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A B S T R A C T   

Smeaheia, a prominent fault block located on the Horda Platform, northern North Sea is identified as a potential 
subsurface CO2 storage site. We utilise the GN1101 3D seismic survey to generate a high-resolution subsurface 
geomodel to inform the structural style and evolution of the fault block, to investigate geological controls on 
proposed CO2 storage and provide a geometric framework as a basis for future analyses. Two basement-involved 
(first-order) north-south trending fault systems, the Vette Fault Zone (VFZ) and the Øygarden Fault Complex 
(ØFC), bound the 15 km-wide fault block. The VFZ bifurcates down-section where it is hard-linked with two 
separate basement structures, a phenomenon we term as “dual rooted”. Apart from activity during the Permo- 
Triassic (Rift Phase 1) and the Late Jurassic–Early Cretaceous (Rift Phase 2), we present evidence that rifting 
in this part of the North Sea continued into the Late Cretaceous with minor reactivation in the Palae
ocene–Eocene. Two segments of the VFZ interacted and linked at a relay ramp during Rift Phase 2. Second-order 
(thin-skinned) faults show basement affinity and developed during Rift Phase 2 in two distinct pulses. A pop
ulation of polygonal faults intersects the overburden and developed during the Eocene to middle Miocene. We 
have revised the areal extent of two structural closures that define the Smeaheia fault block, Alpha (VFZ foot
wall) and Beta (ØFC hanging wall) which consist of Upper Jurassic Viking Group target formations. Simplified 
cross-fault juxtaposition analysis of the VFZ and second-order intra-block faults are presented and inform 
pressure communication pathways between the Smeaheia and Tusse fault block, as well as reservoir integrity and 
compartmentalisation. The geomodel further identifies important geological controls on CO2 storage in the fault 
block including a thinning caprock above the Alpha structure, and identification of hard-linkage between deep 
tectonic faults and shallow polygonal faults.   

1. Introduction 

In an effort to combat climate change (Intergovernmental Panel on 
Climate Change Special Report, 2005; 2007, 2014), the European 
Commission has outlined an ambitious target to reduce anthropogenic 
emission of greenhouse gasses by 80–95% by 2050 (including 500 Gt of 
CO2) with respect to 1990 levels (E.U. Commission, 2018). Carbon 
capture and storage (CCS) presents one of several technologies that can 
contribute to meeting this target. In CCS, CO2 is captured at point 
sources e.g., CO2-emitting industrial plants, transported to suitable in
jection sites by pipelines or ships and sequestered within subsurface 
storage formations, e.g., saline aquifers and depleted hydrocarbon fields 
(Intergovernmental Panel on Climate Change Special Report, 2005; 

Bachu, 2008; Benson and Cole, 2008; Gibbins and Chalmers, 2008). The 
technical feasibility of CCS has been successfully demonstrated offshore 
Norway both in the North Sea, i.e., the Sleipner CO2 sequestration 
project (Torp and Gale, 2004; Arts et al., 2008), and in the Barents Sea, i. 
e., the Snøhvit CO2 storage project (Eiken et al., 2011). Current EU-wide 
facilities, however, will fall short of the estimated 12 Gt of CO2 storage 
required to meet the 2050 targets (International Energy Agency, 2013). 
As such additional sequestration projects are necessary. 

The Smeaheia site (Statoil, 2016; Kaufmann et al., 2018; Lauritsen 
et al., 2018; Lothe et al., 2019), formerly Troll Kystnær (Statoil, 2016), is 
situated in the Norwegian sector of the northern North Sea (Fig. 1A), 
partly covering 9 exploration blocks (Fig. 1B).The site lies approxi
mately 20 km east and 40 km northwest of the Troll A platform (Troll 
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Fig. 1. A) Primary structural elements map of the North Sea (faults, basins, and structural highs) emphasising the trilete rift system and dominantly Permo-Triassic 
and Jurassic depocentres. Sector boundaries shown with red stippled line. Compiled from Roberts et al. (1995), Færseth et al. (1995) and Domínguez (2007). Inset: 
Simplified outline of Western Europe showing geographical location of the North Sea rift system. B) Structural elements and oil/gas accumulations of the northern 
Horda Platform in the Norwegian sector of the northern North Sea. Redrafted from the Norwegian Petroleum Directorate Fact Maps (http://npd.no/en/Maps/Fact 
-maps). The regional 2D seismic transects are shown in Appendix 3 (TE93-113), Appendix 4 (NNST84-05) and Appendix 5 (GNSR-91). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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East) and the Kollsnes processing plant, respectively. Target aquifers 
consist of the Middle–Upper Jurassic coastal-shallow marine sandstones 
of the Viking Group (Sognefjord and Fensfjord formations; Dreyer et al., 
2005; Holgate et al., 2013; Furre et al., 2019). Two first-order (base
ment-involved) north-south trending faults, the Vette Fault Zone (VFZ) 
and the Øygarden Fault Complex (ØFC) bound an east tilting fault block 
characteristic of the Horda Platform (Fig. 1B). Here, two storage pros
pects have been identified, Alpha and Beta (Fig. 2), which are formed by 
footwall and hanging wall three-way structural closures, respectively, 
and are capped by Upper Jurassic marine claystones of the Draupne 
Formation (Skurtveit et al., 2012). The Alpha and Beta prospects were 
drilled previously in 1996 and 2008, respectively, primarily exploring 
the Sognefjord, Fensfjord and Krossfjord formations for commercial 
hydrocarbon accumulations (32/4-1 T2 Final Well report, 1997; 32/2-1 
Final Well End of well report, 2008). Possible hydrocarbon migration 
scenarios (e.g., Goldsmith, 2000) from the neighbouring Troll East were 
invalidated as neither well indicated hydrocarbon shows. 

The Smeaheia fault block has been proposed as a potential CO2 
storage site due to sufficient estimated structural storage capacity, 
excellent reservoir quality, and its adjacency to the coastline and 
existing subsea infrastructure (Statoil, 2016; Kaufmann et al., 2018; 
Lauritsen et al., 2018). After injection into Alpha, CO2 is envisaged to 
migrate up-dip via a spill point and accumulate in Beta. The future 
success of the Smeaheia fault block as a storage site will depend on 
maturation of the geological understanding of the area. Fundamentally, 
both the Alpha and Beta prospects require the sealing capacity of the 
caprock to tolerate the buoyancy forces of the projected CO2 columns to 
prevent injected fluids being lost to the surface (e.g., Ingram and Urai, 
1999; Egermann et al., 2006; Busch et al., 2010; Kaldi et al., 2013). 
Further, both prospects require juxtaposition (Allan, 1989) or capillary 
(membrane) seals (e.g. Yielding et al., 1997, 1998) in order to restrict 
fluid flow across the VFZ and the ØFC that bound them, respectively. 
Similar to top seal failure, cross-fault leakage occurs when buoyancy 
forces of a hydrocarbon or CO2 column exceed the capillary threshold 
pressure of the juxtaposed formation, or the fault rock itself (Knipe et al., 
1997, 1998; Yielding et al., 1997, 2010; Fisher and Knipe, 1998). The 
capillary threshold pressure along both the VFZ and the ØFC must 
therefore be sufficient to accommodate the expected CO2 columns in 
Alpha and Beta. Similarly, smaller second-order faults that intersects the 
prospects may also support minor CO2 columns, i.e., baffle CO2 injection 
and increase storage formation pressure (e.g., Bretan et al., 2011). The 
possibility of cross-fault pressure communication between the Smeaheia 
fault block and the Tusse fault block (where the Troll East field is situ
ated) presents another significant uncertainty (Orsini et al., 2020). 
Depletion is possible within the Smeaheia fault block owing to over 20 
years of hydrocarbon production from the Troll fields and may have 
consequences for storage capacity. Fault juxtaposition across a relay 
ramp along the VFZ and adjacent to the depleting Troll East field (Tusse 
fault block) can provide insight into the likelihood of this scenario prior 
to drilling of the prospects. An additional uncertainty is associated with 
fault reactivation owing to increasing storage formation pressure over 
the course of CO2 injection operations. 

Seismic data is often used to image and monitor CO2 injection 
changes in the subsurface over time in ongoing sequestration projects (i. 
e., 4D seismic monitoring; Chadwick et al., 2005; Lumley, 2010; Ivanova 
et al., 2012). More fundamentally, seismic data can be used to assess the 
suitability of, and risks associated with subsurface CO2 sites, i.e., identify 
the presence and continuity of caprocks, traps and storage formations as 
well as potential leakage sites (e.g., Chadwick et al., 2004; Sundal et al., 
2016; Roelofse et al., 2019). This contribution aims to increase our 
knowledge of the Smeaheia fault block by establishing a tectonic 
framework in order to reduce uncertainties associated with storage of 
CO2. We present a detailed description of the structural architecture and 
geological evolution of the Smeaheia fault block which includes novel 
findings regarding the timing of the second rift phase in the northern 
North Sea. A high-resolution (50 × 50 m) geomodel is presented and 

forms the basis for revising the areal extent of the structural closures and 
identifying faults that intersect the storage formation and caprock. As 
such, the work focuses on the Viking Group. The geomodel also informs 
cross-fault lithological juxtaposition of the Alpha-bounding VFZ, the 
VFZ relay ramp and intra-block second-order faults. 

2. Geological setting 

The Horda Platform (Hospers and Ediriweera, 1991; Faerseth and 
Ravnås, 1998; Roberts et al., 1995; Færseth, 1996; Odinsen et al., 2000a, 
b; Bell et al., 2014; Whipp et al., 2014; Duffy et al., 2015; Phillips et al., 
2019) forms an approximately 300 km north–south elongated, 100 km 
wide structural high along the eastern margin of the northern North Sea. 
The platform is bounded by the northern part of the Viking Graben to the 
west which is a failed arm of the Arctic-North Atlantic rift system (Zie
gler, 1990; Bartholomew et al., 1993; Glennie, 1995), and the Øygarden 
Fault Complex (Faerseth et al., 1995) to the east. The latter delineates a 
major change in crustal thickness (onshore-offshore Norwegian transi
tion) and has done so since the Permian (Christiansson et al., 2000). The 
Horda Platform (Fig. 1) is characterised by a series of west-dipping 
half-grabens bound by north–south striking basement-involved faults 
that exhibit throws in the 4–5 km range, spacing between 15 and 20 km 
and rotations of approximately 8–12◦ (Færseth, 1996; Bell et al., 2014; 
Whipp et al., 2014; Duffy et al., 2015). Depth to the crystalline basement 
ranges from 3 to 5 km across the platform (Bell et al., 2014; Fazlikhani 
et al., 2017). Fig. 3 correlates chronostratigraphy, seismic ties and main 
tectonic events that characterise the Horda Platform. 

The crystalline basement underlying the Horda Platform is 
comprised of a series of terrains accreted during the Caledonian 
(460–400Ma) and Variscan (400–300Ma) orogenies (Ziegler, 1975, 
1982; Frost et al., 1981; Gee et al., 2008) as well as Devonian low-grade 
metasediments (Fossen, 1992; Faerseth et al., 1995; Færseth, 1996; 
Fossen and Hurich, 2005; Osmundsen et al., 2000; Osmundsen and 
Andersen, 2001; Sturt and Braathen, 2001). Basement rheology is pri
marily identified on the basis of seismic facies from deep reflection 
seismic (e.g., Christiansson et al., 2000; Gabrielsen et al., 2015; Fazli
khani et al., 2017; Wrona et al., 2018). Basement composition and 
structural grain are highly heterogeneous, the latter of which primarily 
reflect Caledonian lineaments (Faerseth et al., 1995). While the Iapetus 
suture has been interpreted from deep reflection seismic to run in a 
NNE-SSW trend aligned along the Sogn and Viking grabens (Matthews 
and Cheadle, 1986; Gibbs, 1987; Freeman et al., 1988; Odinsen et al., 
2000a,b), onshore Norway, northeast–southwest and north–south 
Caledonian trends have also been recognised in the southwest (e.g., 
Karmøy and Stavanger shear zones) and south central (e.g., 
Mandal-Ustaoset fault) parts of the country (e.g., Ramberg et al., 1977; 
Sigmond, 1985; Faerseth et al., 1995; Gabrielsen et al., 2002; Braathen 
et al., 2004; Gabrielsen et al., 2019). 

