and Carlson (2012) for 40oC and 7.5 MPa, and was found to be identical 

within 1% discrepancy. 

The exponent in Equation 3.2 was assumed to be constant for all types of live water 

investigated here, since it only defines how the solubility of CO2 depends on the salt type, and 

the solubility was reported to be nearly identical for all tested salts at ionic strength of 0.05M 

(e.g., Liu et al., 2011).  

3.3.   Result and discussion 

3.3.1.   Streaming potential coupling coefficient measurements 

Typical results of PS experiments for select experimental conditions are shown in Figure 3.2. 

The noise level of the stabilised voltage measured for live water (Figure 3.2c) was 

considerably higher than for dead water (Figure 3.2a). Moreover, the static voltage (i.e., the 

voltage that corresponds to no-flow conditions and zero pressure difference across the 

sample) measured for live water did not always return to the exact initial value (as prior to the 

core flooding experiment), thus contributing to additional error in the streaming potential 

coupling coefficient and the corresponding zeta potential. 

Experimental repeatability at a given flow rate with live water was also poorer when compared 

with dead water (compare the scatter for a given pressure difference in Figures 3.2b and 

3.2d). The values of all measured streaming potential coupling coefficients inclusive of all 

experimental uncertainties (obtained from the variation in the slope of the linear regression 

within the error bars that account for the noise level and repeatability, as shown in Figures 

3.2b and 3.2d) are summarized in Table 3.3.  
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Figure 3.2. Typical results of paired stabilised (PS) experiments (a, c) and the streaming potential 

coupling coefficient represented by the linear slope of the stabilised voltage, V, plotted against the 

stabilised pressure difference, P (b, d). (a) dead NaCl solution pumped at a constant rate of 4 ml/min, 

temperature of 23oC and pore pressure of 7.5 MPa); (b) CSP interpreted from the data of (a); (c) typical 

data of PS experiment carried out with live NaCl solution at constant rate of 6 ml/min, temperature of 

40oC, pressure of 7.5 MPa; d) CSP interpreted from the data of (c). Dashed lines represent possible 

variation of CSP within the total experimental uncertainty denoted by the error bars. Error bars in (b,d) 

represent the noise level of voltage during the measurement.  

 

3.3.2.   Dead water zeta potential 

Zeta potentials for dead water remained negative for all tested conditions. Moreover, for any 

given temperature and salt type, the zeta potential was independent of the pore pressure 

(Figure 3.3a). Dead water equilibrium pH values were also independent of pore pressure for 

any given salt type (Figure 3.3b), which implied that the amount of dissolved CO2 remained 

constant during the experiments. However, pH decreased with increasing temperature, 

consistent with previously reported studies (Millero et al., 2009; Vinogradov and Jackson, 

2015; AlMahrouqi et al., 2016; Vinogradov et al., 2018). 

The largest in magnitude zeta potential was obtained with Na2SO4, and it became 

progressively smaller in magnitude when using NaCl, MgCl2 and CaCl2, (|𝜁Na2SO4
| > |𝜁NaCl| >

|𝜁MgCl2
| > |𝜁CaCl2

|). A difference of less than 1 mV between the zeta potentials of MgCl2 and 

CaCl2 was observed for both salts at both temperatures of 23°C and 40°C. Although this 
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difference was small, it was comparable to the difference of 2mV reported by Vinogradov et 

al., (2018) for the same salt types. The measured pH of solutions in contact with the sample 

became smaller with the transition from Na2SO4 to NaCl, followed by MgCl2 and CaCl2 

(pHNa2SO4
> pHNaCl > pHMgCl2

> pHCaCl2
), qualitatively consistent with previously published 

studies (Datta et al., 2009; Vinogradov et al., 2018) 

Table 3.3. Streaming potential coupling coefficient (𝐶𝑆𝑃) measured for all tested experimental 

conditions. The ionic strength of all solution was kept constant at 0.05 M. The reported uncertainties in 

the table are based on both noise level and repeatability, both of which results in linear regressions 

slope variation as shown in Figure 3.2b and Figure 3.2d. 

Water Pressure, MPa Temperature, ºC Condition 𝐶𝑆𝑃, mV/MPa 

NaCl 

0.2 23 Dead water −29.9 ± 0.07 

4.5 23 Dead water −29.9 ± 0.07 

7.5 23 Dead water −29.9 ± 0.07 

10.0 23 Dead water −30.7 ± 0.07 

0.2 40 Dead water −28.8 ± 0.10 

4.5 40 Dead water −28.3 ± 0.10 

7.5 40 Dead water −28.5 ± 0.10 

10.0 40 Dead water −28.3 ± 0.10 

4.5 40 Live water −23.6− 1.30
+ 1.20 

7.5 40 Live water −19.0− 1.60
+ 2.00 

10.0 40 Live water −18.1− 0.70
+ 1.80 

CaCl2 

0.2 23 Dead water −26.5 ± 0.07 

7.5 23 Dead water −26.9 ± 0.07 

0.2 40 Dead water −25.3 ± 0.10 

7.5 40 Dead water −25.4 ± 0.10 

7.5 40 Live water −17.6− 1.20
+ 0.90 

MgCl2 

0.2 23 Dead water −28.0 ± 0.07 

7.5 23 Dead water −28.4 ± 0.07 
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0.2 40 Dead water −27.4 ± 0.07 

7.5 40 Dead water −27.3 ± 0.07 

7.5 40 Live water −17.8− 1.00
+ 1.40 

Na2SO4 

0.2 23 Dead water −56.4 ± 0.12 

7.5 23 Dead water −55.6 ± 0.12 

0.2 40 Dead water −44.8 ± 0.20 

7.5 40 Dead water −43.1 ± 0.20 

7.5 40 Live water −24.1− 2.20
+ 1.20 

 

 

Figure 3.3. Zeta potential a) and pH values b) as a function of pore pressure for all dead water 

experiments. Blue symbols denote experiments conducted at 23°C; red symbols denote experiments 

conducted at 40°C. Error bars of zeta potential represent the experimental uncertainty obtained from 

the variation in the slope of the linear regression of CSP while error bars of pH represent the variation of 

pH during the experiment. 

 

To quantify the effect of salt type and temperature, zeta potential and water pH were plotted 

versus temperature (Figure 3.4). The zeta potential became more positive with increasing 

temperature, while water pH decreased with increasing temperature, consistent with 

previously published results (Vinogradov and Jackson, 2015; Vinogradov et al., 2018). The 

highest rate of increase in the zeta potential with temperature was observed for NaCl (a 

change of +4.3 mV when transitioning from 23oC to 40oC). An increase in zeta potential (+4.3 

mV) was also observed for Na2SO4 when temperature increased from 23°C to 40°C. In 
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contrast, zeta potential increased with increasing temperature by 1.0 mV for both, CaCl2 and 

MgCl2, when temperature increased from 23°C to 40°C. Therefore, a weaker temperature 

dependence of the zeta potential was observed for CaCl2 and MgCl2, again consistent with 

Vinogradov et al. (2018). 

 

Figure 3.4. Zeta potential a) and pH values b) as a function of temperature for all tested dead water 

experiments. The data for NaCl, CaCl2, MgCl2 and Na2SO4 obtained in this work are shown in blue. Also 

shown for comparison are the data in black obtained with Fontainebleau sandpacks saturated with 

0.015 M solution NaCl, CaCl2 and MgCl2 reported by Vinogradov et al. (2018). Error bars in (a) represent 

the experimental uncertainty obtained from the variation in the slope of the linear regression of CSP. 

Error bars in (b) represent the variation of pH during the experiment. 

 

However, the rate of pH change with temperature was higher when compared to Vinogradov 

et al. (2018). Moreover, the pH values measured in our experiments were generally larger 

than those in Vinogradov et al., (2018) for the same salt type at any given temperature. The 

ionic strength used by Vinogradov et al. (2018) was 0.015 M, which is more than three-fold 

lower than that tested in this study, hence their zeta potentials at lower salinity were expected 

to be larger in magnitude compared to ours. Since the zeta potentials reported by Vinogradov 

et al. (2018) were smaller in magnitude compared with our results, we believe that their pH 

values were correct, although different from ours, and had stronger effect on the zeta potential 

than salinity.  

Our results suggest that temperature and salt type affect the pH, which in turn affects the 

magnitude of the zeta potential of sandstones saturated with dead water (Figure 3.5). Based 

on the results for dead water we propose two distinct linear correlations: 

𝜁𝑀[𝑚𝑉] = −4.86 × 𝑝𝐻 + 12.57; 𝑅2 = 0.976 3.5 
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𝜁𝐷[𝑚𝑉] = −1.35 × 𝑝𝐻 − 4.96; 𝑅2 = 0.973, 3.6 

where 𝜁𝑀 and 𝜁𝐷 denote the zeta potential for water containing monovalent (Na+) or divalent 

(Ca2+ and/or Mg2+) cations, respectively. Regardless of anion type (Cl- or SO4
2-) all 

experimental points for Na+ containing solutions align on the same trendline, and so do the 

points for all CaCl2 and MgCl2 experiments regardless of the cation type (Figure 3.5). 

 

Figure 3.5. Zeta potential as a function of dead water pH for different salt types. Our data are shown in 

colored symbols; literature data are shown in black (Vinogradov et al., 2018) and corresponds to Ottawa 

(OSP) and Fontainebleau (FSP) sandpacks (both >99 wt.% quartz content) saturated with 0.015 M 

dead water. Blue symbols correspond to 23°C, red symbols correspond to 40°C. The blue trendline 

indicates the linear relationship between the zeta potential of Na+ containing salts (NaCl, Na2SO4) and 

pH (Equation 3.5). The yellow trendline indicates the linear correlation between zeta potential and pH 

of dead CaCl2 and MgCl2 solutions (Equation 3.6). Error bars of zeta potential represent the 

experimental uncertainty obtained from the variation in the slope of the linear regression of CSP while 

error bars of pH represent the variation of water pH during the experiment. 

The trend obtained for Na+ solutions (Equation 3.5) is identical to that reported for zeta 

potentials of sandpacks (Vinogradov et al., 2018). However, as seen in Figure 3.5 the zeta 

potentials at 23oC measured in this work (blue triangles) were more negative compared with 

values of Vinogradov et al. (2018) and corresponded to higher pH values. The values that 

correspond to 40oC were consistent with those reported by Vinogradov et al. (2018) thus 

implying stronger temperature effect on both pH and zeta potentials. 

In contrast, the trend for divalent cations (Equation 3.6) had a flatter slope, compared with 

that of Equation 3.5. Such flattening of the slope is consistent with the pH dependence of 

CaCl2 solution relative to that of NaCl proposed by Vinogradov et al. (2018). Overall, however, 
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all our 𝜁𝐷 were more negative than those reported by Vinogradov et al. (2018), except for the 

value at pH = 5.7. 

The effect of temperature on pH of divalent solutions (CaCl2, MgCl2), denoted by the shift from 

blue to red symbols in Figure 3.5, was substantially more pronounced in this work compared 

to Vinogradov et al. (2018). Moreover, Vinogradov et al. (2018) also suggested that the 

response of 𝜁𝐷 to varying pH of CaCl2 solution was different to that of MgCl2, and they 

attributed this difference to a higher activity of Mg2+ towards the mineral surface compared 

with Ca2+ at elevated temperature, i.e. fully hydrated Mg2+ at ambient temperature has larger 

diameter than Ca2+ making the latter to be closer to the mineral surface and thus more active 

(Datta et al., 2009), but at higher temperatures it becomes smaller by losing hydration shells 

at a higher rate, approaches the mineral surface closer and becomes more active. We did not 

observe any difference in response of 𝜁𝐷 to varying pH of either solution at elevated 

temperature, but we only investigated temperatures of 23oC and 40oC whilst the data 

presented by Vinogradov et al. (2018) included experiments conducted at 70oC and 120oC 

where the split in response of 𝜁𝐷 to pH for CaCl2 and MgCl2 was observed.  Using Equations 

3.5 and 3.6 allows to accurately predict the expected zeta potential as a function of pH for 

single salt electrolytes. However, additional work is required to investigate whether the 

proposed trends can be interpolated for mixtures of different salts. 

To validate the proposed correlations between water pH and the zeta potential (Equations 

3.5 and 3.6) we compared the values computed using these equations against previously 

published experimental data. Walker and Glover (2018) obtained over 100 zeta potential 

measurements on intact Fontainebleau sample (F3Q) at 23oC at reported pH of 6.48 and 

ambient pressure (i.e., atmospheric content of dissolved CO2, hence dead water). From the 

entire NaCl salinity range tested by Walker and Glover (2018), the closest to the ionic strength 

tested in this study was 0.062 M, for which Walker and Glover (2018) reported the measured 

zeta potential of -18±1mV. Using Equation 3.5 and pH of 6.48 (Walker and Glover, 2018) the 

calculated 𝜁𝑀 = −18.92 mV, which lies within the experimental uncertainty and consistent with 

the value of -18 mV predicted by the pH dependence of the zeta potential model (Glover, 

2018). 

Another study that reported measurements of the zeta potential in intact sandstone samples 

saturated with 0.01 M dead NaCl was published by Vinogradov and Jackson (2015). In that 

study the authors reported pH of 6.75±0.03 measured in experiments with St Bees1, St Bees 

2, Doddington and Stainton samples at 22±1oC. For all four sandstone samples saturated with 

0.01 M dead NaCl at ambient pressure the reported zeta potential was -22±0.4mV. Using our 
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regression for pH dependence of the zeta potential defined by Equation 3.5, the estimated 

value was found to be -20.24 mV thus validating our approach. 

To confirm our proposed model for 𝜁𝐷 obtained with dead solutions, we compared predictions 

on the zeta potential made using Equation 3.6 against published experimental data (Thanh 

and Sprik, 2016) obtained with Berea sandstone saturated with 10-3 M CaCl2 and MgCl2 

solutions at pH between 6.0 and 7.5. Our model yields 𝜁𝐷 for both solutions between -13.06 

mV and -15.09 mV (depending on the used pH value) compared with -9.3 mV and -6.6 mV 

reported by Thanh and Sprik (2016) for MgCl2 and CaCl2, respectively. The values obtained 

using Equation 3.6 are more negative in comparison to those measured by by Thanh and 

Sprik (2016) and we attribute this difference to presence of clay minerals in the work of by 

Thanh and Sprik (2016), which are known to be more reactive towards divalent cations. On 

the other hand, the zeta potential reported in the same paper for 10-3 M NaCl and Na2SO4 at 

pH between 6.0 and 7.5 was also compared against our model (Equation 3.5). Our prediction 

for 𝜁𝑀 was found to be in the range between -16.59 mV and -23.88 mV (corresponding to pH 

range), which is in a good agreement with the reported by by Thanh and Sprik (2016) values 

of -23.9 mV and 24.4 mV for NaCl and Na2SO4, respectively. 

3.3.3.   Live water zeta potential 

Due to initial mixing of 400 mL of live water with 30 mL of dead water, the resulting pH of all 

re-equilibrated solutions in this study were approximately 0.8 pH units higher than those 

measured by Li et al. (2018) and Peng et al. (2013) for the same pressure. 

 

Figure 3.6. Zeta potential as a function of live water pH for a) NaCl solutions (with varying pore pressure 

and therefore different amount of dissolved CO2) and b) all salt types at pore pressure of 7.5 MPa. All 

data were measured at 40°C. The linear regressions in both figures correspond to Equation 3.7. Error 

bars of zeta potential represent the experimental uncertainty obtained from the variation in the slope of 

the linear regression of CSP while error bars of pH represent the variation of water pH during the 

experiment. 
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Increasing pore pressure resulted in increased CO2 dissolution and formation of carbonic acid, 

and thus a decreasing water pH and consequently a more positive zeta potential (Figure 

3.6a). All three zeta potentials measured with NaCl at 4.5 MPa, 7.5 MPa and 10 MPa linearly 

correlated with the corresponding water pH, with the slope of the linear regression (Equation 

3.7), which was significantly different from that obtained with dead Na+ containing solutions 

(Equation 3.5). Furthermore, all four salt types tested at 7.5 MPa lie on a linear trendline 

(Figure 3.6b), with the slope consistent with that of Figure 3.6a: 

𝜁𝐿[𝑚𝑉] = −10.90 × 𝑝𝐻 + 26.02; 𝑅2 = 0.988 3.7 

A summary plot including both, dead and live water solutions, is presented in Figure 3.7, 

which suggests that either: a) Equation 3.6 should be used for both dead and live CaCl2/MgCl2 

solutions, while Equation 3.5 should be used for dead NaCl/Na2SO4 and Equation 3.7 should 

be used for live NaCl/Na2SO4 solutions; or alternatively b) Equation 3.7 should be used for all 

types of live solutions (green regression in Figure 3.7) while Equations 3.5 and 3.6 should 

be used for dead NaCl/Na2SO4 and CaCl2/MgCl2 solutions, respectively.  

 

Figure 3.7. Zeta potentials measured versus pH of dead and live aqueous solutions. Our data across 

all pore pressures, temperatures and salt types are shown in color. Literature data for Ottawa and 

Fontainebleau sandpacks (OSP and FSP, respectively) saturated with 0.015 M dead water (Vinogradov 

et al., 2010) are shown in black. The blue and red symbols correspond to 23oC and 40oC, respectively. 

The blue and yellow trendlines are the same as in Figure 5 and correspond to Equations 3.5 and 3.6, 

respectively. The green trendline is identified for all dead water data and given by Equation 3.7. The 

arrows are added to explain the mechanisms of the zeta potential variation along and/or between the 

trendlines. Error bars of zeta potential represent the experimental uncertainty obtained from the 

variation in the slope of the linear regression of CSP while error bars of pH represent the variation of 

water pH during the experiment. 
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All of the regressions proposed here for dead and live water solutions (Equations 3.5-3.7) 

appear to have a non-zero intercept with the horizontal axis, which is defined as the Isoelectric 

Point (IEP) that identifies the value of pH that results in a zero zeta potential. For the 

experiments with dead NaCl and Na2SO4 solutions, the IEP is calculated using Equation 3.5 

and equals 2.59, while the corresponding value for all live water solution calculated using 

Equation 3.7 is 2.39. Both values are consistent with a published study that reported IEP for 

quartz and NaCl to be in the range between pH2.2 and pH2.5 (Kosmulski et al., 2002). 

However, the IEP found for CaCl2 and MgCl2 (Equation 3.6) appears to be at pH of -3.67, 

which is inconsistent with all previously published results. Therefore, we hypothesize that the 

regression for pH dependence of the zeta potential with divalent cation salts is not linear 

throughout the entire range of pH and changes slope at pH around 3.3 where the regression 

defined by Equation 3.6 intersects with the regression given by Equation 3.7. This hypothesis 

is consistent with our results for Na+ containing solution that appear to switch from the pH 

dependence defined by Equation 3.5 to that given by Equation 3.7. Moreover, a published 

experimental study (Lorne et al., 1999) on crushed Fontainebleau samples saturated with 

NaCl of resistivity of 100 ·m (equivalent to ionic strength of 10-3 M) demonstrated that pH 

dependence of the zeta potential was non-uniform. The rate of increase of the measured by 

Lorne et al. (1999) zeta potential with decreasing pH was nearly linear but became significantly 

steeper below pH ≈ 3.5 and had IEP at pH = 2.5, so that both observations are consistent with 

our results. 

To confirm the pH dependence of 𝜁𝑀, 𝜁𝐷 and 𝜁𝐿 across the entire pH range, additional 

experiments at pore pressures that correspond to pH between 4 and 6 for Na+ containing 

solutions, and between pH = 3.5 and pH = 5.5 for CaCl2 and MgCl2 are required to cover the 

intermediate pH range. Moreover, additional experiments are also required for all types of 

solutions at pore pressures that correspond to pH < 3.2 (i.e., higher partial CO2 pressure) to 

investigate the pH dependence of 𝜁𝑀 and 𝜁𝐷 under these live water conditions. 

3.4.   Implications for CO2 geological storage 

The empirical trends for the zeta potential as a function of water pH (Equations 3.5-3.7) 

proposed in this study bear a significant scientific and technological value as they can be used 

for predicting the expected zeta potential for shallow subsurface settings (low pressure and 

hence dead water-like behavior of the fluid), as well as for deep formations characterised by 

high content of dissolved CO2 (live water-like behavior of the fluid). From the proposed 

correlations the streaming potential coupling coefficient can be interpreted using Helmholtz-

Smoluchowski equation and used for monitoring and characterising subsurface flows of 

injected CO2 or carbonated water during CGS (Moore et al., 2004). Moreover, the correlations 
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are important when applied to monitoring movement of water in subsurface settings 

characterised by variable pH such as hydrocarbon reservoirs (e.g., Jackson et al., 2012a), 

groundwater (Graham et al., 2018; MacAllister et al., 2018) or geothermal (Cabahug and 

Angcoy Jr, 2013) systems. Our results demonstrate that temperature does not directly affect 

the zeta potential, instead it affects solubility of CO2 and pH of aqueous solutions, which in 

turn impacts the zeta potential. In this sense, laboratory measurements of natural water pH or 

under varying temperature and CO2 pressure can be acquired and zeta potential interpreted 

from the measured values using Equations 3.5-3.7. 

Moreover, the proposed empirical correlations for the mineral-water zeta potential can be 

incorporated in the classical DLVO theory (e.g., Tokunaga, 2012) to yield system’s wettability 

thus quantifying the potential of residual trapping of CO2 during geological sequestration in 

sandstone formations. For instance, our results suggest that higher reservoir pressure that 

corresponds to enhanced CO2 dissolution will results in lower pH and smaller in magnitude 

rock-water zeta potential thus implying a smaller electrostatic component of the disjoining 

pressure and hence, less water-wet conditions. In such case, pure sandstone reservoirs (>95 

wt.% quartz) might be deemed inappropriate for CO2 injection for geological storage and other 

formations containing more clays, which are known to make zeta potential larger in magnitude 

(compare the reported zeta potential measured on Buff Berea, Grey Berea and Parker 

sandstones saturated with 0.5% NaCl, CaCl2 and MgCl2 in Shehata and Nasr-El-Din (2015), 

to be considered. On the other hand, our results suggest that residual CO2 trapping controlled 

by wettability can potentially be improved by making the rock more water-wet via injection of 

NaCl or Na2SO4 rich water of low salinity prior to injecting CO2 for geological storage. Such 

procedure would lead to a larger in magnitude negative zeta potential at rock-water interface, 

so that the shift towards more water-wet conditions would occur assuming that the zeta 

potential at CO2-water interface is also negative. 

Furthermore, higher CO2 pressure, and therefore, higher dissolved CO2 concentration, causes 

the equilibrium pH to decrease thus also affecting the mineralization of carbonate and 

therefore, the CO2 ultimate storage capacity (Morse and Arvidson, 2002; Kaszuba et al., 2003; 

Druckenmiller and Mercedes Maroto-Valer, 2005). 

Despite the fact that our results have been able thus far to accurately predict zeta potential 

under ambient and supercritical CO2 conditions, additional experiments are required to 

quantify the pH dependence of the zeta potential for intermediate pH range of 4.0 - 5.5 for all 

types of salts. Additional work is also required to test the pH dependence of the zeta potential 

for pH < 3, for mixtures of salts to replicate complex natural aqueous solutions that saturate 
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geological porous media, as well as for higher ionic strength solutions typically found in deep 

sandstone formations such as deep saline aquifers or depleted hydrocarbon reservoirs.   

3.5.   Conclusions 

We have developed the experimental methodology and for the first time successfully carried 

out the streaming potential measurements in intact sandstone sample saturated with CO2-rich 

aqueous solutions of 0.05 M ionic strength under high pressure (up to 10 MPa) and elevated 

temperature (up to 40oC) conditions. For the first time, all streaming potential measurements 

on silica in contact with aqueous solutions fully equilibrated with CO2 (live water experiments) 

were obtained at equilibrium conditions of pressure and temperature that correspond to CO2 

at supercritical state. The zeta potential was carefully interpreted from the measurements and 

we found that: 

1. The zeta potential for all tested solutions, pressure and temperature was negative, 

which implied that the electrical charge at rock-water interface was always negative 

and non-zero. 

2. The zeta potential of all dead solutions was found to be independent of pore pressure 

but decreased with increasing temperature; this finding is consistent with previously 

published data obtained at ambient pressure (Vinogradov et al., 2018). 

3. The zeta potential of all dead solutions was found to be different for NaCl/Na2SO4 

compared with that of CaCl2/MgCl2.; the finding for Na2SO4 is new but the observation 

for NaCl vs CaCl2/MgCl2 is consistent with the reported results (Vinogradov et al., 

2018).  

4. The negative zeta potential of all live solutions decreased in magnitude with increasing 

pore pressure, reflecting the effect of enhanced CO2 dissolution under high pressure, 

which caused pH to decrease; the effect of CO2 dissolution on the zeta potential has 

been quantified for the first time in this study. 

5. Our results indicate that pH of dead and live solutions is the only control of the zeta 

potential so that salt type, pore pressure and temperature indirectly affect it via having 

an impact on pH. 

6. We proposed three linear empirical correlations with a high coefficient of determination 

(R2 > 0.97) to predict the zeta potentials as a function of water pH. The correlations 

reflect a different response of the zeta potential to presence of mono- or divalent 

cations in dead solutions, and a distinctly different response to the live water 

conditions. The correlation for the live water is the first of a kind, thus providing a good 
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source for validating surface complexation models for silica in contact with carbonated 

aqueous solutions at supercritical CO2 conditions. 

7. The proposed correlations were validated against published experimental data and 

were confirmed to accurately predict the zeta potential of dead solutions. The iso-

electric point predicated by our live water correlation was found to be similar to that 

published for dead water solutions (Kosmulski et al., 2002). 

8. Our novel results have significant implications for many subsurface settings where high 

concentration of dissolved CO2 is expected. Potential applications include 

management of aquifers, geothermal sources and CGS. Moreover, an improved 

understanding of the zeta potential of silica-water systems under supercritical CO2 

conditions resulting from this study will inform future studies on thermodynamics of 

wettability (Tokunaga, 2012), colloid stability and use of nanoparticles (Bueno et al., 

2022). 

