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ARTICLE INFO ABSTRACT

Keywords: About 15 % of the global ice-free continental surface is characterized by the presence of karstifiable carbonate
Speleology rock. In Austria, about 20 % of the surface area consists of water-soluble rocks such as limestone or dolomite.
Case study Karstification may result in the formation of various cavities with varying size and distribution. Karst massifs are
ForststraBeneinbruch highl 1 . hich the 1 diff logical di inuities th in a broad
Karst ighly complex systems in which the water moves along different geological discontinuities that range in a broa

ERT spatial scale, from intragranular cracks (in the micro- to centimeter range) to fractures and cave systems, which
Geomorphology can extend over kilometers. Electrical resistivity tomography (ERT) is widely used for cave detection, yet

associated limitations have not been addressed so far. This study investigates subsurface conditions favoring the
detection of cavities with ERT as well as the geological settings limiting the method. In a first step, we use a
numerical study to evaluate the ability of the inversion method to recover the geometry of well-known resistivity
anomalies, by varying the resistivity values of the host rock. Synthetic data is used to understand the contrasts
required between the anomaly and the host rock. In a second step, we present extensive ERT data collected to
delineate the geometry of the “Forststra eneinbruch” cavity. This area is located near Lunz am See in the
Northern Calcareous Alps and was first mentioned in December 2016 due to a sinkhole formed on a forest road.
The geometry of the accessible parts of the cave was recorded using a speleological survey and could be used to
evaluate the field results. Moreover, ERT result can be used to detect other cavities not found during the
speleological survey. By using the speleological survey data we could create realistic models of the subsurface,
from which synthetic data were derived to understand the ability of the inversion to retrieve a well-known
model.

The ERT images show in general a good agreement with the known geometry of the cave and could be
validated through the synthetic models and the further available information. However, the size of the anomalies
point out to the presence of further caves. The synthetic results revealed that the resistive anomaly related to the
cave is better resolved in presence of a resistive host rock. While decreasing the resistivity of the host rock leads
to a decrease also in the sensitivity of the method to sense the cave, likely due to the ability of the current to
easily move around the resistive anomaly.

1. Introduction

According to Goldscheider et al. (2020) about 15 % of the global ice-
free continental surface is characterized by the presence of karstifiable
carbonate rock. In Austria, about 20 % of the surface area consists of
water-soluble rocks such as limestone or dolomite (Spotl et al., 2016).
Karstification may result in the formation of various cavities with
varying size and distribution. Karst massifs are highly complex systems
in which water moves along various geological discontinuities that
range in spatial scale from intragranular cracks (micro- to centimeter-
scale) to fractures and cave systems that can extend for kilometers (De

Waele and Gutiérrez, 2022). Knowledge about the position and geom-
etry of near-surface caves is critical to prevent damages to infrastructure
due to the collapse of the caves, which may also pose a threat to human
life [e.g. (De Waele and Gutiérrez, 2022; Park et al., 2024; Puzzilli et al.,
2024)]. Since such cavities often have no connection to the surface
(accessible to humans), their geometry cannot always be determined
through speleological surveys.

Geophysical methods have been proven to be well-suited methods to
gain non-destructive quasi-continuous information about subsurface
structures. In karst systems this may be of particular interest where near-
surface cavities are suspected, but not accessible [e.g. (Chalikakis et al.,
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2011; Verdet et al., 2020; Martinez-Moreno et al., 2014; Amanatidou
et al., 2022; Ba et al., 2020; Yue et al., 2020; Pasierb, 2022)]. Consid-
ering the contrasts in the resistivity of typical subsurface materials in
karstic systems (e.g., limestone, sediment, clay, air), ERT is a widely
used geophysical method for the delineation of underground cavities
and karstic phenomenons [e.g. (Khaldaoui et al., 2020; Valois et al.,
2011; Zhang et al.,, 2019; Gomez-Ortiz and Martin-Crespo, 2012;
Artugyan et al., 2020; Tao et al., 2022)]. Typical geological materials of
the host rocks (e.g., limestones) are related, depending on the satura-
tion, to modest to high electrical resistivity values; whereas karstic
features such as caves and fractures can be linked to (i) an increase in the
electrical resistivity values due to conduits filled with air [e.g. (Carriére
et al., 2013; Su et al., 2021)]; or to (ii) a decrease in the electrical re-
sistivity, associated to conduits filled with clay, or wet sediments [e.g.
(Martel et al., 2018; Cheng et al., 2019)].

