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ABSTRACT

Measuring induced polarization in the time domain with relatively compact multi-channel multi-
electrode systems is attractive because of the simplicity of the procedure and thus its efficiency in
the field. However the use of this technique is sometimes discouraged by the bad quality of the
measurements in cases of high electrode contact resistances that can render data interpretation
infeasible or at least unreliable. It is proposed that capacitive coupling in the multi-core electrode
cables has a significant role in creating this problem.

In such cases separation of current and potential circuits by using separate multi-conductor cable
spreads can yield significant improvement in data quality. The procedure is relatively simple and
can be implemented with common resistivity and time-domain IP equipment.

We show here three field examples from Southern Sweden, all measured as 2D electrical imag-
ing sections. The first one is an example where the use of a single cable spread is sufficient thanks
to moderate electrode contact resistance and high signal levels. The following two examples are
from sites where induced polarization measurements could not yield consistent results using only a
single multi-conductor cable spread. Useful results were subsequently obtained by using separate
cable spreads.

The first example is a 280 m long line measured over an old covered municipal waste deposit
where the waste body stands out as a zone of high chargeability. The second example is a 120 m
line measured on a sandy glaciofluvial structure that is host to an aquifer of regional importance.
The improvement led to discrimination between materials of different grain sizes, with potential
bearing for understanding the aquifer. The third example is a 300-400 m line measured across an
esker lying on clay till. The improvement led to a clear visualization of the esker and to the identi-
fication of a possible fault in the underlying gneissic bedrock.

In all cases pseudosections and examples of chargeability decay curves are shown and discussed
as tools for assessing data quality. Inversion results are shown together with background geological
information and it is concluded that they are in good agreement.

INTRODUCTION

The induced polarization method was first extensively used in
mining applications from the 1950s, due to the characteristic
response of disseminated ore, undetectable by other geophysical
methods, which made its success (see Collett 1990; Seigel et al.
2007). Its potential in hydrogeological and environmental appli-
cations was recognized early on (e.g., Vacquier 1957) but the
method started to be extensively used in this field only in the last
20 years. This is due to instrumental and methodological devel-
opments but also probably to the more restricted economical
resources in environmental applications compared to mining.
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In near-surface applications induced polarization has shown
to be especially useful for delineating landfills (e.g., Carlson et
al. 1999; Iliceto et al. 1999; Dahlin et al. 2010), mapping pollut-
ant plumes (e.g., Abu-Zeid et al. 2004; Sogade et al. 2006) and
in hydrogeological applications (e.g., Martinho and Almeida
2006), where one hopes to be able to estimate hydraulic conduc-
tivity (e.g., Hordt et al. 2007).

Induced polarization can be quantified using a number of dif-
ferent parameters, e.g., chargeability in the time domain, fre-
quency effect, phase and amplitude in the frequency domain.
Although comparable, these measurements are not strictly
equivalent (e.g., Zonge et al. 1972). Comparing results obtained
at different sites with different measuring equipment can as a
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consequence be difficult and remains essentially qualitative.
Nevertheless some rough equivalence relations exist and are
applicable (see e.g., Bertin and Loeb 1972; Sumner 1976; Slater
and Lesmes 2002; Loke 2011). Material discrimination and
detailed interpretation remain more straightforward in the fre-
quency domain but the time required by the measurements is a
serious limitation to the use of the method. Since it is much
faster to measure and since significant frequency information is
potentially contained in a single decay, time-domain induced
polarization remains attractive for most practical applications.

A few methods exist for interpreting time-domain induced
polarization in terms of spectral IP (e.g., Hordt ef al. 2006), also
referred to as frequency-dependent complex resistivity. Some
authors (Soininen 1984; Ghorbani ef al. 2007) have pointed out
the difficulty of extracting spectral information from time-
domain induced polarization data but standard time-domain IP is
already useful in many cases. However, difficulties encountered
at some sites with high contact resistances can discourage its use.
Rapid and reliable data acquisition procedures in the field, as
well as ways to assess data quality and reliability are needed and
they are the subject of the present article, with an emphasis on
practical ways to reduce capacitive coupling with common mul-
ti-electrode equipment.

BACKGROUND
Frequency-domain IP is traditionally measured using separate
receiver and transmitter units and separate electrode layouts.
Dipole-dipole or pole-dipole arrays are commonly used, where
one motivation is that coupling between the transmitter and
receiver layouts can be avoided. For the measurement of frequen-
cy-domain spectral IP in an extended frequency range the coupling
problem has been addressed by digitizing the potentials at the
receiver electrodes and transmitting the digital data via an optical
fibre in order to avoid metal conductors that can lead to coupling.

Time-domain IP-resistivity multi-electrode equipment com-
monly used in near-surface investigation classically comprises a
transmitter, a receiver and a system for switching between the
electrodes to be used. These units can be integrated into a single
instrument, or they can be separate. The transmitted currents are
much lower than those used in mining applications, typically
from a few tens of mA to one or a few A. The length of the lines
measured lies between a few tens of metres to hundreds of
metres. The input impedance of the receiver is generally high (a
few tens of M()) and some low-pass filtering is usually applied.
The multi-conductor cables used are generally non-shielded.
Non-polarizable electrodes are sometimes used but simple steel
electrodes can be used as well, since they are comparably stable
(LaBrecque and Daily 2008). It has been shown that steel elec-
trodes can yield equivalent results, provided that an instrument
with suitable properties is used and a correction for the drift of
the background potential is applied (Dahlin et al. 2002).

The speed of the measurement is significantly increased by the
simultaneous use of several measurement channels and in this

respect, among the classical four-electrode arrays, the multiple gra-
dient can be recommended, since it has been shown to have ade-
quate sensitivity and resolution (Dahlin and Zhou 2006). This array
can furthermore provide relatively large potentials and a high signal-
to-noise ratio in resistivity measurements. Depending on the site and
aim of the investigation, the duration of the measuring cycle can
possibly be reduced and the measurement can go even faster.

The measured parameter is the integral chargeability over one
or a series of successive time windows, also called gates. The last
instrument we used even allows the recording of the full trans-
mitted and received signals with a 1 ms sampling interval. A
posteriori assessment of the noise level and, if needed, recalcula-
tion of chargeability then becomes possible.

However, with this kind of equipment significant electromag-
netic coupling can be an issue. It can be divided into two main
components; inductive coupling and capacitive coupling.

