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Abstract

Applied Geophysics is a branch of science that allows for the determination of the subsurface structure
and composition through the processing and interpretation of various physical parameters obtained
with a series of equipment and sensors. Currently, applied geophysics serves as a powerful tool in
addressing various constantly evolving issues in different fields, such as geological and structural
analysis, geotechnics, hydrogeology, mining, etc. One of its primary advantages is that it employs non-
destructive indirect techniques that provide valuable data for solving various challenges.

Throughout this thesis, the applied techniques and methodologies contribute to advancements in
addressing a wide range of problems. Specifically, it deals with geological, structural, and mineralogical
issues at significant depths. In particular, the following techniques have been employed: magnetometry,
deep electrical resistivity tomography (DERT), and time-domain electromagnetic surveys (TDEM). The
advancement proposed in this thesis is based on an innovative approach to the application of
geophysical techniques, resulting in an innovative methodology that expands their scope of use while
simultaneously reducing classical limiting factors, such as investigation depth.

The applied methodologies aim to improve both the depth of investigation and performance
(productivity), enabling significant spatial coverage over complex areas that enhances data quality and,
therefore, increases spatial resolution and resolving capacity.

This innovative approach has allowed for the study of geological formations and deep structures, some
of which are of mining interest, as well as active regional fault zones with seismotectonic implications,
where deep analysis is a fundamental aspect.
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Resumen

La Geofisica aplicada es una rama de la ciencia que permite determinar la estructura y composicion del
subsuelo a partir del procesado e interpretacion de diversos parametros fisicos obtenidos con una serie
de equipos y sensores. En la actualidad, la geofisica aplicada se muestra como una potente herramienta
en la resolucion de diversas problematicas en constante desarrollo en diferentes campos, tales como el
analisis geoldgico y estructural, geotécnia, hidrogeologia, mineria, etc. contando como una de sus
principales ventajas, el constituir técnicas indirectas no destructivas que aportan datos en la resolucidn
de diversas problematicas.

A lo largo de la tesis, las técnicas y metodologias aplicadas permiten un avance en la resolucion de
problemas de diversa tipologia. En especial, se aborda la resolucion de problemas geoldégicos,
estructurales y minerales situados a profundidades notables. En concreto, se ha trabajado con las
técnicas de la magnetometria, tomografia eléctrica profunda (DERT), y sondeos electromagnéticos en el
dominio del tiempo (time-domain electromagnetics TDEM). El avance que se plantea en la presente
tesis se basa en una aproximacion novedosa a la aplicacion de las técnicas geofisicas empleadas, que se
traduce en una metodoldgica innovadora que amplia su campo de uso, reduciendo, al mismo tiempo,
los factores limitantes cldsicos de aplicacidn de las mismas, tales como la profundidad de investigacién.

Las metodologias aplicadas persiguen alcanzar una mejora en la profundidad de investigacién, asi como
en su rendimiento (productividad), permitiendo coberturas areales significativas en entornos complejos
gue redundan en la mejora de la calidad de los datos y, por tanto, incrementando la resolucién espacial
y capacidad resolutiva de las mismas.

Este enfoque novedoso ha permitido el empleo en el estudio de formaciones geoldgicas y estructuras
profundas, algunas de ellas con interés minero, asi como zonas activas de fractura de caracter regional
con implicaciones sismotectdnicas, donde el andlisis a grandes profundidades es un aspecto
fundamental.
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1.1. Introduccion

Histéricamente, la obtencién de datos precisos acerca de las caracteristicas del subsuelo ha
representado una barrera de cara al desarrollo de investigaciones, proyectos constructivos o de
aprovechamiento econdmico (mineria, geotermia, etc.). Esta barrera ha sido especialmente importante
en el caso de estudios a gran profundidad, donde las metodologias y sistemas tradicionales cuentan con
resoluciones espaciales muy variables, limitaciones de aplicabilidad, asi como costes muy elevados,
dificultando y limitando su aplicabilidad final, donde Unicamente en grandes proyectos se justificaba su
empleo.

En la actualidad, el avance tecnoldgico estd generando la aparicidon de técnicas y metodologias de
investigacién geofisica novedosas que permiten alcanzar y solventar muchas de las limitaciones
histdricas, permitiendo alcanzar profundidades elevadas e incrementando notablemente el grado de
resolucién espacial. Estos avances permiten su aplicacidn en la resolucidon de multiples problematicas
tales como geologia estructural, analisis de fallas activas con implicacidon sismotecténica, geologia
econdmica, etc.

Los resultados obtenidos en los articulos realizados en la presente tesis doctoral muestran como las
metodologias o configuraciones aplicadas constituyen un importante avance que permitira servir de
referencia a otros trabajos, tanto de investigacién académica como en la industria al proponer mejoras
en los aspectos limitantes de toda técnica geofisica, multiplicando el valor tecnoldgico y econdmico.

La hipodtesis de trabajo en los articulos se basa en la existencia de limitaciones de aplicabilidad de las
técnicas de investigacion geofisica tradicionales en la resolucion de problemas geoldgicos, estructurales
y mineros, ligados a factores como la penetracion (profundidad de investigacion), resolucion espacial,
costes y dificultad de acceso.

Los aspectos novedosos obtenidos en la presente han sido:

e Disefilo de nuevas metodologias (configuraciones) de trabajo que permitan analizar cuerpos o
estructuras a gran profundidad, mejorando la resolucién espacial y solventando limitaciones de
acceso y aplicabilidad en terrenos con dificultades de acceso, ya sean topograficos o de vegetacion,
incrementando la productividad y mejorando los costes de ejecucion.

e Resolucidn de problemas geoldgico-estructurales. Aplicacion a estudios sismotectdnicos en fallas
activas a gran profundidad, habilitando la definicién geométrica y cinematica de las mismas
proporcionando datos esenciales para mejorar la evaluacion del potencial sismogénetico de las
mismas.

e Resolucidn de problemas geoldgicos y mineros. Aplicacion a estudios de geologia y mineria aplicada,
permitiendo la localizacidn del recurso y su geometria lo que define el potencial geoldgico y minero
de la zona permitiendo el disefio y optimizacién de futuras actividades de investigacion y explotacion.

DANIEL PORRAS SANCHIZ
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1.2. Motivacion y Objetivos

La tesis doctoral ha contado con la siguiente motivacion:

e Contribuir al avance en el conocimiento en el campo de la geofisica aplicada y su aplicabilidad a
problemas de gran interés académico, profesional, asi como propio, lo que ha constituido una
motivacion muy importante a la hora de abordar este trabajo.

e Una tesis doctoral constituye el ultimo paso de un largo recorrido a nivel académico, que continuara
con futuras investigaciones y articulos que complementen y avancen en la linea de investigacion
seleccionada en esta tesis doctoral.

Los objetivos de la tesis doctoral han sido los siguientes:

e Plantear una investigaciéon original y significativa que contribuya a la mejora del conocimiento y
aplicabilidad en el campo de la geofisica aplicada. En este caso, se abordan problematicas clasicas en
la geofisica aplicada tales como la limitacién en la penetracidon (profundidad de investigacion),
resolucién espacial, costes y dificultad de acceso en entornos agrestes sobre objetos de investigacion
variados de tipo geolégico y minero.

e Publicacién y difusidn de las metodologias y resultados obtenidos de manera que sean accesibles a
la académica e industria, en este caso, mediante articulos cientificos en revistas de referencia.

DANIEL PORRAS SANCHIZ



APLICACION DE TECNICAS GEOFISICAS EN LA RESOLUCION DE PROBLEMAS GEOLOGICOS,
ESTRUCTURALES Y MINEROS A GRAN PROFUNDIDAD
TESIS DOCTORAL

255 VNiIVERSIDAD
#° D SALAMANCA

Capitulo 2 ARTICULOS

DANIEL PORRAS SANCHIZ



APLICACION DE TECNICAS GEOFISICAS EN LA RESOLUCION DE PROBLEMAS GEOLOGICOS,
ESTRUCTURALES Y MINEROS A GRAN PROFUNDIDAD
TESIS DOCTORAL

VNiVERSiDAD
' B SALAMANCA

ARTICULO 1: Imaging extensional fault systems using deep electrical
resistivity tomography: A case study of the Baza fault,
Betic Cordillera, Spain

Resumen:

La evaluacion de la peligrosidad sismica de fallas tectdnicas actuales puede verse mejorada estudiando
su estructura y cinematica. Estas caracteristicas se han determinado principalmente mediante estudios
geoldgicos de superficie de la traza aflorante de las fallas, segmentacion estructural lateral o trincheras
paleosismicas. Todos estos enfoques se basan principalmente en un andlisis bidimensional de los
afloramientos superficiales, mientras que el conocimiento de las fallas en profundidad sigue siendo en
gran medida inaccesible.

Para mejorar estas limitaciones, pueden aplicarse métodos geofisicos que permitan establecer
informacién detallada sobre la morfologia y segmentacion de las fallas en profundidad. En este trabajo
se analizan los resultados novedosos de un estudio de tomografia eléctrica de resistividad profunda de
la Falla de Baza, una falla tecténica activa que controla la geometria de la Cuenca Intramontafiosa
Nedgena de Baza (Cordillera Bética, Espafia). La interpretacién de nuestro modelo de resistividad
preferido revela la estructura detallada hasta aproximadamente 1.000 m de profundidad. El estudio
muestra un sistema de fallas normales complejo con una anchura minima de 2 km, con bloques
limitados por fallas normales potencialmente listricas que generan la rotacién de los mismos. Este
estudio presenta evidencias de la falla de Baza (F3), coincidente con los principales escarpes
topograficos. Sin embargo, el modelo geofisico y la evidencia geomérfica también apoyan una nueva
ramificacion (F1) que podria ser una fuente sismogénica adicional. La técnica de prospeccion geofisica
presentada en este estudio proporciona datos esenciales para mejorar la evaluacidn del potencial
sismogenético de la falla de Baza.
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ARTICLE INFO ABSTRACT

Keywords:

Normal faulting

Deep electrical resistivity tomography
Present-day tectonics

Baza Basin

Betics

Seismic hazard assessment

Seismic hazard assessment of present-day tectonic faults may be improved by studying their structure and ki-
nematics. These features have been mainly determined by surface geological studies of exposed fault traces,
structural lateral segmentation or paleoseismic trenches. All these approaches rely mainly on two-dimensional
analyses of surface outcrops, while knowledge of the faults at depth remain largely inaccessible. To improve
on such limitations, geophysical methods can be applied to establish detailed information on fault morphology
and segmentation at depth. This work analyzes new results of a deep electrical resistivity tomography survey
acquired across the Baza Fault, a present-day tectonic fault that controls the geometry of the Neogene intra-
mountainous Baza Basin (Betic Cordillera, Spain). Interpretation of our preferred resistivity model reveals its
detailed structure down to approximately 1000 m depth. The survey shows a minimum 2 km wide complex
normal fault system, with rotational tilting blocks bounded by potentially listric normal faults. This study pre-
sents subsurface evidence of the Baza fault (F3), coincident the main topographic scarps. However, the
geophysical model and geomorphic evidence also support a fault branch (F1) that might be an additional active
seismogenic source. The geophysical survey technique presented in this study provides essential data to improve

of the

ial of the Baza Fault.

1. Introduction

There is strong evidence that the seismogenic potential of a fault
depends, to a large degree, on its geometry (Wesnousky, 2008; Pace
et al., 2016). In particular, its magnitude depends on the maximum
spatial extent of the fault rupture propagation during seismic events.
Therefore, better understanding of the geometry of a fault system is
essential to understand seismogenic processes and, from a practical
point of view, its future seismic potential (Scholz, 2019; Biasi and
Wesnousky, 2017). Most relevant studies have made progress in char-
acterizing their lateral segmentation and geometry, mainly due to easy
access to surface expression of faults. However, the fault geometries at
depth remain largely unknown. For instance, this lack of knowledge
affects the estimated maximum rupture, which mainly relies on surface
slip profiles and empirical fault-length relationships (Wells and
Coppersmith, 1994).

The Baza Fault is one of the major active faults in the Betic Cordillera
(Fig. 1). It presents background seismicity with low-magnitude events

* Corresponding author.
E-mail address: pabloj.gonzalez@csic.es (P.J. Gonzalez).

https://doi.org/10.1016/j.jappgeo.2022.104673

(Fig. 2), during the historical and instrumental record periods (IGN
(Spanish Instituto Geografico nacional) seismic Catalogue, 2020; Mar-
tinez-Solares and Mezcua, 2002). The largest historical earthquake (M,
6.0) occurred in 1531 CE, known as the Baza earthquake, destroying
Baza and Benamaurel towns (Sanz de Galdeano et al., 2012). The Baza
fault kinematics indicate predominant normal faulting with a minor
strike-slip component. Previous studies have established it as an active
and potentially seismogenic fault source (Sanz de Galdeano et al., 2012;
Medina-Cascales et al., 2020). However, those estimates are mainly
based on its surface expression. Therefore, new work is necessary to
constrain the fault geometry and segmentation, in particular at depth.
In this study, the data and models arising from a new geoelectrical
survey are presented. The geoelectrical profile with 4.5 km-long was
acquired across the Baza Fault in its south-western sector. The relatively
large aperture of this survey allowed us to reach greater depths than
usual, improving our knowledge of the deep (1000 m depth) fault
structure and characteristics. Resistivity surveys have been widely
applied in mining, geology, engineering and environmental studies to

Received 6 May 2021; Received in revised form 25 March 2022; Accepted 9 May 2022

Available online 12 May 2022

0926-9851/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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solve multiple problems, including structural and active seismic zones,
and provide high-resolution subsurface resistivity models at shallow
depths <200 m (Kolawole et al., 2018; Suzuki et al., 2000; Steeples,
2001), which is the usual length of cables used in industry. The deep
electrical resistivity tomography (DERT) is a specific survey acquisition
and modeling method that analyzes larger depth ranges, usually be-
tween 500 and 1500 m depth. These have been specifically applied in
the study of structural and active seismic zones (Balasco et al., 2011;
Giinther et al., 2011; Pucci et al., 2016; Rizzo et al., 2004).

In this study, a 2D deep electrical resistivity tomography model was
obtained applying a damped least squares inversion. Model selection
was carried out using automatic methods, trading-off data misfit and
model complexity. The preferred final model compared favourably
against literature, geological-structural data and previously available
geophysics. It allows for an improved, new and detailed geological and
structural view of the Baza Fault at depth. The model suggests that the
system is segmented with several normal faults. Some normal fault
branches were not previously recognized and might not be currently
active. However, an unmapped fault branch shows geomorphic evidence
for recent Quaternary fault slip. The fault system features separate
rotational tilting blocks, indicating a potential listric geometry at greater
depths (>>1000 m). The new results confirm and extend previous surveys

tablishing the fault g y and kinematics using surface analysis,
available geophysical data, gravity (Alfaro et al., 2008) and seismic
methods (Haberland et al., 2017). Hence, our study contributes to the
seismic hazard assessment, and generally to tectonosedimentary
reconstruction of the Baza basin, e.g., basement throw estimation.

Journal of Applied Geophysics 202 (2022) 104673
2. Geological setting

The Baza Fault is located in the Baza Basin, a sub-basin within the
main Guadix-Baza Basin. The wider Guadix-Baza Basin is the largest
intramontane Neogene basin in the Betic Cordillera (Vera, 1970a,
1970b). This Cordillera is an orogen resulting from a Neogene NNW —
SSE oblique convergence of 3-5 mm/year between the Eurasian and
Nubian plates (Nocquet, 2012; Palano et al., 2015). The shortening is
synchronous with an ENE-WSW orogen-parallel extension (Galindo
Zaldivar et al, 1999; Marin-Lechado et al, 2017). The regional
ENE-WSW extension in the central Betics accomodates between 0.5 and
1.5 mm/yr (Palano et al., 2013). This tectonic extension rate is accom-
modated by NNW-SSE-striking normal faults like Baza Fault (Galindo
Zaldivar et al., 1989, 1999; Sanz de Galdeano et al., 2012; Sanz de
Galdeano et al., 2020), further developing the basins (e.g., Baza basin).

