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Abstract

Currently, there are concerns about the safety of carbon sequestration in the geological media. To
assuage this concern, scientists and engineers have the tasks to demonstrate fool-proof and
comprehensive techniques that can monitor the movement, or otherwise, concentration of the injected
COs in the subsurface. In this work, well-defined laboratory experiments were used to demonstrate the
key physico-chemical characteristics and dielectric parameters that are useful in monitoring carbon
sequestration sites. The porous materials used were basalt and silica sand samples to demonstrate
the possibility of CO- injection into different media. To simulate the resident fluids, distilled and brine
water samples were used in separate experimentations. Also, the pressures and temperatures were
chosen to correspond to different geological depths which are relevant for CO- injection. The pH, bulk
electrical conductivity (oy,) and bulk dielectric permittivity (ey,) of the system were measured for the two
different media. On one hand, the decrease in pH was clearly observed in both the basalt and silica
sand after the exposure to CO.. On the other hand, o, and g, increased as CO, was injected. Our
results further revealed a higher ion mobilization potential in basalt medium than that in silica sand.
This results in lower pH and higher electrical conductivity in the basalt medium than the silica medium.
Thus, a simultaneous measurement of pH, o, and g, are proposed as a multiparameter approach to
monitor CO- leakage from the storage reservoir. As far as we are aware, this is the first work in the
open literature that reports simultaneous dielectric and electrical behaviours of CO.-water-porous
media system for basalt porous medium in connection with carbon sequestration.

Keywords: Basalt; silica; shallow aquifer; distilled water; brine; pH; bulk electrical conductivity (oy,);
bulk dielectric permittivity (g;,)

1 Introduction

Carbon capture and sequestration (CCS) is a promising approach for reducing atmospheric CO-
emission (Abidoye and Das, 2020; Kim et al., 2018; Terzi et al., 2014). The process starts with the
capture of CO; primarily from power plants, transport through pipeline or ships and injection into a
geological formation (Rabiu et al., 2017b; Myer, 2011). Subsurface formations such as depleted
hydrocarbon fields (Adebayo et al., 2017; Cao et al.,, 2020), saline aquifers (Borner and Spitzer,
2019), basalts (Snaebjornsdottir et al., 2020) and un-mineable coal seams (Talapatra, 2020) have
been identified to be suitable as CO- repositories (Metz et al., 2005; Cao et al., 2020). In particular,
saline aquifers have been suggested to provide an enormous potential of CO, storage capacity when
compared with the other geological formations (Metz et al., 2005; Snaebjornsdottir et al., 2020). On
the other hand, depleted oil and gas reservoirs can provide both economic and CO. storage
advantages. Basalt repositories are now gaining popularity as the site for CO, sequestration because
they have the potential to store CO, permanently without any risk of leakages after storage.

The major trapping mechanisms that take place during CO; sequestration in saline aquifers are
structural, residual, solubility and mineral trapping (Rabiu et al., 2017a; Metz et al., 2015). Previous
studies have shown that salinity has a significant influence on CO; trapping mechanisms (Al-
Khdheeawi et al., 2017; Kumar et al., 2020). For example, lower salinity enhances residual and
solubility trapping significantly and prevents the free mobility of CO; in the aquifer. Salinity is less
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important in basalt rock but, its consideration is essential in saline aquifers typically composed of
silica sand. Injection of CO; into saline aquifer has been considered as a two-phase flow process
because the injected CO, (non-wetting phase) displaces the resident brine water (wetting phase)
during the drainage process (Abidoye and Das, 2020; Ajayi et al., 2019; Cao et al., 2020). On the
other hand, when the injection of CO, stops, the resident brine water (wetting phase) tends to
displace the CO, (non-wetting phase) during an imbibition process (Ajayi et al., 2019; Cao et al.,
2020). These flow processes are expected to occur in presence of some geochemical reactions, for
instance, reactions between water, CO;, and silica/basalt minerals can lower the pH (Little and
Jackson, 2010). The reactions can buffer the fluid pH and increase alkalinity (Snaebjornsdottir et al.,
2020; Kampman et al., 2014) which have a direct effect on dielectric properties of the media. The
effect of rock-fluid reactions/interactions on CO; solubility which affect the storage capacity of CO»
sequestration in saline aquifers have been studied by Emami-Meybodi et al. (2015) and Erfani et al.
(2020). Emami-Meybodi et al. (2015) have reported a feasibility for enhancing CO. dissolution by
using a method that relies on injecting water on top of CO2 plume. Due to the geochemical reactions
of COz and brine with the resident minerals, the pH and ion concentration of the brine change in the
reservoir, and hence, the dielectric properties of the reservoir. Erfani et al. (2020) have studied the
spatial and temporal dependency of such geochemical effects during CO, sequestration in geological
formations.

