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The lower Triassic Bunter Sandstone Formation in the Southern North Sea is a promising site for CO; storage.
This reservoir has a complex structure, particularly in the overlying Haisborough Group caprock, along with
fractured shale interlayers, chimney like-structures and fault features. This study highlighted the importance of

Ei‘:rl;sn . incorporating all of this complexity into a model of a ‘Bunter-like’ storage site.
Interlaers Given the limited geological data on Bunter, four scenarios (Cases 1-4) were created to assess the impact of
Caprock CO,, storage on the integrity of a complex caprock structure. This study revealed that fracture reactivation within

variegated shale interlayers differed when comparing scenarios with a multi-layered caprock or a single caprock.
With a multi-layered caprock, the CO5 plume was able to leak via the chimney region, whereas, with a single
caprock, it did not. Furthermore, mineral dissolution/precipitation behaviour, particularly halite within the sub-
layers of the shale interlayers, varied between the multi-layered and single caprock scenarios. Additionally,
greater fault reactivation was observed in multi-layered caprocks compared to single caprock scenarios. With a
multi-layered caprock, fault reactivation resulted in increased fault vertical and horizontal permeability than
those observed in the single caprock scenario. The presence of a fault traversing several different layers of a
multi-layer caprock led to different mineralogical behaviour than with a single caprock.

This study emphasized the critical importance of intricate feedback interactions in systems with complex seal
and reservoir geologies, as these interactions are essential for governing the overall behaviour of plume
migration.

1. Introduction

The release of carbon dioxide (CO2) into the atmosphere on a global
scale, predominantly driven by fossil fuel combustion, has been a major
contributor to global warming and climate change. Geological seques-
tration of CO, has been suggested as a viable strategy to curb the
increasing concentration of CO; in the atmosphere. As part of the North
Sea Transition Deal, the lower Triassic Bunter Sandstone Formation,
which is located in the southern North sea, has been established as a
priority targeted reservoir interval that may accommodate carbon
storage in the UK (Department of Business and Energy and Industrial
Strategy, 2022; James et al., 2016).

Structurally, the Bunter Sandstone contains several large periclines
(henceforth referred to as Bunter Domes) created by post-depositional
halokinesis in the underlying halite-dominated Zechstein Group. The

Bunter Sandstone is overlaid by the Haisborough Group which forms a
proven seal over several gas fields discovered in the Bunter Sandstone
Formation. However, Heinemann et al. (2012) documented spatial
variations in the Haisborough Group seal. In the south-eastern portion of
the survey area, a thick sequence of chalk overlays the Bunter Sand-
stone, whereas in the central region, the seal comprises the Solling clay,
Rot clay, Rot halite and Muschelkalk layers. Hence, in some regions of
the Bunter sandstone, the caprock is complex and multi-layered,
whereas in other regions there is a simpler chalk caprock. In previous
work we considered the impact on behaviour of an injected scCO2
plume within the underlying reservoir due to differences in the structure
and type of caprock (Alsayah and Rigby, 2025). Further, thin shale in-
terlayers have been noted within the reservoir in places (ETI, 2016), and
the impact of a simplified model of these has also been considered
previously, but in a limited way.
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The structural heterogeneity that is present within the Haisborough
Group seal, that is overlaying the Bunter sandstone storage, and within
the reservoir itself is much more complex than has been considered
before by our group. For example, further heterogeneity is also present
in the Bunter Sandstone reservoir within the thin shale interlayers (ETI,
2016). Additionally, the integrity of the Haisborough Group seal that is
overlaying the Bunter Sandstone could face challenges due to the pres-
ence of faults within the crests of the Bunter domes. These faults are
believed to have originated from extensional stresses exerted during the
formation of the domes, which occurred concurrently with the move-
ment of the Zechstein Group salts beneath. The presence of faults within
the Bunter domes poses a potential hazard to the containment of COx.
Such faults have the potential to compromise the effectiveness of the
caprock seal and may serve as pathways for the migration of CO2 out of
the Bunter Sandstone Formation reservoir into overlying strata. In the
most severe scenarios, this could lead to CO2 migration to the seabed
(Gammer et al., 2011).

Further, due to folding processes, fractures may be present in these
lithologies, and seismic evidence indicates faulting at the crests of some
domes due to extensional stresses during dome formation. These fea-
tures have the potential to impact storage security, serving as potential
migration pathways for COy (Williams et al., 2014; Bentham et al.,
2017). The fault system within the Haisborough Group is poorly un-
derstood, as there is minimal core data available from this formation
(Bentham et al., 2013). There exists a possibility of faults cutting
through the Rot formation seal to the Bunter Sandstone. However, data
regarding fault characteristics such as cohesion, friction angle, stiffness,
etc., are severely limited due to the lack of direct and published infor-
mation (BP, 2021).

The impact of reservoir heterogeneities, due to geological deposition
including interlayers and geological faults, on CO, geological storage
has been studied. Many sets of workers (e.g. Zhang et al., 2019; Liu et al.,
2014; Guo et al., 2016; Kivi et al., 2022; Gao et al., 2023; Zhong et al.,
2024) have studied the impact of interlayers on geological CO: storage
but only using a simplified model with a straightforward arrangement of
interlayers. This previous approach utilised an upscaled grid block (a
single grid block) to represent the interlayers, and the caprock included
in the models was treated as a single impermeable layer. Any effects of
caprock heterogeneity on COz behaviour were disregarded, with the
analysis focusing solely on the influence of the interlayers. Khudaida and
Das (2020) investigated the impact of various interlayer distributions
within the reservoir, employing a refined grid to represent these in-
terlayers. However, the model lacks several key parameters, notably the
petrophysical heterogeneity within the interlayers, the presence of
fractures, and the inclusion of multi-layered caprocks.