The Baza Fault delimits the NNW-SSE border of the Baza Basin
(Galindo Zaldivar et al., 1999). With more than 35 km of surface topo-
graphic expression, the Baza Fault is a normal fault system with a
relatively acute curved trace. The fault system strikes from N-S at the
northern end to a NW-SE trend at its middle-southern termination.
Overall, it presents numerous parallel splays, increasing in number to-
wards the southern end. The Baza Fault dips from 45° to 65° to the East
(Alfaro et al.,, 2008; Sanz de Galdeano et al., 2012; Haberland et al.,
2017), with an inferred vertical slip rate of 0.12-0.49 mm yr ~! calcu-
lated using the displaced glacis (ca. 500Kyr - Garcia Tortosa et al., 2011;
Sanz de Galdeano et al., 2012). The fault seems to have been active since
the Late Miocene (Garcia-Gareia et al., 2006). The relatively fast fault
slip rate of the Baza Fault generates a half-graben structure on its
hanging wall, with a maximum sediment thickness of 2200 m based on
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seismic surveys (Haberland et al., 2017). The basin was filled by sedi-
ments over Triassic metamorphic basement rocks from the Alpujarride
Complex (Garcia-Duenas et al., 1992; Orozco and Alonso-Chaves, 2002).
Baza Basin infills consist of Upper Miocene marine deposits, which
transition upwards into continental deposits during the Pliocene /
Pleistocene age. The progressive uplift disconnecting the basin from the
Mediterranean Sea was caused by this transition (Vera, 1970a, 1970b;
Soria et al, 1998; Rodriguez-Fernandez et al., 2012). Later on, the
higher subsidence of the hanging wall of the Baza Fault generated an
endorheic fluvial and lacustrine system until the late Pleistocene,
through capture of its drainage system by the Guadalquivir fluvial
network (Sanz de Galdeano and Vera, 2007; Sanz de Galdeano et al.,
2012; Alfaro et al., 2008). The Quaternary sedimentation is restricted to
depressed areas, forming alluvial fans and piedmont systems, which are
affected frequently by the Baza Fault slip, generating stepped fault
scarps (Garcia Tortosa et al., 2008; Garcia Tortosa et al., 2011; Castro
etal, 2018).

2.1. Previous geophysical studies

The Baza basin structure and its syn-tectonic infilling sedimentation
have been extensively studied at regional scale (basin-wide). However,
there is scarce information about the detailed subsurface structure of the
basin near the Baza Fault. Previous studies were mainly based on the use
of surface geological and geomorphological data (Sanz de Galdeano and
Vera, 1992; Soria et al., 1998; Rodriguez-Fernandez et al., 2012). Recent
work further suggests a tectono-stratigraphic evolution from 6 Ma to 0.6
Ma, marked by a long sedimentary history. The Baza fault induced more
than 1000 m of subsidence, supported by geological evidence and
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migrated P-receiver functions that indicate variable crustal thicknesses
under the hanging wall and footwall of the Baza fault (Pérez-Pena et al.,
2018).

Alfaro et al. (2008) carried out a gravimetric study, recording
negative anomalies. Those anomalies are the maximum negative values
found in the entire Betic Cordillera. The gravity anomaly map shows two
gravity minima along the Basin axis running parallel along the fault
strike: one south of the village of Benamaurel, and a secondary one at the
southeast of Baza town. The inferred basin structure in this study esti-
mated a 2000-3000 m throw in the basement, with the southern section
formed by a structurally simple half-graben and the northern area
significantly more complex, with various fractures compartmentalizing
the basement.

In 1977, a seismic reflection line was shot crossing the Baza fault and
the western part of the basin (BT-2 seismic line, ITGE, 1999). This line
struck NNW-SSE, and obliquely crossed the Baza fault. The survey re-
sults were not favorable enough to illuminate the fault zone or the ba-
sin's structure, due to its orientation with respect to the Baza fault strike.
However, it revealed tectonic complexity with some associated synthetic
and antithetic faults. The BT-2 seismic line showed the contact between
the acoustic basement and the sedimentary basin infill, with the alter-
nation of strong reflectors and transparent levels. In addition, the ESCI-
Béticas project contained two deep-seismic profiles in the Baza Basin
(Garcia-Duenas et al., 1994; Jabaloy et al., 1995). Due to the focus on
imaging the complete crust structure, this survey did not show detailed
structural information on the basin (Jabaloy et al., 1995). Only a small
reflectivity layer in the upper part (0-2 s) confirmed the asymmetric
shape of the basin sediments and the inferred active western boundary
fault, the Baza fault. Finally, Haberland et al. (2017) shot three high-
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resolution deep-seismic profile lines across the basin and fault in
different directions. The study revealed and confirmed the asymmetric
shape of the infilling sediments. It detected the continuance at depth of
the Baza fault and several others throughout the basin, affecting the
deeper sedimentary layers. The seismic study also constrained the
maximum sediment thickness to 2200 m.

2.2. Seismicity of the Baza fault

The Baza Fault is one of the most active faults in the central Betic
Cordillera, presenting a general low-magnitude seismicity during the
historical and instrumental record (Spanish Instituto Geografico
Nacional (IGN) catalogue; Martinez-Solares and Mezcua, 2002), with an
important maximum historical earthquake in 1531 (VII-IX) (Martinez-
Solares and Mezcua, 2002). This event is known as the Baza earthquake,
and was estimated at a magnitude of M,, 6.0. This earthquake destroyed
the original settlements of Baza and Benamaurel (Sanz de Galdeano
et al., 2012). There is also geological evidence of previous large events,
with the presence of seismites or liquefaction features, and earthquake-
induced landslides (Alfaro et al., 1997; Gibert et al., 2005).

The seismogenic potential of the Baza Fault was preliminarily esti-
mated by Sanz de Galdeano et al. (2012) to be of the order of My 6.9
(Wells and Coppersmith, 1994). More recent estimates for My, to
predict if a future seismic event would rupture the entire Baza fault,
range from Mw 6.2 to Mw 7.1 using different empirical laws, and
highlight the considerable uncertainties involved (Medina-Cascales
et al., 2020).

3. Data and methodology
3.1. Electrical resistivity tomography for fault detection

Electrical Resistivity Tomography (ERT) is a widely used geophysical
technique. Among many applications, it has been successfully applied to
image subsurface structures and, in particular, faults (Suzuki et al.,
2000; Steeples, 2001; Caputo et al., 2003; Kolawole et al., 2018). The
ERT method is based on taking measurements of ground resistivity along
a connected line or array, by applying an electric current to the sub-
surface via two metal stakes (current electrodes) coupled to the ground.
The current passing through the ground sets up an electrical potential in
the subsurface. The difference in electrical potential between two
additional potential electrodes is measured as a voltage. Using Ohm's law,
this voltage can be converted to values of apparent resistivity for the
ground between the two potential electrodes. Measurements are
repeated, rolling over in sets of four electrodes. To reach greater depths,
four electrodes with a wider spacing are selected, usually a multiple of
the first set. This is repeated with wider separations, in this way
increasing the effective depth of the survey. A subsurface ground-
resistivity image or pseudo-section is generated using the input cur-
rent, measured voltage and the array geometry (Edwards, 1977). Hence,
the array geometry varies and determines the survey sensitivity, with its
two main parameters being the array spacing and aperture. The sepa-
ration between electrodes controls the spatial resolution, while the
depth penetration depends strongly on the total distance spanned by the
electrode array.

Fault detection is based on resistivity contrasts in the subsoil be-
tween the geological units, which provide information on the physical
conditions of the rocks (Caputo et al., 2003; Drahor and Berge, 2017;
Storz et al., 2000). Despite its usefulness, the geoelectrical method to
investigate the Baza Fault system has not applied in previous studies.
Here, a modification of the deep ERT (DERT) is applied, aiming to reach
greater depths. DERT has been applied to study deep structures
including faults and active seismic zones (Balasco et al., 201 1; Giinther
et al., 2011; Pucci et al., 2016; Rizzo et al., 2004), the shape of basins
and infilling materials geometry and characteristics (Rizzo et al., 2019;
Rizzo and Giamapolo, 2019), and also, geothermal systems (Carrier
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et al., 2019; Troiano et al., 2019).
3.2. Survey and data acquisition

During the study, ERT data were collected over a line with 4.5 km
length. The array was set up across the southern sector of the Baza Fault.
In that region, the fault system strikes NW-SE, and it is composed of
several splays with a local width of about 2.5 km (Fig. 2). The line was
acquired using a roll-along acquisition technique dividing the total line
length into two segments. Segments were deployed using two 3 km
lengths of multicore reversible cable with electrode separation of 100 m.
A Syscal Pro resistivity meter was used, witha 1200 W AC/DC converter.
The recording array selected was Pole-Dipole, deploying an infinite
electrode orthogonal to the line direction with a minimum offset of 5
km, designed with a 100 m X spacing and n values from 1 to 29, with a
total 435 data points (Fig. 3-1). This array configuration was selected to
obtain high penetration capability, strong signal and high-density data
(Carrasco Garefa, 2013). A 50% segment length overlap was used to
avoid loss of information at depth (Fig. 3-2). The inversion was based on
a model of 364 blocks distributed in 11 model layers, where the mini-
mum pseudodepth was 51.9 m and maximum 899.4 m.

Data quality in ERT during acquisition depends on three factors,
resistivity of the materials, noise, and contact resistance. The first two
factors are mitigated by using a high-power transmitter and an AC/DC
converter, incrementing the effective working voltage. The third factor
impact depends on the resistivity of the most supeificial layer of the
terrain. In case of not allowed contact resistances, over 2000 Ohm for
conductive and 20,000 Ohm in resistive materials (heuristic criteria)
longer and/or multiple linked electrodes are installed at the electrode
position, and if needed, enhancing the galvanic contact of the electrodes
with the ground can be enhanced by adding salt water solution. Elec-
trode locations were determined using a handheld GPS with a horizontal
accuracy ~3 m. Topography heights were extracted for the GPS co-
ordinates and a 5 m resolution DEM (Instituto Geografico Nacional,
https://centrodedescargas.cnig.es/CentroDescargas/index.jsp). ~ The
elevation values of each data point were used during the data inversion.

3.3. Inverse modeling strategy

The following data processing approach was applied. The field raw
data (binary) into ASCII format to numerically process the field datasets
were converted. Using X2IPI software, outlier data points were removed
following criteria that there were un-measured intensities or that mea-
surement was less than 100 mA (Robain and Bobachev, 2002). Then, the
two roll-along survey segments were combined into a single 2D data file.
Topographic data were assigned to each node. Finally, the apparent
resistivity data were inverted via using a linearized least-squares algo-
rithm to obtain true resistivity models (Loke and Dahlin, 2002). The ERT
data was modeled using the commercial RES2DINV software (Loke and
Barker, 1995). This code utilizes a finite element or a difference algo-
rithm to obtain the forward modeling of the voltage response to current
injection. The resistivity models produced by RES2DINV are divided
into a number of rectangular blocks with specific resistivity values
derived from the field measurements. Apparent resistivity data is finally
presented as a pseudo-section, a contour diagram in which apparent
resistivity values are assigned depending on the array type, to a pre-
defined location (Telford et al., 1990).

The inversion method selected was the smooth L2 norm or
smoothness-constrained least-squares optimization method, depending
on a damping factor. The L2 norm is supposed to minimize the sum of
squares between the observed and calculated apparent resistivity values,
generating smooth variations in resistivity within the inversion model.
The inversion process starts from the initial model parameters and
damping factors, which are refined by an iterative process (Lines and
Treitel, 1984). The discrepancy between the calculated values of
apparent resistivity and those inferred from field data are expressed
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Fig. 3. 1) Sketches of the designed acquisition array configuration, the array consisted of 31 nodes with 100 m spacing and n = 1 to 29. 2) Sketch of data points

distribution, highlighting the 50% recording segment length overlap.

through the root mean square (RMS).

The model results depend on the damping factor and number of it-
erations. Therefore, the effect of the number of iterations was evaluated
for this investigation (Fig. 4). The effect was analyzed by running
different inversions while varying the number of iterations, a procedure
known as convergence curve method. The curve displays how the RMS
misfit error varies with the number of iterations. As shown in Fig. 4-a,
the curve shows an RMS value of 42.09% for the first iteration and a final
RMS value of 22.75% after 10 iterations. The RMS misfit between the
observed and computed data (RMS) rapidly decreases before the 3rd
iteration and stabilizes with a minor decrease after the 6th iteration.
This indicates that to obtain stable model results with our discretization
and dataset the number of iterations should be between 3 and 6.

The effect of the starting range of damping factors was also tested.
The optimal damping factor is found iteratively but can be affected by
the initial values. RES2DINV allows selection of an initial and minimum
pair of damping factors, as initial values. Therefore, 10 experiments
were conducted (Fig. 4-b) and different sets of initial and minimum
damping factors, following by a one-fifth rule to establish the minimum
were provided (Loke, 2019, Geotomo Software). As already shown, the
number of iterations rapidly reduces the RMS of the data misfit. The
curves obtained show that there are no significant variations in the
inversion results based into the initial damping factor variations, indi-
cating that the software inversion routine obtains an optimum
smoothing automatically, with little necessity of fine-tuning (Fig. 4-b).
According to this analysis, subsequent models were obtained fixing the
initial and minimum damping factors as 0.4 and 0.08 respectively.
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4. Inversion results

According to the choice of inversion parameters from the previous
section, two geoelectric models representing smoother and rougher
possible solution were selected for further discussion (Fig. 5). Model A
represents an example of a smooth model and higher misfit value, while
Model B is our preferred model (parsimonious model). Model B is
preferred because it is the smoothest model that achieves the lowest
RMS value in the lowest number of iterations. Increasing the number of
iterations do not further improve misfit levels. Models with higher
model iterations do not achieve lower RMS values (Fig. 4A). Model A
was obtained at iteration 3, and shows an RMS of 28.79% (Fig. 5-1). This
model shows great variability in resistivity values, ranging from 20 up to
more than 3000 Ohmem. The main characteristic of the model is the
presence of two resistive bodies (A and B), and two conductive zones (C
and D). The two resistive bodies (p > 1500 Ohmem) are located in the
western part of the profile, outcropping (A), and in the central section
along the model's deeper sections (B). The anomalies lack strong re-
sistivity gradient transitions (> 500 Ohmem/100 m) in resistivity values
to the conductive zones. However, the eastern half of the profile is
dominated by conductive materials (D) (p < 400 Ohmem), although
these materials are overlaid by subhorizontal anomalies with higher
resistivity values (E). There is also a conductive body (C) present in the
deeper parts, located to the SW of the modeled profile. Between the 800
and 1600 m profile length marks, the model shows greater variability in
resistivity at shallow depths, forming a region with increased hetero-
geneity of resistive and conductive anomalies (F).

Model B was obtained after iteration 6, and shows an RMS of 23.1%
(Fig. 5-2). It presents some notable variations with respect to model A.
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Fig. 4. a) RMS misfit variation as a function of the number of iterations to search for the optimal damping factor; b) Results of the automatic search for the
regularized least squares inversion. Increasing the number of iterations decreases the RMS of the models rapidly but this flattens after a third iteration. In addition,
the starting damping factor does not strongly affect the final misfit of the inverted models.
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Fig. 5. (1) Model A (Iteration 3, RMS error 28.79%), (2) Model B (Iteration 6, RMS error 23.1%). A to G: resistive and conductive bodies delimited in the models.

The size and morphology of the resistive bodies (A and B) are larger and
shows a higher resistivity gradient (> 500 Ohmem/100 m) to the
conductive zones than in model A, permitting the resistivity contrast
limits of the anomalies to be established more precisely. The central
resistive body (B) shows subvertical edges on its eastern and western
sides. Resistive body B also presents a clear subvertical step disconti-
nuity in its central part. Above the central discontinuity, a much clearer
upper conductive area (G) is perceptible, which appears to be separate
from some upper outcropping resistive layers (E and H). This horizontal
outcropping resistivity layer shows a more continuous extent and can be
differentiated into two types, in terms of resistivity value: E (more
resistive) and H (less resistive). Comparing the main conductive zones,
the conductive zone (C) in the southwest part of the model covers a
smaller area than in model A.

5. Discussion
5.1. Model selection and validation

Geophysical inversion is inherently ill-posed and an infinite number
of solutions are consistent with the observational data. Therefore, reg-
ularization is necessary to reduce the model space. Nevertheless, there
still remains a variety of geologically acceptable models. Here, the re-
sults with external datasets to further reduce the model space are
combined. The aim is to validate which geoelectrical model is more
likely to represent the subsurface and at the same time provides a good
fit to 1) the surface geology and lithostratigraphic units based on
geological cartography of the Baza basin, 2) a qualitative correlation of
the models A and B with geological and geophysical constraints, and3)
the known Baza fault position and dip angles.

