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ABSTRACT

In this study, the effectiveness of different geophysical techniques is analysed in relation to the imaging of
geological structures with mining interest. To achieve this goal, the old district of Linares-La Carolina (Southeast
Spain) is chosen due to the presence of dense swarm of mineralised dykes, primarily consisting of galena (PbS). In
particular, the western boundary of the mining district is studied. At this westernmost area the veins lose their
continuity due to regional fractures which resulted in the abandoning of the extracting labours.

Direct information from both the surface geology and several boreholes are used as ground-truth calibration
and verification for the geophysical tools used in this study.

The seismic response is characterised by high-amplitude reflectors, generally at the base of the sedimentary
cover. The seismic profiles suggest lateral changes in the thickness and the existence of fractures affecting the
sedimentary cover and/or the top of the acoustic basement. However, this technique has proved ineffective when
studying the Palaeozoic substrate, precisely at those areas where the veins are hosted.

Electrical resistivity tomography (ERT) studies suggest fractures and lateral changes in the facies, in both the
sedimentary cover and the Palaeozoic basement. The basement shows phyllites in the granite intrusion, which
are crucial for the elastic properties of the hosting rock and therefore indicate areas prone to further minerali-
sation. Time-domain electromagnetic (TDEM) data, which is an excellent complement to the two previous
techniques, have also been collected. Data have been taken with different configurations and varying mea-
surement parameters at each sounding station. This approach has made it possible to compare the effectiveness
benefits and drawbacks of the different methods.

1. Introduction

because they are indirect techniques requiring a data inversion process.
Another disadvantage is the decrease of resolution with depth (Telford

Geophysical prospecting techniques and their application to study-
ing mining basins have evolved considerably in recent years. The
emergence of automatic data acquisition systems, the availability of
powerful computers, and the development of two- and three-
dimensional numerical modelling methods have markedly enhanced
the resolutions of complex geological models (Loke and Barker, 1996;
André et al., 2012; Binley et al., 2015).

Among the advantages associated with these techniques are their
relatively low cost, the possibility of covering large survey areas, the
vast amount of data they provide, and their non-destructive nature.
Among their drawbacks, we must note the non-uniqueness of the results
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et al., 1990). For these reasons, a good practice in geophysics consists of
using at least two different methods to reduce the indeterminacy (André
et al., 2012; Granda Sanz et al., 2019; Martinez et al., 2016; Martinez
et al., 2019; Rey et al., 2020; Rey et al., 2021).

Geophysical methods applicable to geological-mining research are
numerous and varied, including gravimetric, magnetic, electrical, elec-
tromagnetic, and seismic methods. All of them can contribute to the ore
deposit exploration in some way.

This study aims to analyse the capacity of electrical (electrical re-
sistivity tomography, ERT), electromagnetic (time-domain electromag-
netic surveys, TDEM) and seismic (seismic reflection) techniques when
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studying geological structures with mining implications. For this pur-
pose, the old mining district of Linares-La Carolina (Southeast Spain,
Fig. 1A) has been chosen. In addition to detailed geological surface data,
direct data on numerous boreholes (Fig. 1B) and seismic lines in this
mining district are available. Combined, this information provides
verification and correlation tools (ground-truth data) for the indirect
techniques used in this research.

This mining district contains mineralised dykes, primarily consisting
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of galena (PbS), hosted in Palaeozoic granitoids (Azcarate, 1977; Lillo
1992; Larrea et al., 1994). The sector was subjected to intense mining
and subsequently abandoned in the 1970s. The mines were then closed
due to the drop in the price of this mineral and the depletion of reserves.