Generally, COs is injected as a supercritical fluid (i.e., pressure above 73 bar and temperature above
31.1°C) and at the depth of 800m or below (Rabiu et al., 2017a; Abidoye et al., 2014; Holloway, 2007;
Metz et al., 2005). Supercritical CO; is denser than gaseous CO- but has lower density than the brine
in the porous media (Rabiu et al., 2017a; Metz et al., 2005; Abidoye et al., 2014). Thus, after a CO
injection cycle stops, the supercritical CO, tends to move up to the confining layer due to the
buoyancy force, i.e., the difference in densities between the injected CO. and the resident brine
(Altman et al., 2014; Ajayi et al., 2019; Khudaida and Das, 2014; Suekane et al., 2008; Cao et al.,
2020). It is therefore important to ensure that the caprock in any CCS site is fully characterised to
determine if there is any fault or fracture that might make the CO; storage ineffective. Appropriate pH
sensors can be used as an indicator to detect the leakage of CO; (Blackford et al., 2020).

While the CCS is a feasible option to mitigate the problem of CO. emission, the interplays of different
parameters during CO-injection are still not fully understood. This is because a number of parameters
such as CO; injection pressure, temperature and brine salinity govern the behaviour of CO, spread
and mixing in the subsurface. Also, some studies argue that an increase in the reservoir pressure
during the CO- injection will trigger earthquakes and consequently create faults or micro-fractures
within the geological formation, which can eventually lead to CO; leakage (Szulczewski, 2013; Rabiu
et al.,, 2017a). The faulty caprock will allow the leakage of CO, through the surface and subsurface
where the potable drinking water is overlaid. This can result in the groundwater being contaminated
and becoming more acidic, and therefore threatening the ecological system (Gupta and Yadav, 2020).
Therefore, accurate monitoring of CO, concentration during and after a CCS project is paramount for
an efficient and effective CCS project.

Seismic methods have been used for monitoring of CO: in the subsurface, but they are costly, and
can usually quantify a limited range of CO; saturations accurately (Ajayi et al., 2019; Furre et al.,
2017). Electrical and electromagnetic methods, e.g., electrical resistivity tomography (ERT),
electromagnetic resistivity (ER), geoelectrical method (GM), electromagnetic induction tomography
(EMIT), are other important approaches that may be used for the quantification of CO, saturation
(Dafflon et al., 2012; Rabiu et al., 2017b; Ajayi et al., 2019). Wan et al. (2018) earlier examined the
feasibility of permanent gravity gradiometry monitoring of geological CO; storage using a method
involving both surface and borehole measurements. Yang et al (2019) evaluated four surface-based
geophysical methods for monitoring brine and CO- leakage in sources of underground drinking water
overlying a CCS site, and they concluded that it was important to combine downhole measurements
with geophysical methods that can monitor both CO, concentrations and total dissolved solids (TDS)
to improve CO; leak detection. Song et al. (2020) reported the application of an artificial neural
network (ANN) in predicting the efficiency and effectiveness of CO; trapping mechanisms in
geological carbon sequestration and concluded that ANN model is an important tool for predicting the
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effectiveness of CO, storage in a site. ANN model such as the one reported by Song et al (2020) is
expected to be useful in the analysis of the monitoring data from existing CCS sites.

