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Abstract: The critical zone (CZ) represents the most-shallow subsurface, where the bio-, hydro-, and
geospheres interact with anthropogenic activity. To characterize the thickness and lateral variations
of the CZ, here we focus on the Eastern Betic Shear Zone (EBSZ), one of the most tectonically
active regions in the Iberian Peninsula. Within the EBSZ, the Guadalentin Depression is a highly
populated area with intensive agricultural activity, where the characterization of the CZ would
provide valuable assets for land use management and seismic hazard assessments. To achieve this,
we have conducted an interdisciplinary geophysical study along the eastern border of the Guadalentin
Depression to characterize the CZ and the architecture of the shallow subsurface. The datasets used
include Electrical Resistivity Tomography (ERT), first-arrival travel time seismic tomography, and
multichannel analysis of surface waves (MASW). The geophysical datasets combined help to constrain
the high-resolution structure of the subsurface and image active fault systems along four transects.
The resulting geophysical models have allowed us to interpret the first ~150 m of the subsurface
and has revealed: (i) the variable thickness of the CZ; (ii) the CZ relationship between the fault zone
and topographic slope; and (iii) the differences in CZ thickness associated with the geological units.
Our results provide a method for studying the shallow subsurface of active faults, complementing
previous geological models based on paleo-seismological trenches, and can be used to improve the
CZ assessment of tectonically active regions.

Keywords: critical zone (CZ); ERT; fault; MASW; tomography

1. Introduction

The critical zone (CZ) defines the outermost surface layer of the earth, where the
atmosphere, meteoric water, biota, soil, and bedrock interact [1,2]. The CZ extends from
the unaltered rock to the top of the canopy of plant vegetation on the ground surface [3]
(Figure 1). The CZ hosts life and the energy and resources to sustain it, and it is the subject
of an increasing body of research. Researchers and government entities have highlighted
the role of the CZ for our society in different economic and environmental aspects, and the
need for a correct and robust characterization of this important layer [4-7].
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The CZ, from top to bottom, comprises: the soil (that includes the organic horizon,
the surface horizon A, and the subsoil horizon B), regolith, fractured bedrock, and fresh
bedrock (Figure 1). The CZ also comprises the near-surface aquifers. The formation of
the CZ is a combination of two important processes, namely: (i) soil layer erosion, which
can remove weathered materials from the topsoil surface (surface topography), and (ii)
rock weathering processes, which occur mechanically and chemically and that can break
down rock layers, separating the underlying altered bedrock and fresh bedrock [8-10]. The
thickness of the CZ can range from 0.7 m to 223.5 m, being thicker in midlatitudes [11].

The production of regolith from fractured bedrock can increase the surface area and
distribution of weatherable minerals and expose them to increased water intrusion from the
surface. The thickness of the regolith controls groundwater storage and flow paths in highly
complex system landscapes such as mountainous landscapes and is highly correlated with
topographic slopes or gradients [12,13]. All the activity that occurs in the CZ will greatly
determine the level of mass and energy exchange between the biosphere system, the regolith
layer, and the earth’s atmosphere [14-17]. Thus, understanding the geometry, area, and
physical properties of the CZ is crucial for the sustainability of the surrounding ecosystem.

Topsoil

Regolith

CRITICAL ZONE

Fractured
weathered
Bedrock

Unweathered
Bedrock

Figure 1. Simplified model of the critical zone regarding the weathering profile developed on rock
masses (modified from [18-20]). Zones I to VI defined by the degree of weathering [18].

Geophysical methods have been used in the past to try to characterize and constrain
the CZ, its formation, and the processes that occur within it, e.g., the analysis of deep rock
weathering and groundwater storage potential; studies on transport processes, reactivation,
and kinetics processes; imbalances of chemical processes in the water surface boundary
plane, and tectonic fracture activity [21-24]. These processes are interrelated and influence
each other in the formation of the CZ. Some works that focused on the study of the CZ used
seismic wave velocities and electrical resistivity to demonstrate the influence of topographic
stress and fault activity on bedrock fault distribution [25,26]. Specifically, in the EBSZ, the
structure of the CZ was first characterized by P-wave tomography and MASW across
the frontal strands of the Carrascoy fault system, namely the Algezares-Casas Nuevas
fault (ACNF) [27]—in review. This study revealed the underground structure, the CZ,
and the damage zone related to blind faults buried under the Guadalentin Depression.
Nevertheless, the along-strike variations of the structure in the EBSZ and the CZ thickness
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and properties could not be estimated, requiring a comprehensive geophysical study along
with different areas of this fault system.

In this study, we investigate the geometry of different fault zones and the distribution
of the CZ using coincident seismic and electrical surveys in the EBSZ along four profiles (La
Torrecilla, La Salud North, La Salud South, and Carrascoy). To characterize the CZ along
the EBSZ, we have used indirect geophysical methods, including P-wave tomography, Mul-
tichannel Analysis of Surface Waves (MASW), and Electrical Resistivity Tomography (ERT)
on the profiles of La Torrecilla and La Salud North. Meanwhile, the P-wave tomography
and MASW were applied to the profiles of La Salud South and Carrascoy. The main goals
of this investigation are to map the CZ, to characterize fault structure, to map the weathered
distributions in the subsurface that are influenced by fault activity and topographic slope,
and to study the relationship between geological units and the thickness of the CZ.

