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takes 0,5 seconds and includes several hundreds of individual
transient measurements.

The driving speed can be adjusted to the survey area and target. It
will normally not exceed 20 km/h.

Apart from GPS and TEM data, a number of instrument parame-
ters are monitored and stored in order to be used for quality con-
trol when the data are processed. These parameters include
transmitter temperature, current level, and voltage of the instru-
ment.

Depth of Investigation (DOI)

The depth of investigation for the tTEM system depends on the
transmitter moment, the geological settings, the background noise
level and driving speed. Normally, a DOI of 60-70 m can be
achieved in a subsurface layering with an average resistivity of 40
ohm-m. The depth will be larger at higher resistivities and less at
lower resistivities. During the inversion, the DOI is estimated for
each resistivity model (see section 4.3).
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2.3 tTEM - Technical Specifications

This section lists detailed technical specifications of the tTEM sys-
tem setup for the survey.

The tTEM system is configured in a standard two-moment setup
(low moment, LM and high moment, HM). The system instrument
setup is shown in Figure 2. The positioning of the instruments and
the corners of the transmitter coil are listed in Table 1. The origin
is defined as the center of the transmitter coil.

The specifications of the LM an HM moment are summarized in
Table 2. The integrated waveform for both moments is shown in
Figure 3. The exact waveform is listed in Table 3.

Device Position

Unit X (m) Y (m) Z(m)
GP_TX (GPS) 1.40 0.00 -0.20
RXZ (Z-receiver coil) -9.28 0.00 -0.20
Tx (center transmitter coil) 0.00 0.00 -0.29
Loop corner 1 -02.00 -01.00 0.00
Loop corner 2 02.00 -01.00 0.00
Loop corner 3 02.00 01.00 0.00
Loop corner 4 -02.00 01.00 0.00

Table 1. Equipment and transmitter coil corner positioning. The origin is
defined as the center of the transmitter coil. Z is positive towards the
ground.

Transmitter, Receiver Specifications

Parameter LM HM

No. of turns 1 1

Transmitter area (m?) 8 m? 8 m?

Tx Current ~28 A ~30A

Tx Peak moment ~22.4 Am? ~240 Am?
Repetition frequency 1055 Hz 330 Hz

Raw Data Stack size 422 264

Raw Moment cyclus time 0.22s 040s

Tx on-time 0.2 ms 0.45 ms

Duty cycle 42 % 30%

Turn-off time 2.5 ps at 2.8 Amp 4.0 ps at 30 Amp
Number of gates 4 26

Gate time interval 4 ps 10 ps 10 us —900 ps
Front-gate time (nominal) 2 us 5 us
Front-gate delay 19 ps 19 ps

Table 2. Low moment (LM) and high moment (HM) specifications.
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Figure 3. Waveform for LM (left) and HM (right).
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Figure 4. Zoom in on ramp down for LM.
Waveform, LM and HM
LM time LM amplitude HM time HM amplitude
-6.7400e-04 s -0.000 -1.9650e-03 s -0.000
-6.7250e-04 s -0.496 -1.9483e-03 s -0.316
-6.7071e-04 s -0.658 -1.9279¢-03 s -0.532
-6.685%-04 s -0.784 -1.9030e-03 s -0.710
-6.6605e-04 s -0.865 -1.8725e-03 s -0.845
-6.6303e-04 s -0.925 -1.8351e-03 s -0.933
-6.5944e-04 s -0.963 -1.7894e-03 s -0.981
-6.5516e-04 s -0.978 -1.7334e-03 s -1.001
-6.5007e-04 s -0.989 -1.6650e-03 s -1.000
-6.4400e-04 s -1.000 -1.5150e-03 s -1.000




HydroGeoph s Group

AARHUS UNIVERSITY

-4.7400e-04 s -1.000 -1.5148e-03 s -0.967
-4.7387e-04 s -0.953 -1.5146e-03 s -0.859
-4.7373e-04 s -0.812 -1.5143e-03 s -0.662
-4.7355e-04 s -0.559 -1.5139e-03 s -0.381
-4.7334e-04 s -0.332 -1.5135e-03 s -0.155
-4.7309e-04 s -0.175 -1.5131e-03 s -0.053
-4.7279e-04 s -0.086 -1.5125e-03 s -0.017
-4.7243e-04 s -0.041 -1.5118e-03 s -0.007
-4.7200e-04 s -0.016 -1.5110e-03 s -0.000
-4.7150e-04 s -0.000 -4.5000e-04 s 0.000
-2.0000e-04 s 0.000 -4.3333e-04 s 0.316
-1.9850e-04 s 0.496 -4.1294e-04 s 0.532
-1.9671e-04 s 0.658 -3.8799e-04 s 0.710
-1.945%-04 s 0.784 -3.5745e-04 s 0.845
-1.9205e-04 s 0.865 -3.2009e-04 s 0.933
-1.8903e-04 s 0.925 -2.7438e-04 s 0.981
-1.8544e-04 s 0.963 -2.1844e-04 s 1.001
-1.8116e-04 s 0.978 -1.5000e-04 s 1.000
-1.7607e-04 s 0.989 0.0000e+00 s 1.000
-1.7000e-04 s 1.000 2.0384e-07 s 0.967
0.0000e+00 s 1.000 4.3584e-07 s 0.859
1.2589%e-07 s 0.953 7.2384e-07 s 0.662
2.6989%¢-07 s 0.812 1.0598e-06 s 0.381
4.5389%-07 s 0.559 1.4598e-06 s 0.155
6.6189%e-07 s 0.332 1.9398e-06 s 0.053
9.0989e-07 s 0.175 2.5078e-06 s 0.017
1.2139e-06 s 0.086 3.1878e-06 s 0.007
1.5659-06 s 0.041 4.0000e-06 s 0.000
1.9979e-06 s 0.016
2.5000e-06 s 0.000

Table 3. Waveform for LM and HM. Listed as time and nominal amplitude.

