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1. PROJECT SUMMARY 

The SkyTEM survey was carried out as part of the NiCA project 

(Nitrate reduction in a geologically heterogeneous Catchment) 

whose main objective is the modeling the nitrate reduction in the 

near-surface aquifers where the oxydo-reduction boundary lays. 

The SkyTEM resistivity results will be used as an input for the ge-

ostastical modeling of the geology (distinction between clay and 

sand in this sedimentary context) and the hydrogeology (the hy-

draulic parameters will be determined as a function of the esti-

mated clay content). Since the main focus is the near-surface layers 

of the first 20 m, it is necessary to get the very early times shortly 

after the turn-off of the primary current in the transmitter loop. 

These early times are mandatory to get a good resolution of the 

near surface, the later times containing more and more infor-

mation about the deeper structures. 

The use of these very early times is one of the main research and 

technical challenge in this project. And the NiCA survey was the 

first pilot survey made with the new Mini-SkyTEM (or SkyTEM 

101) system. This new system has the smallest transmitter loop 

among the different versions of SkyTEM systems, i.e. 132 m2, 

which allows to turn off the current quickly compared to the larg-

er systems. Also the number of wire turns, here only 1 for both 

Super-Low (SLM) and High (HM) moments, and the low intensity 

of the current, i.e. 8 A (SLM) and 55 A (HM),  have an effect on the 

speed of the turn-off which is close to 4 µs only for the SLM. With 

an accurate modeling of the Coil Response (CR), which remains 

non-negligible in the first 10 µs after the beginning of the turn-off, 

the first usable gate is now around 5-6 µs. 

To be able to use accurately so early times it is necessary to get a 

very accurate calibration of the system. It was necessary to refine 

the reference model at Lyngby site after the survey (June 2011) in 

the upper 15 m to get a time shift for the calibration with a preci-

sion below 1 µs (September-November 2011). This update has re-

sulted with a supplementary time shift of -1.1 µs which has been 

determined to be the same for different systems calibrated at 

Lyngby site. This helped to give a more realistic picture of the 

near-surface resistivities which appeared to be too conductive in 

the past. 

A new version of the trapezoid filters has been implemented in 

Aarhus Workbench by adding a second set of settings above a giv-
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en altitude. The purpose was to improve the lateral resolution 

along the lines so that narrower stacking filters are used where the 

signal-to-noise ratio is high, i.e. where the flying altitude is lower 

(the resistivity range is not so wide in the area and does not affect 

almost the strength of the earth response), and larger ones are ap-

plied where the flying altitude becomes higher, e.g. above forests 

or after jumping above an obstacle. 

Also a new version of the lateral constraints for smooth inversion 

has been developed during the processing of the data. These new 

constraints limit the effect of the topography on the resisitivity in-

terfaces and force the interfaces to be more sub-horizontal. This 

induces changes particularly if the layer is not well defined by the 

data and so is sensitive to the applied constraints. These new con-

straints are for now non-official and implemented in em1dinv 

code (it is completely transparent from Aarhus Workbench) and 

will be part of the next release of the code.  

The main survey area (130 km2) is the Norsminde catchment 

where 1846 line km have been flown. A first phase of flight lines 

has been made with a line spacing of 100 m to cover the entire ar-

ea. Thanks to good weather conditions and to no big technical is-

sues, it was possible to make a second phase of in-line flight lines 

in the West part of the survey area which is of higher interest for 

the NiCA project. With these in-line flight lines a final line spacing 

of 50 m is achieved offering a very dense data set with almost no 

line effect. A small area with tie lines and 50 m line spacing was 

also flown in this second phase to further evaluate the advantages 

of flying such perpendicular lines to improve the lateral resolution 

of the resistivity results. 

A second survey area in Fynen (Lillebæk catchment) was flown 

the last day and is only one flight with 161 line km. 

The data were first processed right after the first survey during the 

first weeks of July 2011. Because of the large presence of man-

made installations, e.g. buildings, farms, roads, power lines, a se-

cond careful and time-consuming pass of processing was neces-

sary to remove the couplings correctly. Due to the software devel-

opments necessary for this project and also due to the refined cali-

bration that was mandatory to deliver the final results, this last 

processing step was only finished in April 2012. 

The results from the Spatially Constrained Inversion (SCI) have 

shown very good correlations with borehole data. Flemming 

Jørgensen (GEUS) carried out a comparison over the entire area, 
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and almost 90% of the boreholes give at least an acceptable match 

with the resistivity results.    

The geological and hydrogeogical modeling from these resistivity 

results is currently in progress and carried out by Xin He and Jens-

Christian Refsgaard (manager of the NiCA project) at the Univer-

sity of Copenhagen. 

 

 

 

 

SkyTEM survey Noord-Hollands Duinreservaat 2011 

Client The NiCA project as part of the water 

resource management in Denmark 

Contact persons Cyril Schamper, Aarhus University 

Locality Norsminde (Jytland) and Lillebaek 

(Fynen) catchments, Denmark 

Field Period June 16th to June 22nd,  2011 

Line km planned 2007 km 

Line km acquired 2007 km 

Line separation 50 m (West part of Norsminde area) and 

100 m (East part of Norsminde area & 

Lillebæak area) 

Average flight speed ~33 m/s 

Average flight altitude 

(frame height) 

30 m above the ground 

Table 1. Project summary.  
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2. INTRODUCTION 

The new Mini-SkyTEM (SkyTEM 101) was flown for the first time 

above the Norsminde and Lillebæk catchments in June 2011. As 

part of the NiCA project, the main target was the near-surface aq-

uifers in the upper 20 m in order to model the oxydo-reduction of 

the nitrates mainly used for the agriculture. The final goal is to 

provide a better view of the spatial distribution of this oxydo-

reduction limit to help for a better management of the nitrate use 

and to improve the depollution strategy (e.g. locations of the 

drains). This can not be directly obtained from the resistivity re-

sults and requires a geostatistical modeling in order to establish 

the link between the resistivity and the clay content which allows 

to estimate hydraulic conductivities. 

In this report only resistivity results are presented. They are ob-

tained after a very careful and time-consuming processing of the 

data which mainly consists in removing the coupling due to man-

made installations which are quite numerous in the survey area. 

The high density of the data (100 m line spacing in the East part, 

and 50 m line spacing the West part) also makes this process long-

er compared to previous flown surveys. 

All layers observed in the resistivity results are mixtures of clay 

and sand and are most often always saturated with fresh water. So 

resistivity variations can be almost seen as clay content variations, 

with the lowest resistivities corresponding to pure clay and the 

highest values to pure sand.  

This report presents the results and documents the processing and 

the inversion of the data. Chapter 3 gives a quick overview of the 

different steps in the project. Chapters 4 - 6 describe the data col-

lection, processing and inversion. Chapter 7 introduces the geo-

physical maps and crosssections found in Appendix I: - IV for 

both Norsminde and Lillebæk areas. Chapter 8 concludes the re-

port. Appendix I contains Quality Control (QC) maps, and Ap-

pendix V:  describes the Aarhus Workbench workspaces that hold 

the inversion results of both areas. Upon request, the Aarhus 

Workbench workspaces can be delivered. 

 

Project management: Associate professor, Esben Auken, PhD. 

