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17  Abstract

18  We explore how relationships between fault activity, salt movement, and sediment
19 loading impact hanging-wall stratal geometry throughout the evolution of a salt-
20  influenced normal fault system. We examine a ~65 km long portion of the Coffee-Soil
21  Fault System (CSFS) in the Danish North Sea, the hanging-wall of which has been
22  partially influenced by a pre-rift unit of mobile salt. To constrain the tectono-
23  stratigraphic evolution of the CSFS we combine structural observations with seismic-
24 stratigraphic analysis of hanging-wall growth strata.

25 We find that the hanging-wall of the CSFS shows major depocentre shifts
26  through time, along with marked variability in along- and across-strike stratal
27  geometries. We explain how the development of these characteristics is influenced by:
28 1) the segmentation and linkage history of the fault system; ii) the evolution of salt-
29  cored cover monoclines above blind basement fault segments; and iii) changes in the
30 locations and rates of accommodation generated by load-driven withdrawal of salt up

31 the hanging-wall dip-slope, and fault-related subsidence. Our findings have
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implications for structural and stratigraphic studies in salt-influenced rift basins, as
well as for understanding the potential distribution of geo-storage and hydrocarbon

reservoirs in such settings.

1. Introduction

Basin-bounding fault systems develop from the propagation, interaction and linkage
of initially isolated normal fault segments, attaining final lengths of over 100 km (e.g.
Peacock and Sanderson, 1991; Anders and Schlische, 1994; Gawthorpe and Leeder,
2000; McLeod et al., 2000; Nixon et al., 2016). Initially, isolated fault segments are
bounded along-strike by regions of low displacement which are expressed locally in
the hanging-wall as fault-perpendicular anticlinal highs, whereas regions of high
displacement located at segment centres are associated with fault-perpendicular
hanging-wall synclinal sub-basin depocentres (Fig. 1a) (e.g. Anders and Schlische,
1994; Schlische, 1995; Janecke, 1998; Gawthorpe and Leeder, 2000; Serck and
Braathen, 2019). As the isolated fault segments propagate, interact and link, the relief
of the fault-perpendicular anticlines decreases and the depocentres coalesce as the loci
of hanging-wall subsidence adjusts to the length of the newly-amalgamated fault
(Figs. 1a and b) (e.g. Anders and Schlische, 1994; Morley, 1999; Cowie et al, 2000;
McLeod et al., 2000; Young et al., 2001; Su et al., 2011; Nixon et al., 2016). As such,
stratigraphy associated with the earlier fault configuration is preserved at depth and
hanging-wall stratal geometries can be used to constrain the growth and linkage
histories of normal fault systems (Fig 1b) (e.g. Anders and Schlische, 1994; Morley,
1999; Cowie et al, 2000; McLeod et al., 2000; Young et al., 2001; Su et al., 2011;

Nixon et al., 2016).
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However, the presence of mobile salt may complicate the tectono-stratigraphic
evolution of basin-bounding fault systems and thus extra considerations are required
when using hanging-wall stratal geometries to constrain growth and segmentation
histories in salt-influenced settings (e.g. Nalpas and Brun, 1993; Stewart et al., 1996;
1997; Withjack and Calloway, 2000; Richardson et al., 2005; Soto et al., 2007; Kane
et al., 2010; Jackson and Rotevatn, 2013; Lewis et al., 2013; Wilson et al., 2013;
Wilson et al., 2023). Richardson et al. (2005) present an example from the Revfallet
Fault, Halten Terrace, Offshore Mid-Norway where the upward propagation of faults
is impeded by salt, initially restricting them to the sub-salt basement (Figures 1c and
d). In their ‘pure basement fault’” model, during the early stages of rifting, salt
migrates towards the immediate hanging-wall displacement maxima of individual
basement faults, passively infilling space created by flexure of the overlying cover
(Fig. 1c). The salt swells amplify the cover flexure above the blind basement faults,
and a syn-rift depocentre develops that is offset into the hanging-wall and that thins
onto the swell and towards the fault (Fig. 1c). As the basement faults propagate and
link along-strike to form a single structure, the salt migrates and coalesces into a
single evaporite swell adjacent to the new displacement maximum (Fig. 1c). The salt
swell amplifies a major cover fold and a single depocentre is offset from the fault
(Fig. 1c). An alternative scenario is suggested by Kane et al. (2010), using evidence
from the Sleipner Fault Zone, Sleipner Basin, South Viking Graben (Fig. 1e). Here,
the early syn-rift structural style is similar to that interpreted from the Revfallet Fault,
with an additional component of hanging-wall sediment-loading which drives the
along-strike salt migration (Fig. 1le). The salt migrates towards fault segment
boundaries, amplifying fault-perpendicular anticlines (Fig. 1e). In the late stages of

rifting, once the basement fault segments hard-link along-strike and breach the cover
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fold, the fault-perpendicular anticlines subside in the hanging-wall of the newly-
linked fault (Fig. 1f). These observations demonstrate that relationships between
faulting, salt flow, and sediment loading may modify basin physiography, providing
controls upon the spatial and temporal evolution of depocentres in the hanging-wall of
border fault systems. However, existing models do not capture the full range of likely
relationships that may occur along salt-influenced border faults. Thus, key aspects
remain to be explored including how interactions between salt flow, sediment loading
and faulting are influenced by: i) a lateral variation in salt thickness and mobility
along-strike of a bounding fault system; ii) settings marked by pronounced hanging-
wall sediment loading.

To address these aspects, we examine the growth and linkage history of a ~65 km
long portion of the Coffee-Soil Fault System (CSFS), a basement-rooted border fault
system in the Danish North Sea influenced by: i) Late Permian Zechstein salt of
variable thickness and mobility; ii) Triassic and Jurassic-Early Cretaceous rifting; and
iii) pronounced syn-rift sediment loading in hanging-wall depocentres and associated
salt flow (Duffy et al., 2013). We integrate structural data along with analysis of
hanging-wall stratigraphy to i) reconstruct the tectono-stratigraphic evolution of the
CSFS; and ii) examine how interactions between faulting, sediment loading, and salt
flow contribute to the marked variability in hanging-wall stratal geometry observed

along strike of the CSFS.

2. Structural and Stratigraphic Framework

The NNW-SSE-trending Danish Central Graben consists of a series of 10-50 km long

and 5-30 km wide half-grabens bounded by predominantly west-dipping normal faults
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which have developed as a consequence of Permo-Triassic and Mid-Jurassic-Early
Cretaceous rifting (Figs. 2-3) (Ziegler, 1975; Gowers and Sebge, 1985; Stemmerik et
al., 2000; Mgller and Rasmussen, 2003). The Tail-End Graben and Salt Dome
Province are located in the east of the Danish Central Graben, and are bounded to the
east by the CSFS, a west-dipping border fault system which extends for over >>65 km
(Fig. 2). Previous studies have highlighted segmentation along-strike of the CSFS,
with fault segments ranging in length from 5-30 km (Cartwright, 1987; Bruhn and
Vagle, 2005). This study focuses on a ca. 65 km long portion of the CSFS which
consists of three principal components; a NW-SE-striking Northern Fault which is
>25 km in length and extends outside of the survey area to the north, and the NNW-
SSE- to N-S-striking Southern Faults A and B which have a combined length of >40
km (Fig. 4).

During the Late Permian, the salt-rich Zechstein Supergroup was deposited in
the southern Tail-End Graben and Salt Dome Province (Figs. 2 and 3) (Gowers and
Sehge, 1985; Taylor, 1998; Mgller and Rasmussen, 2003; Tanveer and Korstgard,
2009). The study area straddles the boundary between both the initial and present-day
northern pinch-outs of the mobile (halite-rich) component of the Zechstein
Supergroup (Figs. 2 and 4) (Gowers and Sabge, 1985; Duffy et al., 2013). North of
this pinchout, in the hanging-wall of the Northern Fault and the majority of the Poul
Plateau, Duffy et al. (2013) define a domain characterised by a Zechstein depositional
thickness of <100 ms TWT and without a mobile halite component (see also Gowers
and Seebge, 1985). In contrast, south of the pinchout and in the hanging-wall of the
Southern Fault, the Zechstein reaches depositional thicknesses of ca. 200-500 ms
TWT with the presence of salt pillows and diapirs suggesting the salt contains a

significant mobile halite component (Fig. 4; Duffy et al., 2013). The lateral variability
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in the thickness and mobility of the Zechstein salt has provided a basin-scale control
upon the structural styles and depocentre geometries developed within the overlying
rift-influenced Triassic and Jurassic units in both the southern Tail-End Graben and
Salt Dome Province (Sundsbg and Megson, 1993; Rank-Friend and Elders, 2004;
Duffy et al., 2013) and elsewhere across the Central North Sea (e.g. Hodgson et al.,
1992; Erratt et al., 1993; Stewart et al., 1997; Stewart and Clark, 1999; Dooley et al.,
2005; Karlo et al., 2014; Ge et al., 2017; Jackson and Stewart, 2017; Jackson et al.,
2018).