The IGME (Instituto Geologico y Minero de Espana) has produced
1:50,000 scale geological map of the study area. Based on this carto-
graphic layer, the profile intersects few lithostratigraphic changes at the
surface. Starting at the SW, Triassic substrata (basin basement rocks)
crop out on the surface. These are covered by Plio-Quatemary glacis

levels over Mio-Pliocene fluvio-lacustrine deposits over a short distance
along the profile (Fig. 5).

Traces of the Baza Fault are obtained from Quaternary Active Faults
Database of Iberia (QAFI). The QAFI database is a joint project between
the Spanish Instituto Geolégico y Minero de Espana (IGME) and the
Portuguese Laboratorio Nacional de Energia e Geologia (LNEG). QAFI
provides the most up to date and authoritative inventory of active faults
that affect Quaternary rocks and sediments. QAFI aims to capture the
main faults displaying tectonic activity in the last 2.6 million years. All
faults in the Baza fault zone present a 65° dip angle (Alfaro et al., 2008;
Sanz de Galdeano et al., 2012; Haberland et al., 2017).

Inaddition to the geological information, the Baza Basin has been the
subject of numerous geophysical studies to characterize its structure and
infilling stratigraphy, including gravimetry and seismic reflection sur-
veys (Figs. 2 and 6). Alfaro et al. (2008) conducted gravity gravity
profiling studies covering the Baza Basin. The survey showed an asym-
metric negative Bouguer anomaly close to the Baza fault with two
gravity minima along the Basin axis running parallel along the fault
strike. The Bouguer anomalies were interpreted as variations in the
thickness of the basin infill. In the vicinity of DERT survey line, there are
two gravimetric survey profile lines, named P2 and P3 in Alfaro et al.
(2008) (Fig. 6). The two-dimensional models of the residual gravity
anomaly registered on the P2 and P3 profiles provide evidence that the
Baza Fault presents a clear half-graben geometry of the hanging wall,
with an elongated trough bounded by the normal fault system. Line P-3
intersects the trace of the DERT survey line (Fig. 6) at its north-eastern
end. The model used by Alfaro et al. (2008) suggested that at the reso-
lution scale of the gravity data the Baza Fault is a single normal fault
located to the East of the topographic range-front boundary, bounding
the half-graben geometry and with a sedimentary filling thickness of
2400 m.

In 2013, high-resolution seismic profiles were used to image the
basin, crossing the Baza Fault in different directions (Haberland et al.,
2017). This seismic survey revealed an asymmetric basin shape bounded
by Baza Fault, and several other buried faults in the East. Most of these
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Fig. 6. Geological map of the study area based on 1:50.000 cartography (sheet 994, BAZA, Instituto Geologico y Minero de Espana (IGME), 1978), with location of
the deep electrical resistivity survey line (red), Baza Fault main traces (QAFI database — dashed purple line) and geophysical surveys (black, blue and green dots and
lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

affect the deeper sedimentary layers of the Baza Basin. The basin was
estimated to reach a maximum sediment thickness of 2200 m, in good
agreement with the gravity models above (Alfaro et al., 2008). The
closest seismic acquisition line to the deep electrical resistivity survey
line was LS-2. However, it was still far away from it, so it was not
possible to correlate it closely with the electrical resistivity models.
Generally, it can only be analyzed in terms of structural style. Due to its
long distance and different strike direction from the DERT line, the BT-2
seismic line was also not considered in discussion of the results. Analysis
of relevant borehole survey profiles is dealt with in section 5.2.

Model A (Fig. 7-1) shows a good geoelectric correlation with surface
outcropping materials, especially in the SW and central part of the
model, with the presence of lateral resistivity changes between car-
bonates, glacis and fluvio-lacustrine materials.

The location and dip angles of two of the identified QAFI faults that
were intersected (QF1 and QF2) are compared with the deep electrical
resistivity model A. QF1 could be interpreted to continue at depth in the
model because the lateral resistivity changes are related to a fault
structure discernible in the upper and bottom parts of the model.
However, the absence of a sharp resistivity contrast makes it difficult to
precisely define its morphology and position. Model A suggests it is a
structure with significant lateral displacement with respect to the
cartographic position. Fault QF2 is barely identified in A. Weak re-
sistivity with lateral loss of continuity was detected in the upper
outcropping resistive sediments of the basin (Plio-Quaternary glacis),
and hint at the presence of this fault.

Model A (Fig. 7-1) also correlates well with the IGME surface geol-
ogy. In the Southwestern part of the model, high resistivity values
coincide with the outcropping Triassic carbonate materials. In the cen-
tral sector, Mio-Pliocene fluvio-lacustrine materials appear as a local
resistivity decrease while the higher resistive values in the northeastern

part of the model tend to coincide with the Plio-Quaternary glacis.

Although it may appear that the misfit to the data is similar, model B
(Fig. 7-2) shows important variations from A, especially considering its
correlation with fault information. The resistivity anomalies indicate
that the QF1 fault may be located slightly to the West with respect to the
QAFI surface trace location. This discrepancy could be due to a locally
more complex fault gouge zone or multiple single fault strands like
inferred faults 1 and 2 (Fig. 7-2), which cut the Triassic basement to the
Northeast. This model shows that the anomalies associated with QF2 are
more pronounced, with changes in lateral resistivity due to more resis-
tive infillings among the shallower sediments in the basin. This should
be interpreted as a strong indication of a discontinuity. This feature was
less evident in model A. Model B correlates better with the outeropping
materials, with well-defined lateral resistivity contrasts, especially be-
tween the Mio-Pliocene fluvio-lacustrine materials and Plio-Quaternary
glacis in the central sector of the model.

5.2. Model interpretation and implications for the Baza fault structure

The electrical resistivity models A and B provide insights into the
structure of the fault, in high spatial resolution from the surface down to
around 1000 m depth. Both models show good agreement with the
general structural geometry of the Baza Basin and a notable correlation
with the lithostratigraphic units based on geological cartography.
However, model B agrees more accurately with high-spatial resolution
and low uncertainty information, such as the mapped surface lithos-
tratigraphic units. Fig. 8 displays a geological interpretation of the
preferred model B, including several inferred fault traces, named F1 to
F6. Fig. 5 also shows the QAFI database fault positions (QF1 and QF2)
and outcropping geological lithostratigraphic units.

The structural interpretation of the preferred model B (Fig. 8-1)
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Fig. 7. (1) Model A; (2) Model B. Comparison with available data constraints, namely the outcropping geology (IGME cartography), location and dip angle from
known fault traces (QAFI database). The fault plane dip angles were not inferred but taken from the reported 65 in the QAFI database.

shows evidence for up to six faults or structural discontinuities. All
structures dip towards the NE, progressively rooting to the basement of
the Baza Basin with a staircase morphology. Due to different amounts of
inferred normal fault displacement and morphology expression, the
faults were interpreted according to two criteria. Fault displacement was
estimated using lateral resistivity variations with the assumption they
correspond to lithological changes related to the former. This is espe-
cially clear in faults involving the variably resistive Triassic materials
and conductive basin infillings, and between outcropping glacis levels
and fluvio-lacustrine deposits. The first group includes the main inferred
faults in terms of size and displacement, named F1, F2 and F3. This set of
faults affect the lateral continuity of the resistive Triassic carbonate
basement and also the basin infilling materials with a measurable ver-
tical displacement of several hundred metres. The second set of faults,
namely F4, F5 and F6, were only inferred by clear loss of lateral conti-
nuity of resistivity bodies in the upper infilling basin materials, partic-
ularly in the central and northeastern sections of the profile.
Consequently, the interpretation of this second set of faults must be
taken with caution, as their slip history is not constrained at all, but
could provide a useful baseline for further studies.

Fault F1 is located in the western part of the profile and model, close
to the 1200 m of the line. According to its morphology, it can be
interpreted as a normal fault with a dip angle potentially varying from
nearly vertical to 70” to the Northeast. This fault has accumulated a
vertical throw, displacing the resistive Triassic basement at ~ 350 +
100 m. The fault plane of F1 changes its dip with depth, indicating a
potential rotational tilting of the resistive Triassic basement rocks. This
could indicate a listric fault geometry (Fig. 8). Based on high-resolution
topographic information, the outcropping location coincides with the
presence of a minor geomorphological alignment (Fig. 9). Such slope
changes, perpendicular to the local drainage system, could be small
escarpments compatible with the position and direction of slip along the

fault plane. It is suggested that this location should be a target for future
additional paleoseismic and/or detailed geological studies, as it affects
recent geological deposits and may indicate an active structure.

F2is also inferred by the rupture and observed vertical displacement
of the resistive Triassic basement materials. This fault is clearly visible in
the model as a lateral change in resistivity, also affecting the shallow
resistive basin-infilling materials. The fault plane presents similar
characteristics to F1, displacing the Triassic basement another 250 +
100 m. The morphology of the basement between F1 and F2, showing a
slight apparent dip to the west, indicates block rotation and the listric
behavior of these faults. This is also observable in the shallow resistive
basin-infilling materials between F1 and F2, indicated by a change in the
thickness of the materials to the southwest.

These results are novel because to the best of our knowledge the F1
and F2 structures have not been previously identified. The position of
these two new faults further west of the topographic range basin front
boundary, and the QAFI fault QF1 position, permits displacement of the
Baza Basin boundary by ~ 1300 m to the west (Fig. 9).

Fault F3 is located in the central part of the model, close to the QF1
fault. This fault generated the largest displacement of the Triassic
basement materials according to the preferred model B. The fault slip is
unbounded but it must be larger than our maximum penetration depth
of the DERT method (= 1 km). As commented previously, basal Triassic
carbonates between F2 and F3 reveal a small apparent dip indicating a
potential rotational structure, and suggest a shallow listric fault
geometry.

F4, F5 and F6 were interpreted only on the basis of a lateral re-
sistivity change in the upper outcropping resistive fillings of the basin,
due to the absence of Triassic basement materials. According to the style
observed in the previous faults, a normal-type representation was
preferred. F4 seems to be a lesser feature associated with the main fault
F3, which generates a local sinking of sedimentary infilling materials in
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Fig. 8. 1) Structural interpretation of the deep electrical resistivity survey line, including several inferred faults. The F1 to F3 and F4 to F6 fault group were inferred
using two different criteria. F1 to F3 are considered main faults, as they affect the Triassic basin basement and its infilling materials, with associated vertical fault
displacement. F4 to F6 were inferred due to lateral resistivity changes detectable in the upper infilling basin materials with unknown slip history. QF1 and QF2: QAFI
fault position. A to I: geoelectrical bodies discussed in the main text. 2) The preferred litho-stratigraphical interpretative model for the Baza Fault system in this
sector, including the projected chrono-stratigraphical interpretation of borehole 2240-2-0038 at the NE end of the line.

the basin (I, Fig. 8-1).

QF2 fault trace intersected Model B in its eastern sector, close to the
inferred position for fault F6. The geoelectrical model suggested that if
the fault exists it has a small/short displacement history and should only
involve materials of similar age and resistive properties. The local lateral
resistivity change only affects the upper resistive materials where the F6
fault was interpreted.

In this study, the depth of investigation (DOI) index described by
Oldenburg and Li (1999) was determined to assess reliability and to
eliminate artefacts produced by mathematical inversion. The DOI index
will be close to zero in areas where the final models are constrained well
by the data, considering the inversion process to be reliable. However,
cells with a DOl index greater than 0.2 were considered less reliable and
therefore rejected (Oldenburg and Li, 1999; Thompson et al., 2012;
Troiano et al., 2019) (Fig. 10).

This analysis (Fig. 10) shows how the unreliable zones do not affect
the interpretation of the preferred geoelectric resistive model (Fig. 5-1
and -2), especially regarding the definition of the inferred fault zones.
From the lithological point of view, the preferred resistivity model B
shows how the high resistivity Triassic carbonate basement materials (A
and B, Fig. 8-1) are strongly affected by the different splays of the Baza
Fault. In the westernmost sector of the model, Triassic materials crop out
up to the vicinity of F1, being progressively vertically displaced until
fault F3, reaching the maximum depth sensitivity of the inversion model
(> 1 km depth). Below the resistive Triassic carbonates (p > 1500
Ohmem), a conductive area is discernable (C), probably related to
Triassic phyllites, slates and caleschist (C), generating a clear resistivity
in contrast with the upper carbonates (Garcia Duenas et al., 1992;
Orozco and Alonso-Chaves, 2002).

In the central and northeastern part of the model and above the high-
resistivity Triassic carbonates, conductive materials (p < 400 Ohmem)
belonging to the Miocene-Pliocene basin infilling sediments were
detected (F, G and D). The resistivity of these materials is variable, but in
general more conductive in the central deeper part of the basin (NE).
The transition between resistive Triassic carbonates and conductive
infillings is often gradual, indicating the presence of proximal breccias
and conglomerates. These proximal sediments are especially noticeable
close to the main faults, in concordance with deposition models of the
basin.

More resistive materials (p > 400 Ohmem) can be found in the
shallower part of the profile (less than 300 m depth), which is associated
with a higher granulometry of Miocene - upper Pliocene materials (E and
H). These materials present lateral changes in resistivity that may be
linked to fault discontinuities or local compositional rock variations.
Glacis deposits are rarely observed in the profile because of their
outcropping position and thickness. According to the cartographic data,
glacis may have a maximum thickness of 250 m, coinciding with the loss
of resolution of our model at shallow depths due to our minimum
electrode spacing (=100 m).

Fig. 8-2 shows a tectonic and litho-stratigraphic interpretation of our
preferred geoelectrical model. According to this interpretation, the Baza
Fault system could be a complex structure more than 2 km wide, with at
least three and possibly six normal fault branches and a listric geometry.
These faults affect the basin basement and infillings, indicating a long
history of normal faulting displacement. The fault system generates an
asymmetric segmentation with increasing basin thickness to the SW,
clearly observable in the upper Miocene to Plio-Quaternary units. The
results confirm that the fault should be active as present-day tectonic
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faults due to the fact that they are cutting through all the sedimentary
materials, including glacis Plio-Quaternary levels. This is particularly
the case of the previously unrecognized fault F1, which has geomorphic
expression (5-10 m) (Fig. 11).

In this study, public databases of boreholes (lithologic or geophysical
core drilling) in the vicinity of the line of investigation were consulted
for better interpretation. According to the lithological scheme available,
the 2240-2-0038 code borehole reached a depth of 185 m. The column
shows a complex lithological succession with alternation of conglom-
erates, sands, mauils, silts and clays. Unfortunately, there are no chro-
nostratigraphic differentiations in the public database. Moreover, a
tentative analysis of that column suggests an increase in clay content
from 141 to 173 m, which could be interpreted as a change in sedi-
mentation regime. This change may reflect a different age, possibly the
transition between Plio-Quaternary and upper Mio-Pliocene materials to
lower Mio-Pliocene materials, with a mainly marly character (Fig. 12-2).
However, a precise interpretation was not possible without further
geological analysis.

Borehole 2240-2-0038 can be projected at around 3800-4000 m of
the profile, taking into account the structure of the study area and po-
sition of the main faults. The interpretation of the borehole was analyzed
by the geoelectric resistive model and its geological interpretation
(Figs. 8-1 and -2). Overall, a correspondence was observed between the
borehole geology and the geoelectric model (Fig. 8), but there were
significant divergences in the thickness of the stratigraphic layers. These
differences are to be expected, owing to the uncertainty of the borehole
location with respect to the profile and spatial resolution of the inverted
model.

6. Conclusions

This study presents the new results of a deep electrical resistivity
tomography (DERT) study to gain insights into the shallow geometry of
the Baza Fault system. The DERT model is sensitive to structures with
depth ranges complementary to previous gravity and seismic and sur-
face geology. Specifically, this investigation was conducted in the
southwestern part of the Baza Basin. Resistivity data were obtained
using two 3 km long multicore reversible cables with electrode spacing
of 100 m to allow a depth penetration of more than 1 km. The inversion
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models are in good agreement with geological and geophysical con-
straints. The preferred resistivity model presents resistivity values
ranging from 20 to 3000 Ohmem, which were calibrated with the lith-
ostratigraphic characteristics and fault database position (QAFI). A new,
more detailed geological and structural view of the Baza Fault is
provided.

The results strongly support that the main strand of the system is the
fault here named F3, close to the known QF1 mapped in the QAFI
database. This F3/QF1 structure progressively plunges the Triassic
basement below the maximum penetration depth of the DERT method
(indicating a cumulative slip history of >1 km). The new model fur-
nishes higher-spatial resolution information at depth for the Baza fault
system, and supports a segmented active normal fault system, consid-
erably wider than previously recognized (> 2 km wide). This study
confirms that, as in previous studies, the Baza fault system consist of
northeast dipping normal faults controlling the basin's development and
structure. The inferred structures suggest progressive change in dip
angle with depth, supporting listric fault geometries.