In this study we aim at gaining a better understanding on the imaging
capabilities of the ERT method based on a carefully designed numerical
study. In particular, we investigate the influence of the resistivity
contrast in the subsurface by using (i) a resistive anomaly associated to
air filling of the open space, or (ii) when the walls of the cave are
conductive associated to walls covered with wet clayey grains trans-
ported during the infiltration of surface water. Additionally we reviewed
the influence of a soil layer on the surface above the cave. We then apply
the approach demonstrated by the numerical study to field data, using
measurements above the Forststral eneinbruch a cave located in Austria
(near Lunz am See). Available ground truth data allow for interpretation
of the ERT results leading to the delineation of unknown cave parts.

2. Materials and methods
2.1. The resistivity properties of rock

The subsurface resistivity (p), or its inverse the electrical conduc-
tivity (6 = 1/p), is controlled by three conduction mechanisms [e.g.
(Niggli, 1948)]: (1) Matrix conduction, through the solid part of the
rock, which is negligible in media without electrical conductors (i.e.,
metals), as expected for karstic regions.

(2) Electrolytic conduction (of) refers to the migration of the electric
charge through the water present in pores and cracks (i.e., ions dissolved
in the electrolyte filling of the pore-space). Therefore, the volume,
diameter and interconnectivity of the pore spaces between individual
minerals (porosity), water saturation and the concentration, charge and
mobility of ions are relevant to the electrical conductivity of the entire
rock body.

(3) Surface conductivity refers to the migration of charges (i.e., ions)
along the electrical double layer (EDL) formed at the gain-fluid inter-
face. Hence, in the absence of electronic conductors (i.e., metals) it is
controlled by the contribution of both surface and electrolytic conduc-
tion, with the former being controlled by the porosity, saturation of the
pore-space and the salinity of the electrolytic; while the latter is
controlled by the surface area and surface charge of grains. Archie's Law
(Archie, 1942) has to be extended then by the surface conductivity (o;):

0 =®"0o;S" + 0 [ §/m], 1)
where @ is the porosity, S the saturation and m and n are fitting pa-
rameters of Archie's law [e.g. (Waxman and Smits, 1968; Revil and
Glover, 1998)].

2.2. The ERT method

The ERT is an electrical method based on the injection of DC-current
through a pair of electrodes (current electrodes) and measure of the
resulting voltage in another pair (potential electrodes). From the known
injected current (I) and the measured voltage (U), the resistance (R) can
be calculated (R = U /I). In ERT, tens of electrodes are used to collect a
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hundreds of 4-electrode measurements, which can be used to resolve
variations in the electrical resistivity of the subsurface through the
inversion of the data (Binley and Kemna, 2005). For the inversion of the
data we used CRTomo (Kemna, 2000). This iterative smoothness-
constraint inversion algorithm allows the inversion of the data by
specifying a confidence level given by the data error. CRTomo uses a
linear relationship between the measured values (R) and their errors

(sr):
Sp = a-+ bRﬂ (2)

where a is the absolute error, relevant for low resistance values and b is a
relative error (in percent), important for higher resistance values
(LaBrecque et al., 1996). The exact distribution and dispersion of these
random errors are not known. They can be estimated using normal and
reciprocal, where the current and potential electrodes are changed [e.g.
(LaBrecque et al., 1996; Flores Orozco et al., 2012; Flores Orozco et al.,
2018)]. In CRTomo, the inversion stops when the modeled resistances
are equal to the measured resistances weighted by the associated error
parameter, i.e., when the error-weighted RMS (root-mean-square error)
is equal to one. Further details can be found in Kemna (2000).