2. Geological setting

In the study region, two geological units can be differentiated: the
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Fig. 1. (A) Regional geological map, showing the location of the two sectors studied and mapped in Fig. 2A and 2B, as well as the position of different mining
research boreholes. (B) Stratigraphic columns based on data from mining research boreholes. a. - phyllites, b. - granitoids, c. - conglomerates, d. - sandstones, e. -

clays, f. - marl and marly limestones.
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Palaeozoic Basement and the Tabular Cover of the Iberian Plateau (also
known as Meseta). The former primarily consists of intensely folded
phyllites intruded by a granite stock in the last stages of the Hercynian
Orogeny (Azcarate, 1977; Larrea et al., 1994). This intrusion produces a
widespread contact metamorphism aureole with a highly variable width
and outcrops in the mining district, predominantly with a horst structure
(Fig. 1A). Discordantly overlying this basement and arranged sub-
horizontally, the post-Hercynian sedimentary cover is composed of
Triassic, Miocene, and Quaternary materials (Fig. 1A and B). The
Triassic cover mainly consists of red shale, with thicknesses approxi-
mately ranging from 50 to 100 m, and contains a 10- to 20-m-thick basal
conglomerate layer in which sandstone beds alternate with shale facies.
The Miocene materials are deposited on this suite and separated via a
stratigraphic discontinuity. At the base, a calcarenite breccia bed
changes laterally and vertically to marls and marly limestones with thin
calcarenite intercalations. The Quaternary cover contains silt, sand and
gravel and is only associated with the sedimentary filling of riverbeds
(Azcarate, 1977; Rey et al., 2013a; Martinez et al., 2016; Martinez et al.,
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2019).

The origin of the mineralised dykes in this mining district is associ-
ated with extensional conditions and an anomalous geothermal gradient
that originated at the end of the Hercynian Orogeny. The hydrothermal
mineralisations resulted from the injection of the fluid phase and metals
through old fractures N35-N60E and NS-N20E in the Palaeozoic base-
ment and in the granite body. These hydrothermal veins mainly consist
of galena, sphalerite, chalcopyrite, pyrite, quartz, ankerite and calcite
(Azcarate, 1977; Lillo, 1992).

Lithological control is essential in mineralisation: the veins metallise
when they are hosted in the granite stock, while quickly turning into
waste rock when they do so in phyllites. On one hand, mechanical fac-
tors account for this process because competent materials (granitoids)
allow a frank and sharp fracturing, while incompetent materials (phyl-
lites) react to the stress by deforming, thus hampering the formation of
open spaces. On the other hand, within the metamorphic aureole created
by granite in the western sector (Fig. 1A), the phyllites allow metallised
veins, which are lost or disappear when hosted outside this aureole. The

Fig. 2. Details of the two study sectors (A and B) whose locations are shown in Fig. 1A, highlighting the position of the different TDEM stations (S1, S2, S3, S4, S5, S6,
S6bis, S7, S8, S9, S10, S11 and S12), the seismic profile, the ERT profiles and the location of the boreholes (4, 5, 8,9, 10, 11, 12, 13 and 14), whose characteristics are
outlined in Table 1. a. - granitoid, b. - Triassic clays and sandstones, c. - Miocene marls and marly limestones, d. - borehole, e. - TDEM station.
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veins are lost because these materials undergo physical changes result-
ing from a contact metamorphism, thereby becoming more competent.

On the western boundary of the mining district, technical reports
(ENADIMSA, unpublished results) indicate the presence of a structure
(known as AA), with an approximately NS direction and associated with
a fault breccia with ankerite and some galena. This structure was
developed prior to the deposit of Triassic materials, causing the collapse
of hundreds of metres of granite stock and phyllites with thermal
metamorphism in the western sector (Bailén Graben). For this reason,
this structure brings facies of varying competence into contact, which is
crucial for the development of mining operations. Its location will make
it possible to outline the areas of greatest interest for mining research.

This structure and other subparallel structures have been reactivated
in post-Palaeozoic stages. The last manifestation of these movements
gave rise to the surface-mappable Guarroman Fault (Fig. 1A, Fig. 2A and
B), which defines the western boundary of the mining district. This study
aims to characterise these structures by combining the aforementioned
geophysical techniques.

3. Materials and methods
3.1. Seismic reflection method

Seismic reflection profiles collected in the 1980s by the Geological
and Mining Institute of Spain (Instituto Geologico y Minero de Espana —
IGME, unpublished results) have been analysed. The Mini-Sozie method
was applied, and SM-7GR geophones with a 30-Hz sensor were used to
record the resulting signals.