2. Geological Setting

The EBSZ runs across the Internal Zone of the Betic Cordillera, a mountain belt that
resulted from the convergence between the Nubian and Eurasian plates since the late
Neogene (Figure 2A) [28,29]. The Internal Zone is formed by a stack of tectometamorphic
complexes formed of Paleozoic, Mesozoic, and Cenozoic rocks that were exhumed during
the Paleogene [30,31]. Subsequently and until the middle Miocene (Serravalian), former
thrusts were reactivated as low-angle normal faults under extensional tectonics related to
the opening of the South Balearic basin (e.g., [32,33]).

Partly coetaneous with this extension (from the Langhian to the Messinian), an intense
magmatic activity took place in this area [34], and Neogene sedimentary basins formed
(e.g., Lorca and Fortuna basins) [35]. At the end of the Messinian/beginning of the Pliocene,
the tectonic convergence between the Nubian and Eurasian plates under an NNW-SSE
regional shortening direction [28,36,37], inverted previous Neogene basins, and the Guada-
lentin Depression formed in an area that was previously uplifted [35,38,39]. Furthermore,
the NNW-SSE regional shortening direction has not changed in the region since the late
Miocene [40], as evidenced by GPS data.

The study area is located in the central and northern part of the EBSZ (Figure 2B).
There, the Guadalentin Depression is bordered to the north by the Alhama de Murcia fault
(AMF) and to the south by the Carrascoy fault system (CAF), NE-SW left-lateral strike-slip
faults with a reverse component [41] (Figure 2B). The AMF is divided in four sections from
SW to NE according to their geomorphological expressions, seismicity rates and fault zone
geometries [42]: (i) Gonar-Lorca, a N40E narrow fault zone that ends in a horsetail to the
south; (ii) Lorca-Totana, a section with a N60E trend and ~2 km wide fault zone where
Gomez-Novell [43] identifies at least five strands; (iii) Totana-Alhama de Murcia, also with
numerous strands, which recovers the N40E trend and loses geomorphological expression
(outcrop of fault plane) northeastward; and (iv) Alhama de Murcia-Alcantarilla, where this
expression is very diffuse, possibly because the deformation in this sector is transferred to
CAF [42]. In turn, the CAF is formed by two overlapping segments [44].
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Figure 2. Geological setting of the study area. (A) Geodynamic frame of the study area. Arrows
indicate the current approximation direction between Eurasian and Nubian plates. (B) Geological and
seismological setting of the Eastern Betic Shear Zone (EBSZ); SMF: San Miguel de Salinas Fault; BSF:
Bajo Segura Fault; CAF: Carrascoy Fautl; LTF: Los Tollos Fault; AMF: Alhama de Murcia Fault; PF:
Palomares Fault; CF: Carboneras Fault; ACFZ: Alpujarrides Corridor Fault Zone; MF: Las Moreras-
Escarpe de Mazarron Fault. Geological mapping was carried out from Continuous Digital Maps at
scale of 1:50.000 of the Internal Zones of the Betic Cordillera [45]. Active fault traces are from an
updated version of QAFI database [46,47]. Earthquake data correspond to a declustered version of
the Spanish national seismic catalog [48]. (C—E) represent the locations of Figure 2C-E. Geological
setting of the La Torrecilla profile modified from Martinez-Diaz et al. [49]. The blue star marks the
position of the scientific borehole FAM-1. AMEF: Alhama de Murcia Fault. (D) Geological setting of the
La Salud North and La Salud South profiles modified from Gémez-Novell [43]. N1-AMF, N2-AMF,
S-AMF, and F-AMF are the names of the different strands of the AMF in this sector. (E) Geological
setting of the Carrascoy profile modified from Martin-Banda et al. [44]. ACNF: Algezares-Casas
Nuevas Fault.

The SW segment is represented by: (i) the Carrascoy fault sensu lato, that uplifted the
Carrascoy Range, and (ii) the Algezares-Casas Nuevas fault (ACNF), that runs for 23 km
from the villages of Algezares to Casas Nuevas [44,50]. This area was studied by MASW
and P-wave tomography, revealing the underground structure, damage zone related to
blind faults, and allowed us to propose a vertical slip rate for the Algezares-Casas Nuevas
fault of 0.66 = 0.06 m/kyr since 209.1 £ 6.2 ka [27]—submitted.

The La Torrecilla profile is located in the northern sector of the Géfar-Lorca section of
the AMF (Figure 2C). A single strand and 100 m wide deformation shear zone separates
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the metamorphic rocks from the Quaternary deposits of the Guadalentin Depression
(Figure 2C). The AFM in this area was also investigated with the drilling of the 175 m
scientific borehole FAM-1 (Figure 3, location in Figure 2). The FAM-1 borehole was drilled to
examine the mineralogical and geomechanical behavior of the AFM fault zone, by sampling
both fault zone and unaltered deposits [51]. The well-log data acquired included gamma
ray (GR), Vp, Vs, and resistivity, and more than 100 m of core samples were recovered.

BitSize GR (Ablero) ~ Vp (ABIERT) LL3D

APl mis Ohmm

E N 380 0 5000 0 151
s =
T 9 o
E £ [caliper GR (ENTUB) | Vs (ABIERT) Las ]
w2 ms Ohm.m ]
8 al__ AP1 =

0 35 0 5000/ 0

Altered Palaeozoic
Vp: 1260-3300 m/s
Vs: 539-1600 m/s
GR: 120-200 API

35T
Palaeozoic

Vp: 2500-4500 m/s
Vs: around 1600 m/s
GR: 120-195 API

......