Data processing and reporting: Postdoc, Cyril Schamper, PhD. 
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3. PROJECT TIMELINE 

Table 2 shows a schematic view of the different steps in the pro-

ject. 

Collection of data 

The field campaign was performed in June 2011, and high-quality 

SkyTEM data were obtained.  

Data processing 

The collected data were then carefully processed to remove cou-

plings and noise before the inversion.  

Inversion 

After processing and preliminary inversions the data have been 

inverted using the spatially constrained inversion (SCI) approach.  

Processing steps and meeting 

Preliminary inversion results were presented and discussed in 

August 2011 with other NiCA participants. A refinement of the 

model at the reference site in Lyngby was then necessary to finely 

tune the calibration of the Mini-SkyTEM system for the early gates 

before 10 µs. Updated results were shown during the NiCA meet-

ing of January 2012. However very fine final processing was still 

necessary and new version of the trapezoid filters had been im-

plemented, so the last results were finally available in April 2012 

for geological and geostatiscal modeling. 

2011 2012 

June July Aug. Sep. Oct. Nov. Dec. Jan. Feb. March April 

Survey 

1st pro-

cessing 

phase 

NiCA 

meeting 

Refinement of the 

calibration (Lyngby 

reference site) 

 

NiCA 

meeting 

2nd processing phase 

and delivery of the 

final results to 

GEUS/Univ. of Co-

penhagen 

Table 2 NiCA survey timeline 
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4. DATA COLLECTION 

4.1 The survey area 

The NiCA survey was carried out by both SkyTEM Surveys ApS 

and HydroGeophysics Group in the period June 16th to June 22nd, 

2011. The main survey area is located around the city of Odder (20 

km South from Aarhus, Denmark) in the Norsminde catchment 

whose outlet is the Norsminde Fjord which can be located on the 

map of Figure 1. This area of 130km2 has been flown with a line 

spacing of 100 m and almost the entire West part has been filled 

with in-line flight lines which provide a final line spacing of 50 m 

(total of 1856 line km). The second small survey area is located 

around the town of Oure (East part of Fynen, Denmark) in the Lil-

lebæk catchment. This second area is only 164 line km with a line 

spacing of 100 m (Figure 2). For both areas the average flight 

speed was approximately 33 m/s with an average flight altitude of 

30 m (frame height). 

 

 

Figure 1. The main survey area in Norsminde catchment. The flight lines 

of the 1st phase with 100 m line spacing correspond to the black lines. The 

2nd phase with in-lines corresponds to the red lines where the final line 

spacing is 50 m. A small set of tie lines was also flown with a line spac-

ing of 50 m and is displayed as blue lines. Total line km: 1846 km. 
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Figure 2. The second small survey area in Lillebæk catchment. 164 line 

km with a line spacing of 100 m. 
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4.2 Overview of the SkyTEM system 

SkyTEM is a time-domain helicopter borne electromagnetic sys-

tem designed for hydrogeophysical, environmental and mineral 

investigations. The following contains a general introduction to 

the SkyTEM system. A more thorough description of the SkyTEM 

method is found in (Sørensen and Auken, 2004). A description of 

the TEM method in general can be found in (Jørgensen et al., 2003) 

and (Nabighian and Macnae, 1991). 

Figure 3. Left: The new Mini-SkyTEM system (SkyTEM 101) in opera-

tion. Right: a typical db/dt sounding curve from SkyTEM system with 

both Super Low (SLM) and High (HM) moment curves. Braces indicate 

the gates that are used in the different moments for the inversion.  

  

Power engine 

Instruments 

Receiver 

GPS, lasers, 

inclinometers 

HM 

SLM 
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Instrument 

Figure 3 shows a picture of the SkyTEM system with the hexago-

nal frame below the helicopter. The lengths of the frame sides are 

approximately 11 m. The transmitter loop is mounted on the frame 

in an octagonal polygon configuration. The receiver loop is placed 

approximately 2 m above the frame in what is roughly a central 

loop configuration with a vertical offset. Two lasers placed on the 

frame measure the distance to terrain continuously while flying, 

and two inclinometers measure the tilt of the frame. Power is sup-

plied by a generator placed between the helicopter and the frame. 

The positions of the different devices on the frame are shown in 

Figure 3 and Figure 4. 

Measurement procedure 

The configuration of the system is customized for each survey. 

Measurements are carried out with one or two transmitter mo-

ments, depending on the target geology. The standard configura-

tion uses a low and a high transmitter moment applied sequential-

ly. Each sequence has 80 individual transient measurements. 

Background noise is measured for each 10 sec.  

The flight altitude is depending on flight speed, topography, etc. 

A typical nominal flight altitude is 30-50 m. Over forested areas, 

the altitude is increased to maintain a necessary safety distance to 

the treetops. The operating speed is customized to the survey area 

and target. The nominal speed for the present SkyTEM 101 system 

was set to 100 km/h for the NiCA survey. Higher speed can be 

used as a line test made during the survey at 140 km/h showed 

that the system is working at this speed. The chosen speed is also a 

question of lateral resolution required for the project. 

Apart from GPS-, altitude- and TEM data, a number of instrument 

parameters are monitored and stored digitally in order to be used 

for quality control when the data are processed. 

Penetration depth 

The penetration depth for the SkyTEM system depends on the 

moment, the geological conditions, the level of the background 

noise and the speed and altitude of the frame. The influence of the 

latter is important, and in order to achieve good data, the altitude 

should normally be less than 50 m. A penetration depth of approx-

imately 100 m can be achieved for the present SkyTEM 101 system 

for a medium resistivity of 50 Ωm. During the inversion a depth of 

investigation is estimated for each resistivity model (see section 

6.3). 
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4.3 SkyTEM – technical specifications 

The SkyTEM system was configured in a standard two-moment 

setup (super low moment, SLM and high moment, HM) to obtain 

a full dB/dt decay curve (sounding curve). The particularity of the 

present system, also called “Mini-SkyTEM”(official name SkyTEM 

101), is the size of the loop, i.e. 132 m2 which is the smallest ver-

sion of the SkyTEM systems. This allows to fly at higher speed up 

to 140 km/h (this speed was tested during a flight line test, but a 

cruise speed of 100 km/h was used during the production), to have 

a lighter payload -350 kg- (smaller helicopter to be used), and to 

shut down the current in the transmitter loop very quickly, in 

about 4 µs for the SLM. This last point is the key point to get early 

gates and good near-surface (top 30 m) resolution. 

The system instrument setup is shown in Figure 4. The positioning 

of the instruments and the corners of the octagon described by the 

transmitter coil are found in Table 3. The origin is defined as the 

center of the transmitter coil. 

The parameters for the measured moments are summarized in 

Table 4. The receiver coil and the receiver instrument are modeled 

using first order low-pass filters with the values shown in Table  6. 

Gate and receiver specifications are summarized in Table  7 - 8.  

