N

00 N o U ~w

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Combined microgravity, electrical resistivity tomography and induced

polarization to detect deeply buried caves: Algaidilla cave (Southern Spain)

Martinez-Moreno, F.J.%, Pedrera, A.2, Ruano, P. 12 Galindo-Zaldivar, J. 12, Martos-Rosillo, S. 3,
Gonzéalez-Castillo, L. !, Sanchez-Ubeda, J.P.1, and Marin-Lechado C.2

"Departamento de Geodinamica, Universidad de Granada, 18071-Granada, Spain (franmartinez@ugr.es; jgalindo@uar.es; pruano@ugr.es)

2|nstituto Andaluz de Ciencias de la Tierra, CSIC-Universidad de Granada, 18071-Granada, Spain (mailto:pedrera@ugr.es)

3Instituto Geoldgico y Minero de Espafia- Rios Rosas 23, 28003 Madrid, Spain (s.martos@igme.es; c.marin@igme.es)

Abstract

The suitability of the combined microgravity and electrical tomography to detect and characterize
caves deeply buried in limestones is tested. We have selected the buried Algaidilla cave, in the Estepa
range (western Betic Cordillera), which is partially submerged below the water table and which was
intersected between 26 and 66 m in depth by two boreholes. At that location, microgravity, electrical
resistivity tomography (ERT) and induced polarization (IP) data was collected along four profiles.
Algaidilla cave is associated with a -0.5 mGal residual gravity anomaly minimum. Microgravity models
reveal an approximately horizontal N-S elongated shape with a maximum length of 150 m and a width of
40 m. Resistivity variations provide information on the cave sectors remaining above, as well as below
the water table. Forward modeling and depth of investigation (DOI) support the suitability of ERT to
constrain the cave geometry. The cave is identified as having an intermediate to low-resistivity feature,
which approximately matches the 250 ohm-m contour line along its ceiling. In addition, induced
polarization models show high chargeability anomalies probably associated with decalcification clays.
The location and approximately geometry of Algaidilla cave estimated from geophysical modeling
suggests that nearby overburden may develop cave-ins and collapse sinkholes. Microgravity is proved as
a powerful tool to detect caves at this depth, but this method alone fails to estimate the geometry. ERT
results delineate the cavity both above and below the water table. Although the deepest sectors of the
models should be interpreted with caution since they are less constrained by the data, below the water
table the cavity shows great resistivity contrast with regard to the background carbonate. In addition, this
study points out the usefulness of the IP method for detecting decalcification clays, often present at the

base of karstic caves.
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1. Introduction

The study of karst cavities is of great interest in the fields of civil engineering and
hydrogeology. Firstly, subsidence by the collapse of karst cavities can have particular
impacts on transport infrastructure and building. Secondly, karst cavities determine the
hydrodynamics of carbonate aquifers, which constitute an important water resource in
arid and semiarid regions, since these aquifers have a high rate of recharge, large
storage capacity, and good water quality. Some karstic cavities are accessible from the
surface and their size allows direct description and mapping. However, many caves
remain disconnected from the surface or are connected by narrow fissures. These

cavities must be characterized indirectly by geophysical methods.

Gravity methods have been used to detect near-surface caves since the 1960s
(Chico, 1964; Butler, 1984), and electrical prospecting has been used since the 1980s
(Smith and Randazzo, 1975; Owen, 1983; Chamon and Dobereiner, 1988; Rodriguez
and Reyes, 1992). In recent years, electrical resistivity tomography (ERT) has
developed as a key technique to image near-surface geological structures, including
cave detection (McGrath et al., 2002; Zhou et al., 2004; El Qady et al., 2005; Carpenter
and Ekberg, 2006; Leucci and Giorgi, 2005; Leucci, 2006; Radulescu et al., 2007,
Vargemezis et al., 2007; Abu-Shariah, 2009; Ravbar and Kovaci¢, 2010; Cardarelli et
al., 2010; Lazzari et al., 2010; Ortega et al., 2010; Panek et al, 2010; Valois et al., 2010;
Gambetta et al., 2011). Numerous combinations of gravity and electrical methods with
other geophysical techniques have been used to detect superficial caves (Table 1).
However, rarely these combinations of techniques reaches a depth greater than 40 m.
Focusing on the combined microgravity and ERT methods, McGrath et al. (2002)

successfully documented karstic voids up to 5 m deep. Recently, Gambetta et al. (2011)
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satisfactorily tested the gravity and electrical response of a known shallow cave segment

located at, or about, 30 m from the ground surface.

The aim of the present study is to test the suitability of combining microgravity,
ERT and IP in order to detect and characterize karstic caves buried more than 30 m
below the ground surface. We selected a buried cave located in the Estepa range
(western Betic Cordillera), intersected by two boreholes between 26 and 66 m depth, in

order to characterize its geometry combining these geophysical technigues.

