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Abstract. Compressional strains may manifest along pre-
existing structures within the lithosphere, far from the plate
boundaries along which the causal stress is greatest. The
style and magnitude of the related contraction is expressed
in different ways, depending on the geometric and me-
chanical properties of the pre-existing structure. A three-
dimensional approach is thus required to understand how
compression may be partitioned and expressed along struc-
tures in space and time. We here examine how post-rift
compressional strains are expressed along the northern mar-
gin of the Farsund Basin during Late Cretaceous inversion
and Palaeogene—Neogene pulses of uplift. At the largest
scale, stress localises along the lithosphere-scale Sorgenfrei-
Tornquist Zone, where it is expressed in the upper crust
as hangingwall folding, reverse reactivation of the basin-
bounding normal fault, and bulk regional uplift. The geome-
try of the northern margin of the basin varies along strike,
with a normal fault system passing eastward into an un-
faulted ramp. Late Cretaceous compressive stresses, orig-
inating from the convergence between Africa, Iberia, and
Europe, selectively reactivated geometrically simple, planar
sections of the fault, producing hangingwall anticlines and
causing long-wavelength folding of the basin fill. The ampli-
tude of these anticlines decreases upwards due to tightening
of pre-existing fault propagation folds at greater depths. In
contrast, later Palaeogene—Neogene uplift is accommodated
by long-wavelength folding and regional uplift of the entire
basin. Subcrop mapping below a major, uplift-related uncon-
formity and borehole-based compaction analysis show that
uplift increases to the north and east, with the Sorgenfrei-
Tornquist Zone representing a hinge line rather than a focal
point to uplift, as was the case during earlier Late Cretaceous

compression. We show how compressional stresses may be
accommodated by different mechanisms within structurally
complex settings. Furthermore, the prior history of a struc-
ture may also influence the mechanism and structural style
of shortening that it experiences.

1 Introduction

Compressional stresses originating at plate boundaries can
be transmitted great distances into continental interiors
where they may localise along and drive the reactivation
and shortening of pre-existing lithospheric heterogeneities
(e.g. Berthelsen, 1998; Sandiford and Hand, 1998; Turner
and Williams, 2004; Dyksterhuis and Miiller, 2008; Buiter et
al., 2009; Stephenson et al., 2009; Heron et al., 2018). Inver-
sion is intimately related to intraplate compressional stresses,
describing the process by which previously extensional struc-
tures are folded and/or uplifted (in the case of rift basins), or
undergo reverse reactivation (in the case of a normal fault),
in response to a change from an extensional to compressional
tectonic stress (Cooper et al., 1989). In addition to long-
wavelength folding of the basin fill (e.g. Liboriussen et al.,
1987; Jensen and Schmidt., 1993) and reverse fault reacti-
vation (e.g. McClay, 1995; Panien et al., 2006; Kelly et al.,
1999; Reilly et al., 2017; Patruno et al., 2019; Rodriguez-
Salgado et al., 2019; Scisciani et al., 2019), compressional
stress may also be accommodated by additional mechanisms
including the following: (i) folding of strata atop a ductile
detachment surface (e.g. Kockel, 2003) and (ii) the forma-
tion of new reverse and strike-slip faults (e.g. Kelly et al.,
1999; Rodriguez-Salgado et al., 2019).
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Figure 1. Conceptual model of the reverse reactivation of a previ-
ously extensional normal fault. Ductile folding occurs in the hang-
ingwall of the fault, producing an anticline displaying a constant
amplitude with depth. Strata onlapping onto the limb of the fold at
the free surface indicate the age of folding and therefore inversion.
In the case of the Farsund Basin, the upper part of the anticline
is eroded by the base Pleistocene unconformity, meaning that we
have no constraints on the timing of inversion. Projected hanging-
wall cutoffs and the footwall cutoff used for throw analyses are also
shown.

The geometry and mechanical strength of pre-existing
structures — and their relative position with respect to ad-
jacent structures — may control if, to what extent, and how
different structures will be behave when subject to compres-
sional stresses (Kelly et al., 1999; Walsh et al., 2001; Panien
et al., 2005; Reilly et al., 2017). According to Andersonian
fault mechanics, low-angle structures are typically easier to
reactivate under compression, whereas subvertical structures
may be easier to reactivate in a strike-slip sense (Anderson,
1905; Daly et al., 1989). “Weaker” structures, such as those
characterised by high pore pressures and/or pervasive fab-
rics, are typically easier to reactivate than stronger, more ho-
mogeneous structures (Youash, 1969; Gontijo-Pascutti et al.,
2010; Chattopadhyay and Chakra, 2013). Furthermore, cer-
tain structures may be preferentially reactivated, regardless
of their strength, due to their location with respect to other
structures — i.e. those located in the strain shadows of larger
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structures are unlikely to be reactivated (Walsh et al., 2001;
Reilly et al., 2017). Once a structure does reactivate, our un-
derstanding of the structural styles and mechanisms of the
associated reactivation are typically thought of in only a 2D
sense, with inverted normal faults producing relatively sim-
ple inversion-related anticlines (Fig. 1). Such an approach
negates the inherent along-strike variability and prior evolu-
tion of structures and, thus, leaves a number of unanswered
questions. For example, (i) how does the prior evolution and
geometry of a structure affect its propensity to reactivate
when subject to compression? (ii) how does the style and
magnitude of this reactivation vary along strike? and (iii) how
are different styles of deformation, (uplift, long-wavelength
folding, reverse reactivation, etc.) partitioned along a struc-
ture?

We use borehole-constrained 2D and 3D seismic reflec-
tion data from the Farsund Basin, an inverted graben located
offshore southern Norway, to examine how compression
and uplift-related stresses were partitioned between different
styles and mechanisms of deformation across a structurally
complex rift basin (Fig. 2a). The Farsund Basin has expe-
rienced a complex and protracted geological evolution, be-
ing located above the westernmost extent of the lithosphere-
scale Sorgenfrei-Tornquist Zone (STZ) (Fig. 2a). The STZ
corresponds to a pronounced step in lithospheric thickness
at subcrustal depths (e.g. Pegrum, 1984; Mogensen, 1994,
1995; Deeks and Thomas, 1995; Cotte and Pedersen, 2002;
Babuska and Plomerova, 2004; Bergerat et al., 2007) and has
repeatedly reactivated in response to regional tectonic events,
such as Carboniferous—Permian transtension, Early Creta-
ceous extension, and Late Cretaceous compression (Fig. 2b)
(Mogensen, 1995; Berthelsen, 1998; Phillips et al., 2018).
This multiphase and protracted evolution produced a com-
plex rift system along its length, including the Farsund
Basin. In addition, the Farsund Basin area experienced fur-
ther phases of uplift throughout the Palaeogene and Neo-
gene, associated with regional uplift of southern Scandinavia
(Japsen and Chalmers, 2000; Japsen et al., 2007a, 2018; Baig
et al., 2019). This important tectonic event resulted in the
formation of a large unconformity and the removal of large
thicknesses of strata from across the basin (Figs. 1, 2b).

We focus on the northern margin of the Farsund Basin,
which is defined by the complex S-dipping Farsund North
Fault in the west and a S-dipping ramp to the east (Fig. 2a).
Specifically, using borehole-based compaction analyses, sub-
crop mapping, and qualitative (i.e. seismic—stratigraphic)
and quantitative analysis of fault-related folds, we examine
how deformation was partitioned along this structure during
Late Cretaceous compression and Palacogene—Neogene up-
lift events. Reverse reactivation of the basin-bounding Far-
sund North Fault occurs locally and was associated with
the formation of near-fault hangingwall anticlines and long-
wavelength folding of the basin fill. The hangingwall anti-
cline decreases in amplitude upwards; this is in contrast to
the relatively constant amplitude typically encountered along

https://doi.org/10.5194/se-11-1489-2020



T. B. Phillips et al.: Influence of fault geometry on inversion style and magnitude

1491

5°00E 58°00 N 6"00E 7°00E 8"00E
2| T ) J . Tectonic
a) b) Stratigraphy
ol€ ﬁ
| | 50 km | {i;b? NORWAY & 800 Age w_well 11/5-1 g events
o Late Cretaceous inversion! =z
9 (Jackson et al. 2013; o > S| | Noend
! Phillips et al. 2016) “Earsund Dyke £ ]
Stavanger Figure 5 Swarm %f;igps et — 5 i Eas[n
% al. f=1=1
. Platform Varnes = ol | e [oeict
: \\ . - \ E-gerﬂ T~ Graben Fagder = i = S| | fnersocene.
\ long-strike- ~—~ e ”"'5‘ \0\ H H H { Horst i Agcer Siope, e
inuation \K I /l L 4000 s[2
\ ° [ - aflelg
s = e M| 5
; = W o
Farsund North _} T i, S b}
“L“w‘n/\ Fault | Upper Terrace . -~ /:7 . 2 8
z Lista Nose S Lower - B Tl 4|3
s n + Terrace F . d Basini8 Sorgenfrei- = §
o Fault Blocks Al arsund basin Tornquist m
2| FEgersund D) i~ s
© 5 0/5-1(685 m) By | R Zone (STZ) 5|9l
Basin . N R 3| [eromer aon e
. — | = S - ol o) P ||extension
. ¢ - * \:/
& o a Fjerritslev Fault ~ ~ u ESZ‘E.T,.Z"L e
0 0 3D seismic Q = system S [au Fms. s
volume © inistral
Base Jurassic| | .
Unconformity
Basement map Norwegian-Danish Basin a
..... IS
S
2 =2
(<) Sorgenfrei- d
E Tornquist
5 Zone {F-1 (405 m)|
100 km i \ \
5°00 E 6°00 E 7°00 E 8°00 E