 

Figure 4. Instrument setup for the SkyTEM system used. PaPC and 

recording instruments were held right above the transmitter frame 

at mid-distance between the loop and the helicopter (cf. Figure 3). 
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Unit X (m) Y (m) Z(m) 

GPS1 10.35 0.00 -0.10 

GPS2 10.84 0.00 -0.10 

HE 1 (Altimeter) 11.31 0.00 -0.19 

HE 2 (Altimeter) 11.13 0.00 -0.14 

TL 1 (inclinometer) 8.32 -0.48 -0.11 

TL 2 (inclinometer) 8.32 0.48 -0.11 

Rx (Receiver Coil) -9.03 0.00 -1.95 

Tx (Transmitter Coil) 0.00 0.00 0.00 

Loop corner 1 -8.18 -2.06 0.00 

Loop corner 2 -5.90 -4.34 0.00 

Loop corner 3 5.90 -4.34 0.00 

Loop corner 4 8.40 -1.84 0.00 

Loop corner 5 8.40 1.84 0.00 

Loop corner 6 5.90 4.34 0.00 

Loop corner 7 -5.90 4.34 0.00 

Loop corner 8 -8.18 2.06 0.00 

Table 3. Summary of equipment and transmitter coil corner position-

ing. The origin is defined as the center of the transmitter coil. Z is neg-

ative towards the helicopter.  
 

Parameter SLM HM 

No. of turns 1 1 

Area 132.45 m2 132.45  m2 

Current ~ 7.5 A ~ 56 A 

Tx Moment ~ 993 Am2 ~ 7417 Am2 

Repetition frequency, 

Transients in full sign 

pattern 

25 Hz , 16 25 Hz , 16 

Tx-on-time 1.00E-3 s 1.00E-3 s 

Tx-off-time 1.25E-3 s 1.25E-3 

Waveform Square Square 

Turn-on exp. decay con-

stant 

See Table  5 8500 s-1 

Turn-off linear ramp See Table  5 6.11E+06 A/s 

Turn-off current  at end of 

avalanche mode 

See Table  5 0.0 A at 20.5 µs 

Turn-off free decay exp. 

constant 

See Table  5 1.60E+06 s-1 

Table 4. Summary of SLM and HM specifications. 
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Time (s) Normalized current 

-1.00E-03 0.00E+00 

-9.80E-04 6.22E-01 

-9.44E-04 1.00E+00 

0.00E+00 1.00E+00 

1.60E-07 9.98E-01 

2.80E-07 9.92E-01 

3.40E-07 9.75E-01 

8.40E-07 8.13E-01 

1.14E-06 6.68E-01 

1.46E-06 5.08E-01 

1.78E-06 3.28E-01 

2.06E-06 1.94E-01 

2.38E-06 9.75E-02 

2.76E-06 4.71E-02 

3.36E-06 3.88E-02 

3.88E-06 3.29E-02 

4.32E-06 2.34E-02 

4.82E-06 0.00E+00 

Table  5. Piece-linear description of the SLM waveform. 

 
 

Filters Frequency (kHz) 

Receiver Coil 450 

Receiver Instrument 300 

Table  6. Low-pass filters for the entire survey. 

  



 

15 

 

Gate 

No. 

Gate 

center 

time*  

Gate 

start 

time*   

Gate cen-

ter time 

after cali-

bration for 

SLM 

Gate cen-

ter time 

after cali-

bration for 

HM 

Gate 

width        

SLM HM 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

1.19E-06 

3.19E-06 

5.19E-06 

7.19E-06 

9.19E-06 

1.12E-05 

1.37E-05 

1.72E-05 

2.17E-05 

2.77E-05 

3.52E-05 

4.42E-05 

5.57E-05 

7.02E-05 

8.87E-05 

1.12E-04 

1.41E-04 

1.78E-04 

2.25E-04 

2.83E-04 

3.56E-04 

4.49E-04 

5.65E-04 

7.12E-04 

8.96E-04 

1.24E-03 

3.85E-07 

2.39E-06 

4.39E-06 

6.39E-06 

8.39E-06 

1.04E-05 

1.24E-05 

1.54E-05 

1.94E-05 

2.44E-05 

3.14E-05 

3.94E-05 

4.94E-05 

6.24E-05 

7.84E-05 

9.94E-05 

1.25E-04 

1.57E-04 

1.99E-04 

2.50E-04 

3.15E-04 

3.97E-04 

5.00E-04 

6.30E-04 

7.39E-04 

1.05E-03 

2.00E-08 

2.02E-06 

4.02E-06 

6.02E-06 

8.02E-06 

1.00E-05 

1.25E-05 

1.60E-05 

2.05E-05 

2.65E-05 

3.40E-05 

4.30E-05 

5.45E-05 

6.90E-05 

8.75E-05 

1.11E-04 

1.40E-04 

1.77E-04 

2.24E-04 

2.82E-04 

3.55E-04 

4.48E-04 

5.64E-04 

7.11E-04 

8.95E-04 

1.24E-03 

-8.10E-07 

1.19E-06 

3.19E-06 

5.19E-06 

7.19E-06 

9.19E-06 

1.17E-05 

1.52E-05 

1.97E-05 

2.57E-05 

3.32E-05 

4.22E-05 

5.37E-05 

6.82E-05 

8.67E-05 

1.10E-04 

1.39E-04 

1.76E-04 

2.23E-04 

2.81E-04 

3.54E-04 

4.47E-04 

5.63E-04 

7.10E-04 

8.94E-04 

1.24E-03 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table  7. Gate specifications. Center times for both SLM and HM are 

shifted according to calibration time shift give in Table 9. Grey bars in-

dicate the gates that are actually used for the data interpretation. The 

gates that are affected by the coil response are shown as light-grey bars 
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Parameter SLM HM Noise CRC* 

Front gate time - 20.5E+6 s - - 

Number of shoots 

per cycle 

80 80 64 64 

SLM + HM cycles 

between Noise Cy-

cles 

- - 30 2 

Gates measured 1-26 1-26 1-26 1-26 

Gates used 4-17 10-26 1-26 - 

Table 8. Receiver specifications.*The CRC (or Coil Response Correction) 

channel has not been used because implementation in Aarhus Workbench 

is still necessary. It will improve the coil response correction only a little 

bit as very good fit of the early gates have been obtained before 10 µs with 

the “classical” bias inversion in the present survey. 

4.4 Calibration of the SkyTEM system 

Prior to the survey, the SkyTEM equipment was calibrated by 

SkyTEM Surveys ApS on the Danish national TEM test site near 

Aarhus, Denmark. The calibration is performed to establish the 

absolute time shift and data level in order to facilitate precise data 

modeling. No additional leveling, or drift corrections are applied 

subsequently.  

In order to perform the calibration, all system parameters (trans-

mitter waveform, low pass filers, etc.) must be known to allow 

modeling of the used SkyTEM configuration.  

The calibration constants are determined by comparing a recorded 

SkyTEM response on the test site with the reference response. The 

reference response is calculated from the test site reference model 

for the used SkyTEM configuration. This procedure is repeated for 

a number of different attitudes.  

Documentation of the calibration can be found in the SkyTEM 

Surveys ApS data acquisition report (SkyTEM, 2011). As men-

tioned in the summary of this report, the reference model at the 

test site had been refined in the upper 15 m during the processing 

phase of the survey. This refinement allowed a more accurate cali-

bration of the system for the very early times, and to obtain less 

conductive and more expected values in the first meters. Details of 

this refinement can be found in the corresponding report (GFS, 

2011). Final calibration constants are summarized in Table 9. 

