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Table 1. Project information
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2. DUALEM-421S
2.1 Setup and functionality
The DUALEM-421S is a Ground Conductivity Meter (GCM) instrument using electromagnetic induction to estimate the electrical
resistivity distribution in the subsurface.
The instrument consists of a horizontal transmitter coil mounted
at one end of a 4-m long tube. Within the tube, three pairs of receiver coils are mounted at a distance of respectively 1, 2, and 4 m
from the transmitter coil. In each pair of receiver coils one coil is
placed horizontally (HCP-configuration) and the other vertically
(PRP-configuration). See figure 1 and 2 for a sketch of the DUALEM-421S instrument. The DUALEM-421S instrument is pulled
behind an ATV at a distance of approximately 4 m where it will
not influence the measurements (see Figure 3).

Figure 1. Sketch of the transmitter (Tx) and receiver (Rx) coils in a DUALEM-421S
system. For the HCP-configuration the Rx-coil is placed on the same horizontal plane
as the transmitter coil. For the PRP-configuration the Rx-coil is perpendicular to the
Tx-coil and centered around the Tx-coil’s horizontal plane.

Figure 2. Sketch of the DUALEM-421s instrument. The transmitter coil (Tx) is
placed at one end of the tube and the 3 receiver coil pairs (Rx) at a distance of 1, 2,
and 4 m from the transmitter coil.
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Figure 3. Field setup. The DUALEM-421s instrument is pulled by an ATV. The
instrument is equipped with a GPS for accurate positioning of the measurements.

An alternating current is sent through the transmitter coil, forming
a primary magnetic field in the ground, alternating at the same
frequency as the current.
Variations in the magnetic field induce a varying electrical field in
the ground, which again forms a variating secondary magnetic
field that can be measured by the receiver coils. This secondary
magnetic field contains information about the ground’s electrical
properties.
The DUALEM-421s is a frequency domain system that continuously transmits a primary field with a frequency of 9 kHz. The receiver coils measure the secondary field’s amplitude and phase.
Amplitude and phase are measured in relation to the primary
field.
2.2 Sensitivity distribution
The sensitivity of the subsurface layers at various depths depends
on the resistivity of the layers (the geology), the choice of frequency, the distance between the transmitter and the receiver coils, and
the orientation of the coils in relation to each other. For the DUALEM-421s-system the frequency and the geometry of the coils are
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fixed, but since there are three pairs of receiver coils, a total of 6
independent configurations is achieved. For each of these 6 configurations both amplitude and phase are measured, but the phase
is traditionally difficult to calibrate on these instruments and we
have chosen not to use it in the interpretation. Thus, we get 6 data
points per measurement. These 6 data points contain information
about different parts of the ground, since they have different vertical sensitivity distributions. Generally, the HCP-configurations
penetrate deeper than the PRP-configurations, and configurations
with a longer coil distance penetrate deeper than configurations
with a shorter coil distance.

For a HCP-configuration the 1D sensitivity function is described
as:
𝑆 𝐻𝐶𝑃 (𝑧) =

4𝑧
3

(1 + 4𝑧 2 )2

For PRP the 1D sensitivity function is expressed by:

𝑆 𝑃𝑅𝑃 (𝑧) =

2
3

(1 + 4𝑧 2)2
For both equations z is a normalized depth, 𝑧 = 𝑑/𝑟, where d is
depth and r is the distance between transmitter and receiver coils.
The sensitivity functions for the 6 configurations is shown in Figure 4, where the left plot shows the above equations (normalized
with the total sensitivity) and the right plot shows the cumulated
sensitivities.
From the sensitivity functions, it can be seen that the PRPconfigurations contain the most information at the surface whereas the HCP configurations have little sensitivity at the top with a
distinct maximum somewhere below the surface.
In the summated sensitivity functions in Figure 4 an estimate of
the focus depth is shown with a circle. The focus depth is indicated at the depth at which 50% of the sensitivity is reached. For the
HCP configuration of 1 m the focus depth is ca. 0.87 m (1.73 m for
a 2-m coil distance and 3.5 m for a 4-m coil distance). For the PRP
configuration with a coil distance of 1.1 m the focus depth is found
at ca. 0.32 m and correspondingly at 0.61 m with a coil distance of
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2.1 m, and at 1.2 m for a PRP-configuration with a coil distance of
4.1 m. Hence, the HCP configurations have a deeper sensitivitydistribution than the PRP-configurations.
These indicated maximum sensitivities and focus depths are based
on the assumption that the equipment measures from the ground
surface. As this GCM equipment measures from 30 cm over the
ground surface the values will be slightly less as some of the sensitivity is lost in the air.
The GCM-system is mounted on a sled, which is pulled by an
ATV, thus achieving a fast and navigable system that can map
many km per day.