It can be assumed that the CO, storage site selected for any CCS process is free from any potential
leakage of CO- after proper characterisation. However, monitoring the site is still required for the
reliability of the process as well as regulatory purposes (White et al., 2020). As shown in Figure 1,
potable water aquifer is situated above the sediment. The leaked CO; follows a pathway (fractured
caprocks) to reach the potable water aquifer and consequently contaminates it. Therefore, in this
study, a portable and reliable early warning monitoring method (EWMM) for key parameters are
conceptualised to characterise the potable groundwater contaminated by CO,. The methods and
parameters were chosen in a way so as to promote straightforward techniques that would lead to the
safety of geological sequestration site by engendering early warning in the case of CO., leakage.
These methods or techniques include dielectric permittivity, electrical conductivity and pH of the CO-
water-porous media system.

By characterising the multiphase system (CO.-water-porous media system), the changes in values of
the dielectric permittivity, electrical conductivity as well as the pH with time, temperature, pressure
and brine/water system will be recorded simultaneously and continuously. The trends observed in
these parameters will serve to programme an automated alarm system. In case of any CO. leakage,
a signal will be sent to the sound alarm system and, this alerts the control/monitoring personnel to
assess the situation and take appropriate measures. To further simplify the task of the
measurements, time-domain reflectometry (TDR) was used to simultaneously measure the bulk
dielectric permittivity and electrical conductivity of COz-water-porous media system. This approach
confers additional assurance on the monitoring signals from sequestration system. It also eliminates
any time lag between the two parameters. The other parameter, pH, was measured by stand-alone
pH sensor, by taking fluid samples before and after the experiment.

A previous study (Abidoye and Das, 2015b) investigates the monitoring of CO; leakage using
dielectric properties, pH and membrane, but their work is limited to the effects of different depths.
Similarly, Lamert et al. (2012) and Kharaka et al. (2010) investigate the changes in the potable
groundwater chemistry after contamination with CO,. They conclude that the dissolution of CO: in the
groundwater reduces the pH and become toxic, which will have negative implications on the aquatic
animals. Bosch et al. (2016) and Borner et al. (2017) analyse geoelectrical properties of CO,-brine-
rock interaction to detect any possible CO. leakage. Also, Falcon-Suarez et al. (2017) develop a
multiparameter, thermo-hydro-mechanical-chemical database required to validate monitoring tools
and simulators for prediction of geo-mechanical properties of CO, sequestration reservoirs. However,
sufficient number of studies that deal with monitoring the leakage of CO- in various groundwater types
(e.g., distilled water, tap water, MgCl brine water and NaCl brine water) that can provide a broad
understanding of the relevant issues are still lacking, particularly since different groundwater types
contain various constituents of ions and minerals. Also, the porous materials used in the present
study are basalt and silica sand.

In addressing the above points, well-defined laboratory experiments (static flow conditions) were used
to identify the significance of the physico-chemical characteristics and dielectric parameters that are
useful in monitoring carbon sequestration sites with particular reference to sites containing silica and
basalt medium.
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Figure 1 Schematic diagram of CO. leakage into potable groundwater aquifer
2 Methodology

The laboratory experiment was designed to monitor the presence of CO; in porous media saturated
with distilled, tap and brine water. The porous materials used are silica and basalt sand and the
characteristics of the samples used are described in Table 1. The time-domain reflectometry (TDR)
probe was prepared in-house (Abidoye and Das 2015a; Rabiu et al., 2017b) and used to measure
both bulk dielectric permittivity and bulk electrical conductivity simultaneously. In-situ measurement of
the bulk electrical conductivity and bulk dielectric constant data acquired by the TDR were
automatically transferred to the data acquisition system (CR10X datalogger, Campbell Scientific Ltd,
Shepshed, UK). The pH measurements were done using a digital pH meter (Fisher Scientific,
Loughborough, UK). The pH was calibrated before each experiment. The pH measurement of the
water sample was taken before the injection of CO, and at the end of the experiment when the CO;
had already dissolved in the water.