......

Fault zone

Vp: 1500-3500 m/s
Vs: 500-1600 m/s
GR: 125-175 API

......

Figure 3. Gamma ray (GR), P-wave velocity (Vp), S-wave velocity (Vs), and resistivity logs recorded
in the FAM-1 borehole (location in Figure 2C).

The Goiiar-Lorca shear zone shows deformed Upper Miocene materials (marls, sand-
stones, and conglomerates) and a 20 m wide band of fault gouge that involves Alpujarride
and Malaguide Complexes (phyllites, quartzites, and schists). The La Salud South and
North profiles are located in the center of the Lorca-Totana section of the AMF (Figure 2D).
In this sector, the fault controls Neogene sedimentary rocks from the Guadalentin Depres-
sion (mainly marls and gypsums) and Paleozoic rocks from the Alboran Domain (phyllites,
quartzites, and schists). The La Salud South profile runs through the two southernmost
strands (S-AMF) and the frontal branch (F-AMF) from the four identified in this section
(e.g., [43,52-54]). In Figure 2D, the La Salud North profile does not reach the southernmost
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strand (F-AMEF) but it does in the central strand (S-AMF) [43]. This portion of the S-AMF
was also studied by Marti et al. (2020) employing magnetotelluric methods. Finally, the
Carrascoy profile is located in the SW Segment of CAF (E; Figure 2B). Specifically, it crosses
the fold-and-thrust system that conforms the ACNF on the foreland of the Carrascoy Range
(Figure 2E) constituted by Upper Miocene marine sedimentary rocks (marl, biocalcarenite,
and limestone) and Pliocene-middle Pleistocene continental deposits (conglomerate, gravel,
sand, marl, limestone, etc.) (e.g., [44]). The youngest materials are middle Pleistocene to
Holocene alluvial deposits that fill the Guadalentin Depression in all studied sectors. They
correspond with at least five generations of alluvial fan systems and valley floor deposits,
constituting an example of the transition from alluvial to fluvial sedimentary systems [55].

3. Geophysical Data and Methodology

The geophysical data used in this study consisted of two datasets, namely electrical
resistivity data and seismic data. Resistivity data were obtained from the Electrical Re-
sistivity Tomography (ERT) method, while seismic data (Vp and Vs) were obtained from
the multi-channel analysis of surface waves (MASW) and P-wave travel time tomography.
The resistivity and seismic data used in this study were acquired within the INTER GEO
research project, which was funded by the Spanish national research program.

3.1. Electrical Resistivity Tomography

The ERT method allows the electrical resistivity properties of rocks beneath the surface
to be calculated and is a well-established method in near-surface characterization stud-
ies [56-59]. The subsurface resistivity is strongly influenced by a rock’s properties, such as
porosity, mineral composition, fluid content, and fault structure [60,61]. In this study, the
ERT method was only applied in Torrecilla and La Salud North.

The ERT data was acquired with a 12-channel resistivimeter (ABEM Terrameter-RL-
12) that involves 80 electrodes deployed at 10 m spacing. The electric spread consists of
four lines with 21 electrode connections. For electronic continuity of the entire survey,
the first and last electrodes are always overlapped between two lines (21-1 connections).
This means that we worked with four cables registering at same time covering 800 m
length in total. In order to reach the entire length of the profiles, we used the overlap
technique shifting one electric line (21 electrodes) [62]. The apparent resistivities were
obtained with the gradient-plus electrode protocol, a hybrid electrode configuration that
involves a combination of the symmetric Wenner-Schlumberger with the asymmetric
dipole—dipole [63,64]. This configuration provides a dense near-surface coverage and
allows an investigation target of more than 120 m depth.

During the field acquisition the data quality was controlled by measuring each pseudo-
midpoint twice, and for differences of apparent resistivities > 1%, four measures were aver-
aged. The processing workflow used is described in Table 1. To obtain the 2D geoelectric
models, we use two commercial software packages, Porosys II (www.iris-instruments.com/,
accessed on 22 March 2022) and Resix2Dinv (www.geometrics.com, accessed on 22 March
2022). The first one was used to review the raw data, remove negative values, and define
the track geometries. In a second stage, the Resix2Dinv inversion software was run twice:
first, with only the most spurious data removed; and second, with a new dataset including
data with apparent resistivity differences lower than 25% (an example of this procedure for
the La Torrecilla profile is shown in Figure 4). The resulting final models of Torrecilla and
La Salud North profiles after 5 and 7 iterations, respectively, had absolute errors of 5.8 and
7.2, respectively.
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Table 1. Processing workflow used to obtain the ERT models in La Torrecilla and La Salud
North profiles.

