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Abstract The factors that control the spatial variation of the topological characteristics of normal fault
networks at the rift-scale are poorly understood. Here, we use 3D seismic reflection data from the northern
North Sea to investigate the spatial variation of the geometry, topology, and strain heterogeneity of the Late
Jurassic normal fault network along the rift margin. Our results show that fault orientation varies spatially
along the rift margin. Normal faults within fault blocks that are adjacent to the North Viking Graben exhibits
dominant N-S and NE-SW strikes that are sub-parallel to the graben axis and associated step-over, whereas in
fault blocks farther from the graben, there is a dominant NW-SE strike. Furthermore, we identify two broad
topological domains within the fault network: (a) dominated by isolated nodes, partially connected branches,
and low fault connectivity, and (b) dominated by abutting nodes, fully connected branches, and moderate to
high fault connectivity. These topological domains correlate with previous sub-division of the rift margin

in the northern North Sea into platform and sub-platform structural domains, respectively. There is also a
positive correlation between the spatial variability of the fault orientations and intensity, with the fault network
connectivity, highlighting the relationship between normal fault geometry and topology. We conclude that the
across and along-strike variation in strain, presence of pre-existing structures, and accommodation zone-related
deformation are key factors influencing the spatial variation of fault network properties at the rift scale.

1. Introduction

Natural rift systems are characterized by complex networks of normal faults that exhibit a range of geometries
and interaction patterns. The analysis of fault networks from natural rift systems, as well as those formed in
physical and numerical models, demonstrate that several factors may control their complexity. Such factors may
include the total amount of strain (e.g., Cowie & Scholz, 1992; Meyer et al., 2002), the number of extension
phases driving deformation (e.g., Henza et al., 2010; Nixon, Sanderson, et al., 2014), local and regional variations
of the causal stress field (e.g., Morley, 2017; Morley et al., 2007), the interaction and linkage of fault segments
(e.g., Cartwright et al., 1995; Gawthorpe & Leeder, 2000), and/or the presence of inherited crustal heterogeneity
(e.g., Daly et al., 1989; Dunbar & Sawyer, 1988; Henza et al., 2011; Osagiede et al., 2021; Reeve et al., 2015).
For example, the multiphase rift history of the northern North Sea rift basin, in addition to the presence of
pre-existing structures, likely influenced the present-day complexity of the rift fault network (e.g., Bartholomew
et al., 1993; Duffy et al., 2015; Phillips et al., 2019; Reeve et al., 2015; Ziegler, 1975).

Characterizing the complexity of rift fault networks is important as ithas implications for understanding rift-to-basin
scale structural development, as well as seismicity in rift systems (e.g., Bell et al., 2009; Gabrielsen, 1986; Nicol
et al., 2010; Sherman et al., 2004; Withjack et al., 2002). The complexity of fault networks may also control the
geometry and integrity of structural traps and compartmentalize hydrocarbon, CO,, and geothermal reservoirs
(e.g., Aydin, 2000; Dimmen et al., 2017; Jolley et al., 2007, 2010; Leveille et al., 1997; Mulrooney et al., 2020;
Ogata et al., 2014; Questiaux et al., 2010; Richards et al., 2015; Wu et al., 2021).

To describe and compare rift fault networks, we need to provide a detailed, qualitative and quantitative analysis of
the geometry, kinematics, and the relationship between the individual faults in a fault network (e.g., Dershowitz
& Einstein, 1988; Fossen, 2020; Manzocchi, 2002; Peacock et al., 2016; Sanderson & Nixon, 2015). Whereas
most studies of natural fault networks have largely focused on the geometric (length, spacing, orientation, and
frequency) and kinematic (strain history) evolution of the faults (e.g., Duffy et al., 2015; Ebinger, 1989; Gillespie
et al., 1993; Meyer et al., 2002; Peacock et al., 2017), relatively few have considered the spatial arrangement and
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Ve = Vette Fault
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Sv = Svarte Fault
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Gu-Vi = Gullfaks-Visund Fault
St-Br-Str-Al = Statfjord-Brent-

Strathspey-Alwyn Fault

Mu-Hu-Ni = Murchison-Hutton-
Ninian Fault

Os = Osprey Fault
Co = Cormorant Fault ESP = East Shetland Platform
Ei = Eider Fault TER = Tern-Eider Ridge

C) East Shetland

East Shetland Basin

North Viking Graben Huldra - Brage Horst Lomre Terrace Horda Platform

Platform
X

/Tr /Sv _Tu

[ Basement

[ Permo-Triassic

[0 Mid. Jurassic [ Cretaceous

[ Late Jurassic - Early Cretaceous

Figure 1. (a) Map of the key structural elements of the northern North Sea (after Riber et al., 2015; Osagiede et al., 2020), with the location of major pre-existing
Devonian shear zones (thick green lines) indicated (after Fazlikhani et al., 2017). (b) Major faults within our study area (red box in a) interpreted at near-Top Brent
structural level (time-structure map in background). The transparent gray areas represent the areas excluded from the rift fault network analysis (see text for details). (c)
Regional cross-section (stipple lines X—X’ in a and b) across the East Shetland Platform, East Shetland Basin, North Viking Graben, Brage Horst, Lomre Terrace, and
Horda Platform. (See the web version for references to colors).

connectivity between these individual structures, that is, the “fault network topology” (Duffy et al., 2017; Morley
& Nixon, 2016; Sanderson & Nixon, 2018). Furthermore, these studies have only investigated rift fault network
topologies at limited scales of a few 10 to 100 s of km?, with little or no focus on the spatial variation of the
network properties. Consequently, the spatial distribution of fault network topology at rift-scale (i.e., 1,000 s of
km?) and the controls of spatial variations are poorly understood.

In this paper, we characterize the complexity of the regional fault network along the rift margin of the northern
North Sea rift system using regionally extensive 3D reflection seismic survey (Figure 1). Specifically, we (a)
constrain the planform spatial distribution of the geometry, intensity, and topology of the fault network at the
rift-scale, (b) examine the inter-relationship between the fault network geometry, topology, and strain heteroge-
neity, and (c) assess the factors that control the topological character of the fault network. Our results have impli-
cation for understanding the spatial development of connectivity and compartmentalization in rift fault networks,
and for the characterization of large-scale structural domains in rifts.

2. Regional Geological Setting

The northern North Sea rift basin developed in response to multiple phases of crustal extension that occurred
between the Late Paleozoic and Middle Mesozoic (e.g., Badley et al., 1988; Bartholomew et al., 1993; Coward
et al., 2003; Ferseth, 1996; Ziegler, 1992). The northern North Sea rift basin extends from the East Shetland
Basin in the west to the Horda Platform in the east, with the East Shetland Platform and @ygarden Fault Zone
defining its western and eastern limits, respectively (Figure 1a; Odinsen et al., 2000; Lervik, 2006).
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The northern North Sea has undergone at least two major rift phases (e.g., Badley et al., 1988; Bartholomew
et al., 1993; Bell et al., 2014; Ferseth, 1996; Ngttvedt et al., 1995; Odinsen et al., 2000; Ziegler, 1990). The
first phase occurred during the Late Permian to Early Triassic, concurrently with the breakup of the Pangea
supercontinent (Coward et al., 2003; Feerseth, 1996; Ter Voorde et al., 2000; Ziegler, 1992). This phase led to the
development of widespread graben and half-graben basins across the East Shetland Basin and the Horda Platform
(Figure 1a; Feerseth, 1996). The predominant N-S orientation of these basins and their bounding faults (Bell
et al., 2014; Feerseth, 1996; Roberts et al., 1995), and the presence of N-striking Permian dykes onshore western
Norway (Fossen & Dunlap, 1999; Torsvik et al., 1997), reflect an E-W regional extension direction during the
Permo-Triassic rift phase (Fossen, 1998; Valle et al., 2002). Overall, the stratigraphy consists mainly of conti-
nental red beds of interbedded sandstones and mudstones/claystones of the Hegre Group, deposited in response
to the Early Triassic uplift of the Fennoscandian Shield and the regression of the Arctic Sea (Lervik, 2006;
Ziegler, 1992).