Capacitive coupling

The capacitive coupling is simply defined here as current leaks
from high-potential surfaces or conductors to low-potential sur-
faces or conductors. Capacitive coupling is most severe at early
times after a change in the transmitted current and decays with
time, or expressed differently, it increases with increasing fre-
quency. Large electrode resistance will make it worse because the
output voltage required in order to transmit the desired current
increases and at the same time the measured signal may decrease
due to less current being transmitted. A theoretical description in
the frequency domain was given by Nielsen (2006) where the
importance of keeping low contact resistance when performing
induced polarization measurements was emphasized. The capaci-
tive coupling will also increase with increasing cable length
because the total capacitance increases in proportion to the cable
length. At the same time the signal decreases with increasing elec-
trode separations as the geometry factor increases and hence the
signal will more easily drown in coupling noise. However it will
also decrease rapidly with increasing distance between conductors
or surfaces (with the square of the distance, based on a simple
estimation of the capacitance for a cylindrical capacitor).

Another way to reduce capacitive coupling is to use shielded
cables and some theoretical considerations are given in Wait
(1959). As noted by Radic (2004), three main capacitive cou-
plings can be identified: between transmitter and receiver cables,
between soil and cables and between two receiver cables. In the
experiments presented here, in which we separate the current
transmission and potential receiving cables, we only address the
reduction of the first one.

One data acquisition system on the market offers a so-called
dual mode cable with duplicate take-outs at each electrode point,
where the idea is to allow a connection of both a steel electrode
for current transmission and a non-polarizable electrode next to
it for potential measurement. This system will, however, in itself
not reduce the coupling in the cable since the conductors are still
running parallel inside the same multi-core cable.

© 2012 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2012, 10, 545-565



Inductive coupling

The direct capacitive coupling between wires is only one part of
the more general electromagnetic coupling, where the other part
is the inductive coupling. Electromagnetic coupling is generally
dependent on the geometry of the wires and on the ground
investigated. A review of its theory was given by e.g., Nielsen
and Baumgartner (2006). Larger effects are observed and
expected for longer cables. Here one should note that the classi-
cal recommendation to use dipole-dipole arrays cannot apply to
common multi-electrode systems where the transmitter and
receiver are close to each other and where conductors run paral-
lel inside the multi-core cables. Inductive coupling is usually
assumed to take place early after current turn-off and is com-
monly assumed to be negligible after a certain time-delay in
time domain measurements. However this assumption might not
always be verified. A number of computations and even correc-
tion procedures have been suggested for frequency domain
measurements (e.g., Hohmann 1973; Wynn and Zonge 1975;
Pelton et al. 1978; Routh and Oldenburg 2001) but the elimina-
tion of inductive coupling is difficult and even disputable (see
e.g., Swift and Hohmann 1975; Wait and Gruszka 1986).
Authors have consequently recommended that it should be
included in the interpretation (see e.g., Nielsen and Baumgartner
1986; Wait 1986), since the same range of frequency is affected
by both induced polarization and induction effects and their
effects show some similarity (e.g., Major and Silic 1981;
Nielsen and Baumgartner 2006).

A conventional inversion method was applied to the time-
domain IP data discussed in the present work, hence inductive
coupling was not considered. However, although it is here
beyond our scope, a more thorough investigation of electromag-
netic effects in time-domain IP measurements is recommended
to determine in what respect such an approach can be considered
as a reasonable approximation.

Background potentials

The potential measured between two electrodes while the current
is not transmitted will generally be other than zero due to several
factors such as streaming potentials, electro-chemical reactions
between the electrode and the ground, telluric currents, power
grid leakage, etc. The magnitude of the electro-chemical reac-
tions depends on the type of electrodes, where so-called non-
polarizable electrodes give small potentials (often tens of mV or
less) whereas stainless steel electrodes give large potentials that
can reach hundreds of mV (e.g., LaBreque and Daily 2008).
When the current is transmitted through a steel electrode it is
charged up (often several hundred mV) and the potential decays
exponentially during tens of minutes after the current has been
turned off (Dahlin 2001). If such an electrode is used for measur-
ing the potential shortly after transmitting the current via the
same electrode, the decay will be superimposed on the potential
induced in the current measuring cycle, which may be magni-
tudes smaller.
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METHOD

Instruments

We used different versions of the ABEM Lund Imaging System
for measuring resistivity and induced polarization in the time
domain. At all sites measurements were taken using a research
prototype modification of the standard system, comprising a
Terraohm RIP924 receiver, an ABEM Booster SAS2000 current
transmitter and one or two ABEM Electrode Selector ES464.
The whole system was controlled by a portable computer. The
receiver unit has 8 input channels with available input ranges of
+1V and 10V, based on 24 bit sigma-delta AD-converters. All
input channels are galvanically insulated from each other. The
input impedance of this instrument is larger than 70 MQ. The
maximum transmitter output is 400V or S00mA for a maximum
power of 40W. This data acquisition system does not measure the
contact resistances. However, by knowing the limitations in
terms of maximum transmitted voltage for the different current
levels of the transmitter, it is possible to estimate the range of the
contact resistances from actual transmitted currents.

At the Knivsasen site measurements were repeated with an
ABEM Terrameter LS, with the receiver, transmitter, electrode
selector and computer integrated. In addition an Electrode
Selector ES10-64C was used. This instrument has 12 measuring
channels based on 24 bit sigma-delta AD-converters, plus two
additional measuring channels for monitoring the transmitter.
The input ranges are +2.5 V, +15 V and +1000 V, with input
impedances larger than 100 M, 30 M(Q and 20 M respectively.
All input channels are galvanically insulated from each other.
The maximum transmitter output is 600V or 2500 mA for a
maximum power of 250 W. This instrument can also record the
transmitted and received signals with a 1 ms sampling interval.
With this instrument the electrode contact can be estimated using
the ‘Focus One’ technique, in which the contact resistance of
each electrode is measured against all the remaining electrodes.
This technique can be expected to give an estimation of the
maximum level of the electrode contact. Threshold values for
acceptable contact resistance are set by the operator, so that elec-
trodes with poor grounding can be identified and the contact
improved before measurements start.

Electrodes and cables

Stainless steel electrodes were used throughout. They were con-
nected to the respective relay switches and instruments via stand-
ard non-shielded multi-electrode cables. At all sites measure-
ments were carried out using standard single cable array spreads
(Fig. 1a). At sites 2 and 3 measurements were also carried out
with double layouts with two complete cable spreads in parallel
(Fig. 1b). One cable layout was placed on each side of the line of
electrodes and shifted half a take-out spacing so that every sec-
ond electrode was connected to each cable spread. With this
arrangement every second electrode is only used for current
transmission and the electrodes in-between are only used for
potential measurement. After completing a set of measurements

© 2012 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2012, 10, 545-565
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FIGURE 2
Sketch illustrating minimum electrode separation for multiple gradient
array measurement (A, B = current electrode, M, N = potential elec-
trode); a) measured with standard single cable spread and b) separated
cable spread for current transmission and potential measurement. In the
separated cable spread case every 2™ electrode is only used for current
transmission and the electrodes in-between are only used for potential
measurement, which means that the minimum potential electrode separa-

tion is twice the electrode spacing.

the cable connections were switched, so that the current elec-
trodes became potential electrodes and vice versa and an identi-
cal but mirrored measurement sequence was carried out. This
arrangement means that we were not able to measure in exactly
the same standard cable spread, as illustrated in Fig. 2, but the
data cover is comparable. A drawback is that the minimum spac-
ing for the potential electrodes was twice the actual minimum
electrode spacing, which may affect the resolution.