A fault system located southwestward of QF1 emerges with this
study. A previously unmapped fault (F1) with significant accumulated
slip, located west from previous known faults and hence representing a
major basin-bounding fault (1300 m southwestward of QF1) was
determined. F2 is another unmapped fault located between (F1) and
(QF1), inferred by the rupture and observed vertical displacement of the
resistive Triassic basement materials. In addition, there is geophysical,
and possible geomorphic, evidence suggesting that F1 is an active fault
affecting the youngest Plio-Quaternary glacis levels. It is expected that
these new results will motivate future paleoseismologic studies on this
candidate fault(s).

Our study has revealed that the deep electrical resistivity research
method can be an important tool to study active fault systems, such as
Baza. It is thought that the method applied in this study will be a
complementary method in regional gravity and seismic surveys and
detailed geological mapping. The results from deep electrical resistivity
models can improve the identification of seismogenic active faults.
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Fig. 11. 3D sketch showing the fault interpretation along the deep electrical resistivity tomography (DERT) survey line with geological cartography and fault traces
according to the Quatemary Active Faults Database of Iberia (QAFI). The presence of new faults F1 and F2, and conductive infilling materials, shows a western

position of the Baza Basin limit.
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of the deep electrical resistivity (DERT) survey line (red), Baza Fault main fault traces (QAFI database — dashed purple line), geophysical surveys (black, blue and
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ARTICULO 2 Drone Magnetometry in Mining Research. An
Application in the Study of Triassic Cu—Co-Ni
Mineralizations in the Estancias Mountain Range,
Almeria (Spain)

Resumen:

El uso de drones en la exploracién geoldgica y minera estd experimentando un rapido desarrollo,
especialmente en el campo de la prospeccién magnética, gracias a las ventajas que ofrece frente a los
levantamientos terrestres tradicionales al permitir una elevada densidad de toma de datos con una muy
baja perdida de resolucion, siendo, ademds, una herramienta Util en determinados escenarios donde la
vegetacion, topografia y el acceso son factores limitantes.

En este trabajo se analizan los resultados de una prospeccién magnética con drone adquirida sobre las
antiguas labores de la mina de Don Jacobo, donde se explotaba una mineralizacién estratoligada de Cu-
Co-Ni en la Sierra de las Estancias, Cordillera Bética (Espafia).

Los trabajos de investigacién se han llevado a cabo empleando un magnetémetro de vapor de cesio
instalado sobre un hexacéptero Matrice 600 Pro. Se han adquirido un total de veinticuatro lineas
paralelas entre si y orientadas ortogonalmente a la estructura geoldgica regional con una velocidad de
vuelode 5m/s., 50 m de separacion lateral y 20 m de elevacion sobre el suelo. La interpretacion de los
datos magnéticos permite determinar y modelar dos cuerpos de alta susceptibilidad magnética con
magnetizacion residual, proximos a las antiguas labores mineras y muestras con mineralizacidon en
afloramientos. Estos cuerpos podrian estar relacionados con potenciales zonas mineralizadas no
explotadas cuya formacién podria estar relacionada con una falla normal situada al sur de la zona de
prospeccion.

El estudio geofisico proporciona datos esenciales para mejorar el potencial geoldgico y minero de la
zona, permitiendo disefiar futuras actividades de investigacion.
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Abstract: The use of drones in mining and geological exploration is under rapid development,
especially in the field of magnetic field prospection. In part, this is related to the advantages
presented for over ground surveys, allowing for high-density data acquisition with low loss of
resolution, while being particularly useful in scenarios where vegetation, topography, and access
are limiting factors. This work analyzes results of a drone magnetic survey acquired across the old
mines of Don Jacobo, where Copper-Cobalt-Nickel stratabound mineralizations were exploited in
the Estancias mountain range of the Betic Cordillera, Spain. The survey carried out used a vapor
magnetometer installed on a Matrice 600 Pro Hexacopter. Twenty-four parallel survey lines were
flown with a speed of 5 m/s, orthogonal to the regional strike of the geological structure, and
mineralization with 50 m line separation and 20 m flight height over the ground was studied. The
interpretation of the magnetic data allows us to reveal and model two high magnetic susceptibility
bodies with residual magnetization, close to the old mines and surface mineral shows. These bodies
could be related to potential unexploited mineralized areas whose formation may be related to a
normal fault placed to the south of the survey area. Our geophysical survey provides essential data to
improve the geological and mining potential of the area, allowing to design future research activities.

Keywords: aeromagnetics; drone survey; mineral exploration; geophysical prospecting

1. Introduction

The demand for raw materials is rapidly increasing, proving a fundamental pillar in
modern development as well as the future prospects of European industries. The product
of this is a rise in demand for new material extraction sites that are able to support this
type of development. In the case of Europe, geological and mining research is currently
hindered by the effectiveness and speed of traditional methodologies in this type of research.
This has resulted in adaptations in the field of geophysics in response to increasingly
stricter requirements.

In this context, the use of drones is under important development, incorporating
more autonomous systems allowing for the integration of multiple sensors such as: RGB
sensors, ultrasonic sensors, Infrared Sensors (IR), stereo camera, laser range finders (LRFs),
Ultra-Wideband Radar (UWB), and hyperspectral sensors like hyperspectral cameras,
which allows for its use in a variety of civilian and military applications [1,2] and missions
including the magnetometer for geological and mining research [3-9]. Other authors have
used drone magnetometry in the oil and gas industry to locate abandoned wells and other

Drones 2021, 5, 151. https:/ /doi.org/10.3390/drones5040151
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buried infrastructures such as pipelines over wide areas [10-12]. Traditionally, magnetic
surveys are performed on-site moving the sensor manually, thus capturing high resolution
spatial data at the cost of low productivity. These approaches are additionally limited
by access to the area of study. Other approaches consist in the installation of sensors on
planes, increasing productivity by being able to study larger areas in smaller periods of
time, at the cost of spatial resolution [13]. The use of drones is thus an alternative of interest
presenting multiple operative advantages, such as flexibility, ease of use, and a lower
logistic cost. Additionally, drones present high capacity for obtaining data over large areas
in short periods of time, with less restrictions based on low accessibility, topographical,
environmental, and vegetative conditions.

One of the most common techniques used in geological and mining research is magne-
tometry, employing the use of specially designed sensors that can be made airborne using
drones [14-16]. This consists of a means of remotely carrying out geophysical surveys
based on the measurement of terrestrial magnetic variations at regular intervals along a
set of profiles. The majority of minerals present their own particular non-magnetic be-
havior. Nevertheless, another group of minerals exists, called ferromagnectic minerals,
which include the cobalt ores frequently found in the Estancias mountain range of the
Betic Cordillera, Spain, whose concentration in the Earth’s crust generates detectable local
variations in the magnetic field.

The present research project is focused on the analysis of the Don Jacobo mine, where
copper and cobalt minerals were found in Triassic carbonates and have been extracted
since the mid-19th century, up to the beginning of the 21st century [17]. These minerals
include azurite, malachite, limonite, pyrite, galena, and erythrite. Mining works in the area
were limited to small galleries that penetrated only few meters into the rock. There are no
data from previous geophysical surveys or drilling activities.

This study thus has the primary objective of extracting information from this area
in relation to the possible presence of mineral bodies located under areas of complex
topographies where high slopes, scree debris, and vegetation make the application of
ground geophysical techniques difficult. It is known that these topographic particularities
make it difficult to study this area using other ground geophysical techniques such as, for
example, electrical tomography, induced polarization, and ground magnetometry, which
highlights the importance of research with drones in this application.

2. Geological Context and General Characteristics of the Locality

The region of interest is located in the Estancias mountain range, in the southeastern
part of the Iberian peninsula, geologically positioned in the northern region of the Internal
Betic Cordillera (Figure 1A), in materials of the The Alpujarride Complex, belonging to
the Internal Zones of the Betic Cordillera. The diverse lithologies present can be organized
into three large lithological units defining this complex. Stratigraphically, these three units
correspond with, from bottom to top: Paleozoic shales, Triassic phyllite-quartzites, and
Triassic carbonates (dolomitic-limestone). The first two units are additionally affected by
Alpine metamorphism.

These units are presented with a general east-west orientation (N75-90E) (Figure 1B),
conditioned by a strong deformation due to tectonic accidents [18,19]. These accidents
have been interpreted mostly as fault propagation folds towards the south/south-east [20],
thus conditioning the geological structures within this region (Figure 1B,C).

The area occupied by the Don Jacobo mine, and the general location of the target
minerals, are dispersed in a topographically abrupt region, positioned on a 1000 m by
300 m (length x width) portion of the Triassic dolomitic-limestone unit. This unit is located
above phyllites and is constricted towards the south by an interpreted as a possible normal
tertiary fault, partially covered by plio-quaternary materials (Figure 1C).

From a metallogenetic perspective, the mineralizations are located within the Upper
Triassic dolomites and limestones of the Alpujarride Complex, and are considered to be stra-
tobound [18]. Rich Co-Cu mineralization can be found here alongside other minor elements
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(Ni-Pb-Zn-Ag-Se-As-Hg) [21]. This is similar to the geological-lithological contexts of the
Betic region, such as those found in Molvizar (Granada) and Huércal-Overa (Almeria).
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Figure 1. (A) Geological Context of the southeastern part of the Iberian Peninsula; (B) 1:50,000 Ge-
ological map (sheet 973—Chirivel and 995—Cantoria, Instituto Geolégico y Minero de Espaiia,
1972 [18,19]), where the general east-west trend of the Alpujarride Complex can be observed;
(C) 1:5000 cartographic revision of the Don Jacobo mine area, showing the main tectonic accident
in the area (southern normal fault—black dashed line), survey area, and position of the Don Jacobo
mines and outcropping mineral shows.

Genetically, these mineralizations have been attributed to a Mississippi Valley type,
where metals are a product of the hydrothermal washing of marine series or from mafic
intrusions, with carbonates acting as a reducing trap for the mineralization. The carbonated
lithologies are constituted by large structures separated among themselves by phyllite
lithologies, typically associated with important tectonic accidents. These accidents are then
considered the potential channels for hydrothermal circulation [20].

The geochemical studies as well as nearby mineral indices documented from the
initial exploitation of the Don Jacobo mine indicate the presence of Cu-Co-Ni primary
mineralizations, with the presence of Pb-Zn (Ag), and with Cu and Co contents of >3% and
1%, respectively (Figure 2, [21]). No drilling data or geophysical surveys are available.

Figure 2. Mineralizations of the Don Jacobo mine; (A,B) Cu carbonates (green and blue colors) and
veins of black Co oxides (black colors).
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3. Materials and Methods

This research project consisted in the analysis of the mine’s surroundings and out-
cropping mineral shows. Additionally, this research has tried to analyze the carbonated
outcrops that appear over the 80 ha area.

3.1. Site Conditions

Data collection was performed on 14 June 2020 in warm, sunny, uncloudy, and low
wind speed (<16 m/s) day, and lasted a total of 4 h (from 10 am. to 2 pm.). The area
under study is practically covered with matorral type shrub-land, and scattered with dense
wooded areas (Corine Land Cover 2018 types 312 and 323—nhttps:/ /land.copernicus.eu/
pan-european/corine-land-cover /clc2018—accessed on 1 November 2021). The area is
accessible by only one track and is characterized by a low anthropogenic magnetic noise
area and a severe topography, with an average slope of >26° (Figure 3). To minimize risks
such as drone collision with topographic or vegetative elements (the tallest trees in the area
reaching approximately 8 m Above Ground Level-AGL) and to ensure flight at a constant
height above the ground, a digital elevation model (DEM) of the area was first generated.
For this flight, the most important geometric criteria for photogrammetric applications
were considered [22], allowing the generation of cartographic data of high quality and
obtaining a Ground Sample Distance (GSD) of 4 cm/pixel. This DEM was calculated using
a Dji Mavic 2 Pro drone with a 1” CMOS sensor, flying at 150 m AGL.
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Figure 3. Slope map of the study area including drone flight lines (pink lines). The topographic
profiles of flight lines 9 (FL9) and 18 (FL18) show the wild topographical characteristics of the area.

3.2. Platform and Flight Planning

The platform employed for the present study was the multi-rotor hexacopter Dji
Matrice 600 Pro (Figure 5A), equipped with a A3Pro flight controller, and compatible
with the UgCS mission planning tool software. This equipment has a total takeoff weight
of 9.6 kg, and up to 6 kg payload, while being powered by 6 lithium polymer batteries
(4500 mAh).

Flight software (UgCS) was used for the design and control of the survey. Twenty-four
650 m length parallel survey lines were flown trending N170E, orthogonal to the regional
strike of the geological structure and mineralization (N75-90E), with a 50 m line separation
in order to obtain a high spatial resolution that allows observing variations in the magnetic
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field of target size. Due to the extension of the survey area, the total flight was divided into
four flight blocks and two take-off and landing points taking into account the capacity of
the batteries (Figure 4). The flight was programmed with a speed of 5 m/s and a sampling
interval of 200 ms, obtaining measurements every meter along the registered profile. This
selected configuration results in a total of 14,500 magnetic total field registration points.
The altitude of the flight (20 m AGL) was selected to maximize the resolution of the sensor
while guaranteeing safety against obstacles, integrating the DEM acquired previously. A
1 m tolerance level was also used for altitude adjustments.

I —— DRONE SURVEY LINES [__] SURVEYAREA D& MINING WORKS » MINERAL sHows [iJ[2] s [FGHT BLOCK ke TAKE OFF/LANDING POINT |

Figure 4. Survey design including flight lines (pink lines) and flying blocks division, induding the take-off and landing points.

The effect produced by the distance between the sensor and the surface generates a
low decrease of spatial resolution and intensity compared to ground surveys [16,23,24],
compensated by a regular and higher density data acquisition.

3.3. Magnetometry

The drone was equipped with a GSMP-35U GEM-Systems potassium-vapor magne-
tometer, with a sensibility of 0.0002 nT/1 Hz. This system is additionally equipped with
a simultaneous register of the magnetic field, as well as a real-time single-frequency (L1)
GPS receiver with up to 0.7 m absolute accuracy in Satellite Based Augmentation System
coverage areas.

This equipment consists of a sensor attached by cable to a controller, datalogger, 5 V
battery power-source, and GPS, with a total weight of <2 kg. The datalogger and batteries
were securely fixed and balanced in the payload container of the drone’s undercarriage,
while the GPS antenna was installed on the upper portion of the drone, so as to ensure
a constant signal. Due to the magnetic interference that is generated by electromagnetic
motors within the platform [5,24,25], the magnetic sensor was installed at a 3 m distance
from the base of the drone, connected by cable, so as to counteract this electromagnetic
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effect (Figure 5B). For this configuration, the magnetic field produced by the drone is
attenuated and does not affect the measurements of the GSMP-35U magnetometer [20].

Figure 5. Registration system. (A) a Mavic Matrice 600 Pro Hexacopter drone; (B) static drone position with the magne-
tometer hanging below; (C) base magnetometer for diurnal corrections.

The magnetic sensor was deployed with no rotational restrictions about any of the
axes. The survey was designed by adding an extra 25 m at each extremity of the flying
lines at the 180° turn and reducing flight speed, preventing the pendulum motion of the
sensor that creates yaw, pitch, and roll axis variations.

In parallel, a fixed magnetometer was installed in a nearby area away from sources
of magnetic interference to calculate the diurnal effect correction caused by the temporal
variation of the magnetic field throughout the day (Figure 5C). The magnetometer was
set up with a 1 s time total field interval record, found to register a maximum of 11 nT
throughout the data collection period.

3.4. Data Processing

Data were processed using the OASIS Montaj 9.8 software, using classic methods in
the calculation of anomalies by applying a series of different filters so as to obtain anomaly
residual maps. First, erroneous values due to drone position, take-off, landing, pitch, excess
roll, and lag errors between the sensor and the drone are deleted. All points placed over
the extended extremes of the survey lines and other outliners were discarded, applying a
1D median filter. Finally, diurnal variation of the Earth’s magnetic field values caused by
sun activity were used to correct the data obtained during the survey period [26].

Aeromagnetic data processing is based on a gridding computation routine that inter-
polates the observed aeromagnetic data from the survey data, placing these locations into
a regular grid with the nodes displayed as a 2D total magnetic field contour map (RGB
image). The minimum curvature gridding method was applied to the observed data [27],
at i of the flight line spacing (12.5 m) [28].