Following the culmination of the Caledonian orogeny, regionally 
distributed gravitational collapse during the Devonian exploited 
contractional Caledonian structures and resulted in a series of low-angle 
shear zone-controlled intermontane basins that outcrop in western 
Norway where they dip towards the south, ESE, and WNW (e.g., Norton, 
1986; Fossen,1992; Wennberg, 1996; Osmundsen et al., 2000; 
Osmundsen and Andersen, 2001; Braathen et al., 2004; Fossen and 
Hurich, 2005; Vetti and Fossen, 2012; Fossen et al., 2017). Underlying 
the Horda Platform, Devonian shear zones that dip less than 40◦ towards 
the east-southeast and west-northwest and associated metasediments 
have been mapped by Fazlikhani et al. (2017) and manifest as high 
amplitude dipping and low angle, low frequency reflectors, respectively. 
Fazlikhani et al. (2017) suggest that the northern extent of the VFZ 
studied herein links at depth with one such low-angle normal basement 
shear zone, which supports the concept that Mesozoic rift events (Per
mo-Triassic and Jurassic-Cretaceous) reactivated basement structures 
(Faerseth et al., 1995; Phillips et al., 2019). 

The rift block architecture of the Horda Platform primarily evolved 
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during the Late Permian to Early Triassic during which an east–west 
phase of extension, likely related to the breakup of the Pangean super
continent, took place and lasted between 25 and 37 Myrs (Ziegler, 1982, 
1990; Ter Voorde et al., 2000). Rifting during the Permo-Triassic was 
widespread throughout the northern North Sea, however, the largest 
magnitude of fault activity (throws up to 5 km) took place on the 
western side of the Horda Platform (Faerseth et al., 1995; Færseth, 1996; 
Ter Voorde et al., 2000; Duffy et al., 2015; Phillips et al., 2019). 
Permo-Triassic rifting exhibited slip rates of 0.1–1.5 mm/yr (Bell et al., 
2014) and a mean Beta factor of 1.33 (Odinsen et al., 2000a,b) on the 
Horda platform. 

The dominant north–south trend of Permo-Triassic faults is discor
dant to that of Caledonian and Devonian structures, and may represent 
reactivation of a Precambrian grain (Faerseth et al., 1995; Phillips et al., 
2019). Changes in polarity, however, occur when north–south striking 
faults interact with structures of the aforementioned ages, e.g., the 
Bergen Arcs which is a Caledonian feature and the Nordfjord-Sogn 
Detachment, which represents a Devonian shear zone (Faerseth et al., 
1995). East–west extension is supported by the dominance of north
–south striking faults as well as the presence of contemporaneous 
alkaline dykes that strike between north–south and NNW-SSE onshore 
Norway (Blystad et al., 1995; Faerseth et al., 1995). Up to 3 km of 
syn-rift stratigraphy (Duffy et al., 2015; Phillips et al., 2019) is associ
ated with Permo-Triassic rifting which is dominated by the Scythian to 
Rhaetian Hegre Group and comprised of continental sandstones and 
mudstones deposited in large fluvial systems (Lervik et al., 1989; Lervik, 
2006). The Early to Middle Jurassic represents a 70 Myr period of 
relative tectonic quiescence and post-rift thermal subsidence during 
which continental and fluvio-deltaic to shallow-marine sediments of the 
Statfjord, Dunlin and Brent groups were deposited (Deegan and Scull, 
1977; Helland-Hansen et al., 1992). 

Renewed rifting took place in the Late Jurassic to Early Cretaceous 
(Badley et al., 1988; Underhill and Partington, 1993; Roberts et al., 
1995; Færseth & Ravnås, 1998; Coward et al., 2003; Cowie et al., 2005; 
Bell et al., 2014; Duffy et al., 2015; Phillips et al., 2019) associated with 
Early Jurassic rise and Middle to Late Jurassic deflation of the central 
North Sea dome, as well as far field stress related to North Atlantic 
rifting (Ravnås and Steel, 1997; Doré et al., 1997, 1999; Davies et al., 
2001; Torsvik et al., 2002; Nøttvedt et al., 2008; Whipp et al., 2014) and 
resulting in a trilete rift system in the North Sea (Davies et al., 2001). 

Jurassic to Cretaceous rifting in the northern North Sea is charac
terised by large-scale reactivation of north–south striking Permo- 
Triassic faults resulting in rapid accrual of fault length up-section and 
was followed by a phase dominated by displacement accrual of up to 
300 m (Faerseth et al., 1995; Deng et al., 2017). Rifting was slower and 
less intense than in the Permo-Triassic with slip rates of 0.01 mm/yr 
(Bell et al., 2014) and a mean Beta value of 1.08 (Odinsen et al., 2000a, 
b). 

As well as reactivation, a new population of smaller, northwest- 
southeast striking, 2–10 km long faults facilitated strain where pre- 
existing structures were not preferentially orientated (Færseth, 1996; 
Færseth & Ravnås, 1998; Tomasso et al., 2008). Strike deviation from 
Permo-Triassic faults is consistent with an anticlockwise rotation of the 
extension axis between events from east-west to northeast–southwest (e. 

g., Deng et al., 2017 and supported herein), however, non-rotation and 
northwest-southeast directions have been postulated by previous 
workers (Badley et al., 1988; Roberts et al., 1990, 1993; Ziegler, 1990; 
Stewart et al., 1992; Bartholomew et al., 1993; Brun and Tron, 1993; 
Færseth, 1996; Doréet al., 1997; Faerseth and Ravnås, 1998). These 
northwest-southeast striking faults show close spacing (0.5–5 km), are 
thin skinned—only affecting post-Upper Triassic stratigraphy, and 
generally exhibit throws of less than 100 m. Individual faults remained 
active for 10–40 Myrs (Cowie et al., 2005), with strain localisation onto 
larger north-south trending faults during the later phases of activity 
(Odinsen et al., 2000a,b). Where both populations interact, complicated 
displacement, cross-cutting and branching relationships have been 
identified (e.g., Bell et al., 2014; Duffy et al., 2015; Deng et al., 2017). 
Whereas Permo-Triassic rifting was broad and distributed across the 
North Sea, Jurassic-Cretaceous rifting was diachronous with strain 
localisation in the Viking Graben area credited to modification of the 
lithosphere during the earlier rift phase (Phillips et al., 2019). Migration 
of fault activity eastwards took place over a 30 My period (Bell et al., 
2014) as the North Atlantic Ocean opening extensional stress became 
dominant (Phillips et al., 2019). The ØFC marks the eastern extent of 
major activity (Bell et al., 2014). 

Middle Jurassic–Early Cretaceous syn-rift is represented by the fully 
marine Viking Group which is comprised of three stacked, shallow 
marine clastic sequences; the Krossfjord, Fensfjord and Sognefjord for
mations, all of which interfinger basinward with shelfal deposits of the 
Heather Formation (Steel, 1993; Nøttvedt et al., 1995; Ravnås and 
Bondevik, 1997; Ravnås and Steel, 1998; Ravnås et al., 2000; Dreyer 
et al., 2005). Late Kimmeridgian–Late Berriasian marine flooding of the 
North Sea basin resulted in deposition of the deep marine, organic-rich 
mudstones of the Draupne Formation. 

The Northern North Sea Unconformity Complex (Kyrkjebø et al., 
2004),also referred to as the Base Cretaceous or Late Cimmerian un
conformity (e.g., Fyfe et al., 1981; Rawson and Riley, 1982), generally 
divides syn-and post-rift in the North Sea, above which, deep-water 
clastics and carbonates of the Cromer Knoll and Shetland groups (e.g., 
Deegan and Scull, 1977; Ziegler, 1990; Roberts et al., 1993; Lepercq and 
Gaulier, 1996; Gabrielsen et al., 2001; Gradstein et al., 2016) were 
deposited in a thermally subsiding basin. Minor Cretaceous reactivation, 
however, caused vertical movements on some large faults (Gabrielsen, 
1989). 

Early Cenozoic sedimentation on the Horda Platform is characterised 
by marine deposition of silty claystones of the Rogaland and Hordaland 
groups in a rapidly and thermally subsiding basin (Faleide et al., 2002; 
Anell et al., 2012). Early–middle Miocene contractional inversion is 
linked to erosion and non -deposition of large parts of the Hordaland 
Group on the Horda platform (Rundberg et al., 1995; Nøttvedt et al., 
1995; Jordt et al., 1995, 2000). Polygonal faults have been described 
affecting a <1000 m succession of ppper Eocene–middle Miocene Hor
daland Group mudstones in the northern North Sea (Clausen et al., 1999; 
Wrona et al., 2017), and are envisaged to have nucleated in the Eocene 
to Early Oligocene and with possible reactivation in the late Oligocene to 
middle Miocene. A high density of pockmarks and associated carbonate 
build-ups have been mapped locally on the sea floor (Nordland Gp) of 
the Horda Platform in the Troll East area (Fig. 1) by Forsberg et al. 

Fig. 2. Two interpreted WSW-ENE trending seismic transects through the GN1101 3D survey. Location shown in Fig. 1B. Section 1 intersects both historical 
exploration wells 31/4-1 T2 and 32/2–1 that targeted the Alpha and Beta prospects, respectively. Section 2 is situated south of the potential prospects. Both sections 
show that the target storage formation and caprock units are bound by two basement-involved (first-order) faults, the Vette Fault Zone and the Øygarden Fault 
Complex which delineate the Smeaheia fault block. Prospective CO2-water formation contacts are shown for a fill-to-spill scenario in section 1. Migration of CO2 from 
a filled-to-spill Alpha prospect is depicted by blue arrows. Thin-skinned, intra-block faults can be seen to intersect the formation and caprock, but are more prevalent 
in section 2 as they branch towards the south. The Beta prospect is intensely faulted. Note, the large population of closely spaced, low-displacement normal faults that 
affect the Upper Cretaceous to lower Cenozoic but do not occur above the base Quaternary unconformity. A narrow graben with possible Jurassic infill (no local well 
constraints) is interpreted in the footwall of the Øygarden Fault Complex. At depth, high-amplitude basement reflectors that likely represent Devonian and Cale
donian structures and metasediments are highlighted. Age, chronostratigraphy and tectonic events with respect to the seismic horizons can be seen in Fig. 3. 
Uninterpreted versions of section 1 and 2 are shown in Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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Fig. 3. West-east chronostratigraphic chart of the Horda Platform sourced from NPD (https://npd.no/en/facts/geology/lithostratigraphy/). Potential storage and 
caprock formations for CO2 containment in Smeaheia are highlighted. Sample of seismic imagery from the GN1101 3D seismic survey is presented showing strat
igraphic correlation to the chronostratigraphic chart and seismic horizons picked in this study. Timing of tectonic events is compiled from Færseth (1996), Odinsen 
et al. (2000a,b), Bell et al. (2014), Duffy et al. (2015) and Wrona et al. (2017). 
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(2007) and Mazzini et al. (2016). Geochemical and radiocarbon dating 
of associated carbonates suggest these features formed due to rapid 
dissociation and leakage of gas hydrates (biogenic methane) due to 
warming following the Younger Dryas 9.59 ± 1.38 Ka, and are not 
observed to be currently active (Mazzini et al., 2017). 

3. Data and methodology 

3.1. Seismic data 

The fundament of this study is interpretation of the GN1101 3D 
seismic survey which images a 442.25 km2 area of the Smeaheia fault 
block and bounding faults, including the majority of the proposed Alpha 
and Beta CO2 storage closures (Fig. 1B).The survey was acquired in 2011 
by Gassnova SF and has inline and crossline spacing of 12.5 and 25 m, 
respectively. The maximum resolved depth of the survey is 5000 ms 
TWT. The survey has normal polarity and a zero-phase wavelet. Seismic 
processing focused on resolving the Jurassic interval, and as such, im
agery from that depth is excellent. Faults with throws as low as 5 ms 
TWT (approximately 15 m) can be resolved down to this interval. The 
survey azimuths are 065–245◦ (inlines) and 155-335◦ (cross-lines), 
where inlines strike approximately perpendicular to the VFZ and the 
ØFC, but oblique to smaller intra-block second-order faults. 

3.2. Well control 

Seismic interpretation has been tied to four legacy exploration wells, 
31/6-6, 31/6–2, 32/4-1 T2, and 32/2–1, the locations of which are 
shown in Fig. 1B; seismic picks are shown in Fig. 3 and are similar to 
those made by Whipp et al. (2014), as well as by operators in the area 
according to the Norwegian Petroleum Directorate Fact Pages database 
(NPD; https://factpages.npd.no/). Well 31/6-6 (1984) is located on the 
hanging wall side of the VFZ, and penetrates the Triassic Hegre Group at 
2250 m. Wells 32/4-1 T2 (1996), and 32/2–1 (2008) intersect the Alpha 
and Beta prospects, respectively. Well 32/4-1 T2 was drilled into base
ment with a total depth of 3186 m, whereas well 32/2–1 penetrates the 
Triassic Lunde Formation at a total depth of 1300 m. When needed, 
lithological information was constrained by well logs and operator re
ports sourced from NPD (https://factpages.npd.no). 

