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Recent improvements of the transient electromagnetic (TEM) method provide unprecedented capa-
bilities of imaging geological features in the uppermost few hundred metres of the subsurface. This

is documented with an example from the island of Mors, Northern Jutland, Denmark, where 2655

TEM soundings have been acquired as a part of Viborg County’s hydrogeological investigation
programme. Horizontal aspects of the interpreted TEM soundings are presented in thematic maps
revealing variations of resistivities in specified depth intervals and depths to the resistivity base-
ment, i.e. the deepest recorded low-resistive layer. Vertical aspects are displayed in cross-sections.
The densecoverage of TEM soundings, combined with borehole logs, allows the precise delineation

of major geological features. These comprise the Mors salt diapir, intricate systems of buried Qua-
ternary valleys and several glaciotectonic complexes, all contributing to a complicated geological
framework for the island. The layers above the salt diapir, which have been subject to severe ero-
sion, are distinctly imaged in the thematic maps, even though they are frequently dissected by
buried valleys. At least four generations of buried valleys can be identified on the basis of their
preferred orientations; these were mainly formed during early glaciations. Large parts of the island

were glaciotectonically deformed during the Late Weichselian subsequent to valley formation, and
it is suggested that the presence of deep valleys may have affected the process of glaciotectonic
deformation.
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In order to outline aquifers and the vulnerability of
water resources, large areas of Denmark have been
covered by TEM (Transient ElectroMagnetic) surveys
since the early 1990s. During this time the TEM meth-
od has undergone, and is still undergoing, intense
development as a tool for hydrogeological investi-
gations. This development has primarily taken place
within three main areas: 1) technical development
(e.g. Danielsen et al. 2003; Serensen & Auken 2004;
Serensen et al. 2004a), 2) advances in the handling,
modelling and presentation of data (e.g. Efferso et
al. 1999; GeoFysikSamarbejdet 2003; Auken & Chri-
stiansen 2004), and 3) advances in the geological in-

terpretation of modelled data (e.g. Poulsen & Chri-
stensen 1999; GeoFysikSamarbejdet 2003; Jorgensen
et al. 2003a, 2003b). The quality of the collected data
has also been considerably improved in recent years.
Optimized handling of instruments, deletion of noise-
infected and coupled soundings and the identifica-
tion of defective instruments have led to significant
improvements of survey results. Experience shows
that surveys of large areas with dense data coverage
provide a solid base for the construction of geologi-
cal models.

Traditionally, TEM surveys carried out as part of
the Danish counties” hydrogeological investigations
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Fig. 1. Location map.

have not been subjected to detailed geological inter-
pretation and have generally not contributed to re-
search in, for example, sedimentology and tertiary
and Quaternary geology. The on-going refinements
of the TEM methods are, however, expected to lead
to significant contributions in above-mentioned fields
of research topics. Here we demonstrate how a large-
scale TEM survey can be used as the basis for geo-
logical interpretation. We show that various types of
geological structures can be defined and outlined,
and that the understanding and knowledge of near-
surface geology can be significantly improved by a
detailed study of TEM data. The aim of the paper is
two-fold: to demonstrate to what extent TEM data
can be used in geological interpretations and to add
new information to the geology of Mors.

The geology of Mors is spectacular in several re-
spects: Large-scale glaciotectonic complexes are
present in the northern part of the island; the Mors
salt diapir is located in the central area; and numer-
ous buried valleys incise the subsurface of the island.
These geological elements have previously been de-
scribed by several authors (e.g. Gry 1940, 1979; El-

54

Thisted Feg geklll

Skaerbaek

Lyngbro Baek

Bulletin of the Geological Society of Denmark

Easting [m]

sam & Elkraft 1981; Larsen & Baumann 1982; Klint
& Pedersen 1995; Pedersen 1996, 2000; Korsager 2002;
Jorgensen & Sandersen 2004), who have mainly fo-
cused on the individual elements and not on the re-
lations between them.

Study area - the island of Mors
Geography

The study area is confined to the island of Mors,
which is situated in the northwestern part of Jutland,
Denmark (Fig. 1). The island covers an area of about
360 km? It is 10-15 km wide and about 35 km long
with a SSW-NNE trend. The landscape is slightly
undulating and mainly dominated by small hills,
shallow erosional channels and valleys (Fig. 2). In
two areas the terrain reaches altitudes of more than
50 m above sea level (m a.s.L.): In the northwest where
parallel ridges reach the highest point (88 m a.s.l.),
and in the central southern part where a local up-
land reaches 66 m a.s.1.
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Fig. 2. The topography of Mors. Landscapes in the Hanklit ar-
ea characterized by composite-ridge systems are marked with
black polygons. Grey lines mark ice-marginal moraines in the
northeastern part of the island. Scale: 5 km between axis ticks.
Coordinate system: UTM zone 32/ED50 (from Viborg Amt with
data from National Survey and Cadastre).

Geological setting of Mors

The sub-Quaternary strata comprise Upper Creta-
ceous white chalk (Maastrichtian) and Paleocene
limestone (Danian) covered by clays and diatomite
(Paleocene-Eocene). The diatomite is comprised in
the Fur Formation (Pedersen & Surlyk 1983). These
layers are followed by Oligocene micaceous clay and,
to the south, also by Miocene clay, silt and sand (Gra-
vesen 1990, 1993). The Paleogene sediments are in
general 50-250 m thick, but locally they are thinner
or even absent. They have commonly been subjected
to deformation during the Quaternary glaciations,
but the most pronounced impact on the Paleogene
topography is by a series of incised Quaternary val-
leys. These valleys have mainly been filled with thick
sequences of glacial deposits. Where no valleys exist,
only relatively thin layers of glacial origin cover the
pre-Quaternary formations.

The overall structure of the tertiary and Quater-
nary formations on Mors is mainly controlled by 1)
the Mors salt diapir, 2) glaciotectonic deformation

during the Quaternary glaciations and 3) extensive
systems of incised buried valleys.

Halokinetic movements

The Mors salt diapir is located in the central part of
the island (Elsam & Elkraft 1981; Larsen & Baumann
1982). The diapir, whichisellipticalinshape, coversan
area of about 75 km?with its long axis trending E-W.
Upper Cretaceous white chalk and Danian limestone,
together with Paleogene clay and diatomite are up-
lifted over the salt diapir and along its flanks as a
result of halokinetic movements. The top of the Zech-
stein salt is situated at a depth of more than 400-500
m (Madirazza 1977; Elsam & Elkraft 1981). Erosion
has removed some of the pre-Quaternary deposits
over the central parts of the diapir so that Quater-
nary sediments cover the Upper Cretaceous white
chalk here. Away from the diapir the chalk is flanked
by dipping layers of Danian limestone, followed by
Paleogene diatomite and clay. This structural setting
is evident in seismic sections (Elsam & Elkraft 1981;
Larsen & Baumann 1982), in many boreholes that
penetrate the central part as well as the flanks of the
diapir (Gravesen 1990, 1993), and in several expo-
sures (Andersen & Sjerring 1992). Pedersen (2000)
describes glaciotectonic deformation of Paleogene
clay and diatomite on the northern flank of the struc-
ture. These deposits are here found at shallow depths
as a result of the uplift by the salt diapir.

Glaciotectonic deformation

Significant parts of the island have been affected by
glaciotectonic deformation. The most prominent ex-
ample is the Hanklit glaciotectonic complex in the
northwestern part of the island (Fig. 2), where it is
exposed in the cliff of Hanklit (Gry 1940; Klint & Pe-
dersen 1995). The system exposed in Hanklit is clas-
sified as a large composite-ridge system (Aber et al.
1989). More than 50 m thick thrust sheets of Paleo-
gene clay and diatomite that are imbricated into
thrust fault complexes are clearly seen in the terrain
as several parallel arc-shaped ridges (Fig. 2). A south-
ward moving glacier (the Main Advance, e.g. Kjer
et al. 2003) is believed to have formed the complex
during a Late Weichselian stage (Gry 1940; Klint &
Pedersen 1995). The ice movement direction subse-
quently shifted towards SW and W, and at least three
other glaciotectonic deformation complexes were
formed in the northeastern part of the island (Gry
1940, 1979; Pedersen 1996, 2000). These complexes
are less significantly topographically expressed than
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the Hanklit glaciotectonic complex, but some of them
form parallel ice-push ridges or elongated ice-shoved
hills (Fig. 2). The Paleogene diatomite is commonly
found in boreholes and exposures in the area, but al-
ways in connection with the glaciotectonic complex-
es (Gry 1979). The layers of diatomite are thrusted
or folded, and they are normally mixed with other
tertiary and glacial deposits.

