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Abstract

The Lousal Mine (Iberian Pyrite Belt, Portugal) was operated from 1900 to 1988 for the
extraction of massive sulphides and was later rehabilitated as a science museum. It was
selected as a test site for underground muon tomography applied to geophysical surveys, as
part of the LouMu project. This study focuses on seismic tomography to analyse the sub-
surface above the mine gallery, primarily surveyed by a muography telescope, which was
developed specifically for this site by the Laboratory of Instrumentation and Experimental
Particle Physics. To validate the muon tomography results, an initial approach using con-
ventional 2D seismic refraction failed to reach the Waldemar gallery depth, due to lim-
ited seismic ray coverage. Therefore, an innovative setup using surface shots and in-gallery
geophones was implemented, providing full ray coverage. A 3D velocity model was then
produced using the ATOM3D code, which enabled the integration of this configuration
and performed travel-time inversion for velocity calculation. A regional dextral strike-slip
fault, the Corona Fault (CF), crosses the surveyed area, and served as the main focus of
this investigation. The 3D velocity model successfully detected this structure, that corre-
sponded to the boundary between positive anomalies of the Volcano-Sedimentary Com-
plex (VSC) and negative anomalies of the Phyllite-Quartzite Group (PQG). The absolute
velocity distribution showed a distinct offset around the Corona Fault (CF), indicating a
dextral strike-slip mechanism. A subvertical extension of secondary faults was observed,
reflecting deformation similar to that of the main tectonic context. Previous data from the
gallery confirmed that these results are consistent with the known geology and can serve as
a reference for the muon tomography interpretations.
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e Generation of the first 3D P-velocity model of the Lousal Mine subsurface, which can
now be considered as a reference model for future muographic interpretation

e How to overcome challenges in obtaining a high-resolution velocity model using a 3D
innovative geometry, when 2D conventional refraction profiles are unsuccessful, in the
case of accessible mines

e Detection of the vertical and horizontal spatial extension of the main Corona fault and
the secondary brittle structures

1 Introduction

Conventional and unconventional active seismic tomographies were carried out in the
Lousal Mine (Ermidas do Sado, Portugal) as part of the geophysical study conducted
within the scope of the LouMu project (https://pages.lip.pt/loumu/en/loumu/). This project
is a national collaboration between the Laboratory of Instrumentation and Experimental
Particle Physics (LIP), the University of Evora, the Lousal Ciéncia Viva Centre, and the
National Laboratory of Energy and Geology (LNEG). The project aims to develop muon
tomography—or simply muography—as an accessible survey technique for geophysi-
cal applications within the national context of available geophysical tools (Teixeira et al.
2022).

To help confirm the robustness of the muon tomography results, previously generated
by Teixeira et al. (2022), and produce a reference model for the interpretation, classical
geophysical methodologies were employed, providing insights into the subsurface structure
of the mine area. The muography survey used a muon telescope, comprising four horizon-
tal particle detectors, that was installed inside one of the mine gallery storage rooms, in
the same location as where the seismic surveys were later conducted (Fig. 1). Muography
is an X-ray-like technique sensitive to rock density and capable of performing large-scale
surveys.

The research area is located in the southern sector of the Lousal Mine, which includes
the old Waldemar mine gallery, connecting the open pit with the South and Extreme South
massive ore lenses (Matos 2021). Along this gallery, mineralisation hosts rocks are identi-
fied as belonging to the Volcano-Sedimentary Complex (VSC)—composed of felsic vol-
canic rocks and black shales—and the Phyllite-Quartzite Group (PQG)—characterised by
quartzite deposits—both emplaced during the late Famennian period (Matos 2021). In the
Lousal Mine southern sector, the Paleozoic basement is crossed by a regional geological
dextral strike-slip fault (late Variscan/Eo-Alpine with an NNE-SSW orientation), named
the Corona Fault (CF) (Relvas et al. 2012; Matos 2021). This fault exhibits normal move-
ment, with the western block downthrown, and crosses the Waldemar gallery near the two
southern concrete rooms, where it appears as a large, metre-scale subvertical fault gouge
zone. The fault displacement created lithological contrasts in the area, and the site was
selected to evaluate the performance of the muon telescope. The terrain above the storage
room was surveyed from two different positions. The CF was observed by measuring the
attenuation of muons travelling from the atmosphere, where the particles are produced, to
the telescope located below the surface at the detection site (Duarte et al. 2024; Teixeira
et al. 2024).