2. Geological and hydrogeological setting

The Betic Cordillera is the westernmost end of the European Alpine Chain and,
together with the Rif, forms the Gibraltar Tectonic Arc. Three major geological zones
are recognized in the Betic Cordillera: the Internal Zones, the Campo de Gibraltar
Flysch Complex, and the External Zones. The External Zones are composed mainly of
Mesozoic limestones that extensively crop out WSW-ENE along the north-western
border of the Betic Cordillera (Fig. 1a). These are divided into the Prebetic and Subbetic
sedimentary sequences deposited close and far, respectively from the South Iberian
palaeomargin (Garcia-Hernandez, 1980). These rocks are deformed by folds and thrusts
with a general vergence towards the NW (Fig. 1b). In the western part of the Betic
Cordillera, the rocks of the External Zones underwent accretion and fragmentation
above, with a thick plastic tectonic mélange unit of a highly deformed rock assemblage,
the so-called Subbetic Chaotic Complex (Vera and Martin-Algarra, 2004) where
carbonates frequently constitute isolated ranges deformed by fold-and-thrusts (Crespo-

Blanc and Campos 2001; Frizon de Lamotte et al., 1991; Pedrera et al., 2012).
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The Estepa range is one of these isolated ranges, composed of several carbonate
outcrops: the Becerrero, Hacho, Mingo, Aguilas, and Pleites hill (Fig. 1b). The
sedimentary sequence starts in a thick mélange unit with a matrix formed mainly by
Triassic Keuper clays and evaporites (Pedrera et al., 2012; Ruiz-Constan et al., 2012).
Detached above this unit, lies a Mesozoic-Palaeogene sequence. This starts with 20 to
50 m of dolomitic breccias. Over these lie 200 to 300 m of Middle Jurassic limestones
(Molina, 1987). A unit of argillaceous nodular limestones was deposited above during
the Middle Jurassic to Early Cretaceous. On the top, Cretaceous to Palaeocene marls
and marly limestone are heterogeneously distributed with large thickness changes and
sedimentary gaps (Castro and Ruiz-Ortiz, 1991). A unit of white marls, calcareous
sands, limestones, and white calcarenites unconformably overlie the Mesozoic-
Palaeocene Subbetic rocks, which appear to belong to the Middle Miocene. Upper
Tortonian marine calcarenites, sands, and marls unconformably overlie the previous
units. Plio-Quaternary continental detrital sediments belonging to the piedmont, alluvial
fan, and river deposits discordantly overlie the older rocks. The piedmont and alluvial

fans are particularly well developed in the SE boundary of the Pleites hill.

The Jurassic limestones and dolostones of Pleites hill also constitute a small aquifer
(1.5 km? of outcropping carbonates). Hydrodynamic and hydrochemical studies indicate
that the Pleites aquifer has a behaviour independent of the nearby aquifers that occupy
the Estepa Range: the Mingo, Hacho, Aguilas, and Becerrero aquifers (Martos-Rosillo
et al., 2009). All its boundaries are closed to the groundwater flow, except the south-
eastern border, which is partially covered by permeable Pliocene and Quaternary detrital
sediments. Pumping tests enabled the calculation of a transmissivity of 2000-2500
m?/day in the aquifer. In addition, a well storage effect was detected during the pumping

tests, which was probably related to the presence of karstic cavities (Martos-Rosillo,
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2008). The recharge occurs by rain water infiltration (0.38 hm?®/year, 35% of the average
annual rainfall). The sharp topography of the Pleites Hill (29% of average slope
gradient) leads to a lower infiltration coefficient than in the nearby aquifers. The
infiltration is concentrated mainly in the south-eastern hillside, where the water flows
along the epikarst and infiltrates the hillside toe. The water discharge of the Pleites
aquifer occurs along the south-eastern border towards a wetland sector, which is dry at
present as a consequence of the intensive exploitation of the aquifer. This setting
provokes a fast drop in their water table with the frequent desiccation of the discharge
zone, and deterioration in the water quality. Therefore, the freshwater is mixed with the
salt water from the Triassic evaporites of the basal mélange unit, inducing an increase in

the water’s electric conductivity, from 450 uS/cm to 1700-2000 uS/cm.

The carbonates present an early state of karstification characterized by the
development of karrens, limestone pavements, and few dolines. At the top of the hills an
epikarst is developed. The thickness of the epikarst increases in the sector with a low
slope, as occurs at the top of Becerrero hill. Along the south-eastern border of Pleites
hill, some karstification features have been recognized (Martos-Rosillo et al., 2013).
The most prominent karstic forms are dolines developed after the collapse of the
carbonate and Pliocene to Quaternary alluvial sedimentary rocks (Cruz-Sanjulian,
1977). There, two water-supply boreholes, the Algaidilla I and 11, perforated a buried
cave between 26 and 66 m and between 49 and 66 m depth respectively, the so-called

Algaidilla cave (Fig. 1).