Several previous studies (including the ones conducted by Figueiredo
et al., 2015; Rinaldi et al., 2014b; Xiao et al., 2020; Liu et al., 2017; Li
et al. 2024) have already examined fault stability during CO: injection
and the potential for leakage, but this analysis was conducted using a
simplified 2D model which may result in unrealistic outcomes. How-
ever, Alshammari et al. (2022), and Newell and Martinez (2020),
investigated CO2 leakage through faults using a 3D model, but, in these
works, the approach used simplified the fault structure by assuming it to
be permeable and excluding the possibility of fault reactivation. Further,
the studies by Newell and Martinez (2020), Zulgarnain et al. (2020) and
Rinaldi et al. (2015) included the caprock solely as a single impermeable
layer in their models, while other studies focused on fault analysis and
disregarded the presence of the caprock (Romano et al., 2023). In
contrast, Rinaldi et al. (2014a) did investigate the behaviour with
multi-layered caprocks with faults during CO5 injection, but only where
the model used was a simplified 2D model, which is far from realistic
and could lead to misleading results. However, Klimkowski et al. (2015)
examined the impact of faults in multi-layered caprocks during CO:
injection into a producing gas reservoir, for enhanced gas recovery,
using a 3D model. Despite incorporating multiple caprock layers, only a
single relative permeability curve was applied across all lithologies
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within the model, and the study disregarded both geochemical in-
teractions and geo-mechanical effects. Hence, earlier studies have
generally only used quite simplified models.

Further, previous studies of the CO, storage potential of Bunter
Sandstone have mainly focused on investigating reservoir capacity and
quality, and only paid minimal attention to the long-term implications of
potential leakage pathways for CO, and/or reservoir brine, and only
used a simplified numerical approach that did not include fully coupled
Flow-Mechanical-Chemical processes. Such leakage could occur through
thin fractured shale and sand sub-layers, and geological faults extending
from the reservoir to the multi-layered caprocks over time during CO,
sequestration (Hollinsworth et al., 2024; Tillero et al., 2024; Aminu and
Manovic, 2020; Williams et al., 2013; Agada et al., 2017; Watson et al.,
2014; Pekot et al., 2018).

2. Study motivation

This study highlights the importance of accounting for CO> plume
behaviour in systems characterised by complex geological features
relevant to CO: storage. A review of previous research reveals a distinct
gap in the investigation of such behaviour within formations that
include naturally fractured interlayers, geological faults with potential
for reactivation, and multi-layered caprocks, whether in the Bunter
Sandstone reservoir, or in comparable storage sites worldwide. Building
on earlier studies, including our own prior work, this paper examines the
leakage risk associated with the introduction of greater geological
complexity into the model. In particular, it incorporates a more intricate
arrangement of alternating shale and sand sub-layers (‘sandwich-like’
structure) within interlayers located inside the wider reservoir.
Furthermore, both heterogeneity and chimney-like features, commonly
found in the North Sea, are introduced into the caprock. A geological
fault transecting both the caprock and the reservoir is also modelled.
These features are included to investigate COz plume behaviour and to
enhance understanding of the geochemical and geo-mechanical pa-
rameters that influence short- and long-term CO: storage and trapping
mechanisms in complex geological settings, such as those observed in
the Bunter Sandstone reservoir. These additions serve to further
complexify our previous models of the Bunter caprock and interlayers,
advancing towards a more accurate physical representation. To achieve
this, a series of four scenarios was developed using a fully coupled
flow—geomechanical-geochemical simulation, applied to a Bunter-like
field-scale model, as described in further detail below.

3. Model design

A detailed explanation of the simulator tool and the data used to
construct the model is provided in Alsayah and Rigby (2025). This in-
cludes the methods used by the CMG-GEM software for simulating
processes such as fluid flow, mechanical deformation, and geochemical
reactions. The aforementioned data used to build the model, included
the injection rate, bottom hole pressure, geological properties, reservoir
characteristics, boundary condition, relative permeability, capillary
pressure, geo-mechanical properties, and geochemical properties (see
supplementary material).

The CMG-GEM simulator was used to create a 3D Cartesian grid
structure, specifically developed to model the complex, fully coupled
flow-mechanical-geochemical processes associated with injection of
greenhouse gases such as CO,. The model was constructed with a grid of
100 x 10 x 124 (124,000 active grid blocks in total) for Cases 1 and 2,
whereas Cases 3 and 4 were constructed with a grid of 100 x 10 x 100
(100,000 active grid blocks in total), but the model dimensions for all
Cases 1-4 corresponded to 1054.4 m x 9144 m x 15,240 m.

In light of the limited available knowledge of the Bunter formation
itself, this study analyses four distinct abstract cases, each representing
different geological structural models for various regions within the
Bunter reservoir. Cases 1 and 2 incorporate upper and lower inter-layers
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(mostly of Bunter Shale) within the reservoir, both comprising 12 sub-
layers of Bunter Shale and Sand, each with a thickness of 0.5 m The
Bunter shale layers feature natural fractures. Notably, only layers 52 and
81 were susceptible to fracture re-activation, while the remaining
Bunter shale inter-layers maintained a fixed fracture permeability of 0.5
mD. Furthermore, Bunter sand layers were interspersed between the
shale sub-layers, representing a stack of alternating layers of shale and
sand as illustrated in Table 1 and Fig. 1. Further, Cases 3 and 4 represent
multi-layered and single caprock-reservoir systems, respectively, but,
additionally, including a geological fault into the model. This fault tra-
versed all layers in the K-direction and was exclusively present in layer 5
along the J-direction. Furthermore, it was located 1372 m horizontally
from the injection well, as illustrated in Fig. 1. All scenarios are based on
a constant injection rate of 0.683 Mt of CO: per year over a 50-year
period, targeting a total storage of 34.2 Mt of CO-.

