Journal of Environmental Management 322 (2022) 116166

e 4

ELSEVIER

Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

Contents lists available at ScienceDirect

Joueaa of
Environmental
“Management

Research article

Check for

Combining geophysical methods (DC, IP, TDEM and GPR) to characterise [
mining waste in the Linares-La Carolina district (southern Spain)

J. Rey™’, R. Mendoza ", J. Martinez ”, M.C. Hidalgo ?, C. Florez Rodriguez "

@ Department of Geology, EPS Linares and CEACTEMA, Universidad de Jaén (University of Jaén), Technological Scientific Campus, 23700 Linares, Jaén, Spain
b Dept. of Mechanical and Mining Engineering, EPS Linares and CEACTEMA, Universidad de Jaén, Technological Scientific Campus, 23700 Linares, Jaén, Spain

ARTICLE INFO

Keywords:

Mine wastes
Environmental quality
Pollution

Geophysical methods

ABSTRACT

The accumulation of waste materials in old, abandoned mining districts without prior sealing of the substrate
currently poses a significant risk of contamination to soils and surrounding waters. Some of these mining dams
have undergone a reclamation and sealing process in recent years to alleviate this problem. The current study is
an analysis of the effectiveness of using different geophysical techniques for characterising these structures and
monitoring the isolation performed. This study was carried out in the old mining district of Linares-La Carolina
(southern Spain). The following techniques were investigated in this study: direct current (DC) resistivity,
induced polarization (IP), ground-penetrating radar (GPR) and the time domain electromagnetic method

(TDEM).

Combining DC and IP made it possible to characterise the internal structure of the abandoned mining dams,
whereby the geometry of these deposits was determined and the corresponding potential risks were assessed. In
addition, percolation zones of mining leachates were detected that indicate defects in the sealing stage.

TDEM was a good complementary technique for calculating the depth of the bedrock on which the mining dam
is located. GPR could only be used to investigate shallow depths at all of the antenna frequencies used (100, 250
and 500 MHz) but was useful for obtained detailed information about the last stages of filling and characterising
the encapsulation performed during sealing.

1. Introduction

Very large volumes of waste (waste rock, flotation sludge, smelter
slag, etc.) generated in old mining districts have accumulated in the
vicinity of the facilities without the implementation of any type of
corrective measures. Therefore, these wastes have polluted and, in many
cases, continue to pollute the soils and waters of the environment de-
cades after the closure of mining operations (Sobanska et al., 2000; Li
and Thornton, 2001; Chopin and Aloway, 2007). Numerous studies
performed in different countries on soils and waters affected by mining
activities reflect there is a worldwide problem. As an example, Gratton
et al. (2000) conducted a study on contamination in old mercury (Hg)
mines in the US, Australia, and Canada and detected a large regional
impact of metal(oid)s 30 years after mine closure. Of special relevance
are studies associated with mining in South America, among which
Veado et al. (2006) have reported adverse effects of mining operations
on plants and soils more than 400 km away from the original source of
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contamination in Minas Gerais (Brazil). Numerous studies have been
performed in Spain on detecting high concentrations of heavy metals in
soils associated with old mining districts, including Rio Tinto (Nieto
et al., 2007), Almadén (Schmid et al., 2013), Cartagena (Garcia et al.,
2001; Acosta et al., 2014) and Linares (Martinez et al., 2008).

Addressing this environmental problem requires characterising the
geometry and internal structure of these mining wastes, as well as the
sealing of these wastes. Recent years have witnessed efforts towards
closure and reclamation of various abandoned deposits produced by
treatment processes of extractive industries. Measures have been pro-
posed for the physical and chemical stabilization of deposits to guar-
antee their long-term structural safety and prevent any type of
contamination. Most measures that have carried out have focused on the
encapsulation of mining sludge.

