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Abstract

The need for detailed subsurface information is increasing due to city
expansion and infill projects as well as subsurface construction projects.
One common method for acquiring this geo-information is the direct
current resistivity and time domain induced polarization method (DCIP)
that measures the electrical resistivity and chargeability of the subsurface.
The work presented in this thesis demonstrates that the usefulness of the
DCIP method can be improved. Field time and cost efficiency is increased
by means of waveform optimization and investigations of the effect of
different current pulse on-time duration. Furthermore, post processing
efficiency is increased as a result of improved data quality and reliability.
Additionally, the available spectral information from DCIP surveys is
substantially increased by enabling extraction of the IP response closer to
the pulse than was previously possible. In combination with more
accurate removal of background drift potential, which improves data
quality at late times, the spectral information is further increased. In
total, these optimizations increase the usefulness of the resistivity and
(spectral) time domain induced polarization method and can hopefully
contribute to spreading and intensifying its use for acquiring qualified
subsurface information.
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1 Introduction

The need for detailed information of the subsurface is increasing due to
city expansion and infill projects as well as subsurface construction
projects (e.g. tunnelling). One common method for acquiring this geo-
information is the direct current resistivity and time domain induced
polarization method (DCIP) which measures the electrical resistivity and
chargeability of the subsurface (Dahlin, 2001; Loke et al., 2013). This
thesis summarizes selected work on developing and increasing the
usefulness of the DCIP method with focus on the induced polarization.

Electrical resistivity tomography (ERT) has been successfully used in a
wide range of subsurface applications (Loke et al., 2013) such as
environmental and engineering (Auken et al., 2014; Dahlin et al., 1999),
hydrogeological (Auken et al., 2006; Fetter, 2001; Leroux and Dahlin,
2005) and archaeological (Argote-Espino et al., 2013; Florsch et al.,
2011). However, different subsurface materials can have the same
resistivity (Glover, 2015) and thus is it not possible to differentiate them
when only using the resistivity information. This makes the chargeability
information especially valuable since it can be measured simultaneously
with the resistivity with little or no extra effort and the materials can have
the same value for resistivity but different values for the chargeability.
Hence, having two parameters reduces the ambiguity when relating the
DCIP measurements to processes and geology. This reduction in
ambiguity has been demonstrated for several applications, such as landfill
mapping (Dahlin et al., 2010; Leroux et al., 2007) and lithology mapping
(Kemna et al., 2004; Slater and Lesmes, 2002) and microbial activities
(Slater et al., 2008),

The induced polarization phenomenon can be further evaluated by
considering its frequency dependency, the spectral information. The
frequency dependency is described with different models and, depending
on the choice of model, additional parameters can be retrieved from the
chargeability measurements so that the possible ambiguity can be
reduced even more. The use of spectral IP information in engineering
applications is still limited but there are several examples of research
where the spectral information has proven useful. For example for aquifer
characterization (Revil et al., 2015; Slater and Glaser, 2003), mapping
geochemical changes (Doetsch et al., 2015a), permafrost monitoring



(Doetsch et al., 2015b) and landfill mapping (Gazoty et al., 2013, 20124,
2012b).

Even if different levels of chargeability information generally can be
retrieved from DCIP surveys, often only the resistivity parameters are
evaluated in applied engineering investigations. This has several
explanations, for example: older instruments with limited capability of
successfully measuring the chargeability are still in use and knowledge of
how the chargeability information should be interpreted could be
missing. Another important factor is related to data quality, since the
induced polarization measurement have much lower signal-to-noise ratio
compared to the resistivity measurements, the data quality can be poor.
Using the data would require more time for manual filtering of the data,
and thus more money than can be allocated to make use of the
chargeability data. This calls for an assessment on how to generally
improve the quality of the acquired induced polarization data, and
automated ways of data quality assessment and data filtering.

This spectral evaluation in turn demands a wide time-range of
chargeability information (e.g. from one millisecond to several seconds)
and even higher data quality than the regular “one parameter
evaluation”. Hence smart processing of the DCIP data is needed in order
to allow a more widespread use of the method. Time and cost efficiency
of spectral DCIP measurements is also limiting the usefulness of the
method. The field measurements can require thousands of readings,
where more data stacking and longer current transmission pulses may be
required compared to what would be used in a regular DCIP survey. Thus
there is a need for optimizing the measurement procedure to reduce the
time and costs related to the field surveys.

1.1 Aim, objective and limitations

The aim of this study is to increase the usefulness of the DCIP method
by developing the data acquisition and processing methodology.
Therefore, the objectives of this study are to reduce acquisition time and
costs, to increase data (spectral) information content, reliability and
quality and to reduce the time and cost for data processing.



This work has not considered any other field surveying or geophysical
method than the direct current resistivity and time domain induced
polarization method. Additionally, the handling of electromagnetic
coupling has not been considered as a part of this work except for
applying an improved field procedure (Dahlin and Leroux, 2012).
Furthermore, the work has focused on developing the time domain
measurement technique rather than the frequency domain counterpart.
Due to this is only a very brief overview given regarding the frequency
domain measurements.






2 The DCIP method

DCIP measurements are carried out by injecting current into the
subsurface between two electrodes while measuring the potential
between one or several other pairs of electrodes (Figure 1) (Fink, 1990;
Sumner, 2012; Zonge et al., 2005). The aim of the measurements is to
get information of the electrical resistivity and chargeability of the
subsurface. Information from different subvolumes of the subsurface is
retrieved by repeating the measurements with different electrode
combinations. With electrode combinations arranged along a line, one-
or two-dimensional, depending on what combinations are used,
information of the subsurface below the line can be retrieved. If the
combinations instead cover an area it is possible to recover a three-
dimensional information volume (Loke and Barker, 1996).

LEGEND

s Current flow

—— Potential isolines

B ERT line at surface

with electrode locations
—Ji~—— DC power source
A -B Current(l) electrodes
M - N Potential (U) electrodes

Figure 1. Schematic overview of 2D DCIP measurement principle on a homogenous subsurface.
Original image provided by Nijland et al. (2010).



2.1 Resistivity

The resistivity (p, unit Qm) is a material property that quantifies to what
extent the material is opposing the flow of electrical current.

From the measurements (Figure 4) of the current (I) and potential (e,
Figure 2) is it possible to calculate the resistance (R) of the subsurface
through Ohm’s law:

By also taking into account the geometry of the electrode placements
(geometric factor, K) one may retrieve the apparent resistivity (pg),
which only corresponds to the true resistivity of the subsurface if it is
homogenous and isotropic.

Vbc

Pa =K==

where

K = 2m(raz — Tom — Tan + 75n) "
and 7 denotes the different distances between current (4 and B) and
potential (M and N) electrodes. If the subsurface has a heterogeneous
distribution of resistivities is it necessary to conduct a more advanced
interpretation of the measurements to retrieve the resistivity of the
subsurface, see 2.5 Inversion.

2.2 Chargeability

The chargeability (7., unit mV/V) is a material property that quantifies
the capacity of the material to store energy.

The chargeability is defined as the ratio between the measured voltage
following a sudden change in current (¥, Figure 2), normalized with
the measured potential before the current change (Vpc) (Seigel, 1959):

Vipo
my = —-.
Vbe



Time domain IP measurements
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Figure 2. Theoretical full waveform potential for DCIP measurements with indication of
parameters important for the data evaluation.

The chargeability is in time-domain determined by considering the
transient potential response of the subsurface following a change in the
injected current (Figure 2). It can be evaluated in several ways: for
chargeability only (definition), for the mean chargeability within a given
time interval (integral chargeability, 72, ):

t2

1
Mipt = m-f V(t)dt

t1

or for normalized integral chargeability (normalized with resistivity, see
Slater and Lesmes (2002)) corresponding to surface polarization (Binley,
2015). Furthermore, the frequency characteristics of the potential
response can be considered (spectral chargeability) by using different
models for describing the shape (Figure 3) of the IP response (Johnson,
1984; Tombs, 1981), for example the Cole-Cole model in time-domain is
described by (Florsch et al., 2011; Pelton et al., 1978; Revil et al., 2015):

Vip(®) = mg i(—l}f () ra+jo
=0



for relaxation time (7), frequency exponent (¢) and Euler’s Gamma
function (T'):

I'(x) = fooo y*~le % dy.

Analogous to resistivity and apparent resistivity it is not possible to
directly retrieve the chargeability of the subsurface from the DCIP
measurements unless it is homogenous in terms of chargeability, thus
normally inversion is needed.

Normalized IP response

o
o

w w » A
o (&) o (¢)]
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I I
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n
(6]

20
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5
0 L L L
0 0.5 1 15 2
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Figure 3. A normalized IP response generated from the modelled measurement seen in Figure 4.

2.3 Measurement waveforms

The current waveform injected into the ground differs depending on
whether the measurements are conducted in time or frequency domain.
Time domain measurements consider changes with time, while frequency
domain measurements consider at what frequencies the changes take
place. The two methods are theoretically equivalent but differ in terms of



measurement technique and actual capability to resolve the spectral IP
parameters (Binley, 2015).

2.3.1 Time domain

Time domain measurements typically inject a 50% duty cycle square
current waveform with constant current (Figure 4). The polarity of the
current is reversed every pulse in order to remove background potentials
superimposed on the signal measured between the receiver electrodes,
caused by electrode polarization effects (Binley, 2015). Thus, at least two
pulses with opposite sign are injected. This pulse train can be repeated
(stacked) to retrieve multiple readings of the potential response and
reduce the influence of noise (see 3 Measurement challenges).

The potential readings (P pc, Figure 2) for calculating resistivity are taken
as an average potential at the end of each current injection so that the
potential has had time to stabilize and that prominent IP responses likely
have worn off. For IP the potential readings are taken during the current
off-time and the potential is normally averaged within predefined
windows, starting at a fixed delay time after the current pulses. The time
windows have increasing lengths and are normally chosen as multiples of
the time period of the household power grid frequency (i.e. 50 Hz and 20
milliseconds in Sweden) to average out harmonic noise. The integral
chargeability is determined as a weighted sum of the IP windows while
for spectral IP all windows and timing information is required for the
inversion.



50% duty cycle waveform
: ‘ E—— ‘ 14

| ‘ ‘ | Potential
} } | — — — Current

Potential [V]
Current [A]

Figure 4. Injected current and modelled measured potential for the s0% duty-cycle waveform used
for time domain DCIP measurements. Two stacks is achieved with 4 pulses and a current on-time of
25. The corresponding stacked, averaged and normalized IP response can be seen in Figure 3.

2.3.2 Frequency domain

In frequency domain, current with a sine waveform of different
frequencies is transmitted while the resistivity and IP information is
retrieved as the amplitude and phase shift of the measured potential
respectively (Binley, 2015; Florsch et al., 2011). By having a narrow
passband filter corresponding to the frequency of the current transmitted
it is possible to filter out background drift (~DC), harmonic noise (by
avoiding transmitting at harmonic noise frequencies or its harmonics)
and in part also the spikes.