Previous studies have identified a period of rifting within the Triassic (herein
termed ‘Rift Phase 1) which, in the halite-rich portions of the Danish Central Graben,
coincided with a phase of halokinesis resulting in the development of pillows, diapirs
and withdrawal-related depocentres (Fig. 3) (Cartwright, 1991; Korstgard et al., 1993;
Rank-Friend and Elders, 2004; Duffy et al., 2013). Following the collapse of the Early
Jurassic Mid-North Sea Dome, a renewed period of fault-controlled subsidence
(herein termed ‘Rift Phase 2’) influenced the Danish Central Graben in the Mid-
Jurassic to Early Cretaceous (Fig. 3) (Ziegler, 1990; Mgller and Rasmussen, 2003).
This major rift phase is defined seismically as the interval between the base of the
Mid-Jurassic succession and the Base Cretaceous Unconformity (Fig. 3). Rift Phase 2
occurred in three episodes, with displacement on both N-S-striking and NNW-SSE-
striking faults (Fig. 3) (Mgller and Rasmussen, 2003). Upper Aalenian-Callovian
rifting is associated with the deposition of the sand-rich Bryne and Lulu formations,
whilst in the Oxfordian to Ryazanian phases of rifting, deepening associated with the
rift climax resulted in the deposition of up to 3000 m of offshore to basinal mudstones
of the Lola and Farsund formations (Fig. 3) (Mgller, 1986; Andsbhjerg and Dybkjeer,

2003; Mgller and Rasmussen, 2003). From the Hauterivian through to the Neogene,



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

04/12/2023

the Danish Central Graben experienced several phases of inversion, expressed
variably across the study area by large-wavelength, low-amplitude inversion
anticlines, and reverse reactivation of normal faults (Cartwright, 1989; Vejbak and

Andersen, 2002; Rasmussen, 2009; Hansen et al. 2020).

3. Dataset and Methods

The study area covers 717 km? of the Danish Central Graben, focused around the
Coffee-Soil Fault System in the southern portion of the Tail-End Graben and the
northern part of the Danish Salt Dome Province (Fig. 2). The seismic data are time-
migrated, zero phase, and of European polarity (positive reflection coefficient is
displayed in red), with inlines (E-W) and crosslines (N-S) at a line spacing of 25 m.

Stratal terminations and abrupt changes in seismic facies were used to define
nine regionally-mappable seismic horizons across pre-, syn- and post-rift intervals
(Fig. 3; see methods of Duffy et al., 2013). The horizons also define the overall
geometry and throw characteristics of the CSFS at sub- and supra-Zechstein levels, as
well as highlight key internal characteristics within the syn-rift sequence. The ages of
the seismic horizons were constrained using eleven wells, each containing a standard
suite of borehole data, although no wells penetrated below the Triassic (Figs. 2-3).

Thickness maps for successive intervals, in combination with the architecture
of hanging-wall stratigraphy, were used to determine the spatial and temporal
evolution of faults, folds and salt structures (Fig. 3).

To ensure that seismic reflection geometries analysed within this study are not
overprinted by post-rift inversion, seismic sections which trend parallel to the inferred

predominant NNE-SSW inversion stress regime (Cartwright, 1989; Vejbaek and
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Andersen, 2002; Hansen et al., 2020) are flattened on a local intra-Cretaceous

reflection.

4. Structural Style of the Coffee-Soil Fault System

4.1. Top pre-Zechstein Structural Characteristics

Present-day, the region between the Northern Fault and Southern Fault A is
breached by an 8 km long, E-W-trending jog and is associated with a regional
basement high known as Poul Plateau (Figs. 5 and 6) (Duffy et al., 2013). The
configuration of CSFS components is defined using an approximate fault cut-off plot
constructed for the Top pre-Zechstein surface (Fig. 5). This surface underlies the
Zechstein Supergroup and thus provides an assessment of the sub-Zechstein basement
structure. The cut-off plot displays TWTT elevations of the Top pre-Zechstein surface
along-strike of the CSFS along: i) the footwall fault cut-off; and ii) the axis of the
major fault-parallel hanging-wall syncline, providing a proxy for a throw-length
profile (Fig. 5). Conventional displacement-length and throw-depth profiling along
with throw-contouring (e.g. Muroaka and Kamata, 1983; Childs et al., 2003; Dutton
and Trudgill, 2009; Jackson et al., 2017; Lapadat et al., 2017) are not possible along
the CSFS, as all correlative pre- and syn-rift stratigraphic markers have been
peneplaned off the Ringkobing-Fyn High footwall block. Although this cut-off plot
does not remove the effects of post-rift inversion (e.g. Hansen et al., 2021), it is
nevertheless suitable for our needs as the degree of inversion is mild relative to the
degree of offset at Top pre-Zechstein level. Thus, the inversion has not significantly

overprinted the first-order profile shape.
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The Northern Fault is through-going and dips steeply towards the southwest.
At the Top pre-Zechstein level, the maximum throw along the CSFS (~3300 ms
TWT) occurs on the Northern Fault in the northwest of the study area (Fig. 5). Throw
decreases towards the southeast where there are two 10 km long hanging-wall splays
which have a maximum throw of ~1500 ms TWT (Fig. 6). A low amplitude and fault-
parallel syncline occurs in the hanging-wall of the Northern Fault which is 8 km wide
(Fig. 6). The syncline plunges towards the northwest, towards the region of highest
throw on the CSFS and dies out to the southeast of Poul Plateau, defining a prominent
sub-basin in the hanging-wall of the Northern Fault (SB1) (Fig. 6).

In the southern portion of the CSFS, a ca. 2.5 km left-stepping jog in the fault
trace, and an associated block of steeply-rotated strata divides the system into two
components: Southern Fault A and Southern Fault B (Figs. 5-6). The NNW-SSE-
striking Southern Fault A has a length of approximately 28 km and a northern tip
which extends for ca. 10 km into the footwall of the Northern Fault (Figs. 5-6). To the
south, Southern Fault B strikes N-S and has a minimum length of 14 km (Figs. 5-6).
Southern Faults A and B are through-going and show planar to listric geometries on
time-migrated dip-section, with maximum throws of ca. 2500 ms TWT at the Top
pre-Zechstein level (Fig. 5). The Southern Faults are associated with a fault-parallel
hanging-wall syncline, the axial trace of which lies between 0.5-2 km basinwards of
the faults. The immediate hanging-wall of the Southern Faults is compartmentalised
along-strike into four 4-8.5 km long, doubly-plunging sub-basins that are elongate
parallel to the fault (SB2-5) (Fig. 6). Of these, SB2-SB4 lie in the hanging-wall of
Southern Fault A and SB5 lies in the hanging-wall of Southern Fault B (Figs. 5-6). A
series of fault-perpendicular intra-basin highs of anticlinal geometry (H1-5) occur

between the sub-basins; the axes of these highs trend approximately perpendicular to



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

04/12/2023

local fault strike and extend 2-3.5 km into the hanging-wall (Fig. 6). The centres of
the sub-basins coincide with throw maxima, whereas the fault-perpendicular
anticlines correspond to throw-proxy minima along-strike of Southern Faults A and B
(Figs. 5 and 6). The fault-perpendicular folds extend across, and interfere with the
fault parallel syncline, resulting in geometrically complex folding along-strike (Fig.
6).

Diffuse faulting around the Poul Plateau and the hanging-wall splays
associated with the southern tip of the Northern Fault form a highly-faulted, breached
SSE-dipping relay ramp in the regional basement high at the boundary between the
Northern Fault and Southern Fault A (Fig. 6). The overall system is associated with a
broad four-way closing hanging-wall anticline and a major along-strike throw
minimum (H1 on Figs 5 and 6). The basal fault to the breached relay system is
formed by the shallower-dipping Southern Fault A, and at both the Top pre-Zechstein
and Base Callovian structural levels, the faulted terraces within the relay system are
bounded by a series of predominantly synthetic, NNW-SSE to N-S-trending faults

with maximum displacements of 300 ms TWT (Fig. 6) (Duffy et al., 2013).