Many studies in the literature have shown that indirect (geophysical)
methods are useful for characterising former tailings dams in terms of
reconstructing the morphology, locating recharge-discharge areas, and
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identifying points of contact between the substrate and the deposited
waste of. The direct current (DC) resistivity method is one of the most
frequently used techniques with demonstrated utility for numerous
mining districts (Grangeia et al., 2011; Martinez-Pagan et al., 2011;
Martin-Crespo et al., 2015; Pierwota, 2015; Zarroca et al., 2015;
Tycholiz et al., 2016; Martinez et al., 2021). This technique has been
used in conjunction with induced polarization (IP) to locate leachate and
contamination areas (Pierwota, 2015; Power et al., 2018; Rey et al.,
2020; Martinez et al., 2021). Electrical resistivity imaging (ERI) is oc-
casionally used in combination with more superficial methods
(ground-penetrating radar, GPR) that gauge the effectiveness of the
isolation process to which these structures have been subjected (Poisson
et al.,, 2009; Grangeia et al., 2011; Cortada et al., 2017). The time
domain electromagnetic method (TDEM) has been widely used in
environmental studies (Kafri and Goldman, 2006; Hu et al., 2016).
However, TDEM has rarely been used to characterise mine tailings.

In previous studies, more than two indirect methods are not used for
the characterisation of tailings dams. This study was carried out in the
old mining district of Linares-La Carolina (in the south of Spain) using
DC, IP, GPR and TDEM. The aim of this study was to assess the capacity
of these four geophysical methods to characterise the geometry and
growth stages of a dam and to determine the type and effectiveness of
the encapsulation used. This characterisation can be used to determine
the environmental risk posed by mining waste. The evaluation of mul-
tiple methods conducted in this study eliminates the uncertainty in
interpretation associated with using a single technique, while identi-
fying the strengths and limitations of the individual geophysical tech-
niques. Therefore, our study can be used as a reference for mining
regions worldwide.

2. Description of the study area

The Linares-La Carolina metallogenic district (SE Spain, Fig. 1A) is
characterised by the presence of philonian deposits that are primarily
composed of galena (lead sulfide, PbS) and hosted in a Paleozoic base-
ment. This basement is basically constituted by granites in the Linares
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sector and quartzite layers alternating with phyllites in the La Carolina
sector (Azcarate, 1977; Larrea et al., 1994). The Palaeozoic basement is
fossilized by Triassic red sandstones and shales and Quaternary alluvial
facies.

This district was intensively exploited for galena and abandoned at
the end of the 1970s. A large quantity of waste materials was deposited
near the mining operations. In addition, wastes of mineral concentration
processes, and in particular, reject material from the flotation-washing
plant, were deposited at the study site without any conditioning mea-
sures (Figs. 1B, 2A and B).

Leachates generated by regional processes have been reported to
contain high contents of sulfates and specific metallic elements as a
result of the oxidation of sulfides in the dumps and flotation waste
(Hidalgo et al., 2010; Rojas et al., 2019; Mendoza et al., 2020). Processes
affecting the surrounding soils have also been described (Martinez et al.,
2008).

The waste rock deposits associated with a former flotation-washing
plant (Siles Group, Fig. 1A) in the vicinity of Linares were investigated
in this study. Several mining dams along the Guadiel River have been
preserved in this environment, among which two of were reclaimed in
2012 and one has not been reclaimed. The reclamation project for one of
the restored dams, called the Adaro Washery (Garcia-Fernandez and
Gallego, 2009), employed in situ encapsulation through impermeable
barriers, in addition to controlling surface runoff and restoring the
vegetation cover. The sludge was sealed by placing a separation barrier
between the waste and the surrounding environment. A “sealing” layer
was placed vertically on the slopes (from bottom to top), consisting of
30-cm-thick clay, a protective layer (a geotextile) and a 100-cm-thick
“covering” layer made of compacted earth and compost (for the upper
part of the profile). Subsequent studies were carried out on this dam
using GPR (Cortada et al., 2017) to differentiate among the different
encapsulations performed during sealing and detect imperfections in the
isolating layers and shallow high-humidity areas.