One of the classical geophysical methodologies used was the active seismic tomog-
raphy, known as one of the most sensitive approaches for detecting geological con-
trasts. This technique was employed to detect the CF and to validate the reliability of the
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Fig. 1 a Location of the surveyed area in the Lousal mine, highlighted with a white square; b the area
where the seismic survey was conducted with information about the type of support used to maintain the
gallery tunnels and chambers stable. The coordinate system used in the maps is UTM ETRS89 (Portugal
TM 06)

density model provided by the muography study. A 2D seismic refraction profile was
primarily deployed across the CF in the area. It had the purpose of obtaining an image
of the subsurface, between the surface level and the Waldemar gallery depth, located
at approximately 18 m depth. The data analysis revealed that the seismic rays did not
reach the mine gallery, probably due to slight variations in seismic velocity in deep lay-
ers, which prevented effective refraction of the waves emitted by the seismic source (a
6 kg hammer). Therefore, an innovative 3D source-receiver configuration was chosen to
ensure successful coverage of ray paths down to the depth of the gallery, as described in
this paper.

The 3D seismic inversion was performed using the ATOM3D software (Active
Tomography in 3D; Koulakov 2009b) to obtain the P-wave velocity distribution in three
dimensions, allowing the characterisation of the subsurface structure. In addition, we
aimed to evaluate the vertical extension of the fault system that outcrops at the sur-
face and continues into the interior of the gallery, as well as to identify other subsidi-
ary faults. As old excavations could have created fractures and weakened the geological
formations surrounding the gallery, stress redistribution might have occurred, making
its evaluation important (Cai et al. 2014; Friedel et al. 1995; Wang et al. 2008, 2018).
Thus, as seismic tomography can help to understand the stress changes, analysing the
velocity distribution within the surveyed area of the mine gallery will help to identify
weaker zones that may be more prone to collapse, thereby providing additional insights
into the safety of the mine.
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2 Geological Settings

The Lousal Mine is located in the southwest of Portugal (northwest part of the Iberian
Pyrite Belt, oriented N50°W) within the VSC/PQG Lousal-Caveira structure (Matos et al.
2020). Its exploitation began in 1900 and ended in 1988, operating during that period for
the extraction of massive sulphides, mainly pyrite ore, to depths of up to 500 m (Matos
and Oliveira 2003). The mine and its surrounding area were rehabilitated by the EDM—
Empresa de Desenvolvimento Mineiro, S.A. company, and integrated into the network of
Ciéncia Viva public science centres, constituting a successful rehabilitation example of a
closed mine (Oliveira et al. 2013; Relvas et al. 2012). The mining complex is characterised
by its altered rocks, acid—water lagoons, and mine shafts (Fig. 1a). The area where the seis-
mic surveys were carried out is located in a small sector of Lousal Mine that is crossed by
the regional CF, which has been identified along a 40 km-long zone trending NNE-SSW
(Matos and Relvas 2006; Oliveira et al. 2013; Matos 2021). This fault separates the VSC
(western, downthrown block) from the PQG (eastern, uplifted block) and is characterised
by a dextral horizontal movement that is significant but has not yet been measured (Fig. 2).

The VSC comprises different depositional sequences with thick rhyolitic-rhyodacite
lavas (>300 m), mafic volcanic rocks, and black and grey mudstone, grading upward into
rhyolitic sills and ore bodies forming the ore horizon of the Lousal-Caveira Formation
(Strunian, Late Famennian age). The upper VSC sequence consists of shales with nodules,
siliceous shales, cherts, and mafic volcanic rocks (both intrusive and extrusive, including
lavas), and purple shales. The structure forms a narrow antiform with two main ore lenses.
The PQG is represented in the inner part of the antiform and consists of phyllites and
quartzites belonging to the Upper Corona Unit (Late Famennian age) and Lower Corona
Unit (Givetian age) (Matos 2021). The Lousal massive sulphide deposits and associated
stockworksare composed of ore lenses distributed linearly over a length of 1.5 km and were
the main aim of the exploitation done in the mine. The ore was composed of approximately
45.0% sulphur, 1.4% zinc, 0.8% lead, and 0.7% copper, and was known for its significant
gold content (Strauss 1970; Fernandes 2011; Matos and Relvas 2006).

The Waldemar Gallery is the uppermost underground gallery of the mine complex and
the only one still accessible. The gallery was excavated horizontally at a constant eleva-
tion of 52 m above sea level, allowing the connection between the mine’s open pit, the
South and Extreme South ore lenses, and the southern gossan zone (Matos and Oliveira
2023; Relvas et al. 2012; Matos 2021). It cuts the VSC host rocks, namely dark grey
and black shales with sulphide veins (e.g. near the Waldemar shaft), and the PQG phyl-
lites and quartzites that outcrop in the northern sector of the gallery. The tunnel, oriented
NNE-SSW, extends horizontally for approximately 270 m. Considering the near-surface
location of the gallery, the primary sulphide mineralisation appears completely affected by
oxidation related to weathering.

