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A B S T R A C T   

The subsurface in areas affected by the Pleistocene glaciations often reveal very complex architectures and 
because of this, the near-surface geology is generally difficult to map and model in high detail. A number of 
geophysical methods focus on the uppermost part of the subsurface and are capable of mapping details, but no 
single method has hitherto been able to provide the detail, the data density and the resolution required to map 
the near-surface Quaternary geology in 3D. Driven by the demands for high detail in the uppermost parts of the 
subsurface related to for instance surface water and groundwater vulnerability assessments and climate-change 
related projects, a new high-resolution electromagnetic survey method, tTEM, has been developed. We present 
examples and discuss the method and its applicability in four study areas where data from tTEM surveys has been 
combined with geological data and knowledge to map near-surface geological features that could not be resolved 
in 3D using other geophysical methods focusing on the deeper subsurface or methods with a wider data spacing.   

1. Introduction 

The subsurface deposits of many areas that were once covered or 
bordered by Pleistocene ice sheets reveal very complex architectures. 
During at least the three latest glaciations and the intervening in-
terglacials, multiple episodes of erosion, deposition and deformation 
have left a marked impact on the upper parts of the subsurface: Gla-
ciotectonic complexes with structural deformation to depths of up to 
300–400 m are numerous (e.g. Aber and Ber, 2007; Gehrmann et al., 
2019; Pedersen, 2005), and widespread subglacial erosion is evidenced 
by for instance the occurrence of a large number of buried tunnel valleys 
eroded to depths of up to 400 m (e.g. Van der Vegt et al., 2012; 
Jørgensen and Sandersen, 2006). In addition to this, other types of 
erosion, sedimentation and tectonics have resulted in extensive and 
complex near-surface sedimentary successions and highly varied terrain 
morphologies (e.g. Brandes et al., 2018; Houmark-Nielsen, 2007, 2011; 
Lang et al., 2014; Sandersen and Jørgensen, 2015; Winsemann et al., 
2018). Due to this complexity, the upper part of the subsurface geology 
is generally difficult to map and model in high detail. 

Extensive groundwater mapping in Denmark since the mid 90’s 
(Thomsen et al., 2004) created a boost in the development of new 
geophysical methods that aimed at mapping the uppermost 100–200 m 
of the subsurface. Developed geophysical methods counted for instance 
Airborne ElectroMagnetic methods (AEM; e.g. SkyTEM; Danielsen et al., 
2003; Sørensen and Auken, 2004), Electrical Resistivity Tomography 
(ERT; Loke et al., 2013), Induced Polarization (IP; Maurya et al., 2018), 
Pulled Array Continuous Electrical Sounding (PACES; Christensen and 
Sørensen, 2001), and ElectroMagnetic Induction (EMI; Christiansen 
et al., 2016; Doolittle and Brevik, 2014). The development of new 
methods also spurred new modelling workflows and new ways of 
combining data (e.g. Sørensen, 1996; Sørensen and Auken, 2004; 
Jørgensen et al., 2003, 2013; Møller et al., 2009; Høyer et al., 2015a, 
2015b; Marker et al., 2015). 

Some of the developed geophysical methods focus on the uppermost 
part of the subsurface and were able to map details, but no method alone 
could provide the high detail, the high data density and the high reso-
lution that was required to spatially map the complex near-surface 
Quaternary geology. Therefore, the complexity of the geological 
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succession still posed challenges for geo-modellers wanting to create 3D 
renderings of especially the uppermost 30–50 m (e.g. Høyer et al., 
2013b; Jørgensen and Sandersen, 2009). 

In vulnerability and climate change related groundwater/surface 
water interaction projects, there is an increasing demand for highly 
detailed 3D geological models in order to model groundwater flow and 
solute transport with the required precision (e.g. Hansen et al., 2016; 
Refsgaard et al., 2014; Kim et al., 2019; Rasmussen et al., 2020). Like-
wise, modelling contaminant transport from landfills or industrial fa-
cilities require a thorough knowledge of the geological architecture of 
the upper parts of the subsurface specifically aimed at performing risk 
evaluations (e.g. Maurya et al., 2017, 2018; Høyer et al., 2019). In 
Denmark, almost all drinking water is based on groundwater, and the 
increasing pressure on groundwater resources of high quality therefore 
defines a new level of detail that 3D geological models are required to 
meet (Sandersen et al., 2018). 

Especially driven by the demands for high detail aimed at assessing 
surface water and groundwater vulnerability, climate related water 
challenges, improved modelling of point and surface contamination, a 
new high-resolution electromagnetic survey method has been devel-
oped. The tTEM method (the towed Transient ElectroMagnetic method; 
Auken et al., 2019; Maurya et al., 2020) has its focus on mapping re-
sistivity variations down to at least 70 m of depth, and it has successfully 
shown the ability to map the shallow geology at higher levels of reso-
lution than hitherto obtained. In combination with deeper focused 
geophysics (e.g. SkyTEM; Sørensen and Auken, 2004, Schamper et al., 
2014), borehole data and high-resolution terrain models based on 
LiDAR data (Light Detection and Range; Johnson et al., 2015), new 
possibilities for gaining an unprecedented level of detail of the near- 
surface geology are now present. 

