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8.1. INTRODUCTION

The interdependency between fluid‐rock interactions, 
fluid flow, and mechanical properties of seals is an impor-
tant aspect for understanding the long‐term effects and 
risk of CO2 sequestration. The requirement of a good 
seal is to keep CO2 from migrating out of the reservoir, 
but unforeseen events of damage to the seal integrity, 
changing pressure conditions, or the need for remediation 
of damaged seals requires thorough understanding of 
fluid‐rock processes within sealing units and their impact 
on fluid transport and mechanical properties. Clay‐rich 
seals defined as shales and mudrock, characterized by 
their high content of clay minerals and small pore throats, 
provide good seals for CO2 storage due to the high entry 
pressure and corresponding high capillary sealing. 

Typical properties of sealing units summarized by 
Nordgård Bolås et  al. [2005] show pore throat diameter 
ranging from 9 to 1000 nm and corresponding permeabil-
ities of <10−6 and up to 10−3 mD (10−21–10−18  m2). This 
covers the typical range of seal properties for existing 
CO2 storage sites: for example, caprock permeability for 
the In Salah storage site is reported to be of the order of 
10−22–10−20 m2 [Armitage et al., 2011]; at Sleipner, the pore 
throat radius is reported to be in the range of 14–40 nm 
and brine permeability in the range of 3–10 × 10−19  m2 
[Harrington et  al., 2009]; and caprock for the Snøhvit 
CO2 storage site is reported to have an average perme-
ability of 1–23 mD (10−16 m2) with many low‐permeable 
shale layers [Chiaramonte et al., 2015].

CO2 transport mechanisms and alteration processes dis-
cussed in this paper are summarized in Figure 8.1, showing 
increasing transport rates to the right. For an intact clay‐
rich sealing unit, the molecular‐scale diffusion in pore 
water is typically a very slow process, whereas displacement‐
controlled volumetric Darcy flow in a connected pore 
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166  GEOLOGICAL CARBON STORAGE

network is related to exceeding the capillary entry pressure 
[Song and Zhang, 2012] and may provide higher transport 
rates (Fig.  8.1). Further, outcrop‐scale fractures are 
observed to provide conduits for migration of CO2‐saturated 
water (Fig. 8.2) in field outcrops like Green River, Utah, 
USA [e.g., Kampman et al., 2012; Shipton et al., 2004]. The 
role of microfractures in shales is less well understood 
[Ougier‐Simonin et  al., 2016], providing a transition 
between pore‐scale displacement and observed outcrop‐
scale fracture transport.

Fluid‐rock interaction within a diffusive CO2 front can 
be observed for CO2 reservoir‐seal boundaries [Lu et al., 
2009] and along faults and fractures within a leaking CO2 
system [e.g., Shipton et  al., 2004; Ogata et  al., 2014]. 
Dynamic interaction processes between fluid and rock 
involve processes of mineral dissolution, precipitation, 
and sorption. These processes may influence the trans-
port properties for CO2 in a sealing unit directly or cause 
alterations of the mechanical properties that induce 
deformation and changes in the transport properties 
(Fig. 8.1). In order to understand the complex interplay 
between flow, transport, chemical reactions, and 
mechanical changes, comparison of observations from 
various approaches is useful. Laboratory experiments 
give valuable input on the understanding of CO2 trans-
port mechanisms [e.g., Wollenweber et al., 2010; Skurtveit 
et  al., 2012] and the fluid‐rock reaction potential [e.g., 
Alemu et  al., 2011; Liu et  al., 2012; Szabó et  al., 2016] 
within laboratory limitations in time and conditions. 
Natural CO2 field analogues can provide useful 
information about the long‐term effects of materials 
being exposed to CO2 or CO2‐enriched fluids and allow 
for back‐calculation of reaction systems and rates [e.g., 
Lu et  al., 2009; Kampman et  al., 2014a, 2014b]. 
Geochemical kinetics of a CO2‐fluid‐rock system can be 
simulated using reactive models [e.g., Pham et al., 2011; 
Hellevang and Aagaard, 2013; Hellevang et  al., 2013; 
Balashov et  al., 2015; Szabó et  al., 2016] and provide 
information of long‐term reaction potential in a system. 
Slow processes are challenging to quantify, and calibra-
tion of laboratory‐determined transport and reaction 
rates with simulation and field observations is therefore 
critical to get a realistic model for the dynamic processes 
and implications for safe storage of CO2 [Kampman et al., 
2014b]. Chemical interactions between injected CO2, in 
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Figure 8.1  CO2 transport mechanisms with increasing transport rate to the right and schematic illustration of fluid‐
rock interaction mechanism and their implications for transport of CO2 through low‐permeable clay‐rich units.

Figure 8.2  Field example of fluid‐rock interaction showing 
fracture parallel bleaching in permeable siltstone unit within 
the Entrada Formation, Utah. The bleached zone is found as a 
1–10 cm thick zone along the fracture.
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situ fluids, and the sealing unit might be positive for the 
seal integrity if  they act to limit the fluid transport [e.g., 
Balashov et  al., 2015] and reduce the potential for 
mechanical failure. On the other hand, fluid‐rock interac-
tions might also in some cases enhance the potential of 
fracturing of shales and increase the permeability [e.g., 
Gherardi et al., 2007; Armitage et al., 2013].

The occurrence of natural gas trapped under mudstone 
and shale structural or stratigraphic seals for millions of 
years is good evidence for the long‐term integrity of this 
type of rock [Van der Meer, 2005]. Storage of CO2 
however differs from that of natural gas for a couple of 
reasons: First, natural gas is quite unreactive as a sepa-
rate fluid phase or when dissolved in brines. CO2, on the 
other hand, forms weak carbonic acid, lowering the pH 
typically to values between 3 and 5. The highest is 
observed when carbonate mineral dissolution buffers the 
pH change [Pham et  al., 2011]. This pH drop leads to 
dissolution of silicate minerals present in the reservoir 
and the precipitation of secondary silicates (typically 
kaolinite and silica polymorphs) and secondary carbon-
ates, mostly FeMgCa carbonates, and in some special 
cases, models predict dawsonite [Pham et  al., 2011; 
Hellevang and Aagaard, 2013; Hellevang et  al., 2013], 
although debated as it is rare in natural analogues. 
Second, the aqueous solubility of natural gas and CO2 
are different, and this affects their potential to diffuse 
into the seal. The solubility of natural gas components in 
brine, at the same temperature and pressure, is orders of 
magnitude lower than for CO2 [Miri et  al., 2014b]. In 
addition, gas solubility depends on the partial pressure 
rather than the total pressure, and because natural gas is 
generally a multicomponent mixture [McCain, 1990], 
their partial pressures may be quite low. CO2, on the other 
hand, is injected as a nearly pure phase, and the partial 
pressure will be close to the total pressure. Third, CO2 
will typically be in a supercritical state, with high density 
and low viscosity.

