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Abstract: In the former mining district of La Carolina (southern Spain), waste materials were accumulated
without first waterproofing the substrate. Additionally, these mining dams were abandoned without any type
of restoration, conditions that present a significant risk of contaminating the surrounding soils and waters.
Prior to carry out the necessary works for isolating these residues, morphological characterization of the contact
with the base substrate is needed. For that purpose, in recent years, different indirect study techniques have
been used, among which electrical tomography stands out. In this work, a less common geophysical technique,
magnetometry, both in its magnetic and gradiometric modalities, is used as an alternative method to analyse
the geometry and structure of a mining dam. The results obtained with this methodology are compared with
the results provided by electrical techniques, as well as with direct data from mechanical surveys and aerial
photographs prior to waste deposition. The magnetic anomaly curves obtained with geometric models
generated with the Mag2dc program were also analysed. This comparative study shows the usefulness of
magnetic prospecting in characterizing the base geometry of these mining structures and therefore the interest
in its application to environmental characterization studies.

Keywords: tailings dams; environmental risk; magnetometry; magnetic susceptibility; La Carolina mining
district; Spain

1. Introduction

Until a few decades ago, the enormous volume of waste generated in mining districts (tailings,
flotation sludge, foundry slag, etc.) were accumulated near the facilities without any type of
corrective measures. Furthermore, at the time of mine closure, planning measures that involved
isolation of these waste accumulations had not been considered. Under these conditions of exposure
to the atmosphere, oxidation of the sulphides present in the waste produced very negative
consequences for the environment due to the leachate generation with high contents of sulphates and
certain metallic elements, which are processes that have been described worldwide in different
abandoned mining districts [1-3].

At present, this environmental problem suggests the need to take corrective actions, among
which are those aimed at isolating these deposits to avoid precipitation infiltration. Thus, it is very
important to know both the geometry of the base and the internal structure of these mining tailings.
To characterize these mining dams, numerous studies have used indirect methods (geophysical
methods) because they are useful and fast for reconstructing shape, identifying areas of recharge and
discharge, and determining the morphology of the contacts between the residues and substrate.
Among these methods, electrical tomography (ERI) is the most widely used and has been
demonstrated as effective in different mining districts [4-11].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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As mentioned, electrical tomography is a very useful technique with a high vertical resolution.
However, the need to use numerous electrodes, as well as to assemble and disassemble the entire
device, makes field work laborious and time-consuming. In practice, this is a limitation that means
many of the studies carried out do not obtain many profiles. This results in a lower horizontal
resolution in the interpretation of the results. For this reason, this work analyses the use of
magnetometry as an alternative method because with this technique, the data acquisition is very fast,
and numerous profiles can be obtained over short periods of time. However, there is no examples in
the literature describing its use for characterizing this type of mining structures.

In this study, the metallogenic district of La Carolina (southern Spain, province of Jaen, Figure
1), which is characterized by the presence of phylonian deposits, consisting mainly of galena (PbS),
was chosen. These mineralizations have historically been the object of intense exploitation and were
abandoned at the end of the 1960s. The abundance of these deposits favoured the development of
important underground mining for centuries, and this activity produced a large quantity of tailings,
which were deposited near the extraction works [12]. As described in different studies [13-15], in this
mining area, there is also an environmental degradation related to potentially toxic elements (PTEs)
that affects the quality of water and soils, similar to those previously mentioned in other sectors.
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Figure 1. (a) Location of the studied region. (b) Details on the position of the La Manzana dam in the
study area.

2. Geological and Mining Context of the Study Area

The La Carolina mining district is located on the southeastern slope of Sierra Morena, on the
southeastern limit of the Hesperian massif [16,17]. From a regional point of view, it is possible to
differentiate the existence of two large sets of materials: a Palaeozoic basement and a posthercynian
sedimentary cover. The Palaeozoic basement consists of a succession of metasedimentary rocks
(mainly phyllites and quartzite) of Ordovician to Carboniferous age [18,19] intruded by a granite at
the end of the Hercynian Orogeny [20]. The posthercinian cover, which is arranged subhorizontally
and in discordance over the Paaleozoic basement, appears fossilizing the mineralizations. It is
exclusively composed of Triassic, Miocene and Quaternary materials.
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The origin of the phylonian field in La Carolina is associated with the extensional conditions and
the anomalous geothermal gradient originated at the end of the Hercynian Orogeny. These
mineralizations are of hydrothermal origin, where the fluid phase and the metals were injected
through the fractures and discontinuities in the granite mass and the Palaeozoic host rocks. The
paragenesis of the ore primarily consists of galena, with minor proportions of sphalerite, chalcopyrite
and pyrite. Quartz, ankerite and calcite predominate as gangue [19].