Figure 2. (a) Regional two-way-time (TWT) structure map showing the top acoustic basement surface (typically base Triassic/base Zechstein
Supergroup evaporites) across the region. The locations and calculated total uplift values of wells, used to constrain the ages of stratigraphic
horizons across the area are shown. Grey lines indicate the locations of 2D seismic lines referred to in this study. Seismic data used to create
the rest of the acoustic basement surface can be found in Phillips et al. (2016). Inset — Regional map showing the location of the study area
and Sorgenfrei-Tornquist Zone. (b) Tectonostratigraphic column for the Farsund Basin based on lithological information from well 11/5-1
(after Phillips et al., 2019), showing the main lithologies and tectonic events.

inversion-related folds. We suggest that this structural style
is related to the presence of fault propagation folds formed
along the fault prior to inversion. We find that reverse reacti-
vation preferentially occurs along geometrically simple fault
sections; areas that display a more complex fault geometry
or where rift-bounding faults are not present are not reacti-
vated, and shortening is largely manifest as regional uplift.
We relate the reverse reactivation of the Farsund North Fault
and the buckling of basin strata to compressional stresses as-
sociated with the convergence of Africa, Iberia, and Europe
during the Late Cretaceous, prior to the main Alpine orogeny
(Kley and Voigt, 2008). This compression localised along
and was buttressed against the lithosphere-scale STZ and, lo-
cally within the Farsund Basin, the Farsund North Fault. We
attribute the regional uplift and erosion to Cenozoic uplift of
onshore Norway, with the STZ acting as a hinge line between
areas of relative uplift and those of subsidence.

This study highlights how stresses associated with re-
gional compression and uplift, initially localised along the
lithospheric-scale STZ, may be expressed via different de-
formation mechanisms within complex upper-crustal rift sys-
tems. We show how the magnitude and style of compression-
and uplift-related deformation can vary along strike of a sin-
gle structure, depending on its geometric complexity and
prior tectonic history.

https://doi.org/10.5194/se-11-1489-2020

2 Geological setting and evolution

The Farsund Basin, located ~ 50 km offshore southern Nor-
way, is an E-trending Early Cretaceous graben that under-
went shortening and uplift during the Late Cretaceous and
throughout the Cenozoic respectively (Jensen and Schmidt
1993; Mogensen, 1995). The basin is defined by the N-
dipping Fjerritslev Fault system along its southern margin
and the S-dipping Farsund North Fault along its northern
margin (Phillips et al., 2018). The basin is separated into an
upper and lower terrace by a series of N—S-striking faults that
also define the Varnes Graben and the Eigergy and Agder
horsts to the north (Fig. 2a). East of the eastern termination
of the Farsund North Fault and the Agder Horst, the northern
margin of the Farsund Basin is represented by the S-dipping
Agder Slope (Fig. 2a).

Detailed accounts of the structural and stratigraphic evolu-
tion of the Farsund Basin can be found in Phillips et al. (2018,
2019) respectively. We here outline the key phases in the
pre-Late Cretaceous evolution of the basin, before detailing
how the Late Cretaceous compression and later Palacogene—
Neogene uplift events were expressed across the basin and
wider region.

Solid Earth, 11, 1489-1510, 2020
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2.1 Pre-Late Cretaceous evolution of the Farsund
Basin

The Farsund Basin is situated towards the westernmost ex-
tent of the Sorgenfrei-Tornquist Zone, which forms the north-
western section of the lithosphere-scale Tornquist Zone (Pe-
grum, 1984; Berthelsen, 1998; Thybo, 2000; Cotte and Ped-
ersen 2002; Mazur et al., 2015). The Tornquist Zone rep-
resents a sharp change in lithospheric thickness and struc-
ture between thick cratonic lithosphere of the Eastern Euro-
pean Craton to the north and east and younger, relatively thin
lithosphere of central and western Europe to the southwest
(e.g. Kind et al., 1997; Cotte and Pedersen, 2002; Babuska
and Plomerové, 2004). At upper-crustal depths, the Tornquist
Zone has been periodically reactivated during multiple tec-
tonic events and is described as a “buffer zone” to regional
tectonic stresses (Mogensen et al., 1995; Berthelsen, 1998).

Transtensional reactivation of the STZ during the
Carboniferous—Permian was associated with rift activity and
voluminous magmatism, including the emplacement of the
WSW-trending Farsund Dyke Swarm (Fig. 2b) (Heeremans
and Faleide, 2004; Heeremans et al., 2004; Wilson et al.,
2004; Phillips et al., 2017; Malehmir et al., 2018). How-
ever, no Carboniferous—Permian fault activity is identified
in the Farsund Basin (Phillips et al., 2018), although some
pre-Upper Permian faulting, likely related to Carboniferous—
Permian extension, occurred in the Norwegian—Danish and
Egersund basins (Skjerven et al., 1983; Jackson and Lewis,
2013) (Figs. 2, 3).

E-W oriented Triassic extension formed N-S-striking
faults across the area, including those that internally dissect
the Farsund Basin and those that bound the Varnes Graben
(Fig. 2) (Vejbzk, 1990; Phillips et al., 2018). The fault defin-
ing the western margin of the Varnes Graben — and those in-
ternally dissecting the Farsund Basin — likely formed a single
structure during the Triassic that bounded the eastern mar-
gin of the Stavanger Platform (Fig. 2a) (Phillips et al., 2018,
2019). Upon their deposition, Triassic and likely Jurassic
strata were contiguous with those in the Varnes Graben to the
north (Fig. 3). At this time, the proto-Farsund Basin resided
along the northern margin of the Norwegian—Danish Basin,
which continued northwards into the present Varnes Graben
(Figs. 2, 3) (Phillips et al., 2019). During the Early—Middle
Jurassic, the N-S-striking fault along the eastern margin of
the Stavanger Platform was sinistrally offset by roughly E—
We-striking strike-slip faults. However, away from where they
directly offset the N-S-striking faults (which act as pierc-
ing points in the kinematic analysis of Phillips et al., 2018),
the precise location and geometry of the strike-slip faults is
unknown due to erosion at the base Jurassic unconformity
(Phillips et al., 2018).

Dextral transtensional reactivation of the STZ occurred
during the Early Cretaceous (Fig. 2b) (Mogensen, 1995; Erl-
strom et al., 1997; Phillips et al., 2018). This was associated
with the formation of the E-W-striking normal faults bound-

Solid Earth, 11, 1489-1510, 2020

ing the Farsund Basin, forming a graben and separating it
from the Norwegian—Danish Basin (Figs. 2, 3). Early Creta-
ceous extension in the Farsund Basin was associated with
relatively rapid slip on the basin-bounding faults and cor-
respondingly high rates of basin subsidence and accommo-
dation generation (Phillips et al., 2018). Sediment accumu-
lation rates eventually outpaced accommodation generation,
and the faults were buried (Fig. 3). Cretaceous and younger
strata are eroded across the study area below the base Pleis-
tocene unconformity (Fig. 3).

