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Abstract: Shear wave velocity (Vs) has significant applications in geoengineering investigations.
With the ongoing rise in carbon capture and storage (CCS) initiatives, the role of Vs in monitoring
the CO, sequestration sites is escalating. Although many studies have been conducted to assess
CCS-induced risks, no inclusive research has been conducted integrating those investigations. This
study strives to collate and integrate the applications of Vs in geoscience with an emphasis on
CCS risk assessment. Based on this research, major CCS-induced risks were detected: induced
seismicity, caprock failure, groundwater contamination, fault reactivation, and reservoir deformation.
These risks were inclusively described, and the mathematical formulations incorporating the Vs
parameter in risk analysis were elaborated. It was concluded that Vs applications can be further
extended in monitoring CO, plume migration, optimizing CO; injection pressures, preventing
shallow water contamination, and predicting CCS-induced seismic events. All these applications
require fully coupled hydromechanical analysis based on poroelasticity theory. Hence, various factors
including pore pressure, in situ stresses, faults distribution, and poroelastic parameters must be
carefully determined before the CO; injection phase. The mathematical formulations presented in
the present study are quite applicable for granting the safety and long-term success of subsurface
carbon sequestration.

Keywords: CCS; underground storage; risk assessment; seismic exploration; wave propagation;
geomechanics; poroelasticity

1. Introduction

Measuring the speed of sonic waves traveling within a rock results in an index known
as velocity. In the case of an isotropic, homogeneous, and linearly elastic rock, only two
acoustic wave types can propagate: compressional waves and shear waves. Typically, the
velocity of compressional waves is approximately double that of shear waves within rocks.
In geomechanics, Vs is applied mainly to ascertain the stiffness and mechanical features of
subsurface rocks [1]. In fact, it helps in gaining a deeper comprehension of the behavior of
rocks, soils, and sediments under various geological and geotechnical conditions [2].

Vs is fundamentally pertinent to the elastic properties of subsurface formations. In an
isotropic elastic rock, the magnitude of Vs can be calculated as [3]:

G
Vo= (/= 1
S 0 1)

In the above equation, Vs depicts the velocity of the shear wave (m/s), G indicates
the rock’s shear modulus (Pa), and p represents the rock’s density (kg/m?). The provided
equation illustrates a direct proportionality between Vs and the square root of the shear
modulus. Conversely, Vs demonstrates an inverse correlation with the square root of the
rock’s density.
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The Vs may be directly estimated through laboratory tests as well as on-site surveys.
Regarding the laboratory tests, the acoustic waves are propagated through small-sized
rock specimens by acoustic wave propagation apparatus [4]. Then, the parameters of Vs
and compressional wave velocity (Vp) are recorded. On the contrary, in the field, the Vs
can be measured through borehole measurements, Dipole shear sonic imagers (DSIs), and
geophysical techniques [5].

In recent decades, applications of Vs data in geoengineering projects have significantly
increased. In fact, in the past, Vs measurements have mainly been applied in earthquake
engineering [5], geotechnical site characterization [6,7], oil and gas reservoir exploration [8],
and aquifer assessments [9]. However, nowadays, it is being used in geothermal resources
detection [10], landslide potential analysis [11], geohazard evaluation of seabed forma-
tions [12], deep Earth exploration [13], and CCS projects [14].

Climate change has emerged as a shared global challenge. The escalation of industrial
activities to meet the growing needs of the expanding global population is contributing
to a continuous rise in greenhouse gas emissions and the Earth’s temperature [15]. The
warmest year on record, which was previously 2016, is now 2023 [16]. According to ERA5,
which stands for the “Fifth Generation of the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis”, the global average temperature in 2023 was 14.98 °C,
indicating a 0.17 °C rise compared to the measurements recorded in 2016 [16].

Over the past few decades, the release of greenhouse gases has led to rising tempera-
tures, increased sea levels, and intense climate consequences [17,18]. Human-generated
emissions have resulted in global warming of 1.0 °C. Carbon dioxide gas stands out as
the most significant contributor, accounting for approximately 72% of the current global
warming effects [19]. Figure 1 depicts the increase in global temperature derived from
anthropogenic CO, emissions [19]. Based on this figure, during 2030-2052, the earth will
reach a 1.5 °C increase in temperature. This rise in temperature contributes to rising sea
levels, and to the occurrence of harsh climate consequences such as heatwaves, heavy
rainfall, hurricanes, droughts, and storms [15]. The exponential trajectory of anthropogenic
warming is anticipated to reach 2 °C by the year 2060 [19].

Observed monthly global
mean surface temperature

't

Forecasting the trend of
temperature increase in
the future

Figure 1. The effect of human-generated emissions on the global temperature increase [19].

Offering an effective approach to mitigating greenhouse gases, CCS technology di-
rectly contributes to the objective of carbon reduction [20]. The CO, generated by stationary
sources, primarily from industrial facilities such as power plants, undergoes initial collec-
tion and liquefaction. The liquefied carbon dioxide is then injected to subsurface porous
rocks [21]. During this stage, a substantial volume of supercritical CO; is injected into
underground storage. Geologically, the CO; injection process disrupts the local stress
regime, potentially posing environmental risks in the region [22].
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The major environmental risks of CCS projects are induced seismicity [23,24], caprock
failure [25,26], groundwater contamination [27,28], fault reactivation [29,30], and reservoir
deformation [31]. The extent of those environmental risks depends mainly on the on-site
geology, the local tectonics regime, the caprock sealing capacity, the volume of the injected
COg, the storage depths, etc. [21]. The larger extent of those risks, the higher the potential
for CO; leakage, seismic events, groundwater contamination, reservoir damage, etc.

Vs data are applicable for site selection in CCS projects; also, they can be utilized for
monitoring the carbon dioxide plume within the storage formation and behind [32-36].
In fact, by comparing Vs profiles before and after CO; injection, the changes in the rock’s
saturation degree, the rocks’ elasticity modules, the local faults stability, the groundwater
flow regime, etc., can be evaluated [32]. So far, many investigations have assessed the
CCS-induced environmental risks in different projects [37—40]. In Section 3, an overall
description of those investigations, together with their key findings, have been presented.

The key aim of the current study is to impart an up-to-date status of advancements in
shear wave velocity applications in geomechanics, with emphasis on CCS projects. As a
matter of fact, those ongoing advancements are continuing to progress, with more applica-
tions emerging to deal with fluid injection and production from underground. Therefore,
this research strives to collate the findings of previous investigations and elaborate upon
the most applicable aspects of shear wave velocity in risk assessments of CCS projects.
Moreover, the analytical theories and mathematical formulations essential for addressing
each CCS-induced risk are described individually. The authors conceive that this research
provides an up-to-date source focusing on the risk assessment of CCS projects from a
geomechanics viewpoint.

This study is structured as follows: Initially, Section 2 describes the major conventional
and emerging utilizations of the Vs parameter in geomechanics. Then, in Section 3, CCS
technology, along with the global dispersion of large CCS projects, are presented. Afterward,
the different types of geological formations that are suitable for CO, sequestration are
recounted. Subsequently, the major CCS-induced risks, together with their solutions in the
form of mathematical formulations, are elaborated. Then, the most significant findings of
the research are discussed in the Discussion. And, in the final section, the paper wraps up
with the Conclusion, presenting the key results, future recommendations, and potential
implications.