Measurement setup

Depending on grounding conditions of the test line and the
instrument used between 2-200 mA were transmitted. All meas-
urements were carried out using a multiple gradient array
according to the sketch in Fig. 2.

FIGURE 1
Principle sketch showing; a)
"_-—" standard single cable spread and

b) separated cable spread for cur-

multicore
cable

rent transmission and potential
measurement. For the separated
spread setup the electrode separa-
tion will be half the electrode
take-out spacing in case the
cables are stretched. The separa-
tions between the cables spreads
were around 1 m in all tests but

the electrode separation varied. In

the tests presented in this paper
each spread consisted in up to

2 multicore
cables

four cables that were linked
together and the instrument and
relay switches connected at the
midpoint of a full spread.

The current cycle used is a +/0/-/0 sequence (50% duty
cycle), with a 1-1.1 s pulse length. The chargeabilities were
measured in 10 time windows with 100 ms fixed duration for the
first instrument used and with time windows varying from
20-180 ms for the second one, starting 10 ms after current turn-
off. The signals were automatically corrected for variation in the
background potentials via measurement of the potential before
and after each measurement cycle.

Data analysis, processing and inversion

In order to evaluate data quality the measured data sets were
plotted as pseudosections of apparent resistivity and apparent
chargeability using linear interpolation that reveals outliers
clearly (via the software Erigraph). The IP decay curves were
plotted (using the software Aarhus Workbench) as a quality
check. Data were inverted to create model sections of the resis-
tivity and chargeability of the ground. The most recent version of
Res2dinv (see Loke 2010) at the time was used to invert the sum
of the chargeability over the whole measured decay. It uses the
method described by Oldenburg and Li (1994). In all cases
robust (L1-norm type) inversion was used since there are strong
contrasts in resistivity at all the test sites. In addition, we also
plotted normalized chargeability following the approach sug-
gested by Slater and Lesmes (2002). In the case of robust inver-
sion the software calculates the mean model residual as the
arithmetic mean of the absolute value of the differences between
either the logarithm of the measured apparent resistivity and the
logarithm of the computed value, or between the measured and
computed apparent chargeability.

© 2012 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2012, 10, 545-565



RESULTS WITH INTERPRETATION
Example 1: Ekeboda
Site description
The Ekeboda landfill has an area of about 20 000 m? and is situ-
ated in a small valley in the municipality of Horby in Southern
Sweden. The landfill was in use between 1965-1978, with illegal
dumping continuing until the mid 1980s. The landfill contains
domestic waste, construction, demolition and industrial waste as
well as other hazardous waste such as pesticides and mineral
oils. The major part of the waste was burned during the early
years but later on it was deposited without treatment. The waste
has been deposited on natural ground, comprised of sandy till
with underlying bedrock of sandstone or possibly gneissic rock
(SGU 2000). The covering layer consists of various soils, of
which no precise record has been kept. At present, the leachate is
collected and transported to the local water treatment facility.
Attempts were made to drill into the waste deposit at several
points with a small geotechnical drill rig but it only penetrated up
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to 1.2 m of rather coarse grained cover material before it reached
waste material that could not be penetrated. Outside the waste
deposit to the west the groundwater level was found at 5.2 m depth.
To the east of the deposit, at the foot of the slope, the groundwater
reaches the surface in wet spots and artesian groundwater was
found in 4.4 m deep drilling (Johansson and Jones 2007).

Data acquisition

Twelve profiles were measured at the Ekeboda site (Johansson et
al. 2007) in order to map the extension of the landfill. Only one
is presented here but they all present similar characteristics. A
single cable spread layout with 2 m electrode spacing was used
for this profile, giving a total layout length of 160 m. No particu-
lar efforts were needed to provide an acceptable electrode con-
tact at this site. By roll-along a 280 m long profile, consisting in
2177 data points, was measured in less than one day by two
inexperienced students. The transmitted current was in the range
20-200 mA and 2 stacks were used for the data points. The elec-

TABLE 1
Transmitted current (I), signal levels in terms of measured average potential difference for the resistance (V ), example IP time windows (V",(” & Virao)
and background potential levels (Vbackgr) for the data recorded on the Ekeboda test line with separated current and potential cables.
Parameter I/[mA] V. /[ImV] lem/[mV] VIP(I_O)/[mV] Vet [MV]
Range 20-200 7.4-5200 0.15-120 0.019-28 0-1500
Median 100 100 5.3 1.0 20
(a) FIGURE 3
Ekebo Line 1 2006-06-01 Pseudosections  from Ekeboda
GRADIENT ARRAY PSEUDOSECTION . .
Distance[m] measured with single cable
0 0 40 80 120 160 200 240 28% spread for current transmission
6] and potential measurement; a)
apparent resistivity and b) appar-
121 ent chargeability for time window
181 10-110 ms. IP decay curves from
24 the marked areas are shown in
30 30 Fig. 4.
Pseudodepth[m]
63 79 100 130 160 200 250 320 400 500 630
Apparent resistivity[ohm-m]
(b)
Ekebo Line 1 2006-06-01
GRADIENT ARRAY PSEUDOSECTION
Distance[m]
0 0 40 80 120 160 200 240 28%
6 -6
124 F12
18 A 18
24 1 24
30

30
Pseudodepth[m]

0 10 20 30 40 50 60 70

80 90 100
Apparent Chargeability[mV/V]
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FIGURE 4

IP decay curves from Ekeboda
measured with single cable
spread for current transmission
and potential measurement. The
parts of the pseudosection from
which each group of decay curves

were gathered are marked in

Fig. 3. Note that the chargeability

Time [2] Time 5]
scale differs between the dia-
o0 grams.
T0
60
g g
< S50
5 5
[ 240
& £
B £30
L= L=
20
10
000
Time 5]
(@
Ekeboda Line 1 Ekeboda Line 1
2D INVERTED MODEL (mean residual 2.0%) 2D INVERTED MODEL (mean residual 0.8%)
Distance[m] Distance[m]
40 80 120 160 200 240 280 0 40 80 120 160 200 240 280
115 115 115 15
110 110 110
105 105 105
100 100 100
95 95 95
90 90 20
85 85 85
80 80 80
75 75 75 75
Level[m] Level[m]
10 16 25 40 63 100 160 250 400 630 1000 0 0.02 004 006 0.08 0.1 012 014 016 0.18 0.2
Resistivity[ohm-m] Normalised Chargeability [mS/m]
(b) d
Ekeboda Line 1 Ekeboda Line 1
2D INVERTED MODEL (mean residual 0.8%) 2D INVERTED MODEL (mean residual 0.8%)
Distance[m] Distance[m]
40 80 120 160 200 240 280 0 40 80 120 160 200 240 280
115 115 115 15
110 110 110
105 105 105
100 100 100
95 95 95
90 90 90
85 85 85
80 80 80
75 75 75
Level[m] Level[m]
0 5 10 15 20 25 30 35 40 45 50 0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Chargeability [mV/V] Normalised Chargeability [mS/m]
FIGURE 5

Inverted model sections from Ekeboda line 1: a) resistivity, b) chargeability, c) normalized chargeability, d) normalized chargeability with alternative scale.

trode contact resistances were estimated to lie between a few
hundred to a few thousand (. The signal level was in the range
1-800 mV for the DC resistivity (Table 1), with a median of
8.8 mV. For the IP data the signals were a fraction of that, with
median values decaying from 0.47-0.095 mV from time win-
dows 1-10 and the smallest measured signals being a few pV.
The maximum background potential level was 1500 mV.