The current study was performed on the other reclaimed dam, which
is known as “La Carlota”. Fig. 1B shows the dam location on the left bank
of the Guadiel River, which is a few metres from the river channel and
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Fig. 1. (A) Geographic location of the studied sector in SE Spain. (B) Position of the La Carlota fines dam in the Siles Group sector. The tomography, GPR, and TDEM
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Fig. 2. (A) An aerial photograph taken in 1956, in which the La Carlota sludge pond appears active, already full in the eastern sector (Sector A) and only partially full
in the western sector (Sectors B and C). The former channel of the Siles stream can be seen separating these two growth zones from the pond. New channelling of the
stream is also observed. (B) An aerial photograph taken between 1973 and 1986 in which the La Carlota sludge pond appears in its terminal stage. Growth of the pond
caused Sectors B and C to connect, resulting in the disappearance of the former channel of the stream. The new channelling of the stream enabled the regrowth of
Sector A at the southern end of the stream. (C) A current aerial photograph showing the reclaimed sludge pond: the positions of the GPR_A and GPR_C lines are
indicated. The photographs 2A, 2B and 2C were extracted from the open access Digital Photo Library of the National Geographic Information Centre of Spain. (D) The
electrical tomography profile for the upper area of Sector B, where the Guadiel River is on the left. (E) A detail of the sealing of the slope of the La Carlota pond: a
layer of poorly graded red clay appears over the grey mining waste. Sandstone pebbles are evident in this layer of clays in the photograph. (F) The core taken in the
upper part of the dam, at the contact between the clays used for isolating the pond and the mining sludge (approximately 50 cm deep). The thickness of the sealing
layer and the nonuse of a geotextile for encapsulation are verified. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

lies directly over unsealed fluvial deposits (Fig. 2. A, 2. B and 2.C). (gravity) from the periphery.

Growth occurred on the fluvial terrace and therefore, on a generally flat The structure has a maximum length of 260 m, a width between 60
surface. The structure was built from a small dike and could therefore and 160 m and a height of approximately 10-15 m, with an estimated
grow vertically. The discharge system operated by means of guttering waste volume of approximately 250,000 m®. The sludge deposits are
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made up of fine-to medium-grained materials that contain, among other
mineral species, Pb sulfides of little economic value that were rejected
by the flotation plant and a small proportion of metallic ore particles
that were not mined because of poorly developed extractive technology
or for being economically unusable (Martinez et al., 2021).

Fig. 2 shows three aerial photographs of these wastes, the first of
which was taken in 1956 (Fig. 2A). Three sectors in the pond can be
seen. The first sector (A in Fig. 2A) is almost full. The channel of the Siles
stream has been modified to regrow Zone A towards the south and in-
crease the discharge zones B and C (as shown in Fig. 2B). The second
photograph was taken between 1973 and 1986 (Fig. 2B) and shows the
La Carlota sludge pond in its terminal stage. The former channel of the
Siles stream has disappeared as a result of connecting Sectors B and C, as
well as the expansion of Sector A of the pond towards the south. In the
third aerial photograph (Fig. 2C), the reclaimed sludge pond is bounded
by the Guadiel River (Fig. 2. D) and the Siles stream.

Although no information is available on the reclamation project for
the La Carlota tailings pond, the work done does not appear to have been
aligned with the project carried out on the other nearby previously
reclaimed dam, the Adaro Washery. The observations of the outcrops
(Fig. 2E) and the cores taken show only an approximately 30-50-cm-
thick clay “sealing” layer placed directly over the waste (Fig. 2F).
Therefore, neither a protective layer (geotextile) nor a 100-cm-thick
“cover” layer was used, unlike in the other reclaimed dam. In addi-
tion, the granular texture of the clays used is not uniform: there are
numerous sandstone pebbles (Fig. 2E).

3. Material and methods
3.1. Direct current resistivity

DC resistivity methods involve determining the distribution of elec-
trical resistivities in subsoil. An electric current is transmitted to the
subsurface by two electrodes, and the voltage is monitored using two
other electrodes. (Telford et al., 1990). DC resistivity is one of the most
effective nondestructive tools for the study and characterisation of
subsoil, with emphasis on ERI. This technique consists of implanting
numerous electrodes along profiles at a specified distance that is
determined by the degree of resolution, depth, and objectives to be
achieved: a smaller separation between electrodes increases resolution,
whereas a larger separation increases investigation depth (Sasaki,
1992).

DC resistivity has been proven to be useful for reconstructing the
morphology of mining dams, locating recharge-discharge areas, and
identifying the waste-substrate interface (Martinez-Pagan et al., 2009;
Martin-Crespo et al., 2015; Pierwota, 2015; Zarroca et al., 2015;
Tycholiz et al., 2016; Cortada et al., 2017; Martinez et al., 2021).

In this study, a NE-SW direction profile of ERI was run along the
sludge pond (Fig. 1B) using 64 electrodes with a 6-m spacing (Fig. 2D)
over a total length of 378 m. A Wenner-Schlumberger array was used.
This device has an excellent signal-to-noise ratio, both vertically and
horizontally, and is therefore very useful for investigating horizontal
layers with lateral changes in facies and/or verticalized structures
(Dahlin and Zhou, 2004; Loke, 2014).