2. Applications of the Vs Parameter in Geomechanics

Vs is utilized in an extensive range of geomechanics applications. In general, those
applications can be broken down into two primary categories: conventional and emerging.
Figure 2 illustrates those applications. They are elaborated upon in the subsequent sections.
The application of Vs data in CCS projects is comprehensively described in Section 3.

2.1. Conventional Applications
2.1.1. Earthquake Engineering

Vs holds an essential role in assessing the hazards that stem from earthquakes [5].
It helps in predicting the dynamic behaviors of soils and rocks during earthquakes. Re-
searchers have conducted studies to investigate the correlation between Vs and ground
motion amplification [41]. Boore et al. investigated the relation between Vs and ground
motion amplification in the San Francisco Bay region [41]. Empirical relationships were
proposed to correlate Vs with the peak ground acceleration (PGA) parameter.

Vs can also be applied in the estimation of the dynamic characteristics of soils and
rocks, e.g., shear modulus, which influence the response of the ground during earthquakes.
Dong et al. developed a correlation between Vs and soils” shear moduli [42]. Vs is also
employed in seismic site classification to categorize the different regions based on their
geological and geotechnical properties [43,44]. An example of such research includes the
work by Idriss and Boulanger, which proposed a site classification system for seismic
design in California [45].
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Figure 2. The conventional and emerging applications of shear wave velocity in geoscience.

2.1.2. Geotechnical Site Characterization

Shear wave velocity is also extensively applied in geotechnical site characterization,
especially in the assessment of the mechanical properties and behaviors of subsurface
soils/rocks [6,7,46]. For instance, it is used to assess the soils’ strength properties, which
are crucial for foundation design, slope stability, and ground improvement projects. Re-
searchers have conducted studies to evaluate the correlation between the Vs and soil
strength properties like shear modulus and Young’s modulus. As an example, Uma Mah-
eswari et al. developed some empirical relations between Vs and soil properties to estimate
the shear strength of soils [47]. In another study, Oh et al. studied the relationship between
Vs and the undrained shear strength of clays for structure designs [48]. Vs also helps to
evaluate the liquefaction potential of soils during earthquakes [49]. For instance, Yunmin
et al. conducted studies correlating Vs with the liquefaction risk of various soil types [50].

2.1.3. Reservoir Characterization

The Vsis an essential parameter in reservoir characterization, particularly in estimating
the mechanical properties of rocks [51]. It is also used to identify lithological variations
within the reservoirs since different rock types exhibit distinct Vs values due to variations
in their mineralogy, porosity, and diagenesis. Wang et al. utilized the Vs data to detect the
reservoir lithology in the Tarim Basin, China [52].

Moreover, Vs data are employed for the estimation of rocks” porosity. For instance,
Kovacik and Emmer investigated the empirical equations correlating Vs with rock porosity
in some sedimentary formations [53]. Furthermore, shear wave velocity can be utilized
to evaluate fluid content within reservoirs. In fact, pore fluids, e.g., 0il, gas, and brine,
influence the shear wave velocity of the reservoir formations. As an example, Korneev
proposed a method to estimate fluid saturation from Vs data [54].

2.1.4. Groundwater Resource Assessment

Shear wave velocity data also provide valuable information about aquifers’ character-
istics [9]. They aid in assessing various properties, like hydraulic conductivity, permeability,
storativity, and porosity. For example, Azhar et al. conducted a study correlating Vs with
groundwater potential in the coastal aquifer in Brunei Darussalam [55]. Vs profiles can
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be also used to simulate the groundwater flow in aquifers [56]. In addition, a number of
researchers have employed Vs data to assess the potential of seawater intrusion into coastal
aquifers [57]. This application originates from the fact that the presence of saline water
affects the Vs of groundwater-bearing formations. For instance, Alhumimidi proposed
a method applying Vs to identify seawater intrusion in Saudi Arabia [57]. Additionally,
Vs measurements can be applied in creating groundwater resource maps. An example
includes the work by Mourad et al., who employed Vs data to map the aquifer potential in
the Kumamoto region in Japan [58].

2.2. Emerging Applications

Vs prediction continues to find new applications in various areas of geoscience. Some
emerging utilizations of Vs parameter are presented in the following subsections.

2.2.1. Geothermal Energy Exploration

Vs surveys are an indispensable aspect of reservoir characterization for geothermal
energy exploration. Vs prediction helps in identifying favorable reservoir zones, estimating
their permeability and porosity, and optimizing the placement of geothermal injection
and production wells [59]. Furthermore, Vs data can assist in detecting and assessing
the fractures and fault zones within geothermal reservoirs. In a research project, Lou
and Rial used Vs data to characterize fractures and cracks in geothermal reservoirs in
California, USA [60]. Vs profiles are also applicable in mapping geothermal resources.
By estimating Vs, researchers can assess the subsurface heat transfer and identify areas
with high geothermal gradients. Vs prediction aids in evaluating the thermal conductivity
and heat storage capacity of rocks, assisting in the identification of appropriate locations
for geothermal power generation [61]. It is noteworthy that Vs data are also beneficial in
designing enhanced geothermal systems (EGS). As a matter of fact, they help in optimiz-
ing hydraulic fracturing designs, estimating permeability enhancement, and monitoring
reservoir responses during stimulations [62].

2.2.2. Landslide Hazard Assessment

Vs measurements can be employed in the prediction of landslide events [63]. By
estimating Vs, areas with low shear wave velocities can be detected, indicating potential
weak zones that are susceptible to landslides. Consequently, the appropriate slope sta-
bilization measures can be taken. One reference to this application is the study carried
out by Qureshi et al., who utilized Vs data to evaluate the onset of landslide hazards in
Japan and Pakistan [64]. Furthermore, Vs data can be applied in developing early-warning
systems for landslide prediction [65]. For instance, Chen et al. used Vs measurements and
monitoring data to establish a preemptive alert system for landslides occurrence caused
by intense rainfall in China [65]. Another application of Vs is to assess the propagation
of seismic waves derived from landslides and evaluate their potential impact on nearby
structures [66].

2.2.3. Geohazard Assessment in Offshore Environments

Vs data can also be used in the evaluation of seabed stability in offshore environments.
By measuring Vs, engineers can evaluate the strength properties of seabed sediments,
helping to identify regions prone to submarine landslides. Consequently, the design and
placement of offshore infrastructure are optimized [67]. In a research project, Ten Brink
et al. incorporated Vs in an assessment of potential submarine landslide hazards on the
eastern coast of the USA [68]. Moreover, Vs data can be employed in the designation of
offshore infrastructure, such as oil and gas platforms, subsea pipelines, and renewable
energy installations. In fact, Vs data provide engineers with information of soil stiffness
and dynamic behavior of the seabed, assisting them in the design of stable offshore founda-
tions [69]. In a research project, Huijer et al. utilized Vs and other seismic data to assess
potential seismic hazards in the south of Lebanon [70].
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2.2.4. Deep Earth Exploration

Vs data measured from Earth’s deep interior provide invaluable information about our
planet [71]. They help in revealing complex processes, such as plate tectonics and mantle
convection. Furthermore, seismic measurements pertinent to Earth’s core help geoscientists
in better understanding phenomena such as Earth’s magnetism and core dynamics. In
an interesting study, Gao et al. utilized compressional and shear wave tomography data
to study the mantle convection process in the central Rio Grande rift in the USA [72]. In
a recent investigation, Zhang et al. deployed Vs data obtained from the upper mantle
and Earth’s crust for geodynamic applications and investigations into the fractures in
Southeastern Tibet [73]. In another study, Butler and Tsuboi used shear wave velocity
seismic surveys to study Earth’s inner core [74].

