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SUMMARY

In 1998 Denmark initiated a national groundwater mapping campaign in order to obtain knowledge of the aquifers with respect to
their location, distribution, extension, interconnection and to acquire maps detailing groundwater vulnerability. The aim was to
establish site-specific groundwater protection zones to prevent groundwater contamination from urban development and agricultural
sources in agreement with The EU Water Framework Directive. The mapping campaign involved a dense data acquisition typically
comprising boreholes, electromagnetic surveys — both airborne and land based and geoelectrical surveys. The data serve as basis for
constructing 3D hydrogeological and groundwater models from which site-specific protection zones are establish. At present time
dense geophysical mapping covers approximately 45 % of Denmark.

Based on a dense Airborne ElectroMagnetic (AEM) survey in combination with boreholes, three fault systems in the northern part of
the island of Langeland, Denmark are mapped. Two of the fault systems were unknown prior to the mapping campaign. The two
unknown fault systems are interpreted as a normal fault and graben structures, respectively. The presence of the hanging-wall block
in the fault systems can be observed in the AEM data as a low resistivity layer that clearly distinguish from the underlying and
surrounding high resistivity fresh water saturated limestone (footwall block) and the overlying glacial clay till. Soil descriptions from
a borehole confirm that the low resistivity layer can be correlated to Palacocene clay deposits. The fault systems were most likely
initiated in the early Neogene during the Alpine orogeny. The fault systems are observed to alter the hydrology significantly and are
therefore important to map.
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INTRODUCTION

In Denmark all drinking water originates from groundwater (Thomsen et al., 2004). The aquifers are typically located in the upper
200 mbsl (meters below sea level) and consist of either glacial meltwater deposits, miocene sandy deposits or limestone depending
on the location in Denmark. The limestone was deposited in the Danish basin during the Cretaceous when Denmark was covered by
oceans, and carbonate sedimentation prevailed. The Danish basin is flanked by the Fennoscandian Shield to the north and by the
Ringkebing- Fyn High to the south (Figure 1). During the Cenozoic the North Sea Basin including the Danish basin was dominated
by subsidence, whilst relative uplift and erosion affected the surrounding landmasses giving rise to a general basin-ward progradation
of the Cenozoic basin fill and an overall WSW dip of the base Quaternary surface in the eastern North Sea Basin. The Quaternary
subcrop of western Denmark and the eastern North Sea has an increasing age towards the ENE. Cretaceous chalk and limestone is
observed towards the north, Paleocene to Oligocene clays and sands along a narrow belt from northwest towards southeast, and
interbedded sandy and clay-rich sediments from Miocene to Pliocene towards the southwest (e.g. Liboriussen et al., 1987; Japsen et
al. 2002; Nielsen et al. 1986; Rasmussen et al., 2010). During the Middle and Late Pleistocene, Denmark and parts of the North Sea
were covered by several ice sheets expanding from the Scandinavian highlands (Houmark-Nielsen, 1987). During the glaciations,
glaciogenic sediments e.g. sand layers and tills were deposited

In order to protect the groundwater, the Danish government initiated a national groundwater mapping campaign in 1998 (Thomsen et
al., 2004). The scope of the mapping campaign was to establish site specific protection zones in order to secure a sustainable
groundwater resource in agreement with The EU Water Framework Directive. Due to the often complex geological setting in
Denmark, a dense data cover is needed in order to delineate the aquifers and the surrounding layers with respect to their spatial
extent, extension, interconnection etc. (Jorgensen and Sandersen. 2009a; Hayer et al., 2015).

In 2010 the Danish government initiated a mapping campaign on the island of Langeland situated in the southern part of Denmark,
see Figure 1. The island is located along the Ringkebing-Fyn High separating the Danish basin from the North German Basin.
Langeland is characterized by a complex geological setting with an upper 25-100 m thick sequence of glacial deposits which are
overlying limestone in the northern part of the island and Paleogene clays in the southern part of the island. The lithological shift in
the pre-quaternary sediments is correlated to a large fault system (e.g. Vejbaek and Bitze, 1994) and to the presence of a buried
valley.

Based on a dense AEM survey in combination with boreholes, we have mapped two additional fault systems in the northern part of

Langeland. Based on borehole information the fault systems have most likely been active in the early Neogene during the Alpine
orogeny. The fault systems are observed to have changed the location, distribution, extension, interconnection of the aquifers.
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Consequently, limited knowledge about the presence of fault systems can result in misleading geological models and the attendant
groundwater models.