3. Methods
The deeply buried Algaidilla cave was studied combining microgravity, ERT, and
IP techniques.

3.1. Survey stations
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The precise determination of the coordinates of each geophysical site is decisive
for proper accurate geophysical data acquisition, processing, modeling and
interpretation. The precise altitude determination is especially important in microgravity
surveys, where a miscalculation of £ 1 m induces a deviation of up to 0.2 mGal.
Therefore, we attempted to make a precise determination of the altitude at each site. To
do so, we used two combined microtopography techniques:

- Differential GPS. A fixed GPS reference station, consisting of a Leica 1200 GPS
receiver, GPS antenna and one-watt radio transmitter was established on a point with
coordinates determined respect to the Andalusian Positioning Network known as RAP
(Red Andaluza de Posicionamiento, http://www.juntadeandalucia.es; http://rap.uca.es/).
The Leica 1200 GPS system uses error-correction data to fine-tune the position
accuracy of each geophysical site to £0.5-20 mm. This system provides local-area error
corrections for the satellite signals.

- A laser level SP30 and LC-2 laser receptor were used for high-precision
determination of the relative altitude of the geophysical sites using reference points of

known coordinates. The altitude accuracy of each point was to £0.17 mm.

3.2. Microgravity

Microgravity enables the detection of near-surface bodies of small dimensions with
a different density than that of their surroundings. The presence of caves constitutes a
reduction in the density (0 g/cm? above and roughly 1 g/cm? below the water table) with
respect to the host rock, and, therefore, in the gravity value. The negative gravity
anomaly (McGrath et al., 2002) could be quantitatively modeled to determine the cave

geometry.
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We used an Autograv Scintrex CG-5 gravity meter with an accuracy of 0.001
mGal. The 305 gravimetric measurement stations were referred to the Granada
gravimetric base (Instituto Geogréafico Nacional, www.ign.es). The profile has a length
of 200 m formed by measurement sites spaced 2.5 and 5 m (Fig. 2). Three profiles had a
N-S orientation (profiles 1, 2 and 3) and one had an E-W orientation (profile 4) (Fig. 2).
In addition, 19 additional gravity stations were measured around these profiles to draw
the Bouguer anomaly map. After tidal and instrumental drift corrections, the Bouguer
anomaly was determined using a reference density of 2.67 g/cm® and applying the
terrain correction by the method of Hammer’s circles (Hammer 1939, 1982). This
correction was calculated from the digital terrain model of Andalusia (Junta de
Andalucia, 2005) with a resolution of 10 m up to 4469 m around each measurement
station (Zones B to I). The residual gravity anomaly was calculated from the Bouguer
anomaly by trend removal, and also the regional anomaly determined on the basis of the

1:1,000,000 regional Bouguer anomaly maps (I1.G.N., 1975).

Finally, the residual anomalies determined were forward modeled along profiles
using 2.5D approximation (from 20 to 30 m orthogonal lengths) using GRAVMAG
V.1.7 from the British Geological Survey (Pedley et al., 1993). Forward microgravity
modeling is rather limited if the geometry of the modeled object is not partially known
beforehand. Therefore, field geological and borehole data, as well as morphologies
defined in the 2D resistivity inversion models, were considered during gravity forward

modeling.

3.3. Electrical resistivity tomography (ERT) and induced polarization (IP)
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ERT and IP methods are electrical geophysical techniques that provide detailed
information of the subsurface resistivity and induced polarization distribution. ERT
method consists on a lineal electrode array, where an electrical current is consecutively
injected through a source electrodes pair and the potential difference is recorded
between other electrode pairs. The apparent resistivity (¢a) is determined by the ratio of
the potential (V) and the current intensity (I) multiplied by a geometric factor (k) (==
(V/)-k). The apparent resistivity can be equal to the effective resistivity in
homogeneous and isotopic mediums. Each measurement of apparent resistivity is
represented on a pseudo-section. Resistivity is sensitive to small changes in rock
porosity, interconnectivity, and water salinity (Worthington, 1976).

IP method measures chargeability by the voltage decay over a specified time
interval after the removal of the artificial current. The voltage does not return to zero
instantaneously and decays slowly, indicating that charge has been stored in the rocks.
This charge accumulates mainly at interfaces between clay minerals and around metallic
conductors, which induce dielectric polarization of the ionic charges present in an
aqueous medium.