Subglacial erosion

Systems of buried valleys formed by subglacial melt-
water erosion have been documented at several lo-
cations on Mors by a combination of borehole logs
and TEM data (Jergensen & Sandersen 2004). The
buried valleys on Mors are onshore equivalents of
those described in the North Sea by Huuse & Lykke-
Andersen (2000) and elsewhere in Jutland by San-
dersen & Jorgensen (2003) and Jergensen & Sander-
sen (2004). The valleys on Mors have a variety of
orientations and dimensions. Most of them are in-
cised into pre-Quaternary clay-dominated sediments
and over the salt diapir the valleys are eroded into
the chalk and limestone. The valleys are filled with
glaciofluvial deposits, glaciolacustrine deposits, inter-
glacial deposits and tills. Extensive glacial erosion is
also evident above the central part of the salt diapir
where tertiary sediments are absent (Elkraft & EI-
sam 1981; Gravesen 1990, 1993).

Quaternary deposits

The thickness of the Quaternary succession varies
significantly as a result of glacial erosion and defor-
mation. The deposits in the buried valleys are com-
monly more than 150 m thick, but where no valley
erosion has taken place they can be less than 20 m
thick. The cover is very thin or absent above the salt
diapir. The majority of the Quaternary deposits are
tills, but large amounts of glaciolacustrine clay and
glaciofluvial sand and gravel are also present (Gra-
vesen1990,1993). Interglacial deposits of marine clays
occur locally. Such deposits are found in boreholes
on the central southern part of Mors and are esti-
mated to be of Late Elsterian—Early Holsteinian age
(Peter Konradi, personal communication 2004). Strati-
graphic investigations carried out at several cliff sec-
tions around the coast of Mors have demonstrated
the occurrence of tills from the Weichselian, Saalian
and Elsterian glaciations (Gry 1979; Ditlefsen 1991;
Klint & Pedersen 1995; Pedersen 1996; Houmark-
Nielsen 1999, 2003; Korsager 2002). In the area of the
southwestern Limfjord just south of Mors, Late El-
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sterian—Holsteinian glaciolacustrine and marine clays
are found at several locations (e.g. Jensen 1985; Ditlef-
sen 1991; Larsen & Kronborg 1994). It has been pro-
posed that these sediments are deposited in a large
system of glacial lakes and interglacial fjords (Lar-
sen & Kronborg 1994).

Apart from a commonly occurring truncating up-
per till, most of the Quaternary sediments are dis-
turbed and displaced by glaciotectonism. The dis-
cordant till indicates that the deformation was fol-
lowed by transgression of the Late Weichselian Main
Advance (e.g. Gry 1979; Ditlefsen 1991; Pedersen
1996; Korsager 2002).

The TEM method
Background

The Transient Electromagnetic (TEM) method was
originally developed to explore mineral deposits in
Canada and Australia in the 1960s and 1970s (Spies
& Frischknecht 1991; Fountain 1998). The method is
very suitable for mineral exploration, because of the
high electrical resistivity contrast between host rocks
and the mineralization. In hydrogeological mapping
significantly lower resistivity contrasts must be re-
solved to identify differences in the clay content of
the sediments, which are crucial when geological and
hydrogeological models are to be constructed. Ap-
plication of the TEM method to hydrogeological is-
sues therefore requires high technical standards.

Some of the first groundwater surveys carried out
by the use TEM were reported in the 1980s by e.g.
Fitterman & Stewart (1986), Mills et al. (1988) and
McNeill (1990). In Denmark the method was applied
to hydrogeology in the early 1990s, as reported by
Christensen & Serensen (1998), Poulsen & Christen-
sen (1999) and Serensen ef al. (2001a). During the
1990s, TEM became the preferred surveying method
to obtain an overview of the general hydrogeologi-
cal environment in an area to be investigated. Com-
pared to other mapping methods, TEM is relatively
cheap, it has a large depth of penetration and it pro-
vides both structural and lithological information. It
cannot, however, provide the same amount of struc-
tural detail as the more costly seismic methods (Jor-
gensen et al. 2003a).

The Danish counties are responsible for water sup-
ply administration in Denmark, and an intense map-
ping campaign has been carried out since 2000. About
one third of Denmark will be mapped before 2010—
12. The TEM method is one of the key geophysical
methods in this hydrogeological mapping campaign,
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and most of the areas to be investigated will therefore
be covered by TEM soundings. About 60,000 TEM
soundings have been recorded so far, covering ap-
proximately 10% of the country.

Principles of TEM

A sketch of the TEM equipment setup is shown in
Figure 3A. The receiver loop is located in the centre
of the transmitter loop. The physics are illustrated in
Figure 3B. A steady (primary) current is set up in the
transmitter loop. At time zero this current is abrupt-
ly turned off, and (secondary) currents are induced
in the subsurface. As time passes, the secondary cur-
rents diffuse downwards and outwards in the sub-
surface, and their magnitude is decreased because
of conversion to heat. According to Faradays Law,
the decaying secondary currents produce a (second-
ary) magnetic field which is measured as a voltage
in the induction receiver coil. The voltage is meas-
ured as a function of time from the turn-off of the
primary current.

A typical measurement is made from 10 ms to
about 5 ms. The earliest measuring time depends on
how fast the transmitter is able to turn off the prima-
ry current, and the latest time depends on the mag-
nitude of the measured voltages versus the back-
ground noise level at the sounding site. The penetra-
tion depth is typically 120-150 m for a 40x40 m?trans-
mitterloop utilizing 3 A. The penetrationdepthis high-
ly dependent on the resistivity of the subsurface and
the background noise level (Spies 1989).

The TEM data is in general subject to one-dimen-
sional inversion, where the subsurface is divided in-
to layers of homogenous and isotropic electrical re-
sistivity. Typically, the models consist of 3-5 layers.
Detailed descriptions of the inversion procedures are
given in Efferso et al. (1999), Danielsen et al. (2003)
and Auken et al. (2004).

Enhancements in TEM instrumentation and
geophysical interpretation

The TEM instrumentation used in Danish hydrogeo-
physical surveys has undergone an intense develop-
ment during the last few years (see Danielsen et al.
(2003) for a detailed review). The "conventional 40x40
TEM’ configuration has been used since the very first
Danish surveys. The system uses the Geonics PRO-
TEM 47 receiver with a single-turn 40x40 m? trans-
mitter loop with the receiver coil placed in its centre.
The penetration depth attained by this setup is 120-
150 m, and the standard spatial coverage is 16 sound-
ings per km?. The design of the system and the data
coverage form a compromise between providing
sufficient resolution of the subsurface, data quality
and an acceptable cost of the survey.

The conventional 40x40 TEM configuration is still
used in some surveys, but new TEM systems have
gradually taken over to provide for deeper penetra-
tion and higher spatial coverage at the same or low-
er costs. The most prominent of these systems is the
HiTEM system (Danielsen et al. 2003) which has pene-
tration depths down to 250-300 m. While the HITEM
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system is a single-site system, the PATEM and the
successor SkyTEM system (Serensen & Auken 2004;
Serensen et al. in press) measures continuously along
profiles. In its current development stage the Sky-
TEM system has a similar penetration depth to the
HiTEM system, but data are measured continuously
while the system is moved by helicopter. Obtaining
measured data continuously greatly increases the
data quality and resolution of the subsurface.

This development in instrumentation has been
accompanied by a similar intensive development of
interpretation algorithms. Where the single-site meas-
urements were inverted and processed independent-
ly (HydroGeophysics Group 2004a), the continuous-
ly measured data can be inverted along profiles us-
ing the Laterally Constrained Inversion (LCI) ap-
proach (Auken & Christiansen 2004; Auken et al.
2004). In the LCI approach, layer resistivities and lay-
er boundaries are tied together with a space-depend-
ent variance reflecting the natural variations of the
resistivity properties of the subsurface. The outcome
is geophysical models where the problems with lay-
er suppression and resistivity equivalences are sig-
nificantly reduced.

Resolution of layers and structures

Because the TEM method mainly resolves and quan-
tifies low-resistive layers, values for layers with re-
sistivities exceeding 80-120 ohm-m are not precisely
determined; they just have "high’ resistivity. Further-
more, for certain combinations of layer thicknesses
and resistivities, equivalence problems make it im-
possible to determine either the exact thickness or
resistivity of the layers (Fitterman ef al. 1988).

