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ABSTRACT: The aim of this research is to develop a suitable methodology for the interpretation of Elec-
trical Resistivity Tomography (ERT) images from the subsoil (obtained with direct-current), specifically ap-
plied to the detection of caves, holes and the structural characterization of a karstified limestone formations

related to archaeological sites.

The location and characterization of holes and caves by means of the geophysical technique is nowadays
being resolved in various several ways, because there is not a clear and safe method for the resistivity profile
interpretation. This work compiles a novel series of tests performed on well-known objectives that analyse the
effects of the main factors that condition resistivity images.

This work has two different practical parts: 1.- Laboratory test: Electrical response tests performed on
well-known objectives. 2.- Field work: ERT applied to prospect the endokarst morphologies and the sedimen-
tary infills of two archaeological sites in Burgos (Spain), the roman city called Colonia Clunia Sulpicia and
the Pleistocene archaeco-palaeoanthropological sites of Atapuerca.

The operations needed to obtain subsoil images by using Electrical Resistivity Tomography are relatively
simple; however their after interpretation is very complex. By performing controlled tests it has be identified
the areas that offer a specific electrical response according to several different sub-soil models and to the mul-

tielectrodical device used.

1 INTRODUCTION

Recent years, there has been a significant increase
in Geoelectrical prospecting applied in geophysical
investigation to hydrological studies, mining and ge-
otechnical research (Dahlin, 2001; Griffiths and
Barker, 1993; Daily and Ramirez, 2000M, Maillol et
al, 1999), as well as in environmental studies and in
archaeology (Griffiths and Barker, 1994; Piro et al,
2000 and 2001; Chambers et al, 2002; Astin et al,
2007; Drahor, M. G. et al, 2008; Cardarelli and Di
Filippo, 2009; Papadopoulos et al, 2006 and 2010;
Tsokas et al,. 2009), proving its utility as non de-
structive technique for subsurface exploration.

The application of Electrical Resistivity Tomog-
raphy (ERT) for imaging of subsurface discontinui-
ties and lithological contacts is well documented
(Beresnev et al, 2002). ERT constitutes an important
advance in the geoelectric methods because it solves
automatically the manual change of electrodes, char-
acteristic of the classic geoelectrical methods (Vertical
Electrical Sounding). In this way, ERT facilitates the
management and fast processing of a large number of
data, constituting a useful non-destructive method to
detect subsurface structures.

2 DESCRIPTION OF THE ERT METHOD
APPLIED TO CAVES DETECTION

Electrical tomography is a geoelectrical surveying
method that analyzes subsoil materials according to
their electrical impedance, which, in other words, al-
lows them to be differentiated according to their re-
sistivity (Aracil, E. et al., 2002 and 2003). Factors
that condition the presence of a greater or lesser
concentration of ions depend on the nature and com-
position of the rocks, and their texture that may be
more or less altered, or compact, or porous, in rela-
tion to their fluid content and their nature.

Greater mobility of these ions has as a conse-
quence, greater conductivity, or conversely less re-
sistivity, which is the parameter used in electrical re-
sistivity tomography (Orellana, 1982).

The resistivity or conductivity of the water, as the
greater the conductivity of the water, the lower the
resistivity of the rock formation in which it is found
(Sumanovac, F.; Weisser, M., 2001).

According to Heiland’s (1940) amplified equa-
tion, the resistivity in the rock will depend funda-
mentally on four factors:
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in which, p is the resistivity of the rock, F' is the
formation factor, v is the porosity factor, pw the re-
sistivity of the water contained in the rock or soil,
and Fs the saturation factor. The porosity factor is
defined as the proportion in volume of cavities in the
rock. It takes values between 0.08-0.15 for sand,
sandstone, porous limestone and compact clays. This
definition of v coincides with that of porosity n, for
which reason reference will henceforth be made to #.
The formation factor depends on the form and dis-
tribution of the pores. The rocks that are most af-
fected by factor F' are sandstones, quartzites, lime-
stones and shales.

Electrical Resistivity Tomography (ERT) data for
this study were collected by measuring 2D Dipole-
Dipole and Wenner-Schlumberg ERT profiles with
different electrode arrays determined by the location
and the depth under study. The electrical imaging
surveys were carried out with a SYSCAL RI1+
SWITCH 72 resistivity meter.

The results of this type of geophysical surveying
are the electrical tomography profiles (see figure 1)
that are simply vertical sections of the ground that
are colour coded with the different resistivity meas-
urements. The colour coding is shown in a legend at
the bottom of each profile.

Consequently, once the geo-electrical prospecting
research using ERT is underway different resistivity
values will be determined and attributed to materials
that will permit identification of lithological units of
differing natures, lithologies with different textures
or degrees of deterioration, structural (fractures) and
geomorphologic aspects (caves and infills) etc
(Porres, 2003).