4.2. Supra-Zechstein Structural Characteristics

The structural style of the supra-Zechstein syn-rift is illustrated by a TWTT
structure map of the Base Callovian, a regionally-mappable and supra-Zechstein
reflection which lies near to the base of the main Rift Phase 2 megasequence (Fig.
6b). The prominent, doubly-plunging sub-basins at Top pre-Zechstein level are also
are expressed in the supra-Zechstein stratigraphy (Fig. 6). A broad fault-parallel
syncline which plunges northwest forms the prominent sub-basin in the hanging-wall

of the Northern Fault (Figs. 6b and 7a). The sub-basins in the hanging-wall of

10
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Southern Faults A and B display a maximum differential relief of up to 800 ms TWT
and an along-strike wavelength between fault-perpendicular anticlines of 3.5-10 km
(Figs. 6 and 8). With the exception of a minor accumulation (~110 ms TWT) of
mobile Zechstein salt at H4, mobile Zechstein salt is not preferentially thickened in
the cores of supra-Zechstein fault-perpendicular anticlines (sensu Kane et al., 2010)
(Figs 6, 8, and 9). As such, the differential relief of the Base Callovian hanging-wall
sub-basins is not typically accentuated relative to the Top pre-Zechstein level (Figs. 6,

8, and 9).

4.3. Insights into Fault System Evolution from Structural Characteristics

Evidence of the segmentation and linkage history of normal faults is
commonly deciphered using along-strike displacement or throw variations (e.g.
Peacock and Sanderson, 1991; Anders and Schlische, 1994; Cartwright et al., 1995;
McLeod et al., 2000; Wilson et al., 2009; Su et al., 2011; Kairanov et al., 2019). For
the CSFS, analysis of the Top pre-Zechstein TWTT structure map and throw
variations suggests that the fault system consisted of three principal components, the
Northern Fault, and Southern Faults A and B (Figs. 5 and 6). Of these, the Northern
Fault and Southern Fault A are linked by an E-W-trending jog in the fault trace near
Poul Plateau (Figs 5 and 6). Poul Plateau is spatially coincident with H1, a fault-
perpendicular anticline and regional along-strike throw minimum, and as such is
interpreted as a major breached fault segment boundary (sensu Anders and Schlische,
1994; Figs. 5 and 6). Southern Faults A and B are unlinked, with the segment
boundary expressed by a local decrease in the elevation of the footwall cut-off (H4)
and the Igor relay ramp (Fig. 5). Furthermore, Southern Fault A displays three

discrete along-strike throw maxima which coincide with the locations of the doubly-

11
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plunging hanging-wall synclines of SB2-SB4 (Figs 5 and 6). This suggests that
Southern Fault A initially consisted of three precursor strands of 4-10 km in length
(CSF2-4), each bounding a hanging-wall sub-basin (SB2-4) (Figs. 5 and 6). The fault
strands linked to form the Southern Fault A observed today, with remnant segment
boundaries marked by throw-minima and associated fault-perpendicular anticlines

(H2-3) (Figs. 5 and 6).

5. Dip and Strike Variability in Structure and Stratigraphy

Having constrained the early-stage and present-day configurations of the CSFS, we
now integrate seismic stratigraphic observations from along and across-strike seismic
sections (Figs. 7-9) and thickness maps (in two-way travel-time) (Fig. 10) of
successive intervals in the hanging-wall of the CSFS to interpret: i) the spatial and
temporal evolution of the CSFS and ii) dip- and strike-oriented variability in fault
system structure and hanging-wall stratal geometry. Once determined, the variations
will be related to fault throw patterns, as well as the initial distribution of the

Zechstein evaporites, to establish the key controls upon border fault evolution.

5.1 Triassic (~Rift Phase 1)
5.1.1 Triassic Seismic Stratigraphy

The Triassic sequence decreases in thickness both northwards towards the
Poul Plateau, and eastwards towards Southern Faults A and B (Fig. 10a). In the
hanging-wall of the Northern Fault, the seismic sequence is broadly isochronous,
showing only minimal thickness variations (Figs. 7a, 8 and 10a). In the immediate

hanging-walls of Southern Faults A and B, at least three localised, non-erosional

12
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thinner regions are present, which are elongate parallel to the faults (Figs 7b-d, 10a).
On the Triassic thickness map, thin regions spatially coincide with synclinal sub-
basins SB4 and SB5 in the hanging-walls of Southern Faults A and B, with the
sequence thickening both away from the faults, and along-strike towards the
intervening fault segment boundary (H4) (Fig 10a). The non-erosional nature of the
thinning of the Triassic sequence towards the Southern Fault is best expressed at SB5,
where the thickness decreases from ~850 ms TWT ~8 km away from fault to just
~350 ms TWT adjacent to Southern Fault B (Fig. 7d). In SB4 and SB5, this eastwards
thinning is complemented by an eastward thinning of the underlying Zechstein salt
(Figs. 7c-d and 10a). Further north, around SB2 and SB3, the Triassic thickness map
does not effectively resolve any eastward thinning towards Southern Fault A (Fig.
10a). However, in the case of SB2, a dip-oriented seismic cross-section shows that
although the Triassic sequence overall does not thin towards Southern Fault A
(CSF2), the deeper portion of the Triassic sequence does thin towards the fault (Fig.
7b). In contrast, the overlying portion of the Triassic sequence thickens towards
Southern Fault A (CSF2) (Fig. 7b). On an along-strike seismic section in the hanging-
wall of Southern Faults A and B we observe locally thinned Triassic sequences at the
centres of SB2 and SB3 which thicken towards the fault-perpendicular anticlines and
fault segment boundaries (H1-H3) (Fig. 9). This section also shows downlap of the
Triassic sequence directly onto the pre-Zechstein basement on the south-dipping

syncline limb associated with SB2 (Fig. 9).

5.1.2 Interpretation of CSFS Structural Configuration during the Triassic

Interval(~Rift Phase 1)

13
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Stratal geometries and thickness variations in the Triassic sequence (that
incorporates Rift Phase 1) suggest the CSFS consisted of five isolated components, a
Northern Fault (CSF1), and Southern Faults which consisted of four isolated strands
of 4 to 10 km in length (CSF2-5). Based on an estimation of the initial distribution of
Zechstein salt by Duffy et al. (2013), the hanging-wall of the Northern Fault (CSF1)
was free from mobile salt, whilst the hanging-wall of the Southern Fault was
influenced by mobile salt which increased in thickness towards the south. We
interpret that four active isolated strands (CSF2-5) in the region of the present-day
Southern Faults were restricted from propagating vertically into the cover by the
mobile Zechstein salt (Fig. 11a and b). As displacement accumulated, the supra-salt
cover was folded into four fault-parallel monoclines (F2-F5), the axial traces of which
were oriented broadly parallel to the tips of the underlying basement fault segments
(Fig. 11a and b). Growth of the folds generated accommodation space between the
basement and cover immediately adjacent to the displacement maxima of the
basement faults, which were exploited by laterally-flowing salt present in the
Southern Tail-End Graben and Salt Dome Province (Figs. 10a and b) (sensu
Richardson et al., 2005; Kane et al., 2010; Wilson et al., 2023). As a result of this
folding, syn-rift Triassic depocentres were offset basinwards and away from the
basement faults (Figs. 11a and b, 12a). This configuration is expressed by the distinct
zones of thinning of all (SB4 and SB5) or part (SB2) of the Triassic seismic sequence
immediately adjacent to Southern Faults A and B (Figs. 7b-d, 10a-11a and b). In the
case of SB2, the presence of a growth wedge that thickens towards Southern Fault A
(CSF2) in the uppermost portion of the Triassic sequence suggests that the salt-cored
fold (F2) was subsequently breached by upward propagation of basement fault CSF2

(Fig. 7b). Although we cannot confidently detect eastward thinning of the Triassic

14
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seismic sequence in SB3 immediately adjacent to Southern Fault A (CSF3), we do
note thinning of the Triassic sequence towards the centre of SB3 and thickening
towards H2 and H3 on the along-strike hanging-wall seismic cross-section. As such,
infer the activity of a blind basement fault segment (CSF3) and salt-cored cover fold
(F3) during at least part of the Triassic interval, that offset the depocentres offset
along-strike towards H2 and H3 (Figs 11la and b). Overall, it is possible that the
thickness variations within the Triassic sequence may have resulted from halokinesis
driven by differential-loading or gravity-spreading i.e. not related to activity of the
CSFS. However, the linearity of the thinner regions along Southern Faults A and B,
along with the spatial correlation between the thinner regions and throw maxima
along-strike of the present-day Southern Faults, suggests that CSF2-5 were blind,

active drivers of halokinesis during rifting (Figs. 9, 10a, 11a and b).

