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Abstract

This study provides a detailed structural analysis of a selected part of the Fang Bugt Glaciotectonic
Complex in the south-eastern part of the Danish North Sea. The 200 km? study area was mapped
in 3D using high-resolution, 2D multichannel seismic data. The interpretation of seismic profiles
demonstrates an architecture markedly separated into a lower and an upper thrust fault level, sep-
arated by the upper décollement surface. The lower level is characterised by >15 thrust sheets, with
crests that form subsurface ridges with reliefs up to 150 m, scattered over c. 15 km. The upper level
is characterised by thrust sheets grouped in imbricate complexes with thrust faults connecting to
the upper décollement. The structural style changes in the direction of transport, possibly related
to the position of the ice-sheet margin responsible for the thrusting and changes in the properties
of the basal décollement. The structural style is generally large-scale thrusting and folding, sug-
gesting proglacial deformation. However, the hinterland of the upper thrust fault level displays
heavily folded layers or a chaotic reflection pattern associated with subglacial deformation. Special
attention is drawn to two exceptional structural frameworks containing a hidden hill-hole pair: SF1,
an imbricate thrust fault fan in a 5 km long and 2.5 km wide basin, developed above an extensional
normal fault imbricate, and SF2, a frontal ramp uplifting an imbricated fan c¢. 90 m above the aver-
age level of thrusting. Restored cross-sections demonstrate a shortening of the lower thrust fault
level between 9-43% and 44-49% of the upper level across SF1 and SF2, respectively. We suggest
that the glaciotectonic complex was formed proglacially due to gravity spreading in front of an ice
margin. Gravity gliding due to an inclined décollement surface of 0.5° and elevated porewater pres-
sure at the décollement might also have facilitated the deformation.

1. Introduction

Glaciotectonic structures are, together with erosional and depositional fea-
tures, the primary evidence of former glaciation (Aber & Ber 2007). Glaciotec-
tonic complexes provide a record of the nature of the deformation made by
various ice advances that formed the surface morphology.

In a glacial setting, gravity-spreading caused by the load of the ice sheet
and frictional drag caused by the motion of the ice sheet are the driving
mechanisms for the deformation of the substratum (Pedersen 1987, 1996,
2000; Aber et al. 1989; Hart 1994; Boulton & Caban 1995; Klint & Pedersen
1995). The resulting deformation creates various structural styles in relation
to the position of the ice-sheet margin. Structural styles that appear in the
proglacial zone differ from those formed by shearing at the sole in the sub-
glacial zone (e.g. Hart & Boulton 1991; Kupetz 2001; Andersen et al. 2005;
Pedersen 2014).

In the proglacial zone, deformation is the result of longitudinal compres-
sive stress in front of an ice sheet (e.g. Aber et al. 1989; Boulton & Caban
1995; Andersen et al. 2005). The structural styles of this zone are associated
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with both ductile deformation (i.e. folding) and brittle
deformation (i.e. thrusting), depending upon the rheol-
ogy and competence of the sediments and the behaviour
of the ice sheet (Hart & Boulton 1991; van der Wateren
1995). Considering the development of fold and thrust
structures in glaciotectonics, it is at present regarded as
being the result of fault-propagation folding (Brandes &
Le Heron 2010).

In the subglacial zone, deformation is the result of
frictional drag beneath the ice sheet due to the ice-sheet
movement and extension caused by its load (Moran
1971; Hart & Boulton 1991; Boulton & Caban 1995; van
der Wateren 1995; Pedersen 1996, 2000; Andersen et al.
2005). The resulting structural styles include folded,
often refolded, pervasively sheared or chaotically mixed
sediments (Aber 1985), boudinage structures (Berth-
elsen 1979) and listric normal fault imbricates (Croot
1987). High porewater pressure below the snout of the
ice sheet may reduce the effective load of the ice sheet
to zero. This will force the proglacial compressional zone
to move up-glacier to the point where the load of the ice
sheet is being exerted on the subsurface again. Hence,
compression can occur below the ice-sheet margin
(Boulton & Caban 1995; Andersen et al. 2005).

The existence of a décollement horizon at a suitable
depth in the subsurface sediments is of great impor-
tance for the development of glaciotectonic structures
(e.g. van der Wateren 1985; Huuse & Lykke-Andersen
2000a; Andersen et al. 2005). The rheology of the décol-
lement surface and circumstances that can alter it, such
as permafrost or high porewater pressure, determine
the efficiency of the décollement surface (Boulton &
Caban 1995; Boulton et al. 1999). Porewater flow and
the derived elevated groundwater pressure facilitate
the formation of décollement surfaces in a glacial set-
ting (Mathews & Macay 1960; Boulton & Caban 1995;
Boulton et al. 1999).

A dipping décollement surface may induce the mech-
anism of gravity gliding and contribute to deformation.
Structural styles such as a linkage of up-dip extension
with down-dip contraction via a detachment zone is
usually associated with the mechanism of gravity gliding
(Morley et al. 2011). According to Hubbert & Rubey (1959),
aninclination of 0.5° is enough to facilitate gravity gliding.

Glaciotectonic deformation is like other compressional
crustal disturbances, the only significant differences
being temporal and spatial scales. In general, the size
of the structures and depth of deformation are related
to the size of the advancing load and the time interval
during which the load was effective in reducing shear
strength of the deformed material. Displacement above
a décollement with elevated hydrostatic pressure is
essential in glaciotectonic deformation as well as in other
tectonic settings (Aber & Ber 2007). Hence, the thrust
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fault architecture of proglacial glaciotectonic structures
is analogous to tectonic structures in thin-skinned fold
and thrust belts that appear in orogenic foreland basins,
at accretionary wedges or in the toes of large deltas and
landslides. Consequently, the same structural analysis
techniques (Dahlstrom 1969; Hossack 1979; Boyer &
Elliott 1982; Butler 1987; De Paor 1988; van der Pluijm &
Marshak 2004) can be applied to interpret glaciotectonic
structures (e.g. Pedersen 1987, 1996, 2005, 2014; Hart
1990; Klint & Pedersen 1995; van der Wateren 1995; Boul-
ton et al. 1999; Phillips et al. 2018).

Offshore mapping of the subsurface is often carried
out using seismic data. Applying this method to the
investigation of glaciotectonic thrust fault complexes has
advantages and disadvantages. Often the seismic data
can reveal the remains of the entire glaciotectonic com-
plex from base to top. Several profiles across the glacio-
tectonic complex give a good basis for performing a 3D
geometric analysis and describing the internal architec-
ture and structural styles of the thrust structures (e.g.
Hoyer et al. 2013; Pedersen & Boldreel 2017; Vaughan-
Hirsch & Phillips 2017; Phillips et al. 2018; Winsemann
et al. 2020; Lohrberg et al. 2022). However, the seismic
method has its limitations. The horizontal and verti-
cal resolutions of seismic data are primarily controlled
by the Fresnel zone and the bandwidth of the seismic
source, respectively. Furthermore, steeply dipping layers
or faults may not be accurately resolved, as reflections
from high-angle features may fall outside the recording
aperture (Yilmaz 1987). Hence, features smaller than the
seismic resolution, and nearly vertical layers or steeply
dipping faults recognised in many of the onshore coastal
profiles of glaciotectonic complexes (Rosenkrantz 1944;
Steinicke 1972; Pedersen 2000, 2005; Burke et al. 2009;
Phillips et al. 2018; Gehrmann et al. 2019) may not be
detected or imaged correctly in the seismic profiles.

This study is focused on an area of 200 km? of the
Fang Bugt Glaciotectonic Complex in the south-eastern
Danish North Sea (Fig. 1). The aim is: (1) to use high-res-
olution marine multichannel reflection seismic data to
map and describe the detailed geometry, architecture
and structural styles of the deformation framework pres-
ent in the investigated area; (2) to conduct a structural
analysis on two exceptional structural ‘sub-complexes’,
named the structural framework 1 (SF1), situated in the
centre of the area, and the structural framework 2 (SF2),
situated at the mid-northern boundary of the investi-
gated area (Fig. 1). From these two ‘sub-complexes’, the
structural analysis is directed towards the development
of a kinematic model that supports the structural evolu-
tion of the investigated part of the Fang Bugt Glaciotec-
tonic Complex; (3) to discuss and suggest the possible
formation mechanisms related to the mapped architec-
ture and structural styles of the deformations.
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Fig. 1 Location in the south-east Danish North Sea of the Fang Bugt Glaciotectonic Complex and the seismic lines used for interpretation. The 10 x 20
km? study area is marked with a red rectangle. Locations of the two structural frameworks SF1 and SF2 are marked with purple and blue rectangles,
respectively. Locations of seismic lines shown in Figs 3-6 are outlined in yellow.