To reach the base of the surveyed area inside the gallery, one must walk the first 90 m of
the tunnel to reach the fourth explosives storeroom (Storage Room 4), the last one from the
entrance. As mentioned before, the CF gouge zone defines the boundary between the PQG
(eastern block) and the VSC (western block). Along the fault zone, intense fracturing and
clays are observed. The VSC rocks show more visible decompression fractures and appear
more prone to collapse compared with the section excavated in the PQG, which is stur-
dier and displays more intense subvertical S1 cleavage planes (Matos 2021). The different
fractured zones are reflected in the way the gallery support system has been applied. The
gallery walls and ceiling of the PQG section were supported mainly by wooden stowage
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Fig.2 Geological map adapted from Matos et al., 2022*, showing geological sequence and fault system
present in the area where the 3D seismic survey was conducted, highlighted in a white square. (CF: Corona
fault). The average density of the different geological formations is also mentioned. *Reference: Matos, J.
X., et al. (2022). Lousal mine southern sector geological map, 267 1/5.000 scale. Nacional Laboratory of
Energy and Geology (LNEG), LouMu Project

(e.g. near the CF), with reinforced concrete used only to cover the storage rooms (Fig. 1b).
Conversely, in the VSC gallery section, concrete was used to cover the more unstable parts
(e.g. secondary fault zones), with reinforced concrete in some areas (Matos and Oliveira
2003).

The CF is a subvertical late Variscan geological fault, oriented N5°E, exhibiting a
dextral strike-slip movement with a normal component (western block downthrown).
It has a width of about 5 m and a surface extension of roughly 40 km, crossing an esti-
mated depth of more than 4 km. Its tectonic movement created a system of secondary
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faults in its surroundings, which are observed at the level of the gallery, following simi-
lar kinematics and defined by intense fault gouge (Matos 2021).

The underground surveyed area is highly heterogeneous, as observed in the Walde-
mar mine gallery. As part of the geophysical study, rock samples were collected at vari-
ous locations within the gallery to obtain direct measurements of in situ rock density.
The reference values were derived from the mean densities of rock samples measured
using the water volume displacement method. The VSC is characterised by grey shale
with a mean density of 2.91 g/cm?, slightly higher than that of the PQG, which has
a mean density of 2.86 g/cm>. The CF zone marks the division between them and is
characterised by a mean density of about 2.52 g/cm®. Furthermore, the first 3 to 4 m of
the subsurface appear more weathered and are generally characterised by a lower mean
density of around 2.51 g/cm® (Fig. 2).

Fieldwork was carried out at the surface within a square area of 45 mXx45 m, partially
covered with low vegetation, a dirt road, and several pine trees. The topography of the
surveyed area varies between 66 and 72 m. Taking the altitude at the centre of the square
area (71 m) as a reference, most elevation changes are within 2 m below or 1 m above that
point. Only some peripheral areas show vertical variations reaching up to 5 m below the
reference point (Fig. 3). The south-western part, which leads to the Waldemar mine shaft
entrance below the dirt road, is an example of a section with an elevation decrease and is
characterised by the accumulation of mine tailings and highly fractured material (Fig. 2).
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Fig. 3 Digital elevation model (DEM) map showing the variation of topography within the studied region
highlighted in a dashed square. The black line represents the main Corona fault (CF), and the white line
refers to the Waldemar gallery location
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3 Data Acquisition and Analysis

Seismic refraction tomography is a widely used survey technique that performs very
well in areas with significant topographic variation. It employs geophones —devices
sensitive to the propagation of P-waves through the ground—which record the waves
arrival times. The underground configuration of the rock layers and the geological struc-
tures cause wave reflections and refractions at contrasting interfaces. These interactions
are captured by the geophones, which are connected to a recording station that logs the
data for later analysis (Rucker 2000).

The two seismic surveys described in this paper used a PASI Anteo multichannel
seismograph equipped with 48 vertical geophones operating at a natural frequency of
40 Hz. The first seismic campaign was conducted in May 2022 and involved acquir-
ing a 2D seismic profile using the traditional linear configuration; however, this survey
did not reach the gallery level. A second campaign was carried out in February 2023
using an innovative 3D seismic tomography approach. The main goal was to improve
the understanding of the geological fault system inside the area by enhancing seismic
ray coverage—a factor that is crucial for higher resolution imaging. A detailed descrip-
tion of both campaigns is presented below.

3.1 Conventional 2D Seismic Refraction Configuration

In the traditional setup, a 2D seismic profile, 47 m in length and oriented WNW-ESE,
was acquired in the field, crossing the study area and intersecting the CF.

