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ABSTRACT
This paper aims to test, in a quantitative way, the different approaches that can be
applied to improve the contact resistance problem in a debris environment for the
acquisition of electrical resistivity tomography. We collected various datasets on the
same investigation line in a blocky ground surface of a landslide deposit, using dif-
ferent coupling systems: single electrodes placed between the boulders, adding extra
electrodes in parallel and drilled single electrodes inside the blocks. We performed
the measurements in natural dry conditions, then we added salt water nearby the
electrodes hammered among the boulders and we filled the drilled holes with a con-
ductive carbomer-based gel. The results clearly demonstrate that using salt water sig-
nificantly reduces the contact resistances, but also that, if salt water is not available,
we can collect a good quality dataset in dry conditions by connecting more electrodes
in parallel. Drilling the electrodes directly inside the boulders decreases the data qual-
ity but, if necessary, we demonstrate that the use of a commercial carbon polymer gel
can provide a marked improvement in contact resistances.

Key words: Data acquisition and data processing, Electrical resistivity tomography,
Electrode.

INTRODUCTION

Gravitational mass movement, such as blocky landslides and
debris flows, are natural hazards with great socioeconomic
impact in the mountain eco-system, causing infrastructures
damages and casualties (Petley, 2012; Papathoma-Köhle et al.,
2015). For this reason, the characterization and monitoring
of these complex geological phenomena have a great impor-
tance for hazard management and stakeholders. Debris inves-
tigation usually requires a multidisciplinary approach, based
on the integration of remote and in situ ground-based sens-
ing technologies (Perrone et al., 2006; de Bari et al., 2011).
In the context of in situ ground-based measurements, geo-
physical methods are widely used for the characterization and
monitoring of landslide areas, e.g. to delineate depth and ge-
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ometry of the sliding surface. In particular, electrical resistiv-
ity tomography (ERT) can provide 2D or 3D images of the
electrical resistivity ρ (Ωm) distribution in the subsoil. This
physical property of the ground is mainly influenced by the
mineralogy of the particles, porosity, ground water content,
water salinity and the intrinsic weathering/alteration of the
material (Reynolds, 2011; Archie, 2003; Park and Kim, 2005;
Bièvre et al., 2012). Since some of these factors, especially
the change of water content and weathering/alteration de-
gree, are well-known rulers in the triggering mechanisms of
gravitational mass movement (Gabet, 2007; Matsuura et al.,
2008; Schulz et al., 2009; Sajinkumar et al., 2011; Regmi et al.,
2013), the ERT technique has been widely applied for land-
slide characterization and monitoring studies (McCann and
Forster, 1990; Hack, 2000; Jongmans and Garambois, 2007;
Yilmaz, 2007; Perrone et al., 2014; Heinze et al., 2017; Boyd
et al., 2019). However, direct current (DC) measurements (as
ERT) can suffer from a range of sources of error that, if
not correctly addressed, can have a significant impact on the
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Galvanic contact resistance for geoelectrical measurements 179