Future experimental work will aim at acquiring zeta potential values at the condition of CO2-

rich aqueous solutions with pH between 4.0 and 5.5, CO2 pressure higher than 10 MPa that 

corresponds to pH below 3, ionic strength higher than 0.1 M, and complex background 

solutions. Moreover, the planned experimental work will investigate impact of grain size, 

shape, packing and roughness on the zeta potential as well as alternative experimental 

methods (Peng et al., 2019). These experiments will complement the data reported here and 

expand the range of tested conditions not covered in this work, thus further improving our 

understanding of the zeta potential at the silica-water interfaces under conditions relevant to 

CGS. The results will also be used to inform future surface complexation and molecular 

dynamics simulation studies aimed at describing silica-water-CO2 systems under CSG 

conditions.



Chapter 4 Zeta potential of a natural clayey sandstone saturated 

with carbonated NaCl solutions at supercritical CO2 conditions* 
*) The text for this chapter was prepared for publication and it was accepted during the registration 
period of my study in Geophysical Research Letters. The final version of the published paper can be 
seen at https://doi.org/10.1029/2022GL099277 

4.1.   Introduction 

Zeta potential is a physicochemical property of interfaces between aqueous solutions (termed 

brines or electrolytes for simplicity) and minerals or other fluid phases. The mineral-brine zeta 

potential is interpreted from the measured streaming potential that arises due to pressure 

gradients in rocks saturated with electrolytes (Hunter, 1981; Jackson et al., 2012a). Many 

experimental and modelling studies reported the importance of the zeta potential for a broad 

range of applications for silica-brine systems, due to abundance of such formations. These 

applications include CO2 geo-sequestration (CGS, e.g., Moore et al., 2004), hydrocarbon 

recovery (e.g., Jackson et al., 2016b), geothermal resources (e.g., Revil and Pezard, 1998; 

Jardani et al., 2008), characterisation of flow through fractured systems (e.g., Jougnot et al., 

2020; Vinogradov et al., 2022a), and management of groundwater aquifers (e.g., MacAllister 

et al., 2018).  

The zeta potential of sandstone saturated with electrolytes at various conditions has been 

widely investigated experimentally covering high salinity (Walker and Glover, 2018), elevated 

temperature (Vinogradov and Jackson 2015), multi-phase flows (Sprunt et al., 1994; Revil and 

Cerepi, 2004) and complex composition of brines (Thanh and Sprik, 2016). However, the only 

published data on zeta potentials of natural sandstones at relevant to CGS conditions 

(elevated temperature, high pore pressure, high CO2 content) are limited to quartz dominated 

rock sample (Hidayat et al., 2022, hereafter referred to as H22), where measurements carried 

out on a ‘clean’ Fontainebleau (>99 wt.% quartz) sample at pore pressures up to 10 MPa and 

temperatures up to 40oC were reported. The authors found that the zeta potential remained 

negative, decreased in magnitude with increasing content of dissolved CO2, which resulted in 

a lower equilibrium pH. Many natural sandstone reservoirs comprise a broad range of various 

minerals, including clays, micas, feldspars and carbonates. Therefore, the dependence of the 

zeta potential on mineralogy of sandstones under varying pore pressure, brine concentration 

and CO2 content conditions, relevant to CGS remains largely unknown.  

In the absence of experimental data of the zeta potential at such conditions, we report for the 

first time zeta potentials measured for a natural sandstone comprising quartz, feldspars, and 

clay minerals, in contact with CO2-rich NaCl solutions. The experimental pore pressure and 

temperature conditions were varied between 0.2 MPa to 10 MPa and between 23°C and 40°C, 
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respectively. We demonstrate that the zeta potential response to varying pore pressure is 

unique and different from that of clean sandstone samples.  

4.2.   Materials and methods 

A single cylindrical San Saba sandstone sample was used in this study. The petrophysical 

properties of the sample are provided in Table 4.1.  

Table 4.1. Petrophysical and mineralogical properties of the San Saba sample used in this study. 

Mineralogy of the sample is provided as a range of the main constituents based on published studies 

of Connoloy et al. (2019) and Al-Shajalee et al. (2020) and independently confirmed using X-Ray 

Diffraction (XRD) and Scanning Electron Microscopy (SEM) carried out in this study. 

Sample San Saba  

Mineralogy  

87.7 wt.%– 95.2 wt.% quartz 

2.3 wt.% – 6.2 wt.% microcline 

1.9 wt.% – 4.0 wt.%albite 

1.1 wt.% – 3.3 wt.% kaolinite 

0.9 wt.% – 1.0 wt.% illite 

Porosity 21.0 ± 1.0% 

Liquid Permeability 35.0 ± 1.0 mD  

Dimensions 

Length = 7.61 cm 

Diameter = 3.82 cm 

Formation Factor, F 159 ± 8 

 

Prior to conducting the streaming potential measurements, the San Saba sample was cleaned 

following the procedure reported by AlRoudhan et al. (2016). The porosity of the sample was 

measured using the gas (N2) expansion method in AP-608 Automated Permeameter and 

Porosimeter (Coretest System Inc, USA). The liquid permeability and the formation factor 

(using NaCl solutions of concentration ranging between 0.1 M and 1.0 M) were calculated 

following the procedure reported in Vinogradov et al. (2010). 

The experiments were conducted using NaCl aqueous solutions of varying ionic strength and 

were divided into two main groups corresponding to the electrolyte conditions: dead and live 

electrolytes. The former relates to a synthetic aqueous solution fully equilibrated with 

atmospheric CO2, whereas the latter salt solution prepared under ambient pressure and 
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temperature is brought into contact with pure CO2 in a mixing reactor establishing 

thermodynamic equilibrium at different temperatures and pressures (for further details, refer 

to the definition of dead and live electrolytes in H22). Although the solution used in this 

investigation comprised only NaCl which was not quite representative of the composition of 

natural brines, the NaCl was selected as an initial point in the proof-of-concept experiment, 

and further work with complex brine compositions similar to natural brines is planned. 

To prepare dead and live electrolytes, we followed the experimental protocol reported by H22 

to make sure the dead and live electrolytes reached full chemical equilibrium with the rock 

sample before the experiment commenced. The pH and conductivity of the dead electrolytes 

were regularly measured using a FiveGo pH meter (Mettler Toledo, accuracy of 0.01 pH units) 

and a Jenway 4520 conductivity meter (Cole-Palmer, 0.5% accuracy), respectively. 

Furthermore, an in-line high pressure pH meter (model number of pH-G-10”-T375-NPT250A-

C276, Corr Instruments, LLC, accuracy of 0.01 pH units) was used to measure pH of live 

electrolytes. The equilibrium pH and conductivity of all tested NaCl solutions are provided in 

Table 4.2. 

Table 4.2. The equilibrium pH and conductivity of tested electrolytes in this study. P is the mean pore 

pressure which was kept 2-3 MPa below the confining pressure. T is the temperature during the 

experiment, which was controlled by the oven. The live electrolyte conductivity was evaluated using an 

empirical correlation reported by Börner et al. (2015). 

Ionic strength, M P, MPa T, °C Solution w, S·m-1 pH values 

0.05 

0.2 

23 

Dead 

0.550 6.80 ± 0.1 

4.5 0.557 6.75 ± 0.1 

7.5 0.553 6.75 ± 0.1 

10.0 0.555 6.80 ± 0.1 

0.2 

40 

0.601 6.50 ± 0.1 

4.5 0.601 6.55 ± 0.1 

7.5 0.601 6.50 ± 0.1 

10.0 0.601 6.55 ± 0.1 

4.5 

Live 

0.505 3.72 ± 0.05 

7.5 0.496 3.43 ± 0.05 

10.0 0.493 3.26 ± 0.05 

0.10 

0.2 23 Dead 

1.015 6.60 ± 0.1 

0.20 1.982 6.60 ± 0.1 

0.50 4.110 6.70 ± 0.1 

1.00 8.090 6.70 ± 0.1 
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The streaming potential measurements were conducted in a high pressure-high temperature 

(HPHT) coreflooding apparatus (see Figure 3.1). The streaming potential coupling coefficient 

(𝐶𝑆𝑃) was determined from the ratio between the stabilised voltage, ∆𝑉, and the stabilised 

pressure difference, ∆𝑃, across the sample following paired-stabilised method (Vinogradov 

and Jackson, 2011). We confirmed that the effect of surface conductivity was negligible in all 

our experiments and therefore, the zeta potential (𝜁) was calculated using the classical 

Helmholtz-Smoluchowski equation (Equation 2.24; Jouniaux and Pozzi, 1995), while 

disregarding the Overbeek’s correction for the surface conductivity (Glover, 2015). 

The fluid conductivity (𝜎𝑤) is the conductivity of the electrolytes (Table 4.2). The permittivity 

(𝜀) and dynamic viscosity (𝜇) of dead electrolytes were evaluated using an empirical 

correlation reported by Saunders et al. (2012). The dynamic viscosity of live electrolytes was 

calculated using the correlation reported by Islam and Carlson (2012).  

4.3.   Results 

The zeta potentials measured with dead NaCl solutions of ionic strength between 0.05 M and 

1.0 M are shown in Figure 4.1. The zeta potential of San Saba remained negative and became 

larger in magnitude with increasing salinity until 0.2 M, after which it decreased back. This 

behavior contrasted most of previously published zeta potential data obtained with sandstones 

containing other than quartz minerals (e.g., Stainton and St. Bees in Vinogradov et al., 2010 

and Jafaar et al., 2009; Berea in Walker and Glover, 2018). However, a similar anomalous 

salinity dependence of the zeta potential was observed in Berea sandstones reported by Li et 

al.  (2018) thus suggesting that our results were not an experimental artefact.  

Li et al. (2018) reported the anomalous behaviour of the zeta potential in Berea sandstone 

containing kaolinite and feldspars (i.e., albite and microcline), which was attributed to ion 

exchange resulting in release of Ca2+ into the effluent NaCl solution. As similar minerals 

(kaolinite, albite and microcline) were also present in the San Saba sandstone, we assumed 

that the same ion exchange releasing multi-valent cations also took place in our experiment. 

In order to confirm the assumption, the effluent analysis of the experiment had to be 

conducted. However, due to experimental limitations we could not collect brine samples for 

detailed chemical analysis, so the mechanism described above remains a hypothesis. 
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Figure 4.1. (a)The zeta potential of San Saba sandstone (red circles and grey triangle) compared with 

the published experimental data of clayey sandstones from published. The solid black line in (a) 

describes the empirical correlation published by Vinogradov et al. (2010). Panel (b) shows the same 

data as (a) but presents the averaged values of Jaafar et al. (2009), Vinogradov et at. (2010) and Walker 

and Glover (2018) described by respective trendlines over the salinity range between 0.001 M and 1 M 

NaCl. The blue trendline corresponds to the experiment with Berea 2 sample from Li et al. (2018), while 

results for other samples from the study are excluded since their salinity dependence of the zeta 

potential was qualitatively identical to the blue trendline but offset to larger or smaller in magnitude 

values. All trendlines in panel (b) are only used to qualitatively describe the salinity dependence of the 

zeta potential, thus they are based on polynomial regressions drawn through the respective 

excremental datapoints with R2 ≥ 0.99. Error bars of zeta potential represent the experimental 

uncertainty obtained from the variation in the slope of the linear regression of CSP. 
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Figure 4.2 reports the measured zeta potentials and pH of dead (a-d) and live (e-f) solutions 

as a function of pore pressure and temperature. The results presented in Figures 4.2 and 

4.2b demonstrate that the zeta potentials and pH of dead electrolytes remained independent 

of the pore pressure, similar to the results on Fontainebleau sample (H22). Note, that all dead 

electrolyte experiments were conducted in a closed system (Vinogradov et al., 2018), hence 

preventing contact with air and eliminating the possibility of enhanced dissolution of CO2. 

Therefore, zeta potential being independent of pressure our dead electrolytes experiments 

was attributed to a constant amount of CO2 dissolved in dead electrolytes, which was also 

confirmed by the electrolyte pH that remained constant across the tested pore pressures 

(Figure 4.2b).  

The temperature dependence of the zeta potential and pH of dead electrolytes is shown in 

Figures 4.2c and 4.2d and compared with the published results for the clean Fontainebleau 

sample (H22). The zeta potential of dead electrolytes became smaller in magnitude with 

increasing temperature reflecting a decrease in pH of the dead solutions with increasing 

temperature. These observations were qualitatively consistent with previously published data 

on sandstones at elevated temperature (e.g., Vinogradov et al., 2018; H22). However, a 

weaker temperature dependence of zeta potential in San Saba was observed in comparison 

with Fontainebleau as evidenced by the slopes in Figure 4.2c (i.e., with the change in the 

experimental temperature from 23°C to 40°C, an increase of +2.0 mV was observed for the 

zeta potential in San Saba while a change of +4.3 mV was reported for Fontainebleau).  

Similarly, a smaller variation of the equilibrium pH of dead electrolytes saturating San Saba 

was observed with increasing temperature compared with the results reported for 

Fontainebleau (Figure 4.2d).  

We finish by reporting the measured zeta potential and pH of live electrolytes in San Saba for 

three different pore pressure (4.5, 7.5 and 10 MPa) at 40°C with 0.05 M NaCl solutions 

(Figures 4.2e and 4.2f). The zeta potential of San Saba saturated with live solutions remained 

negative and became smaller in magnitude with increasing pressure (Figure 4.2e). The pH 

dependence of the zeta potential in San Saba was significantly different form that observed in 

Fontainebleau sample (H22) as evidenced by a distinct difference in respective slopes of the 

linear regressions in Figure 4.2e. At the same time, the equilibrium pH of live electrolytes 

saturating San Saba decreased with increasing pressure at the same rate as that of 

Fontainebleau (Figure 4.2f) reflecting an increased amount of dissolved CO2 that led to 

increased acidity of the electrolyte (Adamczyk et al., 2009; Peng et al., 2013). 
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Figure 4.2. Zeta potential (a, c, e) and electrolyte pH (b, d, f) as a function of salinity, temperature and 

pore pressure. Zeta potentials (a) and pH (b) for the dead solutions were independent of pore pressure 

since the experiments were conducted in a closed system while the solutions were prepared with 

atmospheric level of CO2 corresponding to partial CO2 pressure of 10-3.44 atm (Li et al., 2016). 

Temperature dependence of the zeta potential (c) and pH (d) for dead solutions is compared with 

previously published data. Live brine zeta potential (e) and pH (f) are compared with previously 

published data. Green sybos correspond to pore (hence, partial CO2) pressure of 4.5 MPa, red symbols 

stand for 7.5 MPa and yellow symbols denote experiments at 10 MPa. The Fontainebleau data 

presented in these figures were extracted from H22. Error bars of zeta potential represent the 

experimental uncertainty obtained from the variation in the slope of the linear regression of CSP while 

error bars of pH represent the variation of pH during the experiment. 
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4.4.   Discussion 

A summary plot of the zeta potential as a function of pH for both live and dead NaCl solutions 

is presented in Figure 4.3. The zeta potentials of San Saba were found to be more positive 

(smaller in magnitude) compared with the values of clean Fontainebleau sandstone for live 

and dead NaCl electrolytes. We observed a steeper slope of zeta potential versus pH in San 

Saba (blue dashed line, Figure 4.3) compared with Fontainebleau (black dash line, Figure 

4.3) when the temperature changed from 23°C to 40°C for the dead electrolytes. It is worth 

mentioning that the dissolved CO2 remained constant during these dead brine experiments at 

both temperatures. At the same time, a shallower slope of the zeta potential versus pH was 

observed in San Saba (purple dash line, Figure 4.3) saturated with live NaCl solutions 

compared with Fontainebleau (green dashed line, Figure 4.3) over the range of tested 

experimental pore pressures between 4.5 MPa and 10.0 MPa.  Since the zeta potentials of 

San Saba and those of clean Fontainebleau samples were obtained under identical conditions 

of pore pressure, temperature and CO2 content, we attributed differences in respective zeta 

potentials to the presence of clay and feldspar minerals in San Saba. 

 

Figure 4.3. Summary of zeta potentials versus pH for dead and live electrolytes. The purple symbols 

correspond to live electrolytes; the blue and red symbols correspond to dead electrolytes at temperature 

of 23°C and 40°C, respectively. The previously published data for Fontainebleau sample saturated with 

dead and live NaCl solutions under the same experimental conditions are denoted by black symbols, 

and these values were extracted from H22. 
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A recently published study (Alarouj et al., 2021) suggested that the effective macro-scale zeta 

potential was an average of the micro-scale zeta potentials from each individual mineral-brine 

interface. That is, if the mineralogy of the rock sample was dominated by a single mineral such 

as quartz, then the micro- and macro-scale zeta potentials would be identical. If, on the other 

hand, various minerals were distributed along the pore walls, as in the case of San Saba 

sandstone, then the local micro-scale zeta potentials would vary from one mineral to another, 

and the macro-scale zeta potential will be an average of the micro-scale values depending on 

the portion of pore walls lined by different minerals.  

To evaluate the impact of different minerals on the effective zeta potential of the San Saba 

sample, additional investigations of the sample were carried out. From X-ray diffraction 

analysis (XRD), we found the mass fraction of minerals of the bulk sample, in which clays 

(kaolinite and illite), feldspars (albite and microcline) and quartz were identified as the main 

components (Table 4.1). However, the XRD analysis did not provide the necessary insights 

on how the identified minerals were distributed in the pore space. To address this question, 

we also used the scanning electron microscopy (SEM), from which the same minerals were 

identified as the main constituents of the sample (Figure 4.4).  
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Figure 4.4. Images from SEM analysis of San Saba sandstone, in which the unmarked grey areas 

correspond to quartz. The abbreviations used in the figure are: qz for quartz, kl for kaolinite, ab for 

albite, il for illite, kp for K-feldspars (microcline), and crp for chrome spinel. The black color corresponds 

to pores in the rock sample. 

SEM image presented in Figure 4.4c also identified a minor inclusion of chrome spinel, which 

appeared to be an extremely uncommon locality and was only found in a single spot of the 

thin section. Kaolinite and illite were found to extend towards the middle of large pores (see 

Figure 4.4). Thus, kaolinite and illite were exposed to electrolyte during the streaming potential 

experiments and were expected to influence both micro- and macro-scale zeta potentials. 

Similar situation was observed with albite, which was found to extend toward major pores thus 

interacting with brines during the experiments (Figures 4.4a and 4.4c) Hence, albite was also 
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expected to contribute to the overall macro-scale zeta potentials. On the other hand, the 

microcline grains were primarily locked between quartz grains (Figures 4.4a and 4.4b) or had 

a small area exposed to large pores (Figure 4.4c), thus limiting the mineral’s interaction with 

electrolytes during the experiments. Therefore, the contribution of microcline to overall macro-

scale zeta potentials was expected to be insignificant despite its relatively significant 

concentration of c. 2-6%.  

To understand the impact of each mineral, we compared the previously reported zeta 

potentials of the minerals with that of quartz. Yukselen-Aksoy and Kaya (2011) reported zeta 

potentials of kaolinite and quartz for pH range of 3 – 11 in water and found kaolinite zeta 

potentials to be less negative than quartz. Hussain et al. (1996) conducted zeta potential 

measurements with kaolinite and illite in water for pH range of 2.5 – 11 and found that the 

magnitude of illite zeta potentials was smaller than that of kaolinite. Furthermore, Wainipee et 

al. (2013) measured zeta potentials of illite and kaolinite with 0.001 M and 0.7 M NaCl and pH 

range of 1 – 9, and found that the zeta potentials of illite were less negative compared to 

kaolinite. Therefore, we concluded that the impact of kaolinite and illite on the negative zeta 

potentials should lead to the following relative magnitudes | ζ illite | < | ζ kaolinite | < | ζ quartz |, thus 

shifting the macro-scale zeta potential of San Saba affected by the clays to more positive 

values compared with clean Fontainebleau. 

A study by Vidyadhar and Rao (2007) reported that microcline zeta potential was more 

negative than quartz in water for pH range of 1.5 – 11. On the other hand, the zeta potential 

of albite was measured to be less negative than quartz in water for pH range of 1.5 – 11 

(Vidyadhar et al., 2002; Wang et al., 2018). Demir et al. (2001) investigated the effect of ionic 

strength of NaCl electrolytes on the zeta potentials of albite and microcline over a wide salinity 

range (0.0001M – 0.1M NaCl), and found that zeta potential in albite was less negative 

compared to microcline. Based on these findings, we concluded that the magnitude of the 

negative zeta potential of albite is the smallest, followed by quartz and microcline (| ζ albite | < | 

ζ quartz | < | ζ microcline |). 

Numerous experimental studies investigated dissolution of kaolinite and albite, and the 

dissolution rates were reported to increase with increasing temperature and decreasing pH 

(Carrol and Walther, 1990; Harley and Gilkes, 2000; Cama et al., 2002; Palandri and Kharaka, 

2004). Thus, we hypothesize that kaolinite, albite and illite dissolved during our experiments 

releasing multi-valent cations such as Ca2+, Mg2+, Al3+ (Yuan and Pruett, 1998; Cama et al., 

2002; Li et al., 2018), which caused their adsorption and/or exchange at the quartz surface of 

San Saba making the zeta potential more positive, as was also suggested by previously 
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published studies of the zeta potential on clayey sandstones (Li et al., 2018; Alarouj et al., 

2021).  

All in all, based on the bulk composition (Table 4.1) and pore-scale distribution of main 

minerals of San Saba (Figure 4.4) we concluded that the main impact on the macro-scale 

zeta potential came from kaolinite and albite, both of which had higher presence in the bulk 

(c. 1-3 wt.% and 2-4 wt.%, respectively), and larger available surface area for interactions 

between ionic species of brines and minerals (i.e., substantial exposure of mineral surfaces to 

pore fluid in larger pores). Conversely, a smaller amount of illite (c. 1 wt.%) and limited 

exposure to flowing brines of microcline made their contribution to the macro-scale zeta 

potential negligible. The experimental results of this study confirmed the hypothesized 

individual contribution of minerals and demonstrated that both, kaolinite and albite of the San 

Saba sample made the effective macro-scale zeta potentials in this study more positive in 

comparison with Fontainebleau data (H22). Moreover, these minerals were more reactive with 

NaCl solutions thus making the pH dependence of the zeta potential significantly different 

compared with quartz data across the tested range of pH and temperature (Figure 4.3). 

4.5.   Conclusions 

We report for the first time zeta potentials measured on intact clayey San Saba sandstone 

sample saturated with NaCl solutions of various concentrations and under conditions of 

temperature, pH, dissolved CO2 content and pore pressure consistent with CGS. The zeta 

potential of the San Saba sample was negative for all tested solutions, but when in contact 

with live electrolytes it decreased with increasing pore pressure due to increased amount of 

dissolved CO2 and the corresponding decrease in pH. Conversely, the zeta potential of San 

Saba and dead electrolytes was found to be independent of the pore pressure condition but 

decreased with increasing temperatures reflecting respective changes in pH. Furthermore, the 

zeta potential with both, dead and live solutions was less negative when compared with 

previous experimental and modelling studies of clean sandstones at similar conditions. An 

anomalous salinity dependence of the zeta potential was observed with dead NaCl of ionic 

strength 0.05M – 1.0M, which is uncommon but qualitatively similar to the previously reported 

data on a different clayey sandstone (Li et al., 2018).  

We found that mineralogy of San Saba played a key role in defining the micro- and macro-

scale zeta potentials. Specifically, a larger content of kaolinite and albite combined with their 

substantial presence in large pores made these minerals to chemically interact with flowing 

brines, which led to a smaller in magnitude macro-scale zeta potential compared with that of 

pure quartz. Furthermore, increased dissolution rate of kaolinite, illite and albite at elevated 

temperature and low pH (around 3) resulted in appearance of multi-valent cations in the 
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electrolyte, which further led to specific adsorption and/or ion exchange at the mineral surface, 

eventually resulting in smaller in magnitude zeta potentials compared with quartz-NaCl 

systems. On the other hand, microcline, mostly locked between quartz grains, and small 

concentration of illite in San Saba did not have noticeable impact on the macro-scale zeta 

potential. Our results demonstrate that mineralogy of sandstones has a noticeable impact on 

electrochemical interactions at the mineral-brine interface and must be investigated to predict 

and explain the salinity, composition, pH and temperature dependence of the effective macro-

scale zeta potentials. 

Future experimental investigation of zeta potentials is required and planned to study the effect 

of electrolyte composition, concentration, pore pressure, temperature and CO2 content in other 

clayey sandstone samples. In addition, possible impact of surface roughness on the zeta 

potential under the reservoir condition is an interesting topic to be investigated in future. The 

results of this study are novel and essential for a broad range of applications including 

underground gas storage (CO2/H2), monitoring of subsurface flows, geothermal sources and 

hydrocarbon recovery. 



Chapter 5 Zeta potential of supercritical CO2-water-sandstone 

systems and its impact on wettability and residual trapping of 

CO2 
 

5.1.   Introduction 

To date, there are no available measurements of CO2-water-rock zeta potential acquired at 

realistic subsurface conditions and its link to the wettability. Hence, the aim of this chapter is 

to use the streaming potential method to measure the multi-phase zeta potential when two 

fluids are present in the pore space. To achieve this aim, the streaming potential experiment 

was designed to accommodate the supercritical CO2 as an immiscible phase in the pore space 

at thermodynamic and chemical equilibrium with rock and CO2-rich aqueous solutions. The 

experiments were then conducted over a range of pore pressure, temperature, salt type and 

constant ionic strength.  

5.2.   Materials and method 

5.2.1.   Materials 

The same intact Fontainebleau sandstone sample, as the one described in Chapter 3, was 

used in this study. The petrophysical properties of the rock sample can be found in Table 3.1 

in Chapter 3. To remove any contaminants inside the rock sample, a reported procedure of 

AlRoudhan et al. (2016) to clean the sample prior to conducting the streaming potential 

experiments is followed. 