For this profile, the linear seismic refraction survey was carried out with a spread of
48 geophones (40 Hz) spaced 1 m apart (Fig. 4). The seismic signals were generated
using a 6 kg sledgehammer striking a metal plate on the ground, at intervals of 3 m
between shot points. For each shot position, the hammer strike was repeated three times
to reduce noise and increase the signal-to-noise ratio. This procedure ensured that when
the three recorded strikes were stacked, the coherent signal was enhanced while random
noise was reduced. Consequently, the three signals were stacked to form a single seis-
mogram used directly for first-arrival picking. However, the individual files were still
analysed if corrections were needed in cases of unclear arrival times. During the ground
strikes, a geophone connected independently to the seismograph terminal was placed
near the metal plate and served as a trigger to initiate signal recording, known as the
trigger.

A total of 17 shot points were acquired along the geophones’ line, together with two
far-offsets shots positioned 23 m from the starting and ending points of the geophones’
line. After that, the field data were brought to the laboratory for waveform analysis and
first-arrival picking using the seismic refraction tomography software Rayfract (Intel-
ligent Resources Inc., 2020 version 3.36). This code was used exclusively for data pro-
cessing. The distribution of seismic ray paths was provided by the software PROFIT
(PROfile Forward and Inverse Tomographic modelling), created by Koulakov (2009b)
and Koulakov et al. (2010). It showed a vertical resolution of 15 m, thus being unable
to provide a model that could reach the targeted depth (~ 18 m), and with poor coverage
of the subsurface area intended to be illuminated (Fig. 5). Therefore, an unconventional
configuration of shots and geophones was chosen to generate a three-dimensional veloc-
ity distribution.
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Fig.4 Location of the two-dimensional profile where the first seismic refraction survey was conducted.
White triangles represent the shots and red dots, the geophones. The orange square refers to the 3D seismic
survey area. The red area highlights the location of the survey profile
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Fig.5 Ray distribution of the first 2D profile, carried out in Lousal mine reaching a depth of approximately
15 m. This image was generated after the use of PROFIT whose detailed functioning is described in Koula-
kov 2009a, b, ¢
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3.2 Development of an Unconventional Geophysical Configuration
for the Enhancement of the Seismic Ray Coverage

As previously described, the 2D seismic refraction survey provided a model with incom-
plete coverage of the targeted terrain. Therefore, to achieve the main objective of this study,
a new configuration was designed to reach greater depths and more accurately constrain the
geological structures within the area.

A non-standard configuration of sources and geophones was implemented to ensure
that seismic rays covered the entire subsurface. A set of 48 geophones (operating with a
frequency of 40 Hz) were installed inside the gallery at 1 m intervals, and 256 artificial
vibration sources (arranged in a 16X 16 grid) were generated at the surface, spaced 3 m
apart, forming a uniform grid of shot points covering an area of approximately 45 m x45 m
(Fig. 6). A 6 kg sledgehammer striking a metal ground plate was used to produce the seis-
mic wave propagation. The first compressional waves (P-waves) were emitted, travelling
from the surface to the mine gallery depth (~ 18 m).

The trigger cable was extended from the gallery through the Waldemar shaft to the
surface, where the shots were performed. As in the conventional seismic campaign, three
hammer strikes were executed at each point to reduce the effect of the noise on the arrival
time readings and thereby increase the signal-to-noise ratio. The pre-trigger was set to
10 ms, and data acquisition was carried out with a sampling frequency of 32,258 Hz and a
sampling window of 100 ms.

Data processing began with the precise identification of first-arrival times using Ray-
fract software, followed by travel-time inversion using the ATOM3D code (Koulakov
2009a). As the signal-to-noise ratio (SNR) in the stacked files was relatively low, a band
pass filter was applied to all seismograms to improve clarity. The selected filter ranged
from 80 to 300 Hz (Fig. 7).

Following the detection of first-wave arrivals, quality control was conducted by
assessing the picking accuracy and filtering the database to retain only coherent signals
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Fig. 6 a Representation of the unconventional configuration of shots and geophones for a three-dimensional
seismic refraction survey employed in the area of interest highlighted by an orange square. White dots rep-
resent the shots executed at the surface and red dots the geophones installed inside the gallery; b the geo-
phone-shots arrangement with the surface topography
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Fig.8 a An example of a signal having a robust signal-to-noise ratio with an easy first-arrival reading; b
example of a seismogram having an unclear arrival at geophone 21 and consequently removed from the
database; ¢ example of a noisy signal describing 2 clear (stack 1,2) and noisy stacks (stack 3). This is illus-
trated to give an example of how some signals were corrected by observation of individual traces. All the
signals were filtered by 80-300 Hz

(Fig. 8a). After quality control, several issues were identified: some waveforms exhib-
ited a very low signal-to-noise ratio, making the detection of first arrivals impossible
(Fig. 8b). Consequently, unclear or noisy traces were removed to reduce uncertainty
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in the seismic inversion. In certain cases, noisy signals (as shown in Fig. 8c) were cor-
rected by examining the three individual traces; in such instances, it was determined
that the Stack 3 (the third hammer strike) has distorted the signal. This data suppression
did not compromise the density of seismic ray coverage.