2.4 Time or frequency domain?

Many technical measurement issues related to different noise sources (see
3 Measurement challenges) can be avoided if the measurements are
carried out in frequency domain instead of in time domain. Furthermore,
it should be noted that extracting spectral IP parameters (e.g. Cole-Cole)
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from time-domain measurements theoretically assumes that all
polarization processes have been saturated and that early decay times
(<400 milliseconds) might be affected by non-desirable processes such as
Maxwell-Wagner polarization and electromagnetic coupling (Revil et al.,
2015). However, the frequency domain measurements are highly time
consuming compared to the time domain counterpart and consequently
rarely used in commercial engineering and environmental applications
but mainly used for research purposes. Since this work is aiming at
techniques that can be expected to be adapted for routine practical
applications it focuses on developing time domain measurements and on
pushing the limit of the available spectral IP information from direct
current resistivity and time domain induced polarization measurements.

2.5 Inversion

Inversion is an iterative process that aims to find a parameter model that
gives synthetic measurements (forward response) that are similar to the
real measurements. During the process the measured data are compared
with the forward response for a known distribution of parameters (e.g.
resistivity and chargeability) and the parameter values are changed until
the responses are similar to the real measurements (Binley, 2015;
Ginther et al., 2006; Loke and Barker, 1996; Riicker et al., 2006).

Depending on the type of inversion, different numbers of parameters are
used for describing the model space. For example, with the spectral
chargeability Cole-Cole model four parameters are used: resistivity,
chargeability, relaxation time and frequency exponent, where the latter
three describes the shape of the IP response (Fiandaca et al., 2013, 2012;
Honig and Tezkan, 2007).

The time domain spectral chargeability inversion software described by
Fiandaca et al. (2012 and 2013) models the waveform of current and
potential, computes the forward response in frequency domain and
transforms the response into time domain for comparing the measured
data with the modelled response.

11






3 Measurement challenges

In field DCIP measurements the measured potentials are a mix of
different sources (Figure 5), including the desired ground response of the
current injection:

Umeasured = uresponse + udrift + Unarmonic noise + uspikes + Uother

To get an accurate determination of the potential response (#yegponse) it is
essential to determine and compensate for as many of these sources as
possible.

Figure 5. Different kinds of known sources that affect the measured potential and their typical signal
characteristics: electrical fence - spikes (top left), power grid — harmonic noise (top right), tram
running on DC —background drift (bottom left), DCIP instrument — square pulse train (bottom
right).
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3.1 Background drift

Background drift in DCIP data can have multiple origins, for example
natural potential difference in the subsurface, natural electrode
polarization (can be reduced using so called non-polarizable electrodes)
and current induced electrode polarization (if using same electrodes for
injecting current and measuring potentials). The drift is seen as a slow
changing potential variation in the full waveform potential recording
(Figure 6). If not corrected for, the drift can corrupt both resistivity and
chargeability data but it is especially the tail of the IP response that is
sensitive, due to its low signal-to-noise ratio, and thus mainly the spectral
IP is affected. The correction for the drift is commonly done with a linear
approximation (Dahlin et al., 2002; Peter-Borie et al., 2011).

Full waveform potential

01} 1
02 1
-0.3 1

-0.4 |

Potential [V]

-0.7 7

-0.8 7

0.9 I I I I I I I
0 5 10 15 20 25 30 35

Time [s]

Figure 6. Example of full waveform potential recording that exhibits a clear background drift.
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3.2 Spikes

Spikes (Figure 7) originating from anthropogenic sources, such as
electrical fences for livestock management, can be registered by DCIP
measurements. These spikes can cause problems when extracting DC
(resistivity) and especially, due to its low signal-to-noise ratio, IP
information from measured field data.

0145 Full waveform potential

0.05 - 1

Potential [V]

-0.05 1

-0.15 ‘ L \
0 5 10 15

Time [s]

Figure 7. Example of full waveform potential recording with multiple spikes present.
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3.3 Harmonic noise

Harmonic noise originates from the power supply sources oscillating at a
base frequency (e.g. 50 Hz or 6o Hz) and harmonics of this base
frequency (Figure 8 and Figure 9). In DCIP processing today, this is
handled by averaging and gating over a full period of the known base
frequency (e.g. 1/50 s or 1/60 s) for suppressing household power supply
frequencies at 50 Hz and its harmonics. However, the need for long gates
causes a loss of early IP response information close to current pulse
change and thus makes it more difficult to resolve spectral parameters.
This is especially severe when conducting field measurements close to
electric railways in some countries (e.g. Austria, Germany, Norway,
Sweden, Switzerland and USA) where the frequency of the power supply
for the trains are even lower (16 2/3 Hz or 25 Hz).

016 Full waveform potential

Raw potential — — —Moving average 20 ms

-017 8

Potential [V]
\
[
[

-0.19 ‘ \7

-0.21 : : : :
226 22.62 22.64 22.66 22.68 227

Time [s]

Figure 8. A magnification of the full waveform potential recording in Figure 6 and a moving
average (20 millisecond window) version of the same signal. With the magnification the harmonic
oscillations are clearly visible. The main oscillation has a time period of around 20 milliseconds.
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50 Welch power spectral density estimate
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Figure 9. Welch power spectral density estimate for the time domain raw potential signal shown in
8 ) )

Figure 6. The periodic reoccurring energy peaks suggest that harmonic noise from the power grid is
present in the signal.

3.4 Electromagnetic coupling

Field surveys conducted with multicore cables where the potential and
current wires are bulked in the same cable, as shown in Figure 1, generally
suffer from different forms of electromagnetic (EM) coupling (Dahlin
and Leroux, 2012). Handling of EM coupling is not a focus of this work,
hence only a very brief overview is given here, but it should be noted that
the coupling generally increases for longer arrays, lower resistivities and
higher frequencies (Butler, 20053).

3.4.1 Capacitive coupling

Capacitive coupling can be defined as current leaks from high-potential
surfaces or conductors to low-potential surfaces or conductors (Dahlin
and Leroux, 2012). With a single multicore cable three main capacitive
couplings can occur (Dahlin and Leroux, 2012; Radic, 2004): coupling
between current and potential wire, coupling between the different

17



current wires (4 and B) and coupling between current wire and the
subsurface.

The main coupling effect is the one occurring between current and
potential wires (Radic, 2004). One method to reduce this coupling is to
increase the distance between the current and potential wires by using
two multicore cables (Figure 10), one for current transmission and the
other for potential measurements (Dahlin and Leroux, 2012).

=)

®
T R

ES
=) @ ®

®
kiRl NiiddaiadiiiAlidiaaiAiidiRiiaikiaaiaiiRtAiiRaAiaaaanAAAE;

Figure 10. Example of measurement setup with two multicore cables (top). One cable and every
second electrode is used for current injections while the remaining cable and electrodes are used for
measuring potentials. By increasing the distance between current and potential wire the capacitive
coupling between the two is reduced. Example of the traditional setup is provided for comparison
(bottom ). Image adapted from original by Torleif Dahlin.

3.4.2 Inductive coupling

Inductive coupling operates through magnetic fields and thus differs in
origin from the capacitive coupling. It is possible to compensate for this
coupling by means of modeling and also include it in the inversion
(Ingeman-Nielsen and Baumgartner, 2006) but since focus of this work
has been elsewhere this has not been considered in this work.

18



4 Main results
4.1 Paper A

Paper A concerns current waveform optimization to reduce acquisition
time and increase signal-to-noise ratio.

Combined resistivity and time-domain direct current induced
polarization (DCIP) measurements are traditionally carried out with a
50% duty cycle current waveform, taking the resistivity measurements
during the on-time and the IP measurements during the off-time. One
drawback with this method is that only half of the acquisition time is
available for resistivity and IP measurements, respectively. In this paper,
this limitation is solved by using a current injection with 100% duty cycle
(Figure 11) and also taking the IP measurements in the on-time. With
numerical modeling of current waveforms with 50% and 100% duty
cycles the paper shows that the waveforms have comparable sensitivity
for the spectral Cole-Cole parameters and that signal level is increased
up to a factor of two if the 100% duty cycle waveform is used. The
inversion of field data acquired with both waveforms (Figure 12)
confirms the modeling results and shows that it is possible to retrieve
similar inversion models with either of the waveforms when inverting for
the spectral Cole-Cole parameters with the waveform of the injected
current included in the forward computations.
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Figure 11. Showing injected current and modelled measured potential for the 100% duty-cycle
waveform for time domain DCIP measurements.

The results show that on-time measurements of IP can reduce the
acquisition time by up to 50% and increase the signal-to-noise ratio by
up to 100% almost without information loss. The findings can contribute
and have a large impact for DCIP surveys in general, and especially for
surveys where time (and cost) efficiency and reliable data quality are
important factors. Specifically, the findings are of value for DCIP surveys
conducted in urban areas where anthropogenic noise is an issue and the
heterogeneous subsurface demands time-consuming 3D acquisitions.
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Figure 12. Inverted section and dara misfit for field fata acquired with the s0% (left) and 100%
(right) duty cycle current waveform.

4.2 PaperB

Paper B concerns the current injection duration and how this relates to
resulting data, signal-to-noise ratio and inversion models.

The duration of time domain (TD) induced polarization (IP) current
injections has significant impact on the acquired IP data as well as on the
inversion models, if the standard evaluation procedure is followed.
However, it is still possible to retrieve similar inversion models if the
waveform of the injected current and the IP response waveform are
included in the inversion. The on-time also generally affects the signal-
to-noise ratio (SNR) where an increased on-time gives higher SNR for
the IP data.

The commonly applied inversion of the induced polarization data only
considers the integral chargeability, without taking the waveform of the
injected current or the waveform of the IP response into account. The
results show that, with these full waveform considerations included in
the inversion, it is possible to retrieve similar inversion models for the

21



induced polarization, independent of the on-time duration.
Furthermore, the results show that the signal-to-noise ratio (SNR) for
the IP information increases with increasing duration of the current
injections.

IP responses

16 T '
—6—4.0s on-time
<@+ 2.0s on-time
— & —1.0s on-time
. —-©--0.5s on-time

Chargeability (mV/V)
oo

102 107 10° 10!
Time (s)

Figure 13. Acquired field IP decays corresponding to the same quadruple from each of the four data
sets with different on- time. Note that the magnitude of the decays is increasing with longer on-time.

The results show that the on-time of the injected current has a substantial
effect on retrieved induced polarization field data (Figure 13). It is clear
from the results that this difference in data also affects the inverted
subsurface IP models when using an inversion software that only
considers integral chargeability Figure 14. However the results also show
that it is in fact possible to retrieve similar inversion models given that
the waveform of the injected current and the IP response waveform are
included in the inversion (Figure 14) and that increasing on-time gives
higher SNR for the IP data (Figure 13).
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Figure 14. Inversion results from Resadinv (two top rows) and Aarhusinv (rwo bottom rows) for
different on-time (from left to right: 1, 2 and 4 seconds). The chargeability model from Res2dinv is
clearly dependant on current on-time while the Aarhusinv (which include the current and potential
waveforms in the inversion) models are more similar for the different on-times.