The geophones were arranged in groups arrays of 18 units per trace.
At each recording station the geophones were laid 1.85 m apart. The
distance between traces was 15 m.

At each source point an average of 2,100 pulses were generated.
Seismic reflection tests were performed with source offsets of 30, 45, 60
and 75 m, identifying the best reflections at a distance of 45 m. The data
were processed by Compagnie Génerale de Géophysique (CGG). The pro-
cessing flow followed a standard processing sequence, including point
collection along a “Slalom line”, prestack deconvolution, static correc-
tions, continuous velocity analysis, dynamic velocity corrections, auto-
matic adjustment of residual static corrections, addition, filter (30 Hz in
low and Notch), coherence improvement, and migration (IGME, un-
published results).

This study focuses on one of the seismic lines, namely on line 1 (its
location is shown in Fig. 1A and in Fig. 2A). For the two-way-traveltime/
depth transformation, average velocities up to the base of the Miocene of
about 1,900 m/s are estimated (IGME, 1983) which would correspond to
traveltimes up to 100-150 ms. For the Triassic, with times up to
190-240 ms, the estimated velocities are about 2200 m/s.

This is the velocity that is marked when processing the seismic line
and that has been verified by measuring the thickness of different units
in the existing boreholes (Fig. 1B and Table 1).

3.2. Electrical resistivity tomography (ERT) method

This geophysical prospecting technique consists of measuring the
apparent resistivity distribution in the subsoil from a very high number
of observations made from the ground surface (Telford et al., 1990; Store
et al., 2000). Differences in the geoelectric behaviour are expressed as
2D profiles, which are one of the most effective nondestructive tools for
studying and characterising subsoil discontinuities (Sasaki, 1992; Store
et al., 2000). In recent years, this technique has been widely used with
satisfactory results in stratigraphic (Maillet et al., 2005; Martinez et al.,
2009; Rey et al., 2013a), hydrogeological (Goldman et al., 1994; Auken
et al., 2003; Martinez et al., 2009; André et al., 2012) and environmental
studies (Martinez et al., 2016; Martinez-Pagan et al., 2009; Rey et al.,
2013b; Rey et al., 2021; Martinez-Segura et al., 2020).

In the mining district of Linares, the (very conductive) galena veins
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Table 1

Depth of the contacts (expressed in m) between different geological units based
on data from mining research boreholes. Their positions are shown in Fig. 1A. M.
- Miocene, T. - Triassic, Pz. - Palaeozoic, Gr. - Granitoids, ph. — Phyllites.

Borehole  M-T contact T-Pz contact Ph-Gr contact Triassic
depth (m) depth (m) depth (m) thickness (m)

1 131 -

2 110 258-Ph 148

3 120 >250 >130

4 98 253-Ph 155

5 27 140-Ph 113

6 141 252-Ph 111

7 66 194-Ph 128

8 27 163-Ph 136

9 20 181-Ph 161

10 - 48-Ph 273 -

11 - 55-Ph -

12 - 60-Ph -

13 - 77-Gr - -

14 - 30-Gr - -

are embedded in the (very resistive) host granitic bedrock. The different
electrical behavior between both lithologies makes their detection with
geoelectrical surveying methods very favorable. In this regard, previous
investigations in nearby locations show very promising results (Martinez
et al., 2019). However, most of the times the small size of the ore veins
requires using high-density inter-electrode spacings which results in a
reduced depth of investigation. For this reason, in previous works the
investigated sites were selected for their thin sedimentary cover where
the host granite and the embedded veins were at depths between 20 and
40 m. In this study, the sedimentary cover is thicker, and the main goal is
to distinguish the consolidated bedrock with the capacity to host ore
veins (granite) from that one where the development of ore veins is more
difficult (phillites). A large inter-electrode spacing (10 m in this study)
allows a deeper investigation albeit with a reduced resolution.