Like all electromagnetic diffusion methods TEM
has a decreasing resolution capability with depth. As
a rule of thumb, layers with a thickness of 15-20 m
can be resolved in the shallow part, while layers must
be more than 20-50 m thick to be resolved at 100 m
depth. Individual geological layers will commonly
be averaged into one model layer because geological
layers are normally too thin to be resolved. In gener-
al, 3-5 layers can be satisfactorily resolved in a TEM
sounding. Furthermore, under normal circumstanc-
es the upper 10-20 m will be averaged into one lay-
er, due to principal difficulties in recording data at
very early decay times. The above-mentioned num-
bers are very dependent on the resistivity of the lay-
ers. The lateral resolution capability of 3-D structures
also decreases with depth. At depths of about 100 m
the area from which data is obtained is more than
300400 m in diameter. For depths of 25 m the area
only 75-100 m in diameter. This implies that 3-D
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structures are less resolvable and become more dif-
fuse with depth. Modelling of 2- and 3-D structures
has been thoroughly discussed by e.g. Newman et
al. (1986), Goldman et al. (1994), Danielsen et al. (2003)
and Auken et al. (2004).

Presentation

In order to facilitate geological interpretations the
inverted models are typically presented in thematic
maps and cross-sections. The resistivities as estimat-
ed by the inverted models do not provide unambig-
uous information about lithology in the subsurface
layers, and they have to be interpreted by the use of
different types of thematic maps. Those most com-
monly used are interval resistivity maps and maps
of depths to low-resistive layers. Interval resistivity
maps are normally produced in 10 or 20 m elevation
intervals, where average resistivities are calculated
within each interval. Such short intervals are required
for an optimized interpretation because some layer
boundaries, especially those defining the surface of
the low-resistive layer, are normally very well deter-
mined (within 10 m, see below). A complete succes-
sion of intervals covering the subsurface down to the
maximum depth of penetration has proved to be a
useful way to visualize the TEM survey results as a
basis for geological interpretations (GeoFysikSamar-
bejdet 2003, Jorgensen et al. 2003b). The interval re-
sistivity maps are typically supplemented with depth
control maps of a low-resistive deep-seated layer, if
such a layer exists. This depth control map shows
the elevation of a selected layer, where the selection
is the deepest layer in all inverted models with resi-
stivities below a given level.

A cross-section presentation is often used when
TEM data are compared with other types of data or
if detailed studies of the resistivity models are need-
ed in selected areas. Just like borehole logs, TEM-
models are most commonly shown on the sections
by narrow vertical panels (e.g. GeoFysikSamarbej-
det 2003; Jorgensen et al. 2003a; Sandersen & Jorgen-
sen 2003). Another useful way to display the TEM
survey results on cross-sections is to transfer a dis-
sected succession of interval resistivity maps onto
the sections.

Geological interpretation of TEM surveys

Experience from geological interpretation of TEM
surveys is primarily gained when their results are
compared with other types of data sets, especially
from boreholes. Large numbers of TEM surveys car-



ried out in Denmark have contributed significantly
to the understanding of how the resistivity images
of the subsurface canbe interpreted in geological terms
(Auken et al. 2003; GeoFysikSamarbejdet 2003; Jor-
gensen et al. 2003a, 2003b; Sandersen & Jorgensen
2003; Jorgensen & Sandersen 2004).

The electrical resistivity of sediments is control-
led by clay minerals in the matrix and the ion con-
tent of pore water. If the ion content of pore water
can be taken to be low and relatively constant in a
survey area, information about the clay content may
be achieved. This information, however, depends on
both the amount and nature of the clay. The role of
the ion content of pore water on the formation resis-
tivity is much more significant for coarse-grained
sediments than for fine-grained sediments.

The hurdle for the geological interpretation of
TEM-data is conversion from the modelled layer re-
sistivities to the lithology of the layers and from lay-
er geometry (as revealed by correlations between
soundings) to structural reality. This conversion re-
quires several aspects to be considered: 1) identifi-
cation and exclusion of coupled and otherwise noise-
infected soundings, 2) the vertical and horizontal
resolution capability, 3) resistivity values of litholo-
gies in the survey area, 4) ion content of the pore
water. The principal means for achieving the geo-
logical interpretation are: 1) correlation with inde-
pendent information from other data sets, 2) evalua-
tion of the various thematic maps (as mentioned in
the previous paragraph) in terms of independently
derived and well documented geological models.

The lithological interpretation of the TEM survey
on Mors is based on empirical comparisons between
TEM data and borehole logs. A list of typical resi-
stivities for some of the most common sediments
occurring on Mors and in the adjacent areas is shown
in Table 1. The resistivities are estimated for fresh-
water saturated sediments.

Table 1. Estimated resistivity values for freshwater saturated sediments
in the Mors region. Modified from GeoFysikSamarbejdet (2003) and
Jorgensen et al. (2003b).

Sediments Resistivity
Meltwater sand and gravel > 60 ohm-m
Clay till 25-60 ohm-m
Glaciolacustrine and marine clay 10-40 ohm-m
Paleogene clay 1-10 ohm-m
Paleogene diatomite 10-40 ohm-m
Maastrichtian white chalk 30-100 ohm-m
Danian limestone > 80 ohm-m

Data collection and data

processing
Field surveys and data base

A total of 2904 TEM soundings were collected on
Mors during the period 1998-2002. The field survey,
data processing and modelling were carried out by
the consulting company Dansk Geofysik for Viborg
County (Dansk Geofysik 2002). The survey is part of
an ongoing hydrogeological survey campaign de-
signed to investigate aspects of groundwater resourc-
es. The average density of TEM soundings is around
11 per km? In four high-priority areas the density is
12-16 per km?. These areas are situated in the far
northern part, in the northern middle part, in the
southern middle part and in the far southern part of
the island (Fig. 4). Between the densely covered are-
as the density is about 5-8 soundings per km?. Ap-
proximately 50% of the island is densely covered with
soundings, 40% is sparsely covered, and the remain-
ing 10% has not been investigated. The TEM instru-
mentation used for the survey is the Geonics PRO-
TEM 47 system and the conventional 40x40 TEM

TEM soundings
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Fig. 4. Map showing all TEM soundings on Mors. Grey lines
mark the cross-sections of Figure 7 and 8. Scale: 5 km between
axis ticks. Coordinate system: UTM zone 32/ED50.
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configuration was applied (Dansk Geofysik 2002). All
collected TEM data have been reported to the na-
tional database of geophysical data GERDA (http:/
/gerda.geus.dk), and the TEM data used here is an
extract from GERDA provided by Viborg County.

Data processing

The extracted TEM data from GERDA has been care-
fully examined in order to remove noise-infected
TEM soundings. A total of 249 TEM soundings have
been classified as noise-infected and useless, prima-
rily due to local transmitter coupling to man-made
conductors or high levels of background noise (Se-
rensen et al. 2001b). Mainly capacitive coupled sound-
ings with oscillatory data have been removed (see
examples in Danielsen et al. 2003, figs 4, 5). Galvanic
coupled data, however, can be impossible to identi-
fy, and a limited number of coupled soundings might
therefore still be present in the dataset. After remov-
al of the identified coupled soundings the remaining
2655 soundings constituted the basis for further in-
terpretation.

All soundings have been inverted by the survey-
ors using 1-D inversion modelling code EM1DINV
(HydroGeophysics Group 2004b; 2004c). The select-
ed models contain the fewest possible layers within
accepted limits of fit between model data and ob-
served data. All models contain 2-5 layers. No a pri-
ori information from borehole logs or other geologi-
cal information was used during the inversion proc-
ess or in the selection of models. The models there-
forerepresentobjective datasets, withoutbiased inter-
pretation at this stage of the data handling process.

In the following the model estimation uncertainty
is given as standard deviations on model parame-
ters using the standard deviation factor, STDF
(Auken & Christiansen 2004). A factor of STDF =1 is
the impossible case of perfect resolution. A STDF of
1.1 is approximately equivalent to an error of 10%
and a STDF of 2 is approximately equivalent to an
error of 100%. The median of the STDF for the depth
resolution of all layers in all sounding models is 1.11.
For resistivities the same value is 1.17. About 17% of
all depth estimations have STDF > 2 and about 21%
of all resistivity estimations have STDF > 2. Layers
with low resistivities are better resolved than high-
resistive layers. The depth to the bottom layer, which
in most soundings is low-resistive, is therefore well
resolved. The median of the depth to this layer is
1.05 STDF and only 1% of the values are poorly de-
fined with a STDF > 2.

With the geophysical data and models in GERDA
and by use of the newly developed modelling and
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presentation program, Workbench, (HydroGeophys-
ics Group 2004d), it is possible to construct a variety
of thematic geophysical maps and profiles targeted
at specific geological environments.

The geological modelling presented here is main-
ly carried out on the basis of interval resistivity maps
representing intervals of 10 m. Elevation maps of low-
resistive layers are used. The maps of low-resistive
layers are generated on the following basis: 1) The
layer resistivity of the selected layer must be less than
10 ohm-m, 2) the layer below must not exceed 10
ohm-m, and 3) the layer search routine is conducted
from the top downwards. The 10 ohm-m-limit is cho-
sen because the Paleogene clay layers in the area
normally exhibit resistivities below 10 ohm-m.