The Barton-Bandis Model (BBM) geo-mechanical approach was uti-
lized to assess alterations, in the fracture permeability of the natural
fractures present within the thin shale sub-interlayer, resulting from
shifts in effective stress levels (Alsayah and Rigby, 2025). For the frac-
ture properties used in the simulation for Cases 1 and 2, see the sup-
plementary material. Further, a geological fault, as present in the models
for Cases 3 and 4, is formed when a portion of the reservoir is dislocated
relative to another portion; thence, these dislocated portions are deno-
ted geological fault blocks. Fault blocks extend vertically through the
entire reservoir. For convenience, a throw value is applied to the depths
of all grid blocks in a fault block. The fluid flow can occur within the
fault, and also could flow laterally via the fault from one region to
another, and this flow is controlled by the permeability of the fault
blocks. If the fault is inactive, the fault block permeability is very small,
and fluid cannot flow along or via the fault. In this case, the reactivation
will depend on the geomechanically computed stresses on the fault
block. The fault reactivation method used in the simulation was as fol-
lows. The fault is initially inactive, but once a well induced-pore pres-
sure is applied on it, and overcomes a criterion, the fault is active. Thus,
the fault becomes active, and the flow can travel across it and inside it
(Kano et al., 2014). The slip tendency is computed using the following
definitions, equations and criteria:

Tma.x
Ds =—— Eq.1
s =K, (Eq.1)
If Ds>disp.riticar then slipfric = frcmin
If Dg<dispyisicar then slipfric
slipfric — fricoef — Jricod/ —fricmin)p, (Fq.2)

dispcrin‘cal

Table 1
Shows the set of upper and lower stacked sub-layers of shale and sand in the
model for Cases 1 and 2.

Layer number in the K-direction

Shale Sand
Upper inter-layer section

46 47
48 49
50 51
52 53
54 55
56 57
58 -
Lower inter-layer section

75 76
77 and 78 79 and 80
81 82
83 84
85 86
87 -
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Tmax
ST = cohes + oy, * slipfric (Eq.3)
Where:

Dg: Slip displacement.

Tmax: Maximum tangential/shear stress on a fault surface = magni-
tude of sum of vectors 7 and s.

K;: Tangential/shear stiffness coefficient of fault

dispricq: Critical displacement

slipfric: Mobilized fault friction

fremin: Minimum fault friction

fricoef: Friction of fault

o,: Normal effective stress to a fault surface

cohes: Fault cohesion

If ST > tmax, the fault will re-activate, and when the fault surface
starts moving, fault friction will be decreased. A linear relationship be-
tween the fault friction and slip displacement in the hanging wall and
foot wall is used.

In the 3D fault plane, three stress components are included: a normal
stress (n) and two tangential stresses (t and s) on the fault plane, where
the plane passes through the middle points of the fault block (Sanchez
and Roehl, 2016).

n n np ns i y n
T |l=|t t t o 0 O ny (Eq.4)
S1 S22 83 O Ok Ok ns
n;, ny, ny: Components of unit normal vector n
t, ty, t3: Components of tangential vector t
s1, S2, s3: Components of tangential vector s
The diagonal shear stress is given by:
Tmax = V72 + S? (Eq.5)

When the slip tendency is less than the maximum slip tendency, the fault
is inactive. Thus, the multiplier is then 0. However, if the slip tendency is
equal or larger than the maximum slip tendency, then the multiplier will
greater than 0 and the fault becomes active. To represent the nature of
the faults (sealing or non-sealing), the transmissibility/permeability
multipliers are used, which control the cross-fault connection. Trans-
missibility multipliers are strongly grid dependent and refer to the
connection between two grid cells, rather than the fault itself. The
multiplier of 0 is used for sealing faults and 1 is for non-sealing faults.
The fault properties used in simulation used in Cases 3 and 4 are given in
Table 2.

4. Results and discussion
4.1. Cases 1 and 2

This section investigates the CO; plume behaviour using two
different structures. These are reservoirs with either single or multi-
layered caprocks plus a more complex geometry within the reservoir
itself involving interlayers made up of stacks of several sand and shale
sub-layers (with an overall ‘club sandwich-like’ disposition).

4.1.1. CO; in supercritical phase plume profile

Fig. 2 (A and B) shows the scCO5 profile for both Cases 1 and 2
following 50 years of continuous injection. As the injection started, the
scCOy plume migrated upwards towards the lower stack of sand and
shale sub-layers under buoyancy forces. Once it reached the first, outer
shale sub-layer, it started to spread radially for 613 m in both Cases 1
and 2, since re-activation can only arise for two internal shale bands
(sub-layers) within the interior of the interlayer, specifically in layers 52
and 81 in the K-direction within the reservoir, while the rest of the shale
sub-layers have a natural fracture with a fixed permeability of 0.5 mD in



A. Alsayah and S.P. Rigby International Journal of Greenhouse Gas Control 146 (2025) 104428

INJ INJ
CASE 2

INJ INJ
E CASE4

Solling [tetad

Litholo Sand

ay Clay (SC) RS

Thickness (m) 259 91 174 70 3 305 153

Layer number

. . . 1-20 21-25 26-35 36-39 40 41-90 91-100
in K direction

Fig. 1. Schematic diagrams, presented in an IK cross-sectional view, for all the Cases 1-4 that were utilised in the simulations. In Cases 1 and 2, the thin green layers
represent the Bunter Shale inter-layers within the reservoir, while the grey box denotes the chimney structure in the caprock. The colours in the key are those used to
distinguish the different lithologies present within the model, along with the corresponding layer thickness and number in the K direction.

both Cases. threshold value (fracture opening stress), which in this simulation was

As the injection-induced increase in pore pressure accelerated, the set to be 7.9 MPa, it caused those fractures within the interlayer located
pressure propagation reached the lowest shale sub-layer with reac- at gridlock 81 in the K-direction to re-activate. Thus, the fracture vertical
tivatable natural fractures, causing further reduction in the effective permeability increased from 1 x 10~ mD to 233 mD after 5 years of

stress which is normal to the fracture plane. Once this stress reached the injection in both Cases 1 and 2. This re-activation caused a large vertical
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Table 2

Fault properties used in the simulation.
Parameters Values
Fault throw, m 15.25

Fault friction, dimensionless 0.5

Maximum fault slip tendency, dimensionless 0.001
Fault cohesion, MPa 0.0689476
Fault tangential stiffness, MPa/m 2262

Minimum fault friction, dimensionless 0.4
Critical slip displacement, m 0.0003048

40
m {

4
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migration of scCO5 via the shale and sand sub-layers. Since the sand sub-
layers have the largest permeability compared to the shale sub-layers,
thence, a high concentration of the plume accumulated within those
sand sub-layers which were partially trapped by the shale layers with
natural fractures.