The tomography method consists of implanting numerous metal
electrodes in the ground along rectilinear profiles, with some separation
between the electrodes depending on the degree of the target resolution
and depth. Higher resolution require shorter separations between elec-
trodes whareas greater investigation depth need longer electrode spac-
ings (Sasaki, 1992). A Wenner-Schlumberger electrode configuration
was used in this study. This configuration performs well and remains
stable under both vertical and horizontal resistivity changes (Dahlin and
Zhou, 2004; Loke, 2014), and is therefore highly useful when studying
horizontal or slightly inclined beds, which may show lateral changes in
facies and/or vertical structures, as is the case.

The electrodes are connected to a measuring device, which auto-
matically controls the arrangement, selection and activation of the
electrodes for each individual measurement following a pre-
programmed sequence. At each observation point, the voltage and in-
tensity are measured to calculate the apparent resistivity of the ground,
which is attributed to a specific geometric point in the subsoil.

A RESECS resistivity-meter from Deutsche Montan Technologie (DMT)
was used. The electrical resistivity tomography profiles have been
interpreted based on the apparent resistivities obtained in the field
work, treated using the specific program RES2DINV (Loke and Barker,
1996). This calculation program is based on the least squares method
with a forced smoothing and modified with the Quasi-Newton optimi-
sation technique. The inversion method builds a subsoil model using
rectangular prisms and determines the resistivity values of each prism,
minimising the differences between the observed and calculated
apparent resistivity values (Loke and Barker, 1996; Loke and Dahlin,
2002).

In this study, two electrical resistivity tomography profiles have been
collected in the NW-SE and W-E directions, with lengths of 1,110 m
each, 112 electrodes and a spacing of 10 m between electrodes (Fig. 2).
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3.3. Time-domain electromagnetic method (TDEM)

The operating principle of the time-domain electromagnetic method
(TDEM) consists of circulating an electric current through a transmitter
coil for short periods. When the current flow is abruptly interrupted, the
primary magnetic field varies, which induces a variable electric current.
This variation, in turn, generates a transient secondary magnetic field.
These currents flow in closed paths and migrate in depth, decreasing in
intensity over time. Changes in the secondary magnetic field over time
induce a transient voltage in the receiving coil. The way in which this
voltage decreases provides information on the conductivity distribution
in the subsoil, which can then be used for its characterisation (Nabigh-
ian, 1988; Telford et al., 1990; McNeill, 1994).

The TDEM method has been typically used in field prospecting
(Gomez-Ortiz et al., 2014; Xue et al., 2012; Granda Sanz et al., 2019), in
hydrogeological studies (Fitterman and Steward, 1986; Danielsen et al.,
2003) and in the analysis of sedimentary basins (Dennis and Cull, 2012;
Sridhar et al., 2017; Rey et al., 2020). In recent times, this methodology
has also been used in environmental studies (Hallbauer-Zadorozhnaya
and Stettler, 2009; Hu et al., 2016) and in the characterisation of marine
intrusions (Kafria and Goldman, 2006; Levi et al., 2008).

The TDEM measuring system used in this study was an AIE-2 model
ELGEO Research & Production Company. This device 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 noise-immune analogue-digital conversion of
the input voltage and real-time signal preprocessing, and offers mea-
surements ranging from 5 ps to 10 s, with an input voltage of 5-20 V
with a signal compensation.

In the field campaign, a total of 13 TDEM measurement stations were
installed in the SE-NW direction along the seismic line under study. The
points located in Fig. 2A refer to the centre of the measurement stations
at 100 by 200 m square loops. At each point, measurements have been
taken using central- and single-loop configurations and varying the
measurement parameters (intensity, time, and voltage), which makes it
possible to compare the efficiency of different configurations. Thus, to
reach study depths of approximately 100-200 m (the first stations),
100X100 m transmission loops have been used. In the last stations, given
the greater depth of the Palaeozoic basement (more than 250 m), the
measurements had to be repeated by increasing the dimensions of the
transmitter loops (200X200 m) and using a wire with a section of 6 mm?>
gauge, which decreases its resistance and therefore makes it possible to
reach a higher effective current intensity. When working with a central-
loop configuration, the receiving coil had dimensions of 20X20 m with a

TDEM profile
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5-turn wire and a X10 amplifier. The software TEMBIN is used to visu-
alise and edit the different curves. The modelling and inversion process
is performed using the programs ZondTEM1D and ZondTEM2D.