4 Methodology

The 3D travel-time inversion in this study was carried out using the ATOM3D programme
(Active Tomography in 3D), generating the first images of the P-wave velocity distribution
inside the area of investigation. The algorithm is based on the same computational meth-
odology and represents an adaptation of the LOTOS-09 programme (Local Tomography
Software) used in passive tomography, whose detailed functioning is described in Koula-
kov (20094, b, c).

This software was chosen to perform the analysis of the active seismic tomography in
the Lousal Mine, owing to its ability to integrate the innovative 3D geophone-source con-
figuration. It is user-friendly and requires relatively low computational time compared with
similar software packages. The inversion process is based on an iterative approach which
refines the 3D velocity model step by step, employing several algorithms dedicated to each
stage of the inversion. Some of these programmes are executed throughout the entire pro-
cess, while others run only during the first iteration.

The programme incorporates a ray-tracing method based on Fermat’s principle, follow-
ing the initial formulation proposed by Um and Thurber (1987). This method begins by
tracing a rectilinear segment connecting the source to the station and progressively bend-
ing it at its midpoint to follow the path of minimum travel time (Koulakov 2009a; Garcia-
Yeguas et al. 2012). Once the ray tracing is completed, the ray density is computed and the
grid parameters are defined.

The derivative matrix is then generated, and the travel-time inversion is performed
using the least square method (LSQR) (Nolet 1987; Paige and Saunders 1982), yielding the
three-dimensional P-wave velocity distribution. The matrix inversion minimises the dif-
ference between observed and calculated travel times, expressed as the root-mean-square
error in the L1 norm (RMS).

The velocity model is computed within a grid of nodes initially spaced at regular inter-
vals, using linear interpolation (set to 1.5 m in this case). The node spacing between nodes
is adjusted during inversion according to the ray density and cannot be smaller than a pre-
defined minimum value (set to 0.5 m). Areas with a high concentration of rays are sam-
pled with fine node spacing, while coarse spacing is assigned to zones of lower ray density
(Fig. 9a). In that case, model resolution does not depend on node spacing, but primarily
on the smoothing and amplitude damping parameters, which were selected after synthetic
inversion testing (see section 5.1).

To minimise the influence of grid orientation on the tomographic results, several grids
with different base angles (0°, 22°, 45°, and 67°) were computed, and the results were
stacked. The travel-time inversion generated velocity values that were linearly interpolated
between nodes.
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5 Results and Discussion
5.1 Synthetic Resolution Tests’ Inversion

Before running the inversion with the experimental data, an assessment of the model reso-
lution was carried out. Checkerboard sensitivity tests were performed to evaluate the inver-
sion ability to recover specific structural details of the subsurface. The principle of this
approach was to use the same source-receiver pairs and the reference 1D velocity model
employed in the observational data inversion to compute synthetic travel times and analyse
the recovery of imposed anomalies, thereby assessing the spatial resolution capability of
the area.

Given that the artificial sources were spaced 3 m apart, robust ray coverage and strong
recovery of small anomalies were expected (Fig. 9). To determine the optimal values of
inversion parameters—namely amplitude damping and smoothing—which are crucial
for stabilising the solution, several tests were conducted. The best reconstruction of pat-
terns was achieved for anomalies of approximately 3 mXx3 m, using a smoothing factor
of approximately 15 and an amplitude damping of 6, following the approach described in
Garcia-Yeguas et al. (2012) and Koulakov (2020). Figure 10 illustrates the reconstruction
of synthetic anomalies of roughly 3 mXx3 m, 5 mX5 m, and 7 m X7 m, each separated by
3m.