Only considering the integral chargeability can be misleading and likely
makes it more ambiguous when trying to relate the IP models to
processes and geology or preciously reported integral chargeability
values. Furthermore, if not including the full waveform in the inversion,
care needs to be taken that the same acquisition settings are used when
making complimentary, verification or time-lapse measurements so that
different data sets will be comparable in data and model space.

23



4.3 Paper C

This paper concerns signal processing of full waveform DCIP data and
handles measurement issues such as IP gate distribution, spikes,
harmonic noise and background drift. The improved handling of these
issues doubles the spectral information content of DCIP data by enabling
shorter gates than the traditional method (multiple of the time period of
the harmonic noise) and by accurately recovering the shape of the IP
response at late times.

The normally used linear drift correction is for DC and integral
chargeability measurements often good enough but when evaluating the
spectral IP information a more accurate approximation is needed. This
paper applies a Cole-Cole model based background drift estimate (Figure
15 and Figure 18, top) which substantially improves the handling of non-
linear drift cases such as current induced electrode polarization and
especially improves late times of the IP response with low signal-to-noise
ratio.

IP responses
T

10° i

With linear drift estimate

102 E ——— With Cole-Cole drift estimate| |

Chargeability [mV/V]

103 102 107 10° 10

Potential (V)
Current (A)

0 5 10 15 20 25 30 35
Time [s]

Figure 15. Showing 50% duty cycle raw full waveform potential (black) and current (red), subset of
the signal used for finding the drift model (grey cross marker) and different types of background drift
models (bottom ). The resulting gated IP-response curves (green-linear model, blue-Cole-Cole model.

Negative values are marked with circles) are shown in the top plot. Note that especially the end of the

1P response is sensitive to the choice of drift model due to its low signal-to-noise ratio.
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De-spiking is implemented by applying a series of filters on the full
waveform potential for enhancing the spikes and generating a flexible
and data-driven threshold value for spike rejection (Figure 16). The
values of the identified spike samples are replaced based on the values of
neighbouring non-spike samples.

04 Full waveform potential Magnifications
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Figure 16. Showing identified spike samples of a full waveform potential signal (top), output from
applied high pass and DC-offset removal filter (mid) and output from non-linear energy operator
filter, spike samples and threshold value (bottom ). Magnifications of the 7 identified despike spike
(from 9.615 t0 9.645 s) are shown on the right.
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Cancelling of harmonic noise is implemented as a model based approach
where the noise is described as a sum of harmonic signals. The different
harmonic signals have frequencies given by a common fundamental
frequency (fo) multiplied with an integer () to describe the different
harmonics but have independent amplitude (4,,) and phase ( ) for each
harmonic :

Unarmonic noise (M) = Z Am COS(ZTCmen + Om)
m

with sample number 7.

Since the harmonic noise is not stationary for an entire data acquisition
(varying in phase, amplitude and frequency), the raw full waveform
potential is segmented. Noise model parameters are determined for each
segment in an iterative approach by minimizing the residual energy after
subtraction of a temporary harmonic noise model. After finding the best
noise model, the raw full waveform potential is corrected accordingly,
which substantially reduces the energy of the harmonic noise (Figure 17).

The model based cancelling of harmonic noise reduces the need for gating
with multiples of 20 ms (for 50 Hz) to supress the harmonic noise. Hence
an improved gate distribution design can be applied with arbitrary gate
widths, both shorter than 20 ms and multiples of 20 ms when feasible.
This design in turn gives access to spectral information of the IP response
closer to time zero which were unavailable with the traditional gating
(Figure 18). In total, the first useable gate is one decade in time closer to
time zero with the improved gate distribution design and model based
noise cancelling compared to when applying the traditional method for
handling the harmonic noise.
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Figure 17. Welch power estimate of full waveform potential: original signal (black), residual signal
after noise cancellation (red). The green markers show identified energy peaks (cross) and harmonics
used for finding the noise model (circle). The remaining energy peaks are not harmonics of the 50 Hz.
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Figure 18. Showing full waveform current (red) and potential before (black) and after (blue) drift
removal and cancelling of harmonic noise. The resulting IP response with harmonic de-noising
(bottom, blue line) shows clear improvement of the erratic behaviour of the IP response.
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5 Conclusions

The work presented in this thesis demonstrates that the usefulness of the
DCIP method can be improved. Field time and cost efficiency are
increased by means of current pulse on-time and waveform optimization.
Additionally, post processing efficiency increases as a result of improved
data quality and reliability. Furthermore, the available spectral
information from DCIP surveys is substantially increased by enabling
extraction of the IP response closer to the pulse than was previously
possible. In combination with more accurate removal of background drift
potential that can handle non-linear drift cases, the data quality is
improved at late times and the spectral information content is further
increased.

This work has focused on time-domain resistivity and spectral IP
measurements. However, it is still unclear if the time-domain
measurements can resolve the spectral parameters equally well as the
frequency domain counterpart. Furthermore, even if the work has
substantially increased data quality for the spectral IP, it still demands
extensive work of manual quality assurance and filtering of the IP
response data to enable successful interpretations and inversions. Hence
there is scope for further development related to data quality and data
processing.
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6 Future research

As indicated in the conclusion, there still remain many issues to be solved
for truly enabling the use of spectral DCIP information as a standard tool
in applied engineering applications.

6.1 Data quality

There are some field cases where noise sources that have a large effect on
the measured potential cannot be handled by the processing routine
described in Paper C. Specifically, one noise source like this could be
electrical vehicles running on DC (e.g. trams) generating a slowly varying
DC offset with similar time-scale as the IP responses. Another
problematic noise source can be trains running on AC passing close to a
field survey generating harmonic noise with a fast varying amplitude and
phase, possibly too fast for being modeled with the current
implementation of the harmonic de-noising described by Paper C.

One possible approach to this issue could be to use differential
measurements by separately measuring and compensating accordingly
for these noise sources. This reference technique has been successfully
applied in previous research but only for few electrode combinations
(Halverson et al., 1989; Radic, 2014).

6.2 Post processing

Spectral IP evaluation still demands large amounts of manual processing
and filtering of erroneous data points before inversion is possible. With
increasing data sets, typically thousands of electrode combinations and
20-30 IP windows, there is a need for automatic processing and filtering
of the IP response data. To enable this, it is crucial to first determine the
possible theoretical shape IP responses from time domain spectral IP
measurements, for example by means of numerical modelling.
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Combined resistivity and time-domain direct current induced polarization (DCIP) measurements are traditional-
ly carried out with a 50% duty cycle current waveform, taking the resistivity measurements during the on-time
and the [P measurements during the off-time. One drawback with this method is that only half of the acquisition
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Induced polarization duty cycle waveform is used. The inversion of field data acquired with both waveforms confirms the modelling
Signal-to-noise ratio results and shows that it is possible to retrieve similar inversion models with either of the waveforms when
SNR inverting for the spectral Cole-Cole parameters with the waveform of the injected current included in the for-
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Waveform ward computations. Consequently, our results show that on-time measurements of IP can reduce the acquisition
IC)“IW ?’Clle time by up to 50% and increase the signal-to-noise ratio by up to 100% almost without information loss. Our find-
ole-Cole

ings can contribute and have a large impact for DCIP surveys in general and especially for surveys where time and
reliable data quality are important factors. Specifically, the findings are of value for DCIP surveys conducted in
urban areas where anthropogenic noise is an issue and the heterogeneous subsurface demands time-

consuming 3D acquisitions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Combined direct current (DC) resistivity and time-domain (TD) in-
duced polarization (IP) measurements are traditionally carried out
using a 50% duty cycle waveform for current injection, taking the resis-
tivity measurements during the on-time and the IP measurements dur-
ing the off-time. Recently, however, developments in time-domain
hardware have made it possible to perform detailed monitoring and
analysis of the measuring procedure of DCIP acquisition. As a result
of this development, it has been suggested that a 100% duty cycle
waveform could be used in time-domain IP, with the IP (spectral)
information retrieved from the on-time (Dahlin and Leroux 2010). Fur-
thermore, in frequency-domain, a 100% duty cycle waveform has been
successfully used for measuring IP, although retrieving limited spectral
information (Zonge et al. 2005, Zonge et al. 1972).

Alongside the hardware improvement, a corresponding develop-
ment on the software side has taken place. Inversion algorithms that
use the current waveform and the full IP decays for extracting the

* Corresponding author at: Teknisk Geologi, Lunds Tekniska Hogskola, P.O. Box 118, SE-
22100 Lund, Sweden.
E-mail address: per-ivar.olsson@tg.lth.se (P.-L Olsson).

http://dx.doi.org/10.1016/j,jappgeo.2015.08.009
0926-9851/© 2015 Elsevier B.V. All rights reserved.

spectral IP content from TD data have been proposed (Fiandaca et al.
2012, 2013), with applications for landfill characterization (Gazoty
et al. 2013, Gazoty et al. 2012a, Gazoty et al. 2012b) and for mapping
CO2 transport (Doetsch et al. 2015a) and permafrost seasonal variations
(Doetsch et al. 2015b).

For these applications, as well as for others, the use of a 100% duty
cycle waveform for DCIP measurements will have substantial advan-
tages compared with the traditionally used 50% duty cycle regarding
acquisition time efficiency and signal level. These benefits are highly rel-
evant for the applied DCIP surveys conducted by commercial companies
where time and reliable data quality are important factors. In addition,
DCIP surveys conducted in urban areas where anthropogenic noise
sources are present and the heterogeneous subsurface demands time-
consuming 3D acquisitions will have extra benefit from the 100% duty
cycle waveform and on-time measurements of IP. To date, it has not
been shown whether the 100% duty cycle waveform can be successfully
used in TDIP measurements, nor if spectral information can be retrieved
in the inversion.

This paper demonstrates that the use of a 100% duty cycle waveform
and on-time measurements of the spectral IP information is possible for
both synthetic and field DCIP cases. The aforementioned hardware and
software developments are used for comparing 50% and 100% duty
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cycle waveforms, both in terms of IP spectral information and signal to
noise ratio. Section 2 introduces the 100% duty cycle waveform in
details, followed by sections presenting results and discussion on the
synthetic modelling and a field comparison. The paper ends with a
brief conclusion.

2.100% duty cycle

A step-response for an exemplary homogenous half-space Cole-Cole
model was generated with the spectral forward response and inversion
code Aarhusinv (Auken et al. 2014) and used for creating synthetic full-
waveform data of the 50% and 100% duty cycle waveforms (Fig. 1) by
the principle of superposition (Fiandaca et al. 2012).