Results
The resistivity and IP data appear to be of high quality for this site,
judging by the consistent pseudosections in Fig. 3. The IP data are

characterized by high chargeabilities in most of the central part of
the profile that was measured over the covered waste deposit. Most
decay curves (Fig. 4) exhibit a smooth decay. Nothing seems to
indicate noise in their appearance. However, the chosen pulse time
was clearly too short to enable complete decays.

Consequently, all data points were taken into account for the
inversion and the results are shown in Fig. 5 (including resistiv-
ity, chargeability and normalized chargeability sections). The
good quality of the input data is reflected by the low average
model residuals, 2% for the resistivity model and 0.8% for the
chargeability model.

© 2012 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2012, 10, 545-565



Interpretation and discussion

Within the waste deposit area a zone of low resistivity and high
chargeability stands out (Fig. 5), stretching from around
60-240 m length coordinate, which is interpreted as actual
waste. The resistivity of the inverted model is less than 40 Qm
below a level that fits well with the groundwater levels docu-
mented just outside the deposit (Fig. 5a). Resistivity lies mostly
in the range 100-250 Qm in the overlying material, which can
correspond to dry waste or rather coarse grained cover material
and these cannot be distinguished. The whole sequence rests on
highly resistive material that is most likely the bedrock, with
resistivity above 1000 Om west of 120 m length coordinate.
Resistivity below 1000 Qm to the east may be indicative of a
change in bedrock lithology.

TABLE 2

551
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The chargeability section (Fig. 5b) shows a strong increase
in chargeability at depth varying from less than a metre to
around 5 metres. This appears to correspond to the top of the
waste as indicated by the maximum depth reached with the
geotechnical drill rig. The normalized chargeability section
appears to outline the waste body well (Fig. 5¢) when plotting
with a range for normalized chargeability that could be relevant
for geological materials. If the range of the colour scale is
stretched out a variation within the waste body becomes visi-
ble. The change in normalized chargeability at some metres
depth seems to match with the groundwater level as discussed
above (Fig. 5d). Below the groundwater level the variation may
be due to differences in waste composition but there is no avail-
able documentation on this.

Transmitted current (I), signal levels in terms of measured average potential difference for the resistance (V ), example IP time windows (V| \%

and background potential levels (Vbz‘Ckgr

IP(1) & Y IP( m))

) for the data recorded on the Bergaasen test line with separated current and potential cables.

Parameter I/[mA] V. /[mV] lem/[mV] VIP(IQ)/[mV] Vba_ck&r /[mV]
Range 2-50 3.7-9700 0.001-400 3104-78 0.6-1700
Median 10 250 2.8 0.47 21
(a) FIGURE 6
Ljungby-Bergadsen - single cable layout 2002-06-17 Pseudosections  from  the
GRADIENT ARRAY PSEUDOSECTION ) Bergadsen site measured with
0 10 20 30 40 50 60 70 80 D';éance[rqloo single cable spread: a) resistivity,
0 . h h . h h . h h 0 b) chargeability for time window
2 10-110 ms.
4 4
6
8
10 -
12
Pseudodepth]m]
200 300 440 650 960 1400 2100 3100 4600 6800 10000
Apparent resistivityjohm-m]
(b)
Ljungby-Bergaasen - single cable layout 2002-06-17
GRADIENT ARRAY PSEUDOSECTION
Distance[m]
0 20 40 60 80 100
0 : : : : 0
2
4
6 4
8
10 +
12 12
Pseudodepth[m]

0 5 10 15 20 25 30 35 40 45 50
Apparent Chargeability[mV/V]
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(a) FIGURE 7
Ljungby—Bergaésen - separated C & P cables Iayout 2002-10-29 Pseudosections from the
GRADIENT ARRAY PSEUDOSECTION o i
Distance[m] Bergadsen test line measured
0 0 20 40 60 80 10% with separate cable spreads for
current transmission and poten-
2 F2 . .
tial measurement; a) apparent
41 T4 resistivity and b) apparent charge-
6 6 ability for time window
8 8 10-110 ms. IP decay curves from
10 1 -10 the marked areas are shown in
12 12 Fig. 8.
Pseudodepth[m]
150 220 320 460 680 1000 1500 2200 3200 4600 6800
Apparent resistivityjohm-m]
(b)
Ljungby-Bergadsen - separated C & P cables layout 2002-10-29
GRADIENT ARRAY PSEUDOSECTION
Distance[m]
0 20 40 60 80 100
0 +— — - p—— : 0
2 F2
4 F4
6 - -6
8 F8
10 + F10
12 12
Pseudodepth[m]
0 5 10 15 20 25 30 35 40 45 50
Apparent Chargeability[mV//]
FIGURE 8
404
IP decay curves from the
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Example 2: Bergaasen

Site description

The Bergaasen site, close to Ljungby in Southern Sweden is
located in the glaciofluvial sediments that stretch out between
the road E4 and the river Lagan. The glaciofluvial sediments
constitute an aquifer that is part of the water supply of Vixjo
(approximately 60 000 inhabitants). At this site the increase in
salt concentration due to salt applied on the road for de-icing
purposes during the winter is a concern (see e.g., Leroux and
Dahlin 2005). The site was included in this study on IP measure-
ments due to the high electrode contact impedances caused by
the well-drained high resistive sediments at the surface.

Data acquisition

Measurements were carried out along the test line with a single
cable spread as well as with separate cable spreads. An electrode
spacing of 1 m was used for both measurement sequences,
employing electrode cables with 2 m take-out separation.
Significant efforts were put into improving the electrode ground
contact, by watering electrodes and connecting two or more
electrodes to the same take-out at points with poor contact. Even
s0, the transmitted current was as low as 2-50 mA. The electrode
contact resistances were estimated to be between a few thousand
Q and a few hundred kQ. Two to five stacks were used for the
data points, depending on the stability of the resistivity results.