The synthetic tests revealed a strong reconstruction of anomalies across nearly the entire
sampled volume. The unconventional positioning of geophones and sources provided a
denser distribution of seismic rays above the gallery level, ensuring effective coverage of
the whole subsurface with anomaly patterns. This is illustrated in Fig. 9, which shows a
regular node distribution, indicating a homogenous spread of ray path, contributing to a
robust coverage of the investigated area. In Fig. 10, the anomaly patterns are accurately
recovered at most depth slices, except for the section format around 10 m depth, where
poorer reconstruction is noted, although it improves for anomalies greater than or equal to
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Fig. 10 Checkerboard test results for three different anomaly sizes (3 mXx3 m, 5 mX5 m, and 7 mX7 m).
The anomaly patterns are shown for depth slices at 5 m, 10 m, and 18 m. The squares represent the recov-
ered anomalies’ dimensions and are located on the top left side of the 5 m section

5 mX5 m. A smearing effect appears at the model edges due to a reduction in ray density
with depth, resulting from the H-shaped geophone configuration imposed by the geom-
etry of the gallery tunnels and chambers. This effect is highlighted in Fig. 9, where a pro-
nounced concentration of ray paths occurs in the central part of the region.

An additional synthetic test was performed to assess the resolution above and
below the Waldemar gallery (Fig. 11). This test involved introducing realistic anoma-
lies derived from the experimental inversion (Fig. 11a), consisting of +20% alternating
velocity perturbation at two depth intervals: from 2 m above sea level to 10 m and from
11 to 25 m. Following the synthetic inversion, the recovered velocity anomalies were
analysed in detail (Fig. 11b).

For the upper interval (2 m above sea level to 10 m), the velocity patterns were
robustly recovered across almost the entire region, showing strong correlation with the
experimental inversion results (later presented in section 5.2). The negative synthetic
anomalies NS1 and NS2 slightly exceeded -20% (approximately -25% to -30%), whereas
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Fig. 12 RMS (root-mean-square) distribution vs. the number of events computed after the generation of the
3D velocity model at the last iteration (iteration 5) of experimental inversion

the positive synthetic patterns PS1 reached about+20%. In the deeper interval (11 m to
25 m), the velocity anomalies were robustly reconstructed in both amplitude and shape,
except for the NS3 at 18 m depth, which reached around -30% (Fig. 11). The alternation
of anomaly polarity with depth was successfully retrieved, confirming robust vertical
resolution. Moreover, comparison between the experimental inversion results (see sec-
tion 5.2) and the free-shaped synthetic reconstructions shows a strong correspondence
in anomaly patterns.

For both depth ranges, however, a peripheral smearing effect was observed, attrib-
uted to the reduced ray coverage in those areas (Fig. 9). This confirms the effectiveness
of the unconventional 3D inversion configuration, which provided enhanced image resolu-
tion for nearly the entire surveyed volume, except at around 10 m depth where ray density
decreases. Consequently, regions of poor resolution were carefully considered during the
interpretation of experimental results to ensure reliability.
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Table 1 Evolution of the RMS
(root-mean-square) and the
reduction variance (percentage of

Iterations RMS (ms) Reduction
variance (%)

the residuals de?creage) from the 1.00 244 0.00

first to the last iteration during

3D seismic inversion 2.00 1.75 28.45
3.00 1.35 44.88
4.00 1.22 49.90
5.00 1.15 52.75

5.2 Experimental Data Inversion

After running the 3D active tomography using the ATOM3D code, a distribution of
P-wave velocities was obtained above the mine gallery. Based on RMS stabilisation, the
number of iterations was set to five, resulting in a velocity model presenting an average
RMS of 1.15 ms and a variance reduction of 52.75%, demonstrating the efficiency of the
travel-time inversion (Fig. 12 and Table 1).

Several parameters affecting the reliability and accuracy of the results were tested:
the initial 1D velocity model, smoothing, and amplitude damping parameters. Multiple
1D reference models were assessed during the experimental data inversion according
to two criteria: (1) the model should display realistic velocity variations between depth
layers, and (2) the resulting 3D velocity distribution should correspond to the geological
structures present in the region. Based on these tests, the starting velocity model that
provided a robust correlation with the geological structures and a low RMS misfit was
selected and is presented in Table 2. This model consists of two layers with fixed veloci-
ties, where the velocity values between depths were estimated by linear interpolation.
The smoothing and amplitude damping parameters, which influence inversion stability,
were tested on the synthetic inversions to determine their optimum values for accurate
and reliable tomographic results, as discussed in the previous section.

Figure 13 displays six depth slices showing the velocity anomalies spread together
with the gallery and the main and secondary fault locations (2 m, 5 m, 10 m, 15 m,
18 m, and 20 m). The anomalies are visualised at 2 m away from the cross-sections. The
area is divided by the CF into two distinct anomaly polarities, clearly visible between
10 and 15 m depth. Negative anomalies are mainly associated with the gallery chamber,
corresponding to the PQG at higher depths (anomaly N3), whereas at shallower levels,
they relate not only to the PQG (anomaly N2) but also to the highly fractured zone of
the VSC (anomaly N1). On vertical profiles, N1 and N2 extend vertically to depths of
approximately 10-12 m for almost all the sections except I-J, beneath which N2 extends
down to 25 m (Fig. 14). Conversely, N3 appears at greater depths, from approximately
15 m down to 25 m, with a higher amplitude between 17 and 18 m, coinciding with the
gallery chamber.