Kriging interpolation with cell spacing of 125 m
and a search radius of 600 m is used for the gridding
of the thematic maps. Colour scales with reddish
colours for high-resistive layers and bluish colours
for low-resistive layers are used, whereas for the el-
evation maps reddish colours show high levels and
bluish colours show low levels.

To support the geological interpretation of the
TEM data all relevant and available data and infor-
mation are taken into account. Examples are bore-
hole logs from the national well database “Jupiter”
(GEUS 2003), results from field investigations in clay
pits and coastal cliffs, as well as other geological in-
vestigations and relevant literature. The locations of
all referenced boreholes in the text are shown in Fig-
ure 5B.

Results and discussions

Results of the survey are outlined in an elevation map
of the deepest low-resistive layer (Fig. 5A) and four
selected maps of interval resistivity (Fig. 6A). It is
not possible to show all interval resistivity maps of
the succession, and the selected maps are therefore
chosen to emphasize the most vital information.
Sketches illustrate layer boundaries and geological
structures seen in the maps (Figs 5B, 6B). They do
not show the overall interpretations, but outline on-
ly what can be observed directly on the individual
maps. They are meant as a guide for the descriptions,
as are the letters and numbers annotating the vari-
ous features.

The elevation map (Fig. 5) shows the deepest low-
resistive layer (resistivity lower than 10 ohm-m).
From borehole logs it appears that, in most of the
island, this layer can be correlated with Paleogene
clay, but occurrences of saline groundwater in sand/
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45.533. Scale: 5 km between axis ticks. Coordinate system: UTM zone 32/ED50.

gravel or chalk/limestone may locally influence the
image of the low-resistive layer. The map therefore
shows the topography of the Paleogene clay surface
with local influence by saline groundwater. Such oc-
currences are mainly seen in the layers over the salt
diapir. The elevation of the low-resistive layer rang-
es from more than 170 mb.s 1. to approximately 50 m
a.s.l.

The four interval resistivity maps (Fig. 6A) show
a vertical distribution from low resistivities in the
deeper layers to generally high resistivities in the
shallow layers. This illustrates the general succes-
sion of tertiary and Quaternary sediments in the ar-
ea, gradually changing from clay dominated layers
at depth to more sandy layers in the upper parts.
The appearance of the large-scale geological features
in the TEM survey (the Mors salt diapir, the buried
valley systems, and the glaciotectonic complexes) is
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described and analyzed below. The appearance of
the individual features in the TEM images is present-
ed, and the descriptions are then compared to litho-
logical information derived from borehole logs, ex-
posures, etc.

The Mors salt diapir

The salt diapir in the TEM survey. Two curved depres-
sions appear on the elevation map of the deepest low-
resistive layer in the central part of Mors (Fig. 5, struc-
ture a). Together, these two curved depressions form
an elliptic shape open to the east and the west. The
curved depressions are more than 150 m deep and
between 5 and 10 km in length. To the east they merge
into a long linear depression (structure 1), and to-
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wards the west they terminate abruptly. Between the
two depressions the surface is slightly higher (Fig. 5,
structure b), except for an area close to the southern-
most depression (Fig. 5, structure c). The surface of
structure b is located at around 50-80 m b.s.l. The
southernmost depression is flanked by a prominent
ridge, and the same applies to the western part of
the northernmost depression (Fig. 5, structure d). The
ridges are intersected by other elongate depressions
with straight or irregular forms, and two relatively
large elongate depressions are located more or less
parallel to the ridges (Fig. 5, structure 2).
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Figure 7 shows a cross-section through the area
described above. The upper panel in the figure shows
the individual TEM models, and the lower panel
shows the entire stack of interpolated interval resis-
tivity grids of which four intervals are shown in Fig-
ure 6. Geological interpretations are outlined by line
drawing superimposed on the lower panel. The dark
blue colours in the section represent the low-resis-
tive layer whose surface was shown in Figure 5. The
two curved depressions (structure a) appear in Fig-
ure 7 as dipping layers with very high resistivities
(>120 ohm-m), between which two more or less flat-



topped bodies of low resistivity can be seen (struc-
ture b and c). The ridges of structure d occur as dip-
ping layers resting on structure a, and the elongate
depressions outside the ridges (structure 2) are, at
least in the southern part, seen as a V-shaped struc-
ture with varying resistivity. The impression given
by the cross-section is that the high-resistive struc-
tures of dipping layers converge towards a common
point at around 100 m a.s.l.

Most of the structures described are also seen in
the interval resistivity maps (Fig. 6). In the highest
level (0-10 m a.s.l.) the structures of a and d are seen
as curved bodies with high and low resistivities, re-
spectively. Structure d, however, only occurs towards
the north, and structure a is diffuse, especially to the
south. Between these, there is a structure with slightly
lower resistivities (20-40 ohm-m; structure 3) which
is also seen in the cross-section (Fig. 7). Another elon-
gated structure of relatively low resistivity (structure
4) cuts the southeastern part of structure a.

The structures of a and d become more distinct in
the interval of 10-20 m b.s.l. Structure d is dissected
by several elongate elements with high resistivities
which were seen as depressions in the low-resistive
layer (Fig. 5). Structure 2 also appears at this level,
but structure 4 is less significant. Structure 3 is not
seen but layers with medium-to-high resistivities (60—
140 ohm-m) are observed instead (structure e).

Between 40 and 50 m b.s.l. the low-resistive layer
begins to dominate the succession. Structure a is even
more distinct, and structure d gradually merges into
the low-resistive layer in general. Structure 2 becomes
more well-defined, and structure 1 gradually ap-
pears. Apart from structures a, ¢, 1 and 2, the low-
resistive layer dominates the image in the lowermost
slice at 90-100 m b.s.1. Due to the dipping layers the
distance between the arcs of structure a gradually
increases downwards through the intervals. In the
uppermost slice, the maximum distance is around
3.5 km while at the deepest level it expands to about
5.5 km. The exact inclination of the layers is, howev-
er, difficult to assess, because of the difficulties of
the TEM soundings to penetrate the low-resistive
layers properly at great depths. Given this reserva-
tion the mean inclination of the layers is estimated
to be about 5°.

Interpretation and lithology. The Mors salt diapir was
previously described on the basis of mainly low res-
olution seismic surveys (e.g. Elkraft & Elsam 1981;
Larsen & Baumann 1982), deep exploratory drillings
(Elkraft & Elsam 1981) and the national archive of
borehole logs (Gravesen 1990, 1993). The diapir is
situated in the central part of Mors, exactly where
the dipping layers appear in the TEM data. Several

boreholes penetrate the upper parts of the succes-
sion in the area, and from this it can be concluded
that structure a corresponds to Danian limestone, and
structures b, ¢ and e correspond to Maastrichtian
white chalk (compare with superimposed boreholes
on the lower panel, Figure 7). The boundary between
the Danian and the Maastrichtian is exposed at about
10 m a.s.l. in a chalk pit at Erslev (Andersen & Sjor-
ring 1992), and this level is consistent with the up-
permost interval in Figure 6. The location of the pit
is marked with a cross on this interval map, and it is
seen to correlate exactly with the inner/lower limit
of structure a. Structure d corresponds to Paleogene
clay layers, locally glaciotectonically deformed into
large fold structures (Pedersen 2000). No boreholes,
however, penetrate structure d on the southern flank,
but this can by analogy also be interpreted as Paleo-
gene clay.

The structures of 1 and 2 correspond to various
glacigenic sediments, but structure 4 appears more
homogeneous and consists of meltwater clay, al-
though described as tertiary clay in some borehole
logs (see discussion below). Apart from relatively
thin, scattered occurrences of Postglacial sediments,
structure 3 also corresponds to glacigenic sediments,
but this structure is mainly composed of clay till. The
glacigenic sediments extend downwards into struc-
ture e, but this cannot be seen in the TEM images at
deeper levels because here the sediments gradually
become more sandy, resulting in an insignificant elec-
trical contrast to the underlying chalk of medium to
high resistivities. In Figure 7 the boundary between
glacial sediments and chalk is estimated from bore-
hole data and marked by a dashed line. The struc-
tures 1, 2, 3 and 4 can be characterized as buried val-
leys, as described by Jorgensen & Sandersen (2004).
Locally, where the valleys incise the covering layers,
the diapir becomes diffuse and difficult to see in the
TEM soundings. Buried valleys will be more thor-
oughly described below.