5.2. Top Triassic to Base Callovian (~Rift Phase 2)
5.2.1 Top Triassic to Base Callovian Seismic Stratigraphy

A minimum of four main thick regions are observed which trend parallel to the
CSFS and are separated along strike by thinner regions (Fig. 10b). Of the depocentres,
one is located in the hanging-wall of the splay at the southern end of the Northern
Fault, whilst a minimum of three lie in the hanging-wall of the Southern Fault (Fig.
10b). A single thicker region is resolved immediately adjacent to the northern portion
of Southern Fault A that covers SB2 and SB3 (Fig. 10b). We suggest that this thick
region may potentially have been composed of two subtle depocentres broadly
covering SB2 and SB3 respectively, that were also influenced by a subtle high at H2
(Fig. 10b). Assuming this, in contrast to the underlying Triassic sequence, all five

thick regions are spatially-coincident with the synclinal sub-basins (SB1-SB5)
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expressed on the Top pre-Zechstein and Base Callovian TWTT structure maps, with
the intervening thinner regions developed above fault-perpendicular anticlines (H1-
H5) (Figs. 6, 9 and 10b). As such, thickness variations are spatially associated with
along-strike variations in present-day throw on the CSFS (Figs. 5, 8-10b). In map
view, the depocentres are sub-circular to ellipsoidal and extend along-strike from ca.
2.5 to 9.5 km in length (Fig. 10b). Of the depocentres in the hanging-wall of the
present-day Southern Faults (SB2-SB5), those in SB4 and SB5 in the southeast are
thicker and more spatially extensive than those in SB2 and SB3 (Fig. 10b). In
addition, depocentres in SB2, SB3, and SB5 display stratal wedges which thicken
towards Southern Fault A (Figs. 7b, 7d, and 10b). The depocentre in SB4 thins
towards the Southern Fault, a characteristic which we at least partly attribute to the
influence of a triangular zone of mobile salt contained adjacent to the fault in the
Triassic sequence that may potentially be intruded Zechstein salt or locally mobilised
Triassic salt (Figs. 7b-c and 10b). A strike-parallel seismic traverse in the hanging-
wall of the Southern Fault illustrates onlap of reflections onto the flanks of fault-
perpendicular anticlines, a characteristic most pronounced within SB4 (Fig. 9). The
seismic sequence onlaps and pinches-out onto H1, hence the immediate hanging-wall

of the E-W-trending jog is interpreted as an area of non-deposition during this interval

(Fig. 9).

5.2.2 Interpretation of CSFS Structural Configuration during the Top Triassic to Base
Callovian Interval

Regional literature suggests that the Top Triassic to Base Callovian seismic
sequence is composed of two tectono-stratigraphic units: i) Early Jurassic and

Fjerritslev mudstones that were deposited in the time between Rift Phase 1 and Rift
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Phase 2; and ii) an early Rift Phase 2-related Late Aalenian to Base Callovian unit
(Fig. 3) (Andsbjerg and Dybkjer, 2001; Mgller and Rasmussen, 2003). In addition,
uplift, erosion and/or non-deposition associated with the Mid-Cimmerian
Unconformity may also have influenced the interval (Andsbjerg and Dybkjer, 2001;
Mgller and Rasmussen, 2003), although there is no widespread expression of this
within the survey (Fig. 3). Well data from wells G-1 and SE-lgor-1 in the south of the
study area (Fig. 2), identify minor thicknesses (ca. 50-100 ms TWT) of the Fjerritslev
formation within the interval, a formation which is not observed in any wells further
north (see also Andsbjerg and Dybkjeer, 2001). This represents, at most, 20% of the
overall interval thickness. The sparse distribution of the well penetrations which
identify the Mid-Cimmerian Unconformity, and lack of clear expression of the Mid-
Cimmerian Unconformity at the resolution of the seismic data, means it is not
possible to constrain and regionally map out the pre-rift to syn-rift megasequence
boundary (for Rift Phase 2) within this sequence. However, the absence of the
Fjerritslev formation within this sequence in the north, and the minor thicknesses in
the south, indicates that the preserved portion of the sequence is predominantly
younger than the Mid-Cimmerian Unconformity. As such, we interpret the trends of
internal reflections and thickness (TWTT) variations within this sequence as a
function of tectonic (Rift Phase 2) or salt-related controls. Interpreted in this way, the
five thick regions located in the hanging-wall of the CSFS may represent hanging-
wall depocentres associated with the five faults (CSF1-CSF5) reactivated from the
Triassic structural template (Figs. 11c-d). Unlike in the Triassic sequence, the
depocentres in SB2-SB5 thicken towards the centre of the respective fault segments
(Figs 9 and 10b), with accommodation most likely provided by the initiation of

subsidence of the salt swells which influenced the Triassic sequence (Fig. 11c and d).

17



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

04/12/2023

In SB2, a stratal wedge thickens towards CSF2 indicating that CSF2 had continued to
break-surface as in the later stage of the Triassic interval (Figs 7b and 1la-d). In
SB5, the depocentre thickens towards Southern Fault B (CSF5) as opposed to during
the Triassic when the sequence markedly thinned towards CSF5 (Figs 7d and 10b).
This indicates that basement fault CSF5 likely propagated upwards and breached the
overlying salt-cored cover fold (F5) during this interval (Figs 7d, 10b, 11c and d).
Although less clear, thickening of a stratal wedge in SB3 towards CSF3 suggests

CSF3 also broke surface and breached cover fold F3 during this interval.

5.3 Base Callovian to Intra-Kimmeridgian (Rift Phase 2)
5.3.1 Base Callovian to Intra-Kimmeridgian Seismic Stratigraphy

The five major depocentres within the Base Callovian to Intra-Kimmeridgian
sequence are again largely spatially-coincident with the synclinal sub-basins (SB1-
SB5) present on the Top pre-Zechstein and Base Callovian TWT maps, with the
intervening thinner regions developed above fault-perpendicular anticlines (H1-H5)
(Figs. 6 and 10c). As such, thickness variations are spatially associated with along-
strike variations in present-day throw on the CSFS (Figs. 8-10c). In map view, the
depocentres are again sub-circular to ellipsoid and extend for lengths along-strike
from 4 to 13 km. The broader depocentre in the hanging-wall of the Northern Fault is
partitioned into two sub-depocentres, one portion in the immediate hanging-wall of
the main fault segment, and one associated with the southern splay (Fig. 10c). Of the
depocentres in the hanging-wall of the Southern Faults (SB2-SB5), those in SB4 and
SB5 in the southeast are by far the thickest (1000 and 1150 ms TWT respectively) and
most aerially extensive. The amplitude of fault-perpendicular anticlines decreases

markedly within the sequence, from a maximum relief of ca. 600 ms TWT at Base
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Callovian horizon to ca. 200 ms TWT at the Intra-Kimmeridgian horizon, resulting in
increasingly subtle intra-sequence thickness variations higher in the seismic sequence
(Figs. 9 and 10c). In contrast to the underlying Top Triassic to Base Callovian
depocentres, all Base Callovian to Intra-Kimmeridgian depocentres contain stratal
wedges which thicken towards the CSFS (Figs. 7 and 10c).

A strike-parallel seismic traverse in the hanging-wall of Southern Faults A and
B (Fig. 9) reveals onlap of the lowermost reflections within the sequence onto the
fault-perpendicular anticlines (H1-H5), which is particularly evident onto H1 (Fig. 9).
The majority of the interval drapes over the crests of the crests of H1-H5, although
minor intermittent phases of onlap onto the flanks of H1-H5 are noted (Fig. 9).
Significantly, the seismic sequence displays a stratal wedge which diverges towards
the E-W-trending jog between the Northern Fault and Southern Fault A, forming a

minor E-W-trending depocentre (Fig. 9).