It can be noted that for the 50% duty cycle waveform with IP mea-
surements during the off-time, the measured IP response decays with
time, while for the 100% duty cycle waveform with IP measurements
during the on-time, the potential increases during the acquisition. For
an easier comparison between the 50% and 100% signals, this paper
uses the Vpcj) value (retrieved from a time period at the end of each
pulse j) for defining the 100% IP decay for pulse j, Vipioo% ), as the differ-
ence between the Vp¢(j) value and the measured IP response Vesponse(j)
(Eq. (1)):

(1)

Vip100%(j)=Vbc(j) =V response j) -

The individual 100% IP decays derived with Eq. (1), Vipigozj), are
averaged according to Eq. (2), making use of the negative or positive
sign of the decays:

1

Npulses
npulses

1
V1P100% average = 2D Vipoow)- (2)

For the 50% duty cycle, a normalization of the IP response is
traditionally achieved by dividing the IP response potential with the
VDC value (VIP/VDC) and presenting the IP response in mV/V (note
that this normalization does not define the “normalized chargeability”
described for instance by Slater and Lesmes (2002), but is a common
unit change). A corresponding normalization for the 100% duty cycle
is also suggested in this paper through Eq. (3):

VIP1OO%,average : npulses
VDC,average : (2 : npulses_])

3)

VIPlOO%.normalized =

where Vpc, average Tepresents the DC value averaged over all the pulses
in analogy to Eq. (2). The normalization of Eq. (3) differs from the

50% duty cycle
T T

Potential [V]

8
Time [s]

Current [A]

Potential [V]
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standard IP normalization by the presence of the % factor,

which has been introduced in order to facilitate the numerical compar-
ison of 50% and 100% IP duty cycles normalized data.

In fact, as can be seen in Fig. 2A, the magnitude of the chargeability
for the 100% duty cycle waveform is initially almost twice the magni-
tude of the 50% duty cycle waveform if compared without normaliza-
tion (presented in volt). This doubling is due to the superposition of
the off-time IP decay of the 50% duty cycle waveform and the corre-
sponding on-time IP build-up. With the 100% duty cycle waveform,
these two responses are superimposed on each other and measured as
one. Another way to look at this is to consider that the change in current
causing the IP response is doubled when using the 100% duty cycle
waveform instead of the 50% waveform for all the pulses except the
first, which is initiated from the same current level (i.e. zero ampere,
see Fig. 1). Considering that Vip10o%, normalized iS cOmputed from the IP

responses averaged over all the pulses, the <z.n"p”u.“s'§f—1> factor in Eq. (3)

standardizes the 100% duty cycle response to the current changes of
the 50% duty cycle response.

As a result, with the normalization suggested in this paper (Eq. (3)),
expressing the decays in terms of mV/V shows more similar starting and
averaged magnitudes for the 50% and 100% IP decays (Fig. 2B). Despite
the fact that the normalization proposed in Eq. (3) simplifies the com-
parison of the 50% and 100% signal levels, the shape of the IP curves dif-
fers significantly. In particular, the 100% IP decays defined through
Egs. (1), (2) and (3) are forced to small or negative data values at late
times (Fig. 2), depending on the selected integration time for the Vpc-
value and the last IP gate respectively, even though the corresponding
50% IP responses have not reached their minimum. In this paper, this
effect is accounted for by the modelling/inversion software, which in-
cludes the current waveform, the definition of the DC integration time
and the full IP decays in the computations (Fiandaca et al. 2013,
Fiandaca et al. 2012).

When looking at the comparison of non-normalized 100% and 50%
duty cycle data a final consideration can be drawn about the signal-to-
noise ratio. In fact, the noise in IP data depends on the non-
normalized signal level (Gazoty et al. 2013), and the almost doubled
signal of the 100% duty cycle data can increase the signal-to-noise
ratio by up to 100%.

3. Synthetic modelling

Forward modelling and sensitivity analysis of resistivity and the
Cole-Cole parameters for both the 50% and the 100% duty cycle wave-
forms were carried out on a 1D synthetic model (Fiandaca et al. 2013,
Fiandaca et al. 2012). The sensitivity, s, is computed through the covari-
ance of the estimator error for linear mapping described by Tarantola

100% duty cycle waveform
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Fig. 1. Modelled waveform for the 50% (A) and 100% (B) duty cycle waveforms showing measured potential (solid line) and injected current (dashed line). Twice as many stacks are
achieved with the 100% duty cycle compared with the 50% duty cycle with the same acquisition time.
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Fig. 2. Modelled IP decays for the 50% (dashed line) and 100% (solid line) duty cycle waveform shown with (B) and without (A) normalization. The normalization of the 100% duty cycle
decay was done according to Eq. (3) and npuises = 8, corresponding to the number of modelled pulses (see Fig. 1B). The decays are modelled with Cole-Cole parameters: rho = 50 Om,

mp =100 mV/V,7=0.5sand C = 0.3.

and Valette (1982) and represents the relative uncertainty on the model
parameters p (because the analysis is performed on the logarithm of the
model parameters):

p/SSp<p-s.

A synthetic three layer subsurface model (Table 1), with parameter
ranges/contrasts similar to the ones found in the field example de-
scribed in the next section, was used for the forward modelling of a
Schlumberger vertical sounding with log-increasing electrode spacing
and IP gate lengths. To emulate field conditions, a noise model identical
to the one characterizing the field data was chosen for the sensitivity
analysis. In particular, a relative standard deviation of 2% for the
DC data and 10% for the IP data were used, together with a voltage
dependent noise (Gazoty et al. 2013; Zhou and Dahlin 2003) that better
describes the effect of the signal level on the data uncertainty. The volt-
age dependent noise model was controlled by a nominal voltage noise
threshold Vy,ise, defined for a nominal integration time Nominalgacelength
and stack size n equal to one, and defined as:

Vnoise Nommalgatelength 1 4

Opc= Vi DC T (4)
DC gatelength n

Vnoise N Ommalgatelength 1 5

PV TP '7' ®)
P gatelength n

A voltage threshold Vjgise = 0.2 mV with Nominalgacelengtn = 0.01 s
was used in the simulations.

The forward modelling and 1D sensitivity analysis was carried out by
means of both of the waveforms and four different acquisition cases:
two cases with the same on-time (T,, = 4 s) and amount of stacks
(n = 4) but with different waveforms (50% and 100% duty cycles) and
two other cases where either the on-time either the stacks were dou-
bled for the 100% duty cycle waveform. In theory, the latter two cases
give the same total duration of the acquisition as for the 50% duty
cycle waveform (Table 2). Table 2 shows that the sensitivity for all

Table 1
Layer parameters used for the 1D subsurface model.
Layer Thickness (m) p (Qm) mg (mV/V) 7(s) c(—)
1 8 250 40 1 0.3
2 14 500 100 2 0.5
3 £ 500 40 1 0.5

model parameters is comparable for all four acquisition cases, except
for the relaxation time of layer two (7 — 2) for which the first (50%
duty cycle, To, = 4 s, n = 4) and that the second last (100% duty
cycle, To, = 8 s, n = 4) cases are more sensitive compared with the
others.

4. Field example

The field data were acquired at a farmland with Quaternary deposits
of clayey till overlaying a bedrock of Silurian shale. A known dolerite
dike intruding the shale provided a chargeable IP structure for the ex-
periment. The DCIP profile (157.5 m, 64 electrodes with a spacing of
2.5 m) was centred on top of the known IP anomaly and retrieved
using a multiple gradient array protocol (Dahlin and Zhou 2006) with
acid grade stainless steel electrodes and the Abem Terrameter LS instru-
ment. This instrument continuously adapts the output voltage to keep a
constant current with an accuracy of 0.4% (Abem 2011), and together
with its capability of full-waveform acquisition is particularly well suit-
ed for this experiment. Separated cables were used for transmitting cur-
rent and measuring potentials to reduce the effect of capacitive coupling
and improve the IP data quality (Dahlin and Leroux 2012). The electrode
contact resistance was measured for all electrodes with a mean value of
220 Q and a variation coefficient of approximately 45%.

Both the 50% and the 100% duty cycle waveforms were used for DCIP
measurements on the field setup. Except for the waveform duty cycle,
all other settings were kept equal for the acquisitions: 1015 quadru-
poles, 4 s on-time of current injection and 3 full stacks. This resulted
in a total acquisition time of 154 min for the 50% duty cycle and
88 min for the 100% duty cycle, a reduction in acquisition time of ap-
proximately 43% for the 100% duty cycle waveform. The reason for the
reduction not reaching the theoretical 50% (only considering the dura-
tion of the waveforms) is that the instrument performs a number of
test pulses prior to each current injection. These test pulses are part of
the system that enables the instrument to maintain a constant current
throughout the injection. In this study, these test pulses were not
included in the full waveform modelling.

To get an accurate estimation of the IP response, the background
potential variation during a current injection sequence needs to be
accounted for. This is also essential for DC resistivity measurement
and is commonly handled by measuring and averaging data from a pos-
itive-double negative-positive type duty cycle which acts as a filter that
removes linear variation (Dahlin 2000), but it should be noted that a
higher degree approach may be required in order to recover the more
subtle spectral IP information. In this paper, a second order polynomial
was adapted to the Vpc-values of the stacks and the non-constant terms
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Sensitivity analysis for both waveforms with same on-time and doubled on-time for the 100% duty cycle. Relaxation time of layer two (7 — 2) for the first and third acquisition cases are
indicated with bold font.

Duty cycle Ton n p—1 p—2 p—3 mo— 1 mo — 2 mg—3 T—1 T—2 T—3 c—1 c—2 c—3
(s) (-) (Qm) (Qm) (Qm) (mV/V) (mV/V) (mV/V) (s) (s) (s) (-) (-) (-)
50% 4 4 1.015 1.052 1.014 1.40 1.15 1.13 1.54 1.16 1.16 1.40 1.12 1.13
100% 4 4 1.015 1.052 1.014 1.47 117 1.16 1.54 1.27 117 1.47 1.14 1.16
100% 8 4 1.014 1.051 1.014 1.39 1.14 1.12 1.58 114 1.18 1.39 1.11 1.12
100% 4 8 1.015 1.052 1.014 1.47 1.17 1.16 1.54 1.27 1.16 147 1.14 1.15

of this polynomial was used to correct the full waveform recording of
measured potential.

Fig. 3 shows field data for both waveforms as apparent resistivity
(Fig. 3A and C) and apparent chargeability (IP gate number 5, Fig. 3B
and D) pseudosections. The resistivity data show comparable, in terms
of spatial distribution and apparent resistivity values, pseudosections
for both waveforms. The apparent chargeability pseudosections also
have similar spatial distribution but the apparent chargeability section
for the 100% duty cycle waveform shows slightly lower values than
the 50% duty cycle waveform, when expressed as mV/V. The difference
in magnitude of the apparent chargeability, which is also visible in the
synthetic IP responses (Fig. 2B), can be explained by the different shapes

of the 100% duty cycle waveform at late times, as discussed in Section 2.

Inversion of the field data shown in Fig. 3 were preformed for the
spectral Cole-Cole parameters using the Aarhusinv code. The inversions
were carried out with L1 model weights using the same inversion set-
tings (noise model and vertical/horizontal weights) for both wave-
forms. This gave a final data misfit of 1.5 and 1.4 for the 50% and 100%
duty cycle data respectively, when using a relative standard deviation
of 2% for the DC data, 10% for the IP data and a voltage noise threshold
of 0.2 mV.

