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1. Foreword

This report is prepared as a part of the project “BlueTransition — How to make my region
climate resilient”. Blue Transition is a transnational EU-project supported by the Interreg
North Sea Region programme. The consortium has 24 partners and 19 stakeholders from
research, government, technical authorities, and public service providers, who have activities
in 16 pilot areas in 6 European countries. The main goal of Blue Transition is a systemic
change by an integrated water and soil management in times of climate change. Focus areas
balance around activities in urban, agricultural, or natural areas, considering a transition in
land-use and fosters political structures and governance.

This report describes geological conditions for area pilot DK-1 “Climate-hydrological models
for two groundwater catchments for flood and contamination protection in the urban area”.

The Blue Transition Pilot DK-1 covers two areas within Aabenraa Municipality, Aabenraa city
and the town of Bylderup-Bov (Figure 1.1), which are areas threatened by excess ground-
water and surface water related to a changing climate. The excess water comes from in-
creased precipitation, flooding from streams, and rising groundwater levels, but the low-lying
parts of Aabenraa are also exposed to storm water overflow from the nearby fjord. Apart from
the risk of flooding of houses and infrastructure, there is also a risk of potential mobilization
of contamination related to former urban activities. In order to be able to point to possible
mitigation activities, modelling of the geology and hydrology including subsequent scenario
calculations is therefore necessary.
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Figure 1.1. Location of the Bylderup-Bov and Aabenraa geological model areas, and the hydrological model
area. The area inside the outer rectangle is the extent of the final model (20 x 30 km).
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Geological models have been made for both areas, where the Aabenraa area has been mod-
elled by the consulting engineers Niras, and the Bylderup-Bov area has been modelled by
GEUS. This report covers the work on the geological model in Bylderup-Bov only, whereas
the geological model of Aabenraa is reported separately by Niras. However, because the two
model areas lie back-to-back, the hydrological modelling will cover both geological models,
and therefore the geological modelling has been focused on securing that the two models
could be merged into one. This has happened in a collaboration between Niras and GEUS.
In areas not covered by the two geological models, model layer interpretations are collected
from the existing hydrostratigraphic FOHM model (a national hydrostratigraphic model con-
structed by the Danish Environmental Protection Agency; Miljgstyrelsen, 2020). GEUS has
performed the merging of the geological models and therefore this report will include a de-
scription of the procedure. For details about the Aabenraa model, we refer to the report by
Niras (Niras, 2025). The hydrological model will be performed by GEUS and will be reported
separately.

It should be noted that the Bylderup-Bov geological model focuses on the uppermost 50 m
of the subsurface, and therefore the reporting will largely do the same. Both the geological
modelling and the reporting will follow the national guidelines for geological modelling in-
tended for hydrological modelling (Sandersen et al., 2018), but the reporting will be con-
densed to include only what is considered needed for the documentation specifically related
to the Blue Transition DK-1 pilot.
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2. Rationale

At present and in years to come, a changing climate is expected to create groundwater and
surface water challenges in many parts of Denmark. In general, climate models for Denmark
foresee a significant increase in winter precipitation, resulting in more groundwater recharge
and higher water tables, especially during winter and spring in many areas (Seidenfaden et
al., 2022). Specifically in areas around Aabenraa and Bylderup-Bov groundwater and surface
water challenges have been occurring in recent years, calling for action both on the short
and the long term.

Climate change, however, is not the only factor which affect the level and flow of surface
water and groundwater. For instance, anthropogenic alterations of terrain and drainage, var-
iations in groundwater abstraction and in the surface water administration should be included
in the equation (e.g. Rasmussen et al., 2023). Furthermore, the geological framework will
affect the groundwater flow depending on the layer architecture and the hydraulic properties
of the sediments. Especially in areas with geological complexity created by faults, deformed
layers or deep erosions, obstructions and corridors for groundwater flow and groundwater
leakage between aquifers are likely to occur (e.g. Kidmose et al., 2025; Arnaud et al., 2025;
Sandersen & Jgrgensen, 2003; Bense et al., 2003). The impact of climate-induced changes
in groundwater and surface water may therefore be sensitive to variations in the subsurface
geological framework.

Situated on a Lateglacial sandy and gravelly outwash plain, the area around Bylderup-Bov
would be expected to be well-drained, but as experienced locally this is obviously not the
case. So why does this area of the outwash plain encounter such high groundwater levels?
From previous knowledge of the geology in the area we know that a deep graben structure -
The Tander Graben - located underneath a large part of the stream catchment is riddled by
faults, deformations, and deep erosions (Friborg et al., 2002; Jargensen et al., 2014; Sander-
sen & Jgrgensen, 2016). In addition to this, the unusual and highly irregular topography in
the area points to near-surface complexity and very young tectonic events (Sandersen &
Jagrgensen, 2015).

In order to test the geological impact on groundwater and surface water flow and to calculate
both present-day and future groundwater level scenarios, geological modelling in 3D and
subsequent hydrological modelling has been performed. In this Blue Transition DK-1 pilot, it
has been chosen to add more detail to especially the upper parts of the subsurface by using
newly acquired geophysical data and water level measurements in new wells. The geological
model is focused on aquifers and aquitards and is therefore constructed with layers that cor-
responds with the existing hydrostratigraphic FOHM model in the area. The model is focused
on the uppermost 50 meters, but because of the presence of the deep graben structure,
modelling of some of the deeper layers has been necessary.
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3. General geology of the study area

3.1 Geomorphology

The Aabenraa and Bylderup-Bov areas are situated behind and in front of the Late Weich-
selian Main Stationary Line (MSL), respectively (see Figure 3.1). The MSL represent the
westernmost location of the Late Weichselian ice sheet.

The Aabenraa area is located in an irregular terrain dominated by ice-marginal moraine hills
sloping down towards the Aabenraa Fjord to the east. The hills are dominantly clayey. West
of Aabenraa, the moraine hills outline the Main Stationary Line (MSL).
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Figure 3.1. Geomorphology (Jakobsen, 2022). The figure shows main geomorphological elements. The map
area is approximately the same as Figure 1.1.

From the west side of the clayey hills and further westwards the geomorphology is dominated
by the Lateglacial Tinglev outwash plain which was formed by sedimentation of meltwater
sand and gravel when the margin of the Late Weichselian ice sheet was at the MSL
(Houmark-Nielsen, 2007). The outwash plain has a westerly oriented slope from around 50
m a.s.l. at the former ice margin to the east, to a few metres below sea level at the North Sea
coast farther to the west. The outwash sediments generally consist of sand and gravel and
attain thicknesses of up to around 20 m (Friborg 1996). On Figure 3.1, a large part of the
outwash plain is described by Jacobsen (2022) as having a dead-ice topography (see also
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Hansen, 1978). However, the irregularities of the topography in large parts of this area has
been proven to be the result of Postglacial tectonic movements caused by deglaciation-in-
duced reactivation of the faults of the Tander Graben (Sandersen & Jargensen, 2015; see
later description). Depressions in the outwash plain surface is illustrated on Figure 3.1 by the
presence of a large NW-SE oriented area with bogs a few kilometres east of Bylderup-Bov.

On the outwash plain there are isolated glacial hills of Saalian age lying as ‘islands’ sur-
rounded by the outwash plain sediments (Figure 3.1).

3.2 Structural framework

The study area is situated south of the WNW-ESE orientated Ringkebing-Fyn High (RFH)
at the northern margin of the North German Basin — see Figure 3.2 (NGB; Vejbaek 1997).
South of RFH is the WNW-ESE oriented Remg Fracture Zone (RFZ), marking the transition
between the RFH and the NGB (Lyngsie 2007). According to Lyngsie (2007), the RFZ is a
sinistral en-echelon fault zone offsetting the Top pre-Zechstein. Strike-slip movements and
block rotation in the RFH during the Palaeozoic made an impact both north and south of the
RFH. According to Rasmussen (2009), the RFH was inverted in the early Miocene as part of
the Alpine Orogeny and reactivation of former structural elements took place. A Late Ceno-
zoic inversion of the basement structures south of the RFH deformed most of the Cenozoic
succession in a compression event (Clausen & Huuse 1999).
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Figure 3.2. Study area and the general structural framework. Modified from Sandersen & Jorgensen (2015).

The Tander Graben farther to the south developed along the RFZ, and mobilized Zechstein
saltin the NGB added to the evolution of the graben impacting on the Mesozoic and Cenozoic
sedimentation (e.g. Clausen & Pedersen 1999). Differential subsidence and faulting of the
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cover sediments south of the RFH during the Cenozoic was caused by reactivation of Zech-
stein salt triggered by sediment load (Clausen et al., 2012). The salt acted as a detaching
surface, meaning that faults offsetting the Top pre-Zechstein may be detached from the suc-
cession above, and faults offsetting the Top Chalk surface generally may be detached from
the basement (Clausen & Huuse 1999; Clausen et al. 2012).
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Figure 3.3. The Tonder Graben visualized in the Top Chalk Group (m a.s.l.); Ter-Borch, 1991. Black lines
mark faults and a violet rectangle marks the approximate location of the study area. The coastline is en-
hanced with a blue line. A red line marks the approximate location of the seismic profile ST87T-005 shown
in Figure 3.4

The Tender Graben can be seen expressed in the Top Chalk surface as a W-E and NW-SE
trending depression across southern Denmark (Figure 3.3; Ter-Borch 1991). Large offsets in
the Top Chalk Group along the faults of the graben structure have created depressions of
several hundred metres depth. Fault-related subsidence took place during the Neogene
(Clausen et al. 2012), and some faults bounding the Tgnder Graben offset the sedimentary
succession including at least the Miocene deposits above the Chalk Group - see Figure 3.4
and Figure 3.6 (Friborg et al., 2002; Sandersen & Jargensen, 2015). The main faults of the
Tender graben are also visualized in Figure 3.5.
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Figure 3.4. Seismic profile ST87T-005 oriented SW-NE. For location see Figure 3.3. From Sandersen &
Jorgensen (2015).
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Figure 3.5. The main faults of the Tender Graben sketched as red hatched lines with the outline of the
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right half of the conceptual profile in Figure 3.6.
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3.3 The sedimentary succession

The sedimentary succession above the Top Chalk Group (Figure 3.3) described shortly in
the following, comprises the youngest pre-Quaternary sediments from Paleogene and Neo-
gene, and the Quaternary sediments from Pleistocene and Holocene. An earlier conceptual
understanding of the layer succession is shown in (Figure 3.6). To the right on the profile,
the main faults of the Tgnder Graben are seen offsetting the pre-Quaternary succession in
the order of 100-150 m causing the Miocene sediments within the main graben to be posi-
tioned deeper than outside the graben. From the profile it can be seen that the youngest
Miocene layers attain greater thicknesses within the graben (Friborg et al., 2002).
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3.3.1 Pre-Quaternary sediments

Paleogene sediments

The Paleogene sediments (‘Z&ldre Tertizer on Figure 3.6) are dominated by Paleocene, Eo-
cene and Oligocene clays. In the deep well Aabenraa-1 (DGU no. 160.101), the clays attain
a total thickness of close to 160 m.

Neogene sediments
The Miocene formations have been subject to intense investigation during the last 25 years
mainly because of the aquifer potential of the sandy formations (e.g. Rasmussen et al.,
2010). The mapped formations within the study area can be seen in the Tinglev boreholes to
the left on Figure 3.7:
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The Ribe Group includes the Vejle Fjord, Billund, Klintinghoved, Bastrup, Arnum og Odd-
erup Formations from the Lower Miocene. Three cycles with varying dominance of clay and
sand are found. The sediments were deposited in delta systems that were prograding from
north to south. The Ribe Group has a total thickness of up to 200 m or more.

The Vejle Fjord Formation (VFF) consists of mainly dark brown, clayey silt and occa-
sionally with thin lamination of grey sand and silt. The sediments of the VFF were
deposited in a brackish to full marine environment and are expected to be around 30
m thick.

The Klintinghoved Formation (KF) consists of dark brown, silty clay with intercalated
layers of sand. The sand is homogeneous or finely laminated. KF was deposited in
a storm and tidally influenced marine environment. KF attains thicknesses of up to
100 m.

The Bastrup Formation (BF) is dominated by grey sand with occasional gravel and
occurrences of clay. The sand is mainly quartz with mica minerals. The depositional
environment was deltaic and fluvial with point bars and channels. BF is up to 25 m
thick.

The Arnum Formation (AF) consists of dark brown, silty clay with numerous thin lay-
ers of shell-containing silty sand layers. The thin sand layers can have a high content
of heavy minerals and glauconite. The AF is deposited in a deep, full marine environ-
ment. AF interfingers with the sandy Bastrup and Odderup Formations, but can attain
a thickness of up to 50-60 m.

The Odderup Formation (OF) consists of fine to coarse sand with thin clay layers. OF
is subdivided into two members, the Stauning and Fasterholt Members, where the
Fasterholt Member contains coal layers. However, this member is not expected to be
found in the study area. The formation is quartz rich with mica and occasionally heavy
minerals. The OF was deposited in a coast/coastal plain environment. The thickness
varies but is expected to be up to or more than 50 m.

The Maade Group is from the Middle and Upper Miocene and includes the Hodde, @rnhgj,
Gram and Marbaek Formations. The total thickness is expected to be varying in the study
area with thicknesses of occasionally over 100 m.

16

The Hodde Formation (HF) is a brown, organic rich silty clay with thin sand lenses.
The upper parts consist of laminated, silty clays with glauconite, while the basal part
of the formation consists of a gravel layer. HF is deposited in a full marine environ-
ment with the basal gravel layer representing the initial transgression. The thickness
of the HF is expected to be around 25 m.

The @rnhgj Formation (JF) consists of green and brown clay with a high clauconite
content deposited in a marine environment. The expected thickness is up to 5 m.
The Gram Formation (GF) consists of predominantly dark brown clay with an increas-
ing silt content towards the top. In the upper part, thin sand layers occur. Concretions
of siderite are numerous, and the pyrite content is high. The GF is deposited in a full
marine environment. The GF is expected to be up to around 100 m thick.