4. Results
4.1. Total Magnetic Field (TMF) and Reduction to Pole (TMFRP)

Data interpretation begins with the calculation of the Total Magnetic Field (TMF), from
the filtered data (Figure 6A), and the Reduction to Pole (TMFRP). From this perspective,
applying the data regarding magnetic inclination and declination of this area on the day of
data collection, and in combination with the International Geomagnetic Reference Field
(IGRF), a view of the central magnetic sources can be obtained directly for the bodies that
generated them (Figure 6B).
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Figure 6. (A) Total Magnetic Field (TMF) and (B) Total Magnetic Field with Reduction to Pole (TMFRP). Dipoles A and B
have been marked on each map, as well as the location of different mining activities and areas where the mineralization had
been observed on the surface.

On both planes, the presence of two strong magnetic dipoles can be observed (A and
B) towards the south-east quadrant of the region of interest. Both dipoles are located on
carbonated materials and can be found in the immediate surroundings of the old mine as
well as areas where the mineralization had originally been detected on surface.

TMEFRP presents a slight variation in the position of the dipoles with reference to the
TME (Figure 6B), as well as an increase in its intensity, reaching a variation in the magnetic
field of up to 88 nT (dipole A) and 165 nT (dipole B). The dipoles can be related to the
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presence of ferromagnetic elements compatible with the paragenesis of the minerals from
this locality.

It is important to point out that reduction to pole has not removed the dipolar charac-
ter of the magnetic anomalies, which indicates a remaining magnetization of the materials
found in this source. This is product of the natural axis of these dipoles, found approx-
imately E-W and not N-S, as would be expected in the actual position of the magnetic
field. Under this premise, the mineral bodies that generate these dipoles obtained the
remaining magnetization at a moment in time when the magnetic field was different from
present day.

4.2. Analytical Signal

The filtered Analytical Signal (AS) allows for the spatial identification of the two
sources producing the observed dipoles. The calculation of AS is based on the execution of
directional derivatives, where the obtained anomalies are organized in a bell-shape, and
where the maxima are located directly on the edges of the anomalous bodies, with their
amplitude being proportional to the depth of the location of the magnetic source [29].

The map displaying the computed analytical signal (Figure 7) presents a preferential
lineation of anomalous areas with an approximate orientation of N8OE, coinciding with the
two maxima (A and B, Figure 7), and the general trend of the main geological contacts and
structures, specially, with the normal fault defined through the geological cartography of
the area (Figure 8).

wsi2s

arsto0n

7 g e : §
>4 i [ survey area Al R EST H
ANALYTIC SIGNAL (nT/m) * MINERAL SHOWS :

R MINING WORKS

.187__0.27: X 0.45¢

6750 s64000 ssease 6500 8750 65000

Figure 7. Analytical signal map over the aerial RGB image of the area of Don Jacobo with the position of the main mining
works and outcropping mineral shows. Note the alignment of the analytical signal anomalies with approximate N8OE
orientation (white dashed line) and with the two AS maxima (A and B), as well as the position of the mining works and the
outcropping mineral shows close to the main anomalies.

It is important to point out that all the mining works and outcropping mineral shows
are located surrounding the northern part of the analytical signal anomalies, with all of
them situated in the northern block of the normal fault.
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4.3. D Inversion Model

The creation of a uniform grid with a high density of information obtained by drone
allows to the creation of 3D models displaying magnetic susceptibility by applying the
technique of Magnetic Vector Inversion (MVI) [30]. The model generated using the VOXI
Earth Modeling software by OASIS Montaj is made up of a data mesh of 117 x 69 x 82,
generating a total of 661,986 cells of 10 x 10 m size. This model facilitated the spatial
definition of the precise magnetic bodies of interest. These methods also allow for the
characterization of these bodies, through computing magnetization vectors for each block
that contain information about directionality as well as intensity.

,
[_Jsurvey area

% MINING WORKS
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2
21
-
-
§ T T T
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Figure 8. Analytical Signal anomalies over the aerial RGB image and normal fault trace from the 1:5000 geological
cartography (Figure 1C) of the area of Don Jacobo. Note the alignment of analytical signal anomalies parallel to the normal
fault placed at the south of the survey area.

The results from this modeling (Figure 9) reveals the presence of two bodies with high
magnetic susceptibility (A and B), presenting susceptibility values over 12 x 107%, with
peak values of 15 x 10~>. Both bodies are modelled to prevent an oval morphology, with
the maximal magnetization located at 45 m and 60 m in depth below surface (Figure 9A,B).
This depth is an estimation and other methods such as drilling would be required to
validate the proposed depth.

In the case of magnetization vectors, a preferential W-E orientation has been observed,
different from the direction of the Earth’s natural magnetic field. This model confirms the
presence of a residual magnetization in the materials encountered here, coinciding with
those observations obtained from TMFRP, and therefore, could be related to the presence
of mineralized bodies.

Both bodies are located towards the south of the mining works and outcropping
mineral shows and just at the north of the normal fault that crosses the southern border of
the survey area (Figure 10), making it possible to interpret that the fault may have played
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an important role in the formation of the mineralization, probably as a channel for the

circulation of hydrothermal mineralizing fluids.
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Figure 9. 3D model of the magnetic susceptibility in the area of Don Jacobo. (A,B) Different views and sections of the two
magnetic bodies defined by the model. (C,D) Visualization of magnetization vectors obtained from each of the studies and

their relationship with magnetic susceptibility.
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Figure 10. 3D model of the magnetic susceptibility of the Don Jacobo area, displaying the position of
the two bodies of high magnetic susceptibility A and B (12 x 10~* susceptibility threshold value);
over the 1:5000 geological cartography and aerial RGB image of the area of Don Jacobo; normal fault

placed at the south of the survey area and mining works and outcropping mineral shows.
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5. Conclusions

We present results of the drone magnetometry survey for mineral exploration over
the Don Jacobo mining area. We demonstrate the utility and advantages of using drone
magnetometry in the study of mineral deposits, allowing for the acquisition of high-quality
data in unfavorable conditions where traditional approaches are limited.

The present study was able to detect the presence of two magnetic dipoles with
residuals magnetization in the nearby surroundings of old mining activities.

The use of 3D inversion was able to define the morphology and limits of the two
potential mineral bodies, and further confirm their relation to the surrounding geological
features, such as the normal fault to the south of the region of interest.

Our results strongly support that these dipoles are related to the potential presence
of ferromagnetic mineral elements compatible with the Copper-Cobalt-Nickel paragen-
esis of the Don Jacobo area. The alignment of the analytical signal anomalies parallel
and close to a normal fault indicate that this fault played an important role in the for-
mation of the mineralization, probably as a channel for the circulation of hydrothermal
mineralizing fluids.

We conclude that the drone magnetics survey method could be an important tool to
study mineralized areas, such as the Don Jacobo mine, where precise modeling allows
the precise definition of magnetic anomalies and the design and development of future
investigation activities.
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ARTICULO 3 Deep TDEM Study for Structural and Mining Purposes:
A Case Study of the Barbastro Saline-Evaporitic
Formation, Spain

Resumen:

El objetivo de este estudio ha sido la obtencién de la estructura profunda de una formacién salino-
evaporitica afectada por una estructura anticlinal, definiendo la posiciéon y espesor para su futura
explotacidn (sales potdsicas). Para mejorar este conocimiento se pueden aplicar métodos geofisicos que
permitan establecer informacién detallada de la estructura geoldgica profunda. En este trabajo se
analizan los resultados de una investigacion profunda mediante sondeos eletromagnéticos en el
dominio del tiempo (TDEM) en el flanco sur del anticlinal de Barbastro-Balaguer situado en la Cuenca
del Ebro en las proximidades de Graus (Huesca, Espafa), que controla la geometria de la formacidn
Barbastro de naturaleza salino-evaporitica, de interés desde el punto de vista minero. Se ha empleado
el sistema TDEM con una configuracién que proporciona una capacidad de penetracién hasta 3,0 km de
profundidad. El procesado se ha basado en una inversidon paramétrica sobre un sondeo con la columna
litoldgica conocida (Monzdn-1) para obtener un modelo de resistividad que posteriormente se aplica al
resto de puntos de investigacion. La metodologia aplicada contribuye a mejorar el conocimiento
geoldgico, permitiendo la obtencidon de la estructura geoldgica detallada y especificamente de la
formacidn salino-evaporitica Barbastro, afectada por el anticlinal Barbastro-Balaguer.

El estudio muestra que la formacion salino-evaporitica Barbastro presenta una estructura con el techo
en forma de rampa con buzamiento general al SO y muro aplanado, con un espesor decreciente de 1103
m a 601 m, concordante con el modelo geoldgico y estructural aceptado previamente. El nuevo estudio
geofisico aporta datos esenciales que permiten el disefio y optimizacién de sondeos en futuras
explotaciones mineras.
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Abstract: The objective of this study was to obtain the deep subsurface structure of a saline-evaporitic
formation affected by an anticlinal structure, defining the position and thickness for its future
exploitation (potassium salts). To improve this knowledge, geophysical methods can be applied to
establish detailed information on geological structures at depth. This work analyzes the results of a
deep time domain electromagnetic (TDEM) survey acquired over the southern flank of the Barbastro-
Balaguer Anticline present in the Ebro Basin in the vicinity of Graus (Huesca, Spain), that controls the
geometry of the Barbastro saline-evaporitic formation, of interest from the mining point of view. A
deep time domain electromagnetic system (TDEM) is used, providing a penetration capability down
to 3.0 km depth. A parametric constrained inversion over a lithological known borehole (Monzon-1)
is used to obtain a resistivity model and then applied to the rest of the survey points. The applied
methodology contributes to improving the geological knowledge, revealing a new detailed geological
structure of the Barbastro saline-evaporitic formation affected by the Barbastro-Balaguer Anticline.
The survey shows that the Barbastro saline-evaporitic formation presents a structure with a ramp
hanging wall and close to flat footwall, generally dipping to the SW, with a decreasing thickness
from 1103 m to 601 m, in concordance with the previous accepted geological structural model. The
new geophysical study provides essential data, allowing design and drilling optimization in future
mining exploitations.

Keywords: deep time domain electromagnetics; geophysics; mineral exploration; saline deposits;
Barbastro Formation

1. Introduction

The constant increase in raw materials demand to supply the global industry neces-
sitates the investigation of increasingly complex mineral deposits at greater depths. This
type of project represents a challenge, in which the development of investigation tools is a
fundamental pillar. In this context, geophysical investigation techniques are presented as a
fundamental tool for the investigation and analysis of these new mineral deposits.

In the North of Spain there is an industry based on the extraction of potassium salts.
The exploitation of these salts is carried out by dissolution processes through drilling
and subsequent evaporation and processing of the extracted brine in ponds. These salts
are found within the Barbastro Formation, which is located in an outcropping anticline
structure (Barbastro-Balaguer Anticline). The progressive depletion of the currently ex-
ploited areas, located in the outcropping part of the formation and nearby areas, makes
necessary the investigation and delimitation of the saline materials at greater depths, given
its affectation by the regional anticline structure.

The application of geophysical tools in the resolution of geological and structural
problems has experienced an important evolution in recent times, due to the improvement
in the equipment power, resolution and penetration capacity. In this case, one of the most
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used geophysical investigation systems due to its high resolution and penetration capacity
is the time domain electromagnetic method (TDEM).

TDEM surveys have been widely applied to investigate and solve problems in geology,
hydrogeology, environmental studies, mining and geothermics, providing subsurface resis-
tivity models at relatively shallow depths (up to 1000 m) [1-8]. There are few publications
about the use of the TDEM system (Monex Geoscope LTD.; The Basin, VIC, Australia) to
analyze great depths, mainly due to the technical limitations of the equipment; however,
depths greater than 2000 m have been reached in hydrogeological studies [9-14], and also
in oil and gas exploration, in which TEM data allows a resources estimation and well
optimization [10]. The equipment used in this study, TerraTEM with TerraTX-50 transmitter
(Monex Geoscope LTD.; The Basin, VIC, Australia) and the acquisition parameters and
configuration (coincident-loop 600 m x 600 m square configuration, 96 volts output voltage
and 40 ampere transmitter current, and late delay times (over 1 s)) allowed us to reach
larger depth ranges than usual in the industry, reaching up to 3000 m depth.

In this study, TDEM was applied to obtain a novel approach to the structure of the
saline-evaporitic Barbastro formation in the southern flank of the Barbastro-Balaguer anti-
cline in an area southwest of Graus (Huesca, Spain), where the development of new mining
projects related to the exploitation of potassium salts is expected. Different inverted models
were confronted with one parametric layered constrained model based on a lithological
drilling log (borehole Monzon-1). The parametric constrained model was then used in the
rest of the TDEM survey points as a starting model. Data, 1D models, and formation sur-
faces arising from a new electromagnetic survey are presented. The applied methodology
allows for an improved detailed geological and structural view of the saline-evaporitic
Barbastro Formation.

The new survey suggests that the general structure of the saline-evaporitic Barbastro
Formation, and, therefore, of the materials affected by the regional anticlinal structure,
presents a ramp hanging wall and close to flat footwall structure dipping to the SW,
in concordance with the previous accepted geological structural model. This structure
involves a thickness loss to the SW due to the defined structure, ranging in the survey area
from 1103 m to 601 m. Hence, our study contributes to improving the geological structure
and position of the saline materials, allowing design and drilling optimization in future
mining exploitations.

2. Geological Settings

The study area is located at the northern margin of the Ebro Foreland Basin in the
central sector of the South Pyrenean fold and thrust belt, which formed during the con-
tinental collision between the Iberian and Eurasian plates, from the Late Cretaceous to
Miocene [15-19] (Figure 1). This collision resulted in the growth of an antiformal stack of
basement-involved thrust sheets in the axial zone acting as a boundary between the South
and North Pyrenean fold and thrust belts [20]. The South Pyrenean fold and thrust belt
consists of a system of south-verging thrust sheets and the related Ebro Foreland basin
emplaced in a piggy-back sequence from the Late Cretaceous to the Oligocene Pyrenean
compression [21-24]. These tectonic units detached predominantly above Upper Triassic
evaporites [25] and above Eocene evaporites deposited in the foreland basin [26,27]. The
Foreland Ebro Basin is the late non-marine stage of the South Pyrenean foreland basin,
which developed since the middle Priabonian at 36 Ma [28]. The system of folds deform-
ing this foreland basin detached above the Cardona salt and gypsum from the Barbastro
Formation [27,29] resulting in the formation of the Barbastro-Balaguer Anticline [30].
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Figure 1. Simplified geological sketch of the Pyrenees and Ebro Basin area. Blue dotted line indicates
the location of the survey area reflected in Figure 2.
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Figure 2. Geological map of the study area based on 1:50,000 cartography (sheet 326, Monzon,
Instituto Geologico y Minero de Espana, 1974). Location of the Monzén-1 borehole and TDEM survey
points are displayed with geophysical profiles described in Section 5.
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The study area is located in the surroundings of the Monzon-1 well. It is located at the
southern flank of the Barbastro-Balaguer anticline [31] which detached in the evaporites of
the Barbastro Formation at the front of the Southcentral Pyrenean unit [32,33]. According to
Lanaja [31], the infra-detachment stratigraphy consists of: (1) Lower Triassic red sandstones
and claystones from the Bundanstein Facies; (2) Middle Triassic limestones, dolostones and
anhydrite from the Muschelkalk; (3) Upper Triassic red claystones and evaporites from the
Keuper; (4) Lower Jurassic limestones, dolostones and carbonatic breccias; and (5) Lower
Eocene limestones. Folded strata from the Barbastro anticline comprise Cenozoic strata
related to the later stages of evolution of the South Pyrenean foreland Basin. The main
detachment is the Barbastro Formation, which consists of Priabonian gypsum and grey
lutites deposited in a lacustrine evaporite sedimentary environment [34], with interbedded
decameter halite and anhydrite packages [33]. Significant halite deposits are also known in
this formation, as evidenced in the Monzon-1 well as in different wells where this material
is exploited for the electrochemical industry. Significant halite deposits are also known
in this formation, as evidenced in the Monzon-1 and other wells in the area where this
material is exploited for the electrochemical industry. The upper part of the Barbastro
Formation consists of lacustrine limestones, mudstones, sandstones and minor contents
of gypsum acting as a transition to the overlying Peraltilla Formation. The Barbastro
Formation outcrops in the core of the Barbastro-Balaguer Anticline [30,35], a 150 km
NW-SE direction structure parallel to the Sierras Marginales front. The thickness of the
gypsiferous zone of the Barbastro Formation is difficult to measure at the surface, due to the
great deformation on the anticlinal outcropping area, although it decreases progressively
towards the South [36]. The Peraltilla Formation consists of Middle Rupelian to Chattian
conglomerates, sandstones and mudstones covered by similar sedimentary rocks from the
Chattian to Aquitanian Sarifiena Formation [36-38]. Both detrital siliciclastic formations
are interbedded with decimeter-thick lacustrine limestones and gypsum [39,40].