Software Package Processing Step Rationale

w B o
o (=} o
o (=) (=)

n
o
=

Percentage of total data points

10.0f

Calculated apparent restivity (ohm.m)

Prosys II (Iris Instruments) Step 1 Data point inspection
Negative values removal
Step 2 (filtering)
Step 3 Insertion of the topography
Adjust the X,Z points along the
Step 4 GPS track
Resix2Dinv Step 5 Edition of bad data points
Step 6 Selection of inversion parameters
Display of model
Step 7 parameterization and selection of
a finer mesh (Figure 4a)
With the new dataset, return to
Step 8 step 6 for a new iteration process
(Figure 4b)
70.01
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Calculated apparent restivity (ohm.m)

Measured apparent restivity (ohm.m)

L1-norm data misift =5.77%
L2-norm data misift = 9.87%

15.0]
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—— 0.0

0.0!
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No.of points 1127 40 17 9 14 103 6 2 2 1 1 1

Total number of data points 1606
Number of data points selected is 1460
Maximum error 138.8

12 16 20 24 28 32 36 40 44
5563927 2311 142 6 2 1

App. res. % error 8
No. of points 633

Total number of data points 1460
Number of data points selected is 1460
Maximum error 59.2

Figure 4. (a) Error distribution after 9 iterations (absolute error = 11.53) between calculated and
measured resistivities for the La Torrecilla ERT survey in first inversion. (b) Error distribution after
five iterations (absolute error = 5.8) between calculated and measured resistivities in second inversion,
once the points that exceeded 25% misfit (red crosses) were removed.

3.2. Seismic Data Acquisition

The seismic reflection acquisition experiment included four dense transects across
different sections of the fault system. The seismic recording scheme was a 240-channel
system made up of 10 GEODE recording units with 24 channels each. The seismic source
was a 200 kg accelerated weight-drop provided by the University of Lisbon’s Instituto
Tecnico Superior (Lisbon, Portugal). The acquisition geometry was designed with a 6 m
shot spacing and a 2 m receiver interval. The sample rate was 1 ms, and the total recording
time was 4 s. The data was collected using single vertical component exploration geophones
with a natural frequency of 5 Hz (Table 2). The seismic data acquired were used in both
MASW and P-wave tomography methods described in the next sections.
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Table 2. Description of the seismic parameters in the study area.

Seismic Survey Parameter Description

Seismic source Accelerated weight-drop (200 kg)
Source interval 6m

Source impacts 1

a. La Torrecilla = 1278 m
b. La Salud North = 960 m

Transect Length c. La Salud South = 1488 m
d. Carrascoy = 2496 m

Receiver interval 2m

Geophone Natural Frequency 5Hz

Recording Time 4s

Sample rate 1ms

File format SEGY

3.3. Multichannel Analysis of Surface Waves

The multichannel analysis of surface waves (MASW) method estimates the S-wave ve-
locity (Vs) of the subsoil from the recorded surface waves. Surface waves have a dispersive
nature when propagating through layered media, that is, each frequency has a different
penetration depth and thus travels at a different velocity. The dispersion curves (Figure 5)
describe the relationship between the phase velocity and the corresponding frequency
and can be inverted to predict the Vs distribution as a function of depth in both 1D and
2D [65]. The main process in MASW is the transformation of the recorded surface waves
from time (s) and offset (meter) domain (as data is recorded) to the phase velocity (m/s)
and frequency (Hz) domain, to form the surface wave dispersion curve [66].

Offset (m)

Hz)

Frequency (
30 40

50

)SIEI

500

Phase velocity (m/s

2.0 : 0 0.2 0.4 3 0.8 1.0

Figure 5. (a) Example seismic shot record with labelled red arrows showing the extent of the surface
waves. (b) Corresponding dispersion diagram. The high amplitudes are indicative of the different
phases (frequency and phase-velocity). The theoretical and inverted curves are shown as white and
black dots, respectively.

In this work, we retrieved the dispersion curves using the wavefield transformation
in each shot gather [67]. Then, we inverted each dispersion curve following an Occam’s
inversion algorithm [66] to get a 1D Vs model at each shot gather position. Finally, we
created the pseudo 2D Vs velocity profiles interpolating and merging the 1D Vs models. To
average spatially balanced small-scale sharp anomalies, a spatial smoothing operator was
applied to the 2D velocity model. This operation can be justified by considering that the
inverted model is an approximation of the average at a wavelength of 25-35 m combining
the frequency of the seismic signal and the offset contribution. Furthermore, each velocity-
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depth function is the smoothest model that can reproduce observations within a standard
deviation of 10-12%.

3.4. P-Wave Tomography

We used the academic 3D tomographic code Pstomo_eq [68,69] to run the inversion
of the first arrival times. The forward modeling part of the algorithm, responsible for the
travel time computations and ray tracing in the isotropic model, consists of a first-order
finite difference approximation of the Eikonal’s equations [70,71]. Once the travel-times
to all shots or receivers are calculated, the ray paths are determined by tracing backward
from the shot or receiver locations that are perpendicular to the isochrons map [72]. The
software has two different schemes implemented to carry out this forward modeling based
on Hole and Zelt [73] and Tryggvason and Bergman [71]. The inversion is performed
with the conjugate gradient solver LSOR (least square) that iteratively solves the velocity
model updates.

For the P-wave tomography study, we semi-automatically picked the seismic first
arrivals using the commercial software Globe Claritas (Figure 6). The high quality of the
recorded data allowed us to pick up 90% of the travel times, which include all the offset
ranges, reaching to maximum offsets of 480 m. This high percentage of successful picked
first arrival, even in areas with some anthropogenic activity-related noise, ensures a good
lateral and depth resolution for the top 100 m.