2.1 Materials and Methods

This work investigated two unconsolidated sand samples, silica sand (Minerals Marketing Company,
Cheshire, UK) and basalt sand (Aqua Maniac, Delaware, USA). The physical properties such as
porosity and average particle size of each mentioned porous materials were determined
experimentally which are listed in Table 1. The porosity of the sand material was determined by
packing porous material (Basalt/silica sand) into a cylinder of known volume and saturating the bed
with a measured amount of water. The porosity was then calculated using the Equation 1.

ReeRs _ Rv _Rw

"R, R R (1)
where @ is porosity, R; is the total volume of a porous media sample, Rs is the volume of solids in the
sample, Ry is the volume of openings (voids), and R is the volume of water that will occupy the voids
space. Before the porosity experiment, the silica sand and basalt were washed with distilled water
and dried to remove any clay content. Moreover, SEM (Zeiss 1530VP) images were taken before the
experiment to examine surface morphology and roughness of the particles which make up the porous
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materials used. As shown in Figure 2, basalt sand particles have a hexagonal shape while silica sand
particles are more angular.

Table 1 Characteristics of the porous materials used in the experiments

Parameters Silica Sand Basalt Sand
Porosity (%) 39+0.25 42+0.30
Average particle size (um) 9684253 1016+296

u & W Loughborough
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10pm EHT = 5,004V Signal A = SE2 B Loughborough || 0= el
Mag= 100KX WD = 85mm X University ik 18

Figure 2 Scanning electron microscope (SEM) images of: (a) basalt and (b) silica sand particles.

2.2 Experimental Methods and Procedures

The stainless-steel sample holder used in the experiment was fabricated in-house in the workshop at
Loughborough University. It had dimensions of 4 cm in height and 10 cm in diameter. The simulated
water used in the experiment was either distilled or brine water. The brine water was prepared in the
laboratory by adding sodium chloride or magnesium chloride salts to the distilled water. The sodium
chloride and magnesium chloride salts were purchased from Fisher Scientific, Loughborough (UK).

To start the experiment, 500g of the sand particles (silica or basalt) were deposited into the sample
holder and saturated with distilled or brine water. It was then covered by the stainless-steel top end
piece and all the joint bolts were firmly tightened to avoid any leakage of the CO;. during the
experiment. Before CO: injection started, the samples of the brine and distilled water were collected
from saturated porous media and measured with the pH probe/meter. The pH probe/meter was
purchased from Fisher Scientific (Loughborough, UK). The CO. gas (99.9% purity) used in this work
was procured from BOC gases (Leicester, UK).

The ScCO:; fluid pump (Teledyne Isco, Lincoln NE) was filled with CO, from the CO; cylinder by
opening valve 1 (V-1; Figure 3). Thereafter, V-1 was closed and the ScCO: fluid pump was set to the
experimental pressure. The heater was switched on and also set at the experimental temperature.
When temperature and pressure reached the predetermined values, i.e., when there was equilibrium
in experimental conditions (both temperature and pressure), V-3 was opened (see Figure 3) and the
CO; was injected. This work simulated static potable groundwater that is not moving or moving very
slowly. Therefore, the experiment was carried out in static conditions (i.e., CO, was accumulated or
dissolved in water). Some experiments were carried out for short periods of time while others were left
for longer periods of time. The in-situ electrical properties were measured automatically by data
logger, and the data were collected by personal computer (see, e.g., Figure 3). The pH probe/meter

measured the water sample before and after the experiments. It is very importantto carry out
5
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a calibration prior to making each measurement in order to assure that the reading which is given by
the pH meter is accurate.

2.3 Design of the experimental conditions

The experiments were designed so as to simulate the conditions that are encountered during the
leakage of CO, from a geological sequestration site in the shallow subsurface, i.e., temperature,
pressure and salinity that are relevant to potable shallow aquifers. It can be recalled that the leakage
of CO- from storage aquifers into shallow aquifers can lower the pH of the groundwater and make it to
become more acidic, which will have a negative impact on the aquatic animals.

