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ABSTRACT

The growth and throw rate variability on normal faults can reflect fault interaction, plate
tectonic forces and, in gravity-driven systems, variations in sediment loading. Because
earthquakes may occur as faults slip, it is important to understand what processes influence
throw rate variability on normal faults to be able to predict seismic hazards in extensional
terranes. Furthermore, the rate of normal fault growth directly controls rift physiography,
sediment erosion, dispersal and deposition, and the distribution and stratigraphic architecture
of syn-rift reservoirs. Instrumental (e.g. geodetic) data may constrain the co-seismic movement
on, or relatively short-term (i.e. <10%) throw rate history of, normal faults, whereas
palaeoearthquake data may provide important information on medium-term (i.e. 10-10° years)
rates. Constraining longer-term (i.e. >10° Myr) variations typically requires the use of seismic
reflection data, although their application may be problematic because of poor seismic
resolution and the absence of, or poor age constraints on, coeval growth strata. In this study |
use 3D seismic reflection and borehole data to constrain the growth and (minimum) long-term
throw rate variability on a gravity-driven, salt-detached normal fault (Middle-to-Late Jurassic)
in the South Viking Graben, offshore Norway, and to assess the impact of throw rate variability
on the thickness and character of syn-rift reservoirs. I recognise five kinematic phases: (i) Phase
1 (early Callovian) - fault initiation and a phase of moderate fault throw rates (0.06 mm yr);
(i1) Phase 2 (early Callovian-to-end Callovian) - fault inactivity, during which time the fault
was buried by sediment; (iii) Phase 3 (early Oxfordian-to-late Oxfordian) - fault reactivation
and a phase of moderate throw rates (up to 0.03 mm yr!); (iv) Phase 4 (late Oxfordian-to-end
Oxfordian) — a marked increase in throw rate (up to 0.27 mm yr'); and (v) Phase 5 (early
Kimmeridgian-to-middle Volgian) — a decline in throw rate (0.03 mm yr'!) and eventual death
of the fault. These rates are comparable to those observed on other gravity-driven normal faults,
with the variability in this example apparently kinematically coupled with the growth history

of the thick-skinned normal fault system bounding the western margin of the basin. Fluctuations
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in sediment accumulation rate and loading may have also influenced throw rate variability.
Shallow marine reservoirs deposited when throw rate was relatively low (Phase 1) increase in
thickness but do not change in facies across the fault, principally because sediment
accumulation rate outpaced fault throw rate. In contrast, deep-marine turbidite reservoirs,
despite being characterised by relatively high sediment accumulation rates, were deposited
when the throw rate was relatively high (Phase 4), thus are only preserved in the fault
hangingwall. Variations in throw and sediment accumulation rate may therefore act as dual

controls on the thickness and distribution of syn-rift reservoirs in salt-influenced rift basins.

INTRODUCTION

The rate of growth of normal faults is important, influencing earthquake behaviour and thus
hazard determination in extensional settings (e.g. Nicol et al., 2005a,b; Mouslopoulou et al.,
2009, 2012). Furthermore, rift physiography and thus sediment erosion, dispersal and
deposition are controlled by the style and rates of normal fault growth (Gawthorpe and Leeder,
2000), which may in turn impact the distribution, stratigraphic architecture and quality of syn-
rift reservoirs. Throw or displacement rate variability on normal faults may reflect: (i) relatively
local mechanical interactions between segments forming part of a kinematically coherent array
(e.g. Nicol et al., 1997; Cowie, 1998; Cowie et al., 2000; Gawthorpe and Leeder, 2000); (ii)
regional variations in the magnitude of far-field plate tectonic forces and regional strain rates,
perhaps related to variations in the rate and style of tectonic processes occurring at the
genetically related plate boundary (e.g. Nicol et al., 2005a,b; Mouslopoulou et al., 2009, 2012);
and (iii) variations in sediment accumulation rate and loading, which may be of particular
importance in thin-skinned, gravity-driven systems developing above mobile substrates (e.g.
Lowrie, 1986; Cartwright et al., 1998; Brothers et al., 2013; Smith et al., 2013). Field-based
analysis of throw or displacement rate variability on active or ancient (i.e. inactive) faults
typically utilise: (i) geodetic analysis; (i) cosmogenic isotope analysis of exposed fault scarps
(e.g. Schlagenhauf et al., 2010); and (iii) dating of offset stratigraphic markers exposed in
natural or man-made trenches crossing active or recently active normal faults; and (iv) historical
palacoearthquake records (see discussion by Nicol et al., 2005a,b). These analytical approaches
yield important data on short-term (i.e. co-seismic up to 10° years) displacement (or throw) rate
variations although this may not be representative of the longer term (i.e. >10° year) behaviour
(Fig. 1) (e.g. Nicol et al. 2005a,b; Mouslopoulou et al., 2009, 2012). Seismic reflection data
can be applied to constrain long-term displacement (or throw) rates on surface-breaking
(growth) faults although its application can be problematic due to: (i) poor seismic resolution,
which hampers our ability to map faults and related growth strata that record fault kinematics;

(i1) the absence of growth strata due to uplift and erosion of the fault footwall, a situation
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common on large (i.e. km-scale displacement or throw) faults; and (iii) poor age constraints on
growth strata.

The Gudrun Fault, located in the South Viking Graben, offshore Norway (Fig. 2)
provides an exceptional opportunity to constrain the long-term (>10° year) throw rate history
of a salt-detached normal fault. The general geometry, and Middle-to-Late Jurassic kinematic
and tectono-stratigraphic development of the Gudrun Fault are described by Jackson & Larsen
(2009), Kieft et al. (2010) and Jackson et al. (2011). What remains unknown is how throw rate
varied on the fault through time, and what controlled such variations; resolving these issues
forms the focus of this paper. Adjacent to the Gudrun Fault, seismic data are of sufficient quality
to map the fault and associated growth strata and, due to relatively high sediment accumulation
rates, syn-kinematic growth strata are almost fully preserved in the fault hangingwall and
footwall of the fault. Biostratigraphic data constrain the age of growth strata on both sides of
the fault, allowing me to determine its throw rate. I demonstrate that the throw rate history of
the Gudrun Fault was highly variable. I then argue that this variability is kinematically coupled
to throw rate variations on the thick-skinned, basement-involved normal fault bounding the
western margin of the half-graben, which controlled the rate of hangingwall rotation and
extension of the suprasalt cover. Fluctuations in sedimentation rate and loading in this gravity-
driven extensional system may also have played a role in controlling throw rate variations.
Irrespective of the precise mechanisms controlling variations in its throw rate, these variations
influenced the distribution, thickness and quality of shallow- and deep-marine syn-rift

resServoirs.