There was a larger build-up of pressure during injection, in the re-
gion between the basement Bunter shale and the lower section of the
first interlayer within the Bunter sandstone reservoir, exhibited in Case
1, compared to 2. This resulted in, a higher vertical migration, of the
plume, from the injection point towards the lower interlayer in Case 1,
driven by a more pronounced density contrast between the CO, and
brine compared to Case 2. Consequently, a larger plume accumulation
was impeded by the lower interlayer, leading to a wider lateral spread of

0.79
0.71
0.63
055 :
-0.47 L
-0.39
-0.31
0.24
0.16
0.08 |
0.00% A ctual scale: 1:0 -
I/X:7.2:1
Axis Units: m
Total Blocks: 124,000
Active Blocks: 124,000 |

0.77
0.69
0.61
0.54 E
0.46 E
-0.38 f
-0.31
0.23
0.15
0.08 |
0005 \ctual scale: 1:0
Z/X:7.2:1
Axis Units: m

Total Blocks: 124,000
Active Blocks: 124,000 |

Fig. 2. Spatial distribution of the saturation of supercritical CO, (mole fraction) over the simulation period of 50 years, for Cases 1 (A) and 2 (B). The solid lines

indicate the location of the boundaries of each lithology in the model.
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the plume in Case 1. This in turn, caused a larger area of reactivated
fractures in the lower interlayer in Case 1, extending laterally over 5182
m more than in Case 2. After 17 years of injection, the upward migration
of the plume was, once more, hindered by the set of shale and sand sub-
layers in the upper interlayer stack in both Cases as represented in Fig. 2
(A and B).

4.1.2. COz in aqueous phase profile

After 200 years of simulated time, initially, there was an instanta-
neous increase in the fraction of dissolved CO; since the injected su-
percritical CO2 comes into direct contact with the native brine, but, as a
local equilibrium becomes established between the supercritical CO2
(scCO3) and brine, the rate of CO, dissolution cannot keep up with the
injection rate, and the mole fraction of scCO; rises rapidly. However,
during the post-injection period, a reduction in the scCO5 plume was
observed as more CO3 goes into solution due to the relative permeability
hysteresis and capillary forces. The dissolved CO, plume further
expanded vertically and laterally, but despite this plume expansion, the
plume in Case 2 did not enter the chimney as seen in Fig. 3 (A and B).
This particular situation arose because of the more restricted lateral
expansion of the scCO,. Thus, less dissolved CO, was available to
migrate horizontally. Later in the simulation time (1000 years),
convective fingering can be observed in both Cases (caused by density
instability). Moreover, in Case 1, the plume expanded more substantially
within the caprock region covering a larger region, by 206 m vertically
and 1371 m horizontally, compared to Case 2, including all of the Solling
Clay, Rot Clay, Rot Halite, and Muschelkalk as represented in Fig. 3(C
and D). The fingering observed in Fig. 3(A-D) is driven by two thin
Bunter Shale layers that initially retained CO: but fractured during in-
jection. Reflecting realistic subsurface behaviour, the Barton-Bandis
model indicates that fractures, once reactivated, do not fully close.
This partial opening, combined with gravitational instability and het-
erogeneous fracture permeability, enabled downward fingering of CO--
rich brine and enhanced convective flow.

4.1.3. Geo-mechanical

Fig. 4 illustrates the BHP profiles for Cases 1 and 2 over time.
Initially, Case 1 exhibits a higher pressure than Case 2. This discrepancy
is attributed to the differing re-activation periods of fractures within the
interlayers and the presence of leakage via the chimney in Case 1, which
did not occur in Case 2. Consequently, the pressure profiles between the
two cases diverge, leading to variations in mean effective stress and
vertical displacement, as depicted in the Figs. 5 (A and B) and 6(A and
B). Notably, in the Bunter sandstone reservoir, Case 2 displays a
smoother change in mean effective stress and vertical displacement
compared to Case 1. As seen in Fig. 5(A and B), sudden changes in
effective mean stress, especially within the Bunter Sandstone reservoir,
are primarily driven by the presence of multiple thin, fractured shale
interlayers. Fracture reactivation within these layers directly influences
the reservoir pressure profile, which is inversely related to effective
stress.

The pore pressure profile of the reservoir region between the lower
and upper inter-layer stacks of shale and sand sub-layers was different
between Cases 1 and 2. A larger pressure build-up in this region was
observed in Case 1 compared to Case 2 in the year 2039 as shown in
Fig. 7, not only before the re-activation of the upper interlayer, but the
larger increase in pore pressure continued even after the occurrence of
the upper interlayer re-activation. This was due to all of the natural
fractures in the lower interlayer being re-activated from 1 x 10~ mD to
233 mD in Case 1. In contrast, in Case 2, fracture re-activation resulted
in a permeability increase from 1 x 1078 mD to 35 mD, and this change
occurred far from the injection zone as illustrated in the Fig. 9(A and B).
Therefore, in Case 1, this allowed more brine to leak via the lower
interlayer towards the upper interlayer causing a larger build-up of pore
pressure in the zone between the lower and upper interlayer stacks,
when compared to Case 2.
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This, in turn, led to a larger increase in pressure within the upper
interlayer fractures by 0.3 MPa in Case 1, compared to Case 2, in the year
of 2041, resulting in larger reduction in effective normal stress to the
fracture plane, and a faster approach to the fracture opening stress
threshold. Therefore, the fracture re-activation within the upper inter-
layer occurred one year earlier in Case 1, compared to Case 2, as dis-
played in Figs. 8-11. As consequence, in Case 1, the scCO2 plume
reached the Solling Clay caprock basement 2 years earlier, and with
higher scCO, concentration by 19 %, compared to the arrival of the
plume at the bottom of the caprock in Case 2.