Electrical images show spatially variable image resolution [e.g.
(Oldenburg and Li, 1999; Friedel, 2003; Binley and Kemna, 2005)],
which should be taken into account when interpreting the images.
Several studies have shown that an analysis of sensitivity provides
valuable insight into the resolution problem of the ERT results (Kemna
etal., 2002; Nguyen et al., 2009; Weigand et al., 2017). Here, sensitivity
indicates how a local change in electrical conductivity affects a single
measurement. A superposition of the individual sensitivities, the so-
called cumulative sensitivity (Kemna, 2000), shows the coverage of
the different region, whereas poorly covered regions normally also lead
to poor resolution. Therefore, such cumulative sensitivity images can be
used as a proxy for the resolution of the images. In this study, we take
this into account by blanking model parameters in the imaging results
with a cumulated sensitivity 2 orders of magnitude smaller than the
largest cumulated sensitivities [e.g. (Weigand et al., 2017)]. Such
approach has been largely investigated in other studies [e.g. (Flores
Orozco et al., 2013)].

2.3. Study area, geology of the site and speleological data

The study area, the Schofftaler Wald 5 km southwest of Lunz am See,
is characterized by a high density of caves, most of which are developed
in the Opponitzer Limestone (Bauer et al., 1988). The Forststra}
eneinbruch was discovered in December 2016 (Fig. 1), because a sink-
hole formed on a forest road. The sinkhole was formed in the uncon-
solidated rubble and soil material, which reaches the bedrock at a depth
of ca. 2 m below ground surface (bgs). The rest of the cave is formed in
Opponitzer limestone, stays mostly narrow and shows sticky layers of
fine sediment. Speleologist surveys between 2016 and 2018 revealed
that the ForststraBeneinbruch cave has a length of 147 m and a depth of
24 m (unpublished report in the cadastre of the Landesverein fiir
Hohlenkunde in Wien und NO). For the speleological surveys a distance
meter (Leica Disto) was used, which in addition to a laser distance
measurement also provides a compass and an inclinometer. With the
help of this device it is possible to lay a traverse through the cave,
consisting of distance, azimut and inclination measurements, which can
also be converted to X,Y,Z coordinates. Since such a traverse is just a line
and does therefore not represent the geometry of a cave, speleologists
additionally draw a ground plan and a longitudinal section (Fig. 2).
Therefore additional measurements to the walls (splay shots) were
recorded during the on-site survey. By using all this information we
know the shape, size and depth of the cave in a local, north-facing co-
ordinate system with the origin at the cave entrance.
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Fig. 1. Picture of the provisionally covered entrance of ForststraBeneinbruch, also visible the ERT instrument and the cables.

2.4. Geophysical data collection and processing

The ERT survey was designed to cover most of the surface above the
known area of the Forstral eneinbruch cave using 2D lines. The use of
3D measurements helps to improve the resolution of the resistivity
model within the lines [e.g. (Moser et al., 2023)], yet due to the dense
vegetation, the conduction of 2D lines is more effective. Hence, ERT was
collected along seven profiles (Fig. 2a), each with 72 electrodes and an
electrode spacing of 1 m, where the parallel profiles P3 to P7 had a
distance of about 3 m between them. While the electrodes were mostly
located on forest soil resulting in low contact resistances (< 10 Q) a few
electrodes were placed on forest roads resulting in higher contact re-
sistances (up to 230 Q). For the measurements presented here we used a
Syscal device (Syscal Pro Switch 72, IRIS instruments) with ten chan-
nels. For each profile we recorded a total of 2068 quadrupoles in a
dipole-dipole configuration with different dipole length (i.e., skips). In
particular data were collected with skip-0, —1 up to skip-11 (i.e., from 1
to 12 times the electrode separation) and all levels (from the minimal to
the maximum possible separation between current and potential di-
poles). As reciprocal readings were not feasible due to limited time for
the survey, outliers were identified by means of the analysis of histo-
grams [e.g. (Flores Orozco et al., 2018)], which represent the distribu-
tion of the recorded data. In a first step all negative apparent resistivities
are removed. The examination of the histograms of all seven profiles has
revealed a common threshold value of 10° Qm for the maximum
accepted apparent resistivity, with all readings exceeding this consid-
ered as outliers. The best results (resulting in an RMS equal to 1) for all
profiles were achieved with the following error values:

Resistance errors: a = 5 %, b = 0.01.