GEOLOGICAL SETTING

The study area is located in the South Viking Graben, offshore Norway (Fig. 2). The South
Viking Graben is a ¢. 40 km wide, gently (5°) westwards-tilted half-graben, bound on its
western margin by a large displacement (up to 5 km), N- to NNE-striking, E-dipping normal
fault system (the Graben Boundary Fault Zone). The South Viking Graben formed in response
to Permo-Triassic and Middle-to-Late Jurassic rifting, although the geometry of the basin is
dominated by structures associated with the latter rift event.

During the Late Permian, the South Viking Graben was located along the northern
margin of the Northern Permian Salt Basin, where it formed a NE-trending, fault-bounded
embayment. An evaporite-dominated succession (the Zechstein Supergroup) was deposited in
the South Viking Graben at this time (Fig. 3) (e.g. Glennie, 1990; Ziegler, 1990; Hodgson et
al., 1992; Glennie, 1995); this unit strongly influencing the structural style of the Middle-to-
Late Jurassic rift event and the Late Jurassic-to-Early Cretaceous inversion event (Pegrum &

Ljones, 1984; Thomas & Coward, 1996; Jackson and Larsen, 2008, 2009). During the Triassic,
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a broadly tabular succession of lacustrine mudstones (Smith Bank Formation) and fluvial
sandstones (Skagerrak Formation) were deposited above the salt (Fig. 3) (e.g. Fischer & Mudge,
1998).

Lower Jurassic strata are absent in the South Viking Graben due to syn-depositional
growth of the Mid-North Sea Dome (Ziegler, 1990; Underhill and Partington, 1993, 1994).
During the Middle Jurassic, the Mid-North Sea Dome deflated and the Graben Boundary Fault
Zone reactivated, resulting in rapid subsidence of the South Viking Graben (Harris and Fowler,
1987; Ziegler, 1990; Cockings et al., 1992; Coward, 1995; Thomas and Coward, 1996). Fault-
controlled subsidence, coupled with a eustatic rise in sea-level, resulted in deposition of an
upward-fining, Middle-to-Upper Jurassic succession. Coastal-plain (Sleipner Formation) and
shallow marine (Hugin Formation) sandstone, mudstone and coal pass upward into siltstone-
dominated shelf deposits (Heather Formation) and mudstone-dominated deep marine deposits,
which locally contain thick (>250 m) turbidite sandstone that form the main reservoirs in the
Gudrun field (Draupne Formation) (Figs 3 and 4) (Harris and Fowler, 1987; Cockings et al.,
1992; Fraser et al., 2003; Hampson et al., 2009; Kieft et al., 2010; Jackson et al., 2011; Hoth et
al., this volume). Overall, these changes in depositional system type and sediment supply
direction resulted in: (i) an initial decrease in sediment supply and accumulation rate linked to
southwards backstepping of the ‘Brent’ delta (i.e. the upward stratigraphic transition from the
Sleipner to Hugin to Heather Formation); and following this (ii) a subsequent upward increase
in sediment supply and accumulation rate linked to the main phase of rifting, degradation of
the Utsira High and the related influx of deep-water sandstones.

Hangingwall tilting during Middle-to-Late Jurassic rifting resulted in the formation of
salt-detached normal faults in the Triassic-Middle Jurassic cover overlying Zechstein salt (Figs
2B, 5 and 6) (Thomas and Coward, 1995; Jackson and Larsen, 2009). The Gudrun Fault, which
forms the focus of this study, is perhaps the best-imaged salt-detached normal fault in the South
Viking Graben. Jackson and Larsen (2009) demonstrate that the Gudrun Fault initiated in the
late Middle Jurassic (Late Callovian), broadly coeval with the initiation of activity on the
Graben Boundary Fault Zone, and became inactive during the Late Jurassic (Early
Kimmeridgian).

The South Viking Graben was inverted during the latest Jurassic (late Early Volgian)
and the majority of rift-related faults became inactive (Jackson and Larsen, 2008). Inversion
led to development of low-relief anticlinal buckle folds in the hangingwalls of many of the
Upper Jurassic rift-related normal faults (Fig. 6A) (e.g. Pegrum and Ljones, 1984; Cherry,
1993; Knott et al., 1993; 1995; Thomas and Coward, 1996; Knott, 2001; Branter, 2003; Brehm,
2003; Fletcher, 2003a,b; Jackson and Larsen, 2008). Jackson and Larsen (2008) demonstrate
that the hangingwall of the Gudrun Fault was folded but that the fault itself was not reverse
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reactivated. This is an important observation, indicating that the original syn-extensional

geometry and throw variations on the Gudrun Fault are preserved.

DATASET

The study area is covered by a 3D seismic reflection dataset, with an inline (NE-SW) and
crossline (NW-SE) spacing of 12.5 m and record length of 5.5 seconds. The seismic data are
displayed with reverse polarity (SEG European convention) so that a downward increase in
acoustic impedance is represented by a trough or ‘soft’ event (black reflection on the profiles
presented here) and a downward decrease in acoustic impedance is represented by a peak or
‘hard’ event (white reflection on the profiles presented here) (Fig. 6). The vertical scale of the
seismic data is in two-way time (TWT), but measurements taken from the data (e.g. fault throw,
thickness of stratigraphic packages) were converted to metres based on velocity data taken from
boreholes 15/3-1S and 15/3-7 (Figs 2 and 4). The vertical seismic resolution in the interval of
interest is 30-40 m (Jackson et al., 2011) and seismic data quality is generally good-to-excellent,
although it is poor beneath the Zechstein salt.

Two wells containing core, electrical log (e.g. gamma-ray = GR; density = RHOB;
velocity=DT) and biostratigraphic data were utilised in this study (15/3-1S, 15/3-7; Figs 4, 5A
and 6A). 15/3-18 penetrates the hangingwall of the Gudrun Fault, whereas 15/3-7 penetrates
the footwall, both being located near the centre of the fault where throw is highest (Jackson and
Larsen, 2009). Core data from these two wells and three nearby wells (15/3-3, 3-4 and 3-5) are
described in detail by Kieft et al. (2010) (Hugin Formation) and Jackson et al. (2011) (Draupne
Formation); these data provide a direct calibration of the penetrated sedimentary facies and
allow us to infer likely facies in uncored wells (or uncored intervals of wells). Thirteen key
stratal surfaces, constrained by biostratigraphically defined surfaces tied to the ammonite-based,
North Sea-wide scheme of Partington et al. (1993), are identified in and correlated between
wells, allowing an age-constrained seismic-stratigraphic framework to be constructed for
growth strata preserved adjacent to the Gudrun Fault (Figs 3 and 4). Five seismic reflections
were mapped: (i) top Rotliegend Group; (ii) top Zechstein Supergroup; (iii) top Sleipner
Formation; (iv) top Hugin Formation; and (v) top Draupne Formation; Fig. 3A). Further details
on the data and methods used to subdivide the syn-rift succession into biostratigraphically

defined, sub-seismic stratal units are provided below.