This study developed an innovative method of monitoring the behaviour of the contaminant CO: in the
groundwater aquifers. The geological conditions were defined using the reports of the Abidoye and
Das (2015a) and the modified conditions were listed in Table 2.

On one hand, the in-situ measurements of the electrical parameters (i.e., bulk dielectric permittivity
(ev) and the bulk electrical conductivity (o,)) were measured simultaneously; and on the other hand,
the water samples were collected before and after the experiment for the pH measurements. Figure 3
shows the schematic diagram of the CO; leakage into the potable groundwater aquifer.

The soil electrical properties and water saturation determine the amount of COy/brine in reservoirs.
The electrical properties is often modelled empirically using the Archie’s law (Archie, 1942); however,
the relation is known to be limited in its applicability as it works best when the pore water conductivity
does not change (Borner et al. 2013). The law is purely an empirical law and attempts to quantify ion
transport in clean and consolidated sand. For example, we can consider Jin and Yang (2020) who
have attempted a theoretical and experimental quantification of the relationship between electrical
resistivity and hydrate saturation in sand material. The author concluded that the ERTs are in better
agreement with the experimental measurements, while the Archie’s law introduced a larger error at
higher hydrate saturation. We have used Archie’s law in our past work where the experimental
conditions are within the range of applicability of the law (Abidoye and Das, 2015a); however, in this
work, the pore water conductivity is expected to change at the pore-scale, particularly in basalt media.
Furthermore, we use unconsolidated porous domain with a view to identify the key physico-chemical
and dielectric characteristics. Considering the above points, this work does not attempt to use
Archie’s law to fit the data obtained in this work.

2.4 pH Measurement

The pH of the solution was measured using the Hydrus 500 pH meter (Fisher Scientific,
Loughborough, UK). The water sample was collected before and after the experiment for the pH
measurement. The pH meter was calibrated after each experiment to ensure consistent results.

2.5 Time-domain reflectometry (TDR)

The TDR probes used in this work were fabricated in the workshop (Loughborough University, UK)
(Abidoye and Das 2015a; Rabiu et al., 2017b). The electrical pulses were generated by the TDR100.
These pulses travelled through the coaxial cables that were connected to the TDR probes. The
working procedure of the TDR probe can be found in the work of Rabiu et al. (2017b). The TDR
measures both the bulk dielectric permittivity and bulk electrical conductivity simultaneously.

Recently, Rabiu et al. (2017b) and Abidoye and Das (2015a) carried out investigations on the effects
of flow experiments on the electrical properties and water saturation relationships using locally-
fabricated TDR. Some parameters such as pressure, temperature and salinity were shown to
influence the dielectric and water saturation relationships during the flow experiments. On the other
hand, pH, flow rate and salt types were concluded to show no significant effect (Rabiu et al., 2017b;
Abidoye and Das, 2015a). The current work investigates the dielectric and physico-chemical
monitoring of the dissolution of CO; in water (i.e., brine, distilled, tap) during a static experiment.



257
258

259
260

261
262

O Pressure transducer

[2%§%Ei"“\r !;;L

V-1 V-3 oo TOR probe
. -
[ Valve
—
co,
cylinder sl
rresi-gy |
|
| ) |
Supercritical pump 1
-~/ [ ] 4
: 1 Cell ﬁq l
|
| T RS SN G
1 | 1 11
1 gy B ool V-6
v ! I
' ! ! ] : 3
Water tank | T : I
1 |
Hand pump P I
L 1
1 ! |
'L |

Figure 3 A schematic diagram of the static experimental system (adapted from Rabiu et al., 2017b).