Several authors suggest that a tectonically dormant (inter-rift) period, when lithospheric thermal cooling rather
than slip on rift-related faults drove subsidence, followed the Permian-Triassic rift phase, lasting until the Middle
Jurassic (e.g., Badley et al., 1988; Bartholomew et al., 1993; Coward et al., 2003; Ziegler, 1990). However,
more recent studies suggest that the rift-related faults may not have been completely inactive during this period
(Claringbould et al., 2017; Deng et al., 2017). An Early-Middle Jurassic thermal doming event (Davies et al., 1999;
Underhill & Partington, 1993; Ziegler, 1992) and associated uplift in the central North Sea, is also thought to have
driven increased sediment supply and the development of a large deltaic system, resulting in the deposition of
the Middle Jurassic Brent Group over the northern North Sea rift basin (Helland-Hansen et al., 1992; Mitchener
et al., 1992; Underhill & Partington, 1993).

The second major rift phase in the northern North Sea occurred during the Middle Jurassic to Early Cretaceous
(Badley et al., 1988; Bell et al., 2014; Farseth & Ravnas, 1998; Ziegler, 1975). The collapse of the Middle
Jurassic thermal dome and far-field stresses associated with the Arctic—North Atlantic rift system likely drove
Middle Jurassic—Early Cretaceous rifting (Underhill & Partington, 1993; Ziegler, 1992). Fault displacement
measurements and lateral changes in the thickness of Middle-Late Jurassic strata reveal that during the second
rift phase, most of the deformation in the northern North Sea rift localized along the Viking Graben (Figure 1c;
Bell et al., 2014). Middle Jurassic—Early Cretaceous rift-related faults have a predominant N-S strike although
c. NE-SW striking faults are also common (Ferseth et al., 1997); this has caused a long-lived debate about
the regional extension direction during this rift second phase. Recent kinematic analyses of Middle Jurassic
faults, however, show that both N-S and NE-SW striking faults initiated coevally (Osagiede et al., 2020; Reeve
etal., 2015), suggesting that the regional extension direction may not have changed. That is, whereas N-S striking
faults nucleated in response to regional E-W extension direction, the NE-SW striking faults nucleate in response
to localized stress perturbation driven by pre-existing heterogeneities (Bartholomew et al., 1993; Osagiede
et al., 2020). The Middle Jurassic—Early Cretaceous stratigraphy consists of the Viking Group, which comprises
deep-marine mudstone units of the Heather and Draupne/Kimmeridge clay Formations, interbedded with shallow
marine and deltaic sand-rich units of the Krossfjord, Fensfjord, and Sognefjord formations (Dreyer et al., 2005;
Holgate et al., 2013; Patruno et al., 2015; Ravnas & Bondevik, 1997; Tillmans et al., 2021).

Although the present configuration of the northern North Sea rift basin is a product of these two major rift
episodes, the inherited intra-basement structural template upon which they developed plays an important role. The
basement consists of Proterozoic to Devonian rocks (e.g., Ksienzyk et al., 2013; Slagstad et al., 2011) deformed
during the Caledonian orogeny, and Devonian post-orogenic extensional collapse (Dewey, 1988; Fossen, 1992;
Gee et al., 2008; Glennie, 1986; McKerrow et al., 2000; Wiest et al., 2021; Ziegler, 1975). The post-orogenic
collapse and extension led to the reactivation of low-angle thrust and the development of large, pre-rift, exten-
sional shear zones (e.g., Fossen, 1992), that exerted a variable influence on the geometry and evolution of the
major rift phases in the northern North Sea (e.g., Bartholomew et al., 1993; Fazlikhani et al., 2017; Fossen
et al., 2017; Johnson & Dingwall, 1981; Osagiede et al., 2020; Phillips et al., 2016, 2019; Platt, 1995; Reeve
et al., 2013; Wiest et al., 2020).

In this study, we focus on the Middle Jurassic near-Top Brent structural level, which post-dates the climax of rift
phase 1, and marks the possible onset of rift phase 2 (e.g., Bell et al., 2014). Consequently, with respect to both
rift phases, the near-Top Brent is affected by both the reactivated older Permo-Triassic, and the younger newly
formed Middle Jurassic—Early Cretaceous rift faults (e.g., Duffy et al., 2017), thus allowing for the detailed char-
acterization of the fault network along the rift margin.
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Figure 2. (a) Representative two-way time (TWT) map of the near-Top Brent surface. (b) Corresponding variance attribute
map extracted from the TWT map highlighting the rift faults. (c) Digitized polyline traces of the rift fault network. (d)
Topology of the network showing the different types of nodes and branches, and the regions. Panels (e) and (f) are the node
and branch ternary diagrams, respectively, showing where the rift fault network in (d) plots topologically based on the
proportions of the nodes and branches (small red circles).

3. Data Set and Methods
3.1. Seismic Reflection Data and Interpretation

We use two overlapping, high-quality, 3D seismic reflection volumes, covering an extensive (c. 39,000 km?) region
comprising the Horda Platform and Mélgy Slope (to the east), the North Viking—Sogn Graben, and the Tampen Spur
and East Shetland Basin areas (to the west) (Figure 1b). The largest 3D seismic volume is from broadband data provided
by CGG (CGG Broadseis); this has an areal coverage of c. 35,000 km? (Figure 1b). The broadband data is a single data
set that was collected and processed as a continuous, homogeneous survey. The data is post-stack depth migrated and
has been time-stretched so that the z-axis corresponds to depth in two-way time (TWT). The data has 18.75 X 12.5 m
inline and crossline spacing and images to a depth of up to 9 s TWT. The other 3D seismic volume is a merged survey
covering an area of c. 5,000 km? of the East Shetland Basin on the western margin (Claringbould et al., 2017). The data
is post-stack time migrated with an inline and crossline spacing of 12.5 m, and depth imaging to 5 s TWT.

We extracted variance seismic attribute on a near-Top Brent surface (in two-way-time), mapped over the two seis-
mic volumes (e.g., Figures 2a and 2b). Variance is a useful seismic attribute for detecting relatively small-scale
seismic faults, since it compares the continuity of seismic waveforms between neighboring traces (e.g., Chopra
& Marfurt, 2005). Using the near-Top Brent variance attribute surface as a base map, faults along the eastern and
western rift margins were digitized in ArcGIS using their footwall cut-offs as a 2D network of polyline traces
(Figure 2¢). The interpretation also involved checking the faults on cross-sectional seismic sections.

Despite the exceptional high quality of the 3D seismic reflection data, there is still a need to address the potential
limitations imposed by the data and acknowledge any uncertainties when mapping the fault network. The reso-

OSAGIEDE ET AL.