The low resistivities of structures b and c indicate
that the chalk contains highly saline pore water which
has not been leached by circulating groundwater. The
salt-freshwater boundary is located between 50 and
80 m b.s.l. over the northern part of the salt diapir
(structure b), but to the south it seems to be located
as deep as 120 m b.s.l. (structure c). The deepening
of the salt-freshwater boundary to the south can prob-
ably be explained by differences in the level of the
groundwater table which to the south, above struc-
ture ¢, rises gradually from about sea level to 5-10 m
a.s.l. Other explanations could be the presence of
faults and/or differences in lithology and permea-
bility, whereby the salt water locally could have been
removed. Geoelectrical soundings and resistivity logs
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in deep boreholes previously estimated the salt-fresh-
water boundary to be located about 50 m b.s.l. be-
low Lyngbro Baek over the central part of the diapir
and deeper to the south and north (Elsam & Elkraft
1981). This is consistent with the results presented
here.

The Danian limestone (structure a) is in general
expected to be more coarse-grained and fractured
than the white chalk. The hydraulic conductivity is
therefore significantly higher in the limestone and
the leaching of saline pore water may be effective to
greater depthshere. The deepest level of fresh ground-
water in the limestone cannot be detected by the TEM
soundings because only high resistivities occur within
the assumed penetration depth of 120-140 m b.s.L.
From the section (Fig. 7) it can be directly deduced
that the stratigraphic thickness of the Danian lime-
stone is about 80 m.

Erosion. The cover layers of the Mors salt diapir are
clearly imaged in the TEM survey. The flanking Da-
nian limestones and Paleogene deposits appear with
high and low resistivities, respectively. Due to ero-
sion these layers are not present over the central part
of the diapir where Maastrichtian chalk is exposed
directly below glacial sediments. As observed in the
section (Fig. 7) the missing layers over the salt dome
comprise at least the Paleogene clay, Danian lime-
stone and an upper portion of the chalk. The miss-
ing section can be calculated to represent a thickness
more than 200 m over the central part of the diapir.
Extensive erosion must be responsible for the remov-
al of this material. The erosion must have taken place
some time during Neogene or early to middle Pleis-
tocene and could possibly be the local effect of the
regional late Cenozoic erosion, which is estimated
to have had a magnitude of 500-750 m in the Mors
area (Japsen & Bidstrup 1999). An east-west striking
valley structure filled with glacial deposits is situat-
ed in the chalk centrally over the diapir. This valley
may reflect a graben structure formed by dissolu-
tion of salt and/or by extension during the uplift. If
so, the amount of erosion could be slightly lower than
estimated because some of the missing layers would
have been subjected to subsidence instead of erosion.
Another open question is whether the erosion may
have been restricted to the area over the salt diapir
during uplift, and not related to the regional late
Cenozoic erosion.

Buried valleys

Buried valleys in the TEM survey. Buried valleys in-
cised into the layers above the salt diapir have been
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described above. Here we consider buried valleys
on the entire island. In the interval resistivity maps
(Fig. 6A), valley structures appear as elongated bod-
ies defined by resistivity contrasts to their surround-
ings (compare with Figure 6B). These bodies mainly
show moderate to high resistivities, but fairly low
resistivities also occur, especially at the higher lev-
els. The deepest incised valley structures are clearly
expressed in the surface of the low-resistive layer as
blue/green elongate features (Fig. 5).

Beside the thematic maps, two cross-sections pre-
sented in Figure 8 demonstrate the occurrence and
nature of these valleys. One cross-section is located
in the southern part of the island (Fig. 8A), and the
other in the northeastern part (Figs 4-6, 8B). The
cross-section located in the southern part of the is-
land (Fig. 8A) crosses a number of buried valleys. At
the eastern end it crosses the deep valley structure
described as structure 1 above. The valley contains
deposits of high resistivity, and in the cross-section,
as well as in the horizontal images, it is clear that it
constitutes more than one incision. Structure 1x is a
younger valley structure, which seems to be quite
shallow. Structure 4, which was seen as an elongate
structure of low-to-medium resistivities in the up-
per part of the succession (Fig. 6), occurs in the sec-
tion at 13500 m. The downward narrowing of this
structure through the TEM intervals is characteristic
for buried valleys. There is another elongate struc-
ture parallel to the southern part of structure 4. This
feature, named structure 4x, contains deposits of high
resistivities and is partly seen in the interval of 10—
20 m b.s.l. (Fig. 6).

In the surface of the deep low-resistive layer, a
group of other buried valleys appear below the val-
ley of structure 4 (Fig. 8A). Of these valleys, struc-
ture 5 is shallow whereas structures 6 and 7 are deep,
reaching depths of about 120 m. b.s.l. The three val-
leys are clearly seen (Figs 5, 6 (40-50 m b.s.l.)) where
they appear to diverge towards west and northwest.
Three more valleys (structure 8-10) occur in the west-
ern part of the cross-section (Fig. 8A). These, as well
as the other deep valleys, are filled with deposits of
high resistivity. Their deeper parts are incised into
the low-resistive layer, whereas their upper parts
appear to incise layers with medium resistivities. The
valleys seem to terminate upwards at a level corre-
sponding to the present-day sea level, and they reach
depths of about 120 m b.s.l. They are clearly seen in
the surface of the deep low-resistive layer (Fig. 5)
and in the interval resistivity level of 40-50 m b.s.L.
in Figure 6. Structure 9, striking SE-NW through the
southern part of the island, does also occur in the
interval resistivity level of 1020 m b.s.l. Structures
8 and 10 are oriented N-S.
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Fig. 8. Two cross-sections (A and B) showing buried valleys in the southern and the northern part of Mors respectively, and one
cross-section (C) through a glaciotectonic complex in the Hanklit area. The panels show the successions of interval resistivity grids
as they are cut vertically by the cross-sections. The TEM soundings do not penetrate more that about 30-50 m into the Paleogene
clay (dark blue). The panels, however, show the interpolated resistivity grids down to -140 m a.s.1. regardless of the limited
penetration into Paleogene clay. Interpretations and geological elements referred to in the text are marked by black lines, numbers
and letters. ‘"M’ denotes ice-marginal moraine at Skeerbaek Klint. Note the considerable vertical exaggeration (22 x) for sections A
and B. For section C the vertical exaggeration is approximately 5x.

Significant incisions into the low-resistive layer
also occur on the northern cross-section (Fig. 8B). The
largest valley structure in this cross-section is locat-
ed between 2500 m and 4300 m where deposits of
medium-to-high resistivities (structure 11) are seen
at depths of up to 120-140 m b.s.l,, and layers with
medium resistivities (structure 12) are present above
60 m b.s.1. The exact depth of this valley is uncertain
because no TEM soundings have been able to detect
the valley bottom. Other valley features are seen in
the northeastern part of the section, where one or
two valleys (structure 13) cut down into the low-re-
sistive layer, while others (structure 14) seem to in-
cise only the top of the succession. Finally, a quite
shallow valley filled with high-resistive deposits is

seen in the southwestern part of the section (struc-
ture 15). The valley features detected in the northern
cross-section (Fig. 8B) can also be seen in the surface
of the low-resistive layer (Fig. 5) and in the interval
resistivity maps (Fig. 6). They appear as elongated
depressions and bodies with varying resistivities.
However, not all valleys in the section are equally
distinct on the maps, and there may therefore be other
explanations for some of these features (see discus-
sion below). Only a fraction of the buried valleys lo-
cated in the TEM survey have been described above.
Most of the valleys are outlined in the thematic maps
(Figs 5, 6) but not all identified valleys are shown
due to limitations in the number of thematic maps
presented here. Some valleys, for example, only ap-
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pear in limited intervals at levels between the select-
ed intervals. Furthermore, only valleys with a sig-
nificant resistivity contrast between the infill and the
surroundings can be detected by the TEM method
(Jorgensen et al. 2003b). It is also necessary that the
valley fill consists of relatively homogeneous sedi-
ments without sections with varying resistivities,
leading to inconsistent resistivity contrasts.

The buried valleys found on Mors vary with re-
spect to both dimension and orientation. Their depths
vary from a few tens of metres to more than about
140 m. Their widths are normally between 500 and
1500 m, but some are up to 3000 m wide. The trends
of the valleys are mostly restricted to the orienta-
tions N-S, SE-NW and E-W. In valley intersections it
can occasionally be observed that younger valleys
erode into the infill of older valleys.

Lithology of the valleys. As described above many
structures appearing in the thematic maps can be
identified as buried valleys, solely on the basis of
their shapes. However, it is necessary to combine the
TEM data with lithological information from bore-
holes in order to make a proper interpretation. In-
formation from the national well database (Grave-
sen 1990, 1993; GEUS 2003) is therefore taken into ac-
count and compared with the TEM data. Most bore-
holes are poorly described lithologically and only few
of them reach depths of more than 50 m. Nevertheless,
many borehole logs provide useful information about
the valley infill as well as the incised substratum.