2. Geological setting

The Fang Bugt Glaciotectonic Complex is situated in the
south-eastern part of the Danish North Sea, 25 km off
the west coast of south-west Jylland, Denmark, and cov-
ers an area of more than 600 km? (Fig. 1). The western
border of the thrust complex can be mapped within the
extent of the seismic data, but towards the east, north-
east and south-east, the seismic sections reveal that the
thrust complex extends farther towards the coast of Jyl-
land (Andersen 2004). This study concerns only a minor
part of the Fang Bugt Glaciotectonic Complex (200 km?),
where the seismic lines are spaced close enough to map
details of individual structures.

The successions affected by the glaciotectonic defor-
mation consist of Neogene silts and clays of late Burdi-
galian and younger age (Fig. 2). These sediments were
deposited as a progressing accretion sourced from
onshore areas of southern Norway and Sweden (Huuse
2002). During the early Miocene, sedimentation in the
study area was dominantly shallow marine and terres-
trial (Rasmussen 1996, 2004; Rasmussen et al. 2010). A
regional transgression in the middle Miocene changed
the depositional environment to a fully marine shelf
environment, which led to the deposition of the fine-
grained marine sediments of the Hodde and Gram
formations (Friis 1995; Huuse 2002; Rasmussen 2004;
Rasmussen et al. 2010). The youngest Neogene sedi-
ments are shallow marine or brackish-water sediments
of late Miocene or early Pliocene age (Berthelsen & Kris-
toffersen 1974; Fig. 2).

The translated, faulted and folded sediments in the
Fang Bugt Glaciotectonic Complex detach on a c. 0.5°
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westward-inclined basal décollement surface located
in the Lower Miocene succession (Andersen 2004). The
surface, which in part constitutes the basal décollement
surface, displays a regional dip towards the west and
south-west of the Cenozoic succession in the eastern
Danish North Sea (Huuse et al. 2001). The main cause
for this is the post-Danian subsidence centred on the
Central Graben and late Palaeogene to recent uplift of
Fennoscandia (Jordt et al. 1995; Japsen 1998; Michelsen
et al. 1999). Several other thrust complexes in the East-
ern North Sea detach in Miocene sediments (Huuse &
Lykke-Andersen 2000a; Lohrberg et al. 2022). Acommon
feature for several of these complexes - including the
Fang Bugt Glaciotectonic Complex - is that their direc-
tion of thrusting is almost parallel to the dip of the
décollement surface (Huuse & Lykke-Andersen 2000a).
Mid-latitude ice sheets transgressed parts of the
North Sea and melted back several times during the Els-
terian and the Saalian glaciations, whereas the Weichse-
lian ice sheets only reached the northern part of the
North Sea (Ehlers 1990; Houmark-Nielsen 2011). A suc-
cession of tills from the Elsterian and Saalian glaciations
and fine-grained interglacial sediments from the Hol-
steinian and the Eemian succeeded the Neogene depos-
its (Knudsen & Penny 1987; Sha et al. 1991). Quaternary
buried valleys cutting both the Neogene and Quater-
nary successions are recognised in several places in the
North Sea (Salomonsen 1995; Huuse & Lykke-Andersen
2000b; Andersen et al. 2013; Steward et al. 2013; Prins &
Andersen 2019; Lohrberg et al. 2020; Ottesen et al. 2020;
Wenau & Alves 2020) as well as onshore Denmark
(Andersen et al. 2013; Sandersen & Jgrgensen 2017).
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Fig. 2 Stratigraphic diagram (modified from Rasmussen 2004). The succession involved in the thrusting consists of fine-grained sediments (the
south-western part of the diagram) of late Burdigalian and younger age. The basal décollement surface (black line) developed in the fine-grained sed-
iments of the Arnum Fm (Early Miocene). The upper décollement surface developed in the fine-grained sediments of the Hodde Fm (Middle Miocene),

between the orange and purple reflectors.

The upper boundary of the deformed succession in
The Fang Bugt Glaciotectonic Complex is interpreted
to be a Saalian glacial unconformity. This erosional
surface forms a hummocky and even hilly landscape
with small erosional basins (Larsen & Andersen 2005).
The deformation of the glaciotectonic complex is not
directly dateable, as no adequate borehole information
is available in the Fang Bugt area. An Elsterian or early
Saalian age has been suggested (Huuse & Lykke-An-
dersen 2000a). Kinetostratigraphic correlation with
onshore glaciotectonic deformations of similar size,
style and transport direction indicates that the Fang
Bugt Glaciotectonic Complex formed during a stage
of westward movement of the Late Saalian (Warthe)
ice sheet (Andersen 2004; Houmark-Nielsen 2007; Ja@r-
gensen et al. 2012). A pre-Elsterian or early Elsterian
age of formation has recently been suggested by Win-
semann et al. (2020), based on a correlation with the
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glaciotectonic complex at Heligoland in the south-east-
ern German North Sea.

3. Data and methods

3.1. Seismic data acquisition and parameters

The University of Aarhus and the Geological Survey of
Denmark and Greenland (GEUS) acquired the high-res-
olution marine seismic data on scientific cruises in the
North Sea during the years 1999-2001 with the Dan-
ish Navy ship, Flyvefisken. The seismic data from these
surveys, named FL99, FLOO and FLO1, were collected
to map the area of the Fang Bugt Glaciotectonic Com-
plex (Andersen 2004). The surveys make up a dense
grid of 1065 km long, high-resolution, multichannel-re-
flection seismic lines, distributed over an area of c.
10 x 20 km? (Fig. 1). The grid spacing is c. 250 m between
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approximate dip lines and ¢. 1500 m between approxi-
mate strike lines. In addition, a few lines from the sur-
veys DA95 and GR98 (Huuse 2000), which crossed the
area, were used, and a few conventional oil-seismic data
(RTD-RE94 and NP85N) were used for the correlation
of the interpreted horizons to the well S-1 about 70 km
west of the study area (Andersen 2004).

The signal bandwidth of the migrated seismic data is
50-180 Hz, and the vertical penetration is 2000 ms two-
way traveltime (TWT), corresponding roughly to 2000 m
(Clausen & Huuse 1999). The seismic data acquisition was
limited towards land by the 10 m water-depth contour,
selected as a safety precaution for equipment and ship.
The vertical and horizontal resolutions are approximately
5m and 20 m, respectively. Data quality is generally good;
however, interpretation of the top 50-100 ms TWT is
often hampered by water-layer multiples. Minor mis-ties
between individual surveys and mis-ties due to migration
problems in the neighbourhood of steeply dipping faults
and associated tilted layers were identified and corrected
prior to interpretation. The limited resolution and chal-
lenges in imaging steep dips may explain the presence of
large areas of chaotic reflection patterns (e.g. Fig. 3, shot
point, S.P., 0-730, top half of the profile). It is likely that
the structures in this area were either smaller than the
seismic resolution (5 m vertical and 20 m horizontal) or
that layers or faults were steeply dipping. However, the
nature of the deformation can also contribute to obtain
a chaotic reflection pattern in areas where structural and
sedimentary architecture is particularly complex.

Distal domain UTFL
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3.2. Interpretation, maps and plots

The seismic data were interpreted digitally using Land-
mark’s Openworks, Seisworks 2D software (2002-2003).
Difficulties occurred when interpreting thrust horizons,
as the software does not allow multiple TWT values for
a single horizon at the same shot point (S.P.). Hence,
an advanced interpretation strategy was necessary. As
the overlap of a thrust horizon cannot be represented
by a single horizon, a new horizon was made where a
TWT value occurred at the same S.P. representing the
deeper TWT values of overlap between the adjacent
thrust sheet. Hence, all the upper TWT values were rep-
resented by the same horizon.

Maps of the basal décollement (floor thrust), the upper
décollement (roof thrust) and a structural map of aninter-
nal reflection in the lower thrust level were drawn using
Landmark’s Openworks, Z-map+ software. The horizons
data were imported from Seisworks and were gridded
using the least squares algorithm, with a grid increment
on 45 m. Smoothing was performed before contouring
with an interval of 10 ms and 20 ms, respectively.