4 of 23

B5US017 SUOLULLIOD SAIERID 3|dedl dde au3 Aq paueA0B 88 So e YO 13N 40 S3|NI 10} ARIq 1T BUIUO AB|IA UO (SUORIPUOD-PUR-SWRILI0D™AB | 1M ARe g1 Ul |UO//SURY) SUORIPUOD Pue Swid | 8U} 885 *[£202/80/60] U0 Aiqiauliuo AB|IM ‘B3 L AQ T#8.000 LEZ0Z/620T OT/10p/woo Ao |1mAelg1jputjuo'sgndnBey/sdny wody pepeojumoq ‘8 ‘€202 ‘Y6T6r76T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC007841

lution and/or quality of seismic reflection data have been recognized as a key limitation when interpreting fault
networks (e.g., Morley & Nixon, 2016; Nixon et al., 2012; Pickering et al., 1997; Watterson et al., 1996). This is
because (a) faults with small displacement may be below seismic detection and are thus not accounted for in the
fault network, and (b) the length of individual faults may be underestimated because the true lateral fault tip is
sub-seismic and different from the seismically mapped fault tip. Both can lead to underestimates of the absolute
abundances and connectivity of faults (Espejel et al., 2020; Nixon et al., 2012; Pickering et al., 1997). Since our
focus is on the relative spatial distribution of the fault network properties, our results are less affected by the
absence of unresolvable smaller faults. Furthermore, the high resolution of the data also helps minimize this
limitation. With regards to mapping lateral fault tips, the vertical and lateral seismic resolution of our 3D seismic
reflection data set, at the depth corresponding to the Jurassic near-Top Brent structural level, is estimated as c.
15 and 30 m, respectively (Tillmans et al., 2021). Thus to address this limitation, we extended the seismically
mapped fault tips by up to 30 m or until a fault intersects another, following the recommendation of Pickering
et al. (1997).

Additional uncertainty arises from local reductions in the seismic data quality and imaging, either in areas of
low/no data coverage due to large hydrocarbon field installations (particularly around the Gullfaks Field on
the western rift margin of the study area), areas of intense erosion at the near-Top Brent interval on the eastern
Malgy Slope, or where the near-Top Brent horizon is deeply buried such as the North Viking and Sogn grabens
(Figure 1b, see also Figure S1 in Supporting Information S1). To address the latter, the eastern Malgy Slope and
the deep graben areas were excluded from the analysis. Despite the limitation imposed by the data quality and
resolution, the results we present in this study are of unprecedented detail, providing significant insights into
the spatial distribution of the geometric and topological properties of a complex fault network at the rift-scale.

3.2. Network Topology and Compartmentalization

We use “node and branch” topology (Manzocchi, 2002; Sanderson & Nixon, 2015) and the identification of
regions (Sanderson et al., 2019) to analyze the 2D fault network at near-Top Brent structural level in the north-
ern North Sea rift system. These approaches have been described in detail by Sanderson and Nixon (2015) and
Sanderson et al. (2019), thus we provide only a summary here.

In map-view, a node is a point that represents the tip or intersections of faults, and can either be an isolated-tip
(I-node), splaying/abutting (Y-node), or cross-cutting (X-node), whereas a branch is a line that connects two
neighboring nodes (Figure 2d; e.g., Manzocchi, 2002; Sanderson & Nixon, 2015). Branches can be classi-
fied into: (a) isolated (I-I), (b) partially connected (I-C), and (c) fully connected (C-C) branch types, where C
(connected node) represents either a Y- or X- node (Sanderson & Nixon, 2015). The amount and relative propor-
tion of the nodes and branches allow for the characterization of a fault network, and the determination of other
important topological parameters such as the average number of connections per branch (Cy) and connecting
node frequency (N./m?) that relates to the degree of connectivity of a network (e.g., Manzocchi, 2002; Nyberg
et al., 2018; Sanderson & Nixon, 2015). Quantitatively, Cy; and connecting node frequency are given as;

Cs = 3Ny +4Nx)/Np M
Connecting node frequency = N¢/A 2)

Where N, is the number of Y-nodes, Ny is the number of X-nodes, Ny is the number of branches, N is the number
of connecting nodes, and A is the sample area.

A region represents a block of rock completely bounded by connecting branches within a connected component
(Figure 2d; e.g., Huseby et al., 1997; Sanderson et al., 2019; Nixon et al., 2020). Using a generalized Euler's
theorem, the number of regions (V) is related to the number of components (), number of nodes (Ny), and
number of branches (V) by the equation (see Sanderson et al., 2019; Nixon et al., 2020 for detailed derivation):

Nn—Np+ Nr-Nk =0 3)
Therefore,

Nr = Ng—Nn + Nk 4
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Cumulative values

More importantly, NV, in relation to the sample area allows for the derivation of
the dimensionless block intensity (R,,; sensu Nixon et al., 2020). R,, provides
a measure of the relative amount of brokenness/deformation of the rock mass,

and range in value from 0 (highly broken up/deformed) to 1 (intact) (Nixon

et al., 2020). Furthermore, identified regions provide a basis for quantifying
o the amount of fault-enclosed compartments of rift fault networks.

The digitized fault network was analyzed using the open source NetworkGT

L GIS toolbox by Nyberg et al. (2018), which automatically extracts relevant
geometrical (e.g., length and orientation distribution, fault intensity) and
topological (e.g., nodes and branches, connectivity) attributes. To adequately
V'= Cum‘l?ll tT\E?t‘otal assess and compare the spatial variability of the geometry and topology within
the northern North Sea fault network, we used a combination of both area

Distance (x)

sub-sampling and contour grid maps of key network properties such as fault
intensity and connectivity (sensu Nyberg et al., 2018). The area sub-sampling

Figure 3. The modified Kuiper's test showing cumulative plot (red line) over was achieved by subdividing the rift margin fault network into sub-areas

distance along a sample line. D* and D~ represents the maximum deviation
above and below the uniform distribution (black solid line).

defined by major fault-bounded blocks, leading to a more systematic spatial
correlation of the network geometry. On the other hand, the contour grid maps
define a regular grid of fixed cell sizes and a search radius, depending on the
spatial distribution of the faults, that allows for a continuous and quantitative
analysis of the network properties (e.g., Nyberg et al., 2018). For this study, we used a contour grid size of 2 X 2 km
and a search radius of 8 km (see Figure S2 in Supporting Information S1).

3.3. Spatial Heterogeneity Analysis of Faulting and Strain

We used the modified Kuiper's test to assess the spatial heterogeneity of faulting and strain within the fault
network (Putz-Perrier & Sanderson, 2008). The modified Kuiper's test compares the cumulative plot of fault
frequency and throw to a uniform cumulative distribution function represented by a straight line (Figure 3; e.g.,
Putz-Perrier & Sanderson, 2008). The method calculates a normalized non-parametric heterogeneity parameter
V' =ID*l + ID~I/T, where D* and D~ are the maximum deviation above and below the uniform distribution line,
respectively, and T is the cumulative number of either the faults or amount of throw, for frequency V' analysis and
strain V analysis, respectively (Putz-Perrier & Sanderson, 2008). The values of V; and V{ range from 0 to 1, with
the degree of heterogeneity of faulting and strain increasing as V' increases toward 1.