The coordinates of the electrodes of all profiles were recorded using a
tachymeter (Leica TPS 1100) and subsequently transformed to the co-
ordinate system of the cave survey. Based on the profiles and cave survey
coordinates, as well as the ground plan and the longitudinal section we
created maps of the subsurface below all seven profiles that can be
compared with the results of the measurements. Furthermore these
maps were also used to create electrical models of the subsurface for the
validation of the ERT results.

2.5. Numerical experiments to investigate the resolution capabilities by
changing the resistivity contrasts between the cave, its filling and the
background

To investigate the limitations of the ERT-based cave detection, we
conducted studies on synthetic models assuming 72 electrodes with 1 m
spacing and the measuring protocol used on the field survey. The model
also includes an anomaly with a diameter of 5 m at a depth of 5 m
(10° 2m) and a surrounding background (500, 1000, 5000 £m). For our
investigations we considered the following model parametrization: (m1)
a resistive background encompassing a high resistivity anomaly, (m2) a
thin shallow layer simulating conductive soil (100 £2m) on top of a
resistive background encompassing a high resistivity anomaly, (m3) a
resistive background encompassing a high resistivity anomaly featuring
a thin conductive layer (100 2m) at the bottom (emulating sediments
accumulating on wet cave floors or in fractures and other surface
roughness), and three more models (m4, m5 and m6) from the combi-
nation of m2 and m3. For each parametrization we forward modeled the
electrical response of the different background resistivity values. These
measurements were conducted to understand the parameters controlling
the resolution and depth of investigation in our ERT survey. A summary
of all the models created is shown in Table 1.

2.6. Numerical models to evaluate the resolution of field data to recover
the known geometry of the Forststraf$ eneinbruch cave

To support the interpretation of the field data imaging results we
built synthetic subsurface models considering the known topography of
the profiles above the Forststra eneinbruch. Here an air-filled cavity
(p = 10° 2m) was assumed at the actual position and geometry of the
Forststral eneinbruch, obtained from the speleological survey data and
the cave plan. For the bedrock we assume a resistivity value of 5000 2m
and for the soil layer 200 @m (Table 1). For forward modeling the
synthetic data we considered the same electrode configuration and
settings as in the field data.

From the resistivity models we derived synthetic data using the
finite-element modeling code CRMod (Kemna, 2000). Further details on
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Fig. 2. Shown are the ground plan (a) and the longitudinal section (b) of the ForststraBeneinbruch. Given are the traverse (red line), the survey points (red dots with
red numbers) and a graphical representation of the cave chambers, drawn on site. In the ground plan (a) also a schematic map with the forest roads and the quarry

and the seven profiles (blue lines) are shown.

Table 1

Summary of all models investigated. Given are the resistivity values for the
background, the cave and the soil layer at the surface (soil) and in the cave
(clay).

Model  Figure Background Cave Soil Clay
[©2m] [©2m] [©2m] [©2m]
ml 3(d, gk 500, 1000, 5000 10° - -
m2 3(e,h, D) 500, 1000, 5000 106 100 -
m3 3 (f,i, m) 500, 1000, 5000  10° - 100
m4 4 (r,u, x) 500, 1000, 5000  10° 100 100
m5 4(,v,y) 500, 1000, 5000 10 100 200
mé6 4 (t, w, z) 500, 1000, 5000 100 200 100
P1-P7 5(c,f,i,m,p,t, 5000 10° 200 -
w)

the implementation can be found in Kemna (2000). The data noise al-
ways present in the measurements is generated here by adding random
noise characterized by a random error of +3 % for the models m1 to mé6
and +5 % for the models of P1 to P7.

