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A B S T R A C T   

This study evaluates potential secondary seals within the overburden in two CO2 storage sites, Aurora and 
Smeaheia within the Horda Platform area, of the northern North Sea. Secondary sealing intervals provide for safe 
and reliable CO2 storage as they prevent injected fluids from migrating into the atmosphere in the case of pri-
mary seal failure. This study analyzes the possible fate of the CO2 plume in the case of primary seal failure for the 
Aurora and Smeaheia CO2 storage sites by evaluating the secondary caprock and sealing potential of polygonal 
fault systems within the overburden intervals using structural reliability methods. Our findings suggest that a 
ductile secondary caprock is present in the overburden intervals of the storage sites, which could act as a sec-
ondary seal in the case of primary seal failure. The trapped hydrocarbon leaked from the Troll field within this 
ductile unit indicating a good secondary sealing potential. The study also reveals the presence of polygonal fault 
systems in the entire study area, but their frequency and orientation vary between layers. However, polygonal 
fault systems are not structurally stable, posing a risk of fault-parallel flow within the overburden interval. 
Nonetheless, the ductile clay-rich secondary caprock provides a seal for the polygonal fault systems within the 
interval. Due to either erosion or non-deposition, the ductile rock interval is not present in the east of the study 
area. As such, the critical risk for the Alpha structure in the Smeaheia injection site is the Vette fault and the 
efficiency of the primary Draupne caprock. Moreover, the crucial factor in the western Aurora site is the con-
nectivity between the depleted Troll reservoirs and the CO2-injected pressurized reservoirs underneath. Based on 
our qualitative assessment, it is concluded that the overburden interval in the Horda Platform has adequate 
secondary sealing potential to hold and accumulate CO2 in the case of primary seal failure. Still, further nu-
merical simulations are recommended to quantify our findings for both the Aurora and Smeaheia sites.   

1. Introduction 

Top seal integrity is critical in hydrocarbon exploration and fluid 
injection projects such as subsurface CO2 sequestration, wastewater 
disposal, nuclear waste disposal, etc. The potential sealing capacity of 
any caprock can be estimated from the acting forces such as buoyancy 
and capillary pressure. Caprock failure may occur when the interval’s 
buoyancy force exceeds the capillary entry pressure or fracture pressure 
(Foschi and Cartwright, 2020; Ingram et al., 1997; Schowalter, 1979). 
Additionally, subsurface fluid injection (i.e., CO2 storage, wastewater 
disposal, hydraulic fracing, etc.) may introduce injection-induced pres-
sure perturbation and seismicity, affecting the seal integrity. If primary 

seal failure occurs, the injected fluids migrate into the overburden in-
terval. How the leakage of hydrocarbons and other gases occurs and the 
trace marks it leaves behind have been characterized and modelled in 
great detail within the literature (Schroot et al., 2005; Yarushina et al., 
2020; Johnson et al., 2022c). Fluid leakage pathways, often referred to 
as gas ‘chimneys’, can also be easily detectable in seismic sections as a 
columnar disturbance with lower reflection continuity and amplitudes 
than the surrounding areas (Foschi and Cartwright, 2020; Heggland, 
1997; Sales, 1997). Additionally, the escaped hydrocarbon might 
migrate through incompetent caprock (Johnson et al., 2022c; Yarushina 
et al., 2020) or up the seabed, manifesting as pockmarks (offshore site) 
in case there is no secondary seal within the overburden (Schroot et al., 
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2005). However, the migrated fluids can be trapped in the overburden 
due to the presence of any effective secondary sealing intervals. 
Therefore, characterizing the overburden interval is beneficial for the 
additional safety of any fluid injection project, especially the CO2 stor-
age site, in case of leakage or failure of the primary seal. Learnings from 
hydrocarbon-related leakage might be beneficial, but hydrocarbon 
molecule diffusion into the overlying rocks and the escaping process has 
been posited by some to be extremely slow (Abay, 2017; Leythaeuser 
et al., 1984, 1982; Sales, 1997; Smith et al., 1971). Other groups (Panahi 
et al., 2013; Johnson et al., 2022c; Yarushina et al., 2020) have posited 
that hydrocarbon transportation could occur comparatively rapidly, 
controlled by the pressure build up required to open migration path-
ways. Nonetheless, hydrocarbon escape could provide suitable analogs 
for qualitative assessment of safe and reliable subsurface fluid storage. 

Generally, various rocks of different mechanical properties were 
deposited as thick overburden, depending on the paleo-depositional 
settings and regional tectonics. Different diagenesis histories with 
faults and fractures are also present in the overburden intervals. How-
ever, the overburden interval is mostly neglected while acquiring 
geological and petrophysical data. The anisotropic nature of overburden 
and the presence of faults in the study area are well known (Rahman 
et al., 2022a; Md Jamilur 2022d; Wrona et al., 2017). Nonetheless, the 
overburden interval as a potential secondary seal and the sealing po-
tential of the faults it contains were never assessed with respect to the 
CO2 storage sites in the northern North Sea. 