The frequency and vertical displacement (throw) of every seismically resolvable fault that offset the near-Top
Brent surface were measured along WNW-ESE oriented transects that were approximately perpendicular to the
graben axis (Figure 1b; see Figures S3—S6 in Supporting Information S1 for the seismic sections). The longest
Transect X runs from the East Shetland Basin to the Horda Platform, allowing us to compare the heterogeneity
parameter of both the western and eastern rift margins of the North Viking Graben. The other three transects (A,
B, and C) have a spacing of c. 40 km, and are located in the northern, central, and southern parts of the Horda
Platform, thus sampling variations in the spatial distribution of faulting and strain along-strike of the rift margin.
The effect of hangingwall drag and footwall erosion on the throw measurement were eliminated by projecting
the attitude of the surface outside of the drag or eroded zone on to the fault (Mansfield & Cartwright, 1996).
Throw values were also converted to depth (in meters) using an interval velocity of 3,200 m/s for the Brent
Group, following Jackson et al. (2010). A Terzaghi correction factor was applied to the measured throw values, to
account for the angle between the strike of the faults and the sample lines (Terzaghi, 1965).

4. Geometry, Topology, and Strain Heterogeneity of the Northern North Sea Rift
Margin Fault Network

We present the results of the geometrical, topological, and strain heterogeneity analysis of fault network in the
eastern and western rift margins of the northern North Sea. The eastern rift margin covers the area east of the
Viking and Sogn graben, notably the Horda Platform and the Malgy Slope areas (Figure 1b). We divided the east-
ern rift margin fault network into 10 major fault blocks, which are used as sub-sampling polygons. These fault
blocks are either completely bounded by major faults (with ¢. >500 m of vertical displacement) or also by the
edge of the study area (Figure 4). The fault blocks are named; Horda Platform 1-4, Oseberg, Brage Horst, Lomre
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Figure 4. Fault network of the eastern rift margin. The different colored areas are the fault block polygons used to assess the
variation of the fault orientation represented by the rose diagrams.

2707

Terrace, Marflo Spur, Uer Terrace, and Malgy Slope (Figure 4; see Table S1 in Supporting Information S1 for
reference to the major faults bounding the fault blocks).

The western rift margin covers the East Shetland Basin, the north-eastern edge of the East Shetland Platform,
the Magnus Sub-Basin, and the Tampen Spur area of the study (Figure 1b). Like the eastern margin, we
divided the margin into 13 fault blocks bounded by major faults. The fault blocks are named: East Shetland
Platform, Magnus Sub-Basin, Tern-Eider Ridge, East Shetland Basin 1-7, Gullfaks, and Tampen Spur 1 and
2 (Figure 5; see Table S1 in Supporting Information S1 for reference to the major faults bounding the fault
blocks).

4.1. Major and Minor Fault Orientations on the Northern North Sea Rift Margins

On the eastern rift margin, fault orientation is variable between the fault blocks. In general, the fault blocks adja-
cent to the North Viking Graben (i.e., Oseberg, Brage Horst, Lomre Terrace, Marflo Spur) have main orientations
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Figure 5. Fault network of the western rift margin. The different colored areas are the fault block polygons used to assess the
variation of the fault orientation represented by the rose diagrams.

that are sub-parallel to the rift axis, which varies from a N-S orientation in the Oseberg Block, to a dominant
NE-SW orientation on the Lomre Terrace, to a NNE-SSW orientation on the Marflo Spur (Figure 4). The Brage
Horst exhibits two equally weighted orientations (N-S and NE-SW), representing a transition between the domi-
nant orientations of the Oseberg Block and the Lomre Terrace (Figure 4). Further away from the North Viking
Graben, the fault orientations become more variable within the different fault blocks. In addition, there is often a
minor NW-SE orientation, particularly within the Uer Terrace, Malgy Slope, and Horda Platform 3 fault blocks,
but it becomes the dominant orientation within Horda Platform 1, 2, and 4 fault blocks (Figure 4). The most
complex fault orientations are found within the Horda Platform 2 and 3 fault blocks, which are adjacent to the
Lomre Terrace where the rift margin steps to the right (Figure 4).

Fault orientations also vary spatially between the fault blocks on the western rift margin (Figure 5). Like the
eastern rift margin, the fault blocks adjacent to the North Viking Graben (i.e., Gullfaks, Tampen Spur 1 and 2)
generally have fault orientations that are sub-parallel to the rift axis, varying from a N-S orientation on the Gull-
faks block, to a dominant NE-SW- and NNE-SSW- orientations on the Tampen Spur fault blocks, respectively
(Figure 5). Further from the North Viking Graben, into the East Shetland Basin blocks, the fault orientations are
more variable and complex, with minor NW-SE to WNW-ESE orientations occurring in addition to the dominant
rift parallel orientations, especially within most of the East Shetland Basin fault blocks (Figure 5). However,
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Figure 6. Node and branch ternary plots of the rift margin fault blocks. (a) Node ternary plot of the eastern margin based
on the proportions of I-, X-, and Y- nodes. (b) Branch ternary plot of the eastern margin based on the proportions of I-L, I-C,
and C-C branches. (c) Node ternary plot of the western margin based on the proportions of I-, X-, and Y- nodes. (d) Branch
ternary plot of the western margin based on the proportions of I-I, I-C, and C-C branches. The topological domains/clusters
are indicated by the red circle.

the minor NW-SE orientation becomes more dominant within the most distal fault blocks, that is, East Shetland
Basin 7, Tern-Eider Ridge, Magnus Sub-Basin, and the East Shetland Platform fault blocks (Figure 5).

4.2. Fault Network Topology
4.2.1. Node and Branch Topology of the Rift Margin Fault Blocks

We summarize the topologies of the different fault blocks as ternary plots (Figure 6), based on the relative propor-
tions of the different types of nodes and branches (Table 1). In general, the fault network shows low proportions
of X-nodes, plotting close to the I-Y axis of the node ternary plot (Figures 6a and 6¢), a common observation for
rift fault networks (e.g., Morley & Nixon, 2016; Nixon et al., 2012). On the eastern rift margin, Horda Platform
1 fault block has the highest proportion of isolated I-nodes (71%), whereas the Lomre Terrace has the highest
proportion of connecting nodes (i.e., X- and Y-nodes; 11% and 58%, respectively; Table 1). The nodal topology
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Table 1
Topology Data of Each of the Fault Blocks in the Eastern and Western Rift Margins, Indicating the Proportions of the
Different Node and Branch Types and the Connections per Branch (Cg)
Nodes (%) Branches (%)
Fault block I X Y C-C C-1 I-1 Cy
Eastern margin
Horda Platform 1 71 3 26 34 44 22 1.12
Horda Platform 2 58 6 36 50 39 11 1.39
Horda Platform 3 46 8 46 66 24 10 1.57
Horda Platform 4 60 4 36 44 46 10 1.34
Oseberg 42 7 51 65 31 4 1.62
Brage Horst 32 7 61 77 19 4 1.74
Lomre Terrace 31 11 58 76 23 1 1.75
Marflo Spur 41 3 56 66 30 4 1.63
Uer Terrace 45 6 49 60 37 3 1.58
Malgy Slope 37 8 55 69 29 2 1.68
Western margin
East Shetland Platform 40 3 57 66 31 3 1.63
Magnus Sub-Basin 33 2 65 73 26 1 1.72
Tern-Eider Ridge 31 3 66 76 22 2 1.75
East Shetland Basin 1 46 6 48 59 38 3 1.57
East Shetland Basin 2 49 0 51 58 35 7 1.52
East Shetland Basin 3 38 0 62 64 34 2 1.67
East Shetland Basin 4 37 2 61 69 29 2 1.67
East Shetland Basin 5 42 1 57 62 36 2 1.62
East Shetland Basin 6 43 1 56 62 36 2 1.60
East Shetland Basin 7 40 2 57 66 31 3 1.64
Gullfaks 33 5 62 73 26 1 1.72
Tampen Spur 1 41 2 57 65 33 2 1.62
Tampen Spur 2 31 1 68 73 27 0 1.74
Note. An extended table with the raw numbers of nodes and branches is presented in Table S2 in Supporting Information S1.
of fault blocks forming the platform area (Horda Platform 1, 2, and 3) is dominated by I-nodes and forms a topo-
logical domain/cluster (Figure 6a), whereas the fault blocks forming the terraces (e.g., Lomre Terrace) are more
Y-node dominated and forms a second topological domain/cluster (Figure 6a). The branch topology indicates that
the fault blocks forming the terraces are dominated by C-C branches, whereas the fault blocks from the platform
area have relatively more I-C and I-I branches (Figure 6b and Table 1). This indicates that the platform areas
contain more isolated faults and fault splays, whereas the terraces exhibit more interconnected networks. Indeed,
the terraces exhibit a high degree of network connectivity with values for the connections per branch (Cy) ranging
from 1.58 for the Uer Terrace to 1.75 for the Lomre Terrace. In contrast, the platform area exhibits a relatively
low degree of network connectivity with Cy ranging from 1.12 to 1.57 (Table 1).
On the western rift margin, all the fault blocks are Y-node dominated, forming a similar cluster as the terraces on
the eastern margin (Figure 6¢). Tampen Spur 2 fault block has the highest proportion of Y-nodes (68%), whereas
the East Shetland Basin 1 has the highest proportion of X-nodes (6%; Table 1). The fault blocks contain intercon-
nected fault networks dominated by C-C branches, with the overall values of Cy > 1.5 (Figure 6d and Table 1).
The Tern-Eider Ridge fault block, which is an intra-basin horst block, is the most connected (Cy = 1.75), with the
highest proportion of C-C branches (Table 1).
OSAGIEDE ET AL. 10 of 23
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Figure 7. Contour maps of the spatial distribution of rift fault network properties in the eastern and western margins of the North Viking Graben. (a) 2D fault intensity,
showing the spatial variation in the relative abundance of the rift faults. (b) Connecting node frequency and (c) dimensionless connections per branch (Cy), showing the
spatial variation in the relative connectivity of the network. Note the overall positive correlation in the pattern of spatial distribution of the different network properties.
The major faults and structural elements are indicated for easy reference to locations. See Figure 1b for definition of abbreviations.
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4.2.2. Spatial Mapping of Fault Network Properties