Monzon-1 Borehole

The Monzon-1 borehole lithological drilling log with chronostratigraphic interpreta-
tion is available. Monzon-1 is an oil & gas wildcat borehole drilled by ENPASA in 1963
that reached 3714.60 m depth.

This borehole is a very important element, as it is the basis for the interpretation of
the geophysical data. The borehole crosses the Cenozoic continental series of the northern
edge of the Ebro Basin, reaching the base of the sedimentary basin constituted by the local
Mesozoic substratum. The Barbastro Formation presents a depth of 886 m, located between
1402 m and 2268 m deep. From the lithological point of view, the Barbastro Formation is
composed by an alternacy of gypsum and marls levels with interbedded decameter-thick
halite and anhydrite packages, with a 90 m thick massive gypsum level close to the hanging
wall of the formation. A detailed lithological log analysis lets us conclude that the salt
and evaporites content is not constant, decreasing to the hanging wall and footwall of the
formation; this content, being the zone of interest due its saline composition, is located
between 1433 and 2034 m depth, reducing the real thickness to 601 m.

3. Data and Methodology
3.1. Time Domain Electromagnetics (TDEM)

TDEM uses transient electromagnetic field diffusion under time-domain control [41,42].
A time-varying magnetic field is created using a loop of wire. The methodology is based
on a ground current injection through a transmitter (Ty) loop that is alternatively turned on
and off. As a consequence of the current injection, a magnetic field perpendicular to the
plane of the transmitter loop will be produced. When the current injection is turned off,
the decay of the primary field induces electromotive forces within the surface, generating
eddy currents that penetrate into the ground, creating a secondary magnetic field whose
amplitude decreases with time (transient). The voltage against time for the decay secondary
magnetic field associated with the eddy currents produced by the primary transmitter is
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measured during the turn-off period by the receiver loop (Ry). The decay is measured at
several times, obtaining of a curve which amplitude and shape reflects the distribution of
resistivity with depth, where early times provide information at shallow depths while later
times provide the information about deeper depths. Detailed description of the physical
background of the TDEM method can be found, for example, in Fitterman and Stewart [43].

3.2. Survey and Data Acquisition

A total of 15 deep TDEM survey points were executed on a close to flat area covered
mainly by vegetable crops. TDEM data were acquired using a TerraTEM system (Monex
GeoScope Ltd.; The Basin, VIC, Australia) together with a TerraTX-50 transmitter (Figure 3).
The Terra TX-50 transmitter delivers an output voltage of 96 volts and 50 A transmitter
current, with a GPS synchronization module. A coincident-loop 600 m x 600 m square
configuration was selected to obtain higher penetration and better signal to noise levels at
late points, allowing a more reliable apparent conductivity estimation at depth [44]. Loops
were laid out using a compass for correct placement. TDEM locations were determined using
a handheld 3 m accuracy GPS while topography heights were extracted from 5 m resolution
DEM (Instituto Geografico Nacional, https:/ /centrodedescargas.cnig.es /CentroDescargas /
index.jsp) (accessed on 11 October 2022).

Figure 3. Field picture of the (A) TerraTEM equipment with the (B) Terra TX-50 transmitter.

TDEM survey points were distributed in a self-regular grid covering the selected
survey area, where there was sufficient spacing for the loop laying and avoiding the close
presence of anthropogenic interferences. TDEM-13 was laid out in the vicinity of the
Monzoén-1 borehole. The presence of power lines, plot fencing and lack of spacing in
some points, especially in the southern part of the study area, generated a deformation
of the recording grid, creating a final non regular grid with an important gap between
southern survey points (TDEM-7, 12, 13 and 15) and the northern ones (TDEM-5, 6, 8 and 11)
(Figure 2). To improve data quality during acquisition and decrease the interference
noise, a strong signal and enhanced signal-to-noise ratio proceeding was established
based on up to 4000 stacks per channel [45] and a high current external transmitter (up to
50 amperes)0020(Figure 4).

3.3. Processing Strategy

Raw recorded field data was downloaded and transformed into usf format to numeri-
cally process using TerraTEM equipment TEMPlot V 2.0.0 software (Monex GeoScope Ltd.;
The Basin, VIC, Australia), allowing the display of voltage /time curves, automatic and man-
ual filtering to remove wrong time windows and the exporting of initial preprocessed data.

TDEM was modeled using the commercial IX1D-V3 software (Interpex Limited;
Golden, CO, USA), designed for a 1D analysis of electric and electromagnetic data inver-
sion and interpretation. The inversion software obtains 1-D resistivity models, producing
geoelectric resistivity versus depth columns for each TDEM.
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Figure 4. Decay curves in TDEM-6 with 100 stacks and 4000 stacks. Noise effect can be noticed from
8 ms in 100 stacks survey decay curve, disappearing in the 4000 stacks acquisition parameters.

The inversion software allows the user to insert an initial geoelectrical model with a
preferred number of layers, resistivity values and thickness. For this task, data processing
started with a parametric TDEM (TDEM-13) executed close to the Monzén-1 borehole.
The available lithological information was used to define the number of layers and its
thickness, only allowing the inversion software to adjust the resistivity of the layers in the
model, to get the best fit of the model curve convergence with the field data. As a result of
this process, an initial model based on the lithological data from the borehole and layer
resistivity was obtained. The inversion process was repeated iteratively until a minimum
RMS % model was obtained, showing the model adjustment degree to the data.

The remaining TDEM survey points were then inverted using the parametric model,
allowing the inversion software to adjust the model curves to better fit with the field data,
adjusting its thickness and contacts.

4. Inversion Results

Inversion starts with the analysis of the parametric TDEM executed next to the
Monzén-1 borehole (TDEM-13 parametric). According to the lithological drilling log
of the Monzon-1 borehole, a seven-layer geoelectrical model with next defined thickness
and depth contacts is be defined (Figure 5).

Layer 1 consists of quaternary materials, with a thickness of 54 m. Layer 2 corresponds
to continental tertiary materials of the Sarifiena Formation, mainly silts, mudstones and
sandstones, extending between 54 and 982 m deep. Under this layer, the materials of
the Peraltilla Formation appear in layer 3, similar to the previous layer but with a higher
relative proportion of sandstones. This layer extends to 1433 m depth, comprising the first
meters of the Barbastro Formation, with low salt and gypsum content. Layer 4 consists
of the most saline and evaporitic part of the Barbastro Formation, with predominance of
anhydrite and massive salty layers. The layer is 601 m thick, extending between 1433 and
2034 m deep. Layer 5 constitutes the transition layer between the bottom non saline part
of the Barbastro Formation with the Red Marls Formation, up to the Jurassic, showing a
thickness of 413 m. The Jurassic limestones is layer 6, located between 2447 and 2656 m
depth. The last layer, layer 7, contains all the Triassic materials up to the end of the drilling,
composed of clays, evaporitic materials, sandstones and limestones.

Due to limitations of TDEM survey acquisition parameters (big loop size and mea-
suring windows), a lack of data (ramp) on the first meter’s depth is obtained, affecting
the layers near the surface, so the depth of layer one (quaternary) was fixed due to the
processing at close to 54 m, even thought the borehole lithological description only reflects
a few meters of these materials.

As a result of this process, an initial model based on the lithological data from the
borehole and layer resistivity was obtained. The designed model obtains an RMS % fitting
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error of 0.65, indicating a good fit of the model curve based on the proposed geoelectrical

model with the field data.
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Figure 5. Lithological log of Monzén-1 borehole with indication of the geoelectrical model
layers position.

There are other models equally consistent with the measured data (Figure 6B). All
the equivalent models present similar results in the upper part of the data, layers 1 and 2.
Additionally, the contact position between layers 2 and 3 corresponds to the hanging wall
of the most saline-evaporitic part of the Barbastro Formation. The resistivity and contact
position between layers 3 and 4, and the rest of the layers, shows bigger disparity between
models. Taking into account that, although the equivalent models are viable from the
geophysical point of view, they imply a worse correlation with the observed lithological
data; these equivalent models were therefore discarded.

SEDT MOZON

uuuz( ‘; ; ':(B) W

Depth (m)

Apparent Resistivity (Ohm-m)

MONZON — 1 BOREHOLE LITHOLOGY

10 4000

' ‘
10 100 1000 o e e 10
Time (ms) Resistivity (Ohm-m)

Figure 6. (A) Apparent resistivity—time curve for parametric TDEM-13 and (B) geoelectrical model
based on the lithological log of Monzon-1 (red) and equivalence models (dashed green lines).
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After the obtaining of the parametric model, it was applied to the rest of the TDEM
resistivity—time curves (Figure 7) to obtain the geoelectric resistivity-depth columns.
RMS% residuals error obtained for all the TDEM survey presents acceptable values,
between 0.64-1.88%.

1000
——TEDM-1
~—TEDM-2
TEDM-3
TEDM-4
~—TEDM-5
100
~—TEDM-6
——TEDM-7
——TEDM-8
——TEDM-9

——TEDM-10

Apparent Resistivity (Ohm:m)

——TEDM-11
——TEDM-12
+— TEDM-13 PARAM
~—TEDM-14
TEDM-15

0.1 1 10 100 1000

Time (ms)
Figure 7. TDEM resistivity—time curves.

5. Discussion

Once the parametric model was obtained and used to obtain the 1D model (resistivity-
depth) of all TDEM survey points, three profiles were elaborated to visualize the structure
and thickness variation of the saline-evaporitic Barbastro Formation (Figure 2): Profile A,
with NW-SE orientation, and Profiles B and C, with NW-SE orientation. Profile A’s path
follows the supposed maximum slope and strike of the Barbastro-Balaguer Anticline in the
survey area, deduced from the geological cartography (Figure 2), while Profiles B and C
were placed perpendicular to Profile A. All TDEMs reached a minimum penetration over
3000 m, enough to reach the hanging wall and footwall of the Basbastro Formation and
reach the Mesozoic local basement. TDEM is very sensitive to the conductive layers [45,46],
helping to distinguish the saline-evaporitic formation from the upper and lower geological
formations due to its higher resistivity.

Profile A (Figure 8) follows the deduced maximum slope of the saline-evaporitic
Barbastro Formation. The hanging wall is located at greater depths as we move to the SW,
ranging from 1000 m to 1433 m depth. The footwall shows a subhorizontal morphology
with slight depth variations, being located along the profile around 2050 m depth. As a
result of the defined structure, saline-evaporitic materials thickness ranges along the profile
from 1077 m to 601 m.

Profiles B and C follows the same direction as the Barbastro-Balaguer anticline, but at
different distances from the axis, so a thickness decrease of the saline-evaporitic Barbastro
Formation is observed towards Southwest, but with a constant value along the profile.
Profile B defines a 900 m thickness of the saline-evaporitic formation with the hanging wall
and footwall placed at 1125 and 2030 m depth, respectively (Figure 9B). Profile C, located
further to the SW, shows the thinning of the Barbastro Formation as it is placed away from
the core of the anticline, showing a formation thickness close to 670 m, with the hanging
wall lying at 1375 m depth, while the footwall is located at 2050 m depth (Figure 10B).
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Figure 8. Profile A. (A) TDEM-2, 6, 7 and 13 (parametric) resistivity-time curves and (B) resistivity-
depth models with indication of the inferred position of the saline-evaporitic Barbastro Formation.
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Figure 9. TDEM Profile B. (A) TDEM-14, 4 and 10 resistivity—time curves and (B) resistivity—depth
models with indication of the inferred position of the saline-evaporitic Barbastro Formation.

D Surfaces and Thickness Map

The processing and interpretation of the TDEMs attempted to obtain the position of
the hanging wall and footwall of the saline-evaporitic part of the Barbastro Formation. An
interpolation processing using Surfer V 15.1 software (Golden Software LLC.; Golden, CO,
USA) allows us to obtain both surfaces, defining the main structure of the formation and
Barbastro-Balaguer Anticline.

Figure 11 integrates all interpreted TDEM points, showing the spatial elevation of
the hanging wall and footwall of the saline-evaporitic Barbastro Formation in the survey
area. In case of the hanging wall surface, the outcropping mapped position based on the
official geological cartography 1:50,000. Magna [47] is used in the interpolation process
to define its morphology and limit due to its outcropping to the North. According to
the obtained surface (Figure 11A), the hanging wall surface becomes progressively less
steep as we move to the SW, with a dip varying between 40° in TDEM-2 zone to almost
subhorizontal in the southernmost TDEM survey points area (TDEM-13 and TDEM-15).
The hanging wall elevation ranges between —658 and —1135 m above sea level (masl)
(996 and 1433 m depth). The footwall shows a subhorizontal morphology, with small
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elevations and small local depressions, recording in the TDEM elevations between —1640
and —1762 masl (2001 and 2101 m depth) (Figure 11B). The inferred structure agrees with
the initial geological structure.
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Figure 10. Profile C. (A) TDEM-7, 12, and 15 resistivity-time curves and (B) resistivity—depth models
with indication of the inferred position of the saline-evaporitic Barbastro Formation.
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Figure 11. Elevation (meters above sea level (masl)) of the hanging wall (A) and foot wall (B) of the
saline-evaporitic Barbastro Formation in the survey area.
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Once the hanging and footwall surfaces have been obtained, the saline-evaporitic part
of the Barbastro Formation thickness can be calculated, which ranges between 601 and
1103 m in the TDEM survey points, decreasing in the SW direction according to regional
anticlinal defined structure (Figure 12) constrained by the hanging wall depth variation.
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Figure 12. Thickness of the saline-evaporitic Barbastro Formation in the survey area.

No influence on the interpolated surfaces is observed due to the irregular distribution
of the TDEM points (Figure 2), presenting a realistic structure in accordance with the
accepted geological structural model.

The surfaces generated show the structure of the southern flank of the Barbastro-
Balaguer anticline in the survey area, and its affectation of the Barbastro Formation ma-
terials, generating a thinning of the formation towards the SW, as can be seen in a 3D
representation in Figure 13 created with the commercial Voxler V 4.1.509 3D modelling
software (Golden Software LLC).
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Figure 13. 3D representation of the hanging wall and footwall of the saline-evaporitic part of the
Barbastro Formation in the survey area, including TDEM position and results.

6. Conclusions

This study presents the new results of deep time domain electromagnetic soundings
(TDEM) study to gain insights into the Barbastro saline-evaporitic formation, affected
by the Barbastro-Balaguer Anticline regional structure. The survey was conducted in the
southern flank of the anticline in the vicinity of Graus, Spain. Resistivity data were obtained
from 15 TDEM survey points with a coincident-loop 600 m x 600 m square configuration,
allowing a depth penetration of up to 3.0 km. An initial inversion model was stablished
using a thickness and layered parametric constrained model based on the Monzén-1 drilling
lithological logging in the rest of the TDEM survey points. The applied methodology allows
for an improved detailed geological and structural view of the saline-evaporitic Barbastro
Formation affected by the Barbastro-Balaguer Anticline.

The results support theidea that that the Barbastro saline-evaporitic formation presents
a complex structure because of the regional anticlinal structure, dipping SW, where the
hanging wall shows a variable dip from 40° to close to subhorizontal (distally), ranging
from 996 to 1433 m depth, while the footwall shows a close to flat surface between 2001 and
2101 m depth. As a result of the defined structure, the Barbastro saline-evaporitic formation
shows a thickness reduction to the SW, ranging from 1103 to 601 m.

Therefore, our study has revealed that the TDEM research method can be an important
tool to study saline-evaporitic formations affected by major geological structures, such
as the Barbastro-Balaguer Anticline. The new TDEM structural and geoelectrical data
would be useful for allocating and designing mining drills at a region of interest for the
exploitation of potassium salts in new mining projects.
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3 Conclusiones y lineas futuras

Se recogen en este apartado las principales conclusiones que se han extraido de los trabajos de
investigacién presentados en los apartados anteriores, asi como una propuesta de futuras lineas de
investigacién que pueden dar continuidad al trabajo existente.