2.2 Late Cretaceous compression and
Palaeogene—Neogene uplift

Compression and shortening, which was accommodated by a
range of deformation mechanisms, occurred along the length
of the Tornquist Zone due to Late Cretaceous convergence
between Africa, Iberia, and Europe (Fig. 2a) (e.g. Deeks and
Thomas, 1995; Berthelsen, 1998; Hansen et al., 2000; Kley
and Voigt, 2008). West of the Farsund Basin, mild inversion
of the Stavanger Fault System occurred from the latest Tur-
onian to early Maastrichtian (Fig. 2a) (Jackson et al., 2013).
Further fault inversion is documented elsewhere in the North
Sea around this time (Biddle and Rudolph, 1988; Cartwright,
1989; Jensen and Schmidt, 1993; Jackson et al., 2013).
Following Late Cretaceous compression, multiple phases
of uplift occurred across southern Scandinavia and the North
Sea throughout the Palaecogene and Neogene (Clausen et al.,
2000; Japsen et al., 2007a, 2018). As a result of this uplift,
Cretaceous, Palacogene, and Neogene strata are missing be-
neath the base Pleistocene unconformity across much of the
study area. These uplift events may be related to uplift of the
South Swedish and South Scandes domes across southern
Scandinavia, likely as a result of upper-mantle movements
and changing plate tectonic forces associated with opening of
the North Atlantic (e.g. Jensen and Schmidt, 1993; Clausen
et al., 2000, Japsen and Chalmers, 2000; Japsen et al., 2002,
2007a, 2018; Stoker et al., 2005; Kalani et al., 2015; Baig
et al., 2019). Because Late Cretaceous—Neogene strata are
missing across much of the study area, we do not distinguish
between the distinct post-Cretaceous uplift events, instead re-
ferring to them collectively as Palaeogene—Neogene uplift.

3 Data and methods
3.1 Data

We use a 2D seismic reflection dataset covering the Farsund
Basin. This dataset consists of 31 N-trending seismic sec-
tions tied by five E-trending sections (Fig. 2a). These data
record to 7s two-way-travel time (s TWT) and are closely
spaced (~ 3 km), allowing us to correlate our interpretations
between individual sections. The seismic data are displayed
as zero phase and follow the SEG (Society of Exploration
Geophysicists) reverse polarity convention: a downward in-

https://doi.org/10.5194/se-11-1489-2020
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Norwegian—Danish Basin. See Fig. 2 for location.

crease in acoustic impedance is represented by a trough (red)
and a downward decrease in acoustic impedance is repre-
sented by a peak (black). The 2D seismic sections data were
locally augmented by a 3D seismic volume providing cover-
age of the southern margin of the basin, which images to 4 s
TWT (Fig. 2a).

The ages of mapped seismic horizons were constrained
by well 11/5-1, located on the southern margin of the basin
(Fig. 2a). Wells 9/3-1, 10/5-1, 10/7-1 and 11/9-1, located out-
side of the main study area, provided additional stratigraphic
age constraints (Fig. 2a). Velocity log information from well
11/5-1, two additional wells within the STZ (J-1, Felicia-1),
and four wells in the Norwegian—Danish Basin (10/5-1, 10/8-

https://doi.org/10.5194/se-11-1489-2020

1, F-1, K-1) were used to estimate the amount of uplift across
the region (see Sect. 3.4.2). Due to incomplete coverage of
the velocity log through the interval penetrated by 11/5-1,
and in order to not introduce additional errors into our mea-
surements, we did not depth convert the data. Well reports
were also used to extract lithological information from each
well in order to remove unsuitable lithologies from the poros-
ity analyses.

3.2 Seismic interpretation

We mapped seven seismic horizons that define the present
structure and allow us to constrain the temporal evolution of

Solid Earth, 11, 1489-1510, 2020
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the study area (Fig. 3): (i) top crystalline basement, corre-
sponding to the base of a Carboniferous—Permian-aged inter-
val; (ii) top acoustic basement, corresponding to the base Up-
per Permian Zechstein Supergroup evaporites where present
and the base Triassic where the evaporites are absent; (iii) the
base Jurassic unconformity (BJU); (iv) top Jurassic; (v) top
Lower Cretaceous; (vi) top Cretaceous; and (vii) the base
Pleistocene unconformity. Additional horizons were inter-
preted within the Lower Cretaceous interval to help constrain
the geometry and evolution of inversion-related structures.

3.3 Quantitative fault analyses

We calculated throw-length profiles along the Farsund North
Fault to determine its kinematic evolution (e.g. Walsh et al.,
2003; Dufty et al., 2015; Yielding, 2016). To accurately con-
strain the evolution of a fault we need to account for all slip-
related strain, including both brittle faulting and ductile fold-
ing. Therefore, where necessary, such as in areas displaying
complex fault geometries or fault-parallel short-wavelength
folding, we project horizon cutoffs onto the fault plane from
a regional datum (Fig. 1) (e.g. Walsh et al., 1996; Long and
Imber, 2010). We minimise potential errors in our measure-
ments by measuring fault throw as opposed to displacement,
removing the potential for errors associated with depth con-
version (Fig. 1). Some errors inevitably persist in our cal-
culations, primarily relating to measurement error, geomet-
rical distortions originating from changing interval veloc-
ity with depth, and burial-related compaction of sedimen-
tary strata. We find that the measurement errors are negligi-
ble and nonsystematic and, therefore, have a negligible effect
on the overall throw distribution along faults. Errors associ-
ated with interval velocity changes and sediment compaction
also have only a minor influence as lithologies do not drasti-
cally change along strike of our throw-length plots. Further-
more, we focus on the overall throw patterns along the fault
rather than specific values, with the former unaffected by any
potential changes in interval velocity or compaction of the
strata. We calculated throw-length plots for the acoustic base-
ment, base Jurassic unconformity, and top Jurassic horizons,
as these were almost fully preserved in both the hanging-
wall and footwall of the Farsund North Fault (Fig. 1). The
top Jurassic horizon is missing in the footwall of the fault in
some areas due to erosion below the base Pleistocene uncon-
formity; estimates of throw at this stratigraphic level there-
fore represent a minimum estimate. No Triassic strata are
preserved on the upper terrace of the Farsund Basin (Fig. 2a);
in these areas the BJU forms a composite surface with the top
acoustic basement. To quantify the magnitude of inversion
experienced along the Farsund North Fault, we measured the
amplitude of the fold, between the fold crest and a regional
base level, at multiple stratigraphic levels. The base level was
a projection of each stratigraphic horizon, taken from an area
away from the fold and unaffected by folding.

Solid Earth, 11, 1489-1510, 2020
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3.4 Quantifying uplift and erosion
3.4.1 Seismic-stratigraphic analysis

To estimate the amount of uplift and erosion that occurred
along the northern margin of the Farsund Basin, truncated
stratigraphic horizons were projected above the base Pleis-
tocene unconformity. By approximating their pre-erosion
stratigraphic thickness, we can estimate the amount of miss-
ing strata and therefore erosion that occurred across the basin
(Fig. 4). The top of the Cromer Knoll Group (Lower Creta-
ceous) represents the shallowest mapped horizon that is trun-
cated by the base Pleistocene unconformity. This horizon is
interpreted as the base of the syn-inversion sequence along
the Stavanger Fault System, 100km to the west (Fig. 2a)
(Jackson et al., 2013). The deepest regionally mappable hori-
zon truncated by the base Pleistocene unconformity is typi-
cally the acoustic basement. We measure uplift between the
projections of these horizons, with the measurement taken at
the truncation of the deeper horizon. However, in some areas
we measure uplift at the Farsund North Fault to avoid as-
sumptions about projected stratal thicknesses across the fault
(Fig. 4). As aresult, our seismic—stratigraphic technique pro-
vides only a minimum estimate of the amount of uplift. We
provide two measurements of (minimum) inversion-related
uplift along the basin margin by (1) projecting strata lin-
early from the immediate subcrop and (2) modifying the
subcrop projections to take into account regional thickness
changes within the underlying stratigraphic intervals (Fig. 4).
These uplift calculations are based solely on geometrical pro-
jections of truncated strata and do not incorporate any de-
compaction of the projected strata. Upon burial, sedimen-
tary strata are compacted; layers are thus thinner at their
present burial depths than they were when deposited. There-
fore, our uplift estimates based on the geometric projection of
“compacted” sedimentary intervals, which is based on their
buried rather than at-surface thicknesses, represent a mini-
mum value only. We primarily use this technique to anal-
yse the spatial distribution of uplift across the Farsund Basin
in locations where no boreholes are available and where we
therefore lack information on the present porosity of the in-
tervals at depth. Although the estimated magnitude would
change upon decompaction, the overall pattern of uplift will
not be affected.