The solubility of molecular CO2 is controlled by the 
fluid pressure and temperature and the salinity of the 
aqueous solution and can be generally expressed as 
[Hellevang, 2006]
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where x and y denote molar fractions of CO2 in the 
aqueous and gas/supercritical phases, respectively; P is 
the total pressure; fi and γ are the fugacity and activity 
coefficients for CO2, respectively; KH is Henry’s law 
constant; v is the molar volume of CO2; R is the universal 
gas constant; T is the absolute temperature; and subscript 
sat refers to the saturation pressure. It is not straightforward 

to see how the solubility is affected by temperature, 
pressure, and salinity, since both the fugacity and activity 
coefficients and Henry’s law constant are temperature 
and pressure dependent. For typical CO2 storage depths, 
the solubility increases with pressure and decreases with 
temperature, whereas the activity coefficient of CO2 is 
unity for freshwater and increases with ionic strength, 
and dissolved salts therefore reduce the CO2 solubility 
[e.g., Spycher and Pruess, 2005; Miri et  al., 2014a]. 
Equation (8.1) and Henry’s law only dictate the solubility 
of molecular CO2 (hereafter referred to as CO2,aq), 
whereas the total solubility (TIC) also depends on pH 
and the speciation of carbon into carbonate (CO3

2−) and 
bicarbonate (HCO3

−) ions. However, if  speciation is 
ignored and pH is considered low (3–5), typical for 
normal CO2 storage settings [Pham et al., 2011], the TIC 
can be well approximated by Eq. (8.1).

The CO2 injected into a reservoir is expected to be 
supercritical CO2 in the near vicinity of the injection well, 
surrounded by a mixing zone of supercritical CO2 and 
formation water (brine) with a buffered pH. Further out 
from the injection, the CO2 plume is expected to be fully 
saturated with water and acidified, whereas at the reser-
voir‐caprock interface, the CO2 plume is expected to be 
fully saturated with water or possible as a mixed zone. 
Dry supercritical CO2 directly in contact with the caprock 
is considered unlikely, although possible if  injection is 
close to the reservoir‐caprock interface. As outlined 
above, the main mechanism for CO2 transport into the 
caprock is expected to be molecular diffusion in the pore 
water from the zones where CO2 is fully saturated with 
water or in a mixed phase, whereas advective flow in pore 
network or fractures will also be considered, although 
considered a less likely scenario for sites with proper 
pressure management.

The solubility of water in CO2 is a function of temper-
ature and pressure, and in the case of an upward migra-
tion through the seal, pressure and temperature conditions 
will change, and CO2 will lose or take up water on the way 
[Miri et  al., 2014a]. The solubility of water in CO2 is 
shown for a range of temperatures (0–75°C) and pres-
sures (1–300 bars) in Figure 8.3. Upward migration will 
lead to complex changes where the solubility will first 
decrease, before it will increase at the lower temperatures 
and pressures (Fig.  8.3). If  CO2 leakage rate is high, 
within fractures or fault zones, where the flow velocity 
might be high compared to CO2 flow in porous media, 
adiabatic expansion of the gas leading to a further cooling 
compared to the shallower depth may also be expected 
[Mao et  al., 2017]. However, this is not discussed in 
further detail in this paper.

Ensuring both short‐ and long‐term integrity of seals is 
important for successful geological storage of CO2. Key 
challenges related to the long‐term integrity of clay‐rich 

0004182029.INDD   167 09/05/2018   12:16:17 PM



168  GEOLOGICAL CARBON STORAGE

seals are to understand the mechanism for CO2 transport 
into seals and the complex interplay between CO2 fluid‐
rock interaction, alteration, and deformation that can 
alter the transport properties over time as outlined in 
Figure 8.1. Key challenges addressed in this paper include 
a review of theoretical models and laboratory experi-
ments addressing interaction between CO2 and clay‐rich 
caprock material. Section  8.2 discusses CO2 transport 
into clay‐rich seals at the scale of molecular diffusion, 
pore‐scale displacement, and fracture flow. Seal reaction 
such as precipitation, dissolution, and CO2 adsorption 
will be reviewed with respect to CO2 transport and defor-
mation in Section  8.2.1, whereas Section  8.2.2 presents 
examples of fluid‐rock interaction processes within 
selected sealing units of the North Sea. In the conclusion, 
the current knowledge and need for further research is 
summarized.

8.2. TRANSPORT OF CO2 AND  
CO2‐SATURATED WATER

8.2.1. Diffusion‐Dominated Matrix Transport

Dissolved CO2 is transported into the seal by diffusion. 
The advancement rate of a diffusion front depends on the 
gradients of the dissolved inorganic carbon species and 
rock‐specific factors such as the tortuosity and the poten-
tial of rock to consume CO2 through chemical reactions 
such as CO2 sorption and mineral dissolution and growth. 
The effect of the tortuosity and reactions on the diffusion 

rates of the carbon species can be seen in the reaction‐dif-
fusion equation:

	

C

t
D C Ri

e i i c, ,2 	 (8.2)

where Ci is the concentration of dissolved carbon species 
i, t is time, D De i i, /0  is the effective diffusion coefficient, 
D0 is the bulk water diffusion coefficient, Rc is a reaction 
term, with positive values indicating uptake into the solid 
framework, ϕ is porosity, and τ is tortuosity. A more tor-
tuous path offers more contact time between CO2 and 
resident brine, resulting in better mixing and enhanced 
solubility in the system [Rathnaweera et  al., 2016]. 
Similarly, reactions reduce the mass of the free‐phase 
CO2, further retarding the rate of plume migration [Xu 
et al., 2003, 2005].

The diffusion coefficient for CO2 in a brine‐saturated 
caprock sample may be measured experimentally. 
Experimental investigation of CO2 diffusion in the 
Muderong Shale, Australia, provided effective diffusion 
coefficients of 3.08–4.81 × 10−11  m2/s at reservoir condi-
tions (T = 45–50°C and P < 20 MPa) [Busch et al., 2008]. 
Repetitive CO2 diffusion experiments on clay‐rich marl-
stone from the Upper Cretaceous caprock sequence of 
the Münsterland Basin show an increase in the effective 
diffusion coefficient from 7.8 × 10−11 to 1.2 × 10−10  m2, 
indicating a change in transport properties during 
the  experiment [Wollenweber et  al., 2010]. Diffusion 
into  intact mudstones/shales is a very slow process, and 
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uncertainties are related to the upscaling of experimental 
data. Diffusion rates may also be estimated from studying 
natural analogues. One such analogue is CO2 diffusion 
from the North Sea Brae Formation into the Kimmeridge 
Clay [Lu et al., 2009]. Here carbon isotopes indicate that 
dissolved CO2 has reached approximately 12 m into the 
caprock matrix over 70–80 million years. Assuming CO2 
a conservative tracer, this suggests an effective diffusion 
coefficient of 10−14  m2/s (Fig.  8.4). Such a low effective 

diffusion coefficient indicates either very low values of 
the tortuosity or that the mudstones acted as a sink for 
the CO2 species, thereby slowing down the transport. The 
Kimmeridge Clay is rich in organic matter [Tribovillard 
et  al., 1994], and CO2 interaction with the mudstone is 
therefore one likely reason for the slow transport. The 
lower diffusion rate of the field analogue (Kimmeridge 
Clay) compared to the laboratory rates might be material 
dependent but could also be an indication that the diffu-
sion under in situ condition and for long term is restricted 
by some factors that are less active in the laboratory 
experiments. Possible sample damage due to dehydration 
or unloading of laboratory samples might also contribute 
to the higher diffusivity observed at laboratory scale.