Data acquisition requires the positioning of an
array of electrodes along a transversal section, each
separated at a particular distance according to the
required degree of resolution (less spacing between
electrodes, greater resolution) and depth of the
investigation (greater spacing between -electrodes,
greater depth).

Each one of these resistivity data measure, is
attributed to a particular geometric point in the
subsurface. The electrical images are, in fact, cross-
sections of land that reflect the distribution of
resistivity values at different depths corresponding to
the different layers of investigation (Loke, 2000).

The depth of the investigation, therefore, will
depend on the spacing between electrodes and the
selected layout may easily run deeper than 100m in
depth, even though shallower test boreholes into the
subsurface have the definite advantages of greater
resolution, as there is generally less separation
between electrodes. As a rule, the resolution of the
investigation decreases logarithmically in relation to
the depth (Dahlin y Loke, 1998).

Figure 1 shows a device made up of 36
electrodes, each spaced at 3 m intervals, capable of
creating an image of a longitudinal section of 105 m
and 16 m of investigation depth.
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Figure 1. ERT profile 2D. Shows a positive anomaly (A)
corresponding unfilled cavity karstified limestone (Clunia
archaeological site, Spain)

3 LABORATORY TESTS ON A SMALL SCALE:
ELECTRICAL RESPONSE OF KNOWN
MODELS.

In order to meet the electrical response of differ-
ent geological conditions, laboratory tests were car-
ried out on small-scale models.

Figure 2 shows the data acquisition process for an
air-filled big hole in a layer of sand, trying to simu-
late a geology similar to that shown in figure 1,
showing an air-filled karst cavity in a full scale test.
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Figure 2. ERT laboratory test on a small scale and its
corresponding result as a 2D profile image.2D (Porres J.A.,
2003)

Multitude of test were conducted on a small scale,
observing the influence of 5 variables in the 2D im-
ages obtained: 1- Electrode array (Schlumberger-



Wenner and Dipole-dipole), 2- Separation distance
between electrodes, 3- Depth of investigation, 4-
Size and shape of the holes investigated, 5- Kind of
filling inside the cavities.
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3), so we have based the geophysical interpretation
mainly on the Schlumberger-Wenner array data. In
addition, the sections were drawn without vertical ex-
aggeration, in order to facilitate georeferencing and
projection of the karstic passage topography. The to-
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Figure 3. ERT profile recorded over “Cueva Peluda” karstic passage in Atapuerca, The whiteline shows the

internal wall of the cave (Ortega et al 2010)

The results showed the best choice of electrode
array and electrode spacing, depending on the size,
depth, shape and fill of the hole to locate.

field work: ERT applied to prospect the endokarst
morphologies and the sedimentary infills of two ar-
chaeological sites in Burgos (Spain)

Electrical Resistivity Tomography profiles were
taken to identify the characteristics of the subsoil as
geophysical method for the specific objective of
identifying different types of infill, localize possible
subsoil cavities and identify the fractures that affect
the limestone massif in which the Atapuerca and
Clunia caves are located (Zhou, W. et al., 2000).

The application of appropriate geophysical sur-
veying methods to each objective provides
knowledge of the subsoil materials and their layout
to a greater or lesser degree of precision. Concretely,
this geophysical survey method well used will allow
the materials at different depths to be studied at dif-
ferent degrees of resolution (Martinez-Pagén, et al.,
2005).

The field work sections were carried out with the
resistivity device SYSCAL R1 PLUS Switch72, and
were processed using the software RES2DINV
ver.3.42 (Locke, 1999). In every section, we applied
Schlumberger-Wenner and Dipole-Dipole electrode
arrays. Most of the profiles present similar results us-
ing the Dipole-Dipole and Schlumberger-Wenner ar-
rays, although in a few profiles they differ substantial-
ly, specially in those where the prospection depth is
increased (Athanasiou et al, 2007).

In theses cases, the Dipole-Dipole showed the
highest root-mean-squared errors. Also the Schlum-
berger-Wenner profiles provide more realistic images
according to the endokarstic and geological structures
observed in the Cueva Peluda control profile (Figure

pography of the geophysical sections was elaborated
from topographic surveys.

3.1 Pleistocene archaeo-palaeoanthropological
sites of Atapuerca, Burgos, Spain.

The geophysical interpretation of these sections
was supported by archaeological and geological
field observations, 1:50.000 and 1:10.000 geological
and geomorphological surface maps (Pineda, 1997;
Benito, 2004), and using the geomorphology of the
known endokarst system, elaborated by detailed sur-
veying (Ortega, 2009).