Moment Time Shift Scale Factor 

SLM -1.17 µs 0.9411 

HM -2.00 µs 0.9330 

Table 9. Calibration constants with regards to the Danish national TEM 

test site reference model, 2011. 
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4.5 SkyTEM repeatability test 

To monitor that there is no changes to the system during the map-

ping, repeated measurements are performed by hovering on a 

specific spot in the vicinity of the landing ground. This is done 

every time the helicopter takes off or returns from a flight. 

4.6 High altitude test 

A high altitude test was conducted near the test area to identify 

the system response. The test is performed by measuring at an alti-

tude where the ground response is negligible. The documentation 

for the high altitude tests can be found in the SkyTEM Surveys 

ApS data acquisition report (SkyTEM, 2011). 

4.7 Bias tests during production flight 

Each production flight includes bias tests performed on the way to 

and from the production lines. Where cloudiness permitted, they 

were performed at altitudes of 300 m or more. The bias tests are 

similar to the high-altitude test and serve to identify changes in 

the system response between flights. 
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5. PROCESSING OF THE SKYTEM DATA 

The software package Aarhus Workbench is used for the pro-

cessing of the SkyTEM data. 

The aim of processing is to prepare data for the geophysical inter-

pretation. The processing primarily includes filtering and averag-

ing of data as well as culling and discarding of distorted or noisy 

data. The data is stored in a database. The settings for the different 

processing steps are also stored. 

Processing can be divided into four steps: 

1. Import of raw data into a fixed database structure. The 

raw data appear in the form of .dat-, .sps- and .geo-files. 

Dat-files contain the actual transient data from the receiv-

er. Sps-files contain GPS positions, tilts, altitudes, transmit-

ter currents etc. and the geo-file contains system geometry, 

low-pass filters, calibration parameters, turn-on and turn-

off ramps, calibration parameters, etc. For a description of 

the SkyTEM file formats see (HydroGeophysics Group 

2011). 

2. Automatic processing: First, an automatic processing of 

the four data types is used. These are GPS-, altitude-, tilt- 

and TEM data. This automatic processing is based on a 

number of criteria adjusted to the survey concerned. 

3. Manual processing: Inspection and correction of the results 

of the automatic processing for the data types in question. 

4. Adjustment of the data processing based on preliminary 

inversion results. 

All data is recorded with a common time stamp. This time stamp 

is used as key when linking data from different data types. The 

time stamp is given as the GMT time. 

In the following a short description of the processing of the differ-

ent data types is shown. A more thorough description of the 

SkyTEM processing module of the Aarhus Workbench is found in 

(HydroGeophysics Group, 2011). 

5.1 Positioning 

The position of the frame is measured with two independent GPS 

receivers, which record data continuously with an uncertainty of 

~3 m.  
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5.2 Tilt data 

The roll and the pitch of the frame are measured and used to cor-

rect the altitude and voltage data. It is presumed that the frame is 

rigid so that the tilts of the transmitter and receiver are identical. 

During the processing, a running mean is calculated for the roll 

and the pitch. 

5.3 Altitude data 

The distance between the transmitter coil and the ground is meas-

ured with two independent lasers. Figure 5 shows an altitude data 

example over open country and a minor forest area. 

The aim of the altitude data processing is to remove reflections 

that do not come from the ground - typically reflections from 

treetops. The processing is based on the fact that reflections from 

tree tops etc. result in an apparently lower altitude. Altitude pro-

cessing is done using an algorithm that filters out data by repeat-

edly making a polynomial fit to the data while removing data that 

are some meters below this polynomial. Thereby reflections from 

treetops are removed. The automatic filtering is followed by a 

manual inspection and correction. In the end the individual 

soundings are assigned the correct elevation by using a dense Dig-

ital Elevation Model (DEM, here with a grid spacing of 10 m).    

 

Figure 5. Green and red dots are raw data from the two laser altimeters. Brown dots are the resulting 

altitude after filtering the data. The time window holds approximate 2 km of data. 
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5.4 Voltage data 

The Voltage data are gathered continuously along the flight lines 

and alternately with a low and a high moment. The processing of 

voltage data is done in a two-step system: an automatic and a 

manual part. In the former, data are corrected for the transmit-

ter/receiver tilt, and a number of filters designed to cull coupled or 

noise influenced data are deployed. Furthermore, data are aver-

aged to increase the signal-to-noise ratio using a trapezoidal aver-

aging core, where the averaging width of late-time data is larger 

than that of early-time data, as seen in Figure 7. The data uncer-

tainty is calculated from the data stack. Furthermore, a small uni-

form data uncertainty of 3% is assigned to all data. Soundings are 

typically taken out for every 20-30 m depending on flight speed, 

SkyTEM-setup and target. In the present survey the raw sound-

ings are spaced by about 15 m. The average soundings have the 

same spacing, but the final lateral resolution of the top 30 m is 

more likely about 30-50 m depending on the ground resistivity 

due to the lateral integration of the transmitter loop and to the dif-

fusivity of the EM field. Note that a quasi regular grid with no line 

effect is then obtained in the half West part of the Norsminde area 

where the final flight line spacing is 50 m. 

 

Figure 6. The section displays 3 minutes (~2.2 km) of data. The upper red curve shows the flight altitude. 

Each of the lower curves shows raw high-moment data for a given gate time. The green line represents 

gate 1 of the high moment, the orange line gate 2 etc. The grey lines represent data that have been re-

moved due to couplings. Two couplings can clearly be spotted at 10:37:20 and 10:38:20. Comparing the-

se spots with a map, it is seen that both couplings have been associated with installations along roads. 

The couplings here particularly affect the late-time signal (the lower curves). 
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After the automatic processing, soundings are inspected visually 

using a number of different data plots. At this stage, it is assessed 

whether data points should be ascribed a higher uncertainty or 

removed entirely. The evaluation is done by looking at the decay 

curves, the distance to potential noise sources and the noise meas-

urements. Survey areas are typically crossed by a number of pow-

er lines, roads and railroads. As data near such installations often 

couple to the installations, it is necessary to inspect all data and 

remove coupled data when found, in order to produce geophysi-

cal maps without the influence of manmade installations. In some 

cases it is not possible to identify the source of the coupling even 

though data clearly show that there must be a source. Figure 6 

shows an example of strongly coupled data near two roads. When 

the couplings have been removed, the data are stacked into sound-

ings. The stacked data are then inspected to exclude the part of the 

late-time data where the background noise level reaches the level 

of the earth response. 

For a description on noise contamination in electromagnetic data, 

see (Munkholm and Auken, 1996). 

 

Figure 7. Trapezoid averaging of TEM-data. The raw data series with-

in the red lines (blue points/error bars) are averaged yielding the 

sounding marked by violet points/error bars. The averaging trapezoid 

is subsequently moved (red dashed line), and a new sounding is creat-

ed. The times T1-3 and widths W1-3 define the trapezoid. 
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5.5 Processing - Technical specifications 

Table 10 shows the processing settings used in the Aarhus Work-

bench. 