5.3.2 Interpretation of CSFS Structural Configuration during the Base Callovian to
Intra-Kimmeridgian Interval

Clear divergence of reflections within a stratal wedge towards the non-
evaporite-influenced Northern Fault and its southern splay occurs in SB1 within this
interval (Figs 7a and 10c). If viewed pragmatically, the Base Callovian horizon may
be interpreted to represent the seismically-resolvable pre-rift to syn-rift megasequence
boundary (for Rift Phase 2), although as previously mentioned, the true megasequence
boundary lies within the underlying Top Triassic to Base Callovian interval. The five
major depocentres identified within the Base Callovian to Intra-Kimmeridgian
sequence (SB1-SB5) are interpreted to be related to the activity of three principal

faults: Northern Fault (and its associated southern splay), Southern Fault A and
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Southern Fault B, of which the two former are linked by an E-W-striking jog (Fig.
11e and f). CSF2-CSF4 are interpreted to have linked along-strike to form Southern
Fault A early within this interval, based on the decreasing topographic relief of the
fault-perpendicular folds upwards within the interval, a characteristic which indicates
the onset of passive subsidence in the hanging-wall of Southern Fault A (e.g. Young
et al., 2001). However, the fault-perpendicular anticlines (H2-H3) form persistent
topographic features throughout the interval and into the Late Kimmeridgian, most
likely caused by preferential load-driven withdrawal of salt from beneath the hanging-
wall depocentres in fault segment centres relative to segment boundaries (Figs. 9 and
10c). The latest possible initiation of the E-W-trending jog and linkage of the
Northern Fault to the northern tip of the newly-formed Southern Fault A is
constrained to the Base Callovian, based on a faultward divergent growth wedge in
the hanging-wall of the jog (Figs. 9 and 11e and f).

Each of the major depocentres (SB1-5) is located in the immediate hanging-
wall of the present-day CSFS, suggesting the controlling faults were all surface-
breaking (Figs. 7, 10c, and 11e and f). For the fault which controlled depocentre SB4
(i.e. CSF4), which had previously been restricted to the sub-salt basement, breaking
the surface entailed upward propagation though the salt and breaching of cover fold
(F4) to permit eastward migration of depocentre SB4 towards the emergent fault
(Figs. 10a-c and 1la-f). Continued fault-controlled accommodation generation
permitted the development of a thick faultward-divergent stratal wedge in SB4 (also
seen in SB5) with moderate volumes of salt inferred to have withdrawn from beneath
hanging-wall depocentres in SB4 and SB5 and migrated up the hanging-wall dip-
slope (Figs. 7c-d, 10c, and 11e and f). For SB2 and SB3, we see no clear evidence of

the widespread migration of salt into the hanging-wall or axially towards the cores of
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fault-perpendicular anticlines H1-H3 (sensu Kane et al., 2010). We speculate the
mobile salt largely migrated into the footwall and has subsequently been eroded (e.g.

Korstgard et al., 1993), or was dissolved (e.g. Clark et al., 1999).

5.4 Intra-Kimmeridgian to Late Kimmeridgian (Rift Phase 2)
5.4.1 Intra-Kimmeridgian to Late Kimmeridgian Seismic Stratigraphy

To the first order, the location and geometry of depocentres along-strike of the
CSFS in the Intra-Kimmeridgian to Late Kimmeridgian seismic sequence have not
changed from the underlying Base Callovian to Intra-Kimmeridgian interval (Fig.
10d). As such, one major northwest-thickening depocentre is located in the hanging-
wall of the Northern Fault (SB1), and four depocentres within SB2-SB5 that are
separated by fault-perpendicular anticlines (H1-5), occur in the hanging-wall of the
Southern Faults (Fig. 10d). Depocentres in SB4 and SB5 in the southeast remain the
thickest as in the underlying sequence (ca. 650 and 500 ms TWT respectively) (Figs.
9 and 10d). Differences in the geometry of depocentres relative to the Base Callovian
to Intra-Kimmeridgian sequence are also recognised. For example, in the hanging-
wall of Southern Fault A, the depocentre in SB4 is more elongate in a NNW-SSE-
orientation (cf. Figs. 10c and d). In addition, although subtle, the fault-perpendicular
folds did form positive topographic features throughout this interval to partition
hanging-wall depocentres along-strike of Southern Faults A and B (Figs. 9 and 10d).
In cross-section, depocentres in SB1 and SB5 contain stratal wedges which thicken
broadly towards the Northern and Southern Faults respectively, thus the axes of these
syn-rift depocentres lie in the immediate hanging-wall of the CSFS (Fig. 7 and 10d).
A dip-section through the depocentre in SB5 illustrates an asymmetrical syncline with

an axis which is oriented parallel to the plane of Southern Fault B (Fig. 7d). By
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contrast, the depocentres in SB2-SB4 are offset into the hanging-wall such that the
sequence thins eastwards towards the Southern Fault A (Fig. 7b-c and 10d). The
offset depocentre is best expressed in SB4, where the depocentre is offset
approximately ca. 3.6 km from Southern Fault A and is located immediately above
the Top pre-Zechstein hanging-wall cut-off (Figs. 7c and 10d). The SB4 depocentre is
focused in the core of a symmetrical hanging-wall syncline, the eastern limb of which
dips away from the fault (Fig. 7c). Post-Intra-Kimmeridgian reflections onlap
bidirectionally onto the syncline limbs (Fig. 7c). In contrast to the non-vertical
syncline axis at SB5, the fold in SB4 has a sub-vertical axis which is offset into the
hanging-wall and located immediately above the hanging-wall cut-off of the Top pre-

Zechstein horizon (cf. Figs. 7c and 7d).

5.4.2 Interpretation of CSFS Structural Configuration during the Intra-Kimmeridgian
to Late Kimmeridgian Interval

The similarity in the location of depocentres (SB1-SB5) relative to the
underlying Base Callovian to Intra-Kimmeridgian sequence indicates that they are
controlled by the same configuration of faults as throughout the underlying sequence,
all of which are interpreted to have been surface-breaking (cf. Figs. 11e-f and 11g-h).
The most significant change is the shift in the location of the depocentre in SB4 away
from the immediate hanging-wall of Southern Fault A (Figs. 7c and 10d). The
depocentre is located in the core of a symmetrical growth syncline, the axis of which
lies above the Top pre-Zechstein hanging-wall cut-off (Fig. 11h). This depocentre
migration can be explained by an increase in the rate of accommodation created by
withdrawal, which was focused above where the initial salt column was thickest (i.e.

directly above the Top pre-Zechstein hanging-wall cut-off), compared to the rate of
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accommodation generation by fault-related subsidence, which was focused in the
immediate hanging-wall. The evaporites withdrawn from beneath the hanging-wall
depocentres migrated up the hanging-wall dip-slope to form an up-dip salt pillow and
cover fold (Fig. 7c). It is also possible some of the salt migrated up, and was trapped
adjacent to the fault plane. The chief stratigraphic implication of this redistribution of
accommodation is that growth wedges thin towards active and emergent faults. In
contrast, SB5 continues to thicken towards Southern Fault B, indicating the

predominance of fault-related accommodation generation (Fig. 7d).

5.5 Late Kimmeridgian to Base Cretaceous (Rift Phase 2)
5.5.1 Late Kimmeridgian to Base Cretaceous Seismic Stratigraphy

Although the top of the Late Kimmeridgian to Base Cretaceous seismic
sequence is truncated, the trends of internal reflections within the interval are used to
determine the location and geometry of depocentres (Figs. 7-9). The seismic sequence
displays less thickness variability in the hanging-wall of the CSFS than the previous
intervals, with three thicker regions identified (cf. Fig 10d and 10e). Of these, SB1 in
the hanging-wall of the Northern Fault is the most areally-extensive, and thickens
markedly to the northwest, along-strike of the Northern Fault (Figs. 8 and 10e). A
single, elongate depocentre is located in the hanging-wall of Southern Fault A, which
is offset basinwards from the fault and is focused in the core of the fault-parallel
syncline (Figs. 7c and 10e). This depocentre, which thickens to the south, is more
continuous than the three distinct depocentres (SB2-SB4) observed in the underlying

interval (Figs. 9 and 10e).
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5.5.2 Interpretation of CSFS Structural Configuration during the Late Kimmeridgian
to Base Cretaceous Interval

The seismic stratigraphy indicates that the configuration of the CSFS during
the Late Kimmeridgian to the Base Cretaceous is similar to that throughout the
underlying Intra-Kimmeridgian to Late Kimmeridgian interval (cf. Figs. 11g-h and i-
J). One principle difference is that the relief of fault-perpendicular anticlines in the
hanging-wall of Southern Fault A became negligible to absent, permitting the
depocentres of SB2-SB4 to coalesce to form a continuous, elongate depocentre (Fig.
10e). These fault-perpendicular anticlines had remained persistent topographic
features since the along-strike linkage of CSF2-CSF4 to form Southern Fault A
around the Base Callovian (Fig. 11). Overall, the minor stratigraphic thicknesses
present in the hanging-walls of Southern Faults A and B in comparison to the
hanging-wall of the Northern Fault indicate relatively reduced rates of
accommodation generation in the south, possibly due to reduced fault activity, or the
relocation of accommodation generation due to long-wavelength regional salt

redistribution (Figs. 10e and 11).