The dip of the basal décollement surface was calcu-
lated using a velocity of 1850 m/s and basic trigonome-
try by the following equation:

tan(A) = a/b (Eq. 1)
where A = dip angle, b = distance between contours per-
pendicular to the strike of contours measured on the
map. a is defined in Eq. (2) as follows:

Proximal domain UTFL
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Fig. 3 Seismic section (FI01-50) showing a duplex with imbricated thrust sheet in two levels. The lower thrust fault level (LTFL) is detaching on the basal
décollement surface acting as a floor thrust. The UTFL is detaching on the Upper décollement surface, acting as a roof thrust for the LTFL and a floor
thrust for UTFL. LTFL and UTFL can be divided into three and two structural domains, respectively, showing different structural styles (see Section 4.3
and 4.5 and Fig. 8). The seismic section is an approximate dip line to SF1, showing piggyback imbricates in a basin (S.P. 725-900) behind a huge hanging
wall anticline (S.P. 900-1050). Seismic section shown with 5x vertical exaggeration. Interpretations shown below the seismic section with no exagger-
ation. Here, the inclination of the thrust faults ramps is measured. Crossing seismic lines are marked on the seismic section with a figure number, see
Figs 1, 7 and 8 for location of this cross-section. S.P.: Shot point. TWT: Two-way travel time.
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a = ((ContourTWTmax - ContourTWTmin)/2)

x velocity (Eq. 2)
The velocity used here is an average velocity of the
Post Chalk Group, based on Nielsen & Japsen (1991).
A velocity range of 1700-2000 m/s was considered
for uncertainty, resulting in a variation in dip angle of
approximately £0.03°.

Plots of the seismic data and interpretation were
produced for illustrations. The vertical scale was cal-
culated using a velocity of 1850 m/s, while the horizon-
tal scale was determined by multiplying the number
of traces by the distance between traces. The seismic
data plots were produced with a 5x vertical exaggera-
tion. A version without vertical exaggeration, displaying
only the interpretation, is presented below the seismic
section. This version was created by reducing the ver-
tical scale by a factor of five while preserving the hori-
zontal scale.

3.3. Structural analysis

A structural analysis was conducted based on the map-
ping and description of horizon topography, thrust fault
orientation and geometry of thrust sheets. Restoration
of SF1 and SF2 was performed to give a rough estimate
of the minimum amount of shortening and to recon-
struct the deformational history of SF1 and SF2 in a ten-
tative kinematic model.

Distal domain UTFL

GEUSBULLETIN.ORG

The concept for the restoration of the cross-section
was based on the method for balanced cross-sections
(Dahlstrom 1969; De Paor 1988; Wilkerson & Dicken
2001; van der Pluijm & Marshak 2004). This method
assumes constant layer thickness, constant along-strike
displacement along faults and plane-strain deformation.
We realise that these assumptions cannot all be fulfilled
in a glaciotectonic context, and that the limitations of
the seismic method have implications for the result.

When performing the structural balancing, it is
essential to restore all strains and displacements in the
reverse order in which they were applied (Butler 1987).
Hence, the restoration was done stepwise, starting with
the youngest, westernmost faults in the lower thrust
fault level (LTFL) towards the oldest, easternmost faults.
The same procedure was performed for the structures
in the upper thrust fault level (UTFL), as it was assumed
that the UTFL was deformed before the LTFL (see Sec-
tion 4.6 for more details).

We performed a tentative 2D line-length balanc-
ing of the structural interpretation of the two seismic
cross-sections, approximate dip lines to SF1 and SF2
(Figs 3 and 4) on the interpreted reflections, the purple
reflector in the UTFL and green reflector in LTFL (results
in Sections 4.8 and 4.9).

The starting point for the kinematic model was the
deformed sections (the interpreted seismic sections)
illustrated in the final step of the restoration. From here,

SF2
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» <« >
> <€ >

Piggyback imbricates on duplex
100

=
LRt

500

500

No exaggeration

Fig. 4 Seismic section (FI01-54) showing an approximate dip profile across the structural framework SF2, showing piggyback imbrication of the sedi-
mentary succession of LTFL repeated and uplifted more than 100 ms (c. 90 m; see also SF2 in Fig. 8) on a frontal ramp and a flat acting as an intermedi-
ate décollement surface for ITFL. West of SF2 is the general duplex of the area with large-scale thrust structures (some more than 1000 m long) in LTFL
and UTFL translating across the basal décollement and upper décollement, respectively. Hanging wall anticlines in LTFL is superimposed in the upper
décollement as folding of the surface. Small-scale structures can be seen in the hinterland part of the cross-section but cannot be outlined accurately.
Seismic section shown with 5x vertical exaggeration. Interpretations shown below the seismic section with no exaggeration. Crossing seismic lines are
marked on the seismic section with a figure number. See Figs 1, 7 and 8 for location of this cross-section. S.P.: Shot point. TWT: Two-way travel time.
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the model progresses stepwise up to step 1 - the bal-
anced section.

Folding is generally regarded as fault-related; how-
ever, in one place, we tentatively interpret the defor-
mation as ductile attributed to hydrodynamic shear
deformation (see section 4.9; Step 3, top of SF1.). A sed-
iment package subject to hydrodynamic shear defor-
mation could potentially spread in multiple directions.
Hence, in this case, line balancing is first applied to the
tilted normal fault blocks, and the area subjected to
hydrodynamic shear deformation is reconstructed to fill
in the rest of fault block SF1..

Since the restoration was performed only on one
reflector in each level, the fault dip was preserved as
observed in the deformed section throughout the res-
toration process.

To calculate section shortening, a fixed pin line was
placed at the front of each thrust-fault level and a loose
pininthe rear. The displacement between the deformed
and restored sections provides the average contraction
of the upper and lower thrust fault levels, respectively.
The calculations were done by measuring the distance
between the front (fixed) pin and the rear (loose) pin for
each thrust-fault level and for each step, relative to the
original length.

Erosion of the top of the sections is not accounted
for. Hence, the calculated shortening represents a min-
imum estimate. An exception is the westernmost fault
block of the UTFL in SF1, where an eroded fault block
segment is added to maintain the front pin line position,
as this fault block is moved eastward during the resto-
ration of the LTFL from step 4 to step 3 (see section 4.9).

GEUSBULLETIN.ORG

4. Results

4.1. The seismic interpretation

The seismic data quality is generally good and provides
many excellent images of the glaciotectonic structures
in a large part of the study area. The line spacing in
the W-E direction is close enough to trace the largest
faults from line to line, providing a good opportunity
to describe the geometry, the internal architecture and
structural styles of this part of the Fang Bugt Glaciotec-
tonic Complex.

The interpretation is based on the recognition of dis-
tinct reflection patterns; equal thickness of undeformed
layers across faults was used in areas where the iden-
tification of the reflection pattern was difficult. Ramps
of thrust faults or normal faults were mapped where
an abrupt cut of reflections occurs in the vertical plane.
Thrust-fault flats or décollement surfaces were mapped
where more or less horizontal discontinuities existed.
These boundaries appeared where undeformed sedi-
ments were overlain by deformed sediments, or where
different structural patterns were recognised across a
horizontal or weakly inclined surface.

Five internal reflections, including two décollement
surfaces and numerous thrust faults and normal faults,
were interpreted. The following description of the inter-
preted and mapped surfaces and fault is exemplified on
four seismic cross-sections: Two approximate dip sec-
tions (Figs 3 and 4) and two sections oblique to strike
(Figs 5 and 6) cross the centre of SF1 and SF2, respec-
tively (see Fig. 1 for location). The internal architecture
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Fig. 5 Seismic section (FI00-27) is crossing the area oblique to strike of the structural elements and across both SF1 and SF2. The cross-section is
showing an apparent ‘spreading’ of the transport direction of thrust sheets between thrust fault levels. The apparent direction of thrust sheets of UTFL
is towards south (S.P. 570-1300). At SF2, the lower succession is repeated in ITFL; here, the apparent thrust direction is towards north (S.P. 1500-1800).
The apparent direction of thrusting of LTFL is towards south, ending at S.P. 900. South of the study area, thrusting only appears in the UTFL. Normal
faults in the LTFL are seen at SF1 dipping opposite the thrust fault. The UTFL repeats across SF1 (see purple reflector), compare also with dip-section
across SF1 (Fig. 3). The true thrust direction can be inferred from Fig. 8. Seismic section shown with x5 vertical exaggeration. Interpretations shown
below the seismic section with no exaggeration. Crossing seismic lines are marked on the seismic section with a figure number. See Figs 1, 7 and 8 for

location of this cross-section. S.P.: Shot point. TWT: Two-way travel time.
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Fig. 6 Seismic section (FI01-19) is crossing the area oblique to the strike of structural elements and across SF1 at S.P. 1800-2200. LTFL and UTFL show
apparent thrusting towards south. Thrusting of UTFL is continuing further towards south (out of the study area) than deformation of LTFL. In the north-
ern part of the profile, extensional faulting is seen in LTFL below the depression of the upper décollement surface. UTFL is repeated in the basin of
SF1 (S.P. 1880-2030, see purple reflections). The true thrust direction can be inferred from Fig. 8. Seismic section shown with 5x vertical exaggeration.
Interpretations shown below the seismic section with no exaggeration. Crossing seismic lines are marked on the seismic section with a figure number.
See Figs 1, 7 and 8 for location of this cross-section. S.P.: Shot point. TWT: Two-way travel time.

and structural styles seen in these figures are described
in the figure caption.