The objectives of this paper are therefore (i) to delineate fault systems based on AEM data and boreholes on Langeland, and (ii) to
construct a 3D geological model based on the dense AEM data and boreholes.

STUDY AREA

The study area is located at the northern part of the island of Langeland, Denmark (Figure 1). The area covers 100 km?® with the
towns of Lohals, Snede, Traneker and Tullebolle as the largest. Water is abstracted from the limestone in the study area and from
glacial meltwater sand aquifers south of the study area. The geological setting in Langeland is complex with large differences in
between the southern and northern part of the island with respect to the pre-quaternary sediments (Figure 1). In the north the pre-
quaternary sediments comprise Danien limestone, whereas the southern part comprises Paleocene and Eocene clay deposits. The
Danien limestone was deposited in early Paleocene between 65 to 62 mill. years ago. Based on borehole samples, the chalk is
described as soft bryozoan limestone. In areas where the limestone contains fresh water the resistivity is 80 -100 Ohmm, whereas the
resistivity is around 5 Ohmm is areas where the limestone is saturated with saltwater. In the southern part of Langeland the pre-
quaternary sediments comprise of Paleocene and Eocene clay deposits which were deposited between 62 to 34 mill. years ago. The
Paleocene deposit is Kerteminde Marl, which is described as soft and silty marl with a Chalk content of 50%. The Eocene deposits
consist of Resnas clay and Lillebzlt clay and are described as heavy clay with little or no chalk. The Paleocene and Eocene deposits
are characterized by very low resistivities (5—7 Ohmm).

Throughout the island the pre-quaternary sediments are covered by 25-100 m of quaternary deposits. The quaternary sediments vary
from meltwater deposits ranging from fine to medium grained meltwater sands to lacustrine silts and clays to clay tills. The clay tills
have resistivities ranging from 20 to 60 Ohmm and the meltwater sand from 50 to 100 Ohmm. In the southern part of Langeland
Eemian deposits are reported (e.g. Madsen, 1916; Ehlers, 1979; Kristensen et al., 2000; Sjerring et al. 1982). Hence, the lower parts
of the quaternary sediments are pre-Saalian of age whereas the upper parts are deposit during the Weichselian glaciation.
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Figure 1: A) Overview map showing the geological setting in the Danish basin. B) The study area (marked with black). C)
Conceptual geological profile through the northern part of Langeland. The position of the profile is shown as the dotted line
on B.
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DATA

AEM

The AEM dataset was collected in 2010 as part of the national Danish groundwater campaign using the SkyTEM system (Serensen
and Auken, 2004). The method is based on time-domain airborne electromagnetic measurements utilizing geophysical equipment
fitted to a helicopter travelling with a horizontal speed of 45 km/h. A total of 649 km of profiling data were collected at Langeland of
which approximately 300 km were measured in the northern part of the island, see Figure 2. The line spacing was 200 m. In the
current study the transmitter loop had an area of 314 m” and data were obtained using both high moment and low moment system of
app 2.500 AM? and 62.800 AM?, respectively. The maximum Depth of Investigation was app. 300 m.

43 % of the data was removed during the processing due to man-made conductors.

Data was processed and inverted in Workbench as SCI (spatially constrained Inversion) into 5 and 19 layers smooth models The data
was presented as 1D soundings as well as quasi 3D maps (Viezzoli et al., 2008). 2D maps of the mean resistivity in every 5 m were
also been created. Hence the overall spatial distribution of the resistivity can be achieved within the study area.

Boreholes

A total of 189 boreholes are situated in the northern part of Langeland (1.9 boreholes per km?, Figure 2). The majority of the
boreholes penetrate the interval 5 to 70 m depth. The deepest borehole is drilled to a depth of 209 m. During the groundwater
mapping campaign an investigation borehole (DGU no 165.517) was drilled near the town of Snede (Figure 1). The upper 48 m of
the borehole comprises glacial till with minor lenses of sand. Under the clay till, 9 m of Paleocene clay deposits are observed
(Kerteminde marl and the Zbele Formation). Underlying the Paleocene clay, 1 m of Lellinge Greensand and 2 m of Danien
limestone are observed. This is the only borehole in the northern part of Langeland in which Paleocene deposits have been reported.
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Figure 2: Map showing the data within the study area.
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RESULTS