The following parameters were used to calculate the resistivity: an
injection voltage of 800 V, an injection time of 1024 ms, a delay of 10
ms, and a measurement interval of 1000 ms.

A Deutsche Montan Technology (DMT) RESECS was used to perform
electrical tomography. After field data acquirement, the dataset must
first eliminate anomalous measures by using PROSYSII software. The
software was also used to add the terrain topography. The values of the
apparent resistivity and chargeability determined in the field study (by
IP) were processed using specific RES2DINV software for resistivity and
IP data (Griffiths and Barker, 1993). The inversion used a modeling
program based on the robust finite element method and a non-linear
smoothness-constrained least-squares optimization to produce a model
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that emphasizes the vertical resistivity features.
3.2. Induced polarization

The IP method consists of measuring a slow voltage decay in the
ground following the cessation of an excitation current pulse (Sumner,
1976; Telford et al., 1990). The decline curve is recorded during a
prescribed interval, and the area below the curve between two time
limits is calculated and then divided by the normal potential Vo as a
measure of the time integral of the IP. The resulting value is called the
chargeability (Binley and Kemna, 2005; Zhadanov, 2018).

IP has been used in recent years to perform geophysical prospecting
in environmental studies (Slater and Lesmes, 2002) for the detection of
hydrocarbon polluting plumes (Blondel et al., 2014) or the analysis of
industrial waste ponds (Aristodemou and Thomas-Betts, 2000) or
leachates in mining dams (Yuval and Oldenburg, 1996; Pierwota, 2015;
Power et al., 2018; Rey et al., 2020).

In this study, a detailed profile centred on the mining dam was ob-
tained (Fig. 3) using 64 electrodes at 6-m intervals over a total length of
378 m and coincided with the aforementioned ERI profile.

A resistivity metre was used to jointly measure the resistivity and
apparent chargeability, where nonpolarizing electrodes were used to
increase the measurement stability and prevent electrode polarization
under prolonged current injection. The metre body was filled with lead
chloride saturated in hard gel, into which a lead spiral was cemented.
RES2DINV software was also employed to invert IP data.

3.3. Time domain electromagnetic method

The operating principle of TDEM is the circulation of an electric
current through a transmitter coil for short periods of time. Abrupt
interruption of the current flow causes the primary magnetic field to
vary, which induces a variable electric current. This current, in turn,
generates a transient secondary magnetic field. The induced currents
flow in closed trajectories and migrate to larger depths, thereby
decreasing in intensity over time. Changes in the secondary magnetic
field over time induce a transient voltage in the receiving coil. The form
of the voltage decay provides information on the conductivity distri-
bution in the subsoil, which can be used to characterise the subsoil
(Nabighian, 1988; Telford et al., 1990; McNeill, 1994).

This methodology has also been used in environmental studies for
the analysis of hydrocarbon polluting plumes (Hu et al., 2016) or the
characterisation of marine intrusions (Kafri and Goldman, 2006; Levi
et al., 2008).

An ELGEO Research & Production Company AIE-2 was used to
perform TDEM in this study. This instrument has a maximum output
power of 200 W and a current intensity of up to 10 A. The TDEM receiver
is based on a 16-bit analogue-digital converter with a signal processor
that provides analogue-to-digital conversion that is impervious to input-
voltage noise and real-time signal preprocessing. The instrument has a
measurement range between 10 ms and 10 s, with an input voltage
between 5 and 20 V with signal compensation.

A total of 13 TDEM measurement stations were installed for the field
study and were aligned in the NE-SW direction to coincide with the
electrical tomography line. The points in Fig. 2A indicate the centres of
the reading stations for square loops of 20 x 20 m and of 10 x 10 m on
each side (with two turns in this case). Measurements were taken at each
point using single loop devices, and the measurement parameters (the
intensity, time, voltage) were varied to compare the effectiveness of the
different arrays. Different values of the injection amperage (2 A and 5A),
voltage (1 V and 10 V), and measurement time (10 ms and 20 ms) were
used at each station to identify the most stable curves. In each test, the
ramp time was directly proportional to the loop size and amperage used
(Christiansen et al., 2009). Given the small size of the loops and tech-
nical specifications of the equipment used in this study, a very small
ramp time of approximately 2-3 s was used. A 6-mm? section cable was
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Fig. 3. (A) Resistivity profile, in which the base of the mining waste is indicated by a dashed line. (B) IP profile. (C) Normalized IP profile.

used to reduce the resistance and thereby produce a higher current in-
tensity. TEMBIN software was used to visualise and edit the different
curves. The modeling and inversion process was performed with the
ZondTEM1D programme.