The experiments were conducted using four different salts solutions (NaCl, CaCl2, MgCl2, and 

Na2SO4) made with reagent-grade salts from Sigma Aldrich, Australia at ionic strength of 

0.05M saturated with CO2 ‘live water’ at the temperature of 40°C and pore pressure of 7.5 

MPa. In addition, a single experiment of NaCl live water was commenced at pore pressure of 

10 MPa with the same experimental temperature (NaCl-10). A CO2 cylinder containing pure 

CO2 with the mole fraction ≥ 0.99 (supplied by Coregas, Australia) was used to saturate the 

solution with CO2 in order to prepare live water experiments. 

5.2.2.   Multi-phase streaming potential measurements 

The streaming potential measurements were conducted at a high pressure-high temperature 

(HPHT) core flooding cell (see Figure 3.1).  

To prepare the live water, the reported experimental protocol described in Chapter 3 was 

followed to make sure a complete equilibrium was established between live water and rock 

sample before commencing the experiments (see Chapter 3, subsection 3.2.5 for detailed 

experimental protocol). In summary, to achieve the equilibrium condition, the live water in the 
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left pump next to core holder (#1L) was flowed through the rock sample (#4) to the receiving 

pump in the right (#1R) and then back again. This procedure was repeated several times while 

live water pH and electrical conductivity of the rock sample was regularly measured until 

stabilised within 2% tolerance. To measure the live water pH, the live water effluent in the 

receiving pump was pumped back to the injection pump through high-pressure inline pH meter 

(#13; model number of pH-G-10”-T375-NPT250A-C276, Corr Instruments, LLC, accuracy of 

0.01 pH units). For measuring saturated rock conductivity, the internal electrodes (#8) were 

connected to to a BK Precision 891 LCR meter (0.05% accuracy) and swept over the 

frequency range of 20 Hz to 300 KHz.   

We modified the experimental protocol reported in Chapter 3 to accommodate the multi-phase 

unsteady state injection of supercritical CO2 (scCO2) to measure the streaming potential 

coupling coefficient (𝐶𝑆𝑃) as a function of fluid saturation (Sw, water saturation or Sg, gas 

saturation).  We used a constant injection rate of 1 mL/min during unsteady state drainage 

and imbibition so that the corresponding capillary number of Ca = 7.7×10-9
 – 2.0×10-8

  was 

achieved at the end of drainage (when irreducible water saturation, Swirr, was reached) and 

Ca = 2.7×10-7 – 3.0×10-7 was achieved at the end of imbibition (when residual gas saturation, 

Sgr, was reached). The capillary number was calculated as 𝐶𝑎 =
𝑣 × 𝜇

𝜎
, where 𝑣 is Darcy 

velocity, 𝜇 is viscosity; viscosity of supercritical CO2 at experimental conditions is 2.08 ×10-5 

Pa·s at pressure of 7.5 MPa, while 4.78 ×10-5 Pa·s  at pressure of 10 MPa (Heidaryan et al., 

2011). For live water viscosity (refer to Appendix A), it was taken from Chapter 3 using the 

approach of Islam and Carlson (2012). The scCO2‐brine interfacial tension (𝜎) for NaCl, CaCl2, 

MgCl2 and Na2SO4
 is 39 mN·m-1 while 𝜎 =35 mN·m-1 for NaCl-10 (Li et al., 2012). Based on 

the calculated Ca, the displacement during drainage and imbibition was a capillary dominated 

forces. 

Prior to conducting the multi-phase experiments, the rock sample was initially characterised 

by measuring single-phase 𝐶𝑆𝑃 and zeta potential saturated with live water solutions (Sw = 1), 

as reported in Chapter 3. Subsequently, the multi-phase coreflooding experiments 

commenced using the following protocol: 

1) The CO2 cylinder (#10) was connected directly to the left pump (#1L) and pressurised to the 

target pore pressure that was identical to the single-phase experiment (7.5 MPa or 10.0 MPa). 

At the same time, the pump on the right (#1R) was set to the same and constant receiving 

pressure as the left pump to maintain a constant downstream pressure at the outlet of the core 

holder (#4).  

2) The drainage process started by injecting 40 ml (approximately 5 pore volumes, PV) of 

scCO2 into the rock sample fully saturated with live water (drainage) with a constant injection 
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rate of 1 ml/min from the left pump (#1L) through the core holder (#4), and then to the right 

pump (#1R). The core holder (#4) was then closed using inlet and outlet valves from the rest 

of the setup to keep the core holder pressured. The receiving right pump (#1R) was then 

depressurised and the volume of live water produced from the rock sample was measured. 

We assumed that the change in density after reducing the pump’s cylinder pressure to 100kPa 

was less than 1% (McBride-Wright et al., 2015) thus ensuring high accuracy of produced 

volumes estimates. The above steps were repeated until no more live water was displaced 

and thus, irreducible water saturation (SWirr) was reached. The total amount of injected pore 

volumes required to reach SWirr was 45 PV. At that stage, the  𝐶𝑆𝑃 at irreducible water 

saturation, 𝐶𝑆𝑃(𝑆𝑤𝑖𝑟𝑟), was measured using paired-stabilized (PS) method with the flow rate 

of 1 mL/min, combined with pressure-ramping (PR) method (Vinogradov and Jackson, 2011) 

with the injection pressure limited to 20 kPa, which corresponded to the injection pressure at 

the end of drainage. After measurements of 𝐶𝑆𝑃(𝑆𝑤𝑖𝑟𝑟), the core holder (#4) was kept 

pressured but disconnected from the pumps (#1L and #1R) and left to age with scCO2 for 3 

days at 40°C to allow wettability alteration to take place.  

Although the mechanism behind the wettability alteration in scCO2-silica-brine systems is still 

poorly understood, Herring et al. (2021) stated that there were two possible reactive transport 

mechanisms to create a ‘patchy’ mixed-wet state: i) preferential adhesion of CO2 to quartz 

surface and ii) fine migration. As fines are usually formed from detached clay minerals and 

our tested core sample consisted of pure quartz (>99 wt% quartz), we assumed that the 

mechanism that took place to alter the wettability was the adhesion of CO2 onto the rock 

surface. 

The aging time in our experiment was determined empirically to not compromise the stability 

of the internal electrodes. We observed that, after 6-7 days of aging, the internal electrodes 

started to deteriorate showing an unstable voltage with very high noise level. Hence, 

continuing towards the imbibition experiment after this period of aging was impossible and 

resulted in uninterpretable voltage measurements. Even though the aging time was shortened 

to 3 days after multiple attempts, we also experimentally confirmed that 3 days of aging 

allowed for some wettability alteration since the measures zeta potential with a given brine 

was different between the aged and unaged experiments. By allowing scCO2 to equilibrate 

with live brine and rock, we hypothesize that 3 days of aging was sufficiently long to allow time 

for preferential CO2 adhesion that resulted in wettability alteration. 

3) The imbibition process was started by injecting 2.5 PV (c. 20 ml) of the live water into the 

aged rock sample saturated with immiscible scCO2 and irreducible live water with the same 

injection rate of 1 ml/min. The core holder was then closed, pH of the live water effluent and 
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𝜎𝑟𝑤 were measured. The above injection steps were repeated until the volume of produced 

live water became equal to the volume of injected live water (volume of produced CO2 was 

calculated as a difference between the injected and produced volumes), hence the residual 

gas saturation, 𝑆𝑔𝑟 (𝑆𝑤  = 1 − 𝑆𝑔𝑟) was reached. The total pore volume injected to reach 𝑆𝑔𝑟 

was 45 PV. The  𝐶𝑆𝑃 at residual gas saturation, 𝐶𝑆𝑃(1 − 𝑆𝑔𝑟), was then measured using the 

PS method with the flow rate of 1 mL/min, combined with the PR method with the injection 

pressure limited at 20 kPa.  

All dead volumes of the experimental setup were accurately measured prior to conducting the 

multi-phase experiments. Precisely measured volumes of injected and produced fluids 

combined with the measured dead volumes and sample porosity were used to compute the 

average water saturation at the end of each injection of CO2 or live water during drainage or 

imbibition, respectively. 

In Chapter 3, it was experimentally confirmed that surface electrical conductivity of all solutions 

was negligible at ionic strength of 0.05 M tested in this study (the ratio of brine conductivity to 

that of the saturated rock sample remained unchanged across tested NaCl concentrations 

between 0.05 M and 1 M), therefore the water conductivity values reported for single-phase 

live water experiments were used as the effective water conductivity. Thus, the classical 

Helmholtz-Smoluchowski (HS) equation could be used to evaluate the multi-phase zeta 

potential at residual gas saturation (Hunter, 1981; Jouniaux and Pozzi, 1995): 

𝐶𝑆𝑃 =
∆𝑉

∆𝑃
=  

𝜀𝜁

𝜇𝜎𝑤  
 5.1 

where ∆𝑉 is the stabilised voltage [V], ∆𝑃 is the stabilised pressure [Pa], 𝜀 is the water 

permittivity [F·m-1], μ is the dynamic water viscosity [Pa·s], 𝜎𝑤 is the conductivity of the water 

[S·m-1]. The stabilised voltage (∆𝑉) and pressure difference (∆𝑃) were obtained when 𝑆𝑔𝑟 was 

achieved and yielded to 𝐶𝑆𝑃(𝑆𝑔𝑟).  Water permittivity (𝜀), the dynamic viscosity (μ) and the 

water conductivity (𝜎𝑤) were assumed to be similar to those of the single-phase experiments, 

and this assumption was confirmed by the same and constant pH of single- and multi-phase 

experiments. Since these 3 parameters (𝜀, μ, 𝜎𝑤) are identical for single- and multi-phase 

experiments conducted at the same temperature and pore pressure, Equation 5.2 could be 

used to evaluate the multi-phase zeta potential at residual gas saturation (𝜁𝑚𝑝) from the single-

phase zeta potential (𝜁𝑠𝑝) and measured 𝐶𝑆𝑃:    

𝐶𝑆𝑃(𝑆𝑤 = 1 − 𝑆𝑔𝑟)

𝐶𝑆𝑃(𝑆𝑤 = 1)
=  

𝜁𝑚𝑝

𝜁𝑠𝑝 
 5.2 
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where 𝐶𝑆𝑃(𝑆𝑤 = 1) and 𝜁𝑠𝑝 are the streaming potential coupling coefficient and the zeta 

potential of single-phase experiments, respectively (see Chapter 3).  

5.3.   Results and discussion 

5.3.1.   Streaming potential coupling coefficient measurements at 𝑆𝑤 = 𝑆𝑤𝑖𝑟𝑟 and 𝑆𝑤 =
1 − 𝑆𝑔𝑟   

Typical results of stabilised voltage and pressure difference from PS experiments, and data 

from PR experiments for selected experimental conditions are shown in Figure 5.1. The noise 

level of measurements at multi-phase experiments for both 𝑆𝑤𝑖𝑟𝑟 and 𝑆𝑤  = 1 − 𝑆𝑔𝑟 conditions 

(Figures 5.1a and 5.1c) was noticeably higher than in single-phase dead and live water 

experiments (see Figures 3.2a and 3.2c in Chapter 3). Moreover, we also observed poorer 

stability of voltage in the multi-phase experiments compared with the single-phase data. 

Hence, the higher noise level and poorer voltage stability contributed to higher experimental 

errors of the multi-phase streaming potential coupling coefficient and the interpreted zeta 

potential (Figure 5.2). 

 

Figure 5.1. a) stabilised voltage and pressure difference of an experiment with scCO2 pumped at 1 

mL/min in the presence of live NaCl solution at irreducible saturation (𝑆𝑤𝑖𝑟𝑟), pore pressure of 7.5 MPa 

and temperature of 40oC; b) PR experiment with scCO2 pumped in the presence of live NaCl solution 

at irreducible saturation (𝑆𝑤𝑖𝑟𝑟), pore pressure of 7.5 MPa and temperature of 40oC; c) stabilised voltage 

and pressure difference of an experiment with live NaCl solution pumped at 1 mL/min in the presence 

of scCO2 at residual gas saturation (𝑆𝑤  = 1 − 𝑆𝑔𝑟), pore pressure of 7.5 MPa and temperature of 40oC; 

d) PR experiment with live NaCl solution pumped at 1 mL/min in the presence of scCO2 at residual gas 

saturation (𝑆𝑤  = 1 − 𝑆𝑔𝑟), pore pressure of 7.5 MPa and temperature of 40oC. 



95 
 

The streaming potential coupling coefficient at irreducible water saturation, 𝐶𝑆𝑃(𝑆𝑤𝑖𝑟𝑟), was 

equal to zero within the experimental uncertainty for all live water experiments (Figures 5.1a 

and 5.1b), and the result was consistent with the previous studies of Revil and Cerepi (2004) 

and Vinogradov and Jackson (2011). In contrast, a non-zero 𝐶𝐸𝐾 was observed in an 

experimental study conducted by Moore et al. (2004) with liquid CO2 on Berea rock sample. 

The observation was later explained by Vinogradov and Jackson (2011) and Vinogradov et al. 

(2021) by an unmeasurable amount of connate water mobilised by liquid CO2, which resulted 

a non-zero streaming current. 

5.3.2.   Multi-phase zeta potential at 𝑆𝑤  = 1 − 𝑆𝑔𝑟 (𝜁𝑚𝑝)   

The interpreted multi-phase zeta potential (𝜁𝑚𝑝) is controlled by individual contribution of the 

rock-water (𝜁𝑟𝑤) and CO2-water (𝜁𝑐𝑤)  interfacial zeta potentials (Jackson et al., 2016a; Collini 

et al., 2020; Collini and Jackson; 2022). The measured values of 𝜁𝑚𝑝 were negative for all 

tested solutions with the largest magnitude observed with MgCl2, and progressively smaller in 

magnitude with Na2SO4, CaCl2, NaCl, and NaCl-10 as shown in Figure 5.2 and Table 5.1. 

Figure 5.2 also presents a comparison between the multi-phase and the single-phase zeta 

potentials for all tested live solutions. 

 

Figure 5.2. Summary of the result of multi-phase (red) zeta potential at residual gas saturation from 

this study compared with the single-phase (blue) data adapted from Chapter 3. Horizontal dashed line 

shows both single-phase and multi-phase zeta potential is agreed within experimental uncertainty. Error 

bars represent the experimental uncertainty of zeta potential obtained from the variation in the slope of 

the linear regression of CSP. 
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 The 𝜁𝑚𝑝 of NaCl and Na2SO4 solutions were found to be identical to the 𝜁𝑠𝑝 values within the 

experimental uncertainty. On the other hand, the 𝜁𝑚𝑝 of CaCl2, MgCl2 and NaCl-10 were more 

negative than the 𝜁𝑠𝑝. The live water pHs in multi-phase experiments were nearly identical to 

those reported for single-phase (Table 5.1) and therefore, there was no change of equilibrium 

conditions of live water in presence of immiscible scCO2. As the pHs were similar for both 

experiments, a similar pH dependence of the multi-phase zeta potential compared to single-

phase experiment would be expected if the zeta potential was controlled solely by pH (see 

Figure 5.3). However, the multi-phase zeta potentials appeared to behave completely 

different as function of pH (Figure 5.3), therefore, implying that 𝜁𝑚𝑝 were also dependent on 

the pore space occupancy by scCO2. Thus, we suggest that the micro-scale 𝜁𝑐𝑤 played an 

essential role in shifting the macro-scale zeta potential to become more negative as a result 

of wettability alteration that took place in the rock sample during aging. 

 

Figure 5.3. Multi- (colored symbols) and single-phase (black symbols) zeta potentials measured for live 
water-CO2-sandstone systems. The dashed line represents the proposed pH dependence of single-
phase live solution zeta potentials (Equation 3.5 in Chapter 3). Error bars of zeta potential represent 
the experimental uncertainty obtained from the variation in the slope of the linear regression of CSP 
while error bars of pH represent the variation of solution pH during the experiment. 

Since the negative 𝜁𝑚𝑝 with NaCl-10, MgCl2 and CaCl2 had larger magnitude than the 

respective single-phase values (𝜁𝑠𝑝), the 𝜁𝑐𝑤 was unambiguously negative and greater in 

magnitude than 𝜁𝑟𝑤, and the rock sample became more CO2-wet.  On the other hand, the 

multi-phase zeta potential with NaCl and Na2SO4 implies that either 𝜁𝑐𝑤 was zero or similar in 

magnitude to the respective single-phase value, or the wettability alteration did not take place. 
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Furthermore, the results presented in Figure 5.1 were obtained in coreflooding experiments 

at Sw = 1 – Sgr (i.e., imbibition) conducted at a single flow rate of 1 ml/min. The multi-phase 

zeta potential interpreted from these experiments, inherently, contained a large uncertainty of 

c.1.5 mV, which is equivalent to approximately 10% error relative to the reported value. To 

confirm the change in the zeta potential upon transition from single-phase measurements to 

the multi-phase ones, we conducted additional PS experiments using at least four different 

flow rates between 4 ml/min and 12 ml/min with an increment of 2 ml/min (refer to Appendix 

C). Due to technical restrictions of the experimental setup, water saturation could not be 

measured in these experiments, but was expected to increase compared to the values 

reported in Figure 5.4 as a result of the so-called ‘high-rate bumps’, thus potentially eliminating 

or reducing the capillary end effects for some solutions (Almutairi and Le-Hussain, 2020; Zivar 

et al., 2021). The results of multi-phase zeta potential from multiple rates were slightly different 

from single flow rate experiments. However, the main finding that the 𝜁𝑐𝑤 was negative 

remained unchanged and consistent with the result from single flow rate experiments (refer to 

Appendix C) and hence, increasing our confidence in the results. Moreover, a similar change 

in 𝜁𝑚𝑝 measured at 1 ml/min relative to the one obtained at high rate also suggests that the 

capillary end effects were similar for all tested solutions, thus making our interpretation valid. 

Table 5.1. Tabulated experimental conditions and results at different water saturation 

ID P, MPa 
pH 

Swirr Sw 
CEK, mV/MPa , mV 

Sw = 1 Sw ≠ 1 Sw = 1 1 – Sgr Sw = 1 1 – Sgr 

NaCl-10 10 3.33 3.31 0.30 0.53 -18.1 -25.1 -10.17 -14.1 

Na2SO4 7.5 3.64 3.64 0.30 0.51 -24.1 -27.6 -13.15 -15.1 

NaCl 7.5 3.50 3.45 0.32 0.43 -19.0 -23.0 -12.28 -14.8 

MgCl2 7.5 3.40 3.40 0.30 0.34 -17.8 -30.0 -10.64 -17.9 

CaCl2 7.5 3.17 3.15 0.34 0.29 -17.6 -29.9 -8.86 -15.0 

ID is the live solution type; P is the pore pressure; Swirr is the irreducible water saturation; Sw is the 

total change in water saturation during imbibition; Sgr is the residual gas (CO2) saturation. The pH values 

of Sw ≠ 1 correspond to all intermediate pH measurement during drainage and imbibition. 

5.3.3.   Normalised zeta potential, wettability and residual gas (CO2) saturation 

Due to high pressure and elevated temperature conditions of the experiments, it was 

impossible to directly measure the system’s wetting state using conventional methods that rely 

on spontaneous and forced imbibition cycles (Amott Wettability Index, or USBM). Therefore, 

to quantify the wetting state and to test the hypothesis that wettability alteration was associated 

with differences in the multi-phase zeta potentials as a result of presence of different salt 

species, we investigated the following parameters. 
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5.3.3.1 Wettability and change in the zeta potential 

Jackson et al. (2016a) measured water Amott wettability index (Iw) for their carbonate-water-

oil systems and demonstrated that multi-phase zeta potential became progressively more 

different from the single-phase value as Iw became smaller, reflecting more oil-wet conditions. 

Consistent with their results, we assumed that the change in the magnitude of the zeta 

potential in our experiments ∆𝜁𝑤𝑒𝑡𝑡 (defined as a difference between single-phase 𝜁𝑠𝑝 and 

multi-phase 𝜁𝑚𝑝) also increased with a shift of the wetting state towards CO2-wet. Moreover, 

Collini et al. (2020) reported Iw values of about 0.5, typical for (near) intermediate wettability, 

for which ∆𝜁𝑤𝑒𝑡𝑡 was vanishingly small compared with the single-phase 𝜁𝑟𝑤. This implies, that 

small values of |∆𝜁𝑤𝑒𝑡𝑡| in our experiments were expected to correspond to either water-wet 

or intermediate-wet conditions. 

On the other hand, small values of ∆𝜁𝑤𝑒𝑡𝑡 could be comparable with the measurement 

accuracy, hence suggesting ∆𝜁𝑤𝑒𝑡𝑡 to be effectively zero within the experimental error. 

Therefore, to considered |∆𝜁𝑤𝑒𝑡𝑡| in comparison with the experimental uncertainty, and scaled 

|∆𝜁𝑤𝑒𝑡𝑡| by the reported errors in the respective multi-phase experiments, |𝛿𝜁1−𝑆𝑔𝑟
|, thus 

introducing the Reciprocal Scaled zeta potential (𝜁𝑟𝑠): 

𝜁𝑟𝑠 =  
1

|
∆𝜁𝑤𝑒𝑡𝑡
𝛿𝜁𝑚𝑝

|
=  |

𝛿𝜁𝑚𝑝

∆𝜁𝑤𝑒𝑡𝑡
|, 

5.3 

where ∆𝜁𝑤𝑒𝑡𝑡 = 𝜁1−𝑆𝑔𝑟
− 𝜁𝑆𝑤=1 is the difference between the multi-phase zeta potential, 𝜁𝑚𝑝 ≡

𝜁1−𝑆𝑔𝑟
, and the single-phase zeta potential, 𝜁𝑟𝑤 ≡ 𝜁𝑆𝑤=1, both of which were measured with the 

same live solution; 𝛿𝜁𝑚𝑝 is the experimental uncertainty in multi-phase zeta potential 

measurements, 𝛿𝜁𝑚𝑝 =
(+𝛿)+(−𝛿)

2
 with +𝛿 and −𝛿 corresponding to positive and negative 

experimental errors (see Appendix A).  

Distinguishing between five different wetting states: strongly water-wet (SWW), weakly water-

wet (WWW), intermediate-wet (IW), weakly CO2-wet (WCW), and strongly CO2-wet (SCW), 

this normalisation resulted in the following features of 𝜁𝑟𝑠: 

- 𝜁𝑟𝑠 ≫ 1 in SWW systems. 

- 𝜁𝑟𝑠 ≅ 1 in WWW, IW, WCW systems. 

- 𝜁𝑟𝑠 ≪ 1 in SCW systems.  

To allow a better distinction between WWW, IW and WCW conditions, we employed one 

additional parameter. 
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5.3.3.2 Wettability and reciprocal relative permeability gradient 

The wetting state is known to affect the shape of the relative permeability curves. Specifically, 

an increase in NAPF (i.e., CO2) wetness results in an increase in end-point relative 

permeability to water (𝑘𝑟𝑤
𝑒  at 𝑆𝑤 = 1 − 𝑆𝑔𝑟) and a decrease in residual NAPF saturation (Sgr) 

(e.g., Owens and Archer, 1971). Therefore, SWW systems should usually correspond to the 

lowest 𝑘𝑟𝑤
𝑒  and highest 𝑆𝑔𝑟, while IW, WCW and SCW systems should exhibit high 𝑘𝑟𝑤

𝑒  and 

low 𝑆𝑔𝑟, although magnitudes of both properties for SCW, WCW and IW systems are similar 

to one another (e.g., Heaviside et al., 1987). Moreover, a difference in 𝑆𝑔𝑟 between SWW and 

SCW cases is typically of order of 0.1 (or 10%), thus potentially making any distinction 

between the end-point wetting states based on Srg masked by the experimental uncertainty. 

On the other hand, the difference in 𝑘𝑟𝑤
𝑒  between SWW and SCW systems is typically of order 

of 0.4 (Heaviside et al., 1987). Therefore, as a first order approach, the gradient of the relative 

permeability to water is expected to increase with increasing CO2 wetness, while the 

corresponding Reciprocal Relative Permeability Gradient (𝑅𝑅𝑃𝐺), defined by Equation 5.4, is 

expected to decrease: 

𝑅𝑅𝑃𝐺 =
1

𝑘𝑟𝑤
𝑒

(1 − 𝑆𝑔𝑟 − 𝑆𝑤𝑖𝑟𝑟)

, 
5.4 

It is generally agreed that maximum NAPF recovery (minimum residual NAPF saturation) 

corresponds to the optimal intermediate-wet state, when there is no specific affinity of the solid 

phase toward water or NAPF (Morrow and Heller, 1985; Agbalaka et al., 2008; Muggeridge et 

al., 2014; Guancheng, 2018). This argument has been proved by several experimental 

coreflooding results that showed the residual oil saturation after waterflood was maximum at 

intermediate(mixed)-wet state (Kennedy et al., 1955; Rathmell et al., 1973; Hendraningrat 

and Torsæter, 2015). On the other hand, another study by Christensen and Tanino (2017) 

found that the optimal wettability shifted to more oil-wet for higher oil recovery in an Indiana 

limestone sample (i.e., the contact angle shifted from 110° - 150°). However, the contact 

angles were measured separately on the calcite substrate submerged in the oil phase and 

hence, the in-situ wetting state of the Indiana Limestone during the coreflooding may be 

different. Therefore, in our case, we agreed with the first argument and expect the lowest 

residual CO2 saturation (largest 𝑆𝑤 = 1 − 𝑆𝑔𝑟) to be reached for the optimal intermediate-wet 

state.  

For the five distinct wetting conditions defined above and considering large experimental 

uncertainty in Sw (c.10% of the reported values), 𝑅𝑅𝑃𝐺 for each wetting state is expected to 

follow the trend: 𝑅𝑅𝑃𝐺(𝑆𝑊𝑊) ≈ 𝑅𝑅𝑃𝐺(𝑊𝑊𝑊) > 𝑅𝑅𝑃𝐺(𝐼𝑊) ≈ 𝑅𝑅𝑃𝐺(𝑊𝐶𝑊) ≈ 𝑅𝑅𝑃𝐺(𝑆𝐶𝑊). 
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Therefore, the introduced parameter can only be used to distinguish between water-wet and 

all other wetting states. 