In addition, the fracture within the upper interlayer in Case 2, re-
activated by shear slip, but, at a later stage of injection (year 2069),
exhibited tensile failure as the normal fracture effective stress became
below zero. In contrast, in Case 1, the upper interlayer fracture only re-
activated by shear slip as illustrated in Fig. 11.

The earlier fracture re-activation within the upper interlayer, that
occurred in Case 1, contributed towards the pressure rise in the region
between the chimney and upper interlayer by allowing brine and scCO,
to escape via the fracture towards this zone. After 50 years of injection,
the scCO» plume shape for both Cases was not symmetric. As the plume
reached the caprock basement, the presence of the chimney within the
caprock in both Cases came into play in terms of controlling the plume
lateral migration where a larger pore pressure difference, between the
injection zone and under the chimney region, of 0.43 MPa was observed
in Case 1 compared to the lower value of only 0.06 MPa for the corre-
sponding difference in Case 2, as seen in Fig. 12. Thus, the plume lateral
migration was faster towards the chimney, under the advection force, in
Case 1 compared to Case 2.

4.1.4. Geochemical processes

In Cases 1 and 2, the CO5 total concentration in the aqueous phase
increased sharply, indicating the quick establishment of equilibrium
between the aqueous and gas phases. Correspondingly, the pH decreased
sharply as CO, dissolved in both Cases. After 1000 years of simulation
time, the pH in the reservoir reduced from 7.1 to 5.2 in Case 1 and to 5.4
in Case 2. This drop in the pH was mainly controlled by the presence of
scCO; in the short term, but, in the long term, brine convection and
mixing controlled the pH drop in regions without scCOz (André et al.,
2007). Further, the zone of the lowered pH extended about 403 m
vertically and 5334 m laterally in Case 1 while, only, 72 m vertically and
2896 m horizontally in Case 2. Therefore, after 1000 years of simulation
time, the spatial-temporal evolution of the CO, plume roughly followed
the gas saturation pattern. Also, a noticeable instability in the pH was
seen within the chimney in Case 1. Namely, the pH value increased from
5.4 to 5.9 in the year 2240 as illustrated in Fig. 13(A and B). This was
caused by the higher CO, fugacity increases due to the amount of dis-
solved CO; in the native brine. Further, there was greater calcite
dissolution within the chimney in Case 1 compared to Case 2. This
resulted in a reduction in the hydrogen ions in the aqueous phase, due to
the calcite reaction with acids, namely, carbonic acid (derived from CO2
dissolution). This reaction consumes H* ions, thereby increasing the pH
of the solution. In contrast, no rise in pH was seen in Case 2 due to the
lack of a scCO presence in the chimney as shown in Fig. 14.

Additionally, the presence of stacked thin shale and sand sub-layers
within the upper and lower sections of the Bunter Sandstone reservoir
caused the minerals to behave differently from seen with more simpli-
fied models. For example, after a simulated period of 1000 years, halite
precipitation was the dominant change within the upper and lower
stacked interlayers in Case 1, while halite dissolution was the primary
change in Case 2 as represented in Fig. 15(A and B). This was due to the
varying amounts of scCOy plume accommodated in these layers to
dissolve in the resident brine, which was controlled by the reactivation
of the interlayer fractures. These findings contrasted with the results
obtained by Alsayah and Rigby (2025), who included two continuous
(unlayered) shale inter-layers, as shown in Fig. 15 (C and D, but with
reservoir models otherwise akin to Cases 1 and 2. It is evident that the
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new Cases 1 and 2 demonstrated clear heterogeneity in halite change
(precipitation and dissolution) within both interlayers. Thus, the in-
clusion of a detailed and complex set of interlayers within the reservoir
would lead to noticeable and important differences in mineral behaviour
within these interlayers that affect permeability.

Since the simulation period was only 1000 years, the time was
limited for most of the minerals to exhibit a dramatic change, except for
calcite. Thus, the change to calcite was the primary mineralogical
variation that controlled the porosity change of the different caprocks in
both Cases 1 and 2. The caprocks in Case 1 showed more geochemical
activity than in Case 2. This is because of the CO, leakage from the
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reservoir towards the caprocks via the chimney causing acidification of
the native brine, which is favourable for the calcite dissolution and
precipitation within the caprocks in both Cases 1 and 2. Moreover, halite
instability was observed in Case 1 resulting from the multi-layered na-
ture of the caprocks compared to a single caprock wherein the halite is
much more stable as shown in Fig. 16. The change in the halite was
influenced by the abundance of HCO3> since a high concentration of
HCOj3 reduces the precipitation of halite in the presence of COs.

The caprocks underwent changes in porosity as seen in Fig. 17(A and
B). Comparing the caprock porosity change in both Cases 1 and 2, it can
be observed that the porosity change arose from the change in mineral
volume fraction. In Case 1, the Rot Halite caprock layer exhibited a
noticeable increase in porosity, relative to the other caprock layers, by
0.3 % during the 2230 years of simulation time, and this rise was caused
by the calcite dissolution. However, from year 2231 to 3032, a reduction
in porosity by 0.1 % was observed due to calcite precipitation as illus-
trated in Fig. 17 (A and B). In contrast, in Case 2, the Chalk caprock
porosity rose by 0.1 % which was a result of calcite dissolution. It should
be noted that any change in caprock porosity directly influences
permeability, but, in both Cases considered here, the variation in
porosity is too minor to result in a large change in permeability.