The Marbaek Formation (MF) is dominated by white to reddish, fine- to medium-
grained, mica-rich sand with a few thin silt and coarse-grained sand or gravel layers.
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The sand beds show parallel lamination. The pyrite content is very high. The for-
mation was deposited in a storm-dominated marine environment. The expected thick-
ness is up to around 10 m.
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Figure 3.7. Log correlation panel from Piasecki & Rasmussen (2010). The panel shows the seven southern-
most boreholes from Tinglev (left) to Lillebzelt (right), see the insert map. Note that the elevation of the
boreholes is arranged relative to top Odderup Formation and top Bastrup Formation. The faults of the Tender
Graben are illustrated by to sub-vertical lines intersecting the succession.

The top of the Miocene sediments represents the surface of the pre-Quaternary succession,
and as illustrated on Figure 3.6, intense erosion and deformation has formed the surface.

3.3.2 Quaternary sediments

In the southern part of the Jutland peninsula traces of four glaciations and three interglacials
have been found, but within and close to the study area, sediments from only two glaciations
(Weichselian, Saalian) and one interglacial (Eemian) have been identified with certainty. The
glacial sediments consist mostly of tills and meltwater sand/gravel while the sediments from
the interglacials consist of marine and freshwater sandy and clayey sediments. In addition to
this, organic rich freshwater sediments from the Holocene have also been found.

During the Saalian glaciation three large ice advances are known (Figure 3.8). ‘The Norwe-
gian Ice Advance’ from the north was the oldest, and a sandy and quartz-rich till was depos-
ited (Houmark-Nielsen, 2011). The Drenthe advance from north-east deposited coarse melt-
water sediments and tills with a Swedish provenance, but according to Sjgrring & Frederiksen
(1980), local ice advances from north-westerly directions can be found. Finally, the Warthe
advance came from east/south-east resulted in deposition of clayey, quarts-poor, and cal-
careous tills with a Baltic provenance.
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The Eemian interglacial is represented in boreholes in Tinglev (e.g. borehole DGU no.
168.16), where molluscs confirmed a marine Eemian age (ddum 1933; see Sandersen &
Jorgensen, 2015). Additional findings of marine sediments at deeper levels could indicate
the presence of older interglacial sediments around Tinglev. The interglacial sediments are
only found occasionally pointing to former presence of fjords allowing narrow marine incur-
sions into the glacial terrain (Sandersen & Jargensen, 2015).
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Figure 3.8. Distribution of Saalian and Weichselian ice advances and moraines. From Sandersen & Jorgen-
sen (2022); modified after Houmark-Nielsen (2011).

As shown on Figure 3.8, the LGM advance in the Late Weichselian reached the MSL, and
only one earlier ice advance, the Ristinge Ice Stream, is believed to have reached farther
west than the MSL largely based on geomorphological observations of the Saalian hills and
of irregularities on the Weichselian outwash plain (Houmark-Nielsen, 2007; 2011). However,
as mentioned previously, later interpretations of the outwash plain topography have found
that the irregular terrain on parts of the Tinglev outwash plain is caused by deglaciation-
induced reactivation of faults in the Tgnder Graben (Sandersen & Jargensen, 2015). These
findings therefore question the westerly extent of the Ristinge Advance in the Bylderup-
Bov/Tinglev area. No sedimentological observations of a more westerly ice margin than the
MSL have been found in this part of Jutland (e.g. Kolstrup & Havemann, 1984).

3.3.3 Buried valleys

Buried tunnel valleys were created underneath the Pleistocene ice sheets by high-pressure
meltwater erosion (Jgrgensen & Sandersen, 2006), whereas other valley-like forms can be
created as depressions or as other types of erosions into the substrate. Valley erosions are
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particularly important in relation to groundwater flow and vulnerability because they may be
eroded deep into the subsurface, thereby creating possible pathways for groundwater
transport between shallow and deep aquifers (Sandersen & Jgrgensen, 2003, 2016).

/G2 Bedsted

LOSTER

-/ BOLDERSLEV

Figure 3.9. Mapped buried valleys as of 2021. Red polygons are well-documented buried valleys, whereas
blue valleys are weakly documented. The map is based on data from www.buriedvalleys.dk. The town of
Bylderup-Bov and the city of Aabenraa are marked with green. Compare with Figure 1.1.

In and around the study area a few buried valley structures have been mapped (Figure 3.9;
Sandersen & Jgrgensen, 2016). The interpretation uncertainty is varying because in some
cases the presence of the valleys is not supported by independent datasets, and in other
cases the presence of valleys is ambiguous because of a high degree of geological complex-
ity and because of the challenges for the geophysics to resolve the geological variations.

3.3.4 Glaciotectonics

Apart from the sandy outwash plains and the hills bordering the Aabenraa area, the Weich-
selian glaciation has not directly contributed to the sedimentary succession within the
Bylderup-Bov model area. Glaciotectonic deformations and glacial deposits within the area
must therefore be related to earlier glaciations, most likely from the Saalian and the preceding
Elsterian glaciation. Glaciotectonics is already known from several areas in the region, for
instance in the Tender area (Jargensen et al., 2012; 2014), north of the Bylderup-Bov model
area (Sandersen et al., 2021), and in the Eastern North Sea (Andersen et al., 2005; Andersen
& Pedersen, 2025).

Figure 3.10 shows two profiles through the glaciotectonic complex at Tender west of the
Bylderup-Bov model area. From the lowermost panel, it can be seen that the glaciotectonic
deformations reach as deep as 200 m b.s.l.,, or even more. It also appears as if the low-
resistive Miocene clay in the upper part of the Miocene succession to the right (dark blue
colour) has been deformed and broken up into isolated and irregular low-resistivity blocks
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(see between 15,000 and 25,000 m). Farther west, Andersen & Pedersen (2025) found that
the basal décollement surface of the Fang Bugt Glaciotectonic Complex developed in the
fine-grained sediments of the Arnum Fm (Early Miocene) whereas the upper décollement
surface developed in the fine-grained sediments of the Hodde Fm (Middle Miocene).
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Figure 3.10. The glaciotectonic complex in the T@nder area. Two profiles through a SkyTEM 3-D resistivity
grid. From Jargensen et al. (2012).

Figure 3.11 shows a profile through the uppermost 70 m of the sedimentary succession north
of Bylderup-Bov. Deformed Quaternary clays are seen along the profile, pointing to a glacio-
tectonic push from northerly directions. The sediments appear to be disturbed down to 50 m
b.s.l. and probably deeper (Sandersen et. al., 2021).

Wsw ENE

Outwash plain 'Hill island’ Outwash plain "Hill island’

b: Postglacial sediments

Elevation (m a.s.l.)

DOI (tTEM) | il f: Miocene sand and clay

0 1000 2000 3000 4000 5000 6000 7000

Distance (m)
Borehole lithology 1 10 100 1000

[ Veltwater sand/gravel  [_] Miocene clay
[] Meltwater silt [ Miocene san disit
[ Meltwater clay B cray il

Figure 3.11. A WSW-WNW cross-section through tTEM data and boreholes at Bolbro north of the Bylderup-
Bov model area. From Sandersen et al. (2021).
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3.4 Geological and hydrogeological considerations

Before starting the work on the 3D geological model, it is important to discuss geological and
hydrogeological issues that may have an importance for the transport of groundwater in the
study area.

As seen in the preceding sections, the sedimentary succession is expected to be structurally
influenced by a series of tectonic movements within the Tander Graben. The tectonic history
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of the graben is long, and we know that the faults have been reactivated as late as the Early
Holocene, which is seen as deformations of the present-day topography. Depressions in the
topography above the Tgnder Graben are highlighted by the presence of bogs (Figure 3.1),
but more obvious is the dark blue area highlighted with black arrows in Figure 3.12. This is a
large NW-SE oriented, rectangular area with very shallow groundwater which is located right
above the central part of the Tander Graben. The sandy and gravelly outwash plain would
be expected to be well drained, but the graben structure obviously has an impact on the
present-day drainage.

Glaciotectonism is, as previously mentioned, well-known in the region. Large deformations
of the sedimentary successions are found in several areas around the study area. Here the
deformations reach depths of more than 200 m resulting in the creation of highly complex
Quaternary geological architectures in large areas. In and around the Bylderup-Bov study
area, boreholes show that the base of the Quaternary is found at varying depth — occasionally
down to more than 200 m below sea-level. In addition to this, it has been found that buried
valley structures have been carved into the subsurface by glacial meltwater underneath the
ice sheets during the Pleistocene glaciations. Because these structures can erode through
aquifers and confining layers, connections may have been created between aquifers, thereby
enabling groundwater transport from shallow to deep layers or vice versa.
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Figure 3.12. Near-surface groundwater scenario; 10 m grid — depth to groundwater; summer (The Danish
Agency for Climate Data; hipdata.dk; see Henriksen et al., 2020). The figure shows approximately the same
area as on Figure 3.2. Black arrows outline a rectangular area with very shallow groundwater.
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The two different types of large-scale deformations found in the area - glaciotectonics and
deep tectonics - combined with deep erosions, result in not only a high subsurface complex-
ity, but also a high degree of geological uncertainty. Added to the uncertainties are also
known ambiguities in the age of the sediments in several borehole descriptions. The above
mentioned represent important issues to map and investigate, but at the same time they also
represent challenges for the geological modelling. A high geological complexity produced by
large-scale faults, erosions, and deformations disrupts the common conception of the sub-
surface consisting of laterally extended layers in a layer-cake setting.

The overarching aim of the Blue Transition DK-1 pilot is to try to sketch possible solutions to
climate-related groundwater challenges by means of both geological and hydrological map-
ping and modelling, and hopefully provide answers to main research questions such as:

- To which extent do the variations of the present-day topography affect the drainage
of surface water and shallow groundwater?

- To which extent does the complex geological setting affect the drainage of the shal-
low groundwater in Bylderup-Bov?

- To which extent does the complex geological setting impact the exchange of ground-
water between deep and shallow aquifers?
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3.4.1 Challenging the existing geological model interpretations
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Figure 3.13. Conceptual geology of the FOHM vs. the Bylderup-Bov model (BB)

The National Hydrostratigraphic model called ‘FOHM’ is layer-cake model based on a merg-
ing of local geological and hydrostratigraphical models (Miljgstyrelsen, 2020).

In Figure 3.13, the upper profile shows the FOHM layers and the corresponding layer bound-
ary names along a SW-NE transect through the Bylderup-Bov model area. The profile shows,
that the Tgnder Graben is visible in the deep parts of the FOHM model, where the top of the
Danian limestone (green layer) and the Paleogene (dark blue layer) lie considerably deeper
in the central parts of the profile. In the Miocene, and Quaternary sediments above, however,
the Tander Graben is only vaguely represented in the form of slightly thicker layers.
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Because of the signs in several boreholes that the Quaternary sediments are considerably
thicker than the up to 70 m as shown on the upper profile, an alternative conceptual geology
was made as a working hypothesis. This alternative conceptual geology is sketched on the
lower profile, where the blue hatched lines show a fundamentally different geology with Qua-
ternary sediments within and northeast of the Tender Graben down to depths of more than
200 m below the surface. This alternative conceptual geology was tested during the geolog-
ical modelling; see the following text.
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4. Data

4.1 Topography and geomorphology

For the geological modelling, a standard Digital Elevation Model (DEM) available via the
modelling software GeoScene3D (i-gis.dk; Geocloud) has been used (25 m grid). No detailed
analyses of the topography have been made in connection with the modelling. Instead we
refer to Sandersen & Jagrgensen (2015), where elaborate analyses of a high-resolution DEM
have been made.

The geomorphology shown in Figure 3.1 is from Jacobsen et al. (2022).
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Figure 4.1. Main data used in the geological modelling. Red dots: Boreholes from the Jupiter database.
SkyTEM surveys: Dark green lines: Tinglev (2012), purple lines: Ravsted-Bedsted (2012), and blue lines:
MST (2024). tTEM surveys: Hjordkaer: pale red dots (2024), and Bylderup-Bov: light green dots. Blue Tran-
sition seismic: Black line. The shown grid is a one-kilometre grid.

4.2 Borehole data

Borehole data from GEUS’ Jupiter Database (Hansen & Pjetursson, 2011) has been ac-
cessed in GeoScene3D via Geocloud) and as direct database search via the GEUS webpage
(https://data.geus.dk/JupiterWWW/index.jsp). The boreholes are shown in Figure 4.1 as red
dots. Figure 4.2 shows boreholes deeper than 75 m, totalling 8 boreholes within the BB model
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area. Of these boreholes, two have geophysical down-hole logs and one of these two also
have biostratigraphical analyses of sediments samples (boreholes DGU no. 159.1444 and
160.1378). Some of the deep boreholes outside the BB model area shown in Figure 4.2,
however, have logs and biostratigraphy that have contributed to the geological interpretations
within the BB model area.
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Figure 4.2. Boreholes deeper than 75 m (purple dots) and geophysical data points (see Figure 4.1). Data
from the GEUS Jupiter database. The shown grid is a one-kilometre grid.

4.3 Geophysical data

4.3.1 SkyTEM and tTEM

Data from the following TEM surveys has been used (see Figure 4.1):

SkyTEM:
- Tinglev (Rambgll, 2012a): The survey was carried out in 2011 and data processing
performed by Rambegll in 2012. The SkyTEM models were downloaded from the
GEUS National geophysical database (GERDA).
- Ravsted-Bedsted (Rambagll, 2012b): The survey was carried out in 2011 and data
processing performed by Rambgll in 2012. The SkyTEM models were downloaded
from the GEUS National geophysical database (GERDA).
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- MST (SKkyTEM 2023): The survey was carried out in 2023 and the processing was
performed by Niras (Niras 2024). The SkyTEM models were delivered directly from
the Danish Environmental Agency (MST; Miljgstyrelsen) to GEUS.

tTEM surveys

- Hjordkeer: Survey data from 2024 downloaded from the GEUS National geophysical
database (GERDA).

- Bylderup-Bov (Aarhus University, 2025): tTEM survey performed by Aarhus Univer-
sity 2023-2024.

4.3.2 Seismic data

Oil exploration seismic and ‘groundwater seismic’

Only two seismic profiles shown in Figure 3.4 and Figure 3.6 have been used as background
data for the geological interpretations. These two seismic lines and all other lines lie outside
the area covered by the Bylderup-Bov model and have therefore not been used in the 3D
modelling.