As described earlier, during the excavation period, different materials were used to sup-
port the gallery. Reinforced concrete was applied in areas where the geological structure
was weaker and more prone to collapse, whereas wooden stowage was used in zones com-
posed of more competent rock formations. This provided additional information on the
degree of rock consolidation, which aided the interpretation of the model.

At shallow depths, the CF is located within negative anomalies, near to the bound-
ary between negative PQG anomaly (N2) and positive VSC anomaly (P1). As this brittle
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Table2 1D velocity model used to generate the ray paths and three-dimensional distribution of velocity
perturbations presented in Figs. 5, 12 and 13. The velocity between layers is deduced by interpolation

Depth (m) Velocity (km/s)
-2.0 0.9
20 1.6

structure is approximately 5 m wide, it correlates significantly with the westward extension
of N2 from the fault location. On its eastern side, the same anomaly (N2) corresponds to
the PQG, showing a decrease in wave velocity.

In the southern part of the area, an intense negative anomaly (N1) is associated with
mine rejects and a weakening of the geological structure, probably caused by the fault sys-
tem located in a zone of decreasing topography, which is typically more prone to fracturing
and fault creation, as shown in Fig. 15. This zone also coincides with the part of the gallery
supported by reinforced concrete, confirming the low level of consolidation of the geologi-
cal formation.

Conversely, positive anomalies (P1 and P2) appear at shallow depths (between 2 and
10 m), marking the transition from concrete to wooden stowage support at the location of
the tectonic fault CF, producing a distinct velocity response. These anomalies completely
disappear at greater depths (15 m, 18 m, and 20 m depth in Fig. 14), giving rise to P3,
which exhibits a higher amplitude positive anomaly.
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Fig. 13 Depth slices showing the velocity anomaly distribution at 2 m, 5 m, 10 m, 15 m, 18 m, and 20 m

(depth of the gallery), generated after the experimental inversion. The P and N labels refer, respectively, to
the positive and negative anomalies
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Fig. 15 Superposition of the anomaly depth slice (at 5 m depth) with the topographic map to highlight the
explanation discussed in the text. P and N refer to positive and negative anomalies, respectively. The struc-
tural feature CF refers to the Corona fault
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The structure indicates an anticline coinciding with the shaft location, correlating with
positive anomalies and increasing absolute velocities ranging from 1.7 km/s and 2.0 km/s
at the gallery floor level (approximately 18 m depth). Low velocities (around 0.6 km/s) are
observed at the location of the gallery chamber, where reinforced concrete was used to sup-
port weaker geological structures (Fig. 16).

The correlation between the velocity anomalies and the type of support confirms that
the anomaly distribution is consistent with the degree of consolidation of the rocks inter-
sected by the gallery.

Stress redistribution within complex structural configurations is more likely to cause
stress concentrations (Friedel et al. 1995; Wang et al. 2018). The fault system present in the
region can generate localised stress accumulation, consistent with the observed high veloc-
ities embedded within negative anomalies. This is likely related to the weakening of rocks
surrounding the CF, along which a dextral strike-slip movement occurred with a small nor-
mal component, as indicated by lateral variations in absolute velocities (Fig. 16).

5.3 Geological Faults’ Interpretation

As a baseline for interpreting the fault system, knowledge from previous geological stud-
ies conducted in Lousal by other authors was considered (Matos and Relvas 2006; Matos
2021). Because of its regional-scale formation, the CF is the only structure for which the
depth extension has been characterised. As mentioned previously, this fault appears in the
3D tomograms, both in the depth slices and vertical cross-sections, marking the boundary
between positive and negative anomalies (Figs. 13 and 14).

Regarding the secondary faults, six of them cross the investigated area and are identi-
fied as SFs on the velocity maps. These faults are not visible at the surface, probably due
to soil development, but since the studied area is relatively small, it was assumed that they
retain a linear extension in both horizontal and vertical directions, following the orientation
observed at the gallery level. Furthermore, as the CF has been characterised as subvertical,
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Fig. 16 a Horizontal absolute velocity distribution with the faults locations and their possible horizontal
extension, highlighted by black dashed lines; b vertical velocities spread under the 5 cross-sections (A-B,
C-D, E-F, G-H, and I-J). The interpretation of the fault extension within depth is shown. The secondary
faults (SF) appear at the depth of the Waldemar gallery (18 m) highlighted by a grey line. The interpretation
of their prolongation (black dashed lines) was done starting from the depth of the gallery up to the surface
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the same kinematic characteristics were assumed for the SFs. The superposition of the
anomaly depth slice with the topographic map, as illustrated in Fig. 15, shows a strong cor-
relation. Based on these assumptions and observations, an attempt was made to correlate
the subsurface velocity model with these brittle structures, and a proposed model of the
local fault system and its depth extension is presented in Fig. 16.