3.3. Methodology 

A high-resolution geomodel of the Smeaheia subsurface was inter
preted from the GN1101 3D seismic survey utilising the Petrel E&P 
Software Platform, and constrained by regional 2D seismic and well 
control. Fault and horizon interpretation were conducted with an inline 
and crossline density of every 2 and 4 lines respectively, giving a geo
model with a 50 m grid resolution. All fault interpretation was con
ducted manually. Horizon interpretation was conducted utilising 2D 
seeded auto-tracking where possible. Seismic variance attribute maps 
were created for prominent seismic horizons. The variance attribute 
measures the similarity of waveforms or traces adjacent over a given 
lateral and/or vertical window (e.g., Pigott et al., 2013; Koson et al., 
2014) and as such can be used to image discontinuity of seismic data 
related to faulting or stratigraphy. 

The geomodel was imported into the Fault Analysis application of 
the PETEX Move suite where horizon–fault intersection lines (i.e., cut- 
offs) were interpreted. Each horizon was interpreted as close to its 
termination against a fault as possible (<50 m). Cut-offs were then 
mapped manually along the horizon edges at each fault, and the 
resulting 3D polylines were subsequently projected horizontally and 
perpendicularly to the fault strike. This method was used, as opposed to 
automatic cut-off generation by the software, in order to best honour 
fold geometries along the fault and reduce error where horizon dip an
gles are over 45◦ or cut-off geometry is erratic. This is particularly 
important when considering in-situ juxtaposition. Fault cut-offs were 

used to generate throw vs distance (T-d) plots and 3D visualisations of 
throw which were colour draped on 3D visualisations of fault surfaces. 
Similarly, cross-fault lithological juxtaposition was also generated, and 
the nature of juxtaposition, e.g., sandstone-on-sandstone, was ascribed a 
colour legend for visualization of cross-fault relationships. The high 
resolution geomodel facilitated high Sampling Interval/Fault Length 
Ratios (Ze and Alves, 2019) with the sampling intervals ranging between 
0.7 and 1.25% of total fault lengths. This limits loss of information when 
calculating fault throw attributes. 

Throw-depth profiles (T-z) and expansion index (E.I.) plots were 
constructed in order to constrain the depth of fault nucleation and to 
determine the growth history of seismically imaged normal faults (e.g., 
Tearpock and Bischke, 2002; Bischke, 1994; Cartwright and Mansfield, 
1998; Hongxing and Anderson, 2007; Baudon and Cartwright, 2008; 
Jackson and Rotevatn, 2013; Tvedt et al., 2013; Osagiede et al., 2014). 
For an ideal blind fault, the site of fault nucleation usually correlates to 
the point of maximum throw on T-z plots (e.g., Cartwright and Mans
field, 1998; Hongxing and Anderson, 2007), with throw dissipating to
wards the upper and lower tips. Multiple throw spikes can signify more 
than one phase of fault activity, i.e., reactivation, or reflect the vertical 
linkage of a previously segmented fault (e.g., Cartwright et al., 1998; 
Baudon and Cartwright, 2008; Alves, 2012; Omosanya and Alves, 2014). 

E.I. plots (Thorsen, 1963; Cartwright and Mansfield, 1998; Pochat 
et al., 2009) are generated by dividing the hanging-wall thickness of a 
stratal unit by its corresponding footwall thickness, and plotting these 
data directly against geological age or time depth. E.I. values greater 
than 1.0 indicate the fault intersected the free surface while growing, 
and created greater accommodation in the hanging wall for sediments to 
accumulate, i.e., syn-kinematic sedimentation. Synthesis of T-d, T-z and 
E.I. plots provide compelling evidence for fault timing, segmentation 
history and syn-kinematic sedimentation. 

4. Structural description 

4.1. The Smeaheia Fault Block 

The Smeaheia fault block is located within the north-south striking 
Horda Platform (Fig. 1A), which is a primary structural element located 
along the eastern margin of the northern North Sea. Smeaheia (Fig. 1B) 
refers to the easternmost of the fault blocks that comprise the Horda 
Platform and is delineated by the ØFC to the east, and the VFZ to the 
west (North Sea Blocks 32/4 and 32/1). The Smeaheia Fault Block also 
coincides with parts of the Bjørgvin Arch and the Stord Basin to the 
south. The northern and southern extent of the Smeaheia block has not 
been previously defined, specifically, although Goldsmith (2000) pro
vided some descriptions about the geology within the area of expired 
205 and 369 production licenses used to drill wells 32/4-1 T2 and 
32/2–1, respectively. In this contribution, we define the northern extent 
as the location of a sharp eastward jog in the trace of the VFZ where the 
Uer Terrace and the Bjorvin Arch bound each other. The southern extent 
is defined as the point where the VFZ tips out. Considering this defini
tion, Smeaheia extends over 70 km north-south. The main structural 
elements of the Smeaheia fault block imaged by the GN1101 seismic 
survey are described herein. Attributes of 34 faults that were mapped in 
this study and that intersect the reservoir-caprock succession are sum
marised in Appendix 1. 

4.2. First-order faults 

The Smeaheia bounding fault systems (Figs. 1B and 2), the VFZ and 
the ØFC are defined as first-order faults, i.e., faults that are thick-skinned 
(basement-involved), and offset the basement-cover contact in Smea
heia by approximately − 1500 and − 1600 ms TWT, respectively. The 
basement-cover contact is undulating with reliefs of up to 300 ms TWT 
(Figs. 2 and 4A). East of the ØFC, the seismic character of the basement 
rock is continuously chaotic. A strong seismic reflector apparently 
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delineates the ØFC which exhibits a gentle listric geometry. Between the 
VFZ and the ØFC, the seismic character of the basement is irregular. A 
high amplitude, shallow dipping reflector is seen to the north of the 
GN1101 seismic survey and coincides with a positive undulation or 
promontory in the basement-cover contact. We term tsuch features 
“basement apexes” herein. This particular feature is annotated “Apex 1” 
in Figs. 2A and 4A. Below the basement-cover contact, an approximately 
150 ms thick (but highly variable) interval of low amplitude, low fre
quency seismic reflectors are seen to dip gently to the west and lie on top 

of a series of high amplitude sub-horizontal, but undulating seismic 
reflectors that fan or wedge towards the ØFC. Infrequent, discontinuous, 
horizontal high-amplitude reflectors are observed in the basement 
footwall of the ØFC. An additional basement-cover contact apex (Apex 2 
in Figs. 2 and 4) and underlying high amplitude, shallow-dipping re
flectors can be seen directly underlying the cover expression of the VFZ. 
In the northern part of the GN1101 seismic survey Apex 2 (Fig. 4), the 
underlying low-angle reflector, and the VFZ are apparently hard-linked. 
Towards the south of the study area, however, the apex and the 

Fig. 4. A) Time structure map of the 
basement-cover contact showing a con
tour spacing of 100 ms. Two apexes, i.e., 
positive undulations or promontories, 
are labelled. Apex 1 is local and only 
recognised in the northern central 
extent of the GN1101 seismic survey. 
Apex 2 is more prominent, and con
tinues throughout the entire survey. B) 
Map trace of Apex 2 (stippled blue line) 
that exhibits two distinct kinks in strike 
direction. The figure also shows a fault 
heave map (grey) for the top Sognefjord 
Formation (storage formation-caprock 
interface), the rose diagram shows 
fault strike for this horizon. The VFZ is 
hard-linked to Apex 2 and a low angle, 
high amplitude basement reflector to
wards the north of the GN1101 seismic 
survey. Towards the south, the VFZ un
dergoes a jog towards the west, while 
Apex 2 deviates towards the east, before 
resuming a NNW-SSE strike towards the 
southern extent of the GN1101 seismic 
survey. Note, the intra-block (second- 
order) faults that intersect the storage 
formation branch laterally towards the 
south coincident with the divergence of 
the thin- and thick-skinned structures. 
Alpha (west) and Beta (east) closures for 
fill-to-spill scenarios are also shown. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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underlying low-angle reflector, diverge from the VFZ (Fig. 4). This 
divergence of thin- and thick-skinned features coincides with a west
ward jog in the trace of the VFZ (Figs. 4 and 5) where the fault zone 
undergoes a change from a NNW-SSE strike in the north, to a NNE-SSW 
strike in the south. The basement apex also shows a marked geometric 
change from mimicking the VFZ in the north (NNW-SSE) before 
changing towards a northwest-southeast strike from the same point as 
the VFZ deviates, before resuming a NNW-SSE strike to the southern 
extent of the GN1101 seismic survey. Further, this divergence of thin- 
and thick-skinned structures coincides with a southward branching of 
thin-skinned normal faulting (second-order; described below) that pri
marily intersect the Jurassic—Cretaceous successions (Fig. 4B). 

The up-section extents of the VFZ and the ØFC are observed in 
seismic variance attribute maps (Fig. 5), which have been interpreted in 
fault heave maps (Fig. 6). The map trace of the ØFC shows the structure 
is comprised of a single through-going fault throughout the GN1101 
survey. Further, the ØFC structure shows an undulating strike (corru
gations with wavelengths of 1–2 km) and an overall concave-up 

curvature (scoop-shaped). These corrugations persist vertically along 
the fault surface. In cross-section (Fig. 2) a modestly defined fault-flat is 
observed between − 1250 and − 1600 ms TWT that coincides with the 
Upper Triassic interval and underlies the prominent hanging wall anti
cline that defines the Beta closure. From − 2500 ms to − 700 ms TWT the 
Permo-Triassic to Cretaceous succession in the hanging wall of the ØFC 
is juxtaposed with basement rock in the footwall of the fault complex. 
Above − 700 ms TWT, the ØFC does not appear to intersect strata above 
the base Quaternary unconformity (Fig. 7) also known as the upper 
regional unconformity, i.e. Ottesen et al. (2018). In the footwall of the 
ØFC, no Permo-Triassic succession appears to be preserved, but may be 
present further south (Phillips et al., 2019). There is, however, a rela
tively thin package of presumably Mesozoic strata that onlaps crystalline 
basement and thickens to the east where it infills a narrow graben. To
wards the south of the study area this graben diverges into a series of 
smaller horsts, grabens and half-grabens (Fig. 5B, C, G) similar to those 
mapped by Fossen et al. (1997). Our 2D seismic mapping of reflectors 
extended from the study area constrained by well data on the ØFC 

Fig. 5. Seismic variance attribute maps for seven horizons 
from the GN1101 3D seismic survey. A) Sea floor. Inset 
shows expanded view of pockmarks B) Base Quaternary 
unconformity, C) Top Shetland Group, D) Top Cromer Knoll 
Group, E) Top Draupne Formation, F) Top Sognefjord For
mation, G) Top Brent Group. Blue outlines represent the 
Alpha (left) and Beta (right) closures. Key fault interpreta
tion and nomenclature can be seen in Fig. 6. (For interpre
tation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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hanging wall indicates that this package correlates primarily with Upper 
Jurassic or older sediments which is in accordance to previous in
terpretations by Rokoengen and Sørensen (1990), Fossen et al. (1997), 
Bell et al. (2014), Bjerkeli (2019) and Phillips et al. (2019). In the 
hanging wall of the ØFC, the Permo-Triassic succession thickens towards 
the fault whereas the Jurassic interval thins modestly. The upper-most of 
the Permo-Triassic succession and the entire Jurassic to Lower Creta
ceous succession are both deformed by the anticlinal structure that de
fines the Beta closure. On the eastern flank of the anticline, the 
Sognefjord and Draupne formations, as well as the Cromer Knoll Group, 
show severe normal drag adjacent to the fault which created consider
able accommodation for Cretaceous sedimentation. Quaternary strata, 
while not truncated by faulting, show an apparent sag geometry corre
sponding to the hanging wall of the underlying fault, amplifying the 

erosion from large-scale glacial scours. 
As previously stated, in map view (Fig. 6), the VFZ shows a consid

erable strike deviation (jog) from NNW-SSE in the northern extent of the 
GN1101 seismic survey to NNE-SSW in the south. Superimposed on this 
trend, the VFZ also shows 1–2 km wavelength undulations (corruga
tions) in fault strike. These undulations persist vertically along the fault 
plane. In section view (Fig. 2A), from the top of the Jurassic succession 
(footwall) and up (− 1300 ms TWT), the fault has a shallow dip 
(approximately 50◦), but a steeper dip (approximately 60◦) for the entire 
Upper Permo-Triassic–Jurassic successions (− 1300 to − 2100 ms TWT) 
before gradually shallowing with depth within the Permo-Triassic in
terval and basement beneath. As with the ØFC, the VFZ does not appear 
to cut up-section through the Quaternary strata (Fig. 7), which is flat- 
lying and of relatively uniform thickness in this area. The Permo- 