GEOMETRY AND ORIGIN OF THE GUDRUN FAULT

The Gudrun Fault is 15 km long, strikes NE-SW, is planar in cross-section and dips steeply
(66-80°) to the north-west (Figs 5 and 6A). The fault detaches downwards onto pre-rift
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Zechstein salt and terminates upward into the syn-rift Draupne Formation (Late Oxfordian-
Middle Volgian) (Fig. 6A). Maximum throw (c. 615 m) occurs at the centre of the Gudrun Fault
(as measured at the base of the Hugin Formation; Fig. 3), decreasing along strike to the fault
tips (Fig. 5A). Gentle folding in the hangingwall of the Gudrun Fault (Fig. 6A) is related to
minor post-rift inversion (Thomas and Coward, 1996; Jackson and Larsen, 2008, 2009).
Jackson and Larsen (2009) note that; (i) the footwall to the Gudrun Fault displays no
systematic along-strike variations in uplift; (ii) syn-rift strata are broadly tabular in the footwall
of the fault (Fig. 6C); (iii) the hangingwall defines a broad syncline whose axis is located near
the centre of the fault (Fig. 5A); and (iv) syn-rift strata thicken along-strike into the centre of
this syncline (Fig. 6B). Based on these geometric and seismic-stratigraphic characteristics, |
interpret that syn-rift activity on the Gudrun Fault was dominated by hangingwall subsidence
with only minor if any, complimentary footwall uplift; these features are characteristic of thin-
skinned, gravity-driven growth faults forming above salt or shale detachments (e.g. Fazli Khani

and Back, 2012).

THROW RATE VARIABILITY ON THE GUDRUN FAULT

In this section I investigate temporal variations in throw rate on the Gudrun Fault, using the
terms ‘low-resolution kinematic analysis’ and ‘high-resolution kinematic analysis’ in a relative
sense. ‘Low-resolution’ refers to the kinematic history derived from seismic-stratigraphic
analysis of the growth strata adjacent to the fault (i.e. the straight dashed line in Fig 1). This
can include analysis of stratigraphic thickness (i.e. isochron or isopach) maps generated by
seismic mapping of ‘upper’ 3"™-order (c. 5 x 10° years) sequences or offset of key seismic
reflections across faults. ‘High-resolution’ refers to the kinematic history derived from analysis
of borehole data (i.e. the curved and ‘stair step-like’ lines in Fig. 1). This includes analysis of
the magnitude of offset of sub-seismic stratigraphic surfaces across the fault, and thickness
variations in the ‘lower’ 3"-order (i.e. 1-2 x 10° years) sub-seismic sequences they bound.
Using growth strata to constrain the kinematics of normal fault growth requires that the
fault is blanketed by syn-kinematic sediment during its growth (i.e. the basin was overfilled;
Childs et al., 2003). If this is the case and if local, depositional system-related variations in
sediment accumulation rate can be discounted (a reasonable assumption in this case given the
relatively small size of the fault relative to the scale of the coeval depositional systems), it is
likely that the observed thickness variations are the direct result of fault-driven changes in
accommodation. Data from the Gudrun Fault indicate that the syn-rift succession is preserved
in and thickens from the footwall to the hangingwall of the fault (Figs 4 and 6), suggesting that
sediment accumulation rate was greater than fault throw rate during Middle-to-Late Jurassic

rifting.
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Low-resolution kinematic analysis

Thomas and Coward (1996) use regional 2D seismic reflection and borehole data to
demonstrate that the Gudrun Fault (and several other faults on the hangingwall of the South
Viking Graben) was active during the Middle-to-Late Jurassic rift event (cf. Jackson and Larsen,
2008). Jackson and Larsen (2009) come to broadly the same conclusion using 3D seismic
reflection and borehole data, arguing there were four key kinematic phases during growth of
the Gudrun Fault: (i) early Callovian (164.2-162 Ma) - initiation of faulting and early fault
growth; (ii) middle to late Callovian (162-159.5 Ma) - cessation of faulting; (iii) late Callovian
and early Oxfordian (159.5-155 Ma) - reactivation and lateral and vertical propagation of the
fault; and (iv) late Kimmeridgian (c. 152 Ma) - death of the fault. Thickening of the entire early
Callovian-to-middle Volgian syn-rift succession (i.e. Hugin Formation to intra-Draupne
Formation; Fig. 6A) across the Gudrun Fault indicates the structure was, apart from a ca. 2.5
Myr period of inactivity in the middle-to-late Callovian (Jackson and Larsen, 2009; Jackson et
al., 2011), active for 12.2 Myr. Based on a maximum throw of c. 615 m at the fault centre
(measured at the base of the Hugin Formation) and the age constraints placed on the top (152
Ma) and base (164.2 Ma) of the syn-rift succession, I calculate a long-term throw rate of 0.05
mm yr' for the Gudrun Fault (red line on Fig. 7C).

Backstripping of age-constrained seismic horizons (e.g. Chapman and Meneilly, 1991;
Petersen et al., 1992; Childs et al., 2003) permits a higher-fidelity analysis of the growth history
and throw rate variability on the Gudrun Fault. For this analysis I use base Hugin Formation
(end Bathonian; 164.2 Ma), top Hugin Formation (early Callovian; 162.2 Ma), top Heather
Formation (early late Oxfordian; 156 Ma), and top SU4a (end Oxfordian; 154.2 Ma). This
analysis yields the following throw rates; (i) early Callovian (Hugin Formation; sub-unit 1) =
0.05 mm yr'!; (ii) early Callovian to late Oxfordian (Heather Formation; sub-units 2-5) = 0.01
mm yr'; (iii) late Oxfordian (SU4a; sub-units 6-7 = 0.17 mm yr'; and (iv) early Kimmeridgian
(lower SU4b; sub-unit 8 = 0.05 mm yr!) (blue line in Fig. 7C)). Note that the last calculation
assumes that the base of SU4b, which broadly defines the death of the Gudrun Fault, is
approximately 152 Myr. Although this refines the throw rate history of the Gudrun Fault (cf.
curves on Fig. 1), I demonstrate below that this rate is still not representative of the entire 12.2

Myr growth history of the fault.