Results

The signal level was in the range 4 mV to 9.7 V for the resistiv-
ity data (Table 2), with a median of 250 mV. For the IP data the
signal level was a fraction of this with median values decaying
from 2.8-0.47 mV from time windows 1-10 and the smallest
measured signals being below the uV level. The maximum back-
ground potential level was 1700 mV.

The resistivity pseudosection measured with a single cable
spread (Fig. 6a) looks smooth and consistent whereas the charge-
ability pseudosection (Fig. 6b) has a strongly disturbed appear-
ance. The resistivity pseudosection measured with separated
cable spreads (Fig. 7) looks quite similar to the one from the
single layout, with some differences due to the difference in
electrode geometry. The chargeability pseudosection has a much
cleaner appearance than the one from the single spread layout
and the majority of the IP decay curves now look consistent
(Fig. 8). Also for this site the IP decay curves indicate that the
measurement pulses were too short.

The inversion resulted in resistivity model sections with very
large contrasts, where the resistivity ranges from 35 Qm to almost
100 kOm (Fig. 9a). Only the inversion models from the separate
spread measurements are presented. The chargeability ranges from
close to zero up to just above 50 mV/V (Fig. 9b), whereas the
normalized chargeability is very different in appearance with
maximum values reaching slightly above 0.1 mS/m (Fig. 9¢). The
model residuals are quite high for the resistivity (13%), probably
due to the high contrasts but rather low for the IP (2.4%).
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Interpretation and discussion

The inverted resistivity section shows extraordinarily high resis-
tivity in the unsaturated glaciofluvial sand, which is a clear sign
that the formation is well sorted and low in fine particles with a
moisture holding capacity. This fits well with geological docu-
mentation from the site (Leroux and Dahlin 2005). The variation
in resistivity in the lower layer is probably related to variation in
moisture, fine material and ion content but there is no precise
information available.
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FIGURE 9
Inverted model sections based on separated cable results from Ljungby-
Bergadsen: a) resistivity, b) chargeability, c) normalized chargeability.
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The chargeability exhibits a completely different pattern com-
pared to the resistivity, with high chargeability close to the road
and quite low chargeability from around 30 m length coordinate
and further. One can speculate that it may be related to the salt
spread on the road every winter, even if the remaining concentra-
tion is relatively low. There are also small patches with higher
chargeability at the surface further on along the section.

The normalized chargeability looks to some extent as a negative
image of the resistivity section. An exception is that there is a high
normalized chargeability zone in the length coordinate interval
15-30 m, possibly due to a different ion content as speculated above.

Example 3: Knivsasen — survey 1

Site description

The field tests were carried out over the Knivsasen esker in
Southern Sweden. The part of the area south of the esker is char-

TABLE 3

acterized by 0-20 m of till overlying aplitic gneiss, smaller areas
of leptitic gneiss and dolerite intrusions. The area north of the
investigated line is characterized by clayey sandy till under thin
horizons of sand and/or clay. It is assumed that the till in this part
of the area is underlain by sedimentary rock (Ekstrém 1961;
Ringberg 1980). The groundwater level is very shallow in the
areas surrounding the esker, as evidenced by small wetlands
along the test line at the feet of the esker.

Data acquisition

Measurements were carried out using the system based on
Terraohm RIP924 with both a single cable spread and with sepa-
rate cable spreads for current transmission and potential meas-
urements. As the measurements were done during different
years, the location is close but not identical. An electrode separa-
tion of 5 m was used for the single cable spread measurements,

Transmitted current (I), signal levels in terms of measured average potential difference for the resistance (V ), example IP time windows (V, \%

and background potential levels (V,

(1) &  IP( 10))

gr) for the data recorded on the Knivsésen test line with separated current and potential cables.

Parameter I/[mA] V. /[ImV] VIP(I)/ [mV] VIP(@/ [mV] Vba_ck&r /[mV]
Range 20-200 5.3-6000 4.410%-230 7.5107-31 0.019-1300
Median 50 47 0.37 0.062 160
(@) o FIGURE 10
Knivsasen 2002-08-15 Pseudosections  from  the
GRADIENT ARRAY PSEUDOSECTION Knivsisen site measured with
Distance[m]

OQ 5‘0 100 150 200 250 390
10W‘

20

30
40
50
Pseudodepth[m]

150 220 320 460 680

68 100

(b)
Knivsasen 2002-08-15

350 400 450 500
1 1 L 1

single cable spread and the
Terraohm RIP924 system: a)
%10 resistivity, b) chargeability for
20 time window 10-110 ms.

K

(40
50

1000 1500 2200 3200
Apparent resistivityohm-m]

GRADIENT ARRAY PSEUDOSECTION

R}

0
10
20
30
40
50 -
Pseudodepth[m]

0 50 100 150 200 250 300
1
]

Distance[m]

350 400 450 500

10
20
30
40
50

L e ——
0 5 10 15 20 25 30 35 40 45 50
Apparent Chargeability[mV/V]

© 2012 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2012, 10, 545-565



Improvement in time-domain induced polarization data quality

(a)
Knivsdsen - separate cables 2003-04-25
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employing electrode cables with 5 m take-out separation. A full
spread of 81 electrodes covered 400 m.

The same electrode cables were used for the separated spread
layouts but the parallel cables were then shifted half an electrode
take-out spacing so that the electrodes were separated by 2.5 m.
Each cable spread consisted in 61 electrodes, giving a total
spread cover of 300 m, which is also the total length of the line.
This test line was centred over the core of the esker since that
was the most interesting area in this context.

Significant efforts were put into improving the electrode
ground contact in the surveys carried out both with
single cable spread and separated spreads, by watering elec-
trodes and connecting two or more electrodes to the same
take-out at points with poor contact. The transmitted current
was in the range 20-200 mA and the measurements were
stacked two to five times. The electrode contact resistances
were estimated to be in the range between a few hundred Q to
over 10 kQ.

21

24 27 30

Apparent Chargeability[mV/V]

Results

The signal level was in the range 5 mV to 6 V for the resistivity
data (Table 3), with a median of 47 mV. For the IP data the sig-
nals were a fraction of that, with median values decaying from
0.4 mV-0.06 mV from time windows 1-10 and the smallest
measured signals were well below the uV level. The maximum
background potential level was 1200 mV.

The resistivity pseudosection (Fig. 10a) measured with
single cable spread looks very consistent, with apparent resis-
tivities ranging from around 50 to some thousand Qm. The
chargeability pseudosection (Fig. 10b) for the first time win-
dow (10-110 ms), on the other hand, looks severely disturbed
in its character, with many high- and low-apparent chargeabil-
ity outliers. For the data measured with separated spreads both
the resistivity and chargeability pseudosections (Fig. 11) have
a consistent appearance without outliers. The slightly dotted
appearance is due to the mixture of different measurement
geometries in the pseudosection plots. The IP decay curves
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FIGURE 12

IP decay curves from the
Knivsésen test line measured
with separate cable spreads for
current transmission and poten-
tial measurement and the
Terraohm RIP924 system. The
parts of the pseudosection from
which each group of decay curves

were gathered are marked in

Fig. 11. Note that the chargeabil-
ity scale differs between the dia-

grams.
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have smooth and continuous decays for most data points
(Fig. 12), in a few cases a wavy appearance is visible at later
times.