Based on the SkyTEM data and boreholes a 3D geological model is constructed. The SkyTEM data provides the overall spatial
distribution of the resistivity. By combining the resistivity with the lithological soil descriptions from boreholes as well as the overall
known resistivity of Danish sediments (Jorgensen et al., 2003) we were able to delineate the geology of northern Langeland in detail,
see Figure 3. The upper 25 to 100 m of the subsurface comprises glacial clay till with minor sand and clay lenses. The till layer is
observed with resistivities of 20 to 60 Ohmm. Underneath the till layer, a 20-100 m zone of freshwater saturated chalk is clearly
distinguished from the clayish till above with an increase in resistivity from approximately 40 Ohmm to 100 Ohmm. The underlying
transition to saltwater saturated limestone is also clearly observed in the data with resistivities around 5 Ohmm, see Figure 3. With
an exception of three areas, this resistivity pattern is observed throughout northern Langeland. The three areas were investigated in
detail and interpreted as fault systems. The fault systems number 1 and 2 were unknown before this investigation (Figure 3). Number
3 was known before this study (Vejbaek and Bitze, 1994).

The location of area 1 is illustrated on Figure 3. The areal extent of the fault is clearly delineated by the presence of a low resistivity
sequence ranging from 5 to 20 Ohmm at 20 to 50 mbsl with an east —westerly orientation (Figure 3). The layer is located between the
freshwater saturated limestone and the clay till. The width of the layer is 2400 m. From borehole DGU no. 165.517, the low
resistivity sequence is correlated to the Paleocene clays. Underneath the Paleocene clays the freshwater saturated limestone zone is
observed 120 mbsl while in the surroundings, the transition is located around 60 mbsl The area is interpreted as a graben structure
where the hanging-wall block has subsided between two, inward-dipping normal faults. Due to erosion of the surrounding footwall
block the length of the drop is unknown. However, based on the thickness of the Paleocene clays found in borehole DGU no. 165.517
a subsidence of minimum 9 m can be assumed. The observed deep lying, freshwater saturated chalk is most likely due to increased
fresh groundwater infiltration along the slips and cracks of the faults. Hence the fault system has changed the hydrology significantly
in the area.

Area 2 is located in the north-western part of Langeland (Figure 3). The fault system in area 2 is observed as a staircase structure
with blocks of low resistivity layers stacked on top of one another. Each block is 800 m wide and 15 to 30 m thick. This area is
interpreted as a normal fault system with a least 2 hanging-wall blocks. There is no direct lithological information of the low
resistivity layer in this area but based on the similarities with area 1 it is assumed that this area likewise comprises of Palaecocene
clays. The fault system has an overall north-south orientation and connects with the fault system 3, see figure 3.

Fault system 3 is located near the town of Tranekar. The fault system is well-known in the literature (e.g. Vejbak and Bitze, 1994)
and marks the change in the pre-quaternary sub-surface going from the Eocene and the Paleocene clays towards the south to the
Danien limestone in the north (Figure 1). The fault system is blurred in the AEM data by the presence of a buried valley formed by
Pleistocene glaciations. Buried valleys typically occur along fault systems, where the subsurface is easily eroded (Jergensen and
Sandersen, 2009b). This fault system also has a significant influence on the hydrology of the area. North of the fault system the vast
majority of drinking water is abstracted from the Danien limestone, whereas in the south the Danien limestone is saturated with
saltwater. Hence, all abstracted drinking water south of the fault system is from glacial meltwater aquifers, which are limited in
extent and volume compared to the Danien aquifers.

The age of the fault systems cannot be accurately determined from data. The most likely time for the formation of the fault systems is

in the early Neogene during the Alpine orogeny where many fault systems along the Ringkebing — Fyn High have been active
(Rasmussen, 2009). This is also in accordance with the observed Paleocene clays in borehole DGU no. 165.517.
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Figure 3: A) Mean resistivity map at the elevation -25 m. B) Cross section through the northern fault system with the
presence of AEM data and boreholes. The elevation of the mean resistivity map is shown with the grey line. C) Interpreted
geological model

CONCLUSIONS

A dense SkyTEM data in combination with boreholes has revealed three fault systems on the northern part of Langeland in which
two were unknown prior to the present investigations. The two newly discovered fault systems are interpreted as a graben structure
and a normal fault system, respectively. The fault systems are clearly visible in the AEM data due to the presence of a low resistivity
layer of Palacocene sediments within the hanging-wall block as well as a relatively deep transition from fresh to salt water saturated
limestone. The presence of the fault systems modify the distribution, extension and interconnection of the aquifers considerably
which has drastic implications for the location of the salt-fresh water interface. In this study the salt-freshwater interface is displaced
60 meter downwards in the central part of the graben structure. This is due to increased freshwater infiltration through highly
conductive fault cracks in the limestone.
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