3. Vs Applications in Risk Assessment of CCS Projects

This section begins with a concise description of supercritical CO, and CCS pro-
cesses, and potential geological formations for CCS purposes. Afterward, the CCS-induced
environmental risks are described.

3.1. Supercritical CO, and CCS Projects

CO, gas lacks odor and color, and it is denser than air. Moreover, its characteristics are
contingent on pressure-temperature (P-T) circumstances. Under atmospheric temperature
and pressure, it exists in the gaseous phase. When subjected to low temperatures (under
78°C), carbon dioxide transforms into a solid [39]. At temperatures between 56.5 and
31.1°C, CO, exists as a gas. However, when temperatures exceed 31.1°C and pressures
exceed 7380 kPa, it transitions into a supercritical phase [39]. This feature is of paramount
significance for CCS operations as carbon dioxide must be injected in supercritical form
due to its higher density compared to the gaseous phase [75]. In a typical CO; sequestra-
tion reservoir, the temperature and pressure levels are commonly higher than those of a
supercritical state of CO; [39].

CCS technologies are fundamentally perceived as potential tools for tackling the
impact of fossil fuels on climate change. This involves taking CO, emissions produced
by industrial plants and transporting the captured CO; to an underground storage site
to store it [20]. The primary stages of sequestration operations have been depicted in
Figure 3. Firstly, carbon dioxide is collected from production origins such as coal mining
projects, gas fields, and industries with high-intensity CO, emissions like steel and cement
manufacturing [21]. Then, after undergoing appropriate treatments, which may include
pressurization, liquefaction, or hydrate formation, the captured CO, is transported to
designated injection sites. And finally, the CO; is injected into underground geological
formations [21]. CCS is considered to be a critical tool for reducing carbon emissions and
climate change consequences. Figure 4 shows a global map of CCS projects, as of March
2022 [76].

3.2. Types of Underground Storage Sites

Supercritical CO; is injected mainly into underground structures encompassing deep-
seated saline aquifers and exhausted hydrocarbon reservoirs [21]. Regarding the depleted
hydrocarbon reservoirs, the CCS may be conducted for two purposes, including carbon
sequestration and enhanced oil recovery (EOR) purposes. Except those two mentioned
formations, the CO, can also be stored in coal seams, particularly for enhanced coal
bed methane (CBM) initiatives [78,79]. However, this type of CO; sequestration is not
remarkably prevalent.
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Figure 3. A schematic view of CCS process [76].
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Figure 4. A global map of CCS projects executed as of March 2022 [77].

Figure 5 illustrates the relative potentials of different subsurface formations for CCS
projects in the world [39]. As can be seen, the most frequent scenario for CCS storage is
deep saline aquifers. Conversely, only 0.01% of the potential CCS operations are carried out
in mineral sequestration. This technique involves capturing CO, emissions and converting
them into stable carbonate minerals through a chemical reaction with certain minerals,
contributing to long-term carbon storage [80].



Energies 2024, 17, 1578

8 of 27

m Deep Saline Aquifers

90%

m QillGas field

O Deep unmineable Coal
Seams

O Mineral Sequestration

9%
0.01%

0.99%

Figure 5. The relative potential of the implementation of CCS operations in different geological

formations [39].

Ensuring the enduring storage of CO, is best achieved by selecting sites with sub-
stantial depth, usually exceeding 800 m. These sites should possess ample capacity and
incorporate an effective sealing caprock to prevent the containment of groundwater re-
sources [25,26]. So far, numerous experimental investigations have been undertaken to
explore the carbon dioxide repercussions for the physical and mechanical features of host-
ing formations [81]. These investigations illustrated that the temporary effects for the
mechanical properties of rocks are generally limited in many sedimentary reservoirs. How-
ever, carbonate reservoirs, which display a diverse range of responses, tend to experience
more critical impacts. Table 1 outlines the sequestration prospects within the United States,
along with the corresponding risk levels associated with each sequestration strategy [39].

Table 1. The degree of storage capacity, storage integrity, and environmental risks related to different
geological formations for CCS purposes [39].

CCS Option Stoialcgﬁgsg)aaty Storage Integrity = Environmental Risk
Depleted oil and gas fields 25-30 High Low
Active oil wells (EOR) Low High Low
Enhanced coal bed methane 5-10 Medium Medium
Deep aquifers 1-150 Medium Medium
Ocean (global) 1000-10,000 Medium High
Carbonate storage (no transport) Very high Highest High

Figure 6 illustrates a global map of CCS projects categorized on the basis of geological
storage formations [77].

CCS operation in saline aquifers involves injecting CO, into deep underground porous
rocks saturated with saline water [30]. Saline aquifers offer significant storage potential
due to their vast abundance globally. The advantages include a large storage capacity, wide
distribution, and a reduced likelihood of competing land uses. Additionally, saline aquifers
are not generally used for other purposes, minimizing potential conflicts. Nevertheless, the
possible challenges include the need for extensive site characterization to ensure geological
integrity, and the potential for induced seismicity. The regulatory framework must address
caprock failure problems and potential groundwater contaminations [82]. Some notable
CCS projects conducted in deep saline rocks are the Sleipner site in Norway [83], the Otway
site in Australia [84,85], the Aquistore site in Canada [86], the Ketzin site in Germany [34],
and the Decatur site in the United States of America [23].

CCS implementation in exhausted hydrocarbon reservoirs encompasses the process
of injecting captured CO; into subsurface formations that were previously exploited for
hydrocarbons. These reservoirs offer several advantages, including proven geological
stability, existing infrastructure from the oil and gas industry, and potential economic
incentives through EOR [87]. Depleted reservoirs provide a ready-made solution for
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large-scale storage, leveraging the expertise gained from decades of oil and gas extraction.
However, limitations include the finite availability of suitable sites, potential leakage
pathways, and the need for careful assessment of caprock integrity to inhibit the upward
movement of carbon dioxide [88]. Some large CCS projects operated in former hydrocarbon
fields include the Canadian location known as the Weyburn-Midale site [89], the Algerian
site called In Salah [90], and the Norwegian site called Snghvit [91].

@
o @
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' & .O
™o o
&° © v *®
0
©

Figure 6. A global map of CCS projects categorized based on storage formations [77].