Except for the central area over the salt diapir and
a few areas close to the sea, the deep-seated low-
resistive layer (Fig. 5) correlates with Paleogene clay
in the borehole logs. However, in places where dia-
tomite dominates the upper part of the Paleogene,
discrepancy between the Paleogene surface and the
low-resistive layer may occur. The reason is that dia-
tomite normally exhibits resistivities higher than 10
ohm-m (see Table 1). In the coastal areas, saline pore
water at deep levels may lead to erroneous geologi-
cal interpretations. The low resistivities, e.g. below
structure 1x, can therefore be a result of saline pore
water, and the valley may be deeper than it appears
on the TEM images.

According to the borehole logs the valley fill de-
posits are all of Quaternary age. High resistivities (>
60 ohm-m) appear in general to be dominated by
meltwater sand and gravel; medium resistivities (40—
60 ohm-m) are normally found to be deposits domi-
nated by clay till or mixed deposits, whereas layers
with low-to-medium resistivities (10-40 ohm-m) are
dominated by lacustrine clays of glacial, late glacial
or, in some places, interglacial origin. No tertiary
deposits have been found in situ inside the valleys,
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but sequences interpreted as Oligocene clay and Mi-
ocene silt and sand are occasionally found among
the Quaternary infill sediments (e.g. archive no.
45.533, 37.853, 45.418, GEUS 2003). These sequences
have previously been interpreted as ice-rafted lay-
ers (Gravesen 1993; GEUS 2003), but when the bore-
hole logs are combined with the TEM data, other in-
terpretations become more likely. For instance, the
low-resistive structure 4 (Figure 6, 8) seen in the TEM
data between 20 m b.s.l. and 10 m a.s.l., is in several
boreholes described as meltwater clay and clay till,
but in some boreholes it is described as tertiary mica
silt or clay (e.g. archive no. 45.418, GEUS 2003). It is
likely that the micaceous sediments occurring in the
Quaternary sequence consist of reworked tertiary
material originating from the valley surroundings
and re-deposited after valley incision. This implies
that the usage of borehole logs alone may lead to er-
roneousinterpretations when mappingburied valleys.

Viborg County has recently performed three deep
exploration drillings in buried valleys on Mors
(Krohn et al. 2004). The three drillings (archive no.
37.1241, 37.1242, 37.1248, GEUS 2003) are situated
within the valley structures 1, 2 and 17. Except for
some few metres of glaciomarine sediments around
present-day sea level in one of the valleys (structure
1), all valley infill material is described as being gla-
ciofluvial and glaciolacustrine sediments and till.

The widespread occurrence of lacustrine and ma-
rine clays in the valleys indicates that at least parts
of the valleys were exposed during the following late
or interglacial period.

Valley generations and relative ages. Multiple genera-
tions of buried Quaternary valleys are found in sev-
eral parts of Denmark (Jergensen et al. 2003a, 2003b;
Sandersen & Jorgensen 2003; Jorgensen & Sander-
sen 2004) and adjoining areas (e.g. Salomonsen &
Jensen 1994; Cameron et al. 1987; Wingfield 1989;
Ehlers & Wingfield 1991; Piotrowski 1994; Praeg &
Long 1997). As seen in the cross-sections (Fig. 8), more
than one generation of buried valleys also seem to
occur on Mors. Here, different valleys appear to in-
cise each other (e.g. structures 1 and 1x; 4 and 6; 13
and 14; 11 and 12). Such multiple valley incisions can
also be seen on the thematic maps, e.g. in the inter-
val resistivity map of 40-50 m b.s.l. (Fig. 6), where
two different parallel incisions can be seen within
structure 1 just southeast of the dome structure. The
eastern part of structure 1 contains sediments with
high resistivities, whereas the western part contains
sediments of low resistivity. This shows that a young-
er valley is cut into an older valley containing clayey
sediments (the low resistivities) and subsequently
filled with sandy sediments (the high resistivities).



Another example can be seen where the valley of
structure 5 crosses structure 1. Here, low-resistive
deposits extend across the valley of structure 1 indi-
cating that it is cross-cut by structure 5 (dashed lines
in Figure 6B, 40-50 m b.s.1.).

The cross-cutting character of the valleys shows
that the buried valleys were not formed simultane-
ously and that several generations of valleys exist.
Further indications on different valley generations
occur where young buried valleys confined to the
shallow part of the subsurface overlie older, deep-
seated valleys. In such instances, infill deposits of
young valleys can be detected in higher levels of the
TEM-survey, independently of the deeper lying val-
ley deposits. The most convincing example demon-
strated in the thematic maps is where the valley of
structure 4, which contains low-to-medium resistive
layers, lies above the buried valleys of structures 1,
5, 6 and 7 (Fig. 6).

Sandersen & Jorgensen (2003) and Jergensen &
Sandersen (2004) distinguished multiple valley gen-
erations in various places in Denmark on the basis
of preferred valley orientations and cross-cutting re-
lationships. The orientations of the buried valleys on
Mors appear to cluster within the three intervals: N—-
S to NNE-SSW, ESE-WNW to SSE-NNW and E-W
to ENE-WSW, in the following referred to as: N-S,
SE-NW and E-W respectively. It is proposed that
these preferred orientations represent individual
valley generations formed by multiple glaciations.

The proposed valley generations are outlined in
Figure 9. All buried valleys found in the combined
examination of TEM and borehole data are divided
into different valley generations. The N-S orienta-
tion can additionally be divided into at least two sep-
arate generations located at different vertical levels
and stratigraphic positions. A subdivision of the N—
S oriented valleys is consistent with the fact that the
valley of structure 4 is younger than structure 1, al-
though they are almost parallel to each other. The
occurrence of more than one N-S generation is also
evident at several other places on the island, but not
shown by figures presented here. Furthermore, the
sound between Mors and Salling southeast of Mors
occupies an open valley. Since this valley has not been
buried during later events, it may belong to a young
N-S generation, most likely younger than its buried
counterparts. Several N-S oriented generations of
valleys therefore seem to exist, but here it has only
been possible to define two separate generations of
N-S oriented buried valleys (Fig. 9).

Apart from the relationship between the two N-S
generations, the age relation between the four valley
generations is difficult to determine precisely. Indi-
cations of the age relations occur where valleys with
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Fig. 9. Map of all the identified buried valleys divided into four
proposed valley generations of different ages. Age relationships
are indicated, and the location of the salt diapir is marked with
a broken line. Scale: 5 km between axis ticks. Coordinate sys-
tem: UTM zone 32/ED50.

contrasting infill resistivities crosscut each other. All
indications of age relations like this have been ex-
amined and compared for the entire island (Fig. 9).
The E-W generation is most likely older than the two
N-S generations, and the SE-NW generation is found
to be younger than the first N-S generation, but old-
er than the second one.

Sedimentological analyses of borehole samples
from the three deep exploration drillings (archive no.
37.1241, 37.1242, 37.1248, GEUS 2003) performed by
Viborg County indicate that the infill deposits in three
valleys (structures 1, 2 and 17) are of Saalian and
Weichselian age, and it is therefore proposed that the
three valleys were formed during the Saalian glacia-
tion or earlier (Krohn et al. 2004).

Interglacial marine clay found in two boreholes in
the central southern part of the island (archive no.
37.771 and 37.775, GEUS 2003; Gravesen 1993) ap-
pears to represent infill sediments in a N-S oriented
buried valley. The valley occurs as a distinct low-
resistive elongate body on the interval resistivity
maps of 10 to 30 m a.s.l. (not presented in the fig-
ures), and the marine clay was found in the bore-
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holes between 20,5 and 32,5 m a.s.l.,, corresponding
to the low-resistive layer in the TEM soundings. For
marine interglacial sediments, such high positions
above present day sea level are rather unexpected,
but the correlation between the marine clay in the
boreholes and the layer in the TEM models indicates
that the clay has not been disturbed. The layer can
be followed for about 4 km along and about 1 km
across the valley. Other occurrences of marine clay
situated at the same high elevations above sea level
have been found just south of Mors at the Hostrup
locality (Ussing 1903; Knudsen 1977). This clay (the
Hostrup Clay) was supposed to be of Late Elsterian—
Holsteinian age and was found between 20 and 26
m a.s.l. It is, however, unclear whether the Hostrup
Clay is disturbed or not, but its relatively widespread
distribution in the area indicates that it has retained
its original position. Foraminiferal assemblages in the
marine clay in the boreholes on Mors point to a Late
Elsterian—Early Holsteinian age (Peter Konradi, per-
sonal communication 2004), and since this valley is
a member of the youngest valley generation, all gen-
erations (Fig. 9) may be of Elsterian age or older. This
interpretation is based on foraminifera biostratigra-
phy and correlation between the marine clay and the
low-resistive layer in the TEM soundings and is there-
fore tentative.