3. Results and discussion

3.1. Synthetic study - the influence of a soil layer and clay adhered on
cavity walls

Fig. 3 presents the resistivity model after the inversion of the forward
response. For model m1 (Fig. 3a) one can see an increase in the recon-
struction capabilities with increasing resistivity of the background
(Fig. 3d, g, k). For the lower resistivity values of the background (p =
500, 1000 Qm, Fig. 3d, g) the electrical resistivity images fail to detect
the position of the cave, which can be explained by the fact that rocks
with lower resistivity conduct the current better and thus can mask a
cavity. In the case of model m2 (Fig. 3b) it can be seen that a conductive
soil layer reduces the depth of investigation (Fig. 3e, h, c), which also
negatively affects the reconstruction capability of the method to resolve
for the cave in terms of both geometry and resistivity value. The soil
layer above the cave is only clearly visible in the inversion image with a
soil resistivity of 5000 Qm (Fig. 31), while it is only indicated in Fig. 3h
and not visible in Fig. 3e. Where it is visible, the thickness of the soil
layer is overestimated. To investigate the influence of a soil layer, Fig. 4
shows, as an example, the sensitivities of the inversions of the models
m1 (Fig. 3k) and m2 (Fig. 31). In both cases the sensitivity of the near-
surface layer (first 1-2 m) is approximately the same, while the model
without a soil layer (Fig. 4a) shows a higher sensitivity even at greater
depths, this decreases faster in the model with a soil layer (Fig. 4b). From
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Fig. 3. Numerical and inversion models from the synthetic study. n - p: resistivity distribution; resistive anomaly (1000000 £2m), conductive layer (100 2m) and
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Sensitivity

Sensitivity

'20 ! T T T

20 30

40 50 60 70

X (m)

Fig. 4. Sensitivities of the inversions of the models m1 (a) and m2 (b) each for a background resistivity of 5000 Q2m.

this it can be concluded that most of the current flows through the well-
conducting layer near the surface and only little reaches deeper layers.
However, if there is no soil layer, the current reaches greater depths,
which is reflected in a greater depth of investigation. Similar to the re-
sults for the model m1 (Fig. 3d, g, k), the cavity is also not visible in the
inversion images of the model m3 (Fig. 3f, i) for a background with
lower resistivity (500, 1000 2m). The resistivity image with a high
resistivity background (Fig. 3m) performs better in terms of recon-
structing the geometry and location of the cavity. Nevertheless, the
geometry of the cave is not correctly reproduced, but overestimated
compared to the real model (Fig. 3c). For models m4 and m5 (Fig. 5n, o)
we added both a conductive layer on the surface (100 2m) and at the

caves floor (100 Q2m for model m4 (Fig. 5n) and 200 2m for model m5
(Fig. 50)). The inversion images of both models (Fig. 51, u, %, s, v, y)
show similar behavior and no difference to those resulting from model
m2 (Fig. 3b, e, h, 1). Hence, the existence of a thin layer associated to
sediments accumulated on the cave floor cannot counterbalance the
negative effect of a conductive soil layer. In a last experiment, we
repeated the modeling for a more resistive soil layer (200 ©2m) on the
surface and a soil layer on the floor of the cave of 100 2m (model m6,
Fig. 5p). The inversion image for a background resistivity of 5000 2m
(Fig. 5,z) shows both the boundary between the soil on the surface and
the background as well as the position of the cave. Hence, even a slightly
less conductive soil layer (200 instead of 100 2m) is sufficient to
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increase the sensitivity at depth and thus enable the detection of a cave.