2.4 Calibration of the tTEM System

Prior to the survey, the tTEM equipment was calibrated at the
Danish national TEM test site near Aarhus, Denmark (Foged et al.,
2013)). The calibration is performed to establish the absolute time
shift and data level in order to facilitate precise modeling of the
data. No additional leveling or drift corrections are applied subse-
quently.
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In order to perform the calibration, all system parameters (trans-
mitter waveform, low pass filters, etc.) must be known to allow
accurate modeling of the tTEM setup.

The calibration constants are determined by comparing a recorded
tTEM response on the test site with the reference response. The
reference response is calculated from the test site reference model
for the used tTEM configuration.

Acceptable calibration was achieved with the calibration constants
stated in Table 4. The calibration was performed on December 6,
2017. Calibration plots for both moments are shown in Figure 5
and Figure 6 .

Moment Time Shift Scale Factor
LM -0.55 ps 1.00
HM -0.5 ps 1.04

Table 4. Calibration constants.
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Figure 5. Calibration plot for low-moment. The red curve is the recorded data, and
the blue curve is the forward response from the national geophysical test-site in

Denmark. Note that only the first 4 gates of the LM are used for interpretation.
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20171206-case-1-HM, TimeShift: -0.50us Factor: 1.040
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Figure 6. Calibration plot for low-moment. The red curve is the recorded data, and
the blue curve is the forward response from the national geophysical test-site in

Denmark.
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3. PROCESSING OF THE TTEM DATA

3.1 Data Processing — Workflow

The software package Aarhus Workbench is used for processing
the tTEM data.

The aim of the processing is to prepare data for the geophysical
interpretation. The processing primarily includes filtering and av-
eraging of data as well as culling and discarding of distorted or
noisy data.

The data 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 .skb-, .sps- and .geo-files. Skb-files
contain the actual transient data from the receiver. Sps-files
contain GPS positions, transmitter currents etc., and the geo-
file contains system geometry, low-pass filters, calibration pa-
rameters, turn-on and turn-off ramps, calibration parameters,
etc.

2. Automatic processing: First, an automatic processing of the
four data types is used. These are GPS-, 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 in-
version results.

All data is recorded with a common time stamp. This time stamp
is used to link 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 TEM
data processing can be found in Auken et al. (2009).

3.2 GPS-Positioning

The position of the tTEM-system is recorded continuously with
two independent GPS receivers. Furthermore, the GPS data are
shifted to the optimum focus point of the tTEM system.

12












HydroGeophysics Group

AARHUS UNIVERSITY

The connection pattern of the constraints is designed using a De-
launay triangulation, which connects natural neighbor models. For
line oriented data the Delaunay triangulation results in a model
being connected to the two neighbor models at the mapping line
and typically 2-3 models at the adjacent mapping lines, (see Figure
9). The SCI constraints are the preliminary condition for breaking
down the line orientation in the dataset.

Figure 9. Example setup of SCI-constraints. The red points are the model
positions. The black lines show the constraints created with the Delaunay
triangles. The line distance in this example is 20 m, sounding distance is
10 m and the area is approximately 1 x 1 km.

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.

SCI-setup parameters for this survey are listed in section 4.4.

16
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4.2 Smooth and sharp Inversion

Both a smooth and a sharp model inversion have been carried out.
Both inversion types use the SCl-setup, but the regularization
scheme is different.

The smooth regularization scheme penalizes the resistivity chang-
es, resulting in smooth resistivity transitions both vertical and hor-
izontal, as seen in Figure 9. The sharp regularization scheme
(Vignoli et al., 2015) penalizes the number of resistivity changes of
a certain size, resulting in model sections with few, but relative
shape resistivity transitions, as seen in see Figure 9. Normally the
tTEM data are fitted equally well with the model types.

Assuming a geological layered environment, picking geological
layer boundaries will be less subjective in a sharp model result
compared to a smooth model.

Elewation [m]

Elevation [m]

' T T T T T T T T T T 1
o S0 100 150 200 250 300 350 400 450 o0 550 BO0 650 oo 7a0 ) ==l 1) 950 1000 1050 1100 1150
Distance [m]

10
Resistivity [Chimm]

Figure 10. Profile showing of a smooth and sharp inversion of the same t TEM data set. Note the
significant better defined layer boundaries in the as a result of the sharp inversion.

4.3 Depth of Investigation

For each resistivity model a depth of investigation (DOI) is esti-
mated, as described in Christiansen and Auken (2012). The DOI
calculation takes into account the tTEM system transfer function,
the number of data points, the data uncertainty, and the resistivity
model.

EM fields are diffusive, and there is no discrete depth where the
information on the resistivity structure stops. Therefore, we pro-

17
































































