Unexploitable coal seams offer an alternative formation for anthropogenic carbon
dioxide sequestration [78]. The primary storage mechanism involves the adsorption of CO,
onto micropore surfaces within the coal matrix, distinguishing it from the hydrodynamic
trapping observed in either saline aquifers or reservoirs of oil and gas [79]. Hypothetically,
carbon dioxide must remain within the coal, provided that the formation pressure surpasses
the desorption threshold pressure. Researchers, such as Mahajan [78] and Krooss et al. [79],
have documented the CO; sorption characteristics and rock skeleton swelling linked to CO,
adsorption. In addition, coal seams present a medium for simultaneous CBM exploitation
along with CO, storage. Injecting carbon dioxide into deep-stated, non-mineable coal
beds can boost commercial methane production, as CO, adsorption stimulates methane
desorption. This dual-purpose approach holds the potential to store substantial amounts of
carbon dioxide while enhancing the productivity of CBM activities. Some examples of CCS
projects implemented in coal seams include the CO,-CRC Otway Project in Australia [92],
the Surat Basin CCS Project in Australia [93], and the Qinhuangdao Integrated CCUS
Project in China [94].

3.3. Vs Applications in CCS-Induced Risk Assessment

Although CCS projects reduce greenhouse gas emissions, they may lead to some
geomechanical and environmental risks [23-30]. Figure 7 shows the common concerns
that arise in CCS projects: induced seismicity, caprock failure, groundwater contamination,
fault reactivation, and reservoir deformation.
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deformation,

Figure 7. Common geomechanics concerns related to CCS projects.

By evaluating Vs profiles, one can discern critical information about the jeopardy
of induced seismicity, the integrity of caprocks, the presence of faults, the potential for
CO; leakage pathways, the extent of water contamination, and the mechanical stability of
reservoirs. Table 2 summarizes the key applications of shear wave velocity in addressing
the aforesaid CCS risks.

Table 2. Key applications of shear wave velocity in prediction and mitigation of CCS-derived risks.

Risk

Vs Application Description

Induced seismicity

Caprock failure

Groundwater contamination

Fault reactivation

Reservoir deformation

Vs contributes to seismic hazard analysis, helping to
model seismic wave propagation and scrutinize the
possible impact of seismic events on the CCS projects
and their adjacent structures.
Shear wave velocity data inform site-specific seismic
design considerations, allowing for the development of
adjacent structures that can withstand the dynamic
forces associated with seismic events.
Evaluation of Vs profiles helps in assessing the
Assessment of sealing capacity and  mechanical stability and integrity of caprocks; this is
stability of caprock crucial for preventing CO, leakage and shallow

groundwater containment.

Vs profiles provide insights into subsurface

heterogeneity, allowing for the identification of
Mapping subsurface heterogeneity =~ anomalous zones and areas of structural weaknesses

that may pose risks to groundwater containment

(CO;, intrusion).

Vs data are used to detect and characterize faults and
Identification of faults and fractures  fractures within the subsurface, aiding in the assessment
of potential pathways for CO, leakage.
Continuous monitoring of shear wave velocity helps in
tracking changes in subsurface conditions, enabling the
early detection of potential risks such as caprock
degradation, reservoir deformation, or CO;, migration.
Changes in shear wave velocity are indicative of
variations in fluid content, aiding in the assessment of
pore pressure changes that could influence the
mechanical behavior of the storage reservoir.

Seismic hazard assessment

Site-specific seismic design

Monitoring changes over time

Pore pressure assessment
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3.3.1. Induced Seismicity Risk
Description

While CCS technology is an efficient approach for curbing CO, release into the atmo-
sphere, the seismic activity resulting from CO, injection poses a substantial risk [84,86].
This seismicity not only represents a serious hazard but also acts as a hindrance to the
progress of CO, geological storage. The potential risks associated with induced seismic-
ity encompass several aspects. Firstly, the likely earthquakes or shakings could lead to
casualties. Secondly, there is a risk of damage to infrastructure, particularly in cases where
the CCS project is in close proximity to city areas. And thirdly, induced seismicity might
compromise the integrity of caprocks, potentially cracking them, and allowing CO, to
move towards the upper formations through the fractured zone [20,89].

Up to the present, numerous projects involving CO; injection have actively monitored
induced seismic events [23]. Table 3 summarizes some of those major investigations. As
can be seen, the majority of recorded seismic events were microseismic activities with
magnitudes of less than 3 (i.e., M < 3). Moreover, in some cases, the magnitude has a
negative value. It is worth mentioning that the magnitude of seismic events is generally
a positive value, and it is not common to see negative values for earthquake magnitudes.
However, there are instances where seismic events with magnitudes less than 0 can be
reported. This may occur with microseisms or very small events that are detectable by
seismographs, but which do not represent significant ground shaking. In other words,
negative magnitudes are used to describe such small seismic events that fall below the
detection threshold of larger earthquakes.

Generally, the reservoir’s geological conditions, the local faults distribution regime,
and the volume of the injected CO, influence the frequency and severity of CCS-induced
seismicity. Thus, as can be seen in Table 3, the quantity and scale of reported seismic
occurrences, triggered by human activities, were different in CCS projects [95]. Based on
this table, the maximum magnitude of recorded seismic events was 4.4, which occurred in
the Cogdell CCS project in the USA [95]. On the other hand, no induced seismic events
were recorded in some CCS projects, such as Cranfield [96] and Aquistore [86].

Table 3. Major investigations pertinent to induced seismicity at CCS projects.

Number of

Project Name Country Storage Type V‘g‘?;l gnn.]s;t;’;lge Séeé:t;‘;isc Msaeglrsl:?\ﬁi e Detail of Seismic Events Reference
Cogdell United States Qil reservoir 85 million m3 (per 18 M>3 The maximum AseisrAnic m‘agnitude has [95]
(EOR) month) 1 44 been recorded in this project.
) Oil reservoir - The seismic events were recorded by
In Salah Algeria (EOR) 4 million tons >6000 -1<M<17 installments of monitoring sensors in [20,97]
three injection wells.
. As the injection duration increased, the
Decatur United States rDeEZ?VSoailrme 1 million tons >10000 —-2<M<1 spatial extent of the induced seismic [23]
activity also grew.
) Oil reservoir The seismic events were distributed
Aneth United States (EOR 694,449 tons 3800 -12<M<0.8 arpund two faults 4.8 km far from the [23]
injection wells.
Depleted gas Near-surface and down-hole
Lacg-Rousse France res}e)rvoir & >50,000 tons 600 —-23<M<-05 monitoring systems were used to [98]
record the seismic events.
Ol reservoir 5.3 million tons The installation of a seismic monitoring
Weyburn Canada (EOR) (Iéer car) 200 -3<M< -1 system took place in an abandoned [20,23,89]
y production oil well.
Injection of a supercritical fluid
Otwey Basin Australia (OEI(IDII.%S ervolr 65,445 tons 5 ev;:;s per 0>M Z?:;:;;giiorze :;?/(Sfl;t lantloefo?h [84,99]
reaching 2000 m.
Cranfield United States ?qesi};esralme 5 million tons 0 - No induced seismicity was reported. [96]
Aquistore Canada Ia)qesi};esralme 140,000 tons 0 - wgsl?edcl(l;?iceljélsmlc event [86]
Formulations