interpretation of the survey results (Binley, 2015). Particu-
larly, high galvanic contact resistance between the electrodes
and the ground can be problematic, decreasing the signal-to-
noise ratio and consequentially affecting the quality of the ac-
quired dataset (Ingeman-Nielsen et al., 2016; Tomaškovičová
et al., 2016).Anomalous or negative resistivity values recorded
during the ERT measurements often highlight problems with
contact resistances, a typical issue in high resistive environ-
ments such as rocky ground surface of debris deposits or rock
glaciers (Boaga et al., 2020). In this kind of environments, the
contact resistance values depend strongly on the surface con-
ditions and can reach several hundred of kΩ (Hauck et al.,
2008). Considering that usually the acceptable contact re-
sistance is around tens of k� (Day-Lewis et al., 2008), this
makes DC measurements particularly challenging in a moun-
tain rocky ground surface. Usually, the coupling of electrodes
in a debris terrain can be achieved in two different ways: (i)
by firmly placing the electrodes among the boulders or, where
larger blocks are present, (ii) by drilling the electrodes inside
the boulders (Hauck et al., 2008). However, with a coarse-
blocky terrain, even the stable coupling does not guarantee a
good galvanic contact. Typically, this problem can be solved
by adding salt water in the immediate vicinity of the electrodes
(Binley, 2015) or by installing extra electrodes in parallel to the
main ones (Hauck et al., 2008). Recently, during ERT mea-
surements for archaeological surveys, a carbomer-based gel
has been tested with success to improve the electrical contact
between ground and electrodes (Vásconez-Maza et al., 2020).
This commercial product, portable and easy-to-find, is a stan-
dard electrical enhancer for magnetic resonance imaging em-
ployed in medical diagnostic. In our case study, we tested dif-
ferent deployments of electrodes for ERT measurements on
the same investigation line in a heterogeneous rocky ground
surface of a debris deposit. We compared the contact resis-
tance and the injected current values obtained with the differ-
ent deployments, and we evaluated the quality of the acquired
datasets (verifying the differences of the saved quadrupoles
after the reciprocal check, as in Cassiani et al., 2006). Finally,
we compared the inverted resistivity sections obtained with
the collected datasets, discussing the advantages and disad-
vantages of each acquisition mode.

S ITE DESCRIPTION

The test site is in the Northeast of Italy, in the province of
Trento, more precisely in the lower part of Sarca Valley (see
Fig. 1a). The lower Sarca Valley (245–65 m a.s.l.) is charac-
terized by numerous post-glacial gravitational events, likely

closely related to neoalpine tectonics (Ivy-Ochs et al., 2017).
These landslide deposits are called ‘Marocche’, a local term
for extensive and chaotic deposits of huge and angular blocks
(Martin et al., 2014). Among the various ‘Marocche’ land-
slides deposits, we selected the ‘Marocche di Dro’ site, more
precisely the Kas deposit located immediately to the south
of the Cavedine Lake (see Fig. 1b). The Kas landslide event
took place 1080 ± 160 years ago, probably triggered by the
Verona earthquake of 1117 (Guidoboni et al., 2005). The rock
avalanches came from Mt Brento (1544 m a.s.l.) and Mt La
Costa (1634 m a.s.l.), at the western side of the valley, and are
mainly composed of the calcareous formations named ‘Calcari
Grigi’. The event buried the ‘Marocca Principale’ deposit, the
older and larger landslide body of the ‘Marocche di Dro’ de-
posit (see Fig. 1b). The Kas debris area is approximately 3 km
long and varies in width from 0.5 km to 1.5 km, correspond-
ing to about 3.5 km2. The maximum thickness is estimated to
be about 80 m and the deposit is composed of distinctly bar-
ren, chaotic, blocky debris almost completely devoid of veg-
etation (Ivy-Ochs et al., 2017; see Fig. 2a–b). Angular boul-
ders are abundant on the surface of the Kas deposit, while
the sediment below the blocky carapace consists of angular
fragments ranging from gravel to silt in size (Weidinger et al.,
2014).

METHODS

Electrical resistivity tomography (ERT) surveys are performed
with multi-electrode devices in order to retrieve the electrical
properties distribution of the subsoil. An array of dozens of
electrodes is coupled with the substrate in order to ensure a
good galvanic contact with the ground. The apparent resis-
tivities ρa (�m) of the subsoil are measured by injecting the
current Iwith two of the electrodes (current electrodes dipole)
and by recording the potential difference �V that arises at the
other couples (potential electrodes dipole). The measurements
are performed along the entire electrodes array; in this way,
a pseudo-section of apparent resistivities is obtained (Day-
Lewis et al., 2008). Finally, by executing the inversion process
of the collected dataset, we can find the real distribution of
the electrical properties in the investigated subsoil. Inversion
codes iteratively find the best subsoil model that minimize the
misfit between the measured and computed datasets (Binley
and Kemna, 2005). At the ‘Marocca di Dro’ site, we collected
the measurements with a Syscal Pro georesistivimeter (Iris In-
struments), with an investigation line of 24 stainless-steel elec-
trodes (30 cm length), spaced 1.0 m apart (see Fig. 2a–b)
and a dipole–dipole skip-0 configuration (see Table 1). In the