In this work, one of the largest waste accumulations stored in the mining district, known as La
Manzana, was selected (Figure 1). It is a tailings dam with a size of approximately 250x400x20 m and
a waste volume of approximately 2,000,000 m3 (Figure 2a), and its deposits rest directly on Silurian
phyllites. This waste accumulation occupies a basin through which an old stream runs, and the runoff
waters are channelled through a pipe at the bottom of the dam. The mining waste consists of the fine
reject material generated in the galena ore concentration process via the flotation method. The
structure was built by upstream regrowth from a small dam of coarse materials. The discharge system
consisted of a gutter (by gravity) in the outline of the structure, and the drainage system consisted of
a lateral chimney, which was still preserved (Figure 2b), and PVC drain pipes connected to the bottom
pipe. There is a drainage gallery at the foot of the dam (Figure 2c), which discharge is maintained
throughout the year, even in the dry season. It corresponds to the saturated zone of the dump and
the drainage of an old mine adit buried under the mining wastes [15]. The magnetic studies
conducted in this work were carried out on the tailings that fossilize all these structures and currently
have a totally horizontal morphology of the ceiling (Figure 2d).

Figure 2. Photographs. (a) General view of the tailings dam. (b) Upper part of the chimney drain
installed in the dam. (c) Details of the drainage at the foot of the dam. (d) Field procedure used for
magnetic data collection.

3. Previous Studies

The La Manzana dam has been the subject of previous studies related to the analysis of the
contamination potential of mining wastes [5,15]. In these works, two boreholes were drilled in the
central area of the dam to reach the metamorphic substrate. The first borehole was drilled with a



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2024 d0i:10.20944/preprints202403.0959.v1

triple battery to obtain an unaltered continuous core that enabled the acquisition of samples for
granulometric, geochemical and mineralogical analysis. In addition, sensors for measuring humidity,
electrical conductivity, temperature and dissolved oxygen were installed at different depths. This net
of sensors enabled the variations in these parameters to be recorded over more than a decade, and
the evolution of the geochemical processes within this tailings dam was analysed. The second
borehole is used as a piezometer for measuring the water table and taking water samples in the
saturated zone of the dump. The soundings cut the phyllites at 27.50 m during drilling. This direct
information is used as correlation data with indirect research techniques. The depth of this contact,
together with the information provided by the old aerial photographs prior to the construction of this
dam, are essential tools for the adequate interpretation of geophysical prospecting profiles (Figure 3).
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Figure 3. (a) Orthophoto from 1956-1957, obtained prior to construction of the dam. The limits of the
upper part of the dam are indicated in red, the outline of the old ravine is indicated in blue, and the
position of the electrical tomography profile is indicated in white. (b) Current satellite image of the
dam, in which the positions of the old ravine, the electrical tomography profile (electrical resistivity
imaging, ERI), and the borehole are indicated. (c) Electrical tomography profile modified from [5].

Geochemical characterization of the sediments indicated that this sludge pool had high
concentrations of PTEs, such as Pb (8000 mg/kg), Zn (5000 mg/kg), and As (500 mg/kg). In addition,
these tailings present pH values of approximately 8 due to the presence of additives, such as CaCOs,
that are used for the extraction of galena. On the other hand, in the lower part of the piezometer,
approximately 90 cm of water saturation occurs. The analyses revealed very high contents of SO (>
2900 mg/L), and dissolved Fe (> 27 mg/L) and Mn (>4 mg/L) in this water [15].

In relation to the resistivity studies, Figure 3 shows an electrical tomography profile performed
for this dam [5]. Two sets can be differentiated in the vertical direction: a more superficial one, with
generally low-medium resistivity values, which is associated with the tailings of the sludge dam or a
highly altered substrate. In the lower part, there is another set characterized by increasing resistivity
values, which is related to the phyllites of the unaltered substrate. The contact between the two bodies
is more defined in dry season than in wet season, where it appears diffuse. The phyllites are very
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altered, so they have an important secondary porosity, and in humid periods, they can become
saturated in water. This saturation favours a decrease in resistivity values and, therefore, makes them
similar to the waste dam [5].

On the other hand, increases in resistivity are detected at the NW end of the dam within the
tailings. These high values could be due to the presence of the peripheral dykes used for the regrowth
of the waste dams (indicated as dyke in Figure 3c). Laterally, decreases in resistivity are also
associated with an increase in the degree of humidity. In Figure 3, if the position of the old ravine is
compared with the position of the electrical tomography profile (Figure 3b) and the minimum
resistivity values recorded in this study (Figure 3c), a great coincidence is observed. Thus, at
approximately 220 m, the ERI profile passes through the old ravine, and it is precisely in this vertical
where the minimum resistivity values are recorded (less than 4 QOm).