We used the ABEM Terrameter SAS 4000, an electrode selector ES10-64C, 4 Lund
automatic cables with 21 takeouts on each, 81 steel electrode and 12V DC battery,
which constitutes a high-resolution electric imaging system. It consists of a
multielectrode arrangement simultaneously used to determine both horizontal and
vertical resistivity and chargeability variations along a profile (ABEM, 2006). The
equipment has a resolution of 25 mV (theoretical, 1 second integration time), three
automatic measurement ranges (= 250 mV, + 10 V and + 400 V) and an accuracy of 1%

at all temperatures.
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3.3.1. Forward Modeling

Using a priori information from the two existing boreholes, we constructed 2D
forward models, using RES2DMOD software (Loke, 2002), with simplified geometries
to examine the expected range of resistivity and chargeability contrasts in different
settings. This program calculates the apparent resistivity pseudosection for a defined 2D
synthetic model. The apparent resistivity pseudosections were inverted using
RES2DINV software. ERT and IP forward model inversion was performed using the
finite difference method based on field measurements (Dey and Morrison, 1979; Loke,
1994). Forward modeling calculation allows us to select the optimum electrode array
configuration by checking the resolution, penetration and geometry of the derived
anomalies (e.g. Gomez-Ortiz, 2012). The best results for our study area were obtained

using a Wenner-Schlumberger array with an electrode spacing of 5 m.

3.3.2. Field acquisition

Four profiles were acquired using a 4-channel multiple gradient electrode array and
two combined protocols (GRAD4LX8 and GRAD4S8; ABEM 2006) which use the
Wenner-Schlumberger electrode array configuration previously tested in the forward
models. The gradient array is developed for multi-channel resistivity meter system
(Dahlin and Zhou, 2006). A multi-channel system can make several measurements
simultaneously with the same position of the current electrodes and different
localization of the potential electrode pairs. GRADA4S8 was designed to supplement
GRADA4LX8 at the shortest electrode spacing. Electrodes were deployed at a 5 m and
2.5 m spacing, with effective penetration depths of ~70 and ~35 m, respectively. In
addition, we combined different total lengths of profiles, between 400 and 500 m. Along

profile 2, which was placed in a central position (Fig. 2), two different electrode
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spacings (5 m and 2.5 m) were combined, including common points, with the aim of
reaching maximum penetration and a good near-surface resolution. Iterative 2D
inversion of the data was performed using the smoothness-constrained least-square
method (deGroot-Hedlin and Constable, 1990; Sasaki, 1992; Loke et al., 2003). The
inversion process tries to reduce the RMS (root-mean-squared) value after each iteration
in an attempt to find a better model. We used a mesh made up of model cells increasing
in size at greater depth, using 2 nodes per unit electrode spacing and an initial damping

factor of 0.3.

3.3.3. Normalized Depth of Investigation index (DOI)

The empirical depth of investigation (DOI) index method was introduced by
Oldenburg and Li (1999) and modified by Marescot et al. (2003). To determine the DOI
it is necessary to carry out, at least, two inversions of the data using different resistivity
backgrounds. The second reference model should be obtained from an initial resistivity
background 10 to 100 times higher than the first one (Loke, 2012). The equation below

makes it possible to calculate a DOI index (R) of the model cell by cell:

Ria(n2) = MED 0D @

Myr— Myy

Where myr and myr are the resistivity of the first and second reference models, and
mz (X, z) and mz (x, z) are the resistivity of each cell of these models. The DOI index
(R) will approach zero where the two inversions produce the same resistivity values,
regardless of the value of the reference model. In cells where the value is far from zero,
it means that the resistivity value depends on the background resistivity value assigned
to the reference model; such a result is not reliable. The normalized DOI index is

calculated to reduce the effect of the damping factor and the selection of the initial
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reference model (Robert et al.,, 2011). To normalize the DOI index, we use the

maximum value of R (Rmax) calculated with Eq. (1):

R(x, Z) _ mq(x,z)— my(x,2) (2)

Rmax (Mir—mayy)

The main difficulty lies in deciding the cut-off value where the inversion values are
trusted. For the normalized DOI index, Marescot et al. (2003) recommended a cut-off
value of 0.1 or 0.2. In our case, we used a more restrictive 0.1 cut-off value. We carried
out two inversions with a background resistivity of the second reference model that was
100 times the first one. The computation of the normalized DOI index was performed
with RES2DINV v.3.59, and it is shown on the ERT and IP profile (e.g. Robert et al.,

2011).

4. Results

4.1. Microgravity results
4.1.1. Bouguer Anomaly

We calculated the Bouguer anomaly map of the study sector from 305 new
microgravity measurement stations (Fig. 3). The sector had a surface area of 40,000 m?
and a maximum height difference of 31 m from the lowest point (385 m.a.s.l.) to the
highest (416 m.a.s.l.). The variation of the Bouguer anomaly is -94.274 mGal to -93.239
mGal, a range of 1.04 mGal.