3.4. Ground-penetrating radar

GPR methods are based on the propagation of high-frequency (be-
tween 20 MHz and 1 GHz) electromagnetic waves in a domain in subsoil.
The equipment used includes a transmitting antenna that is moved along
the ground surface and emits temporary impulses of very short duration.
Upon encountering dielectric contrast in the subsoil, these waves are
reflected towards the surface, where their characteristics are measured
by a receiving antenna (Auken et al., 2003). The penetration depth and
resolution depend on the electromagnetic properties of the scanned
materials and the antenna used. Thus, an increase in the ground con-
ductivity or the frequency of the transmitted signal produces a decrease
in the intensity of wave propagation in the subsoil. For the same profile,

the use of high-frequency antennas increases the resolution and de-
creases the penetration depth, and the opposite result is obtained by
decreasing the antenna frequency (Davis and Annan, 1989).

A RAMAC/GPR Pro-Ex model from MALA GEOSCIENCE was used to
carry out these studies. The obtained profiles coincided with those ob-
tained using ERI and were accompanied by short perpendicular profiles
for the path that joining Sectors A and B + C, as well as for the alluvial
deposit adjacent to the Siles stream (Fig. 1B). A total of 19 profiles were
obtained, of which only five are discussed in this paper as being the most
representative. In all cases, different shielded antennas of 100, 250 and
500 MHz were used. The high-frequency antennas were used to assess
the isolation efforts carried out in the dam. The low-frequency antennas
were used to determine the internal structure of the sludge. Signal
filtering and interpretation were carried out via the Reflexw pro-
gramme. Different processing tools were applied to the radargrams ob-
tained in the field, for both filtering and gain, as has been performed by
other authors (Neal, 2004; Alcala et al., 2021).
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4. Results and discussion
4.1. Direct current resistivity

Data inversion was performed using a total of four iterations,
resulting in a root-mean-square (RMS) error of 7%. The resulting re-
sistivity profile is represented in Fig. 3A. Two sets can be differentiated
in the vertical direction, of which one set is more superficial, with low-
medium values (below 220 Qm, except at the NE end) associated with
the waste in sludge dams, alluvial sands and gravels or highly altered
granite. The second set in the lower part of the profile is characterised by
increasing resistivity values (which can exceed 1000 Qm) associated
with relatively unaltered granite.

An increase in the resistivity was detected at the two ends of the dam
(at 10 m and 320 m from the origin, see Fig. 3A), which corresponds to
the peripheral dikes used for the regrowth of the waste dam.

In this type of dam, it is often difficult to use electrical behaviour to
differentiate the mining waste from the underlying alluvial materials.
However, the sludge resistivity is typically higher (between 60 and 220
Qm) than that of the of the underlying alluvial deposit (20-110 Qm).
The data obtained from the observations of the outcrops and the vertical
changes in resistivities were used to estimate that the base of this body is
subhorizontal (Fig. 3A) with maximum thicknesses of approximately 16
m (conditioned by the vertical regrowth). The position of the body is
shown in Fig. 3A.

Lateral changes in the resistivity of the mining waste were detected.
The resistivity decreases considerably (by as much as 50 Qm) between
40 and 60 m and between 140 and 240 m from the origin. As described
for other sectors, these decreases could be associated with increases in
the waste moisture content caused either by percolation of surface water
(Rey et al., 2020) or by connection with the Guadiel River.

The resistivity was also found to decrease in the underlying alluvial
materials, dropping to 20 Qm (between 70 and 110 m and between 150
and 220 m from the origin). This decrease could be attributed to the
presence of leachates, indicating that the sludge sealing process was not
as effective as desired. The presence of leachates in this area was
confirmed by IP, as discussed in the next section.

