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The Earth’s subsurface not only provides a wide range of natural resources but also
contains large pore volume that can be used for storing both anthropogenic waste and
energy. For example, geothermal energy may be extracted from hot water contained or
injected into deep reservoirs and disused coal mines; CO2 may be stored within
depleted petroleum reservoirs and deep saline aquifers; nuclear waste may be
disposed of within mechanically stable impermeable strata; surplus heat may be
stored within shallow aquifers or disused coal mines. Using the subsurface in a safe
manner requires a fundamental understanding of the physiochemical processes which
occur when decarbonising technologies are implemented and operated. Here, thermal,
hydrological, mechanical and chemical perturbations and their dynamics need to be
considered. Consequently, geoscience will play a central role in Society’s quest to
reduce greenhouse gas emissions. This contribution provides a review of the
physiochemical processes related to key technologies that utilize the subsurface
for reducing greenhouse gas emissions and the resultant challenges associated
with these technologies. Dynamic links between the geomechanical, geochemical
and hydrological processes differ between technologies and the geology of the
locations in which such technologies are deployed. We particularly focus on
processes occurring within the lithologies most commonly considered for
decarbonisation technologies. Therefore, we provide a brief comparison between
the lithologies, highlighting the main advantages and disadvantages of each, and
provide a list of key parameters and properties which have first order effects on the
performance of specific rock types, and consequently should be considered during
reservoir evaluation for decarbonising technology installation. The review identifies
several key knowledge gaps that need to be filled to improve reservoir evaluation and
performance prediction to be able to utilize the subsurface efficiently and sustainably.
Most importantly, the biggest uncertainties emerge in prediction of fracture pattern
development and understanding the extent and timescales of chemical reactions that
occur within the decarbonising applications where external fluid or gas is cyclically
injected and invariably causes disequilibrium within the system. Furthermore, it is clear
that whilst geoscience can show us the opportunities to decarbonise our cities and
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industries, an interdisciplinary approach is needed to realize these opportunities, also
involving social science, end-users and stakeholders.

Keywords: thermal-hydrological-mechanical-chemical (THMC) processes, geological strata, geothermal energy, nuclear
waste disposal, CCS

INTRODUCTION

Human reliance on carbon-intensive energy sources is
overwhelmingly accepted to be accelerating climate change
(IPCC, 2013), which is likely to have severe consequences
unless global warming is limited to 1.5°C above pre-industrial
levels in accordance with the Paris Agreement (IPCC,
Forthcoming 2018). Rapid decarbonisation, resulting in net-
zero or sub-zero greenhouse gas (GHG) emissions, is
necessary to meet this goal. The rate at which we reduce
GHG emissions will be driven by economic factors, social
acceptance, technological advances as well as political will.
These factors are highly dependent on the details of the
individual technology or the set of technologies to be
employed. Many decarbonisation technologies are directly
linked to the subsurface; examples are Compressed Air
Energy Storage (CAES), hydrogen storage, geothermal heat
and energy extraction, Underground Thermal Energy Storage
(UTES), as well as technologies that will play a crucial role in
energy transition such as Carbon Capture and Storage (CCS)
and radioactive waste disposal as a necessary part in nuclear
power generation (Figure 1). Consequently, processes occurring
in the subsurface are key to the suitability and cost of the
specific decarbonising technology as well as way it is
implemented. Engineered solutions are highly dependent on
the characteristics of the subsurface, where during
exploration, implementation and utilization, geomechanical,
geochemical and geobiological processes may alter the
subsurface potentially impacting economics and safety. The
most fundamental task for the geological community to support
geological decarbonisation technologies is to characterize the
geochemical and geomechanical nature of the subsurface
because only specific lithologies and their properties are
suitable (Stephenson et al., 2019). A second common
challenge is the need to understand better the flow of fluids
in the deep subsurface, whether that may be water, steam,
hydrogen, CO2, or petroleum. The presence of several
immiscible fluid phases in the subsurface, reactive rock-fluid
interfaces, permeability variations through time and space as
well as rock, stress and pore pressure heterogeneity makes this
task particularly difficult. Taking the complexity of the system
into account requires in-depth knowledge of the dynamics
between interrelated thermal-hydrological-mechanical-
chemical (THMC) processes over large time-scales. For
example, reactive transport models, which at present mainly
focus on the chemical reactions associatedwith fluid influx and/
or outflow, need linking to simultaneous changes in the physical
andmechanical properties of a storage or energy extraction site.

While this review aims to provide an overview of the
different physiochemical processes important to consider

for the implementation, sustainability and safety of
decarbonisation technologies, focus is placed on the
strategies to improve our scientific understanding of: 1) how
fluids and gases flow and react within a subsurface site as they
pertain to selected decarbonisation technologies, and 2) how this
flow changes the mechanical properties of the storage site and
with that its structural integrity. The field of decarbonizing
technologies supported by the subsurface is so wide that it is
not feasible to review all possible technologies to the necessary
depth. Consequently, we selected three main areas to focus on:
1) geothermal heat and energy extraction including UTES, 2) CO2

storage, and 3) nuclear waste disposal as they cover different
types of resource types namely water/steam, gas and nuclear
waste, respectively. In addition, the chosen technologies are
representative for the range of imposed effects to the
environment (e.g., changes in stress field, temperature and
geochemistry, air-water-rock reactions etc.), which are shared
with many other decarbonisation technologies (Figure 1).
Therefore, the concepts, challenges and remaining research
questions highlighted in this review will be applicable to the
many other decarbonisation technologies that utilize the
subsurface. For example, potential structural changes within
the host or cap rock due to CO2 storage in saline aquifers
may have similar impact to Compressed Air Energy Storage in
Aquifers (CAESA) (Figure 1). Hydrogen storage also puts similar
pressures on a formation rock as CO2 storage and CAES; they all
require high pore spaces within the reservoir rock for injection of
large volumes of gas. Therefore, CAESC, CO2 and hydrogen
storage in caverns will have similar requirements for a
reservoir and also pose similar potential environmental problems.

The determination of subsurface conditions along with
current and evolving reservoir rock properties is
indispensable for exploration and utilization of
decarbonisation technologies. Importantly, the dynamic links
between individual THMC processes and reservoir/storage
rock properties through time are distinct in different
geological materials. This contribution therefore sets out to
identify the main THMC processes occurring within the six
main lithologies considered for decarbonisation technologies:
sandstones, carbonates, granites, shales/mudstones/
claystones, evaporites and coal. Even though biological
processes also play an important part in the dynamic
behaviour of subsurface reservoir, we focus on the
physiochemical processes and only the main effects of
biological processes are mentioned in the text. All of these
processes and their short- and long-term effects have to be
taken into account when exploring, implementing and utilizing
a sustainable decarbonising technology.

This review is structured in the following way: (1) General
overview of main decarbonisation technologies, their
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geological requirements and technology installation effects on
the subsurface; (2) processes and changes within the
subsurface strata induced by these decarbonising
technologies; (3) solutions for mitigating some of the
potential problems associated with point (2), especially
those related to permeability decrease within the formation
rock over time; and (4) lithology-specific processes occurring
within the subsurface that should be considered when
evaluating specific subsurface conditions for different
technologies. We will discuss and compare benefits and
challenges related to different lithologies for each selected
decarbonisation technology; and lastly provide an overview of
some of the knowledge gaps that are important to fill for
successful implementation and operation of these
technologies. The review identifies the key parameters and

properties that need to be considered when evaluating a
specific reservoir rock for the decarbonising technology
providing a pathway for research underpinning successful
geoscience supported decarbonisation efforts.

DECARBONISING TECHNOLOGIES: GENERAL
CONCEPTS AND GENERAL SUBSURFACE
REQUIREMENTS
Different technologies require different subsurface
characteristics for their successful implementation and
operation. Installation and utilization of each technology will
create different perturbations to the natural state. The
following section describes the general characteristics of

FIGURE 1 | Schematic illustrating subsurface utilization to achieve decarbonisation goals for net-zero carbon dioxide emissions.
Decarbonisation applications include nuclear waste storage (GDF-Geological Disposal Facility); Carbon Capture and Storage (CCS); geothermal
heat and energy utilization (deep Enhanced/Engineered Geothermal Systems (EGS), hydrothermal systems, and shallow (<120 m) geothermal
heat pumps); Underground Thermal Energy Storage (ATES, Aquifer Thermal Energy Storage; PTES, Pit Thermal Energy Storage; BTES,
Borehole Thermal Energy Storage; MTES, Mine Thermal Energy Storage); Hydrogen storage in caverns and aquifers; and Compressed Air Energy
Storage in Caverns (CAESC) and Aquifers (CAESA).
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each selected decarbonising technology, necessary attributes
of the subsurface as well as the imposed effects of these
technologies on the strata. For more in-depth reviews on the
technologies the readers are referred to additional literature
(e.g., Aminu et al., 2017; Apted and Ahn, 2017; Moya et al.,
2018).

Geothermal Energy Extraction and Heat
Storage
Geothermal heat can be utilized at shallow depth (1.5–300 m)
through the use of heat in groundwater and soil via heat pumps,
and at greater depth (>500 m) by extracting heat from hot
water and/or steam from hydrothermal reservoirs (Figure 1).
These may be hosted in sedimentary rocks and typically
utilized for direct heat applications or those developed in
crystalline rocks, which may also be used to generate
electricity as well as direct heat applications. Those in
higher temperature (>120°C) but low permeability rocks such
as metamorphic or plutonic basement complexes or at the
fringe of volcanic hosted geothermal fields are also known as
the Enhanced/Engineered Geothermal Systems (EGS) or
petrothermal systems, because enhanced fracture networks
are created artificially. Pre-existing natural fractures cause
induced hydraulic fractures to have multistrands (e.g.,
Warpinski and Teufel, 1987), and recent core-through
experiments show that even in the absence of pre-existing
open fractures, stimulation fractures can develop quite
complicated patterns, for instance, by bifurcations at
bedding planes (Gale et al., 2018). Technologies are
available to extract heat from both high and extremely low
permeability reservoirs. Geothermal systems are run either by a
convection or conduction heat transfer mechanisms (e.g.,
Moeck, 2014).

Convection-dominated geothermal heat extraction is often
associated with a high geothermal gradient (>30°C/km) and
natural fluid flow. High rock permeability (>10 mD) is
necessary to allow significant convection, which is largely
controlled by deformation structures, such as faults and
fractures. Such a regime is available at plate tectonic
margins, or settings of active tectonism and volcanism
(Moeck, 2014, and references therein). These reservoirs
have sufficient permeability to transport heat through the
convection process because water can flow through the
fracture/matrix pore space and heat up through the
interaction with the hot rock surface, carrying the then
heated water to the boreholes. The drawdown of the
groundwater during utilization may significantly limit the
amount of heat that can be extracted. Sustainable
application of these resources therefore requires reinjection
of the fluid after heat has been extracted. Increasing well
performance and ensuring the reservoir does not clog up
through porosity closure due to suspensions, biofilms or
mineral precipitates during production are the main
challenges for reservoir engineering in which water flows
through the primary porosity within the matrix (e.g., Brehme
et al., 2018). In tight systems, permeability is increased either

by hydraulic fracturing or acidification (e.g., Zimmermann et al.,
2009; Breede et al., 2013; Schumacher and Schulz, 2013).
However, it is a challenge of geoscience to be able to
document and characterize the pre-existing fracture
patterns, so that the optimal stimulation design can be
used. Mechanics is a useful tool for deciphering how
fracture patterns form. However, fracturing is a
physiochemical process that involves the breaking of bonds,
and for fractures formed at depths of ~1–10 km and
temperatures of 50–200°C, chemical reactions are common
and diverse, making their impact on fracture pattern
development hard to predict (Laubach et al., 2019).

Conduction-dominated geothermal heat and energy
extraction systems may also be called passive geothermal
energy extraction systems due to the absence of fast
convective flow of fluids (Moeck, 2014). These systems are
normally located at passive tectonic plate settings, where no
significant recent tectonism or volcanism occurs. In low
porosity reservoirs heat is transferred through heat
conduction through rock’s matrix, and sometimes in high
porosity reservoirs—through the formation water within the
pore system. The low porosity reservoirs are used without
the artificially created fracture porosity and rather rely on
conduction of heat into boreholes. In this case, permeability
of the rock is irrelevant, whereas its conductivity is very
important. In such systems, the underground water is static
and exchanges heat with a piping loop filled with working fluid
via a conduction mechanism (Lund et al., 2004). The buried
pipe system acts as a radiator or heat exchanger. At present, a
potentially promising technology for closed-loop circulation at
great depths is Eavor-Loop™, which consists of two
connecting vertical wells several kilometres deep with many
horizontal multilateral wellbores several kilometres long
(Amaya et al., 2020).

Compared to closed-loop (conduction-dominated)
geothermal reservoirs, open-loop (convection-dominated)
resources have a higher efficiency of thermal exchange in
the subsurface as the heat carrier media is in direct contact
with the surrounding ground (Luo, 2014), whereas closed-loop
systems only exchange heat at the rock-borehole interface.
Therefore, open-loop systems have more impact on the
reservoir’s thermo-hydro- mechanical-chemical state,
whereas in closed-loop systems, apart from reducing its
temperature (e.g., Law et al., 2015), installation and
operation of the closed-loop system has a minimal effect on
the subsurface strata. Therefore, later in the text we only refer
to open-loop systems.

Subsurface Heat Storage—Underground
Thermal Energy Storage
Underground Thermal Energy Storage (UTES) uses similar
principles and technologies to geothermal energy extraction,
except it stores surplus heat energy from power plants and
industrial processes, or from installed solar plants or
greenhouses instead of utilizing high naturally occurring
geothermal gradients. However, in some cases, a hybrid
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system can use both—geothermal water utilization and heat
storage (e.g., Menéndez et al., 2019). The type of UTES
depends heavily on the nature of the subsurface storage
site, which can be Aquifer Thermal Energy Storage (ATES),
Borehole Thermal Energy Storage (BTES), Pit Thermal Energy
Storage (PTES), Mine Thermal Energy Storage (MTES) and
Cavern Thermal Energy Storage (CTES) systems (Figure 1).
ATES uses natural groundwater basins, normally with low
natural fluid flow rates, otherwise heat loss would be large
(Kallesøe and Vangkilde-Pedersen, 2019). Due to the similarity
in flow character, ATES technologies may face the same
problems as open-loop geothermal systems. BTES is a
closed-loop system and its principle is to heat or cool the
subsurface by circulating a fluid in plastic U-tube pipes
installed in a large number of closely spaced boreholes
(e.g., Rad et al., 2017). The system uses the subsurface
itself as the storage material, which can range from
unconsolidated sediments to rock with or without
groundwater. In this type of storage medium, the heat
transport mechanism is heat conduction and thus the
problems associated with BTES installation are similar to
the ones occurring within closed-loop geothermal systems.
PTES works by storing hot water in very large excavated basins
with an insulated lid. The sides and bottom are typically
insulated by a polymer liner or concrete (e.g., Sørensen and
Schmidt, 2018). PTES is less dependent on the subsurface
characteristics themselves except for the requirement of low
thermal conductivity. However, their shallow position in the
subsurface may lead to communication with groundwater flow
which will result in significant stored heat losses (Kallesøe and
Vangkilde-Pedersen, 2019). MTES is similar to PTES, but the
system utilizes abandoned mines. CTES is used for heat
storage systems that utilize any underground “cavities,” may
it be natural such as karstic formations or man-made, e.g.,
insulated tanks buried underground. For CTES to be energy
efficient cavities must not be connected to subsurface water
systems.

