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ABSTRACT
Geophysical methods are routinely applied for investigation of near surface in areas of
infrastructure, water supply, artificial infiltration, farming, waste deposits, construc-
tion, etc. A new towed transient electromagnetic tool, called ‘tTEM’, provides rapid,
efficient, high-resolution imaging of subsurface hydrogeology, and can deliver densely
spaced profiles of resistivity. These profiles can be used to map a three-dimensional
subsurface in high resolution. In this paper, we present three case studies where the
towed transient electromagnetic system was used to map the subsurface at the hectare
scale. In the first case, we used towed transient electromagnetic to map raw materi-
als in the northern Jutland, Denmark. The survey was carried out to map possible
sand and gravel deposits. In the towed transient electromagnetic models, the potential
sand/gravel targets are identified as high resistive bodies in the top 30 m. These bodies
can have significant lateral variation at scales much less than one hundred metres. In
the second case study, towed transient electromagnetic was used to map the thickness
of a protecting clay layer above an aquifer in Vildbjerg, a town in the central part
of Denmark. Results show that the overlying clay layer has sufficient thickness (>15
m) to protect the underlying aquifer from pesticide pollution in the area. Finally, in
the third case study, we used towed transient electromagnetic for mapping geology
in the vicinity of a landfill. The inversion results reveal a hitherto unknown buried
valley-like feature within the top 30 m of the subsurface that was not identified by
older, regional TEM surveys – a feature that can have significant impact on the water
flow.
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1 INTRODUCTI ON

Detailed investigations of Earth’s shallow subsurface are in
high demand, as most human activities are concentrated in
this zone. For example, the development of infrastructure,
artificial infiltration, agricultural activities, waste disposal and
surface water–groundwater interaction (Brantley, Goldhaber
and Ragnarsdottir 2007) generally occur within a few tens of
metres beneath the earth surface. These activities may have
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adverse impacts on the environment and local ecosystems.
For example, high nutrient loads from farming practices may
deteriorate groundwater quality if the underlying aquifer is
vulnerable (Burkart and Kolpin 1993; Worrall and Kolpin
2004; Leone et al. 2009). Similarly, waste disposal sites such as
landfills can contaminate ground and surface water (Milosevic
et al. 2012; Bjerg et al. 2014; Maurya et al. 2017).

In many countries, drinking water is sourced from
groundwater aquifers. Maintaining a high water quality and
sufficient quantity is often a challenging task for water man-
agers, who require detailed knowledge of the subsurface in
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order to set sustainable groundwater management guidelines.
This is especially relevant when dealing with the issues re-
lated to high nutrients loads due to farming (Gaines and
Gaines 1994; Spieles and Mitsch 1999; Jackson, Preston and
Thompson 2004; Xie and Ringler 2017). To maintain clean
water, one needs to do a detailed vulnerability mapping of the
aquifers, to identify areas with high risk of aquifer pollution
and areas controlling the movement of nutrients in the sub-
surface. Similarly, accessing the risk associated with contam-
inated sites and optimizing the location of investigation and
remediation boreholes require detailed geological knowledge
of the extent and spreading rates of the leachate or contami-
nants (Stempvoort, Ewert and Wassenaar 1993). For instance,
if the distribution of clay and sand deposits is known in the
vicinity of the contaminant source, one can predict the path-
ways for the movement of the water and the leachate.

Infrastructure development, such as buildings, highways
or rail roads, requires basic raw (construction) materials (sand
and gravel primarily). Local authorities must constantly re-
plenish their diminishing supplies of construction materials.
For sustainable exploration of raw materials, there is a grow-
ing need for subsurface mapping. In the past, several case stud-
ies have investigated the subsurface prior to excavation of the
construction materials (Ellefsen, Lucius and Fitterman 1998;
Beresnev, Hruby and Davis 2002; Chambers et al. 2012).
In these case studies, geophysical methods (such as electri-
cal methods) were used for pre-investigation of the area for
the presence of possible raw material deposits.