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 20, 178–191

 18730604, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nsg.12192 by C

ochraneItalia, W
iley O

nline L
ibrary on [11/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



180 M. Pavoni, A. Carrera and J. Boaga

Figure 1 (a) Location of the test site selected for the measurements: the Marocche di Dro landslide. (b) Position of the ERT survey line performed
on the Kas deposit.

dipole–dipole configuration, the current electrodes dipole is
adjacent to the potential electrodes dipole. Both dipoles have
an equal width a (m) and they are separated by a distance na
(m). The skip represents the number of electrodes skipped to
create a dipole: in our case, skip 0 means that no electrodes
have been skipped. Finally, the inversion process of the ac-
quired datasets has been realized with the code R2, based on
the Occam’s inversion method (Binley, 2015).

In our case study, we acquired six datasets on the same
investigation line, using different ways to ensure a good cou-
pling and galvanic contact between the electrodes and the
coarse-blocky terrain. First, we performed the measurements
by hammering the electrodes between the boulders (1 elec-
trode in each position of the array, Fig. 3a), then we installed
2 extra electrodes connected in parallel to the main ones (3
electrodes in each position of the array for a total of 72
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Galvanic contact resistance for geoelectrical measurements 181

Figure 2 Pictures taken during the ERT measurements performed on the rocky ground surface of the Kas landslide deposit; the length of the
survey line is 23 m and the 24 electrodes are spaced 1 m. (a) Picture taken close to the first electrode (‘24’ is the last electrode). (b) Picture taken
close to the last electrode (‘1’ is the first electrode).

Table 1 Acquisition parameters of the performed ERT surveys

Instrument Iris Instrument Syscal Pro 72
Configuration Dipole–Dipole skip 0
Injection time 250 ms
Stack max 6
V min 0.001 V
V max 800 V
Electrodes number 24 (72 for the triplets test)
Spacing 1 m
Array length 23 m

electrodes, Fig. 3b), and finally we drilled single electrodes in-
side the boulders (1 electrode in each position of the array,
Fig. 3c).

Initially, the measurements were performed in dry natural
conditions (from now on ‘dry conditions’), and afterwards by
adding salt water solution around the electrodes (a mixture
of 350 g of NaCl in 15 L of H2O, from now on ‘wet con-
ditions’). As regards the drilled electrodes, we first measured
the dry conditions and, subsequently, the holes were filled with
a carbomer-based gel (see Fig. 3c). We tested the conductive
polymer gel since it is more practical for filling the holes and it

does not require any physical or logistical efforts as the prod-
uct is easily transportable in small jars, unlike water tanks,
which are very heavy and bulky. Before each survey, we saved
the contact resistances recorded by the georesistivimeter in
order to evaluate and compare the values obtained with the
different acquisition modes. Furthermore, we acquired all the
datasets with reciprocal measurements (Cassiani et al., 2006),
exchanging current and potentiometric dipoles for each mea-
sured quadrupole. In this way, we can assess the quality of the
recorded datasets and correctly define the expected data er-
ror for the inversion processes (Day-Lewis et al., 2008). Once
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182 M. Pavoni, A. Carrera and J. Boaga

Figure 3 (a) Single electrode placed between the boulders (24 electrodes: 1 per array position); (b) a group of three electrodes (triplets) connected
in parallel and placed between the boulders (72 electrodes: 3 per array position); (c) electrode drilled inside the boulder; here the hole is filled
with the conductive carbomer-based gel to improve the galvanic contact (24 electrodes: 1 per array position).

Figure 4 (a) Contact resistance values recorded with single electrodes placed between the boulders; (b) contact resistance values recorded with
3 electrodes placed between the boulders and connected in parallel; (c) contact resistance values recorded with the electrodes drilled inside the
boulders. All the coupling modes are presented in dry conditions (blue) and after adding salt water or gel (red).

an acceptable difference threshold between the reciprocal
measurements is defined, we removed the quadrupoles ex-
ceeding that target and those with measured potential dif-
ference (�V) lower than 0.001 V (the instrument resolution
limit).