Diffusion fronts are sometimes observed to be sharp and 
sometimes diffuse, which provide valuable insights regarding 
timescale and length scale of the underlying mechanisms of 
CO2 transport and the nature of the CO2‐brine‐rock 
reactions. The type of diffusion front can be explained by 
the relative rates of diffusion and reactions (Eq. 8.2). If  
reactions are very fast compared to diffusion (R >  > De, 

i∇
2Ci), a sharp front will develop, whereas diffuse fronts 

develop when reactions are very slow compared to diffusion 
(R <  < De, i∇

2Ci). Both diffuse and sharp diffusion fronts are 
easily observed in bleached siltstone in Utah [Busch et al., 
2014] (Fig. 8.5). Diffusion in mudstones is commonly very 
slow, and reactions can be fast compared to the diffusion, so 
sharp fronts are expected in shales and mudstones.

8.2.2. Capillary Entry Pressure and Displacement Flow

Gaseous or supercritical CO2 is prevented from entering 
intact (non‐fractured) mudstones or shales due to 
high  capillary entry pressures. The capillary entry 
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pressure, Pc, can be obtained from the Young‐Laplace 
equation [Washburn, 1921]:

	
P P P

rc wCO2

2 cos
,	 (8.3)

where r is the median pore throat radius, γ is the interfa-
cial tension between the wetting and non‐wetting fluids, 
and θ is the wettability angle between the wetting and 
non‐wetting fluid and the host rock. In general, clay‐rich 
seals with lower permeability (i.e., smaller median pore 
throat sizes) have higher capillary entry pressures, and 
therefore, they pose higher resistance against CO2 
invasion. The CO2‐water interfacial tension has been 
measured for relevant CO2 storage conditions by Chiquet 
et al. [2007].

Capillary entry pressure for CO2 can also be measured 
directly in the laboratory. Comparison of methods for 
determining capillary entry pressure is discussed by 
Boulin et al. [2013], showing differences in time and accu-
racy. For CO2, experimentally measured capillary entry 
pressure (or displacement pressure) is in the range of 
0.1–5 MPa for a selection of intact mudrock samples 
[Hildenbrand et al., 2004] and 3.5–4.3 MPa for shale from 
the Draupne Formation in the Troll East area [Skurtveit 
et al., 2012]. The measured CO2 displacement pressure is 
found to be lower than for natural gas (CH4) and nitrogen 
(N2) [Hildenbrand et  al., 2004]. Effective Darcy perme-
ability for CO2 has been studied in the same experiments 
as for CO2 entry pressure. High confining pressure was 
applied in order to avoid hydro‐fracturing of the sample, 
and Darcy flow was imposed upon shale samples in the 
experiments by Hildenbrand et al. [2004], where a slight 
decrease in effective CO2 permeability (range of 10−18–
10−24  m2) was measured compared to the water perme-
ability (range of 10−19–10−21 m2). In these experiments, a 
high pressure gradient (exceeding the expected break-
through pressure) was imposed across the sample, and 
the resulting gas flux was monitored by means of pressure 
change. No mechanical changes (i.e., fracturing) were 
reported. Skurtveit et  al. [2012] measured effective CO2 
permeability of the order of 10−21  m2, within the same 
order of magnitude as for brine permeability; however, 
the effective CO2 permeability was found to be dependent 
on volumetric dilation in the sample, and a microfrac-
ture‐dominated flow was interpreted.

8.2.3. Fracture Transport

The CO2 entry pressure for fractures can also be provided 
by Eq. (8.3), but with the pore throat radius replaced by b, 
the initial fracture aperture [Wang and Peng, 2014]. The 
most common model to describe single‐phase flow through 
microfractures is given by the Navier‐Stokes equations 

which express conservation of momentum and mass over 
the fracture with impermeable walls. The laminar flow of 
an incompressible Newtonian fluid with constant viscosity 
may be written as [Bird, 2002]

	 u u u e u. , . ,2 0 	 (8.4)

where ρ is the fluid density, μ is the fluid viscosity, u is 
the velocity vector, and e(x,y,z) is the fluid potential (i.e., the 
mechanical energy per unit mass). Assuming that (i) the 
fracture is composed of two parallel plates separated by a 
small aperture, (ii) the variability in fracture aperture is 
minimal, and (iii) the inertial forces are much smaller 
compared with the viscous and pressure forces, Eq. (8.3) 
reduces to the so‐called local cubic law (LCL) [Zimmerman 
and Bodvarsson, 1996; Oron and Berkowitz, 1998]:

	
. . ,

b
f

e T ef

3

12
0 	 (8.5)

where Tf is the transmissivity of fracture and f is the 
correction accounted for fracture roughness. Several 
studies have considered the validity of the LCL, and it 
has been shown that for the Darcian flow (Reynolds << 1), 
inertial term can be safely ignored [Walsh, 1981; Renshaw, 
1995; Zimmerman and Bodvarsson, 1996; Brush and 
Thomson, 2003]. Furthermore, it has been shown that the 
assumption (ii) can be relaxed if  aperture are measured as 
an average over a certain length. Equation (8.5) shows 
that fracture conductivity is proportional to the cube of 
mean aperture and that flow rate (Q) is directly propor-
tional to the fluid potential and can be written as

	
Q

b
f

e
3

12
,	 (8.6)

As Eq. (8.6) shows, the fracture transmissivity decreases 
as the aperture size reduces, indicating that fracture flow 
of CO2 is mainly controlled by the aperture size. The 
ability for a fracture to deform and change its aperture is 
given by the normal stiffness Kn given as

	
K

d
dn

	 (8.7)

where dσ is the change in stress and dδ is the corresponding 
fracture deformation [Jaeger et al., 2009]. Characteristic 
nonlinear behavior for fracture stiffness is demonstrated 
experimentally as well as in conceptual models [e.g., 
Bandis et al., 1983; Myer, 2000; Pyrak‐Nolte and Morris, 
2000] and explained by the increasing contact area in the 
fracture as the normal load increases. There is a large 
amount of work dealing with the correlation between 
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applied stress conditions, fracture aperture, porosity, and 
the corresponding fracture permeability [e.g., Barton 
et al., 1985; Cho et al., 2013] as well as for permeability in 
fault zones [e.g., Faulkner et  al., 2010] that will not be 
further discussed in this review.