3.1. Conclusiones

Se citan a continuacidn las principales conclusiones obtenidas en los trabajos de investigacion
presentados en esta tesis doctoral:

e Las nuevas metodologias de trabajo permiten el andlisis de cuerpos o estructuras a gran
profundidad, mejorando la resolucién espacial y solventando las limitaciones cldsicas de estas
técnicas de investigacion tales como la limitacién de aplicabilidad en terrenos con dificultades de
acceso, ya sean topograficos o de vegetacién, incrementando la productividad y mejorando los
costes de ejecucion.

e Se demuestra que los enfoques empleados permiten la resolucion de problemas geolégico-
estructurales, asi como a estudios sismotectdnicos en fallas activas a gran profundidad, habilitando
la definicién geométrica y cinematica, proporcionando datos esenciales para mejorar la evaluacion
del potencial sismogénetico de las mismas.

e También se constata la capacidad de aplicacion a estudios de geologia y mineria aplicada,
permitiendo la localizacidn del recurso y su geometria lo que define el potencial geoldgico y minero
de la zona permitiendo el disefio y optimizacidn de futuras actividades de investigacion y explotacion.

e Los avances obtenidos contribuyen de manera significativa al avance en el conocimiento en el campo
de la geofisica aplicada y su aplicabilidad a problemas de gran interés académico y profesional.

e Las metodologias aplicadas suponen una clara mejora en la adquisicidon de datos, mejorando
notablemente la cobertura espacial y acceso en entornos con topografia compleja y fuerte
vegetacion permitiendo la exploracién eficiente de grandes areas.

e Se constata la eficacia de la magnetometria en drones para la exploracién de yacimientos minerales.
La investigacion realizada constituye un notable avance en la investigacion minera resultando en una
mejora de la exploracién mineral y comprension mas profunda de la mineralizaciéon de Co-Cu en la
sierra de las Estancias definiendo su aplicabilidad en entornos similares, y permitiendo el disefio y
desarrollo de futuras actividades de investigacién

e El uso del TDEM profundo permite obtener una comprensidn mas profunda de las caracteristicas
estructurales de la Formacion Salina-Evaporitica de Barbastro, incluyendo su profundidad, geometria
y estructura interna. El sistema se muestra como una herramienta valida para la realizacion de
estudios con fines estructurales y mineros, permitiendo una mejora notablemente en la exploracion
minera y su aplicabilidad a otras formaciones geoldgicas similares.
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3.2. Lineas futuras de investigacion

A partir de la presente Tesis Doctoral, se abren una serie de lineas de investigacién futuras que
permitirdn la mejora en su aplicabilidad y extensidon a la resolucién de otros problemas.

En el caso del articulo: Imaging extensional fault systems using deep electrical resistivity tomography:
A case study of the Baza fault, Betic Cordillera, Spain. Journal of Applied Geophysics, Volume 202, 2022,
104673, ISSN 0926-9851, https://doi.org/10.1016/j.jappgeo.2022.104673. las futuras lineas de
investigacidn estaran destinadas a:

e Ampliar la metodologia de estudio a otras fallas o sistema de fallas ayudando a comprender la posible
relaciéon e interaccién entre las mismas.

e Evaluacion del riesgo sismico a partir de la integracién de los datos DERT con informacién geofisica
de otras técnicas, asi como geoldgica para evaluar la sismicidad de la zona y su impacto potencial en
la region.

e Desarrollo de modelos tridimensionales de las estructuras asociadas a la falla de Baza. Esto puede
ofrecer una vision mas detallada de la geometria del sistema de fallas, obteniendo una comprensién
mas completa de las implicaciones geoldgicas y sismotectdnicas.

e Ampliacién de la metodologia de estudio a la investigacion de otras fallas con potencial
sismotectdnico.

e Exploracién de Recursos Geotérmicos: Evaluar el potencial geotérmico asociado al sistema de fallas
de la regién.

e Aplicar la metodologia en estudios hidrogeoldgicos permitiendo determinar la implicaciéon de los
sistemas de fractura en los patrones de flujo de aguas subterrdneas y estructura de acuiferos
profundos, analizando la implicacién en la gestién de recursos hidricos.

e Avances Tecnoldgicos: analizar la potencialidad de la técnica en la obtencidn de imagenes mas
profundas a partir de la mejora de la técnica de medida.

En el caso del articulo: Drone Magnetometry in Mining Research. An Application in the Study of Triassic
Cu—Co—Ni Mineralizations in the Estancias Mountain Range, Almeria (Spain). Drones 2021, 5, 151.
https://doi.org/10.3390/drones5040151, se pueden plantear las siguientes lineas de investigacion:

e Ampliar la aplicabilidad de la Magnetometria sobre drone a otros contextos geoldgicos y minerales
evaluando la efectividad de la misma en otro tipo de mineralizaciones.

e Estimacion Cuantitativa de Recursos Minerales: desarrollar metodologias para la estimacion
cuantitativa de recursos minerales, empleando de manera conjunta los datos magnetométricos con
otros tales como grados de mineralizacién en sondeos, testificacidn geofisica, etc.

e Integracion de Datos Multisensor: combinar la magnetometria sobre drone con otros sensores tales
como el VLF (Very Low Frequency) o imagenes hiperespectrales, de manera que se obtenga una
visién mas completa de las caracteristicas geoldgicas y estructurales relacionadas con los yacimientos
minerales, haciendo de esta manera, una exploracion mas eficiente y completa.

e Ampliar el uso de la magnetometria con drones a otros objetivos como la cartografia geoldgica,
hidrogeologia y usos ambientales.
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En el caso del estudio: Deep TDEM Study for Structural and Mining Purposes: A Case Study of the
Barbastro Saline-Evaporitic Formation, Spain. Appl. Sci. 2023, 13, 6385.
https://doi.org/10.3390/app13116385, las futuras lineas de investigacion podrian ser:

e Avanzar en el uso del sistema TDEM profundo con fines estructurales y mineros en otros contextos
geoldgicos y mineralizaciones, ayudando a la estimacion de recursos y la planificacién minera.

e Caracterizacion estructural profunda en estudios geoldgicos mas alla de la mineria.

e Evaluacion de Recursos Geotérmicos, dada la capacidad de penetracion del sistema, aplicando al
estudio y delimitacion de formaciones geoldgicas profundas, asi como a sistemas de fracturaciéon
susceptibles de albergar potencial geotérmico.
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4.1 indices de calidad de las revistas

Se indican a continuacién los indices de calidad de las revistas en las que se ha realizado las
publicaciones.
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Journal Impact Factor

The Journal Impact Factor (JIF) is a journal-level metric calculated from data indexed in the Web of Science Core
Collection. It should be used with careful attention to the many factors that influence citation rates, such as the volume of
publication and citations characteristics of the subject area and type of journal, The Journal Impact Factor can
complement expert opinion and informed peer review. In the case of academic evaluation for tenure, it is inappropriate to
use a journal-level metric as a proxy measure for individual researchers, institutions, or articles, Leam more
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Citation distribution s Bport

The Citation Distribution shows the frequency with which items published in the year or two years prior were cited in the JCR
data year (i.e., the component of the calculation of the JIF). The graph has similar functionality as the JIF Trend graph, including
hover-over data descriptions for each data point, and an interactive legend where each data element’s legend can be used asa
toggle. You can view Articles, Reviews, or Non-Citable (other) items to the JIF numerator. Leam more
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Joumnals within a category are sorted in descending order by Journal Citation Indicator (JCI) resulting in the Category Ranking
below. A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented
at the top of the list, with other years shown in reverse chronological order. Learo more
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years. The mean Article Influence
Score for each article is 1.00. A score
greater than 1.00 indicates that each
article in the journal has above-
average influence. Leam more
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Journal Citation Reports'” Journals Categories Publis Q My favorites SignIn egiste

Home > Journal profile

o Favorite t Export
JCR YEAR
2022 %
D ro n es Journal information
EDITION
Science Citation Index
Open A ince 2017
pen Access since Expanded (SC|E)
IS5SN CATEGORY
N/A REMOTE SENSING - SCIE
EISSN
2504'446X LANGUAGES REGION 1ST ELECTRONIC JCR YEAR
English SWITZERLAND 2021
JCR ABBREVIATION
DRONES-BASEL Publisher information
1SO ABBREVIATION PUBLISHER ADDRESS PUBLICATION FREQUENCY
brones:Basel MDPI ST ALBAN- 12 issues/year
ANLAGE 66, CH-
4052 BASEL,
SWITZERLAND

Journal’s performance

Journal Impact Factor

The Journal Impact Factor (JIF) is a journal-level metric calculated from data indexed in the Web of Science Core
Collection. It should be used with careful attention to the many factors that influence citation rates, such as the volume of
publication and citations characteristics of the subject area and type of journal. The Journal Impact Factor can
complement expert opinion and informed peer review. In the case of academic evaluation for tenure, it is inappropriate to
use a journal-level metric as a proxy measure for individual researchers, institutions, or articles. Learn more

2022 JOURNAL IMPACT JOURNAL IMPACT FACTOR WITHOUT SELF Journal Im aCt FaCtOI’ Contributin itemS 3 EXpOI’T
FACTOR CITATIONS p g -
4'8 3.9 Citable items (227) Citing Sources (346)
View calculation View calculation

TITLE CITATION COUNT
Journal Impact Factor Trend 2022 ¥ Export A Comprehensive Review of Applications 34 v

of Drone Technology in the Mining...
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Coastal Mapping Using DJI Phantom 4 24 b
RTK in Post-Processing Kinematic Mode
6.000 100%:
Operational Protocols for the Use of 23 o
4500 5% 2 Drones in Marine Animal Research
s e S
]
E 2 The Drone Revolution of Shark Science: 22 <
E 3.000 50% % A Review
£ 3 . T v
S - 0 A Review on Communications 21
Perspective of Flying Ad-Hoc Network...
0.000 0% Ground Control Point Distribution for 20 .
2018 2019 2020 2021 2022 . %
Accurate Kilometre-Scale Topographic...
JCR Years

Journal Impact Factor ® REMOTE SENSING - SCIE - . .
The Application of Drones in Healthcare 19 ¥

and Health-Related Services in North...

UAV-Enabled Mobile Edge-Computing 18 %

View all years )
for loT Based on Al: A Comprehensive...

A Citizen Science Unmanned Aerial 17 %
System Data Acquisition Protocol and...

Unmanned Aerial Vehicles for Wildland 16 ¥
Fires: Sensing, Perception, Cooperatio...

View All in Web of Science

Journal Citation % Eopn. Total Citations $ Export
Indicator (JCI) 2,543

0'9 1 The total number of times that a journal has been cited by
all journals included in the database in the JCR year.
Citations to journals listed in JCR are compiled annually
from the JCR years combined database, regardless of which
JCR edition lists the journal.

The Journal Citation Indicator (JCI) is the average Category
Normalized Citation Impact (CNCI) of citable items (articles
& reviews) published by a journal over a recent three year
period. The average JCl in a category is 1. Journals with a
JCl of 1.5 have 50% more citation impact than the average
in that category. It may be used alongside other metrics to
help you evaluate journals. Learn more

0.940

Total Citations

636
0.705
2018 2019 2020 2021 2022
0.470
JCR Years
0235

Journal Citation Indicator

0.000
2018 2019 2020 2021 2022 View all years

JCR Years

View all years
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Citation distribution * Export

The Citation Distribution shows the frequency with which items published in the year or two years prior were cited in the JCR
data year (i.e., the component of the calculation of the JIF). The graph has similar functionality as the JIF Trend graph, including
hover-over data descriptions for each data point, and an interactive legend where each data element's legend can be used as a
toggle. You can view Articles, Reviews, or Non-Citable (other) items to the JIF numerator. Learn more

ARTICLE CITATION TIMES CITED
MEDIAN
46
ARTICLES
REVIEW CITATION
MEDIAN a 35
I
E i g
&
11 -
s 23 REVIEWS
2
£
UNLINKED CITATIONS 2 ER 0
-
12
8 OTHER
0 - R —— -
& 6 11 16 21 26 31 36 41 46 >50 0

Times cited in JCR year

Articles @ Reviews @ Other @ Article Citation Median @ Review Citation Median

Open Access (OA) s Bxport

The data included in this tile summarizes the items published in the journal in the JCR data year and in the previous two years.
This three-year set of published items is used to provide descriptive analysis of the content and community of the journal. Learn

ltems Citations*
654 99.69% 1,658  99.64%
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GOLD
OPEN
ACCESS

652 / 0.30% ‘A|
99.09%

0.61%

SUBSCRIPTION
AND FREE TO
READ

2/
0.30%

CITABLE

OTHER
(NON
CITABLE
ITEMS)

4/
0.61%

NON-CITABLE

99.09%

Rank by Journal Impact Factor

CITABLE

NON-CITABLE
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GOLD
OPEN
ACCESS

1,652 r /’1

0.36%
/

98.22%

0.77%

SUBSCRIPTION
AND FREE TO
READ 98.22%

6/
0.36%

OTHER
(NON
CITABLE
ITEMS)

11/
0.65%

UNLINKED
CITATIONS

13/
0.77%

*Citations in 2022 to items published in [2020 - 2022]

Journals within a category are sorted in descending order by Journal Impact Factor (JIF) resulting in the Category Ranking below.
A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented at the
top of the list, with other years shown in reverse chronological order. Learn more

EDITION
Science Citation Index Expanded (SCIE)

CATEGORY

REMOTE SENSING
14/34

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2022 14/34 Q2 60.3

2021 10/34 Q2 72.06

Rank by Journal Citation Indicator (JCI)

Journals within a category are sorted in descending order by Journal Citation Indicator (JCI) resulting in the Category Ranking
below. A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented
at the top of the list, with other years shown in reverse chronological order. Learn more

&
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CATEGORY

REMOTE SENSING
18/59

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2022 18/59 Q2 70.34

2021 18/57 Q2 69.30

Citation network

Cited Half-life
2.1 years

The Cited Half-Life is the median age of the items in this journal
that were cited in the JCR year. Half of a journal's cited items
were published more recently than the cited half-life.

TOTAL NUMBER OF CITES

2,543

NON SELF-CITATIONS

1,989

SELF-CITATIONS
554

Cited Half-life Data

Citing Half-life
4.6 years

The Citing Half-Life is the median age of items in other
publications cited by this journal in the JCR year.

TOTAL NUMBER OF CITES

20,275

NON SELF-CITATIONS

19,721

SELF-CITATIONS

554

Citing Half-life Data

¥ Export
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2022 [ —

Journal Citation Relationships

Cited Data

Top 20 journals citing DRONES-BASEL by number of citations

AGRONOMY-BASEL: 13
SYMMETRY-BASEL: 14
SCITOTAL ENVIRON: 14
PLOS ONE: 15

FRONT MAR SCI: 15

INT JADV COMPUT SC: 16
MICROMACHINES-BASEL: 17
METHODS ECOL EVOL: 17
FRONT PLANT SCI: 17
COMPUT ELECTRON AGR: 21
FORESTS: 26

ENERGIES: 28

DRONE SYST APPL: 31
ELECTRONICS-SWITZ: 36
IEEE ACCESS: 50

APPL SCI-BASEL: 55

SUSTAINABILITY-BASEL: 56

SENSORS-BASEL: 115

Content metrics

Source data

This tile shows the breakdown of document types
published by the journal. Citable Items are Articles and
Reviews. For the purposes of calculating JIF, a JCR year
considers the publications of that journal in the two prior

years. Learn more

427 total citable items

= VNiVERSiDAD
"D SALAMANCA

CITED # OF CITES FROM CUMULATIVE # OF CITING
YEAR 2022 % SOURCES

All years 2,543 citations 100.00% 606 sources >

2022 587 citations 23.08% 143 sources >
2021 641 citations 48.29% 216 sources >
Citing Data

DRONES-BASEL: 554

REMOTE SENS-BASEL: 212
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ARTICLES ~ REVIEWS  COMBINED(C)  OTHER

DOCUMENT
TYPES(0)

NUMBER IN 408 19 427 3

JCR YEAR

2022 (A)

NUMBER OF 18,289 1,982 20,271 4

REFERENCES

(B)

RATIO (B/A) 44.8 104.3 47.5 13

3 Export

Contributions by
organizations

Organizations that have contributed the most papers to the
journal in the most recent three-year period. Learn more
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3 Export

Contributions by
country/region

Countries or Regions that have contributed the most papers
to the journal in the most recent three-year period. Learn

RANK  ORGANIZATION COUNT
i NATIONAL UNIVERSITY 23
OF DEFENSE

TECHNOLOGY - CHINA

2 BEIHANG UNIVERSITY 14

= NANJING UNIVERSITY 14
OF AERONAUTICS &
ASTRONAUTICS

4 UNIVERSITY OF NEW 13
SOUTH WALES SYDNEY

5 CENTRE NATIONAL DE 10
LA RECHERCHE

SCIENTIFIQUE (CNRS)

CHINESE ACADEMY OF 10
SCIENCES

more

RANK COUNTRY /

Additional metrics

Eigenfactor =
Score

0.00240

The Eigenfactor Score is a reflection
of the density of the network of
citations around the journal using 5
years of cited content as cited by the
Current Year. It considers both the
number of citations and the source of
those citations, so that highly cited
sources will influence the network
more than less cited sources. The

REGION
1 CHINA
MAINLAND
2 USA
3 Italy
4 Australia
5 Spain
6 Saudi Arabia
7 South Korea
8 England
9 Canada
Normalized  *
Eigenfactor

0.52358

The Normalized Eigenfactor Score
is the Eigenfactor score normalized,
by rescaling the total number of
journals in the JCR each year, so
that the average journal has a score
of 1. Journals can then be
compared and influence measured
by their score relative to 1. Learn

more

DANIEL PORRAS SANCHIZ

COUNT
150

107
53
a1
34
30
29
28

27

Article influence *
score

0.773

The Article Influence Score

normalizes the Eigenfactor Score

according to the cumulative size of

the cited journal across the prior five

years. The mean Article Influence

Score for each article is 1.00. A score

greater than 1.00 indicates that each

article in the journal has above- a

average influence. Learn more



Eigenfactor calculation does not
include journal self-citations. Learn

more
0.00240

0.00180

0.00120

Eigenfactor Score

0.00060

0.00000
2018 2019 2020 2021 2022

JCRYears

5Year Impact =

Factor
55

View Calculation

The 5-year Impact Factor is the
average number of times articles
from the journal published in the
past five years have been cited in the
JCR year. It is calculated by dividing
the number of citations in the JCR
year by the total number of articles
published in the five previous years.