Comparing the results from the previous study (Alsayah and Rigby,
2025), which focused on the scenario with two thick, continuous
shale-only inter-layers, to those of the complex thin shale and sand
sub-layers used in this work, it is evident that the overall CO, plume
behaviour differs noticeably. In the case of stacked thin shale sub-layers,
vertical migration of the plume was restricted, causing a wider lateral
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spread within the thin sand sub-layers. This resulted in a greater amount
of CO, being trapped within the thin sand sub-layers, compared to the
two thick shale-only inter-layers scenario.

In the two thick shale inter-layer scenario, fractures within the shale
layers reactivated earlier, failing to effectively contain the vertical
migration of the CO3 plume. In contrast, for the thin shale sub-layers (as
seen in Cases 1 and 2), fracture reactivation occurred later in the
simulation. This delay was due to the presence of thin shale sub-layers
with a fixed fracture permeability of 0.5 mD, combined with sand sub-
layers that had high horizontal permeability. These factors limited the
ability of the plume to reach the upper thin shale sub-layer that has a
fracture reactivation option. As a result, less of the plume accumulated
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INJ

(B)
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beneath the upper thin shale layers, leading to a smaller increase in pore
pressure (less reduction in normal fracture effective stress) during the
injection period, which delayed the fracture reactivation.

A notable difference emerged in the overall CO; trapping mecha-
nisms after 1000 years of simulation. Compared to the two thick shale
inter-layers scenario from the earlier study (Alsayah and Rigby, 2025),
the sandwich-like structure scenarios (Cases 1 and 2) demonstrated a
higher percentage of CO, trapped by hysteresis, with an increase of
approximately 6 %.
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both Cases 1 and 2.
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Fig. 12. The pressure difference between the near injection zone and the area
under the chimney zone for both Cases 1 and 2.

m. The location of the fault is 1371 m laterally away from the injection
well, and where the initial state of the fault is assumed to be sealed in
both Cases 3 and 4. The lower lateral spread of the plume observed in
Case 3 was due to the plume leakage via the re-activated fault. Further,
the scCO, managed to migrate upwards via the fault by 280 m, thereby
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reaching the basement of the Muchelkalk caprock. Whereas, in Case 4,
the plume only leaked along the fault by 20 m causing uneven migration
of the CO5 plume.

From the simulation results it can be concluded that the fault sta-
bility in Case 4 is weaker compared to Case 3. While the fault was re-
activated after just 1 year of injection in Case 4, in contrast, in Case 3,
it was re-activated only after 25 years of injection. During injection,
brine is moved by the CO5 plume towards the fault. Pressure propagates
before mass transport of scCO,, so, in other words, the pressure front
travels ahead of the scCO; plume, resulting in the fault re-activating
earlier than the arrival of scCO,, creating hydraulic communication
between the storage reservoir and saline formation. The hydraulic
connection allows for pressure to be relieved from the storage formation
and allows for the re-establishment of hydraulic equilibrium. The plume
does not encounter the fault itself until after 25, or 28, years of injection
in Cases 3 and 4, respectively.
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Fig. 15. 2D view depicting the change in halite concentration within the upper and lower stacked sand and shale interlayers after 1000 years of simulation for Cases
1 (A) and 2 (B), and also for two thick, continuous interlayers in the single caprock system (C) and multi-caprocks system (D) (Alsayah and Rigby, 2025). A magnified
inset in the top left corner highlights both interlayers, and the stacked sub-layers of sand and shale, indicated by a rectangular box. The scale displays the change in

halite concentration (kgmole), and the ruler shows the length in metres.
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Fig. 16. Variation in Halite as a function of time at field scale for both Cases 1
and 2.
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4.2.3. Geo-mechanical processes

Fig. 20 illustrates the change in BHP over time for both Cases 3 and 4.
Comparing both Cases, the BHP profile maximum was noticeably larger
in Case 4 compared to Case 3 by 0.2 MPa. Due to less fault re-activation
in Case 4, a larger BHP was observed compared to Case 3 before the end
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Case 2, it is the Chalk (B). Positive values in the data indicate precipitation, whereas negative values indicate dissolution.

of injection. Further, the BHP fell after injection was concluded, to
approximately 14.8 MPa and 15.1 MPa in Cases 3 and 4, respectively.
Consequently, both Cases experienced a reduction in effective mean
stress and an increase in vertical displacement. Notably, the Chalk
caprock uplift was larger by 0.01 m in Case 3 compared to Case 4. This
difference is attributed to the lower increase in the fault permeability
due to re-activation in Case 4, which further increased pore pressure and
reduced mean effective stress within Chalk caprock, as shown in the
Figs. 20-22.

The reservoir stress path describes the degree to which the minimum
horizontal stress changes in response to perturbations of pore fluid
pressure during injection (Vilarrasa et al., 2010). The pore pressure and
effective stress disturbances are strongly altered by the parameters of the
fault zone. The main factors that influenced the stability of the fault in
both cases are the rock mechanical properties and heterogeneities of the
caprocks. The fault stability and stress states were assessed based on the
evaluation of the ratio of shear stress to effective normal stress, known as
slip tendency analysis, which is expressed by the Mohr-Coulomb crite-
rion. As the injection started, the increase in pore pressure led to a
decrease in the effective normal stress on the fault surface in the lower
section of the fault in Cases 3 and 4, as seen in Fig. 23. During the early
stages of injection, this reduction in effective normal stress was larger, in
Case 3 compared to Case 4, by 0.002 MPa. The pressure induced by the
injection process triggered the expansion of the reservoir (poro-elastic
effects), resulting in increased stresses due to the pressure exerted by this
expansion. Consequently, there were alterations in shear stress within
the fault zone. This phenomenon originated from the reduction in
effective normal stress on the fault plane, as per Terzaghi’s principle,
leading to a decrease in fault shear strength. This effect was particularly
pronounced at the interface between the fault zone and the caprock,
especially in the lower section of the fault (Mazzoldi et al., 2012; Clayton
et al., 1995). Thus, the slip strength weakens and the slip tendency in-
creases as long as the least principal compressive stress is constant
(Morris et al., 1996). As a result, the slip tendency profile that was
observed in Cases 3 and 4 was different as shown in Fig. 24.