The highest Bouguer anomaly value coincided with the highest sector, where the
Jurassic carbonate rocks are located. The anomaly value decreased progressively
towards the east in the area with a lowest topography, where low-density Quaternary
alluvial rocks crop out. Superimposed over this general trend were low-amplitude

negative Bouguer anomalies presumably associated with buried caves. At the top of the
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mountain (340.60 to 340.66 km E and 4124.125 km N), a gravity minimum is ranged
between -93.5 and -93.7 mGal. The most prominent low-amplitude Bouguer anomaly
minimum (-93.8 mGal) had a N-S elongated shape coinciding with the position of the
buried cave of Algaidilla, in the central part of the map (340.66 to 340.70 km E;
4124.12 to 4124.18 km latitude N). The Bouguer anomaly resolution slightly decreases

toward the boundaries.
4.1.2. Microgravity models

The N-S trending microgravity profiles (profile 1, 2, and 3) revealed an
asymmetric minimum residual anomaly slightly displaced towards the N associated with
Algaidilla cave. This minimum reached -0.45 mGal in the profile 1, -0.4 mGal in the
profile 2, and -0.5 mGal in the profile 3. In the E-W oriented profile 4, the minimum
caused by the cave was masked by lithological changes. Nevertheless, there were two
minima, at meter 0 and at meter 20, which could be related to buried caves (Fig. 4).

We modeled the Pliocene to Quaternary alluvial detrital sediments with densities
of 2.2-2.3 g/cm®. This formation, located in the shallowest part of profiles 1 and 2,
progressively decreases in thickness towards the W until completely disappearing in
profile 3. These Pliocene to Quaternary alluvial sediments unconformably overlie
Jurassic limestones and dolostones with density 2.55 and 2.7 g/cm?®, respectively. These
carbonate rocks, with an average thickness of 60 m in the profiles modeled, enclose
Algaidilla cave. The cave is located near the contact with the mélange unit having a
matrix composed mainly of Triassic clay and evaporites.

Algaidilla cave is partially submerged below the water table. During the data
collection, the water table is located at 345 m.a.s.l in the Algaidilla | and Ill boreholes.
We assigned 1.02 g/cm?® density to the water according to it salinity and temperature. To

model Algaidilla cave, we used different orthogonal lengths according the plan view of
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the Bouguer anomaly minimum associated with the cave. The boundaries of Algaidilla
cave modeled in each profile fit the results of the 2D inversion models of the electrical
resistivity tomography and the available borehole data. The cave had an approximately
horizontal N-S elongated morphology with a maximum length of 150 m and a width of
40 m along the E-W direction. The maximum vertical thickness located in the central

Zone was 25 m.

4.1.3. Electrical Resistivity Tomography and Induced Polarization
This section presents the forward modeling and measured profiles in the study
area. Moreover, we describe the results of the forward modeling as well as the ERT and

IP models with the trusted zone determined by calculating the DOI index.

4.1.3.1 Forward Modeling profiles

The forward modeling profiles are shown in Figure 5, and Figure 5a illustrates the
influence of the steel pipes installed in the two boreholes. We assigned a resistivity of 1
ohm.m to the steel tubes and a background resistivity of 200 ohm.m linked to
limestones. The model shows a conductive anomaly coinciding with the borehole
position and a higher resistivity anomaly between the boreholes in the shallowest zone.
These anomalies disappear at depth, where the value of the background is
homogeneous. In a second setting (Fig. 5b) we performed an ERT forward modeling
considering both the cave and the steel pipes. In the ERT forward model, the simplified
geometry of the cave was constructed in two separate parts: a saturated cave with 0.001
ohm.m (measured water conductivity of 1171 uS/cm), and an unsaturated cave with
very high resistivity, considering a value of 1000 ohm.m. Although the obtained ERT

forward model of Figure 5b presents the same conductive effect in the shallowest part
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linked to the steel pipes, it delineates the geometry of the cave with remarkable
resolution. Therefore, we discern the transition from high resistivity values (unsaturated
cave) to low resistivity values (saturated cave). The IP model with decalcification clays

(Fig. 5¢) located high values of chargeability above the modeled body.