Statangltllumber Station Number
‘ 1000

400 800
TR R

fA

1200
s

200 400 600 800 1000 1200

RN

Figure 6. The fundamental inputs for resolving the P-wave velocity subsurface distribution.
(a) Example of the first-arrival times picked in the shot viewer (red crosses); (b) the space-time
graphs of all picked first-arrivals; and (c) the first-arrival time is picked as a function of the indepen-
dent variables CMPx (station) and the CMP constant offset. Ray paths are shown with a velocity
reduction of 5000 m/s.

The setup of initial 2D velocity models used in the inversion were based on surface
geology and on the well-logging data of the FAM-1 well, located next to the La Torrecilla area
(Figure 1) [51]. These starting velocity models assure a good convergence of the tomographic
inversion providing an average reduction of the RMS misfit of 80%, providing final RMS
travel time residuals ranging from 2-16 ms. The high-resolution seismic data acquired in the
area led us to velocity models with final inversion cell sizes of around 2 x 2 m.

4. Results

The thickness of the CZ can be obtained by combining multi-geophysical data and
mapping the minimum thickness that is matched with all the data [74,75]. In this study,
the identification of the CZ from geophysical data includes three parts, namely topsoil,
regolith, and weathered bedrock. To determine the distribution of the CZ layer in the
different profiles, we have interpreted the zone featuring low-velocities (Vp <1200 m/s
and Vs < 600 m/s) and high-resistivity (o > 200 Om). In the profiles of La Torrecilla and La
Salud North, CZ is defined by resistivity p > 200 (0m, Vp <1300 m/s, and Vs < 600 m/s.
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While in the profiles of La Salud South and Carrascoy, CZ is defined by Vp < 1300 m/s
and Vs < 600 m/s. Finally, the interpretation of the CZ is the minimum thickness of the CZ
constrained by all geophysical data (coincident geophysical data).

4.1. La Torrecilla

Figure 7a shows the resistivity model, Figure 7b shows the Vp model, Figure 7c shows
the Vs model, and Figure 7d illustrates a combined interpretation of three geophysical data.
The resistivity and seismic velocity models obtained from the La Torrecilla profile reveal
distinct domains in the shallow subsurface. The CZ is represented by a high resistivity area
(o > 200 m) to the SE of the profile (Figure 7a), which is consistent with the expected high
resistivity of Quaternary alluvial fan deposits and fluvial sediment composed of conglom-
erates, gravels, sands, silts, and clays. Another high resistivity area is identified at surface
levels at a distance of 0 to 450 m along with the profile. Underneath the high resistivity
area, a medium resistivity area (50-150 (dm) corresponds to the Paleozoic basement. At
distances of 450 to 550 m, there is a ~500 m wide low resistivity (o < 50 (dm) that features
net and parallel limits. This sector is interpreted as a wide fault zone between two fault
planes (Figures 1 and 2) belonging to the AMF shear deformation zone. This shear zone is
formed by a 20 m wide band of well-developed fault gouge in Permian-Triassic quartzites
and phyllites from the Alpujarride Complex together with sheared Upper Neogene marls,
sandstones, and conglomerates.
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Figure 7. Geophysical imaging of the La Torrecilla with the interpretation proposed and details. Black
line indicates the thickness of the CZ. (a) The resistivity profile, (b) the Vp profile from first arrival
P-wave tomography, (c) the Vs profile from MASW, and (d) a joint comparison of the CZ inferred from
the different geophysical methods. The dot-yellow pattern is shown when the three methods match in
their interpretations. The low-velocity anomaly (limited between F1 and F2) corresponds to the AMF
shear deformation zone [49]. The variation in thickness of the CZ is indicated by h1, h2, and h3.

Figure 7b,c show the Vp and Vs distributions, respectively. Both models show a
low seismic velocity subparallel to and near the surface. The CZ is characterized by a
low seismic velocity (Vp < 1300 m/s and Vs < 600 m/s) with thickness variation in the
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NW-SE direction of 30—40 m at a distance of ca. 300 m (h1), which increases by 50-60 m
at a distance of ca. 530 m (h2), and thins again to 30-35 m at a distance of ca. 980 m
(h3). At the same distance, the CZ interpreted by Vp and Vs (Figure 7b,c) also appears to
match the distribution of the high resistivity in Figure 7a (p > 200 (dm). These low velocities
correspond to the Quaternary fluvial sediments, alluvial fan deposits and sedimentary rocks
in the southern half of the profile, south of the shear zone. At a distance of ca. 400-500 m,
there is a fault zone that is relatively parallel to Figures 1 and 2, which is represented by a
discontinuity low-velocity layer. Bedrock layers characterized by values of Vp > 1300 m/s
and Vs > 600 m/s were interpreted as more compact and rigid rock formations, i.e., the
fresh bedrock that underlies the CZ. These Vp, Vs, and resistivity values are in line with
those recorded in the well-logs of the FAM-1 borehole (Figure 3).

4.2. La Salud North

The geophysical models for La Salud North profile are depicted in Figure 8. The
resistivity profile (Figure 8a) shows striking lateral variations on the resistivity. The CZ
is interpreted by high resistivity (o > 200 (dm) reaching the surface in the NW and SE
parts of the line profile. This is consistent with the Quaternary formation’s expected high
resistivity, which is formed by alluvial gravel and siltstone deposits. The medium resistivity
(50-150 Oim) corresponds to the Tortonian-Messinian formation with marl and interlayered
sand and gypsum along the NW-facing profile path at a depth of more than 50 m. A low
resistivity p < 50 (dm at a distance of ca. 450-900 m is interpreted as the Messinian-Pliocene
formation with sandy and marl siltstone and interlayered laminated gypsum and marl.
The low resistivity contact is interpreted as a fault zone (defined by the fault planes F1 and
F2 in Figure 8) that corresponds to the S-AMEF strand. This low resistivity was also clearly
identified in the resistivity model obtained by inversion of magnetotelluric data reported
by Marti et al. (2020) [48]. The authors interpret this area as an alternation of resistors and
conductors (50 (dm /5000 Odm) produced by the alternation of shallow levels of very dry
colluvial materials cut by vertical faults.