6. Discussion

6.1. Controls on Hanging-Wall Stratal Geometries Developed Perpendicular to
Salt-Influenced Border Faults

For the Northern Fault, the hanging-wall stratal wedge that thickens towards the
fault, and the broad fault-parallel hanging-wall syncline associated with SB1 are
typical characteristics of border fault evolution in thick-skinned settings free from

mobile salt (e.g. Prosser, 1993; Gawthorpe and Leeder, 2000; Young et al., 2001)
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(Fig. 7a). In contrast, the more complex geometry and hanging-wall architecture of
the Southern Coffee-Soil Faults indicate that mobile Zechstein salt exerts a strong
control on deposition during fault growth (Fig. 11). Previous work documenting the
relationships between salt mobility, normal faulting and hanging-wall stratigraphy
suggest that dip-sections through syn-rift depocentres at various palaeo-segment
centres should show predictable stratal relationships (Richardson et al., 2005; Kane et
al., 2010; Wilson et al., 2023). At other thick-skinned, salt-influenced border faults,
the transition from blind to emergent faulting is marked by depocentre migration
towards the newly-emergent fault (Kane et al., 2010; Marsh et al. 2010). However,
seismic dip-sections at various locations along-strike of the Southern Coffee-Soil
Faults reveal highly-variable stratal geometries, indicating that the established models
are not applicable to all settings (Fig. 7).

The principal difference between the Southern Coffee-Soil Faults and the
Revfallet and Sleipner Faults studied by Richardson et al. (2005) and Kane et al.
(2010), respectively, is that the Southern Coffee-Soil Faults do not have significant
salt swells preserved in the immediate hanging-wall of the border fault, either adjacent
to displacement maxima or at palaeo-segment boundaries. In the hanging-wall of the
Southern Coffee-Soil Faults, previously-existing salt swells have been withdrawn and
redistributed due to syn-rift sediment-loading (see Duffy et al., 2013). This load-
driven withdrawal is spatially-variable, and has modified the architecture of hanging-
wall depocentres along-strike (Figs. 7b-d). A key aspect which may influence patterns
of load-induced withdrawal is spatial variability in sediment supply. For example,
areas near sediment entry points may have high sediment supply and be more prone to
load-induced withdrawal than sediment starved hanging-wall locations. Here we

present conceptual models which address the control of competition between rates of
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accommodation generation by fault displacement and that created by sediment-load-
induced salt withdrawal, upon the resultant stratal geometries (Fig. 12).

In the early stages of fault growth, a blind basement fault is impeded from
penetrating and coupling with the supra-evaporite cover by pre-rift mobile salt. The
overlying cover is flexed into a monocline, with a fault-parallel synclinal depocentre
offset into the hanging-wall (Fig. 12a). Continued displacement accrual accentuates
the cover monocline, generating hanging-wall accommodation in the core which
varies along-strike, and which is greatest adjacent to the basement fault displacement
maxima (e.g. Richardson et al., 2005; Kane et al., 2010; Wilson et al., 2023) (Fig.
12a). Mobile salt migrates towards and passively fills the core of the monocline, aided
by gravity-driven flow down the hanging-wall dip-slope (Fig. 12a). The flowing salt
is buttressed by the fault, with the thickest vertical column of salt located above the
top pre-salt fault hanging-wall fault cut-off (i.e. basinwards of the immediate hanging-
wall of the fault) (Fig. 12a).

Once the basement fault breaches the cover and breaks-surface, the depocentre
migrates and thickens towards the emergent fault (sensu Kane et al., 2010; Marsh et
al., 2010) (Fig. 12b). In the early stages of rifting, or in areas of low sediment supply,
differential loading in the hanging-wall may not be sufficient to remobilise and drive
away the underlying salt. However, later in the syn-rift phase, or in areas of high
sediment supply, differential loading by hanging-wall stratal wedges have the
potential to remobilise and drive away salt, giving rise to two end-member scenarios
(Figs. 12c and d). Where differential sediment-loading is insufficient to initiate major
withdrawal and there is only a small component of salt migration up the hanging-wall
dip-slope, accommodation created by fault displacement is greater than that generated

by sediment load-driven withdrawal (Fig. 12c). As such, the hanging-wall stratal
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wedges continue to thicken and diverge into the border fault, and depocentre axes are
oriented parallel to the fault plane (Fig. 12c). This scenario is envisaged to explain the
stratal geometry observed in a dip-section through the depocentre in SB5 as well as
those observed by Kane et al (2010) along the Sleipner Fault Zone in the South
Viking Graben (Fig. 7d). In contrast, where differential sediment-loading is sufficient
to drive pre-rift salt up the hanging-wall dip-slope, accommodation created by load-
driven withdrawal is greater than that created by fault displacement (Fig. 12d). As
such, the depocentre shifts away from the immediate hanging-wall fault, focusing
vertically above where the initial salt column was thickest and thus likely most mobile
i.e. the top pre-salt hanging-wall cut-off (Fig. 12d). A symmetrical growth syncline
develops with limbs dipping both towards and away from the fault (Fig. 12d). Stratal
units accumulate in the growth syncline and onlap bidirectionally onto the limbs,
resulting in the unusual scenario of syn-rift units thinning towards active emergent
faults (Fig. 12d). This explains the basinward shift in the depocentre of SB4 observed
above the Intra-Kimmeridgian horizon in dip-section (Figs. 7c, 10d, 12d). It is
envisaged that this second scenario may evolve even further, with differential
sediment-loading eventually depleting the salt in the immediate hanging-wall,
resulting in a primary weld between the cover and basement. Once this occurs, and
assuming faulting continues, fault-related subsidence will be re-established as the
principal mode of accommodation generation and stratigraphic units will eventually
thicken towards the fault. This is not observed above the intra-Kimmeridgian horizon
in the SB4 depocentre, indicating that faulting slowed significantly or ceased
immediately after the withdrawal-related accommodation generation became

dominant (Fig. 7c).
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6.2. Segmentation, Growth and Linkage of Salt-Influenced Border Faults and
Implications for Along-Strike Hanging-Wall Stratal Geometry

We now explore how end-member relationships between normal faults,
mobile salt and depocentre location may influence hanging-wall stratal geometries
(i.e. strike-parallel sections). In Figure 1d and f, observations of Richardson et al.,
(2005) and Kane et al., (2010) are interpreted to produce conceptual along-strike
hanging-wall stratigraphic sections, in a manner analogous to those developed for
settings lacking mobile salt (sensu Schlische and Anders, 1996; Cowie et al., 2000;
Morley, 2002). The contrasting geometries in each model highlights the potential for
along-strike hanging-wall stratigraphic sections to be used to infer coupled fault and
salt system evolution from final structural geometries (Figs. 1d and f). Figure 13
summarises a new model of map-view relationships between salt migration, normal
faulting and depocentre development, along with hanging-wall stratal architectures,
based on observations of the Southern Coffee-Soil Faults. In the early syn-rift, salt is
located in half-dome-shaped cover swells adjacent to the displacement maxima of
blind basement faults (e.g. Richardson et al., 2005; Kane et al., 2010) (Fig. 13a and
b). Syn-rift units thicken radially away from the swells, both basinwards and along-
strike towards fault-perpendicular anticlines at segment boundaries (Figs. 13a and b).
Subsequently, each of the basement faults breach the supra-salt cover folds and
ruptures the surface, leading to subsidence of salt-cored swells in the centre of the
fault segments (Figs. 13c and d). Over time, sediment-loading drives the withdrawal
of salt from the swells in the centre of the fault segments, providing further
accommodation so that depocentres move into the centre of the fault segments (Figs.
13c and d). This phase is indicated along the Southern Coffee-Soil Faults by the

initiation of onlap onto the fault-perpendicular anticlines (Fig. 9). In contrast to the
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observations of Kane et al. (2010), the withdrawn salt migrates up the hanging-wall
dip-slope rather than towards the cores of active fault-perpendicular anticlines at
segment boundaries (Figs. 13c and d). Dip-parallel salt migration is supported by the
following evidence: i) the absence of significant present-day salt swells at segment
boundaries; ii) the absence of over-thickened late syn-rift units at palaeo-segment
boundaries, which would have developed if salt had previously accumulated in the
cores of fault-perpendicular anticlines and had subsequently withdrawn; and iii) the
presence of salt pillows further up-dip on the hanging-wall slope (Figs. 7c-d, 9 and
10).

