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| ABSTRACT !

The seismicity in the SE Iberian Peninsula is distributed parallel to the coast in a well-developed strike-slip fracture
system known as the Eastern Betic Shear Zone (EBSZ). This work focuses on the characterization of the shallow
subsurface structure of the Algezares-Casas Nuevas Fault, within the Carrascoy Fault System of the EBSZ. The
Carrascoy Fault borders the Guadalentin Depression to the south, which is a densely populated area with extensive
agricultural activity. Therefore, this fault system represents a seismic hazard with significant social and economic
implications. We have constructed two velocity-depth models based on P-wave tomography and Multichannel
Analysis of Surface Waves (MASW) acquired from seismic reflection data. The resulting velocity models have
allowed us to interpret the first ~250m depth and have revealed: i) the thickness of the critical zone; ii) the geometry
of the Algezares-Casas Nuevas Fault; iii) the depth of the Messinian/Tortonian contact and iv) the presence of
blind thrusts and damage zones under the Guadalentin Depression. Our results have also helped us to estimate an
apparent vertical slip rate of 0.66+0.06m/ky for the Algezares-Casas Nuevas Fault since 209.1+6.2ka. Our results
provide a methodological and backflow protocol to study the shallow subsurface of active faults, complementing
previous geological models based on paleoseismological trenches, and can be used to improve the seismic hazard
assessment of tectonically active regions around the world.
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INTRODUCTION

High-resolution seismic imaging of the subsurface is
a long-established technique for fault detection (Ivanov
et al, 2006; Mansfield and Cartwright, 1996), which
is a challenging task due to nearsurface effects, strong
lateral velocity contrasts across steeply dipping structures,
presence of soft soils, velocity inversions and/or fault-zone
heterogeneities, among others (e.g Alcalde et al, 2013;
Bruno et al, 2010; Catchings et al, 2014; Improta and
Bruno, 2007). Despite those difficulties, these studies
provide very valuable information about the shallow
subsurface structure in active tectonic zones, allowing to
characterize fault zones and their associated structures,
map blind faults and damage zone areas, image colluvial
wedges (Improta and Bruno, 2007; Mattson, 2004; Villani
et al, 2017), and to define the depth of the critical zone
(e.g. Handoyo et al., 2022; Parsekian et al., 2015).

An interesting area to study the shallow subsurface
structure of active faults is the Eastern Betic Shear Zone
(EBSZ), in the SE of the Iberian Peninsula ( ).
The EBSZ is an approximately 450km long network of
NE-SW-oriented faults (Banda and Ansorge, 1980) that
runs parallel to the coast of the Mediterranean Sea (De
Larouziére et al, 1988; Silva et al., 1993; Silva, 1994).
The EBSZ is considered the most active fault system in
the Iberian Peninsula (Garcia-Mayordomo, 2005; Garcia-
Mayordomo et al., 2007, Gémez-Novell et al, 2020).
This area is characterized by an intense earthquake activity
which has caused significant damage during historical
times (e.g. Gomez-Novell et al., 2020) (e.g. the 1518 AD
Vera (VII-IX) (e.g. Silva et al, 2003); 1522 AD Almeria
(IX) (e.g. Gracia et al.,, 2006) and 1829 AD Torrevieja (IX-
X) (e.g. Alfaro et al., 2002) earthquakes; ). One
of the most recent and destructive earthquakes took place
on the 11th of May 2011. It had a Mw of 5.1 and affected
the city of Lorca causing severe damage and 9 fatalities.
The earthquake was rapidly located and associated to the
Alhama de Murcia Fault (Martinez-Diaz et al., 2012a, b;
Vissers and Meijninger, 2011), an oblique reverse fault that
cuts across the city of Lorca and extends for ca. 100km in
a NE-SW direction (Martinez-Diaz, 2002, 2019; Masana
et al, 2004; Sanz de Galdeano et al, 2020) (

). However, the Alhama de Murcia Fault is not the only
structure that represents a seismic hazard in that area. To
the south of the Guadalentin Depression, the Carrascoy and
Algezares-Casas Nuevas Faults ( ) also represent
a major threat for the city of Murcia and other populations
nearby (Garcia-Mayordomo et al., 2007; Gaspar-Escribano
et al, 2008; Gémez-Novell et al, 2020), as well as to the
agricultural industry. Specifically, for the city of Murcia the
official seismic hazard map of Spain shows a peak ground
acceleration on the rock of 0.23g with a 10% probability of
exceedance in 50 years (475-year return period) (Instituto
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Geografico Nacional- Universidad Politécnica de Madrid
(IGN-UPM), 2013).

Despite the great amount of works carried out in the
EBSZ, the shallow subsurface geometry of the southern
border of the Guadalentin Depression, remains uncertain,
a matter that is of paramount importance for producing
reliable models for seismic hazard assessment. Revealing
its subsurface characteristics, locating fault strands at
depth and identifying blind faults, can help to understand
its structure and how it accommodates the deformation.
The INTERGEO project, supported in 2013 by the
Spanish research program, was conceived to unravel the
morphology of different active faults of the EBSZ by
the acquisition of six high-resolution controlled source
multichannel seismic transects. Here, we show the model
obtained from one of these lines, which samples the
Algezares-Casas Nuevas Fault, an oblique reverse fault
formed in a strike-slip regional context (Martin-Banda,
2020; Martin-Banda et al, 2016, 2021; Rodriguez-
Escudero et al, 2014).