4.2. The mapped surfaces

The lower boundary of the glaciotectonic complex is
the basal décollement surface. This surface separates
the undeformed layers below from the deformed layers
above, see the seismic lines Figs 3-6. The surface that
constitutes the basal décollement surface within the
study area has been mapped in a larger area, and a TWT
map has been generated (Fig. 7). This map is described
in Section 4.4.

The layers just above the basal décollement surface
have a distinct reflection pattern of several parallel
(when not disturbed) very strong reflections. The top
reflection of this unit is marked with green in the seis-
mic cross-sections (Figs 3-6). It is possible to follow the
green reflector in most of the study area, and a struc-
tural TWT map shows the topography of this surface
and the thrust fault trends of the LTFL (Fig. 8). A descrip-
tion of this map is given in Section 4.5.

The reflection pattern above the green reflector also
consists of parallel reflections, although less intense.
The orange reflector marks the top of three (sometimes
only two) very strong reflectors in the upper part of the
LTFL (Figs 3-6). Because of disturbance due to defor-
mation, it has only been possible to map this surface
in parts of the study area, and no resulting topographic
map has been generated.
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The roof thrust of the LTFL appears above the orange
reflector. We refer to it as the upper décollement sur-
face (Figs 3-6). Above this surface, there is the UTFL.
The upper décollement surface sometimes displays a
very strong reflection, and in other parts, it was mapped
where a marked change in structural styles appears
above and below the surface. A perspective view of this
décollement surface is seen in Fig. 9 and described in
Section 4.6.

In the UTFL, only one reflector was outlined, which,
in the seismic cross-sections, is displayed in purple (Figs
3-6). This surface is the reflection from a series of par-
allel-layered beds above the upper décollement surface.
These are easily recognised in the undeformed layers
west of the thrust front (Figs 3-6). The interpretation
of the purple reflector was hampered by multiples and
deformation of the layers, making it difficult to recog-
nise in large parts. Hence, no resulting topographic map
was generated of this reflector. Above this surface, the
reflection pattern is semi-parallel and generally noisy
and often distorted by multiples (Figs 3-6).

The westward continuation of the basal décollement
surface is stratigraphically located in the Lower Miocene
succession (Andersen 2004), and the green, orange and
purple reflectors are in the Middle Miocene succes-
sion, when correlated with the S-1 well, situated c. 70
km NW of the Fang Bugt Glaciotectonic Complex (Fig.
2). The LTFL is representing the Early/Middle Miocene
marine Arnum Formation with possible intercalations of
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Fig. 7 Atwo-way time-contour map of the basal décollement surface and
its continuation beyond the western limit of LTFL deformation. The defor-
mation front shows that the maximal western extent of the Fang Bugt
Glaciotectonic Complex is situated in the study area. The contour curves
of the surface show a marked change in dip and dip direction at the bor-
der of the study area (see Section 4.4 for further details). A pull-up of the
surface below the basin of SF1 is marked with a black dashed line. Loca-
tions of SF1 and SF2 are shown. A small normal fault and a depression
of the surface are seen in the southern part of the study area. Seismic
sections shown in Figs 3-6 are marked with black lines.

the sandy Bastrup and Odderup Formations, whereas
the UTFL constitutes the Middle Miocene, fully marine,
clayey Hodde and Gram Formations (Fig. 2). The struc-
tural styles of the UTFL are generally more ductile than
the deformation in the LTFL, which is interpreted to be
due to the different rheology of the sediments.
Thrust-fault trends in the UTFL were mapped from
the seismic cross-sections, which provide the transport
direction of the thrust sheets (Fig. 10 and Section 4.7).
The structures of the UTFL are eroded or truncated
at the top by a possible late Saalian unconformity
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is 155° and in the western distal domain, the strike is 170°-180°. The
three structural domains are showing different structural styles (see
Section 4.5 and Fig. 3). The trend of the faults is turning in the southern
part of the area from west south-west to south-west following the same
depression in the surface as is seen in the basal décollement surface
(Fig. 7). In the area of SF2, the mapped reflector is elevated ¢ 100 ms
(c 90 m) on a huge frontal ramp and flat and display the structural trend
of ITFL. The remaining parts of the map show the structural trend of
LTFL. The structural trend of ITFL is towards the north-west, hence dif-
ferent to the general structural trend of LTFL, which is towards the west
south-west. SF1 displays two huge hanging wall anticlines in front of
an extensional basin/depression. The location of SF1 and SF2 is market
with rectangles. The seismic sections shown in Figs 3-6 are marked with
black lines.

(Larsen & Andersen 2005) or the seafloor (Fig. 3, S.P.
1000-1200).

4.3. Architecture and structural styles

The thrust fault architecture of the study site indicates
that the overall geometry is a large-scale duplex with
imbricate structures bounded by a floor thrust (the basal
décollement) and a roof thrust (the upper décollement).
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Fig. 9 3D map of the upper décollement surface with a 2.5x exagger-
ation gives a perspective view of the hilly landscape with ridges above
hanging wall anticlines and depressions above extensional faulting in
the LTFL. Both SF1 and SF2 comprise hill-hole pairs at this surface level,
although the internal structural framework is very different (Figs 3 and
4). SF1 and SF2 are connected by a low-lying area with a complex reflec-
tion pattern; hence, the interpretation of this area is uncertain (see
Section 4.6). There is a remarkably large coherent ridge just proximal
SF1 and SF2.

So

The LTFL shows three deformation domains, charac-
terised by different structural styles (Figs 3 and 8) as
follows:

1. Small imbricated thrust sheets are seen in the proxi-
mal domain to the east (Fig. 3).

2. Larger thrust sheets with tailing tilted normal faults
are seen in the intermediate domain (Fig. 3).

3. The distal domain constitutes large thrust sheets with
hanging-wall anticlines. Close to the deformation
front in the west, back thrusts and pop-up structures
dominate the distal domain (Figs 3 and 4).

A more thorough account is presented together with the
map of the LTFL (Fig. 8) in Section 4.5.

The succession above the upper décollement sur-
face, the UTFL, displays two different deformation
domains: (1) a distal domain with an imbricate system
of piggyback thrust structures (Figs 3 and 4); (2) a prox-
imal domain with a diffuse or chaotic reflection pattern
(Fig. 3), interpreted to resemble pervasively sheared or
chaotically mixed sediments, possibly involving boudi-
nage structures, fluid flow structures and hydrodynamic
brecciation.

In the central part of the study area, the structural
framework SF1 dominates the seismic images (see dip
section in Fig. 3, S.P. 760-1020, sections oblique to strike
in Fig. 5, S.P. 1100-1300 and Fig. 6, S.P. 1800-2200),

Andersen & Pedersen 2025: GEUS Bulletin 59. 8386. https://doi.org/10.34194/t407hg84

GEUSBULLETIN.ORG

Jylland,
Denmark

8°E
E440000
E450000 -

—55°20

[~ N6130000

|- 55015 55015 |

—N6120000 N6120000 —

Projection ° Sk
g ED50,UTM 32 § AR
55010 2 3
o 3 ¥ 55010
b T ! !
[ sk Fault LTFL
[ sF2 . Fault UTFL

Fig. 10 Map comparing the trends of the faults of the UTFL (black) com-
pared with those of the LTFL (grey), see Section 4.7. The structural trend
of the UTFL generally follows that of the LTFL in a smooth manner, for
example, across SF2, and the structures of the UTFL connect the two
fault directions of LTFL and ITFL in smoothly curving faults. In the south,
the bending faults in the LTFL seem to affect the trend of the UTFL much
more gently.

showing a piggyback imbricate fan of the UTFL in a
depression 5 km long and 2.5 km wide. Below the piggy-
back imbricate fan, several partly rotated normal faults
are present. In front of the depression, a huge thrust
sheet forms a hanging-wall anticline repeating the LTFL
in the narrow crest of the anticline (Fig. 3, S.P. 900-1050
and Fig. 6, S.P. 2100-2200).