Over the past few decades, near surface geophysical meth-
ods and downhole surveys have played a vital role in subsur-
face mapping. The target depth for these investigations ranges
from surface to a few hundred metres. For human activities,
the top 50–60 m is most important and detailed investigation
of this zone is becoming increasingly important. In the top
50–60 m, the most commonly used geophysical techniques
are various electrical and electromagnetic methods. Electrical
resistivity tomography (ERT) is a technically robust method
and is capable of covering this depth range with relatively
high resolution (Loke et al. 2013; Glover 2015). However,
due to time-consuming data collection, most often only a few
two-dimensional profiles are collected. Actual area coverage
of more than a few hectares would be very time demanding
(Auken et al. 2014; Maurya et al. 2017) - as a result, three-
dimensional ERT data collection is generally limited to a few
hectares.

Application of transient electromagnetic (TEM) tech-
niques for near surface investigations has been growing
in environmental investigations and mineral explorations

(Fitterman and Labson 2005; Auken et al. 2006; Christensen
and Halkjær 2014). Over the past few decades, a significant
advancement in the core technology of TEM instruments, air-
borne as well as ground-based, has been achieved. Airborne
electromagnetic methods have been quite popular and fre-
quently used (Auken, Boesen and Christiansen 2017), but due
to the relatively large footprints they are mainly used for re-
gional surveys and are not suited for sub-hectare resolution.
Also, the very shallow layers (<10 m) are not well resolved.

There are few geophysical instruments providing high
spatial resolution with continuous data recording, ulti-
mately supplying areal coverage with high resolution. Two
such direct-current resistivity systems are the PACES sys-
tem (Sørensen 1996; Christensen and Sørensen 2001) and
the OhmMapper by Geometrics Inc. (Garman and Purcell
2004). These instruments can cover larger areas but with lim-
ited depth of investigation (DOI), �25 m for PACES and �8
m for OhmMapper. Resistivity systems like these can obtain
higher DOI, but at the expense of longer layouts pulled by the
vehicle in front. For example, the PACES system has an �100
m tail to drag in order to achieve a 15–20 m DOI. Frequency-
domain electromagnetic systems such as DUALEM-421 can
be towed by an all-terrain vehicle (Saey et al. 2015; Chris-
tiansen et al. 2016) and can effectively map larger areas but
again with very limited DOI (3–7 m).

Recently, Auken et al. (2019) presented a new towed
TEM (tTEM) system with a DOI of about 70 m, depending
on the resistivity structures. The tTEM system can map the
subsurface with great resolution both vertically (shallow res-
olution about 2–3 m) and horizontally (down to 10 × 10 m).
The tTEM system has been used for various purposes in Den-
mark, USA and Sweden. To demonstrate the utility of this
system, we will present three tTEM case studies:
1 A case study mapping raw (construction) materials in Sten-
dal Mark situated in Northern Demark.
2 A study to assess aquifer vulnerability by mapping of over-
lying clay layers on farm fields in Vildbjerg, Central Denmark.
3 A general geological mapping in the vicinity of a landfill in
Trige, close to Aarhus, Denmark.

2 M ETHOD AND MATERIALS

2.1 Study sites

The locations of the three study sites are shown in Figure 1.
The first site is located in northern Jutland in the area of
Stendal Mark. The aim of this survey was to map the spa-
tial extent of gravel deposits and clay/till cover layers. The
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Figure 1 (a) Location of the study sites on the map, (b) Stendal Mark, (c) Vildbjerg, and (d) Trige with a landfill location outlined in pink. For
subplots (b)–(d), tTEM lines (raw data) are in black, tTEM models (after processing) in red, the white line outlines the survey areas and the
yellow arrows in (b) and (d) indicate resulting sections shown in the examples, and (c) shows the example of data section shown in Figure 3.

mapping was conducted as a part of Region Northern Jutland
raw material plan, which was designed to ensure that there
were sufficient areas where one can extract raw material for
the upcoming 12 years of consumption. This drives the need
for a detailed sand and gravel mapping over large areas. The
survey is composed of several farmers’ fields spanning a to-
tal area of 364 hectares, see Figure 1(b) and Table 1. The
geology of the area is dominated by glacial sediments. The

Table 1 Field statistics of the tTEM surveys

Study Area Area (ha)

Line
Length
(km)

Acquisition
Time (hour)

Average
Line
Spacing (m)

Stendal Mark 364 �82 18.1 25
Vildbjerg 25 �24.1 2.1 10
Trige 210 �65 12.5 25

layer sequence from the surface is typically composed of a
glacio-fluvial sand/gravel layer with varying thickness, which
is followed by till layers. Often the sequence is repeated and
in some areas there is a clay or till cover on top of the sand
and gravel. In such a setting, the exact thickness of the clay
cover is of great importance to estimate if the sand and gravel
deposits are profitable to extract.