4.1.3.2 ERT and IP models

Resistivity models resulting from 2D numerical inversions are displayed in Figure
6. The models for profiles 1, 2, and the eastern part of profile 4 show a relatively low
resistive surface layer (~50 to 75 ohm-m), corresponding to the Pliocene-Quaternary
detrital sediments. A resistive zone (~857 ohm-m) extends downwards from the surface
and from the lower boundary of the low resistive surface layer in all the 2D resistivity
models, coinciding with the Jurassic limestones and dolostones (Fig. 6). The resistive
values are abruptly distorted by vertical lower resistivity bodies, which match with the
location of the Algaidilla I and 111 steel-cased boreholes. The Algaidilla I borehole (390
m.a.s.l) cut the cave between 26 and 66 m (between 364 and 328 m.a.s.l.) and the
Algaidilla Il borehole (388 m.a.s.l.) between 49 and 66 m (between 339 and 322
m.a.s.l.). The boreholes are placed closely to meters 0 and 40 in the N-S oriented
profiles (profiles 1, 2 and 3) and to the meter O in profile 4 (vertical dashed black lines
in Fig. 6). The intersection of the boreholes with the cave coincides with an intermediate
to low resistivity feature with a boundary that approximately matches the 250 ohm-m
resistivity contour line. These intermediate resistivity values are presumably associated
with the presence of moderately saline groundwater in the cave. The morphology of the
resistivity anomaly has been used to constraint the models of the microgravimetry data.

The models show a low resistive zone towards the base, potentially indicating the
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location of the meélange unit, with a matrix composed mainly of Triassic clay and
evaporites, beneath the Jurassic carbonates.

The IP models resulting from 2D numerical inversions show a high chargeability
body partially coinciding with the location of Algaidilla cave (profiles 1, 2 and 3 in Fig.
6). We interpreted these chargeability values as clays derived from the dissolution of
carbonate rocks that must be deposited at the bottom of the cave.

The incidence of the cave in the E-W oriented profile 4 is unclear, apparently due
to its limited depth resolution. The resistivity value coinciding with the top of the cave,
according to the borehole Algaidilla 1, matches with the background resistivity assigned
to the limestones and dolostones. The IP model reveals a high chargeability sector at the
base of the model towards the E (Profile 4, Fig. 6) which could belong to the Triassic
Keuper clay-in-matrix mélange.

We computed the depth of investigation for surveyed data, based on the DOI
index method, following the recommendations given by Oldenburg and Li (1999) and
Marescot et al. (2003). The 0.1 cut-off value of the DOI index obtained is highlighted
on the profiles with a continuous white line (Fig. 6). The zones above the line marked,
which have a DOI value between 0 and 0.1, show an overall high resolution.
Underneath the line, where the DOI index begins to point towards high values, it
indicates the untrusted zones of the profile. Note that reliable zones delimited by the
DOI index of the models extend to a depth of 70 ~ 80 m in the middle sectors. This is

greater than the depth of the bottom of the cave, as derived from the resistivity models.

5. Tentative 3D model

From the combined electric tomography, microgravimetry, and borehole data, we

constructed an approximate 3D model of Algaidilla cave (Fig. 7). For this, the cave’s
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boundaries were defined in each interpreted section (rounded dashed black lines in
Figure 6). The sections interpreted were integrated with the topography and water table
altitude data. We used Geomodeller software, which employs potential fields to build a
3D surface (Aug et al., 2005) from the sections interpreted.

Based on the geophysical models, Algaidilla cave has N-S trending tubular
morphology being narrower in its southern part and progressively widening towards the
north. The cavity should be roughly horizontal in the central and northern regions,
whereas in the southern part the cave slopes towards the south. The estimated volume of
the cavity is of ~150000 m*, of which 78000 m? belong to the unsaturated zone and

72000 m? to the volume of water contained in the cave.

6. Discussion

Electrical tomography has been successfully used to find cavities at more than 20 m
in depth (Shi et al. 1997; El-Qady, 2005; Noel and Xu 1992; Manzanilla et al. 1994;
Kaufmann et al., 2011). However, in the case of caves located in carbonate rocks, due to
the resistive character of the host rock (1000-100,000 ohm.m, Palacky, 1987), detection
depends on the size and depth of the cave and its content (air and/or water). On the other
hand, the caves have an associated minimum gravity residual anomaly that can be
modeled quantitatively (Al-Rawi and Rezkalla, 1987). The present study provides
information on the sensitivity of electrical tomography and microgravity prospecting to
detect partially flooded caves located more than 30 m below the ground surface.
6.1. Methodological implications

The high resolution achieved with Bouguer anomaly data (305 microgravity
stations) allowed the qualitative identification of anomaly minima that could potentially

be produced by karst cavities. Therefore, Algaidilla cave, which was highlighted by
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borehole data, gave a -0.5 mGal residual gravity minimum. Thus, these results validate
the approach of using a high-resolution Bouguer anomaly map as a preliminary step to
the qualitative identification of buried caves and the selection of sectors most of interest
to be investigated in detail using other geophysical methods.