The contour grid plots of the fault intensity, connecting node frequency and connection per branch (Cy) of the rift
fault network, are presented in Figure 7. On the eastern rift margin, there is generally lower fault intensity in the
south, especially around the Horda Platform, compared to the north on the Lomre Terrace and Mélgy Slope. In the
south, fault intensity shows a clear decrease with increasing distance from the North Viking Graben (Figure 7a).
Whereas in the north, fault intensity is more variable with two areas of high fault intensity located on the Lomre
Terrace and Mélgy Slope (Figure 7a). These two areas of high fault intensity are linked by a NE-SW-striking zone
of high fault intensity. Farther north, there is another zone of high fault intensity with a similar NE-SW strike across
the Marflo Spur (Figure 7a). Spatial patterns in the connecting node frequency generally correlate positively with
the fault intensity, such that the areas of highest connecting node frequency coincide with the two areas of highest
fault intensities observed on the Lomre Terrace and Malgy Slope, respectively (compare Figures 7b and 7a). Like
the pattern of fault intensity, there is a NE-SW-striking zone of high-intermediate connecting node frequencies that
link the two areas (Figure 7b). The spatial distribution of Cy; shows broadly higher values close to the North Viking
Graben and decreases away from the graben (Figure 7c). Values for Cy are lowest to the southeast on the Horda
Platform (generally <1.5) and there is a local high in Cj; around the Lomre Terrace (Figure 7c). This is similar to the
node and branch topology of the fault blocks with differences between the platform area and the terraces (Figure 6b).

On the western rift margin there is also a positive correlation in the spatial variability of fault intensity and
connecting node frequency (compare Figures 7a and 7b). Fault intensity and connecting node frequency tends
to increase with increasing distance from the North Viking Graben, except in the Tampen Spur area to the north
(Figures 7a and 7b). In contrast to the eastern rift margin where the high fault intensity and connecting node
frequency zones have a NE-SW strike, the high fault intensity and connecting node frequency zones on the west-
ern rift margin have an approximately N-S strike (Figures 7a and 7b). The most prominent N-S striking zone starts
from the Magnus Sub-basin, crosses the Tern-Eider Ridge, and extends into the East Shetland Basin (Figures 7a
and 7b). Unlike fault intensity and connecting node frequency, values of C, show little spatial variability with
values broadly >1.5 indicating overall moderate to high degree of connectivity (Figure 7c). These values of Cy
compares well with the values observed in the eastern rift margin, excluding the Horda Platform (Figure 7c¢).

4.2.3. Patterns in Fault Compartmentalization

Contour grid plots of the dimensionless block intensity (R,,) indicate the amount of fault-enclosed compartments and
thus quantify how deformed or intact the margins are at the near Top Brent level. On both the eastern and western rift
margins, the variation of R, follows the pattern of variation in fault intensity and connecting node frequency, albeit
with an inverse correlation, that is, the areas of low R,, correlate with areas of high fault intensity and connecting
node frequency (cf. Figure 8a with Figures 7a and 7b). On the eastern rift margin there are two areas of relatively
low R,, (<0.01) around the Lomre Terrace and on the Mélgy Slope (Figure 8a). These low R,, areas indicate zones
of relatively high deformation. Values of R,, generally increase with increasing distance away from the eastern
margin of the North Viking Graben, which indicates less deformation away from the graben axis (Figure 8a). Indeed,
the map of the spatial distribution of fault-enclosed compartments (Figure 8b), show that the Horda Platform is
characterized by a negligible number of compartments that are spatially extensive. In contrast, along-strike from
the Oseberg to Marflo Spur consist of numerous moderate- to small-sized compartments. Notably, is the cluster of
small-sized compartments around the Lomre Terrace (Figure 8b), which corresponds with the area of lowest R,,
values (Figure 8a), indicating a relatively high amount of fault-enclosed compartments.

On the western rift margin, the main zones of low R, (<0.01) are N-S striking, coinciding with the N-S-striking
zones of high fault intensity and connecting node frequency (cf. Figure 8a with Figures 7a and 7b). The highest
values of R,, are immediately adjacent to the North Viking Graben indicating that the western margin becomes
more deformed with increasing distance from the North Viking Graben, this contrasts with the eastern margin.
This is further supported by the map of fault-enclosed compartments, with negligible numbers or no compartments
in areas adjacent to the North Viking Graben, except for the Gullfaks and Tampen Spur areas which are moder-
ately compartmentalized. The smallest-sized compartments are clustered around the Magnus Sub-basin and the
Tern-Eider Ridge, highlighting a relatively high amount of fault-enclosed compartments in these areas (Figure 8b).

4.3. Spatial Distribution of Strain, Faulting, and Topology

Table 2 summarizes values for the spatial heterogeneity of faulting (V') and fault throw (as a proxy for strain;
V), extracted from sampling along four across-strike transects, X, A, B, and C (see Figure 1b for locations and
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Figure 8. Spatial distribution of the rift margin compartmentalization. (a) Dimensionless block intensity (R,,) and (b) regions, showing how deformed or intact the
margins are, and the fault-enclosed compartments, respectively. The major faults and structural elements are indicated for easy reference to locations. See Figure 1b for

definition of abbreviations.