The Vp and Vs profiles (Figure 8b and Figure 8c, respectively) show a low seismic
velocity area subparallel to the surface. The CZ is characterized by low seismic velocity
(Vp <1300 m/s and Vs < 600 m/s), which corresponds to the Quaternary formations. On
the NW-SE board, the thickness of the CZ varies from 30—40 m at a distance of ca. 100m
(h1), increases by 40-50 m at a distance of ca. 350 m, very close to the fault zone F1 and F2
(h2), and re-thins by 3040 m at a distance of ca. 750 m (h3). The bedrock is characterized
by a velocity layer of Vp > 1300 m/s and Vs > 600 m/s. In turn, the fault zones F1 and
F2 are indicated by the low-velocity contrast of Vp which is well correlated with the ERT
results. Meanwhile, another fault is predicted from the geophysical interpretation that is
located at a distance of ca. 120 m.

4.3. La Salud South

The La Salud South profile was only sampled with seismic methods, and so only the
Vp and Vs models are available (Figure 9). A low seismic velocity anomaly (Vs < 600 m/s
and Vp <1200 m/s) runs parallel to the surface, which may indicate the presence of the CZ.
The CZ thickens towards the SE direction, which in h1 is about 30—40 m at a distance of ca.
200 m, in h2 is 40-50 m at a distance of ca. 430 m, and in h3 is 50-55 m at a distance of ca.
1200 m close to fault F3 (fault F3 is mapped at a distance of ca. 1200 m). The bedrock is
characterized by a velocity layer of Vp > 1300 m/s and Vs > 600 m/s. The low-velocity
contrast is interpreted as a fault zone at a distance between ca. 310 m and 600 m defined by
the fault planes F1 and F2 that correspond to the S-AMF strand.
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Figure 8. Geophysical imaging of La Salud North site along ~1000 m NW-SE with the interpretation
proposed. (a) The resistivity profile, (b) the Vp model, (c) the Vs model from MASW, and (d) a joint
comparison of the interpreted CZ. The resistivity contact marked by Figures 1 and 2 corresponds to
the AMF shear zone in this sector.
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Figure 9. Geophysical imaging of La Salud South site with the interpretation proposed and details.
(a) The Vp model from seismic tomography, (b) the Vs model from MASW, and (c) a joint comparison
of the Vp and Vs results. The low velocity anomaly between F1 and F2 could correspond to the fault
zone of the S-AMF.
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4.4. Carrascoy

The high-resolution Vp and Vs models presented here (Figure 10a,b) allowed us to
precisely locate the contact of the most surficial geological units: (i) the Red Unit and
Pleistocene-Quaternary alluvial fan deposits to the north of F2, and (ii) a weathered layer
to the south of F2.
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Figure 10. Geophysical imaging of Carrascoy site with the interpretation proposed and details.
(a) The Vp model from seismic tomography, (b) the Vs model from MASW, and (c) a joint comparison
of the interpreted CZ from both geophysical models. The low-velocity anomalies marked by F1 and
F2 correspond to different thrust strands of the ACNE.

Towards the south, the CZ identified by the lowest velocities (Vs < 600 m/s and
Vp <1200 m/s) is located parallel to the topography at a depth of approximately 15-30 m
at a distance of approximately 600 m (h1), close to the Red Unit outcrops until ca. 650 m.
The Messinian rocks also have a very low seismic velocity, which could be associated with
a weathered layer of marlstone. Taking a closer look at this layer (h2) in the elevated area
towards the fault zone F2, it is relevant to point out this small thickness difference between
h1 and h2. The CZ increases its thickness in 30-40 m in h2. The thickest point of the CZ
is located at ca. 1300 m distance near fault zone F1 (h3). There, the Red Unit and the
Pleistocene-Quaternary alluvial deposits feature a thickness of ca. 45-50 m. Between F1
and F2, only the rocks of the Red Unit crop out forming an anticline in the hanging wall of
F1. In contrast to h1 and h2, the thickness of this shallow layer in the study area is strongly
influenced by the overall oblique reverse deformation that characterizes the surroundings
of the Algezares-Casas Nuevas fault, which influences the thickness of the CZ through the
interaction of tectonic stresses with topography.

5. Implications and Discussion
5}.11. The Advantages of Multi-Geophysical Measurements and Implications for the Interpretation of
the CZ

Geophysical methods have numerous advantages for the characterization of the near-
surface in terms of cost efficiency and depth accuracy (e.g., [76,77]). Geophysical methods
can provide spatial boundaries to determine the maximum depth range of the CZ [22,23,78].
When deep marker information (e.g., well data) is not available, outcrop and trench data
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can be combined with different geophysical methods to produce a robust model of the
near-surface. For instance, P-wave tomography, Multichannel Analysis of Surface Waves
(MASW), and Electrical Resistivity Tomography (ERT) are here used to minimize the ambi-
guity of the subsurface features. Each geophysical method used to determine the thickness
of the CZ produces varying results in terms of vertical and lateral resolution. One approach
involved the combination of the interpretation results from the multi-geophysical method
to use the minimum thickness constrained by all the data as the final interpretation (as seen
in, e.g., [74,75]). Future work could address the integration of the geophysical data using
more advanced interpretation strategies, e.g., Machine Learning [79] or joint inversion [80].