Note that a new set of trapezoid filter has been introduced in Aar-

hus Workbench. This second set is normally deactivated by de-

fault, but can be activated to apply different filter widths above a 

given altitude. The purpose is to narrow the filters as much as 

possible, especially for early gates where the signal-to-noise is 

quite strong, in order to improve the lateral resolution of the near 

surface. This is because the amplitude of the earth signal is mainly 

depending on the flight altitude, the signal being lower with the 

increase of the altitude. Of course the ground resistivity has also 

an impact on the earth signal, this last one becoming stronger with 

the decrease of the resistivity. However, the resistivity over the 

present survey area is relatively homogeneous, there are no big 

lateral resistivity contrasts. Then the altitude parameter is mainly 

responsible for the earth signal level variations.  

One can note in Table 10 that only widths of the SLM, where early 

gates are present, have been set to two different groups of values. 

Changing HM parameters would not have been worthy. 

 

Item  Value 

Software Aarhus Workbench Version 4.0 

Noise Processing Data uncertainty: 

Uniform data STD 

Estimated from data 

stack 

3% 

Trapezoid filter for 

flight altitudes 

< 35 m* 

 

 

 

Trapezoid filter for 

flight altitudes 

≥ 35 m* 

 

 

Sounding distance 

SLM, times: T1, T2, T3 [s] 

SLM, width: W1, W2, W3 [s] 

HM, times: T1, T2, T3 [s] 

HM, width: W1, W2, W3 [s] 

 

Sounding distance 

SLM, times: T1, T2, T3 [s] 

SLM, width: W1, W2, W3 [s] 

HM, times: T1, T2, T3 [s] 

HM, width: W1, W2, W3 [s] 

 

 

0.5s (~15 m) 

21e-6, 44e-6, 1e-4 

1, 2, 4 

44e-6, 1e-4, 1e-3 

2, 4, 10 

 

0.5s (~15 m) 

21e-6, 44e-6, 1e-4 

2, 4, 10 

44e-6, 1e-4, 1e-3 

2, 4, 10 

 

 

 Table 10. Processing settings (See Figure 7 for Trapezoid filter descrip-

tion). *This altitude can be set by the user in Aarhus Workbench. 
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6. INVERSION OF THE SKYTEM DATA 

Inversion and evaluation of the inversion result are done using the 

Aarhus Workbench software package. The underlying inversion 

code is developed by the HydroGeophysics Group, Aarhus Uni-

versity, Denmark (Christansen et al., 2011). 

6.1 Coil response inversion 

The information about the near-surface geology is contained in the 

early part of the sounding curve. In order to improve  the resolu-

tion of the near-surface geology, it is important to be able to obtain 

useful data as early as possible on the sounding curve. The signal 

from the very early times also contains a signal from the instru-

ment itself. This interfering signal is called the coil response as it is 

caused by the coupling of the primary field to the receiver coil.  

Normally, gates are discarded where the coil response is more 

than about 5% of the measured signal. Usually, this means that 

only gates from approximately 11-12 µs after turn-off can be used. 

With the coil response inversion concept, the signal is adaptively 

compensated for the coil response signal so that the coil response 

affected gates in the interval 7-11 µs may also be included in the 

interpretation (with the present new Mini-SkyTEM it is possible to 

go down to 5-6 µs). This, however, requires that SkyTEM mapping 

is collected with an optimized SkyTEM setup with sufficient gates 

in the part of the sounding curve where the coil response signal 

can be determined. 

The size of the coil response signal is determined by making 

measurements at high altitude (> 600 m). Here the signal from the 

ground makes out just a tiny proportion of the measured signal, 

which instead is dominated by random background noise and coil 

response. If data are averaged, the random background noise will 

be stacked out, and the coil response signal can be quantified. This 

principle is illustrated in figure A in Figure 8. The grey and blue 

lines show data from high altitude means over soundings from 

time intervals of 6 s (grey line) and 768 s (blue line). The two green 

lines illustrate how the background noise is effectively decreased 

by a factor of about 10 (approximately the square root of 6/768) 

due to averaging. The red circles show the gates that are not di-

minished by averaging since they are dominated by the coil re-

sponse signal. The Coil response signal can be assumed to be ex-

ponentially decaying, as shown with the red slash through the red 
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circles in figure B in Figure 8. Also plotted on the figure are two 

(green) curves showing the typical level of the measured signals at 

30 m (top) and 40 m (bottom) altitude, respectively. 

 

Figure 8: The figure illustrates the principle for coil response correction.  

A: Stacked SLM data from high altitude. The stacks of 6 s and 768 s, respectively, are 

shown as a grey and a blue line. The green lines show how the background noise is de-

creased by a factor of about 10 from averaging over longer time intervals. The red circles 

show gates that are virtually unchanged since the coil response signal dominates the back-

ground noise.  

B: Stacked SLM data from high altitude. The red line shows the coil response signal. The 

green lines show the level of a typical measured signal from 30 m (top) and 40 m (bottom) 

altitude, respectively. The first gate of the measured signal at 40 m contains about 8% coil 

response signal and is clearly dragged down by a, in this case, negative coil response sig-

nal. 
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The coil response signal is not constant for a full survey. There 

may be slight variations in the level during each flight, and the 

level can also be displaced if the receiver coil is repositioned a few 

millimeters due to a hard landing. The shape of the coil response 

signal, however, is assumed to be constant. With this in mind, the 

coil response signal simply cannot be subtracted from the meas-

ured signal and applied to the early time gates. Instead, a coil re-

sponse function is introduced with the coil response inversion 

concept which, during the inversion, adaptively compensates for 

the coil response. This is illustrated in Figure 9. Inversion with coil 

response correction is progressing similar to the normal inversion. 

The total forward response, consisting of the normal forward re-

sponses plus a contribution from the coil response function, is 

compared with the measured signal. Small adjustments of the in-

version parameters and the level of coil response function are per-

formed before the next comparison. This continues until the total 

forward response is sufficiently close to the measured signal to 

consider the inversion completed. 

 

Figure 9. Inversion with coil response correction. The total forward re-

sponse (blue curve) consisting of the normal forward response (green 

curve) plus a contribution from the coil response function (red curve), is 

compared to the measured signal (black curve). Small adjustments of the 

inversion parameters (that determine the normal forward response) and 

the level of the coil response function are performed before the each com-

parison until the total forward response is sufficiently close to the 

measured signal. 
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The coil response function is introduced based on the following 

assumptions: 

• The shape of the coil response function is fixed and identi-

cal to the coil response signal at high altitude. The level of 

coil response function is variable. 

• Major variations in the level of coil response function from 

flight line to flight line can occur. 

• Only minor variations in the level of coil response function 

from sounding to sounding is present. 

Within the Aarhus Workbench those assumptions can be applied 

by using coil response settings that a) sets the level of the coil re-

sponse with a loose prior constraint to the level of the high alti-

tude test and b) sets a tight lateral constraint to the level of the coil 

response along the flight line. If the inversion needs to shift the 

level of the coil response function along an entire flight line, it can 

do so as long as the level from sounding to sounding does not 

change too much. 