The subglacial valleys observed in the present day
landscape and the Saalian and Weichselian sediments
found within some of the buried valleys (Krohn et al.
2004) perhaps reflect formation of some of the val-
leys during these glaciations.

Glaciotectonic thrust complexes

Glaciotectonic structures in the TEM survey. The gla-
ciotectonic complex at Hanklit in the northern part
of Mors is clearly expressed in the terrain as imaged
in Figure 2. Black polygons outline the areas in which
ice-shoved hills and ridges occur in composite-ridge
systems in the Hanklit area (partly after Klint & Pe-
dersen 1995). The same areas are superimposed on-
to the map of the low-resistive layer (Fig. 5) and on
the interval resistivity slices (Fig. 6).

In general, the low-resistive layer and the morphol-
ogy of the glaciotectonic complex correlate (Fig. 5).
Especially in the northern parts of the two large com-
posite-ridge system areas, the low-resistive layer is
elevated to high positions (to about 60 m a.s.l.) and
almost exposed at the surface. Elsewhere, for instance
where buried valleys incise the low-resistive layer,
or below the two smaller areas to the north, the sur-
face of the low-resistive layer does not correlate with
the surface topography.
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The morphology of the low-resistive layer is also
indicated in the interval resistivity maps (Fig. 6). In
this figure it appears that most of the composite-ridge
systems are composed of layers with resistivities
below 10 ohm-m, but some parts show low-to-inter-
mediate resistivities or even high resistivities. The
glaciotectonic complex can be traced as low-resistive
structures in the TEM maps to a depth of about 30 m
b.s.l. It is not present in the slice of 40-50 m b.s.l. and
below since no resistivity contrasts between the com-
plexes and the surrounding layers occur here.

The glaciotectonic complexes on the far northeast-
ern part of Mors are also shown on Figure 2,5 and 6
(after Gry 1979). Grey lines here mark the distal front
of the complexes which in the terrain primarily oc-
cur as small ice-shoved ridges. The glaciotectonic
features are less distinct than the Hanklit glaciotec-
tonic complex, but some of them are well expressed
in the terrain (Fig. 2). Correlation between the ice-
shoved ridges seen in the terrain and the results of
the TEM survey is evident (Figs 5, 6). Ridge-like struc-
tures of low resistivity occur on the eastern margin
of the grey lines corresponding to the core of the com-
plexes. They seem to terminate abruptly at the grey
lines and can be traced as deep as around 50 m b.s.L
The westernmost ice-marginal moraine is denoted
with an "M’ on the cross-section (Fig. 8B). Only a small
ridge is seen in the terrain here.

Due to sparse data coverage in the far northeast-
ern part of the island the Ejerslev glaciotectonic com-
plex (Pedersen 2000) is not revealed by the TEM sur-
vey.

Lithology of the glaciotectonic structures. Borehole logs
from drillings (Gravesen 1990; GEUS 2003) located
in the composite-ridge systems of the Hanklit area
show that the low-resistive layers elevated to high
positions mainly correspond to Oligocene clays (e.g.
archive no. 37.760, 37. 816, 37.850, GEUS 2003). Some
borehole logs in the ridge systems show thick suc-
cessions of glacial sediments (e.g. archive no. 30.949,
37.617, 37.1049, GEUS 2003), but these are situated
in places where high resistivities dominate the suc-
cession or where the TEM data density is low. The
majority of boreholes in the low-lying areas between
the ridge systems or immediately outside the ridge
systems show glacial deposits in the upper part of
the succession. Deep boreholes in these areas show
diatomite and other Paleogene sediments at greater
depths.

Extensive occurrences of diatomite are exposed in
cliffs and pits along the proximal (northern) parts of
the Hanklit glaciotectonic complex (Klint & Peder-
sen 1995). At Hanklit cliff these layers are intensely
folded and thrusted in several thrust sheets that also



involve glacial sediments. The Paleogene diatomite
is also evident in borehole logs. It occurs within a
margin of around 1 km along the coast, including
the two small ridge systems to the north and the
northern part of the large easternmost system. In the
thematic maps (Figs 5 and 6) it appears that the TEM
soundings mainly show low-to-moderate resistivi-
ties (10-40 ohm-m) to depths of about 20 m b.s.1 in
the diatomite-dominated margin along the coast. This
is in accordance with the expected resistivity values
for the diatomaceous sediments. A cross-section
through the complex is presented in Figure 8C (see
Figs 4, 5 and 6 for location). The structure 16-valley
is seen in the southern part of the section and the
coast is situated in the northern part. Sediments
(thrust sheets) of low resistivities corresponding to
Paleogene clay (Oligocene) are elevated to high po-
sitions in the middle part of the section ("pc’) where-
as sediments with somewhat higher resistivities (light
bluish colours) corresponding to diatomite ("ed”) oc-
cur in the northern part.

As described above, the cores of the composite-
ridge systems at Hanklit contain a variety of sedi-
ment types. The combined TEM and borehole data
indicate that thrust sheets consisting of diatomite
have been transported into the proximal parts of the
complex and thrust sheets of Oligocene clay into the
middle or distal parts (Fig. 8C). This distribution of
thrust sheets inside the glaciotectonic complex may
reflect that the distal part was formed before the prox-
imal part: Thrust sheets from the upper part of the
succession in the source area were displaced first
(distally) before older, deeper layers were displaced
proximally in the glaciotectonic complex. Large parts
of the systems are also occupied by high-resistive
glacial deposits. These deposits may be incorporat-
ed in thrust sheets, but in the deeper part of the suc-
cession the glacial sediments seem to be related to
buried valley structures, as discussed below.

According to borehole logs, the glaciotectonic com-
plexes in the northeastern part of Mors are also part-
ly dominated by diatomite in narrow zones. The dia-
tomite corresponds to layers with low-to-medium
resistivities in the TEM soundings and is shown with
light bluish colours in the interval resistivity maps
from around sea level to somewhere between 30 and
50 m b.s.l (Fig. 6). Resistivities less than 10 ohm-m
below this level indicate a dominance of Paleogene
clay ('pc’) below the diatomite; however no borehole
information is available at this depth. The cross-sec-
tion in Figure 8B illustrates this situation with layers
with low resistivities gradually dominating the suc-
cession downwards (from 4000 to 5500 m and from
7000 to 7500 m). Borehole logs and the TEM survey
show that the uppermost part of the succession

(above sea level) in the area consists of various sedi-
ments. Layers with medium resistivities occur be-
tween ground level and sea level underneath the ice-
marginal moraine ‘M’ in the cross-section. This cor-
responds to the sequence of various deposits de-
scribed by Korsager (2002) at Skeerbaek Klint, situat-
ed where the coastline crosses the ice-marginal mo-
raine close to the cross-section. Folded and thrusted
layers of mainly diatomite and glacial deposits are
exposed here.

Relationships between the individual
geological elements

Buried valleys and glaciotectonic thrust complexes. Some
of the buried valleys can be followed below the gla-
ciotectonic complex at Hanklit (Figs 5, 6). The bur-
ied valley described as structure 15 extends below
the northeastern part of the complex as seen in the
interval resistivity map of 40 to 50 m b.s.l. and in the
surface of the low-resistive layer. The valley of struc-
ture 16 can be followed into the western part of the
complex from approximately 10 m a.s.l. down to
about 60 m b.s.l. This valley terminates towards the
northeast where the complex is composed of Paleo-
gene clay; these clays have very low resistivities and
are difficult to penetrate with the TEM method. As a
consequence, the depth of penetration through this
clay is likely to be less than 50 m, and it is therefore
possible that the valley extends all the way under-
neath the glaciotectonic complex. A short valley seg-
ment occurring in the low-resistive layer northeast
of the clay ridge (Fig. 5) may therefore be interpret-
ed as the extension of the structure 16-valley on the
other side of the complex. It is obvious that the struc-
ture 16-valley was present before thrusting of the
ridge system, and that the valley structure was heav-
ily disturbed by thrust sheets of Paleogene clay.
Northwards the buried valley of structure 17 can
be followed to the coast between the two large areas
of composite-ridge systems (Figs 5, 6). The northern
part of the valley is filled with deposits with fairly
low resistivities and therefore hardly visible in the
interval resistivity maps due to the low contrasts.
However, this part of the valley can be seen in the
surface of the low-resistive layer. The southern part
is filled with deposits with various resistivities, cor-
responding to glacial deposits, as also described in
one of the three exploratory drillings (archive no.
37.1242, GEUS 2003) on Mors by Krohn et al. (2004).
The following observation indicates that this valley
is also older than the deformations: The buried val-
ley seems to be wider than the overlying topograph-