Carbon Capture and Storage
Since the 1970’s, CO2 has been injected into geological
formations for enhanced oil recovery (EOR), typically after
water flooding as a tertiary recovery mechanism (e.g., Hill
et al., 2013). The injected CO2 decreases oil viscosity and
density, resulting in improved fluidity and enhanced lifting
and extraction of oil. Despite the long use of CO2 for EOR,
the long-term storage of CO2 is a relatively new concept, with
the first CO2 storage facility, Sleipner Vest, starting in 1996
(Korbøl and Kaddour, 1995). Storage of CO2 is considered an
essential step in limiting global warming to 1.5°C, with three out
of four scenarios to net-zero emissions involving CO2

sequestration (IPCC, Forthcoming 2018).
Formations suitable for CO2 storage must be porous and

permeable to allow injection of large volumes of CO2 (>1 Mt of
CO2), and must have effective trapping mechanisms in place
preventing leakage to the atmosphere (Hepple and Benson,
2005) or adjacent groundwater (Ardelan and Steinnes, 2010; Lu
et al., 2012; Trautz et al., 2013). Several trapping mechanisms

may retain CO2 (Figure 2): (a) stratigraphic and structural traps
(by buoyancy effect); (b) residual (trapped in rock pores by
water capillary pressure); (c) solubility (residual gas trapping by
dissolution), and (d) mineralization (changing the pore-space
topology and connectivity) (e.g., Burnside and Naylor, 2014;
Sharma et al., 2017). These trapping processes take place at
different rates, and provide increasing storage security.
However, they show a decreasing order of overall
contribution to CO2 trapping (i.e., structural trapping being
the most important volume-wise, mineral trapping making
the least contribution). Mineral dissolution-precipitation
reaction rates are relatively slow thus mineral trapping
would only become important at a geological timescale
(Zhang and Song, 2014). In addition, the presence of high
concentrations of natural CO2 in subsurface reservoirs that
have no evidence of enhanced diagenesis (e.g., Wilkinson et al.,
2009) suggests that in many, if not most, casemineralization is
not an effective storage mechanism.

Storage in abandoned oil and gas fields is particularly
attractive because they are well characterized and the fact
that they have retained hydrocarbons is strong evidence that
they have good seals. It is also the case that depleted gas
reservoirs have larger pore volumes available for storage
compared to, for instance, saline aquifers of the same size
whose porosity is completely filled with water. Although having
retained hydrocarbons over geological-time is not a guarantee
that CO2 will not leak because: 1) in the near vicinity of wells the
sealing capacity of the cap rock may have been damaged by
the penetration of wells (Metcalfe et al., 2017); 2) CO2/CH4/
brine interfacial tension is much lower than hydrocarbon-water
systems (Li et al., 2006), 3) CO2may have a different wettability
to hydrocarbons being less water-wet; 4) reactions at the shale
interface may compromise seal integrity (e.g., Gholami et al.,
2021) and 5) the reduced horizontal stresses within the
depleted reservoirs add difficulty in drilling and cementing
increasing the risk of well leakage that may also lead to
large mud losses and difficulties in cemented casing (e.g.,
Shahbazi et al., 2020).

Injected CO2 is cold: CO2 turns from a gas into a liquid by
compressing it to the corresponding liquefaction pressure at
temperatures between −56.5°C and 31.1°C (e.g., Balat and Öz,
2007). Therefore, during CO2 injection the pressure near the
injection well declines rapidly as gas expands into the reservoir,
resulting in lower temperature of the reservoir (Vilarrasa and
Rutqvist, 2017). The long-term effects of the Joule-Thomson
cooling on the reservoir are still poorly understood, however it
is clear that it will change the physical properties of the rock
around the injection well and within the reservoir (e.g., Chen
et al., 2020). For instance, induced thermal contraction of the
reservoir matrix could lead to the opening of pre-existing, or
formation of new fractures, potentially forming leakage
pathways (e.g., Vilarrasa et al., 2017; Salimzadeh et al.,
2018), negating the assumption that leakage is not at risk
from depleted oil and gas reservoirs (Lokhorst andWildenborg,
2005). As long as the reservoir pressure is below the
hydrostatic pressure, leakage will occur by diffusion only
(e.g., Busch et al., 2010).
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Combined Technologies: Geothermal Energy and
Carbon Capture and Storage
Injecting geothermal waste fluids together with high amounts of
dissolved CO2 may often prove effective for the underground
disposal of CO2, as well as for maintaining field pressures (Wu
and Li, 2020). CO2 on this own in a supercritical condition
(scCO2) has also been proposed as a working fluid in the
geothermal systems (Pruess, 2006). The advantage of using
scCO2 as opposed to water is its lower viscosity, larger
compressibility and expansivity, which would increase
buoyancy forces and reduce the parasitic power consumption
of the fluid circulation system, as well as the reduced reactivity
with rock (Lo Re ´et al., 2014). Unlike water, CO2 is not an ionic
solvent, thus it is predicted to reduce the potential for dissolution
and subsequent re-precipitation of minerals, avoiding problems
of scaling and formation plugging (Brown, 2000). However,
using scCO2 instead of water would increase compression
costs associated with re-injection.

Nuclear Waste Disposal
European Commission signed a Taxonomy Complementary
Climate Delegated Act in February 2022, stating that nuclear
power will be added to taxonomy under certain requirements

one being a secure long-term radioactive waste disposal.
Therefore, finding ways to safely store nuclear waste in
geological formations is becoming ever more important.
Geological repositories for nuclear waste disposal need to
fulfil a number of criteria, including low permeability of the
host rock, protection against groundwater contamination, and
long-term mechanical, physical and chemical stability
(Borojević Šostarić and Neubauer, 2012). If these
requirements are not met, and there is a contact between
the groundwater and nuclear waste, radionuclides may be
released into the environment, threatening life. However,
even a contact of water with the containers is potentially
dangerous because hydrogen gas generated by the
corrosion may release gaseous C-14 (Schwartz, 2012) or
result in the formation of fractures that could compromise
the integrity of the site. Detailed site investigations must
include descriptive models of the initial state of variables
such as geology, hydrogeology, hydro-geochemical features,
and mechanical and thermal gas transportation factors (Ewing
et al., 2016). Rock types having suitable properties for the long-
term Geological Disposal Facility (GDF) are evaporites, shales
and crystalline basement rocks (Figure 1; Borojević Šostarić
and Neubauer, 2012). The depth of most GDF’s is expected to

FIGURE 2 | CO2 trapping mechanisms: structural, residual, dissolution and mineral trapping. These mechanisms show an increasing order
of storage security and timescales it takes for the CO2 to be trapped by that mechanism (i.e., CO2 gets trapped by stratigraphic and structural
traps on a field operation timescales, whereas mineral trapping only becomes important at a geological timescale). Note, that these
mechanisms, however, show a decreasing order of overall contribution to CO2 trapping.
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be around 200–900 m (e.g., Sellin and Leupin, 2013; NDA,
2016a; Scourfield et al., 2020). Containers holding
radioactive waste may comprise synrock (synthetic rock),
stainless steel, copper, etc. (e.g., Ragheb, 2011). At closure,
disposal containers may be placed either in relatively dry
conditions, such as in an evaporite host rock, where a
backfill material is typically used to seal the container, or in
contact with wet buffer materials, e.g., cement or bentonite
(e.g., NDA, 2016a; Groff et al., 2016). Bentonite is a clay which
swells at saturated conditions. The bentonite buffer may swell
to the point where it completely seals the space between the
waste container and the host rock (NDA, 2016b). If the
bentonite buffer forms a seal barrier, it may inhibit
microbiological activity around the disposal container, thus
protecting it from corrosion by limiting the flux of corrosive
species, such as sulphides, to the container surface. The
function of the buffer material is to adsorb any nuclides and
close potential fractures, and buffer nuclear waste chemically,
reducing the reactivity of groundwater that may come into
contact with the containers. After sealing of vaults and access
tunnels and closure of the GDF, dissolved oxygen will be
present in the GDF system due to air intrusion into the
system (Smith, 2015). Extensive use of cement in a GDF,
potentially as a backfill material around waste packages and
in access tunnels and other structures, may increase pH of
groundwater due to saturation of the GDF, which may lead to
the formation of a hyperalkaline plume with a pH of up to 13.5
(van Aardt and Visser, 1977; Savage et al., 2002). Increased
alkalinity may alter the radionuclide retention capacity of the
rock, because radionuclides are soluble in higher pH
environments (Smith, 2015). The pH around a GDF would
stabilise after a few thousand years following
mineralisation. Therefore, the surrounding backfill material
of the GDF must be designed in accordance to precise
models of expected changes to the surrounding geology
(Ewing et al., 2016).

Heat generated from the nuclear waste package elevates
temperatures within the container, nearby engineered
structures and the surrounding host formation; temperatures
are predicted to reach up to 180–200°C (NDA, 2016a). The
temperatures in the near field strongly depend upon the
properties of the material used, such as waste form,
container and backfill material, and the host rock properties
(Okamoto et al., 1991). Thermal parameters of rock mainly
depend on its mineral composition, microstructure and
porosity, which is closely related to the loss of water and
structural damage caused by thermal reactions, such as
evaporation, material phase change and chemical reactions
(Sun et al., 2016). Evaporites, granite and clay-rich shale show
thermal conductivity in a decreasing order (Okamoto et al.,
1991), governing the temperature gradient surrounding the
repository.

Geoscience plays a central role in evaluating the GDF (e.g.,
predicting the behaviour of groundwater systems in glacial
periods), and in modelling the near-field response of the
surrounding host rock of a GDF including the excavation
damage zones, effect of heat flux and the extent of rock

desaturation during the GDF operational period (Stephenson
et al., 2019). A model for the evolution of fluid chemistry and
mineral alteration in the environment around the GDF should
consider the flow of water, gas and heat, reactions between
minerals, CO2 gas and aqueous species, as well as porosity-
permeability-capillary pressure coupling for a dual permeability
(fractures and matrix) medium (Spycher et al., 2003). Risk
assessment of disposing nuclear waste involves a detailed
study of geological processes occurring now and in the recent
past to understand changes up to 1 myr into the future as
required by the regulators. Degree of seismic activity has to be
assessed through time, as well as effects of glaciation, uplift
and erosion. Climate change will influence sea-level rise so it
should also be considered.

PROCESSES AND CHANGES WITHIN THE
SUBSURFACE STRATA INDUCED BY
DECARBONISING TECHNOLOGIES
Geological strata are defined by physical, chemical,
mechanical and biological boundary conditions that have
generally operated over very long timescales (i.e., millions of
years). Field operations change the subsurface far more
rapidly. Small changes in the THMC state may have a
significant impact on fluid flow and hence sustainability of
the decarbonisation system. Installation of each technology
has a different effect on the subsurface and will create
different perturbations to the natural state. The following
section describes the effect of different processes induced
by the installation of the selected decarbonising technologies
on subsurface characteristics and technology sustainability.
Key problems and processes that need to be taken into
account when installing these technologies are explained in
more detail below and summarised in Table 1.

Geothermal Heat and Energy Extraction and
Heat Storage Systems
Dissolution-Precipitation in Pore Space
In open-loop systems, changes in chemical composition and
temperature of the reinjection water may induce a series of
interactions between the reservoir rock, residing fluids and the
reinjected water due to chemical local disequilibrium, which
may impact the porosity and permeability of a reservoir (e.g.,
Grigsby et al., 1983; McCartney, 1987; Su et al., 2018; Brehme
et al., 2018; Brehme et al., 2019). After water is injected into the
reservoir, the rock and the fluid system will attempt to re-
establish equilibrium conditions by dissolution of minerals in
the host rock, and/or formation of secondary minerals. The
mineralogy of the rock will determine the exact nature of the
reactions that will occur. Some minerals become more
supersaturated on cooling and hence are at risk of
precipitating during fluid convection: prominent amongst
these are the sulphate minerals, silica, barite, and gypsum
(e.g., Burton and Walter, 1987; Arnórsson, 1989; Brehme
et al., 2019; Setiawan et al., 2019). Calcium and sulphate are
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both common solutes in water so gypsum may be the prime
suspect for chemical scaling on cooling. Calcite is one of the
most chemically reactive minerals, thus calcite reactions are
the most common in carbonate-rich reservoirs (e.g., Liu and
Zhao, 2000). In an open system, calcite solubility is retrograde,
meaning that calcite solubility increases with decreasing
temperature (Wood, 1986). Consequently, cold water
injection may result in dissolution of calcite. Taron and
Elsworth, (2013) suggested that in the EGS systems
thermal-hydro-mechanical fracture dilation dominates
reservoir performance at the beginning of its exploitation,
whereas chemical precipitation in the vicinity of the wellbore
may affect the long-term reservoir performance.

Redox Reactions at Fluid-Rock Interfaces
Air introduction into reservoirs due to poor sealing of
reinjection wells or water delivery pipelines may lead to
increase in dissolved oxygen and initiation of redox
reactions. Contact between the oxygen and dissolved
reduced metals in the geothermal systems risks the
precipitation of manganese oxides (MnO2) or ferric
oxyhydroxides (Fe(OH)3), and the risk of biofilm formation
(Brehme et al., 2019). Fe dissolution and subsequent
precipitation of minerals such as goethite or siderite result
in changes in ionic composition and pH of the water, as well as
heating of the water if the reaction is exothermic (e.g., Su et al.,
2018). Therefore, air intrusion into geothermal reservoirs may
result in an increased acidity and scaling of iron-bearing
phases (e.g., Banks et al., 1997).

Decrease of Mechanical Strength and Stiffness
Injection of external water into a formation rock will change
mechanical state of the reservoir. Laboratory rock mechanics
tests demonstrate that water commonly weakens rocks,
including reducing strength and stiffness (e.g., Wong et al.,
2016), enhancing creep and plastic deformation, and
accelerating failure rates even at low temperatures (<200°C)
(Brantut et al., 2013). This water-weakening behaviour is
attributed to water facilitating subcritical fracture growth, or
activating fluid-assisted deformation through stress corrosion
(Wiederhorn, 1967), dissolution (Simmons and Freiman, 1981),
and/or microplasticity (Schubnel et al., 2005). Therefore, water
injection into, for instance, an abandoned gas reservoir may
greatly reduce its yield stress, resulting in wellbore collapse,
and fracturing and faulting of the reservoir rock potentially
coupled with induced seismicity (e.g., Majer et al., 2007;
Kwiatek et al., 2019; see more details in Induced Seismicity
section).

Pore Pressure Increase Causing Fracturing and Faulting
During injection of external fluid, the reservoir stress path may
be affected by the minimum horizontal total stress changes
resulting from pore pressure fluctuations and by the change in
total vertical stress during expansion of the reservoir resulting
from stress arching. The changes in deviatoric stresses may
lead to faulting and fracturing (e.g., De Simone et al., 2013).
Such failure may result in increased or decreased reservoir

permeability, reactivation of existing faults and fractures which
may breach the hydraulic integrity of the caprocks that bound
the reservoir (Soltanzadeh and Hawkes, 2008) and induce
seismicity (see Induced Seismicity section).

Temperature Effects on Reservoir Stability
The injection of cold water into a hot reservoir induces thermal
stresses due to rock contraction. An area of contraction
increases with time following thermal diffusion (Parisio
et al., 2019). Thermal effects induce a significant
perturbation on the stress field, creating local fractures that
can increase injectivity index (Pasikki and Pasaribu, 2014), or
even trigger induced seismicity in the surroundings of critically
oriented faults near the injection well (De Simone et al., 2013).

Hydrological Effects on Adjacent Groundwaters
Open-loop geothermal and UTES systems may cause a range
of environmental changes to the adjacent groundwater
systems. Long-term abstraction where extraction is larger
than injection may lower regional groundwater levels and
have an impact on local drinking water wells (Preene and
Younger, 2014). Communication of a geothermal or heat
store reservoir with a regional groundwater system may
cause pollution problems due to precipitation of dissolved
chemicals or release of dissolved gases related to external
fluid injection. Open-loop systems may also affect aquatic
ecology in the groundwaters due to chemical variations
such as increased oxygen content (Preene and Younger,
2014). Moreover, injection of external water may cause long-
term changes in groundwater temperature. This in turn may
cause geochemical perturbations due to changes in chemical
equilibria between the groundwater and reservoir rock, which
may affect water quality in the aquifer.