The high data coverage and the improved resolution of the near- 
surface geology makes the tTEM method highly suitable for mapping 
detail to be used in 3D geological models targeted at aquifer mapping, 
surface water and groundwater vulnerability assessments, climate 
change adaptation, mapping of aggregates, risk assessments at 
contaminated sites, construction sites/infrastructure projects etc. 

In this paper we present four examples where the tTEM method has 
added valuable new information of the near-surface geology for use in 
targeted nitrate regulation and management of agricultural fields, as-
sessments of groundwater vulnerability and groundwater risk assess-
ments related to a contaminated industrial site. The examples focus on 
geological settings where the tTEM method has been used to map spe-
cific near-surface geological features that could not be resolved in 3D 
using other geophysical methods with a deeper focus or with a less dense 
data coverage. 

2. Selected study areas 

The four selected study areas are shown in Fig. 1. The areas are 
located in glaciated landscapes in western Denmark and represent 
geological settings in a young glacial landscape from the last glaciation 
(Weichselian) (Example 3, Ejer Bavnehøj), in old glacial landscapes of 
the penultimate glaciation (Saalian) (Example 2, Vittarp, and 4, Vildb-
jerg), and on the lateglacial (Weichselian) outwash plain west of the 
Main Stationary Line (Example 1, Bolbro). The Main Stationary Line 
represents the most westerly location of the Scandinavian Ice Sheet 
during the Late Weichselian (e.g. Houmark-Nielsen, 2007). 

The tTEM mapping has been performed as part of projects aimed at 
mapping and modelling of the fate of nitrogen in groundwater and surface 
water in agricultural areas (www.MapField.dk; Examples 1 and 3), 
vulnerability mapping of a deep aquifer, and mapping of near-surface ge-
ology for use in risk assessments in relation to a contaminated industrial site 

(TOPSOIL www.northsearegion.eu/topsoil; Examples 2 and 4). 

3. Methods 

3.1. The Transient ElectroMagnetic method (TEM) 

All developed TEM systems are based on the time-domain electro-
magnetic method that operates with a large wire loop transmitter and a 
smaller receiver loop (Danielsen et al., 2003). When a direct current is 
sent through the transmitter loop, a primary magnetic field is created in 
the surroundings. When turned off, it induces an eddy current system 
that diffuse downwards and outwards and decay because of the electric 
resistance of the ground. This induces a secondary magnetic field that is 
measured in the receiver loop. This decaying electric field response is 
related to the conductivity of the subsurface layers and therefore the 
method provides information of the resistivity distribution of the sub-
surface (Sørensen and Auken, 2004). Generally, the TEM method pro-
vides good resolution of conductive layers, whereas high-resistivity 
layers are mapped with less precise resistivity estimates (e.g. Jørgensen 
et al., 2005). The TEM method is sensitive to couplings from the pres-
ence of infrastructure such as fences and cables or larger metallic objects 
(Christiansen et al., 2006), but during standard data processing routines, 
affected data are removed (Auken et al., 2009). 

The TEM methods provide 1D models of the subsurface resistivity 
variations primarily controlled by the content of clay minerals in the 
sediment and the ion content of the pore water. Because of overlap 
between different lithologies in terms of resistivity (Jørgensen et al., 
2005; Schamper et al., 2014), heterogeneous sediments, and gradual 
transitions between lithologies, the conversion of modelled resistivities 
to specific layer lithology is not straightforward. Also, variations in 
water saturation and porewater ion content down through the succes-
sion can challenge the geological interpretations. Therefore, the 
modelled resistivity variations must be related to lithological de-
scriptions from boreholes, outcrops, and surface geology maps. If elec-
trical wire-line logs are available from boreholes, resistivity links 
between the borehole and the TEM data can be performed (e.g. Sand-
ersen et al., 2009; Schamper et al., 2014), thus strengthening local 
correlations between resistivity and lithology. 

For all TEM methods, the survey layout, infrastructure, and area- 
specific restrictions in accessibility have an impact on data coverage. 
The system configuration and the resistivity of the subsurface controls 
the penetration depth as well as the lateral resolution capabilities. 

The type of system and the spatial distribution of the collected data 
thus defines the size of the layers and structures that can be resolved. 
Generally, the TEM method is only capable of resolving a limited 
number of layers, and the near-surface layer resolution can – dependent 
on the chosen configuration – be poor. With depth, there is a decrease in 
resolution and an increase in footprint, meaning that the modelled re-
sistivities at depth will be the result of averaging over increasingly larger 
volumes. 