5.3.3.3 Wettability indicator 

To make a better distinction between different wetting states, we combined 𝑅𝑅𝑃𝐺 and 𝜁𝑟𝑠 in a 

single Normalized zeta potential defined as (𝜁𝑛): 

𝜁𝑛 = 𝜁𝑟𝑠 × 𝑅𝑅𝑃𝐺, 5.5 

The product of 𝜁𝑟𝑠 and 𝑅𝑅𝑃𝐺, both of which are the smallest for CO2-wet and largest for water-

wet states, allowed us to make a clearer distinction between all wetting conditions as 

demonstrated in Figure 5.4. 

 

 

Figure 5.4. Residual CO2 saturation as a function of the reciprocal normalised zeta potential defined 

by Equation 5.5. The blue dashed line describes the trendline obtained from the data points present in 

this figure. Error bars represent the experimental uncertainty of zeta potential obtained from the 

variation in the slope of the linear regression of CSP. 

 

Figure 5.4 demonstrates that the computed 𝜁𝑛 varied between 0.33 for CaCl2 and 2.26 for 

Na2SO4, while the data points for CaCl2 and MgCl2 were identical with respect to both 𝜁𝑛 and 

𝑆𝑔𝑟. Incorporating discussions of previous sections, we concluded: 

1. CaCl2 and MgCl2, both corresponded to WCW conditions with the smallest 𝜁𝑛 = 0.33 

and 𝜁𝑛 = 0.37, respectively. This conclusion is consistent with the smallest 𝜁𝑟𝑠 = 0.55 

Increasing CO2 wetness 
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and 𝜁𝑟𝑠 = 0.51 for CaCl2 and MgCl2, respectively, with both values significantly smaller 

than unity. The highest Sgr for these solutions, although inconsistent with the WCW 

state, is attributed to capillary end effects, which are expected to be more significant 

in CO2-wet systems. 

2. Na2SO4 corresponded to SWW conditions with the largest 𝜁𝑛 = 2.26, also confirmed 

by a significantly larger than unity 𝜁𝑟𝑠 = 2.22. 

3. NaCl-10 corresponds to IW resulting in (near) minimum residual CO2 saturation and 

consistent with 𝜁𝑛 = 1.19, placed between small values for CO2-wet or large values for 

water-wet conditions, and also confirmed by 𝜁𝑟𝑠 = 1.04 ≅ 1. 

NaCl corresponds to WWW conditions with 𝜁𝑛 = 0.88 of the same order as that for 

IW state, and also confirmed by higher than minimum 𝑆𝑔𝑟 and 𝜁𝑟𝑠 = 1.27 > 1, with the 

latter parameter being smaller than the corresponding value for Na2SO4 SWW case. 

There are no published experimental data on wettability indices of rocks saturated with brines 

and supercritical CO2 (e.g., Amott, USBM method), since such methods are based on 

spontaneous imbibition tests, which are challenging under CGS conditions of pressure and 

temperature. Therefore, the results that are presented in Figure 5.4 can be only qualitatively 

validated using published contact angle measurements conducted under similar experimental 

conditions. Firstly, contact angles measured for quartz in contact with live NaCl solution and 

immiscible supercritical CO2 indicated that although the system remained water-wet across 

the range of tested pressures, the contact angles shifted from approximately 50o at 7.5 MPa 

to approximately 70o at 10 MPa of CO2 pressure (Figure 7, 350 K dataset in Iglauer et al., 

2012). This observation is consistent with our hypothesis of the shift from weakly water-wet 

state obtained with NaCl at 7.5 MPa to intermediate-wet condition with NaCl at 10 MPa (note, 

that the contact angle of 70o is close to the value of 80o-100o, typically assigned for 

intermediate wet rocks), as interpreted from 𝜁𝑛 and 𝑆𝑔𝑟 (see Figure 5.4). 

Furthermore, contact angles of quartz in contact with NaCl, CaCl2 and MgCl2 (Al-Yaseri et al., 

2016) were reported to be different for different salts and larger for CaCl2 (c. 43o) and MgCl2 

(c. 45o) compared with NaCl (c. 36o). These results are also consistent with our interpretation 

of the shift towards weakly CO2-wet conditions with CaCl2 and MgCl2, although all reported by 

Al-Yaseri et al. (2016) contact angles corresponded to water-wet conditions. Due to limited 

available experimental data, a direct quantitative comparison between our results and contact 

angles reported in Al-Yaseri et al. (2016) was impossible since: 1) the authors reported salt 

concentration in wt.%, which implied different ionic strengths for NaCl and CaCl2 for the same 

wt.%; 2) the lowest tested concentration in the paper was 0.5M for NaCl and 0.27M for CaCl2 

both of which were significantly higher than tested in this study (ionic strength has strong 



102 
 

impact on the zeta potential, which controls wettability); 3) temperature and pressure 

conditions in Al-Yaseri et al. (2016) were different from those in this study. 

Furthermore, the interfacial tension (IFT) of all tested solutions at 7.5 MPa (NaCl, CaCl2, 

MgCl2, and Na2SO4) obtained from literature were found to be constant (≈39 mN·m-1; Li et al., 

2012) while for NaCl-10 conditions the interfacial tension is ≈35 mN·m-1 (Li et al., 2012). From 

these IFT values, we argue that the effect of the interfacial tension on the zeta potential and 

on residual saturation was minimal. Hence, we attribute the measured variation in residual 

CO2 saturation observed with different solutions to respective differences in wettability. 

To validate the results and hypotheses, future work is planned to expand towards higher 

salinity, mixed salts, and to accurately assess residual CO2 saturation using X-ray computer 

tomography. 

5.4.   Conclusions 

We developed and successfully carried out for the first time measurements of the multi-phase 

zeta potential in an intact Fontainebleau sandstone sample saturated with live solutions and 

immiscible scCO2. The results show that: 

1. The streaming potential coupling coefficient at the end of drainage was zero, 

confirming that most of the pore space was occupied by the scCO2, and only immobile 

live water was at irreducible saturation.  

2. The multi-phase zeta potential for all tested solutions at temperature of 40°C and 

pressures of 7.5 MPa and 10 MPa was negative.  

3. The magnitude of zeta potential of the scCO2-water interface (𝜁𝑐𝑤) was confirmed to 

be negative. This result provides an important insight for modelling the disjoining 

pressure using DLVO theory.  

4. Wettability interpreted from the single- and multi-phase zeta potential measurements 

suggested intermediate-wet conditions were obtained with NaCl-10, strongly water-

wet conditions were obtained with Na2SO4, weakly water-wet conditions were obtained 

with NaCl, and weakly CO2-wet conditions were obtained with CaCl2 and MgCl2. These 

findings and conclusions are qualitatively consistent with previously published contact 

angle measurements. Moreover, the interfacial tension of scCO2-water of for all tested 

solutions remained constant and hence, the effect of interfacial tension on residual 

CO2 saturation, wettability and zeta potential was minimal. 

5. The introduced normalized zeta potential, which comprises the scaled difference 

between single- and multi-phase zeta potentials and relative permeability curve 

gradient, correlates well with residual CO2 saturation, thus providing a powerful 
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experimental tool to evaluate residual CO2 trapping in sandstone reservoirs. 

Combining two independent properties in 𝜁𝑛, each of which implicitly reflects the 

wetting state, allows to define the wetting state with more confidence using this new 

parameter as a wettability indicator.  

Future experimental work will aim at expanding the parameter space of investigated ionic 

strength and solution composition. Furthermore, additional data should be acquired for clayey 

sandstones, as the clay minerals have a significant impact on the zeta potential (Li et al., 2018; 

Alaraouj et al., 2021). Moreover, X-ray computed tomography should be utilized to accurately 

assess CO2 saturation.



Chapter 6 Zeta potential of an intact fractured gneiss sample* 
*) Part of the text in this chapter was prepared for publication and it was accepted during the registration 

period of my study in Applied Sciences. The final version of the published paper can be seen at 

https://doi.org/10.3390/app12010180 

6.1.   Introduction 

Fractured rocks are found in many subsurface geological formations, including hydrocarbon 

reservoirs (Berkowitz, 2002; Mendez et al., 2020), geothermal formations (Luo et al., 2017), 

CO2 geological storage sites (Iding and Ringrose, 2009; Ringrose et al., 2011; Le Gallo and 

De Dios, 2018) and aquifers (Abdelaziz and Merkel, 2012).  

Fractures in reservoirs affect subsurface flows and thus, reservoir fluid extraction.  At the same 

time, fractures (either naturally or artificially induced) in CO2 geological storage formations can 

lead to potential CO2 leakage, as they provide an accessible channel for CO2 to flow. Hence, 

understanding the subsurface flow in a fractured system is essential to maximise the benefit 

or minimize the risk in terms of CGS applications.   

Furthermore, characterising wettability is important to determine the fluid flow behaviour in 

subsurface settings. This parameter significantly impacts the efficiency of CGS trapping 

mechanisms (Al-Yaseri et al., 2016; Iglauer et al., 2015) and hydrocarbon recovery (e.g., 

Jackson et al., 2016a; Jackson and Vinogradov, 2012). However, the wettability 

characterisation in fractured rocks remains poorly understood. 

In order to characterise the wetting state in fractured rocks, the zeta potential can be used. 

The zeta potential can be measured experimentally in the laboratory using the streaming 

potential method (SPM). In recent years, the SPM has shown promising results in measuring 

the zeta potential in an intact rock sample under subsurface pressure and temperature 

conditions (e.g., Vinogradov and Jackson, 2015), and single- and multi-phase flow 

experiments (e.g., Jackson et al., 2016a). Therefore, we use the SPM to measure zeta 

potential in fractured rock systems in this study. 

It is widely accepted that the polarity and the magnitude of zeta potential depend on rock 

mineralogy, solution pH, chemical compositions, and temperatures (e.g., Vinogradov et al., 

2010; Jackson and Leinov, 2012; Vinogradov et al., 2018).  Numerous experimental 

investigations of zeta potential have been conducted on several rock types saturated with 

water, including sandstone (Vinogradov et al., 2010; Walker and Glover, 2018), carbonate 

(Jackson et al., 2016a; Al Mahrouqi et al., 2017; Collini et al., 2020) and granite (Tosha et al., 

2003). In addition, a recent investigation by Li et al. (2018) found that the clay minerals in 

sandstone had a significant impact on the measured zeta potential. However, to date, there 

are no experimental data on zeta potential in fractured rocks, comprising various minerals.  

https://doi.org/10.3390/app12010180
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In order to understand the impact of fracture and a variety of minerals on zeta potential, the 

study aims to experimentally measure the zeta potential of gneiss samples at confining 

pressures of 4.0 MPa and 7.0 MPa to represent different fracture apertures. The gneiss 

sample was selected in this study as a test-rock due to its unique features including essentially 

zero matrix porosity and permeability (Liu et al., 2016) and presence of important minerals 

(e.g., quartz, feldspars and micas) all of which are commonly found in the subsurface storage 

formations. Furthermore, selecting a naturally fractured rock that has non-zero matrix 

permeability (e.g., fractured carbonate) would make the interpretation of the zeta potential 

measurements questionable as the electrolyte would flow through both fracture and matrix 

thus both would contribute to the measured zeta potential averaged over the entire sample. 

By inducing the flow through a fracture in otherwise impermeable gneiss sample allowed us 

to isolate and study the effect of fracture aperture on the measured zeta potential and the 

effect of minerals lining the fracture wall. Therefore, the results of this study are important for 

wettability characterisation of naturally fractured subsurface settings comprising multiple 

minerals. 

6.2.   Materials and methods 

An intact cylindrical gneiss sample was used in this study. The rock sample was cored from 

the Lewisian Gneiss Precambrian Formation in Northwest Scotland, near Clashnessie. Prior 

to conducting the streaming potential experiments, the unfractured gneiss sample was placed 

into the coreflooding cell and a flow of NaCl solution through the sample was induced. The 

inlet pressure was increased to 7 MPa, which corresponded to the maximum experimentally 

achievable inlet pressure. After reaching the maximum inlet pressure with unfractured sample, 

no flow through the rock was observed at the outlet, which indicated zero permeability of 

gneiss matrix within the tested 7 MPa pressure difference, consistent with the results reported 

by Liu et al. (2016). 

The investigated gneiss sample was artificially fractured under controlled pressure and along 

the pre-existing fissures in uniaxial compression apparatus. The fracture was induced 

horizontally along the flow direction. In order to maintain the cylindrical shape after fracturing, 

the sample was then wrapped with duct tape. Further, the sample was cleaned using 

deionized water and methanol following the reported experimental cleaning protocol by 

AlRoudhan et al. (2016). Lastly, the sample was saturated with the aqueous solution of interest 

inside a vacuum chamber for 24 hours to ensure a fully saturated condition.  

In order to understand the effect of a fracture in the rock sample, the experiments were 

conducted at two different confining pressures, 4.0 MPa and 7.0 MPa. Hence, the fracture 
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aperture in the rock sample will differ for each condition and result in different permeability. 

The summary of the Lewisian gneiss properties is presented in Table 6.1. 

Table 6.1. Summary petrophysical and mineralogy of gneiss sample used in this study 

Sample Lewisian gneiss  

Dimensions 
Length = 5.40 cm 

Diameter = 3.80 cm 

Liquid Permeability 
Confining pressure: 4.0 MPa = 51 ± 1 mD  

Confining pressure: 7.0 MPa = 43 ± 1 mD 

Mineralogy* 

35 wt.% quartz 

60 wt.% Na-feldspars (plagioclase and albite) 

5 wt.% micas (muscovite and biotite) 

*) Mineralogy of gneiss sample was obtained from XRD analysis using powdered offcuts. Further, a chip from the 
sample was polished to produce a thin section, which was analyzed using SEM. These mineral proportions are 
characteristic of felsic type of Lewisian gneiss, as previously reported by Weaver and Tarney, 1981; MacDonald et 
al., 2017. 

The experiments were designed using four different ‘dead’ solutions of varying ionic strengths 

and water compositions. These solutions are: 1) the artificial groundwater (AGW) comprising 

mixed salts, similar to the reported compositions of actual groundwater of the Lewisian Gneiss 

on the Ilse of Harris (BGS, 2001) with the ionic strength of 7.350 × 10-3 M (M=mol/L); 2) The 

artificial seawater (ASW) consists of the same ionic species as AGW, and the total ionic 

strength is 0.70 M; 3) low salinity (LS) 7.350 × 10-3 M NaCl solution and 4) high salinity (HS) 

0.70 M NaCl solution. During the experiments, the electrical conductivity and solution pH were 

measured regularly using Jenway 4520 conductivity (Cole-Palmer, 0.5% accuracy) meter and 

Mettler Toledo FiveGo pH meter (accuracy of 0.01 pH units), respectively. This particular 

procedure was necessary to ensure the equilibrium conditions in the experiments. The details 

of ionic composition and equilibrium pH of all tested solutions are presented in Table 6.2. 

Table 6.2. Chemical composition, equilibrium pH and electrical conductivity of tested solutions.  

 AGW* LS* ASW HS 

[Na+], M 1.522 × 10-3 7.350 × 10-3 0.512 0.700 

[Ca2+], M 1.612 × 10-3 - 0.013 - 

[Mg2+], M 0.288 × 10-3 - 0.042 - 

[Cl-], M 5.072 × 10-3 7.350 × 10-3 0.577 0.700 

[SO4
2-], M 0.125 × 10-3 - 0.022 - 

pH 6.0 ± 0.1 6.5 ± 0.1 6.2 ± 0.1 6.9 ± 0.1 

𝜎𝑤, S∙m-1 0.069 ± 0.001 0.097 ± 0.001 5.83 ± 0.01 6.13 ± 0.01 

Ionic strength, M 7.350 × 10-3 7.350 × 10-3 0.700 0.700 

*) AGW and LS solutions were prepared from high salinity stock solutions of 0.735 M ionic strength. Hence, errors 
in molar concentrations of all four tested solutions resulting from inaccuracies in weighing the constituent salts are 
estimated at ±3% of the reported values. 
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The streaming potential measurements were conducted in a high pressure-high temperature 

(HPHT) PEEK coreflooding apparatus located at the University of Aberdeen. We used the 

paired-stabilized ‘PS’ method (Vinogradov and Jackson, 2011) to obtain stabilised voltage 

(∆𝑉) and pressure difference (∆𝑃) across the rock sample. In ‘PS’ method, the solution of 

interest was flowed at a constant rate through the rock sample using a pump until stable 

pressure and voltage was reached. Further, the flow was terminated, and the flow direction 

was reversed at the same rate until stable pressure and voltage observed across the rock 

sample. This step was repeated with at least four different flow rates.  

Further, the streaming potential coupling coefficient (𝐶𝑆𝑃) was determined from the slope of a 

linear regression of stabilised voltage against stabilised pressure where the total current 

density (𝑗) was zero, and the zeta potential could be interpreted using the Helmholtz-

Smoluchowski (HS) equation (e.g., Jouniaux and Pozzi, 1995). In this study, we assume 

negligible contribution of the surface electrical conductivity to the effective electrical 

conductivity of the aqueous solution occupying a m-scale fracture (which will be discussed 

in subsequent sections), and therefore, the classical HS equation is used to evaluate the zeta 

potential as follows: 

𝐶𝑆𝑃 =
∆𝑉

∆𝑃
|
𝑗=0

=
𝜀𝜁

𝜇𝜎𝑤
, 6.1 

where 𝜀 is the permittivity of water [F·m-1], 𝜁 is the zeta potential [V], 𝜇  is the dynamic viscosity 

of water [Pa·s], and 𝜎𝑤 is the electrical conductivity of the aqueous solution [S·m-1].  

6.3.   Results and discussion 

6.3.1.   Measurements of streaming potential  

Here the typical results of the stabilised voltage and pressure difference, and the obtained 

slope of 𝐶𝑆𝑃 (Figure 6.1) from selected experimental conditions is presented.  

 

Figure 6.1. Typical results of stabilised voltage and pressure (a) and the obtained streaming potential 

coupling coefficient (b). (a) 0.7M NaCl solution flowed with a constant rate of 10 ml/min at the confining 

pressure of 7.0 MPa and (b) 𝐶𝑆𝑃 for 0.7M NaCl at 7.0 MPa using 4 different flow rates. 
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6.3.2.   Effect of rock type and mineralogy 

In order to understand the zeta potential of the gneiss sample, at first, we compare the 

interpreted zeta potential of gneiss with the published zeta potentials from five different types 

of rock, including pure sandstone (>99% quartz), clayey sandstone (2-5% clay content), sand 

packs (>99% quartz), carbonate (>95% calcite) and granite samples saturated with the similar 

condition of tested ionic strength and composition used in this study (Figure 6.2). In addition, 

we tried to collect the previous data of zeta potential measurements at equilibrium conditions. 

The individual data points that formed the grey and white shaded areas in Figure 6.2 are 

summarized in Table 6.3. As far as we know, there is no published data on measured zeta 

potential at high ionic strength on granite and gneiss rock samples. Hence, the corresponding 

column in Table 6.3 is filled with N/A (not available)  

Table 6.3. Summary of experimentally measured zeta potential in relevant samples saturated with NaCl 

and natural solutions.  

Sample; mineralogy Solution Zeta potential, mV Source 

  LS HS  

Grey shaded area 

Fontainebleau SS; >99 wt.% quartz NaCl -52 -20 1, 2 

Lochaline SS; >99 wt.% quartz NaCl -77 -25 2 

Stainton SS; wt.% quartz, 5 wt.% clays and feldspar NaCl -26 -16 1 

St Bees SS; 90 wt.% quartz, < 5 wt.% clays NaCl -31 -16 1, 3 

St Bees SS; 90 wt.% quartz, <5 wt.% clays SW N/A -13 1 

Doddington SS; 69 wt.% quartz, 5 wt.% clays NaCl -22 -10 5 

SP; >99 wt.% quartz TW -100 N/A 1 

SP; >99 wt.% quartz NaCl -20 -12 4 

Berea SS; 90 wt.% quartz, up to 4 wt.% clays NaCl -20 -17 6 

Boise SS; 47 wt.% quartz, 26 wt.% plagioclase, 3 wt.% clays NaCl -20 -20 2 

Inada granite; N/A KCl -35 N/A 7 

Westerly granite, 38 wt.% plagioclase 29 wt.% quartz NaCl -20 N/A 8 

Crushed Westerly granite; N/A KCl/NaCl -65 N/A 9 

Inada granite; N/A KNO3 -70 N/A 10 

White shaded area 

Ketton LS; 97 wt.% calcite, 3 wt.% dolomite NaCl N/A -6 11 

Estaillades LS; 95 wt.% calcite, 4 wt.% dolomite, 1 wt.% 
anhydrite 

NaCl N/A -6 11 

Portland LS; 96.6 wt.% calcite, 3.4 wt.% quartz NaCl N/A -9 11 
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Estaillades LS; 95 wt.% calcite, 4 wt.% dolomite, 1 wt.% 
anhydrite 

SW N/A -1.25 12 

Reservoir BA LS; N/A ALSW -4 N/A 13 

Reservoir BD LS; N/A ALSW -10 N/A 13 

Outcrop TE LS; >99 wt.% calcite Artificial -15 -2 13 

Crushed Iceland spar; 100 wt.% calcite NaCl -5[14] +4[15] 14, 15 

LS and HS correspond to low salinity and high salinity data. SS stands for sandstones, SP corresponds 
to sand packs, LS refers to limestones, SW is natural seawater from southern UK, TW is tap water, and 
ALSW is artificial low salinity water. The exact ionic strength values in the table vary between 0.001 M 
and 0.01 M for low salinity and between 0.5 M and 0.75 M for high salinity data. For details, refer to the 
cited papers. The data sources are: 1 – Vinogradov et al., (2010); 2 – Walker and Glover, (2018); 3 – 
Jaafar et al., (2009); 4 – Vinogradov et al., (2018); 5 – Vinogradov and Jackson, (2015); 6 – Li et al., 
(2018); 7 – Tosha et al., (2003); 8 – Reppert and Morgan, (2003); 9 – Morgan et al., (1989); 10 – Ishido 
and Mizutani, (1981); 11 – Al Mahrouqi et al., (2017); 12 – Jackson et al., (2016a); 13 – Collini et al., 
(2020); 14 – Heberling et al., (2011); 15 – Heberling et al., (2021). 

 

Figure 6.2. Zeta potential of gneiss samples compared with published data on other types of rocks. 

Circles denote NaCl solutions, triangles correspond to AGW, and squares are ASW. Filled symbols 

correspond to confining pressure of 7 MPa. Red and blue represent high (0.7M) and low (7.350 × 10-3 

M) ionic strength conditions, respectively. Error bars represent the experimental uncertainty obtained 

from the variation in the slope of the linear regression of CSP. 

In Figure 6.2, the zeta potentials of gneiss at high ionic strength condition (0.7 M) for all tested 

solutions were less negative than sand packs, pure sandstones and clayey sandstones, but 

more negative than carbonates with the similar ionic strength of tested solutions. Moreover, 

most of the data in Table 6.3 also indicate a similar trend in the comparison of gneiss zeta 
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potential with other rock types. Nevertheless, two exceptional cases were found on the zeta 

potential of gneiss compared with the individual data points of zeta potential in Doddington 

sandstone (-10 mV) and Portland limestone (-9 mV) saturated with 0.5M NaCl solution. These 

two rock samples' ionic strength was considerably similar to the zeta potential of ASW in this 

study. We suggest that a higher clay content in Doddington sandstone and quartz in Portland 

limestone corresponds to this uncommon behaviour compared to pure silica or calcite rocks. 

However, their measured zeta potentials were comparable with the result of our interpreted 

zeta potential of gneiss in ASW and HS NaCl (-7.0 mV to -10.7 mV). 

Furthermore, the zeta potentials of gneiss at low ionic strength condition (7.350 × 10-3 M) were 

less negative compared to both sandstone and carbonate samples (Figure 6.2). However, 

there two exceptions were found on the zeta potential obtained from crushed Iceland spar (-

5.0 mV) saturated with 0.01 M NaCl mixed with a small amount of 1.0 mM CaCl2 (Heberling 

et al., 2011) and BA carbonate core sample (-4.0 mV) obtained from the reservoir with 

unreported detailed mineralogy saturated with 0.01 M mixed solutions containing divalent ions 

of Ca2+ and Mg2+ (Collini et al., 2020). The zeta potential of crushed Iceland spar showed a 

strong dependency on added CaCl2 (i.e., the range of measured zeta potential is from -3.0 

mV with 5 mM CaCl2 to -14 mV with 0.1 mM CaCl2) and unconfirmed equilibrium condition 

during the experiments. Hence, a direct comparison of our result with crushed Iceland spar 

seems not applicable. On the contrary, the zeta potential of the BA carbonate core sample 

was conducted under equilibrium conditions (Collini et al., 2020). However, the 0.01 M mixed 

solution used in their study (Collini et al., 2020) contained a noticeable amount of Ca2+ (1.0 

mM) and Mg2+ (0.3 mM) with no SO4
2-. As these three ions species are considered as the 

potential determining ions (i.e., divalent cations shifted zeta potential to become more positive 

while divalent anions moved the zeta potential to become more negative; PDIs) for carbonates 

and clays (e.g., Jackson et al., 2016b; Al Mahrouqi et al., 2017), we should expect a more 

positive measured zeta potential of BA carbonate core sample compared to our zeta potential 

in gneiss using AGW and LS at similar ionic strength due to the presence of Ca2+ and Mg2+and 

the absence of SO4
2-. Further, it is important to note that there were many published 

experimental data of zeta potentials in carbonates (see Figure 3 in Jackson et al., 2012b), and 

the range of measured zeta potentials at low ionic strength conditions (≤ 0.01M) was 

noticeably wide (from -20 mV to +20 mV) for pH value of 7.0. However, as Al Mahrouqi et al. 

(2017) discussed, none of these measurements were conducted at equilibrium conditions. 

Hence, it prohibited us from comparing our measured zeta potential directly with their results. 