This study is an attempt to evaluate the overburden interval for the 
presence of potential secondary seals (caprock shale and sealing faults) 
of two CO2 storage sites, Aurora and Smeaheia, in the northern North 
Sea. A qualitative assessment of the plume migration within the over-
burden interval due to possible primary seal failure scenarios has been 
analyzed. Gas leakage from the Troll field (Rahman et al., 2022b) has 
been used as an analogue to interpret the fate of the CO2 plume if the 
primary seal failed in both the Aurora and Smeaheia CO2 injection sites. 
In addition, the sealing potential of the polygonal fault system within the 
overburden interval has been evaluated using structural reliability 
methods. Finally, considering different scenarios, critical factors for 
reliable storage in both sites have been qualitatively assessed. 

2. Study area and polygonal fault system 

Northern North Sea, especially the Horda Platform (HP) area, will be 
the initial hub for future subsurface CO2 storage as the Norwegian 
Government awarded three CCS licenses here (EL001-Aurora, EL002- 
Smeaheia & EL004-Luna). Two CO2 injection wells (31/5-A-7 AH & 
31/5-C-1H) within the first exploitation license EL001 (Aurora) have 
recently been drilled and are expected to become operational soon with 
a megatonne level of injection (NPD, 2023). This full-scale (capture, 
transport and storage) demonstration project (called Longship) has been 
initiated by the Norwegian Government and Northern Light JV (a joint 
venture company owned by Equinor, Shell, and TotalEnergies). As part 
of the project plan, CO2 will be captured from the industrial point source 
(i.e., cement factory and waste-to-energy plant). Then, it will be lique-
fied and transported by ships to an onshore terminal (Øygarden mu-
nicipality) on the Norwegian west coast. From there, through a pipeline 
(~100 km), the supercritical CO2 will be injected into the deep saline 
aquifer. As the Horda Platform area will be the hub, this study charac-
terizes the overburden interval in the injection sites to evaluate possible 
leakage pathways and secondary seal potential, mainly focusing on two 
CO2 storage sites, Aurora (EL001) and Smeaheia (EL002). 

The Horda Platform experienced two primary rifting events during 
the Permo-Triassic and the Late Jurassic to Mid-Cretaceous (Færseth, 
1996; Steel and Ryseth, 1990; Whipp et al., 2014). The area became a 
wide basin with deep-rooted faults during the first rifting event, where 
thick syn-depositional wedges were deposited. During the second event, 
major rifting and tilting shifted westward with fewer activities on the 
Horda Platform (Stewart et al., 1995). However, it is assumed that the 

Horda Platform experienced weak stretching due to the reactivation of 
major Permo-Triassic faults (Færseth, 1996; Roberts et al., 1993, 2019; 
Steel and Ryseth, 1990; Steel, 1993; Whipp et al., 2014). The faults 
oriented N-S, NE-SW, and NW-SE controlled the basin formation with 
half-grabens (15–50 km in width) and defined the morphological ele-
ments in the area (Færseth, 1996). In the North Sea, there are instances 
where half-grabens can extend up to 100 km in length along the strike. 
However, normal faults generally tend to occur in smaller segments with 
a maximum length of around 20 km each (Jackson and White, 1989; 
Roberts and Jackson, 1991). These findings have been supported by 
various studies that have highlighted the significant influence of major 
and minor faults resulting from rifting and subsequent thermal subsi-
dence (Anell et al., 2009; Faleide et al., 2015; Jordt et al., 1995). These 
faults have played crucial roles in the region’s structural deformation 
and deposition of sediments. 

The studied Aurora and Smeaheia CO2 storage sites are bounded by 
five N-S trending major normal faults (Fig. 1a). The Øygarden Fault 
Complex bounds the Smeaheia area to the east and Vette fault to the 
west. The Aurora area is located further west, bounded by the Tusse fault 
to the east and the Svartalv fault to the west (Fig. 1a). The westernmost 
Troll fault bounds the Horda Platform in the west. The study area is 
significantly influenced by these structural elements that have 
controlled the paleo-deposition here. As a result of this, the composition 
of the facies varies both laterally and vertically. Different reservoir- 
caprock pairs are targeted to store CO2 for the Aurora (Lower Jurassic 
Dunlin Group) and Smeaheia (Upper to Middle Jurassic Viking Group) 
sites, which are significantly varied both depositionally and diageneti-
cally (Fig. 1b). 

The Lower Jurassic Drake formation shales are the primary caprock 
for the Aurora site that drapes over the reservoir rocks of the Johansen 
and Cook formation sandstones. The caprock, Drake formation, mainly 
consists of marine shales (Steel, 1993) within the deeper parts of the 
sub-basins (Vollset and Doré, 1984). The reservoir rocks, Johansen and 
Cook formation sandstones of the Aurora site are mainly separated by 
the upper part of the Amundsen shales and siltstones. However, the 
Amundsen Formation has not been deposited in the entire region; hence, 
Johansen and Cook formation sandstones are juxtaposed and treated as 
one reservoir (Rahman et al., 2022c). The Johansen and Cook formation 
sandstones have good to moderate reservoir quality, and the total ca-
pacity to store CO2 in the Aurora site depends on the communication 
between them (Gassnova, 2012; NPD, 2023). 