Taking into account that the seismic profiles were originally designed for seismic
reflection characterization, the quality of the first arrivals ensures the homogeneous distri-
bution of the ray coverage along all profiles. It is important to highlight that the areas of
poor coverage/gaps in ray coverage observed in some resulting velocity models (e.g., La
Torrecilla, Figure 7b, and La Salud South, Figure 9a) are not related to the lack of data, but
to the fact that these areas the acquisition geometry is far from a 2D geometry (mainly due
to crooked pathways). The use of a fully 3D inversion code makes it difficult to obtain a
good ray coverage in these areas when extracting the 2D velocity model along the seismic
profile transects.

The interpretation of the CZ thickness in the La Torrecilla profile (Figure 7d) differs the
most at ca. 250 m, where the ERT results point to a thicker CZ than the Vp and Vs models (h1).
The three geophysical methods meet at a distance of ca. 620 m to provide the same thickness
interpretation (h2). Meanwhile, at a distance of ca. 900 m, the ERT interpretation results
matched Vp and shows a thicker CZ than that interpreted by Vs. Generally, the interpretation
of Vs from MASW represents the distribution of the thickness of the CZ in the La Torrecilla
profile as a minimum thickness than Vp and ERT. In the case of the La Salud North profile
in Figure 8d, the interpretation of the Vp model represents the distribution of the CZ. The
interpreted thickness of the CZ in the Vp model is slightly thinner than in the Vs model, and
the result of the ERT interpretation is the thickest. The three geophysical methods meet in h1l
at a distance of ca. 100 m and ca. 900 m facing SE. Meanwhile, Vp and Vs match in h2 ata
distance of ca. 350 m and h3 at a distance of ca. 750 m.

From the La Salud South profile, the geophysical interpretation of the thickness of the
CZ was obtained from the combination of Vp and Vs models (Figure 9c¢). The resulting CZ
interpretation of the Vp model is slightly thinner than Vs and meets at some points, such as
h1 at a distance of approximately 200 m and h3 at approximately 1300 m. In the Carrascoy
profile (Figure 10c), the interpretation of the CZ is determined by the Vs result, similarly to
the La Torrecilla profile (Figure 7d). The resulting interpretation of Vs is slightly thinner
than Vp and meets at some points, such as h1 at a distance ca. 600 m and h3 at a distance
ca. 1400 m.

5.2. The Impact of a Fault Zone, Elevation, and Topographic Slope on CZ Thickness

The presence of fault zones may have an effect on the thickness of the CZ. The presence
of faults can lead to one of two outcomes: (i) a change in bedrock height levels caused
by fault geometry changes, and (ii) an increase in the number of altered regolith layer
fragments [19,22,23].

In this study, we have identified different fault zones in each profile by the combination
of ERT, seismic tomography, and MASW models. The results in these models indicate that
fault zones have a clear impact on the thickness of the CZ. For example, the thickness of
the CZ in the La Torrecilla profile (Figure 7) coincides with the presence of a fault zone
between F1 and F2, specifically the AMF shear deformation zone defined by Martinez-Diaz
et al. [49]. The CZ surrounding the fault zone (h2) is thicker than the area outside the fault
zone (h1 and h3). The thickness of the CZ in the La Salud North is also affected by the AMF
shear deformation zone [49]. The thickest CZ in the La Salud North profile (Figure 8) is very
close to the F1 fault (h2). Meanwhile, the thickening of the CZ in the La Salud South profile
(Figure 9) appears close to the F3 fault, which is correlated to the S-AMF deformation zone
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(h3). In the Carrascoy profile (Figure 10), the ACNF fault zone controls the thickness of the
CZ, with the thickened layer located near the F1 fault zone (h3) [27,49].

The effect of elevation in the thickness of the CZ has been analyzed by Nielson
et al,, [81]. Their study reported that lower elevations correlated well with thicker CZ.
In the La Salud South profile (Figure 9c), the lowest elevation on the SE (ca. 420-430 m)
coincides with the thickest CZ (h3). The differences in elevation across La Torrecilla and La
Salud North profiles are relatively small, and the thickness of the CZ is thus more controlled
by the presence of the fault zone.

Different geophysical studies have identified differences in the thickness of the CZ
depending on the topographic slope and orientation [8,25,78,82]. In our study area, espe-
cially in the Carrascoy profile (Figure 10b), the Vs model shows clear differences in CZ
thickness in the topographic asymmetry area:the CZ thickness in h1 has a relatively lower
topographic slope than in the h2 thickness (Figure 10c). This seems to indicate CZ thickness
differences is depending on the orientation of the slope, where the north-facing CZ 1 (h1) is
relatively thinner than the south-facing (h2). It could also depend on the lithology that the
northern part is the Guadalentin Depression, which is a relatively thick basin.