3.4.2 Well-based compaction analysis

In addition to using seismic—stratigraphic techniques to es-
timate inversion-related, basin-scale uplift, we also utilise
porosity—depth trends and compaction analyses from seven
wells within and surrounding the Farsund Basin (Fig. 2a).
This process is based on the recognition that due to me-
chanical compaction and diagenesis, sedimentary rocks lose
porosity (&) with increasing burial depth (z) (Magara, 1979;
Sclater and Christie, 1980). This porosity loss is largely in-

https://doi.org/10.5194/se-11-1489-2020
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projecting truncated stratigraphy above an unconformity. Uplift es-
timates based on straight and modified projections of strata are cal-
culated. Where possible, measurements are taken at the largest pos-
sible value; however, projections are not calculated across faults.

elastic (Giles et al., 1998), meaning that if a rock is uplifted
it will be overcompacted relative to its new depth of burial
(Magara, 1979; Japsen, 1998; Japsen et al., 2007a). The net
magnitude of vertical exhumation (EN) can hence be cal-
culated by subtracting the porosity measured at present-day
burial depth (Bpresent-day) from the maximum depth of burial
(Bmax) (Corcoran and Doré, 2005) as follows:

EN = Bmax — Bpresent—day- (H

Bmax is commonly predicted from porosity—depth relation-
ships calibrated in settings characterised by continuous sub-
sidence and progressive burial (Jensen and Schmidt, 1993;
Doré and Jensen, 1996; Williams et al., 2005; Burns et
al., 2007; Japsen et al 2007a; Tassone et al., 2014). Whilst
such trends have been generated for discrete lithologies
(e.g. Sclater and Christie, 1980), it is more accurate to use
regionally calibrated relationships for specific stratigraphic
intervals (Japsen et al., 2007b).

Here, we use porosity—depth data to estimate the exhuma-
tion of Lower Cretaceous mudstone and to quantify the mag-
nitude of inversion-related basin-scale uplift. We used the
Lower Cretaceous interval because it is the only mudstone-
bearing interval encountered in all seven wells, where it
varies in vertical thickness from 105 to 615 m. Six of these
wells (10/8-1, 10/5-1, K1, F1, J1, and Felicia-1) were in-
cluded in previous regional studies of basin exhumation, al-
though different stratigraphic intervals (i.e. Late Cretaceous
chalks) were used in these previous analyses (Japsen and
Bidstrup, 1999; Japsen et al., 2007a). Well 11/5-1, which is
located on the south flank of the Farsund Basin (Fig. 2a), has
not previously been used for exhumation analysis and thus
provides new constraints on inversion-related regional up-
lift of the Farsund Basin. No overpressure is identified in the
Lower Cretaceous interval across any of the wells analysed in
this study, and hence they are assumed to be hydrostatic; this
is in agreement with other studies in the region (e.g. Japsen
et al., 1998). In keeping with previous well-based studies of
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compaction in the region, we do not account for compaction
due to the water column.

Two porosity—depth relationships have been proposed
for Norwegian Shelf Cretaceous—Tertiary shales (Hansen,
1996), one linear and one exponential:

@ =0.62—-0.00018z 2
& — 0.7](—0:000512) 3)

These relations represent the average Tertiary—Lower Cre-
taceous porosity—depth trend; scatter in the original dataset
may relate to variations in grain size and the proportion of
shale in the lithological column. Aside from compaction, lo-
cal porosity—depth trends may also be affected by the miner-
alogy, palacogeographic setting, and burial rate of the shales.
In order to compare wells from different regions, we compare
to this average porosity—depth trend, which largely smooths
out these more local effects. Although both trends were de-
rived statistically from porosity—depth data from 29 wells
from areas that have not been uplifted (Hansen, 1996), we
use the exponential relationship because it better conforms
to rock physics models in that it does not predict negative
porosities at depths greater than 3444 m, as is the case for the
linear trend (Japsen et al., 2007b).

To compare well-log data to regional predictions of Bmax,
slowness values (A¢, measured in microseconds per foot),
measured by the sonic log, were converted into porosities us-
ing a regionally calibrated modification (Hansen, 1996) of
the Wyllie time-average equation (Wyllie et al., 1956) as fol-
lows:

&= (1/1.57)((At —59)/(189 — 59)). 4)

Given that this relationship is valid only for shales, sonic log
readings of intra-Lower Cretaceous sandstone and limestone
beds were identified (via the well report) and removed from
the analysis; anomalous reading were likewise removed.
Intra-shale porosities were then averaged over 5 m intervals
and plotted against the depth (below the seabed) midpoint for
this interval.

Following log editing and porosity estimations, we calcu-
lated net exhumation (EN) (Eq. 1) for each porosity—depth
data point from each well. These EN estimates were then av-
eraged to produce one exhumation estimate per well. Across
the Farsund Basin, the base Pleistocene unconformity is
overlaid by ~ 100-200 m of sediments (~ 156 m in 11/5-1)
(Fig. 3). This indicates that any exhumation recorded by the
Lower Cretaceous shales has been followed by further burial.
If not properly accounted for, this post-uplift burial (Bg) will
obscure porosity-derived exhumation estimates. The follow-
ing equation (Corcoran and Doré, 2005) was used to derive
the gross exhumation (Eg) from the net exhumation (EN):

Eg = Ex + BE. )
In each well, Bg was assumed to equal the vertical thick-

ness of supra-base Pleistocene unconformity sediments. Our
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borehole-based compaction analyses provide spot measure-
ments of uplift in the Farsund Basin and surrounding ar-
eas. We combined these results with those derived from the
seismic—stratigraphic techniques described above, allowing
us to determine how uplift varied spatially across the area.

4 Structural style variability along the northern
margin of the Farsund Basin

The structural style of the northern margin of the Farsund
Basin varies along strike (Fig. 5a). Early-Middle Jurassic
strike-slip activity resulted in across-fault juxtaposition of
different structural elements (i.e. the hangingwalls and foot-
walls of N-S striking faults), which were then extensionally
offset by the Farsund North Fault during the Early Creta-
ceous (Phillips et al., 2018). Based on the structural elements
in the hangingwall and footwall of the fault, we define four
structural domains along the northern margin of the basin
(Fig. 5a): (A) the western end of the Farsund North Fault,
with the Eigergy Horst in the footwall and the upper terrace
of the Farsund Basin in the hangingwall; (B) a structurally
complex zone along the Farsund North Fault with the Varnes
Graben in the footwall and the upper terrace of the Farsund
Basin in the hangingwall; (C) the eastern end of the Farsund
North Fault, with the Varnes Graben in the footwall and the
lower terrace of the Farsund Basin in the hangingwall; and
(D) east of the Farsund North Fault, incorporating the eastern
termination of the fault, with the Agder Horst in its footwall,
and the Agder slope further east.

4.1 Domain A - reactivation of an older fault?

No Triassic strata are present in Domain A due to erosion at
the BJU (Fig. Sa). Throw across the equivalent acoustic base-
ment and BJU horizons reaches a maximum of ~ 1000 ms
TWT in the centre of the domain. Throw across the top
Jurassic horizon is ~ 500 ms TWT, reaching a maximum of
~ 600 ms TWT, although we note this represents a minimum
throw estimate due to erosion of Jurassic strata across the
Eigergy Horst in the footwall of the Farsund North Fault
(Fig. 5a). Early-Middle Jurassic strike-slip activity likely oc-
curred along the fault in this area, although we are unable to
determine the geometry of the strike-slip fault system due to
erosion at the BJU (Phillips et al., 2018) (Fig. 5a). Earlier
pre-Zechstein fault activity may also have occurred in this
area, similar to that identified to the west in the Egersund
Basin (Jackson and Lewis, 2013), although we are unable
to confirm this. We identify a clinoform-bearing interval in
the Upper Jurassic, likely related to the Farsund Delta sys-
tem identified by Phillips et al. (2019). Further clinoform-
bearing intervals are present in the Early Cretaceous suc-
cession; these may be locally sourced from erosion of the
Eigergy Horst. The Farsund North Fault and Lower Creta-
ceous strata in its immediate hangingwall are truncated by
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the base Pleistocene unconformity, indicating they have ex-
perienced some uplift. The lack of major hangingwall de-
formation suggests that the Farsund North Fault in this area
experienced little to no reverse reactivation (Fig. 5a).

4.2 Domain B — complex strike-slip-related faulting

Domain B is characterised by a complex zone of faulting,
consisting of a main central fault that is flanked by numer-
ous antithetic and synthetic faults (Fig. 5a). Triassic strata are
preserved in the footwall (i.e. the Varnes Graben) but eroded
from the hangingwall (see Phillips et al., 2018). In con-
trast, Jurassic strata are continuous across the fault. Throw
is constant (~ 500ms TWT) across the fault for all hori-
zons (Fig. 5b). Cretaceous strata thicken from the footwall
to hangingwall of the fault and are truncated at the overly-
ing base Pleistocene unconformity. Phillips et al. (2018) es-
timated this domain experienced ~ 10 km of sinistral strike-
slip offset during the Early—Middle Jurassic, based on the off-
set of the N-S striking fault, which bounds the western mar-
gin of the Varnes Graben, and the N-S-striking fault, NS1,
which partitions the Farsund Basin to the south (Phillips et
al., 2018). We suggest that the proposed strike-slip fault con-
tinues westwards, along the present location of the Farsund
North Fault, in Domain A. Further east, the Farsund North
Fault shows only Early Cretaceous extensional activity, with
no strike-slip precursor present along the fault in Domain
C. Therefore, we suggest that the strike-slip fault continues
in a NW-=SE orientation, to the south of the Farsund North
Fault (Fig. 5a). Phillips et al. (2018) documented a similar
relationship along the southern margin of the Farsund Basin,
where the strike-slip fault system is proposed to continue in
a NW-SE orientation to the north of an Early Cretaceous
fault segment, displaying a complementary relationship to
that proposed here along the northern margin. The trunca-
tion of Lower Cretaceous strata beneath the base Pleistocene
unconformity in Domain B suggests that some uplift and ero-
sion have occurred.