A complex interplay of  chemical and mechanical 
factors controls the fracture aperture. Experimental 
evidence supports the movement of  CO2 in low‐
permeability shale matrices via fractures created from 
excess gas pressure. Direct laboratory measurements of 
CO2 entry, breakthrough, and flow in an initially brine‐sat-
urated shale caprock have been described in Angeli et al. 
[2009] and Skurtveit et al. [2012], where the CO2 break-
through was recognized by a marked dilation of  the test 
sample. Effective CO2 permeability as a function of 
strain could be fitted to a model where the measured 
dilation (strain) represents a change in fracture aperture 
[Olivella and Alonso, 2008]. The effective CO2 perme-
ability observed after the CO2 breakthrough was found 
to be more sensitive to changes in volumetric deforma-
tion than the absolute brine permeability, and it could be 
fitted to a power law dependency [Skurtveit et al., 2012]. 
This supports experimental work by Harrington and 
Horseman [1999], suggesting that microfractures link up 
to form a distinct pathway through the low‐permeable 
seal units in their gas breakthrough experiments on 
Boom clay and bentonite. Edlmann et  al. [2013] sug-
gested a critical fracture aperture: below this critical 
fracture aperture, there is little or no CO2 flow along the 
fracture, nor in gaseous or supercritical state, close to or 
at the critical aperture, only gaseous CO2 will flow, 
whereas above the critical fracture aperture, both scCO2 
and gaseous CO2 will potentially flow. Yet quantitative 
description of  the threshold aperture size is not provided. 
The variation of  the fracture aperture size induced by 
chemical interaction between CO2 and the host rock 
(e.g., mineralization, dissolution, desiccation, swelling, 
etc.) may enhance/decrease the sealing capacity. The 
advection of  CO2 after breakthrough supports water 
evaporation into scCO2, increasing capillary suction, 
leading to additional sediment contraction and conse-
quently formation of  capillary‐driven fractures [Espinoza 
and Santamarina, 2012; Schaef et al., 2012]. In addition, 
the two‐phase flow of CO2 and brine in the fracture net-
work modifies the capillary entry pressure of  the frac-
ture network and the sorptive chemistry within the shale 
matrix. In order to describe the two‐phase flow of CO2 
and brine in the fracture network, it is needed to take 
into account the characteristics of  multiphase flow such 
as relative permeabilities and capillary pressure between 
water and CO2 that may affect the local deformation of 
the shale caprocks [Gherardi et al., 2007; Wang and Peng, 
2014]. This can be solved using a dual‐porosity model 
in  which the discontinuous nature of  porosity and 

permeability is avoided by replacing them locally by their 
average values. Moreover, it may be assumed that there is 
only viscous flow in the fracture network (sink) and the 
matrix will act as a source term in the fracture flow 
equation [Warren and Root, 1963]:

	 f
fS

t
T u Rmf . ,	 (8.8)

where S is phase saturation, t is time, ∅is the fracture 
porosity, u is phase fluid Darcy velocity, R is fluid source/
sink term, and T is the transfer function defining the 
interaction between matrix and fracture (see next sec-
tion). The subscript α refers to either the wetting (water) 
phase or the non‐wetting (CO2) phase. The subscripts m 
and f  represent the matrix and the fracture, respectively. 
Darcy’s velocity of phase α is given by

	 u k ef ,	 (8.9)

where kf is the fracture absolute permeability given by the 
cubic law and λα is the fluid mobility and is equal to the 
ratio of the relative permeability krα and the dynamic 
viscosity.

Only limited experimental data are available on perme-
ability of  fractured shale and even less on permeability 
of  CO2 in fractures. Carey et  al. [2015] measured the 
peak permeability of  900 mD for well‐defined bedding 
parallel fractures, compared to 30 mD for the more com-
plex fracture patterns formed across the bedding in a tri-
axial and direct shear device for the calcite‐rich Utica 
shale core from Ohio and Pennsylvania. A naturally 
fractured and carbonate‐cemented fracture from 
Kimmeridge shale, UK, was tested for flow properties in 
a direct shear device after artificially separated and 
demineralized (carbonate mineralization removed by 
acid) [Gutierrez et  al., 2000]. The test showed that 
increasing normal contact stress across the fracture 
lowered the water permeability in an exponential way. 
However, the fractures were not entirely healed, and per-
meability remained higher than the matrix permeability 
for the test period of  hours. In general, fracture trans-
missibility is strongly controlled by the ductility index, 
defined as the effective mean stress normalized to the 
tensile strength of  the intact rock [Ishii, 2015]. This 
means that the experimentally measured fracture perme-
ability is highly dependent on the effective stress 
condition used in addition to the shale properties. For 
ductile shales and clays, the consolidation, creep, and 
swelling may close fractures during an experiment 
[Zhang, 2011] and the capillary entry pressure for 
fractures to be close to that of  the matrix. This highlights 
the need for use of  relevant pressure condition when 
considering CO2 transport properties for fractures.
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8.2.4. Fracture‐Matrix Interactions

In the case of a two‐phase displacement flow in a frac-
ture network, fracture‐matrix interactions may alter the 
dynamic of the flow process and even immobilize CO2 
that has migrated into the caprock along the fractures. 
Due to high fracture permeability, the fluids in the 
interconnected fracture network will quickly be displaced 
by CO2, while the shale matrix remains water saturated 
[Saidi, 1983; Wang and Peng, 2014]. The fracture‐matrix 
flow term, Tmf in Eq. (8.8), represents the volumetric 
flux of the fluid from the matrix blocks into the fractures 
(per unit time and per unit volume of the reservoir), and 
it is given as [Barenblatt et al., 1960]

	
T

S
tfm m

m 	 (8.10)

During a CO2 invasion into the fracture network, dif-
ferent mechanisms may come into play, such as clay swell-
ing, gravity drainage, CO2 diffusion and sorption, and 
matrix drying [Busch et al., 2010]. Generally, the pressure 
in the matrix, Pm, follows the overburden gradient, while 
the pressure in the fracture network, Pf, is controlled by 
the height of CO2 column in contact with caprock. 
Considering the high compressibility of CO2 in either 
gaseous or a supercritical state, the pressure differential 
between the fractures and the matrix creates a driving 
force leading to matrix depletion [Saidi, 1983; Lim and 
Aziz, 1995], given as

	 T P Pmf
expansion

f m
	 (8.11)

where σ is the shape factor which represents the mean 
flow path between the matrix and its corresponding 
fracture [Warren and Root, 1963]. When CO2 invades 
the fractures surrounding the water‐saturated matrix, 
water may drain downward due to the density 
difference between CO2 and water. This mechanism is 
referred to as gravity drainage. However, the capil-
larity (matrix) will act against this mechanism and 
retain water in the matrix. Since the shale matrix 
usually has high capillary threshold, it is very unlikely 
that CO2‐water gravity drainage occurs during CO2 
invasion into the caprock [Festoy and Golf‐Racht, 
1989; Rossen and Shen, 1989]. In addition to the 
gravity drainage flow, the pressure‐driven flow (Eq. 
8.11) will occur only when the CO2 pressure exceeds 
the summation of  reservoir pressure and capillary 
entry pressure. Nevertheless, in a capillary sealing case, 
other mechanisms will come into play, transferring 
CO2 into the fracture‐matrix system.