There is a remarkable coincidence between the minimum resistivity
associated with alluvial materials between 150 and 220 m from the
origin of the profile and that of the former channel of the Siles stream
(Fig. 2A). IP can also be used to locate these ancient hidden sedimentary
geometries, which are probably saturated with water as a result of being
at a lower elevation than the Guadiel River (Fig. 3A).

However, the changes observed in the resistivity sections are asso-
ciated with uncertainty because they could be caused by different fac-
tors: lithological variations in the explored section, variations in water
saturation, or changes in the concentration of salts currently in the
water. Therefore, chargeability measurements and the calculation of the
normalized chargeability section must be performed. This additional
information can be used to identify the nature of the observed electrical
effects (Slater and Lesmes, 2002; Power et al., 2018).

4.2. Induced polarization (IP)

The trace of the IP profile (Fig. 3B) coincides with that of the re-
sistivity profile shown in Fig. 3A. In this case, four iterations were per-
formed, with a final RMS error of 1.4% for the data inversion process.
The chargeability values tend to be low throughout the profile. The
chargeability values of the materials in the upper part of the profile (that
is, those associated with the pond and the underlying alluvial deposits)
do not exceed 1.2 mV/V. The magnitude of the chargeability values
shows that the waste material does not contain significant quantities of
reactive minerals.

The chargeability values of the underlying granite tend to be low (on
the order of 1.5 mV/V), which is common for granitic rocks. No corre-
lation is detected between the first decrease in resistivity (between 70
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and 110 m from the origin) and the increase in chargeability. The
chargeability values are high, on the order of 2.5-3 mV/V, in only two
sectors. These two anomalies appear downstream of the dam and below
the elevation of the Guadiel River, at the contact between the alluvial
material and granite. The first anomaly occurs between 160 and 180 m
from the origin and corresponds to the minimum resistivity zone asso-
ciated with the former channel of the Siles stream. The second anomaly
occurs between 250 and 260 m from the origin and is also located in the
underlying alluvial deposit in contact with the granite. The high char-
geability in this case should be correlated with low resistivity values.
These anomalies cannot be explained in terms of variations in the con-
centration of sulfides in this dam because the sulfide concentrations are
very uniform (Garcia-Fernandez and Gallego, 2009; De la Torre et al.,
2012). These anomalies could be related to the presence of local filtra-
tion. The absence of an increase in the chargeability between 70 and
110 m from the origin could be explained by the lack of a pelitic pro-
portion in the alluvial deposit, probably due to water-saturated sands.

However, it is difficult to determine whether the variations in the IP
are caused by the lithology (clayey intercalations in alluvial materials)
or effects produced by the pores being saturated by mineralized water.
Therefore, some authors have used the normalized chargeability to
identify the cause of variations in the IP (Slater and Lesmes, 2002;
Blondel et al., 2014; Power et al., 2018). This parameter is the ratio
between the chargeability and resistivity.

Fig. 3C shows the normalized chargeability model. The normalized
chargeability values are always very low, generally below 0.04 mS/m.
The prominent sharp decrease in the normalized chargeability at larger
depths is associated with the bedrock (granite). The high resistivities of
unaltered granite (see Fig. 3A) correlate very well with the very low
normalized chargeability values presented in Fig. 3C.

The normalized chargeability values are slightly elevated in three
areas. These three zones are always associated with the alluvial base
below the Guadiel River, and the normalized chargeability values
coincide with the minimum resistivity values in all zones. The first zone
lies between 70 and 110 m, the second zone lies between 160 and 180 m
(the former channel of the Siles stream), and the third zone lies between
250 and 260 m from the origin of the profile. The normalized charge-
ability values in these areas are higher than in other areas but still low
(below 0.1 mS/m). The low resistivity values associated with the low
normalized chargeability values in these three sectors of the profile are a
characteristic response of areas saturated with contaminated water, as
has been shown in different field and laboratory studies (Slater and
Lesmes, 2002; Power et al., 2018). In our case, the presence of a fluid
with a significant load of metallic elements could explain a moderate
increase in chargeability in alluvial materials.

The filtration detected between 160 and 180 m and between 250 and
260 m may be related to degradation of the sealing liner.

4.3. Time domain electromagnetic method (TDEM)

Comparing the curves obtained using the 10 x 10 m and 20 x 20 m
loops at each station shows that higher stability was obtained using the
20 x 20 m loops. Therefore, the curves obtained using the 20 x 20 m
loops are discussed in this section. The RMS error in the interpretation
curves of the 13 stations varies but remains within the 3-4.5% range.