High-resolution kinematic analysis

To investigate the high-resolution growth history of the Gudrun Fault I use borehole data from

the footwall (15/3-7) and the hangingwall (15/3-1S) of the fault to constrain the age and
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thickness of associated growth strata. Three main lithostratigraphic units are defined in the syn-
rift succession: the Hugin (SU2), Heather (SU3) and Draupne (SU4) formations (‘SU’
nomenclature after Jackson and Larsen, 2009 and Jackson et al., 2011; Figs 3 and 4). Twelve
sub-units are identified in the syn-rift succession, bounded by 13 biostratigraphically defined
key stratal surfaces (Figs 3 and 4). Each sub-unit is 26-360 m thick and represents a 0.5-2.9
Myr time interval. [ use expansion indices (EI) analysis (see Thorsen, 1963) to describe changes
in stratal thickness across the Gudrun Fault. Borehole data also constrain across-fault changes
in sedimentary facies, highlighting the impact syn-depositional faulting had on accommodation,
water depth and sediment dispersal (see Kieft et al., 2010 and Jackson et al., 2011 for detailed,
core- and wireline log-based descriptions of Middle and Upper Jurassic facies types and their
distribution, respectively). It should be noted that the throw rate values given below are
calculated for compacted thicknesses of growth strata; these values should therefore be
considered as minimum values (i.e. decompaction would yield thicker sequences of growth
strata deposited per unit time, which would thus result in an increase in the absolute throw rate;
see also Taylor et al., 2008). As I show below, the Gudrun Fault experienced five main
kinematic phases (cf. the four phases identified by Jackson and Larsen, 2009, which was
derived from a largely seismic-based kinematic analysis), defined by deposition of specific syn-
rift sub-units; Phase 1 (early Callovian) = sub-unit 1; Phase 2 (early Callovian-to-end
Callovian) = sub-units 2 and 3; Phase 3 (early Oxfordian-to-late Oxfordian) = sub-units 4 and
5; Phase 4 (late Oxfordian) = sub-units 6 and 7; Phase 5 (early Kimmeridgian-to-middle
Volgian) = sub-units 8-12. Throw rates (black line in Fig. 7C) and characteristic across-fault

thickness and facies changes associated with each phase are described below.

Phase 1 (early Callovian). Phase 1 corresponds to deposition of marginal marine deposits of
the Hugin Formation (sub-unit 1; Figs 3, 4 and 7) (Cockings et al., 1992; Kieft et al., 2010).
Constraining the thickness of the Hugin Formation in the hangingwall of the Gudrun Fault is
not directly possible because borehole 15/3-1S) does not penetrate the entire formation (Fig. 4),
However, Jackson and Larsen (2009) measure the seismically defined thickness of the Hugin
Formation in two-way time (TWT) and use borehole-derived velocity information to convert
this value to metres; based on this approach they estimate that the formation is ¢. 360 m thick
in the hangingwall of the Gudrun Fault. Based on wireline log signatures, calibrated to
observations in a cored succession in the adjacent footwall well, Kieft et al. (2010) interpret
that the upper few hundred metres of the Hugin Formation comprises backbarrier heteroliths
and tidal inlet sandstone (15/3-7; Fig. 4). The Hugin Formation is almost fully penetrated in the
footwall of the Gudrun Fault (15/3-7) and again, by using borehole-derived velocity
information to convert a seismically defined thickness of the formation from TWT to metres,

Jackson and Larsen (2009) estimate the unit is c. 225 m thick. This value is similar to that
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encountered in borehole 15/3-3 (235 m), which is drilled only 4.5 km along strike and which
fully penetrates the Hugin Formation. These data indicate that Hugin Formation thickens across
the fault and has an expansion index of 1.5 (Figs 4 and 7). Jackson and Larsen (2009) and Kieft
et al. (2010) demonstrate that the Hugin Formation comprises four parasequences and, more
specifically, that the upper two parasequences (units ‘C’ and ‘D’ of Jackson and Larsen, 2009),
which are the only ones fully penetrated in the hangingwall of the Gudrun Fault (15/3-1S) and
which are also fully penetrated in the footwall (15/3-7), have expansion indices significantly
greater than inferred for the unit as a whole (i.e. 2.7 for Unit C and 3.1 for Unit D, compared to
1.5 for the whole Hugin Formation; Fig. 4). This observation indicates that across-fault
thickening is not distributed evenly in the Hugin Formation and that fault-driven differential
subsidence was most pronounced during the latter stages of deposition of this unit.

During Phase 1 (2.3 Myr), based on my estimates of its hangingwall and footwall
thickness, the sediment accumulation rate during deposition of the Hugin Formation was
relatively high (0.13 mm yr') and the throw rate on the Gudrun Fault was relatively low (c.
0.06 mm yr') (Fig. 7) (cf. long-term displacement rates of Mouslopoulou et al., 2009; their
Table 1). The Hugin Formation is therefore preserved in the hangingwall and footwall of the
Gudrun Fault although, due to a lack of core data, it is more difficult to make a detailed
assessment of the impact syn-depositional faulting had on across-fault facies partitioning. The
apparent stratigraphic variability that is observed in intervals fully penetrated in the
hangingwall (upper part of B, C and D; 15/3-1S) and footwall (upper part of A, B-D; 15/3-7)
may reflect fault-controlled variations in water depth or tidal energy but it may, however, reflect
the inherent depositional variability of the tidally influenced system represented by the Hugin
Formation (Kieft et al., 2010). What is clear is that, because sediment accumulation rate was
high relative to fault throw rate, overall thickening of at least the upper part of the Hugin
Formation across the Gudrun Fault was accommodated by across-fault thickening of individual
parasequences rather than by the addition of parasequences in the hangingwall (parasequences
C and D; Fig. 4) (see Hodgetts et al., 2001). I speculate that, due to high sediment accumulation
rates, the fault had no or only limited topographic expression and was not expressed as a scarp
at the depositional surface. Because of this, faulting may not have influenced sediment dispersal,
although syn-depositional motion on the structure clearly resulted in preservation of an

expanded hangingwall succession in at least the upper part Hugin Formation.

Phase 2 (early Callovian-to-end Callovian). Phase 2 correlates with deposition of the lower
part of the shelf-deposited Heather Formation, which is defined by moderate GR log values in
both the hangingwall and footwall (sub-units 2 and 3; Figs 3, 4 and 7). Sub-unit 2 thickens
slightly across the fault (21.24 m in the footwall to 31 m in the hangingwall; EI=1.5), whereas
sub-unit 3 thins slightly across the fault (35.35 m in the footwall to 26 m in the hangingwall;
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EI=0.8); taken together, these units are essentially the same thickness on either side of the fault
(i.e. 56.59 m in the footwall to 57 m in the hangingwall; EI=1.2) (Figs 4 and 7).