In order to understand the impact of gneiss mineralogy on the zeta potential, we collected 

several studies related to the measurements of the zeta potential in plagioclase (Nyabeze and 

McFadzean, 2016), muscovite (Nishimura et al., 1992), albite (Jie et al., 2014) and biotite 
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(Bray et al., 2014). However, these studies used an electrophoretic mobility method (EPM) to 

obtain the zeta potential with unreported equilibrium conditions. Hence, the dissolution of 

minerals into aqueous solutions, especially when using a single salts solution, is likely to 

happen, as reported by Alroudhan et al. (2016) and Al Mahrouqi et al. (2017) for carbonate 

samples or the one reported by Reppert and Morgan (2003) for granite. As a result, a direct 

comparison between the zeta potentials of these minerals (plagioclase, albite, biotite, and 

muscovite) and our results is not applicable, except only for qualitative interpretation. In 

addition, in subsurface conditions, all the minerals are expected to be fully equilibrated with 

the formation water, thus emphasizing the importance of our laboratory results. The previous 

studies suggested that zeta potentials on mica and feldspar minerals were negative for the 

range of 6 – 8 pH values. The smallest magnitude of zeta potential was from plagioclase, 

followed by albite, biotite and muscovite (i.e., |𝜁𝑝𝑙𝑎𝑔𝑖𝑜𝑐𝑙𝑎𝑠𝑒| < |𝜁𝑎𝑙𝑏𝑖𝑡𝑒| ≅ |𝜁𝑏𝑖𝑜𝑡𝑖𝑡𝑒| < |𝜁𝑚𝑢𝑠𝑐𝑜𝑣𝑖𝑡𝑒|). 

It was worth mentioning that the values reported for plagioclase ranged between -10 mV and 

+15 mV, obtained with 10-2 M disodium tetraborate solution (Nyabeze and McFadzean, 2016).  

All in all, the interpreted zeta potential of Lewisian gneiss at low and high ionic strength of 

single salt and complex solutions were unique. The mineralogy of this rock sample comprises 

quartz, feldspars and micas, so that the interpreted zeta potential using the streaming potential 

method is an average of the effective zeta potential from each mineral contribution with water 

at the interface. Since there are no reported zeta potential measurements of feldspars and 

micas in contact with various aqueous solutions at equilibrium conditions, we hypothesize that 

the effective zeta potential on these complex minerals is controlled by multi-valent PDIs, 

similar to the mechanism of the surface charge development on calcite surface (e.g., 

Vinogradov et al., 2022b). As a result, the resulting surface charge and the corresponding zeta 

potential of gneiss consisting of feldspars in our experiments caused the zeta potential to be 

less negative than in pure quartz systems. Micas in contact with aqueous solutions (Nishimura 

et al., 1992; Jie et al., 2014) were reported to be more negative than feldspars zeta potential 

(Bray et al., 2014; Nyabeze and McFadzean, 2016). At the same time, the negative zeta 

potentials measured with micas were smaller in magnitude compared with negative values on 

silica surface, consistent with a published study of silica and mica minerals in contact with 10-

3 M KCl solution (Nishimura, et al., 1992). Moreover, previously published studies also 

reported a shift in the zeta potentials towards more positive values with solutions containing 

divalent cations relative to NaCl/KCl measurements for all types of minerals, with a more 

pronounced shift reported with micas (Adamczyk, et al., 2010) and feldspars (compare the 

results obtained with albite in contact with 10-3 M NaCl in Gülgönül, et al., 2012 vs 10-3 M CaCl2 

in Demir et al., 2003) compared with pure quartz (e.g., Yukselen-Aksoy and Kaya, 2011). 

Hence, the zeta potential in our experiments responded to changes in chemical composition 
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in a fashion similar to that of calcite/mica/feldspar and became more positive with divalent 

cations, while the electric charge on the gneiss quartz surface sites was mostly controlled by 

pH thus remaining insensitive to changes in the electrolyte composition, all of which will be 

discussed in more detail below. Moreover, the uniqueness of the gneiss zeta potentials was 

demonstrated by the impact of varying ionic strength, which appeared to be less pronounced 

than that obtained with either carbonates or pure sandstones (>95 wt.% quartz). Both, the 

impact of composition and ionic strength on the zeta potential in gneiss samples will be 

discussed in more detail in the subsequent section. 

6.3.3.   Effect of ionic strength and complex ions compositions 

Figure 6.3 shows the result of zeta potential for four different tested solutions as function of 

ionic strength compared to carbonate and sandstone samples. The zeta potential of ASW 

became smaller in magnitude when the ionic strength changed from AGW to ASW (Figure 

6.3a), consistent with the description of the electrical double layer theory due to collapsing of 

the double layer with increasing ionic strength (Hunter, 1981). On the other hand, the 

measured zeta potential of LS NaCl was found to be similar to HS NaCl within the experimental 

uncertainty (see horizontal dashed line in Figure 6.3b).  

In Figure 6.3a, we also observed that the dependency of zeta potential as a function of ionic 

strength in the gneiss sample was weaker than the general trendline of carbonate (black 

dashed line) and sandstone (green dashed line) samples saturated with NaCl solutions. 

However, an anomalous result was reported on zeta potential saturated with NaCl and CaCl2 

solutions in several Berea ‘clayey’ sandstones by Li et al. (2018). The zeta potential of Berea 

sandstones was changed from -18.3 mV at 0.005M NaCl to -21.4 mV at 0.5 M NaCl (see 

Figure 6.3). This result indicates that the effect of increased NaCl ionic strength on zeta 

potential was less significant and the behaviour of zeta potential at Berea clayey sandstones 

was the opposite trend of general clean sandstone samples. Further, the zeta potentials of 

Berea saturated with CaCl2 remained constant (c. -7.0 ± 0.3 mV) with increasing ionic strength 

solution (0.008 M – 0.8 M). This behaviour was similar to the observed trend of our gneiss 

result saturated with a single salt NaCl solution (Figure 6.3b). Furthermore, the magnitude 

zeta potential of gneiss sample saturated NaCl solution for both ionic strengths was larger 

than the tested complex solutions (AGW and ASW). Interestingly, the gneiss zeta potential 

obtained with ASW (-7.2 ± 0.2 mV) was similar to the zeta potential from Berea sandstone 

saturated with CaCl2 (-7.0 ± 0.3 mV; Li et al., 2018) and Portland limestone saturated with 

NaCl (-8.0 ± 0.5 mV; Al Mahrouqi et al., 2017).  

Hence, with all these comparisons, we argue that the zeta potentials of the gneiss sample are 

unique. Our zeta potential results show a different response to increasing ionic strength and 
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complex water compositions of the tested solution. These results also suggest that the 

mineralogy of the gneiss sample responds to the presence of divalent ions (Ca2+, Mg2+ and 

SO4
2-). Therefore, in this rock type, the divalent ions of Ca2+, Mg2+ and SO4

2- are considered 

as PDIs similar to carbonates (Al Mahrouqi et al., 2017), feldspars (Demir et al., 2003) and 

micas (Adamczyk et al., 2010).  

 

 

Figure 6.3. Impact of ionic strength on the zeta potential measured on Lewisian gneiss sample 

saturated with a) AGW and ASW, and b) with NaCl solutions. For comparison, empirical linear 

regressions for clean sandstones (>95% quartz; Vinogradov et al., 2010) and carbonates saturated with 

equilibrated NaCl solutions (Al Mahrouqi et al., 2017) are shown in green and black dashed lines, 

respectively. Filled symbols correspond to the confining pressure of 7 MPa. Green circles represent 

zeta potentials measured in Berea sandstone saturated with NaCl solutions and averaged over 7 

samples (right vertical axis); the black circles correspond to results obtained with Berea sandstones 

saturated with CaCl2 solutions and averaged over 6 samples (Li et al., 2018). Error bars represent the 

experimental uncertainty obtained from the variation in the slope of the linear regression of CSP. 

 

6.3.4.   Effect of confining pressure 

We begin by presenting the zeta potential result for two different confining pressure in the 

gneiss sample (Figure 6.4). The interpreted zeta potentials of the gneiss sample were 

independent of confining pressures. On the contrary, an increasing confining pressure in the 

fractured rock sample decreased the apparent permeability from 51 mD at 4 MPa to 43 mD at 

7 MPa. This result indicates that the fracture aperture decreases with increasing confining 

pressure and thus, leads to a potential effect of increasing surface electrical conductivity. 



114 
 

 

Figure 6.4. Impact of the confining pressure on the zeta potentials measured on Lewisian gneiss 

sample saturated with aqueous solutions of 0.007 M (a) and 0.7 M (b) ionic strength. Error bars 

represent the experimental uncertainty obtained from the variation in the slope of the linear regression 

of CSP. 

In order to quantify the effect of the confining pressure on the measured streaming potential, 

zeta potential and facture aperture, a simple geometry of fractured rock is presented in Figure 

6.5. 

 

Figure 6.5. The tested fractured rock sample is assumed to have a single fracture of aperture 2w, height 

H and length L. 

 

As we implemented a PS method during the streaming potential measurements, the condition 

of one-directional flow with steady state condition was considered. Further, the flow through 

the facture was consistent with the direction of the rock sample. Hence, for the geometry 

described in Figure 6.5 combined with experimental conditions, the Navier Stokes equations 

are simplified into 1-D flow in the Cartesian coordinate system as follows: 

𝜇
𝑑2𝑣𝑥

𝑑𝑦2
=

∆𝑃

𝐿
, 6.2 
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where 𝑣𝑥(𝑦) is the fluid velocity in x-direction inside the fracture. Considering the no-slip 

boundary conditions at both fracture walls, the fluid velocity profile is given by: 

𝑉𝑥 =
1

2𝜇

∆𝑃

𝐿
(𝑦2 − 𝑤2). 6.3 

 

Multiplying Equation 6.3 by the cross-section area to the flow, 2𝑤𝐻, and integrating across 

the fracture aperture (between -w and +w) yields the well-known cubic law (Neuzil and Tracy, 

1981) for the total volumetric flow rate, 𝑄: 

𝑄 = −
2𝐻𝑤3

3𝜇

∆𝑃

𝐿
. 6.4 

 

Now, equating the flow rate given by Equation 6.4 with that from Darcy’s law, 𝑄 = −
2𝑘𝐻𝑤

𝜇

∆𝑃

𝐿
, 

the effective permeability is expressed as: 

𝑘 =
𝑤2

3
. 6.5 

 

Equation 6.5 is consistent with a recently published study (Thanh et al., 2021) in the limit of 

a single fracture, and it implies that for a decrease of approximately 16% in sample’s 

permeability (from 51 mD to 43 mD), the corresponding expected decrease in fracture aperture 

(2w) will be around 8% (from 0.782 m at 4 MPa to 0.718 m at 7 MPa). Decreasing fracture 

aperture implies a smaller distance of separation between the fracture walls, and as such 

higher confining pressure can potentially have an impact on the electrical properties of 

hydraulically active fractures via increased impact of the surface electrical conductivity and 

the zeta potential. 

To investigate the impact of fracture aperture on the electrokinetic properties of the sample, 

we consider the streaming current under the steady state experimental conditions and for 

geometry described in Figure 6.5: 

𝐼𝑠 = 2 ∫ 𝛴(𝑦)𝑣𝑥(𝑦)𝐻𝑑𝑦

𝑤

0

, 
               6.6 

where 𝛴 [C/m3] is the volumetric charge density. The flow of mobile excess counter-ions that 

contribute to the streaming current is confined to the diffuse part of the electrical double layer 

(EDL), which has a thickness of approximately 3 nm for 7.35 × 10-3 M and even smaller 

thickness for higher salinity, so that the thickest expected EDL will still be two orders of 

magnitude smaller than the estimated fracture aperture. Therefore, we can use this condition 
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to linearize the flow velocity that contributes to the streaming current in the region adjacent to 

the fracture walls, where 𝑦 ≈ 𝑤: 

𝑄𝑉𝑥 =
1

2𝜇

∆𝑃

𝐿
(𝑦2 − 𝑤2) ≈

1

2𝜇

∆𝑃

𝐿
2𝑤(𝑦 − 𝑤). 6.7 

 

Introducing a new variable 𝜃 = 𝑦 − 𝑤, using Poisson equation for the charge density, 𝛴 =

−𝜀
𝑑2𝑉

𝑑𝑦2 (where V is the electric potential and 𝜀 is the permittivity of the aqueous solution), 

substituting Equation 6.7 into Equation 6.6, and integrating by parts yields an expression for 

the streaming current through the fracture: 

𝐼𝑠 = −
2𝑤𝐻𝜀𝜁

𝜇

∆𝑃

𝐿
, 6.8 

 

where 𝜁 is the zeta potential at 𝑦 = ±𝑤. We now apply the boundary conditions of zero net 

current coming in or out of the fracture, and no charge separation along the fracture. In such 

case, the streaming current must be balanced by the conduction current of equal magnitude 

and opposite direction. The conduction current is given by Ohm’s law: 

𝐼𝑐 = 2𝑤𝐻𝜎𝑤

∆𝑉

𝐿
+ 2𝐻𝜎𝑠

∆𝑉

𝐿
= 2𝑤𝐻

∆𝑉

𝐿
[𝜎𝑏 +

𝜎𝑠

𝑤
], 6.9 

 

where ∆𝑉 is the electric potential difference (voltage) across the fracture, 𝜎𝑤 [S·m-1] is the 

electrical conductivity of the bulk aqueous solution, and 𝜎𝑠 [S] is the surface electrical 

conductivity due to the presence of EDL. Using the condition of electro-neutrality, 𝐼𝑠 = −𝐼𝑐, the 

streaming potential coupling coefficient can be expressed: 

𝐶𝑆𝑃 =
∆𝑉

∆𝑃
=

𝜀𝜁

𝜇 [𝜎𝑤 +
𝜎𝑠
𝑤]

. 6.10 

 

Note, that Equation 6.10 explicitly expresses the effective electrical conductivity of brine with 

the contribution of the surface conductivity but becomes equal to the classical Helmholtz-

Smoluchowski equation (Equation 6.1) when the surface conductivity is negligibly small. The 

zeta potential can now be expressed from the measured streaming potential coupling 

coefficient as: 

𝜁 =
𝐶𝑆𝑃𝜇 [𝜎𝑤 +

𝜎𝑠
𝑤 ]

𝜀
. 6.11 
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For the two tested ionic strengths of 7.35 × 10-3 M and 0.7 M, the permittivity and viscosity of 

the NaCl solutions can be calculated using the approach described in Saunders et al. (2012), 

while 𝐶𝑆𝑃 and the electrical conductivity of the solutions were directly measured during the 

experiments. Rock, fluid and electrokinetic properties for all our NaCl experiments are 

summarized in Table 6.4 along with estimates of fracture aperture made using Equation 6.5. 

Table 6.4. Rock, fluid and electrokinetic properties of NaCl experiments at 7.35 × 10-3 M (LS) and 0.7 

M (HS) ionic strengths. The confining pressure is denoted by P in the table and k is the measured 

absolute permeability. The fracture aperture (2w) is interpreted using Equation 6.5. 

ID P, MPa 𝝁, Pa∙s 𝜺, F∙m-1 𝑪𝑺𝑷, mV∙MPa-1 𝜻, mV k, mD 2w, nm 

LS 4 9.33 × 10-4 7.00 × 10-10 -86.4 -11.12 51 ± 1 782 

LS 7 9.33 × 10-4 7.00 × 10-10 -89.5 -11.51 43 ± 1 718 

HS 4 9.89 × 10-4 6.97 × 10-10 -1.21 -10.52 51 ± 1 782 

HS 7 9.89 × 10-4 6.97 × 10-10 -1.23 -10.69 43 ± 1 718 

 

The estimated fracture aperture using the measured permeability of the rock sample is 

consistent with the values reported for artificially fractured granite sample (Luo et al., 2017). 

The authors reported the hydraulic aperture of order of 200 m, which is three orders of 

magnitude larger than the values estimated for our sample using Equation 6.5. However, the 

values of hydraulic conductivity of 13 cm/s measured by Luo et al. (2017), which translates 

into the permeability of c. 13 × 106 mD, is identical to that predicted by Equation 6.5, thus 

validating our approach and estimates. 

In order to evaluate the effect of surface electrical conductivity on the interpreted zeta 

potential, a model published by Leroy et al. (2013) in silica-NaCl system was used. Although 

the model published by Leroy et al. (2013) is for silica-NaCl system, to the best of our 

knowledge, there are no available models for gneiss, or comprising it feldspars and micas. 

Hence, the only available model that closely replicated our system (note, that gneiss contains 

35 wt% of quartz) was the model published by Leroy et al. (2013). 

The estimated surface conductivity (𝜎𝑠) for 7.35 × 10-3 M and 0.7M solutions was 3.0 × 10-9 S 

and 4.5 × 10-9 S, respectively. Then, the dimensionless Dukhin number (𝐷𝑢) was used to 

evaluate the surface conductivity for our fracture geometry sample (Figure 6.5) and it can be 

expressed as (Bocquet and Charlaix, 2010):  

𝐷𝑢 =
𝜎𝑠

𝑤𝜎𝑤
, 6.12 
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where 𝑤 is obtained from the estimated fracture aperture using Equation 6.5 and 𝜎𝑤 is 

measured solution conductivity (see Table 6.2). The calculated value 𝐷𝑢 for 7.35 × 10-3 M and 

0.7M solutions for confining pressure of 4 MPa is 7.9 × 10-2 and 1.9 × 10-3, respectively. 

Further, the calculated result for confining pressure of 7 MPa is 8.6 × 10-2 for 7.35 × 10-3 M 

and 2.0 × 10-3 for 0.7M. From all the estimated value of 𝐷𝑢, where 𝐷𝑢 << 1.0, explains that 

the effect of surface conductivity is very small compared to solution conductive and thus, the 

zeta potential. Therefore, for all tested solutions, the surface conductivity is found to be 

negligible, and a classical HS equation (Equation 6.1) is suitable to interpreted zeta potential 

from the measured streaming potential coefficient.  These results also imply that the estimated 

fracture aperture of gneiss sample (781 nm for 4.0 MPa and 718 nm for 7.0 MPa) is not small 

enough to influence the surface electrical conductivity.  

6.3.5.   Implication for subsurface fractured rock system 

In this chapter, the initial analysis of relationship between fracture aperture, zeta potential and 

overburden pressure are provided.  

To evaluate the depths at which surface conductivity of gneiss sample can no longer be 

neglected, a study by Luo et al. (2017) that reported a near-linear correlation between the 

confining pressure and the hydraulic aperture of artificially fractured granite sample is 

considered. Thus, using estimates of the surface conductivity value for low salinity solutions 

(3.0 × 10-9
 S; see Table 6.4 for solution conductivity of low salinity), we were able to evaluate 

the confining pressure and the corresponding depth, at which the surface conductivity 

becomes significant, satisfying the condition of 𝐷𝑢 ≈ 0.1. The aperture that satisfies 𝐷𝑢 = 0.1 

was calculated to be 310 nm using Equation 6.12, and the corresponding confining pressure 

was found to be 3.8 MPa, corresponding to a depth of 380 m.  

The results from this chapter are useful for characterising the wettability of subsurface 

geological formations (CGS applications), monitoring subsurface flows (in aquifers, 

hydrocarbons and geothermal) and assessing hydraulically active fractures (geothermal or 

aquifers). In addition, this chapter demonstrates that a care should be taken when converting 

zeta potentials measured in the laboratory on gneiss sample from coupling coefficients that 

are used in the models. 

Since measurements of the zeta potential in fractured rock systems are scarce, this study 

provides essential novel insights into impact of fracture aperture on the zeta potential, which 

are essential for interpreting rock wettability or for monitoring flows through fracture networks 

using self-potential. However, the impact of surface roughness on the zeta potential, especially 

at fractured rocks remains unclear. Hence, additional experimental investigations are needed 

to expand the parameters including surface roughness, various confining pressures, different 
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fractured rock samples (e.g., fractured carbonate), and elevated temperature to see their 

responses to zeta potential.  

6.4.   Conclusions 

We successfully conducted the measurements of zeta potential in a fractured gneiss sample 

saturated with NaCl, AGW and ASW for different ionic strength and chemical compositions at 

confining pressures of 4.0 MPa and 7.0 MPa. The interpreted zeta potential suggests that: 

• Zeta potentials of gneiss are unique and dissimilar to sandstones, carbonates, and 

gneiss individual constitutive minerals i.e., mica and feldspar. 

• The negative zeta potential decreases with increasing salinity when the sample is 

saturated with AGW and ASW, but the rate of the decrease is smaller compared to any 

other mineral. 

• The negative zeta potential is independent of salinity when using NaCl; this feature is 

similar to what was observed with clayey sandstone (Li et al., 2018), and we 

hypothesize that this observation is a result of cation exchange in our experiment. 

However, the zeta potential of gneiss was found to be more positive compared with 

clayey sandstones saturated with NaCl. 

• Significant amount of feldspars and mica present in our gneiss sample were found to 

be responsible to high sensitivity of the sample to presence of divalent ions (Ca2+, Mg2+ 

and SO4
2-) compared with quartz. Therefore, these ions were identified as PDIs for 

gneiss making the sample to respond to compositional and concentration variation in 

a fashion similar to that of carbonate samples. 

• The measured 𝐶𝑆𝑃 of gneiss sample was independent of confining pressure. This result 

implied that the surface electrical conductivity could be neglected to interpret zeta 

potential. 

• A simple fracture model was developed to estimate the fracture aperture at which 

surface electrical conductivity could not be negligible. Hence, at such conditions, 

Equation 6.11 must be used to evaluate the zeta potential. 

The findings from this study have a significant implication of wettability characterisation at 

subsurface fractured rock system in CGS application (preventing CO2 leakage), as well as in 

miscible CO2-EOR (extracting more oil). For example, the zeta potential obtained from this 

study can be used for further numerical modelling in DLVO theory to determine the wetting 

film stability, which is essential parameter for CO2 trapping mechanism and miscible CO2-EOR 

application 
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Chapter 7 Predictive surface complexation model of the calcite-

aqueous solution interface: the impact of high concentration 

and complex composition of brines* 
*) The text for this chapter was originally prepared for publication and it was accepted during the 

registration period of my study in Journal of Colloid and Interface Science. The final version of the 

published paper can be seen at https://doi.org/10.1016/j.jcis.2021.11.084. 

7.1.   Introduction 

Calcite is a very common mineral on the Earth’s surface comprising approximately 4% by 

weight of Earth’s crust. Physico-chemical processes that take place in porous calcite-aqueous 

solution (water for simplicity) systems are of great importance for a variety of scientific and 

technological areas. Properties of the calcite mineral surface and the interface between calcite 

and aqueous solution are important for a broad range of applications including geological 

storage of nuclear waste and CO2 (Harrison and Hester, 2010), freshwater aquifer 

management (Graham et al., 2018; MacAllister et al., 2018), hydrocarbon production 

(Saunders et al., 2012), paper production (Carrasco et al., 1998). However, electrochemical 

properties of the interfaces between calcite and aqueous solutions (specifically, electrical 

surface charge and zeta potential), especially under conditions relevant to natural subsurface 

systems (i.e., water chemical composition, temperature, pressure) remain poorly understood 

because of their microscopic nature, the high reactivity of the calcite mineral, and the lack of 

relevant measurements and models (Heberling et al., 2014). 

The zeta potential is defined as the electrical potential at the shear plane when water flow 

occurs parallel to the pore surface (Hunter, 1981). It is most commonly used to estimate the 

electrochemical properties of calcite because acid-base potentiometric titration, usually 

employed to measure the surface charge of minerals, is extremely difficult to carry out for 

highly reactive calcite (Eriksson et al., 2007). There are many studies that have reported 

measurement of the zeta potential of various calcite-water systems. However, many reported 

results are contradictory (see for example Fig. 3 in Jackson et al., 2012b). Most of the 

experimental studies have reported zeta potential measured with low salinity single-salt 

solutions (e.g., Heberling et al., 2011; Li et al., 2016), and there is inconsistency in the 

experimental conditions when some experiments were conducted at equilibrium between the 

mineral and water while others reported the zeta potential with non-equilibrium solutions (see 

for example discussion in Section 3 and 4 Al Mahrouqi et al., 2017). The experimental studies 

have also employed a variety of electrokinetic methods including the electrophoretic mobility 

(EPM; Foxall et al., 1979) and streaming potential method (SPM; Thompson and Pownall, 

1989). Each of these experimental techniques suffers from several limitations (Delgado et al., 

2007). The EPM applies an electrical field (of magnitude hundred Volts per meter) that 

https://doi.org/10.1016/j.jcis.2021.11.084


121 
 

mobilizes charged particles relative to aqueous solution and measuring the resulting mobility. 

The EPM is conducted on powdered calcite samples suspended in aqueous solution thus 

potentially exposing fresh mineral surfaces. Moreover, the method is usually limited to solution 

concentration below 1 M (Kosmulski and Dahlsten, 2006). The ratio of the mineral to the 

solution is also very low (typically few grams per liter) and not representative of real rocks. On 

the other hand, the SPM applies a pressure difference across the sample and measures a 

resulting voltage, it can be carried out under equilibrium conditions, on intact rock samples at 

salinities up to full saturation (e.g., Cherubini et al., 2018, 2019). However, unlike the EPM 

method, SPM can be time consuming and very challenging for highly reactive minerals such 

as calcite in highly saline conditions thus limiting its ability to cover a wide range of rock-

solution permutations (see for example typical duration of both the equilibration process and 

individual SPM experiment, as well as the voltage stability issues at high salinity reported in 

Alroudhan et al. (2016). Moreover, the zeta potential values obtained with SPM can be specific 

to rock type as different carbonate samples may contain different impurities such as anhydrite 

and dolomite (e.g., Al Mahrouqi et al., 2017). 

A model capable of predicting the zeta potential of calcite-water systems at equilibrium as well 

as non-equilibrium conditions, low to high salinity, and complex solution composition is 

crucially important. Such model will not only be capable of predicting the zeta potential, but 

also improve our understanding of the complex electrochemical processes that take place at 

calcite-water interface. To date, there have been numerous attempts to develop such model 

with most of published studies using the so-called surface complexation modelling (SCM) 

approach (e.g., Heberling et al., 2011, 2014; Li et al., 2016). In this method the calcite surface 

is presented as an ensemble of chemically active surface sites that interact with ions from the 

adjacent bulk electrolyte. The strength of these interactions is described by the equilibrium 

constants (similar to chemical reactions), so that the resulting equilibrium concentration of 

positive and negative surface complexes establishes the net surface charge and the 

corresponding surface potential (Davis et al., 1978). Depending on the complexity of the 

aqueous solution, such models can be realized analytically (e.g., Revill et al., 1999) or by 

using numerical methods already available in software packages such as PHREEQC (e.g., 

Parkhurst and Appelo, 2013). 