In ground-based systems, TEM measurements are typically evenly 
distributed soundings over an area or soundings along lines, whereas for 
airborne systems, closely spaced measurements are carried out along 
flight lines. Each sounding position holds an inverted geophysical layer 
model with electrical resistivities described in each layer (Danielsen 
et al., 2003; Auken et al., 2015). Depending on the system configuration, 
the TEM systems can have varied penetration depths and resolution 
capabilities. The DOI (Depth of Investigation) is calculated during pro-
cessing and is available for visualisation along profiles. The DOI illus-
trates the maximum depth at which the model can be considered reliable 
(Christiansen and Auken, 2012). 

Both ground-based and airborne TEM systems have for more than 25 
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years added highly valuable spatial information for use in 3D geological 
modelling related to the Danish national groundwater mapping programme 
(Høyer et al., 2011, 2015a, 2015b; Møller et al., 2009; Sandersen and 
Jørgensen, 2017; Schamper et al., 2014), and has been widely used in 
mapping projects worldwide (e.g. d’Ozouville et al., 2008; Chandra et al., 
2019; Foley et al., 2020; Viezzoli et al., 2009, 2010). For more detail on 
electromagnetic methods we refer to Christiansen et al. (2006). 

3.2. The towed Transient ElectroMagnetic method (tTEM) 

The tTEM system is a further development of the TEM method as a 
down-scaled system that is designed to map from the terrain surface 
using an ATV (All-Terrain Vehicle) (Auken et al., 2019). The smaller size 
means a shallower focus depth, and the tTEM system is capable of im-
aging the uppermost 70 m of the subsurface in high resolution both 
horizontally and vertically given by its small footprint and dense data 
collection patterns (Auken et al., 2019). 

A typical tTEM survey is done by measuring along lines with a 
spacing of around 10–25 m and an in-line distance between the 
soundings of 5–10 m. The versatility of the ATV-mounted equipment is 
ideal for surveys on almost all types of agricultural fields. Access to 
fields, however, can in some instances be problematic due to crops, 
physical obstructions, or lack of entry permissions. 

As tTEM is closely related to other TEM systems, inversion, pro-
cessing, and output is performed using the same workflows (Auken 
et al., 2019). Basically, the differences lie in the focus depth, the scale at 
which the TEM systems map and the platform on which the data is 
collected. The shallow focus of the tTEM makes it the best choice for 
surveys that target the geology of the near-surface regime, and where 
highly detailed interpretations are required. 

4. Data 

4.1. Geophysical data 

The tTEM surveys in the study areas have been performed by the 
Department of Geoscience, Aarhus University. The surveys were done 
with a standard line spacing in areas dominated by agricultural activ-
ities. Due to presence of buried infrastructure, physical obstacles, re-
strictions in access to fields, and removal of coupled data during the data 
processing, the data coverage in the four areas varies (Fig. 1). The 
processed and inverted data were provided as 1D geophysical models in 
GERDA format (www.geus.dk). 

Older geophysical surveys using airborne TEM (SkyTEM), TEM40 or 
ERT have been performed in or just outside the study areas. Generally, 
available TEM data has been included in the geological interpretations, 
but because the ERT data are few, and because the tTEM provides much 
better resolution and coverage, these data have not been used in the 
present study. 

4.2. Borehole data 

The publicly available Danish National Borehole Database ‘Jupiter’, 
contains data from more than 280.000 boreholes drilled for multiple 
purposes spanning a time interval of more than 125 years (Hansen and 
Pjetursson, 2011). The digital borehole data is hosted by GEUS (www. 
geus.dk). Symbology and colour coding used in the figures follow 
GEUS standards. 

4.3. Surface geology maps 

Digital maps of the surface geology are publicly available in 1:25.000 
for 90% of the Danish area (Jakobsen and Tougaard, 2020; www.geus.dk). 
The maps show interpreted geology and lithology at a depth of approxi-
mately 1 m, using standard symbology and colour coding (see Fig. 1). 

5. Geological mapping in the selected study areas 

5.1. Study area 1, Bolbro: Mapping glaciotectonics and discontinuities 
within a near-surface succession 

5.1.1. Geological setting 
The Bolbro area is located on the Late Weichselian Tinglev outwash 

plain in the southern part of Jutland (Fig. 1). A small part of the study 
area comprises higher lying remnants of a pre-Weichselian glacial 
landscape standing out as “hill islands” surrounded by the outwash 
plain. The outwash plain surface has a gentle slope from east to west. 
The outwash plain was formed when the Late Weichselian ice sheet was 
located at the Main Stationary Line (MSL) east of the study area, rep-
resenting the ‘Main ice advance’ from northeast (21 kyr BP; Houmark- 
Nielsen, 2007). The highest parts of the hill islands reach 50 m a.s.l, 
whereas the outwash plain surrounding the hills is sloping from 35 m in 
the east to 25 m a.s.l. to the west. Late glacial outwash deposits con-
sisting primarily of sands are dominant, but in the hill islands occur-
rences of clay till and older meltwater sand can be found. Occurrences of 
postglacial freshwater deposits can be found locally in topographic lows 
on the outwash plain. Boreholes reveal Quaternary meltwater sand and 
gravel, clay tills and postglacial organic rich sediments. At depth, 
Miocene sequences of marine clays and sands are found. 