Figure 4.Left: Sensitivity function for HCP (blue curves), og PRP (red curves).
Right: The integrated sensitivity function for HCP (blue curves) and PRP (red
curves).

2.3 Disadvantages
Like all other electromagnetic methods, the GCM method is influenced by external sources of noise like fences, metal pipes in the
ground, power lines etc. and it is necessary to measure somewhat
away from these sources for them not to influence the measurements. The larger the source of noise the further away you need to
be.
The DUALEM-421S instrument has 6 receiver coils and thus 6 data
points are achieved for each measurement. Ideally, with 6 data
points you can interpret 6 parameters – for instance the resistivity
of 6 layers with fixed layer boundaries. In practice, more than 6
6

layers are used in the interpretation, and the layers are connected
by lateral and vertical constraints in order to have a robust solution which at the same time complies with the expected geological
variations. The relatively few data points and expected penetration depths must be taken into account when evaluating the results of the inversion.
2.4 The resistivity of various soil types
With the GCM method the resistivity in the ground can be measured to a depth of approximately 7 m. The measured resistivity
depends on several factors like lithology, water content and the
ion content in the water. Figure 5 shows the relative resistivity of
different Danish lithologies in and the relation to water quality.
Figure 6 shows the values of typical resistivities of Danish lithologies. Due to the chemical composition clay deposits are characterized by having a low resistivity while layers of sand or gravel
have a high resistivity

Figure 5. Relative resistivity of various lithologies and the relation to water quality.
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Figure 6. The resistivity of different Danish lithologies.
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3. DATA COLLECTION
The data collection was carried out the 1st of May, 2017. The survey area was mapped with a 5-10 m line spacing and 14.314 measurements were collected during the mapping campaign (see Figure
7).

Figure 7. Map of measurements. Measurements are shown with black points.

3.1 Data drift quality control
With the DUALEM421 system the geometry, i.e. the distances between the transmitter coils and receiver coils, are presumed constant when interpreting the measured data. Potentially, changes in
the presumed system geometry can result in faulty interpretations,
since the calculated resistivity in the subsurface can be either too
high or too low. This is called data drift. Changes in the system
geometry are rarely seen, but can take place in case of for instance
significant temperature changes in the instrument. High temperatures may make the receiver coils expand, which causes data drift,
as the presumed system geometry is changed.
9

Another cause for data drift can be mapping in a rough terrain. If
the instrument is handled roughly by bumping through rough
terrain it can influence the internal placing of the transmitter and
receiver coils.
In order to verify that data are not influenced by data drift a quality control point and/or line is established for each mapping area.
The quality control point and line is GPS referenced. The point
and/or line is measured twice with the GCM instrument, once before and once after the data collection on a daily basis during the
survey period. The result of the measurements should be close to
identical for all 6 receiver coil configurations. Should this not be
the case a data shift can be applied to the data channels influenced
by drift. The data for the Vildbjerg survey was not affected by data
drift.
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4. PROCESSING
The processing of the GCM data is carried out in the Aarhus
Workbench. The objective of the processing is to make the data
ready for inversion and interpretation. Only the amplitude data,
not the phase, from the measurements are used. Generally, the
data quality is good and only negative and noise influenced data
have been removed in the processing. Negative and noise influenced data are mainly seen at the end of a line where instruments
has been turned to start the next line. Further, the data have been
averaged with a running mean filter. We achieve a raw measurement approximately every 30 cm, which after the filtering results
in a measurement for every 1 m.
The uncertainty of the data has been estimated. This is done to assign more uncertainty to data measured on higher resistivities
where the signal level is the lower. Typically, the noise from a
GCM instrument is additive to the measured response, which is
usually indicated in ppm (parts per million). From the instrument
software, the measurements are indicated as apparent resistivity
(a):
𝜌𝑎 =