Vs parameters can be utilized in different theories related to predicting CCS-induced
seismic events. For instance, they can be incorporated in Biot’s incremental theory, which is
applied in the analysis of seismicity induced by fluid injection into underground forma-
tions [100,101]. This theory was developed by Kisslinger and Chery in 1970 [100]. They
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demonstrated that, if a shear wave propagates through an area of active shear stress, the
shear wave generates particle accelerations parallel to its direction. When the cumula-
tive pressure from injection, along with tectonic stress, surpasses the inherent strength
of the rock, it fractures, thereby initiating induced seismicity. According to this theory,
the mechanism of triggering seismicity adheres to the effective stress theory as well as
the Mohr—Coulomb rock failure criterion. They established fundamental relationships for
motion of rock particles, as follows:

. 9s, asff dw dw  9s; asij Js; asf/'

i = %y +% g, % (Sii = Sjj) =2 — ey — ey — | =L+ i )er,  (3)
where ey, = %'ew = g—;,exy = g—; + %,and w= %(g—z — g—:)

And §j; is the primary pre-stress field (Pa); S;; represents incremental stress (Pa) related
to the wave. Moreover, u and v are incremental displacements (m) because of deformation,
and p indicates the rock density (kg/m?) [101]. The above formulation can be employed in
forecasting seismic activity induced by CO; injection into the subsurface rocks.

3.3.2. Caprock Failure
Description

Caprock plays a crucial role in geosequestration projects. It must possess high density,
integrity, and low permeability, enabling it to effectively trap injected CO, over an extended
period [25]. Additionally, the caprock should exhibit remarkable strength under tension
and compression conditions, withstanding the changing stress state during and after
CO; injection [26]. These essential characteristics are pivotal in ensuring a secure CCS
operation, necessitating thorough examination during project planning and CO, injection
deployment [88].

Shear wave velocity data help in assessing the integrity of caprock formations in CCS
projects. By measuring Vs in the CCS field, the mechanical stability and sealing capacity
of the caprock can be continually examined or monitored. For instance, Blake et al. used
Vs measurements and numerical simulation to evaluate the strength properties of caprock
layers in Algeria [25]. Moreover, in a review paper, Gholami et al. described the methods
of detecting CO, leakage by applying Vs data [102].

Rutqvist and Tsang developed a TOUGH-FLAC numerical code for CO, migration in
an aquifer covered by a caprock [26]. They reported that caprock collapse (or instability)
mainly occurs at the lower sections, since the effective mean stress remarkably declines
in this segment. This lower section exhibits a pronounced susceptibility to hydraulic
fracturing due to a limited pressure margin. This margin denotes the fluidic pressure
level which caprock can withstand without experiencing notable failure. Such a margin is
calculated to be merely 0.1 MPa after a decade of CO; injection [26].

Formulations

Generally, caprock mechanical stability can be evaluated through two approaches:
analytical solutions and numerical simulations. In both cases, the Vs parameter can be
utilized to calculate the elastic moduli of the caprock. Those elastic moduli are then included
in analytical solutions or numerical models. The mechanical behavior of caprock can be
specified using well-known rock failure criteria, such as Mohr-Coulomb, Hoek and Brown,
modified lade, etc. [31]. To simulate the interplay of liquid carbon dioxide and caprock,
the impact of pore pressure must be included throughout the entire analysis. Hence, an
appropriate coupled fluid—rock analysis should be performed. The poroelasticity theory
developed by Biot is capable of modeling such fluid-rock interactions [103]. The poroelastic
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behavior is brought about by the pore fluid pressure in the pore spaces of rocks [104]. The
fundamental relation in poroelasticity theory is [105,106]:

0=0—ap. 4)

where ¢ shows effective stress (Pa); o stands for total stress (Pa); p represents pore fluid
pressure in caprock (Pa); « indicates the Biot’s coefficient estimated through the underlying
relationship [107]:

Kdry
%
where K, stands for dry caprock bulk modulus (Pa); K, is the bulk modulus of the
caprocks” minerals (Pa) [107]. K4y, is determined as [106]:

(5)

a=1

Ky = (%2 - 5%2) ©
where V), (m/s) together with V; (m/s) are velocities of compressional waves along with
shear waves, respectively. Moreover, p indicates caprock density (kg/ m3).

It is widely acknowledged that any extent of CO, leakage through a damaged caprock
presents a possible environmental issue [108]. Caprock leakage may occur as a result
of caprock fracturing due to excessive pore pressure or because of the upward pressure
applied by the stored CO, under the caprock. Several studies have addressed water/oil
flow through rock fractures, and corresponding models have been established [109,110].
Despite this, there is a paucity of comprehensive research on the rheological characteristics
of supercritical fluids within rocks” fractures. The study led by Yang et al. introduced a
correlation between carbon dioxide transmissivity, fracture volume stress, and fracture
pore pressure [37]. They introduced an empirical formula to describe the seepage of CO,
gas through rock fractures under three-dimensional stress conditions, as follows:

Tty = 0.9416p~ 0% exp{—0.0205[01 — & p] — 0.0053[0.6(c2 + 03) — 0.807]} ?)

where Tty indicates seepage coefficient on fracture length (cm3/atm.sec), oy represents
maximum stress acting in one direction (atm), 0y is the intermediate stress (atm), and o3
demonstrates minimum stress (atm) acting along the direction perpendicular to o1 and oy.
The above formulae are applied for risk assessment of caprock failure in CCS projects.

3.3.3. Groundwater Contamination
Description

Until now, various investigations, both in the field and in laboratories, as well as
numerical investigations, have been implemented to investigate the impacts of CCS on
shallow groundwater aquifers [27]. Introducing CO, deep into the subsurface elevates
fluid pressure within storage reservoirs. This heightened pressure has the potential to
displace CO, towards upper aquifers through any existing leakage pathways [28]. The
main leakage pathways through which CO, may migrate to aquifers include natural
faults or discontinuities, active or abandoned wellbores, and the pore spaces within the
caprock [38,82,111]. Figure 8 shows a schematic representation of those leakage pathways.
Given that CO; is less dense than water, it can naturally ascend to shallower zones solely
through buoyancy forces, even when a significant pressure gradient is not present. For
instance, the density of supercritical CO, injected in the Ketzin CCS project, which is
located near Berlin, was reported to be approximately 234.53 kg/m? [34]. In comparison,
the density of fresh water is 1000 kg/m?.
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Figure 8. Schematic representation of CO, leakage pathways in CCS projects [112].