The Blue Transition seismic survey

The seismic lines performed as a part of the Blue Transition DK-1 is shown on Figure 4.1,
Figure 4.2 and Figure 4.3 as black lines. Figure 4.3 is an enlargement of the southwestern
part of Figure 4.2.
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Figure 4.3. The three parts of the Blue Transition seismic survey marked with black lines. The reference
borehole ‘Tinglev-1’ is used for the interpretations. Boreholes from the Jupiter database are shown as small
red dots. This figure is an enlargement of the southwestern area shown in Figure 4.1. The shown grid is a
one-kilometre grid.

The reflection seismic survey was carried out by LIAG during 9 days in June 2023, applying
the high-resolution shear wave technique utilizing a land streamer receiver unit combined
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with an Elvis7 microvibrator seismic source (Polom et al., 2013). Due to the specific require-
ments of the method, the profiling was restricted to operation on paved roads. In the
Bylderup-Bov profiling area two independent acquisition setups were used simultaneously to
cover the amount of profiling aspired.

Conditions during the survey were good except some noise generated by wind and farming
activities. Reflection seismic data processing was carried out by LIAG in 2023, resulting in
three profiling segments (Fig 4.1) of 1.5 km, 1.9 km, and 2 km, respectively, with small inter-
ruptions between the segments due to local physical conditions. Based on the detailed Root
Mean Square (RMS) stacking velocities analysed during data processing, the sections are
converted from time to depth domain for final imaging and interpretation. Elevation reference
datum (zero m line at the imaged sections) was finally set to 30 m DNN with respect to the
highest elevation level along the three profiling segments. Resulting section trace interval
(Common Midpoint interval, CMP) of the profiling segments is 0.5 m, the maximum depth
penetration reached ca. 150-200 m below surface by a vertical structure resolution of 0.5-2
m.

Data interpretation was carried out by LUH and LIAG referenced by the deep borehole Tin-
glev-1 (DGU no. 167.234A) and some shallow boreholes (< 50 m depth) along the profiling
(Figure 4.3).

4.4 Structural data

The current knowledge of the deep faults in the Danish area mainly comes from the seismic
data collected in relation to oil/gas exploration in the last decades of the 1900’s. Of special
interest for the Bylderup-Bov model are the faults of the Tander Graben which penetrate the
Top Pre-Zechstein (Vejbaek & Britze, 1994) and the Top Chalk Group (Ter-Borch, 1991; see
Figure 3.3). A vectorization of these faults shown in Figure 3.5 is from Sandersen & Jargen-
sen (2015).

4.5 FOHM model interpretation data

The FOHM layers contribute to the Bylderup-Bov/Aabenraa modelling as boundary condi-
tions outside the modelled areas. The FOHM interpretation points have been merged with
relevant interpretation points of the Bylderup-Bov/Aabenraa model layers and eventually in-
terpolated to form horizontally coherent layer boundaries for a larger area (see later sec-
tions).

The FOHM layer interpretation points have been downloaded from the GEUS website:
https://data.geus.dk/geusmap/?mapname=fohm#baslay=baseMapDa&optlay=&extent=-
81074.07407407399,5902208.333333333,1123074.0740740742,6547791.666666667.
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5. 3D geological modelling

5.1 Focus

As described in the preceding, the complex geological setting due to presence of faults,
glaciotectonics, and deep erosions, combined with ambiguous borehole data pose chal-
lenges for the 3D geological modelling. The challenges arise mainly from the anticipated
difficulties in modelling the geological complexities to a sufficient degree of detail for the sub-
sequent hydrological modelling. To fulfil the aim of the project, the physical framework for the
groundwater transport should be modelled as detailed as possible with the given data, mod-
elling tools, and economy.

Because of the high groundwater levels in the study area, the focus described in the DK-1
pilot is on geology and groundwater in the uppermost 50 m. However, as it is expected that
the geological complexity in the Bylderup-Bov area may result in a larger transport of ground-
water between deep and shallow aquifers than hitherto assumed, a modelling of deeper lay-
ers has proven necessary. The modelling activity has therefore been expanded to a greater
3D volume than previously planned.

5.2 General model choices

The geological modelling of both the Bylderup-Bov (BB) and the Aabenraa model (AA) is
performed using the GeoScene3D software from i-gis (i-gis.dk). Although a traditional layer-
cake modelling is not optimal for modelling a complex geological setting, this has been cho-
sen over voxel modelling and combined layer/voxel modelling, because the number of layers
could be kept fairly low. In addition to this, voxel modelling and combined modelling alterna-
tives were not considered viable within the given budget.

It has been chosen to use the hydrostratigraphic layers defined in the FOHM model, in order
to ease merging with the Bylderup-Bov/Aabenraa models. The layers of the FOHM model
act as a boundary model outside the Bylderup-Bov and Aabenraa models (see Figure 1.1).
The advantage of this is, that existing interpretations outside the new model areas can be
used to create one single model covering a large area.

The layers of the new geological models should therefore contain layers similar to the layers
of the FOHM model. Niras and GEUS have coordinated the modelling and chosen adequate
model layer names to align with FOHM for all modelled layer boundaries. However, as the
new models introduce new geological interpretations based on new data, elevation changes
of the layer boundaries along the border between the models can be expected (see later
description).

The Bylderup-Bov model-interpretations are based on geology and therefore we consider it
as a geological model per se. But because simplification of the layer succession has been
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necessary and because of the merging with the hydrostratigraphic layers of the FOHM
model, the resulting model can be considered as a hydrostratigraphical model showing ag-
uifers and aquitards.

5.3 Model setup

5.3.1 Profiles

v I

Figure 5.1. Profile grid of the Bylderup-Bov (BB) model (black lines SW-NE and NW-SE). Boreholes are
seen as red dots, SKyTEM as thin blue and purple lines, and green areas are tTEM data. Thick purple
polygon represents the outline of the BB model, and Orange polygons are areas without geophysical data.
See text for further explanation.

The Bylderup-Bov geological model (BB model) is built around 60 profiles of varying length,
generally oriented SW-NE and NW-SE (Figure 5.1). The SW-NE profiles follows the SkyTEM
data lines, whereas the NW-SE profiles are roughly perpendicular to the SkyTEM lines. On
Figure 5.1 the BB model area is outlined by a thick purple polygon. The profiles southeast of
this area are only meant as support for the modelling and are not included in the BB model.

The profiles are named with prefixes SW-NE or NW-SE dependent on orientation, and profile
numbers on NW-SE profiles are low to the NW and high to the SE, and on the SW-NE profiles
they are low to the SW and high to the NE — for instance the profile ‘NW-SE_BB1_A’ is the
south-westernmost profile, while profile ‘SW-NE_BB1_A’ is the north-westernmost profile.
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On Figure 5.1, orange polygons delineate areas without TEM data. In these areas, the BB
model interpretations are based on a few shallow boreholes and relies heavily on interpreta-
tions in neighbouring areas with more data.

The geological interpretations are generally made along these model profiles. The profiles
have a data buffer of 100 m for the boreholes, 50 m for the SkyTEM, and 15 m for the tTEM,
meaning that data from a zone of two times the buffer on each side of the profile are included.
The distance between the profiles are typically between 200 and 1000 m in the data dense
areas and between 400 and 1400 m in the data poor areas (orange polygons). Due to time
constraints, geological interpretations outside the profiles have not been made.

5.3.2 Layer sequence

Figure 5.2 shows a conceptual geological profile sketch SW-NE through the BB model area
based on preliminary interpretations. The conceptual geology takes faults, deformations, and
the deeper position of the Quaternary sediments inside and east of the Tgnder Graben into
account (see Figure 3.13). Apart from the Maade Group layers, the deeper Miocene layers
are is not well resolved in the SkyTEM data, and individual sand and clay layers cannot be
defined. The same can be said about the deep parts of the Quaternary sediments, where the
boundary to the Miocene below is uncertain, because the high-resistive ‘Quaternary’ sedi-
ments may be Miocene. Lithological details can be obtained from borehole data, but only a
few boreholes are available. This means that the interpretation of the bottom of the Quater-
nary sediments is based on very few data points, and that a precise distinction between
Quaternary sandy sediments and Miocene sandy sediments cannot be made.
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Figure 5.2. Conceptual SW-NE geological sketch across the BB area. White hatched lines denote tentative
deep faults. See text for further explanation.

Above the deep, sandy Quaternary sediments in the Tgnder Graben we find a fairly thick,
but very irregular clay layer, with occurrences of Quaternary sand. Some of these are inter-
preted as buried tunnel valley erosions. Above, the Quaternary layers alternate between
sand and clay where the degree of deformation seems to be less pronounced compared to
deeper levels. At the top we find layers of Lateglacial, sandy outwash plain sediments with
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patches of Postglacial peat and gyttja in low-lying areas. Because of the patchy tTEM map-
ping, the bottom of the Postglacial sediments has not been modelled. Instead, a Postglacial
layer will be handled in the hydrological model based on current soil maps.
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Figure 5.3. Sketch of the BB layer boundaries named with ‘BB’ followed by the corresponding FOHM layer
number (see Table 1). Zeroes inserted above layer boundaries denotes zero thickness (between blue arrows
along the profile).

Table 1. Model layer boundaries of the FOHM and the new merged AA/BB-FOHM model.

Layer modelled in: Search radius (m)

Boundary name in FOHM Boundary name in AA/BB-FOHM Geology FOHM AA BB Interpolation
0050_Antropocaen_bund AA_BB_FOHM_0050_Antropocaen_bund Bottom of Anthropocene layer X 200
0100_Postglacial_tgrv_bund AA_BB_FOHM_0100_Postglacial_toerv_bund Bottom of Postglacial peat X 200
0120_Postglacial_sand_bund AA_BB_FOHM_0120_Postglacial_Sand_bund Bottom of Postglacial sand X 500
0200_Kvartaer_sand_bund AA_BB_FOHM_0200_KS_bund Bottom of glacigenic sand X 500
0300 _Kvartaer_Ler_bund AA_BB_FOHM_0300_KL_bund Bottom of glacigenic clay X 500
0400_Kvarteer_sand_bund AA_BB_FOHM_0400_KS_bund Bottom of glacigenic sand X X X 2500
1100_Kvartzer_ler_bund AA_BB_FOHM_1100_KL_bund Bottom of glacigenic clay X X X 2500
1200_Kvartaer_sand_bund AA_BB_FOHM_1200_KS_bund Bottom of glacigenic sand X X X 2500
1300_Kvartzer_ler_bund AA_BB_FOHM_1300_KL_bund Bottom of glacigenic clay X X X 2500

E 1400_Kvartaer_sand_bund AA_BB_FOHM_1400_KS_bund Bottom of glacigenic sand X X X 2500

c 1500_Kvartzer_ler_bund AA_BB_FOHM_1500_KL_bund Bottom of glacigenic clay X X X 2500

9 2100_Kvarteer_sand_bund AA_BB_FOHM_2100_KS_bund Bottom of glacigenic sand X X X 2500

g 2200_Kvartaer_ler_bund AA_BB_FOHM_2200_KL_bund Bottom of glacigenic clay X 2500

(e} 2400_Kvartaer_ler_bund AA_BB_FOHM_2400_KL_bund Bottom of glacigenic clay X X 2500
5100_Maadegruppen_Gram_og_Ho
dde_Bund AA_BB_FOHM_5100_MaadeGramHodde_bund |Bottom of Maade Group clays X X 5000
5200_Oevre_Odderup_ODS3_Bund |AA_BB_FOHM_5200_ODS3_bund Bottom of Upper_Odderup Fm X 5000
5300_Oevre_Arnum_ARL3_Bund AA_BB_FOHM_5300_ARL3_bund Bottom of Upper Arnum Fm X 5000
5400_Nedre_Odderup_ODS2_Bund |AA_BB_FOHM_5400_ODS2_bund Bottom of Lower Odderup Fm X 5000
5500_Nedre_Arnum_ARL2_Bund AA_BB_FOHM_5500_ARL2_bund Bottom of Lower Arnum Fm X 5000
5700_Klintinghoved_KRL6_Bund AA_BB_FOHM_5700_KRL6_bund Bottom of Klintinghoved Fm X 5000

(]

=

8 5800_Bastrup_BADS5_Bund AA_BB_FOHM_5800_BADS5_bund Bottom of Bastrup Fm X 5000

o

> 6900_Vejle_Fjord_VFL6_Bund AA_BB_FOHM_6900_VFL6_bund Bottom of Vejle Fjord Fm X 5000

(]

=

(7]

oo

o

(]

&

g 8000_Palaeogen_ler_Bund AA_BB_FOHM_8000_Palaeogen_Ler_bund Bottom of Palaeogene clays X 5000
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In Figure 5.3, the BB model layer boundaries with their respective FOHM related numbers
are shown in a simplified manner. Apart from the bottom of the ‘5100’ layer (the bottom of
the Maade Group Clays), the Miocene succession has not been modelled in the BB model
and interpretation points from the FOHM model have been used (see Table 1).

5.3.3 Point interpretation

In GeoScene3dD, the geological interpretations have been made using three types of inter-
pretation points: 1) Interpretation points with snap to data, 2) Interpretation points without
snap to data, and 3) Supporting points for guiding the gridding (Table 2). For each interpre-
tation point the point type is registered.

Table 2. Interpretation point types used

Point Point type Category Description
type no.
1 Interpretation points Interpretation Interpretation points for the spatial position of a
with snap to data points boundary surface. A snapped interpretation

point is attached to a data point in the model
space. This will normally be a layer boundary in
a borehole but can also be boundaries ina TEM
sounding or on a seismic profile.

2 Free interpretation Interpretation Interpretation points for the spatial position of a

points (no snap to data) points boundary surface, but as opposed to a snapped
interpretation point, the free interpretation

points are not directly linked to a data point in
the model space. Free interpretation points can
be used based on data close by or general ge-
ological knowledge.

3 Guiding interpretation Supporting A guiding interpretation point is a free point only
points points us.ec? as SL.Jpport for the grldd.mg Process. The
guiding points are not geological interpretation
points per se, and they can be used to form the
gridded surface in a pre-defined way or for in-
terpretations in data sparse areas.

However, due to a technical error, the point types have not been properly stored in the points
database, meaning that the column ‘PointType’ should not be used. This said, point types
used are predominantly point type 2 in areas with a high data density, and point type 3 typi-
cally in areas with low data density.