5.3. Relationship between the Geological Units and the Cz Thickness

The thickness of the CZ is influenced by the type of rock. We attempted to investigate
the relationship between the thickness of the CZ and the different geological units crossed
by each profile. The results of the geophysical interpretation of the thickness of the CZ
from the four study profiles are shown in Table 3.

Table 3. Relationship between CZ thickness and the different geological units that host it.

Profile

Geological Units Minimum CZ (m) Maximum CZ (m) Average CZ (m)

La Torrecilla

Quaternary fluvial sediments
and alluvial fan deposits
(quartzites conglomerates
and unconsolidated deposits
formed by gravel, sands,
silts, and clays).

3040

50-60

40-50

La Salud North

Quaternary formations
(alluvial gravels and
siltstones).

30-40

40-50

35-45

La Salud South

Quaternary formations
(alluvial gravels and
siltstones).

30-40

50-55

40-47.5

Carrascoy

The Messinian rocks are
associated with a weathered
layer of marlstone as well as
the Red Unit and
Pleistocene-Quaternary
alluvial fan deposits.

15-30

45-50

3040

The CZ with the greatest average thickness is located in the La Torrecilla profile, with
an average CZ thickness of 40-50 m. The CZ in La Torrecilla corresponds to Quaternary
fluvial sediments and alluvial fan deposits (quartzite conglomerates and unconsolidated
deposits formed by gravel, sands, silts and clays) [42,49]. In the La Salud North profile, the
average CZ thickness of about 35-45 m corresponds to the Qua-ternary formations (alluvial
gravels and siltstones). Similarly, in the La Salud South pro-file, the mean CZ thickness
of about 40—47.5 m also corresponds to the Quaternary formations (alluvial gravels and
siltstones). Alluvial fan deposits are important recorders of tectonic activity. Alluvial fans
develop at the edge of the sedimentary basin, and this can be evidence of tectonic activity,
with faults along the edge of the basin causing uplift in the catchment area and subsidence
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in the basin. Therefore, it is possible to see evidence of tectonic activity in the alluvial
fan depositional succession, where the massive influx of coarse detritus into alluvial fan
deposits can be interpreted as the result of tectonic activity in the form of earthquakes
and uplift [83,84].

The Carrascoy profile has the thinnest average CZ (around 3040 m) and includes
a weathered layer of Messinian marlstone and the Red Unit and Pleistocene-Quaternary
alluvial fan deposits [42,49,85]. The marlstone rocks are interpreted as a shallow marine
zone with a fairly massive concentration of carbonate deposits so that the clastic deposits
are not thick enough in the Carrascoy profile. In the North of the Carrascoy profile, the
presence of the Red Unit and Pleistocene-Quarterary alluvial fan deposits can explain why
the CZ thickness in the Carrascoy profile deposits does not exceed the thickness of the
other three profiles.

Finally, the values estimated for the thickness of the CZ in our study correlated well
with the average 36.8 m thickness across continental areas estimated by Xu and Liu [11].
Therefore, we validate here the use of combined electrical and seismic methods to evaluate
the thickness and characterize the CZ.

6. Conclusions

Geophysical methods, both seismic and electrical, have been used to map the distri-
bution of the critical zone (CZ) laterally and vertically along the Eastern Betic Shear Zone
(EBSZ). The CZ was mapped from the geophysical investigation in four different profiles:
La Torrecilla, La Salud North, La Salud South, and Carrascoy. The P-wave tomography,
MASW, and resistivity (ERT) models have provided valuable information to interpret
the vertical and horizontal distribution of the shallow subsurface of active fault zones on
profiles La Torrecilla and La Salud North. Similarly, the P-wave tomography and MASW
methods were applied on profiles La Salud South and Carrascoy. The interpretation of these
models allowed us to identify significant features of the subsurface: (i) the thickness of the
CZ; (ii) the impact of the fault zone, elevation and topographic slope in the thickness of the
CZ; and (iii) the relationship between the geological units forming the CZ and its thickness.

The final interpretation of the CZ thickness is the area where all the geophysical
methods coincide. The CZ is identified along the profiles featuring low seismic velocity
(Vp <1300 m/s and Vs < 600 m/s) and high resistivity (o > 200 (dm) and includes different
fault zones. The thickness of the CZ varies along the profiles, with the average CZ thickness
at La Torrecilla 40-50 m, La Salud North 35-45 m, La Salud South 40—47.5 m, and Carrascoy
3040 m.

For complex locations where there is a combination of the fault zone and elevation
differences, the thickness of the CZ may be controlled by one or both. In La Torrecilla
and La Salud North, the CZ thickness is mostly controlled by the AMF shear deformation
zone. In the La Salud South profile, the thickness of the CZ is more controlled by low
elevation, with a thickness slightly larger than the CZ near the S-AMF shear deformation
zone fault zone. Meanwhile, the thickest CZ in the Carrascoy profile is in the ACNF fault
zone and has a low elevation. Based on the relationship between geological units and the
thickness of the CZ, the CZ in the Carrascoy profile is the thinnest with the geological units
in the form of marlstone, Red Unit, and Pleistocene-Quarterary alluvial fan. The La Salud
North and La Salud South profiles are intermediate CZ composed of quaternary formations
(alluvial gravels and siltstones). Then, the thickest CZ is on the La Torrecilla profile
which is composed of Quaternary fluvial sediments and alluvial fan deposits (quartzite
conglomerates and unconsolidated deposits formed by gravel, sands, silts, and clays).
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