CO2 may exist in several forms in the caprock: (i) as a 
free phase displacing water in the fracture network, (ii) 

as an absorbed/adsorbed phase onto the matrix, and (iii) 
dissolved in brine diffusing into the shale matrix. The 
role of  free‐phase CO2 is already included in Eq. (8.8). 
The mass of  CO2 adsorbed in the fracture network can 
be calculated based on the Langmuir isotherm [Wang 
and Peng, 2014]. However, it may be reduced if  the 
invaded CO2 is sufficiently dry to partly evaporate the 
adsorbed water films. Nevertheless, the extent of  dehy-
dration will depend on the water content of  the CO2, and 
complete evaporation of  adsorbed water films on the 
fracture surface is not very likely to occur in a CO2 
storage scenario due to strong adhesive solid–liquid 
interactions [Espinoza and Santamarina, 2012; Giesting 
et al., 2012; Schaef et al., 2012]. CO2 diffusion and sorp-
tion into the matrix is an important mechanism which 
may reduce the risk of  leakage given the high adsorption 
capacity of  clay minerals [Busch et  al., 2008]. De Jong 
et  al. [2014] have performed several unconfined volu-
metric strain measurements in smectite‐bearing fault 
material and found that CO2 penetrating into fracture/
joint walls can be expected to cause swelling of  a few per-
cent (≈3%), reducing fracture apertures and thus reducing 
bulk permeability (≈11% calculated using Eq. (8.6)), 
thereby improving seal integrity. The mass exchange rate 
of  gas sorption from the shale matrix to the fracture net-
work depends on the difference between the matrix gas 
content and the equilibrium gas, and it is expressed by 
Wang and Peng [2014] as

	
T

D
m m Pmf

gadiffusion c
b e f

	 (8.12)

where ρga is the gas density under the standard conditions 
and ρc is the bulk density of the shale; mb and me are the 
current and equilibrium gas content at fracture pressure, 
Pf, respectively; and D is the effective diffusion coefficient 
of gas. Busch et  al. [2008] have reported the sorption 
capacity of the Muderong shale and various clay min-
erals (kaolinite, illite, smectite) from Western Australia to 
about 1.0 mmol/g. Wollenweber et  al. [2010] have per-
formed similar sorption experiments on marlstone and 
reported sorption capacities of 0.27 mmol/g, which is 
slightly lower than the sorption capacity reported by 
Busch et  al. [2008] and assigned to the higher organic 
content of the samples investigated by Busch et al. [2008]. 
Likewise, significantly higher sorptive uptake is reported 
for coals owing to high organic matter content [e.g., 
Weniger et al., 2010; Chareonsuppanimit et al., 2012]. In 
addition, the sorption capacity is a function of specific 
surface area (see Eq. 8.12) accessible for CO2 to be in 
contact with matrix blocks. Smaller fracture spacing in 
shale implies smaller matrix block sizes and higher 
specific surface areas, hence intensified exchange rates for 
the sorbed gas.
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8.3. SEAL REACTIONS AND IMPLICATIONS 
FOR FLOW AND DEFORMATION

8.3.1. CO2‐Shale Reactivity

As CO2 diffuses into the rock matrix from the base of 
the seal or along a non‐sealing fracture or heterogeneity, 
minerals will react and secondary phases may form [e.g., 
Gaus et al., 2005]. The rate of the reactions will be con-
trolled by both the diffusivity and the sink/source 
reactions as outlined in Eq. (8.2) (Section 8.2). In order to 
define the reaction, major minerals that will affect CO2 
diffusion over long timescales need to be defined, and the 
mineral kinetic parameters (kinetic constants, reactive 
surface areas) must be known for all mineral phases tak-
ing part in the reactions. There has been progress in 
understanding the parameterization and uncertainty of 
kinetic simulations [Hellevang and Aagaard, 2013; 
Hellevang et  al., 2013], but especially reactive surface 
areas are still very difficult to estimate.

Compared to kinetic modeling studies for reservoirs, 
only a limited number of kinetic models are addressing 
seals with a clay‐dominated composition (see Table  8.1 
for an overview). Reactive diffusive transport modeling 
calculations for clay‐dominated seals predict a decrease 
in porosity due to kaolinite precipitation [Gaus et  al., 
2005] and chlorite‐to‐ankerite transformation [Balashov 
et  al., 2015], whereas the reactivity of quartz and clay 
minerals (illite and smectite) is low. However, modeling 
by Tambach et al. [2015] predicts porosity increase at the 
reservoir contact mainly due to siderite dissolution. 
Simulations by Gherardi et  al. [2007] on carbonate‐rich 
shales suggest that during fully liquid‐saturated condi-
tions in a diffusion‐controlled regime, pH will be buffered 
and calcite precipitation occurs, whereas calcite dissolu-
tion can occur in the caprock if  a free, water‐rich CO2‐
dominated phase migrates into the caprock through 
discontinuities. Although differences in alteration are 
observed for a diffusion‐dominated caprock matrix 
system and a fractured caprock with flow and possibly 
free CO2 phase, the reactions observed are mainly calcite 
dominated and might not be of high relevance for the 
clay‐rich seals.

The geochemical reactions to be expected from mineral 
reactions due to the reduced pH during dissolution of 
CO2 into the pore fluid may be addressed in experimental 
work. Reaction experiments on shale and mudstone as 
summarized in Table 8.2 show only limited reactions in 
the shale, mainly nucleation and growth of carbonate and 
smectite [Kaszuba et  al., 2005; Carroll et  al., 2011], 
whereas observed illite‐smectite transformation into illite 
might be due to heating [de Lima et al., 2011]. In general, 
carbonate‐rich shale is more reactive than clay‐rich shale 
[Alemu et al., 2011], showing dissolution of plagioclase 

and clay minerals (illite and chlorite) and precipitation of 
smectite.