Table 2 List of experimental conditions simulated in this work (the geothermal gradients were
determined using the reports of Abidoye and Das (2015b))

Porous Slmul_ated Depth | Temperature | Pressure InjeCt.' on CO;
Exp. : Aquifer o duration
Media (m) (°C) (bar) . Phase
groundwater (min)
1 . .
Basaltsand | Distiled 200 31 54 30 Gas
water
2 . .
Silica sand Distilled 200 31 54 30 Gas
water
3
Basalt sand Brine water 200 31 54 30 Gas
4
Silica sand Brine water 200 31 54 30 Gas
5 . .
Silica sand Distilled 100 25 27 360 Gas
water
6
Silica sand Tap water 100 25 27 360 Gas
7
- Tap water 100 25 27 360 Gas
8 . .
; Distilled 100 25 27 360 Gas
water

http://www.peacesoftware.de/einigewerte/co2_e.html
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3 Results and Discussion

3.1 pH Analysis

The chemical composition of the experimental potable groundwater conducted in this study was
significantly affected by CO. exposure. The results of the pH analyses before and after the
experiments are reported in Table 3. As the table shows, there is a significant pH drop in the distilled
water + basalt + COz-reacted solution (i.e. from 8.41+0.09 to 6.47+0.12) after short-term CO;
injection. However, there is a lesser degree of fall in the pH for the distilled water + silica sand + CO»-
reacted solution (i.e., from 6.12+0.07 to 5.65+£0.10). The observed reduction in the pH values can be
attributed to the dissolution of injected CO- in distilled water which resulted in an acidic medium, i.e.,
formation of carbonic acid in the porous medium as shown in equation (2).

CO, + H,0 & H,C0; © H* + HCO3 (2)

As expected, this pH reduction in the CO,-H,O-sand systems confirms the reactive nature of the
injected CO, (Terzi et al., 2014; Rabiu et al., 2017a). There was more significant drop in pH when
CO- reacted with water in the basalt sand medium than in water-silica sand medium. This can be
attributed to the presence of some minerals such as magnesium, iron and aluminium in the basalt
sand (Metz et al., 2005; Petrik and Mabee, 2005). The quantities of these minerals are lower in silica
sand (see Figures A1, A2 at the appendix). Studies have shown that basalt rocks are suitable for
permanent sequestration of CO- but their conversion into solid carbonates are very slow (Rabiu et al.,
2017a,b; Saebjornsdottir et al., 2020). In order to minimise the leakage of CO; into potable
groundwater, basalt medium offers more promise than silica sand medium.

Table 3 Changes in pH of water-saturated basalt and silica porous media before and after CO-
injection for short experiment (30 minutes)

. pH before CO; pH after CO, pH before CO; pH after CO,
Simulated
Potable Depth injection in the injection in the injection in the injection in the
. (m) saturated silica saturated silica saturated basalt | saturated basalt
Aquifer
sand sand sand sand
Distilled | 59 6.12+0.07 5.65+0.10 8.4120.09 6.4720.12
water
Brine water | 200 5.79+0.10 5.55+0.09 7.40+0.08 5.97+0.10

3.2 Electrical Conductivity and Dielectric Permittivity

One of the environmental issues of the CO, sequestration process is the potential leakage of the CO-
from the storage reservoirs into the fresh groundwater aquifers. This consequently contaminates the
potable water and makes it a threat to aquatic animals and living organisms. The characteristics of the
water-saturated porous material when contaminated by CO- are expected to be different for various
types of aquifers. For example, the characteristics in CO2-H,O-basalt sand will be different from CO.-
H.O-silica sand. This can be attributed to the presence of different mineral constituents in various
water samples. Work on the static experiment on the monitoring of dielectric properties of CO,-water-
limestone/silica sand has been studied for different geological depths (Abidoye and Das, 2015a) and
the authors have concluded that different depths have different effects on the dielectric properties.

In the present study, the results of the investigation of the scenarios in which the dielectric
characterisation was used to monitor the potable groundwater contaminated by leaked CO, are
presented. The effect of different types of potable groundwater on the dielectric properties was
examined. This work simulated four distinct fluids in analogy to the common mixtures of fluids or
solutions found in groundwater aquifers (for example, see Table 4).
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Figure 4 (a) Repeatability of o,—t and (b) ev—t relationships of silica sand saturated by distilled water.