Studies published to date on SCM have used different approaches to model the zeta potential 

(Figure 7.1): Basic Stern Model (BSM, e.g., Heberling et al., 2011), Triple Layer Model (TLM, 

e.g., Wolthers et al., 2008), Quad-Layer Model (QLM, e.g., Alizadeh and Wang, 2019) and 

Diffuse Layer Model (DLM, e.g., Ding and Rahman, 2018). BSM, TLM and QLM explicitly 

describe the Stern layer and a layered arrangement of ionic species adsorbed on the mineral 

surface in the diffuse layer. Both the TLM and QLM distinguish between the Inner Helmholtz 
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plane (IHP) and the Outer Helmholtz plane (OHP), at which adsorption of de-hydrated and 

hydrated ions, respectively, takes place (Wolthers et al., 2008). On the other hand, BSM for 

calcite assumes that adsorption of all ions in compact layer takes place at the OHP (e.g., 

Heberling et al., 2011, 2014; Li et al., 2016). All three models that explicitly describe the 

adsorption layers (i.e., BSM, TLM, QLM) also assume that only protonation/deprotonation of 

hydrated calcite lattice ions take place at the mineral surface.  In these models, the surface 

charge densities are computed at each plane, from which linear, capacitor-like variation of the 

electric potential between the planes is obtained. Consequently, TLM and QLM simulate 

separately protonation/deprotonation and salt ion adsorption reactions at three different 

planes (mineral surface, IHP, OHP), and ascribe two capacitance values to layers confined 

between the mineral surface and IHP, and between IHP and OHP. In addition, the QLM 

considers a stagnant diffuse layer, implying that the shear plane is located further away from 

the OHP. This makes these two models more computationally expensive compared with BSM, 

which uses only one capacitance and all adsorption reactions are considered to take place at 

OHP for calcite. 

 

Figure 7.1. Electric potential distribution at the calcite-water interface: a) – BSM (no distinction between 

IHP and OHP, the slip plane may or may not coincide with OHP); b) – TLM (IHP and OHP are 

considered separately with different surface complexation reactions taking place at each plane, the slip 

plane coincides with OHP); c) – QLM (IHP and OHP are considered separately with different surface 

complexation reactions taking place at each plane, the slip plane does not coincide with OHP and its 

distance from OHP can be constant or varying with salinity); d) – DLM (IHP and OHP are not considered 

at all as if there is no separation between the mineral surface and OHP, the slip plane may or may not 

coincide with mineral/OHP). 
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On the other hand, DLM assumes that both the protonation/deprotonation and salt ion 

adsorption reactions take place at the mineral surface thus ignoring the complexity of the Stern 

layer that comprises the IHP and OHP. Hence, compared to the BSM, TLM, and QLM, the 

DLM is not sensitive to the capacitance values and is only sensitive to the location of the so-

called shear (or slip) plane at which ions can be mobilized by the flow and at which the electric 

potential is defined as the zeta potential. According to the generally agreed theory of the 

electrical double layer, concentrations of counter-ions that populate the region beyond the 

OHP (in the diffuse layer) obey the Boltzmann distribution law where they decrease 

exponentially towards concentrations of ions in electroneutral bulk electrolyte (outside the 

diffuse layer). The location of the slip plane is uncertain and is usually used as a fitting 

parameter to match the model predictions to experimental data (Heberling et al., 2011). The 

assumed location of the slip plane can also be used in BSM, TLM and QLM as additional fitting 

parameter, but in contrast with DLM the modelled zeta potential using these models depends 

on adjustable capacitance values and therefore, the location of the slip plane can be kept 

constant for matching different experimental datasets. The QLM published by Alizadeh and 

Wang (2019) assumed that the slip plane was dynamic and moved further away from the 

mineral surface as the ionic strength of the bulk electrolyte decreased. Although the dynamic 

slip plane model successfully reproduced experimental results, the hypothesis was not clearly 

justified by the authors or confirmed experimentally. 

However, despite the plethora of published SCM studies, all of the simulated results appear 

to be specific to an experimental dataset. Heberling and co-authors (Heberling et al., 2011, 

2014) used fractional charges of individual surface site, the approach that was consistent with 

that taken by Wolthers et al. (2008), who used the Charge Distribution MUltiSite Ion 

Complexation or CD–MUSIC modeling approach. However, the magnitude of the surface site 

charges was different. On the other hand, Van Cappellen et al. (1993) used integer surface 

site charges in their BSM. Furthermore, Heberling et al. (2011, 2014) used equilibrium 

constants for adsorption reactions at OHP limited by ion-binding ones that corresponded to 

pairing of ions in the bulk electrolyte. In contrast, Pokrovsky and Schott (2002) estimated their 

equilibrium constants for adsorption reactions from the correlation between stability of surface 

sites and stability of the same molecules in the solution. As a result, the equilibrium constants 

used by Pokrovsky and Schott (2002) in their BSM exceeded by several orders of magnitude 

those used by Heberling et al. (2011, 2014) in their BSM. Considering the equilibrium 

constants of protonation/deprotonation reactions that take place at the mineral surface, a 

significant variation in their values was also evident across different studies. For instance, 

Heberling et al. (2011) used five-fold larger equilibrium constant for deprotonation of hydrated 

Ca site compared with their later study (Heberling et al., 2014). At the same time, Wolthers et 
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al. (2008) used twelve orders of magnitude larger equilibrium constant for the same reaction 

compared with Heberling et al. (2011). 

Previously published studies that used either BSM or TLM relied on constant Stern layer 

capacitance, but the reported values used in these studies varied between 0.45 F·m-2 

(Heberling et al., 2014), 1.24 F·m-2 (Li et al., 2016), 17 F·m-2 (Pokrovsky and Schott, 2002), 

52 F·m-2 (Pokrovsky et al., 2000) and 100 F·m-2 (Wolthers et al., 2008). Therefore, the 

inconsistency in these values suggests a high degree of freedom and unconstrained variation 

of simulated zeta potential. Moreover, most of the published SCM simulated the zeta potential 

of calcite in contact with low salinity (typically less than 0.1 M) single salt solutions (e.g., NaCl) 

therefore ignoring the effect of divalent ions such as Mg2+ and SO4
2- and high ionic strength. 

Studies that included such reactions reported inconsistent equilibrium constants, with 

Heberling et al., (2014) predicting adsorption of Ca2+ on negative surface sites to be controlled 

by an equilibrium constant ten orders of magnitude smaller compared with the equilibrium 

constant calculated from two consecutive reactions described by Pokrovsky et al. (2000) and 

Pokrovsky and Schott (2001). All in all, a unique combination of adsorption reactions, their 

equilibrium constants, capacitance values and charges of the surface sites used in published 

studies appear to be very specific to the modelled experimental datasets, thus limiting the use 

of each model for a very narrow range of ionic strength, pH and composition of electrolytes in 

contact with the calcite mineral. 

Therefore, the aim of this study is to develop and validate a new SCM that accurately 

computes the zeta potential of any calcite-water system as long as the experimental conditions 

are reproduced in the model. The developed model has proven to be accurate in simulating 

and predicting zeta potentials at both equilibrium and non-equilibrium conditions, high to low 

salinity, for any carbonate rock type as long as the dominating mineral is calcite, and for any 

solution composition as long as the dominating salt is NaCl and concentration of SO4
2- does 

not exceed that of Ca2+ and Mg2+. 

7.2.   Methodology 

To develop a robust predictive model requires detailed description of experimental parameters 

and conditions. Therefore, we have chosen the data reported by Al Mahrouqi et al. (2017) as 

the most comprehensive experimental work and will briefly describe the experimental 

conditions and main conclusions. 

7.2.1.   Description of the experimental data on zeta potential in intact limestone samples 

Streaming potential measurements were performed by Al Mahrouqi et al. (2017) and 

Alroudhan et al. (2016) on three different carbonate rock samples: Estaillades (Al Mahrouqi et 
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al., 2017), Ketton (Al Mahrouqi et al., 2017) and Portland (Alroudhan et al., 2016). The 

petrophysical and mineralogical properties of the rock samples are shown in Table 1. 

Table 7.1. Petrophysical and mineralogical properties of three different carbonate rock samples. Ketton 

and Estaillades were used in the experiments of by Al Mahrouqi et al. (2017), Portland was used by 

Alroudhan et al. (2016). 

Property/rock Ketton Estaillades Portland 

Porosity (%) 23.0 ± 0.5 28.0 ± 0.5 20.0 ± 0.5 

Permeability (Darcy) 1.4 ± 0.4 0.13 ± 0.2 0.005 ± 0.001 

Formation factor (F) 13.87 ± 0.5 12.92 ± 0.5 22.04 ± 0.5 

Composition (%) 

97a – calcite 97a (95b) – calcite 96.6a – calcite 

3a magnesium 3a
 (4b) – magnesium 3.4a – quartz 

 (1b) – anhydrite  

a – mineralogy reported by Al Mahrouqi et al., (2017) using X-ray diffraction (XRD). Magnesium was 

reported to be likely incorporated into the limestone as dolomite. 

b – recent study by Udoh and Vinogradov, (2021), identified and confirmed that there was 4% dolomite 

(CaMg(CO3)2) and 1% anhydrite (CaSO4) in the Estaillades sample using XRD. 

 

The zeta potential measurements were conducted at room temperature (23oC) with NaCl 

solutions of varying concentration between 0.05 M (mol/L) and 5.0 M NaCl at equilibrium 

conditions. Effluent fluid samples were regularly collected for chemical analyses to determine 

the concentration of Na+, Ca2+, Mg2+, Cl-, and SO4
2-. The experimentally confirmed presence 

of Ca2+, Mg2+, and SO4
2- was explained by partial dissolution of rock samples during the 

equilibration with NaCl solutions and leaching of these ions. 

These studies concluded that the zeta potential of carbonate rock samples was controlled by 

the concentration of the potential determining ions (PDIs), which were identified to be Ca2+, 

Mg2+, and SO4
2-. 

7.2.2.   Calcite surface complexation model development 

7.2.2.1   Basic definitions and assumptions 

A BSM was used in this study to model the zeta potential of pure calcite in contact with 

aqueous solutions. The modelling approach was consistent with the most comprehensive and 

empirically justified model developed by Heberling et al. (2011, 2014). Since the content of 

calcite in all three tested carbonate rock samples (Estaillades, Ketton, Portland) was found to 

be greater than 95%, it was assumed that calcite was the most dominant mineral in the 

samples so that only calcite surface sites were considered in the model. 



126 
 

The measured zeta potential with all tested carbonate rocks reflected presence of minerals 

other than calcite (e.g., dolomite and anhydrite), which led to a non-zero concentration of Mg2+ 

and SO4
2- found in the bulk solution as a result of mineral dissolution during the equilibration 

process. Therefore, we artificially added the equilibrium concentration of Mg2+ and SO4
2- 

measured in the experiment to our geochemical model of pure calcite. The amount of Ca2+ 

leached into NaCl solutions during the equilibration was either added artificially to the model 

and equilibration was switched off, or it was not added to the initial solution while the 

equilibration was activated (see Section 7.2.3 for details). 

Consistent with Heberling et al. (2011, 2014), calcite (1 0 4) face was assumed to dominate 

the interface due to its high abundance and the total surface site density of calcium and 

carbonate surface sites on the calcite (1 0 4) face was set to 4.95 sites per nm2 for each type 

of site. However, unlike Heberling et al. (2014), this study assumed that the zeta potential 

could be calculated by considering the shear plane coinciding with the OHP (see Figure 7.2), 

i.e., 𝜙𝛽 = 𝜙𝑑 = 𝜁 – the assumption that was also used by Li et al. (2016) (no stagnant diffuse 

layer). Li et al., (2016) considered that the assumption of the presence of a stagnant diffuse 

layer in Heberling et al. (2011) was due to the nature of electrokinetic measurements that were 

not corrected for surface conductivity effects thus reducing the experimental zeta potentials 

and then necessitating smaller modelled zeta potentials to be further away from the mineral 

surface, to match the data.     

The 0-plane was defined as the hydrolysis layer located 2.3 Å from the calcite surface defined 

by the surface of calcium ions, at which only protonation/deprotonation of surface sites took 

place (Heberling et al., 2014). The surface charge at 0-plane was found to be negative 

regardless of the concentration and composition of the adjacent solution and pH range of 5-

11 tested in our study, similar to the results reported by Heberling et al. (2014). On the other 

hand, the β-plane was set at a distance of 4.6 Å from the surface (Heberling et al., 2014), and 

we assumed that all the specific adsorption reactions between the surface sites and salt ions 

from the bulk electrolyte only occurred at the OHP where ions are adsorbed as outer-sphere 

complexes. 
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Figure 7.2. Illustration of the Basic Stern Model used in this study. The 0-plane corresponds to the 

mineral surface where only protonation/deprotonation reactions take place. We used fractional surface 

charge x = 0.5 for all surface sites. The Stern Layer is confined between the 0-plane and -plane, with 

the latter corresponding to the OHP where all adsorption reactions take place and where the zeta 

potential () is defined. CSL is the Stern layer capacitance. 

 

Ca

CO3

Ca

CO3

Ca

CO3

OH2

OH

OH2

+x

-x

x - 1

Na
+

-x

Ca

CO3

Ca

CO3

Ca

CO3

x - 1

OH

+x

OH2

+x

OH2

+x

-x

-x

-x

-x

Ca
2+

Mg
2+

CO3
2-

SO4
2-

Cl
-

Ca OH2

CO3

Ca
2+

-x

+x

Ca
2+

HCO3
-

Mg
2+

Mg
2+

C
a

lc
it
e

E
le

c
tr

ic
 p

o
te

n
ti
a

l,
 f

Distance

f0



0
 -

 p
la

n
e


 -

 p
la

n
e

CSL



128 
 

7.2.2.2.   Adsorption reactions and equilibrium constants 

All modelled adsorption reactions between calcite surface sites and ions are listed in Table 

7.2. The original set of adsorption reactions proposed by Heberling et al. (2011, 2014) and Li 

et al., (2016) was extended to include the reactions between the surface sites and Mg2+ and 

SO4
2- (R9 – R11 in Table 7.2). The equilibrium constant of R1 that corresponds to 

deprotonation of hydrated calcium surface sites was fixed to the value of LogK1 = -0.5 to yield 

the relative abundance of positive and negative surface complexes at 0-plane according to 

Heberling et al. (2014). 

Among published studies on SCM of calcite, there is no consensus on whether protonation of 

> CO3
−0.5 surface sites on 0-plane should be considered. Some of these studies included the 

reaction > CO3
−0.5 + H+ ⟺> CO3H+0.5 (e.g., Pokrovsky and Schott, 2002; Wolthers et al., 

2008; Heberling et al., 2011) while other studies (e.g., Heberling et al., 2014; Li et al., 2016) 

disregarded it. We could not find any published justification for inclusion of > CO3
−0.5 

protonation based on the experimental data or theoretical analysis. However, there have been 

several publications in support of excluding the protonation of the > CO3
−0.5 surface sites. One 

theoretical study on hydration of (1 0 4) calcite surface (Villegas-Jiménez et al., 2009) 

demonstrated that neutral H2O molecules preferentially ‘chemisorbed’ into > Ca+0.5 to form >

CaOH2
+0.5 site, and existence of > CO3H+0.5 surface sites was attributed to hydration of 

carbonate surface groups (> CO3OH2
−0.5) but not direct protonation of the > CO3

−0.5 sites. 

Therefore, in the absence of > CO3OH2
−0.5 there could be no > CO3H+0.5 sites resulting from 

subsequent dissociation of water molecules > CO3OH2
−0.5  ⟺> CO3H+0.5 + OH−. These 

conclusions were supported by a variety of experimental measurements reported in the paper. 

Another numerical study (Kurganskaya and Churakov, 2018) also predicted low fraction of 

protonated > CO3H+0.5 sites (<20%) on a variety of calcite mineral geometries for pH between 

5 and 11, which is consistent with pH values tested with our model. For pH greater than 7, the 

fraction of protonated carbonate sites decreased to below 5% according to this study. 

Moreover, inclusion of the > CO3
−0.5 surface site protonation would result in increased pH under 

simulated equilibrium conditions, thus mismatching the experimentally measured values. 

Effect of > CO3
−0.5 protonation on equilibrium pH will be discussed in more detail in Section 

7.3. For these reasons and following Heberling et al. (2014) we did not consider hydration of 

carbonate surface sites in our model.  
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Table 7.2. Adsorption reactions and their equilibrium constants. Equilibrium constant for R1 was not 

optimised. 

No Reactions LogKmin LogKmax LogKopt 

 0–plane reactions 

R1 > CaOH2
+0.5 ⟺> CaOH−0.5 + H+ -0.5 -0.5 -0.5 

 β–plane reactions 

R2 > CaOH−0.5 + Na+ ⟺> CaOH−0.5 − Na+ 0.09a 0.56b 0.56 

R3 > CaOH2
+0.5 + Cl− ⟺> CaOH2

+0.5 − Cl− -2.10c 0.45d -0.64 

R4 > CaOH−0.5 + Ca2+ ⟺> CaOH−0.5 − Ca2+ 1.68b 3.40e 3.40 

R5 > CaOH2
+0.5 + HCO3

− ⟺> CaOH2
+0.5 − HCO3

− 0.04b 12.50f 10.65 

R6 > CaOH2
+0.5 + CO3

2− ⟺> CaOH2
+0.5 − CO3

2− -7.07b 6.00g -4.59 

R7 > CO3
−0.5 + Ca2+ ⟺> CO3

−0.5 − Ca2+ 1.68b 3.40h 3.40 

R8 > CO3
−0.5 + Na+ ⟺> CO3

−0.5 − Na+ 0.56b 3.40i 0.56 

R9 > CaOH−0.5 + Mg2+ ⟺> CaOH−0.5 − Mg2+ 1.66a 3.40j 2.81 

R10 > CaOH2
+0.5 + SO4

2− ⟺> CaOH2
+0.5 − SO4

2− -2.10g 3.30k 3.30 → 11.9 

R11 > CO3
−0.5 + Mg2+ ⟺> CO3

−0.5 − Mg2+ 1.68l 3.40l 2.81 

a – Song et al., (2019). 

b – Heberling et al., (2014). 

c – only one value for the equilibrium constant for R3 was found in the literature (0.45), hence we 
considered LogKmin to be equal to that of R10 due to similarity. 

d – Li et al., (2016). 

e – only one value for the equilibrium constant for R8 was found in the literature (1.68), hence we 
considered LogKmax to be equal to that of R7 due to similarity. 

f – combined from two reactions reported in Pokrovsky and Schott, (2001). 

g – Qiao et al., (2015a). 

h – combined from two reactions reported in Pokrovsky et al., (2000). 

i – only one value for the equilibrium constant for R8 was found in the literature (0.56), hence we 
considered LogKmax to be equal to that of R7 due to similarity. 

j – only one value for the equilibrium constant for R9 was found in the literature (1.66), hence we 
considered LogKmax to be equal to that of R4 due to similarity. 

k – Qiao et al., (2015b). 

l – this is a new additional reaction introduced in our model with no values for the equilibrium constant 
found in the literature, hence we assumed both LogKmin and LogKmax to be equal to those of R7 due to 
similarity. 
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For reactions R2 – R11 we identified ranges of possible variation of equilibrium constants. The 

ranges were based on previously published values thus defining the minimum and maximum 

possible equilibrium constant for each reaction, LogKmin and LogKmax, respectively. Note, that 

due to lack of published information on some equilibrium constants, their maximum and 

minimum values were assumed to be similar to those of other adsorption reactions or 

calculated from published values of consecutive reactions (see caption of Table 2 for details). 

We used the Pitzer theory (pitzer.dat database of PREEQC; Pitzer, 1973; Harvie et al., 1984) 

to calculate the ion activity coefficients for all complexation reactions that take place in the 

bulk solution at high ionic strength systems (> 0.5 M). For ionic strengths below 0.5 M it was 

found that there was no noticeable difference in the modelled results obtained using either the 

Debye-Huckel (phreeqc.dat database of PHREEQC) or Pitzer theory to calculate the ion 

activity coefficients. Therefore, the Pitzer theory was used throughout the entire range of 

tested ionic strengths. 

7.2.2.3.   BSM – capacitance of the Stern layer and electric potential distribution within 

EDL 

The electric potential distribution within the Stern layer, between 0-plane and β–plane, is 

described by a linear variation, similar to the concept of two parallel plates capacitor which it 

can be expressed as follows: 

 

 𝜎0 = 𝐶𝑆𝐿  (𝜙0 −  𝜙𝛽), 7.1 

where 𝜎0 is the surface charge density at 0-plane (C·m-2), 𝐶𝑆𝐿 is the specific Stern layer 

capacitance (or Stern layer capacitance for simplicity) between 0-plane and β-plane (F·m-2), 

𝜙0 is the electric potential at 0-plane (V) and 𝜙𝛽 is the electric potential at β-plane (V). The 

Stern layer capacitance can also be expressed as: 

 𝐶𝑆𝐿 =  
𝜀o𝜀𝑟

𝑥
, 7.2 

where 𝜀o is vacuum permittivity (F·m-1), 𝜀𝑟 is relative permittivity of the Stern layer and x is the 

distance between 0-plane and β-plane or the thickness of the Stern layer (m). Beyond the β-

plane, in the diffuse layer, the electric potential distribution is described using the Gouy-

Chapman theory based on the Poisson-Boltzmann equation. The electric potential magnitude 

decreases exponentially with the distance from the mineral surface and ion concentrations 

follow a Boltzmann distribution. 
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7.2.2.4.   Two-step optimization 

Our model was developed through a two-step optimization process applied to experimental 

zeta potential results obtained with Estaillades and Ketton rock samples saturated with 

equilibrated NaCl solutions of ionic strengths between 0.05 M and 5 M. 

The first-step optimization aimed at determining the equilibrium constants of R2-R11, while 

the log 𝐾R1 and the Stern layer capacitance (CSL) were kept constant and equal to -0.5 and 

1.24 F·m-2, respectively, in accordance with the study of Li et al. (2016). The optimization of 

equilibrium constants of the surface complexation reactions and Stern layer capacitance was 

a necessary step, as previous studies considered either low salinity (e.g., Li et al., 2016) or 

moderate salinity solutions (e.g., seawater model by Song et al., 2019) using different sets of 

the parameters for each ionic strength, thus making their models suitable to very specific 

experimental conditions. To the best of our knowledge there has been no study that tried SCM 

for a range of salinities, and especially for ionic strengths above 0.5 M which are typical for 

many subsurface settings. The first-step optimization was conducted in the following manner: 

• Concentration of all ions (Na+, Ca2+, Mg2+, Cl- and SO4
2−) and pH reported by Al Mahrouqi 

et al. (2017) were used as input parameters. The concentration of carbon related ions 

(HCO3
-, CO3

2-), termed C(4) ions in PHREEQC, was not reported in the corresponding 

paper, therefore it was calculated from the charge balance equation. It was also 

assumed that the calculated C(4) concentration could exceed that of Ca2+ and C(4) ions 

that originate from the dissolved atmospheric CO2 in aqueous solution at equilibrium 

with air. This assumption is consistent with the experimentally confirmed dissolution of 

CaCO3 during the equilibration process that resulted in 10-3 M of dissolved Ca2+, and 

hence the same concentration of C(4) (Alroudhan et al., 2016; Al Mahrouqi et al., 2017), 

which is higher than the equilibrium concentration of 1.5×10-5M of C(4) in solution at 

equilibrium with air (Li et al., 2016). 

• The dissolution and precipitation of calcite was switched off at this optimization step by 

implementing PREEQC code ‘Calcite 0 0’ in ‘equilibrium_phases’ section (Parkhurst and 

Appelo, 2013; Heberling et al., 2014). 

• The R2 – R11 equilibrium constants were optimized by minimizing the objective function, 

f, that defines the normalised difference between the observed and the simulated zeta 

potential and pH: 

 𝑓 = ∑ (
𝜁𝑜𝑏𝑠− 𝜁𝑠𝑖𝑚

𝛿𝜁
)

2

+ ∑ (
pH𝑜𝑏𝑠− pH𝑠𝑖𝑚

𝛿pH
)

2

, 7.3 
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where 𝜁𝑜𝑏𝑠 is the observed zeta potential (mV),  𝜁𝑠𝑖𝑚 is the simulated zeta potential (mV), 

𝛿𝜁 is the experimental uncertainty of the zeta potential (mV),  pH𝑜𝑏𝑠 is the observed pH, 

pH𝑠𝑖𝑚 is the simulated pH and 𝛿pH is the experimental uncertainty of pH. Note that pH 

was included in the objective function since the computed value for a given set of 

equilibrium constants could be different from the input (experimental) value. Therefore, 

both directly measured properties (zeta potential and pH) were included in Equation 

7.3. The optimization was conducted by combining the PHREEQC geochemical code 

with an optimization software, PEST, in which the Gauss Marquardt Levenberg method 

was implemented. 

• The optimization was repeated three times, with the initial values of all equilibrium 

constants being either i) the minimum found in literature (LogKmin), ii) the maximum 

reported in the literature (LogKmax), or iii) the median within the tested range (see more 

details in Table 7.2 caption). This repetitive optimization procedure was required to find 

the global minimum of 𝑓, which corresponded to the best match between the 

experimentally measured and computed zeta potential and pH, so that the equilibrium 

constants that corresponded to the smallest 𝑓 were taken forward. 

• The results of the first step optimization procedure are shown in Table 7.2 (LogKopt
 

column). 