Once the border fault segments link along-strike to form one continuous fault,
the fault-perpendicular anticlines may begin to passively subside in the hanging-wall,
and gradually decrease in relief (sensu Young et al.,, 2001) (Figs 13e and f). For
CSF2-CSF4, the sub-segments associated with Southern Coffee-Soil Fault A, along-
strike linkage is interpreted to have occurred around the Base Callovian, yet the fault-
perpendicular anticlines in the hanging-wall of Southern Fault A were preserved as
apparent topographic highs until the Late Kimmeridgian (Fig 9). We interpret this to
be a function of preferential withdrawal-related subsidence at fault segment centres
relative to segment boundaries (Figs. 9, 13e, and 13f).

In the rift climax and into the post-rift phases, the maximum fault
displacement and hence axis of subsidence of the through-going border fault is
located in the centre of the fault (Figs. 13g and h). Sediment-loading of the immediate
hanging-wall of the fault ensures that all mobile salt has withdrawn and principally
migrated up the hanging-wall dip-slope, ultimately resulting in the development of a
regional weld (Figs. 13g and h).

Although some aspects of the development of the Southern Coffee-Soil Fault
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described above complement aspects of established models for salt-influenced border
faults (e.g. Richardson et al., 2005; Kane et al., 2010), it is the variations, and the
controls on the marked shifts in depocentres through time which we seek to
emphasise. Overall, our intention here has been to highlight the degree of variability
and inconsistency in the inter-relationships between salt mobility, faulting and
depocentre development associated with the along-strike evolution of salt-influenced

faults.

6.3. Summary of Controls on Dip- and Strike-Oriented Structural Variability and
Evolution of Border Fault Systems

The dip- and strike-oriented scenarios and models described here occurred
contemporaneously along-strike of the Southern Coffee-Soil Faults, due to: i) spatial
variations in sediment supply as determined by the distribution of sediment entry
pathways into the hanging-wall such as relay zones, ii) variable displacement rates
and diachronous activity on different fault segments, and iii) along-strike variations in
the initial thickness of mobile salt. A key implication of the load-induced movement
of salt which characterises the structural evolution of the Southern Coffee-Soil Faults,
is that such styles are more likely to occur in settings where overall sediment supply is
high. Therefore, fault systems at rift margins, such as the Southern Coffee-Soil Faults,
are more prone to load-induced salt movement than fault systems located towards the
rift axis, which are more likely to be sediment starved. This may explain the absence
of major load-induced evaporite movement observed at the Revfallet and Sleipner

Fault Zones as described by Richardson et al. (2005) and Kane et al. (2010).

7. Conclusions
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The CSFS initially consisted of five isolated fault strands, separated along-
strike by fault-perpendicular anticlines. The isolated fault segments
propagated and linked along-strike into a predominantly through-going
fault prior to, or during, the Early Callovian. The tectono-stratigraphic
evolution of the Southern Coffee-Soil Faults has been influenced by
mobile Zechstein Supergroup salt, which increased in thickness towards
the south.

Seismic dip-sections at various locations along-strike of the Southern
Coffee-Soil Faults reveal highly-variable structural geometries and
depocentre shifts that established models do not adequately explain.
During the early stages of growth of the Southern Coffee-Soil Faults, we
propose that sub-cover salt swells accumulated adjacent to the
displacement maxima of isolated, basement-restricted fault segments. The
swells modified the relief of the depositional surface such that depocentres
were offset away from the swells. Later, some of the basement-restricted
fault segments linked along-strike and breached the cover to become
surface-breaking. This resulted in the migration of depocentres towards the
faults and, significantly, the onset of passive subsidence and burial of salt
swells at fault segment centres.

Once the faults were surface-breaking and the salt swells subsided and
buried, variations in the locations and rates of accommodation generated
by: i) load-driven withdrawal of salt from the swells up the hanging-wall
dip-slope; and ii) fault-related subsidence, provide a critical, and hitherto
neglected control upon dip- and strike-oriented variability in hanging-wall

structural and stratal geometry.
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In dip-section, if sediment-loading is insufficient to initiate major
withdrawal, and accommodation created by fault displacement is greater
than that generated by sediment load-driven withdrawal, hanging-wall
stratal wedges will continue to thicken and diverge into the border fault,
and depocentre axes are oriented parallel to the fault plane. In contrast, if
accommodation created by load-driven withdrawal is greater than that
created by fault displacement, depocentres shift away from the immediate
hanging-wall fault in dip-section, focusing vertically above where the
initial salt column was thickest i.e. the top pre-salt hanging-wall cut-off. A
symmetrical growth syncline develops with limbs dipping both towards
and away from the fault.

In along-strike hanging-wall sections, fault-perpendicular anticlines may
be preserved as persistent features at the depositional surface even after
fault segments link. This occurs when mobile salt is preferentially
withdrawn from fault segment centres (i.e. where salt swells were initially
located) relative to fault segment boundaries.

Overall the dip- and strike-oriented variability along-strike of the CSFS is
demonstrated to likely be a function of: i) variable displacement rates and
diachronous activity on different fault segments; ii) along-strike variations
in the initial thickness of mobile salt; and iii) spatial variations in sediment
supply, as determined by the distribution of sediment entry pathways into
the hanging-wall (eg. relay zones), a variable that may determine whether

load-induced salt movement is initiated or not.
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9. Figure Captions

Figure 1: Summary of scenarios for the evolution of non-salt- and salt-influenced
border faults based on established literature. (a); (c) and (e¢) summarise plan-view
inter-relationships between mobile salt (if present), faulting and depocentre geometry

during the transition from early to late syn-rift. (b); (d) and (f) are conceptual models
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of the along-strike hanging-wall architecture in both the early and late syn-rift for

each scenario.

Figure 2: Structural map of the Danish Central Graben, location shown in inset,
showing the location of the Coffee-Soil Fault System with respect to the main
offshore faults, basins, highs, and salt structures (after Mgller and Rasmussen, 2003),
and the generalised salt pinchout (modified from Duffy et al., 2013). The inset
displays the study area relative to the principal Jurassic structural elements and

political boundaries of the North Sea Rift: CG = Central Graben; HG = Horn Graben.

Figure 3: Stratigraphic framework, showing the ages and lithologies of the formations
present in the Danish Central Graben, along with regional interpretations of the major
tectonic events and megasequence boundaries (after Michelsen et al., 2003; Duffy et
al., 2013; Jackson et al., 2019; Patruno et al., 2022). Colour-coding of the seismic

stratigraphic horizons and megasequences is continued throughout the paper.

Figure 4: (a) TWTT thickness map of the Zechstein Supergroup draped over Top pre-
Zechstein basement surface. The colour bar is compressed to emphasise the major salt
structures. The present-day Zechstein Supergroup thickness decreases towards the
north. Dashed red lines with tick on downthrow indicate present-day Coffee-Soil
Fault and dashed green line shows the Zechstein pinch-out front (modified from
Duffy et al., 2013) (b) Map illustrating the approximate depositional distribution and
mobility of Zechstein deposits. Note that mobile salt previously extended northwards
of the present-day seismic pinch-out of mobilised Zechstein salt (parts a and b both

are modified and updated from Duffy et al., 2013).
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Figure. 5: (a) Trace of the CSFS (b) Profile of the fault plane, showing the TWTT
elevations along the footwall cut-off of the Top pre-Zechstein horizon (TWTT) and
the axis of the fault-parallel hanging-wall syncline associated with the CSFS at both
the Top pre-Zechstein and Base Callovian horizons. This provides a proxy for a
throw-length profile (see text). The sub-basins and components of the CSFS are

labelled.

Figure 6: TWTT structure maps of (a) the Top pre-Zechstein (vertical exaggeration
x5); (b) Base Callovian (vertical exaggeration x5); and (c) Late Kimmeridgian
(vertical exaggeration Xx7.5); surfaces. Dashed red lines with tick on downthrow
indicate present-day northern and southern Coffee-Soil Faults. Colour bar is
compressed to highlight relief in hanging-wall. Fault-perpendicular anticline axial
traces are dashed red. A series of sub-basins (SB2-5) are well-defined in the hanging-
wall of the southern Coffee-Soil Fault at the Top pre-Zechstein and Base Callovian

levels but are not present on the Late Kimmeridgian TWT map.