4. Materials and Methods

Magnetic prospecting is based on the detection of local variations (anomalies) in the Earth’s
magnetic field. These anomalies are caused by the presence of materials with different magnetic
susceptibility values. Therefore, they can be polarized by the influence of the Earth’s magnetic field
[21]. As a previous step in the interpretation of the magnetometer measurements taken in the field, it
is necessary to subtract the main field (the amount that is expected to exist in that place and in that
moment) as well as the influence of the external fields (in this case study, only the diurnal correction).
This methodology has been extensively described in the literature [21-23].

Magnetic prospecting is a widely used tool in different Earth science fields. In this sense, it is
worth highlighting its great utility in mining and, specifically, in the prospecting of ferromagnetic
elements [24-27]. In addition, it has been used to carry out geological mapping in heavily covered
areas [28,29], hydrocarbon prospecting sites [30], archaeological prospecting sites [31,32], and
location of sinkholes or shallow holes [10,33,34]. However, to date, it has not been used for the
characterization of mining dams.

In this study, field work was conducted with the portable magnetic/gradient equipment model
GSMP-35G v8.0 Potassium from the GEM System (Figure 2d). This potassium magnetometer offers
high data quality due to its high sensitivity (0.0003 nT), minimum reading error, resolution (0.0001
nT) and high precision (+/- 0.05 nT).

The main field was obtained through calculations made by the geomagnetic reference field IGRF
13 (https://geomag.bgs.ac.uk/data_service/models_compass/igrf_calc.html). For the calculation of the
external field, the observatory of San Pablo, near Toledo, was used as a base station (Toledo, Spain;
https://www.ign.es/web/gmt-magneto-san-pablo).

The measurement with the mobile magnetometer consisted of tracing a path of 21 parallel
profiles in the SW-NE direction, with continuous measurements in walking mode and a separation
between the profiles of approximately 15 m (the distance was conditioned by the presence of
vegetation that hindered data collection). To obtain field and magnetic gradient values, two sensors
were used simultaneously, separated by 1 m (Figure 2d). Given the stability of the equipment used,
measurements were taken every 50 ms in each of these profiles. Georeferencing was conducted with
a NovAtel GPS device mounted on top of the mobile device (Figure 2d).

To study the behaviour of the magnetic susceptibility, magnetic susceptibility values of various
types of rocks from the substrate and mining residues were measured in the outcrops. The equipment
used was a portable hand-held susceptometer, model Terraplus KT-10.

In the office, the analysis of the magnetic anomalies, diurnal correction and despiking were
carried out using the GEMLink program. The Surfer program was used for the representations and
data kriging analysis.

Different software packages are used for data modelling [30,35,36]. In this work, Mag2dc
software was used [37,38], which can be downloaded from the following web portal:
https://www.researchgate.net/publication/255696606_Mag2dc_Software_for MS_Windows.
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5. Results and Discussion
5.1. Magnetic Prospecting

In Figure 4, four of the twenty-one profiles obtained from the dam are shown, and their positions
are indicated in Figure 5 (profiles 4, 6, 8 and 14). In each of profile, the anomaly of the total magnetic
field (expressed in nT) and the magnetic gradient (expressed in nT/m)
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Figure 4. Graphs representing four of the profiles created for the dam (profiles 4, 6, 8 and 14). The
positions of each component are shown in Figure 5. For each of these profiles, both the magnetic
anomaly (blue line) and the magnetic gradient (brown line) are represented.
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Figure 5. Anomaly map of the total magnetic field (a) and the magnetic gradient (b) on the current
satellite image of the dam. The position of the old ravine is indicated (blue dashed line), and the four
profiles are represented in Figure 4 (P4, P6, P8 and P14).

are represented. When the total magnetic field profiles and the vertical magnetic gradient
profiles that appear in the respective figures are compared, no major differences are detected. The
trends in the curves are very similar, although the magnitude of the anomaly can change.

In profile 4, very similar trends are observed when comparing the magnetic and gradiometric
values, highlighting a minimum in the values in the SW sector (beginning of the profile), precisely
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coinciding with the smallest thickness of the dam. Towards the NE, the thickness of the dam fill
increases, and in parallel, the magnetic anomaly increases.

This same trend is observed in profile 6, with minimum values at the beginning of the profile
that coincide with the periphery of the dam (SW sector), increasing the thickness and the anomaly
towards the NE. At 132 m from the origin, a very significant, narrow and steep anomaly is observed,
which is detected in both magnetic and gradiometric modes and coincides with the position of the
borehole.

In profile 8, a maximum is observed in the magnetic anomaly approximately 80 m from the
origin. If the position of this maximum in Figure 4 is compared with that of the ravine (Figures 3 and
5), they coincide. From this point forward, the thickness of the dam decreases due to the height of the
substrate, as shown in Figure 3a. This decrease in thickness is correlated with the decrease in the
anomaly in the final part of profile 8 (Figure 4).