Figures S3-S6 in Supporting Information S1 for the seismic sections). The ¥ and V' values indicate how local-
ized or distributed deformation is (Nixon, Bull, & Sanderson, 2014). To better understand controls on spatial
variations and inter-relationship between fault network properties, we compare these values with variations in
fault network geometry and topology along the transects.

4.3.1. Eastern Versus Western Rift Margin

Transect X runs across the entire rift and provides a comparison between the eastern and western rift margins
(Figure 9). Cumulative throw and fault frequency plots along Transect X are presented in Figure 9a, illustrating

the spatial distribution of strain and faulting. The eastern margin shows values of 0.24 and 0.28 for V and V{,
respectively, indicating a low degree of heterogeneity of faulting and strain. Faulting on the western margin is
also show low degree of heterogeneity, V' = 0.28, however strain is more localized with an elevated V{ of 0.39,
implying that a few faults accommodate most of the cumulative throw (Figure 9a, see also Table 2).

:Zrlr)ll:mzry of the Heterogeneity Parameters of Faulting and Strain, V! and V!
Transect 14 V!
Regional transect X
Eastern margin 0.24 0.28
Western margin 0.28 0.39
Horda Platform transects
Transect A 0.37 0.36
Transect B 0.33 0.57
Transect C 0.43 0.54
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Figure 9. (a) Cumulative plots of fault throw (solid red line) and fault frequency (solid gray line) for the across-strike,
regional Transect X (see Figure 1b for location of the transect), with the corresponding, (b) 2D fault intensity plot, (c)
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Along the eastern rift margin, the fault intensity and connecting node frequency gradually decrease away from the
North Viking Graben (Figures 9b and 9c). However, on the western rift margin the fault intensity and connecting
node frequency decrease toward the North Viking Graben and exhibit two significant peaks, P1 and P2, indicat-
ing areas of localized high fault intensities (Figures 9b and 9c). P1 is located in the immediate footwall of the
high-displacement, east-dipping, East Shetland Platform Fault, whereas P2 is located between the Cormorant
and Hutton Fault zones in the East Shetland Basin 4 fault block. Values of Cy are slightly lower on the eastern
rift margin compared to the western rift margin (Figure 9d). On the eastern rift margin, Cy correlates with fault
intensity and connecting node frequency, decreasing away from the North Viking Graben. However, values for
Cy, are relatively constant on the western margin, and do not follow the localized variations in fault intensity and
connecting node frequency (i.e., P1 and P2). The dimensionless block intensity (R,,) has an inverse relationship
with fault intensity and connecting node frequency (Figure 9¢). On the eastern margin, R, increases steadily away
from the North Viking Graben (Figure 9¢). On the western margin, R, is characterized by two major troughs, T1
(at the footwall of the East Shetland Platform Fault) and T2 (located between the Cormorant and Hutton Fault
zones) that corresponds to peaks P1 and P2, respectively, and indicates two localized areas where the margin is
highly deformed into numerous fault-enclosed compartments (compare Figure 9e with Figures 9b and 9c).

4.3.2. Along-Strike Spatial Variation in Strain and Fault Network Properties

Transects A, B, and C along the Horda Platform illustrate along-strike variations between different network prop-
erties and their relationship with strain. Transect A runs across the northern Horda Platform and through Lomre
Terrace, Transect B runs across the central part of the Horda Platfrom and through the Oseberg Fault Block, and
Transect C runs along the southern Horda Platform (Figure 1b). The spatial heterogeneity of faulting shows a
homogenous distribution of faulting on the northern (th = (0.37) and central (Vf/ = 0.33) Horda Platform and a
more heterogenous distribution of faulting on the southern Horda Platfrom (Vf’ = 0.43) (Figure 10a—-10c). Fault
throw is also homogenously distributed on the northern Horda Platform, with a low ¥V of 0.36 indicating that
strain is more distributed, being accommodated by both major faults and numerous smaller faults (Figure 10a).
In contrast, throw is much more heterogeneous on the central and southern Horda Platform (¥ > 0.5), indicating
that strain is localized on to a few major faults, and is consistent with the cumulative throw plot, where it is mainly
the major faults that contributes to the overall strain along the respective transects (Figures 10b and 10c).

The spatial patterns of fault intensity, connecting node frequency, C, and R,, show along-strike spatial variability
of the fault network properties from the north to south of Horda Platform (Figures 10d—100). The fault network
properties generally decrease (or increase in the case of R,,) away from the North Viking Graben into the Horda
Platform along all three transects (Figures 10d—100). In general, the fault network properties show less variation
along the northern Horda Platform transect, compared to the central and southern Horda Platform where they are
characterized by several peaks and troughs (Figures 10d—100). The peaks and troughs on the central and southern
Horda Platform transects is consistent with the heterogenous throw (high V' values) representing localized strain.

The fault intensity, connecting node frequency, and Cj plots along the northern Horda Platform transect show an
initial increase up to a maximum peak that coincides with the location of the Lomre-Troll fault system, followed
by a gradual decrease farther eastwards into the Horda Platform (Figures 10d, 10g, and 10j). The R,, plot shows
an inverse relationship to the other network properties (Figure 10m). Compared to the northern Horda Plat-
form, the fault network properties on the central Horda Platform transect are characterized by several peaks and
troughs, suggesting areas of localized high fault intensity, connectivity, and margin deformation (Figures 10e,
10h, 10k, and 10n). The peaks and troughs coincide with the immediate footwall of the Eastern Border Fault of
the North Viking Graben, the Brage fault, and the Vette fault. The patterns of the fault network properties along
the southern Horda Platform transect are identical to the central Horda Platform, specifically up to c. 70 km of the
central transect (e.g., compare Figures 10i and 10h). An initial peak and trough for R, that coincides with the
immediate footwall of the Eastern Border Fault of the North Viking Graben is also recognized (Figures 10f, 10i,
101, and 100).

5. Discussion
5.1. Topological Characterization of Rift Structural Domains

Different structural domains reflect the rift-scale architecture of extensional rift or graben systems (Fossen
et al., 2000; Gabrielsen, 1986; Ngttvedt et al., 1995; Robson, 1971). Gabrielsen (1986) presented an idealized
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Figure 10. Cumulative plots of fault throw (solid red lines) and fault frequency (solid gray lines) for (a) Transect A, (b) Transect B, (c) Transect C, along the northern-,
central-, and southern- Horda Platform, respectively (see Figure 1b for location of the transects). (d—f) 2D fault intensity plots corresponding to the transects. (g—1)
Connecting node frequency plots corresponding to the transects. (j—1) Connections per branch plots corresponding to the transects. (m—o) Block intensity plots

corresponding to the transects.

classification of the structural domains of a mature graben system based on observations of the fault geometries
and degree of subsidence across and along the northern North Sea rift system. According to Gabrielsen's (1986)
classification, the rift zone is separated from its undeformed surroundings by marginal fault complexes, and the
architecture of the rift system can be subdivided mainly into: platform, sub-platform, and interior graben. The
sub-platform typically consists of terraces and sub-basins.