Figure 7: Uninterpreted and interpreted seismic dip-sections (i.e. oriented
perpendicular to the CSFS). Each section has been flattened on a local intra-
Cretaceous reflection to remove the overprinting effect of later Cenozoic inversion
and is displayed at 5 x vertical exaggeration (VE). Insets display the locations of the
section. (a) Dip-section through the Northern Fault and SB1. This section indicates
SB1 evolved without the influence of mobile salt, with a growth wedge thickening
into the Northern Fault. (b) Dip-section through Southern Fault A and SB2. The major

fault-parallel anticline extends northwards and dies out to the south. Note how the
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lower part of the Triassic sequence thins towards the fault, whereas the upper part of
the Triassic sequence thickens towards the fault. (c) Dip-section through Southern
Fault A and SB4. Note the vertical axis and symmetrical nature of the fault-parallel
syncline. A southwesterly-dipping limb is developed adjacent to the fault which dips
away from Southern Fault A. Note the minor Triassic thinning towards the fault, and
the basinward shift in the depocentre that occurs above the Intra-Kimmeridgian. (d)
Dip-section of the Southern Fault B and SB5. This section shows an asymmetrical
fault-parallel syncline, the axis of which is oriented sub-parallel to the plane of the
Southern Fault B. A southwesterly-dipping limb observed in SB4 is not developed
here, with the syn-rift depocentres all located in the immediate hanging-wall of
Southern Fault B. Note the thinning of the Triassic interval towards Southern Fault B
and the thick wedge of the overlying Jurassic sequence (see also Duffy et al., 2013).
Seismic polarity cartoons are courtesy of Agile Scientific

(https://agilescientific.com/blog/2012/4/5/polarity-cartoons.html).

Figure 8: Uninterpreted and interpreted strike-parallel seismic traverse in the
hanging-wall of the Northern Fault (location shown in inset) at VE x5. The section
line is located away from the effects of splay faults and contains a single, large
depocentre, with units generally thickening towards the axis of SB1 in the northwest.
The section is flattened on an intra-Cretaceous horizon to remove the effect of late-
stage inversion. Seismic polarity cartoon is courtesy of Agile Scientific

(https://agilescientific.com/blog/2012/4/5/polarity-cartoons.html).

Figure 9: Uninterpreted and interpreted strike-parallel seismic traverse in the

hanging-wall of Southern Faults A and B, taken along the axis of the major hanging-
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wall syncline (location shown in inset) (VE x5). Section (presented unflattened)
displays only a mild degree of inversion that does not overprint the overall thickness
variations and geometries in the Triassic and Jurassic sequences. The section
highlights a series of four major depocentres along-strike of the Southern Fault (SB2-
SB5), bounded by fault-perpendicular anticlines (H1-H5). The fault-perpendicular
folds, which also affect the Top pre-Zechstein horizon, die out vertically by the Late
Kimmeridgian. Note the thinning of the Triassic interval into the centre of the sub-
basins (most accentuated at SB2 and SB3) and the compensational overthickening of
the overlying sequence. Seismic polarity cartoon is courtesy of Agile Scientific

(https://agilescientific.com/blog/2012/4/5/polarity-cartoons.html).

Figure 10: Maps displaying the thickness variations (in TWTT) of key tectono-
stratigraphic units across the study area. (a) Triassic (Rift Phase 1); (b) Top Triassic to
Base Callovian (Rift Phase 2); (c) Base Callovian to Intra-Kimmeridgian (Rift Phase
2); (d) Intra-Kimmeridgian to Late Kimmeridgian (Rift Phase 2); and (e) Late
Kimmeridgian to Base Cretaceous (Rift Phase 2). Note that the colour maps showing
thickness variations within an interval are draped over the present-day structure of the
basal surface of the given interval (structural contours of which are shown in black).
These maps highlight how depocentres relate to structural features. Dashed red line

indicates the Coffee-Soil Fault, with a tick on the downthrow.

Figure 11: Evolution of fault activity and salt migration pathway maps for basement
and cover faults respectively. For each interval, the top figure displays the
distributions of active basement faults, along with the locations of mobile salt (thicker

salt indicated by a darker shade of orange) and inferred migration pathways (yellow
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arrows, with bigger arrows indicating higher salt flux). The lower figures shown at
each interval document the configuration of active cover faults, folds and associated
depocentres (cover monoclines shown with red arrows; thicker depocentres indicated
by a darker shade of blue). Dashed lines and question marks indicate uncertainty of
interpretation. Please note that in a) and b) CSF2 is depicted as blind basement fault
that is overlain by cover monocline F2. This represents our interpretation of the
configuration during the earlier part of the Triassic. However, later in the Triassic

CSF2 breached the surface and the depocentre thickened towards CSF2.

Figure 12: Synoptic diagram illustrating controls on dip-section variability in
hanging-wall tectono-stratigraphy throughout the evolution of a salt-influenced border
fault system. (a) Faulting restricted to the pre-salt basement and a forced cover
monocline develops in the supra-salt cover. (b) Early syn-rift scenario after the
basement fault breaches the cover; the depocentre remains in the immediate hanging-
wall of the fault. (c) and (d) Depict two alternative scenarios for the late syn-rift
evolution. (c) Hlustrates a scenario where accommodation space created by fault
displacement is greater than that created by load-driven withdrawal focused above the
Top pre-salt hanging-wall cut-off (where salt is thickest as likely most mobile); the
depocentre axis remains adjacent to the border fault. (d) Portrays an alternative
scenario where accommodation space created by load-driven withdrawal outpaces that
created by fault displacement; the depocentre shifts basinwards to above the Top pre-
salt hanging-wall cut-off. Note the symmetrical hanging-wall syncline geometry and
thinning of the syn-rift towards the active fault. Salt is shown in red, sediments in
shades of purple (broadly representing Triassic age sediments) and blue (broadly

representing Jurassic age sediments).
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Figure 13: Synoptic model based on observations from the Southern Coffee-Soil
Faults, summarising i) map-view relationships between salt mobility, faulting and
depocentre geometry throughout border fault evolution (a, ¢, e, and g); ii) the
development of along-strike hanging-wall architecture in hanging-wall section
profiles (b, d, f, and h). Salt is shown in red, sediments in shades of purple (broadly
representing Triassic age sediments) and blue (broadly representing Jurassic age

sediments).
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Fig 1

(a) No Mobile Salt Scenario (C) Pure Basement Fault Scenario (e) Thick-Skinned Scenario
e.g. Schlische and Anders (1996); Morley (2002) e.g. Revfallet Fault (Richardson et al. , 2005) e.g. Sleipner Fault Zone (Kane et al. ,2010)
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Late Kimmeridgian - Base
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(Rift Phase 2)
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Increasing maturity/stage of evolution of fault system

Map View
(top of each part shows basement fault geometry
and salt distribution; bottom of each part shows
active supra-salt faults folds, and depocentres)

Along-Strike Hanging-wall Section View

(a)
Early syn-rift
Cover monocline

Basement faulting is segmented, separated by fault-perpendicular
anticlines.

(b)

a a

Early syn-rift

Thinning over salt swells

/

High-relief salt swells in segment centres force syn-rift depo-
centres to thicken towards fault segment boundaries and away
from cover monoclines.

(c)
Differential loading initiates movement of salt up-dip
(up hangingwall dip-slope)

b b

Segmented basement faults breach surface

=il it

(d)

Differential loading initiates up-dip salt movement from
swells in fault segment centres.

Syn-rift depocentres shift towards these rapidly-subsiding
fault segment centres.

Fault-perpendicular anticlines are onlapped
(faults still likely segmented along-strike)

(e) Fault linked along-strike in basement and cover; differential
loading continues to drive salt up-dip, away from palaeo-
segment centres.

T+ Tt

Fault-perpendicular anticlines persistently
modify the topography despite fault linkage

(f)

Syn-rift depocentres continue to develop in palaeo-segment centres
due to load-driven migration of salt away from these areas

Faults link along-strike and breach segment boundaries and fault-
perpendicular anticlines.

Breached fault-perpendicular anticlines begin to subside and decrease
amplitude/relief, as they are draped by syn-rift sediments.

Continued load-driven migration of salt from segment centres

results in the apparent topographic persistence of fault-perpend-
icular anticlines even after faults have linked along-strike.

Late syn-rift

Q'ﬂ

Differential loading has driven all salt up-dip and away from fault.

(h

Late syn-rift

Fault-perpendicular anticlines buried

Differential loading has driven all salt up-dip and away from fault.
Late-stage subsidence focused at the centre of amalgamated fault.
Pre- and post-salt strata welded (paired red dots).

Key - Salt +Anticline ——*—- Monoclinal cover fold

—— = Normal fault = Direction of salt flow
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