4. Results and discussion
4.1. Seismic reflection method

In the study region, the sedimentary filling at the top of the seismic
profiles provides a moderate reflector amplitude, which is interpreted as
sandstones and marls of the Upper Miocene. This suite appears to be
subhorizontal, with an overlapping morphology on the lower unit (see
the interval between the seismic traces 260 and 220 in the seismic
profile of Fig. 3), which matches the marine transgression that occurred
in the region during the Upper Messinian (Perconing, 1971). A slight
unconformity is associated with the stratigraphic discontinuity that
separates the two units of the sedimentary cover. Under the Miocene
materials, in the Triassic unit, beds of greater amplitude are also
detected, which correlate with the powerful sandstone beds at the base
of the Triassic unit observed both in the mechanical soundings and in
outcrops. Laterally, the reflector at the base of the Triassic unit can be
lost due to the changes in thickness, or even to the truncation of basal
conglomerates, as noted in outcrops of the western sector of the
Guarroman Fault. The Triassic Unit dips slightly to the NW (towards the
centre of the Bailén Graben). The acoustic basement is formed by the
Palaeozoic basement, which is characterised by chaotic features and
disorganised seismic facies (Fig. 3). In the basement, the phyllites and
the granite intrusion cannot be differentiated based on the seismic
profile.

Different criteria, which in general have agreed well, have been used
for the time-to-depth transformation. On one hand, geological field data
have been used, specifically the thicknesses of the different units
measured in the vicinity. On the other hand, the velocity values were
also used, which are included in the profiles. Lastly, direct data were
collected in the region, thanks to mining research (Fig. 3) and ground-
water boreholes.

The seismic reflection profile shows a series of fractures affecting the
basement and the sedimentary cover. The “AA Fault”, which is barely
detected because this fault does not affect the sedimentary cover, may be
located in the easternmost sector of the profile. The Guarroman Fault is
identified to the NW of the seismic profile (Fig. 3), which affects
Miocene materials, according to outcrop data. To the south, this struc-
ture can reach up to 70 m in vertical throw, according to field obser-
vations. To the NW of the aforementioned fault, the profile shows
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“Fracture B”, with a vertical throw of approximately 70 m, which affects
the basement and part of the Triassic series (see Fig. 3). However, ac-
cording to outcrop data, this fracture seems to be fossilised by the
Miocene materials. Therefore, these three fractures have acted in
different stages, albeit ultimately causing the subsidence of a graben to
the NW (Bailén Graben) and the Linares horst.

4.2. Electrical resistivity tomography method

The electrical resistivity tomography profile 1 overlaps the SE end of
the seismic profile (Fig. 2A), precisely where seismic exploration, given
its shallow depth, does not provide a good visualisation of the contact
between the sedimentary cover and the Palaeozoic basement (Fig. 3).
The current injection time is 256 ms, with 128-ms delay. In total, 2,377
measurements were taken, with a final RMS fitting error of 5.8%
reached in the 5th iteration of the inversion process. Fig. 4A shows ERT
profile 1, which reaches a 220 m depth in the zone of maximum pene-
tration. Based on the geoelectrical characteristics, two suites are
differentiated: the first suite is characterised by its high resistivity values
(between 100 and 3000 Qm), which are associated with the Palaeozoic
basement. These facies almost reach the surface in the SE end of the
profile (Linares horst). In turn, in this suite electrical facies can differ-
entiate granitic facies from phyllites, because granitoids provide much
higher resistivities. This interpretation is confirmed thanks to mechan-
ical mining research and groundwater boreholes in the sector. The ERT 1
profile suggests an abrupt subsidence of the granite towards the NW, as
observed in the outcrop (in the NE sector of Fig. 1A). This subsidence
could be associated with the structure that sank the NW block of the
Hercynian age (without affecting the sedimentary cover), regionally
detected in some mining operations and named the AA Fault (technical
reports without publication). This regional structure would have great
mining importance because it causes the subsidence of competent rocks
(granitoid and metamorphic aureole) for several hundred metres.
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Accordingly, the phylonian structures, if any, would be located at much
greater depths, reducing the probability of finding mineralised struc-
tures with sufficient entity to justify the exploitation.