Inversion results for the data recorded with separated cable
spreads are presented here and are consistent with results
obtained with the single cable spread (see Dahlin and Zhou
2006). The low residuals for the inverted models emphasize
the impression of good data quality, with a mean of 1.4% for
the resistivity model and 2.2% for the chargeability model. As
a comparison, inversion of the single spread data set gave
2.2% residual for the resistivity but 18% for the IP data. The
inverted resistivity section (Fig. 13a) exhibits high contrasts
with model resistivity ranging from less than 40 Om to more
than 4000 Qm. The inverted chargeability section (Fig. 13b)
displays high chargeability in the upper part of the esker, like
the resistivity. In addition there is a high chargeability zone in
the deeper part of the model section in the coordinate interval
180-240 m. The normalized chargeability section (Fig. 13c)
looks very different from the chargeability section, where one
important difference is that the high resistivity and high
chargeability zone in the upper part of the esker has low nor-
malized chargeability. The shallow ground surrounding the
esker plus the zone below the top part of the esker also display
significant normalized chargeability.

For this site the IP decay curves for the highest chargeability
values suggest that the measurement pulses were too short,
whereas for the lower chargeability values the signals are prob-
ably below the noise level.

Interpretation and discussion

The inverted resistivity section delineates the core of the esker
very distinctly, with thousands of Om of the dry coarse grained
material protruding above the surrounding ground. Below this
the groundwater level is reached and the resistivity drops to
around 100 Om in the saturated zone. The esker is surrounded by
clayey soils that are clearly outlined with resistivity values
around 50 Om and it sits on top of high resistive bedrock.

It is noteworthy that the dry upper part of the esker has quite
high chargeability but very low normalized chargeability. The soils
surrounding the esker, which are dominated by clayey sandy till,
have relatively high normalized chargeability, which is probably
due to the mixed character of the material (see Slater and Lesmes
2002). The water saturated part of the esker exhibits moderate
normalized chargeability except for the northern edge of it.

The high chargeability (moderate normalized chargeability)
zone in the deeper parts of the model section in the coordinate
interval 180-240 m is believed to be related to a hidden fault or
dyke, with a direction consistent with regional geology. The zone
is poorly covered by the separated spread data set presented here
but it is visible as a low-resistive zone in the longer section meas-
ured with single cable spread as well as in parallel sections
measured over the esker (Dahlin and Zhou 2006).

Example 4: Knivsasen — survey 2

Site description

Another field test was carried out over the Knivséasen esker. The line
location was close but not identical to the test lines of the first survey.
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FIGURE 13

Inverted model sections based on results from separated cable and the
Terraohm RIP924 system from Knivsésen: a) resistivity, b) chargeability,
¢) normalized chargeability.
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Data acquisition

The survey was repeated using a Terrameter LS with both single
and separated cable spreads. In this case no particular efforts were
made to improve the electrode ground contact. The transmitted cur-
rent using this instrument was in the range 20200 mA and 2 stacks
were used for the data points. The electrode contact was measured
to be in the range 480 () to 17 k(Q as plotted in Fig. 14.

In this survey the measurements on the separated cable
spreads were taken in two steps, swapping the connection of the
current and potential cable spreads in-between and using mir-
rored measurement protocols. This resulted in a merge of two
data sets based on a mix of data where neighbouring pseudosec-
tion points are integrated over different ground volumes with
similar asymmetrical but mirrored electrode geometry. For the
single spread data they fall on top of each other and are averaged
in the pseudosection, resulting in smoothing of the plot but for
the separated spreads they end up next to each other and will thus
tend to give a noisier appearance.

Results

The resistivity pseudosections (Fig. 15a and Fig. 17a) are in this
case quite similar since the data point distribution differed less
between the single and separated spread measurement protocols.
The chargeability pseudosections for the first 20 ms time win-
dow are shown in Fig. 15b and Fig. 18b respectively. These differ
significantly, with many outliers for the single cable spread. The
pseudosection for the separated spread data appears noisier than
the corresponding one from survey 1, as could be expected as a
result of the merge of data from swapped electrode cable
spreads. It should also be kept in mind that the first time window
is only 20 ms long whereas in the first survey the signal is inte-
grated over 100 ms. Furthermore, the electrode grounding was
given much more attention in the first survey.

A significant number of IP decay curves look very dis-
turbed in the single cable spread data set (Fig. 16), although a
large proportion look reasonable. For the separated spread
data set (Fig. 18) the majority of IP signals decay in an
orderly manner.
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FIGURE 14
Electrode contact resistance from
the Knivsasen test line.
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(a) Knivsasen - separate C and P cable spreads
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FIGURE 17

Pseudosections  from  the
Knivsésen test line measured
with separate cable spreads for
current transmission and potential
measurement and the ABEM
Terrameter LS; a) apparent resis-
tivity and b) apparent chargeabil-
ity for time window 20-40 ms. IP
decay curves from the marked
areas are shown in Fig. 18.

FIGURE 18

IP decay curves from the
Knivsdsen test line measured
with separate cable spreads for
current transmission and potential
measurement and the ABEM
Terrameter LS. The parts of the
pseudosection from which each
group of decay curves were gath-
ered are marked in Fig. 17. Note
that the chargeability scale differs
between the diagrams.
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An example of a full waveform recording for a positive 1P
decay curve is shown in Fig. 19a, where power grid noise is
evident. However, averaging over whole 50 Hz periods removes
it efficiently. Figure 19b shows an example of a negative IP
decay curve, where negative means that the measured potential
immediately after the current is turned off goes beyond the rest
level and then decays back towards it in the opposite direction.
Negative IP effects can be explained by the relative distribution
of chargeable and non-chargeable zones in the ground (e.g.,
Sumner 1976). Apart from power grid noise and spikes at trans-
mitter on-off it is very consistent. An example of a data point that
is affected by capacitive coupling is shown in Fig. 19c. There it
is clear that the signal is strong but that the chargeability is unre-
alistically high.

The inversion resulted in smaller residuals than for the
previous survey, 1.7% for resistivity and 4.5% for IP for the
single spread data set and 1.0% for both resistivity and IP for
the separated spread data set. The inverted chargeability
model from the single spread data set (Fig. 20b) appears to
have very poor resolution in the deeper parts. The normalized
chargeability model (Fig. 20c) has an overall appearance that
is similar but the chargeable zone in the lower right part is
missing. Furthermore the medium chargeability of the soil
layers surrounding the esker has a noisier and discontinuous
appearance. The inverted model sections for the separated
spread survey are quite similar to those of the previous survey
difference (Fig. 21a—c) but appear to have slightly less resolu-
tion.