In the mid-northern part of the study area, another
spectacular structural framework is displayed in the
seismic sections SF2 (see dip section in Fig. 4, S.P. 0-250
and the section oblique to strike in Fig. 5, S.P. 1500-
1800). SF2 consists of a ramp and a flat, along which an
imbricate fan of thrust sheets is translated westwards
and leaves a tailing depression to the east. The imbri-
cate fan formed by ramp collapse of a thrust segment
derived from the LTFL and raised c¢. 90 m above the
average level of thrusting in the LTFL. This flat acts as
an intermediate décollement surface, and, hence, the
imbricated fan represents an intermediate trust fault
level (ITFL), situated between an intermediate décol-
lement surface and the upper décollement surface
(Fig. 4, S.P. 0-250). The imbricate fan repeats the sedi-
mentary succession of the LTFL in an area of approxi-
mately 8.5 km?, which now comprises a structural high
(see SF2 in Fig. 8). The eastern part of SF2 is seen as a
depression at the level of the green reflection, which
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is partly due to extensional faulting of the LTFL (Fig. 8)
and partly caused by the removal of material due to the
thrust-sheet translation described earlier (Figs 4 and 8).

4.4. The basal décollement surface
A time-contour map of the basal décollement surface is
presented in Fig. 7.

North of the study area and in the north-eastern cor-
ner of the study area, the surface dips towards south-
west. Inside the study area, the dip is gentler towards
west-south-west, changing to south-south-west in the
south. South of the study area, the surface dips towards
north-west and south-west due to a depression in the
surface (Fig. 7).

The strike of the contours changes from c. 155° to
160° at the 280 ms TWT curve in the hinterland to c
170° at the 340 ms TWT curve in the foreland. Further-
more, a change in dip angle characterises the transition
from the hinterland with low dip (c. 0.3°) in the east to
a slightly steeper dip towards the foreland (c. 0.4°-0.6°).
The steepest dip is just east of SF1. In the south-west,
the contours change direction again due to a depres-
sion of the surface in the south-western corner, and the
dip increases to c¢. 1.5° (Fig. 7). This depression and the
small normal fault in the southern part of the study area
are also seen in the Top Chalk surface (Clausen & Huuse
1999).

The contour curve at 320 ms TWT of the basal décol-
lement surface makes an upward bulge just at the base
of SF1, marked with an elongate circle of black dots in
Fig. 7. This is presumably a ‘pull-up’ effect caused by
higher seismic velocities in the piggyback-imbricate
thrust sheets filling the basin (Fig. 3, S.P. 850-925). In the
surrounding area, the décollement surface is relatively
smooth, with no obvious indications of a real bulge
on the décollement surface. The existence of velocity
pull-up is supported by the seismic image in Fig. 3 (see
basal décollement, S.P. 850-925).

The deformation front of the LTFL (Fig. 7) marks the
transition from the deformed frontal part of the com-
plex to the undeformed foreland towards west. The
deformation front reaches its maximal western extent
in the study area (Fig. 7). Towards the south-west, the
deformations reach their maximum depth and coincide
approximately with the 400 ms TWT contour curve of
the basal décollement (Fig. 7). This may indicate that
¢. 360 m (c. 400 ms TWT) is the maximum deformation
depth in the Fang Bugt Glaciotectonic Complex.

4.5. The structural trend of the lower and
intermediate thrust fault levels

A structural two-way time-contour map was generated
(Fig. 8) to investigate a distinct internal surface in the
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lower part of the complex (indicated by the top level of
the green reflector in Figs 3-6). The map shows both the
topography of the surface and the geometry, dimension
and transport direction of the structures of the LTFL
translated on the basal décollement surface. Further-
more, Fig. 8 shows the structures of the intermediate
thrust fault level (ITFL) translated on the intermediate
décollement surface at the location of SF2. Thrust faults
and back thrusts are displayed by red lines and normal
faults with black lines. For an overview, Fig. 8 shows only
25 of the larger faults out of a total of 35 faults shown
for the LTFL in Fig. 3.

The fault trend in the LTFL can be divided into three
structural domains based on the change in strike of the
fault structures (Fig. 8). On the seismic sections, the
change in fault strike correlates with a change in struc-
tural styles (see LTFL in Fig. 3).

The three structural domains are as follows:

1. The eastern proximal domain consists of a succes-
sion of relatively small imbricated thrust sheets strik-
ing 160°, with thrust faults dipping c. 15° (Fig. 3, S.P.
125-335).

2. In the intermediate domain, a 2 km wide block of
more or less undeformed sediments (Fig. 3, S.P. 335-
480) constitutes the eastern part of the domain (Fig.
8). Farther west, a succession of larger thrust sheets
with tailing extensional listric normal faults exists.
The faults are striking 155° (Fig. 8) and dipping c. 20°-
25° (Fig. 3, S.P. 480-750). The significant structure SF2
is located in the central northern part of the interme-
diate domain (Fig. 8). Sections crossing this structure
are shown in Fig. 4 (S.P. 0-250) and Fig. 5 (S.P. 1500-
1800). A correlation of a hill-hole pair is expressed by
the depression east of the ‘thrust-fault high’ (Fig. 8). At
the ‘thrust-fault high', the LTFL is repeated directly on
top of itself with the UTFL above. Hence, at this place,
one could argue that a third ITFL is present, which,
however, consists of the same sediment package as
the LTFL (see e.g. Fig. 4, SF2). The map (Fig. 8) always
expresses the upper position of the mapped green
horizon, so, in areas where the horizon repeats itself,
it is the ITFL, which is represented in the ‘thrust-fault
high' (Fig. 8). The structural trend of ITFL in SF2 is
towards the north-west, which is notably different to
the general structural trend of LTFL, which is towards
west and west-south-west (Figs 5 and 8).

3. The western distal domain contains faults with a
strike direction of 170°-180° (Fig. 8). The significant
SF1 appears in this domain (Fig. 3, S.P. 750-1000). In
the frontal part, SF1 comprises a more than 1000 m
long thrust sheet (Fig. 3, S.P. 900-1000). The inclina-
tion of thrust faults in SF1 is 25-23°, the same as for
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the structures in the intermediate domain (Fig. 3, S.P.
950-1000). However, in the map view, the strike of
the faults in SF1 is the same as for the distal domain
(Fig. 8). In the tailing part of SF1, tilted normal faults
created a depression (Fig. 3, S.P. 775-900). A spatial
view of this depression can be seen in Figs. 8 and 9.
This depression covers an area of ¢. 5 km x 2.5 km,
where it is most pronounced.

In the distal domain west of SF1, the structural style
comprises relatively large thrust sheets with pop-up
structures in the frontal part, dipping c. 25°-35° (Fig. 3,
S.P. 950-1270). These structures delineate the western
boarder of the thrust complex (Fig. 8). Small thrusts or
reverse faults, with fault planes dipping towards the
west, express the thrust front towards the north-west-
ern corner of the study area (Fig. 4, S.P. 700). These
structures could have started as nucleation points of
conjugate contractional faults (Andersen et al. 2005),
which developed into pop-up structures and fore-thrust/
back-thrust pairs during the progressive compressional
deformation.

4.6. The upper décollement surface
The upper décollement surface is interpreted to be a
decoupling unconformity separating UTFL from LTFL
(see Figs 3-6) in most of the study area. A perspective
view of the upper décollement surface (Fig. 9) shows a
hilly topography with variations of about 250 ms TWT (c.
225 m) from low to high areas. The topography appears
as a series of ridges elongated in a north-west - south-
east direction, which probably represents folding intro-
duced by superimposed sequential deformation over
hanging-wall anticline crests and small extensional
basins in the LTFL. The bumpy nature of the surface,
especially in the east, is probably a combination of dif-
ferential displacement across thrust faults in the LTFL
and uncertainties in picking the reflection of the upper
décollement surface, as this is not a clear and unambig-
uous reflection in all places (e.g. see Fig. 3, S.P. 0-350).

At the location of both SF1 and SF2, a hill-hole pair
is outlined in the upper décollement surface (Fig. 9).
The glaciotectonic feature referred to as hill-hole pair is
applied in the sense of Aber et al. (1989).

A low-lying, elongated area striking west-south-west
- east-north-east is situated between the two hill-hole
pairs (Fig. 9). A tentative interpretation of this area
could include a tear fault departing the two structures,
SF1 and SF2. However, as SF1 and SF2 have different
internal architectures, it is not a tear fault in the tradi-
tional sense, where the same structure can be found
on each side of the tear fault (Hills 1963). However, in
a glaciodynamic setting, the two structures could have
undergone further deformation individually after the
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separation. The low-lying area shows a complex reflec-
tion pattern; hence, the seismic interpretation here is
uncertain, probably due to the limitations of the seismic
method and the complexity of the structure (e.g. Fig. 5,
S.P. 1400-1500).

4.7. The structural trends in the UTFL

The structural trends of the thrust faults in UTFL are
mapped to see if there were any discrepancies between
the structural trends of UTFL, ITFL and LTFL, which could
imply stress from different directions (Fig. 10). The thrust
front to the west ends at the same location for the UTFL
and the LTFL (Fig. 10). In general, the trends of the struc-
tures in UTFL are notably like those of the LTFL and
ITFL, except for small discrepancies (Fig. 10), indicating
that they have been subject to similar stresses during
formation.