However, when quantitative microgravimetric direct modeling is used alone, it fails
because unlimited models are able to adjust the data of gravity residual anomaly. In our
case, borehole data and 2D ERT and IP results were used together for better constraint
of the possible models. It is well known the non-uniqueness and instability of ERT
inverse solution and the diverse anomaly shapes resulting from different selected
electrode arrays. We have checked the resolution of different electrode arrays and
compared the resulting images from various configurations. Although the iterative
inversion process minimizes this non-linear problem, the ratio layer thickness and layer
conductivity could be solved with multiple solutions due to principle of equivalence. In
our example the boundaries of the cave are constrained by boreholes partially resolving
the void thickness. Thus, the value of 250 ohm-m was used to delineate the contours of
top of Algaidilla cave in 2D resistivity inversion models 1, 2 and 3 (corresponding to
profiles of the same name). The 2D resistivity inversion model 4 did not detect the cave
because the profile of the cavity runs parallel to the hillside slope and the abrupt
topography limits the penetration. Although steel tubes of two boreholes affect the
shallow part of the ERT models, as in the forward models, the geometry of the cave is
well resolved by the tomography data and it can delineated at a depth between 26 and
66 m. In addition, the obtained DOI guarantees reliable results in the ERT and IP
models with 0.1 cut-off values down to 70 - 80 m or beneath, which is greater than the

depth of the cave bottom.
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There was a difference in the resistivity values associated with the cave between
profile 1 and profile 3. The profile 1 showed a progressive change from higher
resistivity values in the upper part of the cave to lower values towards the base. In
profile 3 the maximum value of resistivity coincided with the central part of the cave.
This discrepancy between the values of resistivity profiles potentially indicates that the
section below the water table is larger than the unsaturated zone in profile 1. In this
setting, the moderately saline water filling the bottom of the cave produces low
resistivity values. However, in profile 3, most of the cavity remains above the
unsaturated zone, which is reflected in the high resistivity values. Our results suggest
that in karstified carbonate massifs, cavities lying below the water table have a larger
resistivity contrast with the resistive host bedrock than above the water table. However
deepest sectors of the models should be interpreted with caution since they are less
constrained by the data.

IP models show areas with high polarization values located mainly at the bottom of
the cave. Although, the deepest parts of the models are less constrained, these
chargeability positive anomalies are probably associated to decalcification clays
generated from the dissolution of the calcite from the rock. Therefore, these red
decalcification clays were cross-cut by the Algaidilla I and Il boreholes. A
decalcification clays residuum commonly occurs in karstic caves. Calcite dissolves in
water saturated in carbonic anhydride and the impurities, red clays with iron oxide,
precipitates. These clays are transported by the water and deposited in the base of the
cavity. IP is observed when a steady current through two electrodes is shut off and the
voltage does not return to zero instantaneously, indicating that charge has been stored

mainly at interfaces between clay minerals. This study illustrates the strong potential of
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the IP method to highlight decalcification clays and therefore to complement other
geophysical techniques during cave detection.

While caves commonly have a highly resistive electrical signature (e.g. EI-Qady et
al., 2005; Gambetta et al., 2011), our study reveals that caves that develop below the
water table have lower resistivity than do the surrounding carbonates. Therefore, while
Algaidilla cave has sharp resistivity contrast in the saturated part, the resistivity contrast
is lower above the water table.

This study demonstrates the reliability of ERT and IP, combined with gravity
prospecting, for deep and saturated cave detection, compared with the GPR method. On
the one hand, GPR penetrates up to 15 m, but it fails in high-conductivity materials such
as water or saturated clays. Thus, while it is a suitable method for detecting shallow
unsaturated caves, the low penetration below the water table rules out its use for deep
saturated caves. Moreover, in this setting, we have demonstrated the sensitivity of IP
prospecting to detect the clays that are commonly associated with the carbonate

dissolution in karstic caves.

6.2. Cave development, hydrogeological and engineering implications

The geophysical results show that Algaidilla cave developed from Kkarstification
along a N-S direction coinciding with the boundary strike between dolostones and the
mélange unit, which is saturated in saline water. The mélange unit acts as an aquitard
saturated in highly saline water. At present, the conductivity values measured show
moderate salinity. The intensive exploitation of the Pleites carbonate aquifer would lead
to the mixture between deeper saline waters and the shallow freshwater. This would

result in deteriorated water quality that could limit its use for irrigation.
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The location and geometry of Algaidilla cave estimated from geophysical modeling
serve as a warning against nearby overexploitation, to prevent cave-in situations.
Collapsed caves have been described along the eastern hillside of the Pleites hill (Cruz-
Sanjulian, 1977), close to and with an equivalent setting as the cave studied. Therefore,
load-addition by the construction of buildings or roads with heavy vehicular traffic
could cause Algaidilla cave to collapse. At present, there is a minor country road with
very little road traffic above the cave. Increasing the traffic or passing with heavy
machinery could cause minor destabilization which, in the future, could result in a

collapse.