5.1.2. Geological interpretations 
Cross section’Bolbro A’ in Fig. 2 gives an overview of the geology of 

the study area from southwest to northeast. The gentle westerly slope of 
the outwash plain surrounding the hill islands is clearly seen in the 
terrain morphology. Hidden below the high-resistive sandy sediments of 
the outwash plain (a) and the occasional low-resistivity and organic rich 
Postglacial sediments (b), we find irregularly shaped, low-resistive clay 
tills and meltwater clays (c). The layers of till and meltwater clay are 
found throughout the cross-section, except at 1000–1200 m and 
4600–4900 m, where the clay apparently has been eroded. Especially in 
the central part of the cross-section, the layer appears to consist of 
stacked, northerly/easterly dipping clay slabs creating a highly irregular 
appearance along the cross-section. The clay forms the core of the hill 
islands where it can be found at altitudes up to just over 30 m a.s.l., 
whereas beneath the outwash plain, the top of the clay is found below 
20 m a.s.l. The tTEM clearly maps the boundary to the high-resistive 
sand of the outwash plain above as well as the boundary to the high- 
resistive meltwater sediments underneath (f). In the hill islands, layers 
of irregularly shaped, high-resistive layers (d) are found above the clay 
(c). These layers consist of meltwater sand and gravel, and as seen to the 
right on the cross-section, they appear to follow the irregular shape of 
the underlying clay (c). 

The calculated standard DOI shows that the tTEM generally maps the 
succession down to 20 to 50 m b.s.l., and that the deepest model layers 
show high resistivities (Fig. 2). According to nearby borehole data, the 
deepest parts of the succession consists of Miocene sands and clays (f) (e. 
g. Rasmussen et al., 2010), but these layers are not mapped with tTEM 
because they are located below the DOI. 

Friborg (1996) mapped stone-poor, chalk-rich tills of presumed 
Saalian age beneath the Tinglev outwash plain based solely on borehole 
data. The surface of these tills mapped by Friborg generally matches the 
surface of the low resistive clays (c) mapped by tTEM (Fig. 2), but the 
tTEM data clearly show that the clay is deformed. Glaciotectonically 
deformed sediments are widespread in southern Denmark (e.g. Ander-
sen et al., 2005; Houmark-Nielsen, 2007; Høyer et al., 2013a; Jørgensen 
et al., 2015) and since the area has not been overridden by glaciers 
during the Weichselian the deformations in the study area can be related 
to the Saalian glaciation. The tTEM shows that the meltwater sediments 
above the clay in the hill islands are deformed as well. Apart from being 
deformed, the Saalian clays have also been eroded locally, which means 
that the clay can be considered as discontinuous and having a highly 
varied thickness throughout the area. 
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Although the tTEM does not map the deep parts of the succession, the 
highly irregular bottom surface of the Saalian clays points to an equally 
deformed succession at depth (e and f). This is supported by finds of 
isolated layers of Miocene sediments within the Quaternary succession, 
e.g. in borehole DGU No. 159. 1111 (at 2400 m on Fig. 2). The tTEM 
maps the Lateglacial outwash plain sediments and the spatial boundary 
to the Saalian sediments in high detail. Locally, the tTEM maps the 
Postglacial sediments deposited on the outwash plain. Being related to 
local lows in the outwash plain, the extent of the Postglacial sediments 
can be further constrained by using LiDAR data. 

5.2. Study area 2, Vittarp: Mapping small erosional valleys at the flanks 
of a larger valley structure 

5.2.1. Geological setting 
The Vittarp area is located on a ‘hill island’ dominated by meltwater 

sand and gravel with Postglacial freshwater deposits in low-lying parts 
of the terrain (Fig. 1). The elevation ranges between 5 and 30 m a.s.l. 
The study area has not been overridden by glaciers during the Weich-
selian glaciation, and the Late Saalian Warthe ice advance stopped just 
southwest of the area (Houmark-Nielsen, 2007). SkyTEM data and a 

Fig. 2. Cross-section ‘Bolbro A’, oriented WSW-ENE, 10 X vertical exaggeration. For location, see Fig. 1. TTEM models are shown as coloured vertical 1D soundings. 
For simplicity, the SkyTEM soundings are not included on the profile. TTEM models below the standard Depth of Investigation (DOI) have been dimmed. Boreholes 
are shown as coloured vertical rods with database no. above (DGU No.). 
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limited amount of ground based TEM soundings revealed in combina-
tion with seismic data and borehole data a 2–3 km wide and up to 140 m 
deep buried tunnel valley filled with clayey and sandy Quaternary 
sediments (Kallesøe et al., 2020). The valley structure is oriented around 
NE-SW and was interpreted to be at least 15 km long. The valley is 
eroded down into a Miocene succession of mainly clayey and silty for-
mations (The Maade Group and the Arnum and Klintinghoved Forma-
tions; Rasmussen et al., 2010; see Fig. 3). 