RESULTS

The histograms of Figure 4 show the contact resistances
recorded for each survey in dry and wet conditions. First, let
us consider the dry condition values. The highest contact re-
sistances are observable with the electrodes drilled inside the

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
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Galvanic contact resistance for geoelectrical measurements 183

Figure 5 Injected current values of the datasets acquired with single electrodes hammered between the boulders in (a) dry and (b) wet conditions;
injected current values of the datasets collected with the triple-electrode mode in (c) dry and (d) wet conditions; injected current values of the
datasets acquired with electrodes drilled inside the boulders in (e) dry conditions and (f) after filling the holes with a conductive gel. Note the
different scales of y-axes in dry and wet/gel conditions.

boulders (Fig. 4c in blue). In this case, the contact resistances
are almost one order of magnitude greater than those obtained
with the electrodes hammered among the blocks (Fig. 4a–b in
blue). The lowest contact resistance values in dry conditions
(<200 kΩ) are recorded using the triplets configuration, i.e.
with three electrodes connected in parallel (Fig. 4b in blue).
The values obtained with the triple electrodes are in fact more
than halved if compared to those found with the common sin-
gle electrode configuration (Fig. 4a).Wetting with small quan-
tities (15 L) of saline water has a very noticeable effect on the
measured contact resistances for both the configurations. In
fact, the values are decreased by one order of magnitude (<20
k�; Fig. 4a–b in red). Finally, also adding the carbomer-based

gel helps to improve the galvanic contact of the drilled elec-
trodes, since the contact resistances are almost halved in com-
parison to the initial dry conditions (Fig. 4c in red).

Figure 5 represents the histograms with the values of in-
jected current recorded in each acquired dataset. The low-
est values are found in dry conditions (<20 mA; Fig. 5a, c,
e), particularly when the measurements were performed with
the drilled electrodes (Fig. 5e). In dry conditions, the higher
values are obtained using the triple-electrode mode (Fig. 5c),
the injected current has on average doubled if compared to
that found with the single electrodes (Fig. 5a) and is almost
four times that obtained with the drilled ones (Fig. 5e). Nev-
ertheless, it is clear that in wet conditions the amount of

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
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184 M. Pavoni, A. Carrera and J. Boaga

Figure 6 (a) Pseudosections obtained after we applied three different reciprocal error thresholds (5%–10%–20%) to the datasets measured with
single electrodes hammered between the boulders; (b) percentages of saved and rejected quadrupoles for each error threshold.

injected current increases considerably (note the different scale
of y-axes in dry and wet conditions), regardless of whether
we consider the array with single (Fig. 5b) or triple electrodes
(Fig. 5d) hammered between the boulders. Finally, considering
the drilled mode, applying the gel (Fig. 5f) does not reach the
same high values found in the wet conditions, but the average
injected current is three times higher than in dry conditions
(Fig. 5e).

Figure 6 shows the apparent resistivity pseudosections
obtained after the reciprocity quality check (performed with
three different error thresholds of acceptance: 5%, 10%
and 20%) was applied to the datasets collected with sin-
gle electrodes hammered between the boulders. As expected,
regardless of the applied threshold, the number of saved
quadrupoles increases considerably performing the measure-
ments in wet conditions, particularly in the deeper part of the

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
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Galvanic contact resistance for geoelectrical measurements 185

Figure 7 (a) Pseudosections obtained after we applied three different reciprocal error thresholds (5%–10%–20%) to the datasets measured with
three electrodes (hammered between the boulders) connected in parallel in each position of the array; (b) percentages of saved and rejected
quadrupoles for each error threshold.

pseudosection. Figure 6(b) shows the percentages of the saved
and rejected quadrupoles for each dataset. In dry condi-
tions, in order to save more than 50% of the quadrupoles,
we must apply the higher reciprocity threshold error of
20%. This strongly limits our dataset confidence. On
the other hand, in wet conditions, the number of saved
quadrupoles is nearly 90% independent of the chosen error
threshold.