4.3 Domain C - reverse reactivation and hangingwall
folding

Triassic and Jurassic strata are isochronous and display rel-
atively constant throw across Domain C (Fig. 5a, b). Throw
increases from ~ 600 ms TWT in the west to a maximum of
~ 1100 ms TWT in the centre, before decreasing to ~ 800 ms
TWT at the boundary with the Agder Horst to the east
(Fig. 5b). Unlike Domain B, we suggest that this area did
not experience any Early—Middle Jurassic strike-slip fault-
ing, with the strike-slip fault, collocated with the Farsund
North Fault in Domain B to the west, continuing to the south-
east, south of the Farsund North Fault, in Domain C (Phillips
et al., 2018) (Fig. 5a). The Farsund North Fault in this area
forms a planar structure that slipped only during the Early
Cretaceous. Some antithetic faults in the hangingwall merge
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Figure 5. (a) Two-way-time structure map of the acoustic basement horizon and seismic sections highlighting the characteristic structural
style associated with each fault domain (a—d). Black lines show the location of individual domain sections, and the dashed red line indicates
the potential continuation of the strike-slip fault in Domain C. (b) Throw-length profiles calculated across the Farsund North Fault for the
acoustic basement, base Jurassic unconformity, and top Jurassic horizons. Background colours correspond to different domains. (c¢) Calcu-
lated uplift values (red and black) calculated along the northern margin of the Farsund Basin through the projections of truncated strata. Blue
lines show the amplitudes of the hangingwall inversion folds at various structural levels.
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with the main fault plane at depth. A large anticline is present
in the hangingwall of the Farsund North Fault in Domain C,
the amplitude of which is greatest at the top of the Juras-
sic and decreases upwards (Fig. 5¢). The amplitude of the
fold also decreases towards the edges of Domain C, suggest-
ing it is a pericline. Lower Cretaceous strata are truncated by
the base Pleistocene unconformity and are not preserved on
the footwall of the fault. Based on the stratigraphic relation-
ships outlined above, we suggest that Domain C represents
an Early Cretaceous segment of the Farsund North Fault. The
throw maxima along the Farsund North Fault in Domains A
and C suggest that the fault is formed of two linked segments
separated by the complex deformation zone and strike-slip
faulting within Domain B. We suggest that Domain C prop-
agated away from the pre-existing strike-slip fault and this
area of complex deformation (Domain B) during the Early
Cretaceous, forming a new fault segment.

4.4 Domain D - basin uplift and erosion

Domain D is largely characterised by the S-dipping Agder
Horst, which hosts numerous low-displacement, E-W-
striking, N-dipping faults. At the western end of the domain,
the Farsund North Fault terminates eastwards into numer-
ous S-dipping splays; further eastwards propagation of the
fault was potentially inhibited by the basement-hosted Far-
sund Dyke Swarm (Fig. 5a) (Phillips et al., 2017). Strata are
progressively truncated northwards at the base Pleistocene
unconformity, indicating long-wavelength basin-scale uplift
and erosion (Fig. 5a).

5 Styles of inversion
5.1 Regional uplift and erosion

Strata along the northern margin of the Farsund Basin are
variably truncated at the base Pleistocene unconformity.
We here use compaction analyses and seismic—stratigraphic
methods to quantify the amount and patterns of uplift driving
this erosion.

5.1.1 Well-based compaction analyses

We plotted porosity—depth data from seven wells against
the Lower Cretaceous compaction curve of Hansen (1996).
This normal compaction curve, which assumes continuous
burial and hydrostatic stress conditions, lies below data from
each of the wells (Fig. 6a), indicating that overcompaction
is present regionally. Porosity—depth data from each well
show significant scatter, which is likely a result of minor
lithological variations, possibly relating to temporal changes
in palaecoenvironment. There are also likely to be lithologi-
cal and mineralogical changes between wells. However, we
interpret the regional and ubiquitous presence of overcom-
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paction relative to the baseline to determine the magnitude
of exhumation.

Porosity—depth data cluster in two depth-intervals (170-
825m and 1080-1460m depth; Fig. 6a). The shallower
cluster contains data from wells 11/5-1, Felicia-1, and J1,
all of which are located within the STZ (Fig. 2a). These
wells record gross-exhumation values 647-775 m, with 11/5-
I recording the greatest amount of exhumation (775m)
(Fig. 6b). The deeper cluster contains data from wells 10/5-1,
10/8-1, F-1, and K-1; all of which are situated south of the
Farsund Basin and STZ (Fig. 2a). Importantly, exhumation
estimates from these wells are overall lower than those to
the north, varying from 273-683 m. In this group, well 10/5-
1, which is located closest to the STZ, records the highest
gross exhumation (683 m), whereas wells 10/8-1, F-1, and K-
1 record values of 270, 405, and 295 m respectively (Fig. 6b).
In summary, our analyses show that the amount of exhuma-
tion increases towards the STZ (Fig. 2a); no well information
is available north of the STZ.

5.1.2 Seismic—stratigraphic analyses

By projecting strata as a straight line based on the dip at
the point they are truncated beneath the base Pleistocene un-
conformity, we estimate ~ 100ms TWT uplift in Domain
A, increasing to a maximum of ~400ms TWT in Domain
C. This value then decreases to ~250ms TWT across the
Agder Slope (Fig. 5¢). Our other technique, which varies the
dip of the projected strata to account for underlying stratal
geometries, suggests ~ 200ms TWT of uplift in Domain A
increasing to ~ 400 ms TWT in Domains B and C; these val-
ues are thus similar to those obtained using a straight pro-
jection method. Corrected projection measurements predict
~ 800ms TWT in Domain D (Fig. 5c). Here, the straight
projection method underestimates uplift as truncated strata
become more steeply south dipping to the north. Older strata
progressively subcrop the base Pleistocene unconformity to-
wards the north and east (Figs. 7, 8). Acoustic basement sub-
crops the base Pleistocene unconformity on the Eigergy and
Agder horsts, due to their location in the footwalls of the
bounding faults of the Varnes Graben. The ages of strata sub-
cropping the base Pleistocene unconformity also increases
northwards across the Agder Slope. Jurassic and Lower Cre-
taceous strata subcrop the base Pleistocene unconformity in
the Varnes Graben (Fig. 8). The increase in erosion to the
north and east, combined with the projections of truncated
strata, suggests that the magnitude of the causal uplift in-
creases in these directions. Uplift particularly increases east-
wards past the eastern termination of the Farsund North Fault
(Domain D). As no fault is present here, long-wavelength,
regional uplift appears to represent the main mechanism op-
erating in this domain (Fig. 7).
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Figure 6. (a) Lower Cretaceous porosity—depth data from seven wells in the region, including one from the Farsund Basin (11/5-1). Depth
measured in metres below seabed (m bSB). A normal compaction curve for Norwegian Shelf Lower Cretaceous shales is also shown (Hansen,
1996). (b) Estimates of net exhumation (£ ) and gross exhumation (Eg), which takes into account the vertical thickness of supra-Pleistocene
unconformity sediments (Bg). Also shown are values of Eg from earlier studies using different stratigraphic intervals from several of the
same boreholes. The difference between these estimates of Eg and those calculated in this study are shown (Eg difference). See Fig. 2 for

the locations of each of the wells.