The boundary between two different lithologies or rocks with distinct petrophysical
properties is generally highlighted by velocity variations in both horizontal and vertical
directions (Wang et al. 2008). This approach was employed to propose an interpretation of
the vertical continuation of the fault planes. In the surveyed area, five sections (A-B, C-D,
E-F, G-H, IJ) crossing the fault set were selected to visualise their vertical continuation,
and the lateral velocity variation was chosen as the marker for fault position (Fig. 16b).
The lateral velocity heterogeneity at the location of the CF likely indicates a normal fault,
where the right-hand block has moved downwards relative to the left. The SFs appear to
have the same direction and extent in all sections, and the CF interpretation is consistent
with fault displacement, characterised as a subvertical fault with a normal component and
an inclination of N5°E (Matos 2021, 2022).

Only two cross-sections intersect the Waldemar gallery: sections C-D and E-F. As
described earlier, at the location of the gallery, structural weakness was detected before
excavation began, requiring the use of reinforced concrete for support. This is confirmed by
the observation of a sharp local velocity drop at the gallery level, appearing approximately
30 m from the start of the section. Some of the SFs can clearly be observed in several
sections (e.g. SF4 and SF6 in sections A-B, C-D, and E-F; SF1 and SFS5 in sections E-F,
G-H, I-J) but tend to be more difficult, or even impossible, to detect in others. Nevertheless,
assuming that, at the surveyed scale, the faults remain linear and cross all five sections,
a correlation with the velocity variation was carried out wherever possible around their
assumed positions. The same correlation was applied to the horizontal cross-sections at
different depths, where similar patterns can be identified or assumed along the SFs exten-
sions. This revealed a clear velocity contrast at the CF location, extending to a depth of
25 m, and demonstrated that the SFs vertical extensions are consistent with the regional
kinematics.

6 Conclusion

Incorporated within the LouMu project, this work presents for the first time the results of
a three-dimensional seismic refraction tomography survey conducted in the Iberian Pyrite
Belt’s Lousal Mine, following an innovative experiment undertaken at this site. Prior to
this seismic survey, a conventional geophone-shot configuration was initially employed,
and a 2D profile was acquired. The objective was to detect the Corona Fault (CF) and to
analyse its extension from the surface down to the depth of the Waldemar gallery, located
approximately 18 m below the surface, by generating a 2D subsurface model.

The 2D seismic refraction tomography profiles were unable to resolve the crustal structure
of the entire subsurface due to the absence of ray paths below a depth of around 15 m. This
limitation was likely caused by the velocity variations at greater depths, which hindered wave
refraction. Nevertheless, to enhance ray coverage and ensure the propagation of rays down to the
gallery level, an innovative arrangement of geophones and shots enabled complete three-dimen-
sional coverage of the target subsurface, extending to depths greater than 20 m. The resolution
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tests demonstrated a robust reconstruction of anomalies larger than or equal to 3 m, confirming
the high-resolution capability achieved through a fine geophone-shot configuration. The resulting
anomaly distribution after inversion showed consistency with the rock consolidation levels. Dur-
ing excavation, several reports were documented the presence of more brittle rocks in the south-
eastern and western parts of the surveyed area, with a greater consolidation in the central zone,
necessitating the use of different building materials to support the gallery.

Accordingly, the Phyllite-Quartzite Group (PQG) corresponds to negative anomalies,
whereas positive anomalies are correlated with the Volcano-Sedimentary Complex (VSC).
The positive anomalies also indicated higher stress levels compared with the surrounding
zones, which are characterised by lower velocities and are likely transmitting the load to
adjacent structures.

Moreover, the Corona Fault (CF) traverses the boundary between positive and nega-
tive anomalies representing distinct lithologies. This fault extends with depth, displaying a
slight inclination, consistent with a normal fault mechanism, in agreement with the previ-
ously described N5°E inclination reported in earlier studies. Additional secondary faults
were also identified, appearing predominantly as normal faults, and their vertical exten-
sion was inferred from lateral velocity variation. Finally, the study enabled the assessment
of the probable subsurface extension of the fault system, confirming the presence of the
Corona Fault (CF) and SFs crossing the surveyed area. By correlation, the analysis also
facilitated the identification of high- and low-stress zones based on the visualisation of the
anomaly distribution.
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