Induced Seismicity
Currently the biggest public concern associated with EGS
technologies is a possibility of induced seismicity. It should
be noted that the term induced seismicity is currently very
broadly applied and includes seismicity that can be recorded at
the Earths’ surface. The instrumentation used is highly
sensitive and records seismicity from day-to-day traffic and
tidal modulations (e.g., Lecocq et al., 2020). By far, most of the
recorded induced seismicity is observed in projects circulating
fluid through basement rocks or carbonates (e.g., Basel, Soultz-
sous-Forêts, Landau, Insheim, Rittershoffen), whereas
circulation through the matrix of sedimentary rocks tends to
be less seismogenic (e.g., Evans et al., 2012; Baisch et al., 2016;
Diehl et al., 2017). However, in most cases, induced seismicity
will not exceed a localmagnitude,ML, of 3.0, with only a handful
of events with ML>3.0, the strongest one striking the city of
Pohang in 2017 with ML = 5.5 (e.g., Grigoli et al., 2018; Buijze
et al., 2019; Parisio et al., 2019). High impact seismic activity,
including seismic activity inducing infrastructure damage, tend
to occur on pre-existing local fault systems (e.g., Evans et al.,
2012). This is because less strain energy is required to trigger
slip on a pre-existing fault surface than to create a new fracture
within an intact geological unit. Geothermal wells drilled near
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critically stressed faults, in particular larger scale faults (e.g.,
lateral fault extension >1 km), may thus cause high magnitude
earthquakes (Baisch et al., 2016). The authors note that in
absence of critically stressed faults, even large volume fluid
injections do not induce any measurable seismicity. Some
geothermal energy projects, such as the United South
Downs project in Cornwall, UK, specifically target faults due
to their high permeability (e.g., Richards et al., 1992).
Identifying critically stressed faults has practical limitations:
even a 3D seismic survey will not necessarily detect all faults of
a size that is relevant for the seismic hazard and most faults
resolved in a seismic survey will not be critically stressed
(Baisch et al., 2016). Moreover, assessing the fault strength
(i.e., coefficient of friction and cohesion) is difficult using
existing geophysical exploration technologies.

Carbon Capture and Storage and Combined
Carbon Capture and Storage/Geothermal
System
CO2 Leakage From Injected Reservoir to Surroundings
Although CO2 is not toxic it can be fatal if its concentration
exceeds 10% by volume, as it causes asphyxia (Baxter et al.,
1999). A leakage could cause CO2 to accumulate in
topographic depressions on the Earths’ surface as it is
heavier than air, which can cause adverse ecological effects
such as damaging plant and soil microbiology (Roberts and
Stalker, 2017). Freshwater aquifers may undergo acidification
and contamination due to CO2 leakage. If the injected CO2

leaks through faults reaching lower confined pressure, strong
cooling will occur due to the expansion of CO2 as pressure
decreases with depth (Vilarrasa and Rutqvist, 2017), resulting
in a number of problems (see Decreased Temperature section).

Decreased Temperature
Cold CO2 injection induces thermal contraction and associated
stress reduction that may cause fracture instability in the
storage formation, the caprock, and/or the wellbore
(Vilarrasa and Rutqvist, 2017). If thermal cycling occurs as a
result of alternating periods of CO2 injection with shut-downs,
causing heating and cooling, radial fractures or debonding of
the cement may occur, potentially leading to CO2 leakage
(Vilarrasa and Rutqvist, 2017).

Increased Pore Pressure and Regional Fluid Flow
Reservoirs may be divided into those with regional fluid flow
and pressure connectivity (Green et al., 2016; Heinemann et al.,
2016), and isolated reservoirs with limited regional connectivity
(Swarbrick et al., 2005, 2010). Isolated reservoirs have a limited
storage capacity, as injecting too much CO2 could increase
pore pressure potentially leading to top seal failure through
hydraulic fracturing, or fault reactivation (Swarbrick et al.,
2013). With careful pressure management, isolated
reservoirs could make for good long-term storage, as long
as the top and lateral seals have sufficiently low relative
permeability to CO2-water mixture fluids (Swarbrick et al.,
2013; Karolytė et al., 2020). Reservoirs with regional

pressure connectivity do pose some risk for long-term CO2

storage because they are susceptible to reservoir
hydrodynamic flow, which may tilt fluid contacts beyond
spill points, leading to reservoir leakage (Green et al., 2016;
Heinemann et al., 2016). Care must be taken on injecting CO2

into a hydrodynamic reservoir as the increase in pressure due
to injectionmay alter hydrodynamic flows in another part of the
reservoir, especially within narrow, contained reservoirs such
as the Captain Sandstone (Williams et al., 2016).

CO2 Induced Acidification
Injection of CO2 increases acidity of the formation water
through the following reaction: CO2 + H2O = H2CO3 (Gunter
et al., 2004). CO2-rich fluids may be highly chemically reactive
in particular lithologies, impacting reservoir permeability and
porosity by dissolution and precipitation reactions. For
example, carbonate minerals are the fastest minerals to
respond to the changes induced by CO2 injection (Gunter
et al., 2004). These minerals, if present, may dissolve and
thus buffer acidity (Banks et al., 1997). Changes in pore
water composition associated with CO2 injection may also
aid chemically-assisted subcritical fracture growth (Chen et al.,
2020).

Salt Precipitation
Salt may precipitate around the injection well when CO2 is
injected into deep saline formations (Vilarrasa and Rutqvist,
2017). If water is present in the system, the water will tend to
evaporate into the dry CO2, increasing the NaCl concentration
in the liquid phase. Once the equilibrium solubility is reached,
salt may precipitate closing the pore throats and hence
resulting in a decreased porosity and permeability in
particular (Vilarrasa and Rutqvist, 2017).

Induced Seismicity
The relationship between long-term injection and induced
seismicity has been documented (Kaven et al., 2015; Taylor
et al., 2018), suggesting an increased probability of
earthquakes triggered by large injections of CO2 into the
brittle rocks found in continental interiors, threatening the
seal integrity (Zoback and Gorelick, 2012). However,
Vilarrasa and Carrera, (2015) argue that large earthquakes
due to geologic CO2 storage are unlikely because (i) soft
sedimentary formations are rarely critically stressed; (ii) the
most unstable conditions occur at the beginning of injection
thus it can be controlled; (iii) CO2 dissolution into brine may
help in reducing overpressure; and (iv) CO2 will not flow across
the cap rock due to capillary pressure, but brine will, which will
reduce overpressure further. Therefore, overpressures caused
by CO2 injection will most likely dissipate with time, making the
induced seismicity an unlikely scenario (Vilarrasa and Carrera,
2015).

Nuclear Waste Disposal System
Increased Temperature
High temperatures generated by nuclide decay will be retained
in the engineered barrier system for long periods of time
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(>10,000 years) (NDA, 2016a), leading to temperature
gradients and localized dehydration processes, which will
tend to dry the rock, cause degradation of the physio-
mechanical behaviour of rock mass, create local pore
overpressure, and change the natural permeability of the
host-rock (e.g., Tsang et al., 2012). Heating of the rock
causes its expansion, which pushes out the cooler
surrounding rock, resulting in induced tension in the cooler
rock and additional compressive stresses in the hotter rock
(Okamoto et al., 1991). These effects may be beneficial in that
expansion will close cracks in the hotter region, reducing the
fluid flow to and from the waste in the GDF. However, the
tensions will open the existing fractures between the ground
surface and the GDF, resulting in increased permeability in the
far field of the rock cover. The thermomechanical response of
the overburden rock could also result in the opening of existing
fractures near the surface due to nonlinear uplift. The resultant
increase in near surface fracture permeability may affect the
water-flow patterns, perturb any microbial populations
contained within the original undisturbed system and those
introduced during construction of the repository (Okamoto
et al., 1991). Upon heating and boiling, CO2 exsolution from
pore waters may raise pH and cause calcite precipitation
(Spycher et al., 2003). Heat may also enhance dissolution of
silica minerals, and increase smectite to illite conversion rate
(e.g., Huang et al., 1993).

Increased Alkalinity
Cement used for backfilling the nuclear waste package will
increase pH of the surrounding formation waters in the GDF,
forming an alkaline disturbed zone (Bateman et al., 1999). If the
hyperalkaline pore fluid encounters unaltered groundwater,
dissolution of primary minerals such as K-feldspar will
occur, together with the precipitation of secondary phases
such as carbonate or gypsum (Savage and Rochelle, 1993;
Techer et al., 2006). That will lead to alteration of porosity and
permeability of the host rock, and potentially alter the
radionuclide retention capacity of the rock (Montori et al.,
2008). Moreover, high pH pore water interactions with
bentonite clay may facilitate the formation of colloids,
potentially increasing the movement of radionuclides in a
repository environment (Missana et al., 2011).

Redox Reactions
Some oxygen is likely to be entrapped in the GDF construction
and waste materials due to air intrusion into the system,
leading to redox conditions initially similar to those of
naturally aerated systems. Dissolved oxygen will be
consumed by the processes such as corrosion of copper
containers, aerobic microbial processes, and oxidation of
minerals such as pyrite (Yang et al., 2007; Hall et al., 2021).
Estimates of the maximum amount of oxygen potentially
trapped in the GDF after closure can be used to evaluate the
maximum amount of corrosion expected on waste containers
during this early post-closure period (NDA, 2016a). Values of
the order of 1–10 mol per m2 surface area of the container,
amounting to a maximum depth of corrosion of the order of

10–100 µm if uniformly distributed over the container, were
estimated by King, (2007). The hyper-alkaline pore fluids will
facilitate degradation of cellulosic materials, providing
substrates for microbial metabolism. The microbial-
mediated oxidation of organic matter rapidly causes the
depletion of oxygen in the system (Duro et al., 2014).
Corrosion of wastes and canisters along with microbial
processes will begin to generate gases (see Gas Generation
section). Over time, conditions in a GDF will eventually become
reducing as oxygen will be consumed by redox reactions
(Wersin et al., 1994).

Gas Generation
Depending on the nature of the waste materials and the
ambient conditions, a number of different gases may be
produced from a nuclear waste package due to corrosion of
metallic canisters and microbial processes (NDA, 2016b).
These gases include hydrogen, carbon dioxide, methane as
well as small amounts of hydrogen sulphide and radon
(Metcalfe et al., 2008). The generated gas may accumulate
and as pressure increases will start flowing through the
engineered barrier into the surrounding rock (Gens et al.,
2001). It is also possible that gas pressures could increase
sufficiently to result in hydraulic fracturing, contributing to the
positive feedback loop in the coupled fracture-transport, and
hence possible radionuclide release (Olivella and Alonso,
2004).

Radionuclide Leakage
In an event of radionuclide leakage from the GDF, groundwater
represents the most effective media through which
radionuclides can be transferred to the surrounding
environment (e.g., Benbow et al., 2014). The mixing of
released radionuclides with groundwater depends on the
depth of groundwater table in the area where GDF is
located. The problem of radionuclide mixing with the
unsaturated moisture content becomes complicated
because vadose zone may promote sorption, biodegradation
and transformation of radionuclides due to the presence of an
elevated organic matter and clay content (e.g., Suresh Kumar,
2015). Therefore, radionuclide transport processes could
potentially include advection, hydrodynamic dispersion,
sorption, decay, and matrix diffusion. The coupling between
geology (microstructural properties of the rock and
hydraulically connected fracture system), hydrogeology
(flow), and hydrochemistry (reactivity of the solubilities of
radionuclides and chemical reactions of nuclides with
geological materials) play a crucial role in evaluating
mobility and spreading of wastes within the subsurface
(e.g., Suresh Kumar, 2015). Such transport processes need
to be investigated in detail building upon dual-porosity systems
(e.g., Natarajan and Kumar, 2010; Natarajan and Kumar, 2012).

Damage During Excavation
An excavation damage zone may form during the GDF
construction (Tsang et al., 2005). This damage zone
represents a region of enhanced permeability caused by the
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formation of tensile or shear fractures (e.g., Bossart et al.,
2004; Marschall et al., 2008). An initial increase in permeability
of 4–6 orders of magnitude has been measured at Mont Terri
(Tsang et al., 2012), Bure underground research laboratories
(Armand et al., 2007) and Tournemire (Matray et al., 2007). The
extent and intensity of the excavation damage zone depend on
several factors, such as mechanical properties and
heterogeneity of the host rock, the anisotropy of the stress
field, over-consolidation ratio, the presence of bedding planes,
and the engineering technique used to excavate (e.g., Popp
et al., 2008; Tsang et al., 2012). However, this effect decreases
over time because of clay swelling and creep especially in
cases where swelling refill materials are used to provide a back
pressure on the rock (e.g., Lanyon et al., 2009; Tsang et al.,
2012).

LITHOLOGY-SPECIFIC PROCESSES
ASSOCIATED WITH DECARBONISATION
TECHNOLOGY INSTALLATIONS
Each of the processes identified above will show varying
effects and dynamics within different lithologies. Therefore,
in the following section, we summarize the nature of these key
processes and their effect on the mechanical integrity and
sustainability of decarbonisation technologies and reservoir
hydraulic properties within several rock types most commonly
used for the decarbonisation applications discussed in the
paper. Decarbonising Technologies: General Concepts and
General Subsurface Requirements section (above) shows
that the majority of the processes are universal to the
different technologies—they all affect fluid flow, temperature
and stress changes in the subsurface. Therefore, typical
behaviour is described in terms of these main processes,
and only when necessary, processes and dynamics are
highlighted that are specific to a certain technology.

Sandstones
Sandstones are mainly composed of a sand-size grains of
quartz with variable amounts of feldspar, mica and lithic
fragments; the spaces between which may be filled with
cement of silica, carbonate or clays. Sandstones invariably
contain impurities at different scales, where arenites (grain
scale) might be mixed with mm to dm layers of clay or impure
sandstone. Porosity of a quartzose sandstone can be
predicted with some degree of accuracy using parameters
such as depth, temperature gradient, burial rate, stylolite
frequency (e.g., Bjørkum et al., 1998), composition and
texture of the sandstone upon deposition etc. (e.g., Lander
and Walderhaug, 1999). Impure sandstones are more difficult
to characterise.

The majority of sandstone reservoirs are characterized by
the dominance of intergranular porosity, and hence matrix
permeability (Ehrenberg and Nadeau, 2005). Sandstone
reservoirs may provide suitable hydrothermal systems for
geothermal heat and energy extraction and CCS, as
sufficient permeability is often already in place (e.g., Nielsen

et al., 2004; Feldrappe et al., 2007; Donselaar et al., 2015). Heat
in these sandstones is thus largely transferred by conduction
through fluid flow through the rock matrix and formation fluids,
whereas fractures may add additional high-efficiency
pathways (Figure 3A). Unless it is a tight sandstone
(porosity <10%, intrinsic permeability <0.1 mD), where faults
and fractures play a crucial role in creating efficient
permeability because pre-existing pore throats within the
matrix range from nano- to micro-scale and forms poorly
connected network (e.g., Lai et al., 2018). In this case, the
reservoir acts as a EGS/petrothermal system and hydraulic
stimulation is necessary to make the reservoir hydraulically
efficient.

Water-rock interactions in sandstones, induced by changes
in chemical composition and redox conditions of injected
water, include precipitation of secondary clay and
hydrothermal minerals, such as chalcedony, calcite, gypsum
and other minerals with high reaction rates (Figures 3B–H;
Dou, 2012; Li et al., 2012; Brehme et al., 2018). Feldspars are
the most reactive primary minerals, and their dissolution plays
an important role for the generation of quartz cement as well
as illitization of clays at a deeper depth with high temperature
(Kasztelewicz and Tomaszewska, 2019). Changes in
electrostatic forces between mineral surfaces may cause
mobilization of clays leading to changes in permeability
(Figures 3E,F; e.g., Wilson et al., 2014).