The same procedure has also been applied to the datasets
collected with three electrodes connected in parallel per array
position (triplets, Fig. 7). In this case, even in dry conditions,
the number of saved quadrupoles is always greater than 50%,
nearly 70% (Fig. 7b). This provides a large number of reli-
able measured points in the deeper area of the pseudosection
with respect to the dataset obtained with the single dry elec-
trode configuration (compare Fig. 6a and Fig. 7b). As before,

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 20, 178–191
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186 M. Pavoni, A. Carrera and J. Boaga

Figure 8 (a) Pseudosections obtained after we applied three different reciprocal thresholds (5%–10%–20%) to the datasets measured with the
electrodes drilled in the boulders; (b) percentages of saved and rejected quadrupoles for each error threshold.

the percentages of saved quadrupoles increase in wet condi-
tions, regardless of the chosen reciprocal error threshold (al-
most 90% of measurements are always saved).

Finally, Figure 8 shows the output of the reciprocity check
applied to the datasets measured with electrodes drilled inside
the boulders. In dry natural conditions, the number of saved
quadrupoles is clearly lower than that in the previous cases
of Figures 6 and 7, regardless of the applied error threshold.
As with the salt water previously, filling the holes with the
conductive carbomer-based gel helps significantly to decrease

the amount of rejected measurements, particularly at greater
depths (see Fig. 8a). The number of saved quadrupoles, af-
ter gel application, becomes always greater than 50% (see
Fig. 8b).

The results of the inversion process are shown in
Figures 9–11.We present only the resistivity sections obtained
with expected data errors of 5% and 10%, since the 20%
threshold is considered less reliable. All the inversion results
have been achieved with a number of iterations always lower
than 10 and with a final root mean square (RMS) misfit (RMS

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 20, 178–191
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Galvanic contact resistance for geoelectrical measurements 187

Figure 9 Resistivity sections obtained from the datasets measured with single electrodes hammered between the boulders: using the dataset
acquired in wet conditions with (a) 5% and (c) 10% of the expected data error and using the dataset acquired in dry conditions with (b) 5%
and (d) 10% of the expected data error.

Figure 10 Resistivity sections obtained from the datasets measured with the triplets electrode configuration: using the dataset acquired in wet
conditions with (a) 5% and (b) 10% of the expected data error and using the dataset acquired in dry conditions with (b) 5% and (d) 10% of
the expected data error.

– a mean to evaluate the misfit between measured and calcu-
lated datasets) close to 1%. Figure 9 shows the results for the
single electrodes hammered between the boulders. It is clear
that if we perform the measurements in dry or wet conditions,
we obtain quite different results. In fact, in dry conditions
(Fig. 8b–d), we found much larger and deeper (>3 m) unre-
alistic anomalous areas with high resistivity values (> 30,000

Ωm) as compared to the resistivity sections found in wet con-
ditions (Fig. 8a–c).

Figure 10 shows the inverted resistivity sections ob-
tained with the triple-electrode configuration. Once again, it
is clear that performing the surveys in dry (Fig. 10b–d) or
wet (Fig. 10a–c) conditions changes the results. However, this
time the differences are almost negligible if compared to those

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 20, 178–191
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188 M. Pavoni, A. Carrera and J. Boaga

Figure 11 Resistivity sections obtained from the datasets measured with electrodes partially drilled into the boulders: using the dataset acquired
with polymer gel inside the holes with (a) 5% and (c) 10% of the expected data error and using the dataset acquired in dry conditions with (b)
5% and (d) 10% of the expected data error.

found with the single electrode configuration (Fig. 9). In par-
ticular, the resistivity sections achieved with an expected data
error of 10% (Fig. 10c–d) are very similar to each other. Prac-
tically, the triplets mode provides a reasonable image of the ex-
pected subsoil structure even in dry conditions. On the other
hand, considering the ‘wet dataset’, the results (Fig. 10a–c)
are nearly the same obtained previously with single electrodes
(Fig. 9a–c).

Finally, Figure 11 represents the inverted resistivity sec-
tions achieved with the electrodes drilled inside the boulders.
As in the two previous cases, once again the obtained results
are different if we collect the dataset with (Fig. 11a–c) or with-
out (Fig. 11b–d) the conductive polymer gel inside the holes.
In fact, considering the dry condition, a large number of unre-
alistic high resistivity areas (>30,000 Ωm) are evident at the
bottom of the sections (Fig. 11b–d).