In connection with performing the interpretations along the geological profiles a qualitative

uncertainty assessment of the interpretation is attached to each interpretation point (Figure
5.4).
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Table 3. Uncertainty classification for interpretation points (partly based on Hgyer et al., 2024 and Sander-
sen, 2008)

Uncertainty Primary rationale Secundary rationale

class

0 — Outside cate- | Points not related to data. Supporting
points intended for helping interpolation

gory
only.
1 - Low Interpretation points linked to reliable | Interpretation points linked to less reliable
borehole borehole
Data (with snap) data or high quality geophysical data with
well-resolved information about the layer
boundary, consistent with the conceptual ge-
ological model.
2 — Intermediate Interpretations in areas with less well-re- | Interpretations in areas far from neighbouring
solved data, but with low geological complexity and a

information from geophysical data, but in | strong conceptual model.
areas where the conceptual model and/or
neighbouring data support the interpreta-
tions (no snap).

3 — High Interpretation points based solely on the | Points placed in areas with less reliable data
conceptual model and data from greater
distances (no snap).

. 3 2 .Q
|fi\l: (o ![‘w )%

* .
. - a3 - = N . .3 2. 8 L, P

Figure 5.4. An example of uncertainty classes related to interpretation points.

5.3.4 Merging of interpretation points and interpolation of model layers

In order to produce one geological model for the area covered by the hydrological model
area, the Bylderup-Bov and the Aabenraa models need to be merged with the FOHM model.
As described in the sections above, it has been secured that all three models use the same
layer terminology, meaning that the final model will include a merger of interpretation points
for each boundary layer for all three models.
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The procedure has been as follows:

e A copy of the interpretation points of all layers in the FOHM model inside the current
scene extent is exported. (The GeoScene3D ’scene-extent’ is the extent of the active
model area)

e Within this copy, FOHM interpretation points for all layers inside the AA and BB model
areas are deleted — except for the layers that have not been modelled in the AA and
BB models

e Interpretation points from the AA and the BB models inside the individual model
boundaries were copied and merged into the same point database

The individual layers in the merged interpretation points database are now interpolated using
GeoScenedD'’s Interpolation Wizard. All points of all layer boundaries (surfaces) are gridded
with Inverse Distance Weighting (IDW) in 25 m grids. The settings for the interpolation have
been chosen to follow the Danish EPA (‘Miljgstyrelsen’) general settings used in the FOHM
model; see Table 4 and Table 5. The terrain Digital Elevation Model (DEM; 25X25 m grid) is
accessed via GeoScene’s Geocloud.

Table 4. Interpolation settings

Interpolation Wizard (BB_1100) e

Algorithm Settings
In this page the selected algorithm is configured.

Source Data
Region
p— Exponent: 4,00 %
Grid Geometry Smooth Factor:
Destination Point Limits
Finish O None
(®) Quadrant Count 3 A
() Max Count 1] %

Table 5. Grid geometry and Scene extent

nterpolation Wizard (AA_BB_FOHM_0050_Antropocaen_bund X

Algorithm Grid Geumetry

Specify the size and geometry of the resulting output grid. 2D grids must have

Source Data identical node spacding in XY,

Region

Settings Grid Extent {corner node coordinates)

Search X Min:[501000.0000 [*g] X Max:(531000.0000 B | Adjust
Grid Geometry

¥ Min{6084000.0000 5| ¥ Max:[6104000.0000 [#] | Data Extent
Destination

Finish Z Min: -100.0000 | Z Max:|100.0000 17 | Scene Extent

Mode Spacing Mode Count Grid Info

x: [2s0000 [B]] x: [1201 [Bf]  Width 00: 30000.00

Height (¥): 20000.00
. +. . +.
v [s0000 [8] v [sor A Depth (2): 200.00

7 |so.oooo (B4 Z |5 i Nodes: 962001
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The interpolation led to minor adjustments in the interpretation points database and required
re-interpolation:

o Artefacts were created in the interpolation of the uppermost layers of the AA model.
This was solved by decreasing the search radius (see Table 1).

e The layer boundary ‘2400’ had a few unusual peaks in the area between the AA and
the BB models. This was solved by deleting four FOHM model points, causing the
peak within this small area (with sparse data)

¢ Interpretation points of the layer ‘400’ just northeast of the AA model was creating
disturbances inside the AA model area. This problem was first attempted to be solved
by deleting FOHM points of layer ‘400’ northeast of the AA model area. This was
however not enough. Subsequently, points above terrain were added along ridges in
the central part and along the north-eastern border of the model area. These specific
points were given a point-type 7’ in the point database.

5.3.5 Grid adjustments

Once the grids have been made, an adjustment of the grid surfaces is performed using the
Grid Adjustment tool in GeoScene3D. This adjustment is based on the defined layer succes-
sion and thereby the grid order (Table 1), minimum and maximum vertical distance between
grids, and the maximum allowed grid adjustment. The grid adjustment produces a new set
of grid files named with the postfix ‘Adjusted’ together with a set of grids containing the
amount of adjustment for each grid, and a set of isopach grids for the resulting layer thick-
nesses.

& Grid Adjustment X
Original \ Adjusted. DK _Terrain_ 1.25m  AA_BB_FOHM_0050 AA_BB_FOHM_0100 AA_BB_FOHM_0120.AA_BE_FOHM_0200/AA_BE_FOHM_0300 AA_BB_FOHM_0400 AA_BB_FOHM_1100 AA_BB_FOHM_1200 AA_BB_FOHM_1300 AA_BB_FOHM_1400 AA_BB_FOHM_1500 AA_BB_FOHM_2100 AA BB f 2:: cestedond)
i k] 188 188 5o 183 183 18 18 18 18 18 18 188

oot | oo Tomo 188 183 183 oo b 5o 5o 5o 5o 5o 5o

s pomonn | 50 1 %o Tiows 163 185 b b 5 5 5 5 5 5

oo, | 38 A L %800 Thmo 183 oo b 5o 5o 18 5o 5o 5o

rammromom. | 58 183 183 1 %800 T %o oo b 18 18 18 5o 5o 5o

] 1 189 138 1 %o T oo b 185 185 185 ] ] ]

oo, | 58 183 183 188 183 1 %o Tomo 183 18 18 5o 5o 5o
oo, | 68 18 18 168 163 163 1 %omo Towo 183 188 188 188 188 [ osuca | [ toacat
o | 50 1 1 18 185 183 185 1 %omo Towo 183 ] ] T55| Crusnkveses
o | 88 183 183 188 183 183 183 185 1 %o T 0 5o 5o 5o

s pomn | 80 18 18 168 163 163 183 138 183 1 %omo Towo 183 18

e rom. | 38 183 183 188 183 183 183 183 18 13 L %o T Bomo 50

o, | 58 5o 183 5o 183 183 183 183 18 18 5o 1 %o ol

e | 58 5 18 B 135 185 185 13 13 155 5 5 L %o

o | 38 5o 188 5o 183 183 183 183 18 18 5o 5o 5o 183

o, | 58 183 183 188 183 183 183 183 18 18 18 18 18 183

o | 50 13 1 158 16 153 1363 a3 133 133 133 Las 1as 13

o, | 58 183 183 188 183 183 183 183 18 18 18 18 18 183

wmonsm iR wo Lo Qs Qe lmo s wmo ol Ix lwo B |

o | 50 13 13 18 1o 15 135 1 a5 14 14 14 Lo Lo 13

o, | 58 183 183 188 183 183 183 183 18 18 18 18 18 183

it LSRN S Y-S HNE RS SRS RS SE ST G BT ..

ramrome. | 38 50 183 188 183 183 183 183 18 18 18 183 183 183

rammrome. | 58 5o 188 188 183 183 183 18 18 18 18 18 183 188

Figure 5.5. Grid adjustment dialogue box example.

The GeoScene3D Grid Adjustment dialogue box is shown in Figure 5.5. The example shows
the initial setup, before defining details of the final grid adjustment of the model.

In the AA/BB-FOHM model, the minimum thickness of individual layers is set to 0.0 m. The
surfaces Terrain (DK_Terrain_25m) and the Top pre-quaternary (layer 2400) are fixed and
all other layers are adjusted up or down with respect to these layers. For further details, see
the GeoScene-3D project.
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6. Results

6.1 Geological interpretations of geological and geophysical
data

6.1.1 TEM mean resistivity slices

A 3D gridding has been made based on the SkyTEM survey data in and around the BB model
area, and in the following, selected mean resistivity slices at different elevations are shown
and described. The slices give a birds-eye view of the area and visualizes large scale resis-
tivity variations and trends. Mean resistivity slices from +20 to -200 m a.s.l. are shown in the
following, starting from the top.

TEM resistivity (ohm-m)

Figure 6.1. Mean resistivity slice 20 m above sea-level (a.s.l.). Red hatched lines show the approximate
locations of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.

Slice 20 m a.s.| (Figure 6.1) shows generally high resistivities (red/orange colours) with
smaller areas of slightly lower resistivities (yellow/greenish colours). The lower resistivities
tend to follow a WSW-ENE orientation, as highlighted by the arrows on the figure. Borehole
data shows that the high resistivities are Quaternary sand and gravel of the Lateglacial out-
wash plain, whereas the lower resistivities represent clay Hill.
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TEM resistivity (ohm-m)

Figure 6.2. Mean resistivity slice 0 m above sea-level (a.s.l.). Red hatched lines show the approximate loca-
tions of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.

Slice 0 m a.s.l (Figure 6.2) shows predominantly moderate resistivities (greenish colours) in
the central and northern parts and high resistivities (red) in the southern part. Again, there is
a tendency of a WSW-ENE trend in the resistivities. Highlighted by the blue arrows, for in-
stance, is a band of high resistivities in an area, where the resistivities in the slice above
shows lower resistivities (Figure 6.1). Compared with Figure 6.1, Figure 6.2 shows ‘reversed’
resistivities in the northern and central parts. According to borehole data, the moderate re-
sistivities represent Quaternary clay till and the high resistivities represents meltwater sand
and gravel.

On slice -30 m a.s.l. (Figure 6.3), the WSW-ENE trend, as seen above, is no longer present,
and irregular patches of low resistivities emerge (bluish areas). At the blue arrow, the low
resistivities represent the Miocene Maade Group Clays according to boreholes (e.g. DGU
no. 159.1335). The low resistivity patches farther to the east, however, have slightly higher
resistivities, pointing to clayey Quaternary sediments.

On slice -50 m a.s.l. (Figure 6.4), the low-resistivity areas to the west become more pro-
nounced and the low-resistivity patches to the east now merge into larger areas. The green
arrows highlight two NE-SW trending longitudinal stretches of low resistivities separated by
a high-resistivity area. To the south, the purple arrows show a sharp boundary to high-resis-
tive sediments to the northeast apparently matching with one of the major faults. The red
arrows to the west highlight a longitudinal N-S stretch of high resistivities. This structure is a
buried valley eroded into the low-resistive sediments. Just like it is seen on the -30 m slice
(Figure 6.3), the southern end of the structure reaches the town of Bylderup-Bov.
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Figure 6.3. Mean resistivity slice -30 m above sea-level (a.s.l.). Red hatched lines show the approximate
locations of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.
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-80 m a.s.l.
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TEM resistivity (ohm-m)

-

Figure 6.5. Mean resistivity slice -80 m above sea-level (a.s.l.). Red hatched lines show the approximate
locations of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.

The features of slice -50 m a.s.l. are also present in slice -80 m a.s.l. (Figure 6.5), but there
appears to be a marked difference in the picture of the resistivities northeast and southwest
of a NW-SE line, respectively (highlighted by the purple arrows). A relation to the fault as
mentioned earlier seems to become more clear with depth. The low-resistive structures at
the green arrows are still present, but the high resistivities in-between gets broader with
depth.

At -80 m, the low-resistive structures are around 7-8 km long and up to 2% km wide. The
valley at the red arrows become narrower with depth. The high resistivities southwest of the
N-S valley represent another buried valley which is broader and has an E-W orientation.

On the -120 m a.s.l. slice (Figure 6.6), the low-resistive structures at the green arrows retain
their orientation, but the high-resistive sediments between widens even more. In 3D, this
resembles a large NE-SW oriented fold in a succession of low-resistive sediments above
high-resistive sediments. As it can be seen on the -120 m slice, the structure changes its
appearance southwest of the line between the purple arrows.

On the -200 m slice (Figure 6.7), low resistivities dominate (blue colours), and high resistivi-
ties can only be found in an irregular NW-SE band inside the main faults of the Tgnder Gra-
ben. The area with very high resistivities to the NW represents TEM models below the DOI
(Depth Of Investigation), and therefore cannot be relied on. The low resistivities predomi-
nantly represent the deepest clay formations of the Miocene succession, and as the dark
blue arrows indicate, there seems to be a WSW-ENE trend in the resistivity variations. This
trend can be seen from -150 m to -250 m indicating faults in the deep parts of the sedimentary
succession.
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TEM resistivity (ohm-m)
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Figure 6.6. Mean resistivity slice -120 m above sea-level (a.s.l.). Red hatched lines show the approximate
locations of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.

TEM resistivity (ohm-m)
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Figure 6.7. Mean resistivity slice -200 m above sea-level (a.s.l.). Red hatched lines show the approximate
locations of deep faults. Purple line marks the BB model area. Arrows: see text for explanation.
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6.1.2 Interpretations along selected vertical profiles

In the following, the geological model interpretations are sketched and described along six
selected vertical profiles (Figure 6.8). It should be noted that the annotated interpretations
are not the actual model interpretations along the defined layer boundaries but is a simpler
visualisation of the performed interpretations based on TEM data and boreholes. To see the
interpretation points and the interpolated layer boundaries we refer to the digital 3D model.

arofite S =

BB2-

Figure 6.8. Selected geological profiles

Profile SW-NE_BB2 A (Figure 6.9):

From 0 to 4,500 m:

The depth of investigation (DOI) is only around 150 m and therefore, the deepest
mapped layer is the ‘Miocene sand’ consisting of sands and clays of the Arnum and
Odderup Formations (Lower-Middle Miocene; Dybkjaer, 2010). These sediments pre-
dominantly show high resistivities. Above, the low-resistive ‘Maade Group’ of marine
clays attains a thickness of around 80 m.

A buried Quaternary valley has been eroded into the Maade Group, but this valley is
located just outside the BB model area. Above, the TEM and borehole data find tills
and meltwater sand.

From 4,500 to 11,500 m:

42

The deep Miocene sand and Quaternary meltwater sand cannot be distinguished
from each other in the TEM data. Because of the depth, clay layers may be present
but cannot be resolved in the SkyTEM data.