Fig. 4 shows that the inversion models for the field data acquired
with the two waveforms have comparable values for all model parame-
ters and similar data misfit. The geometry of the parameter value distri-
bution in the final inversion models is quite simple but the performance
of the 50% and 100% duty cycle waveforms is expected to be comparable
also when applied at environments with a more complex subsurface ge-
ometry. Similarly, are the performance of the waveforms expected to be
comparable also in noiseier field conditions or possibly have better
performance with the 100% duty cycle waveform due to higher signal-
to-noise ratio? (See Section 2).

Fig. 5 shows the data fit for the quadrupoles with lateral focus (i.e.
horizontal position of median sensitivity) corresponding to the middle
of the profile (Fig. 4). Similar to what is shown by the synthetic decays
(Fig. 2), the acquired field data for the 100% duty cycle waveform are

50% duty cycle waveform
GENERAL ELECTRODE ARRAY PSEUDOSECTION

closer to zero for the later gates compared with the 50% duty cycle
waveform.

The data acquired from the field tests (Figs. 3 and 5) generally show
that the IP decays for the 50% and 100% duty cycle waveforms are differ-
ent. As discussed above, this difference is in accordance with the syn-
thetic modelling and depends on how the 100% duty cycle IP decay is
defined. With an inversion software that includes the injected current
waveform and the definitions for the 100% duty cycle IP decay, it is
still possible to retrieve an inversion model from the 100% duty cycle
data (Fig. 4B) that is similar to the inversion model from the 50% duty
cycle waveform data (Fig. 4A).

5. Conclusions

Our results support that the approach of using a 100% duty cycle
square waveform for current injection and measuring the IP response
during the current on-time is practically applicable. We also show that
the measuring time can be substantially reduced by the use of this
method and that the signal-to-noise ratio will generally increase.

The results contribute to the usage of commercial IP measurements
within areas where the time pressure on projects due to economic con-
straints is dominant. This is usually the case in engineering and environ-
mental projects but decreasing the total measurement time and
improving signal-to-noise ratio are beneficial for all DCIP surveys.
Thus, an implementation of a commercial system which makes use of
a100% duty cycle and measures IP during the on-time could have sever-
al practical benefits. For example, it may encourage operators to make
use of 3D-measurements which generally can be time demanding, to
make use of more stacks in noisy environments to get better data qual-
ity or to increase the on-time at field sites where long time-constants
are expected for the IP decays (such as for example landfills) to get
additional spectral information.

The 100% duty cycle and on-time IP measurements described in this
paper could be implemented as routine use in DCIP instruments and
processing procedures. To actualize this, the instrument used need to

50% duty cycle waveform
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Fig. 3. DC pseudosections (A and C) and IP gate 5 (gate width of 143 ms and centre gate time of 376.5 ms) for the 50% (B) and the 100% (D) duty cycle waveform.
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Fig. 4. Inverted sections and data misfit for field data acquired with the 50% (A) and 100% (B) duty cycle waveform.

be able to record full waveform information or be able to gate the data
directly during the on-time. The instrument should also be able to
keep a stable current waveform. If this is not possible, the waveform
of the injected current needs to be fully described in the inversion
software and included in the forward computations. These types of
inversion software are also advantageous for comparing results from
different waveforms (50% duty cycle versus 100% duty cycle).

M (mV/V)
> o
'_.:r“'“""‘

0 1 2 3 40 1 2 3 4
Time (s) Time (s)

Fig. 5. 1P data (points) with error bars (vertical lines) and corresponding forward response
(dashed line) for the 50% (A) and 100% (B) duty cycle waveforms. Data shown represents
the middle of the field array with increasing pseudo depth from top to bottom.
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SUMMARY

The duration of time domain (TD) induced polarization (IP) current injections has significant impact on
the acquired IP data as well as on the inversion models, if the standard evaluation procedure is followed.
However, it is still possible to retrieve similar inversion models if the waveform of the injected current and
the IP response waveform are included in the inversion. The on-time also generally affects the signal-to-
noise ratio (SNR) where an increased on-time gives higher SNR for the IP data.

Near Surface Geoscience
Turin, Italy, 6-10 September 2015 E AGE



NEAR SURFACE

GEOSCIENCE

Introduction

Direct current resistivity and time domain induced polarization (DCIP) is a versatile geophysical
method which has been developed for over 100 years. Alongside with this development, the use and
understanding of time domain induced polarisation (TDIP) have increased in academia as well as in the
engineering industry. Some aspects of the TDIP are however generally neglected when conducting
DCIP surveys for engineering applications. Specifically, the effect of varying duration of the current
injections and the duration of the IP decays are normally not accounted for in the standard procedures.
Furthermore, to the knowledge of the authors, there has up to date been only few studies on how the
duration of the injected current affects the results retrieved from TDIP measurements (with notable
exception of Gazoty et al., 2013).

In this paper we show that the duration of current injections in fact has significant impact on the acquired
induced polarization data as well as on the inversion models, if the standard evaluation procedure is
followed. The commonly applied inversion of the induced polarization data is only considering the
integral chargeability, without taking the waveform of the injected current or the waveform of the IP
response into account. Our results show that, with these full waveform considerations included in the
inversion, it is possible to retrieve similar inversion models for the induced polarization, independent
of the on-time duration. Our results also show that the signal-to-noise ratio (SNR) for the IP information
increases with increasing duration of the current injections.

Methods

A field test was conducted using an ABEM Terrameter LS for transmitting current and measuring
potentials. Four field data sets were acquired on the same measurement line, using a 50% duty cycle
current injection waveform with different on-time and off-time durations: half second, on second, two
seconds and four seconds. The retrieved [P decays were gated with approximately log-increasing IP-
gates with the same temporal distribution, but with larger number of gates for the longer on-time
acquisitions. All other data acquisition parameters were identical. The field data were inverted for
resistivity, integral chargeability (Res2dinv) and phase shift (Aarhusinv).

For simplicity, and in order to compare the same amount of parameters for both inversion methods, the
constant phase angle (CPA) model was used for the Aarhusinv inversions (Fiandaca et al., 2013, 2012).
This model contains only two parameters, in contrast to the more general Cole-Cole model which
contains four parameters.

Results and Discussion

Figure 1 shows acquired field IP decays for

the same quadruple from the four different 147
on-time data sets. As seen in Figure 1, the On-time = 4.0s
starting values of the measured IP decays are 127 — — — On-time = 2.0s
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Figure 1 Acquired field IP decays oF
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Figure 2 shows pseudosections of apparent chargeability for the 3™ IP-window for three data sets with
different on-time. Clearly data space is different for the three data sets even if they were acquired on
the same measurement line. More specific, is the apparent chargeability generally increasing when on-
time is increased, which is also shown by the individual full decays in Figure 1. One effect of this
difference in data space is that inversions not considering the full waveform will produce different
inversion models for data acquired with different on-time. Since not only decay duration but also
magnitude is different it is not enough to only fix the integration time to for example the Newmont
polarization standard (Van Voorhis et al., 1973; Zonge et al., 1972), but full waveform inversion is
needed.
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Figure 2 Pseudosections for apparent chargeability (3" IP-window) of three different field data sets
(on-time=1, 2 and 4 seconds). As seen in the figure is the magnitude of the apparent chargeability
increasing with increasing on-time (from top to bottom). This effect can also be seen in the full decays
shown in Figure 1.
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Figure 3 shows inversion models retrieved with Res2dinv and Aarhusinv for three data sets acquired on
the same measurement line but with different on-time. The resistivity sections are similar for all data
sets independent on inversion software. However, as expected when considering the difference in data
space, the chargeability models retrieved from the integral chargeability inversions are quite different
(Figure 3, 2™ profile from top). On the contrary, more similar inversion models are retrieved when
inverting for the CPA-model and taking the waveform of the injected current into account (Figure 3,
bottom profile).

On-time = 1s On-time = 2s On-time =4s
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Figure 3 Inversion models of field data from the same measurement line but with different on-time/off-
time. Sections shown are (from top to bottom): resistivity (Res2dinv), integral chargeability (Res2dinv),
resistivity (Aarhusinv) and CPA phase shift (Aarhusinv). Clearly, the resulting inversion models for
integral chargeability are very different from each other even if they represent inversion of data
acquired on the same profile. In contrast, similar inversion models are retrieved when inverting for
phase shift and including the waveform of the injected current in the inversion.
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Conclusion

Our results show, that the on-time of the injected current has a substantial effect on retrieved induced
polarization field data. It is clear from the results that this difference in data also effects the inverted
subsurface IP models when using an inversion software that only considers integral chargeability.
However, we have also shown that it is in fact possible to retrieve similar inversion models if the
waveform of the injected current and the IP response waveform are included in the inversion and that
increasing on-time gives higher SNR for the IP data.

Only considering the integral chargeability can be misleading and likely makes it more ambiguous when
trying to relate the IP models to geology building tabular reference data. Furthermore, if not including
the full waveform in the inversion, care need to be taken that the same acquisition settings are used
when making complimentary or verification measurements so that different data sets will be comparable
in data and model space.
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Summary

This paper presents an advanced signal processing scheme for time-domain induced polarization
(TDIP) full waveform data. The processing scheme includes several steps with an improved
induced polarization (IP) response gating design using convolution with tapered windows to
suppress high frequency noise, a logarithmic gate width distribution for optimizing IP data quality
and an estimate of gating uncertainty. Additional steps include modelling and cancelling of non-
linear background drift and harmonic noise and a technique for efficiently identifying and
removing spikes. The cancelling of non-linear background drift is based on a Cole-Cole model
which effectively handles current induced electrode polarization drift, a drift type common in field
TDIP measurements. The model-based cancelling of harmonic noise reconstructs the harmonic
noise as a sum of harmonic signals with a common fundamental frequency. After segmentation of
the full waveform potential and determining of the harmonic noise model parameters for each
segment, a full harmonic noise model is constructed and subtracted. Furthermore, the uncertainty
of the background drift removal is estimated which together with the gating uncertainty estimate
and a uniform uncertainty gives a total, data-driven, error estimate for each IP gate. The processing
steps is successfully applied on authentic full field profile data sets acquired in environments with
different sources of noise. With the model-based cancelling of harmonic noise, the first usable IP
gate is moved one decade closer to time zero. Furthermore, with a Cole-Cole background drift
model the shape of the response at late times is accurately retrieved. In total, this processing scheme
achieves almost four decades in time and thus doubles the available spectral information content
of the IP responses compared to the traditional processing.