“Minimum uplift

=== Unconformit,
of 0.775 s TWT™ ~ - _ ooy

Intra-Lower
~ Cretaceous
horizons

Base Pleistocene

Thickening towards
basin centre

Farsund
Dyke
Swarm

Base Jurassic

Acoustic Basement Unconformity =

——e
<

Salt mobilisation-
related thickening

Figure 7. Interpreted seismic section across the Farsund Basin and Agder Slope, showing subcrop projections, taking into account underlying

stratal geometries, and associated uplift. See Fig. 2 for location.

https://doi.org/10.5194/se-11-1489-2020 Solid Earth, 11, 1489-1510, 2020



1500 T. B. Phillips et al.: Influence of fault geometry on inversion style and magnitude

Zone of reverse
reactivation (Domain C)

\\

Strata continuous
over complex zone
of Farsund North
Fault (Domain B)

Farsund North Fault
subcrop

e

2D seismic sections

Subcrop

I Basement
I Triassic
I Jurassic
I | ower Cretaceous 1
L. Cret. 2
L. Cret. 3
L. Cret4
Upper Cretaceous

o More uplift
o the east

Dominated by
basin uplift
(Domain D)

[R—-Tr—

Figure 8. Subcrop map across the Farsund Basin at the base Pleistocene unconformity. Black lines show the locations of faults that are
truncated by the base Pleistocene unconformity; thick grey lines show fault geometries at the acoustic basement level. Thin grey lines show
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5.2 Evidence for fault reactivation

A prominent hangingwall anticline occurs in Domain C of
the Farsund North Fault (Figs. 5a, 9). The fold incorporates
Upper Triassic to Lower Cretaceous strata, before it is trun-
cated upwards by the base Pleistocene unconformity (Fig. 9).
The fold is ~ 35 km long, extending from the westernmost
part of Domain B in the west and terminating to the east
next to the Agder Horst in Domain D (Fig. 5a, c¢). The am-
plitude of the fold is greatest in the middle of Domain C
(~200ms TWT), decreasing to zero at its lateral termina-
tions. The amplitude of the fold varies with depth; it is sim-
ilar at top Jurassic and base Jurassic unconformity levels
(~ 150 ms TWT), decreasing upwards into the Lower Creta-
ceous (~ 80 ms TWT) (Fig. 5c¢). The fold is typically tightest
close to or just above the top of the Jurassic, where it is of-
ten deformed by normal faults at its hinge (Fig. 9a). Although
the absolute fold amplitude will be affected by compaction of
strata, we suggest that this will not alter how the amplitude
changes along strike and with depth, i.e. that fold amplitude
is greatest at the centre of the fold and at depth. Lower Creta-
ceous strata thin by up to 50 % onto the hangingwall-facing
limb of the fold and often onlap onto this limb at deeper lev-
els (Fig. 9b, c).

Stratigraphic thinning and onlap onto fault parallel hang-
ingwall folds are characteristic of extensional growth folds
(also known as “fault-propagation folds” or “forced folds”;
see review by Coleman et al., 2019). These folds, which are
initially expressed as basinward-facing monoclines, typically
form above the propagating upper tip lines of blind normal
faults (Mitra and Islam, 1994). These folds are subsequently
breached during subsequent fault slip and tip propagation.
However, in the Farsund Basin, the fault-parallel fold is an-
ticlinal as opposed to monoclinal, suggesting that this is not
the cause of the folding. Anticlinal fault-parallel hangingwall
folds may form as fault-bend folds due to changes in fault dip
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(e.g. Suppe, 1983; Withjack and Schlische, 2006). However,
we discount such an origin here due to the relatively planarity
of the fault and lack of major dip changes (Fig. 9).

Based on the observations outlined above, we interpret
the fault-parallel hangingwall fold as an inversion-related
anticline (e.g. Dart et al., 1995; Lowell, 1995; Turner and
Williams, 2004; Yamada and McClay, 2004). No null point
is identified along the fault, with all horizons displaying net
extension, indicating the magnitude of the initial extension
was much greater than the subsequent inversion. Due to ero-
sion at the base Pleistocene unconformity, the crest of the
fold and any associated growth strata are not preserved, pro-
viding no direct constraints on the timing of fold formation
or causal inversion (Figs. 1, 9). However, the folding (and
inversion) must have occurred post-Early Cretaceous, given
Lower Cretaceous strata are incorporated in the fold (Fig. 9).

We also identify a minor graben in the centre of the Far-
sund Basin, bound by faults that span a depth range of
~ 1000 ms TWT in the thickest part of the Lower Cretaceous
syn-rift succession (Fig. 10). These faults are basement de-
tached, terminating downwards at ~ 1500 ms TWT and up-
wards, either within the upper levels of the Lower Cretaceous
interval or by truncation at the base Pleistocene unconformity
(Fig. 10). They are associated with relatively low displace-
ments (~ 10-20 ms TWT) that are greater at shallower levels
(~20ms TWT). At depth, fault displacements are typically
below seismic resolution, but the faults can be identified by
clear fault plane reflections (Fig. 10).

We interpret these structures as outer-arc flexural faults
formed in response to basin compression and related hang-
ingwall buckling (e.g. Panien et al., 2005, 2006). The de-
crease in throw with depth suggests arching of the basin fill,
whilst their relatively uniform termination depth may define
the fold neutral surface, with areas above under extension
and below under overall compression (Fig. 10). A ~ 65 ms
TWT thick clinoform-bearing interval is present at ~ 750 ms
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Figure 9. Uninterpreted and interpreted seismic sections highlighting the along-strike variability in fold geometry within Domain C. See
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TWT in the Lower Cretaceous interval, prograding basin-
wards from the southern margin of the basin (Fig. 10). The
presence of basinwards prograding clinoforms indicates that
the basin still represented a depocentre at that time.

6 Discussion
6.1 Structural styles and expression of inversion

Inversion-induced hangingwall folding only occurs locally
along the eastern segment of the Farsund North Fault (Do-
main C), with little direct evidence for reverse reactivation
being observed elsewhere (Fig. 5a). The fault in Domain B is
characterised by a complex zone of deformation formed dur-
ing Early—Middle Jurassic strike-slip faulting (Phillips et al.,
2018); this domain is located between two segments of the
Farsund North Fault of potentially differing ages (Fig. 5a).
The eastern fault segment (Domain C) only initiated in the
Early Cretaceous, with Carboniferous—Permian strata being
isopachous across the fault (Fig. 3). The western segment of
the Farsund North Fault (Domains A and B) was also active
during Early Cretaceous extension, and may have been active
as a strike-slip structure during the Early-Middle Jurassic
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(Phillips et al., 2018) and, potentially, as a normal fault dur-
ing the Carboniferous—Permian activity along the Sorgenfrei-
Tornquist Zone (e.g. Skjerven et al., 1983; Mogensen, 1994;
Erlstrom et al., 1997). However, we are unable to confirm
this due to a lack of preserved strata (Fig. 5a). Similarly,
along the southern margin of the Farsund Basin, the Fjer-
ritslev South Fault was inactive prior to the Early Cretaceous
extension, at which time it propagated westwards from a pre-
existing segment of the fault that had previously experienced
strike-slip motion (Fig. 2a) (Phillips et al., 2018). We also
suggest that the Farsund North Fault propagated eastwards
in the Early Cretaceous from an area where a pre-existing,
previously strike-slip fault segment was present (Domains A
and B). The eastern segment (Domain C) thus represents the
youngest — and accordingly the least complex — section of
the Farsund North Fault, forming a simple planar structure
(Fig. 9). We suggest that the relatively simple geometry of
the eastern segment of the Farsund North Fault caused it to
undergo preferential reverse reactivation during Late Creta-
ceous compression. Whilst other sections of the fault may
have been weaker, they were not reactivated due to their more
complex geometry, related to their prior evolution and seg-
mentation. Similar links are made between highly deformed
and complex fabrics within shear zones (such as those typ-
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Figure 10. Interpreted seismic section across the centre of the Farsund Basin. See Fig. 2 for location. Lower and Upper Cretaceous strata are
truncated at the base Pleistocene unconformity, and a series of low-displacement faults are developed in the centre of the basin.

ified by recumbent and isoclinal folding); in these settings,
the lack of major fault exploitation during subsequent exten-
sion reflects the complexity of the shear zone fabric, which
may inhibit lateral fault propagation (Morley, 1995; Salomon
et al., 2015). Along the Farsund North Fault, local stress field
interactions between different structures and fault segments
may result in an obscuring of any pervasive anisotropy, in-
hibiting strain localisation and therefore reactivation.

Typically, during reverse reactivation, pre-inversion strata
in the hangingwall of the fault are folded into an inversion-
related anticline of constant amplitude with depth (Fig. 1)
(Mitra and Islam, 1994; Lowell, 1995; McClay, 1995). How-
ever, observations of the eastern segment of the Farsund
North Fault (Domain C) diverge from this, with fold ampli-
tude decreasing towards shallow depths (Figs. 5c, 9). Some
of this decrease in amplitude may be attributed to the in-
terplay between the folding of competent and incompetent
units in the fold core. More competent units will deform
via folding and maintain a constant thickness, whereas less
competent units will not maintain thickness and may be ex-
truded from the core of the fold. The increased compaction
of deeper buried strata would result in a potential decrease
in fold amplitude with depth, the opposite to that observed
in the Farsund Basin (Fig. 5c). The Lower Cretaceous inter-
val comprises relatively homogeneous siltstones, with no ma-
jor changes in lithology and competency expected. Although
lithologies do vary within the Jurassic interval (Phillips et al.,
2019), this does not correlate to the location of the change in
fold amplitude (Fig. 9). Furthermore, the magnitude of the
amplitude change is likely too large to be explained by the
mechanical properties of the strata alone.