In general, a low-resistivity surface set is detected in the curves
associated with mining waste, alluvial deposits, and altered granite.
Under this set, a resistive body between 12 and 20 m deep, depending on
the station, is detected that is associated with the granite. The most
representative information obtained for the four stations is analysed
here.

Fig. 4A shows the geological model on which the pond is located
constructed using the information obtained by electrical prospecting.
However, the device used to collect the electrical data cast shadows at
both ends of the profile, as can be seen in figure. A highly trafficked road
prevented better centring of the profile device, resulting in a lack of
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information for the NE end of the pond.

This lack of information was compensated for using the TDEM data.
Fig. 4B shows the information obtained for the two stations at the NE
end (1 and 2) corresponding to the locations shown in Figs. 1B and 4A.
Fig. 4B shows the measured induced voltage curves (blue line), the
apparent resistivity curves obtained as a function of time (red line), and
the resistivity model generated by the inversion software (thick red
line). The field line and the result produced by the ZONDTEM1D soft-
ware model are almost coincident for each curve.

At Station 1, the first layer is approximately 16 m thick and has a low
resistivity potential associated with the alluvial deposits. Under this set,
an increase in resistivity associated with granite is detected. At the
second station, there is a very superficial resistive layer (Fig. 4B) related
to the grown dike of the dam. Under the resistive layer are conductive
materials (alluvial deposits) with thicknesses of approximately 10 m
that are lower than those at the previous station.

This technique cannot be used to differentiate mining waste from the
underlying alluvial deposit because the corresponding conductivities are
similar. However, at the points at which the thickness of the dam is
known (from field data or old aerial photographs), this method can be
used to identify underlying granite and therefore the thickness of the
alluvial deposit. One example is the alluvial deposit at Station 6, which
has a low thickness where the mining waste practically rests on top of
the granite (Fig. 4). This result can be confirmed by the ERI profile data.
In the case of Station 11 (also shown in Fig. 4B), a deep resistive layer is
detected at 23 m. Considering 10-m-thick wastes are based on the
measured data for the outcrop, thicknesses of approximately 13 m for
the alluvial deposits can be deduced.

4.4. Ground-penetrating radar

Fig. 5 shows three of the profiles obtained using the 100-MHz an-
tenna. The GPR_A profile was obtained for the road currently separating
Sectors A and B + C of the La Carlota mining dam (the road location is
indicated in Fig. 2C). The reflection hyperbolas were analysed using
Relexw software to obtain estimated wave velocities of 0.117 m/ns in
these lithologies, which are similar to those reported for equivalent
materials in other sectors (Poisson et al., 2009; Grangeia et al., 2011;
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Cortada et al., 2017). Despite the low antenna frequency, the signal is
lost at a depth of 3-4 m because the high conductivity of this mining
waste rapidly attenuates the wave with increasing depth (Neto and
Medeiros, 2006; Takahashi et al., 2011). There are two notable aspects
of this first profile (Fig. 5A). First, filling of a depressed area is observed
between 0 and 50 m from the origin. Comparing Fig. 2A and B show that
this geometry corresponds to the grading of the slopes between Sectors C
and B of the mining pond, which lies directly over the former channel of
the Siles stream. Prograding geometries towards the SW are observed
from 75 m to the end of the profile. These layers correspond to the last
growth phases of the pond once the Siles stream was redirected.

The 100-MHz antenna was used to obtain the GPR_B profile for the
reclaimed pond (Fig. 5B). The most responsive area is in the section
between 70 m and 160 m from the origin. This area corresponds exactly
to the sector between Sectors B and C of the dam that developed during
the last stage of growth (the location of this sector is shown in Fig. 4A).
The third georadar profile was obtained using a 100-MHz antenna
placed adjacent to the mining dam on the alluvial deposit associated
with the Siles stream (Fig. 5C). The antenna position is shown in Figs. 1B
and 2C. The use of this technique enabled the detection of channelised
geometries in this sedimentary medium, as well as the contact with the
granite associated with the Palaeozoic basement.