DISCUSS ION

Figure 4 provides a self-explanatory evaluation of the col-
lected contact resistances. It is clear that the highest contact
resistance values have been measured when the electrodes
were directly drilled inside the boulders (Fig. 4c), particularly
in natural dry conditions. As confirmed by the histogram in
Figure 5(e), this implies that it is difficult to inject electrical
current into the ground from the single boulder and achieve
a good signal-to-noise ratio (Day-Lewis et al., 2008). Conse-

quently, the dataset acquired with this configuration are likely
to have a much lower quality than those obtained with the
electrodes hammered between the boulders (Fig. 4a–b and
Fig. 5a–d). This is also confirmed by a direct and reciprocal
measurement check (Cassiani et al., 2006). The dataset col-
lected with the electrodes drilled inside the boulders has a
number of saved quadrupoles (Fig. 8b), regardless of the recip-
rocal error threshold, always lower than those obtained with
the other two connection modes (Figs 6b and 7b). From Fig-
ure 4 we can also observe, as in natural dry conditions, the
best contact resistances are measured using the configuration
of three electrodes connected in parallel (Fig. 4b). The contact
resistance values reach an average of ∼100 k�, almost half
of those obtained with the single electrodes (Fig. 4a) and less
than 1

4 of those measured with the drilled ones (Fig. 4c). This
allows us to inject more electrical current into the ground, as
we can clearly see comparing the histograms in Figure 5(a,
c, e). Therefore, the dataset acquired with multiple electrodes
represents the one with the highest signal-to-noise ratio in dry
conditions. Once again, this is confirmed by the direct and re-
ciprocal check. In fact, the number of saved quadrupoles with
the triple-electrode configuration is always higher than those
obtained with the single electrodes, particularly in the deeper
area of the pseudosection (see Fig. 7a). These results suggest
that, if salt water is not available and we want to improve the
quality of our dataset, it is advisable to use more electrodes
connected in parallel in each position of the array. It must be

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
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Galvanic contact resistance for geoelectrical measurements 189

noted that this is against the assumption of punctual injection
of electrical current into the ground (Everett, 2013).Neverthe-
less, we tested different inversion procedures considering the
geometry of the triple electrodes (electrodes grouped close to
each other with respect to the array spacing). Inversion results
do not change, and the punctual electrodes assumption can
be adopted (e.g., compare Fig. 10a and Fig. 9a). Finally, from
Figures 4 and 5,we can observe as the lowest values of contact
resistances (<20 k�) and the highest values of injected cur-
rents are found by adding salt water, regardless of whether we
use the single or the triple electrodes mode. This implies that
the datasets acquired in wet conditions are those with the best
signal-to-noise ratio and, consequently, have the highest qual-
ity. Both the measurement modes allow us to save more than
80% of the quadrupoles after the reciprocity check is applied,
even using the lower threshold of 5% (Figs 6b and 7b). Fur-
thermore, it must be noted that the inverted resistivity sections
achieved in wet conditions (Figs 9a–c and 10a–c) are very sim-
ilar to each other and, presumably, the most similar to the real
subsoil condition. Among all the obtained resistivity sections,
the wet condition datasets guarantee a greater confidence to
reconstruct the structure of the investigated subsoil (Figs 9a
and 10a). In fact, these results agree with the subsoil structure
defined byWeidinger et al. (2014) for the same test site, where
large blocks are abundant at the surface of the deposit (ρ >