Along the Farsund North Fault, strata within the lower sec-
tions of the Lower Cretaceous interval onlap folded strata
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within the inversion anticline and thin onto the hangingwall
limb of the fold (Fig. 9). These stratal relationships sug-
gest some relief at the free surface in the hangingwall of the
Farsund North Fault during Early Cretaceous faulting. Fault
propagation folding of Jurassic and Early Cretaceous strata
occurs along the southern margin of the Farsund Basin, asso-
ciated with Early Cretaceous faulting (Phillips et al., 2018);
we suggest that the Farsund North Fault may have experi-
enced similar fault-propagation folding during Early Creta-
ceous extension.

Based on the variable fold amplitude and stratal relation-
ships within the hangingwall of the Farsund North Fault,
we propose the following model to explain the structural
style of the inversion-related anticline. The eastern segment
of the Farsund North Fault (Domain C) formed as a new
structure, propagating eastwards away from the pre-existing
strike-slip fault during Early Cretaceous extension (Figs. 2a,
5a). This extension was associated with fault propagation
folding of Jurassic and lowermost Lower Cretaceous strata;
the fault propagation fold was subsequently breached and
buried within the uppermost Lower Cretaceous succession
(Fig. 11a, b). During Late Cretaceous compression, fold-
ing of near-fault strata within the upper parts of the Lower
Cretaceous succession produced a ~ 60 ms TWT amplitude
inversion-related anticline in the immediate hangingwall of
the fault (Figs. 5c, 12c¢). However, at deeper structural lev-
els, where pre-inversion strata were already folded, the initial
monoclinal fold was tightened and rotated, forming a higher-
amplitude, inversion-related anticline (Fig. 12c). The ampli-
tude of the resultant composite fold at depth thus reflects
both the Early Cretaceous fault propagation folding and the
subsequent Late Cretaceous inversion, similar to fold struc-
tures produced by Mitra and Islam (1994). Towards the lat-
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Figure 11. Schematic model illustrating the inversion of a pre-
existing fault propagation fold. (a) An initial stage of fault prop-
agation folding occurred during Early Cretaceous slip along the
fault. Lower Cretaceous strata onlap onto the basinward-facing limb
of the fold. (b) Following further slip along the fault, the fault
propagation fold becomes breached. (¢) Reverse reactivation of the
fault and folding of hangingwall strata occur during the Late Cre-
taceous. At shallow depths, this creates an inversion-related mono-
cline, whereas at greater depths, the pre-existing monocline is tight-
ened, forming a composite Early Cretaceous fault propagation and
Late Cretaceous inversion-related fold.
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eral terminations of the fold, at the boundaries of Domain C,
we observe a more monoclinal fold geometry (Fig. 9c). We
speculate that the centre of the fault is likely weaker than the
fault tips and therefore easier to reactivate under compres-
sion (Reilly et al., 2017; Rodriguez-Salgado et al., 2019). As
a result, the fault tips typically experience less reverse reac-
tivation than in the fault centre, thus preserving more of the
earlier monoclinal fold geometry in the former location.

6.2 Temporal and spatial partitioning of inversion
styles

The Farsund Basin experienced a period of shortening dur-
ing the Late Cretaceous followed by pulses of regional uplift
throughout the Cenozoic, largely during the Palacogene and
Neogene (Hansen et al., 2000; Gemmer et al., 2002; Kalani
et al., 2015; Kley, 2018). During these events, various de-
formation mechanisms were spatially partitioned across the
Farsund Basin; regional uplift occurred across the whole
of the northern basin margin (Fig. 7); the Farsund North
Fault underwent local reverse reactivation (Fig. 9), and the
basin fill was buckled into an open long-wavelength anti-
cline (Fig. 10). Due to truncation of syn-inversion strata at
the base Pleistocene unconformity, we cannot directly as-
sign these different mechanisms to the Late Cretaceous or
Palaeogene—Neogene events.

Late Cretaceous compression is related to convergence be-
tween Africa, Iberia, and Europe, with three distinct com-
pressional pulses recognised in the Danish area during the
Late Cretaceous and Palaecogene (Kley and Voigt, 2008;
Hansen et al., 2000; Gemmer et al., 2002). Within the up-
per crust, the STZ is defined by a zone of Late Cretaceous
shortening (e.g. Pegrum, 1984; Liboriussen et al., 1987;
Michelsen and Nielsen, 1993; Mogensen and Jensen, 1994;
Deeks and Thomas, 1995; Mogensen, 1995; Bergerat et al.,
2007). Along the Tornquist Zone, Late Cretaceous inversion
is expressed via numerous mechanisms, including reverse
fault reactivation (Krzywiec, 2002), transpression (Deeks
and Thomas, 1995), and basin-scale compression and uplift
(Liboriussen et al., 1987; Erlstrom et al., 1997; Hansen et
al., 2000). Late Cretaceous inversion has also been observed
westwards along strike of the STZ in the Egersund Basin
(Pegrum, 1984; Sgrensen et al., 1992; Phillips et al., 2016),
where inversion of the Stavanger Fault System initiated dur-
ing the Coniacian (~ 86.3 Ma) to Santonian (~ 82.6 Ma) and
continued until the Maastrichtian (~ 66 Ma) (Jackson et al.,
2013). Inversion was relatively mild in the Egersund Basin,
producing inversion-related folds of 300-450 m amplitude
(Jackson et al., 2013). In comparison, the degree of inver-
sion accommodated by hangingwall folding along the Far-
sund North Fault produces an inversion anticline that has an
amplitude of ~ 80 ms TWT at shallower depths. We suggest
the amplitude of the fold at shallow depths is more represen-
tative of the structural style forming during Late Cretaceous
shortening, with the amplitude of the fold at greater depths
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accentuated by earlier fault propagation folding (Fig. 11 —
see above). Comparison with inversion along the Stavanger
Fault System in the adjacent Egersund Basin suggests that
the Farsund Basin also experienced mild shortening during
the Late Cretaceous. Some components of inversion within
the Farsund Basin may also have been partitioned into re-
gional uplift and long-wavelength folding of the basin fill, as
well as the reverse reactivation of the previously extensional
normal faults and associated hangingwall folding.

Based on similarities in the magnitude and style of inver-
sion between the Farsund and Egersund basins, we suggest
that the reverse reactivation of the Farsund North Fault likely
occurred during the Late Cretaceous. Long-wavelength fold-
ing of the basin fill, the formation of outer-arc flexural
faults within the basin, and the formation of Tornquist Zone-
adjacent Late Cretaceous depocentres resembles the long-
wavelength folding and basin inversion observed elsewhere
along the Tornquist Zone (Fig. 10) (Liboriussen et al., 1987;
Japsen et al., 2002), also suggesting this deformation is Late
Cretaceous. At this time, the Farsund North Fault acted as a
buttress to Late Cretaceous compression, undergoing reverse
reactivation and folding in the immediate hangingwall with
simultaneous long-wavelength folding and uplift of the basin
fill (Fig. 12a).

As well as reverse fault reactivation and long-wavelength
folding of the basin fill, the entire northern margin of the Far-
sund Basin was uplifted, as is evident from subcrop projec-
tions (Fig. 7). In contrast to Late Cretaceous compression,
this uplift is not buttressed by the Farsund North Fault, in-
creasing north and east towards the Norwegian mainland and
across the Agder Slope (Fig. 5c¢). Some of this uplift may
be attributed to Late Cretaceous compression, although we
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are unable to distinguish between this and later uplift due
to a lack of preserved post-Late Cretaceous strata (Fig. 7).
Offshore southern Norway, Palacogene—Neogene uplift has
been proposed to be related to the uplift of the South Scandes
Dome beneath southern Norway to the north, exposing Pro-
terozoic basement on shore, and uplift of the South Swedish
Dome beneath southern Scandinavia to the east (Jensen and
Schmidt, 1992; Japsen et al., 2002). The distribution of these
domes is consistent with observations of uplift from the
Egersund Basin (Kalani et al., 2015) and our observations
of the increase in uplift to the north and east being related to
the South Scandes and South Swedish domes respectively.