During Phase 2 (2.8 Myr), the sediment accumulation rate was relatively low (average
of 0.02 and 0.03 mm yr' for sub-units 2 and 3 respectively) and the Gudrun Fault was
essentially inactive (Fig. 7) (Jackson and Larsen, 2009; Jackson et al., 2011). Although core
data are lacking and because the Callovian shelf was widespread and sand-poor (Fraser et al.,
2003), the uniform GR log signature strongly suggests the Heather Formation did not change
facies across the fault change (Fig. 4).

Phase 3 (early Oxfordian-to-late Oxfordian). Phase 3 corresponds to deposition of the upper
part of the shelf-deposited Heather Formation, which, like the lower part, is defined by
moderate GR log values in both the hangingwall and footwall (sub-units 4 and 5; Figs 3, 4 and
7). In contrast to sub-units 2 and 3, which were of broadly equal thickness on either side of the
Gudrun Fault, sub-unit 4 thickens significantly across the fault (37.6 m in the footwall and 119
m in the hangingwall; EI=3.2). Across-fault thickening of sub-unit 5 also occurs but is subtler
(Figs 4 and 7) (30.4 m in the footwall to 37.5 m in the hangingwall; EI=1.2).

During Phase 3 (2.6 Myr), the sediment accumulation rate was relatively low (0.03 and
0.07 mm yr'! for sub-units 4 and 5 respectively) as was the Gudrun Fault throw rate (c. 0.03 and
0.01 mm yr! during deposition of sub-units 4 and 5 respectively; cf. long-term displacement
rates of Mouslopoulou et al., 2009; their Table 1), being lower than during Phase 1 but higher
than during Phase 2 (Fig. 7). Despite the sedimentation accumulation rate being relatively low,
it was still higher than the throw rate (at least during deposition of sub-unit 4). Despite lacking
core data, based on the uniform GR log signature and the widespread, sand-poor nature of the
Early Oxfordian shelf (Fraser et al., 2003), I infer the upper part of the Heather Formation did
not change facies across the fault and that simply an expanded hangingwall succession was

preserved (Fig. 4).

Phase 4 (late Oxfordian-to-end Oxfordian). Phase 4 correlates with deposition of the lower part
of the deep-marine Draupne Formation (sub-units 6 and 7; Figs 3, 4 and 7). Sub-units 6 (43 m
in the footwall to 136 m in the hangingwall; EI=3.2) and 7 (13 m in the footwall to 230 m in
the hangingwall; EI=17.7) display major across-fault thickening, the latter being the most
pronounced across-fault thickening observed in the entire syn-rift succession (Figs 4 and 7).
The striking across-fault thickness change described above is accompanied by a
correspondingly significant across-fault change in sedimentary facies. In sub-units 6 and 7,
which document 3.3 Myr of deposition during Phase 4, the hangingwall succession contains
thick-bedded turbidite sandstone whereas the footwall succession is mudstone-dominated (Fig.

4) (see detailed sedimentological description by Jackson et al., 2011). These across-fault
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changes in thickness and facies correspond to the highest throw rates observed on the Gudrun
Fault (c. 0.09 and 0.27 mm yr! during deposition of sub-units 6 and 7 respectively; Fig. 7),
although these rates are still very low when compared to the long-term rates compiled by
Mouslopoulou et al. (2009) (their Table 1). Jackson et al. (2011) interpret that, at this time, the
hangingwall basin was intermittently underfilled, and that a fault scarp-related bathymetric step
triggered a hydraulic jump in the deep-water turbidity currents, which resulted in preferential
deposition of turbidite sandstone immediately downdip of the Gudrun Fault and filling of the
hangingwall (see Fig. 12A in Jackson et al. 2011). The sediment accumulation rate during
deposition of sub-unit 6 is relatively high (0.06 and 0.068 mm yr! for sub-units 6 and 7
respectively) compared to those in the underlying units; the sediment accumulation rate in the
hangingwall of the Gudrun Fault during deposition of sub-unit 7 is the highest observed in the

entire syn-rift succession (0.128 mm yr!) (Fig. 7).

Phase 5 (early Kimmeridgian-to-middle Volgian). Phase 5 corresponds to deposition of the
upper part of the deep-marine Draupne Formation (sub-units 8-12; Figs 3, 4 and 7). Sub-unit 8
also thickens significantly across the fault (4 m in the footwall to 39 m in the hangingwall;
EI=9.8), whereas sub-unit 9, which was deposited during and slightly after the death of the
Gudrun Fault (Jackson and Larsen, 2009; Jackson et al., 2011), displays moderately striking
across-fault thickening (118 m in the footwall to 174 m in the hangingwall; EI=2.6) (Figs 4 and
7). Sub-units 10-12 are not offset by the Gudrun Fault, thus the very modest thickness variations
in these units (EI=<1.5) are demonstrably not fault related; I instead interpret these short length-
scale (<2 km) variations in thickness and facies to reflect spatial variability in sediment
dispersal, incision and deposition in this deep-marine slope setting (Figs 4 and 7) (Jackson et
al., 2011).

During the early part of Phase 5 (8.9 Myr), the throw rate on the Gudrun Fault,
immediately prior to its death, was relatively low (0.03 mm yr!) (Fig. 7) (cf. long-term
displacement rates of Mouslopoulou et al., 2009; their Table 1). The sediment accumulation
rate of deep-marine slope mudstone in the hangingwall of the Gudrun Fault was also relatively
low (c. 0.03 mm yr'!") (sub-unit 8 and lowermost part of sub-unit 9; Figs 4 and 7). In the footwall,
this interval is represented by an unconformity and it is not known if deposition was restricted
to the fault hangingwall, or whether mudstone deposited in the footwall was later eroded during
turbidity current-driven sediment bypass (see Jackson et al., 2011). Sub-unit 9 comprises a 70-
175 m thick turbidite sandstone body that extends across the upper tip of the Gudrun Fault into
the footwall and hangingwall of the fault (Fig. 4). Deposition of this turbidite-dominated
succession was associated with a very high sediment accumulation rate (hangingwall rate of
0.12 mm yr'"), comparable to that characterising earlier major sand influxes during deposition

of sub-unit 7 (i.e. 0.13 mm yr!") (Fig. 7). North-eastwards thickening of sub-unit 9 may reflect
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syn-depositional subsidence of the Gudrun Fault hangingwall, induced by compaction of an
underlying, relatively fine-grained succession in this location compared to the thinner
succession in the footwall (Fig. 4). Sub-units 10-12 are dominated by slope mudstone, with
relatively thin (up to 25 m) turbidite sandstone bodies occurring at multiple stratigraphic levels
(Fig. 4). Sediment accumulation rates during deposition of these mudstone-dominated sub-units
were relatively modest (hangingwall rates of 0.02, 0.01 and 0.04 mm yr™!' for sub-units 10, 11
and 12, respectively; Fig. 7).