Introduction of air into reservoirs may lead to increase in
dissolved oxygen and initiate redox reactions. For instance, the
oxidation of pyrite results in the formation of iron oxides and
sulphuric acid (Plumlee, 1999). Siderite is fairly stable in
oxidizing groundwater because even if it dissolves the local
precipitation of Fe oxides tends to create crusts and slow the
reaction. Dissolved oxygen and redox reactions will result in
changes in ionic composition and pH of the water, which will
promote dissolution of carbonates (Plumlee, 1999). Major
et al. (2018) studied CO2-water-rock interactions within
sandstones at the Crystal Geyser and Salt Wash field sites
in the USA, where geothermal water haven been flowing over
long timescales (>102–104 yrs). The authors observed
hematite cement dissolution and preferred bleaching in the
vicinity of CO2 springs flowing along fault zones. Dissolution of
iron-bearing phases has also been inferred by the
geochemistry of produced water in the Rangely Field,
Colorado, after several months of CO2 flooding (Bowker and
Shuler, 1991). Despite dissolution of Fe-oxide minerals,
geothermal springs may also cause precipitation of calcite
(Baer and Rigby, 1978; Urquhart, 2011), destruction of chlorite
in the lithic fragments and net corrosion of feldspars, as well as
an increase in the concentration of siderite and ankerite
(Figures 3B–H; e.g., Watson et al., 2004).

In hot springs close to volcanic areas, silica-rich fluids can
flow along fault zones and cause hydrothermal silicification
(Guido and Campbell, 2018). Here magmatic activity supplies
with a high temperature required to dissolve the silica and
favour the kinetics of the chemical reactions necessary for the
release of silica in sufficient quantities to affect the lithologies
crosscut by the fault zones. Menezes et al. (2019) studied such

Earth Science, Systems and Society | The Geological Society of London June 2022 | Volume 2 | Article 1004311

Kaminskaite et al. Physiochemical Processes in Decarbonisation Technology Applications



hydrothermal silicification along the Afonso Bezerra strike-slip
fault system in the Potiguar Basin, Brazil, to assess the role of
Si-rich fluids in fault geometry, properties, and evolution. The
authors observed that in faulted sandstones an intense quartz
cementation process occurs by replacing the matrix with
polymicrocrystalline silica and by grain overgrowth (e.g.,
Figure 3H). Menezes et al. (2019) compared the mineralogy
of the host rock and the rock affected by the fault, and found
absence of the plagioclase and the microcline in silicified
sandstones and the appearance of clay minerals, such as
illite. Pervasive silicification and cementation of quartz, opal,
and chalcedony cause the destruction of porosity and
permeability, making the fault zone behave as a barrier for
fluid flow. However, in the case where the fault is reactivated,
the subsequent brittle deformation may in turn result in a
porosity increase (Figures 3I,J; e.g., Grare et al., 2018).

Despite the dissolution/precipitation processes, which
cause the most common problems within sandstones,
another issue may be clogging of the wells or a reservoir
rock by suspensions within the injected water (Figure 3E;
e.g., Brehme et al., 2018). The source of these suspensions
may be small mineral particles formed for instance by the
oxidation of the steel pipelines, and/or precipitation ofminerals
caused due to lower pressure and temperature of the injected

water compared with the groundwater (Su et al., 2018).
Moreover, microbes, such as sulphate- and iron-reducing
bacteria or saprophyte, may reproduce very quickly under
suitable conditions, forming biofilms around the reinjection
well and also cause clogging of the wells or a reservoir rock
(Su et al., 2018). Fines migration, precipitation, biofilm, and
corrosion lead to a skin effect around the wells and are the
main causes for the exponential injectivity decline in sandstone
geothermal systems (e.g., Brehme et al., 2018).

Carbonates
Deposition in varying environments and intricate diagenetic
processes lead to the heterogeneity and complex
microstructures of carbonate rocks, which often pose a
significant problem when it comes to understanding and
predicting their reservoir quality (e.g., Lønøy, 2006). At the
same time, carbonate minerals are extremely reactive, thus
they experience rapid rates of porosity reduction and c.50% of
carbonate reservoirs have a porosity of <16% by the time they
are buried to 750 m depth (Ehrenberg and Nadeau, 2005).
Therefore, carbonates are likely to deform in a brittle-
dilatant manner, forming faults and fractures acting as
conduits to fluid flow (Kaminskaite, 2019). Hydraulic
pathways in carbonates are therefore bound to fracture

FIGURE 3 | (A) Schematic illustration of a geothermal and/or CCS system in a sandstone reservoir, showing structural features and
groundwater flow paths. Arrows indicate flow direction, and blue to red colours indicate cold and hot water, respectively. (B–J) SEM images
represent examples of products of the THMC processes that may occur within sandstones during the geothermal and/or CCS technology
installation/operation: (B–H) Products of mineral dissolution and precipitation; (I,J) Products of mechanical changes within the reservoir.
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networks, faults and adjacent karstification and/or dolomitized
zones (Figures 4E,F; e.g., Lopez et al., 2010; Niederau et al.,
2015; Montanari et al., 2017; Wang Q. et al., 2019). The fault dip
influences the circulation depth and, hence, the resulting water
temperature, thus thermal springs often form along the faults
(Li et al., 2007). Deep karstic aquifers containing hot water are
the best targets for geothermal heat utilization in carbonates,
UTES and CCS development due to their favourable
characteristics, such as high single-well yield, low salinity,
easy reinjection and fewer environmental impacts during
utilization (Kong et al., 2014). Cavities are generally stable
due to the favourable mechanical properties of carbonates
thus the risk of collapse or subsidence is low (Goldscheider
et al., 2010). The identification and location of hydraulically
conductive zones is of special interest for geothermal reservoir
prediction (Figure 4). However, identification of these high
permeability zones in deeply buried carbonates is difficult,
and despite the formation of brittle structures and karsts,
reservoir permeability also depends on the hydrochemical
conditions of the carbonate reservoir to maintain these open
flow paths; this is a subject still poorly understood.

The most important diagenetic processes that may occur in
geothermal reservoirs of carbonates are pressure solution,
dissolution, dolomitization and cementation (Figures 4B–D).

Dissolved CO2 reacts with calcite to form soluble and
pH-neutral calcium and bicarbonate ions, thus dissolution
processes in carbonates can form natural sinks for CO2

(e.g., Liu and Zhao, 2000). However, this process is
generally considered minor as the highly reactive rock
rapidly reaches chemical equilibrium unless flow rates are
very high (e.g., Sanford and Konikow, 1989). In a closed
system, calcite solubility is prograde up to 125°C and then
becomes retrograde, while in an open system, calcite solubility
is retrograde over this temperature range, meaning that calcite
solubility increases with decreasing temperature (Wood,
1986). Therefore, more CO2 and carbonate dissolution will
occur within the cold region that forms around the injection
well, which will widen the fracture apertures and produce
“inverted” karsts (Figures 4A,B; Andre and Rajaram, 2005).
Dissolution by water or aggressive fluids may create extremely
high-permeability layers (Schmoker and Halley, 1982; Brown,
1997). Moreover, the presence of acids may increase
dissolution even more, for instance, oxidation of H2S creates
sulphuric acid which boosts karstification (Palmer, 1991).
However, in case of a decarbonisation technology
installation dissolved calcite may migrate away from its
source and precipitate as a cement in the adjacent rock
(e.g., Garrison, 1981). Therefore, the amount of cement may

FIGURE 4 | (A) Schematic illustration of a geothermal and/or CCS system in a carbonate reservoir, showing structural features and
groundwater flow paths. Arrows indicate flow direction, and blue to red colours indicate cold and hot water, respectively. (B–F) Micrographs
represent examples of products of the THMC processes that may occur within carbonates during the geothermal and/or CCS technology
installation/operation (field of view: 10 mm): (B) Vugs (or karsts at a field scale) forming due to dissolution; (C,D) Cementation within the
rock’s matrix (C) and fractures (D); (E) Open fractures; (F) Dolomitization that changes the rock’s structure (rhombic structure) and porosity
(vuggy-intercrystal); relics of a carbonate limestone form dark fossil-shaped patches. (G) Photograph of a pipe cross-section (diameter:
219 mm), taken from a geothermal plant in Lithuania “Geoterma” showing gypsum precipitation (from Vaitiekūnas, 2012).
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vary both regionally and locally in response to flowing water
through the sediments and the intricate dynamics of re-
precipitation and/or dissolution/pressure solution at the
local to regional scale.

Carbonate precipitation depends on several factors, such as
temperature, rate of CO2 degassing and supply of Ca2+ and
CO2−

3 ions (Jones, 2017). In literature, different critical
temperatures are suggested for calcite precipitation, varying
from 40°C to 70°C (Kallesøe and Vangkilde-Pedersen, 2019).
There are, however, cases where calcite dendrite crystals
precipitated at temperatures >80°C (e.g., Jones et al., 2000),
and Della Porta (2015) suggests that calcite may precipitate at
temperatures <30°C. The lowest temperature for aragonite
precipitation at hydrothermal vents is 40°C (Folk, 1993). In
the Italian thermogene travertine deposition settings aragonite
precipitates at vents where temperature is between 45 and
62°C despite the low Mg/Ca ratio (Della Porta, 2015). In distal
areas of thermogene travertine systems, where water
temperatures have cooled to <40°C, aragonite may
precipitate when the Mg/Ca ratio in the residual fluid has
increased due to progressive precipitation of low Mg calcite
(Kele et al., 2008). Therefore, cold CO2/waste water injection
into a reservoir may lead to undersaturation of calcite,
inhibiting precipitation of carbonate minerals around the
injection well (Figure 4G; Sigfússon and Uihlein, 2015).
However, another factor controlling carbonate precipitation
is the rate of CO2 degassing. Under the same temperature
conditions, CO2 solubility decreases with pressure. Wood,
(1986) suggests that temperatures <125°C and high CO2

pressures are most effective in mobilizing calcite. CO2

outgases away from the borehole resulting in decrease in
CO2 pressure and hence reduced calcite solubility. That is
the reason why calcite scale occurs near the flash point in
the production wells where vapour is being released during
flashing (Yanagisawa, 2015). Furthermore, as calcite solubility
is lower at high temperature conditions, calcite precipitation
tends to occur in mid-section or shallow areas of production
wells where flashing occurs. Similarly, solubility of anhydrite is
lower at higher temperature and tends to precipitate at deep
points of production wells and at shallow high temperature
points. Anhydrite scaling at high temperature zones in
production wells is found in many geothermal fields, for
instance, at Sumikawa geothermal field and Hijiori EGS test
site (Kato et al., 2000; Yanagisawa, 2015).

Degassing of CO2-rich thermal waters causes precipitation of
carbonateminerals such as thewidespread travertine deposits in
Pamukkale, Turkey (Brogi et al., 2014), and central Italy
(Minissale, 2004) or the rich speleothems in the Buda Karst
(Erőss et al., 2008) (Figure 4A). Mixing of reducing water from
deep flow systems with oxygen-rich water from shallower flow
systems may cause precipitation of iron and manganese oxides
and hydroxides (Goldscheider et al., 2010). High concentrations
of sulphate may also accumulate in the discharge zones of
carbonate aquifers due to oxidation of sulphide minerals such
as pyrite, or from the dissolution of gypsum and anhydrite, or due
to deep fluids rich in hydrogen sulphide transforming into
sulphuric acid when it comes in contact with oxygen-rich

water (Goldscheider et al., 2010). The authors suggest a direct
relationship between levels of sulphate and temperature, and an
inverse relationship with discharge. Microbial mats are also
associated with carbonate precipitation along hydrothermal
springs (e.g., Casanova et al., 1999).

Upward migration and diffusion of hydrothermal fluids
along faults in carbonates may also cause silicification,
where calcite/aragonite/dolomite is replaced with opal/
chalcedony/low- temperature quartz (Menezes et al., 2019).
Hydrothermal silicification can greatly increase the porosity
and permeability of carbonate geothermal reservoirs by
forming mm-cm-scale vugs (Packard et al., 2001; Poros
et al., 2017; You et al., 2018; Lima and De Ros, 2019;
Menezes et al., 2019). Silicified zones in carbonate
lithologies are typically thicker than in siliciclastic rocks,
where unlike carbonates, silicification results in reduced
porosity compared to the host rock (Menezes et al., 2019).

Granite
Granite is a hard, massive, coarse grained igneous crystalline
rock with generally low permeability and isotopic physical
parameters. However, in practice, it often contains a wide
range of structures at depth, including faults, mineral filled
fractures, and open or mineral-bridged fractures (e.g., Segall
and Pollard, 1983). Granite is rich in elements with heat-
producing radioactive isotopes (K, Th, U), and is thus
commonly associated with temperature anomalies and
elevated geothermal gradients within the crust, which makes
it a suitable geothermal reservoir rock (e.g., Sliaupa et al., 2010;
Shao et al., 2015). Granite consists of quartz, plagioclase and
alkali feldspars, and smaller amount of biotite, muscovite and
hornblende (Farndon, 2010). These minerals have different
thermal expansion coefficients and thermo-elastic
characteristics (Zhu et al., 2018), but are stable under dry
conditions and temperatures of up to 300°C (Okamoto et al.,
1991). The mineral composition of granite influences its
strength significantly, because cracks propagate at the
weakest planes within the rock (Shao et al., 2015).
Depending on temperature, thermal cracking may occur
either between adjacent crystalline grains in some of the
weaker mineral constituents, such as feldspar and biotite
grains (intergranular cracks) (Brace et al., 1972), or within
grains (intra-granular cracks) (Glover et al., 1995).

Kumari et al. (2017) suggested that at temperatures <300°C,
the effect of depth/confining pressure is much greater on the
mechanical behaviour of granite than temperature. Takahashi
and Hashida, (2004) performed experiments on granite and
showed that the strength of the granite under air-dry conditions
is temperature insensitive within the studied temperature
range (up to 600°C) and nearly constant up to 350°C under
water-saturated conditions. However, under temperatures
above the critical point of water (>374°C and 22 MPa), the
strength decreased rapidly with increasing temperature. That
is due to supercritical water enhanced stress corrosion
cracking, which may further enhance the reservoir
permeability (Takahashi and Hashida, 2004). At
temperatures >400°C, some minerals, such as illite and
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kaolin, may be decomposed and volatilized (Hu et al., 2018).
Oxidation/decomposition reactions producing minerals such
as ankerite, siderite, magnetite and pyrrhotite are evident in the
temperature range of 400–600°C (Hu et al., 2018). However,
this range of temperatures is currently not reached in the
geothermal energy systems.

Lo Réet al. (2014) observed two common dissolution/
precipitation reactions occurring in granites during
hydrothermal experiments: 1) feldspars are the most
reactive primary minerals, thus they are the first to dissolve
or be altered (Figures 5C,D), and 2) regardless of temperature,
common secondary mineral precipitation includes smectite,
mixed-layer clays, illite, zeolite, and silica with fewer
occurrences of kaolinite, anhydrite, calcite, chlorite, albite,
and K-feldspar (Figures 5B,C,E–G).

Fractures provide essential fluid pathways in granitic
geothermal reservoirs due to their extremely low matrix
permeability (Figure 5A). Natural fluid circulation within
hydrothermally altered and fractured zones in granites
shows strong hydrothermal vein alteration with clay mineral
deposition (illite) and many secondary minerals (quartz,
calcite, ankerite, dolomite, clays, pyrite, hematite, etc.)
(Genter et al., 2000; Genter et al., 2016). Fresh meteoric

water was circulated through a jointed granite reservoir in
the Rosemanowes test site in the UK at a depth of
1.6–2.6 km at initial rock temperatures of 58–100°C
(Richards et al., 1992). The authors presented geochemical
data from selected circulation experiments over a period of
8 years. Early tests showed waters depleted in K, Ca and Mg,
and enriched in Na, SiO2, CI and alkalinity. Later tests showed
depletion in Mg, enrichment in Na, Ca, SiO2, CI and alkalinity.
Various processes that might have given rise to these changes
were considered, including diffusion from saline pore fluid,
cation exchange, mineral dissolution and precipitation, as well
as bacterially-mediated reactions. The major salinity-
generating processes in the reservoir were inferred to have
been the diffusion of Cl salts from saline pore fluids into the
injection water and the generation of HCO3 by bacterial
oxidation of dissolved and particulate organic matter. The
cation exchange sites were inferred to be on natural clay
minerals coating the joint surfaces, whereas additional clay
minerals may have come from plagioclase dissolution during
water circulation (Figures 5B,C; e.g., Miller et al., 2000). The
principal evidence of dissolution reactions in the early tests
was the release of SiO2. Other solutes were inferred to have
been largely controlled by cation exchange.