1
4
=
𝑝𝑝𝑚 ∙ 10−6
𝜎𝑎 𝜔𝜇0 𝑠 2

where s is the coil distance, 𝜔 = 2𝜋 is the angular frequency for
the frequency, f, and 𝜇0 = 4𝜋10−7. In order to calculate the uncertainty data values for individual data point are converted from
apparent resistivity to ppm by rewriting the equation above:
𝑝𝑝𝑚𝑚å𝑙𝑡 =

197,4 ∙ 𝑓 ∙ 𝑠 2
𝜌𝑎

Table 1 shows the added absolute uncertainty for each receiver
coil configuration1 ppm. A 3% uniform uncertainty has been added on top of that.

Receiver coil configuration
Uncertainty [ppm]

PRP1

HCP1

PRP2

HCP2

PRP4

HCP4

1

1

1

1

1

1

Table 1. Absolute uncertainty for each receiver coil configuration.
The total relative data uncertainty, ∆𝜌a for the individual data
point is then:
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2
1
2
√
∆𝜌𝑎 = 0,03 + (
)
𝑝𝑝𝑚𝑚å𝑙𝑡
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5. INVERSION
Inversion and evaluation of inversion results are performed with
Aarhus Workbench, which uses the inversion code AarhusInv,
both have been developed by the HydroGeophysics Group, Aarhus University.
The data are inverted with a 1D SCI model setup. The settings for
the inversion are shown in Table 2.

Software
Start model

Aarhus Workbench Version
Number of layers
Start resistivity [m]
Layer thickness first layer [m]
Depth to last layer [m]
Distribution of layer thickness

SCI constraints

Horizontal constraints on resistivities [factor]
Reference distance [m]
GCM height above ground
Vertical constraints on resistivities [factor]
Prior, thickness
Prior, resistivities
Number of SCI cells
Table 2. Inversion settings, smooth SCI setup.

Value
5.0.2.0
12
40
0.1
10
Logarithmically rising
with depth
1.6
1
30 cm
3.0
Fixed
None
1

5.1 The SCI-method
The SCI inversion method (Spatially Constrained Inversion) uses
constraint between the 1D model along as well as across the
measurement lines (Figure 8). The inversion is a nonlinear dampened least squares method where the instrument’s transfer function is fully modelled to its known extent (filters, wave forms, geometry).
The instrument height is as a model parameter in the inversion
and is routinely carried out for airborne measurements. For the
GCM measurements we do not have actual measurements of the
instrument height and thus this is fixed in the inversion.
The model parameters in the models of the SCI interpretation is
tied to a distance dependent variance. The constraints between the
measurements are tied together form Delaunay triangles (Figure
9), by which each measurement is tied to its ‘best neighbors’. Delaunay triangulation always connect neighboring lines with the
13

primary function of breaking down the line orientation in the data.
In this way, we can avoid matters where the inversion results are
influenced by data measured in lines. By tying together the model
parameters, we achieve a better resolution of resistivities and layer
borders than by performing an inversion of each individual mearurement.

Figure 8. Schematic concept of an SCI inversion. In the inversion contraints are used
along and across the driving lines.

An SCI inversion can be used for a few layer model (3-6 layers)
with free parameters as well as for a many layer model (10-30 layers) with fixed thickness, but free resistivities. For a many layer
model, vertical constraints are used between the layers in order to
achieve a more stable inversion. Here only many layer models are
used.
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Figure 9. Example of Delaunay triangulation of points on one plane.