Since the maximum fault slip tendency was chosen for both Cases to
be 0.001, the fault will re-activate once the slip tendency reaches this
value. It can be observed that a longer time was required for the multi-
layered caprock system (Case 3) to reach the value of 0.001 compared to
Case 4 which caused the delay in fault re-activation in Case 3 as seen in
Fig. 24. The CO, plume extends laterally far from the injection point in
both Cases 3 and 4 under the advection transport mechanism. Despite
this, the plume reached the fault zone simultaneously in both cases. In
Case 3, fault reactivation resulted in a significant increase in both ver-
tical and horizontal permeability. Specifically, the fault’s vertical
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permeability in the Solling Clay caprock increased from 0.17 mD to 13.3
mD, and within the Rot Clay and Halite caprocks, it increased from 0.01
mD to 0.67 mD, as shown in the figure. Conversely, in Case 4, the ver-
tical permeability within the Chalk caprock increased from 0.01 mD to
0.67 mD as illustrated in Fig. 25(A and B).

Additionally, the horizontal permeability within the fault zone in
Case 3 increased from 1.1 mD to 72.5 mD in the Solling Clay. In contrast,
in Case 4, the horizontal permeability of the Chalk within the fault zone
increased only from 0.1 mD to 6.2 mD, as shown in the Fig. 26. There-
fore, the vertical and lateral migration of the plume within the fault was
greater in Case 3 compared to Case 4, contributing to a larger CO plume
leakage via the fault. Consequently, the pressure build-up length along
the fault was also enlarged. The extent of fault reactivation is influenced
by the in-situ stress anisotropy and the reservoir’s permeability. Also,
due to the barrier effect of the fault, which was caused by the late fault
re-activation in Case 3 compared to Case 4, the build-up of pore pressure
within the fault is higher than that in the bulk reservoir.

The characteristics of pressure build-up and brine migration are
strongly affected by the properties of the overlying and underlying
confining units (Cavanagh and Wildgust, 2011). The pressure pertur-
bation from CO, injection caused considerable transfer of brine from the
reservoir vertically upwards towards the caprock. At the early stage of
injection, the CO; displaces the native brine in the area very close to the
injection zone, and the strong build-up in pressure was caused by the
larger driving forces required to move the resident brine away from the
injection zone (Pruess and Garcia, 2002). During the post-injection
period, the pressure does not return to its initial value, and, hence, the
stresses are different within the damaged zone. The vertical perme-
ability of the damaged zone within the fault changes in response to the
reduction in pressure caused by the shut-in of the injection well. This
reduction in pressure leads to an increase in the normal effective stress
to the fault plane which is a combination of the in-situ stresses applied
perpendicular to the fault surface, causing the slip tendency to become
smaller than the set value for the maximum slip tendency. Thus, the fault
permeability faced a reduction from 0.63 mD to 0.1 mD in Case 4 as
shown in the Fig. 25(A and B). In contrast, in Case 3, the fault perme-
ability is kept constant at its maximum value due to the slip tendency
still being larger than the maximum slip tendency.

4.2.4. Geochemical processes

Since the value of pH is related to the amount of dissolved CO5 in the
native brine, then the pH following the injection of scCO; into the
reservoir reduced by 1.8 in Case 3, and by 1.9 in Case 4, by the end of
simulation. This moderate change confirms that the carbonic acid
formed is a weak acid. Further, the larger pH value that was observed, in
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Fig. 18. Spatial distribution of the saturation of supercritical CO, (mole fraction) over injection period of 50 years, for Cases 3 (A) and 4 (B). The solid lines indicate

the location of the boundaries of each lithology in the model.
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Fig. 19. Spatial distribution of the dissolved CO5 mole fraction over the injection-period for Cases 3 and 4 (A&B) after 200 years simulation period, and for Cases 3
and 4 (C&D) after 1000 years of simulation period, respectively. The solid lines indicate the locations of boundaries of each lithology.
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Fig. 19. (continued).
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Fig. 23. Effective normal stress to fault surface change over time for both Cases
3 and 4. The black solid vertical line indicates the time of the end of injection.

Case 3, at the end of simulation was due to the dissolution of CO5 and the
larger precipitation of dolomite, feldspar, and quartz compared to Case
4. The spatial distribution of reduced pH extended, within the caprocks,
vertically by 400 m (penetrating via the Solling Clay, Halite, and
Muchelkalk, and ultimately, reaching the basement of the Chalk caprock
sub-layer), and by 5945 m horizontally in Case 3, while in Case 4, it only
expanded by 90 m in the vertical direction towards the Chalk caprock,
and 5333 m in the horizontal direction as seen in Fig. 27(A and B).
The significant difference in vertical expansion of the reduced pH
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tion period.

region was influenced by the temporal variation of fault re-activation
between the two Cases. The effects of different mineral compositions
within the caprocks, between each of the Cases, was reflected in the
varying degrees of buffering of pH. For example, at the end of the
simulation period, the pH in the Solling Clay in Case 3 reduced to a value
of 5.7, whereas for the Chalk in Case 4 it decreased to a value of 5.5. In
addition, as not much gas front advancement is observed within the fault
in Case 4, the pH within the caprock remained buffered at near-neutral
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values (between 7.09 to 6.8), as displayed in Fig. 27(A and B).

The influence of the multi-layered caprock (Case 3) on the miner-
alogical changes was compared with that for the single caprock (Case 4).
It can be observed that the scCO5 plume penetrated to different degrees
within the caprocks via the fault. Despite the slight change in the
mineralogical composition of the caprock in response to scCOs injection,
a noticeable difference was seen in calcite changes within the fault zone
itself. During the 1000 years of simulation time, in Case 3, the Solling
Clay, Chalk, and Muchelkalk caprock layers exhibited calcite dissolu-
tion, while the Rot Clay and Rot Halite faced calcite precipitation. In
contrast, in Case 4, only calcite dissolution occurred as illustrated in
Fig. 28(A and B).