To analyse the reclamation process of the dam, higher-frequency
antennas (250 MHz and 500 MHz) were used that achieved higher res-
olution for a lower penetration depth. The location of the respective
profiles is shown in Figs. 1B and 4A. A 250-MHz antenna was used to
obtain the GPR_D profile (Fig. 5D). In this case, the penetration depth
does not usually exceed 1.5 m. The section shown in Fig. 5D coincides
with the edge of Sector B of the dam, enabling visualisation of the
original slopes of the edge of the structure. Use of this antenna revealed
the sealing layer, which is approximately 50-70 c¢m thick and basically
constituted by clayey facies (taken from the Triassic facies outcropping
in the vicinity). This layer appears to be perfectly continuous at the
frequency used. The amplitude contrasts of the wave correspond to the
different compaction layers of these clays.

The 500-MHz antenna has a lower penetration capacity than the 250-
MHz antenna. Fig. 5E shows that the penetration depth of the 250-MHz
antenna barely exceeds a metre. However, use of the 250-MHz antenna
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Fig. 4. (A) Section deduced from the information in the ERI profile. The numerals 1, 2, 3 ....13 denote the positions of the TDEM stations. The locations of the three
GPR profiles analysed in this study that appear in Fig. 5 (GPR_B, GPR_D, and GPR_E) are also indicated. (B) Graphs showing the TDEM results at four of these stations:
the induced voltage curves (blue line) and apparent resistivity (red line) as a function of time are shown. The fits to the field lines by the model (using ZONDTEM1D
software) are shown for each curve. The interpretation after data inversion is also included, where the red straight lines represent the resistivity as a function of the
depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Details of the GPR profiles obtained using a 100-MHz antenna (A, B, and C). Details of the GPR profile obtained using a 250-MHz antenna (D). Details of the
GPR profile obtained using a 500-MHz antenna (E). The antenna locations are shown in Fig. 1B and described in the text.

provided many details on the type of encapsulation. First, the thickness
of the respective layer is not constant and varies between 40 and 70 cm.
Second, the radargram indicates that the clay layers do not provide good
lateral continuity, which is related to laterally uneven compaction.
Third, a detailed analysis of Fig. 5E shows innumerable hyperbolas
within this layer of sealing. These responses correspond to the sandstone
pebbles embedded in the clays, as can also be observed in the outcrop
(Fig. 2E). All these results facilitate the identification of defects formed
during the encapsulation process.

5. Conclusions

A combination of geophysical prospecting methods were applied in
this study for the monitoring of mining dams, both in terms of charac-
terising the dam structure and the subsequent sealing process. The ERI
technique was demonstrated to be able to reconstruct the dam
morphology, thereby identifying where the waste contacts the substrate.

TDEM was used as a complementary method to the DC resistivity.
TDEM could not be used to identify the contact between the waste and
the underlying alluvial materials. However, TDEM could be used to
detect the depth of the bedrock (granite) under the sedimentary cover
and to obtain information of interest at the extremes of the ERI profile
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where shadow areas were generated.

Decreases in the resistivity values were detected under the waste in
the alluvial materials. These low resistivities may indicate the presence
of contaminated water below the waste or may result from an increase in
the quantity of clayey facies in the alluvial.

Electrical methods, such as DC, IP and normalized IP, were combined
to remove this limitation. Thus, areas of low resistivity, high charge-
ability and a weak increase in the normalized IP were detected in the
alluvial deposit under the dam, which are associated with saturation
with contaminated water (a fluid with a significant load of metallic
elements).

In turn, decreases in resistivity in the dam were detected in the
vertical direction for these anomalies and interpreted as resulting from
increases in the humidity.

GPR did not penetrate to more than 3-4 m for any of the antennas
used (100, 250 and 500 MHz). This result was due to the nature of the
sediments, which cause rapid attenuation of the signal. Nevertheless,
considerable information was obtained using the lowest frequency an-
tenna (100 MHz) for the first 4 m and therefore, of the last growth stages
of these mining structures. The higher-resolution (but lower penetra-
tion) 500-MHz antenna could characterise the encapsulation phases the
mining dam was subjected to during the sealing and reclamation stage.
The seal thickness, lateral continuity, and uniformity of the rock used
were detected. In our study, we detected changes in the thickness and
differential compaction of the clay and the presence of an inadequate
granular texture (abundant sandstone pebbles within the clay layer).

Failure to isolate the structure during sealing (as detected by GPR)
may have enabled the increase in humidity in the dam and the perco-
lation of contaminated water through the underlying alluvial facies.
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