On the Palaeozoic basement, a low-resistivity unit is associated with
the sedimentary cover. This upper unit has a thickness of approximately
20-30 m throughout most of the profile. The resistivity and thickness
increase sharply, but only in the NW sector, which is associated with the
downward displaced block of the Guarroman Fault (Fig. 4A). In ERT
profile 1, the Palaeozoic basement is not detected in the downward
block of this fault; however, thanks to data from the nearby mechanical
mining research boreholes (borehole 5), it is known to be 140 m deep
(Fig. 4A).

. The injection time in the ERT profile 2 is 256 ms, with a delay of
128 ms. In total, 2,565 measurements were taken. The final model has a
RMS error of 13% reached in the 4th iteration. The geological structure
deduced from ERT Profile 2 (Fig. 4B), and confirmed thanks to the
different boreholes, is equivalent to that measured in ERT 1 profile.
Thus, borehole 12 intersects the upper section of the Triassic facies,
under which phyllites appear to be affected by an intense contact
metamorphism, given the proximity to granite (the granite has been
drilled in boreholes 13 and 14). ERT profile 2 also shows the abrupt
sinking of the granite towards the NW, most likely caused by the “AA
Fault”. Borehole 10 (Fig. 4B), located in a downward block according to
this model, crosses a thick sequence of phyllites without any evidence of
thermal metamorphism, up to 273 m of depth, where cuts a mineralised
breccia associated with the “AA Fault”, and subsequently granite from
the footwall block (ENADIMSA, unpublished technical reports). ERT 2
profile also shows the Guarroman Fault (Fig. 4B). Boreholes 8 and 9, in
the downward displaced block of this second structure, intersect the
phyllites of the Palaeozoic basement at 163 and 181 m, respectively.
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4.3. Time-domain electromagnetic method

In each measurement station, the TDEM profile has been measured
by varying the size (100 m x 100 m or 200 m x 200 m) and the
configuration (single or centred) parameters of the loops, injection
amperage, voltage and measurements. In each test, the ramp time is
directly proportional to the size of the loop and the amperage (Chris-
tiansen et al., 2009). In this study, according to technical specifications
of the equipment, the ramp time was 7 or 15 ps, depending on whether
the injected amperage was 1 or 8 A (for 100 m x 100-m loops) or 12 ps or
30 ps (for 200 m x 200 m loops).

The first campaign was performed with a 100 m x 100 m loop. This
configuration makes it is possible to detect the contact between the
Palaeozoic substrate and the sedimentary cover in the eastern sector
(from station S1 to station S6bis, in Fig. 2A). For example, Fig. 5 shows
the curves generated in stations S2 and S6bis (Fig. 5A and Fig. 5B,
respectively), plotting the induced voltage (blue line) and apparent re-
sistivity (red line) as a function of time, as well as the resistivity model
generated by the inversion software (thick red line). All curves show the
fit between the field curve and the curve of the ZONDTEM1D software
model. In both cases, the goodness of the curve fit stands out, with RMS
errors of 1.0% and 1.4% (S2 and S6bis, respectively).

The curve of station S2 highlights an increase in the resistivity at a
depth of approximately 35 m, which is correlated with the contact be-
tween the Triassic facies (sandstones and clays) and the Palaeozoic
phyllites (Fig. 5A). The resistivity gradually increases, which could be
due to the presence of intensely altered phyllites in the top of the
Palaeozoic basement (in line with observations in the outcrops and in
boreholes of the sector).