 

6.2 Spatially constrained inversion 

The spatially constrained inversion (SCI) uses constraints between 

the 1D-models, both along and across the flight lines, as shown in 

Figure 10. The inversion is a 1D full non-linear damped least-

squares solution in which the transfer function of the instrumenta-

tion is modeled. The transfer function includes turn-on and turn-

off ramps, front gate, low-pass filters, and transmitter and receiver 

positions.  The flight altitude contributes to the inversion scheme 

as a model parameter with the laser altimeter readings as a con-

strained prior value. 

 



 

27 

 

 

Figure 10. Schematic presentation of the SCI concept. Constraints 

connect not only soundings located along the flight line, but also those 

across them. 

In the SCI scheme, the model parameters are tied together with a 

spatially dependent covariance scaled according to the distance 

between soundings. The constraints between the soundings are 

designed using Delaunay triangles, also called nearest neighbors 

(see Figure 11). In this way each sounding is linked to its "best 

companions". For Airborne EM surveys, Delaunay triangulation 

always connects a sounding to its two nearest soundings along the 

flight line and one or more soundings on each of the adjacent 

flight lines, which is the preliminary condition for breaking down 

the line orientation in the data.  
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Figure 11. Example of setup of SCI-constraints. The red points are the 

sounding positions. The black lines show the constraints created with the 

Delaunay triangles. The line distance in this example is 160 m and the 

zoomed area is approximately 1.2 x 0.85 km large 

 

In addition to constraints on model parameters (resistivites, layer 

interfaces), there are also lateral constraints on the altitude, how-

ever, only along the flight line. 

Constraining the parameters enhances the resolution of resistivi-

ties and layer interfaces which are not well resolved in an inde-

pendent inversion of the soundings. 

In order to perform the SCI in a CPU efficient manner, a typical 

data set of thousands of soundings must be divided into smaller 

subsets. Each subset is then inverted with spatial constraints, as a 

unit. We produce the cells using the preconstructed Delaunay tri-

angles, normally up to a size of 4000 model parameters. To ensure 

continuity over the cell boundaries, soundings on the boundaries 

are inverted in both cells in the first inversion step. The average of 

the boundary models from the two cells is used as prior model for 

the final inversion step. 

The SCI inversion scheme is developed for parameterized inver-

sion with normally 4 or 5 layers and for smooth inversion with e.g. 

20 layers, each having a fixed thickness, but a free resistivity. Ver-

tical constraints are applied to the smooth models to stabilize the 
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inversion. Both schemes have advantages. Layer interfaces and 

resistivities are best determined from the parameterized inversion. 

On the other hand, smooth inversion is more independent of the 

starting model, and gradual transitions in resistivities are more 

conspicuous facilitating the delineation of complex geological 

structures. Further details about the SCI-inversion scheme can be 

found in (HydroGeophysics Group, 2008) and (Viezzoli et al., 

2008). 

The SCI-setup parameters for this survey are listed in section 6.4. 

6.3 Depth of Investigation (DOI) 

A concept of estimating the depth of investigation (DOI) (Christi-

ansen and Auken, 2010) for the individual models has been ap-

plied with this survey. The DOI calculation takes into account the 

SkyTEM system transfer function, the number of data points, and 

the data uncertainty.  

EM fields are diffusive, and there is no specific depth below which 

there is no information on the resistivity structure. Therefore, al-

ways two numbers are presented for the DOI – an upper and a 

lower number. As a guideline the layers above DOI upper are well 

founded in data. Between DOI upper and DOI lower the model is 

not as strong in the data, and below DOI lower the model is very 

weak in the data, and interpreting these parts of the model should 

be done with utmost caution. 

DOI – technical description 

Depth of investigation (DOI) is a useful tool for evaluation of in-

version results and holds useful information when a geological 

interpretation is made. However, for diffusive methods, such as 

ground based or airborne EM, there is no specific depth below 

which there is no information on the resistivity structure. The 

question is to which depth the model is most reliable. 

The DOI-method used by Aarhus Workbench is based on the ac-

tual inverted model, and it includes the full system transfer func-

tion and system geometry, using all actually measured data and 

their uncertainties. The methodology is based on a recalculated 

sensitivity (Jacobian) matrix of the final model.  A priori infor-

mation, model constraints or other information added to the sys-

tem are not considered. Thus, the DOI is purely data driven.  

To demonstrate the methodology, an example with a SkyTEM set-

up with the last gate at 3 ms is used. Assuming a simple 3-layer 
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model, the sensitivity function can be plotted versus depth (left 

image in Figure 12). The sensitivity function comes directly from 

the recalculated sensitivity matrix (Jacobian). As expected, the sen-

sitivity to the second layer is low whereas there are high sensitivi-

ties to the first and the third layers.  

 

Figure 12. Sensitivities calculated for a rediscretized version of the 

model indicated by the black lines; resistivities of layers are written on 

the plot. The left plot is the sensitivity function itself. The right plot 

shows the cumulated sensitivities. The red line indicates the DOI given 

by the global threshold value. 

If the sensitivities are summed up from deep to shallow, the right 

side image in Figure 12 emerges. This plot shows the total sensitiv-

ity in a given depth and downwards. Next, a threshold value that 

indicates the minimum amount of sensitivity needed for indicative 

information is set. In the example in Figure 12, a threshold value 

of 0.8 was settled upon, giving a DOI of approximately 180 m. 

Setting the threshold value is very much a question of tuning 

based on experience and comparing different models with differ-

ent methods. The threshold value used here has been tested on 

many different models and with different systems and produces 

trustworthy results in all cases. 
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In this case the model was sub-discretized into many layers to 

support the visual understanding of the concept. In fact, it is not 

necessary to sub-discretize a model with few layers into more than 

maybe 12-15 layers to obtain a reasonably precise DOI - e.g. within 

3-5 m for the examples in Figure 12. 

Figure 13. SkyTEM resistivity section example with DOI shown as a black dashed line. In the area 

marked with a grey circle, the DOI indicates that there is no information on the less conductive structure. 

The red arrow marks an area where the high-moment data are missing, which results in a shallower DOI. 

The DOI is purely data driven, which means that information 

above the DOI is data controlled whereas the information below 

the DOI is mainly controlled by the inversion settings, such as 

starting model, lateral and vertical constraints. Thus, sometimes 

the DOI is well above the deepest layers. Figure 13 shows a 

smooth inversion of SkyTEM data from Denmark; the black 

dashed line indicates the DOI. In the area marked with the grey 

circle, the DOI indicates that data have no information on that less 

conductive structure. The arrow indicates an area where the high-

moment data are missing, which means a shallower DOI. The ef-

fect of the constraints is clearly seen as the high-resistive layer is 

nicely pulled through to create a geologically reasonable interpre-

tation. This is exactly one of the main functions of the constraints - 

they are user defined numbers for the geological homogeneity and 

thus ensure model smoothness even in areas with limited infor-

mation from the data themselves. 