At the Smeaheia site, the primary caprock is formed by the organic- 
rich Draupne Formation shale, part of the Viking Group, that drapes over 
a variety of potential reservoir rocks, including the Upper to Middle 
Jurassic sandstones of the Sognefjord, Fensfjord, and Krossfjord forma-
tions. The caprock shale was deposited during the Upper Jurassic period 
within the East Shetland Basin, the Viking Graben, and over the Horda 
Platform area (NPD CO2 Atlas, 2014). The deposition of the shale took 
place in an open marine environment characterized by restricted bottom 
circulation and frequent anaerobic conditions (NPD, 2023). The shale 
itself is composed of a dark gray-brown to black claystone, typically 
non-calcareous, carbonaceous, and occasionally fissile in nature (John-
son et al., 2022b; NPD, 2023; Rahman et al., 2022e). The reservoir 
sandstones (i.e., Sognefjord, Fensfjord, Krossfjord) exhibit good to 
moderate reservoir quality (Dreyer et al., 2005; Mondol et al., 2018; 
Fawad et al., 2021; Holgate et al., 2015). They were deposited in a 
shallow coastal marine environment and often intermingled with the 
Heather Formation shale (NPD, 2023). 

A thick overburden interval in the study area comprises deposits 
from the post-rift sag phase, which commenced in the Early Cretaceous. 
This marked the transition from fault-controlled to thermally controlled 
subsidence (Faleide et al., 2002; Jordt et al., 2000; Joy, 1993; Kyrkjebø 
et al., 2001; Wrona et al., 2017). The overburden interval is character-
ized by the presence of the Shetland, Rogaland, Hordaland, and Nord-
land Groups (Fig. 1b). These groups were filled with sediments 
originating from the uplifted basin margin, particularly from the east 
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(Anell et al., 2012; Jordt et al., 2000; Rundberg, 1989). Within the 
Hordaland and Rogaland Groups, there is evidence of a polygonal fault 
system that developed during the post-rift phase from the Early Pliocene 
to the Middle Miocene. These faults terminate at the top of the Horda-
land Group, which is marked by a mid-Miocene unconformity resulting 
from either non-deposition or erosion processes that occurred over 
approximately 10 million years (Løseth et al., 2013; Wrona et al., 2017). 

These faults are layer-bounded, low-displacement (<100 m throw), 
normal faults with a polygonal arrangement and occur within fine- 
grained sedimentary successions (such as shales). To evaluate the cre-
ation of the polygonal fault system, many different mechanisms have 
been proposed (Henriet et al., 1988; Watterson et al., 2000; Clausen 
et al., 1999; Higgs and McClay, 1993; Cartwright, 1994a, 1994b; Dew-
hurst et al., 1999; Goulty, 2008, 2001; Goulty, 2001; Cartwright, 2011; 
Shin et al., 2008; Laurent et al., 2012) but the exact driving force to 
develop these fault systems remains unclear. Because of the potential 
influence of polygonal fault systems on secondary sealing capacity, it is 
critical to evaluate the distribution and sealing potential of these faults. 
Additionally, investigating how these faults might impact the secondary 
seal is vital in both injection sites. 

3. Materials and methods 

3.1. Seismic interpretation and attributes analysis 

Nine overburden horizons and major and minor faults have been 
interpreted in a 2D composite line and two 3D seismic cubes (GN1101 
and GN10M1) to investigate the overburden intervals. In addition, the 

Aurora site seismic cube (GN10M1) has been evaluated for possible 
hydrocarbon leakage from the Troll West field and accumulations within 
the overburden intervals. The surfaces interpreted using 3D cubes have 
also been used for extracting attribute properties to assess lateral dis-
tributions of migrated hydrocarbon. 

Seismic attributes serve as valuable tools for assessing subsurface 
geometry and physical characteristics. These attributes are derived from 
elastic properties, such as acoustic impedance, reflection coefficient, 
velocities, and absorption. Analyzing seismic attributes makes it 
possible to quantify the properties of rocks and fluids, as there is a 
relationship between these parameters and geological patterns and 
features, including structural configuration, lithological variation, and 
fluid content (Chopra and Marfurt, 2005). Both pre-stack and post-stack 
seismic data can be utilized to generate these attributes. However, the 
focus of this study is solely on post-stack attributes, which are generated 
using the Petrel-2021 volume attribute function. This approach allows 
for a comprehensive analysis of the subsurface, enabling insights into 
the geological properties and their spatial variations. We used the 3D 
seismic cubes from the Smeaheia (GN1101), and Aurora (GN10M1) sites 
for attribute analysis. Due to stacking processes, post-stack attributes 
have limitations(i.e., they do not provide offset and azimuth-related 
information); however, they are suitable for initial reconnaissance in-
vestigations enabling us to observe large amounts of data (Taner, 2001). 