The structures of UTFL can be divided into two struc-
tural domains based on Fig. 3, a westerly distal domain,
where imbricate thrust structures are translocated
along the upper décollement surface until the eastern
margin of SF1 (Fig. 3, S.P. 730-1260), and an easterly
proximal domain, where the sediments are strongly
deformed (see Fig. 3, S.P. 0-730). The thrusting of UTFL
continues south of the study area, where LTFL is not
deformed (Fig. 5, S.P. 550-880). The seismic lines in this
area are, however, so far apart that the individual faults
cannot be traced. Strike sections in the study area show
large (up to c. 4-6 km) folded thrust sheets of UTFL in
connection with and in between SF1 and SF2 (Fig. 5, S.P.
1200-1600 and Fig. 6, S.P. 2260-1875).

4.8. Restoration of the deformed sections

The method for performing the restoration is described
in Section 3.3. The method is only giving a rough esti-
mate of the minimum shortening across the two struc-
tural frameworks SF1 and SF2.

Figure 11 shows the restored section across SF1 from
S.P.550-1100 (Fig. 3). The restoration shows a minimum
average shortening of UTFL of 44%, corresponding to
a lateral displacement of 3400 m and only 9% average
shortening of LTFL, corresponding to a lateral displace-
ment of 600 m. The shortening of UTFL across SF1 is
very strong with large displacements across each thrust
fault. The displacement is generally much less in the
LTFL, where extension at some points is the prevailing
deformation (Step 3). Hence, the UTFL shows more com-
pression than LTFL in the cross-section across SF1.

Figure 12 represents the restoration of a section
across SF2 in the mid-north of the study area from S.P.
0-440 (Fig. 4). In this cross-section, the LTFL is repeated
in an imbrication fan above the normal level of LTFL. The
UTFL is forming a duplex stack in front of the imbrication
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fan (Step 3 and Step 4 in Fig. 12). The average minimum
shortening of the UTFL is 49% at SF2, corresponding to
a lateral displacement of c. 2.2 km. The shortening of
LTFL is 43%, corresponding to a lateral displacement of
¢. 3.8 km.

The restoration shows the amount of shortening in
each thrust-fault level varies from place to place within
the thrust-fault complex. Data from the fringing areas
of the study area show that the deformation continues
farther east of the mapped area, towards the coast.
Therefore, a full account of shortening of the Fang Bugt
Glaciotectonic Complex cannot be provided with the
existing data.

4.9. The structural framework and dynamic
development of SF1 and SF2

The structural framework of SF1 is situated in the distal
domain, although it has many similarities with the struc-
tures in the LTFL intermediate domain (Fig. 3). They both
involve extensional faulting and have a frontal-thrust
ramp with a low dip (Fig. 3). However, the strike of the
faulting is like the strike of the structures of the distal
domain (Fig. 8). The sequential development of SF1 com-
prises three dynamic phases illustrated in four steps in
Fig. 11. Fault blocks in the LTFL are coloured green and

Step 1
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annotated SF1,-SF1,. The normal fault imbricates (the
extensional area) are grouped in SF1,. The fault blocks in
the UTFL are not annotated but coloured purple (Fig. 11).
The four steps are described as follows:

1. Step 1 (Fig. 11) presents the balanced cross-section of
SF1, where the thrust sheets are organised into their
pre-deformation position.

2. Step 2 (Fig. 11) illustrates the first phase of initial
deformation, where the UTFL is laterally displaced
about 2.15 km, corresponding to 28% over the upper
décollement surface, and the LTFL is compressed by
6% along the basal décollement surface. At the
tailing end of the UTFL, a thrust-fault imbricate fan
formed, which corresponds to the 2.15 km contrac-
tion. Note that the deformation of UTFL occurred
slightly ahead of thrusting in LTFL.

3. Step 3 (Fig. 11) illustrates the second phase, during
which a hole is formed in the LTFL, and a piggyback
imbricate fan of UTFL thrust sheets is piled up in the
hole. A tentative interpretation is that body forces
from the weight of the UTFL imbricate fan cause
hydrodynamic shear deformation and the exten-
sional normal fault imbricate fan in the LTFL (SF1, in
Fig. 11). The fault block subject to hydrodynamic
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Fig. 11 Four steps in the dynamic development of the glaciotectonic framework SF1 illustrated by balancing and stepwise deformation of the segment
S.P. 550-1100 of the seismic section in Fig. 3. Purple UTFL above green LTFL. To calculate the shortening, a fixed pin line is drawn at the front of each
thrust-fault level and a loose pin in the rear. Step 1 shows the balanced cross-section. The thrust sheets in LTFL are annotated SF1,-SF1.. Step 2 shows
initial translation of imbricate thrust faulting in both UTFL and LTFL. The thrusting of UTFL is slightly ahead of the thrusting in the LTFL. In Step 3, the
weight of the imbricates in the UTFL created a combined hydrodynamic shear deformation and extensional normal fault imbricate with extension
about 300 m, see SF1, in the LTFL. In Step 4, compressional thrust fault imbrication of the UTFL resulted in an imbricate fan. The fan filled the exten-
sional depression and pushed SF1, above the leading thrust sheet SF1, forming a huge hanging wall anticline. The further compression of the LTFL
proximal to the depression leads to normal faulting in UTFL above SF1,. The total compression of this part of the section leads to a shortening of about
3400 m (44%) in the UTFL and 600m (9%) in LTFL (see also description in Sections 3.3, 4.8 and 4.9).
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Fig. 12 Four steps in the dynamic development of the glaciotectonic framework SF2 illustrated by balancing and stepwise deformation of the segment
S.P. 0-440 of the seismic section in Fig. 4. Purple UTFL above green LTFL. To calculate the shortening, a common fixed pin line is drawn at the front
of the thrust-fault level and a loose pin in the rear of each level. Step 1 shows the balanced cross-section. The thrust sheets in LTFL are annotated
SF2,-SF2,. SF2, consists of the imbricate fan ITFL (Fig. 4). Small-scale deformation and hydrodynamically brecciated in the succession above and behind
SF2,and SF2, (Fig. 4) are excluded from the reconstruction. Step 2 shows the initial ramp collapse at the rear end of SF2, and imbrication of LTFL and
gentle folding and displacement of UTFL above LTFL. In Step 3, the imbricate fan (SF2,) starts to translate the tailing end of SF2,. Piggyback on LTFL,
the UTFL initiated to form a thrust-fault duplex stack above SF2,. In Step 4, the duplex stack of UTFL is pushed by the translated imbricate fan SF2, on
the thrust sheet back of SF2,, and the tailing thrust sheet of UTFL is trapped in the position between the translated imbricate fan SF2, and the duplex
stack of UTFL displaced towards the foreland. Compression is about 2200 m (49%) in the UTFL and 3800 m (43%) in the LTFL (see also description in

Sections 3.3, 4.8 and 4.9).

shear is seen on the seismic sections as a non-reflec- 1.

tive area (Fig. 3, S.P. 920-850). During this stage, the
extension of LTFL was 5% greater than the
compression.

4. Step 4 (Fig. 11) illustrates the final phase, when the
excessive weight of the UTFL in the hole caused more

compression in front, pushing the huge thrust sheet 2.

of the LTFL (SF1, in Fig. 11). This generated a hanging
wall anticline above SF1, and at the same time caused
an even greater hole for the piggyback imbricate fan
of the UTFL to slide into. This movement caused the
observed hill-hole pair on the upper décollement sur-
face (Fig. 9). Hence, it is suggested that body forces

from the imbricate fan in UTFL were an important fac- 3.

tor in the formation of SF1. The resulting compression
of the UTFL and LTFL is ¢. 44% and c. 9%, respectively.

The structural framework for SF2 is situated in the inter-
mediate domain of LTFL in the northern part of the inves-

tigated area (Fig. 4, S.P. 0-250; Fig. 8). The north-eastern 4,

part of the structure could not be fully mapped because
the linespacing is too large (Figs 1, 8). SF2 consists of an
imbricate fan, which, as a whole segment, was trans-
lated up along an easterly dipping ramp and displaced
across a flat (the intermediate décollement in Fig. 4). The
top of SF2 is truncated by a roof thrust (the upper décol-
lement). The sequential evolution of SF2 can be divided
into four phases, as illustrated in the four steps in Fig.
12. These four steps are described as follows:
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Step 1 (Fig. 12) illustrates the balanced cross-section
of the segment between S.P. 0-440 from Fig. 4. The
thrust sheets in the LTFL are annotated SF2,-SF2,.
Note that the succession with a chaotic reflection pat-
tern above and behind the ITFL is excluded from the
reconstruction (Fig. 4).