Variations in matrix porosity can also be observed 
within geochemical alteration experiments on cuttings 
[Mouzakis et al., 2016] and diffusion experiments [Busch 
et al., 2008; Wollenweber et al., 2010]. Experimental work 
on low‐permeable caprock is time consuming and chal-
lenging due to the slow transport properties. Detection of 
chemical alteration and porosity changes with following 
changes in transport properties over time is not straight-
forward, and there is some spread in the reported experi-
mental results (Table  8.2). Diffusion and sorption 
experiments by Busch et  al. [2008] show dissolution of 
silicates and precipitation of carbonates to have measur-
able effects on the porosity, permeability, and diffusion 
properties of the Muderong Shale (Australia), with a 
tendency to enhance the transport properties. However, 
the effect of porosity increase on transport properties 
might also be related to the preferential dissolution of 
pores or pore throats. Caprock samples from the In Salah 
injection site show dissolution of siderite and chlorite 
from both pores and pore throats, and the increase in 
pore throat radii is used to explain the factor 8 perme-
ability increase observed after the flooding with CO2‐
saturated water [Armitage et al., 2013].

Matrix properties, such as mechanical strength and 
stiffness, control matrix deformation response to stress. 
Conventional triaxial tests [e.g., Berre, 2011] are the most 
common method to address the mechanical strength of 
intact rock samples. There are a limited number of tests 
that have addressed potential modifications to the 
mechanical properties of rock samples due to CO2 inter-
action by comparing the deformation moduli and 
mechanical strength of altered and unaltered samples, 
but most experimental work is on reservoir sandstone 
[e.g., Le Guen et  al., 2007; Hangx et  al., 2013] and is 
summarized in Rohmer et al. [2016]. The design of exper-
imental programs capturing alteration‐induced geome-
chanical changes is even more challenging for caprocks 
due to the low permeability and slow transport of CO2 
solutions into the rock. The long‐term fate of CO2 alter-
ation of sealing units has been addressed using the Green 
River natural analogue in Utah [Kampman et al., 2013; 
Busch et  al., 2014]. The study, comparing mechanical 
strength of unreacted and reacted (bleached) samples, 
concluded that the variation in depositional environment 
and porosity imposed a strong control on rock strength, 
whereas mechanical changes related to the observed 
bleaching cannot be documented [Busch et  al., 2014]. 
However, mechanical degradation related to long‐term 
CO2 exposure has been documented using indentation 
and scratch testing of the Entrada Sandstone and 
Summerville Siltstone, Utah [Sun et  al., 2016]. This 
micro‐mechanical test method provides an evaluation of 
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changes in mechanical properties, but the mechanical 
parameters measured for this type of test are not directly 
suitable as input to mechanical models.

8.3.2. CO2‐Smectite Interactions and Clay Swelling

Smectite is a group of  minerals consisting of  an octa-
hedral sheet sandwiched between two tetrahedral sheets 
and found to varying degree in mudstones and shales. In 
the interlayers between the sandwiches, surfaces are neg-
ative, and positively charged ions (cations) are therefore 
attracted. In the presence of  water, these cations tend to 
hydrate and increase in volume, and this leads to an 
expansion of  the whole smectite structure. The swelling/
shrinking property of  smectites is commonly seen in 
soils. When a clay‐rich soil dries out, it shrinks and 
cracks into polygonal patterns, whereas the soil expands 
and the cracks close when water is added. Similar frac-
turing may potentially happen at the base of  a seal if  dry 
or near‐dry CO2 is allowed to interact with the shale/
mudstone and dry out the smectites [De Jong et al., 2014; 
Busch et al., 2016]. This will depend on the water content 
of  the CO2, but the exact shrinking/swelling property is 
complex and is not a linear function of  water content. 
Although still debated, Loring et al. [2014] showed that 
the sorbed water content of  Na‐montmorillonite 
increases nearly linear with water content in the CO2, 
whereas the smectite swells in a stepwise manner with 
three distinct plateau d001 (d‐spacing perpendicular to 
the sheets) values. The reverse reactions were not 
attempted so any hysteresis effects are not known. The 
stepwise swelling is also known from traditional experi-
ments using air moisture content and is referred to as 
crystalline swelling, where there are a number of  discrete 
stable values of  layer spacing [e.g., Morodome and 
Kawamura, 2009]. Also, CO2 itself  contributes to the 
volume increases of  smectites. CO2 will be incorporated 
into the layered structure of  smectites in the same inter-
layers as the cations (a process referred to as intercala-
tion), and the structure will swell [Fripiat et  al., 1974; 
Michels et  al., 2015]. The size of  the interlaminar ions 
provides restrictions on the degree of  CO2 inclusion, and 
only the smectites saturated with the larger monovalent 
cations (including K‐ and Na‐smectites) will allow 
complete or nearly complete CO2 inclusion [Fripiat et al., 
1974]. Clay swelling as a self‐limiting process within a 
caprock in a CO2 system is not well understood, although 
some attempts have been made following the CO2 sorp-
tion in clays discussed by Busch et al. [2008]. Clay swell-
ing experiments [Giesting et al., 2012; Schaef et al., 2012; 
De Jong et al., 2014] show that scCO2 has the potential 
for mechanical swelling of  smectite as function of  the 
clays initial hydration stage. For smectite‐rich caprocks, 
swelling may influence fracture closure and healing 

[Bastiaens et al., 2007; Zhang, 2011], whereas the effect 
of  swelling stress induced by CO2 sorption is less well 
understood [Busch et al., 2016].

8.3.3. Carbonate‐Cemented Fractures

Both carbonate‐ and gypsum‐cemented veins related to 
paleo‐leakage and active CO2 leakage are observed in the 
Green River area, Utah [Dockrill and Shipton, 2010; 
Kampman et al., 2012]. Calcite precipitates rapidly from 
solutions supersaturated with CaCO3 (if  not inhibited by, 
e.g., Mg) and responds rapidly to changing thermody-
namic conditions. Brines in the Green River area are 
found to be Mg rich, which might explain the formation 
of aragonite over calcite [Kampman et al., 2012]. Calcite 
is getting more stable as temperature increases, and a 
heating of a saturated aqueous solution will therefore 
lead to precipitation; however, for the aragonite veins in 
Green River, precipitation is found to take place due to 
outgassing of the local system [Kampman et  al., 2012]. 
The calcite solubility is also a function of CO2 pressure, 
and more calcite can be dissolved at higher CO2 pres-
sures, whereas the source for calcium in the system can be 
local from, for example, feldspar dissolving from rock 
matrix or transported into the system by the fluid. 
Carbonate veins can also be present in clay‐rich caprocks, 
like the Kimmeridge shale [Gutierrez et al., 2000]. These 
veins may provide pathways for CO2 within the caprock if  
not fully sealed or if  reactivated. If  water‐saturated CO2 
(or a CO2‐charged solution with high CO2 partial 
pressure) is migrating into calcite‐filled fractures, 
reopened by an overpressure, the existing calcite will to 
some extent dissolve and lead to permeability increase. 
However, because of the fast kinetics, solutions are soon 
saturated with calcite at higher aqueous Ca2+, and the 
dissolution will cease.