The section appears to be deformed and offset by faults. Presumably due to a com-
bination of glaciotectonics and deep tectonics related to the Tender Graben
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, see Figure 6.8.
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Figure 6.9. Sketch of geological interpretations along Profile S

GEUS



Two valleys have been eroded through the thick low-resistive clay. The clays resem-
ble the Maade Group clays, but they are interpreted as tills because of the defor-
mation and mixing with Quaternary sediments (according to boreholes around the
profile)

From 11,500 to 14,500 m:

According to borehole data, the deep sand is expected to be dominated by Quater-
nary sand. The tills above thin out towards the northeast.

The deep Miocene sediments most likely consist of clays of the Lower Miocene Klint-
inghoved Formation and older marine formations. This is suggested by biostratigra-
phy in deep boreholes to the south. There is, however, no well-control along the pro-
file.

Profile SW-NE_BB4 B (Figure 6.10):

From 0 to 2,500 m:

Above low-resistive Miocene clays, the SkyTEM finds high and moderate resistive
sediments which are interpreted as Quaternary sand and clay layers representing
buried valley infill (The Abild valley; Sandersen & Jargensen, 2016).

The valley is eroded through the Maade Group clays down to -140 to -150 m (see
profile NW-SE_BB1_A to the left; Figure 6.11).

From 2,500 to 10,500 m:

The elevation of the deep Miocene clay varies with a low around -280 m at 6,000 m
and presumably even deeper at 7,000 m. This is interpreted to be caused by
downfaulting within the Tender Graben. The Miocene and Quaternary sands above
are thickest here.

The clay tills above are deformed and varies greatly in thickness

From 10,500 to 12,500 m:

44

The deep Miocene clays are found at higher levels and the sand between the Mio-
cene clay and the clay tills becomes thinner towards the east.
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, see Figure 6.8.
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Figure 6.10. Sketch of geological interpretations along Profile S
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Figure 6.11. Sketch of geological interpretations along Profile NW-SE_BB1_A. The profile is the
southwesternmost NW-SE profile, see Figure 6.8.

Profile SW-NE BB6 A (Figure 6.12):

e The interpretations on this profile are to a large extent as on profile SW-NE_BB4 B

e The parts of the Tender Graben with the largest subsidence are between 7,000 and
11,000 m

e The deep borehole DGU no. 160.1378 at 13,200 m shows a Quaternary succession
down to the Miocene clays at around 200 meters depth.

From 3,500 to 8,500 m:

The deep low-resistivity Miocene clay is found below -180 m

e The Miocene sediments above consists of alternating layers of sand, clayey sand,
and clay

A buried valley is eroded into the Miocene succession; the valley is filled with high-
resistive meltwater sand

The uppermost 40 to 60 m consists of Quaternary meltwater sand with an interlay-
ered till. These layers are only slightly deformed.
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, see Figure 6.8.
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Figure 6.12. Sketch of geological interpretations along Profile S
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Profile NW-SE BB2 B (Figure 6.13):

From 0 to 4,500 m:

e Because of the reduced DOI, the SkyTEM cannot resolve the deep parts of the suc-

cession

e The Maade Group clays are around 80 to 100 m thick and are offset by a fault at

2,000 m and probably also at 3,500 m. The offset is around 20 m.

Profile_SW-NE_BB2_A Profile_SW-NE_BB4_B Profile_SW-NE_BB6_A

Scale:
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Figure 6.

From 4,

13. Sketch of geological interpretations along Profile NW-SE_BB2_B. For location, see Figure 6.8.

500 to 7,500 m:

The SkyTEM shows mainly high-resistive sediments interpreted as predominantly
Quaternary sand representing buried valley infill (The Abild valley; Sandersen &
Jargensen, 2016).

The valley is eroded through the Maade Group clays down to -140 to -150 m (see
also profile NW-SE_BB1_A to the right; Figure 6.11).

A layer of moderate resistivities of up to 20 m thickness is seen around 0 m a.s.l. The
layer is interpreted as till.

Profile NW-SE_BB4 B (Figure 6.14):

From 0 to 3,000 m:

48

Because of the reduced DOI, the SkyTEM cannot resolve the deep parts of the suc-
cession

The resistivity of the around 80 m thick clay till shows a strong resemblance with the
Maade Group clays and the clay till most likely represent glaciotectonically deformed
Maade clays

The succession appears to be offset by a fault at 3,000 m — probably related to the
Tender Graben.
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Figure 6.14. Sketch of geological interpretations along Profile NW-SE_BB4_B. For location, see Figure 6.8.

From 3,000 to 8,000 m:

Deep low-resistive Miocene clays are found below -200 m

The succession above (up to sea-level) is deformed and consists of clay tills and
Quaternary sand, and presumably also Miocene sand. The clay till is glaciotectoni-
cally deformed

The uppermost 40 m consists of meltwater sand and an interlayered till. These layers
are only slightly deformed

From 8,000 to 10,000 m:

The deep low-resistive Miocene clay is found at around -150 m, which is 50-150 m
higher in elevation compared to the northern 3/4 of the profile

The meltwater sand above the Miocene clay have a reduced thickness compared to
the central part of the profile

The clay till is glaciotectonically deformed and apparently thrusting in some parts
increases its thickness

The uppermost meltwater sand is between 25 and 40 m thick, except between 8,000
and 8,500 m, where a valley erosion makes the Quaternary succession around 120
m thick.

Profile NW-SE_BB8 A (Figure 6.15):

The Miocene clay is found at elevations between -120 to -200 m.

Above, it appears as if only Quaternary sediments are present: An around 200 m
thick and heavily deformed succession of predominantly meltwater sand with a few
layers of clay till.

In the uppermost parts, a 40-50 m thick Quaternary succession of meltwater sand
and till is present. These layers appear to be only slightly deformed
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6.1.3 The sediments

As the descriptions of the selected profiles above show, both the pre-Quaternary and the
Quaternary sedimentary successions appear to have been subject to not only deep tectonic
events but also erosion and deformation by ice and meltwater during the Pleistocene glacia-
tions. This has had a large impact on the geological architecture resulting in a high subsur-
face complexity. Especially the structural complexity can be difficult to interpret from the ge-
ophysical data, but it is also evident from borehole data that a distinction between pre-Qua-
ternary and Quaternary sediments in many cases can be very challenging.

6.1.3.1 The pre-Quaternary succession

The expected Miocene succession in the model area is shown in Figure 3.7 and described
in the text (Section 3.3.1). The borehole with the most complete Miocene succession and the
most reliable descriptions is the DGU no. 159.1335 at Jster Hgjst just west of the model area
(Figure 6.16; see also the profile in Figure 6.9).

The resistivity log of borehole DGU no. 159.1335 (Figure 6.16) shows that the deep Miocene
Klintinghoved Formation and the deeper Palaeogene clays have resistivities predominantly
below 5 ohmm (left logs). The Palaeogene clay of the Sgvind Marl in the deepest part of the
borehole, for instance, shows a resistivity below 3 ohmm and is described as ‘very sticky’
and very calcareous.

The sands of the Miocene Odderup Formation and the Bastrup Sand have resistivities below
40 ohmm, which is fairly low compared to the Quaternary meltwater sand in the upper parts
of the borehole where the resistivities typically lie between 60 and 80 ohmm. Sample de-
scriptions of the Miocene sand show that a clay content is very common, especially in the
deep 50 m thick Bastrup sand where the resistivity is very low for a fine to medium-grained
sandy deposit (15-25 ohmm). The Odderup and Bastrup sands are dark greyish-brown.

The Bastrup sand and the Odderup Formation are interlayered with blackish brown, slightly
silty clays of the Arnum Formation with resistivities typically between 10 and 20 ohmm.

The uppermost Miocene, the Maade Group, consists of clay with a resistivity of around 5
ohmm. The rather high clay content in the Miocene sands is confirmed by the counts of the
Gammalog (log to the right). The Maade Group clay is sticky, mica-rich, and black to blackish
brown and non-calcareous.

Occasionally, metre-thick shell layers are found in the Miocene succession. These are in
some cases categorized as ‘Gravel’ with reference to the grain size, but described as ‘Shells,
sandy, gravelly, grey brown’. Concretions in sand, gravel and stone fractions are also found
in several horizons.

The Miocene succession as it is found in borehole DGU no. 159.1335 is expected to be
representative for the Miocene sediments in and around the BB model area, and it consists
mainly of clay with interlayering of usually thinner layers of clayey sand. The colours of the
Miocene sediments are typically ranging from black to dark grey-brown.
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Figure 6.16. Borehole DGU no. 159.1335 at @ster Hagjst. To the left geophysical logs and biostratigraphic
interpretations (From Kristensen et al., 2015). Lower right: a NW-SE profile with general interpretations and
the borehole inserted. Top right: a mean TEM resistivity map at -70 m a.s.l. (black line shows the location of
the profile and the yellow star shows the location of the borehole. Red hatched lines: faults. Purple polygon:
the BB model area.
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6.1.3.2 The Quaternary succession

The lithological characteristics of the Quaternary succession is described in the following
primarily by using the descriptions from two deep boreholes, DGU no. 159.1444 and
160.1378 (The blue star is located just north of the borehole DGU no. 159.1444 and the
yellow star just north of DGU 160.1378 in Figure 6.17).
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Figure 6.17. TEM mean resistivity map at -80 m a.s.l. BB model profiles are shown as thin black lines, and
the model area is within the purple polygon. Purple dots show the locations of boreholes deeper than 75 m.
The blue star is located just north of borehole DGU no. 159.1444 and the yellow star just north of DGU
160.1378 (see text). The profile highlighted with the light blue line is shown below in Figure 6.18.

DGU no. 159.1444

The sediments in the 215 m deep borehole DGU no. 159.1444 are made up of alternating
layers of sand and clay with a close to 1/1 ratio (see location on Figure 6.17 and Figure 6.18
at the blue star). Apart from the uppermost meter the sediments are dark grey, greyish-brown
to blackish-brown in colour.

The deepest samples from 209-215 metes depth consists of sticky, silty clay, and above a
high-resistive and predominantly sandy succession of 50 to 60 meters thickness is found.
Above these layers, an approximately 80 m thick clay layer interpreted as predominantly clay
till described as grey-brown to blackish grey, sandy, silty, clay with fragments of chalk/lime-
stone is found. A fine to medium sand layer of 20 m thickness is found interlayering the clay.
In the TEM data, the clay is seen as a thick, irregular, low-resistive layer (Figure 6.18), but
the TEM cannot resolve the interlayered sand. Above the clay is a 70 m thick succession of
clay tills and meltwater sand/gravel with moderate and high resistivities, respectably.
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Miocene/Palaeogene clays
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Figure 6.18. Profile NW-SE_BB7_A northeast of Ravsted. The profile shows a vertical profile through the
3D grid of the SkyTEM data. Boreholes are seen as coloured vertical rods with outline and annotations. The
blue star marks the location of borehole DGU no. 159.1444 (see Figure 6.17). The grey lines are the layer
boundaries modelled in the BB model.

Palynological investigations performed on four samples from the borehole referred the deep-
est sample (214-215 m depth) to the Miocene Klintinghoved Formation. Three samples
above (201-202 m, 194—-195 m and 57-58 m depths) all contained palynomorphic assem-
blages of different ages, and the sediment was therefore interpreted as Quaternary reworked
sediments (Dybkjaer 2015). In other words, the sedimentary succession down to -182,5 m
a.s.l. can be considered to be of Quaternary age and presumably the sediments up to -40 m
a.s.l. can be considered as reworked and deformed during the Quaternary, most likely by
glaciotectonics. The palynological investigations point to reworking of the Miocene Maade
Group clays (Dybkjaer 2015). This conclusion fits well with the colours of the Miocene For-
mations described in the previous section from borehole DGU no. 159.1335.

DGU 160.1378

The Quaternary sediments in the 216 m deep borehole DGU no. 160.1378 are made up of
alternating layers of sand and clay with a 3/1 ratio (see location on Figure 6.19 at the yellow
star). Apart from the uppermost few meters, the sediments have a grey to greyish-brown
colour. The Miocene clay in the bottom of the borehole is greyish-black.

The deepest layer is a 12 m thick greyish black clay layer that is interpreted to be mixed with
Quaternary material. Above is 35 m of poorly sorted grey to dark grey calcareous sand fol-
lowed by 17 m layers of dark grey to black sandy and silty clay. Above lies close to 150 m of
predominantly grey brown to dark grey calcareous meltwater sand with minor interlayering
of greyish brown to greyish black clays interpreted as clay tills.

Foraminiferal analyses find the deepest samples to be the Miocene Klintinghoved Formation,
whereas the sediments above have foraminiferal assemblages that show signs of transport
and reworking. However, as shown in Kristensen et al. (2015), palynological analyses find
that the sediments from a depth of 80 m and down to the bottom of the borehole are Miocene.
The description in the Jupiter database appears credible and is supported not only by the
foraminiferal analyses, but also by the interpretations of the SkyTEM made in the BB model
pointing to a glaciotectonically deformed succession. This example of contradictory descrip-
tions can also be seen elsewhere, for instance in a 218 m deep borehole in Tinglev just
southeast of the BB model (DGU no. 160.1228). Here, a succession that might visually be
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seen as Miocene has been interpreted as Quaternary because of finds of both Miocene and
Quaternary shell fragments, and fragments of crystalline rocks throughout the samples (Note
by L.F. Jargensen dated 17.7.1998 in the Jupiter database). It was also concluded that the
clayey sediments were clay tills consisting of reworked Miocene sediments which have only
been transported for relatively short distances. The high resistivities in the interval between
ca. -20 and -140 m a.s.l. are in high contrast to the low to moderate resistivities of the Mio-
cene sediments in borehole DGU no. 159.1335 (Figure 6.16).
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Figure 6.19. Profile NW-SE_BB8_A northeast of Ravsted. The profile shows a vertical profile through the
3D grid of the SkyTEM data. Boreholes are seen as coloured vertical rods with outline and annotations. The
yellow star marks the location of borehole DGU no. 160.1378 (see Figure 6.17). The grey lines are the layer
boundaries modelled in the BB model. NB: Please be aware that the 3D interpolation of the SKyTEM 1D
models creates an evenly distributed grid that fills areas without data. The layer boundary interpretations
shown in the profile is solely based on the 1D SkyTEM models (see Figure 6.15 for comparison).