Interpretation and discussion

The somewhat noisier appearance in the apparent chargeability
section for the core of the esker is to a large extent due to multi-
ple electrode geometries resulting in pseudosection focus points
next to each other but the lack of attention to the electrode
grounding may also play a role. It is encouraging that the results
agree so well in spite of this.

The results obtained with the different instrument set-ups are
not directly comparable due to differences in the geometry and
to less dense data coverage in the second survey. Results are
however consistent in that the inverted models and the overall
geological interpretation do not differ significantly between the
two surveys.

The shape of the core of the esker however appears to be
slightly less well resolved in the second survey using the
Terrameter LS. This can simply be explained by the twice as
large minimum electrode spacing used resulting in poorer data
cover for the shallow parts and a coarser model grid that may
result in some artefacts in an environment presenting such high
contrasts in electrical properties (Dahlin and Zhou 2005). The
rather large minimum electrode spacing between the potential
electrodes in the separated cable spreads data set may be the
reason behind the patchy appearance of the chargeability model
in the core of the esker. The minimum potential electrode spac-
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FIGURE 19

Examples of full waveform plots from the Knivsasen site. a) Positive IP
decay, b) negative IP decay, c) severe capacitive coupling.

ing was 10 m in the second survey and 5 m in the first. The
normalized chargeability model based on the single cable spread
data differs to such an extent that it would make interpretation
based on it less reliable. In all cases at this site, separating current
and potential cables has led to an improvement and is recom-
mended.
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FIGURE 20

Inverted model sections based on single cable spread results with
Terrameter LS from Knivsasen: a) resistivity, b) chargeability, ¢) normal-
ized chargeability.

DISCUSSION

The results from the test sites presented here illustrate that useful
induced polarization data can be obtained with multi-electrode
systems. Although a precise explanation of the induced polariza-
tion phenomena observed is missing, the retrieved features are
consistent with available documentation.

The first example shows that standard single spread multi-
core cables can be sufficient if the conditions are favourable. At
this site grounding conditions are favourable and the signal levels
are relatively high. These are believed to be key factors.
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Inverted model sections based on separated cable spread results with
Terrameter LS from Knivsasen: a) resistivity, b) chargeability, ¢) normal-
ized chargeability.

At the second and third sites it was necessary to separate cur-
rent and potential cables to obtain consistent results. At these
sites the grounding resistance was higher and signal levels were
lower, as a consequence of the lower transmitted current and of
smaller IP effects, particularly at the third site. The results show
that separating current and potential cables can be an efficient
solution for acquiring data of sufficient quality. The direct cou-
pling between the current transmission and potential receiver
conductors decreases with the square of the distance between
them and this is likely to be an important factor in the improve-
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ment in data quality. This arrangement also prevents the same
electrodes from being used both as current and potential elec-
trodes in the same measuring round, which may have some
beneficial effects even if the electrode charge-up effects are
accounted for by optimizing the measuring sequence and cor-
recting for variation in background levels.

The procedure described for measuring with separated cable
spreads is relatively simple and applicable for current field meas-
urements but it requires an extra switching unit. For a compara-
ble spread length a complete extra set of electrodes and cables
will be required. In order to maintain the same minimum poten-
tial electrode separation and thus the same near- surface resolu-
tion twice as many electrode positions will be needed with
implications for the field logistics.

The data obtained here could be interpreted using standard
inverse modelling routines (Res2Dinv (Loke 2010) based on Li
and Oldenburg’s method (1994) and Seigel’s definition of
chargeability), resulting in an apparently consistent model with
low residuals. The models obtained from inversion of the data
agree with the general documentation at the sites, although more
detailed information would be needed to fully explain the
observed phenomena. It should be noted, however, that inversion
that only takes the summary IP response into account only uses
a fraction of the information of the IP data. Moreover, the result-
ing amplitude for the chargeability depends on the selected time
window, since data are in general not recorded for the full decay.
Methods that can make full use of the spectral information in
time-domain IP data are desirable and could make time-domain
data into a very powerful tool in near-surface applications. These
call in their turn for more precise and ‘cleaner’ measurements.
Realistic geological interpretation could be made even though no
account was taken of possible inductive effects, other than using
a 10 ms delay after current turn-off.

Assessment of data quality

Data quality assessment is always necessary before interpreta-
tion. It can be done by simple means, i.e., verifying that the
pseudosections and the IP decay curves are consistent and with-
out outliers. Full waveform should preferably be stored for more
detailed data quality control and possible re-processing of the
data using advanced signal processing. On the data sets meas-
ured with single cable spread at the second and third site the bad
data quality could be detected directly by looking at the pseudo-
sections, where many outliers as well as many negative charge-
ability data could be seen. To have a look at the decay curves can
be useful in identifying noisy data; however distinguishing good
and bad decay is not always so easily done.

Bertin and Loeb (1976), Sumner (1976) and Martinho and
Almeida (2006), among others, have noted that measuring nega-
tive apparent induced polarization is possible under certain geo-
metrical configurations. A negative IP decay can be due to a
specific distribution of chargeable materials in the underground
and/or to the electrode array used for the measurement and

should not automatically be rejected. The data presented here
comprise many examples of negative but consistent IP decay
curves that are in good accordance with the inverted models
judging by the low residuals. However, we observe that negative
IP data are more common in disturbed than in good quality data,
as also observed by Viezzoli et al. (2008). The occurrence of
many negative decay curves, although possible, could be a warn-
ing sign for possible coupling effects and leads to a thorough
examination of measured data. Numerical modelling on the geo-
metrical conditions leading to negative apparent chargeability
would be very useful to guide the data quality assessment.

Composite decays are theoretically possible (see Bertin and
Loeb 1976) but generally it is expected that the decay should be
smooth and decay in a consistent way. However it is not always
the case even in what we assumed as ‘good data sets’ (see Figs 3,
6 and 13), even though it is more apparent in clearly noisy data
(see Fig. 12).

Induced polarization decay is considered to have larger time
constants than electromagnetic coupling and the difference is for
instance apparent in Figs 12 and 14. However, it is not impossible
that the difference in some cases is less evident and that the two
effects cannot always be distinguished. This seems to advocate for
including the electromagnetic effects in the calculations, although
they would readily become more complex. Another strategy,
would be to try to reduce these effects as much as possible.