5.2.2. Geological interpretations 
The cross-section ‘Vittarp A’ (Fig. 3) is located perpendicularly 

across the buried valley in the southern part of the tTEM mapped area 
(Fig. 1). Centrally on the cross-section, the more than 2 km wide buried 
valley structure can be seen eroded down to 120 m b.s.l. The tTEM data 
maps the resistivity variations down to around 70 m comprising the 
upper half of the valley infill. The uppermost part of the succession 
consists of an up to 20 m thick layer of high resistive meltwater sand (a: 
Meltwater sand) with occasional thin and low resistive patches at the 
surface. Below the sand, an approximately 40 m thick layer of pre-
dominantly low-resistive meltwater clay can be seen in the central part 
of the valley (d). However, the tTEM reveals that two smaller valley 
structures appear to be eroded through the meltwater clay (d) and 
apparently down into the high-resistive meltwater silt and sand below 
(e). Both valleys are 700–800 m wide and 50–60 m deep, and they are 
filled with high-resistive meltwater sand (c) and an up to 10–15 m thick 
layer of meltwater clay (b). The meltwater clay (b) inside the smaller 
valleys only cover parts of the valleys, and an irregular appearance of 
the clay indicates erosion and deformation by glaciotectonics. The 
deepest parts of the broad valley have an infill of meltwater silt (e), and 
meltwater sand below (f). The tTEM, however, cannot map the deep 
meltwater sand because it is located below the DOI. The borehole DGU 
no. 112.1436 at 3100 m on the cross-section shows the meltwater sand 
(f) and the boundary to the Miocene clay (h) below the valley incision. 

In several boreholes around the study area interglacial marine sed-
iments from the Holsteinian interglacial have been described. In a 
borehole 1½ km south of Profile Vittarp A (DGU no. 112.625) and thus 
within the buried valley structure, marine interglacial clay has been 
described from 16 to 23 m b.s.l. This could suggest an Elsterian age of 
the large, buried valley and infilling during the Elsterian glaciation and 
the following Holsteinian interglacial. The sandy and silty infill of the 
deep parts of the large, buried valley was therefore probably deposited 
during the Elsterian (layers e and f), and the meltwater clay (d) may 
possibly be correlated with Late Elsterian/Holsteinian clays. This would, 
in turn, point to a Saalian age for the two smaller valleys, formed along 
the boundaries of the older and broader buried valley. The infill of the 
small valleys, the sand above the valleys, and the proposed glaciotec-
tonic deformations are therefore most likely related to the Saalian 
glaciation. 

5.3. Study area 3, Ejer Bavnehøj: Mapping buried valley infill sediments 

5.3.1. Geological setting 
The Ejer Bavnehøj study area is located in a hilly glaciated landscape 

reaching elevations of 170 m a.s.l. to the south and sloping down to 
around 40 m a.s.l. to the northeast (Fig. 1). The hilly terrain is domi-
nated by orientations perpendicular to the slope (WNW-ESE to N-S), and 
in a few places, erosional valleys are seen parallel to the slope (WSW- 
ENE to SW-NE). According to the surface geology map, clay tills domi-
nate but occurrences of meltwater sand can be found in the lowest parts 
of the terrain to the north. Postglacial freshwater deposits can be found 
locally. The two latest ice-advances that reached the area was the ‘Main 
ice advance’ from northeast and later the ‘East Jutland advance’ from 
southeast (Larsen et al., 1979). The ice-advance from northeast had a 
temporary ice margin approximately at the culmination of the hills, 
whereas the ice from southeast is interpreted to have stopped just east of 
the study area. 

Boreholes show that the deep parts of the subsurface consist of 
Eocene marine clay. Above this clay, scattered and thin occurrences of 
presumably Oligocene mica clay are found. The Quaternary succession 
above consists of predominantly clayey tills, meltwater sand, meltwater 
gravel, and minor occurrences of meltwater clay. Isolated slabs of pre- 
Quaternary sediments occur occasionally within the Quaternary suc-
cession suggesting glaciotectonic deformation. The thickness of the 
Quaternary succession ranges from a few meters to more than 100 m. 

5.3.2. Geological interpretations 
Despite a patchy tTEM coverage caused by mapping restrictions in 

certain areas, the tTEM provides a good resolution of individual layers 
and the surface of the good conductor. Unfortunately, the information 
from boreholes are limited because many of the boreholes are shallow, 
but in combination with the tTEM, the general perception of the suc-
cession is good. 

The cross-section ‘Ejer Bavnehøj A’ in Fig. 4 (see location on Fig. 1), 
crosses a narrow and a wide buried valley to the north in the study area. 
The narrow valley to the left has an infill dominated by tills, whereas the 
broad valley to the right has a mixed and irregular infill of sand and clay 
layers. Please note that as the orientation of the valley to the right is ESE- 
WNW and because the cross-section cuts the valley at an oblique angle, 
the valley appears very wide. The tTEM data shows a more complex 
architecture of the valley infill which contrasts with the more or less 
undeformed infill of the valleys to the south (see cross-section B). 