Fig. 6. Fault heave maps for three stratigraphic 
surfaces with fault dip direction indicated by 
colour, A) Top Draupne Formation, B) Top Sog
nefjord Formation and C) Top Brent Group. A 
rose diagram showing fault strike for the Top 
Sognefjord Formation is also shown in (B). The 
Smeaheia fault block-bounding Vette Fault Zone 
and the Øygarden Fault Complex trend north- 
south and dip towards the west. Subsidiary 
faults strike northwest-southeast and are pre
dominantly synthetic to the fault block bounding 
faults, although a small population of antithetic 
(east-dipping) faults also exist. Note, a high 
population of low-displacement faults that 
intersect the Jurassic succession in the Beta 
prospect are not expressed on fault heave maps, 
but can be seen in variance attribute maps in 
Fig. 5. D) Time structure map of the top Sog
nefjord Formation. Contour spacing is 50 ms 
TWT. Outlines of Alpha and Beta closures for fill- 
to-spill scenarios are shown in all figures. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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Triassic succession shows a large wavelength (5–6 km) roll-over fold 
within the hanging wall of the VFZ and considerable thickening towards 
the fault, whereas the equivalent footwall strata thins and gently dips 
towards the fault. The Jurassic hanging wall succession also shows roll- 
over, thins towards the fault and displays severe normal drag. The 
footwall expression of the succession dips synthetically towards the fault 
and thickens away. Large thickening in the hanging wall of the Creta
ceous successions towards the fault is apparent. The Cenozoic succes
sions below the base Quaternary unconformity show minimal offset, but 
still possess thicker hanging wall packages. Further, the Cretaceous to 
the lower-most of the Cenozoic packages dip towards the west and are 
truncated by the base Quaternary unconformity (Fig. 7). The base 
Quaternary unconformity dips gently to the east in the hanging wall of 
the ØFC and to the west in the footwall. Correspondingly, the deepest 
point is located 2.5 km to the west of the ØFC where Quaternary sedi
ments are at their thickest. The entire Quaternary unit thins rapidly 
towards the east where it overlies the ØFC footwall. The sea floor dips 
gently to the east of the area imaged by the GN1101 seismic survey 

where it exhibits a northwest-southeast orientated depression. 
The persistent listric nature of the ØFC throughout the GN1101 

seismic survey (Fig. 2) is consistent with continued reactivation of a 
single basement-involved structure that propagated up-section 
throughout Mesozoic rift events in the northern North Sea. A similar 
interpretation can be made for the northern extent of the VFZ imaged by 
the GN1101 seismic survey, however, the trend change of the VFZ away 
from the underlying basement apex structure (Apex 2, Fig. 4) shows the 
VFZ is hard-linked with at least two different older basement structures 
(dual-rooted); the basement apex to the east (Fig. 4) and an additional 
structure below the imaged depths of the GN1101 seismic survey. A 
northern North Sea-wide basement seismic facies study by Fazlikhani 
et al. (2017) further corroborates these observations. The dual-rooted 
nature of the shallow parts of the VFZ probably resulted from base
ment structures being imperfectly orientated for reactivation during 
later Mesozoic rift events. It is envisaged that reactivated thick-skinned 
faults propagated up-section and became hard-linked with younger 
shallower faults, the strikes of which are more systematically orientated 

Fig. 7. Fault heave map for the top Sognefjord Formation (storage formation-caprock interface) colour coded by the up-section extent of each fault that intersects the 
prospective storage formation. The rose diagram shows fault strike for this horizon. Faults tip-out up-section within two broad intervals, i) within the Upper Jurassic 
to Lower Cretaceous intervals, i.e., the Draupne Formation and the Cromer Knoll Group (green faults), and ii) higher up in the section just below the base Quaternary 
unconformity (white faults). Individual fault segments of the Vette Fault Zone and the second-order faults analysed in Figs. 8 and 10–12 are annotated. Alpha (west) 
and Beta (east) closures for fill-to-spill scenarios are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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to the causal stresses. Consequentially, the deviation of the VFZ from the 
basement structure towards the south of the study area (Fig. 4) appears 
to result in a zone of diffuse strain during the Jurassic–Cretaceous rift 
event where northwest-southeast thin-skinned second-order faults 
branch towards the southeast at either side of the underlying basement 
apex. Phillips et al. (2019) have noted that a larger jog towards the north 
of the VFZ (Fig. 1B) corresponds to a “domain boundary” of Fossen et al. 
(2017) and further correlates with the subcrop of the Lomre Shear Zone 
mapped by Fazlikhani et al. (2017). As such the style of 
basement-younger fault interactions in the Horda Platform are variable. 

The persistent chaotic seismic facies below the top basement 
reflector are interpreted as Devonian metasediments and Caledonian 
basement (Fig. 2). The high-amplitude, shallow dipping reflectors 
(brown in Fig. 2) that underlie the basement-cover contact apex are 
interpreted as Devonian shear zones. The interval of low-amplitude, 
low-frequency, gently dipping seismic reflectors that lie directly below 
the basement-cover contact (down to − 3200 ms TWT) are interpreted as 
Devonian clastic metasediments, an interpretation that is corroborated 
by Well 32/4-1 T2 (PL 205 Licence Group Well 32/4-1-T2 Final Well 
report, 1997) which penetrated this interval (Fig. 2). The underlying 
series of high amplitude sub-horizontal, but undulating seismic re
flectors (− 3200 to − 3900 ms TWT) that appear to fan or wedge towards 
the ØFC may represent pre-Caledonian metasediments and layered 
Caledonian nappes and/or Devonian clastic metasediments (see Fazli
khani et al., 2017). The less-frequent, discontinuous, horizontal high 
amplitude reflectors observed in the basement footwall of the ØFC 
(− 3500 ms TWT to − 4000 ms TWT) may again represent Caledonian 
nappes or discrete mafic igneous sills which are potentially of Permian 
age (e.g., Heeremans and Faleide, 2004). 

The vertically persistent corrugations that characterise both of the 
Smeaheia block-bounding faults are commonplace in large normal fault 
systems and likely represent the positions of former fault segments that 
coalesced laterally as the faults evolved towards large through-going 
structures (e.g., Lee and Bruhn, 1996; Ferrill et al., 1999; Lohr et al., 
2008; Mulrooney et al., 2017, 2018b). The lower-angle, upper portion of 
the VFZ (Fig. 2) in comparison with the ØFZ is probably lithologicaly 
controlled, where the argillaceous nature of the Cretaceous and Ceno
zoic strata favours lower-angle faults (e.g., Peacock and Xing, 1994). 
The footwall of the ØFC, on the other hand, is comprised of uplifted 
crystalline basement (Bertram and Milton, 1988; Nadin et al., 1995, 
1997). Both faults show steep dips associated with the more sand-prone 
Jurassic succession. Shallowing with depth and overall listric geometries 
are common for deep-seated basement involved faults (Bally et al., 1981; 
Shelton, 1984; Williams and Vann, 1987). The lack of apparent thick
ening of the Jurassic succession in the hanging walls of the VFZ and 
indeed the fact that it thins towards the ØFC is anomalous as previous 
works describe the succession as dominantly syn-rift further west 
(Færseth, 1996; Bell et al., 2014; Whipp et al., 2014; Deng et al., 2017), 
north (Zhong and Escalona, 2020), and south (e.g., Osagiede et al., 
2020). The diachronous nature, however, of the Jurassic–Cretaceous rift 
phase (Kyrkjebø et al., 2004; Bell et al., 2014; Whipp et al., 2014; Duffy 
et al., 2015), and the presence of a thick Cretaceous hanging wall wedge 
(Phillips et al., 2019 and supported herein) indicate that movement on 
the VFZ took place quite late in this rift phase. Further, the 
deeper-buried nature of the VFZ hanging wall strata (500 ms TWT 
deeper) may mask thickness variations in time migrated seismic data. 
Clear thickness increases in the Permo-Triassic and Cretaceous succes
sions in the hanging walls of both faults is in accordance with large 
displacement accrual during deposition. 

The Quaternary package is interpreted as post-rift where differential 
compaction (e.g., Jackson et al., 2008) is primarily attributed to the sag 
geometry in the hanging wall of the ØFC. Conversely, no such localised 
sag is evident in the hanging wall of the VFZ where the Quaternary 
succession is generally flat-lying. The thinning of the Quaternary suc
cessions to the east of the study area likely reflects the aforementioned 
differential compaction in addition to tectonic rejuvenation of Norway 

(e.g., Fjeldskaar et al., 2000). 
The roll-over geometries expressed in the hanging walls of both the 

VFZ and the ØFC (Fig. 2) are credited to the listric and ramp-flat-ramp 
natures of the respective faults (e.g., Dula Jr., 1991; McClay and Scott, 
1991; Xiao and Suppe, 1992). For both faults, the well-developed 
normal drag (Fig. 2) observed in hanging wall packages of the Juras
sic–Cretaceous are consistent with breach of extensional monoclines 
that formed ahead of faults as they propagated up section (e.g., Sharp 
et al., 2000; Jackson et al., 2006; Braathen et al., 2011; Maher and 
Braathen, 2011; Mulrooney et al., 2017). The gently westward-dipping 
nature of footwall sediments in both structures also corresponds to 
breach of extensional monoclines where the majority of the propagation 
folding is preserved in the hanging wall (Jackson et al., 2006). The 
higher westward-dip angle of the top Draupne Formation horizon is 
credited to erosion. 

4.3. The Vette relay zone 

Seismic variance attribute maps of the southwestern extent of the 
GN1101 survey exhibit a relay zone in the VFZ comprising of three main 
synthetic segments (Vette 01, 02 and 03) as well as three smaller seg
ments that splay from the larger structures (Figs. 5 and 8). The northern 
extent of both Vette 03 and Vette 02 curve towards and are hard-linked 
with Vette 01. South of the linkage points, Vette 02 and 03 are laterally 
separated from Vette 01 by 1100 and 1300 m, respectively. The Vette 
01, apart from the southern 5 km of the segment, continues up-section to 
the base Quaternary unconformity. The southern 5 km of Vette 01, Vette 
02 and Vette 3 exhibit a more limited vertical extent, tipping out up- 
section within the Upper Jurassic to Lower Cretaceous Draupne For
mation and the lower part of the Cromer Knoll Group. Vette 02 con
tinues for 25 km to the south as another major segment of the VFZ 
(Fig. 1B). 

Throw vs distance (T-d), Throw vs depth (T-z) and Expansion Index 
(E.I.) plots are presented in Fig. 9 for Vette 01 and Vette 02. Vette 01 
shows established displacement (up to 1000 ms TWT) within basement 
rocks which decreases throughout the Permo-Triassic succession to 500 
ms TWT, a spike in displacement within the Jurassic succession (600 ms 
TWT), a dramatic curtailment of displacement through the Cretaceous 
strata, followed by a gradual dissipation of displacement within the 
lower Cenozoic (Fig. 9A). No offset of the Quaternary succession is 
observed. The fault exhibits a saw-tooth T-d profile (Fig. 9A) where 6 
local displacement minima which represent sudden decreases in throw 
(>50 ms TWT) over a short interval are seen. Expansion of hanging wall 
strata (in relation to footwall strata thickness of the same package) is 
observed within the Triassic (E.I. of 1.5), Upper Jurassic (E.I. of 1.5), 
Lower Cretaceous (E.I. of 2.7) and again within the upper Palaeocene 
Sele Formation (E.I. of 1.6). 

To the south, Vette 02 (Fig. 9B) shows no established displacement 
within the basement, a gradual increase throughout the Permo-Triassic, 
which reaches a maximum within the Jurassic succession (175 ms TWT), 
before decreasing throughout the Lower Cretaceous Cromer Knoll 
Group. No displacement is observed within the Shetland Group or 
above. T-d plots (Fig. 9B) show 3 marked displacement minima. A 
dramatic decrease in throw is observed where the fault approaches the 
Vette 01 segment to the north. In addition, displacement of the Draupne 
Fm dissipates to zero 2.5 km south of the northernmost extent of the 
fault segment. Expansion of hanging wall strata is only observed in the 
Late Jurassic (E.I. of 1.125) and Early Cretaceous successions (E.I. of 
1.165). 

Figs. 10 and 11 show hanging wall and footwall horizon-fault in
tersections (cut-offs), lithological cross-fault juxtaposition (for general
ised lithologies) and computed throw values for Vette 01 and Vette 02, 
respectively. Within the footwall of Vette 01, the thickness of the 
Draupne Formation, the prospective caprock, thins considerably to
wards the north of the fault segment compared to other mapped hori
zons. The prospective storage formation, here considered the entire 
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interval from the top of the Brent Group to the top of the Sognefjord, i.e., 
the Viking Group sandstones, is dominantly self-separated across the 
VFZ (Fig. 10). Here the reservoir in the footwall is primarily juxtaposed 
against the Cromer Knoll Group (lightest blue colour; Fig. 10B). Towards 
the south of the Vette 01 fault segment, displacement dissipates 
(Fig. 10C) and the footwall reservoir is progressively juxtaposed against 
the caprock in the hanging wall, and finally self-juxtaposed (lightest 
yellow colour; Fig. 10B). 