FIGURE 5 | (A) Schematic illustration of a geothermal, CCS and nuclear waste disposal system in a granite reservoir, showing structural
features and groundwater flow paths. Arrows indicate flow direction, and blue to red colours indicate cold and hot water, respectively. (B, D–G)
SEM images and (C) a micrograph that represent examples of products of the THMC processes that may occur within granites during the
installation/operation of shown technologies: (B,C) clay-coating on fracture walls; (C,D) feldspar dissolution/alteration; (E–G) nucleation of
secondary minerals (biotite, different types of clays).
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The extremely low permeability and high strength of
massive granite make it a good potential storage site for
nuclear waste (Yoshida et al., 2000) (Figure 5A). However,
possible fractures and oxidizing groundwater moving through
them represent a potential hazard for dispersion of
radionuclides (Dideriksen et al., 2010). Radionuclides may
become physically trapped in fractures due to the existence
of pore spaces between the surface of a fracture filling and the
host rock matrix (Yoshida et al., 2000). Clay in fractures may
act as retention sites for radionuclides by sorption (Missana
et al., 2006). Trapped radioelements may be released when
renewed circulations of hydrothermal solutions initiate the
dissolution of the secondary mineral species responsible for
the trapping (Ménager et al., 1992).

Shales/Mudstones/Claystones
Shales/mudstones/claystones (later in the text referred to as
shales) exhibit a wide range in rheology depending on a range

of factors including porosity, mineral composition, organic
matter content and stress history (Okamoto et al., 1991).
High porosity, clay-rich, normally consolidated shales often
deform in a ductile manner whereas lower porosity shales
containing high volumes of quartz and/or carbonate deform in
a more brittle manner (Figure 6A). This deformational
behaviour is critical to understand because it controls not
only whether faulting increases or decreases permeability
but also how faults and fractures reseal. Typically, shales
contain substantial amounts of clay minerals, quartz,
carbonates, and smaller quantities of feldspars, iron oxides
and organic matter (Shaw and Weaver, 1965). Clay
composition is also very important, as, for instance, illite
clays are non-expanding clays because the K, Ca, or Mg
interlayer cations prevent the entrance of H2O into the
structure, whereas weak linkage by cations (e.g., Na+, Ca2+)
in smectite clays results in high swelling/shrinking potential
(Lagaly, 2006). The clay minerals present in shales are largely

FIGURE 6 | (A) Schematic illustration of a geothermal, CCS and nuclear waste disposal system in shale-mudstone reservoirs, showing
structural features and groundwater flow paths. Arrows indicate flow direction, and blue to red colours indicate cold and hot water, respectively.
Note, that nuclear waste disposal is illustrated within the clay-rich shale, whereas geothermal doublet and CO2 injection wells are shown to use
the carbonate-rich shale. (B,C,H,G) are outcrop images and (D–F,I) are SEM images that represent examples of products of the THMC
processes that may occur within shales/mudstones during the installation/operation of shown technologies: (B–E,I) brittle deformation forming
open fractures (B,I) and cemented fractures (C–E); (F) clay swelling; (G,H) ductile deformation; and i) feldspar dissolution/alteration.
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kaolinite, smectite/montmorillonite, chlorite and illite (Shaw
and Weaver, 1965). Minerals and pore space in shales have a
strong preferred orientation within the bedding plane due to the
sheet-like structure of the clay minerals (Figures 6D,I; Ougier-
Simonin et al., 2016). The most important THMC processes
that are likely to occur in shales during decarbonisation
technology applications are:

(1) Clay hydration/swelling. Clay hydration is a physical
process that takes effect immediately in contact with
aqueous solutions resulting in clay swelling (Figure 6F;
e.g., Anderson et al., 2010). Swelling effect of clays may
cause a huge reduction in pore space, which not only
reduces matrix permeability, but the swelling of clay
contents along the fracture surfaces may also result in
fracture closure (Zhang et al., 2017). However, the
increased volume of plastic clay material separates the
contacts between the stronger quartz particles, weakening
the shale formation and enhancing its ductile properties
(e.g., Pineda et al., 2014; Ougier-Simonin et al., 2016).
Because of the clay minerals affinity to absorb water
and to swell, shales are more prone to water weakening
than other rock types (Chen X. et al., 2019).

(2) Dehydration and thermal shrinkage. Dehydration of
swelling clay minerals occurs when shales are subjected
to shrinkage and volume reduction, during which clay will
release water (Guo et al., 2014). In the immediate vicinity of
the heat sources, as in the case of nuclear waste
repository, drying out of the clay may occur if water was
able to migrate and/or to vaporize. This drying-out would
induce shrinkage of the clay, resulting in some degree of
fracturing (Okamoto et al., 1991). In laboratory
experiments, as more and more hydration/dehydration
cycles are performed, the thermo-chemically induced
microfractures in illite open wider, while in smectite the
microfractures heal during hydration, except when they
interact with a hard mineral (Montes-Hernandez et al.,
2004).

(3) Decomposition of organic matter. During shale formation,
fluids may be generated as the organic matter matures,
causing local volume increases with resultant
anomalously high pressure. These overpressures locally
lower the effective overburden stress, causing
microfracture development (e.g., Padin et al., 2014).
However, most organic-rich shales are oil-wet, which
means that hydrocarbons can escape quite rapidly
without having to overcome a capillary pressure (Brown,
2000). The overpressure that is developed tends to be
controlled by the half bed thickness, the permeability and
more importantly the capillary entry pressure of the units
lying above the oil-wet source rock. Where expulsion of
petroleum is not retarded by low rock permeability, high
pore pressure does not develop, organic porosity
compacts and kerogen shrinks, and hence the source
rock thins, causing fracturing (Brown, 2000). Maturation
of kerogen and decarboxylation of organic matter may
release CO2 (Chen B. et al., 2019).

Fractures in shales may also form due to differential
compaction, local and regional stress changes, strain
accommodation around large structures and uplift (Gale
et al., 2014, and references therein). Fractures formed by
any of the above processes may close due to several
reasons, including a local change in stress state, inelastic
deformation of the matrix, and precipitation of minerals
(Ougier-Simonin et al., 2016). Groundwater or hydrothermal
fluid flow present in the fractures may precipitate minerals
such as calcite, quartz and pyrite (Figures 6C–E; e.g., Zeng
et al., 2013). Hydrocarbons, including viscous bitumen, may
also fill these fractures (Lash and Engelder, 2005). Subsurface
fractures found in core are most commonly sealed, but barren
fractures are also present in some cores, even though their
origin is often uncertain (Gale et al., 2014, and references
therein). The tensile strength of the contact between the
sealing mineral and the shale wall rock is often low, thus
the fracture-host boundary is weak and new fractures may
propagate preferentially at their interface (e.g., Zeng et al.,
2013; Lee et al., 2015). Precipitates may also act as
proppants between fracture walls or by generating sufficient
crystallization stress to induce tensile fracturing in the
surrounding rock (e.g., Hilgers and Urai, 2005; Menefee
et al., 2020).

A rise in temperature generally reduces the swelling
capacity of clay minerals (Villar and Lloret, 2004; Chen et al.,
2020). At elevated temperatures, subcritical fracture growth
can be significantly enhanced in all types of shales, indicating
an increase in fluid diffusion rates from the fracture into the
matrix and thus enhanced chemical weakening in the fracture
process zone (Chen et al., 2020).

Injection of dry supercritical CO2 into subsurface reservoirs
would result in a local increase in water salinity which would in
turn inhibit clay minerals from hydrating and hence reduce the
risk of subcritical fracture growth in clay-rich shales and likely
enhance their sealing performance (Chen X. et al., 2019).
Consequently, injection of water that is less saline than the
resident brine may facilitate fracture growth across clay-rich
shales, whereas injection of more saline brine would increase
strength. Injecting low-salinity brine dilutes the electric double
layers (EDLs) between the clay particles, raises the negative
charges of clay surfaces, and consequently strengthens the
repulsive forces in-between (Khishvand et al., 2019). This
process may expand the EDLs, change the established
equilibrium, and ultimately detach some of the mixed-wet
clay particles from the solid surface, enhancing permeability
of the shale reservoirs.

In carbonate-rich shales, acidification of water through the
dissolution of CO2 increases the propensity for subcritical
failure (Chen X. et al., 2019). This agrees with the
observation that moderate amounts of calcite dissolution
aids fracture growth in carbonate rocks (Atkinson, 1984),
while excessive dissolution may lead to fracture tip blunting
and suppress fracture propagation (Rostom et al., 2013).
However, carbonate minerals have fast reaction dissolution
and precipitation kinetics thus reactive fluids can promote
near-immediate and extensive precipitation (e.g., Menefee
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et al., 2020), which buffers solutions keeping the pH fairly
constant. Major et al. (2018) showed that shale in the
damage zone affected by hydrothermal springs has higher
fracture toughness, and hence, strength, compared to
unaltered shale, which the authors attributed to calcite
cementation.

Clay-rich shales are good potential sites for nuclear waste
repositories, because of their very low hydraulic conductivity
and potential for self-sealing (Tsang et al., 2012). Moreover, as
mentioned in Granite section, clay minerals also provide good
sorption capacity for the retardation of radionuclide transport.
Therefore, ductile clay-rich shales are more preferred sites for
nuclear waste storage, whereas brittle carbonate-rich shales
are more suitable for geothermal systems (Figures 6A,B).

Evaporites
Evaporite deposits are of sedimentary origin and form by
precipitation of various salts from evaporating water, such
as seawater. The main evaporite rocks are gypsum,
anhydrite and halite, however potash and other rarer salts
are also locally important (Martinez et al., 1998). Evaporites
may form hundreds of meters thick layers and are often
interbedded with other country rocks, such as limestone,
dolomite and shale (Figure 7A). Evaporites are the most

soluble rocks and their dissolution often forms the same
types of karst features found in carbonates. The only
difference is that karsts in evaporites form rapidly, within
days, weeks or years, whereas karsts in carbonates typically
form in years, decades or centuries (e.g., Johnson, 2007;
Zidane et al., 2014). Salt caverns are perfect short-term
sites for CO2, hydrogen and compressed air energy storage
because they can provide large volumes of space (Figure 7A;
e.g., Shi and Durucan, 2005; Lankof et al., 2016).

Salt can act as an excellent seal, as evidenced by its ability
to hold back significant columns of highly overpressured fluids
(Warren, 2017). Evaporite seals, with their high entry pressure,
superior ductility, very low permeability and large lateral extent,
tend to maintain excellent seal integrity over vast areas, even
when tectonised and exposed to a wide range of subsurface
temperature and pressure conditions (e.g., Macgregor, 1996).
Salt beds tend to leak when thinned, dissolved, drilled and
contain higher levels of non-salt impurities (Warren, 2017).

Salt may flow over geological time resulting in diapiric
structures known as salt domes (Heroy, 1957). Salt domes/
diapirs often contain one to 10 m thick lenses of other country
rocks embedded during salt flow (Figure 7A). These lenses are
brittle, representing the main problem during salt mining and
waste disposal as they may acquire open fractures forming

FIGURE 7 | (A) Schematic illustration of the CCS, hydrogen storage, CAESC and nuclear waste disposal systems in evaporite reservoirs,
showing structural features and groundwater flow paths. Blue arrows indicate groundwater flow direction. (B–G) are outcrop images (Cardona
salt diaper, Spain) that represent examples of products of the THMC processes that may occur within evaporites during the installation/
operation of shown technologies: (B,C) ductile deformation; (D,F) brittle deformation due to salt impurities; (E,G) salt precipitation; and (G)
salt dissolution.
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pathways for fluid flow (Figures 7D,F; e.g., Warren, 2006).
However, these fractures only become important if they
connect to the surrounding rock outside the salt.

Gypsum is the most widespread evaporite mineral to form
in near surface environments. Gypsum converts to bassanite,
which ismetastable and decomposes to anhydrite when buried
to temperatures greater than 64–85°C (Murray, 1964;
Yamamoto and Kennedy, 1969). The conversion of gypsum
to anhydrite reduces the volume by 40% and releases much
water, which results in rheological weakening and mechanical
destabilization of evaporite bodies (Urai et al., 1986). It also
causes formation of chemically aggressive brines, which
makes gypsum inappropriate for any kind of radioactive
waste storage (Borojević Šostarić and Neubauer, 2012).

Anhydrite remains metastable in either under- or
supersaturated solution due to the very slow dissolution and
growth kinetics of anhydrite at temperatures lower than 80°C
(Van Driessche et al., 2017). However, anhydrite is brittle and
may contain open fractures. Anhydrite is potentially good
storage stratum for low-/intermediate level radioactive
waste but only when fulfils the following requirements: 1)
located above groundwater level, and 2) a seal is present
both at the top and base to protect the anhydrite layer from
water inflow (Borojević Šostarić and Neubauer, 2012).

Halite is thermally stable over the range of temperatures
expected in radioactive waste repositories (Borojević Šostarić
and Neubauer, 2012). Halite has a very high ductility and ability
to stream, reanneal and re-establish widespread lattice
bonding via pressure-solution creep and dislocation creep,
which give it a low susceptibility to fracturing (Figures 7B,C;
e.g., Warren, 2017). Disadvantages of halite are the high heat
conductivity and high solubility in water. Locations in arid
climates are thus suggested by Borojević Šostarić and
Neubauer, (2012).

Solubility of halite increases with temperature (e.g., Blanco-
Martín et al., 2018). Dihedral angle of halite is also a
thermodynamic property that changes with pressure and
temperature (Warren, 2017). The solid-solid-liquid interfaces
of polyhedral halite remain sealed when the dihedral angle is
>60°, which is typically a case at mesogenetic temperatures
(e.g., Lewis and Holness, 1996). At burial temperatures of
>100°–150°C and pressures of >70 MPa, polyhedral grain
boundaries may attain dihedral angles of <60°. Fluid
inclusion filled intercrystal cavities may then link up, and the
salt mass can become permeable (Warren, 2017), losing its
ability to act as a seal (Lewis and Holness, 1996).

The ability of salt to flow also increases with increasing
temperature (Okamoto et al., 1991). Therefore, in the vicinity of
the heat sources, the creep of salt will result in rapid closure of
the disposal holes and thus a restoration of the confinement
pressure on the waste packages. Crushed salt may thus be
used as a backfill material in the GDF. With time, it will
recrystallize creating mechanical and flow properties that
will evolve toward the characteristic values of the natural
salt host rock, providing seal properties (Martin et al., 2015).

Salt generally contains very little water, <0.3% in volume in
diapiric salt and slightly higher in bedded salt (Okamoto et al.,

1991). Inclusions of brine in rock salt tend to migrate towards
the heat sources if the thermal gradient is sufficiently high.
Evaporation of brine near the heat source triggers precipitation
of salt and hence the reduction in permeability (Figure 7E),
whereas condensation of moisture in cooler areas leads to the
dissolution of salt and increases in permeability (Olivella et al.,
2011; Blanco-Martín et al., 2018). Dissolution/precipitation
reactions resulting from evaporation and condensation of
brine may strongly affect fluid flow to and around the
nuclear waste canister (Olivella et al., 2011; Bourret et al.,
2017).