3.2. Field data results and the reconstruction capabilities through
synthetic modeling

Fig. 6 shows the inversion results for all seven profiles and their
interpretation (first and second column in Fig. 6 respectively), including
the known outlines of Forststral eneinbruch as well as, the inversion
results of the synthetic data obtained by the resistivity models generated
assuming 5000 2m for the bedrock, a soil layer (p =200 £2m) and high
resistivity values (p = 10° Qm) at the position of the known geometry
of the cave (last column in Fig. 6). The inversion results of this synthetic
data allow us to evaluate whether the interpretation of the resistivity
anomalies can be explained by the cave. Sensitivity analysis reveals that
along all profiles the maximum depth of investigation is not deeper than
15 m, at which the sensitivity in the model parameters is at least 1000
times worse than the best resolved parameters next to the electrode
positions, thus allowing for the delineation of the shallow cavities from
the ForststraB eneinbruch. In general, all profiles reveal three main
units: (i) low resistivity values (below 200 £2m) which correspond to
soil and sediments on the surface; (ii) intermediate to high resistivity
values (between 500 and 6000 ©2m) which correspond to the bedrock,
and (iii) high resistivity anomalies (> 7000 ©2m), which we interpret as
caves.

In the resistivity image of P1 (Fig. 6a) the boundary between the soil
layer and the bedrock is distinctly resolved by a clear contrast in the
resistivity values, with the soil layer missing between 35 m and 71 m
along the profile, since this part of the profile is located on the forest
road built directly on the bedrock. In the first 35 m of the profile, where
existing, the soil layer reaches depths of just under 2 and up to about 7
m. A high resistivity anomaly (p > 8000 2m) is resolved between me-
ters 10 and 30, at a height between about 675 and 680 m. Both the
anomaly position and the known location of the cave agree, thus, con-
firming our interpretation (Fig. 6b). A numerical modeling accounting
for the position of the anomaly at this location also confirms that the
geometry array can successfully solve for the cave (Fig. 6¢).

The resistivity image of P2 (Fig. 6d) also shows the boundary be-
tween the soil layer and the bedrock. The soil layer has a larger thickness
(~ 7 m) in the beginning and at the end of the profile, while in the

middle it is narrower (= 2 m). Furthermore we resolve a distinct
anomaly in the ERT image between meters 15 and 50 at a height be-
tween about 675 and 685 m. In contrast to P1, the interpretation of the
field data and the outline of the Forststra eneinbruch is not consistent
(Fig. 6e). Especially between meters 20 and 40 there is a resistivity
anomaly which is interpreted as a cavity based on the field data, but in
fact there is no known cave part of the Forststra eneinbruch. In the
inversion of the synthetic data, derived from a model consisting of the
known cave parts, the surrounding limestone and a soil layer on the
surface, no anomaly is visible (Fig. 6f). Hence, in contrast to P1, the
known positions of the cave chambers cannot explain the anomalies
resolved in the ERT images of the field data.

The three parallel profiles (P3, P4, and P5) are above the eastern
branch of the ForststraB eneinbruch, with P3 crossing only the outer-
most edge of the cave. In the resistivity images (Fig. 6g, k, n), the
boundary between the bedrock and the soil is resolved along all three
profiles. The small thickness of the soil layer (< 1 m) resolved in the
beginning of the profiles likely indicates the walls of a former quarry
(displayed in Fig. 2a). Towards the end of the profiles, the soil layer
reaches depths of up to 10 m. In all three profiles, two anomalies are
resolved: The first at the beginning of the profiles (meters 0 to 10) with a
lower resistivity (< 500 Qm) than the surrounding rock. This anomaly is
located at heights between 685 m and 690 m and reaches down to the
resolution limit. A second anomaly, with higher resistivity (> 8000 Qm),
can be found between meters 20 and 35 at a height between 675 and
685 m. While this anomaly is clearly visible in the imaging results for P3
and P4 (Fig. 6g, k), it becomes smaller in P5 (Fig. 6n). The position of the
anomaly also changes from P3 to P5. In P3 it is from 25 to 35 m along the
profile, in P4 from 20 to 30 m and in P5 from 20 to 25 m. In P4 and P5,
the position of the known cave chambers coincide well with the resistive
anomaly (Fig. 6], o). In P5 the lower, mostly narrow cave-passages are
not resolved in the ERT image. Also in P3 the deep and narrow passages
of the cave are not well resolved in the ERT image, since the resistive
anomaly is above the known parts of the cave (Fig. 6h). Therefore, it
seems unlikely that the clearly visible anomaly in the ERT image is
produced just by these two narrow passages. For P3, the ERT image of
the synthetic data (Fig. 6i) could not reproduce the anomaly visible in
the ERT image of the field data, using just a model of the known cave
parts (Fig. 6h). This is due to the limited spatial extension of the cave and
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its position at depths close to the resolution limit. The inversion images
of the synthetic data of P4 and P5 (Fig. 6m, p) show a resistive anomaly,
similar to that seen in the field data. In P4, the subsurface models ob-
tained through inversion of the synthetic (Fig. 6m) and measured data
(Fig. 6k) show good agreement, although the anomaly in the measured
data is even more pronounced and reaches closer to the surface. An
anomaly can also be seen in both the inversions of the measured
(Fig. 6n) and synthetic data (Fig. 6p) of P5. However, its geometry and
size differ between the measured and the synthetic data. The consistency
between the synthetic and the field data reveal that to detect caves at a
depth below 10 m, it is necessary to use a configuration with larger
electrode separation which favors current injections at deeper positions
and larger voltage dipoles to enhance higher signal to noise.