Given the lower measurable displacement on Vette 02 to the south 
(Fig. 11C) compared to Vette 01, the upper part of the footwall storage 
formation is juxtaposed against the Draupne Formation caprock in the 
hanging wall. The remaining majority of the footwall storage formation 
is self-juxtaposed across the fault. Towards the south of the imaged 
portion of Vette 02 (Figs. 9B and 11 C), throw increases significantly 
coincident with dramatic reduction on Vette 01 (Figs. 9A and 10C). 

The Vette 01 segment developed during Permo-Triassic rifting and 
was reactivated during the Late Jurassic–Early Cretaceous. Displace
ment minima in Fig. 9A may represent sites where earlier fault segments 
linked (e.g., Lohr et al., 2008). The relay zone only shows evidence of 
activity during the Late Jurassic–Early Cretaceous (Fig. 9; see Discus
sion) where it formed by overlap of the Vette 01 and 02 segments. The 
rapid displacement drop-off on the Vette 02 segment towards the north 
likely reflects interaction with the larger Vette 01 segment (e.g., Duffy 
et al., 2015). The reduction in the trace length (tip-line retreat) of the 
Vette 02 segment up section (in the Draupne Fm) is also indicative of 
overlap of the fault strain field with that of the neighbouring Vette 01 
segment (e.g., Childs et al., 2002). Vette 03 exhibits a much smaller 
displacement, and is interpreted as a minor structure that locally 

accommodates strain. Whereas the relay zone only shows evidence of 
activity during the Late Cretaceous to the Early Jurassic rift phase, the 
majority of the Vette 01 segment has continued to accrue displacement 
into the Cenozoic. The small splay faults (Fig. 8) likely result from 
localised stress variation in the shadows of the larger structures (e.g., 
Maerten et al., 2002). The nature of juxtaposition across the Vette 01 
fault is favourable for CO2 containment within the Alpha structure, 
whereas the juxtaposition across the relay zone (Fig. 8) probably pro
motes pressure communication between the Smeaheia fault block and 
the neighbouring Tusse fault block. 

4.4. Second-order faults 

A population of intra-block subsidiary faults with northwest- 
southeast strikes intersect the Smeaheia fault block (Figs. 5 and 6). 
These faults exhibit maximum trace lengths of approximately 7 km, 
spacing in the range of 1–3 km and maximum throws between 5 and 60 
ms TWT (approx. 15–90 m). The faults are thin-skinned and tip out 
down section within the lower-most Jurassic or upper-most Permo- 
Triassic (Fig. 2B). Up section, the faults tip out within the Upper 
Jurassic–Lower Cretaceous Draupne Formation and Cromer Knoll Group 
(Fig. 7). The majority of the faults dip towards the southwest, i.e., 
synthetic to the VFZ (Fig. 6). A clear branching from a change in polarity 
on the Vette 01 and towards the southwest is observed. This results in a 
triangular region of diffuse strain with an area of approximately 110 
km2 that probably extends southwards of the GN1101 seismic survey. 
Several of the northwest-southeast striking faults intersect the reservoir- 
caprock succession of the Alpha closure in the area covered by the 

Fig. 8. A) Variance attribute map of the Vette 
Fault Zone (left) and interpretation (right) for the 
Top Sognefjord Formation. Red faults dip to
wards the west whereas blue faults dip towards 
the east. Note, the fault zone continues both 
north and south beyond the coverage of the 
GN1101 3D seismic survey. Three primary seg
ments of the fault zone that form a relay zone are 
labelled (Vette 01, 02 and 03). B) A 3D 
perspective view of the relay zone as expressed at 
the Top Sognefjord Formation (top) with inter
pretation (bottom) of the primary fault segments 
and smaller splays. C) Simplified juxtaposition 
diagram (3D perspective) of faults in the vicinity 
of the relay zone. See Fig. 10 and 11 for more 
fault attributes of the Vette 01 and 02 faults and 
for the juxtaposition colour legend. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version 
of this article.)   
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Fig. 9. (Left) Throw ‘vs’ distance (T-d) plots and (right) throw ‘vs’ depth (T-z)/Expansion Index (E.I.) for (A) the main northern Vette Fault Zone segment (Vette 01), 
(B) the main southern Vette Fault Zone segment (Vette 02) and (C) the synthetic second-order fault FW 01 N. Local displacement minima are highlighted in T-d plots. 
The inset map in (B) shows points of maximum throw where T-z and E.I were measured. Abbreviations: BQU = Base Quaternary unconformity, Sl. Fm = Sele 
Formation, Intra Rgl. Gp = Intra Rogaland Group, Shtl. Gp = Shetland Group, CK Gp = Cromer Knoll Group, Drp. Fm = Draupne Formation, Sgnf. Fm = Sognefjord 
Formation, Brt. Gp = Brent Group, Base. = Basement. Vette 01 is a thick-skinned (basement-involved) fault that shows evidence of activity in the Permo-Triassic, Late 
Jurassic–Late Cretaceous and Palaeocene–Eocene. Vette 02, while likely thick-skinned to the south, shows no evidence of activity before the Late Jurassic in the area 
covered by the GN1101 seismic survey. Activity continued into the Early Cretaceous. FW01 tips out down-section within the Permo-Triassic succession and shows 
pulses of activity during the Late Jurassic and the Late Cretaceous. 
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GN1101 seismic survey, and more probably occur north and south of the 
survey. 

Seismic variance attribute maps (Fig. 5F and G) show a dense pop
ulation of low-displacement faults parallel to, and in the immediate 
hanging wall of the ØFC. Localisation of these structures along the crest 
of the ØFC hanging wall rollover is apparent, which also coincides with 
the Beta closure. Here, these faults often have trace lengths of less than 1 
km, show both synthetic and antithetic dip directions to the ØFC, 
spacing in the range of 100–300 m and maximum throws of 10–20 ms 
TWT. Moreover, these small faults appear to branch from a common 
origin at depth in the Permo-Triassic or Lower Jurassic successions, and 
mostly tip-out up-section in the upper-most Jurassic interval. A popu
lation of low-displacement subsidiary faults intersect the Permo-Triassic 
succession at depth (Fig. 2), but are poorly resolved by the GN1101 
seismic survey. 

Throw vs distance (T-d), throw vs depth (T-z) and Expansion Index 
(E.I.) plots for FW 01 N that is representative of the northwest-southeast 
striking second-order faults that intersect the Jurassic reservoir interval 
within the Alpha closure are shown in Fig. 9C. The FW 01 N fault cuts 

down section into the upper-most Permo-Triassic succession, but not 
through the basement (thin-skinned). At the point of maximum 
displacement, this fault shows an up-section increase in displacement 
throughout the Jurassic strata, consistent displacement within the 
Lower Cretaceous (slightly increasing up-section), followed by a 
displacement spike within the Upper Cretaceous Shetland Group and the 
Palaeocene–lower Eocene Rogaland Group (maximum of 60 ms TWT). 
Displacement dissipates to zero by the top of the Sele Formation (upper 
Palaeocene). T-d plots show some along-strike variation to this trend, 
notably 6 displacement minima that broadly correlate between all ho
rizons. Hanging wall expansion is observed in the Upper Jurassic suc
cession, and within the Late Cretaceous succession. No faults displace 
strata above the base Quaternary unconformity, although erosion has 
made the cessation of their displacement impossible to interpret pre
cisely from the seismic data. 

Fig. 12 shows hanging wall and footwall horizon-fault intersections 
(cut-offs), lithological cross-fault juxtaposition (for generalized lithol
ogies) and computed throw values for FW 01 N. Typically, the majority 
of the Viking Group sandstones (perspective storage formation) are self- 

Fig. 10. Perspective images of an approx. 15 km long section of the main segment of the Vette Fault Zone (Vette 01) showing A) fault-horizon intersections (cut-offs), 
B) simplified lithological juxtaposition across the fault and C) fault throw distribution. Location of fault shown in Fig. 9B. Note the storage formation (here considered 
the interval between the top of the Brent Group and the Sognefjord Formation) is progressively juxtaposed with the Cromer Knoll Group towards the north where 
throw values are higher. Progressive thinning of the primary caprock (Draupne Formation) is also seen towards the north. 
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juxtaposed across these faults (e.g., Fig. 12B). FW 01 N shows an 
asymmetric throw distribution (Figs. 9C and 12C), with less throw to
wards the northwest, where the fault becomes hard-linked with Vette 
01. Throw values for the top Shetland Group dissipate to zero approx. 
1.5 km southeast of the north-western extent of the fault. Rapid dissi
pation of the fault throw is also noted towards the southeast extent of the 
fault (approx. 6000 m distance in Fig. 9C). 

The second-order faults that only displace Upper Jurassic and over
lying strata initiated during the second phase of rifting (Late Jurassic
–Early Cretaceous), where pre-existing Permo-Triassic and older 
basement structures were presumably not preferentially orientated 
(striking mostly north-south), an interpretation which agrees with pre
vious workers (e.g., Færseth, 1996; Færseth & Ravnås, 1998; Tomasso 
et al., 2008; Phillips et al., 2019). Isolated pulses of activity are 
discernible by E.I. and T-z analyses (see Discussion). The asymmetric 
throw profile is credited to interactions with the Vette 01 segment to the 
northwest, and an overlapping subsidiary fault to the south (FW 01 S in 
Fig. 7). The rapid dissipation of throw in the top Shetland Group towards 
the north-western extent of the fault may be misleading as the fault was 
interpreted to tip-out further-down section. As such, higher resolution 

data may show that the fault persists here which would produce a 
smoother T-d taper. 

The population of closely spaced, low-displacement faults affecting 
the culmination of the Beta closure are interpreted as crestal collapse 
faults. These faults form due to the gravitational instability of roll-over 
folds which form due to the listric or ramp-flat-ramp geometries on 
underlying faults (e.g. McClay and Ellis, 1987; McClay, 1990; McClay 
and Scott, 1991). While their north-south orientation conforms to an 
east-west extensional direction during the second phase of rifting as 
postulated by Whipp et al. (2014) and Reeve et al. (2015), the strikes of 
these structures are not envisaged to represent the regional in-situ stress 
field, but rather reflect the trend of the roll-over fold. The combination 
of small growth packages within the Draupne Formation (Fig. 2B) and 
the up-section extent of these faults suggests they were short lived; both 
initiating and terminating (for the most part) during the Late Jurassic. 

4.5. Structural closures 

Following the above structural description, and considering the 
Sognefjord and Draupne formations as prospective CO2 storage and top 

Fig. 11. Perspective images of an approx. 3 km long section of the Vette 02 segment that forms a relay zone with the Vette 01 segment. A) fault-horizon intersections 
(cut-offs), B) simplified lithological juxtaposition across the fault and C) fault throw distribution. Location of fault shown in Fig. 9B. Note, the storage formation is 
primarily self-juxtaposed across the fault. 
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seal formations, respectively, two structural closures (Figs. 2 and 6D) 
previously defined by Statoil (2016), have been outlined at a higher 
resolution herein. The Alpha structure (Fig. 6D) is defined as a three-way 
closure in the footwall of, and against, the VFZ. Here, the Sognefjord 
Formation dips gently towards the east, north and south. In map view 
(Figs. 1B, 5 and 6), this closure is considered domal towards the 
northern extent of the GN1101 survey, with an elongated axis towards 
the NNW (interpreted using 2D regional seismic). The Alpha structure 
comprises an areal extent of 27.2 km2, at the fill-to-spill point and 
proposed CO2-formation water contact (Fig. 6D) at − 1323 ms TWT 
depth. The culmination of the closure is situated at − 1259 ms TWT 
(Fig. 2A). The spill point envisaged for Alpha to spill over to Beta is 
shown in Fig. 6D. At a shallower depth (100–150 ms TWT shallower 
than Alpha), the Beta structure (Fig. 6D) is also defined as a three-way 
closure where the Sognefjord Formation dips to the west, east and 
south but abuts the ØFC north and outside of the GN1101 seismic survey 
(Fig. 1B) where the complex undergoes a sharp change from a 
north-south to a northwest-southeast strike. The Beta structure com
prises an areal extent of approximately 105.5 km2 at the fill-to-spill 
point and proposed CO2-formation water contact at − 1175 ms TWT 

depth (Fig. 6D. The culmination of the closure is situated at − 930 ms 
TWT (Fig. 2). In map view, the Beta closure (Fig. 6D) is characterised by 
a gentle sinusoidal geometry that is overall elongated NNW-SSE parallel 
to the ØFC. Deeper formations, e.g., the Jurassic Johansen and Cook 
formations (Bergmo et al., 2011; Bretan et al., 2011), and the Triassic 
Lunde Formation (Reinholdtsen et al., 2011) have also been proposed as 
potential CO2 storage units. While the Johansen Formation may have a 
similar but smaller closure geometry as the Sognefjord Formation in the 
Alpha closure, the formation is not present in Beta (Sundal et al., 2016). 
The Triassic succession shows no significant Alpha closure, whereas the 
Beta expression of the closure is narrower than at the Sognefjord For
mation level. Moreover, fracture zones and weathering profiles in the 
crystalline basement rocks (e.g., Riber et al., 2015, 2016) may also 
present potential CO2 storage opportunity but are beyond the scope of 
this study. 