30,000 �m) while the underlying sediment is more heteroge-
neous with finer particle sizes (ρ < 30,000 �m). Consider-
ing this as the subsoil reference model, it is clear that, among
all the inversion results obtained in dry conditions, only the
resistivity section achieved with the triplet electrodes and an
inversion error of 10% is similar to the reference one (note
the similarity between Fig. 10d and 10c). In fact, as discussed
previously, the triple electrodes configuration guarantees the
highest quality dataset in dry conditions; as the contact resis-
tances are the lowest, the values of injected current and the
percentage of saved quadrupoles are the highest. In the other
‘dry sections’, high resistivity values (ρ > 30,000 �m) can be
found in deeper areas (>3 m) and those are probably unreal-
istic shapes due to the lower quality of the datasets. In fact,
after the reciprocity check, we lost many measured points in
the deeper part of the pseudosections (see Figs 6a and 8a). As
a consequence, the inversion code smooths the surface resis-
tive areas in depth. Finally, considering the results obtained
with the electrodes drilled inside the boulders (Fig. 11), only
the resistivity sections achieved using the conductive polymer
gel (Fig. 11a and c) define a subsoil structure quite similar to
the reference ones, even if some high resistivity values are still
found at greater depths. This is expected because, as we can

see in Figures 4(c) and 5(f), filling the holes with the conduc-
tive carbomer gel reduces the contact resistances and helps
to inject more electrical current into the soil, improving the
signal-to-noise ratio.

CONCLUSIONS

It is known that more easily the electrical current is injected
into the ground through the electrodes, greater is the amount
of reliable measured apparent resistivities, and consequen-
tially more accurate will be the imaging of the subsoil. There-
fore, a good galvanic contact resistance in mountain debris
environments is a critical issue, and some precautions must
be adopted. From the results obtained with our case study,
the most convenient way to perform electrical resistivity to-
mography (ERT) measurements in environments with rocky
ground surface is to hammer the electrodes between the boul-
ders, ensuring a good coupling and wetting the electrodes
areas with salt water. In this way, the contact resistances
are minimized and more electrical current is injected into
the ground. Therefore, the measurements are acquired with
a good signal-to-noise ratio and consequently high-quality
datasets can be collected. Accordingly, the inversion process
will be performed with greater confidence, especially if the
data error has been correctly evaluated with the reciprocity
check of the quadrupoles (Binley and Kemna, 2005). Consid-
ering the wet conditions, we have practically found the same
results using the single or the multiple electrodes connected in
parallel configurations. Therefore, if salt water is available, we
can simply collect the measurements using an array of single
electrodes hammered between the boulders. In this way, we
reduce the time requested to deploy the survey line, decreas-
ing the logistic effort because we do not need dozens of extra
electrodes, and avoiding possible implications of not-punctual
current injection assumption during the inversion process. On
the other hand, huge amounts of water is often not available
in mountain debris environments. In our case study, we used
15 L of salt water, meaning about 0.6 L per electrode. This
should be considered during the planning of ERT surveys in
mountain environments,where the transport of the equipment
can be demanding. If salt water is not available and we have
more electrodes than required to realize the array, our results
suggest to collect the dataset by adding extra electrodes con-
nected in parallel to the main ones, at least in the positions
where higher contact resistances are recorded. In this way, we
can strongly improve the galvanic contact resistance between
the electrodes and the terrain and, consequentially, the qual-
ity of the acquired dataset. Finally, if the size of the blocks is

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 20, 178–191
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metric and placing the electrodes between them is not possible
(considering that typically we want to create a straight survey
line with regular spacing), or we need to place the electrodes
in rock walls (Krautblatter and Hauck, 2007; Van Schoor and
Binley, 2010), the only solution remains to drill the electrodes
inside the boulders/walls. Our experiment shows that contact
resistances in this case are very high, and it is difficult to inject
the electrical current, but the problem can be limited by insert-
ing a polymer-based gel inside the holes. The application of the
carbomer-based gel does not involve any particular waste of
time and does not require major physical and logistical efforts,
as the product is easily available and transportable in small
jars, unlike salt water tanks that are very heavy and bulky.
Therefore, although our experience suggests to avoid drilled
electrodes, we strongly recommend the use of a conductive gel
to improve the quality of the collected dataset.

To conclude, we are aware that local conditions of dif-
ferent debris environments can modify the galvanic contact
with the electrodes, but, since the boulders of our investigated
site are composed of relatively conductive carbonates, even
more higher contact resistances can be expected with igneous
or metamorphic debris lithologies (Keller and Frischknecht,
1966).
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