One of the seismic attributes, called variance, measures the variation 
in seismic amplitudes within a seismic volume and can be used to 
identify subtle changes in amplitudes due to the presence of faults and 
fractures. The variance property is estimated using the default filter (i.e., 
3, 3, 15 - inline, crossline number of traces, and vertical smoothing). This 

Fig. 1. The map of the Horda Platform area shows the potential CO2 storage sites - Aurora and Smeaheia. The North-South Trending major faults (ØF – Øygarden 
Fault; VF – Vette Fault; TF – Tusse Fault; SF – Svartalv Fault; TrF – Troll Fault) and several minor faults are illustrated as black lines. The black dotted rectangle 
represents the 3D seismic cubes in Smeaheia (GN1101) and Aurora (GN10M1) areas. The CCS license boundary (EL001), exploration wells, and Troll Fields (i.e., TE – 
Troll East and TW – Troll West) are also presented as references. The red line represents a 2D seismic composite line, and two blue dashed lines (sec. A and Sec. B) are 
random lines taken from the GN10M1 and GN1101, respectively. Another random line from GN1101 (green dashed line) is used for detailed characterization of the 
Smeaheia injection site. 
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study used the post-stack variance attribute to identify faults and frac-
ture zones within the overburden intervals. We compared our analysis to 
other available data(e.g., seismic interpreted faults) in order to validate 
our findings using the variance attribute. Another post-stack attribute, 
sweetness, is used to identify possible gas leakage and accumulation 
within the overburden intervals. The seismic sweetness attribute is a 
measure of the amplitude of seismic reflections, which could be related 
to the presence of hydrocarbon fluids. 

3.2. Brittleness indices 

Overburden interval brittleness indices (BI) property has been eval-
uated using two elastic properties based (EBI) empirical equations. 
Seismic inverted property cubes have been converted and analyzed for 
spatial and vertical variations. The first equation is based on normalizing 
Young’s modulus and Poisson’s ratio (Grieser and Bray, 2007; Rickman 
et al., 2008) and states that: 

EBI1 =
1
2

[
Es − Emin

Emax − Emin
+

ν − νmax

νmin − νmax

]

, (1)  

where Es is static Young’s modulus, and ν is static Poisson’s ratio. Also, 
the higher the EBI1 value is, the more brittle the caprock is. Young’s 
modulus and Poisson’s ratio cubes for Smeaheia 3D (GN1101) have been 
extracted using the pre-stacked seismic inverted cubes (Fawad et al., 
2021b, 2021a). 

The other elastic BI equation proposed by Fawad and Mondol (2021) 
is based on acoustic impedance (AI) and deep resistivity (Rt) and is 
defined as: 

EBI2 =
0.00044AI − 1.3 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.62 Rw

Rt

√
(0.00019AI + 0.25)

1.35 + 0.00028AI
, (2)  

where AI is the acoustic impedance (m/s × g/cm3), RD and RW are the 
resistivities of true formation and pore water, respectively, in ohm-m. 
The brittleness value is defined as an increase in the stiffness of rock 
by adding stiff mineral content (i.e., quartz, calcite, or dolomite). AI 
cube has been estimated using the pre-stack inversion (Fawad et al., 

2021a, 2021b), while 
̅̅̅̅̅
Rw
Rt

√
of a water-matrix system is calculated using 

the equation below (Fawad and Mondol, 2021): 
̅̅̅̅̅̅
Rw

Rt

√

=
ρma −

AI
Vpma

̅̅̅
a

√
[

AI
(

1
Vpw

− 1
Vpma

)

− (ρw − ρma)

], (3)  

where water density (ρw) and velocity (Vpw) are used as 1.1 g/cm3 and 
1480 m/s and quartz matrix density (ρma) and velocity (Vpma) are 2.65 
g/cm3 and 6000 m/s. In addition, the tortuosity factor (a) is used as 
0.62. 

3.3. Structural reliability analysis 

The structural reliability of polygonal fault systems has been evalu-
ated. The reliability of any structure depends on the active load (S) and 
resistance (R) and can be determined by the following equation: 

Pf = Φ
(

0 − μM

σM

)

= Φ (− β) (4) 

Where the probability of failure is Pf and the reliability/safety index 
is β. The limit state function (g(x)) can be used to estimate the proba-
bility of failure (Pf ) of any structure by defining the boundary between 
desired (g(x)>0) and undesired (g(x)≤0) performance (Ditlevsen and 
Madsen, 2007). 