Keywords
Spectral induced polarization; Time-domain; Signal processing; Uncertainty estimation; Electrical
properties; Tomography
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Introduction

Recently, the interpretation and inversion of time-domain induced polarization (TDIP) data has
changed. Research is moving from only inverting for the integral changeability to also consider the
spectral information and inverting for the full induced polarization (IP) response curves. Several
examples of spectral TDIP applications for different purposes have been presented (Auken et al.,
2014; Doetsch et al., 2015; Gazoty et al., 2013, 2012; Johansson et al., 2015). Furthermore, efforts
have been made to achieve faster acquisitions and better signal-to-noise ratio (SNR) by using a
100% duty cycle current waveform, without current off-time, for TDIP measurements (Olsson et
al., 2015). However, there still remains drawbacks for the spectral TDIP measurements, especially
its limited spectral information content compared to for example laboratory frequency-domain
spectral IP measurements (Revil et al., 2015). To date, only limited work has been done on
increasing the spectral information content in TDIP measurement data even though recent
developments in TDIP acquisition equipment have enabled access to full waveform recordings of
measured potentials and transmitted current (e.g. the Terrameter LS and the Elrec Pro). This paper
presents a full waveform processing scheme for handling multiple issues limiting the spectral
information content. These issues are handled separately starting with background drift removal
which is followed by identifying spikes, harmonic denoising, spike removal, tapered gating and
uncertainty estimation.

Background drift in TDIP data can have multiple origins, for example: natural potential difference
in the subsurface, electrochemical electrode polarization (if not using non-polarizable electrodes)
and current-induced electrode polarization (if using same electrodes for injecting current and
measuring potentials). The current-induced electrode polarization drift can be orders of magnitude
larger than the signal (Dahlin, 2000), thus it is crucial to compensate for this background drift to
accurately retrieve the shape of the IP response and be able to extract the spectral IP information
from TDIP measurement of the subsurface. The drift is traditionally corrected with a linear
approximation (Dahlin et al., 2002; Peter-Borie et al., 2011) which for DC and integral
chargeability measurements often can be good enough but when evaluating the spectral IP
information a more accurate approximation is needed. This paper presents an improved background
drift estimation method using a Cole-Cole model. This model is known to accurately describe
polarization effects and is capable of handling both linear (with long Cole-Cole time constants) and
more complex non-linear drift cases such as the current-induced electrode polarization.

Spikes originating from anthropogenic sources such as electric fences for livestock management
can be registered by TDIP measurements. These spikes can cause problems when extracting IP
information, and especially spectral IP from measured field data. For conducting more advanced
signal processing of the measured TDIP data it is also important to locate the spikes. This paper
presents a novel and efficient processing scheme for enhancing and identifying the spikes with a
series of filters on the raw potential signal and by implementing a flexible and data-driven threshold
with the use of a Hampel filter (Davies and Gather, 1993; Pearson, 2002).

Harmonic noise originates from the power supply sources oscillating at a base frequency (e.g. 50
Hz or 60 Hz) and harmonics of this base frequency. In TDIP processing today, this is handled by
introducing hardware low-pass filters in the instruments and/or with rectangular gating over full
period(s) of the known base frequency (e.g. 1/50 s or 1/60 s) for suppressing household power
supply frequencies at 50 or 60 Hz and its harmonics. However, the use of low pass filters or long
gates causes a loss of early IP response information close to current pulse change and thus makes
it more difficult to resolve spectral IP parameters. This is especially severe when the field
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measurements are conducted close to electric railways in some countries (e.g. Austria, Germany,
Norway, Sweden, Switzerland and USA) where the frequency of the power supply for the trains is
even lower (16 % Hz or 25 Hz) which requires longer gates to suppress the harmonic noise. For
the first time in TDIP, a well-known method for cancelling the harmonic noise in data from other
geophysical methods (Butler and Russell, 2003, 1993; Larsen et al., 2013; Saucier et al., 2006) is
successfully applied on full waveform data. This method models and subtracts the harmonic noise
from raw full waveform potential data. Hence, it is possible to use gate widths that are shorter than
the time period of the harmonic noise. The shorter gates in turn enable access to much earlier
information of the IP response and significantly increase the spectral information by gaining gates
one decade in time closer to the current pulse.

Data acquisition: full waveform, sampling rate and aliasing

To be able to apply the processing scheme described in this paper it is necessary to use an
instrument that is capable of recording full waveform data of the measured potentials. The required
sampling rate for the full waveform depends mainly on the desired width of the shortest gate and
how close it should be to the current switch. Another consideration which is related to the input
and filter characteristics of the instrument is that the sampling rate need to be sufficiently high to
avoid any aliasing problem. The data presented in this paper were acquired with a 50% duty cycle
current waveform and 4s on-time using an Terrameter LS instrument for transmitting current and
measuring potentials. The instrument operates at a sampling rate of 30 kHz and applies digital
filtering and averaging depending on selected data rate (Abem, 2011). A data rate of 3750 Hz,
corresponding to approximately 0.267 ms per sample, was used for the measurements presented in
the paper. The sampling rate was chosen for being able to have the first [P gate one millisecond
from the current pulse, considering that earlier gates would certainly suffer from EM-effects which
we at present want to avoid, it was not judged meaningful with earlier gates. The instrument input
filters were modified with a 4™ order Butterworth filter with cutoff frequency of 1.5 kHz to avoid
aliasing.

Two TDIP profiles (74 meter, 38 electrodes with spacing of two meter) were acquired on a grass
field in downtown Aarhus, Denmark with presence of multiple noise sources common in urban
environments. The profiles were acquired with the instrument and settings as described in the
previous paragraph, a multiple gradient protocol (364 quadrupoles) and acid-grade stainless steel
electrodes. Full waveform data were recorded for the full profiles and typical examples of raw full
waveform potential for one acquisition are shown in Figs 1, 2, 4 to 6, 8 and 9 while the second
acquisition is shown as pseudosections in Figure 10. The data example in Fig. 3 was taken from a
survey recorded with a similar setup in a rural area in western Denmark using the same instrument
and settings.

Redesigned IP gate distribution

For retrieving spectral information close to the current pulses there is a need for gates which are
shorter than the time-period of the harmonic noise (i.e. shorter than 20 ms). This is achieved by
applying a log-increasing gating scheme that compensates for changes of signal-to-noise ratio
throughout the IP response (Gazoty et al., 2013). When the gates are wide enough (i.e. equal to or
wider than 20 ms for the 50 Hz harmonic noise) the gate widths are rounded off to multiples of the
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time period of the harmonic noise (Table 1, seven gates per decade). Thus, this gate distribution
gives access to the IP response information more than one decade closer to the current pulse but
still makes use of the efficient noise suppressing gate widths when possible.

Table 1

Figure 1 shows the resulting IP response (green) after gating according to Table 1 and stacking
according to the standard procedure (Fiandaca et al., 2012) when using a linear background drift
estimate and the IP response retrieved from the instrument (magenta). The re-gated IP response
shows similar magnitude as the instrument supplied when the gates are multiples of 20 ms.
Contrastingly, it exhibits an erratic behavior until the gate widths are multiples of 20 ms and
suppress the 50 Hz harmonic noise. Clearly, the harmonic noise needs to be assessed to enable the
use of gates shorter than 20 ms. Furthermore, the tail of both IP responses is increasing at the end
as a result of the poor performance of the background drift removal when applying a linear drift
model. Thus, to accurately retrieve the shape and spectral content of the IP response it is crucial to
improve the drift removal by applying a more flexible drift model.

Figure 1

Signal processing

During TDIP measurements the potential response of the subsurface due to the current injection
needs to be determined. However, the potential measured in the field is composed of the sum of
multiple, known and unknown, sources (Eq. 1, with sample index n). To get an accurate
determination of the potential response it is essential to determine and compensate for as many of
these sources as possible.

Umeasured (Tl) = uresponse (n) + udrift (n) + Unarmonic noise (n) + uspikes (Tl) + Upther (n)
Eq. 1

The known noise sources in Eq. 1 (Ugyife, Uspikes ANd Upgrmonic noise) are handled separately in
the processing scheme described in this paper and applied in a sequential manner. The component
(uyener) represent the effect of all other noise sources (e.g. random noise and quantization error)
and is not explicitly handled by the processing scheme even though for example the random noise
is reduced by gating the data. The first processing scheme step is the drift removal which is
followed by identifying spike samples, harmonic denoising, spike removal, tapered gating and
uncertainty estimation according to:

Drift removal

Identifying and flagging spikes

Harmonic noise subtraction

Removal of spikes

Tapered gating and uncertainty estimation

bl
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Given that the processing can accurately remove the background drift, harmonic noise and spikes,
the processing output can be described by:

uprocessing output(n) = uresponse (Tl) + Uother (Tl)
Eq.2

thus decreasing the ambiguity of the resulting TDIP data by removing many components of the
measured potential which are not representing the IP response (Eq. 2). For continuity, the different
parts of the signal processing scheme in this section are presented using one full waveform potential
(and current) recording, except for the despiking example (due to lack of spikes in the main full
waveform potential data set. The processing scheme is implemented for both 50% and 100%
current duty-cycle waveform and is parallelized in the computer software Matlab (2015b) and
generally applicable on full profiles as exemplified with the pseudosections in the “Full field profile
processing example” section which were acquired for the same profile.

Cole-Cole model-based drift removal

To get an accurate determination of the IP and DC potential, uresponse, from TDIP full waveform
data, it is crucial to determine and compensate accordingly for the background drift (Dahlin, 2000;
Dahlin et al., 2002). This removal is normally done by approximating the drift as a linear trend
(Dahlin et al., 2002; Peter-Borie et al., 2011), even if a more advanced and flexible description of
the drift could handle also non-linear cases such as current induced electrode polarization. The
current-induced electrode polarization is known to be orders of magnitude larger than the signal
(Dahlin, 2000) and is a common issue during field surveys due to difficulties of designing
meaningful measurement sequences that account for all recent current injections. Electrode contact
tests performed before initiating the TDIP measurements can also be a source for the current
induced electrode polarization. The current-induced electrode polarization background drift is
caused by a depolarization phenomenon which is known to be well described by the Cole-Cole
model (Cole and Cole, 1941) and thus it is especially suitable for estimating the background drift.
Three different background drift approximations, summarized in Table 2, are included: the first
with a linear estimate, the second with a Cole-Cole estimate and the third with the instrument drift
estimate which is also linear but with slightly different implementation.

Table 2

The fitting of the drift model parameters is conducted on an averaged and down-sampled subset of
the potential full waveform signal. The averaging window is set to to a full period (e.g. 20 ms for
50 Hz) of the fundamental frequency of the harmonic noise so that these harmonic oscillations are
suppressed. Furthermore, to reduce the risk of any IP response interfering with the drift model the
fit is conducted for a subset of the down-sampled signal, taken at the end of the off-time period for
the 50% duty-cycle (Figure 1) and on-time period if applying a 100% duty-cycle current waveform.

Figure 2 show examples of generated drift models, as well as the resulting IP responses after gating
(see Table 1 for gate widths) and stacking the signal. In the drift model and full waveform plot
(Figure 2 bottom), there is a relatively large difference between re-gated linear model (green) and
the data for model fit (grey x-markers). Clearly, the linear model is not sufficient for accurately
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describing the drift in the full waveform potential and as a result it gives unrealistic increasing
chargeability values for late gates of the IP response (green line, Figure 2 top). Contrastingly, the
Cole-Cole model (blue line, Figure 2 bottom) shows a good fit to drift data and consequently the
resulting IP response does not exhibit the erroneous behavior at late gates. In total, it is clear that a
linear drift model gives incorrect IP responses, especially at late times when signal-to-noise ratio
is smaller and that a more advanced drift model such as the Cole-Cole is needed.