Using the reciprocity principle to quantify the measurement
quality is very useful (Parasnis 1988) and it could be used for
assessing more subtle effects on [P-data, like e.g., capacitive and
inductive coupling. It is, however, generally much more time
consuming and thus costly, to measure the reciprocal data set
than the normal data set since it is not possible to make use of the
multi-channel measuring capability of the instruments to such an
extent. For nested arrays, such as multiple gradient, the shorter
separations between the current electrodes for reciprocal meas-
urements will make it more difficult to transmit as much current
at sites with difficult grounding conditions. Furthermore, the
longer separations between the potential electrodes will tend to
pick up more noise. All this will result in a decreased signal-to-
noise ratio for the reciprocal data. Hence, the data quality estima-
tions using reciprocal measurements would tend to overestimate
the noise relative to the normal data set. Nevertheless checking
reciprocity is useful to indicate possible problems.

Signal levels

Our results show that multi-electrode resistivity imaging type
equipment can be sufficient for acquisition of IP data that can be
very useful for e.g., environmental applications. Even rather
modest transmitter power can be sufficient, such as the transmit-
ter used for most of the data presented here that has a limitation
of 40 W. More powerful transmitters are needed in low- resistive
environments, for long layouts or for high quality demands.
Transmitter output voltage is often the limiting factor for trans-
mitting current in high-resistive environments and in the
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Bergadsen and Knivsasen cases presented here this is the case for
much of the data.

A small effective input signal is often a limiting factor, as
illustrated by the examples presented here. The signal levels are
magnitudes lower for IP measurements than for resistivity meas-
urements, especially in natural soils where the IP effects are
usually relatively small. The signal levels are often much higher
in waste but still a factor of ten, or more, smaller than for the
resistivity measurements. In addition, the IP signals are gener-
ally integrated over much shorter time intervals than the resistiv-
ity signals and this means that the effective resolution of the
AD-converter is smaller.

The small effective signals mean that it is important to select
an electrode array with good signal strength, i.e., electrode arrays
with a large geometrical factor should be avoided. This generally
makes dipole-dipole array a poor choice from a signal-to-noise
point of view, whereas a multiple gradient array that was used
here is more favourable (e.g., Dahlin and Zhou 2006). As pointed
out earlier, the dipole-dipole array has traditionally been used
extensively for IP surveying in order to minimize coupling prob-
lems but it does not offer any advantage when measuring with
the type of multi-electrode equipment used here.

The electrode contact is a key factor, as good contact allows
more current to be transmitted, whereas the signal will easier
drown in noise if less current is transmitted. Furthermore high
contact resistance will enhance capacitive coupling. Stainless
steel electrodes were used in all the examples presented here. A
major advantage of steel electrodes is that they are easy to handle
and can take a lot of rough treatment, which makes it easier to
provide good ground contact (lower contact resistance). A draw-
back of stainless steel electrodes is the background potentials
due to electrochemical processes between the electrode and the
ground being large compared to non-polarizable electrodes
(Dahlin et al. 2002). Furthermore, the electrodes are charged
when used for transmitting current and it can take several tens of
minutes before these potentials have decayed (Dahlin 2000).

The signals arising from the transmitted current are superim-
posed on background potentials that exist between the receiving
electrodes and they can vary significantly during the measure-
ment. In all the examples presented here the background poten-
tials are hundreds of mV for many of the data points and a sig-
nificant number of them reach well above 1 V. This means that it
is essential to have an instrument with high-dynamic resolution
in order to resolve the small induced signals on top of the back-
ground potentials, whereas a high amplification rate would be of
limited use. Since the best resolution input range of the instru-
ment used in the last example is +2.5 V it can be expected to use
the best resolution regardless of electrode polarization, which is
important for small induced potentials. The theoretical resolution
is 3 nV at 1 s integration for this measurement range but the
actual resolution is lower for shorter integration times and with
ambient noise present. If the best resolution input range was for
example +250 mV it could not be used for a large amount of the
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measurements at the test lines presented here even if the induced
signals were small. This could become problematic if the input
section of the instrument was based on an AD-converter with less
resolution. It should be noted that it is essential to correct for the
varying background levels, otherwise large errors will occur in
both the resistivity and IP data.

Timing considerations

A further complication is that the short time between current
turn-off and start of signal integration makes IP measurement
much more prone to signal disturbances from coupling. Coupling
can arise for example between different cables, between the con-
ductors inside the electrode cables, between different conductors
inside the instrument and between cables and the ground. Our
results suggest that coupling inside the electrode cables domi-
nates for the latter two sites and that much of the noise due to
coupling can be removed by separating the cable spreads used
for current transmission and potential measurement. It would
however be useful to look further into the other coupling mecha-
nisms, in order to identify measuring situations in which they
would be significant and if possible develop tools for automatic
data quality assessment.

The fact that the pulse length was generally too short leads to
underestimation of the DC resistivity values since the current-on
voltage signals have not reached their full values. The IP effects
will also be affected, where the exact impact is complex due to
repeated current pulses with different polarity that counteract
each other. This also has consequences for the correction applied
for the background potential. The pulse length chosen will often
in actual surveys tend to be too short in relation to the decay
times since it immediately affects the time spent on field data
acquisition and using a longer pulse time will make the field
survey more time consuming and thus more expensive.

CONCLUSIONS

Useful and apparently reliable data were obtained with the pro-
cedures described here. It is possible to obtain good quality IP
data using multi-electrode resistivity-IP equipment and single
spread electrode cable layouts at sites with favourable electrode
contact, sufficient signal levels and low noise levels, as illustrat-
ed by the Ekeboda example.

Sites with high contact resistances often result in low signal
levels and noise problems, which are most likely due to capaci-
tive coupling, making the IP signals drown in noise, as illustrated
by the Bergadsen and Knivsasen examples. In such cases it can
be possible to obtain useful and interpretable time-domain IP
data with conventional multi-electrode resistivity-IP equipment
by using separate cable spreads for transmitting current and
measuring potentials. The procedure described for measuring
with separated cable spreads is relatively simple and applicable
for current field measurements.

The resulting models agree with the general documentation at
the sites, although more detailed information would be needed to
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fully explain the observed phenomena. Comparison with relevant
field documentation and well-designed laboratory experiments
are necessary for a better understanding.

Data quality assessment is always necessary before interpre-
tation. It can be done by simple means, i.e., verifying that the
pseudosections and the IP decay curves are consistent and with-
out outliers.

Using the reciprocity principle would presumably be useful
when assessing more subtle effects on IP-data, like e.g., capaci-
tive and inductive coupling but it would be much more than
twice as time consuming and would tend to overestimate the
noise for nested electrode arrays. It is the reason why it is seldom
completely undertaken.

IP responses can be negative due to the relative positions of
chargeable and non-chargeable zones, as exemplified here but nega-
tive IP data may also arise from noise due to coupling. It would be
useful to more precisely define when such curves can be expected.

The data obtained here could be interpreted using standard
inverse modelling routines and using summarized chargeability
for all time windows, resulting in models that add significant
information to the resistivity models. Methods that can make full
use of the spectral information in time-domain IP data are desir-
able as potentially a significant amount of useful information is
not being made available to the interpreter.
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