4.6. Overburden 

A time-thickness map (Fig. 13), in addition to horizon-fault in
tersections (Fig. 10A) show the primary caprock envisaged for 

Fig. 12. Perspective images of the approx. 5 km long synthetic subsidiary fault (FW 01 N) that intersects the Alpha prospect showing A) fault–horizon intersections 
(cut-offs), B) simplified lithological juxtaposition across the fault and C) fault throw distribution. Location of fault shown in Fig. 9B. Note, the storage formation is 
primarily self-juxtaposed across the fault. 
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Smeaheia, the Draupne Formation, thins northwards along the VFZ and 
above the Alpha closure. Immediately adjacent to the VFZ, within the 
resolution of the data, the caprock may be completely absent to the 
north. In these thinned areas, the upper boundary of the formation 
truncates intra-formational reflectors. A slight thickening of the caprock 
is observed towards the centre of the study area between the Alpha and 
Beta prospects whilst the northern part of the Beta prospect again shows 
caprock thinning, but not as severe as for Alpha. 

A population of low displacement faults is recognised (Figs. 5 and 14) 
intersecting, and generally confined to the sedimentary overburden (the 
Cretaceous Cromer Knoll Group and above) in the Smeaheia fault block. 
The faults exhibit somewhat chaotic orientations. A northwest-southeast 
direction dominates (Fig. 14), however this may be an artefact of uni
directional (inlines only) interpretation. Trace lengths are typically less 
than 1 km, while displacement is on the border of seismic resolution. 
Bifurcation up-section from within the Cromer Knoll Group is observed 
and fault populations are at a maximum within the Rogaland Group. 
These faults also intersect the Eocene to lower Miocene Hordaland 
Group to the west of the study area where these units are present (i.e., 
Wrona et al., 2017). Occasionally these low displacement faults intersect 
or branch from deeper tectonic faults and displace sediments all the way 
up to the base of the Quaternary interval. 

The thin nature of the caprock on the north-western margin of the 
Alpha closure adjacent to the VFZ and in the northern part of the Beta 
closure is interpreted as the product of the Northern North Sea Uncon
formity Complex (Fyfe et al., 1981; Rawson and Riley, 1982; Kyrkjebø 
et al., 2004), i.e., the base Cretaceous unconformity (BCU) that divides 
syn-and post-rift in the North Sea. Results herein (Fig. 9) indicate ver
tical movements on the VFZ during deposition of the Draupne Formation 
(Late Jurassic to Early Cretaceous). The thinning of the caprock is 

interpreted as erosion due to footwall rebound (e.g., Wernicke and Axen, 
1988). Given the diminished thickness of the Draupne Formation, the 
immediate overburden, i.e., the Cromer Knoll Group must act as a sec
ondary caprock. Fair seal potential of the Cromer Knoll Group is a 
possibility given the argillaceous, fine-grained composition of the group, 
and its apparent capacity to seal the neighbouring Troll field in some 
locations (Bolle, 1992; Bretan et al., 2011; Osmond et al., 2020b, 
2020c). 

The population of low displacement, somewhat chaotically orien
tated faults are similar to polygonal faults described in many other mud 
dominated Cenozoic successions in the North Sea (e.g., Henriet et al., 
1991; Stewart, 1996; Cartwright, 2004; Cartwright and Lonergan, 1996; 
Lonergan et al., 1998). Several mechanisms have been suggested for the 
formation of polygonal faults, e.g., basement reactivation, thermal 
subsidence, gravitational instability, overpressure build-up and volu
metric contraction during compaction. Previous studies on these faults 
from the Horda Platform (Clausen et al., 1999; Wrona et al., 2017) used 
fault throw measurements to determine that these faults developed 
during the Eocene to early Oligocene, with possible reactivation during 
the late Oligocene to mid-Miocene. 

While several of the aforementioned mechanisms proposed for 
polygonal faults are non-tectonic, the northwest-southeast organization, 
if a robust observation, suggests ambient stress fields acting on the area. 
Moreover, the occasional connectivity with deeper seated tectonic faults 
suggests minor Cenozoic reactivation of older faults played a role. 

5. Discussion 

The GN1101 seismic survey provides high resolution imagery of the 
Smeaheia fault block which is one of several rotated fault blocks that 

Fig. 13. Time-thickness variation map of the Draupne Formation from the GN1101 3D seismic survey. Note the formation is drastically thinner in the immediate 
footwall of the Vette Fault Zone. Outline of the Alpha and Beta prospect’s CO2-water contacts in fill-to-spill scenarios also shown in black. 
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Fig. 14. A) Expanded view of section 1 shown in Fig. 2A highlighting overburden-confined, low displacement, closely spaced faulting (polygonal faults). A small 
number of faults affecting the overburden can be seen continuing down-section and intersecting the potential CO2 reservoir (Jurassic Sognefjord Formation). B) 
Oblique 3D perspective view of polygonal faults affecting the Smeaheia overburden. Fault colours are arbitrary. The top of the Draupne Formation underlying the low 
displacement faults is shown in grey. The purple line represents the northern extent of the GN1101 survey, while the yellow line delineates the Alpha prospect’s 
potential CO2-water contacts in a fill-to-spill scenario. Vertical exaggeration (V.E.) is denoted in (A) and (B). C) Structure maps (ms TWT) showing fault-horizon 
intersection trace lines (white) for the top of the Shetland and Cromer Knoll groups. Tectonic faults that extend down-section into the Sognefjord Formation are 
shown in red, while the Alpha prospect is outlined in black. Fault interpretations are restricted to within the area of the Alpha closure only. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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comprise the northern Horda Platform, and more regionally, the eastern 
margin of the North Sea rift system (the ØFC, and the ØFC footwall 
horsts/grabens mark the eastern extent of the first and second rift 
phases, respectively). This localised study provides insight for the timing 
of rifting on the Horda Platform, especially during Rift Phase 2 (Jurassic- 
Cretaceous rifting) which previous workers have described as dia
chronous with strain localisation in the Viking Graben area, but east
wards migration of activity over a 30 My period (e.g., Bell et al., 2014). 
As such this section starts with a detailed discussion on the timing of 
first- and second-order fault activity in the Smeaheia fault block which 
contributes to regional understanding of how and when the Horda 
Platform developed. Secondly, fault orientations and interactions be
tween first- and second-order faults provide insight into the direction
ality of stresses during the second phase of rifting in the Horda Platform. 
Finally, given that the Alpha and Beta closures are two fault-bound CO2 
prospects, the structural analysis herein serves to reduce important 
geological uncertainties including cross-fault juxtaposition of both the 
closure bounding faults and second-order faults that intersect the stor
age formation, caprock continuity, and connectivity between deep tec
tonic and shallow polygonal faults. The implications of these findings on 
CO2 storage within the Smeaheia fault block are discussed below. 

5.1. Fault evolution and timing 

Synthesis of the T-d, T-z and E.I. diagrams (Fig. 9), in addition to 
recognition of growth wedges (Fig. 2) provide compelling evidence for 
fault timing and syn-kinematic sedimentation which have been sum
marised in Fig. 15. Comparison of fault timing derived herein with 
previous work (e.g., Bell et al., 2014; Whipp et al., 2014; Duffy et al., 
2015) highlights the diachronous nature of the second phase of rifting in 
the northern North Sea. 

Starting with the oldest imaged structures, considerable displace
ment of the basement-cover contact across Vette 01 and below (Fig. 9C), 
is consistent with upward propagation of basement lineaments, (e.g., 
Walsh et al., 2003). Moreover, mapping of the Vette 01 fault segment at 
depth (Fig. 4) reveals it is hard-linked with two separate basement 
structures (dual-rooted). 

Displacement values within the Permo-Triassic and the Jurassic 
successions of the VFZ, are sizeable (up to 1000 ms TWT; approx. 1400), 
and are consistent with two rift events. E.I. plots (Fig. 9) confirm syn- 
kinematic sedimentation during both the Permo-Triassic and Upper 
Jurassic–Cretaceous packages. It should be noted, however, that erosion 
of the Draupne Formation in the hanging wall of Vette 01 may exag
gerate Upper Jurassic values. Modest expansion of the Shetland Group 
indicates that the VFZ continued to accrue displacement later in this 
area (Late Cretaceous) than further west which corroborates previous 
work by Bell et al. (2014) and Phillips et al. (2019). 

T-z and E.I. diagrams provide robust evidence of the timing of for
mation and breach of the VFZ relay zone. The faults that are involved in 
the relay, i.e., the southern-most part of Vette 01 and northern-most part 
of Vette 02 (Fig. 8) record displacement (Fig. 9A and B), but no 
expansion of the Permo-Triassic. Expansion of this interval in the 
hanging wall of Vette 01 (Fig. 9A) is only seen further north on the 
segment. Further, the displacement spike within the Jurassic, and the 
expansion of the Upper Jurassic to Lower Cretaceous packages indicate a 
single phase of rifting (Fig. 9). Vette 01 and 02 are therefore envisaged to 
have existed as separate non-linked faults during the Permo-Triassic rift 
phase, only becoming hard-linked during the later Jurassic–Cretaceous 
rift phase. 

Up-section, the recognition of expansion of the Rogaland Group in 
the hanging wall of Vette 01 (Figs. 2 and 9) is novel and indicates a late 
phase of reactivation in the Palaeocene. Similar hanging wall expansions 
of the Svartalv and Troll fault systems (and associated second-order 
faults) to the west have been advocated by Whipp et al. (2014) which 
suggests this reactivation, while not recording high displacement, was 
distributed across at least a 50 km zone in the northern Horda Platform 

(Fig. 1B). 
On the opposite side of the fault block, poor stratigraphic control 

across the ØFZ owing to Cenozoic uplift and erosion makes T-z and E.I. 
analyses impractical. Wedge geometries, however, are consistent with 
activity during the Permo-Triassic (Rift Phase 1), and in the Early 
Cretaceous (Rift Phase 2). No evidence of movement during deposition 
of the Jurassic has been observed, however, which is the main phase of 
fault activity further west in the northern North Sea (e.g., Badley et al., 
1988; Underhill and Partington, 1993; Roberts et al., 1995; Coward 
et al., 2003; Cowie et al., 2005). This again corroborates the diachronous 
nature of Rift Phase 2 (e.g., Coward et al., 2003; Cowie et al., 2005; Bell 
et al., 2014). Missing stratigraphy due to uplift and erosion between the 
Lower Cretaceous and the Quaternary successions hinder interpretation 
of the ØFC’s late-most activity history, and as such we cannot determine 
if the fault moved during the aforementioned Palaeocene reactivation. 

Within the fault block, second-order faults (e.g., FW 01 N; Fig. 9C) 
show isolated Late Jurassic and Late Cretaceous pulses of activity which 
again reflects the late timing of this rift event on the eastern margin of 
the Horda Platform. These faults are thin skinned and did not exist 
during Rift Phase I. The aforementioned late pulse of reactivation during 
the Palaeocene–Early Eocene documented on Vette 01 is also seen on 
some intra-block second order faults (e.g. FW 01 N). This is a novel 
observation for the Smeaheia fault block. 

Our analysis suggests cessation of faults that bound (first-order) and 
lie within (second-order) the Smeaheia fault block occurred sometime 
before deposition of the preserved portion of the Quaternary succession. 
This time for the end of major fault activity in the area is corroborated by 
previous studies (e.g., Bell et al., 2014) and as such seems to be generally 
true for the entire northern Horda Platform. Farther north, however, Bell 
et al. (2014) have suggested displacement continued to accrue locally on 
a northern segment of the ØFC until the Holocene. Moreover, present 
seismicity has been recorded in the Øygarden area (e.g., Olesen et al., 
2013). The late-most extension on the northern Horda Platform has been 
credited to flexural bending associated with post-rift thermal subsidence 
focused in the North Viking Graben (Badley et al., 1984), and far-field 
stresses associated with rifting and final breakup in the North Atlantic 
(Bell et al., 2014; Phillips et al., 2019). 