The second site is located in Vildbjerg, a small town in
the central part of Jutland. The survey was carried out near a
reported pesticide pollution, see Figure 1(c). The water flow
direction is oriented southeast from the polluted site – directly
towards the town’s waterworks extraction site that provides
drinking water for 4000 inhabitants. The geology of the area
consists of a top mica clay layer underlain by quartz sand de-
posits from which groundwater is extracted. As per borehole
information in the area, the thickness of the top mica clay
layer may vary in the range from 8 to 20 m. Groundwater is
extracted from a quartz sand layer situated at 45–60 m depth,
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which constitutes the primary aquifer. The aim of the survey
was to obtain a three-dimensional image of the thickness and
continuity of the clay layer in order to investigate the aquifer’s
vulnerability to potential pesticide pollution. If the clay cover
is more than 15 m thick, the aquifer is considered safe.

The third area is located in Trige, close to Aarhus. The
survey area is located around a landfill, which is situated in
the southern part of the area, see Figure 1(d). The geological
setting in this area is basically glacial layers on top of a pre-
quaternary sequence of clays and marls (Høyer et al. 2015).
The quaternary sequence is often related to incised valleys
that are both shallow and deep (up to 130 m) (Jørgensen
and Sandersen 2006). The Quaternary deposits are clay tills
and fine-to-coarse grained meltwater deposits. Incised valleys
filled with meltwater sands and gravels are the main aquifers
for the drinking water supply in the area. The aim of the sur-
vey was to identify potential pathways for pollution leachate
from the landfill; hence a detailed sand and clay distribution
mapping was undertaken.

2.2 The tTEM system

tTEM is a towed transient electromagnetic system developed
by the HydroGeophysics Group at Aarhus University (Auken
et al. 2019). Figure 2 shows the layout of the system. The sys-
tem has a one-turn 2 × 4 m2 transmitter loop and a 670 kHz
receiver coil (suspended induction coil) in a 9 m offset config-
uration. The Rx coil is a 56 by 56 cm2 multi-turn coil with an
area of 5 m2. The Tx and Rx coils are mounted on sleds for a
smooth ride during operation. For data positioning, two GPSs
are mounted on the Tx and the Rx coil. The system is towed
by an all-terrain vehicle (ATV), at a speed of 15–20 km/h. All
electronic instruments (transmitter and receiver) and battery
power supply are placed on the back of the ATV. An Intel
NUC PC with 4 cores runs the data acquisition and the nav-
igation system. The PC is connected to a tablet PC through
a remote desktop which is controlled and monitored by the
driver. The system uploads the data directly to the cloud by a
4G network.

The system transmits a low and a high moment (LM,
HM) current pulse to achieve both shallow and deep informa-
tion. The LM transmits 2.8 A with a turn-off time of 2.6 µs
and a first usable gate at 4 µs (times from beginning of the
ramp-down, so the gate opens at 1.05 µs from end of ramp and
is 0.65 µs wide) while the HM transmits 30 A. The repetition
frequencies for the LM and HM pulse are 2160 and 660 Hz.
The transmitter is water cooled to keep the current ramp

repeatable and the transmitter temperature at 45°C (±2°C)
and the current at 30 A (±1 A).

2.3 Data acquisition, processing and inversion

Figure 1 shows the position of the towed transient electro-
magnetic (tTEM) lines for all three areas. On the fields, the
all-terrain vehicle (ATV) was driven mostly on tractor tracks,
so the line spacing was between 20 and 25 m except at the
Vildbjerg area where the line spacing was 10 m. The data were
collected with an average speed of 10–15 km /h. In Table 1,
details about the surveys are given.

While operating over the rough fields, mechanical vi-
brations and rotations introduce noise in the tTEM signal.
However, it has been shown by Auken et al. (2019) that
with the high repetition frequency and a low-pass filter,
this noise is suppressed effectively. Furthermore, the low-
pass filter also includes a notch filter to suppress the 50 or
60 Hz power line harmonic noise. After the noise suppression,
raw transients are stacked and a standard deviation (STD)
is obtained for each gate value based on the size of stack.
These data STDs are used in the inversion process as data
weights.