The porosity and calcite abundance values showed an inverse rela-
tionship throughout the caprock domain, suggesting that dissolution
and precipitation mechanisms involving calcite predominantly control
the changes in porosity. This is consistent with the intrinsically fast ki-
netics for calcite. Thus, the calcite had the largest change compared to
the other minerals in both Cases during the 1000 years of simulation
time. Therefore, calcite was the key mineral that caused the alteration of
caprock porosity. Where the primary effect of gas advection is to in-
crease CO, partial pressure and decrease pH values, it also makes calcite
less thermodynamically stable in the caprock. Consequently, the inter-
action between Ca®*, HCOs", and pH regulates the dissolution and pre-
cipitation behaviour of calcite within the caprock domain. The different
mineralogical changes had a direct influence on the caprock porosity
change in both Cases 3 and 4. For instance, in Case 3, the Rot Halite
caprock faced a decrease in porosity by 0.33 % due to the precipitation
of calcite. whereas, in Case 4, the Chalk caprock porosity exhibited a rise
by 0.1 % as displayed in Fig. 29(A and B).
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3. Trapping mechanisms of cases 1-4

Our series of simulations shows that, after a 1000-year simulation
period, the majority of CO5 remains in the supercritical phase. In order
of relative occurrence, this is followed by CO, trapped due to the hys-
teresis effect, CO2 in the dissolved phase, and finally, the smallest
amount is trapped via mineralization as seen in Table 3. Further, the
simulation results showed that the material balance errors for all Cases
1-4 were below 1 % after 1000 years of simulation period, and also the
consistently low Newton cycles (2-4) indicate good numerical stability,
proper model calibration, and efficient solver performance, whilst the
occasional high peaks result from the tight convergence criteria used in
the simulation as seen in Appendix Figs. A1 and A2.

Table 4 shows that the mole percentage of CO: leakage and the
distance travelled from the reservoir into the caprocks were primarily
influenced by the presence of chimneys and faults extending through the
caprock layers. As a result, greater leakage volumes and longer migra-
tion distances were observed.

4. Conclusions

This paper presents a comprehensive simulation study that integrates
flow, geomechanical, and geochemical processes within a 3D model
using the CMG-GEM framework. A set of numerical simulations (Cases
1-4) was carried out to evaluate the integrity of both single and multi-
layered caprocks in complex geological environments typical of poten-
tial CO4 storage sites, such as those located in the North Sea. These
geological heterogeneities included a complex sequence of shale and
sand sub-layers, resembling a sandwich-like structure, with natural
fractures within the thin shale sub-layers, along with geological faults.
The key findings were:
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Table 3

Trapping mechanisms in each Case after 1000 years of simulation period for
Cases 1-4. The prevalence of each mechanism is expressed as a percentage of
total injected CO». The negative sign in mineral CO: trapping indicates a net
release of CO: due to the dissolution of pre-existing carbonates. Over time, this
process may stabilise, allowing more CO:z to be permanently trapped as new
carbonate minerals.

Trapping Mechanisms %

- CASE 1 CASE 2 CASE 3 CASE 4
Supercritical 41 39 41 36
Trapped 38 37 35 32
Dissolved 23 26 27 35
Mineral —2.6 —-2.2 —-2.7 -3.8
Total 100

Table 4

Comparison of COz leakage (in mole presentage) from the reservoir towards the
caprock, including the extent to which the CO2 plume migrated into the caprock
in Cases 1-4 after 1000 years.

Cases CO:z Leakage Amount (in Distance that CO: has already travelled into
mole %) the caprock (m)
Case 60 350
1
Case 25 10
2
Case 80 355
3
Case 40 20
4

e The lateral movement of CO,, once it reached the basement of the
caprock, was primarily controlled by advection forces. These forces
behaved differently in the single and multi-layered caprock systems.
For example, in the multi-layered caprock system with fractured
interlayers, the plume travelled laterally faster compared to single
caprock system with fractured interlayers. This was due to the larger
leakage of COg from the reservoir towards the caprock via the
chimney, where the plume travelled 350 m vertically, reaching the
basement of the Chalk band after 50 years of continuous injection in
the multi-layered caprock system with fractured interlayers.

Calcite played a dominant role, overshadowing the effects of other
mineral changes involving precipitation and dissolution. Conse-
quently, calcite changes were crucial in controlling the caprock’s
porosity during the post-injection period, even within the short
simulation period of 1000 years. Critically, mineral changes differed
between the single and multi-layered caprock systems, as evidenced
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by the variations in halite and calcite behaviour in single and mul-
ti-layered caprock systems.

The timing differences in fracture and fault reactivation caused a
noticeable change in pressure in the Bunter Sandstone reservoir be-
tween cases. The reactivation of fractures and faults significantly
affected the differing extents of caprock uplift in each of Cases 1-4.
There was a noticeable difference in fault stability between the single
and multi-layered caprock systems. This difference is evident in the
late fault reactivation observed in the multi-layered caprock system
compared to the single caprock system. Additionally, the vertical and
horizontal permeability of the fault in the multi-layered caprock
system showed a larger increase compared to that in the single
caprock system, by 13 mD and 70 mD, respectively. This enhance-
ment in permeability facilitated the upward migration of CO,
through the fault pathway.

Apart from the noticeable increase in caprock permeability resulting
from the reactivation of fractures and faults, there were no signifi-
cant changes in caprock porosity due to vertical displacement in the
short-term simulation. Moreover, in the long-term simulation, min-
eral alterations were observed to have no substantial effect on
caprock permeability in Cases 1-4.

It was found that complex interactions and feedbacks, occurring
between events and processes within the reservoir region and within
the caprock, led to variant behaviours between the single and multi-
layered caprock scenarios. This has demonstrated the need to include
increased detail in both the geological model and the process simu-
lations to properly capture the intricate effects observed here
occurring during CO; injection and thereafter.
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