In summary, rift ages determined herein are generally consistent 
with previous works (e.g., Faerseth et al., 1995; Færseth, 1996; Ter 
Voorde et al., 2000; Davies et al., 2001; Coward et al., 2003; Cowie et al., 
2005; Bell et al., 2014; Duffy et al., 2015). The Permo-Triassic rift event 
is recorded on the main northern segment of the VFZ (Vette 01) and on 
the ØFC, but without precise timing owing to diminishing seismic res
olution and well control with depth. The results in Fig. 9, however, 
provide novel information regarding the timing of the later rift event, 
usually ascribed to the Late Jurassic to Early Cretaceous (e.g., Badley 
et al., 1988; Underhill and Partington, 1993; Duffy et al., 2015 and 
references therein). We determine the VFZ, while reactivated in the Late 
Jurassic, accrued the largest displacement during the Early Cretaceous 
(Ryazanian to Albian/Early Cenomanian), but remained active (in parts) 
throughout the Late Cretaceous and into the Palaeocene—Eocene. 
Further, there is a complete lack of evidence for any movement during 
the second phase of rifting on the ØFC before deposition of the Lower 
Cretaceous. Intra-block, second-order faults show isolated Late Jurassic 
and Late Cretaceous pulses of activity and again show evidence of 
reactivation in the Palaeocene—Eocene. These observations corroborate 
the diachronous migration of strain during Rift Phase 2, and suggest this 
phase of rifting lasted far longer than 30 Myr as previously suggested (e. 
g., Færseth, 1996; Bell et al., 2014; Whipp et al., 2014; Deng et al., 
2017). 

5.2. Stress orientation during rift phase 2 

No consensus on the direction of extension during the second phase 
of rifting in the northern North Sea prevails. Several orientations have 
been postulated including east-west, northwest-southeast, and 
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Fig. 15. Fault activity diagram showing stratigraphic successions intersected by the tectonic and non-tectonic faults within the GN1101 seismic survey. FW 01 N is 
representative of the population of northwest-southeast second-order faults, although some tip-out at shallower depths than depicted here. Grey bars indicate 
successions are simply displaced, whereas red bars indicate fault activity discerned from growth geometries, T-z and E.I. analyses herein. Polygonal fault ages are 
derived from Clausen et al. (1999) and Wrona et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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northeast-southwest (Badley et al., 1988; Roberts et al., 1990, 1993; 
Ziegler, 1990; Stewart et al., 1992; Bartholomew et al., 1993; Brun and 
Tron, 1993 Færseth, 1996; Doré et al., 1997; Faerseth and Ravnås, 1998; 
Duffy et al., 2015). Given the evidence for limited or very late reac
tivation of the VFZ (Phillips et al., 2019; Zhong and Escalona, 2020 and 
herein), we consider east-west extensional stresses to be very unlikely. 
Our study area, however, may not be representative of the larger Horda 
Platform. Northwest-southeast fault orientations of the second rift phase 
described herein (and by Phillips et al., 2019) are similar to that 
described by Deng et al. (2017) who credit a northeast-southwest 
extensional stress direction for creation of these subsidiary faults. This 
orientation suggests clockwise rotation of stresses from the 
Permo-Triassic rift event. Fault orientation does not, however, ubiqui
tously represent the direction of causal stresses. Phillips et al. (2019) 
argue that the northwest-southeast orientation of faulting is instead a 

result of local stress perturbations surrounding larger N–S striking faults 
as documented by Duffy et al. (2015), Reeve et al. (2015) and Whipp 
et al. (2014). We have documented that these northwest-southeast 
striking faults form a triangular region of defuse strain (branching to
wards the south) that coincides with decoupling between a deep-rooted 
basement fault and the VFZ towards the south of the study area. This 
region of diffuse strain likely accommodated differential movement on 
two adjacent basement structures (Fig. 4). As such, the orientation of 
these Late Jurassic–Early Cretaceous faults is likely influenced by local 
stress perturbations and cannot be used to accurately discern the 
orientation of horizontal stresses during rifting. 

The observations herein that polygonal faults which intersect the 
sedimentary overburden (the Cretaceous Cromer Knoll Group and 
above) show a degree of northwest-southeast organisation, and that in 
some cases they are hard-linked with deeper tectonic faults, suggests 

Fig. 16. Perspective view of two composite seismic lines intersecting the (A) north and the (B) south of the GN1101 seismic survey. Key geological controls informed 
by this study on injection of CO2 into Jurassic Viking Group sandstones (yellow) are schematised and numbered 1–4 (black). 1) The perspective storage aquifer in the 
Alpha prospect is primarily juxtaposed against the Cretaceous overburden across the VFZ. 2) The Draupne Formation, i.e., the primary caprock is thin overlying the 
alpha prospect. The overburden, however will likely contribute as a secondary caprock, as it does in the neighbouring Troll East field. 3) Juxtaposition of the 
perspective storage aquifer across a relay zone in the VFZ provides a possible pressure communication pathway between the Smeaheia area and the Troll fields to the 
east. 4) Intra-block, second-order faults show predominant cross-fault juxtaposition of the primary storage formation. While these faults may present some baffling 
capacity to fluid flow on injection timescales, they are not expected to act as sealing faults. As such, the target formation is not considered compartmentalised. 
Further, observations herein inform additional uncertainties which require future maturation in order to reduce subsurface risk associated with CO2 injection into the 
Smeaheia fault block. These observations are schematised and numbered 5–7 (red).5) While provisional cross-fault juxtaposition of Vette 01 provides qualitative 
analysis of fault seal, in-depth quantitative analysis of both fault seal and caprock integrity are required in order to fully de-risk the Alpha closure. The neighbouring 
Troll East field may provide a good analogue for fault and top seal calibration. 6) Several intra-block, second-order faults intersect both the proposed storage 
formation, caprock and overburden. Further, intra-formational polygonal faults in the overburden tend to abut against first- and second-order tectonic faults. This 
connectively has been recognised as a possible seal bypass system. Fault reactivation potential must be determined to understand how these faults will respond to 
injection-related pressure increases. As pressure depletion is feasible within the Smeaheia fault block, this should inform future modelling. 7) North of the GN1101 3D 
survey, 2D seismic lines (e.g., Appendix 3) reveal juxtaposition of the perspective storage aquifer against heterogeneous, fractured and weathered basement across 
the ØFC. This observation implies significant uncertainty in relation to storage formation integrity. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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they reflect the ambient stress field orientation during their formation 
(e.g., Maher et al., 2020). The northwest-southeast organisation docu
mented herein, supports a maximum horizontal stress vector orientated 
northeast-southwest during the Eocene–middle Miocene. Clausen et al. 
(1999) concluded with the same orientation and postulated that the 
stresses on the Horda Platform were a consequence of several far field 
causal mechanisms, including ridge-push, doming of Fennoscandia and 
differential subsidence of the North Sea. 

5.3. Integrity of CO2 storage formations in the Smeaheia fault block 

The structural analysis herein establishes the tectonic framework of 
the Smeaheia fault block. As such this work provides new information 
that effectively reduces geological uncertainty associated with injection 
and storage of CO2 within the fault block while highlighting persistent 
geological uncertainties which merit further study. Key geological 
controls on CO2 storage informed by this study are highlighted below 
and summarised schematically in Fig. 16. 

5.3.1. New insights into CO2 injection and storage 
In order for successful CO2 containment, the reservoir unit in the 

Alpha closure must be sealed against the VFZ by a juxtaposition or 
capillary (membrane) seal (e.g., Yielding et al., 1997, 1998). Juxtapo
sition analysis herein provides provisional qualitative assessment of 
fault seal. The potential CO2-formation water contact at approximately 
− 1320 ms TWT for a fill-to-spill Alpha closure scenario (Fig. 10) co
incides with juxtaposition of the footwall storage formation with the 
hanging wall Cretaceous overburden (Cromer Knoll Group; Osmond 
et al., 2020b). The lithological composition of the Cromer Knoll Group, i. 
e., fine-grained, argillaceous, marine sediments with a varying content 
of calcareous material, at first approximation provides high potential for 
a suitable juxtaposition seal (after Færseth et al., 2007’s qualitative 
juxtaposition method). Moreover, a preliminary model (Mulrooney 
et al., 2018a) utilising the Shale Gouge Ratio (SGR) method (Yielding 
et al., 1997) shows that for optimistic shale volume estimates for the 
Cromer Knoll Group (Vsh = 1), the VFZ is sealing. Considering this 
scenario, the observation herein that the Draupne Formation is very thin 
above the Alpha closure (Fig. 13) is also not problematic as the Cromer 
Knoll Group can contribute as a secondary caprock, as it does in the 
neighbouring Troll East field. 

The cross-fault juxtaposition of the southern portion of Vette 01, and 
the additional faults that comprise the VFZ (Figs. 8 and 11) is not 
important for lateral seal of the Alpha closure (e.g., Fig. 5). These faults 
lie further south than the envisaged CO2-formation water contact. The 
cross-fault juxtaposition of the VFZ relay does, however, inform pressure 
communication scenarios between the Smeaheia and Troll field fault 
blocks (e.g., Tusse fault block). Fault analysis herein reveals the Vette 01 
(southern part), Vette 02 and Vette 03 segments have a large area of 
cross-fault self-juxtaposition of the storage formation (Figs. 8, 10C and 
11C). This considerable self-juxtaposition likely presents pressure 
communication pathways along Viking Group sandstone-on-sandstone 
contacts. Limited pressure information is available from exploration 
wells, 32/4-1 T2 (Alpha) and 32/2–1 (Beta) which were drilled in 1996 
and 2008, respectively. At time of testing, pressures in these wells were 
approximately hydrostatic. It can be expected, however, that the 
reservoir pressure in Smeaheia is sub-normal due to continued Troll field 
draw down since 1995. A regional investigation (Lauritsen et al., 2018) 
identified 6 such potential communication pathways related to relay 
ramp structures. Lauritsen et al. (2018) also identified the southernmost 
tip of the VFZ as a potential pressure communication pathway where the 
primary storage unit lacks any major structural barriers. While reservoir 
depletion can mitigate against injection-related fault reactivation 
(Mulrooney et al., 2018a, 2020), CO2 storage volume can be negatively 
impacted (Statoil, 2016). With this in mind, work continues to address 
potential intra-fault block pressure communication (e.g., Riis, 2018; 
Lothe et al., 2019; Orsini et al., 2020). 

Intra-block, second-order faults predominantly show cross-fault 
juxtaposition of the primary storage formation (Fig. 12). As such, the 
target formation is not considered compartmentalised, at least on a 
geological timescale. They may, however provide baffles to CO2 flow 
during the course of injection. If baffling, these faults could influence 
target formation pressure which can in turn influence injection opera
tions, e.g., the Snøhvit CO2 sequestration project (Chiaramonte et al., 
2015). Given that the entire Alpha closure is not covered by the GN1101 
seismic survey, expanding this study further north will be required to 
identify the areal extent of the storage formation intersected by these 
faults. 

5.3.2. Informing future de-risking strategies 
The cross-fault juxtaposition analysis herein provides a first 

approximation that the Vette 01 will act as a sealing fault for injected 
CO2 into the Alpha closure. In order to fully de-risk the Alpha closure, 
however, an in-depth quantitative analysis of both fault seal and caprock 
integrity will be required, and can build on fault and horizon geometries 
presented herein. The neighbouring Tusse Fault Zone, which supports a 
~250 m hydrocarbon column in the Troll East field (Spencer and Larsen, 
1990; Bolle, 1992), provides a good analogue to the VFZ (Osmond et al., 
2020c). In this case, the Tusse Fault Zone possesses a nearly-identical 
structural history and very similar cross-fault lithological juxtaposition 
relationships, in addition to an equally thinned Draupne Formation. 
Given the lack of information from the Smeaheia fault block, an in-depth 
fault and top seal analogy study of the Tusse Fault Zone is merited as the 
relationship between cross-fault pressure and lithological well data from 
Troll can be extrapolated to the VFZ (Osmond et al., 2020a,b,c). Chal
lenges persist, however, given that the Cretaceous interval is rather 
carbonate-rich (Osmond et al., 2020b), which is problematic when 
relying on siliciclastic-based membrane seal algorithms (such as SGR) 
for fault seal prediction. 

Fault mapping herein has identified several tectonic faults that 
intersect the reservoir, cut up-section through the caprock, and tip out 
within the overburden (Fig. 7). Moreover, some polygonal faults that 
intersect the overburden are hard-linked with deeper first- and second- 
order tectonic faults. Utilising the high resolution geomodel herein, 
future work should assess the reactivation potential of these faults with 
regard to injection related pressure or from naturally occurring earth
quakes which is important to rule out a potential seal bypass system (e. 
g., Cartwright et al., 2007; Ogata et al., 2014). Moreover, this analysis 
should consider initially sub-hydrostatic storage formation pressures 
given that potential pressure communication pathways across the VFZ 
relay zone have been identified. 