7. Conclusions

The combined application of microgravity and electrical tomography, including
resistivity (ERT) and induced polarization (IP) techniques, yields important information
about the location and geometry of karstic caves deeply buried in carbonates. Algaidilla
cave, which is partially saturated, has a -0.5 mGal residual gravity anomaly minimum.
ERT results delineate the cavity both above and below the water table. The cave is
identified as a feature having intermediate to low resistivity, its top boundary
approximately matching the 250 ohm-m in the 2D ERT inversion model. The saturated
part of the cave, below the water table, has lower resistivity than the surrounded
carbonates, contrary to the commonly found highly resistive electrical signature of the
caves. In addition, IP models show high chargeability anomalies probably associated
with decalcification clays accumulated at the base of the cave. Both electrical and
microgravity models reveal a cave between 20 and 66 m depth with an approximately
horizontal N-S elongated shape with a maximum length of 150 m and a width of 40 m.

The obtained Normalized Depth of Investigation index (DOI) —considering a cut-off
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value of 0.1— guarantees reliable results in the ERT and IP models down to 70 m ~ 80
m, which is greater than the depth of the base of the cave. In this setting, microgravity
may constitute a preliminary regional reconnaissance method while ERT and IP results
roughly constrain the geometry of the void, although it is necessary to combine them to

gain accurate results for deep caves.
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Figure captions

Figure 1. (a) Synthetic geological map of the Gibraltar Arc, formed by the Betic and Rif
Cordilleras. (b) Geological map of the Estepa Range. The locations of geological cross-
section of Figure 1c and Figure 2 are marked. (c) Geological cross-section of the Estepa
Range, note that the Pleites hill corresponds to a SE-vergent fold above a thrust.
(Modified of Pedrera et al., 2012)

Figure 2. Aerial photography of the study sector with the location of the geophysical
sites.

Figure 3. Bouguer anomaly map plotted above the digital elevation model. The gravity

sites are marked as black dots.

Figure 4. 2D forward models constructed from the residual gravity anomalies.

Figure 5. Forward modeling of ERT profiles including synthetic models and inverted
pseudosections. (a) Resistivity profile with two boreholes embedded in a homogeneous
half-space, (b) resistivity profiles with a partially saturated cave located between the
two boreholes and (c) induced polarization profile of decalcification clays associated at

the base of the cave.

Figure 6. Inversion models of electrical resistivity and induced polarization tomography.
RMS error and number of iterations are marked. The cave contour is marked with a
black dashed line and the water table (WT) is indicated with a white dashed line. The
DOI index 0.1 cut-off value is marked on each profile.

Figure 7. Three-dimensional construction of the Algaidilla cave from the geophysical

results found using a 3D potential field (Aug et al., 2005).

Table caption
Table 1. Studies using gravity and/or electrical methods, and their combination with

other geophysical techniques used for detecting caves. The approximate penetration

depth is also indicated. Electrical methods: IP - Induced Polarization tomography; ERT
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706 — 2D Electrical resistivity tomography; VES - Vertical electrical Soundings.
707  Electromagnetic methods: EM — Electromagnetic; GPR — Ground Penetration Radar;
708 NP — Natural Potential. Magnetic methods: M — Magnetometry; MRS — Magnetic
709  Resonance Sounding. Gravity methods: G — Gravimetry. Seismic methods: SRT —

710  Seismic Refraction tomography.
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Zhou et al., 2004
Leucci and Giorgi, 2010
Brown et al, 2011
El Qady et al., 2005
McGrath et al., 2002
Ortega et al, 2010
Beres et al., 2001
Leucci, 2006
Vargemezis et al., 2007
Abu-Shariah, 2009
McCann et al., 1987
Smith and Randazzo, 1975
Carpenter and Ekberg, 2006
Bozzo et al., 1996
Lazzari et al., 2010
Ravbar and Kovacic¢, 2009
Cardarelli et al., 2010
Mochales et al., 2008
Butler, 1984
Gambetta et al., 2011
Santos and Afonso, 2005
Valois et al., 2010
Guérin et al., 2009
Panek et al, 2010
Rodriguez and Reyes, 1992
Gibson et al., 2004
Chamon and Dobereiner, 1988
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Raédulescu et al., 2007

“Methods
GPR and ERT
ERT
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MG and GPR
GPR and ERT
ERT
ERT
SRT and Seismic Resonance, Cross-hole, ERT, G, M and EM
VES
GPR and ERT
EM, ERT, SRT
GPR and ERT
ERT
ERT and SRT
G, M and GPR
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