Interglacial deposits

What is interpreted to be interglacial marine deposits have been found in boreholes in and
around the BB model area. In borehole DGU no. 159.1108 north of Ravsted, a layer from -
40 to -77 m a.s.l. described as fine olive-grey sand with intact shells, shell fragments, and
mica is interpreted as interglacial marine sand in the Jupiter database. The sediment samples
have not been biostratigraphically investigated and the interpretation is therefore based pri-
marily on the content of shells of which no formal description and interpretation has been
performed. Miocene sediments can contain a high amount of shell material, and reworking
during the Quaternary may lead to numerous shell fragments in the Quaternary sediments.
However, the presence of intact, thin-shelled molluscs in the samples points to very little
reworking. Whether the sand represents an in-situ interglacial marine sediment deposited in
a depression, or a Quaternary sediment containing reworked Miocene shells cannot be de-
termined with certainty. The sand is found just north of the large scale glaciotectonic fold
mentioned in the preceding text thereby suggesting deposition in the low-lying parts of a hill-
hole-pair (Aber & Ber, 2007) — see Figure 6.20.
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Figure 6.20. Profile NW-SE_BB6_A just east of Ravsted. The blue arrow shows the location of borehole
DGU no. 159.1108, and the ellipse shows the interpreted hill-hole pair mentioned in the text (hill: the thick
clay till; hole: the depression to the left — now filled with Quaternary sand.
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Figure 6.21. Sediment description of the borehole DGU. no. 168.16B at Tinglev Waterworks (drilled in 1938).
Modified after Hansen (1989). Interval with interpreted interglacial sediments are highlighted with red rec-

tangles.
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In the town of Tinglev just south of the BB model, the borehole DGU no. 168.16 showed
mainly sand and gravel down to a depth of 27 m (-2 m a.s.l), but below this interval peaty
sand with molluscs with an indisputably Eemian age were found (ddum 1933). A deeper
borehole (DGU no. 168.16b) confirmed the find, but also a thin layer with organic material
was found well below the Eemian interval (-55 m a.s.l.), and it was interpreted to represent
terrestric interglacial Holsteinian sediments (Hansen 1989). The interglacial sediments were
found below a chalk-rich clay till that was referred to the Saalian glaciation. In a borehole
located farther to the south-west of (DGU no. 168.1466), 10 m of dark grey marine clay was
found at a depth of 39 m (-14.5 to -24,5 m a.s.l.) — also below a chalk-rich clay till. The
boreholes are located above the Tgnder Graben and therefore the findings of both marine
Eemian and marine Holsteinian sediments suggest the possibility of marine incursions into
depressions related to the graben structure (Sandersen & Jgrgensen, 2015).

However, with the new observations of pervasive glaciotectonics, the observations of inter-
glacial sediments should be treated with caution — mostly in relation to the elevation of the
finds and the place in the layer succession. But the findings of Eemian marine sediments
cannot have been disturbed by the subsequent Weichselian glaciation because it did not
reach past the Main Stationary Line. So, marine Eemian sediments found in the area can
only be seen as evidence of marine transgressions into low-lying parts of the terrain during
the Eemian.

As described in Sandersen & Jgrgensen (2015), depressions in the present-day terrain were
formed in the beginning of the Holocene, creating the large NW-SE oriented low-lying area
now partly filled with peat and gyttja (see Figure 3.1). The subsidence was caused by early
Holocene reactivations of the Tgnder Graben due to the relief from the weight of the Weich-
selian ice sheet. If this mechanism was active just after the end of the Weichselian glaciation,
it is likely that the analogous reactivations may have happened after previous glaciations as
well. The findings of Eemian and Holsteinian marine sediments in boreholes support this. In
addition to this, numerical simulations of the Coulomb Failure Stress (CFS) variations in the
lithosphere during the last 200,000 years show that positive values for the CFS change point
to unstable conditions and possible reactivation of deep faults as the result of the weight
relief from the ice sheets (Figure 6.22; Brandes et al., 2024). From the figure it can be seen
that positive values of the CFS changes are most pronounced at the end of the Saalian
glaciation around 130,000 years, during the last 50,000 years of the Weichselian, and also
into the Holocene. Even though the Weichselian ice sheet did not cover the Tender Graben,
it was able to destabilize the deep faults outside the ice sheet margin because of the large
subsurface volume that was influenced by the stress changes. In the Blue Transition seismic
survey most of the normal faults found apparently did not reach as far as the present-day
terrain, but they clearly offset the relatively deep and thick clay till in the model area. Being
located outside the Main Stationary Line, this clay is from the Saalian glaciation or older,
thereby confirming the CFS modelling pointing to tectonic instability also following earlier
glaciations.

In other words, the findings of postglacial and interglacial sediments in the area together with

the knowledge from the numerical CFS simulations (Brandes et al., 2024), the mapped nor-
mal faults, and the deformations of the present-day topography (Sandersen & Jargensen,
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2015), the conclusions are that the Tander Graben have experienced active faulting intermit-
tently throughout the Quaternary. This appears to have opened up for sedimentation in nar-
row depressions and even temporary marine sedimentation in narrow fjords deep inland.
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Figure 6.22. Numerical simulations of Coulomb failure stress (CFS) for the Tonder Graben area; lower panel.

The upper panel shows the thickness of the ice sheets. From Brandes et al. (2024). Positive values for the
CFS change point to unstable conditions and possible reactivation of faults.

Holocene organic deposits

As mentioned above, Holocene peat and gyttja has been deposited in low-lying areas during
the Holocene (see for instance Figure 3.1). The performed tTEM survey was focused on
mapping along the presumed ENE-WSW groundwater flow in the model area, the low-lying
areas, and the areas around Bylderup-Bov. This has resulted in very good input for the geo-
logical modelling, but as the survey areas are patchy, the tTEM cannot produce a map of the
Holocene organic sediments. The best overview of these sediments can instead be obtained

from the surface geology map, Figure 6.23.
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Figure 6.23. Surface geology map; 1:25,000 (Andersen et al., 2024). Green = Fresh water deposits (Holo-
cene), Orange = Outwash plain sand and gravel (Lateglacial), Yellow = Aeolian deposits (Holocene),
Brown/red = Glacial sediments (Weichselian).

Apart from the large areas over the Tgnder Graben around Tinglev (lower centre of the map),
all other occurrences are generally small and difficult to include in a geological layer model.
The Holocene sediments have therefore not been designated a specific layer in the BB
model.

6.2 Geological interpretation of the Blue Transition seismic
survey

The geological interpretations of the seismic survey are described in the following. Primarily
due to time constraints, the interpretations are focused on the southwestern part (Part 1),
whereas the interpretations of the central and northeastern parts (Parts 2 and 3) are more
tentative (Figure 6.24). The interpretations of the layer boundaries of Part 2 and 3 and the
interpreted faults are therefore of a more sketchy nature than shown for Part 1.

6.2.1 Interpretation of the western seismic section (Part 1):

The seismic interpretation (Figure 6.25) started in the western part (Part 1) of the three seis-
mic section segments due to the location of the nearby well Tinglev-1 (DGU no. 167.234A,
Figure 6.24), which provided well-control for the seismic interpretation. The well was drilled
in 1948 and now located 362 m south of the nearest profiling location at the NE end of the
seismic section Part 1. The well has a terminal depth of 595 m and at a depth of about 160
m Neogene deposits were penetrated.
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DGU no. 167.234A 038 Tolkelsbol ')"/

— T g T .

e
clen

Figure 6.24. The three parts of the Blue Transition seismic survey marked with black lines. The reference
borehole ‘Tinglev-1’is used for the interpretations. Boreholes from the Jupiter database are shown as small
red dots. This figure is a copy of Figure 4.3.

om orm 200m mm H00m s0m 00m nom wom saom 1000 m tom 1200m 1300m Hoom 1500m

Figure 6.25. Seismic section, Part 1: Depth section image (top) and detailed interpretation (bottom). Eleva-
tion reference level (zero m line) is +30 m DNN. Approximately 2X vertical exaggeration.

The seismic interpretation carried out is largely based on the reflector attributes (e.g., strong,
continuous, thick, narrow, diffuse) and the reflector pattern (e.g., parallel, inclined, convex,
concave, lobe-shaped). Based on the geometries and the reflector pattern seven seismic
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units and ten seismic facies types were defined based on Part 1 of the seismic survey (Figure
6.26). These units are subparallel and form a layer-cake structure (Figure 6.25).

Some seismic facies types are characterized by very continuous and subparallel, high am-
plitude reflectors that might represent the glacial tills that were drilled in the area. However,
some lobe shaped reflector patterns resemble sedimentary bodies formed in a glaciolacus-
trine environment.

Based on well data, the material at the base of the seismic section is interpreted as top of
the Neogene (indicated with the grey colour overlay). The material above is interpreted as
the Quaternary, with different glacial tills included. The uppermost till is interpreted to have a
Saalian age and the tills below are likely older. The material at the top of the seismic section
is interpreted as the glacial outwash plain that is developed in this region. Based on the
reflector pattern it is possible to subdivide the glacial outwash plain into two layers. This fits
well with the idea of Friborg (1996) who noticed that there are two glacial outwash plains
developed in parts of southern Denmark, a Saalian and a Weichselian one.

Seismic units Description Geological interpretation Well Tinglev 1
0mj

SU-7 narrow, continuous and Glacial outwash plain

=2 parallel reflectors
SU-6 narrow, partly continuous and Glacial outwash plain
U- often convex reflectors
very continuous Glacial till
and parallel reflectors

SU-5 50m
short, partly continuous Glacial lacustrine deposits?
often convex reflectors Glacial till
short, often convex reflectors Glacial lacustrine deposits?

Su-4 : : " Quaterna
long, partly continuous, Glacial lacustrine deposits? i
partly transparent
often convex reflectors

SU-3 strong, thick and continuous Glacial till
high amplitude reflectors Glacial till
short, partly transparent Ice marginal deposits
often convex reflectors Meltwater gravel

SU-2 Meltwater sand
strong, thick and partly continuous Ice marginal deposits
high amplitude reflectors Meltwater gravel

Glacial till

SU-1 strong, thick and partly continuous Neogene deposits

high amplitude reflectors
[Neogene]
200 m

Clay Silt Sand Gravel

Figure 6.26. Seismic facies, their description and geological interpretation tied to Well Tinglev 1 (DGU no.
167.234A), which is located 362 m south of the NE end of the seismic section (regarding profiling position
1630 m at the horizontal axes).

The faults on the shear wave seismic sections are interpreted based on three different indi-
cators that are summarized in Figure 6.27. At least two of the three fault indicators have to
be present to interpret a fault. First of all, faults were interpreted by connecting a series of
systematic reflector offsets and it is crucial that these reflector offsets can be traced vertically.
Frequently, it can be observed that in a closely related group of faults, all faults show nearly
the same dip angle. This supports the fault interpretation and reduces alternative interpreta-
tions, such as a coincidental alignment of reflector discontinuities that only mimic a fault.
Furthermore, faults on the shear wave reflection seismic sections are often imaged as steeply
dipping, thin transparent zones separating a stacked pattern of the reflector offsets. Faults
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were also identified by abrupt lateral changes in the reflector pattern, regarding amplitude or
phase characteristics. In rare cases, a fault shadow (a diffuse zone on a seismic section
below a fault can be developed), also enables the identification of a fault trace. All faults
interpreted in the seismic sections are normal faults. In most cases the displacement along
the faults is in a range of several meters. The maximum fault displacement observed is ap-
proximately 16 m, near the centre of Part 1.

systematic continuous thin abrupt lateral change
20 m reflector offsets transparent zone in the reflector pattern

fault shadow
Figure 6.27. Indications for faults on the shear wave seismic sections (based on Brandes et al., 2022).

The faults were interpreted in detail on the western segment of the seismic survey (Part 1),
which has a length of nearly 1530 m. The faults have mostly planar geometries, in rare cases
faults show slight bends. There are clearly several normal faults developed, but a small gra-
ben structure at the southwestern end of the seismic section stands out (Figure 6.25). The
seismic interpretation is supported by the seismic data derived shear wave interval velocity
field, which is imaged below the interpreted section in Figure 6.28. There are no strong lateral
changes in the interval velocities, which supports that the graben structure at the southwest-
ern end of the section is a real feature and not caused by e.g. velocity driven pull-downs
during depth conversion.

The tip lines of many of the faults stop at a depth of approximately 100 m. Based on the
sediment thickness it becomes evident that the little graben (Figure 6.25, between 150 and
300 m) was active before the last till was deposited and there seems to be no later fault
activity. In case of some of the faults, there was likely later fault activity and the faults may
die out in the locally thick layer above interpreted as a till. No faults cut the Saalian till on this
part of the seismic section, meaning that the fault activity seen on this part of the seismic
section likely stopped during the Saalian glaciation or the following Eemian interglacial.
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Figure 6.28. Interpreted seismic section (top panel) and the combined shear wave structure response and
data derived interval velocity image (lower panel). Typically, shear wave interval velocity values below 250
m/s indicate less compacted young material, values of 250-400 m/s represent stiffer material, often indicating
a higher clay content as a granular cementation. Values above 400 m/s indicate stiff sedimentary material,
probably also compacted by glacial gravitation loads. Approximately 2X vertical exaggeration.

6.2.2 Interpretation of the central seismic section (Part 2):

Based on the detailed analysis and interpretations of Part 1 (Figure 6.25 to Figure 6.28),
interpretations were continued towards the north-eastern parts of the profiling segments. The
central section (Part 2) is shown in Figure 6.29.

With increasing distance towards northeast to the reference well Tinglev-1, the interpretation
is hampered by the lack of well data, and therefore the interpretation of especially the deeper
parts remains difficult. The Part 2 section images a synclinal structure in the western central
part to at least 50 m depth (relative to the datum level 30 m DNN). The closely related faults
at the south-western margin indicate a tectonic origin of this structure. However, an origin of
this structure as an erosional feature cannot be ruled out, depending on the axis of the struc-
ture relative to the seismic profiling direction. Whereas the western part is dominated by fault
traces following a NE dipping trend in the eastern part of the section Part 1 (Figure 6.25), the
fault dip trend changes to mainly SW dipping faults towards the east in section Part 2. These
features may reflect the uppermost part of the flanks of the Tender Graben shown in the
Figure 3.4 and Figure 3.5.