Figure 2

Removal of full waveform spikes

Despiking of the measured full waveform signal is done for two main reasons. The first reason is
that spikes in the full waveform data can corrupt the integrated values for IP gates. Since the spikes
normally last for a fraction of millisecond, and have average close to zero (bipolar spikes), this
problem is uncommon for long gates where all spike samples of an individual spike fall within the
gate. However, for short gates consisting of a few samples, often only part of the spike falls within
the gate thus having large effect on the integrated value. The second reason for finding the spikes
in the full waveform data is related to the modelling of the harmonic noise and how the finding of
noise model parameters is implemented in this paper which is known to be sensitive to spikes in
data (Dalgaard et al., 2012).

The method for finding the spikes described in this paper uses several steps to enhance the spikes
in the signal and defines a data-driven, automatic threshold limit to determine if a sample index (n)
is to be considered as spike or not:

1. A simple and efficient first order high pass filter (Eq. 3) is applied on the full-waveform
signal (Upmeasurea (M), first row in Figure 3) for removing DC offset and enhancing spike
visibility:

U, (Tl) = Umeasured (n) — Umeasured (n - 1)

Eq.3

2. The spike are further enhanced by applying a non-linear energy operator filter (Eq. 4) on
the output from the first step (u,, second row in Figure 3) and taking the absolute value:

uz(n) = abs(u,(n)? —u,(n — 1) - up(n + 1))
Eq. 4

3. The signal u; (black line, third row in Figure 3) is down-sampled by taking the maximum
value within 20 ms segments, creating a data-driven threshold variable which accepts all
samples.

4. A Hampel filter (Davies and Gather, 1993; Pearson, 2002) is applied on the output from
step 3. The Hampel filter computes the median of the sample and its neighbor samples (4
on each side in our examples) and estimates the standard deviation (STD) using mean
absolute deviation. If the sample value differs more than 3 STDs from median, the sample
value is replaced with the median. Thus, this filter lowers the threshold value for large
amplitude changes in the u3 signal.
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5. The output from step 4 is interpolated with 1D linear interpolation for each sample index
in us.

By applying the Hampel filter in this manner an automatic data-driven threshold variable along the
full-waveform acquisition is defined, as shown in Figure 3 (third row, red curve). All the samples
above the threshold are marked as spikes (Figure 3, red x-marker) and are neglected performing
the calculations for the residual energy in the harmonic denoising procedure.

Figure 3

This routine identifies spikes in the full waveform potential during the on and off-time of the
current injections (Figure 3, red x-marker) as well as spikes created by current switches (Figure 3,
green x-marker). The current switch spikes are considered as spikes for the succeeding harmonic
denoising (see Model-based cancelling of harmonic noise) but neglected when replacing the values
of the spike samples. The despiking is done as a last step of the overall signal processing, after the
cancelling of harmonic noise, by replacing spike sample values with the median of its 8 neighboring
samples (4 on each side) in the processed potential.

Model-based cancelling of harmonic noise

The signal processing approach described in this section is similar to the processing successfully
applied on data from other geophysical methods, for example magnetic resonance soundings
(Larsen et al., 2013) and seismoelectrics (Butler and Russell, 1993) but it has in this case been
adapted to be applicable for data from TDIP measurement. The method takes a model-based
approach for processing the TDIP full waveform potential by describing the harmonic noise in
terms of a sum of harmonic signals (Eq. 5). The different harmonic signals have frequencies given
by a common fundamental frequency (fo) multiplied with an integer (m) to describe the different
harmonics but have independent amplitudes (o and Sm) for each harmonic m:

Unarmonic noise M) = Z (am cos (2nm%n> + By, sin <2nm%n))

m

Eq.5

where o and fn determines amplitudes and phases of a single cosine signal (Larsen et al., 2013).
By accurately determining the noise model parameters it is possible to precisely describe the
harmonic noise component of the measured potential and to compensate accordingly by subtracting
the harmonic noise model from U,;0q5ured

It is necessary to find the values for model parameters fo, o and S in Eq. 5. These parameters are
however not constant for the time-scale (tens of seconds to minutes depending on acquisition
settings) of a TDIP measurement. The frequency can for example vary up to +0.5 Hz in this time
frame (Li et al., 2011). Furthermore, a fundamental frequency estimate which deviates with only
some millihertz from the optimal value will reduce the noise cancelling efficiency (Larsen et al.,
2013), so a more advanced method is needed for applying the model-based harmonic denoising
method on TDIP data. To handle this issue, the raw full waveform potential is divided into shorter
segments so that the variation within the segments can be considered small. However, it is not
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suitable to use too short segments since enough information is needed to be able to accurately
determine the values of the model parameter. Butler and Russell (1993) shows that the error of the
estimated model parameters decreases with increasing segment length and also point out that the
best estimates of model parameters are achieved when the segment length is a multiple of the period
of the fundamental frequency (e.g. 20 ms multiples for fy=50 Hz). This means that the selection of
segment length is a trade-off between a short segment length to make sure that the model
parameters are not changing too much and a long segment length to enable an accurate estimate of
the parameter values. To compensate for this limitation, the segments of the TDIP signal are
allowed to overlap so that it is possible to make dense temporal estimates of the model parameters
but still having long enough segments. Experience from processing several different TDIP data
sets has shown that a segment length including overlap in the range of 200-300 ms is suitable to
achieve good processing results. For the processing in this paper a segment length of 220 ms and
overlap of 20 ms was used.

After segmenting the full waveform potential the finding of the noise model parameters is done by
minimizing the residual energy E, .14 after subtracting a temporary harmonic noise model from
the recorded full waveform potential segment:

Eresidual = Z (umeasured (n) — Unarmonic noise (n))z
n

Eq. 6

The minimum residual energy for each segment is determined with an iterative approach using
golden section search and parabolic interpolation for minimizing the residual energy by changing
the fundamental frequency within a given interval around the expected frequency (e.g. 50 + 0.5
Hz). For each of the tested frequencies the an and fm parameters are determined using a least-
squares routine and a temporary noise model is constructed according to Eq. 5. For processing
efficiency, a subset of the harmonics is used for the noise model when determining fundamental
frequency. The subset is chosen by taking the mhigh harmonics with the highest estimated power
spectral density energy compared to the baseline (green circle marker in Figure 4, mhigh=10) so
that harmonics with no or little energy are not modelled. After identifying the fundamental
frequency for a segment, the am and fm parameters are recalculated for all harmonics up to fs/2,
i.e. half of the sampling frequency. Finally, the parameters are interpolated by using the values of
the nearest segment and a full noise model is calculated for each sample in the potential signal
(Figure 5) by evaluating Eq. 5.

Figure 4 shows the estimated power spectral density for a full waveform potential recording before
and after applying the harmonic denoising. The original signal (black) exhibits distinct peaks of
energy at 50 Hz and integer multiples of this frequency corresponding to the harmonics. In the
corresponding energy estimate after the harmonic denoising (red) the energy peaks have been
reduced to the baseline energy as a result of modelling and subtracting the harmonic noise. The
remaining energy peaks after harmonic denoising (e.g. at approximately 430, 530, 630 and 780 Hz)
are not harmonics of the 50 Hz household power supply and thus not removed by the processing.
However, these energy peaks can be partially removed by applying a sequential harmonic
cancelling with also 16% Hz as fundamental frequency but due to their unknown source(s), the
model-based harmonic cancelling might not be applicable and thus these results are not presented
in this paper.



Olsson et al., Doubling the spectrum of time-domain induced polarization 10

Figure 4

Figure 5

Figure 6 shows an example of fully processed full waveform potential, raw full waveform potential
and injected current (top). A clear improvement can be seen when comparing the raw full waveform
potential with the processed potential, neither the background drift nor the harmonic oscillations
are noticeable in the processed full waveform potential. The resulting IP response when including
the harmonic denoising in the processing (Figure 6, bottom, blue line) shows a clear improvement
compared to the IP response with same processing but without the harmonic denoising (black). The
erratic behaviors for early gates is removed and the magnitude of the IP response is gradually
decreasing already from the third gate. These improvements extend the first usable spectral IP
information to around 2 ms after the current pulse. The first two gates show an unexpected behavior
with increasing values also after applying the harmonic denoising, this is due to potential spikes
present close to the start of current off-time (black line, Figure 6 top).

Figure 6

Tapered gate design and error estimation

Today, the standard procedure for gating IP is to average the data within the predefined IP gates,
corresponding to a discrete and normalized convolution with a rectangular window. In other
geophysical methods (e.g. electromagnetic) a gate method applying different kinds of tapered
windows have been used since decades (Macnae et al., 1984; Mccracken et al., 1986). One reason
for using tapered window functions is that the suppression of high frequency noise is superior
compared the rectangular. Furthermore, the tapered windows allow the use of wider gates which
has higher noise suppression, without distorting the signal. An example of this effect is seen in
Figure 7, comparing a rectangular window with a wider (3.5 times) Gaussian window in time-
domain and frequency-domain. In frequency-domain, the main lobe of both windows cuts at
approximately the same normalized frequency but the side lobes of the Gaussian have around 40
dB order of magnitude of suppression. This corresponds to an order of two difference in noise
suppression, thus the Gaussian window is superior in reducing the noise contribution from higher
frequencies compared to the rectangular window.

Figure 7

Uncertainty estimation of the data for individual IP gates cannot be retrieved by directly comparing
the individual IP stacks because each individual stack is different due to superposition from
previous pulses (Fiandaca et al., 2012), hence other approaches are needed. It is also desirable that
an uncertainty estimate make use of the advantage of applying the convolution with tapered gates
as described in this paper. If enough gates per decade are used for gating the data, the signal
variability is almost linear within the gates and for IP signals the linearity is more evident in lin-
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log space. Thus, it is possible to use a linear fit of the convoluted gate in lin-log space for estimating
the gate uncertainty by taking the difference between the fit and the convoluted gate data. The
difference gives a measure of the noise content within the gate after the convolution. In fact,
whenever the noise level is low and enough gates per decade is used (i.e. normally seven to ten),
the misfit is negligible. Contrastingly, if random noise or residual harmonic noise is present the
gate misfit between the convoluted signal and the linear fit represents a measure of the gating
uncertainty. By using the convoluted gate signal for estimating the uncertainty, the measure takes
into account the convolution used in the processing.