6.4 Inversion - Technical specifications 

The inversion settings used for the smooth inversion in the Aarhus 

Workbench are listed below. 
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Item  Value 

Software Aarhus Workbench Version 4.0 

SCI cells Approximate cell size [number of models] 100 

Starting 

model 

Number of layers 

Starting resistivities [Ωm] 

Thickness of first layer [m] 

Depth to last layer [m] 

Thickness distribution of layers 

29 

40* 

1.5  

150.0 

Log increasing with 

depth 

SCI constraint/ 

Prior  

constraint 

Horizontal constraints on resistivities [factor] 

Reference distance [m] 

Constraints distance scaling 

Vertical constraints on resistivities [factor] 

Prior, thickness 

Prior, resistivities 

Prior on flight altitude [m] 

Lateral constraints on flight altitude [factor] 

Minimum number of gates per  moment 

1.35 

25 

(1/distance) 

2.0 

Fixed 

None 

+/- 3 ** 

1.3 

7 

Table 11. Inversion settings, smooth SCI setup. *There is a little area at the entry of 

the Norsminde fjord, and also along the coast for Lillebæk area where the starting 

model is set to 1 Ωm. **For the present survey it was not necessary to put a small 

STD value of 0.5 or 1 m to avoid too much difference between recorded altitude and 

inverted one, probably because of the very early gates which bring strong information 

about the altitude contrary to later gates. 
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7. THEMATIC MAPS AND CROSS SECTIONS 

To visualize the resistivity structures in the mapping area, a num-

ber of geophysical maps and cross sections have been created from 

the smooth inversion results by using the Aarhus Workbench. Fur-

thermore, a location map and a number of maps made for quality 

control (QC-maps) are found in the appendices. The Aarhus 

Workbench Workspace that holds the inversion results including 

mean resistivity maps, cross sections, etc. can, upon request, be 

delivered. 

7.1 Mean resistivity maps 

The inversion result consists of a large number of 1D-models de-

scribed by depth intervals (i.e. layers) and resistivities within each 

model. These are then normally used to calculate mean resistivi-

ties to obtain a visualization of the resistivity distribution in the 

mapping area. Figure 14 shows how the resistivities of the layers 

in a model influence the calculation of the mean resistivity in a 

depth interval [A, B]. d0 is the surface, d1, d2 and d3 are the depths 

to the layer boundaries in the model. ρ1, ρ2, ρ3 and ρ4 are the resis-

tivities of the layers.  

The model is subdivided into sub-thicknesses Δt1-3. The mean re-

sistivity (ρvertical) is calculated as: 

 �������� 		�� ∙ 	∆�� �	�� ∙ 	∆�� �	�� 	 ∙ 	∆��∆�� �	∆�� �	∆�� 	 
  

 

Figure 14. The figure illustrates how the resistivities of the layers influ-

ence the mean resistivities in a depth interval [A:B] 
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In the general term the mean resistivities in a depth interval is cal-

culated using the equation below: 

 �̅ 	 	∑ �� ∙ 	∆������∑ ∆������  

 

where i runs through the interval from 1 to the number of sub-

thicknesses. The mean resistivity calculated by the above formula 

(ρvertical) is named the vertical mean resistivity - equal to the total 

resistance if a current flows vertically through the interval. 

By mapping with the TEM method, the current flows only hori-

zontally in the ground. Therefore, the mean resistivity is calculat-

ed as if the current runs horizontally in the interval. This re-

sistance is described as the horizontal mean resistance (ρhorizontal) 

and is the reciprocal of the mean conductivity (σmean). 

The horizontal mean resistivity is calculated in the following way: 

 

����������� 	 1����� 		 �∑ �1��� 	 ∙ 	∆������∑ ∆������ �
 �

 

 

Normally, there is no major difference in the maps of mean resis-

tivities calculated in the two different ways. The horizontal mean 

resistivity weights the low resistivities more than the vertical 

mean resistivities in exactly the same way as the TEM-method 

does.  

For this mapping, horizontal mean resistivity themes have been 

generated from the smooth model inversion in two sets. Depth 

and elevation slices are all 5 m thickness (note that the vertical 

resolution of TEM results is still decaying with depth).For this 

mapping the DOI has been used to blind resistivities of models 

below the DOI lower. The generated themes, consisting of mean 

resistivity values at each sounding position, are then gridded us-

ing the Kriging (Pebesma and Wesseling, 1998) method, with a 

node spacing of 30 m and a search radius of 200 m, to obtain a 

regular grid of resistivities. Depth and elevation slices can be 

found in Appendix II:   respectively, for both Norsminde and Lil-

lebaæk areas. 
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7.2 Cross sections 

Several cross sections covering the two survey areas in a regular 

grid is plotted in Appendix IV. Each cross section shows a slice 

through a 3D-mean resistivity grid. The 3D-mean resistivity grid is 

interpolated from the 2D-mean resistivity grids based on the 

smooth model inversion result. The calculation of the 3D-grid 

from the stacked 2D-grids is illustrated in Figure 15. 

a) For each 2D-mean resistivity grid, values are interpolated 

for a regular sampling along the profile. 

b) The interpolation is repeated for all 2D-mean resistivity 

grids, creating a cross section grid. 

c) Smoothing of the cross section grid is done by triangula-

tion between the grid nodes. 

d) The cross section is then colorized and the colors are fad-

ed in two steps below the DOI upper and the DOI lower 

values. Grey lines showing the DOI upper and DOI lower 

values gridded from models within 150 m are also plot-

ted. This indicates the parts along the cross section that 

are most strongly founded in the data.  
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Figure 15. 3D grid interpolation. A) For each 2D-mean resistivity grid, 

values are interpolated for a regular sampling along the profile. B) The 

resulting cross section grid. C) Smoothing of cross section grid by trian-

gulation. D) The resulting colorized cross section with the colors faded in 

two steps below the DOI upper and the DOI lower limits. 

 

7.3 Location map, QC-maps 

The maps listed below are included in Appendix I: The first and 

second sets correspond to Norsminde and Lillebæk areas, respec-

tively. 

Model locations and flight lines 

This map shows the flight line positions overlaid by the model 

positions. Where no models are present, data has been discarded 

due to coupling. Line turns and some non-production intervals are 

also marked as discarded data. The couplings are mainly associat-

ed with major roads and power lines. 
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Moment indications 

This map show the moments (low/high) present in each model. 

Both moments are in general present for the whole survey. Due to 

the moment sampling, models with a single moment can often be 

observed after intervals where data has been discarded. In some 

cases coupling have only affected one of the moments and it has 

been possible to keep the other moment. 

Flight altitude 

This map shows the processed flight altitudes (heights) from the 

laser altimeters. The flight altitude reflects the necessary safety 

distance to the treetops, the ground and any man-made structures. 

In addition to a few forested areas there is some man-made struc-

tures that cause the pilot to go to higher altitudes. The nominal 

flight altitude without particular obstacle is about 30 m. 

Data residual 

This map shows the data residual (the data fit) for the individual 

models of the smooth model inversion. The data residual is nor-

malized with the data standard deviation, so a data residual below 

one correspond to a fit within the data standard deviation. In gen-

eral the data residual is low (below one). In few places where the 

residual is higher, it generally corresponds to areas where the 

flight altitude is close or above 50 m, e.g. forest areas. 

Depth of investigation (DOI) as depth 

This map shows the DOI lower (in elevation) from the smooth 

model inversion (see section 6.3 for a description of the DOI-

calculation). The DOI lower varies considerably over the survey 

area mainly due to hydrology and geology. In the present survey 

one can clearly observe lower DOI values where the Paleogen clay 

(few Ωm) reaches the surface East of Odder town, whereas the 

DOI reaches large values at the buried glacial valley easily observ-

able in the South part of the area with large resistive values due to 

the sandy sediments (down to a depth of 120 m). A DOI of about 

100 m is usually reached with the new Mini-SkyTEM system for 

an average resistivity of 50 Ωm. 