Warren (2016) gives several reasons why the existing salt
mines are not the most suitable places for a low to medium
level nuclear waste storage. Firstly, he argues that all salt
mines are shallow (<1.1 km), thus circulation of subsurface/
phreatic waters are likely (Figure 7A). Secondly, mining
operations often continue in a particular direction along an
ore seam until the edge of the salt is intersected with the high
fluid transmission zone, thus they have a history of flooding.
Thirdly, bedded halite beds are thin (>10–50 m) and typically
interlayered with laterally extensive brittle carbonate, anhydrite
or shale beds. Therefore, Warren (2016) suggests that the
depth range of 1–2 km is the most ideal for storage in salt
cavities because: 1) cavities located deeper than 2 km are
subjected to compressional closure or salt creep; 2) cavities
shallower than 1 km are subjected to the effects of deep
phreatic circulation which would lead to large-scale
dissolution (Figure 7G).

Crustal regions above salt formations might be suitable
geothermal reservoirs due to the high thermal conductivity of a
salt rock, that causes local positive thermal anomalies in the
overburden of salt accumulations (Norden and For€ster, 2006;
Moeck, 2014).

Coal
Coal is a combustible sedimentary rock, formed as a rock
strata called coal seams (Figure 8A). Coal is largelymade up of
carbon but it also contains small quantities of the non-organic
compounds like quartz, clays, pyrite, carbonate and other
elements, such as sulphur, hydrogen, oxygen and nitrogen.
For 20 years, CO2 has been injected into coal seams to
enhance the recovery of methane (e.g., Ranathunga et al.,
2017). The displaced methane is produced through an in-
situ desorption process, whereas the adsorbed CO2

becomes permanently stored within the coal: CO2/CH4

sorption ratio varies from 1.1 to 9.1 (Busch and
Gensterblum, 2011, and references therein). Therefore, the
enhanced coalbed methane (ECBM) recovery technique is
considered as a potential approach to CCS in deep coal
seams (Figure 8; e.g., White et al., 2005; Shi and Durucan,
2005). One of the main problems associated with developing
ECBM is the low permeability of most coals (Lokhorst and
Wildenborg, 2005). Open cleats in coal can provide the required
pore space. They usually occur in two sets that are mutually
perpendicular and also perpendicular to bedding mostly due to
compaction, desiccation of peat (coalification), tectonic
events, unloading effects and progressive devolatilization
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reactions (Figure 8E; Laubach et al., 1998). CO2 injection into
the coal mass causes it to swell, leading to significant
alterations in its internal rock mass structure and thus
major modifications in its strength properties and reductions
in permeability and hence injectivity (Ranathunga et al., 2017).
Therefore, CO2 stream needs to be mixed with other gases,
such as nitrogen, to supress swelling (Grattoni et al., 2016).
Adsorption of CO2 is stress dependent (e.g., Gensterblum et al.,
2014) and very little work has been done to assess whether
cycling of injection of different gases could increase methane
desorption and increase CO2 adsorption.

Mine water in abandoned and operating coal mines is also
recognized as a potential source of geothermal heat and energy
and/or a place for heat storage (Figure 8A; e.g., Hall et al., 2011;
Loredo et al., 2017; Banks et al., 2019). There are several
examples in the world, which currently utilize geothermal coal
minewater. For instance, minewater heat recovery schemes are
implemented and used for space heating at the National Coal
Mining Museum in Wakefield, UK, with a temperature of 14.5°C
(Athresh et al., 2016), Markham Colliery in Derbyshire, UK, at
15.4°C (Athresh et al., 2015), Park Hills, Missouri, at 14°C, and
Shettleston, Scotland, at 12°C (Hall et al., 2011).

Each coal mine groundwater system is unique and consists
of a number of aquifers with varied geochemical
characteristics. Mine waters from apparently similar mine
types can be highly acidic or alkaline, depending on the
complex interplay of hydraulic, chemical and biological
processes. Mine waters from greater depth tend to have
higher conductivities due to longer rock-water interaction,
greater potential influence of saline waters, and inflows of
strata water with higher conductivity (Bailey et al., 2016).
Therefore, the level of mineralization increases in
groundwater with increasing depth of burial (Qian et al.,
2016). Higher salinity and iron concentrations of deeper
waters may pose a risk of operational problems with heat
pumps, such as corrosion, encrustation or blocking of heat
exchangers (Preene and Younger, 2014). Encounter with
bodies of stagnant deep groundwater or dewatering of
coastal mines and intrusion of modern seawater may cause
leakage into coal mines causing critical safety issues (Qian
et al., 2016), and potentially resulting in contamination of fresh
surface water or groundwater with chloride (e.g., Headworth
et al., 1980). Hydrochemical parameters can provide
information about recharge and discharge sources of

FIGURE 8 | (A) Schematic illustration of the geothermal heat extraction, heat storage and CCS systems in coal mines and deeper coal
seams, showing structural features and groundwater flow paths. Arrows indicate flow direction, and blue to red colours indicate cold and hot
water, respectively. (B) Photo of a core plug surface and (C–E) CT-scan transects across core plugs that represent examples of products of the
THMC processes that may occur within coal during the installation/operation of shown technologies: (B) precipitation of ochre; (C,D)
mineral precipitation/dissolution; and (B,E) open fractures.
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aquifers, and hence allow evaluation of aquifer connectivity
and the sources of groundwater flow.

Mining allows the introduction of oxygen to the deep
geological environment and thus the oxidation of minerals
which are in a reduced state (Banks et al., 1997). The
biggest problem related to oxidation is posed by ferrous iron
present in mine water solution, which oxidises and forms ochre
(Figure 8B), causing clogging of pipelines (Banks et al., 2019).
Ochre precipitation may be avoided by keeping systems under
positive pressure, limiting dissolution of oxygen. Oxidation of
pyrite increases acidity and may dissolve minerals, such as
marine apatite, containing radioactive material and heavy
metals (Banks et al., 1997). However, in addition to posing
an environmental threat through water and ground
contamination, ochres can also act as a remediation
material, trapping elements such as selenium and providing
a unique source for its use as a commodity (Bullock et al.,
2019).

While oxidation of pyrite within coal strata generates acidity,
dissolution of carbonate minerals, such as calcite, dolomite,
ankerite and siderite, usually in strata overlying the coal mine
workings, serves to buffer acidity (Figures 8C,D; e.g., Younger,
1995). Dissolution of alumino-silicate minerals, such as olivine,
pyroxene and anorthitic plagioclase, or feldspars and clays,
even though only rarely found near coal, could also make
contribution to neutralisation of pH (Banks et al., 1997).
Therefore, the most net acidic waters tend to be derived
from unsaturated workings with free access to oxygen,
whereas more net alkaline waters are derived from more
saturated or overflowing workings (Banks et al., 1997).

The oxidation of pyrite in mine drainage waters may also be
catalysed by the action of acidophilic sulphide-oxidising
bacteria, which thrives at a pH range of 1.5–3 (Banks et al.,
1997). The authors note that Thiobacillus ferrooxidans, a
chemoautotroph, derives energy for its metabolic processes
from the oxidation of reduced sulphur and iron compounds and
utilises CO2 as a carbon source. By catalysing the oxidation of
ferrous sulphide to ferric sulphate, this bacterium greatly
promotes the oxidation, hydrolysis and ochre formation
(e.g., Hedin et al., 1994).

Pumping from flooded mine workings for geothermal
purposes will potentially change the water pressures, and
direction and velocity of water flow within the workings
(Preene and Younger, 2014). This could lead to scour,
instability or even collapse of existing underground mine
workings. If boreholes are drilled into workings for the
purposes of water extraction/injection this can also have a
destabilising effect. Stability of mineshafts for minewater heat
recovery depend on both water level and temperature
fluctuations (Ng et al., 2019). Another potential issue in
geothermal heat extraction from coal mines is thermal
breakthrough of cool, reinjected water into the abstraction
shaft, thereby producing cool water instead of the desired
warm water. To avoid thermal breakthrough there should
not be a direct connection between the injection and
extraction boreholes (Banks et al., 2019).

LITHOLOGIES AND DECARBONISING
TECHNOLOGIES: DISCUSSION OF
CHALLENGES AND OPPORTUNITIES

General Changes to the Physical State of the
Subsurface Associated With Decarbonising
Technology Application
It is evident that the most common result of THMC
processes occurring within the subsurface caused by
decarbonisation technology is fracturing changing the
material properties significantly. The actual processes
leading to fracturing differ in each scenario and may be
the direct effect of the technology application, or occur due
to the temperature change caused by it. It may also be
created during excavation associated with technology
deployment, forming damage zones around the wells and
GDF excavation tunnels (e.g., Tsang et al., 2005, 2012).
Fracturing may pose a significant risk, such as leakage of
CO2 to the surface in CCS applications (e.g., Vilarrasa and
Rutqvist, 2017), or radionuclide release to groundwater in
the nuclear waste disposal systems (e.g., Benbow et al.,
2014). However, fracturing may also be welcomed or
triggered on purpose, like in the geothermal and CCS
reservoirs, where enlarged network of fractures leads to
an increase in hydraulic efficiency and storage volume of
the reservoirs (e.g., Sigfússon and Uihlein, 2015).

Other common physiochemical changes are caused by
precipitation-dissolution reactions, leading to corrosion and
scaling of pipelines (Figure 4G) and other components of
the decarbonising technology, cementation within the
reservoir (Figures 4C,D) and hence reduction of the
reservoir quality, as well as subsurface collapse in case
of dissolution of large volumes of reservoir rock (Figure 4B).
Precipitation-dissolution reactions depend on the pH
change of the host rock and the formation water,
temperature changes and/or oxygen entrapment into the
system (e.g., Wood, 1986; Banks et al., 1997; Su et al., 2018).
Each technology has a different effect on the solution pH,
whereas oxygen may be introduced into any of the systems
(Figure 9).

Reservoir Characterization for
Decarbonisation Technology Evaluation:
Importance of Considering the Effect of
Physiochemical Processes and Their Link to
Particular Reservoir Lithologies
In Lithology-Specific Processes Associated With
Decarbonisation Technology Installations section, THMC
processes are listed that are likely to occur in a specific
lithology during decarbonisation technology application.
However, rock type classification does not always have
exact guidelines, thus the same rock often may be
classified as several different rock types depending on
the interpreter. For instance, tight sandstone with high
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clay content may be classified both as a sandstone and a
shale. Moreover, problems associated with shales, such as
clay swelling (e.g., Anderson et al., 2010) or mobility of
clays due to electrostatic forces (e.g., Wilson et al., 2014),
are also likely to occur in sandstones. Rocks with a high
carbonate content (e.g., carbonate-rich shales, calcite-
cemented sandstones) may have similar problems to
those occurring in carbonate rocks, such as carbonate
mineral dissolution and precipitation (e.g., Liu and Zhao,
2000). Therefore, mineralogy is one of the most important
properties to assess before the reservoir evaluation, so that
the other parameters and likely THMC processes could be
predicted/simulated more accurately (Table 2). Thickness
of beds, heterogeneity, fault and fracture network and
geometry, confining stress and pore pressure are
important reservoir properties for most of the lithologies
when evaluating their hydraulic behaviour. Characterisation
of the formation water properties, such as salinity,
geochemistry, temperature and solution pH, is also
crucial in determining the potential chemical reactions
within the decarbonisation systems. However, such
properties and parameters may have a strong effect on a
reservoir performance in one lithology but show lower
extent of impact in the other. Therefore, key reservoir
characteristics and properties that are important in
considering during initial feasibility screening and for the
3D geological and THMC simulation modelling for different
types of lithologies are summarized in Table 2.

Suitability of Different Lithologies for
Particular Decarbonising Technologies
Geothermal Heat and Energy Extraction and Heat
Storage
Table 3 qualitatively compares all key lithologies used for
geothermal heat and energy extraction and heat storage in
terms of their suitability for a particular decarbonizing

technology. It is evident that only sandstones may have
high enough matrix permeability to make them a viable
hydrothermal reservoir rock for these technologies
(Figure 3). Other lithologies have to be fractured, either
naturally or artificially, to make these reservoirs
productive (Figures 4–6). However, high mechanical
strength of carbonates, granites and carbonate-rich
shales make them deform in a brittle manner. Therefore,
fault zones in these lithologies may be suitable sites for
geothermal heat utilization, because it is likely they would be
forming conduits to fluid flow. Unsuccessful Offenbach GT1
and Bellheim GT1 wells drilled within the Muschelkalk and
Buntsandstein formations in the Upper Rhine Graben in
Germany showed that in the Upper Rhine Graben only
fault zones yield sufficient permeabilities for economic
success and target definition should be based on 3D
seismic surveys to map and evaluate fault zones
(Reinecker et al., 2019). Therefore, finding a reservoir with
sufficient matrix permeability may be difficult, especially
taking into account that some mineral precipitation and
scaling is going to reduce this permeability even further
(e.g., Brehme et al., 2017; Brehme et al., 2018; Brehme
et al., 2019).

Chemical reactivity of carbonates may increase their
permeability by dissolution and dolomitisation reactions
(e.g., Zhu et al., 2010; Biehl et al., 2016; Jiu et al., 2020).
Dissolution often forms high vuggy porosity (Figure 4) or
widespread karsts making carbonates one of the most
attractive lithologies for subsurface utilization. Coal mine
infrastructure is already available in many places around the
world, providing very high permeabilities to make more
sustainable use of low-enthalpy resources (Figure 8).
Swelling may greatly reduce permeability in shales and
coal, making the undamaged clay-rich and coal
formations suitable rocks for sealing, but not great
geothermal reservoirs. Mineral precipitation within the
reservoir formation and scaling of wells is likely in any

FIGURE 9 | Schematic illustrating the effect of each decarbonising technology application on the solution pH of the host rock and the
formation water, that may lead to various dissolution-precipitation reactions and with that the physiochemical state of the reservoir.
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TABLE 1 | Summary of the subsurface requirements when installing a decarbonisation technology (geothermal heat and energy extraction, heat storage, CCS and
nuclear waste disposal), technology installation works, changes within the subsurface strata caused by these works, and processes and problems that follow the
installation.