The carbon dioxide solubility in water tends to decrease with rising temperature. On
the other hand, it increases with escalating pressure. This matter has been illustrated in
Figure 9 [39]. If supercritical CO; leaks into the shallow water resources, the CO, will
undergo a transition from a supercritical state to a gaseous state, during which it will partly

or entirely dissolve into the existing water.
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Figure 9. CO; solubility in water [39].
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The dissolution of CO; into groundwater can lead to carbonic acid production, which
causes a decline in pH as well as a rise in dissolved carbonate content. The chemical
reaction process is [113] as follows:

CO2(g) + H,O = H2C03(aq) (8)

H,CO;5(,q) = HCO; +H* 9)

The pH reduction and the rise in carbonate ligands have the potential to induce
the release of naturally occurring metal (loid)s from aquifer rocks and sediments to the
water [27,28]. Laboratory studies have noted reductions in pH and increased concentrations
of metals, e.g., calcium (Ca), manganese (Mn), and iron (Fe), when various aquifer rocks
were exposed to CO,-charged waters [113,114]. Consequently, the quality of the water
might be affected.

To achieve a safe, successful CCS operation, continuous monitoring of the sequestrated
CO;, is highly essential. Several geophysics-based techniques are applicable in monitoring
CO; leakage into aquifers. Those techniques mainly used the electrical resistivity of rocks
and their seismic velocity to inspect the variations in groundwater quality. Both electrical
and seismic techniques are applicable in miscellaneous arrays, i.e., down-hole, surface,
down-hole—surface, and cross-hole setups, to record subsurface data [115]. Selecting an
efficient geophysical method for carbon dioxide leakage detection relies upon aquifer
characteristics, like the anticipated largeness of the CO, storage area, the investigation
depth, the presence of monitoring boreholes, the geological characteristics, and the extent
of variations in physicochemical features resulting from CO,; leakage. Electric methods are
commonly employed for studying shallow groundwater aquifers [115]. In contrast, seismic
and gravity-based methods find more frequent applications in monitoring CO, in deep
subsurface areas.

Geophysical seismic measurements offer an appealing method for tracking CO, mi-
gration in subsurface areas. Because wave velocity and attenuation are responsive to
alterations in storage formation pressure, time-lapse seismic techniques have frequently
been employed to monitor the large-scale expansion of CO, plumes in rocks [34]. Xue et al.
used the time-lapse induction technique to monitor CO, motion in the storage reservoir of
the Nagaoka pilot site, Japan [40]. Moreover, CO, migration in the Nagaoka and Frio pilot
sites was successfully mapped using cross-well seismic surveys [33,116]. While surface
seismic observations at the field scale provide lower clarity compared to well logging
and cross-well seismic methods, they allow for the monitoring of significantly broader
regions [32-36,40,116].

Field-scale studies aside, laboratory-scale seismic investigations have also been con-
ducted to monitor the CO, migration in rock samples. Kim et al. monitored CO; move-
ments in water-saturated sandstone samples using a joint seismic and resistivity measure-
ment approach [32]. In that study, seismic velocity tomography was successfully used to
image CO, movement in rock specimens. Moreover, it was found that rock resistivity rises
consistently during the injection operation, whereas seismic speed and wave amplitude
experience significant declines as a consequence of CO, injection.

Formulations

In all the abovementioned seismic investigations, Gassmann'’s theory was chiefly
applied in the calculation of the degree of CO, saturation in the rocks [34]. Distinguishing
changes in fluid saturation involves comparing time-lapse records measured prior to and
after the sequestration phase [32]. Gassmann’s theory can be used to calculate the bulk
modulus of the saturated rocks by using the following underlying equation [34,117]:

1— Kdry 2
K
9 o (=9) Kay
Kfluid Kin Kgn

Ksat = Kdry + (10)
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where Ksqt represents rocks” bulk modulus (Pa); ¢ indicates rock porosity; Kyj,iq represents
pore fluid bulk modulus (Pa). After CO; injection, if CO, leaks into the aquifer, the density
of the aquifer rock will change, since the mixture of CO, and water will have a different
density. Consequently, for the aquifer rock, Gassmann'’s relationship can be adopted both
prior to and after the CO; injection phase. Two parameters will change: Ksst and Kyy,,54. To
calculate these two parameters, the following procedure can be utilized.

When the injected CO, leaks into the aquifer, the density of the mixed fluid can be
estimated as [34]:

O fluid = Pwaterswater + (1 - Swuter)PCOZ (11)

where p fluid Tepresents the density of the mixture of CO, and water (kg/ m3), Qwater 1S
water density (kg/ m?), Swater shows the water saturation degree in rocks (kg/ m?), and Oco,
depicts the CO; density (kg/m?). Furthermore, the density of the porous rock containing
the mixture of CO, and water can be calculated as [34]:

Psat = PfLid® + (1 — @)om (12)

where psqt represents the density of the porous rock (kg/m?) and pj, stands for the density
of the minerals of the rock (kg/m?). Then, using the underlying relation, Ky, can be
obtained as:

4
Ksat = psat (Vp2 - 3V52> (13)
Therefore, having the Ksa, the Ky, can be calculated [106].

3.3.4. Fault Reactivation
Description

Faults and fractures play a crucial role in geomechanical investigations [118]. They
represent potential pathways for fluid migration to aquifers [119,120]. CO; injection may
lead to geomechanical repercussions, including the possibility of creating fractures and
activating faults [29]. An elevation in pore pressure leads to an increase in the rock’s
permeability, since cracks and fractures open up, facilitating the escape of CO; from the
storage zone [121].

So far, numerous studies have reported that extensive CO, injection might induce
fault reactivation. For example, CO, injection in Decatur project, in the USA, reactivated
certain minor faults [23]. Other examples include the Otway CCS site in Australia [85], the
Teapot Dome CO,-EOR site in USA [87], the Po River site in Italy [122], the Saint-Martin de
Bossenay site in France [123], the In Salah site in Algeria [124], and the Snehvit CCS site in
Norway [91].

When faults undergo reactivation, structural changes take place in both the rock matrix
and the pore fluid. Such changes will impact the rocks” elastic moduli, consequently result-
ing in measurable variations in seismic velocities, i.e., Vp and Vs [125]. A widely employed
method for identifying reactivation faults is the passive monitoring of microseismic events.
The detection of those events provides valuable insights into the origin as well as the fault
triggering mechanism [90,126].

Successive seismic studies increasingly being carried out for monitoring CCS-originated
subsurface changes, encompassing changes in stress state [127] and fluid composition [128].
Rivet et al. employed a time-lapse seismic approach to quantify seismic velocity fluc-
tuations in a fault in shale formation. They linked the wave velocity variations to the
pressurized pore fluids, which led to an increase in fault permeability [129]. In another
study, Shadoan et al. conducted a time-lapse seismic study to analyze the fault reactivation
mechanism [130]. During their experiments, a fault was monitored using the continuous
active-source seismic monitoring (CASSM) technique [116,131]. This technique utilizes
cross-well seismic sensors and receivers to tomographically assess minor variations in seis-
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mic properties. This characteristic enables high-precision measurements of wave velocity
and attenuation [130].

Badree and Alexander employed the petrophysical and geomechanical characteristics
of a regional reservoir within the Cruse formation in Trinidad to evaluate the effect of
injected carbon dioxide on fault reactivation [30]. Utilizing CMG-GEM software, they
developed a model that simulated the formation response. The model incorporated the
opening of a conductive fracture through tensile failure as pore pressure increased under
total stress. Additionally, the migration of CO, along the fault was simulated using the
Barton—Bandis failure criterion [30].