DISCUSSION

Controls on throw rate variability during thin-skinned extension in the South Viking

Graben

Five kinematic phases characterise the growth of the Gudrun Fault during Middle-to-Late
Jurassic rifting; (i) Phase 1 - fault initiation and a phase of moderate fault throw rates (early
Callovian); (ii) Phase 2 - fault inactivity, during which time the fault was buried by sediment
(early Callovian-to-end Callovian); (iii) Phase 3 - fault reactivation and a phase of moderate
throw rates (early Oxfordian-to-late Oxfordian); (iv) Phase 4 — a marked increase in throw rate
(late Oxfordian-to-end Oxfordian); and (v) Phase 5 — a decline in throw rate and eventual death
of the fault (early Kimmeridgian-to-middle Volgian). Given this growth history, the key
question arising from this study is what drove variations in throw rate on the Gudrun Fault?.
Nucleation of the fault during the Callovian can be attributed to the initiation of activity on the
Graben Boundary Fault Zone bounding the western margin of the South Viking Graben (Fig.
2), and consequential westwards rotation of the hangingwall. Thick-skinned faulting initiated
gravity-gliding and extension of the Triassic-to-lower Middle Jurassic suprasalt cover above
Zechstein salt (Thomas and Coward, 1996; Jackson and Larsen, 2008, 2009; Jackson et al.,
2011). It is therefore appealing to link variations in throw rate on the Gudrun Fault to variations
in displacement (or throw) rate on the Graben Boundary Fault Zone; in this sense, throw rate
variations on the Gudrun Fault reflect regional changes in the tectonic boundary conditions
driving extension (cf. Mouslopoulou et al., 2009). Most authors agree that after the initial
Callovian period of thick-skinned faulting and hangingwall rotation, the Graben Boundary
Fault Zone was very active and experienced high displacement rates during the Middle-to-Late
Oxfordian (Cockings et al., 1992; Cherry, 1993; McClure and Brown, 1992; Fletcher, 2003a,b;
Fraser et al., 2003), which is broadly coincident with the main period of accelerated subsidence
on the Gudrun Fault (Phase 4; Figs 7 and 8). High displacement rates on the Graben Boundary
Fault Zone and rapid subsidence of the South Viking Graben would have driven rapid tilting of

the hangingwall dipslope, and the Zechstein salt and its cover; this would have continued into
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and through the Kimmeridgian (early Phase 5; Figs 7 and 8). The decay and eventual death of
the Gudrun Fault occurred during the late Kimmeridgian (c. 152 Ma), broadly coincident with
waning activity on the Graben Boundary Fault Zone, which began in the latest Kimmeridgian
and continued until the Volgian (Fig. 8) (Jackson and Larsen, 2008; Jackson et al., 2011). In
detail, however, death of the Gudrun Fault appears to have occurred slightly earlier than the
waning and eventual death of the Graben Boundary Fault Zone (Fig. 8), suggesting that another
process or set of processes might have been responsible for the cessation of activity on the
hangingwall structure. Jackson and Larsen (2009) suggest that death of the Gudrun Fault
occurred due to thinning and perhaps local welding of Zechstein salt beneath its hangingwall,
with strain migrating upslope onto the newly formed Brynhild Fault.

In addition to broadly correlating to periods of enhanced activity on the Graben
Boundary Fault Zone, I also note that variations in throw rate on the Gudrun Fault are positively
correlated with fluctuations in sediment accumulation rate (Fig. 7). Generally speaking, periods
of high sediment accumulation rate during deposition of the marginal-marine Hugin Formation
(sub-unit 1) and turbidite-dominated, lower part of Draupne Formation (sub-unit 7) correlate
with periods of high-to-very high relative throw rate (Phases 1 and 7; Fig. 7). In contrast, during
deposition of the shelfal Heather Formation (sub-units 2-5) and slope mudstone-dominated,
upper part of the Draupne Formation (sub-unit 8), when sediment accumulation rates were low,
throw rates were correspondingly low-to-moderate (Phases 2-3 and 5; Fig. 7). More specifically,
a progressive increase in sediment accumulation rate during deposition of sub-units 4 through
to 7 is associated with a progressive increase in throw rate (Fig. 7). Given this temporal
relationship between sediment accumulation rate and fault throw rate, and the fact that the
Gudrun Fault forms part of a salt-detached gravity-driven system, I speculate that fluctuating
rates of sediment accumulation and detachment loading in the hangingwall of the Gudrun Fault
drove variable throw rates (cf. Lowrie, 1986; Cartwright et al., 1998). Thus far-field tectonic
processes (i.e. initiation and variable rates of displacement on the Graben Boundary Fault Zone;
see above) and local variability in the rate of sediment accumulation could have had a dual

control on throw rate variability on the Gudrun Fault.

Controls on throw rate variability on other salt-detached normal faults

There are few detailed descriptions of displacement, slip or throw rate variability on thin-
skinned faults above mobile intra-stratal detachments (e.g. salt, overpressured shale). Most
work has focused on thick-skinned or basement-involved ‘tectonic’ faults, formed due to
continental extension driven by plate motions, because of the earthquake hazard they pose (e.g.
Nicol et al., 2005b). Using 3D seismic and borehole data from the onshore Niger Delta, Pochat

et al. (2009) constrain throw rate variability on a shale-detached normal fault, identifying two
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kinematic phases: (i) an early phase of at least 9 Myr characterised by relatively high throw
rates (0.09-0.12 mm yr'); and (ii) a late phase of c. 3 Myr, immediately prior to death of the
fault, characterised by relatively low throw rates (0.01-0.015 mm yr™'). For much, but not all
of its history, the fault of Pochat et al. (2009) was characterised by higher rates of offset than
the Gudrun Fault (Fig. 7). Without additional data on the geological context of the Niger Delta
growth fault (e.g. nature and thickness of the detachment, spatial and kinematic relationship to
other thin-skinned structures, temporal fluctuations in sediment accumulation rate), the reasons
for this difference are unclear. The higher displacement rate on the Niger Delta fault may be
attributed to the overall gravitational potential of the system of which it forms a part; i.e.
seaward (south-westward) tilting of the west African margin and shale detachment, and
consequent extension and normal faulting of the cover, may have been more rapid in the Niger
Delta example than the genetically similar process that drove salt-detached extension in the
South Viking Graben. Higher sediment accumulation rates in the Niger Delta, which was
obviously fed by a much larger drainage system than that feeding the Jurassic South Viking
Graben, may also have contributed to higher slip rates. In the case that the rates of tilting and,
more unlikely, the sediment accumulation in both locations were similar, a lower viscosity
(shale) detachment in the Niger Delta example may have resulted in more rapid overburden
extension and higher fault displacement rates. An alternative interpretation is that the Niger
Delta fault was kinematically isolated from other structures and thus slipped faster than the
Gudrun Fault which was, at least during part of its growth, sharing strain with a nearby structure
(i.e. the Brynhild Fault; Jackson and Larsen, 2009; Jackson et al., 2011).