Geothermal heat and
energy extraction/Heat storage

CCS Geological repository

Requirements for the subsurface
for the decarbonisation system

1. High permeability (>10 mD) reservoir 1. High storage space (1 Mt of CO2) 1. Stable and low permeability geological
formation

2. High geothermal gradient (>30 oC/km) 2. Low permeability seal with a high
capillary entry pressure

2. Distant from the circulation of water

3. Deep enough to have supercritical
conditions (31oC, 73.8 bar)

Installation works 1. Wells are drilled into the reservoir 1. At least 1 well is drilled into the reservoir 1. Tunnel is excavated within the ground
2. External cold water is injected/
circulated within the reservoir

2. Injection of CO2. 2. Stainless steel nuclear waste package is
placed in a repository with clay barriers/
cement liners at a depth of ~200–900 m3. Hydraulic reservoir simulation could be

used to increase fluid transmissivity

Changes within the subsurface
strata due to installation
processes

1. Injection of cold waste water will result
in decreased T and could potentially result
in dissolution/degassing of CO2 into
water (depending on P)

1. Injection of CO2 will lower T of the
reservoir rock

1. T rises due to decay heat, reaching T of
up to 180–200°C, which decline over a
period of >10,000 years

2. Increased Pp 2. Increased Pp 2. Due to air intrusion, dissolved oxygen
will be present in GDF

3. Air intrusion may cause oxidizing
conditions

3. If CO2 dissolves into water, the density
of the formation water would increase

3. Radionuclidesmay be released from the
waste package

4. Injection of CO2 increases acidity of the
formation water if no mineral is present
that can act as a buffer

4. Damage zone will form around the
excavation tunnel

Processes and problems caused
by the decarbonisation
technology installation

1. Water weakening of the rock 1. Freshwater aquifers may undergo
acidification and contamination due to
CO2 leakage

1. Due to the heat generated by the nuclide
decay, an increase of T in surrounding rock
may lead to the degradation of the physic-
mechanical behaviour of rock mass

2. Induced seismicity if wells are drilled
near critically stressed faults

2. CO2 is not toxic, but it can be fatal if its
concentration is >10% by volume because
CO2 produces asphyxia. Asphyxiation
hazard exists if CO2 accumulates in
depressions on the land surface

2. Gas generation due to canister
corrosion and microbial processes may
cause fracturing

3. Geothermal water impact on adjacent
groundwaters (leakage, lowering
groundwater levels, change of T and
composition)

3. Cold T causes thermal contraction and
associated stress reduction that may
cause fracture instability in the storage
formation, the caprock, and/or the
wellbore

3. Due to cementitious materials in a ILW
GDF used as a backfill material to
surround waste packages, saturation of
the GDF with groundwater will lead to the
formation of a hyperalkaline plume

4. If Pp exceeds local minimum σ, faulting
and fracturing will be induced. That in turn
will lead to changes in K

4. If the injected CO2 leaks, strong cooling
will occur due to the expansion of CO2 as P
decreases with depth

4. Increased alkalinity may alter the
radionuclide retention capacity of the rock:
dissolution and precipitation of minerals
will alter physical characteristics of the
host rock

5. Injection of water with different
compositions will cause precipitation-
dissolution

5. Increase in Pp, which may result in a
decrease in effective stress that favours
the reactivation/formation of faults and
fractures

5. Dissolved oxygen will be consumed by
processes such as copper corrosion,
aerobic microbial processes, and perhaps
oxidation of minerals such as pyrite

6. Formation damage due to the drilling of
wells, which may cause water leakage to
the surface

6. Changes in pore water composition
may aid chemically-assisted subcritical
fracture growth
7. Salt precipitation when injected into
saline formations
8. Formation damage due to the drilling of
wells, whichmay cause CO2 leakage to the
surface

T, Temperature; P, pressure; Pp, pore pressure; K, permeability, σ, principal stress, σh, horizontal stress; ILW, Intermediate Level Waste; GDF, Geological Disposal Facility. Referencesmay
be found within the text.
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lithology (Figure 4G), especially the ones rich in chemically
reactive minerals, such as calcite. The experiments done by
Cui et al. (2017) on typical sandstone reservoir samples at
temperatures >100°C showed that dissolution of ankerite
and clay minerals can increase the concentration of Ca2+,
Mg2+ and Fe2+ that can lead to the precipitation of silicate in
the presence of CO2. For carbonate rocks, the increase of
Ca2+ and Mg2+ caused by dissolution of dolomite can result
in the precipitation of calcite and secondary ankerite.
Simulations of geochemical reactions in CO2-water-rock
systems indicate that for the sandstone reservoir, the
reduction of the porosity caused by mineral precipitation
has a negative effect on heat mining rate, while for the
carbonate reservoir, the dissolution of dolomite and clay
minerals can overshadow the precipitation effect of calcite
and silicate minerals and increase the heat mining rate (Cui
et al., 2017).

Clogging of the formation and pipelines due to suspension
is most likely in sandstones due to the presence of fine
particles, and it is least common in carbonates because
grains in carbonates are well cemented and clay often
makes a small proportion of the rock content (Table 3).

Working with geothermal reservoirs is very similar to
working with hydrocarbons. Many techniques and needs are
the same, only that hot water is the carrier of energy instead of

hydrocarbons. Therefore, reservoir exploration and
development experience gained in the oil and gas industry is
applicable to geothermal heat and energy utilization, and
skillsets should be transferred and not lost during the
energy transition. Sandstone, carbonate and shale
hydrocarbon reservoirs have been widely exploited. Records
of some coal mine layouts may be available, and mine water
treatment schemes are often applied after abandonment,
making coal mines particularly easy to utilize (e.g., Athresh
et al., 2015; Athresh et al., 2016). Granites are least explored in
this respect. However, they are the only lithology considered
here rich in elements with heat-producing radioactive isotopes,
with granites often associated to anomalous geothermal
gradients (e.g., Sliaupa et al., 2010; Shao et al., 2015). With
each lithology having its advantages and disadvantages, it is
important to assess the available geology in the area and the
site-specific properties to determine which one is the most
suitable for a given technology (Table 3).

Carbon Capture and Storage
Reservoirs for CCS have to fulfil similar criteria as those for
geothermal energy: they have to have high porosity to be able
to inject large amounts of CO2, and must be bound by
impermeable rock units to prevent leakage (Table 4).
However, CO2 has to be securely trapped, while geothermal

TABLE 2 | Key parameters/properties which have the strongest effect on specific rock type reservoir performance and should be considered during reservoir rock
evaluation for decarbonising technology installation.

Sandstones Carbonates Granites

1. Porosity and permeability 1. Fracture networks 1. Mineralogy (quartz-feldspar-biotite-muscovite-hornblende
content), grain size2. Clay/quartz content 2. Diagenesis/reservoir heterogeneity
2. Temperature3. Thickness 3. Seismicity in the area (likelihood of fault reactivation)
3. Fracture networks4. Groundwater head 4. Mineralogy
4. Salinity/brine geochemistry5. Complexity of geologic structure 5. Solution pH
5. Solution pH6. Salinity/brine geochemistry 6. Confining stress and
6. Oxygen fugacity7. Temperature 7. Temperature
7. Confining stress and8. Top seal 8. Top seal

9. Impact of faults and fractures on flow
10. Coupled stress and Pp changes
11. Potential for monitoring
12. Geomechanical properties of the
reservoir and surrounding rock

Shales Evaporites Coal

1. Host rock mineralogy (clay-silicate-
carbonate content)

1. Avoid gypsum/anhydrite and halite with high levels of
impurities

1. Geomechanical state of flooded pillar-and-stall workings.
Pillar load bearing capacity based on rock-strength properties

2. Pre-existing microfractures 2. Geometry/thickness of evaporite bodies 2. Surface elevations and mine water levels
3. Anisotropy or compositional layering 3. Composition of evaporite bodies (interbedded lenses, beds

of gypsum, anhydrite, limestone and other country rocks,
their contact with the rock outside salt)

3. Salinity/brine geochemistry
4. Confining stress and

4. Intersection with high fluid transmission zones; circulation
of subsurface or phreatic waters?

4. Mine water communication with regional groundwater flow
5. Diagenesis

5. Temperature

5. Dip of mine workings and strata
6. Salinity/brine geochemistry

6. Salinity/brine geochemistry

6. The impact of changing saturation (i.e. water level) on the
overburden properties7. Temperature
7. How displacements and stresses are dissipated through a
layered heterogeneous overburden and underburden

8. Solution pH

8. Adsorption behaviour

9. Electrostatic forces
10. Geomechanical properties
11. Conditions of fracture closure
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water is extracted for usage. Moreover, CO2 flow is driven by
buoyancy whereas water flows along a potentiometric surface.
The fact that CO2 is a gas is also a big issue because it will
expand to fill the volume available—water has low
compressibility, thus it will not move unless there is a
hydraulic head. Even though presence of a seal is crucial in
both applications, long-term trapping mechanisms become
extremely important in the CCS systems. Therefore, high
sorption capacity is an advantageous rock property in this case,
which is good in clay-rich rocks and coal. Even though evaporites
show poor capacities for both sorption and mineral trapping, they
are practically impermeable and form large cavities underground,
that are stable in case of Earth movement or artificial damage due
to its visco-plastic behaviour (Figure 7; e.g., Macgregor, 1996).
Moreover, there is no reaction between the CO2 and the salt.
However, creep processes do not make evaporites great
seals for long-term storage (e.g., Bachu, 2000; Lokhorst and
Wildenborg, 2005). In terms of available storage space,
fractures provide the essential pore space within the
lithologies where matrix porosity is low (<10%).
Therefore, brittle behaviour of rocks is advantageous due
to their ability to fracture. Clay-rich shales may be
unsuitable in this case because they show plastic
behaviour (Figure 6). Fully or partially cemented fractures
may often act as proppants and keep the fractures open
even in a relatively ductile rock (e.g., Hilgers and Urai, 2005).

Several criteria have to be considered when evaluating the
potential of a sedimentary basin for CCS: 1) its tectonic setting and
geology as zonesof plate convergencemaypose issuesof integrity
and safety of disposal operations and storage; 2) the basin
geothermal regime to determine the potential spatial distribution
of various CO2 phases, 3) the hydrodynamic regime of formation
waters as CO2 injection in over-pressured aquifers may raise
technological and safety issues, 4) economic aspects relating to
access and infrastructure, and 5) socio-political conditions that
would not restrict the CCS operations (Bachu, 2000). Due to the
possibility ofCO2 leakage (seeCO2LeakageFrom InjectedReservoir
to Surroundings section), the current focus is mostly placed on
offshore sites: re-use of depleted oil and gas fields or closed saline
aquifers in the offshore (e.g., K43, 2016). A drawback of oil and gas

fields is that most of them are at a considerable distance from the
CO2 emitting power plants as in the case of the North Sea region
(Lokhorst and Wildenborg, 2005).

Nuclear Waste Disposal
Each lithology has its advantages and disadvantages for
nuclear waste disposal (Table 5). The biggest risk of
disposal in salt rock is its high solubility (e.g. Hansen and
Leigh, 2011). The biggest problemwith disposal in shale is that
due to its weak nature, disposal facility will leave amuch bigger
footprint than that in a hard rock. It may also be more difficult
to retrieve the containers if something goeswrong—same with
salt. Disadvantages of granite is its brittle deformational
behaviour, and hence fractures pose the biggest concern for
stability and leakage of radionuclides (Figure 5). Some of
these risks may be mitigated. For instance, choosing a
reservoir in a stable platform with low risk of seismic
activity may reduce the risk of faulting and fracturing,
and hence connection and leakage of radionuclides into
the groundwater. Choosing locations in arid climates or far
from the circulation of subsurface/phreatic waters may help
reduce the risk of dissolution in the evaporite deposits. Despite
the aforementioned risks, the three lithologies provide very
good repositories for nuclear waste. Salt is practically
impermeable and its high susceptibility for creeping poses a
low risk of brittle deformation (Figure 7). Therefore, salt
provides mechanically stable environment. Clay-rich shale
has high sorption behaviour and very low permeability.
Moreover, high porosity, clay-rich shale deforms in a ductile
manner, forming a natural barrier around the GDF (Figure 6).
Granite is an attractive host rock for nuclear waste disposal for
its very low permeability and high strength, and hence high
mechanical stability. However, engineered barriers are still
needed to seal the space around the containers where
tunnelling may have caused damage around the disposal
facility (Figure 5; e.g., Lanyon et al., 2009; Tsang et al., 2012;
Groff et al., 2016). Having some permeable fractures in granite
may be an advantage because it stops high gas pressures
developing and creating larger fractures than those that are
naturally pressured. Shales have such low permeability and

TABLE 3 | Qualitative comparison of geologic media as a reservoir for geothermal heat and energy extraction.

Properties Sandstones Carbonates Granites Shales Coal (mines)

Permeability High to low (matrix) to
very high (fractured)

Low to very low (unfractured)
to very high (fractured, karstic)

Very low (unfractured) to
very high (fractured)

Very low (unfractured) to
very high (fractured)

Low (matrix) to very high
(mine infrastructure)

Sorption capacity Low Low Low Very high Very high

Reservoir
exploration
experience

High High Low High High

Movement of fine
particles

Very high Low Medium Medium Medium

Deformation
behaviour

Brittle Brittle Brittle Plastic to brittle Brittle

Water weakening Medium Low Low Very high Low

Green-favourable quality, yellow—average or variable quality, red—unfavourable property.
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high threshold pressures that in the case of high gas pressures
developing, shales may fracture. 3-D full-waveform inversion
(FWI) of seismic data can be used to map changes in physical
properties caused by the construction of the site, like was done
by Bentham et al. (2018) for tunnel-induced fracturing in
granite.

Geosciences’ Role in Decarbonisation:
Challenges and Opportunities
Technology-Specific Knowledge Gaps
For geothermal heat and energy extraction, predicting the
amount of scaling and hence its long-term sustainability
remains difficult and not accurate. The dependence of
geothermal energy and heat storage technologies on the
continued permeability of the subsurface poses a major
challenge. We still lack the fundamental knowledge to
enable us to predict confidently the timescales of
permeability increase or decrease with time as well as
associated strategies of mitigating potential problems.
Subsurface fracture networks can have a range of
attributes (including being absent, or being highly spatially

clustered) that could have a big influence on post-stimulation
permeably or heat exchange capacity. Moreover, seismicity
related to hydrofracturing is still one of the biggest
uncertainties for the utilization of deep geothermal
reservoirs, especially related to the reactivation of pre-
existing faults: we still don’t know whether it is safe to drill
near faults (using the advantage of pre-existing fracture
systems), or whether it is best to avoid the fault zones (we
need to understand the safe drilling conditions). Detailed
distribution of pre-existing faults is the most important
factor for creating a hazard model before exploiting
possibility of a hydraulic fracturing of a reservoir. However,
mapping critically stressed faults is limited by the resolution
of seismic surveys, and even a 3D seismic survey will not
always detect all faults of a size that are relevant for the
seismic hazard (Baisch et al., 2016).

The link between temperature and hydrothermal convection
along fault zones is more complicated than previously thought.
Along the same fault zone the situation can change at short
distances as was shown in the unsuccessful Trebur GT1well in
Germany, where major differences in hydraulics existed along
strike of the fault with hydraulic convection in the northern part

TABLE 5 | Qualitative comparison of geologic media as high-level waste repository host.

Properties Evaporites Shales Granites

Thermal conductivity High Low Medium

Permeability Practically impermeable Very low to low Very low (unfractured) to permeable (fractured)

Strength Medium Low to medium High

Deformation behaviour Visco-plastic (creep) Plastic to brittle Brittle

Stability of cavities Self-supporting on the scale of decades Artificial reinforcement required High (unfractured) to low (highly fractured)

In situ stress Isotropic Anisotropic Anisotropic

Dissolution behaviour High Very low Very low

Sorption capacity Very low Very high Medium to high

Chemistry Reducing Reducing Reducing

Heat resistance High Low High

Mining experience High Low High

Mechanical stability High High High

Engineered barriers Minimal Minimal Needed

Green-favourable quality, yellow—average or variable quality, red—unfavourable property (modified from Hansen and Leigh, 2011).

TABLE 4 | Qualitative comparison of geologic media as a reservoir for CCS.

Properties Sandstones Carbonates Granites Shales Evaporites
(cavities)

Coal seams

Permeability High to low (matrix)
to very high
(fractured)

Low to very low
(unfractured) to very high
(fractured, karstic)

Very low (unfractured)
to very high (fractured)

Very low (unfractured)
to very high (fractured)

Very high Very low (unfractured)
to very high (fractured)

Dissolution with
acidic water

Medium High Low Medium Medium Medium

Sorption capacity Medium to high Low Medium High Low Very high

Deformation
behaviour

Brittle Brittle Brittle Plastic to brittle Visco-plastic
(creep)

Brittle

Green-favourable quality, yellow—average or variable quality, red—unfavourable property.
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and missing convection in the southern part (Reinecker et al.,
2019). Currently there is no method to accurately map the
hydrothermal convection along fault zones during the
feasibility screening of reservoirs. Seismic methods alone
are insufficient to map alterations. Electromagnetic methods
(EM) aiming at mapping Earth resistivity may improve the
alteration mapping in the case of low-enthalpy resources.
Adding structural and stratigraphic information may help
overcome the low-resolution problem that arises due to the
diffuse nature of the EM wave propagation in the subsurface
(Reinecker et al., 2019).

For the heat storage systems, thermal efficiency in different
geological conditions is still not fully explored, as well as
thermal impact on surrounding areas with drinking water
interests (e.g., Kallesøe and Vangkilde-Pedersen, 2019). Here
more research is needed on (a) field studies and numerical
modelling taking a large variety of interlinked processes into
account, and (b) water treatment, such as the use of CO2 as a
treatment agent.