Processing of tTEM data follows the scheme presented
by Auken et al. (2009) for airborne transient electromeg-
netic data. The data were processed using the Aarhus Work-
bench software (www.aarhusgeosoftware.dk). Figure 3 shows
an example of tTEM data with both low moment and high
moment. During processing, couplings to man-made infras-
tructure (Christiansen, Auken and Sørensen 2006b) are re-
moved in the raw stacked data (grey data points in figure 3).
Data close to the end-of-line turns are removed as well be-
cause the ATV gets too close to the TX frame causing data
coupling. Finally, the data are averaged over approximately
2.5 seconds to further suppress random noise and reduce the
number of soundings, resulting in approximately 10 m spaced
TEM soundings. After this, a preliminary laterally constrained
inversion is done to confirm the quality of the processing and,
if necessary, further culling of the data is performed.

The tTEM data are inverted using the one-dimensional
spatially constrained inversion algorithm by Viezzoli, Auken
and Munday (2009), implemented in an integrated inversion
and modelling code AarhusInv (Auken et al. 2015). The for-
ward response of the TEM data incorporates modelling of
the key parameters of the system transfer functions such as
transmitter waveform, transmitter/receiver timing, low-pass
filters, gate widths and system geometry. All tTEM data
were inverted using a smooth multi-layer model consisting of
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Figure 2 The tTEM system. Top: a side view of the system ready to operate in the field. Bottom: sketch of the top view of the system (modified
from Auken et al. 2019).

25 layers with logarithmically increasing thicknesses starting
at 1 m and with the last layer boundary at 150 m. The depth of
investigation was estimated for each model, following Chris-
tiansen and Auken (2012).

3 R E S U L T S

3.1 Raw material mapping: Stendal mark

Figures 4 and 5 show the results of the towed transient elec-
tromagnetic survey from the Stendal Mark area. The survey
was carried out to find the volume of possible gravel deposits
in the area. Deposits correspond to high-resistivity bodies. In
Figure 4, a resistivity model section along a 1000 m profile is
shown. Data from profile coordinates 300–450 m and 800–
850 m are missing due to a coupling caused by a buried cable.
It can be seen that the thickness of the high resistivity layer
(>200 Ωm) varies strongly on a scale around only 1000 m.
It also appears to be an area with glacial disturbance, as ev-
idenced by the presence of tilted and thrusted layers. All this
information is of course vital in the location and design of a
gravel extraction area. The grain size in the bodies has not
yet been confirmed by investigation drillings and there is a
chance that they consist of silty sediments and not sand and
gravel. Results from such drilling is expected in 2020, hence
they cannot be shown here.

Figure 5 shows the overall distribution of possible gravel
deposits as high-resistivity iso-surfaces in three dimensions.
The iso-surface volume is created by extracting the high-
resistivity values (>200 Ωm) from a full three-dimensional
volume created by kriging interpolation of the resistivity mod-
els onto a regular grid. The model positions are shown on the
top of the surface by dotted lines. The resulting image shows
overall that the gravel deposits are thicker in north-eastern
and south-western part of the area.

3.2 Aquifer vulnerability assessment, Vildbjerg

Figure 6 shows spatially constrained inversion results from the
Vildbjerg survey area. The three-dimensional (3D) resistivity
volume is created using the same procedure as described in
Section 3.1. A satellite image is draped onto the 3D volume
and the model positions are indicated with dots. The arrow
shows the groundwater flow direction going from the point
source contamination towards the drinking water extraction
wells. The 3D volume is cut along the flow direction and
perpendicular to the flow direction in order to better visualize
the structure. The view angle is from the pollution source
towards the water extraction wells. From this view, it is clear
that the towed transient electromagnetic (tTEM) inversion
model shows variable thickness of the protecting mica clay
layer (<25 Ωm) and that this layer completely confines the
underlying aquifer.

Figure 7 shows a map with the calculated thickness of the
mica clay layer based on the tTEM models (25Ωm threshold).
In addition to the existing borehole B1, two new boreholes B2
and B3 were made after the tTEM survey. The thickness of
the capping clay layer observed in the boreholes B1, B2 and
B3 are 23.8, 21.3 and 22.5 m, respectively, which is in very
good agreement with clay thickness map shown in Figure 7.