The upper parts of the section in Figure 6.29 shows a fair continuation of the layer-cake style
that is common in the analysed sections. Horizons of strong amplitude response are seen at
approximately 40 m depth, but in the part below 100 m depth the pattern tends to show
predominant chaotic reflections without significant layer responses, indicating a disturbed or
overprinted sedimentation. A trend of this change in seismic pattern image is also visible in
the NE part of Part 1 (Figure 6.25).
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Figure 6.29. Seismic section, Part 2: Tentative interpretation of the seismic section in the centre part of the
seismic profiling. Approximately 2X vertical exaggeration.

6.2.3 Interpretation of the easternmost seismic section (Part 3):

The eastern section (Part 3) is shown in Figure 6.30. Between sections Part 2 and Part 3
there is a gap of nearly 230 m perpendicular to the general profiling direction due to logistic
reasons, so the direct profiling continuation was interrupted.

Compared to the section Part 2 (Figure 6.29) the reflection pattern in the upper layers (units
SF8-10) within the 50 m depth range is more continuous, also reflector elements in the units
SF6-7 are partly imaged. The fault traces show a mainly south-west dipping pattern and
partly form a small local graben structure. The reflector pattern is less chaotic than in the
section Part 2. The meltwater sand and gravel in the 30 m deep water abstraction well DGU
no. 167.1497, shows that the uppermost units SF9 and SF10 represent the outwash plain
sediments.

Figure 6.31 shows the SkyTEM profile SW-NE_BB6_A with geological interpretations made
from SkyTEM and boreholes (see Figure 6.12). This SkyTEM profile is aligned nearly parallel
to the seismic profile in about 1 km distance to the north (Figure 6.8). The red rectangle
shown in Figure 6.31 represents the three parts of the seismic profiles shown in Figure 6.25,
Figure 6.29, and Figure 6.30.

The combined figure of the SkyTEM and the geological interpretation in Figure 6.31, also
shows the extent of the seismic sections as a red rectangle. In Figure 6.32, the seismic sec-
tion interpretation results within the red rectangle are shown on top of the geological inter-
pretations of boreholes and SkyTEM for comparison.
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Figure 6.30. Seismic section, Part 3: Tentative interpretations of the northeastern seismic part of the seismic
profiling. Approximately 2X vertical exaggeration.

Both interpretations show similar features regarding the upper depositional units, denoted by
SF 9 and SF10 in the seismic sections and the “meltwater sand” layer with high resistivities
in the SkyTEM. Also, the main normal faults that were interpreted in the south-east part is
imaged at nearly the same position. The seismic units SF 4 to SF 8 are represented by
relatively low resistivity in the SKkyTEM, interpreted as clay tills. Below, the SF 2 and SF 3
units show high resistivity values in the SKyTEM, interpreted as sand units of Miocene and
Quaternary age. Remaining differences in detail between SkyTEM and seismic results may
result from the different location (~ 1 km distance) of the profiles.
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Figure 6.31. SKyTEM profile SW-NE_BB6_A (Figure 6.12) with geological interpretation included, running
nearly parallel 1 km North of the seismic profiles. The red rectangle indicates the area of the seismic profiling
results. Approximately 10X vertical exaggeration.
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Figure 6.32. Joint image of a part of SkyTEM profile SW-NE_BB6_A with interpretation, and the seismic
interpretation of the three profiling parts. Due to the nearly 1 km distance between the profiles of the SkyTEM
and the seismic, different reference wells are annotated on section tops.

6.3 The geological architecture

6.3.1 Faults

As mentioned earlier, the T@nder Graben is expressed in the Top Chalk surface as elongate
depressions oriented NW-SE and W-E (Figure 3.3; Ter-Borch 1991). These depressions
are caused by faults offsetting the Chalk Group sediments in the order of up to a couple of
hundreds of metres. Fault-related subsidence during the Neogene has been described, and
some of the faults of the Tgnder Graben are found to offset the sedimentary succession
including the youngest Miocene deposits (Friborg et al. 2002; Jargensen et al. 2012). Topo-
graphic analyses of the present-day terrain over the Tgnder Graben have found that faults
were reactivated in the early Holocene following the weight-relief from the Pleistocene ice
sheets (Sandersen & Jgrgensen, 2015). Even indications of strike-slip movements along the
faults were found.

The subsurface architecture of the deep parts of the Tender Graben is well illustrated by the
seismic profile in Figure 3.4, and it is obvious that both the fault density and the amount of
offset varies. The sketched geological profile in Figure 3.6 is based on a shallow seismic
profile at Tinglev (Friborg et al., 2002), but basically it shows the same overall geological
setting.
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Figure 6.33. SkyTEM mean resistivity slice at -220 m a.s.l. (3D grid). Arrows highlights inferred faults
Hatched red lines represent known deep faults, and purple dots mark boreholes deeper than 75 m.

Figure 6.33 shows the deep parts of the subsurface as a mean resistivity slice at-220 m a.s.l.
The low resistivities (blue colours) represent Miocene and Palaeogene clays, whereas the
high resistivities (yellow/red colours) represent deep sandy Quaternary sediments. The
SkyTEM method is especially capable of mapping the depth to a good conductor, even at
depths below 200 to 250 m, and the resistivity variations in Figure 6.33 are therefore consid-
ered credible.

As it can be seen, there appears to be orientational trends in the resistivity pattern:
e The black arrows outline the high-resistivity sediments in the deepest parts WNW-
ESE to NW-SE trending parts of the graben structure
e The red arrows highlight resistivity shifts along NNE to SSW trends
e The yellow and white arrows highlights resistivity shifts along WSW-ENE trends

The WNW-ESE to NW-SE trend fits well with the main faults of the graben reaching the Top
Chalk surface (red hatched lines), whereas the NNE-SSW to WSW-ENE trends are perpen-
dicular or slightly oblique to the deepest high-resistivity parts of the graben.

Comparable observations of orientations were made by Sandersen & Jargensen (2015) for
the present-day topography (Figure 6.34). The overall orientation of areas with the highest
variations in slope magnitude and slope orientation match the known orientation and location
of the Tgnder Graben, and — as highlighted by yellow arrows — there are sharp boundaries
between areas with marked differences in the topography. The orientation of these linea-
ments falls into the same NNE-SSW to WSW-ENE interval as observed for the deep trends
at -200 m a.s.l. (Figure 6.33). This strong correlation between the structures at depth and in
the topography underlines that the structure of the Tender Graben is reflected all the way
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from the deep Mesozoic sediments to the present-day terrain. This also means that numer-
ous faults offsetting parts or all of the sedimentary succession can be expected to be present,
creating a complex geological architecture.
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Figure 6.34. Slope magnitude (grey shades) and slope orientation (small black arrows) for the Bylderup-Bov
-Tinglev area (modified from Sandersen & Jargensen, 2015). The map view is more or less the same as
seen in Figure 6.33.

6.3.2 Glaciotectonics and erosion

In the preceding sections it has been described that large parts of the sedimentary succes-
sion have been deformed and reworked by the Pleistocene glaciers. On Figure 6.17, it can
be seen that the low-resistive clay — which on this figure is shown at -80 m a.s.l. — appears
to have a NNE-SSW orientation extending to south of Ravsted. The similar low-resistivity
structure to the southeast (between Ravsted and Vollerup) — as mentioned earlier — is the
other flank of a large anticlinal fold shown to the left on the profile in Figure 6.19. The fold is
also seen in Figure 6.18, but here the folded clay till seems to have been eroded away at the
top of the anticline. The high-resistive sediments between the two low-resistive structures
represent the Quaternary sand underneath the folded clay till.

This anticlinal clay structure seems to reach farther to the southwest than a line between the
purple arrows in Figure 6.5, but here the clay layer changes from an anticline to stacked clay
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layers in a more complicated setting of low-resistive layers. In the central part of Figure 6.35
a stacking of two till successions is clearly seen: here a slab of clay tills has obviously been
pushed to the southeast (to the right) over deeper-lying clay tills. This shift to a more compli-
cated picture coincides with where the Tgnder Graben attains the largest depths. As the
profile in Figure 6.35 is located just southwest of the profile in Figure 6.19, this most likely
indicates a more intense south-eastward deformation of the anticline and eventually thrusting
of the clay tills.

Clay till

o 10 rem n 3om s it asm 55 so s om0 T o sem0 90m 3 00

Figure 6.35. Profile NW-SE_BB5_B just northeast of Ravsted. The profile shows a vertical profile through
the 3D grid of the SkyTEM data. Boreholes are seen as coloured vertical rods with outline and annotations.
Thrusting of the clay tills is seen in the centre of the profile.

The deformations, as they can be seen on Figure 6.35, reaches from ca. -20 m and down to
at least -180 m a.s.l. which is more or less the same as for the fold just to the northeast
(Figure 6.19). The folded structure covers an area of around 5 x 7 km or more, and the
deformations involve the sediments from -20 to -30 m and as deep as -200 to -250 m a.s.l.
Even though the deformations have a pronounced impact on the sedimentary succession,
the shape of the folded structure shows that this probably is the result of one major episode
of glaciotectonics that affected all of the sediments down to the top of the deep Miocene clay
sediments. The apparently higher intensity of deformation inside the main parts of the Tender
Graben, could indicate differences in the subglacial hydrostatic pressure inside the deep,
sandy parts of the graben compared to outside the graben.

To the northeast, the folded clay layer gets thinner and is found at a higher elevation, where
the thinning is the result of erosion. Glaciotectonic deformation is seen here as well, and the
sediments are also reworked, and thus have a Quaternary age presumably all the way down
to the oldest clayey Miocene sediments.

The deep boreholes within the Tender Graben in the Tinglev area south of the BB model
area also point to deep Quaternary deformations. In borehole DGU no. 168.1228, for in-
stance, clay samples down to a depth of 218 m contain shell fragments of both Miocene and
Quaternary species, feldspar, and fragments of igneous rocks. This points to a sedimentary
succession of reworked Miocene sediments mixed with Quaternary material. Previous inter-
pretations of a very thick succession of Miocene Maade Group clay within the graben caused
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by subsidence during the Miocene (Friborg et al. 2002; Rasmussen et al. 2010) may there-
fore instead be the result of stacking of thrusted clayey slabs of reworked Miocene clayey
sediments within the graben. Other deep boreholes point in the same direction.

6.3.3 How to distinguish between glaciotectonic faults and faults related
to the movements of the Tonder Graben?

As shown above, there is a match in orientations between the deep parts of the mapped
sedimentary succession and lineaments in the topography. This points to an impact from the
faults of the Tender Graben on all of the sediments above. However, between around -30
and -160 m a.s.l.,, the sedimentary succession has been disturbed by glaciotectonics, and
the orientation of the large-scale folding has an orientation that is different from the orienta-
tions of the faults mentioned above. Judged by the orientation and by the stacking of the clay
layers, the folding is likely the result of an ice advance from the NW, presumably during the
Elsterian Glaciation or alternatively by the Drenthe ice advance in the Saalian (Drenthe; c.f.
Sjarring & Frederiksen, 1980). The upper parts of the Quaternary succession have not been
deformed by this ice advance, but instead by a later ice advance during the Saalian with
comparatively less deformation.

The deformations caused by the older ice advance may have destroyed or overprinted most
of the faults (between ca. -20 to -200 m a.s.l.) created by the reactivation of the Tender
Graben, so only the deep parts of these faults (below the glaciotectonic deformations) would
have a chance of being recognized on the seismic sections. As described in the preceding,
the data and the modelling point to reactivations of the faults of the Tgnder Graben after at
least the two latest glaciations and probably also after older ones, so a series of subsequent
fault reactivation events can be expected in the area during the Quaternary.

The glaciotectonic deformations would theoretically be dominated by low-angle thrust faults
(e.g. Aber & Ber, 2007), whereas faults related to offset along the Tender Graben faults
would be expected to be rather steep normal, reverse and strike-slip faults.

6.3.4 Buried valleys

Several buried valleys mapped with varying uncertainty are found within the BB model area:

@ster Hojst/Bylderup-Bov: A buried valley is found from east of @ster Hajst and towards
south to Bylderup-Bov (see red arrows on Figure 6.36). The valley is around 1 to 1% km wide
and reaches down to around -140 m a.s.l. The valley is clearly eroded into the low-resistivity
clay layers as seen on Figure 6.9 at 5,000 m on the profile. The valley is filled with meltwater
sand and gravel.

Marked by a yellow arrow on Figure 6.36 is a W-E oriented buried valley that appears to be
eroded by the N-S valley. The two valleys appear to have more or less the same depth. The
E-W valley is the eastward continuation of a large, 20 km long primarily W-E oriented buried
valley (Sandersen & Jargensen, 2016), but according to the SkyTEM the valley appears to
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stop a few kilometres into the BB model area. The valley reaches down to around -320 m
a.s.l. farther to the west outside the BB model area.
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\lslev Kro__

B o
¢ Alsley,

TEM resistivity (ohm-m)

e T x - x

Figure 6.36. Buried valleys sketched on the SkyTEM mean resistivity map (-50 m a.s.l.). Arrows highlight
interpreted buried valleys; see text for explanation.
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Figure 6.37. Profile NW-SE_BB12_A, oriented N-S. The extent of the buried valley is marked with a black
arrow.

North of Terkelsbgl: A SW-NE oriented, 42 km long and 1 km wide high-resistivity structure
is tentatively interpreted as a mainly sand-filled buried valley (marked with purple arrows on
Figure 6.36). The depth is varying, but maybe down to -100 m a.s.l. The structure appears
to be erosive and may therefore be a buried tunnel valley (Profile NW-SE_BB4 B., Figure
6.14). But there is a possibility that the structure is sand in a syncline created by glaciotec-
tonics or erosion along a fault zone perpendicular to the Tagnder Graben.
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Figure 6.38. Shallow buried valleys marked with red arrows. Sketch of geological interpretations along Profile

SW-NE_BB2 A. For location

, see location on Figure 6.8.
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Hjordkaer/Aabenraa: A buried valley in the north-easternmost corner of the BB model just
north of Hjordkaer has been mapped with tTEM as seen on Figure 6.37. The valley is oriented
WNW-ESE and is between 800 and 1200 m wide (see at blue arrows on Figure 6.36). The
valley reaches down to around -50 m a.s.l. and is primarily sand-filled. The valley appears to
be the westward continuation of a valley mapped earlier in the northern part of Aabenraa
(Sandersen & Jagrgensen, 2016). Another buried valley south of Hjordkaer (also mapped ear-
lier) by the use of gravimetry and seismic profiles, could not be verified by the SkyTEM or
the tTEM data.