Formulations

A diverse spectrum of investigations has illustrated that stones, soils, and faults
undergo strength degradation with increases in pore pressure [132-134]. In Figure 10,
the Mohr diagram demonstrates the influence of escalating pore pressure on fault failure.
In this figure, oq and o3 are the most- and the least-confining stresses applied on a rock
containing a fault. The T parameter represents the shear stress applied to the surface of the
fault. Furthermore, the angle between the fault surface and oy is represented by 6, and ¢,
represents the normal stress applied on the surface of the fault.

Increase in
pore fluid pressure

[N

O o3 o1-p o3 o1

On

Figure 10. The impact of pore pressure increases on fault failure [21].

With an escalation in pore pressure in rock, there is a reduction in effective normal
stress, causing the Mohr circle to approach the fault failure envelope. Such a matter has
been illustrated in Figure 10. The failure envelope is typically determined through multiple
frictional strength tests in laboratory settings [135,136]. The onset of fault failure is indicated
when the Mohr circle intersects the fault failure envelope. Compared to an intact rock,
faults undergo failure at lower shear stress levels. This is why the fault failure envelope
lies on the right side of the intact rock failure envelope.

For the above case, the fault failure can be formulated as [39]:

Tstp = Craur + (0n — ap)tang gay;. (14)

where 7y, represents the fault slip shear stress (Pa); Cygy; is the fault’s cohesion (Pa); oy,
indicates normal stress (Pa); « stands for dimensionless Biot’s coefficient; p represents pore
pressure (Pa); ¢,,; stands for fault friction angle (degree). For a cohesionless fault surface,
the above equation can be simplified as follows [21]:

Tslp = (on— D‘p)mnq)fault- (15)

Hence, it can be said that fault reactivation (fault failure) takes place if the following
is true:
mn(Pfault = Tslp/( On — Oép). (16)

The above equation can be utilized to define the dimensionless factor of fault slip
tendency, as follows:
T = Tslp/( On — D‘p) (17)
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where T; is the dimensionless fault tendency [21].

In deep rock layers, some parameters, such as pore pressure and local stress regime,
play significant roles in rock geomechanical behavior [137]. Except for these two factors,
fault orientation is also of paramount importance in fault reactivation analysis [21]. To
determine the fault orientations, 2D or 3D seismic measurements are conducted. If such
fault orientations are obtained using the depth-converted 3D seismic measurements, then
Ts is computed for each point of the fault through Equation (17).

A typical illustration of fault slip tendency modeled on the basis of 3D seismic data
is presented in Figure 11. In this figure, the contours of T; on the fault surface have
been shown for a depth interval from 0 m to 3500 m [21]. Utilizing the recorded seismic
profiles helps in ensuring accurate geomechanical modeling, enabling the incorporation of
factors such as fault surface curvature in fault slip assessment. Therefore, for fault stability
analyses, it is advised to record 3D seismic data, and incorporate them in analytical or
numerical modelling.

0 m depth

3500 m depth

Figure 11. Contour map of slip tendency of a fault studied by [21].

CO, sequestration initiatives require the high-precision calculation of sustainable fluid
pressures that avoid inducing fracturing or triggering faults, which could potentially result
in the escape of CO,. Hence, it is of the utmost significance to ascertain the optimal injection
pressure for CO; to assess the consequential impacts on fault reactivation. The maximum
pore pressure to avoid fault reactivation may be evaluated by incrementally raising the pore
fluid pressure level in Equation (17) [21]. The upper limit for CO; injection pressure can be
considered as the pore pressure at which a fault slips. Thus, the CO, injection pressures
must be maintained under this maximum limit to prevent any failure-related issues.

Equation (17) clearly shows that the fault failure potential strongly relies upon the pore
fluid pressure and Biot’s coefficient. Thus, it may be said that fault reactivation analysis
due to the CO; injection is a hydromechanical problem. Such a hydromechanical coupling
analysis has been used by different researchers to predict fault reactivation [138-140].

3.3.5. Reservoir Deformation
Description

Reservoir deformation is a concern in the context of CCS projects, especially since
substantial CO, injections can bring about two crucial issues.

Firstly, CO, injection can bring about pore pressure increases within storage rocks.
Such elevated pore pressures may induce stress changes and impact the reservoir integrity,
potentially leading to deformation. As a matter of fact, when pore pressure changes, the
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local stress regime is disturbed [141], which can result in the compaction or expansion of
the reservoir rock. Such a deformation may affect the stability and porosity of the rock,
influencing the storage capacity and the ability to contain injected CO, [31].

Secondly, as a consequence of CO, injection, the reservoir may exhibit geomechanical
responses, such as subsidence or uplift. Subsidence can impact surface infrastructure and
ecosystems [142,143], while uplift may disturb the natural equilibrium of the subsurface.

Formulations

Monitoring and modeling techniques are employed to predict the geomechanical
behavior of the reservoir, helping to minimize risks associated with reservoir deforma-
tion [144,145]. The Vs parameter belongs to the key monitoring factors used in geome-
chanical assessments of CCS projects. By measuring the speed at which shear waves
propagate through the subsurface, geoscientists can estimate the elastic moduli and other
characteristics of subsurface rocks. Equations (18)—(22) are commonly used to calculate
those properties [31,118]:

1— (Ve/ V)
VZ(1+v)(1-2v)
_ P
E= Y (1 _ 1/) (19)
G=pV? (20)
A=p(V2- 2V§) 1)
k= % (22)

In the above equations, v stands for a rock’s Poisson’s ratio, and E represents Young'’s
modulus (Pa). Furthermore, p indicates rock bulk density (kg/ m3); G represents rock shear
modulus (Pa); A is Lame’s constant (Pa); k is rock compressibility (Pa—1).

Long-term Vs monitoring allows for the detection of changes in subsurface con-
ditions [146]. In fact, anomalies in shear wave velocity can indicate alterations in the
mechanical properties of a rock, thereby providing insights into potential deformation or
stress changes. By incorporating Vs data into Equations (18)—(22), engineers can improve
the accuracy of the geomechanical models and enhance the predictions related to reser-
voir deformation. Therefore, a continuous monitoring of shear wave velocity can serve
as an early-warning system for potential geomechanical issues. Changes in shear wave
velocity may precede observable deformation, providing an opportunity to take preventive
measures or adjust injection parameters.

4. Discussion

The main applications of Vs parameters in geomechanics were elaborated upon in the
earlier sections. Moreover, the study revealed how Vs data can be efficiently incorporated
into CCS risk assessments. The ongoing utilization of Vs data in geo-related projects is
expected to be more extensive as new measurement sensors and instruments are capa-
ble of recording the acoustic wave velocities with higher accuracy. Shear wave velocity
is increasingly applied in rocks characterization, not only on Earth but also on remote
planets [147-149].

Risk assessment is an indispensable part of any geo-related project [150,151]. The
successful implementation of CCS initiatives relies heavily on the accurate assessment of
geological formations to guarantee secure and efficient CO, sequestration. The utiliza-
tion of shear wave velocity data in seismic surveys enhances the accuracy of subsurface
characterization.