Vildbjerg Waterworks extracts water from the quartz
sand deposits between 45 and 60 m depth. As seen in the
clay thickness map (Fig. 7), the thickness of the mica clay cap
between the pollution source and the water wells is more than
15 m, and there are no ‘windows’ in the clay layer. Conse-
quently, there is minimal risk for dispersal of the pesticide
pollution towards the extraction drillings. This knowledge
would have been difficult and costly to gain solely by means of
drillings and would have risked creating connected pathways
from the upper contaminated region to the lower drinking
water aquifer.
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Figure 3 Example of tTEM data section from Vildbjerg. Top: the data in gray are removed. A typical example of coupled and non-coupled data
shown in the bottom. In non-coupled data, green decays are the raw data soundings, whereas the red decay is the average sounding.

3.3 General geological mapping, Trige

The third towed transient electromagnetic (tTEM) survey area
around the Trige landfill has been a subject of regional geolog-
ical mapping before. Multiple historical TEM datasets were
collected over time for general geological mapping of the area
(Høyer et al. 2015). These datasets include ground-based tran-
sient electromagnetic (TEM) soundings and SkyTEM data.

Databases with historical models were fetched from the Dan-
ish national geophysical database (GERDA) (ww.geus.dk).
Figure 8(a) shows a mean resistivity map at an elevation of
35–40 m from the historical data. The boundary of the tTEM
survey area is shown by the dashed black line. In Figure 8(b), a
mean resistivity map derived from tTEM spatially constrained
inversion (SCI) models are superimposed on top of the histor-
ical background resistivity map at the same elevation interval.
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Figure 4 Resistivity model section in Stendal Mark. The location of the profile is shown in Figure 1(b), model below the DOI is faded with the
white colour.

The inversion models from the historical studies re-
veals that the area contains deeply incised buried valleys
in a depth range of 70–300 m. These buried valleys are
seen as high-resistive bodies in low-resistive environments
(Høyer et al. 2015). The structures are below the depth
of investigation of the tTEM system, and we do not ex-
pect to see them; however, Figure 8(a,b) shows significant
differences within the tTEM survey area. A high resistiv-
ity, 100 m wide, valley-like feature sitting on the plateau
of the clay surface is seen in Figure 8(b), but missing in
Figure 8(a). The valley was missed by the large-footprint,
low-density older campaigns with ground-based TEM (mainly
pulled array TEM called PaTEM) and SkyTEM. The tTEM

system sees it because of the smaller footprint and denser
sampling.

A resistivity section across this feature is shown in
Figure 9. Also borehole lithology is shown. This section is
created from an interpolated three-dimensional (3D) resistiv-
ity volume based on the tTEM SCI models (Fig. 9b) and the
models from the historical dataset (Fig. 9a), respectively. As
seen, the lithology and the resistivity models in Figure 9(a)
agrees quite well with the lithological boundaries of top sand
layer, sand till layer and top of the clay layer. Note that the
shallow buried valley-like feature seen in Figure 9(b) is missing
both in the borehole and in the resistivity section of Figure 9(a)
because it is located just next to this valley. Hence, without

Figure 5 (a) 3D volume of resistivity model of Stendal Mark area and (b) iso-volume of high resistivity materials (>200 Ωm) extracted from
3D volume. The black dots are the positions of the tTEM models.
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Figure 6 3D view of the resistivity volume created using kriging interpolation of the 1D resistivity model from the Vildbjerg survey. The mica
clay layers have a resistivity <25 Ωm. The arrow shows the groundwater flow direction.

the tTEM survey, the valley would not have been discovered,
although it has the potential to be an important path for out-
flow of contamination from the landfill.