6.3 Localisation of inversion along pre-existing
structures

The STZ may act as a weak buffer zone to regional tec-
tonic stresses, effectively shielding the cratonic lithosphere
of the Eastern European Craton to the north and east
(e.g. Berthelsen, 1998; Hansen et al., 2000; Mogensen and
Korstgard, 2003). During Late Cretaceous compression, the
pronounced change in lithospheric thickness and proper-
ties across the zone localises far-field stresses originating
from the south associated with the convergence between
Africa, Iberia, and Europe (Fig. 12a) (Kley and Voigt, 2008).
Such long-lived and lithosphere-scale structures, upon which
strain can localise, are lacking in the relatively young litho-
sphere beneath central and western Europe and the North Sea
(Pharaoh, 1999). How this compression localises along var-
ious parts of the STZ is largely governed by the structural
style and pre-existing rift physiography present.

Numerical modelling has highlighted that deformation
will localise along weak lithosphere-scale structures, such
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as the STZ (Gemmer et al., 2002). Far-field stresses focus
along heterogeneities situated at great depths or spanning
large depth ranges within the lithosphere. Structures within
the mantle lithosphere can control the location of rifting in
extensional settings (i.e. the Davis Strait in the Labrador Sea)
and orogenic belts in compressional settings (i.e. the Oua-
chita orogeny, USA) (Heron et al., 2018, 2019). Rift basins
may also form crustal-scale heterogeneities prone to inver-
sion, even long after extension stops. Weaknesses developed
at mid-crustal depths during rift-related crustal necking —
or irregularities along the Moho — may prime rift systems
for later inversion (Hansen and Nielsen, 2003; Buiter et al.,
2009). Crustal-scale faults, such as those bounding the Far-
sund Basin, also weaken the lithosphere and increase the
likelihood of basin and fault inversion during subsequent re-
gional compression (Lie and Husebye, 1994; Hansen and
Nielsen, 2003; Phillips et al., 2018). The relatively young,
Early Cretaceous, age of the Farsund Basin and the relatively
short time between Early Cretaceous extension and Late Cre-
taceous inversion may also increase its propensity to be in-
verted when subject to compression (Huyghe and Mugnier,
1995). Specifically, the relatively young eastern segment of
the Farsund North Fault, which initiated as a new fault dur-
ing the Early Cretaceous, may have been more prone to re-
verse reactivation when subject to subsequent compression
(Huyghe and Mugnier, 1995). Furthermore, the easterly trend
of the Farsund North Fault, compared to the typical NW trend
observed elsewhere along the STZ, may have been more op-
timally oriented for reactivation when subject to Late Creta-
ceous compression.

At the crustal scale, inversion preferentially occurs on
larger structures that are typically weaker, having experi-
enced more deformation (Reilly et al., 2017). The geometry
and relative location of fault segments and systems within
a larger fault array, as opposed to the inherent strength of
the fault itself, form a primary control on whether and to
what extent a structure will reactivate (Walsh et al., 2001;
Reilly et al., 2017). Optimally located structures tend to in-
creasingly localise strain, growing larger at the expense of
smaller structures residing in “strain shadows”, which ulti-
mately become inactive. The larger, typically more contin-
uous structures are preferentially reactivated in later events.
Although areas of the Farsund North Fault may have experi-
enced more deformation and be weaker than other areas, they
often display a more complex geometry than newly formed
structures. For example, the eastern segment of the Farsund
North Fault represented a single structure that formed a fo-
cal point for Late Cretaceous compression and underwent
inversion; faults bounding the southern margin of the Far-
sund Basin were not inverted. The southwards dip of the
Farsund North Fault, coupled with its crustal-scale geome-
try and location along the northern boundary of the STZ but-
tress, means the fault was ideally situated to accommodate
Late Cretaceous compressional stresses and undergo reverse
reactivation (Fig. 12a).
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Whilst the STZ and the Farsund North Fault localise
stresses during Late Cretaceous compression, this is not
apparent during Palaeogene—Neogene uplift (Fig. 12). Up-
lift increases regionally from zero in the Norwegian—
Danish Basin south of the study area, to 1000 m across the
Skagerrak—Kattegat Platform to the northeast (Japsen et al.,
2002). Based on basin modelling and regional borehole-
based porosity analyses of Upper Cretaceous chalks, Japsen
et al. (2002) proposed 600-800 m uplift along the STZ,
consistent with our estimation of 775 m uplift in the Far-
sund Basin, based on borehole-based porosity analysis of
the Lower Cretaceous interval penetrated in well 11/5-1.
These values are also consistent with our estimates of up-
lift from the Felicia-1 (640 m) and J-1 (655 m) boreholes
located further eastwards along the STZ. Uplift decreases
southwards away from the STZ to around ~ 300 m within
the Norwegian—Danish Basin. Relatively high uplift values
(~ 400 m) are documented in the F-1 well (Fig. 2a), although
this may in part relate to local salt mobilisation (Fig. 3). The
regional south—north uplift gradient drastically increases at
the STZ, as evidenced by the two clusters of uplift estimates
from nearby wells; those wells situated atop the STZ typi-
cally experience 600-800 m uplift, whereas those further the
south document only ~ 300 m (Figs. 2a, 6a). Uplift within
the STZ may be locally augmented by Late Cretaceous up-
lift related to fault reactivation and localised hangingwall
uplift; however, as the uplift increases away from the STZ
and the Farsund North Fault to the north and east, we sug-
gest that any pre-Cenozoic (i.e. Late Cretaceous) uplift con-
tributes only a negligible amount of uplift to the regional val-
ues. Locally, within the Farsund Basin, uplift increases north-
wards away from the STZ (Fig. 12b). To the east, where up-
lift also increases, the STZ rotates to strike NW-SE, such that
east of Domain D may be located north of the STZ and up-
lift again increases. Rather than localising deformation as it
does in response to Late Cretaceous compression, we suggest
that the STZ represents a relative hinge line throughout the
Palacogene and Neogene uplift events (Fig. 12b), modulating
and partitioning vertical motions in the Norwegian—Danish
Basin to the south, from those larger motions occurring to
the north, supporting the interpretation of previous regional
studies (Japsen et al., 2007a, 2018).

7 Conclusions

In this study, we show how deformation may be expressed
along a complex pre-existing structure via various mecha-
nisms during Late Cretaceous shortening and Palacogene—
Neogene uplift events.

Late Cretaceous compression was accommodated via se-
lective reverse reactivation of the Farsund North Fault, form-
ing a prominent hangingwall anticline. This reactivation oc-
curred along the relatively young and geometrically sim-
ple eastern segment of the fault, which propagated from a
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pre-existing structure during Early Cretaceous extension. We
suggest that the likelihood of a structure to be reactivated and
undergo inversion is not solely related to the size and “weak-
ness” of the structure; the relative complexity of the struc-
ture also plays an important role. We find that the geometri-
cally simple areas of the Farsund North Fault are preferen-
tially inverted, whereas areas along strike with a more com-
plex geometry that experienced a more protracted evolution
typically do not localise strain and are not inverted. Late Cre-
taceous compression was also expressed as long-wavelength
folding of the basin fill, buttressed against the Farsund North
Fault, resulting in basin inversion and uplift and erosion.

We find that the geometry and prior evolution of a structure
also influence the structural style of the resultant inversion-
related structures. The presence of an extensional fault prop-
agation fold, formed prior to inversion, along the Farsund
North Fault results in the formation of an inversion-related
hangingwall anticline that decreases in amplitude upwards.
Fold amplitude at shallow depths reflects the inversion event
and reverse reactivation of the fault, whereas fold amplitude
at depth reflects both inversion-related and earlier fault prop-
agation folding.

Following Late Cretaceous compression, the Farsund
Basin experienced widespread uplift throughout the Palaeo-
gene and Neogene related to uplift onshore Norway and
Sweden. Based on borehole-based porosity analyses within
the Farsund Basin and surrounding area, we find that up-
lift increased to the north and east of the basin, with rela-
tively smaller amounts of uplift occurring in the Norwegian—
Danish Basin to the south. To the east of the basin, where the
Farsund North Fault was not present, this represents the only
mechanism of uplift expressed in the basin.

Late Cretaceous compression localised along the
lithosphere-scale STZ; in contrast, stresses associated with
Palacogene—Neogene uplift were not localised along the
STZ, with the STZ instead representing a relative hinge line,
separating areas of low uplift to the south, from relatively
large amounts of uplift further north.

The Farsund North Fault along the northern margin of
the STZ acted as a buttress to compression within the up-
per crust, with inversion expressed as reverse reactivation,
long-wavelength hangingwall folding, and regional basin-
scale uplift. At upper-crustal depths, the prior evolution and
geometric complexity of a pre-existing structure play an im-
portant role in how and to what extent that structure may be
reactivated during late compression.
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