The curves resulting from the data collected in stations S3 to S6bis

10° 10"
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are very similar to one another and differ from those obtained in the
previous stations (stations S1 and S2) due to the increase in the depth at
which the higher resistivity associated with the basement is detected.
Thus, in station S6bis (Fig. 5B), the contact between the sedimentary
cover (Miocene + Triassic) and the Palaeozoic basement (phyllites) is
estimated at approximately 140 m. This interpretation is consistent with
the data provided by existing boreholes (5 in Fig. 1B and Table 1) or
seismic profiles (Fig. 3). Therefore, the comparison of the different
stations makes it possible to locate the Guarromdn fault using this
geophysical prospecting method.

The depth at which the basement is located in the eastern sector
makes it necessary to repeat the electromagnetic prospecting campaign
with a 200 m x 200 m loop. For example, Fig. 5 shows the curves
generated at station S10 (Fig. 5C). In this case, the goodness of the curve
fit also stands out, with an RMS error of 1.3%. In the curve, an increase
in the resistivity is detected from 250 m, which is associated with the
contact between the Triassic sandstones and clays and the phyllites of
the Palaeozoic basement. This depth correlates with that detected in
borehole 4 (Fig. 1B, Fig. 2A and Table 1). The depths assessed in curves
S7/58/89/510/S11 and S12 are very similar. Therefore, comparing
different stations makes it possible to detect an unmapped fracture, with
approximately 90 m of throw, between stations S6bis and S7.

Fig. 5D shows the 2D section of resistivity obtained using the elec-
tromagnetic method, resulting from the combined inversion of the
curves from thirteen individual stations using the ZondTEM2D software.
In the SE sector, the Triassic unit (predominantly sandstone beds) and
Palaeozoic phyllites have high resistivity values. The alteration of the
top of the phyllites, as well as the associated decrease in resistivity,
would allow for a weak differentiation between the two suites. Towards
the NW, using this software the two fractures mentioned above are
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implemented in the program ZondTEM2D (Fig. 5D).
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clearly detected and correlated with those identified in the seismic
profile (Fig. 3). In turn, in the Bailén Graben differences in the electrical
behaviour between the Miocene unit and the Triassic top allow us to
indicate the contact between the two suites. Thus, marl and marly
limestones (Miocene) provide average resistivity values, in contrast to
the low values of the clays from the upper section of the Triassic unit.

5. Conclusions

In this study, different geophysical methods were combined to
analyse the capacity of each method in modelling geological structures
with mining implications. For this purpose, the old mining district of
Linares-La Carolina (southeast of Spain), where PbS ores have been
exploited, was chosen. More specifically, the western sector of the
mining district was studied, where mining was limited by the presence
of fractures.

Three different geophysical techniques have been used: seismic
reflection, electrical resistivity tomography (ERT) and time-domain
electromagnetic (TDEM) methods. These geophysical techniques have
been calibrated thanks to direct and available information, both from
outcrop data and from mining research and groundwater boreholes. The
seismic reflection profiles show abrupt changes in the wave amplitude
associated with the sedimentary cover, as well as the acoustic basement
associated with the Palaeozoic basement. Using this method, the frac-
tures that displaces downward the eastern sector (Bailén Graben) are
detected, even indicating different fracturing stages. However, the
method has not made it possible to differentiate phyllites and granitoids
in this Palaeozoic substrate.

TDEM is highly versatile and can be used with different configura-
tions, amplitudes, voltages, time, device ranges and loop size, depending
on the depth of study. In this study, the fit between the seismic and
electromagnetic data was generally good. This method has made it
possible to detect the depth of the Palaeozoic basement under the
sedimentary cover, as well as different fractures.

At depths lower than 200 m, based on variations in the resistivity
values, ERT profiles also identify the basement-sedimentary cover con-
tact, as well as the different fractures. This technique even makes it
possible to differentiate, within the basement, between the granite
intrusion and the phyllites. This result has an evident mining importance
because the metallised veins are associated with competent rocks
(granitoids and metamorphic aureole), which quickly turn into waste
rock when the host rock consists of phyllites.

The subsidence of the granite stock towards the east has been
determined by the movement of a fault before the Triassic deposit,
reducing the likelihood that well-metallised veins will be found in the
Palaeozoic of the Bailén graben towards the east of this structure.
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