Using 3D seismic reflection and borehole data, Childs et al. (2003) document throw
rates of 0.07-0.22 mm yr' for salt-detached growth faults on the Gulf Coast, southern US.
Analysing the same types of faults, using similar data, and in the same general setting,
Alexander and Flemings (1995) constrain slip rates of 0.4-2.3 mm yr''. In detail, slip rates
initially increase (from 0.4 to 2.3 mm yr™") in response to delta progradation and an increasing
sediment accumulation rate (c. 1-3 mm yr!), before decreasing (to 0.5 mm yr!) in response to
delta topset aggradation and a stable to slightly decreasing sediment accumulation rate (from
2.3 to 1.6 mm yr!). These observations indicate that, in general, sediment loading likely drove
slip rate variations; more specifically, however, variations in sediment loading likely drove
variations in the rate of salt evacuation from below a subsiding minibasin and hence overburden
deformation. As discussed above, variations in sediment accumulation rate and substrate
loading may have played a role in slip rates variations on the Gudrun Fault.

Dutton and Trudgill (2009) use 3D seismic reflection data from offshore Angola to
constrain throw rate variations on Oligocene-to-Recent, salt-detached normal faults that are of
similar geometry and genesis, if not scale, to those documented in the South Viking Graben.

They argue that a Pliocene (c. 5 Ma) extensional pulse was triggered by increased sediment
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input and thus substrate loading, driven by progradation of the Congo Fan. Fault kinematics are
thus directly linked to variations in sediment accumulation and loading, in a similar way to that
suggested for the Gudrun Fault and the structures studied on the Gulf Coast (Alexander and
Flemings, 1995; Childs et al., 2003). After the fault system initiated, throw rate varied from
0.02-0.16 mm yr'!, which is within the range documented here and from other thin-skinned
extensional provinces. Moreover, on the fault for which they have most data (i.e. their ‘rearward
segment’), Dutton and Trudgill (2009) demonstrate that throw rate decreased with time (from
0.16 to 0.04 mm yr! over 5 Myr), which they attribute to a combination of increasing
mechanical and thus kinematic interactions between adjacent faults, and progressive thinning
and eventual welding of salt, which reduced shear within the detachment and thus led to a
decrease in the rate of cover extension and faulting.

A range of factors may thus control slip or throw rates on gravity-driven faults.
Certainly, the difference described from the five examples above appear real and not simply a
function of data quality; i.e. 3D seismic reflection datasets are of comparable quality, well data
are present in the immediate footwall and hangingwall of the studied structures, and the
temporal resolution of the mapped seismic horizons is broadly similar, except for the Gulf Coast

case study where the temporal resolution is <1 Myr (Alexander and Flemings, 1995).

Impact of throw rate variability on reservoir development

Throw rate variations on the Gudrun Fault impacted the thicknesses and facies of syn-rift
reservoirs (Kieft et al., 2010; Jackson et al., 2011). In general, when the sediment accumulation
rate was high relative to fault throw rate, syn-rift reservoirs changed thickness but not facies
across the fault. For example, in the Hugin Formation, an across-fault increase in bulk thickness
was accommodated by thickening of individual parasequences rather than by the addition of
extra parasequences in the hangingwall of the fault. Increased parasequence thickness may not,
however, correlate to an increase in reservoir net-to-gross (N:G), which is instead controlled
by whether across-fault thickening accommodating expansion of the lower, poorer-quality or
upper, higher-reservoir quality part of the parasequence. In summary, when throw (or
displacement) rate is relatively low or at least low relative to sediment accumulation rate,
reservoirs may be deposited on both sides of a normal fault, but it may be of varying quality
and undoubtedly thickness.

During Late Oxfordian deposition of the Draupne Formation, when throw rates were
high relative to the rate of sediment accumulation, intra-slope relief was created, resulting in
the formation of an intra-slope depocentre that was bound on its updip margin by the Gudrun
Fault. This intra-slope bathymetric step defined by the Gudrun Fault forced sand-laden turbidity

currents to undergo a hydraulic jump and deposit their load. Turbidite sandstone reservoirs are
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thus only present in the hangingwall of the Gudrun Fault, the footwall instead being an area of
sediment bypass (see also Jackson et al., 2011; Stevenson et al., in press). In summary, when
throw (or displacement) rate is relatively high or at least high relative to sediment accumulation

rate, reservoirs may only be deposited in the fault hangingwall.

CONCLUSIONS

3D seismic reflection and borehole data were used to constrain throw rates and growth history
of a salt-detached normal fault in the South Viking Graben, offshore Norway. The principal

results of this study are:

1. The Gudrun Fault is characterised by five kinematic phases: (i) Phase 1 (early
Callovian) - fault initiation and a phase of moderate fault throw rates (0.06 mm yr');
(i1) Phase 2 (early Callovian-to-end Callovian) - fault inactivity, during which time the
fault was buried by sediment; (iii) Phase 3 (early Oxfordian-to-late Oxfordian) - fault
reactivation and a phase of moderate throw rates (up to 0.03 mm yr™'); (iv) Phase 4 (late
Oxfordian-to-end Oxfordian) — a marked increase in throw rate (up to 0.27 mm yr');
and (v) Phase 5 (early Kimmeridgian-to-middle Volgian) — a decline in throw rate (0.03
mm yr'') and eventual death of the fault.

2. As first suggested by Jackson and Larsen (2009), the thin-skinned Gudrun Fault
initiated at approximately the same time as the thick-skinned fault system bounding the
basin margin with periods of faster throw rate on the two being temporally coupled.
These observations suggest that the two may be kinematically coupled, with activity
on the thick-skinned system controlling the rate of hangingwall tilting, cover extension
and therefore salt-detached normal faulting.

3. Throw rate appears positively correlated to sediment accumulation rate, suggesting that
fluctuations in sediment loading driven by regional fluctuations in supply may have
also driven throw rate variations on this gravity-driven fault.

4. Throw rates on the Gudrun Fault are comparable to those observed on other ancient
and active, salt- and overpressured shale-detached gravity-driven normal faults and are
broadly similar to those measured from thick-skinned faults developed in active
extensional terranes. Throw rate variability in both types of systems likely reflect
interactions between faults forming part of a kinematically coherent array, with
detachment characteristics and rate of sub-detachment tilting being particularly
important in gravity-driven systems.