Mohr-Coulomb failure criteria-based limit state function for struc-
tural reliability assessment has been introduced for subsurface by Rah-
man et al. (2021), where g(x) can be determined from the deterministic 

factor of safety (FoS) equation. To make the model simple, an isotropic 
horizontal stress condition with a normal faulting regime has been 
assumed. The factor of safety (FoS) for shear failure can be expressed 
mathematically as: 

FoS =
τMC

τcurrent
(5)  

τMC = So + σ′
n ⋅tan∅ (6)  

τcurrent =
σ′

1 − σ′
3

2
⋅sin2θ (7)  

σ′
n =

σ′
1 + σ′

3

2
+

σ′
1 − σ′

3

2
⋅cos2θ (8)  

where τMC is critical shear stress or shear strength, σ′
n is effective normal 

stress, So is cohesion, σ1 is initial vertical stress, σ3 is initial horizontal 
stress, σ′

1 is effective vertical stress, σ′
3 is effective horizontal stress, ∅ is 

an effective friction angle, and θ is fault dip. 
According to the FoS, the structure will be safe if the FoS value is > 1 

and fails if it is ≤1. The mathematical expression of that is: 

g(x) = FoS − 1 (9) 

Hasofer and Lind (1974) proposed FORM (First Order Reliability 
Method) technique has been used to run the model for estimating 
structural reliability (Faber, 2009; Nadim, 2007). According to this 
method, the reliability index (βHL) is the shortest distance z* from the 
origin to the failure surface g(z) in a normalized space. 

Based on the fault plane rock cohesions (Wrona et al., 2017), two 
different scenarios such as cohesionless and cohesive clay as fault rock, 
have been tested (Table 1). For case-1, the side-wall cores-based cohe-
sion property estimated from the triaxial laboratory test has been 
adapted from Wensaas et al. (1998). A standard cohesionless fault fric-
tion angle (31◦) is used for case-2. Table 2 represents the average and 
standard deviation of all the input data used for polygonal fault struc-
tural reliability analysis. The fault stability assessment is focused on 800 
m depth below the seafloor. Therefore, the in-situ stresses are estimated 
based on Gassnova (2012) report on that specific depth (Rahman et al., 
2021; 2022a). Moreover, a large part of the Norwegian North Sea 

Table 1 
The different model scenarios are tested in this study to evaluate the polygonal 
fault system’s reliability.   

Unit Assumptions 

Case- 
1 

Hordaland 
Group 

Cohesive clay from triaxial testing from side-wall 
cores 

Case- 
2 

Cohesionless fault system  

Table 2 
Input parameters for the model with the type of distribution and data sources.  

Parameters Average 
(unit) 

Standard 
Deviation 

Random 
Distribution 

Data Source 

Initial vertical 
stress (σv) 

11.39 
(MPa) 

0.65 Normal Gassnova, 
2012 

Initial horizontal 
stress (σh) 

9.08 
(MPa) 

0.95 Normal Gassnova, 
2012 

Initial pore 
pressure (Pp) 

8.04 
(MPa) 

1.32 Normal Gassnova, 
2012 

Fault Dip (θ) 35(o) 5.00 Normal Wrona et al., 
2017 

Cohesionless (ϕ) 31 (o) 0.00 – – 
Cohesion (So) 1.1 (MPa) 1.62 Normal Wensaas 

et al., 1998 
Friction angle (ϕ) 17 (o) 2.27 Normal Wensaas 

et al., 1998  
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exhibits pore pressure close to hydrostatic. This study also considers 
hydrostatic pore pressure within overburden intervals. Additionally, 
polygonal fault rock properties are scouted from Wensaas et al. (1998), 
and fault dip from Wrona et al. (2017). 

4. Results 

4.1. Troll field leakage and polygonal fault systems 

The overburden intervals above the Sognefjord reservoir sandstone 
are the main zone of interest for this study (Fig. 1b), where nine different 
layers have been interpreted from the Viking, Cromer Knoll, Shetland, 
Rogaland, Hordaland and Nordland Groups (Fig. 2). Three major faults 
such as Øygarden, Vette and Tusse are present which are located from 
east to west, respectively. Overburden layers are dipping towards the 
west and are truncated by Middle Miocene Unconformity (MMU) in the 
east. 

The Troll Field has been divided into east and west by the Tusse fault 
(Fig. 2b). Several other faults also penetrate through the reservoir and 
further down. Sets of minor small-scale faults, which are called polyg-
onal fault systems, are also present within the Rogaland and Hordaland 
Group intervals. In the 2D composite section (Fig. 2a), the primary 
caprock for the Troll Field Draupne shale was either eroded by the Base 
Cretaceous Unconformity (BCU) or was not deposited due to uplift 
(Fig. 2; Rahman et al., 2020). If we see the zoomed 3D seismic random 
line from the GN10M1 section (Fig. 2b) with the same orientation as the 
2D composite line, a high amplitude region within the overburden just 
above the Troll Fields can be observed. These high amplitude areas 

possibly indicate fault parallel hydrocarbon leakage from the Troll. The 
escaped hydrocarbon possibly gathered within the overburden interval 
as a secondary accumulation (Fig. 2b). Although the Tusse fault in this 
area has a low fault throw, no primary Draupne shale could influence the 
fault parallel leakage. Moreover, the polygonal fault systems within the 
Rogaland and Hordaland Groups might also act as conduits, leading to 
the Troll hydrocarbon fluids migrating upward. 