Figure 4 (a,b) shows the repeatability of o,—t and e,—t relationships. The bulk electrical conductivity
slightly increased when exposed to CO, a phenomenon that arises from the dissolution of CO; in
water, as has been well documented in the literature (see, e.g., Abidoye and Das, 2015b; Dethlefsen
et al., 2013; Lamert et al., 2012). The increase in the bulk electrical conductivity can be attributed to
the increase in the ions, which is caused by the dissolution of CO; in water. From the reaction
engineering point of view, the dissolution behaviour of the CO: in water results in more acidic fluid
conditions in the silica sand-CO2-water system (Equation 2). On the other hand, there is no significant
increase in bulk dielectric permittivity in the silica sand-CO»-water system when exposed to CO..

As depicted in Figure 5a, there is a significant difference in the measurements of oy in the silica sand
saturated with distilled water and silica sand saturated with 1% w/w NaCl brine, both before and after
the experiment. A similar trend was observed in the basalt sand saturated with distilled water and
brine water as shown in Figure 5b. The significant difference in bulk electrical conductivity between
the porous media saturated with the distilled water and the porous media saturated with the brine
water can be connected to the increase in the ions due to an increase in salinity in brine water (Rabiu
et al., 2017b; Abidoye and Das, 2015a). The higher trend in the basalt sand can be connected to the
presence of high contents of some minerals such as magnesium, iron, and aluminium in the basalt
sand, which are very little in silica sand (see Figure A1, A2 in the Appendix).
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Figure 6 (a,b) represents baseline for o, and &, of CO2-H2O without any porous media. As shown in
Figure 6(a,b), there was a wide gap between (ov—t,er—t) relationships of CO; injected into distilled/tap
water and (0,—t, €v—t) relationships of CO: injected into silica sand saturated with distilled/tap/brine
(Figure 7a,b), and this can be attributed to the presence of porous media.

Moreover, this study focuses on understanding the potential impacts of water quality on the
sand/water/CO, system, chosen on the basis of different qualities of groundwater reported in the
literature (Table 4). CO. injection into three different potable groundwater types with the same
pressure and temperature conditions in the laboratory scale have been carried out to assess the
impact of groundwater types on the dielectric properties during the monitoring process in silica/basalt
sand-water-CO; systems.

The bulk electrical conductivity and bulk dielectric permittivity of the silica sand saturated by distilled,
tap and brine water were measured and shown in Figure 7(a,b). For the silica sand saturated by
either distilled or tap water, the baseline of the bulk electrical conductivity (o4,) before their exposure to
CO2 measured an average value of 0.2 S/m (0.1 S/m standard deviation).

Table 4 Different fluids that resemble several possible groundwater aquifers

Fluid 1 Fluid 2 Fluid 3 Fluid 4
pH 6.73 7.44 6.95 7.04
Fluid Distilled water Tap water (consists of | Distilled water + | Distiled water +
component Ca?*, Mg?*, K") 0.3% w/w NaCl 0.3% w/w MgClI
Potable aquifer | Neutral aquifer | Average aquifer that is | Aquifer that | Aquifer that
condition (Borner et al. not polluted (Borner et | contain moderate | contain moderate

2013)

al. 2013)

NaCl salt

MgCl salt
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After 5 hours of CO; dissolution in the water, the average bulk electrical conductivity (o},) had
increased to 0.6 £ 0.10 S/m (Figure 7a). The same trend was observed for the silica sand saturated
with both MgCl and NaCl brine, i.e., their bulk electrical conductivity increased after the addition of
CO- and this can be linked to the increase in ions due to the dissolution of CO, in water. This was
also observed in the work of Abidoye and Das (2015b), but their work was limited to distilled water.
Also, Dethlefsen et al. (2013) as well as Lamert et al. (2012) observed similar trends during the
monitoring of CO: injection in field experiments. On the other hand, the present work uses a
laboratory experiment to study the monitoring of CO- leakage into different types of water that can be
found in groundwater aquifers. The undertaken assessment is generally representative of potable
groundwater contaminated by CO.. Also, as shown in Figure 7b, the dielectric permittivity of tap water
and distilled water are very similar, i.e., both increased to 3616 after 5 hours of CO, dissolution in the
water, but the silica sand saturated with both MgCl and NaCl brine have higher dielectric permittivity
and the difference may be attributed to effect of more ions in the saline aquifers.