5. Shallow marine reservoirs deposited when the throw rate was relatively low (Phase 1)

increase in thickness but perhaps not change in facies across the fault, principally
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because sediment accumulation rate outpaced fault throw rate. In contrast, deep-marine
turbidite reservoirs, despite being characterised by relatively high sediment
accumulation rates, were deposited when the throw rate was relatively high (Phase 4),
thus are only preserved in the fault hangingwall. Throw (or displacement) rate
variability and sediment accumulation rate thus act as dual controls on the thickness
and distribution of syn-rift reservoirs in both thin- and thick-skinned extensional
settings.

6. 3D seismic reflection data and borehole data can be used to constrain the long-term (i.e.
>10% Myr) throw (or displacement) rates and growth histories of ancient and active
normal faults. Successful application of these data requires that: (i) growth strata are
preserved adjacent to the fault; (ii) seismic data quality is sufficient to accurately map
the faults and growth strata, the latter recording fault kinematics; and (iii) borehole data
constrain the age of growth strata. With sufficient data quantity and quality, the
approach outlined here could be applied at the array scale to many fault segments and

systems.
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FIGURE CAPTIONS

Figure 1. Schematic diagram illustrating fault-slip accumulation over instrumental (days to
years), palacoearthquake (e.g. <25 Kyr) and geological (e.g. >300 Kyr to several million years)
timescales. Numbered steps in the palaeoearthquake data represent large ground-surface
rupturing earthquakes, whereas steps in the day-to-year long data represent small-sized
instrumentally recorded earthquakes that may not have ruptured the Earth’s surface. Depending
on the temporal window of analysis and method, the fault may appear to accumulate
displacement at uniform (i.e. long-term window), approximately uniform (i.e. medium-term
window) or variable (i.e. short-term window) rates. Data resolution increases with decreasing

timescales (modified from Mouslopoulou et al., 2009, 2012).

Figure 2. (A) Simplified map illustrating the key structural elements of the South Viking
Graben. For clarity, only the main extensional faults related to the Late Jurassic rift event are
shown. The inset map shows the geographic location of the study area. The locations of the
study area shown in Fig. 5 and the geoseismic section shown in Fig. 2B are indicated. Modified
from Thomas and Coward (1996). (B) Simplified geoseismic section across the South Viking
Graben illustrating the main structural features and their spatial relationships. 15/3-1S and 15/3-
7 are key boreholes used to constrain the age and composition of faulted strata and, therefore,

displacement rate variations on the Gudrun Fault (GF). See (A) for location of section.
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Figure 3. (A) Simplified stratigraphic column illustrating the upper Palacozoic to Mesozoic
stratigraphy of the South Viking Graben. Mapped seismic horizons are labelled and the
structural and/or stratigraphic significance of the various units is indicated (i.e. column marked
‘Tectono-stratigraphic significance’). ‘J’-surface nomenclature is from Underhill and
Partington (1993, 1994). Stratigraphic ornament applies to the geoseismic profiles shown in
Fig. 6. (B) Details for the late Middle and Upper Jurassic stages offset by the Gudrun Fault.
The identified kinematic phases are indicated in the right-hand column. “J”” nomenclature for
the maximum flooding surfaces (MFS) corresponds to that established by Partington et al.
(1993) and stratigraphic ages are consistent with those published by the Cohen et al. (2013).
The stratigraphic position and approximate ages of seismic reflection events mapped in this
study are indicated, as are the mapped stratal units (SU). Other key stratal surfaces constrained
by biostratigraphic data and bounding sub-seismic sub-units are indicated. Lwr = lower; Mid =

middle; Upr = upper; E = early; M = middle; L = late.

Figure 4. Stratigraphic correlation between 15/3-1S and 15/3-7 located in the hangingwall and
footwall of the Gudrun Fault respectively. The identified kinematic phases, stratal units (SU)
and sub-units are indicated, in addition to the biostratigraphically defined key stratal surfaces
constraining the correlation (see also Jackson et al., 2011). A-D in SU2 refer to informally
defined, intra-Hugin Formation parasequences defined by Jackson and Larsen (2009) (see also
Kieft et al., 2010). Facies for the Hugin Formation (Kieft et al., 2010) and the Heather and
Draupne formations (Jackson et al., 2011) are directly constrained by core data (red boxes) or,

in uncored intervals, inferred from wireline responses calibrated to cored intervals.

Figure 5. (A) Time-structure and (B) simplified sketch maps showing the main structures
observed at the top of SU2 (i.e. top Hugin Formation; see Fig. 3). These maps illustrate the
main thin-skinned, gravity-driven Upper Jurassic rift-related faults (including the Gudrun
Fault) and associated folds. The locations of wells used in this study are shown. BFC = Brynhild
fault central; BFS = Brynhild fault south; GF = Gudrun fault (see Jackson and Larsen, 2008,

2009). Locations of seismic profiles shown in Fig. 6 are indicated.

Figure 6. (A) Fault-normal seismic profile and corresponding geoseismic section across the
central part of the Gudrun Fault. (B) Fault-parallel seismic profile and corresponding
geoseismic section in the immediate hangingwall of the Gudrun Fault. (C) Fault-parallel
seismic profile and corresponding geoseismic section in the immediate footwall of the Gudrun
Fault. Key to stratigraphic ornament is shown in Fig. 3. Abbreviations for the key structures

are the same as in Fig. 5. Locations of profiles are shown in Fig. 5.
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Figure 7. (A) Expansion Index (EI), (B) sedimentation rate and (C) cumulative throw data for
the Gudrun Fault derived from boreholes 15/3-1S and 15/3-7 (see Fig. 4). Relatively short-term
displacement rates (i.e. <2 Myr) are indicated in bold italic text adjacent to the black line in (C).
The red line indicates the time-averaged, long-term (i.e. 12.2 Myr) throw rate (mm/yr) for the
Gudrun Fault based on the bulk thickness of the syn-rift succession and the maximum fault
offset; the blue line indicates the throw rate for specific periods (i.e. 2-7 Myr duration) of the
growth of the Gudrun Fault based on throw backstripping of seismic horizons (cf. Childs et al.,

2003). See text for full discussion.

Figure 8. Wheeler-style diagram illustrating overall geometry of the South Viking Graben and
the bulk composition and age relationships between the main syn-rift units. The timing of
activity on thick- (i.e. Graben Boundary Fault Zone or ‘GBFZ’) and thin-skinned (Gudrun and
Brynhild faults) components of the extensional array is indicated, in addition to periods of
accelerated displacement (intervals defined by thicker black bars on fault markers). See text for
full discussion. “J” nomenclature for the maximum flooding surfaces (MFS) corresponds to
that established by Partington et al. (1993) and stratigraphic ages are consistent with those
published by the International Commission on Stratigraphy (2014). Modified from McClure

and Brown (1992), Turner et al. (in review) and Turner and Connell (in review).
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