In relation to profile 14 (Figure 4), in the initial part, the magnetic and gradiometric curves
present different trends. This would be conditioned by the channelling of the stream waters: these
buried structures affect the measurements in gradiometric mode more and therefore generate
anomalies in this curve that are not as evident in magnetic mode. In the second half of the profile, the
magnetic anomaly decreases due, in this case, to the presence of an area of greater relief in the
northern sector of the substrate of the dam.

Figure 5 shows two anomaly maps (magnetic anomaly in Figure 5a and gradiometric anomaly
in Figure 5b) on a digital image from Google Earth. These distribution maps were prepared with the
Surfer program using the total of the registered profiles. The figure also indicates the position of the
old channel, as well as that of the four profiles discussed above. A comparison of these two images
with those in Figure 3a and b reveals that the negative anomalies measured in the North sector
coincide with the elevation of the substrate in Figure 3a. The same would occur with the negative
anomalies in the southern sector, which coincide with the southern limit of the dam, where there is
another topographic high, which conditions the decrease in the thickness of the fill. Therefore, there
is a correlation between the magnetic anomaly and the thickness of the sediments in the mining dam.

5.2. Magnetic Susceptibility

In total, 20 magnetic susceptibility measurements were carried out on Silurian phyllites in the
immediate area near the dam. The values range from 0.136x10-3 to 0.101x10? SI, with an average of
0.117 SL

A similar number of susceptibility measurements were also obtained from the waste in the dam.
The values vary between 0.140 and 0.160 SI, with an average of 0.150 SI, which is higher than that
obtained for the substrate rocks. The measurements were always taken in the superficial part of the
tailings and, therefore, above the oxidant front. However, the sensors installed in the borehole at
different depths and the study of the obtained cores indicate that from approximately 8 m depth, the
materials are under reducing conditions up to the base of the borehole (at this point, up to a depth of
27.50 m). Under these reducing conditions, which constitute nearly the entire tailings impoundment,
higher concentrations of magnetic minerals and therefore higher susceptibility values are expected
[39].

5.3. Modelling of Mag2dc Profiles

Figure 3a shows the position of the buried ravine under the mining dam. In the same figure, to
the north of this ravine, the presence of a high area that coincides with the negative magnetic anomaly
of Figure 5 is found. One of the profiles obtained in the field was selected (Profile 14, Figures 4 and
5), which passes through the ravine and the top of the substrate, and modelling of the magnetic
anomaly curve of the profile was carried out using Mag2dc software. In Figure 6, the values obtained
in the field for this profile are represented by a green dashed line, and the resulting magnetic anomaly
curve from the modelling is represented by a solid red line. In this model, the phyllite basement is
considered to have a slightly lower magnetic susceptibility than the dam wastes. The geometry of the
basement included in the model is irregular: at the beginning of the profile (SW sector), it is at higher
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elevations, coinciding with the periphery of the dam. At approximately 10 m from the origin and
coinciding with the ravine, the lowest point is located. From this point, the substrate rises towards
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Figure 6. Comparison of the total magnetic anomaly curve measured in profile 14 (green dashed line)
and the curve obtained by the Mag2dc software for the considered substrate model (red line). The
position of the ravine is indicated.

The top of the waste dam is flat and horizontal in this profile; however, its base is irregular
because it adapts to the morphology of the substrate. With this geometry, as deduced from the field
information and the orthophoto prior to the mining dam, the model shown in Figure 6 was
constructed. As seen in the graph, the values of the field curve and the modelled curve fit quite
precisely. This finding confirms that negative magnetic anomalies are associated with the height of
the substrate, thus allowing the identification of variations in the morphology of the base of the
mining dam.

6. Conclusions

In this work, different geophysical methods (electrical and magnetic methods), old orthophotos,
direct information from mechanical boreholes and direct data taken from outcrops are integrated and
compared to analyse the capacity of magnetometry in the modelling of geological structures with
mining implications. Specifically, the ability of these methods to deduce the base geometry on which
an old flotation sludge dam was deposited is studied. For this purpose, the old mining district of La
Carolina (southeastern Spain), where the Philonian deposits of galena were exploited, was chosen.

This study has made it possible to establish a correlation between magnetic anomalies and
changes in the accumulation thickness of mining wastes. As the roofs of these tailings dams are flat
surfaces, the changes in thickness are directly related to irregularities in the roof of the rocky
substrate. This result was verified by comparing the magnetic anomaly curves obtained in the field
with the theoretical curves obtained with the proposed geometric model, which were calculated
using the Mag2dc program. This comparative study shows the usefulness of magnetic prospecting
in characterizing the base geometry of these mining structures and, therefore, its application to
environmental characterization studies.
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