It was found that the calculated zeta potentials of Estaillades and Ketton were positive except 

for Estaillades at ionic strength below 1 M. In contrast, the experimental results showed that 

the zeta potential of both rock samples remained negative at low ionic strength to become 

less negative/positive at high ionic strength (Figure 7.3a). Moreover, the calculated Ketton 

zeta potential was more positive compared with that of Estaillades, while the experimental 

data showed an opposite trend. The more positive zeta potential measured in Estaillades 

sample could not be explained by different rates of calcite dissolution as the equilibrium Ca2+ 

concentration was found to be higher in Ketton sample (Figure 9a in Al Mahrouqi et al., 2017), 

which would imply a more positive zeta potential, consistent with our model. 

However, a considerably higher concentration of SO4
2- was also reported in experiments with 

Ketton (Figure 9b in Al Mahrouqi et al., 2017), and more negative zeta potential compared 

with that of Estaillades sample was attributed to it. The authors demonstrated that the zeta 

potential was not very sensitive to SO4
2- concentration (Figure 8b in Al Mahrouqi et al., 2017), 

as long as concentration of all other ions remained unchanged thus implying that high 

sensitivity to SO4
2- only took place when sulfate content was less or equal to that of the divalent 

cations. However, the paper did not consider a possibility of Ca2+ ions acting as bridges to 

SO4
2- ions (Nachbaur et al., 1998; Austad et al., 2009; Elakneswaran et al., 2009) thus 
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enhancing sulfate adsorption when elevated concentration of Ca2+ is found in bulk solution. 

Such bridging ability of Ca2+ implies that higher concertation of Ca2+ (and/or Mg2+) combined 

with higher concentration of SO4
2- (as was observed by Al Mahrouqi et al., 2017) should result 

in overall higher adsorption of sulfate and more negative zeta potential. Keeping in mind that 

dissolved SO4
2- could only originate from undetected minerals such as anhydrite (CaSO4) or 

epsomite (MgSO4·7H2O), a higher concentration of sulfate ions would always be accompanied 

by a higher equilibrium concentration of Ca2+ and/or Mg2+ as it was indeed reported by Al 

Mahrouqi et al., (2017). Therefore, we assumed that the reactivity of calcite to SO4
2- was 

considerably higher for rock samples that leached more sulfate and the constraint on LogKmax 

for R10 was removed, which resulted in a substantially better match to the experimental data 

(Figure 7.3b) and the corresponding value of the optimized equilibrium constant, LogKopt, of 

11.9 (Table 2). We expect that including Ca2+–SO4
2- ion bridging in the surface complexation 

reactions would lower LogKopt. Such inclusion implemented in SCM, would require currently 

unavailable experimental data to validate the model and therefore, data acquisition and the 

corresponding SCM adjustments will be conducted in a follow-up study. 

 

Figure 7.3. Calculated zeta potential after the first step optimization a) with the constraint −2.10 ≤

𝑙𝑜𝑔 𝐾𝑅10 ≤ 3.30, b) without the constraint −2.10 ≤ 𝑙𝑜𝑔 𝐾𝑅10. Black symbols denote the experimental 

results from Al Mahrouqi et al. (2017). Error bars represent the experimental uncertainty, which are 

referred to the published results of Al Mahrouqi et al. (2017). 

The calculated concentration of Ca2+ and SO4
2- (note, that input pH and concentration of Mg2+ 

were constant at 8.3 and pMg = 4.19, respectively, as reported by Al Mahrouqi et al. (2017), 

pMg = -logCMg with C denoting the ion concentration in M) for both rock samples is shown in 

Figure 7.4. The computed solution pH and concentration of all other ions (those that are not 

shown in Figure 7.4) remained unchanged and equal to the input values regardless of LogKopt 

for R10, hence the corresponding plots for these ions are not included in the figure. 
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Figure 7.4. Computed pCa (a) and pSO4 (b) from the first optimization step. Black symbols represent 

the experimental data (Al Mahrouqi et al., 2017). The results in color correspond to the modelled zeta 

potential that appears in Figure 3b. Error bars represent the experimental uncertainty, which are 

referred to the published result of Al Mahrouqi et al. (2017). 

After increasing the LogKopt for R10 to the value of 11.9, the match to the experimental results 

significantly improved as shown in Figure 7.3b for ionic strength ≤ 2 M. However, the 

simulated zeta potential at ionic strength greater than 2 M remained significantly more positive 

compared with the observed values, and for the Ketton sample it became positive as opposed 

to the negative zeta potential obtained from the experiments. Therefore, additional 

modification to the model was made. 

The second step optimization was initiated by fixing the optimal values of all equilibrium 

constants obtained from the first step optimization. Then, using the same objective function 

as in the 1st optimization step (Equation 7.3), the 2nd step optimization was implemented for 

each rock sample and each concentration of NaCl solution using the following variables: 

• The concentration of Ca2+ and SO4
2- was allowed to vary within the reported 

experimental uncertainty. 

• A variable capacitance of the Stern layer was assumed and allowed to vary between 0.2 

F·m-2 and 1.4 F·m-2 (see more detailed discussion in section 7.2.2.5). 

The resulting pH and concentration of SO4
2- and Mg2+ from the 2nd optimization step remained 

the same compared with the results of the 1st optimization step. However, to obtain a better 

match to the experimentally measured zeta potential required a non-monotonic change of the 

optimized Stern layer capacitance (Figure 7.5a) and increased concentration of Ca2+ (see the 

yellow→red shift for Estaillades and green→blue shift for Ketton in Figure 7.5b). The 

computed zeta potential was found to be in a good agreement with the experimental data after 
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the variable capacitance was implemented (see the yellow→red shift for Estaillades and 

green→blue shift for Ketton in Figure 7.6). 

 

Figure 7.5. Optimized Stern layer capacitance (a) and pCa as a function of NaCl concentration. Black 

symbols in b) correspond to the experiments of Al Mahrouqi et al. (2017). The yellow→red and 

green→blue shift represent manual adjustment of pCa to obtain a better match to the computed zeta 

potential in Figure 7.6. Error bars in (b) represent the experimental uncertainty, which are referred to 

the published result of Al Mahrouqi et al. (2017). 

 

 

Figure 7.6. Calculated zeta potential after the first and the second step optimization. Black symbols 

correspond to the experimental data of Al Mahrouqi et al. (2017). The yellow→red (Estaillades) and 

green→blue (Ketton) shifts demonstrate a significant improvement of the match after applying variable 

Stern layer capacitance. Error bars represent the experimental uncertainty, which are referred to the 

published result of Al Mahrouqi et al. (2017). 
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7.2.2.5.   Variable Stern layer capacitance 

As mentioned in the previous section, in order to obtain a good match with the experimentally 

measured zeta potential it was required to allow the Stern layer capacitance (CSL) to vary and 

to decrease globally. Following the definition of CSL (Equation 7.2), its optimized concentration 

dependence (Figure 7.5a) can be explained by either: i) constant distance between the 0-

plane and -plane, x, and decreasing relative permittivity of the Stern layer, r, with increasing 

NaCl concentration; ii) constant relative permittivity and increasing with salinity x; iii) increasing 

with salinity x and decreasing r; or iv) decreasing x and r with increasing salinity so that the 

rate of decrease of r exceeds that of x. Previously published studies have suggested that 

hydration diameter of cations decreases considerably with increasing salinity, hence x might 

become smaller as smaller in diameter ions may have a closer distance of approach to the 

mineral surface (see for example, results obtained from an analytical model for Mg2+ in 

Afanas’ev and Ustinov (2012) and for Na+ in Afanasiev et al. (2009) using the same approach, 

both verified by various experimental data) thus restricting the possible explanation for the 

decreasing CSL to option iv). This assumption is also supported by Brown et al. (2016) who 

suggested a substantial compression of the Stern layer with increasing electrolyte salinity, 

which was interpreted from experimental observations including EPM. In contrast, some 

molecular dynamics studies (e.g., Bourg and Sposito, 2011) suggest that there is no change 

in x with increasing salt concentration due to the presence of the hydrolysis layer. At the same 

time, an electric field within the Stern layer that is exerted on polar water molecules results in 

its polarization and may lead to a substantial decrease in r with increasing salinity (e.g., Yeh 

and Berkowitz, 1999), consistent with options i), iii) and iv). In the light of the above arguments, 

we assumed option i) in our model, implying constant x and decreasing with salinity r. Note, 

that we tested hypothesis iv) and found that CSL is significantly less sensitive to the variation 

of x (even assuming the maximum possible range between fully hydrated Na+ radius of 4.5 Å 

and crystallographic Na+ radius of 0.5 Å at 5 M; Kielland, 1973) compared with allowed 

variation of r (between the value that corresponds to diluted electrolyte, ~80 at a temperature 

of 20°C and that of structured water in the Stern layer, ~6 (Heberling et al., 2011), but this 

sensitivity analysis is not presented here. 

For simplicity we used a linear regression through optimized values of CSL as shown in Figure 

7.7: 

 𝐶𝑆𝐿 = −0.2232 × 𝐼𝑆 + 1.357 [𝐹 ∙ 𝑚−2] 7.4 

Where IS is the ionic strength of the solution of interest (M). To verify the regression is 

physically meaningful we assumed a constant distance between 0-plane and β–plane of x = 
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2.3 Å (Heberling et al., 2014) and used a published equation for the Stern layer relative 

permittivity (Conway, 1981; Hiemstra and Van Riemsdijk, 2006): 

 
𝜀𝑟 =

𝜀𝑧 − 𝜀𝑠

1 + 𝑏 (−
𝑑𝜙
𝑥 )

2 + 𝜀𝑠 
7.5 

where 𝜀𝑧 is the relative permittivity of the bulk electrolyte (at a given ionic strength and 

temperature), 𝜀𝑠 is the relative permittivity near the mineral surface (~6; Hiemstra and Van 

Riemsdijk, 2006), 𝑑𝜙 is the electric potential difference (V) between 0-plane with β–plane 

calculated by our model, and b = 1.2 × 10-17 m·V-1 is a constant (Hiemstra and Van Riemsdijk, 

2006). The values of CSL calculated using r computed from Eq. 5, and x = 2.3 Å are plotted in 

Figure 7.7 and are in good agreement with the optimized values thus confirming the validity 

of our approach. Note, that 𝑑𝜙 for Equation 7.5 were computed by PHREEQC using the linear 

regression of 𝐶𝑆𝐿 (blue line in Figure 7.7) and provided an excellent match to the zeta 

potentials, so that non-linear regressions for 𝐶𝑆𝐿 were not tried as this was not the focus of this 

study. 

 

Figure 7.7. Optimized Stern layer capacitance compared with values obtained using Equation 7.5 and 

approximated by the linear regression fitted to the optimized values in blue (Equation 7.4; quality of 

match to the optimized values of capacitance in blue is R2 = 0.91) as a function of ionic strength. 

7.2.3.   Calcite surface complexation model implementation 

To use our model for predicting the zeta potential of calcite in contact with aqueous solutions 

requires identification of input parameters and model options that accurately replicated the 
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reported experimental conditions. Therefore, the following steps should be taken to obtain an 

accurate prediction of the zeta potential: 

• Define the saturation index and the amount (typically, 10 mol to 20 mol to allow sufficient 

amount of calcite to equilibrate with the solution of interest) in ‘EQUILIBRIUM_PHASES’ 

section (see Appendix B). A non-zero amount should be chosen to replicate chemical 

equilibration between calcite and water of the experiment of interest, while the saturation 

index should be adjusted so that the computed Ca2+ concentration matches the 

experimental value. 

• Define input concentrations of all ions in the modelled solution consistent with the 

reported values. Note, that the input concentration of Ca2+ should be kept at zero and 

dissolution/precipitation of calcite switched on, when simulating the zeta potential 

experiments under equilibrium conditions, in which case content of Ca2+ in the solution 

is computed by PHREEQC and cross-compared with the experimental data. Otherwise, 

the measured concentration of Ca2+ should be used while switching off the calcite 

dissolution option (see examples in the Appendix B). 

• Use the optimized equilibrium constants for R1-R11 (Table 7.2). 

• For a given ionic strength, calculate the Stern layer capacitance using the linear 

regression equation (Equation 7.4) and allow PHREEQC to compute the zeta potential. 

To validate the result cross-compare the simulated pH and concentrations of all ions 

against the measured values. 

7.3.   Model validation, results and discussion 

Our model described in previous sections was tested against the experimentally measured 

zeta potential in intact carbonate core samples saturated with aqueous solutions reported by 

Al Mahrouqi et al. (2017), Jackson et al. (2016a) and Li et al. (2016). The developed model 

simulated the zeta potential from SPM conducted on three different intact carbonate samples 

saturated with equilibrated NaCl solutions (Al Mahrouqi et al., 2017), one intact carbonate 

sample saturated with equilibrated artificial solutions (Jackson et al., 2016a), and crushed 

Iceland spar sample saturated with unequilibrated NaCl solutions (Li et al., 2016). 

7.3.1.   Estaillades and Ketton samples saturated with equilibrated NaCl solution 

We began modelling the zeta potential with defining the input equilibrium concentration of Na+, 

Cl-, Mg2+, SO4
2- as reported in the paper. The initial input concentration of Ca2+ was set to zero 

M, partial CO2 pressure is set to 10-3.44 atm (consistent with atmospheric CO2), and dissolution 

of calcite is switched on (zero default value of the saturation index and 20 mol amount) to 

replicate the equilibrium experimental conditions. Applying the specific capacitance values 
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calculated using Equation 7.4 for each value of tested ionic strength our model computed the 

zeta potential and the resulting equilibrium concentration of Ca2+, and the results are shown 

in Figures 7.8a and 7.8b (note, that simulated pH and concentration of all ions except Ca2+ 

were found to be identical to the experimental values used as input parameters). It can be 

seen from Figures 7.8a and 7.8b that simulated results for the Ketton sample underestimate 

the concentration of Ca2+ and consequently overestimate the negative zeta potential. To be 

consistent with the experimental data, the calcite dissolution rate for Ketton was enhanced by 

setting the saturation index to 0.8, so that the modelled equilibrium concentration of Ca2+ 

became comparable with the measured one, which resulted in an excellent correlation 

between the modelled and measured zeta potential (Figures 7.8c and 7.8d). 

 

Figure 7.8. Experimentally measured (black symbols) and simulated zeta potential (a, c) and pCa (b, 

d) at equilibrium conditions for Estaillades and Ketton samples saturated with NaCl solutions. The 

modelled results were obtained assuming identical saturation index for both rock samples toward NaCl 

solutions (a, b), and higher saturation index for Ketton (0.80) sample relative to the default value (0) of 

Estaillades (c, d). Error bars represent the experimental uncertainty, which are referred to the published 

results of Al Mahrouqi et al. (2017). 
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7.3.2.   Portland sample saturated with equilibrated NaCl solution (Al Mahrouqi et al., 

2017) 

Our model was then applied to simulate the zeta potential obtained from Portland limestone. 

To evaluate the equilibrium concentration of Ca2+ dissolved from the Portland sample we 

implemented a similar procedure by comparing the computed and measured equilibrium 

concentration of Ca2+, which was reported to be slightly lower than that for the Ketton sample 

(compare diamonds and squares in Figure 10a of Al Mahrouqi et al., 2017). A good agreement 

between the computed and measured Ca2+ concentration corresponded to the saturation 

index of 0.6. However, a significantly higher, compared with either Estaillades or Ketton, 

concentration of SO4
2- was reported for equilibrated solutions in contact with Portland 

(compare diamonds with squares in Figure 10b of Al Mahrouqi et al., 2017), while the reported 

concentration of Mg2+ in all rock samples was the same (pMg = 4.19). Since SO4
2- in the 

equilibrated solution could only originate from dissolution of sulfate containing minerals 

(anhydrite or epsomite), the equilibrium concentration of SO4
2- would not be expected to 

exceed that of the total concertation of Ca2+ and Mg2+, which was not the case reported for 

Portland sample. We could not explain this discrepancy, and thus assumed that the reported 

concentration of Ca2+ was inaccurate and contained an experimental uncertainty, which 

resulted in underestimated concentration of the cation. Therefore, we artificially added Ca2+ to 

our simulated aqueous solution, so that the concentration of the added cation was equal to 

the difference in sulfate concentration across the salinity range: ∆[𝑆𝑂4
2−] = [𝑆𝑂4

2−]𝑃𝑜𝑟𝑡𝑙𝑎𝑛𝑑 −

[𝑆𝑂4
2−]𝐾𝑒𝑡𝑡𝑜𝑛. Note that the difference in sulfate concentration depends on the salinity as 

shown in Figure 7.9c, so that a single value of the saturation index could not be used thus 

justifying our approach of adding Ca2+ to the solution artificially. Keeping the saturation index 

equal to 0.6, the total computed concentration of Ca2+ increased by the amount equal to 

∆[𝑆𝑂4
2−] (as denoted by the yellow→green shift in Figure 7.9b), and we successfully modelled 

the zeta potential as presented in Figure 7.9a (the yellow→green shift in Figure 7.9a shows 

the effect on the computed zeta potential made by adding Ca2+ to the solution). 
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Figure 7.9. Measured and modelled zeta potential (a), pCa (b) and SO4
2- (c) of three natural rock 

samples. The amount of artificially added Ca2+ to the model of Portland equals the reported difference 

in concentration of SO4
2- as shown in (c) and explained in Section 7.3.2. Yellow diamonds represent 

the modelled zeta potential (a) and pCa (b) assuming saturation index of 0.6 and zero artificially added 

Ca2+. The results of the model with artifically added Ca2+ are denoted by green diamonds. Error bars 

represent the experimental uncertainty, which are referred to the published results of Al Mahrouqi et al. 

(2017). 
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7.3.3.   Estaillades sample saturated with artificial natural solutions (Jackson et al., 

2016a) 

Jackson et al. (2016a) measured zeta potential on Estaillades rock sample saturated with 

three different equilibrated solutions: low salinity 20dSW (20 times diluted seawater), SW 

(seawater) representing moderate ionic strength of 0.749 M, and 3.537 M high salinity FMB 

(formation brine), with detailed composition provided in Table 1 in Jackson et al. (2016a). The 

purpose of these experiments was to simulate the conventional and/or inverted low salinity 

waterflooding used to maximize oil recovery. To simulate the results, we modelled equilibrium 

conditions between calcite and the aqueous solutions by using zero initial concentration of 

Ca2+ and the same calcite dissolution rate as in Section 7.3.1. for Estaillades (default zero 

value of saturation index). The results of modelled zeta potential for all three solutions are 

presented in Figure 7.10. Our model could successfully reproduce the measured zeta 

potential (Figure 7.10a). However, the modelled equilibrium pH was significantly higher with 

20dSW and significantly lower with FMB experimental data (Figure 7.10b) despite the fact 

that modelled concentrations of all ionic species were found to be identical to the measured 

ones. We hypothesize that such discrepancy could result from the experimental protocol 

reported by Jackson et al. (2016a) who reported the initial (at time of preparation) pH and ionic 

concentration of solutions but not the final values established after equilibration with the rock 

sample. 

 

Figure 7.10. Simulated zeta potential (a) and pH (b) of three different brine compositions for Estaillades 

rock sample plotted as a function of ionic strength. The experimental data denoted by black symbols 

are extracted from Jackson et al. (2016a). Error bars represent the experimental uncertainty, which are 

referred to the published results of Jackson et al. (2016a). 
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It is worth mentioning, that equilibrium pH computed by our model in all tested aqueous 

solutions and rock samples matched the experimentally measured values apart from the 

results presented in Figure 7.10, where the simulaed equiibrium pH was higher than 

experimental for 20dSW and SW and lower than experimental for FMB. Inclusion of 

protonation of > CO3
−0.5 surface sites without changing the optimized equilibrium constants 

resulted in increased simulated equilibrium pH compared with the experimental values. Thus, 

the assumed exclusion of protonation of the > CO3
−0.5 surface sites was confirmed for all tested 

parameters except for FMB, for which such reaction might need to be included, and this will 

test in a follow-up study. 

7.3.4.   Iceland spar saturated with NaCl at non-equilibrium conditions (Li et al., 2016) 

Finally, our model was tested against the data reported by Li et al. (2016) on crushed Iceland 

spar saturated with 10-3 M, 10-2 M, and 5×10-2 M NaCl not equilibrated with the mineral. 

Description of the experimental procedure reported by Li et al. (2016) did not provide detailed 

information on the duration of the streaming potential measurements. However, considering 

the expected high permeability of the crushed samples (comparable to permeability of 

sandpacks reported by Vinogradov et al. (2018) and low salinity solutions used by Li et al. 

(2016), it was assumed that the reported streaming potential measurements on crushed 

Iceland spar did not last hundreds of hours required for complete equilibration between the 

mineral and the tested solutions. Therefore, we assumed that only partial equilibration was 

reached during the experiments and for that reason we modelled the data reported by Li et al. 

(2016) as obtained at non-equilibrium conditions so that any equilibration of calcite was 

disabled in the model (zero amount was set, Section 7.2.3 and Appendix B). However, due 

to partial equilibration expected in the experiments, we artificially added some non-zero initial 

concentration of Ca2+ to the modelled solution. The concentration of dissolved Ca2+ in 0.05 M 

NaCl was adjusted to 10-4.2 M (expressed as pCa = 4.2 in Figure 7.11b) at pH 9, consistent 

with observations reported by Alroudhan et al. (2016). Firstly, we assumed that the amount of 

dissolved (and therefore artificially added to the model) Ca2+ should depend on pH (lower pH 

would lead to higher concentration of dissolved Ca2+, consistent with higher dissolution rate 

reported by Anabaraonye et al. (2019). Furthermore, the pH dependence of pCa in 0.05 M 

NaCl experiments was extended throughout the entire range of pH (5-11) using a linear slope 

of 
∆𝑝𝐶𝑎

∆𝑝𝐻⁄ = 0.1, consistent with calcite dissolution rate reported by Chou et al. (1989). 

Secondly, we assumed that dissolved Ca2+ concentration should also depend on NaCl 

concentration (higher NaCl concentration would lead to higher concentration of dissolved Ca2+ 

as reported in Al Mahrouqi et al., 2017). Therefore, for NaCl solutions of 10-2 M and 10-3 M the 

end-points of pCa were moved up the vertical scale by 0.4 units relative to one another to 
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reflect on the salinity dependence of calcite dissolution. The value of 0.4 was approximated 

from the reported calcite dissolution rate as a function of NaCl concentration (Ruiz-Agudo et 

al., 2009) and assuming duration of the steaming potential measurement experiments 

conducted by Li et al. (2016) to be approximately 10 hours. Ultimately, ascribing the end-point 

values for Ca2+ concentration for each tested NaCl solution on the pH scale (Figure 7.11b) 

and applying linear variation of pCa between these end-points, our model successfully 

predicted the measured zeta potential (Figure 7.11a). Moreover, our model predicts that Ca2+ 

must be added to the modelled solution in order to replicate the experimentally measured zeta 

potential. Note, that C(4) of the amount equal to the added Ca2+ must also be added to the 

solution in addition to the initial concentration of C(4) that reflects the equilibrium content of 

dissolved CO2. Despite the fact that the computed from calcite dissolution or artificially added 

Ca2+ and C(4) to the bulk electrolyte was not reported by Li et al. (2016), the adsorption 

reactions for these ions were included in their SCM. Therefore, we are confident that our 

approach is consistent with Li et al. (2016). Our results also explain how the experimental data 

from Li et al. (2016) was successfully matched by means of non-zero concentration of Ca2+ 

and C(4) in the solution, both of which should increase with decreasing pH. If such pH 

dependence of Ca2+ and C(4) concentration was not applied to the model of Li et al. (2016), 

the simulated zeta potential would become more positive with increasing pH, which is an 

inverted trend relative to that reported in the paper. 

 

Figure 7.11. Modelled zeta potential (a) and pCa (b) of crushed Iceland spar samples saturated with 

three different NaCl solutions under non-equilibrium conditions. The modelled zeta potential is plotted 

in comparison with the experimental data (Li et al., 2016) denoted by black symbols. The slopes and 

intercepts of the pCa as a function of pH are discussed and defined  in Section 7.3.4. Error bars 

represent the experimental uncertainty, which are referred to the published results of Li et al.  (2016). 
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7.3.5.   Model capabilities, limitations and implication to carbonate-water subsurface 

settings 

The developed robust SCM uses a set of justified and well-defined calcite surface sites and 

surface reactions’ equilibrium constants combined with physically meaningful salinity 

dependence of the Stern layer capacitance. The model is capable to accurately predict zeta 

potential of a variety of carbonate-aqueous solution systems as long as calcite is the 

dominating mineral comprising natural rocks and the aqueous solution is dominated by NaCl. 

Moreover, an additional requirement for predictive capability of our model relates to the 

naturally occurring concentration of SO4
2- in the solution, which has to reflect dissolution of 

sulfate containing minerals such as anhydrite or epsomite over geological deposition 

timescale. This requirement implies that the equilibrium concentration of SO4
2- should not 

exceed the combined concentration of Ca2+ and Mg2+. 

The set of equilibrium constants proposed in this paper for ambient conditions (25°C and 1 

atm) has not been tested to model experimental results obtained with aqueous solutions with 

artificially added SO4
2- beyond natural occurrence, so that some amendments could be 

required to model such experiments. Moreover, we have not considered elevated temperature 

experimental conditions, which would require additional adjustments to the model: i) the 

equilibrium constants should be adjusted for elevated temperature by using for example the 

Van‘t Hoff equation; ii) the relative permittivity of the Stern layer should be recalculated; iii) the 

distance between the 0-plane and the -plane should be reduced to account for reduced 

hydrated diameter of cations at elevated temperature (consistent with Kuyucak and Chung, 

1994; Vinogradov et al., 2018); iv) the salinity dependence of the Stern layer capacitance 

should be amended taking into account ii) and iii) so that a new temperature specific 

regression is used. 