Step 2 (Fig. 12) illustrates the early phase of defor-
mation, where the ramp collapses, and imbrication
of thrust sheets in the LTFL is initiated. Internal
deformation of SF2, is happening, and compression
of the thrust sheet SF2, results in an imbricate fan.
Moreover, gentle folding and displacement of thrust
sheets in UTFL start.

Step 3 (Fig. 12). In this phase, the thrust sheets
constituting the imbricate fan (SF2,) are pushed
farther up the ramp by thrust sheet SF2, and
translated piggyback on top of the LTFL towards the
foreland. In front of the imbricate fan (SF2,), UTFL
started to form a thrust-fault duplex stack.

Step 4 (Fig. 12). In the final phase, the translation of
the imbricate fan (SF2,) continues. A combination of
uplift and push from the rear resulted in the further
development of the duplex stack of the UTFL, which
is carried piggyback on top of thrust sheets SF2,
and SF2.. In this final phase, the tailing thrust sheet of
UTFL became trapped in the position between the
translated imbricate fan of the LTFL (SF2,) and the
duplex stack of UTFL. The frontal part of the duplex
stack was thrust up and displaced towards the
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foreland, and minor ramp thrusting of the frontal
part of SF2, accentuated the central depression above
the UTFL developed in SF2.

5. Discussion

This study shows that the investigated part of the Fang
Bugt Glaciotectonic Complex consists of large-scale
thrust fault structures on the scale of hundreds of
metres to kilometres. The structures constitute a duplex
in two thrust fault levels separated by an internal décol-
lement surface. The basal décollement surface is weakly
inclined (around 0.5°) towards the direction of transport
of thrust faults. The age of the deformed sediments
ranges from lower Miocene and younger sediments with
a thin Quaternary sediment covering above an erosional
surface mapped in Larsen & Andersen (2004). Inside the
complex, different structural styles are recognised, and
in several places, normal faulting occurs, resulting in
extension in an otherwise compressional setting.

5.1. Unique features of the Fang Bugt
Glaciotectonic Complex

Although glaciotectonic complexes have been described
in many studies from all over the world, only a few were
discovered on a scale comparable to the Fang Bugt Gla-
ciotectonic Complex (e.g. Pedersen & Boldreel 2015,
2017; Winsemann et al. 2020; Lohrberg et al. 2022).
Common amongst those glaciotectonic complexes is
that they all involve Pre-Quaternary sediments. This is
possibly because Pre-Quaternary sediments often by
their nature are more compressed than Quaternary sed-
iments and, therefore, have greater coherence, hence
the ability to evolve larger coherent thrust sheets than
seen in studies only involving Quaternary sediments
(e.g. Vaughan-Hirsch & Phillips 2017; Phillips et al. 2018).

The Heligoland Glaciotectonic Complexinthe German
sector is less than 100 km south of Fang Bugt Glaciotec-
tonic Complex and is the most comparable, described
by Lohrberg et al. (2022). The Heligoland Glaciotectonic
Complex is comparable in scale and has many similar
structural features, such as imbrications in two levels
separated by an internal décollement surface, a detail,
which is seldom described for glaciotectonic complexes.
Analogues in terms of their orogenic setting with mul-
tiple detachment levels and imbrications in two levels
have been described for the central Andes of Peru, the
Norwegian Caledonides and the Cumberland Plateau in
the Southern Appalachians (Pfiffner 2017).

A basal décollement surface dipping towards the
transport direction of the thrust faults and the ice sheet,
as seen in the Fang Bugt Glaciotectonic Complex, is
also found at the Heligoland Glaciotectonic Complex
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(Lohrberg et al. 2022) and in other glaciotectonic com-
plexes in the eastern part of the North Sea (Huuse & Lyk-
ke-Andersen 2000a). The basal décollement of the Fang
Bugt Glaciotectonic Complex is situated in lower Mio-
cene sediments and has a maximum depth of 400 ms
TWT. The basal décollement of the Heligoland Complex
is situated a bit higher (350 ms TWT) and at a younger
stratigraphic level, the Miocene-Pliocene boundary
(Lohrberg et al. 2022). The glaciotectonic complexes
situated north of Fang Bugt have décollements at the
Mid Miocene unconformity or at the Base Quaternary
boundary at a depth of 150-300 ms TWT (Huuse & Lyk-
ke-Andersen 2000a).

Three zones of deformation are identified in both
the Heligoland Glaciotectonic Complex (Lohrberg et al.
2022) and the Fang Bugt Glaciotectonic Complex. How-
ever, while the Heligoland Glaciotectonic Complex
shows the steepest thrust angles close to the ice margin
in the hinterland, like ones observed in other glaciotec-
tonic complexes (e.g. Pedersen 2005; Phillips et al. 2017),
the opposite pattern is observed in the LTFL in the Fang
Bugt Glaciotectonic Complex. Here, thrust faults steepen
towards the foreland (Fig. 3, no exaggeration section),
deviating from the typical pattern observed in fold and
thrust deformation.

The average shortening found in this study varies
from 9 to 49% (Figs 11 and 12). It was measured not
only across parts of the complex that potentially expe-
rienced the largest compression but also in the area of
largest extension (LTFL in SF1, step 3; Figs 3-6, 8). Hence,
it only resembles the shortening in the part of the com-
plex where the two profiles exist and does not repre-
sent the total shortening of the Fang Bugt Glaciotectonic
Complex.

This study shows that the LTFL has experienced much
less compression in certain areas than the UTFL and
also less compression when compared to glaciotectonic
complexes in general, 11-61% (values from Croot 1988;
Hart 1990, 1994, 1995; Klint & Pedersen 1995; Pedersen
1996, 2005, 2014; Harris et al. 1997; Boulton et al. 1999;
Huuse & Lykke-Andersen 2000a; Williams et al. 2001;
Gehrmann 2019; Winsemann et al. 2020; Lohberg et al.
2022; Vaughan et al. 2024). This is most likely due to the
relatively large amount of extension found in the LTFL
in certain areas of the Fang Bugt Glaciotectonic Com-
plex. Furthermore, the limitations of the seismic data in
resolving small-scale or very steeply inclined structures
will result in @ minimum calculation of the compression,
when compared to studies on seismic data with a higher
resolution or studies of onshore outcrops where small-
scale details can be included in the restoration of the
glaciotectonic complexes.

We attribute the unique features of the Fang Bugt
Thrust Complex (highlighted here) to the deformation
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mechanism. Thus, there may have been a subtle interac-
tion between various features that could facilitate defor-
mation during the formation of the complex.

5.2. Deformation mechanisms and structural
styles

In the Fang Bugt Glaciotectonic Complex, different
deformation domains exist, each characterised by vari-
ous types of structures, a common phenomenon in thin-
skinned tectonics both in orogenic settings and glacial
settings (e.g. Boulton et al. 1999; Pedersen & Boldreel
2015). Various structural styles occur in the individual
thrust fault levels, which may be related to the former
position of the ice-sheet margin responsible for the
deformation. Glaciotectonic deformation is generally
considered to be driven by a gravity-spreading mecha-
nism (e.g. van der Wateren 1985; Pedersen 1987; Aber
et al. 1989; Andersen et al. 2005); however, it could also
be argued that some of the structures found in this
study indicate a gravity-gliding mechanism contributed
to the deformation.

The UTFL can be divided into two different structural
domains based on the different structural styles: (1) a
distal domain showing thrusting and folding implying
proglacial deformation; (2) a proximal domain show-
ing a chaotic reflection pattern, interpreted to resem-
ble pervasively sheared or chaotically mixed sediments
(Aber 1985), boudinage structures (Berthelsen 1979),
fluid flow structures and hydrodynamic brecciation
(Pedersen 2005). These structures imply subglacial
deformation or a combination of both proglacial and a
later phase of subglacial deformation.

The reflection pattern of the strongly sheared and
deformed sediments of the UTFL stops abruptly at
the upper décollement surface (Fig. 3, UTFL, proximal
domain). Hence, it is suggested that the upper décolle-
ment surface absorbs the induced subglacial stress and
prevents the same kind of deformation of the sediments
below this surface. An exception is seen in the eastern-
most part of the study area, where the entire sediment
package down to the basal décollement surface was
probably subject to strong subglacial deformation (Fig.
3, LTFL, S.P. 0-125).