Figure 8 demonstrates the different steps for estimating the gating uncertainty (S7Dgaring, Eq. 7 and
Eq. 9) for each gate using gate number eight as example. As the first step, the full waveform IP
gate data processed with Cole-Cole drift removal, despiking and harmonic denoising are stacked
according to standard procedure (blue line). After stacking, the processed and stacked data are
convoluted with a Gaussian window (3.5 times gate width) of logarithmically increasing window
widths for each gate (magenta line). In the next step, a linear fit of convoluted signal is done in lin-
log space (green line), since the IP response signal is more linear compared to other log/lin
combinations. Next, the integrated IP value for the gate is retrieved by evaluating the linear fit at
the log-center of the gate (red x-marker). Lastly, the gating STD on the value (red error bar) is
computed as a sum of the misfit between convoluted data and linear fit for all samples (Ngate samples)
as follows in Eq. 7:

Ngate samples

Z (convoluted data(n) — linear fit(n))?

n=1

1
STDgating = N
gate samples

Eq.7

Figure 8

The uncertainty due to gating the data is not the only possible source of error in the processing. As
shown in Figure 2 also the background drift removal can have a large impact on the resulting IP
responses and the fit of the drift model gives a useful measure of the remaining drift uncertainty.
Similarly to the estimation of gating uncertainty, the drift uncertainty (S7Darirt) is estimated from
the sum of misfit between drift data (grey x-marker in Figure 2) and Cole-Cole drift fit (blue line
in Figure 2) for all drift data samples (Narift data) according to Eq. 8.

1 Ndrift data
STDgyie = ———— Z (drift data(k) — drift fit(k))?
Ndrift data =1

Eq. 8

The total uncertainty (S7Drowr) is computed by summing up the gating, drift and a uniform STD
according to Eq. 9.
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+ STDZ,;7 + STD?

gating uniform

STDsorar = JSTDZ

Eq.9

Finally, Figure 9 shows the processed IP response in terms of values and relative total STDs with
5% of uniform STD and also the IP response as given by the instrument. The STD error bars
increase at early times since the gates are shorter which gives higher STDgaring While at late times
the drift uncertainty increases and S7Durisr contributes more to the total gate STD. Note that error
bars with the total error captures the fluctuations in data well if the first two gates are disregarded.
These two first gates are considered to be artefacts created by the potential spikes at the end of
current pulses (Figure 2 and Figure 6). Moreover, the first reliable gate (gate number 3) corresponds
to approximately two ms after the current pulse compared to 20 ms for the instrument output. In
total with the processing described by this paper, 23 usable gates are achieved giving six new gates
at early times corresponding to almost one decade in time and five gates at times where the
instrument response presents a bias due to the poor performance of its linear background drift
removal.

Full field profile processing example

The processing scheme presented by this paper has been successfully applied to the entire test
datasets with substantial improvements in spectral information content, data reliability and quality.
One of'the datasets is presented here as an illustration. Figure 9 shows IP responses from instrument
processing (magenta, instrument output) and the redesigned processing scheme presented by this
paper (blue). The spurious IP increase present at late times in the response retrieved by the
instrument is removed in the reprocessed IP response as a result of the improved drift removal. At
the same time, the harmonic denoising processing enables to retrieve reliable IP data already two
ms after the current switch, one decade closer to time zero compared to classic IP processing.
Altogether, the proposed processing scheme doubles the spectral content of the reprocessed
response compared to the instrument IP processing.

Figure 9

Figure 10 shows pseudosections for a full data set acquired on the same profile as the previous data
example (except Figure 3) was extracted from. It shows IP gate 3, 6, 9, 12, 18 and 25 from IP
responses generated by the full signal processing routine described by this paper and corresponding
pseudosections for the same gates but only applying the linear background drift removal. For the
early gates which are not a multiple of the time period of the harmonic noise (gate 3, 6, 9 and 12)
there is a clear improvement with much smoother pseudosection from gate 3 (center gate time 2.2
ms) and higher. This suggests that with some minor visual inspection and manual filtering, IP data
can be used already 2.2 ms after the current pulse is turned off or changes polarity, thus moving
the first gate approximately one decade closer to the pulse compared to the traditional IP processing
(10 ms delay time, and a first gate width of 20 ms giving a center gate time of 20 ms). Contrastingly,
[P gate number 18 which is a multiple of the time period of the harmonic noise and hence little
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affected by the background drift removal (Figure 2 top) shows very similar pseudosections for the
two processing examples. However, the pseudosections for the last IP gate (25), which is known
to be affected by the applied drift model again show some differences. This difference is due to the
sensitivity of the late gates for different background drift estimates where the linear drift model
sometimes causes the IP responses to increase at late times. Again, the improved processing with
Cole-Cole model drift estimate shows smoother variation in the pseudosection, especially for the
left side of the pseudosection.

Figure 10

Conclusion

The TDIP signal processing scheme described in this paper significantly improves the handling of
background drift, spikes and harmonic noise superimposed on the potential response in the
measured full waveform potential. The Cole-Cole background drift removal substantially increases
the accuracy of the drift model for non-linear drift cases and recovers the shape of the IP response
at late times with less bias. The reliability of early IP response times, down to a few ms, is generally
increased with a flexible data-driven despiking algorithm and model-based harmonic denoising.
Furthermore, the improved gate distribution and tapered design gives access to early spectral IP
response information and overall increases the signal-to-noise ratio by applying tapered and
overlapped gates without distorting the IP response. Additionally, the data driven uncertainty
estimates of the individual IP gate values provides valuable information for assessing data quality
and for succeeding spectral inversion. In total, this processing moves the first gate one decade
closer to time zero, recovers the late gates with reduced bias and supplies valuable estimates of IP
gate uncertainty. These improvements double the usable spectral information of the IP response,
achieving almost four decades in time, compared to current instrument processing procedure.

Nonetheless, the presented processing scheme includes assumptions and possible problems. The
parameters of the harmonic noise model are assumed to be constant within each segment, rapidly
varying parameters will not be modelled or compensated. In addition, the background drift models
account for smooth varying DC offsets, faster variations (e.g. generated by subways running on
DC) are not modelled. On the other hand, processing scheme modules could possibly be upgraded
or added to handle also these noise conditions.

The processing scheme presented by this paper has been successfully applied on the test datasets,
which originate from both urban and rural field sites, with substantial improvements in spectral
information content, data reliability and quality. This development of increase in data reliability
and information content is broadening the possibilities and applicability of the spectral TDIP
method in the field. Furthermore, it is a promising development for research linking together lab
and field measurements and also for extending the use of the method as a standard tool outside the
research community.
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Table 1. Duration of delay time and IP gates for the processed field data corresponding to seven
gates per decade. Note that gates from 13 and higher has widths which are multiples of 20 ms.

Gate number | Delay 1 2 3 4 5 6 7 8 9
Width [ms] 1 026 053 080 1.06 133 213 293 4 533
Gate number 13 14 15 16 17 18 19 20 21 22
Width [ms] 20 20 40 60 60 120 120 180 300 360

10 11 12

7.46 10.4 14.4
23 24 25
540 780 1020

Table 2. Drift models included in the paper. Descriptions with sample index (n), linear coefficient
(a), DC offset constant (d), sampling frequency (Fs), chargeability (mo), relaxation time (T),
frequency exponent (¢) and Euler’s Gamma function (T'): I'(x) = fooo yX~le~Udy. Plot colors for

subsequent relevant figures are also summarized.

DRIFT MODEL DESCRIPTION PLOT COLOR
Linear Ugrire(n) = an+d Green
= _ n\J¢
Cole-Cole Ugrie(N) = My Z(—l)J (T_F) r'l+jc)"*+d Blue orblack
j=0 °

Instrument supplied  Linear

Magenta
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Figure 1. An IP response binned with gates that are multiples of 20 ms and delay of 10 ms
(magenta, instrument output) and a re-gated IP response according to Table 1 and linear drift
removal (green data points indicated by o-marker are negative). Note that the green response
exhibits erratic behavior in the beginning while the gates are not multiples of the time period of the
harmonic noise. Also note that the tail of both IP responses shows an increase in chargeability.
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Figure 2. Bottom: 50% duty cycle raw full waveform potential (black) and current (red), subset of
the signal used for finding the drift model (grey cross marker) and different types of background
drift models. Top: resulting gated IP-response curves (green: linear model, blue: Cole-Cole model.
Negative values are marked with circles) if no harmonic subtraction is performed. Note that the
resulting shapes of the IP-responses are dependent on used drift model, especially at the end of the
response.
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Figure 3. Identified spike samples of a full waveform potential signal (top), output from applied
high pass and DC-offset removal filter (mid) and output from non-linear energy operator filter,
spike samples and threshold value (bottom). Magnifications of the 7™ identified spike (from 9.615
to 9.645 s) are shown on the right.
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Figure 4. Welch power estimate of a full recording of potential for one quadrouple: original signal
(black), residual signal after noise cancellation (red). The green markers show identified energy
peaks (cross marker) and harmonics used for finding the fundamental frequency (circle marker).
There is a clear reduction of the energy at 50 Hz and its harmonics after the processing and the
energy level is reduced to the baseline. The remaining energy peaks are not harmonics of the 50

Hz.
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Figure 5. Example of parameters for a harmonic noise model, showing the model for the
fundamental frequency (top) and amplitude models for a and B for the fundamental frequency
corresponding to Eq. 5 with m=1.
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Figure 6. Full waveform current (red) and potential before (black) and after (blue) drift removal
and cancelling of harmonic noise. The resulting IP responses with harmonic denoising shows clear
improvement of the erratic behavior when including the harmonic denoising in the processing
(bottom, blue line) compared to without (black). Model parameters examples and estimated
spectral density can be seen in Figure 6 and Figure 5 respectively.
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Figure 7. Time-domain and frequency-domain representation of rectangular (21 samples) and
Gaussian (75 samples, 6=3) windows. Note that in frequency-domain higher frequenies is generally
approximately 40 dB lower for the Gaussian window, corresponding to a factor of 100 difference
compared to the rectangular window.
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Figure 8. The different steps involved in tapered gating and error estimation for gate number 8§ of

the processing example. Final IP gate data with relative STD estimate of the gating corresponding
to one STD are shown in red.
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Figure 9. IP responses from instrument processing (magenta, instrument output) and the
redesigned processing scheme presented by this paper (blue) with error bars corresponding to one
STD (black lines). Note that the magnitude difference between the instrument and the reprocessed
IP response increases at late times as a result of the poor performance of the instrument drift
removal. This, together with enabling IP response information one decade closer to time zero by
applying harmonic denoising and redesigned gating scheme doubles the spectra I content of the
reprocessed response compared to the instrument processing.
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Figure 10. Pseudosections for IP gates 3, 6, 9, 12, 18 and 25 (from top-down) for processed data
without harmonic denoising and linear drift removal (left) and with harmonic denoising and Cole-
Cole drift removal (right) of full waveform data. The pseudosections without harmonic denoising
with linear drift estimate shows an erratic behavior for all gates not multiple of the time-period of
the harmonic noise as well as for the later gates due to poor performance of the linear background
drift removal. Contrastingly, the processed data shows relatively smooth pseudosection already
from gate 3 and an exceptional improvement for the later gates 6up to the 12 gate.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Monitor Color)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [479.055 677.480]
>> setpagedevice