By incorporating Vs information into seismic models, researchers and operators
can more precisely delineate geological features, identify potential pathways for CO,
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migration, and assess the spatial distribution of stress and strain within the storage
reservoir. In other words, Vs data can be utilized to estimate the bulk modulus, Poisson’s
ratio, and Young’s modulus, and to share modules of the subsurface rocks volume by using
Equations (13) and (18)—(20). When these parameters are estimated, they can be imported
into 3D numerical simulations that can be performed in commercial programs such as
Abaqus and FLAC3D. Then, by running numerical models, the stress redistribution and
mechanical deformations (strains) of the reservoir rocks can be calculated. Moreover,
the Vs data can be applied to determine the fault orientations on CCS sites. If the fault
orientations are ascertained, then the fault sleep tendency can be calculated through
Equation (17). This approach enables geomechanics and engineers to classify the local
faults based on their sleep tendency. Hence, the susceptible faults for CO, migration can
be detected.

When supercritical CO; is injected into a target reservoir, the pore pressure in the
reservoir increases. Consequently, as the injection process proceeds, CO, may escape from
the reservoir. Since injected CO;, is lighter than water, it migrates towards the upper strata
and the ground surface. So far, several studies that have been performed in laboratory
settings or in the field have shown that CO; leakage can occur through fault fractures or
abandoned wells [82,111]. The possible mechanisms of CO, migration can be categorized
into fast and slow mechanism types. In the fast mechanism, CO, migrates through the
abandoned wells in the area, local faults, and rocks’ discontinuities. On the contrary, in the
slow mechanism, CO, mainly leaks through the gradual dissolution of the caprock [82,111].

Furthermore, the sensitivity of shear wave velocity to fluid saturation levels is a critical
aspect of CCS risk assessment [152,153]. Changes in fluid content within storage formations
can significantly alter Vs, serving as an indicator of potential leakage or CO, migration. In
other words, risks including induced seismicity, caprock failure, water contamination, fault
reactivation, and reservoir deformation are directly dependent on pore pressure, which
in turn affects Vs magnitude in rocks. Thus, it can be deduced that the assessment of
CCS-induced risks is a coupled hydromechanical analysis. This matter is evident, with
Equations (4), (7) and (10)—(17) reflecting the role of pore pressure and Biot’s coefficient
in risk analysis formulations. According to this point, the authors highlight that a precise
measurement of poroelastic parameters is of paramount significance in CCS risk assessment.
Hence, providing high-precision field instruments and laboratory apparatuses for Vs
measurement is highly recommended.

Despite the evident significance of shear wave velocity in CCS risk assessment, some
challenges remain in its application. Variability in geological formations, complex interac-
tions between different rock types, and uncertainties in Vs measurements contribute to the
complexity of accurately predicting subsurface conditions [154-158]. Future research ef-
forts should focus on refining measurement techniques, developing predictive models that
account for geological heterogeneity, and conducting field-scale experiments to validate
the findings of laboratory studies.

The joint monitoring approach, involving the integration of multiple geophysical
methods such as geoelectric and seismic surveys, have frequently been effective in minimiz-
ing monitoring uncertainties and enhancing accuracy [145]. In many cases, supplementary
measurements like well-logging data, borehole fluid analysis, and CO, flow characteristics
may be utilized to refine and validate geophysical data. Beyond electrical and seismic
measurements, precise gravity monitoring may also serve as another valuable tool for
detecting variations in density and pressure resulting from CO; injection. This enables the
tracking of CO, migration or potential leakage in the subsurface [83].

The classic techniques for Vs measurement, e.g., laboratory-scale experiments and
wellbore surveys, have long been the gold standard in geoengineering studies. While
providing accurate results, they are often time-consuming, labor-intensive, and expensive,
thereby making them less feasible for large-scale assessments [159]. Geophysical methods,
including seismic refraction [160], surface wave analysis [161,162], and seismic tomog-
raphy [163] offer cost-effective and energy-efficient alternatives to traditional laboratory
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testing and borehole measurements. These methods have demonstrated their practical
applications in characterizing Vs profiles and capturing variations in complex geological
settings [164]. However, they also have limitations related to data availability, sensitivity to
site conditions, and the need for controlled seismic sources.

5. Conclusions

This comprehensive review underscores the pivotal role of shear wave velocity in
the assessment of the critical risks induced by CCS operations. Vs emerges as a versatile
parameter, contributing significantly to various geomechanical analyses, including induced
seismicity, caprock stability, groundwater contamination, fault reactivation, and reservoir
deformation. The multifaceted nature of CCS technologies necessitates the ongoing monitor-
ing of CO, plume migration. Vs data provide valuable insights into subsurface conditions,
acting as an early-warning system for potential geomechanical and environmental issues.

As CCS technologies continue to evolve, the significance of shear wave velocity re-
mains paramount. Its applications extend beyond being a mere monitoring tool, positioning
Vs as a key parameter in optimizing injection pressures, predicting seismic events, and pre-
venting the contamination of potable shallow groundwater resources. The journey toward
sustainable carbon storage requires a holistic approach, encompassing technological inno-
vation, rigorous scientific inquiry, and collaborative efforts across disciplines. With shear
wave velocity as a guiding metric, the future of CCS technology holds promise for a safer,
more efficient, and environmentally responsible approach to mitigating carbon emissions.

The geomechanical interaction between injected CO, and porous rocks can be nu-
merically modeled through poroelasticity theory. Since the majority (nearly 99%) of CCS
projects are operated in saline aquifers and exhausted hydrocarbon reservoirs, any prior
geomechanical data obtained from exploratory boreholes, laboratory measurements, etc.,
are very useful in calibrating the Vs values recorded during geophysical seismic surveys.
As an example, once the static elastic moduli of underground rocks are measured through
exploratory boreholes, the dynamic elastic moduli calculated from the seismic surveys can
be accurately calibrated.

The generation of 3D geomechanical models provides an exceptional visual approach
for assessing the influence of CO, sequestration on subsurface rocks. To accurately create
such models, the quantity and spatial distribution of in situ stresses must be determined
through standard tests, such as the leak-off test. Moreover, the native pore pressure
must be precisely estimated before liquid CO; injection. In addition, the distribution and
orientation of local faults must be carefully studied and quantified. Access to these three
data categories will help geomechanics and engineers in generating 3D models that are
capable of accurately predicting CCS-induced risks.

Furthermore, continued research which deepens our understanding of the underlying
physics of Vs behavior in various geological settings will contribute to the development of
improved models and Vs prediction methods. Incorporating geological knowledge and
geophysical insights into predictive models will enhance their interpretability and practical
applicability in CCS scenarios.

In conclusion, shear wave velocity emerges as a valuable tool in CCS risk assess-
ment, providing critical insights into the mechanical and fluid-related aspects of storage
formations. Its integration into comprehensive risk evaluation frameworks enhances the
reliability of CCS projects, guaranteeing the long-lasting viability and safety of carbon
capture and sequestration plans. Overall, the future of shear wave velocity applications in
CCS projects is optimistic, with potential advancements contributing to more effective risk
assessments, improved monitoring, and enhanced strategies for mitigating environmen-
tal impacts.
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