In this study, the analysis of the topological properties of the fault network of the northern North Sea rift system,
broadens the traditional approach of fault networks analysis, that is largely based on their geometry and kinemat-
ics (e.g., Bell et al., 2014; Claringbould et al., 2017; Deng et al., 2017; Osagiede et al., 2020). We present, for the
first time, a detailed analysis of the spatial variation of the geometry (fault orientation and intensity), topology
(network connectivity and compartmentalization), and strain (strain heterogeneity) of normal fault network at the
rift-scale (up to several 1,000 s of km?).
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Figure 11. Summary of the key characteristics of the northern North Sea rift fault network in relation to the structural
architecture (platform vs. sub-platform) of the rift margin. Local structurally complex areas X, Y, and Z, of high fault
intensity, connectivity, host rock damage, and fault-enclosed compartmentalization are associated with footwall damage zone,
rift accommodation zone, and intra-basin high/horst structure, respectively. Note the correlation between the location and
orientation of the underlying pre-existing basement structure and the location and orientation of the accommodation zone
faults.

The orientation of the faults within the fault network varies spatially between the rift margin fault blocks (see
Figures 4 and 5). The dominant orientations of the faults within fault blocks that are adjacent to the North Viking
Graben are sub-parallel to the graben axis, consisting of either N-S- or NE-SW- striking faults that may have been
controlled by the graben border fault system. There is less influence of the graben border fault system on the fault
orientations within fault blocks that are farther away from the North Viking Graben, where c. NW-SE orientations
become dominant. Variations in the orientation of faults in different parts of the northern North Sea rift has also
been recognized by several previous studies (e.g., Bartholomew et al., 1993; Claringbould et al., 2017; Ferseth
etal., 1997; Fossen et al., 2003; Osagiede et al., 2020; Reeve et al., 2015; Wrona et al., 2022). The topology of the
rift is dominated by I-C- and C-C-branches, and I- and Y-nodes rather than X-nodes (Figure 6; Table 1), suggest-
ing that the overall rift fault network is characterized by more isolated and abutting and/or splaying faults, and
less cross-cutting faults. Similar observations of the dominance of I- or Y-nodes compared to X-nodes have been
made in other rift fault networks in, for example, the Gulf of Thailand (Morley & Nixon, 2016), the Gulf of Suez
(Dufty et al., 2017), and the Milne Point, Alaska North Slope (Duffy et al., 2017). This relatively low proportion
of X-nodes within the fault network is likely related to the difficulty of preserving cross-cutting intersections as
rift faults accumulate higher displacement, but may also have been impacted by the scale of observation, that is,
the limited resolution of seismic data (e.g., Nixon et al., 2012).

The rift-scale analysis of the node and branch topology has also revealed two topological domains, one of which
consists of fault blocks dominated by I-nodes and connections per branch (Cy) values <1.5, whereas the other
consist of fault blocks dominated by Y-nodes and Cj values >1.5 (Figure 6; Table 1). Overall, these topological
domains distinguish the fault blocks of the platform area (Horda Platform) from those of the sub-platform areas
(e.g., Lomre Terrace and East Shetland Basin) in the northern North Sea (Figure 6). This suggests that the plat-
form area of the rift margin is characterized by a relatively simple network dominated by isolated faults, and low
connectivity, whereas the sub-platform area is characterized by a more complex network dominated by abutting
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and/or splaying faults, and moderate connectivity (Figure 11). This topological domain subdivision of the rift
margin is further supported by the results of the contour grid sampling that show the spatial variability of rift
fault network properties (Figures 7 and 8). The rift fault network properties, that is, the fault intensity, connecting
node frequency, and Cj are generally lower and block intensity is higher on the platform area (e.g., the Horda
Platform) compared to the sub-platform area (e.g., Lomre Terrace and East Shetland Basin; see Figures 7 and 8).
The platform area of rift margins is interpreted to be less faulted and less deformed (or more intact), and the rift
fault network is less connected and less compartmentalized in comparison to the sub-platform area (Figure 11).
The inclusion of the topological analysis of the rift fault network in this interpretation therefore provides a new,
complimentary way to characterize the large-scale structural domains in rifts.

Previous studies have shown that within rift margins, the platform areas exhibit relatively moderate internal
faulting and accommodate moderate subsidence, whereas the sub-platform area have more closely spaced inter-
nal faults and accommodate higher amounts of subsidence (e.g., Fossen et al., 2000; Gabrielsen, 1986; Ngttvedt
et al., 1995). An important question then is, what controls the topological domains of rift margins at rift-scale?
We suggest that the observed distinct topological characteristics of the platform and sub-platform structural
domains reflect the amount of strain accommodated within the structural domains. This conclusion agrees with
that of Duffy et al. (2017), based on their investigation of how the node and branch topology evolved with increas-
ing strain on a set of clay experimental models. Their results showed that I-nodes and I-C branches dominate the
fault network topology at relatively low strain, whereas Y-nodes and C-C-branches dominate under high strain,
which is similar to our observations of the topology of the platform and sub-platform, respectively.

5.2. Local Controls on the Spatial Variability of the Rift Fault Network Properties

Although we suggest that the overall topological patterns that characterize the rift structural domains is controlled
by the relative amount of strain accommodated within the domains, there are, however, local variations in the
properties of the rift fault network that are possibly linked to other factors, which we discuss here.

5.2.1. Role of Pre-Existing Structures and Accommodation Zone

Several pre-existing shear zones related to the post-orogenic extensional collapse of the Caledonian orogen are
interpreted within the crustal basement that underlie the northern North Sea rift (e.g., Fazlikhani et al., 2017,
Phillips et al., 2019; Osagiede et al., 2020; Figure 1a). One of the most prominent of these shear zones in the
study area is the NE-SW striking Lomre Shear Zone which underlies the Lomre Terrace (Figure 1a). Based on
our observation, rift faults within the Lomre Terrace fault block have a dominant NE-SW strike, suggesting that
the underlying Lomre Shear Zone may have locally influenced the orientation of the faults. This interpretation
agrees with previous conclusion by Tillmans (2020). Also, the location of the Lomre Shear Zone coincides with
rift accommodation zone, associated with a right-step of the graben axis between the North Viking- and Sogn-
graben rift segments. This suggests that the Lomre Shear Zone may not have only influenced the orientation of
the cover rift faults in its immediate vicinity, but also the larger-scale rift architecture through its influence on the
location of the North Viking—Sogn graben rift accommodation zone.

The structural complexity of the rift accommodation zone around the Lomre Terrace is reflected in the topology of
the rift fault network. The area is one of the areas characterized by localized high fault intensity, high connectivity
(Cy > 1.7), intense margin deformation (R,, < 0.1), and relatively high amount of fault-enclosed compartments
(Figures 7 and 8). Also, a clear NE-SW-striking zone of high fault intensity and connecting node frequency along
the Lomre—Uer terraces mimic the orientation of the underlying Lomre Shear Zone (see Figures 7a and 7b). Further-
more, the along-strike spatial heterogeneity analysis of faulting and strain revealed that deformation is distributed
(increased faulting and complexity) around the rift accommodation zone. We therefore argue that the presence of
the underlying pre-existing structure and the associated rift accommodation zone locally influenced the observed
spatial variation of the geometry, strain heterogeneity, and topology of the rift margin fault network (Figure 11).

5.2.2. Influence of Fault Damage and Intra-Basin Highs on Rift Fault Network Properties

Several localized structurally complex areas of high fault intensity, high connectivity (Cy > 1.7), intense deformation
(R,, < 0.1) and high amount of fault-enclosed compartments, coincides with the immediate footwall of some of the
major, high-displacement faults. Examples of intense footwall deformation include the northern segment of the Vette
fault on the eastern rift margin, and the Snorre and Cormorant faults on the western rift margin (Figures 7 and 8).
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We suggest that this relationship is related to a high degree of deformation associated with wall damage as a result
of repeated accumulation of slip on the major faults over time (Cowie & Scholz, 1992; Kim et al., 2004; Vermilye
& Scholz, 1998). This suggestion is consistent with other recent studies where similar observation of increased
fault abundance and connectivity in fault damage zones have been documented (e.g., Hansberry et al., 2021; Nixon
et al., 2020). For example, Hansberry et al. (2021) used node and branch topology to distinguish damage zone frac-
turing from background fracturing in the hanging-wall of the Castle Cove Fault, Otway Basin. They showed that the
intensity and connectivity of fractures significantly increased in the immediate hanging-wall of the fault, whereas the
background fracturing remained relatively unchanged, providing a basis to quantify the width of the damage zone.