8 -
7.44
6.95 7.04
7 1 673
6.43
6.15 6.28
6 - 5.83
5 .
4 -
3 .
2 .
1 -
0 T T T T T T T 1
Distilled Distilled TapH20 TapH20 0.3%NaCl 0.3% NaCl 0.3% MgCl 0.3% MgCl
H20 H20 after before after CO2 before afterCO2 before after CO2
before CO2 inj CO2 inj inj CO2inj inj CO2 inj inj
CO2inj

Figure 8 pH of silica sand saturated with water (H-0) before and after CO: injection (inj)

In addition, Figure 8 shows that pH decreased after injection of CO- into distilled, tap, 0.3% w/w NaCl
and 0.3% w/w MgCI brine water, respectively. Noticeably, the initial pH in the tap water has the
highest in comparison with the other types of water solutions used in the experiment; and this can be
attributed to the different constituents that were contained in the tap water which were absent in other
water solutions. This is observed in the work of Petit et al. (2020) but their work was limited to only
water, water and sand or water and limestone; and they concluded that pH measurements seem to be
tremendous indicators for monitoring a gas plume during CO, geological storage. Furthermore, as
clearly illustrated in Figure 8; the sodium chloride brine solution after exposure to CO; has the lowest
pH. This is followed by the distilled water solution, the tap water solution and the MgCl brine solution,
respectively. Hence, the highest acidity was found in the sodium chloride brine solution after CO;
exposure while the lowest acidity was observed in the magnesium chloride brine solution.
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4 Conclusion and Further Work

The work presented in this paper attempts to identify the key physico-chemical and dielectric
characteristics of basalt and silica sites contaminated by CO, due to a CCS project. In addressing this
aim, the bulk electrical conductivity (o) and bulk dielectric permittivity (e,) of basalt and silica
samples were measured simultaneously using the time domain reflectometry (TDR) technique while
the pH meter/probe was used to measure the pH of the water sample collected before and after the
static flow experiment. After exposure to CO,, the decrease in pH was clearly observed in both basalt
and silica sand samples. The decrease in pH is was attributed to the dissolution of the CO- in the
water which changed the solution into carbonic acid. On the other hand, the bulk dielectric permittivity
increased as CO; started to be injected. Contrarily, the bulk electrical conductivity shows no changes
after CO; injection started but increased after a while. This can be attributed to the dissolution of CO-
in water, since it takes some time before the dissolution occurs. Therefore, the bulk electrical
conductivity, bulk dielectric permittivity and pH can be used as in a multi-parameter tool to monitor the
CO; leakage into the potable groundwater. With CCS still being explored mostly in a few developed
countries in the world, these monitoring techniques could be of real practical use in the future. It is
therefore anticipated that the developed system can be developed further in future work, e.g., as
Internet of Things (loT) system for continuous monitoring of CCS sites. It should also be stated that
more detailed experiments on the flow behaviour (e.g., dynamic flow of COz/water in the porous
samples) and the related effects on the physico-chemical and dielectric parameters of basalt and
silica media should be carried out in the future. Statistical analysis of the data generated using non-
linear regression may be carried out too to analyse the significance of the correlation among different
parameters. In addition, machine learning tools such as those reported by Song et al. (2020) may be
explored for analysis of the data generated by the monitoring tools at a site.
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565  Figure A1 X-Ray Fluorescence (XRF) mineral analysis for silica sand particles.
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Figure A2 X-Ray Fluorescence (XRF) mineral analysis for Basalt sand particles.
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