Experimental work focusing on carbonate cement in 
fractures is mainly concerned with the dissolution of cal-
cite and addressing the alteration in flow properties due to 
CO2‐saturated fluids in typical caprock materials [Andreani 
et al., 2008; Ellis et al., 2011; Ellis et al., 2013]. Based on 
experimental results, it is observed that the effects of 
calcite dissolution, increasing porosity, and changes in 
transport properties are complex. The alteration experi-
ments on fractured claystone by Andreani et  al. [2008] 
show dissolution of quartz and calcite increasing the frac-
ture porosity, whereas the permeability remains 
unchanged. This lack of effect on permeability is attrib-
uted to remaining clay framework and limited net effects 
on the fracture aperture. Cyclic CO2‐brine and CO2‐gas 
flow on the same material showed an increase in aperture 
explained by clay particle decohesion, and clay particles 
are wrenched from the fracture surface [Andreani et  al., 
2008].
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8.3.4. Dry CO2: Fracture‐Brine Interactions

Dry CO2 has the potential to dry out fracture walls, 
and if  the fracture water is brine, salt may precipitate. The 
risk of dry CO2 in contact with the caprock is debated 
and not considered likely.

To what extent such dry‐outs may occur in the caprock 
depends on the initial water content of  the CO2 and the 
volume of CO2 that migrates through the fracture. The 
degree of  dry‐out also depends on the possibility of 
water to be supplied from the shale/mudstone matrix. 
Whether total dry‐out or not may occur, salt may form 
rapidly as soon as the saturation limit of  the water with 
respect to halite (NaCl) is reached. This has been shown 
numerically for the near‐well area in the reservoir [Miri 
et al., 2015] and also suggested from injectivity losses in 
CO2 injection operations at Snøhvit [Grude et al., 2014] 
and Ketzin [Baumann et  al., 2014]. Salt formation in 
fractured systems has been less studied. Miri et al. [2015] 
studied the process of  salt precipitation at the pore scale 
by performing experiments in a microchip as shown 
close up in Figure 8.6. The microchip can be considered 
a dual‐porosity medium, where the simulated fracture 
serves as a region dried by CO2 and the connected porous 
medium reflects the water‐saturated matrix. Salt growth 
was initiated at the interface, but directed into the CO2‐
rich phase. Rapid nucleation leads to the formation of 
massive porous aggregates of  micrometer‐sized crystals. 
This growth then proceeded to fill the entire fracture 
width, and fracture flow was significantly reduced. In the 
case of  complete clogging, the dry‐out may provide a 
strong negative feedback to the flow, hindering the 

likelihood of CO2 leakage. The experiments were, how-
ever, performed in a microfluidic system representing a 
fractured permeable sand rather than shale/mudstone, 
and similar experiments must also be done on a tight 
rock before any conclusions can be made.

8.3.5. Shear Fractures and Frictional Properties

Effects of CO2 alteration on material properties like 
cohesion and friction of faults and fractures should be 
evaluated for longtime storage. Data from laboratory 
tests and field observations show that friction coefficients 
generally vary between 0.6 and 0.85 [Byerlee, 1978; 
Morrow et al., 1992], although values as low as 0.2 have 
also been reported for clay material in the literature. 
Natural faults and shear fractures often contain gouge, 
so the friction is strongly dependent on the mineral com-
position of the gouge [Moore and Lockner, 1995; Tembe 
et  al., 2010; Samuelson and Spiers, 2012] and decreases 
with increasing the bulk clay content. The type of fluid in 
the sliding surface will also influence friction, with water‐
wet surfaces decreasing the friction coefficient. Influence 
of scCO2‐ and CO2‐saturated brine on frictional prop-
erties and slip velocities of fault gauges has been investi-
gated experimentally. Rate and state frictional experiments 
were performed for clastic caprock material dominated 
by illite, quartz, and quartz‐rich reservoir material 
[Samuelson and Spiers, 2012], showing that scCO2 had no 
clear influence on frictional strength of dry or brine‐
saturated gouges. For a full overview of CO2‐related work 
on fault stability and reactivation, see Rohmer et al. [2016] 
and discussions therein.

L = 10 cm

W
 =

5 
cm

Figure 8.6  Pore‐scale visualization of salt precipitation in the preferential pathway (fracture) of the heteroge-
neous microchip. After Miri et al. [2015]. A thick film of brine remains after CO2 invasion at 5 s after injection. 
After 50 min, this film evaporates and the drying front shapes a meniscus at the interface between matrix and 
fracture. After 75 min, aggregation growth starts and occupies the fractures.

AQ3
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8.4. EXAMPLES FROM SEALING UNITS 
IN THE NORTH SEA

In the North Sea, the Sleipner CO2 injection project has 
successfully injected more than 16 Mt. CO2 since it was 
started in 1996 [Furre et  al., 2017]. At Sleipner, CO2 is 
injected into the Utsira sand, and the regional extensive 
Pliocene to Pleistocene Nordland Shale is the caprock. 
The Utsira sand has been considered to have sufficient 
capacity to store CO2 emissions from large part of the 
European industry (150 Gt/year) for several decades 
[Ramírez et  al., 2011]. Recent Norwegian feasibility 
studies have identified storage potential in the Sognefjord 
Formation, east of the Troll gas field in the North Sea. 
The primary seal for this unit is the Upper Jurassic 
Draupne Formation. In the following, the Nordland 
Shale and Draupne Formation will be discussed in more 
detail.

8.4.1. Nordland Shale

The Nordland Shale is only weakly consolidated 
because of the shallow burial (maximum ~800–1000 m) 
and consists mainly of clay and silt with some minor 
sands and with weak bedding [Gregersen and Johannessen, 
2001; Pillitteri et al., 2003]. The seal has been divided into 
three units: the lower seal draping the Utsira sand, the 
middle‐down‐lapping seal, and finally the upper seal with 
a truncated lower boundary [Gregersen and Johannessen, 
2001]. Bøe and Zweigel [2001] estimated the pore throat 
radius and found that a CO2 column of more than 800 m 
is required for capillary failure, and no free‐phase CO2 
transport is therefore expected into the lower intact seal. 
A similar result was found by Harrington et  al. [2009], 
concluding that only pressure‐induced flow pathways 
(i.e., fractures) are relevant for seal breach because of the 
high gas breakthrough pressures for the intact caprock. 
However, the observed transport of CO2 through thin 
intra‐reservoir mudstone layers [Zweigel et al., 2004] has 
raised discussions about the transport of CO2 through 
the shale barriers. Diffusive transport through the seal 
will be slow, and significant amounts of plagioclase and 
chlorite in the caprock [Bøe and Zweigel, 2001] may react 
and have potential to bind CO2 [Pham et  al., 2011; 
Hellevang and Aagaard, 2013], further slowing down 
diffusive transport of CO2 through the seal.