For the CCS systems, further investigation is needed to
understand three-phase (water, gaseous CO2 and liquid CO2)
relative permeability and hysteresis. Such three-phase related
changes may result in the formation of CO2 leakage pathways
and may lead to a self-limiting feedback that decreases the
leakage rate (e.g., Pruess, 2005). However, the capillary
properties of three-phase flow are not well-known and can
therefore be predicted with very high uncertainty. Moreover, the
geomechanical implications of CO2 leakage related to cooling
effects, especially when liquid CO2 is formed, have not been
investigated yet to our knowledge. Predicting top seal capacity
of saline aquifers is still challenging (e.g. Lokhorst and
Wildenborg, 2005).

Lithology-Specific Knowledge Gaps
Carbonates
Further work is needed on the interaction of fault and fracture
systems in carbonates; we should be able to predict, what the
conditions are, at which the faults are cut by fractures. Complex
hydromechanical behaviour of fluid-induced fractures, including
their geometry and interaction with pre-existing fractures, has
not yet been completely understood (e.g., Kaminskaite, 2019).
Often the flow of organic acidic, high-temperature formation
waters, and Mg-rich corrosive fluids along fractures and faults
form productive reservoirs at depths of up to 7 km (e.g., Zhu
et al., 2010; Biehl et al., 2016; Menezes et al., 2019; Jiu et al.,
2020; Ukar et al., 2020). How to predict when those fractureswill
stay open or closed in deep carbonates? Moreover, predicting
deep high permeability flow paths poses a continuing challenge.
In particular, it remains unclear if matrix permeability is, in the
long-term,more important than fracture network permeability as
fracture permeability may be in fact only intermittently
important. Mathematical and computational frameworks
remain a challenge in capturing fault and fracture opening,
closing or failure across time and spatial scales with THMC
feedback mechanisms that affect mechanical stability (Pyrak-
Nolte et al., 2015).

Sandstone
Most sandstones are not pure quartzose sandstones, and even
small impurities internally or as layers not seismically
resolvable may have a large influence on the precipitation
and dissolution behaviour, as, for instance, sandstones at
Zion national park, Utah, or Pembroke, where chemical
reactions are strongly localized and can be distinguished by
colour change and oxidation states. However, experiments are
generally done on pure sandstones, thus reservoir
characterisation becomes difficult when impure sandstone
reservoirs are in question.

Balancing production capacity with sufficient injection
capacity remains the biggest utilisation challenge in
geothermal, especially low temperature reservoirs. Tracing the
chemical changes and history matching in the production/
injection brines is critical. This may result in impaired system
performance and unusual exotic scaling, as, for instance, native
lead precipitation in Rotliegend reservoirs of Netherlands.

Granite
A lot of research has been done on fractures in granitic rocks,
including observations from deep cores and spatial
arrangement (Wang X. et al., 2019). However, more needs to
be learned about specific attributes like length distribution,
spatial arrangement, and porosity structure. Moreover, there is
a wealth of information from the oil and gas industry on
hydraulic simulation of tight sandstone, carbonate and shale
reservoirs, but not much is known about injecting water into
granites/basalt etc. on a field scale and chemical/physical
reactions associated with it on a long timescale.

Shales
Linking up the scales is particularly difficult for shales. For
instance, upscaling fracture toughness would require
measuring the anisotropy and other heterogeneities in elastic
parameters and interfacial surface energy from nano- up to
macro-meter scale, and developing micromechanical models
in which several scales can be linked (Ilgen et al., 2017, and
references therein). Fracture systems in shales show dynamic
behaviour: they can change their producibility, rock strength and
the propensity to interactwith hydraulic-fracture stimulation (Gale
et al., 2014). Therefore, it is challenging to predict how long the
fractures in shales stay open for. What are their properties over
long geological timescales? Will the fractures close and is there
anything that can be done to enhance closure (i.e., change water
chemistry)? In weak shales, fully cemented fractures have a
capacity to widen due to the force of crystallization (Hilgers
and Urai, 2005). Crystallization force could also contribute to
fracture development along the cement-fracture wall interface,
however, the load exerted by growing crystals is poorly
understood (Laubach et al., 2019) and hence the effect of
crystallization on fracture opening cannot be simulated yet.

Evaporites
Even though there has been over 20 years of intense research
on the permeability and flow behaviour of salt rocks (e.g.,
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Beauheim and Roberts, 2000; Hovland et al., 2008; Smith et al.,
2013; Bertoni and Cartwright, 2015; Ghanbarzadeh et al., 2015;
Rizzo et al., 2020), many uncertainties still exist in this field.
Does salt become permeable at greater depth? Does it become
permeable in the event of vessel failure? In particular, the
changes in salt properties over long timescales remains
elusive.

Coal
Due to the long heritage of coal mining, there is a large variety
of coal mine types in the world, such as bell-pits, room-and-
pillar and long-wall workings (e.g., Lake et al., 1992; Spearing,
1994). Owing to the different techniques employed for their
exploitation, they all have different layouts, and hence
mechanical integrity and pore space. For instance, an area
mined by room-and-pillar methods can be assumed to have
around 50% of the original void space remaining and, for long-
wall mining, around 20% of the original void space remains
open/not collapsed (Younger and Adams, 1999). Research on
geothermal potential of coal mine water has greatly increased
in the past few years (e.g., Hall et al., 2011; Athresh et al., 2015;
Athresh et al., 2016; Loredo et al., 2017; Banks et al., 2019), but
such old workings still remain largely unexplored. Modelling of
geomechanical state of flooded workings along with ground-
proofing results is urgently needed for different types of coal
mines, especially taking into account the cyclical heat loading
caused by fluid injection and extraction during the heat storage
and geothermal coal mine water utilization (e.g., Todd et al.,
2019). Also, very little work has been done so far to assess
whether cycling of injection of different gases could increase
methane desorption and increase CO2 adsorption in the CCS
systems.

The Biggest Uncertainties in all Decarbonising
Applications
Among the most important and challenging problems in all
decarbonisation technologies is identifying and understanding
key influences on fracture pattern development and how to
recognize these influences with the limited samples, sparse
subsurface and ambiguous outcrop observations that are
typically available. Laubach et al. (2019) proposed that in
diagenetic settings chemical reactions within rocks have a
profound influence on the development of natural fracture
systems, and their role in fracture pattern development has
not been systematically explored. The extent and texture of
cements, fluid inclusions and other features can tie fractures to
the processes that formed them while also constraining
fracture timing and rates, more studies are thus needed to
find the relationships between the diagenetic events and
fracture pattern development (Laubach et al., 2019).

Traditionally, chemical reactions have been viewed as slow
and acting over geological timescales, however, whenever a
mineral comes into contact with a fluid with which it is out of
equilibrium, the system will try to equilibrate and hence the
chemical reactions will occur (e.g., Putnis et al., 2009).
Therefore, in the realm decarbonisation technologies are
implemented, where fluid or gas is often cyclically injected,

fluid-rock interactions will be instant and chemical reactions
will occur in short time scales as the system will try to reach
equilibrium after each injection, resulting in dissolution-
precipitation processes (e.g., Vaitiekūnas, 2012). Not many
studies have been reported on the observations from existing
demonstration or commercial plants in terms of chemical
reactions within the reservoirs, therefore predicting the
timescales and extent of reservoir clogging or dissolution is
difficult.

Even though reservoir characteristics and THMC processes
occurring within these reservoirs depend on a large number of
parameters (Table 2), models vary in complexity depending on
data availability and study objectives. Comprehensive
simulation softwares and codes of all THMC processes
simulated in a single evaluation model are still lacking (e.g.,
Jacquey et al., 2016).

Closing Knowledge Gaps
The dynamic nature of feedback mechanisms, locally and
regionally, make comprehensive and accurate modelling
very difficult. Long-term sustainability can only be accurately
predicted by closing the aforementioned and other knowledge
gaps associated with the rates of changes of the
physiochemical properties of subsurface strata at various
conditions. That can be done in several ways, including:

(1) Knowledge transfer from fossil fuel industry and sharing of
data publicly (e.g., Erdlac, 2006; Bu et al., 2012; Groff et al.,
2016): This should include the re-skilling and repurposing/
deployment of highly skilled and experienced oil and gas
professionals, especially engineers and geologists;

(2) Knowledge transfer from active decarbonisation plants
around the world to allow optimization and sustainable
implementation of technologies in other countries:
Examples include storing CO2 in basalt in the CarbFix
Pilot Project in Iceland (Matter et al., 2009), geothermal
energy plants such as Reykjanes, Krafla (Friðleifsson et al.,
2015; Friðleifsson et al., 2019) or Larderello, Italy (Batini
et al., 2003), and ATES at Eindhoven University of
Technology in Netherlands (Kallesøe and Vangkilde-
Pedersen, 2019);

(3) Short and long term laboratory experiments: For instance,
scaling experiments (e.g., Stáhl et al., 2000), porosity-
permeability measurements on fault rocks (e.g., Michie
et al., 2020a; Michie et al., 2020b) coupled with in-depth
microstructural studies (e.g., Kaminskaite et al., 2019;
Kaminskaite et al., 2020);

(4) Experiments at test sites, such as the UKGEOS coal mine
geothermal test site in Glasgow, nuclear waste disposal
sites in Olkiluoto, Finland (Siren, 2015), SKB in Sweden
(Rosborg and Werme, 2008), Mont-Terri in Switzerland
(Tsang et al., 2012), Mol-Dessel in Belgium (Desbois
et al., 2010), and Bure and Tournemire in France
(Armand et al., 2007; Matray et al., 2007).

(5) Study of natural geological systems for long term
behaviour and comparisons of predictions based on
laboratory experiments coupled with numerical
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simulations: For instance, outcrops and/or core plugs
taken out from natural geothermal systems where
hydrothermal fluids have been flowing over long
timescales (>102–104 yrs) or fossil geothermal
systems provide us with the examples of how
hydrothermal fluids have affected the rocks on a large
scale and how long the system has sustained the flow
for (e.g., Major et al., 2018);

(6) Numerical modelling using sophisticated and continuously
improving codes, e.g.,: Microstructural modelling using
hybrid approaches e.g., ELLE (Vass et al., 2014; Piazolo
et al., 2019; Koehn et al., 2020) or codes for coupled THMC
processes in porous and fractured media such as
OpenGeoSys (e.g., Jacquey et al., 2016; Todd et al.,
2019) and TOUGH-FLAC that links the multiphase flow
and heat transport simulator TOUGH2 with the
geomechanical simulator FLAC3D and a recently
improved version of the EWASG Equation-Of-State (EOS)
module of TOUGH2 that includes the thermodynamic
properties of aqueous fluids of variable salinity (e.g.,
Blanco-Martín et al., 2018).

Combination of these approaches are especially important
as each approach has its limitations. For example, project
combining field observations to evaluate long-term effects,
laboratory experiments to quantify these effects and their
products, and high-end, multi-scale modelling so that
quantitative evaluation would be possible are powerful and
necessary to evaluate the sustainability of a resource. We need
to go from micro to macro scale because the main questions
can only be answered with microstructural work, linking
structure and physical processes to chemical/biological
processes as well as their interaction, looking at this in a
dynamic sense rather than static.

Interdisciplinary Research—A Necessity
Specific areas of the subsurface strata may have more than
one possible function (e.g., storage vs. heat/energy
generation) and the potential to be used for more than one
energy type (e.g., compressed air vs. hydrogen), thus it is
important to consider the best use of the given subsurface
structures and reservoirs. Geoscience research can thus
present national, regional and local authorities with
opportunities for low carbon economic regeneration.
However, an integrated, interdisciplinary collaboration linking
geoscience with social science, end-users and stakeholders is
crucial to carry out these opportunities (e.g., Bush and Bale,
2019; Rattle et al., 2020). Determining the optimal integration of
solutions requires balancing numerous actors and places with
a number of technologies while taking into account the
material properties of the subsurface. The “real” life cycle
footprint should always be considered and evaluated as
well as realistic cost benefit analysis which requires
incorporation of stakeholders throughout, from sponsor to
supporters. The role of public engagement should not be
overlooked, as working with communities to develop their
local geoassets can attract investment opportunities,

whereas their opposition would be a big stopper (e.g.,
Kowalewski et al., 2014; Kluge and Ziefle, 2016). Executing
pilots will demonstrate competence in securing funding and
gaining public stakeholder acceptance.

CONCLUSION

Installation of energy transition technologies using the
subsurface will result in thermal, hydrological, mechanical
and chemical perturbations within the subsurface,
especially where fluid or gas is cyclically injected as fluid-
rock interactions will be instant and chemical reactions will
occur in short time scales as the system will try to reach
equilibrium after each injection, resulting in dissolution-
precipitation processes. Therefore, understanding the
imposed effects and consequent dynamics within the
system are crucial during the feasibility screening. The
nature of these perturbations varies in different lithologies
and with respect to different technologies. For instance,
swelling of clays and coal is a good property considering
sealing capacity of rocks, whereas it is an unfavourable
characteristic for a CCS and geothermal reservoir rock.
Brittle deformation behaviour of crystalline rocks may be
a desired quality for the CCS and geothermal reservoirs, but
a poor property for the GDF. Moreover, each site has unique
characteristics and long term performance assessment
involves a thorough characterization of each site, the
identification of processes of mass/heat transfer and
transport, and, finally, the modelling of the overall
evolution of the decarbonising systems.

In particular, the following key knowledge gaps need to be
urgently addressed to allow for reliable assessment of the
suitability of a particular site for geothermal heat and energy
extraction, UTES, CCS and nuclear waste disposal technology
implementation and operation:

(1) Identification and in-depth understanding of key influences
on fracture pattern development and their link to chemical
reaction rates. The extent and timescales of chemical
reactions remain poorly understood.

(2) Accurate prediction of the sustainability and longevity of
the geothermal systems as well performance and reservoir
permeability can be significantly reduced by mineral
precipitation during production. We still lack quantitative
tools for their assessment.

(3) Reliable assessment of long term integrity of the seals
necessary for safe CO2 storage. In-depth knowledge of the
geomechanical implications and risks associated with CO2

injection in terms of increased pore pressure, thermal
cracking and/or mineral reactions is still largely lacking.
Similarly, predicting top seal capacity of saline aquifers
remain challenging.

(4) Data availability necessary to determine and continuously
monitor locations for nuclear waste storage. Locations
that are mechanically, physically and chemically stable
are needed to reduce risk of circulation of subsurface/
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phreatic waters. However, multi-scale, time resolved data
is still largely lacking.

Understanding of seismic risks of energy transition
technology implementation and operation. For example, for
low-permeability reservoirs used for geothermal energy
extraction, hydrofracturing-induced seismicity still poses
one of the biggest public concerns. In this case, it is still
not resolved if it is safe to drill near faults using the
advantage of pre-existing fracture systems, or whether it
is best to avoid the fault zones. A particular challenge in all
aspects of research on subsurface strata is to link rock
characteristics across large time and length scales. We
need to combine research from large scale to microscale
to link the structures and physical processes to chemical/
biological processes as well as their interaction in a dynamic
sense to realize how the system behaves on long
timescales. High-end modelling coupling all thermal,
hydrological, mechanical and chemical processes and
their dynamics and interactions into a single code is very
important for more accurate reservoir performance and
hazard assessment.

Subsurface opportunities recognised by the geoscientists in
geoenergy transition can only be realized with the help of an
interdisciplinary collaboration between geoscience, social
science, end-users and stakeholders, all of them working in
accordance. Geoscientists can identify the opportunities and
reduce uncertainty in order to minimise the risks associated
with the decarbonisation applications; social scientists can
recognise and clear out the concerns risen by the posed risks;
and end-users and stakeholders can make the right decisions
for the decarbonisation opportunities to the realized. Everyone
has a crucial part to play.
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