The LTFL exhibits three structural domains with dif-
ferent structural styles, which changes in dip (Fig. 3) and
strike (Fig. 8) of the faults along the direction of trans-
port. The structural styles mostly imply proglacial defor-
mation, except for the presence of extensional faulting,
mainly in the intermediate domain (Fig. 3), and the per-
vasively sheared or chaotically mixed sediments in the
easternmost end of the proximal domain (Fig. 3). The
structural frameworks in the intermediate domain com-
prise a combination of compressional and extensional
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faulting, which may imply subglacial deformation close
to the ice margin (Croot 1987). Hence, each framework
may reflect the position of the ice margin. If this is the
case, subglacial stress did go deeper than the upper
décollement. However, the excessive load of the UTFL
piggyback imbricates in the hole of SF1 could also have
induced the hydrodynamic shear and extension, as seen
in the LTFL (SF1,, step 3, Fig. 11).

Extensional faulting in glaciotectonic settings has
been described in a few studies (Croot 1988; Peder-
sen 2005; Vaughan et al. 2024). However, the existence
of several structural frameworks of thrust faults with
tailing listric normal faults detaching on a gently dip-
ping basal décollement surface (Fig. 3, intermediate
domain of LTFL) has, to our knowledge, not previously
been reported in glaciotectonic settings. This structural
framework has, although on a much smaller scale, huge
similarities with structural frameworks seen in deep-
water thrust fault belts (DWTFB; e.g. Morley et al. 2011;
Mahanjane & Franke 2014), where a linkage of up-dip
extension with down-dip contraction via a dipping
detachment zone is usually associated with the mecha-
nism of gravity gliding (Morley et al. 2011).

This combination of structural styles and deforma-
tion types seems to be unique for the Fang Bugt Gla-
ciotectonic Complex, compared with other large-scale
glaciotectonic complexes. One hypothesis is that the
deformation mechanism was gravity spreading caused
by the load of an ice sheet, and in the case of SF1 helped
by the excessive body mass of a piggyback imbricate fan
in the UTFL, combined with the mechanism of gravity
gliding due to the inclined basal décollement surface.

The basal décollement surface in the Fang Bugt Gla-
ciotectonic Complex is a gently inclined surface situated
in Lower Miocene sediments with an approximate dip of
0.5° (Andersen 2004). A distinct change in strike and dip
of the basal décollement surface occurs on each side of
the study area (Fig. 7). Hence, the area stands out as hav-
ing a lower inclination than the surrounding areas and a
dip in the main part of the area parallel to the direction
of transport of the LTFL. This begs the question as to
whether this variation in dip of the décollement surface
could have influenced the deformation. One hypothesis
is that porewater flowing from the north was directed
towards the study area following the dip of the basal
décollement surface. The decrease in dip and change in
strike on the border of the study area (Fig. 7) would slow
porewater flow, allowing porewater pressure to build
up. The high porewater pressure could have facilitated
deformation and enhanced the possibility of both grav-
ity spreading and gravity gliding.

The Fang Bugt Glaciotectonic Complex was formed
by an ice sheet coming from an eastern source area
(Huuse & Lykke-Andersen 2000a; Andersen 2004). The
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coincidence in the dip direction of the basal décollement
surface and transport direction of the ice sheet possibly
enhanced the deformation forces and caused the defor-
mation to reach its maximum extent in the area studied
here compared to the rest of the Fang Bugt Glaciotec-
tonic Complex, note the curvature on the deformation
front (Fig. 7).

The dipping décollement towards the foreland in the
Fang Bugt Complex contrasts with the common critical
taper wedge models, where the basal detachment dips
in the opposite direction towards the hinterland (Davis
et al. 1983). However, it is important to keep in mind that
it is the direction of dip of the topographic surface that
drives the thrust movement and not the dip of the décol-
lement (van der Pluijm & Marshak 2004). In the case of
a glaciotectonic complex, the topographic surface of the
ice provides the driving mechanism (Aber et al. 1989;
Andersen et al. 2005). In the case of the Fang Bugt Gla-
ciotectonic Complex, a relatively huge topographic high
must have developed in connection with the formation
of SF2, where the green reflection is elevated about 150
ms (c. 140 m) above normal level (Fig. 4). However, this
raised topography is concentrated in a relatively small
area (Fig. 8).

5.3. The kinematics of the Fang Bugt
Glaciotectonic Complex

The kinematic evolution of the two structural frame-
works SF1 and SF2 shows that the deformation of the
UTFL preceded that of the LTFL (Figs 11 and 12). This is
supported by the map of the internal décollement (Fig.
9), which shows a wavy pattern with highs above thrust
ridges and lows in between, indicating superimposed
deformation. This should be seen in contrast to the area
south of the study area, where the UTFL is sliding on a
planar décollement surface, and no LTFL exists (Figs 5
and 6).

Based on our observations, we suggest that progres-
sive deformation took place nearly simultaneously, in
the LTFL and UTFL, but with a small difference in timing
during propagation from the east to west.

The deformations reach their maximum depth in the
south-western corner of the study area, approximately
coinciding with the 400 ms TWT (c. 360 m) contour curve
of the basal décollement (Fig. 7). This may indicate that
the south-western limit of the deformation of the LTFL
in the Fang Bugt Glaciotectonic Complex was controlled
by the depth to the basal décollement (Andersen 2004;
Andersen et al. 2005). The deformation of the UTFL con-
tinues farther to the south beyond the study area (Figs
5 and 6).

The westward progression of the deformation front
is located at the same position for both the UTFL and
the LTFL (Figs 3, 4, 10), suggesting that the deformation
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at both levels occurred during the same deforma-
tion event. This conclusion was also drawn in the case
of the Heligoland Glaciotectonic Complex (Lohrman
et al. 2022), where similar thrust fault architecture is
observed. A key argument, which applies to both the
Heligoland and Fang Bugt Glaciotectonic Complexes,
is the absence of undisturbed sediments and erosional
truncation between the two levels of deformation. This
suggests that the folds and thrusts at both levels formed
contemporaneously, likely as part of a single deforma-
tional event.

6. Conclusions

The mapped area of the Fang Bugt Glaciotectonic Com-
plex contributes significant documentation of large-
scale glaciodynamic features in the south-eastern North
Sea. The complex architecture includes two main thrust-
fault levels (LTFL and UTFL) and possibly a third (ITFL)
in a small area. The LTFL is a duplex comprising imbri-
cate thrust sheets and normal faults, detaching on a
westward dipping basal décollement surface. The roof
thrust of the duplex acts as an internal décollement,
separating imbricated thrust faults of the UTFL from the
LTFL. Thrust ridges range from hundreds of metres to
kilometres scale, with crest elevation varying from a few
tens of metres to more than 150 m above the level of the
foreland deposits. Deformation extends down to c. 400
ms TWT at ¢. 360 m b.s.l., and prominent hanging-wall
ridges can be traced along strike for more than c¢. 10 km.

The UTFL reflects sequential superimposed defor-
mation of the LTFL, both presumably formed during the
same pre-Weichselian ice advance from the east. The
deformation propagated westward with slight temporal
offsets between the LTFL and the UTFL and a varying
shortening within the complex.

Structural styles vary across the complex, from east
to west, as do the strike and dip of the faults. The UTFL
generally deforms in a more ductile way than the LTFL,
due to differences in sediment rheology. The LTFL rep-
resents the Early/Middle Miocene marine Arnum Forma-
tion with possible intercalations of the sandy Bastrup
and Odderup Formations, whereas the UTFL constitutes
the Middle Miocene, fully marine clayey Hodde and
Gram Formations.

Two spectacular structural frameworks, SF1 and SF2,
have been analysed. Both structures include a hidden
hill-hole pair potentially separated by a tear fault. A ten-
tative restoration of profiles across SF1 and SF2 shows
an average minimum shortening of c. 9-43% of the
LTFL and c. 44-49% of the UTFL. The displacement var-
ied in the order of -300 m (extension) and up to 3.8 km
(compression).

The unique combination of architecture and struc-
tural styles suggests a deformation mechanism involving
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a combination of proglacial gravity spreading caused by
the differential load of the ice sheet, possibly aided by
gravity gliding due to the inclined basal décollement
surface. High porewater pressure and the alignment
of ice-sheet movement with the basal décollement dip
possibly facilitated deformation further.

If an opportunity arises to collect core material from
within the complex, it would be valuable for future
research to enable detailed analyses of the physical and
mechanical properties of the sedimentsin and around the
décollement surfaces and thereby enhance our under-
standing of the mechanism behind their formation. Core
material could also help constrain the glaciostratigraphic
timing of the complex. Furthermore, seismic data with a
higher resolution could contribute with images of small-
er-scale structures, distinct sedimentary units and more
accurate erosional contacts within the top 50-100 ms
TWT, hence provide better conditions for reconstructing
a detailed history of ice advance.
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