The present‐day CO2 injection at Sleipner generates an 
overpressure that is <0.1 MPa [Chadwick et  al., 2012], 
making reservoir and seal pressurization a low risk. In 
addition, triaxial tests suggest that the lower seal is 
elastic‐perfectly plastic, with Young’s moduli measured 
to 0.19–0.29 GPa and Poisson’s ratio of 0.18–0.25 
[Pillitteri et  al., 2003], indicating that fracturing is 
unlikely. The vertical effective stress was found to be 

significantly larger than the horizontal, and it was also 
found that the vertical effective stress was larger than 
explained by the present‐day overburden. This suggests 
over‐consolidation of the sediments related to the 
Quaternary ice sheet loading in the North Sea. Capillary 
flow simulations including a fractured shale barrier were 
presented to replicate the monitored plume development 
[Cavanagh and Haszeldine, 2014], suggesting fracturing 
that predates the CO2 injection explained as transient 
pore pressure hydro‐fracturing during the deglaciation. 
Current plume monitoring program identifies a total of 9 
CO2 horizons separated by thin shale layers, typically 
1–1.5 m thick, and one thicker layer of ca 6 m was identi-
fied [Furre et  al., 2017]. The data from Sleipner CO2 
project have been used for a wide variety of flow simula-
tions [e.g., Cavanagh, 2013]. Geological assumptions 
about the nature and number of feeder channels for CO2 
from the injection point and up to the top layer where 
CO2 accumulates are highly uncertain for current simula-
tions [Furre et al., 2017] and represent a key challenge for 
the future.

8.4.2. Draupne Formation

The Upper Jurassic Draupne Formation forms a sev-
eral hundred meter thick source rock, but also a good seal 
for deeper reservoirs. Equivalent Upper Jurassic 
formation is the Kimmeridge Clay Formation, but also 
Spekk, Mandal, and Tau formations are approximate 
equates [Faleide et al., 2015]. Recently, 9 m of well‐preserved 
core material from the Draupne Formation within the 
Ling Depression was made available for CO2‐related 
research on seal integrity in the North Sea. The low per-
meability and high CO2 capillary breakthrough pressure 
suggest this to be an excellent caprock [Skurtveit et al., 
2012; Skurtveit et al., 2015]. Mineralogy of intact shale 
shows a bulk composition of quartz, microcline, and clay, 
with the clay phase dominated by kaolinite and smectite 
and total organic carbon around 7–8%. Along a natural 
shear fracture observed in the upper section of the core, 
increased calcite, pyrite, and siderite content is found 
compared to the intact shale mineralogy. Main uncer-
tainty for the sealing capacity evaluation of this formation 
is related to the observed natural shear fracture, where 
the capillary entry pressure could be lower and the per-
meability could be higher than for the intact material. 
There are no indications that the observed shear fractures 
are common for the Draupne Formation, nor that they 
are continuous throughout the thickness of the seal; 
however, the samples provide excellent core material for 
further investigation of natural shear fractures in clay‐
rich seal. Potential reactions for CO2 percolation into 
fractured Draupne Formation include calcite dissolution 
[e.g., Alemu et  al., 2011] that might alter the porosity 
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[Andreani et al., 2008], whereas mobilization of less soluble 
particles or swelling of smectite may result in clogging and 
sealing of the fracture as demonstrated experimentally by 
Bastiaens et al. [2007] and Ellis et al. [2013].

8.5. CONCLUDING REMARKS AND 
FUTURE DIRECTIONS

Dedicated research on CO2 storage and related fluid‐
rock interaction processes has provided insight and new 
data on transport and reactions to be expected for both 
reservoirs and sealing units. This review, focusing on flow 
and alteration processes in clay‐rich seals (Fig.  8.1), 
showed that the most likely transport of CO2 into clay‐
rich seal is by diffusion and only the lower 1–10 m of a 
typical clay seal will be affected. Flow of CO2 into the 
seal is only likely if  the seal is damaged due to preexisting 
fractures or faults within the seal. However, the long‐term 
effects of alteration are an essential part of a storage 
system, and fluid‐rock interaction processes may be 
important for leakage mitigation and as remediation 
strategies [Kim and Santamarina, 2013; Tongwa et  al., 
2013; Druhan et al., 2014; Vialle et al., 2016].

Reaction experiments and kinetic modeling show reac-
tivity between CO2‐saturated fluids (acidic) and clay‐rich 
caprock material, involving kaolinite precipitation and 
chlorite‐to‐ankerite transformation. However, for domi-
nating clay‐rich caprock minerals like quartz, illite, and 
smectite, the reactivity due to drop in pH is low. 
Carbonate‐rich shale is found to be more reactive than 
clay‐rich shale; however, reactions may also be buffered 
depending on the fluid composition and water‐rock ratio. 
For the experiments and models available, only minor 
porosity changes are observed, and implications for flow 
and CO2 transport are uncertain due to limited data avail-
able, slow reaction rates, and low flow rates in clay‐rich 
seals. Important alteration processes applicable for clay‐
rich caprocks include the swelling and shrinking property 
of smectites due to CO2 sorption, where limited data are 
available. Clay swelling due to CO2 raises an interesting 
discussion about the possibilities for self‐limiting 
processes in clay‐rich seal; however, a better under-
standing of the difference in amount of swelling between 
CO2 and water and possible interaction effects is needed 
to fully understand the implications for CO2 transport. 
Special cases of CO2 transport in fractured caprock 
discussed in this paper include carbonate‐cemented 
fractures, the possibility for salt precipitation resulting 
from entering of dry CO2, and CO2 effects on frictional 
properties of clay‐rich gauge. The main finding is that 
there is very little work dedicated to effects of CO2 in 
fractured clay‐rich seals. It can be argued that damaged 
seals with extensive fracturing and faulting should be 
avoided; however, in order to perform proper risk evaluation 

of clay‐rich caprocks, the process involved needs to be 
understood and discussed.

This review identifies several challenges related to the 
dynamic interaction and coupling of processes and 
research approaches. The available experimental data are 
difficult to upscale and extrapolate both in time and 
space. The time frame during laboratory experiments is 
different from reservoir conditions, and pressure and 
temperature conditions are adjusted to speed up the 
reactions. Alteration experiments might have unrealistic 
supply of reactive fluids, and the heterogeneities of a 
system might not be captured in a single experiment. 
Some important research gaps and processes that require 
a better understanding in order to secure the long‐term 
safety of CO2 sequestration are suggested for further 
investigation:

•• Extrapolation between laboratory experiments and 
field observations to verify the rates and complexity used 
for kinetic modeling of reaction potential within sealing 
units and to document the net effect of alteration on 
transport properties

•• More experimental data on clay‐rich caprocks and 
models specifically addressing effect of clay swelling and 
dissolution of organic matter in a brine‐CO2 system

•• Fracture transmissibility and the hydromechanical‐
chemical coupling of single fractures and fracture 
network for two‐phase flow involving CO2

•• Long‐term effects of CO2 on frictional stability of clay‐
rich gauge and their mechanical and transport properties
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