Depth of investigation (DOI) as elevation 

The same DOI lower as before is displayed but as an elevation in-

stead of a depth. 
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8. CONCLUSION 

The field campaign was performed and good quality data were 

obtained. The collected data were afterwards carefully processed 

to remove couplings and noise before the inversion. The inversion 

was done with a smooth model using the spatially constrained 

inversion (SCI) approach. 

The final SCI inversion results were compared to borehole data in 

the Norsminde area by Flemming Jørgensen (GEUS). With a popu-

lation of near 40 good quality boreholes within less than 50 m 

from the flight lines, the comparison shows good fit for almost 

90% of them (60% with good fit, and 30% with acceptable fit), in-

cluding the interfaces in the first 30 m. 

In the present sedimentary context, only mixtures of clays and 

sand are encountered, mainly saturated with fresh water (no salt 

water intrusion is expected in the main area of Norsminde). In 

both Lillebæk and Norsminde area the last layer reached is princi-

pally the clayey Paleogen layer with a very low resistivity of few 

Ωm, which makes this layer easy detectable in TEM data, even 

with the very low moments used with this new Mini-SkyTEM 

(SkyTEM 101) system. Considering a medium resistivity of 50 Ωm 

the depth of investigation is still about 100 m. This depth is locally 

larger where the first layers are resistive (likely sand layers) like 

the deep buried valley filled with sandy sediments and which can 

be easily observed on the resistivity maps in the South part of the 

Norsminde area.  

These SkyTEM resistivity results will be further used by research-

ers from GEUS in Copenhagen for geostatistical modeling. A link 

between resistivity values and geological patterns with a transfer 

probability function between resistivity and clay content will be 

made based on the correlation between SkyTEM results and bore-

hole data. These probabilities will help to build geological likely 

models throughout the catchments of Lillebaek and Norsminde 

(for Norsminde, the Western part is of more interest in the NiCA 

project, the reason why the flight lines are more dense in this ar-

ea). Linked to hydraulic parameters such as hydraulic conductivy, 

these geological models will then be tested in hydrogeological 

modeling to fit the local hydrological observations, and then be 

used for the prediction of the nitrates reduction in the near-surface 

aquifers. 
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Since the SkyTEM survey other ground-based geophysical near-

surface measurements have been carried out in the Norsminde 

area. The preliminary results show good correlation with SkyTEM 

results in the top 30 m. The success of this first pilot survey made 

with the new Mini-SkyTEM system and the encouraging compari-

sons with other near-surface data (borehole or geophysics) give 

confidence in the future use of this new system for mapping the 

near-surface aquifers by keeping a still quite good depth of inves-

tigation. 
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APPENDIX I:  LOCATION MAPS, QC MAPS 

This appendix shows maps of: 

• Model locations and flight lines 

• Moment indications 

• Flight altitude 

• Data residual 

• Depth of investigation as depth 

• Depth of investigation as elevation 

 

The first set of maps concerns the large Norsminde area, and the 

second set corresponds to the small Lillebæk area (only one flight). 
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APPENDIX II:  MEAN RESISTIVITY MAPS AS 
DEPTH SLICES 

This appendix shows mean resistivity maps generated from the 

smooth model inversion result. One can first find depth slices of 2 

m from 0 to 10m depth. Then the maps correspond to depth slices 

of 5 m from the surface to a depth of  180 m for Norsminde area 

and of 160m for Lillebaek area. These last depth slices are quite 

deep because of local resistive layers like the buried valley in the 

South part of the Norsminde area. 

Models below the DOI lower have been blinded. The gridding is 

done using the Kriging method, with a node spacing of 20 m and a 

search radius of 150 m.  

The first set of maps concerns the large Norsminde area, and the 

second set corresponds to the small Lillebæk area (only one flight). 
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APPENDIX III:  MEAN RESISTIVITY MAPS 
AS ELEVATION SLICES 

This appendix shows mean resistivity maps generated from the 

smooth model inversion result. In this appendix the maps corre-

sponds to elevation slices of 5 m from an elevation of 100 m for 

Norsminde and of 70 m for Lillebæk to an elevation of -150 m for 

Norsminde and of -125 m for Lillebæk.  

Models below the DOI lower have been blinded. The gridding is 

done using the Kriging method, with a node spacing of 20 m and a 

search radius of 150 m.  

The first set of maps concerns the large Norsminde area, and the 

second set corresponds to the small Lillebæk area (only one flight). 
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APPENDIX IV:  CROSS SECTIONS 

This appendix holds cross sections through a 3D-mean resistivity 

grid. The 3D-grid is interpolated from the 2D-mean resistivity 

grids made with the smooth model inversion result. The color 

scale has been faded towards white in two steps below the DOI 

upper and the DOI lower. The grey lines show the DOI upper and 

DOI lower values gridded from models within 150 m. In addition 

to showing the DOI, this also indicates the parts along the cross 

section that are most strongly founded in the data. 

The first set of sections concerns the large Norsminde area, and the 

second set corresponds to the small Lillebæk area (only one flight). 

For some of the sections of the Norsminde area (the most souther-

ly) data from boreholes located at a distance of less than 40 m from 

the profile have been added. Please find below the legend for the 

different lithologies: 

 

Letter in borehole logs Lithology 

I Clay 

ml Moraine clay 

gl Mica clay (Oligocene-Miocene) 

s Sand 

g Gravel 

dg Glacial gravel 

ks Quartz sand (Miocene) 
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APPENDIX V:  DIGITAL DELIVERIES 

Directories of the digital deliveries 

\PDF 

Report, maps and cross sections in PDF format 

\Workspaces 

Aarhus Workbench workspaces (2 for Norsminde and Lillebæk 

areas) containing SkyTEM data, inversion results, and maps. 

Please contact HGG group if you want these workspaces to work 

with instead of the data base in GERDA. 

\GERDA upload 

Raw and processed data as well as the SCI results are available in 

the GERDA database 

Norsminde Workspace tree 

 

  

VIS node with different 

Quality Control (QC) 

point themes such as the 

data residual 

GERDA database with 

SkyTEM data (3 gdb files 

exist for the 3 phases of 

the survey) 

Profiles with 3D grids 

from the SCI results 

SCI node with the smooth 

model inversion 

DBQ nodes with themes, 

grids and bitmaps of the 

mean resistivity in eleva-

tion and depth intervals 

SkyTEM nodes (3 for the 

3 phases of the survey) 

with processing nodes for 

each flight 

PCjupiter database with 

borehole data 
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Lillebæk Workspace tree 

 

 

 

GERDA database with 

SkyTEM data 

SkyTEM nodes with pro-

cessing nodes for each 

flight 

Profiles with 3D grids 

from the SCI results 

SCI node with the smooth 

model inversion 

DBQ nodes with themes, 

grids and bitmaps of the 

mean resistivity in eleva-

tion and depth intervals 

VIS node with different 

Quality Control (QC) 

point themes such as the 

data residual 