Jorgensen et al.: Geological mapping of Mors, Denmark — Study on a large-scale TEM survey - 71



ical valley situated between the two composite-ridge
system areas. This can particularly be observed where
the valley in the landscape is narrow and crosses a
distinct threshold (compare Figs 2, 5 & 6). The for-
mation of the buried valley of structure 17 and the
glaciotectonic complex can be interpreted as follows:
A valley was subglacially eroded and was left by the
glacier, open or buried, in the area before the glacio-
tectonic events took place. Paleogene clay and diato-
mite, together with glacial sediments, were folded
and thrusted, and the composite-ridge systems were
formed. Parts of the valley became glaciotectonical-
ly disturbed, and the fill sediments, as well as the
surrounding layers, were thrusted into the glacio-
tectonic complex. The smaller valley occurring in the
landscape above the buried valley is interpreted as a
tunnel valley leading meltwater through the com-
posite-ridge systems to an ice front situated at the
topographic threshold (Andersen & Sjerring 1992).
The meltwater that eroded the tunnel valley proba-
bly found its way to the ice front by reusing the path-
way of the older buried valley, as seen elsewhere on
Mors (e.g. structure 1) and in other parts of Denmark
and adjoining areas where multiple valley incisions
occur within larger valley structures (e.g. Piotrowski
1994; Dobracki & Krzyszkowski 1997; Sandersen &
Jorgensen 2003; Jorgensen & Sandersen 2004). The
buried valley was therefore formed ahead of the
Weichselian Main Advance, which is believed to have
covered the area after the glaciotectonic deformations
took place (e.g. Gry 1979; Ditlefsen 1991; Pedersen
1996; Korsager 2002). This is also in accord with bore-
hole sample analyses from the exploratory drilling,
which indicated that the valley infill was from Early
Weichselian and/or the Saalian glaciations (Krohn et
al. 2004).

In the northeastern part of Mors the buried val-
leys are oriented parallel to the glaciotectonic struc-
tures. The TEM data contain no direct evidence for
an age relationship between the buried valleys and
the glaciotectonic structures here. However, based
on lithostratigraphic investigations carried out by
Korsager (2002), it can be concluded that these val-
leys are also older than the phase of glaciotectonic
deformation, because the Hanklit Till, which is in-
corporated in the glaciotectonic structures at Skeer-
baek Klint, is found relatively undisturbed in the
uppermost covering sequence of the buried valleys
(structures 11 and 12) situated immediately south-
west of Skeerbaek Klint.

Consequently, the valleys must have been present
as buried or open features prior to the glaciotectonic
events, and the location of the ice-marginal moraines
along the northeastern edges of the valleys on the
northeastern part of the island indicates that the val-
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leys may have affected the processes of glaciotectonic
activity. The glaciotectonic décollement horizons in
the area have been estimated to be present within
the clayey Holmehus Formation below the Fur For-
mation at a level of around 50 m b.s.l. at Skaerbeek
Klint (Korsager 2002) and around 80-100 m b.s.l. at
Feggeklit (Pedersen 1996). The valleys of structures
11 and 13 reach depths of more than 70 m b.s.l. and
the valleys are therefore deeper than the estimated
depth of the décollement horizon at Skeerbaek Klint
which is situated between the valleys. If the devel-
opment of décollement horizons in the area is de-
pendent on the lithology as argued by Pedersen
(1996) and Korsager (2002), the glaciotectonic defor-
mation will tend to occur outside the valleys where
the Holmehus Formation is present.

Structures 13 and 14 occur as elongate depressions
containing sediments with high resistivities and are
interpreted as subglacial valleys, but it cannot be
excluded that the structures could be source depres-
sions for the thrust complex and subsequently filled
with glacial sediments during the ice advance or re-
treat. Nevertheless, glaciotectonic source depressions
do not normally occur as elongate valley-like struc-
tures like those appearing in the TEM survey, but
theburied valleys may have been partly deformed by
subsequent glaciotectonic activity. It is very likely that
the valley flanks facing east and northeast are strong-
ly influenced by the glaciotectonic deformations.

Formation of the glaciotectonic complexes on Mors
seems to have been affected by the presence of bur-
ied valleys. This may have happened either as a re-
sponse to the valley topography or because the dé-
collement horizon is absent in the buried valleys due
to deep erosion. It is thus presumed that the pre-ex-
isting valleys have had significant local impact on
the glaciotectonic events.

Glaciotectonic thrust complexes and the salt diapir. As
already pointed out by other authors, there seems to
be a close relationship between the location of the
glaciotectonic complexes and the salt diapirs and
domes in the area (e.g. Gry 1979; Pedersen 2000; Klint
& Pedersen 1995). The development of glaciotectonic
activity is strongly dependent on the presence of clay-
ey Paleogene deposits, and the absence of these lay-
ers above the salt diapir prevents the formation of
glaciotectonic complexes. Diapir flanks dipping
against the ice movement direction are also able to
initiate formation of glaciotectonic complexes (Peder-
sen 2000).

Buried valleys and the salt diapir. Despite some diffi-
culties in achieving exact images of the buried val-
leys when they cross the salt diapir, it is demonstrat-



ed that several buried valleys incise its covering lay-
ers. The formation of most of these valleys seem to
be relatively unaffected by the presence of the dia-
pir. An exception, however, is the E-W oriented bur-
ied valley incised in the relatively soft chalk between
the more consolidated Danian limestones (structure
3) which indicates some kind of correlation to the
substratum. The location, and probably also the
formation, of this valley is apparently controlled by
the contrasts in the erodibility of the substrate, by
faults or by a graben structure created by extension
above the salt diapir. Relationships between deep-
seated structural elements and buried valleys in Den-
mark have been described and documented by Jor-
gensen & Sandersen (2004). They demonstrate that
deep-seated faults, possibly reactivated by postgla-
cial rebound, to some extent tend to control the loca-
tion and orientation of subglacial valley erosion.

Conclusions

Detailed examination of the TEM data from Mors
shows that large-scale TEM surveys are able to im-
prove the geological understanding of the regional
geological setting to a depth of around 150 meters.
TEM surveys add important new and detailed in-
formation about the spatial distribution of geologi-
cal structures, and make a valuable contribution to
the geological model.

Improvements in TEM instrumentation, data pro-
cessing, data handling and data presentation over
the past few years have made the TEM method a
powerful tool in geological field mapping. In addi-
tion to this, increasing practical experience with ge-
ological interpretation of TEM data has improved its
contribution to geological models. The TEM method
offers excellent images of deep-seated low-resistive
layers, such as the Paleogene clay, and is capable of
resolving geological structures and layers in the over-
lying succession.

Geological structures are delineated by assessing
resistivity distributions from surface and interval
resistivity maps, whereas the lithology is assessed
from the measured resistivity values. In this way both
structural and lithological information is acquired
from the same data set, thus adding important in-
formation for interpretation of the geological envi-
ronment.

The TEM survey on Mors shows that, due to the
complex geological succession, borehole logs cannot
constitute the basis for the geological interpretation
alone, although the density of boreholes is relatively
large.

Apart from facies variations the complicated ge-
ology found on Mors is primarily a result of three
processes: 1) deformation by halokinesis, 2) erosion
of valleys and 3) glaciotectonic thrusting. The mor-
phology of the layers over the Mors salt diapir is
clearly demonstrated by the TEM survey as an ellip-
soid-shaped structure. Paleogene clay rests upon
Danian limestone which partly covers the Maastrich-
tian chalk. Saline pore water is present in the chalk
50-80 m b.s.l. Numerous buried valleys dissect the
entire island, including the layers over the salt dia-
pir. The valleys are widespread and can be divided
into different generations, each having their own
preferred orientation. In places where they overlie
or cross each other, the relative ages of valley gener-
ations can be estimated. Four generations have been
identified, but more may exist. Most of the valleys
are presumed to be old, most likely formed during
the Elsterian glaciation or earlier. The buried valleys
are mainly filled with glacial sediments, but inter-
glacial sediments also occur. Many valleys contain
lacustrine and marine clays in their upper parts up
to levels between sea level and 30 m a.s.l. The large
glaciotectonic complexes on Mors are also exposed
in the TEM survey. The central parts of the Hanklit
glaciotectonic complex are primarily composed of
thrust sheets of Paleogene clay, whereas thrust sheets
and folds containing diatomite are found in the prox-
imal parts. This indicates that the distal and central
parts of the complexes were formed prior to the prox-
imal parts. The survey also shows that the glaciotec-
tonic complexes are young features, formed after the
buried valleys, and it is likely that the buried valleys
had a considerable effect on the formation of the gla-
ciotectonic complexes.
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