5.2 Depth of Investigation
For each model a conservative and standard DOI (Depth Of Investigation) is calculated, where system parameters, all data points
and data uncertainties are considered. The model parts lying
above the conservative DOI can be presumed to be well-founded
in the data. Estimated values lying below the standard DOI should
not be used for the interpretation of data, and values between the
conservative and standard DOI can be used with caution.
The DOI is calculated from the calculated sensitivity matrix (Jacobian) from the final model. It is only data based and thus a priori
information and constraints do not influence the calculation of the
DOI. An example of DOI is shown in Figure 11 to the left where
the sensitivity function is plotted based on a 3-layer model from a
TEM sounding. The function is calculated from the sensitivity matrix and shows a higher sensitivity in layers with low resistivities
(layer 1 and 3).
If you plot the integrated sensitivity function from the depth you
will get the plot shown to the right in Figure 11. In this example, a
DOI limit has been set at a cumulated sensitivity of 0,8. This
means that there is not enough sensitivity below this depth for the
information to be used for interpretation.

Conservative and standard DOI indicated in the Workbench are
set at respectively 0,6 and 1,2. For GCM interpretations we use the
standard DOI value as the limit.
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Figure 10. Calculated sensitivities for a 3-layer model performed with TEM. Left: the
sensitivity function where the sensitivity is higher for the layers with low resistivities. Right: the integrated sensitivity function. De red line indicates DOI with a sensitivity of 0,8.

5.3 Mean-resistivity maps
The results from the inversion are 1D models describing depth
intervals (layers) and the resistivities of each depth interval. For
visualizing the results a mean-resistivity map is made, showing a
calculated mean-resistivity of a given depth interval. The calculations for each model are shown in Figure 11, where [A,B] is the
desired depth interval, [d0:d3] is the depth to the layer border, and
[1:4] are the resistivities for each layer. Here the desired depth
interval is split into 3 thicknesses [t1: t3] and the meanresistivities are calculated by:
𝜌𝑣𝑒𝑟𝑡𝑖𝑎𝑙 =

𝜌1 ∙ ∆𝑡1 + 𝜌2 ∙ ∆𝑡2 + 𝜌3 ∙ ∆𝑡3
∆𝑡1 + ∆𝑡2 + ∆𝑡3

A general expression of the mean-resistivity in a given depth interval is:
𝜌
̅̅̅̅̅̅̅̅̅̅
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =

∑𝑛𝑖=1 𝜌𝑖 ∙ ∆𝑡𝑖
∑𝑛𝑖=1 ∆𝑡𝑖
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i goes from 1 to the number of thicknesses in the give depth interval. This calculated mean-resistivity equals the average resistivity
if a current is sent vertically through the interval.

Figure 11. Calculation of mean-resistivity for the depth interval [A,B].

The mean-resistivity can also be calculated when the current is
sent horizontally through the depth interval. This is called the horizontal mean-resistivity. It is calculated as the reciprocal mean
conductivity mean and is given by:

𝜌ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 =

1
𝜎𝑚𝑒𝑎𝑛

−1
1
∑𝑛1=1 ( ) ∙ ∆𝑡𝑖
𝜌𝑖
= [
]
𝑛
∑𝑖=1 ∆𝑡𝑖

Usually, the difference between these two calculated meanresistivities is small, but the horizontal mean-resistivity emphasizes the lower resistivities, which are often those of most interest.
For the GCM data the mean-resistivity maps are calculated with a
horizontal mean-resistivity. Kriging has been used for interpolation with a search radius of 10 m.
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6. RESULTS
In the following, the results of the mapping is shown as quality
control maps, mean-resistivity maps, depth to the mica clay map,
and profiles.
The mean-resistivity maps in 0-1 meters display high resistivities
of 80-1000 ohm-m. This is also seen in a depth of 1-2 meters in the
majority of the survey area, but especially in the southern part
there are large areas with a resistivity of 20-30 ohm-m. In a depth
of 3 to 4 meters the resistivity is below 40 ohm-m almost everywhere. The map of the depth to the mica clay is based on a 40
ohm-m search threshold in the model. In practice, this means that
all models from the survey are searched, from the top, to find the
depth to the first layer in the model with a resistivity below 40
ohm-m. The resulting map shows that the depth to the mica clay
varies from 0.5 to 4.5 m throughout the survey area. In the majority of the survey area, the depth to the mica clay is between 2-3 m,
which has been found to be in agreement with boreholes drilled in
the study area.
On profile 3, a borehole have been added on top of the geophysical models. The borehole shows sand until 1.2 m depth, followed
by a 1.3 m thick sequence of till. The mica clay is located in a depth
of 2.5 m. By comparing the resistivity information at the borehole
location, with the borehole information, it is evident that they are
in good agreement. The sand layer is characterized by a high resistivity (more than 200 ohm-m). The till layer has a resistivity in the
range of 40 to 80 ohm-m. The mica clay boundary in the geophysics fits very well with the borehole information. The mica clay is
characterized by a resistivity of 10-40 ohm-m
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6.1 Quality control maps
In the following quality control maps are shown.
Model Location and GCM Lines
This map shows the actual GCM lines. Grey dots mark where
data are disregarded due to line turns or coupling. Black dots
mark where data is kept and inverted to a resistivity model.
A relatively small amount of data is disregarded due to coupling,
and the coupled data are primarily associated with electrical cables.
Data Residual
The data residual tells how well the obtained resistivity models
explain the recorded data (how well the data is fitted). The data residual values are normalized with the data standard deviation, so
a data residual below one corresponds to a fit within one standard
deviation.
The data residual map is for the smooth inversion result. Some areas have relatively high data residual values (>2), this is primarily
due to noise data, which again is associated to low signal ground
responses (resistive ground). In general, the data residuals are as
expected for this type of environment and geological setting.
Number of data points
This map shows the number of data points in use for each resistivity model. Few data points correlate to areas with a low signal
level (resistive areas). In general, all data points are present for
each measurement.
Depth of Investigation (DOI)
This map shows the DOI estimates for the smooth model inversion
result. DOI maps in depths are included in the appendix. Both
DOI standard and DOI conservative maps are presented.
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6.2 Mean Resistivity and depth to Mica clay maps
In the following mean-resistivity maps are shown. Mean-resistivity maps have been produced with 1 m intervals from a depth of 0
to 7 m. In the calculation of the mean-resistivity maps the standard
DOI limit is used as the cutting line, and model information below
this limit is not included.
Also included for this report, is a map of the depth to the Mica
clay. The depth map is based on a 40 ohm-m search threshold in
the model. In practice, this means that all models from the survey
are searched, from the top, to find the depth to the first layer in the
model with a resistivity below 40 ohm-m. The resulting map
shows that the depth to the mica clay varies from 0.5 to 4.5 m
throughout the survey area. In the majority of the survey area, the
depth to the mica clay is between 2-3 m, which has been found to
be in agreement with boreholes drilled in the study area.
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6.3 Profiles
In the profiles, the smooth inversion results is shown as models
bars. The colors below the standard DOI limit are faded. The black
line on the profiles indicates the 40 ohm-m search threshold used
to produce the depth to the mica clay map.
On profile 3, a borehole have been added on top of the geophysical models. The borehole shows sand until 1.2 m depth, followed
by a 1.3 m thick sequence of till. The mica clay is located in a depth
of 2.5 m. By comparing the resistivity information at the borehole
location, with the borehole information, it is evident that they are
in good agreement. The sand layer is characterized by a high resistivity (more than 200 ohm-m). The till layer has a resistivity in the
range of 40 to 80 ohm-m. The mica clay boundary in the geophysics fits very well with the borehole information. The mica clay is
characterized by a resistivity of 10-40 ohm-m.

21

6228480
6228400
6228320
6228240
6228160
6228080
6228000
483440

483520

483600

483680

483760

483840

483920

484000

484080

Profile 1 (North-South)

GCM Vildbjerg 2017

Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay

6228480
6228400
6228320
6228240
6228160
6228080
6228000
483440

483520

483600

483680

483760

483840

483920

484000

484080

Profile 2 (North-South)

GCM Vildbjerg 2017

Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Profile 7 (North-South)
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay
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Profile 8 (West-East)
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Resistivity Profiles (ohmm)
Smooth SCI Model

The profiles display model bars from the smooth inversion results
Models have been blanked by 75% below the DOI Standard
The black line shows the elevation of the 40 ohm-m Mica clay