The cross-section ‘Ejer Bavnehøj B’ (Fig. 4; see location on Fig. 1) 
sums up the geology of the highest parts of the terrain. The Eocene clay 
stands out as the deep good conductor in the tTEM data. Several valleys 
have been eroded into the Eocene clay, giving it an undulating surface. 
The Quaternary succession above the Eocene clay consists of layers of 
alternating low and high resistivities and based on nearby boreholes and 
the surface geology map, this corresponds to tills, meltwater sands/clays 
and occasional occurrences of postglacial freshwater deposits. On the 
cross-section, the infill of the valleys appears to be of the same type and 
build and apparently only slightly deformed. 

Generally, the effects of glaciotectonic deformation from a north- 
easterly direction by the ‘Main ice advance’ has left its mark on the 
terrain as pronounced orientations of hill crests and slopes. 

5.4. Study area 4, Vildbjerg: Mapping the continuity of near-surface 
Miocene clay sediments 

5.4.1. Geological setting 
The Vildbjerg study area is located in a glacial landscape west of the 

MSL that has been exposed since the Saalian glaciation (e.g. Houmark- 
Nielsen, 2011) (Fig. 1). The terrain is smooth with elevations between 
40 and 50 m a.s.l., and the surface geology shows coarse meltwater 
deposits and patches of clay till and meltwater clay, and with freshwater 
deposits in topographic lows. Boreholes in the area indicate that the 
Quaternary sediments are only a few meters thick and consist of clay till 
and meltwater sand (e.g. borehole DGU no. 84.1954; cross-section A, 
Fig. 5). Below, boreholes show a pre-Quaternary succession of alter-
nating layers of Miocene mica clay and quarts-rich sand (e.g. DGU no. 
84.1953; cf. Rasmussen et al., 2010, Cross-section B, Fig. 5). Deeply 
eroded buried tunnel valleys found close to the study area (Sandersen 
and Jørgensen, 2017; www.buriedvalleys.dk) and the limited thickness 
of glacial sediments above the Miocene layers indicate intense erosion 
during the Quaternary. 

5.4.2. Geological interpretations 
The two profiles show presence of a continuous clay layer in the 

uppermost part of the pre-Quaternary succession between 15 and 40 m 
a.s.l. as interpreted from tTEM models and borehole data. The clay layer 
is present everywhere in all the three surveyed sub-areas (see Fig. 1) and 
is between 5 and 25 m thick. The exceptionally low resistivity indicates 
that the clay content is high and that it can be considered almost 
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impermeable. Lithological information from boreholes confirm the 
presence of the clay and descriptions state that the clay is blackish 
brown, sticky, non-calcareous and contains mica (DGU No. 84.1953). 
The clay appears to be practically undeformed and continuous in the 
mapped area. The deeper Miocene layers are dominated by sand, but 
with occurrences of clay that appears less continuous in data (see pro-
files on Fig. 5). The lithology of the clay in the deeper Miocene layers 
matches the clay above (DGU No. 84.1953), but the thickness is below 
15 m. A layer of less than 15 m at this depth is at the limit of what can be 
resolved with the tTEM system, and this is thought to be the reason for 
its inconsistent appearance. It is likely, that the layer cannot be resolved 
properly in areas where the thickness is less than the resolution allows 
and that it exists all over the area, without being visible in data every-
where. The slightly higher resistivity of the layer (compared to the upper 
clay layer), can also be ascribed to limitations in resolution at depth. 

5.5. Summary of the geological interpretations 

The tTEM mapping at the selected study areas show a variety of 
sandy and clayey geological settings where glaciotectonic deformation 
and erosional and depositional events during the Quaternary have had a 
significant impact. The delineation of the complexity of the pre- 
Weichselian succession in the Bolbro study area (1) is an important 
find revealed by tTEM. As mentioned earlier, glaciotectonic de-
formations have been found in several places in southern Jutland, but 
with the Bolbro area added to this picture, the area in which pre- 
Weichselian glaciotectonism can be expected is considerably enlarged. 
In relation to the objective of the mapping, the tTEM has also provided a 
more detailed mapping of surficial, organic rich postglacial sediments, 
which is important for studies of the transport of nitrate from 

agricultural activities in groundwater and surface water. The mapping at 
Bolbro showed the best resolution of the uppermost 50 m of the sub-
surface, whereas the deeper parts were dominated by large variations in 
resistivity and a general lack of borehole data. However, the gained 
information of the deformed near-surface sediments lead to the 
conclusion that the heterogenous appearance of the deep parts was the 
result of equally intense glaciotectonic deformation at depth. This was 
supported by borehole data. 