Capabilities of our model have a broad range of applications since the approach reported here 

has demonstrated to provide an accurate prediction of the zeta potential of natural carbonate 

rock in contact with aqueous solutions, subject to the above conditions. Our model works best 

for equilibrium experimental conditions as long as concentration of all major ionic species is 

known. In this sense, our model can significantly improve our understanding of streaming 

potential measurements and associated flows in shallow aquifers where temperature and 

pressure are low and therefore, laboratory measurements of pH and concentration of all ions 

of the solution at aquifer conditions are straight forward. Laboratory experiments should, in 

this case, assure establishment of full equilibrium between rock and the solution of interest 

and fluid samples should be analyzed for molar concentration of all ions to be used as input 

parameters of the model. The modelled zeta potential can then be used to predict flow patterns 

in critical zones (e.g., Jougnot et al., 2020), permeability heterogeneities (e.g., Jackson et al., 
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2012a) or even serve as an early warning of saline intrusion (e.g., Graham et al., 2018; 

MacAllister et al., 2018). 

Our model is useful in situations where the exact concentration of all ions is unknown. For 

example, the model can accurately assess the initial estimate of CO2 geological storage 

efficiency. The model would require input from the experimental data, given that laboratory 

experiments are conducted to establish full chemical equilibrium between carbonate rock and 

a CO2-saturated aqueous solution at the target formation conditions of temperature and 

pressure. Such experiment should report at least one measured concentration (of constituent 

ions such as Ca2+, Mg2+, SO4
2- or protons, pH) to validate the simulated by our model 

concentrations (similar to the experiments reported by Li et al., 2018). The modelled zeta 

potential then can be used to interpret the wetting state using Derjaguin-Landau-Verwey- 

Overbeek (DLVO) theory (e.g., Tokunaga, 2012) and the resulting residual trapping of the gas. 

7.4.   Conclusions 

We report a robust surface complexation model of calcite-water interfaces. The model was 

developed adopting a two-step optimization, in which the equilibrium constants of surface 

reactions were initially optimized to match two experimental datasets, while the ionic strength 

dependence of the Stern layer capacitance was obtained in the second optimization step. The 

model was applied to successfully predict multiple experimental datasets with an excellent 

quality of match, and the modelling results demonstrate that: 

• The unique set of the optimized equilibrium constants can be used universally to simulate 

the calcite-water zeta potentials obtained from the streaming potential measurements for 

all tested systems and conditions. 

• The Stern layer capacitance should decrease with increasing salinity to replicate high 

salinity zeta potentials; the range of varying capacitances was found to be consistent with 

analytically predicted values (Hiemstra and Van Riemsdijk, 2006) and with values used in 

previously published numerical studies (Yeh and Berkowitz, 1999). 

• Using experimental composition of investigated solutions as the only input, our model 

accurately predicts zeta potentials of all tested systems and conditions including natural 

limestones equilibrated with simple salt and complex solutions of ionic strengths between 

0.05 M and 5 M, and crushed calcite not equilibrated with NaCl solutions of ionic strength 

between 0.001 M and 0.01 M. 

• To simulate zeta potentials of natural carbonate-water systems at equilibrium conditions, 

the developed model requires knowledge of concentration of SO4
2- and Mg2+ that leach 
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from dolomite and anhydrite inclusions, while the equilibrium concentration of Ca2+ is 

produced by the model. 

• To simulate zeta potentials of calcite in contact with water under non-equilibrium conditions 

requires knowledge of either measured in real-time Ca2+ concentration or duration of the 

simulated experiment. 

• Our model is fully predictive given the required input parameters (e.g., ion concentration) 

are provided. However, additional surface reactions and/or model adjustments might be 

required to simulate the zeta potentials for carbonate rock in contact with aqueous solutions 

in which SO4
2- concentration exceeds that of Ca2+ and Mg2+ combined, this will be 

investigated in a follow-up study. 

Future work will also aim at acquiring additional experimental data obtained with varying 

concentration of C(4) and SO4
2- ions under equilibrium conditions to inform the surface 

complexation model, which will be updated and/or modified to include the hypothesis of ion 

bridging outside OHP.



Chapter 8 Summary, Conclusions and Future Work 
 

8.1.    Summary and conclusions 

Understanding the parameters that affect the zeta potential used for characterisation of CGS 

is essential, as the zeta potential is an important parameter that represent the electrostatic 

forces to characterises the wettability of geological target formations. Being able to estimate 

the wettability accurately will give us the advantage of assessing the efficiency of CO2 trapping 

during CGS. Recent work by Jackson and co-workers (e.g., Jackson and Vinogradov, 2012; 

Vinogradov and Jackson, 2015; Jackson et al., 2016a) proved that the streaming potential 

method was a promising method to measure the zeta potential in porous saturated rock. 

Moreover, the method can be used at elevated temperature, high pressure and multi-phase 

conditions which makes the measured zeta potential representative of the actual conditions of 

subsurface settings and yet, the zeta potential in such conditions is very limited. This study 

consists of two main investigations, including the experimental and numerical approach. 

This dissertation presents a novel experimental methodology using the streaming potential 

measurement to accommodate for an injection of CO2-rich live water at temperatures of 23 °C 

and 40 °C and at pressures of up to 10.0 MPa. This dissertation reports the first measured 

zeta potential on a clean sandstone (>99 wt.% quartz) considering two types of solutions (i.e., 

dead and live solutions) with different types of salts and dissolved CO2 contents. The zeta 

potential of the dead solution is independent of the pore pressure, whereas that of the live 

solution zeta potential increases (becomes smaller in magnitude) with the increase in pore 

pressure (decrease solution pH). The pore pressure, temperature and salt compositions 

indirectly affect the pH of the solution, which affects the zeta potential of the dead and live 

solutions. Therefore, considering a clean sandstone, the zeta potential is controlled by the pH 

of the solution. In contrast, the zeta potential of clayey sandstone is not entirely dependent on 

the solution pH. An anomalous behaviour was observed in the zeta potential of the dead 

solution with the variation in ionic strength (i.e., the zeta potential remained constant with the 

increase in NaCl concentration). Under the same experimental conditions (pressure and 

temperature), the live solution zeta potential of clayey sandstone was lower in magnitude than 

that of clean sandstone. This result can be attributed to the clay and feldspar content in the 

pore space and their exposure to electrolytes in the larger pores. 

This dissertation also reports the novel result of the multi-phase zeta potential of the live 

solution–scCO2–rock system and its link to wettability. A wettability indicator was introduced 

to differentiate between five wetting states, ranging from strongly CO2-wet to strongly water-

wet. The wettability measured from the single- and multi-phase zeta potential measurements 
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suggests that intermediate-wet conditions were obtained with NaCl-10, strongly water-wet 

conditions were obtained with Na2SO4, weakly water-wet conditions were obtained with NaCl, 

and weakly CO2-wet conditions were obtained with CaCl2 and MgCl2.  

This dissertation also reports on the impact of fracture apertures with multiple minerals in the 

rock sample on the zeta potential. The results revealed that the zeta potentials of fractured 

gneiss are unique compared to sandstones or carbonates owing to their unique mineralogy. 

The presence of divalent ions (Ca2+, Mg2+ and SO4
2−) in the solutions are responsible for 

changes in the zeta potential and consequently, these ionic species are considered as PDIs 

for gneiss. Further, the streaming potential coefficients at two different confining pressures (4 

MPa and 7 MPa) were similar, suggesting that the surface electrical conductivity is extremely 

low when a solution flows through the fracture.  

Experimentally, obtaining the zeta potential at a high ionic strength and with complex brines 

poses a significant challenge. Therefore, a model using a surface complexation approach was 

developed to predict the zeta potential under such conditions, which are typically found in 

subsurface geological settings. Although our model was developed and validated for 

carbonates, a key finding suggests that the Stern layer capacitance should decrease with the 

increase in ionic strength to reproduce the experimental zeta potentials at high ionic strength. 

This result can be applied to other rock types to simulate the zeta potential using the same 

approach. 

8.2.    Future Work 

Despite our very encouraging findings, further work is required to address some of the still 

unknown parameters and confirm our results: 

• In chapter 3, the investigation was conducted at constant ionic strength conditions and 

with single salt solutions. These parameters can be extended to higher ionic strengths 

(≥ 0.05M) and complex solutions. Moreover, further increasing the temperature (≥ 

40°C) and pore pressure (≥ 10 MPa) would affect the amount of dissolved CO2 and 

might yield different zeta potential (zero or positive), which still needs to be confirmed. 

Moreover, in this chapter, we did not cover pH range of 4 – 5.5 in terms of zeta potential 

measurements. Hence, additional experiments should also address this gap. An 

impact of surface roughness on the zeta potential should also be investigated in the 

future. 

• In chapter 4, clay and feldspar minerals had a significant impact on dead and live water 

zeta potential. In order to gain a better understanding of zeta potential when water is 

in contact with these minerals, additional experiments are needed for sandstone 
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samples containing different amounts of different minerals. Moreover, our NaCl live 

water was limited to 0.05M ionic strength, so additional experiments with higher ionic 

strength are desirable and should be combined with different temperatures and pore 

pressures to investigate the impact of these parameters on zeta potentials of clayey 

sandstone. In addition, the effect of surface roughness on the zeta potential at clayey 

sandstone should be planned for future work. 

• In chapter 5, we found that the multi-phase zeta potential was sensitive to salt type of 

aqueous solutions and pore pressures. However, our experiments were also limited to 

constant ionic strength and a single value of elevated temperature. Thus, further 

investigation using various ionic strengths, mixed salt solutions, different temperatures 

and pore pressures are necessary to address this issue. Further, the X-ray micro-

computed tomography is recommended for future experiments to enable accurate 

quantification of the residual CO2 saturation. Different rock samples such as carbonate 

and clayey sandstone should also be tested to obtain the relationship between the 

multi-phase zeta potential and wettability.  

• Chapter 6 provides new insights into effects of fracture aperture on the zeta potential. 

However, our results are limited to two different confining pressures and ambient 

temperature. As the fracture aperture depends on confining pressure (directly related 

to reservoir depth) and temperature, extending experimental parameter space to 

include elevated temperature, higher pore pressure, complex brine composition and 

high ionic strength should be considered in future work. Moreover, acquiring new data 

on other fractured rock samples (e.g., fractured carbonate) is also beneficial. 

• As presented in chapter 7, the surface complexation mode was validated for brines 

with low concentration of C(4) and SO4
2-

 ions. At the same time, at the moment there 

are very limited (or non-existent) experimental data on the zeta potential with higher 

content of C(4) and SO4
2-. To address this knowledge gap, experimental work to 

investigate the isolated effect of C(4) and SO4
2-

  ions on the zeta potential of calcite is 

underway, but the outcome of this study will have to be used to improve the current 

model in future. Furthermore, the concept of decreasing capacitance with increasing 

salinity should be probed for other rock types (e.g., sandstone). 

• In this dissertation, a wide range of single- and multi-phase zeta potentials at various 

conditions (pressures, temperatures and dissolved CO2) in intact several rock samples 

(clean sandstone, clays sandstone and fractured gneiss) saturated with dead and live 

water were measured experimentally. Moreover, a reliable predictive surface 

complexation model for carbonates was also developed. These results can be utilised 
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for further modelling studies using DLVO theory to investigate the total disjoining 

pressure and thus, the wettability of the potential subsurface reservoir for the 

application of CO2 geo-sequestration. Furthermore, a pore-scale modelling approach 

should also be considered for future work to improve the understanding of the changes 

in the zeta potential of water-CO2-rock system and its link to the wettability alteration 

in porous media. 
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Appendix A Compilation of experimental data 
 
Table A.1. Summary of experimental data zeta potential in single-phase Fontainebleau sample 

 
 

Solution Pore P, MPa CO2 content Confining P, MPa T, 
o
C w, S/m rw, S/m pH d (pH) , Pa-s , Pa-s , err xCO2  r CEK, mV/MPa  , mV +d ( ), mV -d ( ), mV

0.2 4 - 3.5 23 0.55 0.0093 7.10 0.10 9.373E-04 9.349E-04 0.26% - 6.997E-10 -29.9 -22.111 0.65 0.65

4.5 6.5 -7 23 0.55 0.0092 7.00 0.10 9.373E-04 9.335E-04 0.41% - 6.997E-10 -29.9 -21.529 0.65 0.65

7.5 10.5 - 11 23 0.56 0.0090 7.10 0.10 9.373E-04 - - - 6.997E-10 -29.9 -22.252 0.65 0.65

10 12 - 12.5 23 0.55 0.0098 7.20 0.10 9.373E-04 9.321E-04 0.55% - 6.997E-10 -30.7 -22.859 0.65 0.65

0.2 3 - 3.5 40 0.61 0.0108 6.30 0.20 6.573E-04 6.528E-04 0.68% - 6.491E-10 -28.8 -17.734 1.00 1.00

4.5 6.5 -7 40 0.60 0.0105 6.30 0.20 6.572E-04 6.534E-04 0.58% - 6.491E-10 -28.3 -17.686 1.00 1.00

7.5 10.5 - 11 40 0.61 0.0101 6.20 0.20 6.573E-04 - - - 6.491E-10 -28.5 -17.974 1.00 1.00

10 12 - 12.5 40 0.60 0.0099 6.20 0.20 6.572E-04 6.539E-04 0.51% - 6.491E-10 -28.3 -16.890 1.00 1.00

4.5 6.5 -7 40 0.65 0.0112 3.80 0.10 6.997E-04 - - 1.47E-02 6.491E-10 -23.6 -15.580 0.84 1.12

7.5 10.5 - 11 40 0.64 0.0110 3.50 0.10 7.153E-04 - - 2.00E-02 6.491E-10 -19.0 -12.280 1.55 1.12

10 12 - 12.5 40 0.55 0.0095 3.33 0.05 7.194E-04 - - 2.14E-02 6.491E-10 -18.1 -10.169 1.10 0.39

0.2 3 - 3.5 23 0.34 0.0057 7.80 0.10 9.362E-04 9.229E-04 1.43% - 6.998E-10 -56.4 -25.046 0.65 0.65

7.5 10.5 - 11 23 0.34 0.0058 7.70 0.10 9.362E-04 - - 6.998E-10 -55.6 -24.370 0.65 0.65

0.2 3 - 3.5 40 0.46 0.00773 6.70 0.20 6.566E-04 6.658E-04 1.40% - 6.491E-10 -43.1 -19.596 1.00 1.00

7.5 10.5 - 11 40 0.46 0.0078 6.70 0.20 6.566E-04 - - - 6.491E-10 -44.8 -20.715 1.00 1.00

7.5 Live 10.5 - 11 40 0.54 0.0093 3.60 0.10 7.142E-04 - - 1.99E-02 6.491E-10 -24.1 -13.147 0.72 1.32

0.2 3 - 3.5 23 0.37 0.0063 6.20 0.10 9.364E-04 9.179E-04 1.97% - 6.998E-10 -26.5 -13.202 0.65 0.65

7.5 10.5 - 11 23 0.37 0.0063 6.20 0.10 9.364E-04 9.185E-04 1.91% - 6.998E-10 -26.9 -13.433 0.65 0.65

0.2 3 - 3.5 40 0.51 0.0084 5.60 0.20 6.568E-04 - - - 6.491E-10 -25.3 -12.557 1.00 1.00

7.5 10.5 - 11 40 0.51 0.0084 5.50 0.20 6.568E-04 - - - 6.491E-10 -25.4 -12.555 1.00 1.00

7.5 Live 10.5 - 11 40 0.50 0.0085 3.17 0.05 7.157E-04 - - 2.03E-02 6.491E-10 -17.6 -8.856 0.48 0.65

0.2 3 - 3.5 23 0.36 0.0066 6.90 0.10 9.363E-04 - - - 6.998E-10 -28.0 -14.460 0.65 0.65

7.5 10.5 - 11 23 0.36 0.0064 6.80 0.10 9.363E-04 - - - 6.998E-10 -28.4 -14.138 0.65 0.65

0.2 3 - 3.5 40 0.48 0.0081 6.05 0.20 6.567E-04 - - - 6.491E-10 -27.4 -13.047 1.00 1.00

7.5 10.5 - 11 40 0.48 0.0082 6.10 0.20 6.567E-04 - - - 6.491E-10 -27.3 -13.196 1.00 1.00

7.5 Live 10.5 - 11 40 0.59 0.0101 3.40 0.05 7.149E-04 - - 2.009E-02 6.491E-10 -17.8 -10.638 0.92 0.62

Directly measured From Kestin et al., [1981]

Calculated using Sanders et al., [2012] From Abdulgatov and Azizov, [2006]

Calculated using Islam and Carlson [2012] From Korosi and Fabuss, [1968]

Calculated using rw and F xCO2 calculated from Zhao et al., [2015b, 2015c]

MgCl₂
Dead

NaCl
Dead

Live

Na₂SO₄
Dead

CaCl₂
Dead
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Table A.2. Summary of experimental data zeta potential in single-phase San Saba sample 

 
 
 
Table A.3. Summary of experimental data zeta potential in multi-phase Fontainebleau sample 

IS,M Pore P, MPa CO2 content Confining P, MPa T, 
o
C w, S/m pH d (pH) , Pa-s  r CEK, mV/MPa  , mV +d ( ), mV -d ( ), mV

0.2 3.5 - 4 23 0.550 6.8 0.10 9.37E-04 7.00E-10 -21.9 -16.13 0.52 0.52

4.5 6.5 -7 23 0.557 6.75 0.10 9.37E-04 7.00E-10 -21.0 -15.67 0.52 0.52

7.5 10.5 - 11 23 0.553 6.75 0.10 9.37E-04 7.00E-10 -21.5 -15.93 0.52 0.52

10 12 - 12.5 23 0.555 6.8 0.10 9.37E-04 7.00E-10 -21.3 -15.84 0.52 0.52

0.2 3 - 3.5 40 0.601 6.5 0.10 6.57E-04 6.49E-10 -22.3 -13.57 0.65 0.65

4.5 6.5 -7 40 0.601 6.55 0.10 6.57E-04 6.49E-10 -22.1 -13.45 0.65 0.65

7.5 10.5 - 11 40 0.601 6.5 0.10 6.57E-04 6.49E-10 -22.4 -13.63 0.65 0.65

10 12 - 12.5 40 0.601 6.55 0.10 6.57E-04 6.49E-10 -22.7 -13.81 0.65 0.65

4.5 6.5 -7 40 0.505 3.72 0.05 6.99E-04 6.49E-10 -18.7 -10.17 1.18 0.72

7.5 10.5 - 11 40 0.496 3.43 0.05 7.15E-04 6.49E-10 -15.7 -8.57 0.96 1.16

10 12 - 12.5 40 0.493 3.26 0.05 7.19E-04 6.49E-10 -13.5 -7.37 1.17 1.24

0.1 0.2 3.2 23 1.015 6.6 0.1 9.40E-04 7.00E-10 -12.4 -16.91 0.70 0.70

0.2 0.2 3.2 23 1.982 6.6 0.1 9.48E-04 6.99E-10 -7.0 -18.80 0.80 0.80

0.5 0.2 3.2 23 4.110 6.7 0.1 9.72E-04 6.98E-10 -2.9 -16.59 1.00 1.00

1 0.2 3.2 23 8.090 6.7 0.1 1.02E-03 6.97E-10 -1.3 -15.35 1.00 1.00

0.5

Dead

Live

Dead

Solution Pore P, MPa Confining P, MPa w, S/m pH d (pH) , Pa-s  r Displacement Sw Sgr krw
e CEK, mV/MPa  , mV +d ( ), mV -d ( ), mV

10.5 - 11 0.637 3.50 0.10 7.153E-04 6.4908E-10 Drainage (Swirr) 0.32 0.68 0.0 0.0 0.0 0.0

10.5 - 11 0.637 3.40 0.10 7.153E-04 6.4908E-10 Imbibition (1-Sgr) 0.75 0.25 0.615292 -23.0 -14.86 2.00 2.00

10.5 - 12 0.637 3.40 0.10 7.153E-04 6.4908E-10 Multirates -16.1 -10.39 1.69 2.69

12 - 12.5 0.554 3.33 0.05 7.194E-04 6.4910E-10 Drainage (Swirr) 0.30 0.70 0.0 0.0 0.0 0.0

12 - 12.5 0.554 3.31 0.05 7.194E-04 6.4910E-10 Imbibition (1-Sgr) 0.83 0.17 0.4548096 -25.2 -14.14 2.15 2.15

13 - 12.5 0.554 3.31 0.05 7.194E-04 6.4910E-10 Multirates -16.5 -9.26 2.15 1.57
10.5 - 11 0.540 3.60 0.10 7.142E-04 6.4910E-10 Drainage (Swirr) 0.22 0.78 0.0 0.0 0.0 0.0

10.5 - 11 0.540 3.64 0.10 7.142E-04 6.4910E-10 Imbibition (1-Sgr) 0.73 0.27 0.4178677 -27.6 -15.07 2.73 2.73

10.5 - 12 0.540 3.64 0.10 7.142E-04 6.4910E-10 Multirates -26.2 -14.29 1.30 2.00
10.5 - 11 0.496 3.17 0.05 7.157E-04 6.4911E-10 Drainage (Swirr) 0.34 0.66 0.0 0.0 0.0 0.0

10.5 - 11 0.496 3.15 0.05 7.157E-04 6.4911E-10 Imbibition (1-Sgr) 0.63 0.37 0.4894544 -29.9 -15.04 2.08 2.08

10.5 - 12 0.496 3.15 0.05 7.157E-04 6.4911E-10 Multirates -22.6 -11.37 0.94 1.01
10.5 - 11 0.589 3.40 0.05 7.149E-04 6.4909E-10 Drainage (Swirr) 0.30 0.70 0.0 0.0 0.0 0.0

10.5 - 11 0.589 3.40 0.05 7.149E-04 6.4909E-10 Imbibition (1-Sgr) 0.64 0.36 0.4637232 -30.0 -17.90 2.34 2.34

10.5 - 12 0.589 3.40 0.05 7.149E-04 6.4909E-10 Multirates -23.3 -13.95 0.59 1.86

MgCl2 7.5

NaCl

7.5

10

Na2SO4 7.5

CaCl2 7.5
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Figure A.1. Intrinsic formation factor of Fontainebleau sandstone sample 

 

 

 

Figure A.2. Intrinsic formation factor of San Saba sandstone sample 
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Appendix B PHREEQC code examples 
 

In examples below, text that follows the # symbol is not part of the code, but comments aimed 

at clarifying the meaning of program keywords and values 

 

EQUILIBRIUM_PHASES #basic description 

Calcite 0 20 

# 0 is the default saturation index; 20 is the available amount of calcite in mol. The saturation 

index can be either negative or positive to hinder or enhance calcite dissolution, respectively. 

To prevent any dissolution or precipitation of calcite during the equilibration, the amount should 

be set to zero. 

 

CO2(g) -3.44# defines partial CO2 pressure at equilibrium with atmospheric air equal to 10-

3.44 atm 

---------------------------------------------------------------------------------------------------------------------------

-------- 

 

EQUILIBRIUM_PHASES #example 1 – simulation of established equilibrium between calcite 

and water, default saturation index (Estaillades). The computed equilibrium concentration of 

Ca2+ dissolved in 0.05 M NaCl is pCa=3.18 

Calcite 0 20 

CO2(g) -3.44 

 

SOLUTION 1 

 temp 25 

 units mol/L 

 Na 0.05 

 Cl 0.05 charge #the charge keyword forces charge balance of the solution by 

adjusting concentration of Cl 

 Mg 0.0000645 #experimental 

 S(6) 1.800E-4 #experimental 

SAVE SOLUTION 1 

---------------------------------------------------------------------------------------------------------------------------

-------- 

 

EQUILIBRIUM_PHASES #example 2 – simulation of established equilibrium between calcite 

and water, adjusted saturation index (Ketton). The computed equilibrium concentration of Ca2+ 

dissolved in 0.05 M NaCl is pCa=2.90 

Calcite 0.80 20 

CO2(g) -3.44 

 

SOLUTION 2 

 temp 25 
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 units mol/L 

 Na 0.05 

 Cl 0.05 charge 

 Mg 0.0000645 #experimental 

 S(6) 0.011 #experimental 

SAVE SOLUTION 2 

---------------------------------------------------------------------------------------------------------------------------

-------- 

 

EQUILIBRIUM_PHASES #example 3 – simulation of no established equilibrium between 

calcite and water (Iceland Spar), default saturation index non-zero input concentration of Ca2+. 

Calcite 0 0 

CO2(g) -3.44 

 

SOLUTION 3 

 temp 25 

 units mol/L 

 Na 0.05 

Cl 0.05 charge 

Ca 0.0000631 #equivalent to pCa=4.2 interpreted from Figure 2a (Alroudhan, et al., 

2016) assuming 10 hours of partial equilibration during the experiment, which results in 

pH=9. 

SAVE SOLUTION 3 

---------------------------------------------------------------------------------------- 
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Appendix C Multi-rate streaming potential experiments at Sw = 1 

– Sgr 

 

The results of all multi-rate PS experiments at Sw = 1 – Sgr, along with the summary of all multi-

phase zeta potentials interpreted from the multi-rate tests and compared with the respective 

single-phase values are presented in the figure below. 

 

Figure C.1. The slope on the stabilised pressure difference vs stabilised voltage (solid line) 
corresponds to the streaming potential coupling coefficient for (a) NaCl, (b) MgCl2, (c) NaCl-
10, (d) CaCl2 and (e) Na2SO4 solutions. The dashed lines represent the upper and lower limits 
of the coupling coefficient within the experimental errors; the variation of the slope within the 
limits of the dashed lines corresponds to the uncertainty of the coupling coefficient and the 
multi-phase zeta potential. (f) Shows the multi-phase zeta potentials in comparison with the 
single-phase data. As a result of invoking multiple flow rates, the error in the multi-phase zeta 
potential decreased thus increasing our confidence in the results of (f). 
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The results for CaCl2 and MgCl2 shown in Figure 5.C1f demonstrate that 𝜁𝑐𝑤 is unambiguously 

negative, consistent with our conclusion based on single-rate experiments. Moreover, as 

expected, a higher flow rate resulted in reduction of Sw at the end of the imbibition experiment, 

hence producing additional (unknown) amount of CO2 and reducing the impact of C_water-

CO2 interfacial zeta potential on the multi-phase value thus bringing 𝜁𝑠𝑝 and 𝜁𝑚𝑝 closer to each 

other, and in the case of NaCl-10 eliminating the difference completely. 
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Appendix D Permission 
 

 

 

Figure D.1. Screenshot from Elsevier permission guidelines 
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