4 D ISCUSS ION A N D OUT L OOK

In the above case histories, we presented the application of the
towed transient electromagnetic (tTEM) method for a number

of different purposes. The system is very easy to deploy and
can cover larger areas with very good horizontal and vertical
resolution. In a moderate resistivity environment, the system
has a depth of investigation (DOI) of 60–70 m. In areas with
very conductive layers, the DOI of tTEM is less, possibly 30–
40 m. Electromagnetic (EM) coupling noise and disturbance
from power lines and fences in the tTEM signal (Danielsen
et al. 2003; Christiansen, Auken and Sørensen 2006a) are one

Figure 7 Thickness of the mica clay layer in Vildbjerg survey area, derived from tTEM inversion models. Circles outlined with white colour
(B1–B3) are the lithological boreholes and the squares are the drinking water extraction wells. The inner colour fill in the circles and in the
squares are according to the colour scale of clay thickness. The blue dots are position of the tTEM models.
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Figure 8 (a) Mean resistivity map at elevation interval 35–40 m from historical TEM models. (b) Mean resistivity map at elevation interval
35–40 m, created from tTEM models. The dashed line indicates the survey boundary of the tTEM data and blue arrow marks the profile shown
in the Figure 9. The grey dots in both figures shows the model positions.

of the fundamental problems just like for other EM methods.
They must be removed during data processing, which means
that transient electromagnetic soundings close to power lines,
housing and other any infra-structure must be carefully pro-
cessed. Based on experience, the distance at which the power

lines can be neglected is around 50 m, whereas it is in the range
of 100–150 m for airborne and large-loop ground based sys-
tems. This reduced sensitivity is explained by the small trans-
mitter coil of the tTEM system from where the primary field
decays faster compared to systems with a larger loop, thus

Figure 9 (a) Resistivity section from the historical models and (b) resitivty section from tTEM SCI inverted models. Both sections show one
litholog in good accordence with the resistivity sections.
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inducing less power in the power lines and fences. The other
main limitation of the tTEM method is accessibility. Like any
ground-based method, tTEM is restricted to map where land
access is granted and possible. In forested areas, only the for-
est roads would typically be accessible and in the open land
some areas might be too wet to be accessed by an all-terrain
vehicle. Aside from this, the last limitation is being granted
access to map the fields. In Denmark, most fields would be
inaccessible from the beginning of April till August/September
depending on the crops on the fields. Obviously, this timing
will vary from place to place and also vary with crop type.

The raw material mapping in Stendal Mark presented a
suitable target for tTEM as the gavel/sand deposit are un-
derlain by clay layers which are well resolved by the TEM
method in general and the thickness of the raw material can
be estimated. This might not be case for other field sites if a
sufficient conductivity contrast is not present. The high lat-
eral resolution of the tTEM system showed a detailed clay
thickness mapping in Vildbjerg for assessing the vulnerabil-
ity of the aquifers to a point-source pollution. This level of
detail is unlikely to be achieved by other ground-based TEM
or airborne methods, since they lack the horizontal resolution
needed. This is also evident in the case of the tTEM survey in
Trige, where previous studies conducted at the regional scale
completely missed the presence of a shallow buried valley-like
structure. When building a detailed high-resolution ground-
water model, this buried valley-like structure would be con-
sidered an important structure. In fact, the main purpose of
the survey conducted in Trige was to build the groundwater
model around the landfill area (see Figure 1) to assess the
risk of spreading of contaminants. Therefore, finding these
possible shallow buried valleys is crucial.

5 C ONCLUSION

In this paper, we presented three successful applications of
the towed transient electromagnetic (tTEM) tool for differ-
ent purposes: mapping of raw materials, aquifer vulnerability
assessment, and mapping of geology in general. The tTEM
system is fast and efficient in mapping at hectare scale with
high resolution. The tTEM data are processed following well-
established processing scheme for airborne electromagnetic
data and inverted using the spatially constrained inversion
algorithm.

The case study of Stendal Mark area shows that tTEM
can be an efficient tool for mapping raw materials within
60–70 m depth. The inversion model has shown that high
resistivity areas, which likely correspond to sand and gravel

deposits in this area, are in the top 30 m. The thickness of
these sand deposits varies strongly even within a few hundred
metres, thus highlighting the need for high horizontal reso-
lution. In the second case study, tTEM was used to map the
thickness of a protecting clay layer. We prove that the top-
capping clay layer has sufficient thickness (>15 m) to protect
the underlying aquifer from pesticide pollution in the area.
Finally, we use tTEM to map geology in the vicinity of a land-
fill. The inversion results reveal a hitherto unknown, shallow
buried valley-like feature within 30 m from the surface that
was not identified in older, regional TEM surveys.
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