At the Vittarp study area (2), the tTEM mapping provided a detailed 
delineation of two generations of buried valleys and enabled an inter-
pretation of a series of erosional and depositional events. The youngest 
generation of buried valleys was found to be narrow and eroded down 
into the sediments of the wider, deeper, and older buried valley. The 
young generation was mainly sand-filled and situated close to the 
terrain. The detailed spatial picture of the near-surface sedimentary 
succession has therefore been important for assessments of the vulner-
ability of the deep buried valley aquifer at the site. The example shows 
the importance of mapping the near-surface architecture and litholog-
ical variations. The deep parts of the deep valley holding the aquifer, 
however, could not be delineated by the tTEM survey because of the 
considerable depth. Here, the information was provided by deep bore-
holes and other more deeply focused TEM. 

Despite the patchy coverage with tTEM and the limited number of 
boreholes at the Ejer Bavnehøj study area (3), the data provided a good 
resolution of individual layers within the buried valleys and a good 
contrast to the deep, good electrical conductor represented by the 
Palaeogene clay. The data improved the understanding of the infill of the 
valleys and has revealed different degrees of complexity. Although the 
narrow and shallow valleys eroded into the low-resistive Palaeogene 
clay were not known beforehand, the observations fit well into the 

Fig. 4. Cross-sections Ejer Bavnehøj A and B, oriented W-E and NW-SE, respectively. 4 X vertical exaggeration. For location, see Fig. 1. TTEM models are shown as 
coloured vertical 1D soundings. For legend, see Fig. 2. TTEM models below the Depth of Investigation (DOI) have been dimmed. Boreholes are shown as coloured 
vertical rods with database no. above (DGU No.). 
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current knowledge of the latest geological events in the area, thus 
providing robust geological correlations between the geological and 
geophysical data. 

At the Vildbjerg study area (4), the tTEM mapping revealed the 
presence of an almost undisturbed and widespread clay layer very close 
to the terrain surface. Boreholes confirm the presence of the clay layer 
describing it as Miocene clay. The undisturbed nature of the clay was 
important for the subsequent risk assessments related to contaminants at 
an industrial site located on top of the mapped succession (Maurya et al., 
2020). In contrast to the other three study areas, the complexity of the 
geology at this site was low, but nonetheless, a confirmation of exactly 
this was important new knowledge. 

6. Discussion 

6.1. Comparisons between tTEM and other geophysical methods 

In contrast to deep focused TEM systems the tTEM system focuses on 
the uppermost tens of metres of the subsurface with the DOI corre-
spondingly shallow. Other systems may be able to resolve near-surface 

geological features in 2D or 3D depending on their size (e.g. Loke 
et al., 2013; Revil et al., 2012; Christensen and Sørensen, 2001; Chris-
tiansen et al., 2016; Doolittle and Brevik, 2014), but when it comes to 
mapping features in 3D, the tTEM is capable of providing high layer 
resolution, high data coverage as well as a considerable penetration 
depth (see Auken et al., 2019). Compared to the tTEM penetration depth 
of at least 70 m, the EMI and PACES reach down to depths of a few 
meters and down to around 25 m, respectively. Although some airborne 
TEM systems such as SkyTEM, has undergone developments aimed at 
adding more resolution of the near-surface layers, the flight line spacing 
and the larger footprint compared to small land-based methods impede 
near-surface resolution (e.g. Christensen, 2014; Schamper et al., 2014). 

When comparing methods, however, it should be remembered that 
the different geophysical methods are targeting areas at very different 
scales – from deep, regional surveys using airborne TEM to local near- 
surface mapping using EMI, PACES or tTEM. Choosing between or 
choosing both a shallow and a deeper focused survey, therefore strongly 
depends on the purpose of the mapping. The tTEM system provides a 
tool that supplements existing geophysical mapping methods targeted at 
the deeper parts of the subsurface. In Denmark, the tTEM data can, as e. 

Fig. 5. Two profiles across the Vildbjerg site. 3 X vertical exaggeration. For location, see Fig. 1. TTEM models are shown as coloured vertical 1D soundings (for 
resistivity legend, see Fig. 2). TTEM models below the Depth of Investigation (DOI) have been dimmed. Boreholes are shown as coloured vertical rods with database 
no. above (DGU No.). 
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g., shown in the Vittarp example, be directly compiled with other TEM 
data due to a calibration of all Danish TEM instruments at a national test 
site before each mapping campaign (Foged et al., 2013). This calibration 
procedure and standards for data collection and processing lead to ‘ab-
solute’ resistivities for all TEM data (e.g. Møller et al., 2009). It is not in 
the same way, possible to obtain comparable resistivities, when col-
lecting data using electromagnetic frequency domain systems like EMI 
systems. 

The high data coverage and the improved layer resolution in the 
near-surface parts makes the tTEM method stand out as a mapping 
method that provides adequate detail for 3D geological interpretations 
targeted at for instance near-surface mapping for targeted regulation of 
agriculture, aquifer mapping, groundwater vulnerability assessments, 
climate change adaptation, mapping of aggregates, and risk assessments 
at contaminated sites. 