In the same way, section represented on Figure 3
was carried out along the abandoned rail cutting
above the well-known shallow main passage of the
Peluda Cave and was used as a first control for the
resistivity response of the cavities, sediments and
materials. In this section, the Dipole-Dipole and
Schlumberger-Wenner arrays show similar results.
Figure 3 presents a closed structure denoted by the
highest resistivity values (> 1500 ohmm, corre-
sponding to the empty cavity of Cueva Peluda, bare-
ly a few meters (1-2 m) under the current floor of the
railway cutting, between 992 and 990 m asl.

This structure is surrounded by rock (Upper Cre-
taceous carbonates), defined by a wide range of re-
sistivities (> 400 ohmm), according to its frac-
turation degree, local facies and stratification. In the
profile, a third zone with the lowest resistivity values
(< 400 ohmm) can be distinguished.

The latter correspond to non-consolidated and
higher porosity material, which correspond to a sed-
iment-filled old entrance and passage, such as was
observed in several sections carried out in the site.
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Figure 4. ERT profile recorded over a karstic passage in Colonia Clunia Sulpicia. The blueline shows a calibration
cavity which shape, fill and depth was well known, and the whiteline shows an positive anomaly who shows the internal
wall of a big cave under the Roman Baths area (Porres, 2003).

3.2 The roman city called Colonia Clunia Sulpicia
Site, Burgos, Spain.

The geology of Clunia and surrounding areas is
limestone outcrops that crown the upper Miocene
tertiary series.

Micritic limestone is sometimes brecciated,
whose thickness ranges from 5 to 15 meters.Under
the limestone in the series is a section of marls inter-
bedded with lenticular sand bodies that gradually
give way to carbonate crusts where Miocene lime-
stones occur as described above.

In this sense, it seems that the Roman city is lo-
cated in a very favorable place for the development
of karst aquifers on carbonate formations. These
cavities are filled with archaeological remains, were
occupied by the Romans for various rituals and its
water content was used daily.

The morphology and layout of the cavities must
have been highly conditioned by the presence of
fractures which would have logically been the con-
duits through which the water passed, which caused
the formation of these caves. An effort has been
made to analyze these fractures using the same type
of geophysical surveying but with the profiles locat-
ed on the external surface of the limestone massif.
These profiles, taken with different equipment to
reach greater depths, identified certain anomalies
which, on account of their morphology and their re-
sistivity values, must be fractures in which the circu-
lation of water and the depositation of fines would
give them their characteristically low resistivity val-
ues in this type of geophysical profile (Negative
anomaly at figure 4).

The calibration of Profile showed in Figure 4 was
possible because we know the existence of a cave
under our ERT profile. The dimensions of the cali-
bration cavity is 10 m wide and 3 m high, and is lo-
cated at a depth of 25 m. It is known that the cavity
is partially filled with water, so their behaviour is
likely to be conductive.

The profile has 5 m as electrode spacing, so it
shows 355 m lengh and 33,8 m depth.

There is a clear high resistivity anomaly
(>2200ohm.m, whiteline in figure 4) that seems
clear evidence resistive gap on the right side of the
profiles, distance 230. Is an anomaly that significant-
ly distorts the normal values in the limestone itself is
located, which could be around 650 ohm.m.
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Figure 5. Diagram of the ERT profile distribution. The 2D
profile of Figure 4 is located in the ERT profile I (Porres J.A.,
2003)



4 CONCLUSIONS

Is essential to select the most suitable multielec-
trodical configuration that must be used on each case
to locate holes and buried structures.

It has been shown a unique experience which
proves that by means of a proper interpretation of
electrical resistivity profiles, it can be accurately de-
tect, the depth, size, shape and filler of surface holes
or bigger underground caves specifically applied to
archaeological sites.

Electrical Resistivity Tomography (ERT) has
been a useful non-destructive geophysical method for
imaging the subsurface structures of the Sierra de
Atapuerca and Clunia sites, as well as its endokarst
system, whose entrances were occupied by Early
and Middle Pleistocene hominids in the first case,
and by Roman occupation 2000 years ago in the
second.

The use of detailed geomorphological and geo-
logical maps of the endokarst system and the surface
landscape was essential to reduce the uncertainty of
the geophysical interpretation. High resolution ERT
prospecting made it possible to detect and analyze
structures related to the site formation and distribu-
tion, such us bedrock morphologies, cavities conti-
nuity, geometries and thickness of sedimentary in-
fills, and old entrances filled by sediments.

Deeper prospecting, related to longer length and
lower resolution sections, was suitable to analyze
deeper geological structures which controlled the
development of the endokarst.

The analysis of this information contributes im-
portant new data about the configuration and geody-
namic evolution of the endokarst. The geophysical
prospecting thus allowed us to infer the connection,
between allegedly isolated cavity systems in Ata-
puerca and Clunia endokarst. This work is funda-
mental for the understanding of the distribution of
archaeological sites in the area and to plan their fu-
ture research.
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