To find out the conformity of the fracture zone parallel to fluid flow 
and possible secondary accumulation, variance and sweetness attributes 
of the same section have been illustrated in Fig. 3. Most faults inter-
preted on seismic are aligned with high variance anomalies (Fig. 3a). 
Moreover, the possible leakage pathways show vertically connected 
fracture zones in both the Tusse fault and other minor fault paths 
(Fig. 3a). Additionally, hydrocarbon that possibly leaked from the Troll 
field and subsequently accumulated within the overburden intervals can 
be identified by the sweetness attribute. The high sweetness values 
within the overburden and Troll field confirm the relationship between 
hydrocarbon and the sweetness attribute (Fig. 3b). However, the other 
high sweetness anomalies in the area might well be formed because of 
high acoustic impedance contrast due to lithology variation such as 
organic-rich Draupne shale and Opal-A/CT alternative layers. 

The leakage scenario in the Troll field indicates that the polygonal 
fault system present within the Rogaland and Hordaland Groups might 
not be sealed and allow fluid to flow parallel to the fault planes. How-
ever, the ductile clay within the overburden interval may act as an 
impermeable secondary seal despite having polygonal faults present, 
trapping the fluid from moving further up. Also, the primary caprock (i. 
e., ductile Draupne shale) is not present in the leakage area. 

Fig. 2. The composite line consisting of NSR-11184-1 and SG8043-403A 2D seismic lines illustrate the interpreted major and minor faults and the different 
stratigraphic intervals (a), The same profile is also analyzed in random line (sec. - A) from the 3D seismic cube GN10M1 (b) and random line (sec. - B) from the 3D 
seismic cube GN1101 (c). 
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Fig. 3. The seismic attributes variance (a) and sweetness (b) are presented in the random line (sec. - A) with the interpreted faults. The possible leakage paths from 
Troll West are illustrated. 
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4.2. Polygonal faults in Smeaheia area 

The potential storage site Smeaheia is located further east from the 
Troll field, bounded by the Vette fault in the west and Øygarden fault in 
the east (Fig. 1). Due to the truncation of overburden layers by MMU 
(Fig. 4), most of the Hordaland Group layers with polygonal fault sys-
tems are not present in the Smeaheia area. Instead, a faulted Rogaland 
Group interval (i.e., Lista Formation) is present with a different fault 
orientation and configurations compared to the Hordaland polygonal 
fault system in the Aurora area (Fig. 4a). Additionally, the Lista For-
mation is truncated by MMU in the middle of the Smeaheia area. The 
variance attribute also confirms the faults by exhibiting high variance 
anomalies (Fig. 4b). The basement (east of Øygarden fault) is also highly 
fractured, as indicated by the variance attribute. 

4.3. Overburden geomechanical properties 

Rock failure is dependent on the brittle behavior of the rock. 
Therefore, the overburden rock brittleness in the Smeaheia site has been 
evaluated using two elastic property-based empirical equations (Eqs. (1) 

and (2)). Both methods indicated comparatively higher brittleness 
indices (BI) values within the faulted Lista Formation than the other 
overburden layers. The BI values change slightly between the different 
approaches; however, the lateral and vertical trends of BI are similar 
(Fig. 5). 

4.4. Polygonal faults failure potential 

Possible hydrocarbon leakage from the Troll Field through faults 
indicates fault-parallel flow. This implies that the polygonal fault sys-
tems within the overburden intervals are non-sealing up to the sec-
ondary ductile shale layers, where the migrated fluids accumulate 
instead of escaping to the surface. The structural reliability analysis also 
reveals that the studied polygonal faults have very high failure numbers, 
whereas the cohesive fault properties case has 36% failure risks with a 
0.34 reliability index value (Table 3). Additionally, the cohesionless 
scenario has doubled the failure number with 65% and a negative reli-
ability index. According to the U.S. Army Corps of Engineers (1997), 
these values are above the riskiest case, called hazardous, with a PoF of 
0.16 and a reliability index of 1. Rahman et al. (2022c) also proposed 

Fig. 4. The interpretation of the overburden stratigraphic intervals and faults on post-stack seismic section (Sec. – c in Fig. 2) over the Alpha and Beta structures (a). 
The seismic attribute variance (b) is presented in the same section with the interpreted faults. 
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this zone as unsatisfactory for subsurface structural reliability analysis. 
Moreover, the Vette fault probability of failure poses a very low number 
(1.46 × 10− 04) compared to the polygonal fault system (Rahman et al., 
2021). Considering these, it seems the polygonal fault system might leak 
in the case of injection-induced fluid flow. 

5. Discussions 

The qualitative overburden study indicates that ductile secondary 
caprock is present within the Horda Platform area; in this respect, it 
covers the two CCS license numbers EL001 and EL004. The ductile shale 
in the Smeaheia area (EL002), however, has been eroded by the Middle 
Miocene Unconformity (MMU). The polygonal fault systems within the 
Rogaland and Hordaland Group intervals are unstable and have leaking 
potential, however, the ductile clay-rich unit may self-heal the faults, 
thereby trapping possible upward migrating fluids. This relationship 
between fault sealing and ductile clay-rich caprock has been observed in 