The profiles P6 and P7 are parallel to each other and to profiles P3 to
P5. They are located on both sides of the cave entrance and lie mainly
above the deeper, western branch of the Forststral eneinbruch. Both
ERT images (Fig. 6r, u) show a similar behavior regarding the interface
between soil and bedrock as well as the absence of any clear resistive
anomaly. However, there are actually areas of the Forststraf§ eneinbruch
below both profiles (Fig. 6s, v). The known cave parts below P6 are
visible according to the ERT images obtained for the synthetic data
(Fig. 6t). In contrast to P6, the cave chambers below P7 cannot be
resolved in the inversion of the synthetic data (Fig. 6w). Hence, it can be
concluded that the cave chamber below P7 is too narrow, too deep and
at least partially too close to the resolution limit to be visible in the ERT
images.

3.2.1. Assess the differences identified in P2, P3, and P6

Profiles P2 and P3 clearly show resistive anomalies in the ERT im-
ages of the measured data (Fig. 6d, g), but none in the ERT images of the
synthetic data (Fig. 6f, i), which leads to the assumption that there may
be other still unknown cavities. The possible existence of uncharted
cavities below P2 and P3 were investigated through the careful design of
synthetic models, where we tested different depth and sizes of an
additional cavity. Fig. 7 shows the field results (Fig. 7a, d), the models
(Fig. 7b, e) and the inversion images of the synthetic data (Fig. 7c, f) for
Profiles P2 (upper row) and P3 (lower row), which showed the best fit
between the field and the synthetic data. For P2 the inversion of the
synthetic data (Fig. 7c) shows a large resistive anomaly, similar to that of
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the inversion of the field data (Fig. 7a). Therefore, the existence of at
least one other cavity, inaccessible from the known cave, can be
assumed. Also for P3 the inversion of the adapted synthetic model
(Fig. 7f) shows a resistive anomaly in the same region as the inversion of
the field data (Fig. 7d). This suggests the presence of another cavity
closer to the surface, although the imaging results for P3 are not as clear
as for P2.