6.2. Challenges and opportunities 

The tTEM method shares the challenges of accessibility with other 
land based geophysical methods (e.g. Maurya et al., 2020). Where 
airborne surveys can be performed more or less without interfering with 
activities at the surface and without negative impact from land use, the 
land-based methods rely on factors such as general physical accessi-
bility, crop seasons, waterlogging, and above all, granted access from 
farmers. To get the farmers accept, it is important that the data collec-
tion can be performed without damaging crops, fields, and access roads. 
As the tTEM equipment is towed on a sledge behind an ATV along the 
driving tracks in the fields, damage to the crops is usually minimal. In 
some areas, such as Ejer Bavnehøj (3), restricted access resulted in a 
patchy data coverage (see Fig. 1), but despite that, the survey resulted in 
an improved geological understanding of the area. 

Limitations of the TEM method in general, such as the averaging of 
electrical resistivities over increasingly larger volumes with depth and 
the difficulties relating a modelled layer resistivity to a specific lithology 
is also present for tTEM. However, with the improved resolution of the 
near-surface geology with tTEM, it is possible to perform more precise 
correlations with borehole lithology, surface geology and topography 
and thereby gain more new information on geological architecture. 

Mapping more detail means the likely emergence of new geological 
structures that hitherto have remained unrecognized. Although this is 
part of the actual purpose of the mapping, the higher detail and 
complexity in the subsurface architecture can lead to new questions and 
challenges such as: How do the new and smaller structures relate to the 
larger and previously known structures in terms of formation, how do 
they fit into the event chronology, and how can we ensure optimal use of 
the detailed subsurface information in the 3D geological model? The 
answers will inevitably be as varied as the mapped areas and the pur-
poses of the mapping, but in each case the fieldwork and choice of 
mapping methods should be balanced carefully with the level of detail 
needed in the 3D models. This will help specifying the mapping strategy 
and selecting the best 3D mapping approach for the specific study area. 

An important thing in relation to 3D geological mapping is to choose 
the best combination of methods in order to gain the highest possible 
resolution in the shallow as well as the deep parts of the subsurface. The 
differently focused geophysical methods will create different data sets 
that can supplement each other. Depending on the data quality and the 
character of the subsurface there will be an overlap between the target 
intervals of the individual mapping methods. The success of the map-
ping effort depends on how well the target geological structures can be 
resolved, and specifically in relation to the electrical and electromag-
netic methods, this depends largely on the chosen method, the target 
size and the resistivity contrasts of the geological setting. 

As the examples from the study areas show, the tTEM surveys 
resulted in highly detailed renderings of complex subsurface resistivity 
variations. However, the full advantage is not gained until the resistivity 
variations have been combined with lithology from boreholes, surface 

geology maps, and the topography. This combination of data allows for a 
better lithological interpretation of resistivities and provides the basis 
for improved geological correlations inside as well as outside the sur-
veyed area. The geological interpretations also enable the creation of a 
local geological event chronology that fits into the regional geological 
knowledge. This is crucial when establishing high detail 3D geological 
models of near-surface layers aimed at solving problems related to for 
instance groundwater and surface water vulnerability, where local 
geological variations can be critical. A thorough understanding of the 
geology will also enable the modeller to make qualified interpretations 
in areas without data. 

The introduction of the tTEM method and the new possibilities of 
mapping detailed 3D geology will most likely lead to continued devel-
opment of geophysical mapping methods and inspire to development of 
new approaches and workflows for constructing 3D geological models. 

7. Conclusions 

With the development of the tTEM method capable of delivering an 
unprecedented high degree of detail of the near-surface succession, the 
possibilities of mapping the uppermost 50 to 70 m in 3D are now better 
than ever. The tTEM method fills a gap in the geophysical toolbox, and – 
as shown in the examples - it fits nicely into the geologist’s set of tools as 
well when facing shallow subsurface mapping challenges related to 
different types of mapping projects. 

The presented examples illustrate the capabilities of the tTEM 
method to map complex near-surface geology, and especially Quater-
nary geological settings dominated by deformation and multiple epi-
sodes of erosion and deposition. The tTEM data were co-interpreted with 
surface geology maps, highly detailed digital elevation models, borehole 
data and in some cases the deeper focused TEM/SkyTEM data, thereby 
facilitating an understanding of the series of geological events respon-
sible for the formation of the near-surface sedimentary succession. The 
tTEM method will not only improve the knowledge of the near-surface 
geology and the events that formed it, but it will also contribute to a 
better link with the deeper parts of the subsurface. 

With the tTEM method, the ability of making detailed 3D geological 
models of the uppermost 50 to 70 m has been greatly improved. There is 
an increasing demand for highly detailed near-surface geological models 
for solving challenges related to for instance aggregates, groundwater 
resources, and soil and groundwater contamination. Especially in cases 
where focus is on assessments of groundwater and surface water 
vulnerability to unwanted chemical compounds from the surface, it is 
for example very important to be able to locally confirm whether pro-
tecting clay layers are continuous or not. 
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