Ravsted: A number of possible shallow buried valleys around Ravsted are highlighted on
Figure 6.36 with green arrows, and with red arrows on Figure 6.38.

The possible valleys shown on Figure 6.36 seem to be closely related to the large-scale fold
described earlier. The easternmost structure is located parallel to and at the crest of the fold,
where the fold appears to be eroded. Whether the high-resistivity structure is a result of gla-
cial erosion of the top of the fold or actually is a buried tunnel valley eroded by meltwater at
the crest of the fold cannot be determined. At deeper levels, the sandy core of the fold
emerges, and the high resistivity area widens, as described earlier. The high-resistive struc-
ture just to the west is poorly documented but could represent a valley structure also related
to the fold.

The shallow valleys, marked with red arrows on Figure 6.38 are only 20 to 40 meters deep
and have widths of up to ¥z km. The lengths and orientations of the structures are difficult to
determine and it is questionable if they are valley erosions per se. Some of them have ero-
sional characteristics pointing in that direction, but others do not. Some could be elongated
structures created by glaciotectonics, such as for instance a syncline with sand layers.

6.4 Overview

The BB model area can be divided into 7 sub-areas with different geological architectures
(Figure 6.39). The sub-areas are shortly summarized in the following:

Sub-areas A and B (see to the left on Profile SW-NE_BB2_A, Figure 6.9, and Profile SW-
NE_BB6_A, Figure 6.12):

Here the Miocene succession is more or less undeformed with up to 80 m clay of the Maade
Group at the top. Above, the Quaternary succession consists of clay tills and meltwater
sand/gravel of a total thickness of up to 50 m. Faults are interpreted to be present along the
boundary to sub-area E.

Sub-areas C and D (see at 5,000 m on Profile SW-NE_BB2_A, Figure 6.9, and at the centre
of Profile NW-SE_BB2_B, Figure 6.13):

The two buried valleys E-W (sub-area C) and N-S (sub-area D) are both eroded into the
Miocene clay and filled with mostly sandy meltwater sediments. The N-S valley is eroded into
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the E-W valley and is therefore youngest. To the north, the ‘D’-valley appears to be located
over the fault zone along the boundary between sub-area A and E (Profile SW-NE_BB2_A).
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Figure 6.39. Selected sub-areas with different geological architecture within the BB model area. Background
is SkyTEM mean resistivity slice at -50 m a.s.l. See text for explanation.

Sub-area E (see on Profile SW-NE_BB6_A between 5,000 and 11,000 m, Figure 6.12, and
along Profile NW-SE_BB4_B, Figure 6.14):

This area lies over the deepest parts of the Tender Graben, where the clayey and oldest
parts of the Miocene in places are downfaulted to below -300 m a.s.l. or maybe even more,
as it can be seen on Profile SW-NE_BB6_A. The Quaternary sediments above has a sand
dominated lower part, and above a thick and clearly deformed layer of clay tills. Thrusting of
the clay from a north-westerly direction is evident on some profiles (see earlier descriptions).
The succession is presumably deformed by both glaciotectonics and deep tectonics. The
clay thickness is up to around 150 m. Faults are interpreted to be present at the boundary to
sub-area F.

Sub-area F (see Profile NW-SE_BBS8_A, Figure 6.15):

In this area, the top of the oldest low-resistive Miocene sediments lies around 150 m higher
than within the main part of the Tgnder Graben to the southwest. The Quaternary succession
above, from -160 up to around -20 m a.s.l., is heavily deformed — especially visible for the
clayey parts as a large-scale fold that reaches across the entire sub-area. The clay, however,
is only present in the northern two-thirds, whereas to the south, the clay abruptly diminishes
and only attains negligible thicknesses farther south. The uppermost parts of the Quaternary
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succession are only slightly deformed and clearly younger than the event that created the
deeper deformations.

Sub-area G (see from 10,000 to 12,000 m on Profile SW-NE_BB2_A, Figure 6.9):

In sub-area G, the degree of glaciotectonic deformation is less pronounced as to the south-
west, despite its location at the MSL and the clay till layers attain far lesser thicknesses. The
deep parts of the Miocene succession are interpreted to lie at more or less the same elevation
as in sub-area G. The Quaternary succession is dominated by sand, and as in sub-area G,
the southern part is almost totally dominated by sand. In the north-easternmost corner of
sub-area G, the southern flank of a buried valley is seen as a high-resistive structure. The
elevation of the top of the Miocene sediments is uncertain.

6.5 Geological event chronology

The geological events which are interpreted to have formed the subsurface of the BB model
area are sketched in Table 6. The Geological Event Chronology (GEC) is based on obser-
vations and interpretations within and outside the model area and it serves as a chronological
framework supporting the understanding of which events likely created the subsurface as we
see it today (e.g. Sandersen & Kallesge, 2021). The GEC for the area is not complete, lacks
dating of sediments, and has many unknowns, but it can serve as a basis for further work in
the area because all new observations should be able to fit into the series of events. If they
do not, the new interpretations should lead to a revision of the GEC adding details about
new, previously unknown events.

6.6 Uncertainties related to the geological model

As described previously, an uncertainty assessment has been appointed to every interpreta-
tion point of the BB model. This is an estimation of the interpretation uncertainty at specific
locations along the profiles that can be used to illustrate the uncertainty related to the indi-
vidual layer boundaries of the model, that can be used in subsequent groundwater modelling
(Hayer et al., 2024).

Apart from this way of conveying the modellers evaluation of the interpretation uncertainties,
more general issues can be put forward (see Hayer et al. 2024 and Sandersen et al. 2018):

Uncertainties related to borehole data:

Boreholes may have very detailed sample descriptions and be very accurately located, but if
the drilling depth is limited, information is only gained of the near-surface geology. Only very
few boreholes are penetrating all of the sedimentary succession that is of interest in the
modelling. This is a common problem, but the consequence is that the deeper we get, the
more uncertain are the interpretations of lithology and thereby origin of the sediments. If deep
borehole data is present, the quality of the borehole descriptions is very important. Standard
drilling procedures vary, and the quality of the sediments samples is highly dependent on the
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drilling method and the handling of the samples. As seen in the preceding, due to glaciotec-
tonic deformation and glacial reworking some deep boreholes have ambiguous sample de-
scriptions and age determinations — are they Quaternary or are they Miocene? In the geo-
logical modelling, these issues have been discussed, a number of observations have been
made, and interpretations performed.

Table 6. Proposed geological event chronology of the Bylderup-Bov model area

Suggested age

Event

Description

Middle to Late
Miocene

Deep tectonics

Reactivation of the Tgnder Graben faults. Downfaulting of the
Miocene sediments within the graben structure.

Elsterian or older

Buried valley
erosion

The E-W buried valley in the western part of the model area is
formed as a tunnel valley.

Elsterian or older

Glaciotectonics

Deformation, reworking, and erosion of downfaulted Miocene
sediments (ice advance presumably from NW). The resulting
Quaternary succession has a large content of reworked Mio-
cene material. Large scale folds and thrusts are formed. The
deformations appear to have been most intense in the deep-
est downfaulted parts of the graben. Glacial erosion appears
to have been most intense outside the Tender Graben to the
northeast.

Holsteinian or
older interglacial

Marine sedimen-
tation, deep tec-
tonics

Reactivation of deep faults induced by the weight relief from
the ice sheet. Possible marine sedimentation in low-lying ar-
eas created by glaciotectonic deformation, tunnel-valley ero-
sion, or subsidence within the Tender Graben.

Saalian Buried valley ero- | Erosion of a N-S tunnel valley (to the NW in the model area)

(Drenthe?) sion by an ice advance from a northerly direction.

Saalian Glacial sedimen- Repeated ice-advances and retreats created a series of tills

(Warthe?) tation and erosion, | and meltwater sediments above the deeper and highly glacio-
glaciotectonics tectonically deformed sediments. The sediments are slightly

to moderately deformed presumably from northerly directions.
Erosion and subsequent infilling of shallow valleys.

Eemian Deep tectonics, Reactivation of deep faults induced by the weight relief from
marine sedimen- the ice sheet. Eemian marine sediments were occasionally
tation deposited in depressions created by glaciotectonics, tunnel-

valley erosion, or in subsided parts of the Tgnder Graben.

Weichselian Glaciotectonics Glaciotectonics at the Main Stationary Line (MSL) in the east-

(around the Last
Glacial Maximum)

ernmost part of the model area.

Weichselian/Late
Weichselian

Outwash plain
sedimentation

Sandy and gravelly sedimentation on the outwash plain west
of the MSL

Early Holocene

Deep tectonics

Reactivation of the faults of the Tender Graben and subsid-
ence induced by the weight relief from the ice sheet. Creation
of both highs and lows in the topography.

Early Holocene

Sedimentation in
lakes and bogs

Sedimentation in the created depressions.

Uncertainties related to the geophysical data

The use of geophysics, especially the TEM, has enabled valuable mapping of the subsurface
in 3D down to around 300 meters or more. However, because it is an indirect method it gives
a picture of electrical resistivity variations of the subsurface which cannot directly be con-
verted to lithology. As the foot-print is large at depth, the degree of detail diminishes as we
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go deeper because the method creates resistivity averages over large volumes. This, in com-
bination with 3-D effects due to a high degree of complexity inevitably creates interpretation
uncertainty. Added to this are the common issues with data density and the interpretation of
the lithology based on resistivities.

The three parts of the seismic survey are performed along one SW-NE oriented line with
horizontal offsets between. Because the SkyTEM and the seismic are not located at the same
geographical positions, differences between the interpretations of the two datasets when
compared will inevitably be present. The SkyTEM survey has an aerial coverage enabling
3D interpretations, whereas the seismic is along a line which for obvious reasons limits the
interpretations to 2D.

The area has a very complex geological setting with deep faults and glaciotectonics that
shows large horizontal variability which challenges the interpretation of the geophysical data.
The deep faults which are related to the Tgnder Graben are expected to be steep, and related
to the outline of the graben, while the glaciotectonic faults are expected to be predominantly
low-angle thrusts dipping in N-NW directions more or less coinciding with the axis of the
graben. The seismic sections are therefore presumably more or less perpendicular the
bounding graben faults, but parallel to the strike of the glaciotectonic thrusts. This should be
taken into consideration when interpreting the geophysical data.

Uncertainties related to the handling of layer boundaries

In a layer model, once the point interpretations have been made, interpolation creates the
layer boundary surfaces. In this process, interpolation artefacts are commonly introduced.
Some issues can be addressed when choosing interpolation method and procedure, but
generally, intense variations in elevation of a given surface is problematic. For example, deep
and narrow buried valley structures often cannot be correctly modelled at the bottom of the
valleys because the interpolation is not reaching deep enough. A consequence of this is that
some erosions are not modelled correctly unless fictitious interpretation points are introduced
to force the interpolation deeper. Similar problems may occur for glaciotectonic structures.

The used FOHM layers in the area are generally based on relatively few interpretation points.
This creates complex layer variations locally that not necessarily can be justified by data. The
BB model focus on the uppermost parts of the succession but includes modelling of the bot-
tom of the Quaternary sediments. In the BB model, the bottom of the Quaternary sediments
(layer boundary ‘2400’) has been modelled to deeper levels than in the FOHM model. In the
layer adjustment, this has resulted in pushing down of the Miocene FOHM layers below. This
may have resulted in artefacts — especially where the ‘2400’ boundary experience the largest
variations.

Uncertainties related to the Pre-Quaternary surface

As mentioned above, there are uncertainties related to the determination of the top of the
Pre-Quaternary sediments, because borehole data in some cases are ambiguous and be-
cause the SkyTEM cannot resolve individual layers at depth. In addition to this, biostrati-
graphical analyses are scarce.
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Uncertainties related to layer-cake modeling of complex geology

The Bylderup-Bov geological model is made as a layer-cake model where boundary surfaces
define the layer succession. This has been chosen because the intention was to fit the new
geological model into the national hydrostratigraphic ‘FOHM model’ by using the same layer
definitions. Using a layer-cake modelling approach in a very complex geological setting, how-
ever, has limitations because all lithological and structural variations must be modelled with
2-D layer boundary surfaces. In complex geology, the use of voxel modelling (cube stacking
in the 3-D space), or a combination of layer-cake modelling, and voxel modelling would be
preferable (Jargensen et al., 2015). Using only layer modelling therefore adds uncertainties
because complex lithology will be simplified to fit the layer sequence, deep erosions will cre-
ate steep layer boundaries, and faults will be treated as flexures. This should be taken into
consideration when evaluating the results of the final model.
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7. Focus points for the hydrological modelling

Compared to earlier geological model interpretations, the impact of large-scale glaciotecton-
ics, deep tectonics, and intense erosion has changed the 3D architectural conception of the
model area. New data acquisition has given a better understanding of the subsurface, but
this new conceptual understanding has added geological complexity that may have conse-
quences for the groundwater flow and vulnerability.

Based on the geological modelling, a few suggested focus points for the hydrological model-
ling can be sketched:

Presence of faults
e Faults related to the T@nder Graben can offset the sedimentary succession and can
create obstructions for horizontal groundwater flow
e Faults can create possibilities for a larger vertical groundwater transport, owing to
presence of offsets of clay layers otherwise shielding the aquifers from surface con-
tamination

Glaciotectonic deformations, glacial reworking, and glacial erosion

e The glaciotectonic deformations and the glacial reworking of especially the sediments
within the Tgnder Graben means that deformed Quaternary sediments are sur-
rounded by clayey Miocene sediments outside the deepest parts of the graben

o The deformed and reworked Quaternary sediments can be expected to have different
physical properties compared to the Miocene sediments

e Large amounts of the Miocene and the Quaternary successions have been eroded
away to the east and southeast. The thickness of the Quaternary clay layers has
thereby been significantly reduced in large areas

Deep valley erosions
e Several deep, sand-filled valley erosions are present in the area, creating potential
local corridors for both horizontal and vertical groundwater flow

Properties of the Miocene versus the Quaternary sediments
o The Miocene sediments in the area consists predominantly of clay layers and clayey
sand
e The highly deformed Quaternary sediments at depth have higher resistivities com-
pared to the resistivities of the Miocene sediments, pointing to a generally higher
sand/silt content and thus higher hydraulic conductivity.
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