the Troll field leakage pathways. Further to this, in-depth studies of what 
drives the mechanical properties of the caprock would seem to indicate 
this potential (Johnson et al., 2022a, 2022b). The Tusse fault leakage is 
concentrated only in the northernmost part of the fault segment where 
the throw is comparatively low, and no primary caprock (ductile 
clay-rich Draupne formation shale) is present due to erosion or 
non-deposition (Fig. 2). No leakage through the rest of the Tusse fault 
section is inferred where there is high clay smear potential showing a 
safe structural closure with no leakage pathways. The accumulation of 
hydrocarbon leaked from the Troll structure within the ductile second-
ary caprock also proves the faults self-sealing potential when the 
clay-rich interval is present. Additionally, this fault’s self-sealing po-
tential could be crucial during injection-induced seismicity. If a fault is 
re-activated due to possible seismicity, it may heal itself thereafter if a 
ductile clay-rich unit is present. There are many other processes 
involved in fault dynamics, but the presence of ductile clay should 
enhance the sealing potential of a fault under in-situ stress conditions 
(Vrolijk et al., 2016; Johnson et al., 2022b, 2022d). 

The possible leakage scenarios in Smeaheia and Aurora injection 
sites are theoretical and have been analyzed based on the Troll field 
leakage analogue and overburden analysis. However, to have a realistic 
scenario, we need numerical simulation coupling between fluid flow and 
geomechanical modeling, which is out of the scope of this work. Such 
modeling, while not directly applied to the site, has been carried out 
from a first principles perspective by other groups (Panahi et al., 2013; 
Kobchenko et al., 2013; Yarushina et al., 2020; Johnson et al., 2022c). 
This study qualitatively assesses the consequences for the Aurora and 

Fig. 5. The elastic property-based brittleness indices illustrate the lateral and vertical changes of brittleness indices values. (a) BI estimated using Young’s modulus 
and poisson’s ratio (Grieser and Bray, 2007; Rickman et al., 2008), and (b) BI estimated using Acoustic Impedance and deep resistivity (Fawad and Mondol, 2021). 

Table 3 
Probability of failure and reliability index of polygonal fault system for various 
cases.   

PoF β 

Case-1 0.3638 0.3484 
Case-2 0.6588 − 0.4093  
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Smeaheia injection sites, considering different theoretical failure 
scenarios. 

5.1. Smeaheia CO2 injection site (EL002) 

The Vette fault in the Alpha structure (32/4-1 well location) could be 
impermeable under in-situ stress conditions with very low failure po-
tential (Rahman et al., 2021). However, there is the possibility of 
reactivation due to injection-induced seismicity, as many faults in the 
North Sea are critically stressed (Grollimund and Zoback, 2003). The 
primary caprock, i.e., Draupne Formation shale, is clay-rich, ensuring a 
sealing Vette fault under in-situ stress conditions. Nevertheless, the 
possible theoretical failure of the Vette fault due to injection-induced 
seismicity has been considered here to assess the integrity of over-
burden secondary caprocks and faults. In the case of a leaking Vette 
fault, injected CO2 might migrate upward to the Middle Miocene Un-
conformity (MMU), because of the structurally unstable polygonal fault 
system (Fig. 6a). Due to high brittleness in the Lista formation, our 
geomechanical simulation model indicates potential stress-induced 
tensile failure at 32/4-1 (inset picture on Fig. 6a; Rahman et al., 
2022a), which unfortunately also aligns with the polygonal fault 

systems within this interval. The migrated CO2 plume might change 
from supercritical to gas phase because of shallowing depth (i.e., 
decreased temperature and pressure). From this point, the plume could 
migrate laterally as the top of the Nordland Group shale has demon-
strated sealing quality as an effective caprock for the Sleipner CO2 in-
jection site. If this scenario occurs, there is a possibility that the CO2 
plume will migrate laterally updip below the MMU. This migration will 
take place at a comparatively quicker pace due to phase change. 

In another scenario, there could be no leakage from the Vette fault, 
but the injected volume in the Alpha structure is accumulated down to 
the spill point and starts migrating eastward to the Beta structure (32/2- 
1), which is located on the hanging wall side of the Øygarden fault and 
juxtaposes with bedrock (Fig. 6b). This structure is highly faulted, but 
most of faults die out within the Draupneand Åsgard shale. Because of 
the shaly intervals, these faults may self-heal, and provide an effective 
seal in Beta structure. 

As the uppermost Nordland shale is vital in case of any leakage from 
the Smeaheia reservoir, three slices of extracted variance attribute have 
been evaluated within this zone (Fig. 7). The variance attribute was 
extracted on the top of three interpreted surfaces. The interpreted sur-
faces are the seafloor, the middle of Nordland (100 ms below the 