In contrast to P2 and P3, the ERT image of the measured data from
P6 show no anomaly (Fig. 6r), while one is visible in the ERT image of
the synthetic data (Fig. 6t). From the investigations of the influence of
soil or clay layers (Fig. 3k, 1) we know that a layer of soil on the surface
reduces the depth of investigation and negatively affects the detect-
ability of a cavity. It has also been shown that a well conducting layer at
the bottom of a cavity improves the determination of its geometry,
especially the downward boundary (Fig. 3m). However, it is also
possible that a layer of clay and sediment, not only on the bottom but
also on the walls of a small cavity, completely masks it, as the current
can easily flow around the cavity. This assumption could explain the
absence of an anomaly, particularly in P6, where the near surface cavity
extends into the sedimentary layer. It is known from the cave plan and
cave exploration that the walls of the near-surface part of the cave are
completely covered with sediment and clay. Based on these observa-
tions, a further model was constructed (Fig. 8b), which includes a highly
conductive layer not only on the floor but also on the walls of the near-
surface part of the cave. Fig. 8c shows the ERT image obtained by
inversion of the corresponding synthetic data. As with the inversion of
the field data (Fig. 8a), none of the cavities, even the deeper ones
without sediments on the walls, are visible. This shows that a layer of
clay and sediment on the cave walls in the surface-near region is suffi-
cient to mask it and all parts of the cave below. The continuous, highly
conductive layer of soil, similar to the one shown in the model m2
(Fig. 3b), reduces the sensitivity at depth and prevents also detection of
the deeper parts of the cave.

4. Conclusion
In the first part of this study, we investigated the reconstruction

capabilities of the ERT for the investigation of caves associated with
anomaly regions with high resistivity embedded in a karstic rock. For
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Fig. 7. ERT image after inversion of the field data (a, d), electrical model (b, e) of the subsurface below P2 and P3 and ERT image after inversion (c, f) with an
additional cavity. The outlines of the ForststraBeneinbruch are shown as black lines.
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Fig. 8. ERT image after inversion of the field data (a), electrical model of the subsurface below P 6 (b) and ERT image after inversion (c) with a conductive layer on
the cave walls of the near-surface cave parts. The outlines of the ForststraB eneinbruch are shown as black lines.

our analysis we defined different values in the resistivity of the karstic
rocks, we also included conductive layers simulating soil on the top of
the study area or accumulated at the bottom or walls of the caves. We
want to investigate which contrasts in the electrical properties of karstic
areas influence the ERT results. From these investigations we could
show that (i) cavities can just be reconstructed when the surrounding
rock has a high resistivity. (ii) A conductive soil layer reduces the depth
of investigation. By analyzing the sensitivity, we were able to illustrate
that here most of the current flows near the surface and does not reach
the deeper areas. (iii) A more resistive top soil layer (200 £2m) enhances
the reconstruction of the cavity compared with a soil layer of 100 Qm.
(iv) A conductive soil layer at the bottom of a cavity improves the
reconstruction of the cavity geometry, in particular the lower cavity
boundary, while (v) a layer of clay and sediment not only on the bottom
but also on the walls of a cavity may prevent its detection.

These fundamental investigations allowed us to enhance the inter-
pretation of subsurface models obtained from field data collected in the
vicinity of the ForststraB eneinbruch. By comparing the inversion images
obtained for the measured and the synthetic data we could show, that
the images for Profiles P1, P4, P5, P6 and P7 can be explained by the
known cave chambers. The different geometry between the measured
and synthetic data at P4 and P5 can be explained by the fact that the
areas below these profiles are mostly narrow passages and the cave walls
in this region are covered with sediment, which could decrease the re-
sistivity due to electrolytic and surface conduction mechanisms. In two
profiles (P2 and P3), however, resistive anomalies occurred in the
measurements that could not be explained by the known cavities.
Therefore, further models were created that assume the existence of
additional cavities that are neither accessible from the surface nor from
the known parts of the cave. Based on these models, we assume the
existence of additional cavities below P2 and P3.

Caves are formed in water-soluble rock, such as limestone or dolo-
mite, which generally has a high resistivity. Caves in wooded areas,
which are also important for human infrastructure, are also likely to
have a sedimentary floor in the parts of the cave close to the surface. The
results of our study demonstrate that karst areas provide feasible con-
ditions for the successful detection of cavities through the ERT method.
However, with regard to the interpretation of the imaging results
particular care has to be taken in presence of saturated conditions after
rainfall events or during snowmelt. The same applies to highly
conductive soil layers, which also occur mainly in wet conditions.
Further investigations of the same area (cavity with sediment layer in
the cave and on the surface above) with different levels of rock satura-
tion could provide further information on which effect dominates under
real conditions.
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