Other local structurally complex areas are related with fault-bounded horst blocks that form intra-basin highs, for
example, the Marflo Spur and Brage Horst on the eastern rift margin, and the Tern-Eider Ridge on the western
rift margin (Figures 7 and 8). Although it is not exactly clear why the horst blocks are intensely deformed, we
speculate that the observed intense deformation may be related to an overlapping of the footwall damage zones
associated with the major faults that bounds the horsts. The correlation between the location of local structurally
complex areas within the rift fault network and either fault damage zones or intra-basin highs suggest that the
development of both fault damage zones and intra-basin highs can also influence the spatial variability of rift fault
networks properties (Figure 11).

5.3. Relationship Between Rift Fault Network Geometry, Topology, and Strain Heterogeneity

Our results also provide insights on the relationship between different fault network properties that are
related to the geometry, topology, and strain distribution within rift. Based on the results of the contour grid
sampling, all the rift fault network properties (except Cy) exhibit near-identical patterns of spatial variability
(Figures 7 and 8). In general, where the fault intensity is high, for example, around the Lomre Terrace in
the eastern rift margin and Tern-Eider Ridge in the western rift margin, the corresponding connecting node
frequency and Cy are also high, whereas the dimensionless block intensity (R,,) is low, and the identified
regions are characterized by numerous small-sized fault-enclosed compartments (Figures 7 and 8). On the
other hand, where the fault intensity is low, for example, around the Horda Platform, the corresponding
connecting node frequency and Cy are also low, whereas R,, is high, and little or no regions (fault-enclosed
compartments) are identified (Figures 7 and 8). These correlations between the rift fault network properties
suggest that the geometry (i.e., orientation and intensity) and topology (i.e., connectivity and compartmen-
talization) of the network are inter-related at rift-scale. Similar relationship, where the combination of the
variability in orientation and abundance of faults or fractures dictate the degree of connectivity and relative
amount of compartmentalization have been recognized in rift fault networks (Duffy et al., 2017; Morley &
Nixon, 2016) and fracture networks in general (e.g., Dimmen et al., 2020; Nixon et al., 2020; Sanderson &
Nixon, 2018), at both outcrop- and basin-scale. The similarity in the highlighted relationship between rift
fault network geometry and topology at different scales suggest that this relationship may be applicable
irrespective of the scale of observation.

The regional transect across the eastern and western margins of the northern North Sea rift show variability
of the heterogeneity parameters for faulting (V') and strain (V) across the rift (Figure 9a). Values of both
V! and V are lower on the eastern rift margin compared to the western margin, indicating that the eastern
rift margin has distributed faulting and strain, whereas faulting and strain are more localized on the western
rift margin. The distributed and localized faulting and strain observed in the eastern and western rift margin,
respectively, also directly reflect on other fault network properties like the fault intensity, connecting node
frequency and R,,, plotted along the transect (Figure 9). The values of these properties on the eastern rift
margin of the transect are less variable, decreasing gradually away from the North Viking Graben, in line with
distributed faulting and strain, whereas on the western margin, the properties are more variable, exhibiting
local peaks and troughs due to localized faulting and strain (Figure 9). This suggests that changes in throw
accommodated by major faults and strain localization also imposes a first order control on fault network
geometry and topology.

6. Conclusions

We have assessed the geometry, topology, and strain heterogeneity of the northern North Sea rift margin fault
network, using variance surface attribute extracted from high quality 3D seismic reflection data. Our results

OSAGIEDE ET AL.

19 of 23

851801 SUOWILLIOD BANERID 3|qedljdde au) AQ PousBA0B 22 I 11 YO ‘35N JO S| 10§ AXRI1T 8UIIUO A3IA UO (SUONIPUIOD-PUE-SLLLBIWIOD" A3 1M Ae1q U IUO//SUIY) SUONIPUOD PUE SW | U1 885 *[£202/80/60] U0 AXIq1T8U1IUO AB1IM ‘81 A T¥8.000 LEZ0Z/620T OT/I0p/Wcy" A3 1mAreqipurjuo'sandnBe/sdny WwoJy popeojumod ‘8 ‘€202 ‘Y6T6YY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC007841

Acknowledgments

This research forms part of the Syn-Rift
Systems Project (project number 255229)
funded by the Research Council of
Norway, Aker BP, ConocoPhillips, DNO,
Equinor, Neptune, and Tullow Oil to

the University of Bergen and academic
partners. We also thank VISTA, Norway
for supporting the professorship of

Rob Gawthorpe and granting a visiting
researcher scholarship to Edoseghe. We
thank CGG for providing access to the 3D
seismic reflection data set used for this
study. Thanks also goes to Schlumberger
for providing academic licenses for Petrel
to the University of Bergen, Norway.

‘We thank Bjgrn Nyberg for providing
free access to the NetworkGT software.
‘We also thank Johan Claringbould for
providing access to previous interpreta-
tions of subsurface data from the East
Shetland Basin. We thank the reviewers
David Sanderson and Chris Morley, an
anonymous associate editor, and Editor
Taylor Schildgen for their constructive
feedback and suggestions that improved
the manuscript.

provide a new way to characterize large-scale rift structural domains and shed light on controls on the spatial vari-
ability of network properties such as intensity, connectivity, and compartmentalization within rift fault networks.
The key findings are summarized as follows:

1. Fault orientation varies spatially within the rift margin, exhibiting predominantly N-S, NE-SW, and NW-SE
strikes. The variation is related to proximity to the border fault system of the North Viking Graben, the step
(accommodation zone) in the rift, and presence of underlying pre-existing structures.

2. The overall topology of the rift margin fault network is I- and Y- nodes, and I-C- and C-C- branches domi-
nated, with X-nodes rarely preserved.

3. The rift topology varies spatially, which at rift-scale is related to the broad structural domains of the rift
margin, that is, platform versus sub-platform consisting of terraces and basins. The platform area is character-
ized by low fault intensity and connectivity, and it is less deformed with little or no fault-enclosed compart-
ments, whereas the sub-platform area is characterized by moderate fault intensity and connectivity, more
deformed and highly compartmentalized.

4. The difference in the topology of the platform versus sub-platform structural domains is controlled by the
relatively low strain accommodated in platform area, compared to high strain in the sub-platform area.

5. Several other factors including the presence of pre-existing basement structure, rift segment interaction
(accommodation) zone, fault damage zone, and intra-basin highs locally influence the geometry, topology
and strain distribution of the rift. They result in the development of localized structurally complex areas of
high fault intensity, high connectivity, intense margin deformation and compartmentalization.

6. The topology of rift fault network is to a great extent related to and dependent on the geometry and strain
distribution of the network, irrespective of the scale of observation.

Data Availability Statement

The 3D reflection seismic data underlying this study is a property of CGG and may be accessed by formally writ-
ing to CGG. However, with permission from CGG, we have made some seismic sections available in Supporting
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this study is available open access at https://github.com/BjornNyberg/Network GT.
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