Fig. 6. Two possible CO2 injection scenarios in Alpha structure at Smeaheia site (a) if Vette fault leaks (b) sealing Vette fault but fluid migrated to up-dip Beta 
structure. The inset figure is the Mohr-Coulomb failure plot of the Lista Formation layer, indicating tensile failure potential adapted from the numerical simulation by 
Rahman et al. (2022a). 
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seafloor), and the Middle Miocene Unconformity. The top of the seafloor 
shows a few points anomalies with high variance, indicating seafloor 
pockmarks. However, seafloor pockmarks are not randomly distributed; 
instead, they follow an NW-SE trend, one in the middle of the Smeaheia 
and another following the Vette fault (Fig. 7a). Although the variance 
attribute does not indicate any possible fault or fracture, spectral 
decomposition attribute analysis represents a weak fault trace south of 
Alpha structure (Fawad and Mondol, 2019). Additionally, a fracture 
zone with a high variance value is present near 32/2-1 (Beta) well. The 
pockmarks are more prominent in the middle of the Nordland shale 
compared with the seafloor, containing larger circles that are randomly 
distributed (Fig. 7b). Moreover, a possible fracture zone on top of the 
Beta structure extends further south. Only a few pockmarks are observed 
on top of the MMU surface. However, the Beta structure fracture zone 
extends throughout the seismic coverage and follows the Øygarden fault 
orientation (Fig. 7c). 

Considering the qualitative risk assessment in the Smeaheia over-
burden interval, it is recommended that the Beta structure needs 
extensive analysis before any injection decision. In the Alpha structure, 
the optimum capacity and injectivity rate need to be estimated so that 
the Vette fault will not reactivate due to injection-induced pressure 
buildup. The Alpha structure should also not be filled up to the spill 
point level. 

5.2. Aurora CO2 injection site (EL001) 

Although the polygonal fault systems are present within the Horda-
land and Rogaland Groups, the overburden intervals in the Aurora site 
differ significantly from Smeaheia because the reservoirs here are the 
Late Jurassic Cook and Johansen formation sandstones (Fig. 1). The 
thick, primary caprock shale of the Drake formation has no major faults 
close to the injection points. The Brent Group intervals are also present 
between the Drake shale and the Troll field reservoir units of Viking 
Group. Reservoir pressure data acquired in 2020 through the Eos well, 
indicates no fluid communication between depleted Viking sandstones 
and the underlying sandstones of the Brent and Dunlin groups (Fig. 8). 
The Viking reservoir sandstones with their current pressure depletion of 
~1–3 MPa (Rahman et al., 2022b) due to Troll west production, do not 
seem to be connected with the Brent and Dunlin sandstones as they 
exhibit hydrostatic pressure. However, injection-induced seismicity 
could reactivate existing faults and connect the overlying depleted and 
the underlying pressurized sandstones. A coupled fluid flow and geo-
mechanical simulation can model these scenarios, which might be 
required to estimate the Aurora injection site’s optimum capacity and 
injectivity rate. 

Chances of caprock shale failure are minimal because of the thick 
Drake shale present throughout the area with high top seal reliability 
(Rahman et al., 2022b). Considering the faults as the only fluid 

Fig. 7. Top view of variance attribute illustrates the possible fracture zones in the Smeaheia CO2 injection site; average variance properties are extracted on top of the 
seafloor (a), 100 ms below seafloor (b), and Middle Miocene Unconformity (c). The major faults (ØF – Øygarden fault and VF – Vette fault) and 32/4-1 (Alpha), 32/2- 
1 (Beta), and 31/6-6 (Troll East) wells are also illustrated for reference. 
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migration pathways, the CO2 plume would laterally migrate a long 
distance with a very gentle slope (2–3◦ bedding dip towards the south). 
Considering the plume travel time from the injection point to a leaking 
fault (if any) and the corresponding years of Troll West production, this 
scenario might benefit the Aurora injection site. Instead of being 
impacted negatively, the connectivity between depleted and pressurized 
reservoirs might allow more storage opportunities. However, a numer-
ical coupled model must simulate and test different scenario-based 
sensitivities to quantify it. 

It is improbable that the CO2 plume will migrate further upward from 
the depleted reservoirs to the Rogaland and Hordaland groups. How-
ever, if leakage occurs, we know that there is an effective secondary top 
seal, which accumulated Troll field leakage (Fig. 2), present to stop 
further fluid migration. 

6. Conclusions 

The key findings from this research are:  

• Accumulation of hydrocarbons over the Troll field indicates the 
presence of a secondary caprock within the Hordaland Group in-
tervals in EL001 and EL004 license locations. 

• Polygonal fault systems are present within the Rogaland and Hor-
daland groups interval and cover the entire study area. However, the 
fault frequency and orientation vary between Rogaland and Horda-
land layers.  

• Polygonal fault systems are not structurally stable, indicating 
possible fault parallel leakage pathways.  

• Clay-rich shale could potentially heal the faults and stop fluid from 
migrating upward.  

• The stability of the Vette fault and Nordland Group shale caprock 
potential are the critical parameters for the reliability of the Smea-
heia injection site.  

• For the Aurora site, connectivity between depleted and pressurized 
reservoirs is critical. However, under in-situ stress conditions, the 
pore pressure in well 31/5-7 (Eos) indicates no connectivity. 

According to this qualitative assessment, we can conclude that the 
overburden interval in the Horda platform area has a secondary sealing 
potential to hold and accumulate if CO2 escapes from the reservoirs due 
to the primary seal failure. However, a numerical simulation in both the 
Aurora and Smeaheia sites is recommended to quantify the findings. 
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