Learn more

5.532
4.149

2.766

5 Year Impact Factor

1383

0.000
2018 2019 2020 2021 2022

JCR Years

© 2023 Clarivate Legal center

052358

0.39269

026179

0.13090

Normalized Eigenfactor

0.00000
2018 2019 2020 2021 2022

JCR Years

le

Immediacy
Index

1.4

View Calculation

The Immediacy Index is the count
of citations in the current year to
the journal that reference content
in this same year. Journals that
have a consistently high Immediacy
Index attract citations rapidly. Learn
more

1.400

1.050

0.700

Immediacy Index

0350
0.000

2018 2019 2020 2021 2022
JCR Years
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Article Influence Score

0.890

0.445

0.223

0.000
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Journal Citation Reports'” Journals Categories Publis Q My favorites Signin
Search results > Journal profile
o Favorite t Export
JCR YEAR
2022 4
Applied Sciences- ™™™
p p EDITION
B ase l Science Citation Index
Expanded (SCIE)
Open Access since 2011 g
CHEMISTRY,
IssN MULTIDISCIPLINARY -
N/A SCIE
MATERIALS SCIENCE,
EISSN MULTIDISCIPLINARY -
2076-3417 SCIE
PHYSICS, APPLIED - SCIE
JCR ABBREVIATION
APPL SCI-BASEL ENGINEERING,
MULTIDISCIPLINARY -
ISO ABBREVIATION SCIE
Appl. Sci.-Basel
LANGUAGES REGION 1ST ELECTRONIC JCR YEAR
English SWITZERLAND 2014

Publisher information

PUBLISHER ADDRESS

MDPI ST ALBAN-
ANLAGE 66, CH-
4052 BASEL,
SWITZERLAND

Journal’s performance

Journal Impact Factor

The Journal Impact Factor (JIF) is a journal-level metric calculated from data indexed in the Web of Science Core

Collection. It should be used with careful attention to the many factors that influence citation rates, such as the volume of

publication and citations characteristics of the subject area and type of journal. The Journal Impact Factor can

PUBLICATION FREQUENCY

24 issues/year

complement expert opinion and informed peer review. In the case of academic evaluation for tenure, it is inappropriate to

use a journal-level metric as a proxy measure for individual researchers, institutions, or articles. Learn more

2022 JOURNAL IMPACT
FACTOR

JOURNAL IMPACT FACTOR WITHOUT SELF
CITATIONS
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2 .7 2.4 Citable items (21,030) Citing Sources (6,128)
View calculation View calculation

TITLE CITATION COUNT
Journal Impact Factor Trend 2022 * Export A Novel K-Means Clustering Algorithm 110 v

with a Noise Algorithm for Capturing...

Observation of Potential Contaminants 89 a
in Processed Biomass Using Fourier...

e g0t A Novel Transfer Learning Based 88 v
Approach for Pneumonia Detection in...
5 225 5% gﬂ
& é Sentence Representation Method Based 78 *
§ T 2 ; on Multi-Layer Semantic Network
5 g The Impact of Drought in Plant 7 -
S o150 5% w . :
= Metabolism: How to Exploit Tolerance...
0.000 0% Diversity of Synthetic Dyes from Textile 75 ¥
2018 2019 2020 2021 2022 g i
Industries, Discharge Impacts and...
JCR Years
Journal Impact Factor ) i .
A Novel Advancing Signal Processing 66 ¥
®  MATERIALS SCIENCE, MULTIDISCIPLINARY - SCIE Method Based on Coupled Multi-Stabl...
PHYSICS, APPLIED - SCIE
Transfer Learning with Deep 61 v

® CHEMISTRY, MULTIDISCIPLINARY - SCIE -
Convolutional Neural Network (CNN) f...
@ ENGINEERING, MULTIDISCIPLINARY - SCIE

A Review of the Potential Climate 60 ¥
Change Impacts and Adaptation Optio...

Peak Fitting Applied to Fourier 57 ¥
Transform Infrared and Raman...

View all years

View All in Web of Science

Journal Citation * g Total Citations S g
Indicator (JCI) 98,949

0057 The total number of times that a journal has been cited by

— ’ : all journals included in the database in the JCR year.
The Journal Citation Indicator (JCI) is the average Category

Normalized Citation Impact (CNCI) of citable items (articles
& reviews) published by a journal over a recent three year
period. The average JCl in a category is 1. Journals with a
JCI of 1.5 have 50% more citation impact than the average
in that category. It may be used alongside other metrics to

Citations to journals listed in JCR are compiled annually
from the JCR years combined database, regardless of which
JCR edition lists the journal.

help you evaluate journals. Learn more
98,949
74,212

49,475

Total Citations.

24,737

2018 2019 2020 2021 2022
JCR Years

d
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View all years

2
&
2 0.630
o
£
5 oam
£ o315
[}
=
£ 0158
5
=3
= 0.000
2018 2019 2020 2021 2022
JCRYears

View all years

Citation distribution * Export

The Citation Distribution shows the frequency with which items published in the year or two years prior were cited in the JCR
data year (i.e., the component of the calculation of the JIF). The graph has similar functionality as the JIF Trend graph, including
hover-over data descriptions for each data point, and an interactive legend where each data element's legend can be used as a
toggle. You can view Articles, Reviews, or Non-Citable (other) items to the JIF numerator. Learn more

ARTICLE CITATION TIMES CITED
MEDIAN
1 4967 0
i
REVIEW CITATION ARTICLES
MEDIAN w 3725 u
£ 5,064
&=
4 o 2484 REVIEWS
2 -
2
E
UNLINKED CITATIONS 2 169
124
714 - OTHER
0 BEmeee———-
1 7 13 19 2 31 a7 3 49 200

Times cited in JCR year

Aticles @ Reviews @ Other @ Article Citation Median ~ @ Review Citation Median

Open Access (OA) $ Bxport

The data included in this tile summarizes the items published in the journal in the JCR data year and in the previous two years.
This three-year set of published items is used to provide descriptive analysis of the content and community of the journal. Learn

more

ltems Citations*

TOTAL CITABLE % OF CITABLE OA TOTAL CITABLE % OF CITABLE OA

33,711 99.30% 65,765 99.08%
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GOLD
OPEN
ACCESS

33,535

/
97.59%

CITABLE

SUBSCRIPTION
AND FREE TO
READ

236/
0.69%

OTHER
(NON
CITABLE
ITEMS)

593/
1.73%

NON-CITABLE

1.73%
0.69%

TESIS DOCTORAL

97.59%

Rank by Journal Impact Factor

Journals within a category are sorted in descending order by Journal Impact Factor (JIF) resulting in the Category Ranking below.
A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented at the

GOLD
OPEN
ACCESS

65,163

/
97.52%

CITABLE

SUBSCRIPTION
AND FREE TO
READ

602 /
0.90%

OTHER
(NON
CITABLE
ITEMS)

223/
0.33%

NON-CITABLE

UNLINKED
CITATIONS

835/
1.25%

*Citations in 2022 to items published in [2020 - 2022]

top of the list, with other years shown in reverse chronological order. Learn more

EDITION

Science Citation Index Expanded (SCIE)

CATEGORY

CHEMISTRY, MULTIDISCIPLINARY

100/178

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2022 100/178 Q3
2021 100/179 Q3
2020 101/178 Q3
2019 88/177 Q2

2018 89/172 Q3

44.1

44.41

43.54

50.56

48.55

EDITION

Science Citation Index Expanded (SCIE)

CATEGORY

ENGINEERING, MULTIDISCIPLINARY

42/90

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2022 42/90 Q2
2021 39/92 Q2
2020 38/90 Q2
2019 32/91 Q2

2018 N/A N/A

Rank by Journal Citation Indicator (JCI)

DANIEL PORRAS SANCHIZ
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1.25%
0.33%
0.90%

53.9

58.15
58.33
65.38
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Journals within a category are sorted in descending order by Journal Citation Indicator (JCI) resulting in the Category Ranking
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below. A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented

at the top of the list, with other years shown in reverse chronological order. Learn more

CATEGORY

CHEMISTRY, MULTIDISCIPLINARY
97/230

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2022 97/230 Q2 58.04
2021 90/224 Q2 60.04
2020 84/219 Q2 61.87
2019 73/215 Q2 66.28
2018 71212 Q2 66.75
2017 81/205 Q2 60.73
< O

Citation network

Cited Half-life
2.4 years

The Cited Half-Life is the median age of the items in this journal
that were cited in the JCR year. Half of a journal's cited items
were published more recently than the cited half-life.

TOTAL NUMBER OF CITES

98,949

NON SELF-CITATIONS

88,372

10,577

Cited Half-life Data

CATEGORY

ENGINEERING, MULTIDISCIPLINARY
65/178

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2022 65/178 Q2 63.76

2021 63/175 Q2 64.29

2020 55/170 Q2 67.94

2019 57/169 Q2 66.57

2018 56/168 Q2 66.96

2017 69/168 Q2 59.23
>

Citing Half-life
6.3 years

The Citing Half-Life is the median age of items in other
publications cited by this journal in the JCR year.

TOTAL NUMBER OF CITES

576,866

NON SELF-CITATIONS

566,289

SELF-CITATIONS

10,577

Citing Half-life Data

L4
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CITED # OF CITES FROM CUMULATIVE # OF CITING
YEAR 2022 % SOURCES

All years 98,949 citations 100.00% 6,782 sources >
2022 9,637 citations 9.74% 1,688 sources >

2021 29,106 citations 39.15% 4,034 sources >

= [ 2020 28080citations  67.53% 4,356 sources >

2019 17,984 citations 85.71% 3,446 sources >

,,E; 2018 2018 8,530 citations 94.33% 2,275 sources >
ki
°

£ v N 2017 4,062 citations 98.43% 1,440 sources >

2016 ]

2016 969 citations 99.41% 536 sources >
2015 |
20 | 2015 223 citations 99.64% 167 sources >
Journal Citation Relationships
Cited Data Citing Data

Top 20 journals citing APPL SCI-BASEL by number of citations

FOODS: 358

INT J MOL SCI: 379

J BIOL REG HOMEOS AG: 425
PROCESSES: 434
MACHINES: 452
NANOMATERIALS-BASEL: 460
MOLECULES: 585

CONSTR BUILD MATER: 642
REMOTE SENS-BASEL: 652
MATHEMATICS-BASEL: 664
BUILDINGS-BASEL: 743
SCIREP-UK: 747
POLYMERS-BASEL: 773

ELECTRONICS-SWITZ: 972

APPL SCI-BASEL: 10,577

|EEE ACCESS: 1,606

MATERIALS: 1,669

SENSORS-BASEL: 2,850

SUSTAINABILITY-BASEL: 1,947
ENERGIES: 2,002

Content metrics

Source data Average JIF Percentile * Epa
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This tile shows the breakdown of document types
published by the journal. Citable Items are Articles and
Reviews. For the purposes of calculating JIF, a JCR year
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The Average Journal Impact Factor Percentile takes the sum

considers the publications of that journalin the two prior Learn more

years. Learn more

ALL CATEGORIES

12,741 total citable items

ARTICLES REVIEWS

NUMBER IN 12,099 642
JCR YEAR
2022 (A)

NUMBER OF 506,501 66,283
REFERENCES
(8)

RATIO (BfA) 41.9 103.2

Contributions b
organizations

Organizations that have contributed the most papers to the
journal in the most recent three-year period. Learn more

RANK ORGANIZATION

1 CHINESE ACADEMY OF
SCIENCES

2 EGYPTIAN KNOWLEDGE
BANK (EKB)

3 CONSIGLIO NAZIONALE

DELLE RICERCHE (CNR)

4 CENTRE NATIONAL DE
LA RECHERCHE
SCIENTIFIQUE (CNRS)

5 KING SAUD UNIVERSITY
RUSSIAN ACADEMY OF
SCIENCES

7 CENTRAL SOUTH
UNIVERSITY

COMBINED(C)
12,741
572,784

45.0

W

COUNT

811
421
382
350
281
281

273

47.3

OTHER @ PeRCEN
DOCUMENT
TYPES(O)

303 98%
4,082 99%

13.5

of the JIF Percentile rank for each category under
consideration, then calculates the average of those values.

EDITION
Science
Citation Index
Expanded

MATERIALS
SCIENCE,
MULTIDISCIPLINARY

39.7

CHEMISTRY,
MULTIDISCIPLINARY

441

ENGINEERING,
MULTIDISCIPLINARY

= Contributions by e
country/region

more

RANK COUNTRY /
REGION

1 CHINA
MAINLAND

2 South Korea

3 Italy

4 Spain

5 USA

6 Poland

7 GERMANY

Additional metrics

Eigenfactor
Score

0.11103

(FED REP GER)
8 Taiwan
Normalized -
Eigenfactor

24.16562
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Countries or Regions that have contributed the most papers
to the journal in the most recent three-year period. Learn

COUNT
9116

4428
3398
2460
2018
1726

1422

1333

11en

Article influence *
score

0.414 a
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The Eigenfactor Score is a reflection The Normalized Eigenfactor Score The Article Influence Score

of the density of the network of is the Eigenfactor score normalized, normalizes the Eigenfactor Score
citations around the journal using 5 by rescaling the total number of according to the cumulative size of
years of cited content as cited by the journalsin the JCR each year, so the cited journal across the prior five
Current Year. It considers both the that the average journal has a score years. The mean Article Influence
number of citations and the source of of 1. Journals can then be Score for each article is 1.00. A score
those citations, so that highly cited compared and influence measured greater than 1.00 indicates that each
sources will influence the network by their score relative to 1. Learn article in the journal has above-
more than less cited sources. The more average influence. Learn more

Eigenfactor calculation does not
include journal self-citations. Learn

mofell103 24.16562
3 @ 0.414
£ oosar £ oo 8
? g g 0310
§ 2 12.08281 §
& 0.05552 b ’ =
< ] E 0207
& s @
& £ <
W 00776 g L2 % 003
0.00000 0.00000 0.000
2018 2019 2020 2021 2022 2018 2019 2020 2021 2022 2018 2018 2020 2021 2022
JCR Years JCR Years JCR Years
5YearImpact * Immediacy x
2.9 0.8
View Calculation View Calculation
The 5-year Impact Factor is the The Immediacy Index is the count
average number of times articles of citations in the current year to
from the journal published in the the journal that reference content
past five years have been cited in the in this same year. Journals that
JCR year. It is calculated by dividing have a consistently high Immediacy
the number of citations in the JCR Index attract citations rapidly. Learn
year by the total number of articles more
published in the five previous years.
Learn more
2001 0.800
5 210 5 0600
g 2
g =
2 1460 & 0400
= 3
= £
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5 0730 = 0200
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