Polygonal faults (Fig. 5 D) mapped herein underlie pockmarks (grey 
circular impressions in Fig. 5A and B) that represent palaeo-fluid 
seepage on the seabed and within Quaternary sediments (Leon, 2019; 
Osmond et al., 2020a). There is a potential that these polygonal faults 
and deeper tectonic faults have previously delivered fluids to the free 
surface. Ostanin et al. (2013) have identified a current analogue to this 
scenario where the Snøhvit and Albatross gas fields in the southwest 
Barents Sea show leakage of thermogenic fluids from large surface 
pockmarks which link at depth to regional and shallow faults. Provi
sional investigations by Osmond et al. (2020a), however, show no direct 
evidence of a similar “plumbing system” in the Smeaheia fault block, but 
suggest palaeo-fluids are sourced from further west, i.e., the Tusse fault 
block. Current models (Goldsmith, 2000) suggest the target formation in 
the Smeaheia fault block was never charged by hydrocarbons. None
theless, the faults that are through-going and intersect the reservoir unit 
require further detailed investigation in order to determine reactivation 
potential under evolving reservoir pressure regimes (e.g., Mulrooney 
et al., 2020). 

The geomodel herein shows that the Beta structure is intersected by 
numerous closely spaced, low-displacement faults that again show 
predominate cross-fault juxtaposition of the storage formation. As in the 
Alpha closure, the target formation is not considered 
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compartmentalised, but determining the influence of these numerous 
faults on injection pressures will require high-resolution quantitative 
fault seal analysis or pressure testing during field development. 

Regional 2D lines (e.g., Appendix 3) north of the GN1101 3D seismic 
survey show that the Beta closure is a three-way closure with consid
erable juxtaposition against basement rocks that comprises the footwall 
block of the ØFC. The sealing capacity of this juxtaposition relationship 
is unknown. Onshore investigations of the Caledonian basement in 
western Norway (e.g., Norton, 1986; Fossen, 1992; Faerseth et al., 1995; 
Færseth, 1996; Wennberg, 1996; Fossen and Hurich, 2005; Vetti and 
Fossen, 2012; Gabrielsen and Braathen, 2014; Fossen et al., 2017; Torabi 
et al., 2019) reveal basement rocks are heterogeneous, intensely 
weathered and contain numerous fracture and shear zones. Weathering 
profiles have been shown to exhibit significant porosity/permeability (e. 
g., Gyllenhammar, 2019) whereas fracture and shear zones could 
potentially act as conduits for CO2 to escape into the presumed Jurassic 
sediments in the immediate footwall of the ØFC (Bjerkeli, 2019), into 
overlying Quaternary sediments, or to the seafloor. According to Gold
smith (2000), a regionally high, northwest-southeast, lateral in-situ 
compressive stress throughout the onshore and offshore areas of mid 
to northern Norway may help to keep the ØFZ sealed, but the fault is 
close to an area of significant tectonic activity (Bungum et al., 1991; 
Gabrielsen, 1989) and therefore has the added risk that periodic earth
quakes could compromise any demonstrable seals. Detailed onshore 
analogue studies may narrow this knowledge gap, but quantitative fault 
seal analysis of the Øygarden Fault Complex is beyond the scope of this 
study. 

6. Conclusions 

Creation and analysis of a geomodel derived from the GN1101 3D 
seismic survey and a regional 2D grid has informed the structural style 
and evolution of the Smeaheia fault block in the Horda Platform.  

• The Vette Fault Zone (VFZ) and Øygarden Fault Complex (ØFC) are 
north-south striking basement involved faults which were active 
during both the Permo-Triassic and the Late Jurassic–Early Creta
ceous phases of rifting. These first-order fault zones delineate the 
Smeaheia fault block.  

• For the latter rift-phase, most displacement accrued in the Early 
Cretaceous, later than recorded on fault blocks to the west.  

• Fault activity continued into the Late Cretaceous on the VFZ and 
ØFC.  

• A late pulse of reactivation of the VFZ and the second-order faults 
occurred during the Palaeocene to Eocene. 

• Northwest-southeast striking intra-block, second-order faults devel
oped during two main pulses of activity, in the Late Jurassic and the 
Early Cretaceous, with minor reactivation in the Palaeocene – 
Eocene.  

• Second-order faults define a triangular region of defuse strain 
(branching towards the south) that coincides with differential 
movement on two adjacent basement faults.  

• The VFZ is hard-linked with two different basement structures (i.e., 
dual-rooted).  

• The roll-over geometries expressed in the hanging walls of both the 
VFZ and the ØFC (Fig. 2) are attributed to listric and ramp-flat-ramp 
geometries of the respective faults.  

• Linkage of two segments of the VFZ took place during the Late 
Jurassic–Early Cretaceous.  

• A population of low-displacement polygonal faults intersect the 
Cromer Knoll, Rogaland and Hordaland groups and developed dur
ing the Eocene to middle Miocene. They are primarily strata-bound 
but are occasionally hard-linked with both first- and second-order 
tectonic faults. 

Injection and storage of CO2 within the subsurface of the Smeaheia 
fault block has been proposed with Jurassic Viking Group sandstones 
and the Draupne Formation being targeted as the primary storage for
mation and caprock, respectively. This structural analysis serves to 
reduce important geological uncertainties associated with injection and 
storage.  

• The nature of juxtaposition across the Vette 01 fault is favourable for 
CO2 containment within the Alpha structure. The storage formation 
(Viking Group sandstones), which is also the primary reservoir unit 
for the Troll fields, is primarily juxtaposed against the Cromer Knoll 
Group.  

• Viking Group sandstones are predominantly self-juxtaposed across 
the VFZ relay zone. This relationship can promote pressure 
communication between the Smeaheia and Tusse fault blocks.  

• The storage formation is also primarily self-juxtaposed across intra- 
block, second-order faults. These faults may act as baffles, but are 
not expected to act as intra-closure sealing faults.  

• The primary caprock, the Draupne Formation is significantly eroded 
(i.e., Northern North Sea Unconformity Complex), and possibly ab
sent above the north of the Alpha closure along the footwall of the 
VFZ. Highly argillaceous Cretaceous lithologies belonging to the 
Cromer Knoll Group overly the Draupne Formation and could also 
serve as the caprock where the Draupne Formation has been eroded, 
as it does in Troll East.  

• North of the GN1101 3D seismic survey, the Beta structure is 
juxtaposed against basement rocks across the ØFC. The sealing ca
pacity of this juxtaposition relationship is unknown. 

Declaration of competing interest 

The authors declare that they have no known competing financia
linterestsor personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This publication has been produced with support from the NCCS 
Centre, performed under the Norwegian research program Centres for 
Environment-friendly Energy Research (FME). The authors acknowl
edge the following partners for their contributions: Aker Solutions, 
Ansaldo Energia, CoorsTek Membrane Sciences, EMGS, Equinor, Gassco, 
Krohne, Larvik Shipping, Lundin, Norcem, Norwegian Oil and Gas, Quad 
Geometrics, Total, Vår Energi, and the Research Council of Norway 
(257579/E20).The workflows herein were conducted in collaboration 
with the Northern Lights project (Equinor, Total and Shell). We grate
fully acknowledge Schlumberger for the provision of academic licenses 
for the Petrel E&P Software Platform and Petroleum Experts for the 
provision of academic licenses for the Move Software Suite. Gassnova SF 
provided access to the GN1101 3D seismic survey. The authors wish to 
thank reviewers Kamaldeen Omosanya and James Van Tuyl for critically 
reading the manuscript.  

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.marpetgeo.2020.104598. 

M.J. Mulrooney et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.marpetgeo.2020.104598


Marine and Petroleum Geology 121 (2020) 104598

25

Appendix 1Fault attributes. Abbreviations: CK Gp ¼ Cromer Knoll Group, Lwr ¼ Lower, PT ¼ Permo-Triassic, R1 ¼ Rift Phase 1, R2 ¼
Rift Phase 2, Rog Gp ¼ Rogaland Group, BQU ¼ Base Quaternary unconformity. *Synthetic faults dip in accordance to the dip of the 
Vette Fault Zone and the Øygarden Fault Complex, i.e., towards the west or southwest. Antithetic faults dip towards the east or northeast  

Fault Max throw (ms 
TWT) 

Trace lenght 
(m) 

Entire trace lenght 
imaged? 

Up-section 
extent 

Down-section 
extent 

*Anthithetic/ 
Syntethic 

Strike Dip Activity 

Vette_01 554 16200 No BQU Basement S South West R1/R2 
Vette_01_S_tipsplay 52 800 No Lwr CK Gp Brent/Dunlin 

Gp 
A North East R2 

Vette_02 186 3800 No Lwr CK Gp PT S South West R1/R2 
Vette_03 31 3900 Yes Lwr CK/ 

Draupne Fm 
PT S South West R2 

HW_01 58 3120 No Rog Gp PT S South West R2 
FW_01_N 31 7000 Yes BQU PT S Southeast Southwest R2 
FW_01_S 32 5900 Yes BQU PT S Southeast Southwest R2 
FW_02_N 42 4130 Yes Draupne Fm PT S Southeast Southwest R2 
FW_02_S 13 2275 Yes Draupne Fm PT S Southeast Southwest R2 
FW_03 38 7000 Yes BQU Brent/Dunlin 

Gp 
A Northwest Northeast R2 

FW_04 27 5800 Yes Draupne Fm PT S South West R2 
FW_05 32 3650 Yes Draupne Fm/ 

Rog Gp 
PT A North East R2 

FW_06_N 15 2300 Yes Draupne Fm PT S SSE WSW R2 
FW_06_S 15 2250 No Draupne Fm PT S SSE WSW R2 
FW_07 21 1760 Yes Draupne Fm Brent/Dunlin 

Gp 
S Southeast Southwest R2 

FW_08 28 2145 No Draupne Fm PT S Southeast Southwest R2 
FW_09 18 3100 No BQU PT S Southeast Southwest R2 
FW_10 10 2900 No BQU PT S Southeast Southwest R2 
FW_10_splay 5 2750 Yes Draupne Fm Viking Gp ssts S Southeast Southwest R2 
FW_11 23 3300 Yes Lwr CK Gp PT S Southeast Southwest R2 
FW_11_splay 3 1200 No Lwr CK Gp PT A Northwest Northeast R2 
FW_12 6 2900 No CK Gp PT A Northwest Northeast R2 
FW_13 3 4000 No Lwr CK Gp PT A Northwest Northeast R2 
FW_14 15 1600 No Draupne Fm PT S SSE WSW R2 
FW_15 1 5400 No CK Gp Brent/Dunlin 

Gp 
A Northwest Northeast R2 

FW_15_splay1 8 3000 No Lwr CK Gp PT A Northwest Northeast R2 
FW_15_splay2 12 1820 No CK Gp Brent/Dunlin 

Gp 
S Southeast Southwest R2 

FW_17_N 13 1850 No BQU Draupne Fm A Northwest Northeast R2 
FW_17_C 5 2800 Yes BQU Viking Gp ssts A Northwest Northeast R2 
FW_17_S 20 4800 Yes BQU Viking Gp ssts S Southeast Southwest R2 
FW_18 26 5430 No Shetland Gp Basement S SSE WSW R2 
Vette_breach 45 1220 Yes Lwr CK Gp PT/Viking Gp 

sst 
S Southeast Southwest R2 

Vette_01_splay 36 730 Yes Draupne Fm PT S Southwest Northwest R2 
Øygarden 2150 15000 No BQU Basement S South West R1/R2  

Appendix 2Uninterrupted WSW-ENE trending seismic transects through the GN1101 3D survey. Interpretations are shown in Figure 2. 
Locations are shown in Figure 1B 
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Appendix 3. Western part of 2D regional transect TE93-113 which transects the northern extremity of the Beta closure where the 
prospective storage formation is juxtaposed with basement rocks in the footwall of the ØFC. A) Interpreted, B) Uninterpreted. Location is 
shown in Figure 1B 
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Appendix 4. Western part of 2D regional transect NNST84-05 which transects the GN1101 3D seismic survey and extends through the 
Tusse and Svartalv fault zones to the west. A) Interpreted, B) Uninterpreted. Location is shown in Figure 1B 
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Appendix 5. . Western part of 2D regional transect GNSR-91 which transects the Horda Platform fault blocks to the south of the GN1101 
3D seismic survey. A) Interpreted, B) Uninterpreted. Location is shown in Figure 1B. 
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