The tectonic relevance of active faults makes them
singular targets for high-resolution seismic imaging
approaches. Faults and related damage zones feature
variations in the physical properties that can be sensed by
seismic methods (Ando and Yamashita, 2007; lacopini
et al, 2016; Marti et al, 2006b). Large-scale fault zones
can be studied by assessing the changes of the elasticity
properties across the fractured area. If the contrast in
physical properties at both fault blocks is strong enough,
the volume, geometric distribution and extent of these
structural elements can be traced by indirect seismic
methods. Geophysicists have been using surface waves to
characterize the subsurface at a variety of scales; from the
entire lithosphere (e.g. Palomeras ef al, 2017), to high-
resolution nearsurface studies (e.g. Socco ef al, 2010).
Specifically, at our scale of interest (ie. a few hundreds
of meters), the Multichannel Analysis of Surface Waves
(MASW) is perhaps one of the most extensively used
schemes for subsurface characterization (Foti et al,
2018; Ivanov et al, 2006; Miller et al., 2000; Park et al.,
1999; Xia et al., 1999, 2000, 2002). The MASW method
has been applied to detect a wide range of subsurface
features, and it has proven to be successful in other regions
worldwide, reaching a resolution depth 1m to >50m (Ivanov
et al., 2006; Miller et al, 2000). Complementary, seismic
tomography inverts first arrival travel times to generate
the P-wave velocity distribution in the subsurface. This
technique is broadly used to unravel the seismic velocity
structure of faults showing recent activity (e.g. Feenstra et
al., 2016) as well as to image colluvial wedges associated
to paleoearthquake surface ruptures, much deeper than the
range reached by standard paleoseismic trenches (Gazdova
et al., 2015).
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FIGURE 1. A) Regional geological setting of the study area. B) Tectonic map of the EBSZ: Eastern Betic Shear Zone (gray shaded); BSF: Bajo
Segura Fault; CAF: Carrascoy Fault; LTF: Los Tollos Fault; AMF: Alhama de Murcia Fault; PF: Palomares Fault; CF: Carboneras Fault; over General
Bathymetric Chart of the Oceans (GEBCO) world map in Geotiff Format (ED50/UTM Zone 30°N Projection). Fault traces are from an updated
version of Quaternary Active Faults Database of Iberia (QAFI) database (Instituto Geologico y Minero de Espafia (IGME), 2015; Garcia-Mayordomo
et al., 2012, 2017). Earthquake data corresponds to a declustered version of the Spanish national seismic catalog (Instituto Geografico Nacional
(IGN), 2011; Instituto Geogréafico Nacional-Universidad Politécnica de Madrid (IGN-UPM), 2013). The white circles show the identification of major
historical earthquakes and seismic events recorded in the area, cited in the text. C) Detailed tectonic map of the Carrascoy Fault (CAF) and location
of the studied seismic profile (blue line). D) Geological map of the studied seismic profile (A-A). Legend: 1. Internal Zone of the Betic Cordillera;
2. Tortonian; 3. Messinian; 4. Pliocene-Middle Pleistocene (Unidad Roja); 5. Middle Pleistocene. Alluvial fans (1st generation); 6. Middle-Upper
Pleistocene. Alluvial fans (2nd generation); 7. Upper Pleistocene-Holocene. Alluvial fans (4th generation); 8. Holocene. Alluvial fans (5th generation);
9. Holocene. Alluvial and valley floor deposits; 10. Syncline; 11. Monocline; 12. Fault; 13. Anticline; 14. Active thrust.

GEOLOGICAL SETTING

To unravel the nearsurface structure across the
Algezares-Casas Nuevas Fault we present here a P- and

S-wave seismic velocity (Vp and Vs, respectively) depth
profiles based on P-wave velocity tomography and MASW.
We have established a MASW processing and interpretation
flow to obtain reliable Vs models that combined with the
P-wave velocity tomography study provided accurate models
of the subsurface down to ca. 250m. The resulted Vp and
Vs models provide new constraints on the structure of the
Algezares-Casas Nuevas Fault, the location of blind faults,
the alluvial thickness in the Guadalentin Depression and the
depth of the stratigraphic contacts. Finally; in this contribution
we thoroughly examined the results of 1D S-wave velocity
and 2D pseudo-S-wave velocity from the surface waves
inversion that combined with the P-wave tomography
method to characterize the shallow subsurface structures
in an active fault system. This detailed analysis allowed us
to assess the extent to which this method combination can
be used to successfully characterize geological features in
the subsurface, which is critical to improve seismic hazard
assessments in this type of active areas.
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The EBSZ is the longest fault system of the Betic
Cordillera (Fig. 1 A), which together with the Tell Fold Belt
in north Africa, accommodates the convergence between
the Nubian and Eurasian plates since the late Neogene
(DeMets et al., 2015; De Larouziére et al., 1988).

At the end of the Messinian-beginning of the Pliocene,
the tectonic convergence under a NNW-SSE regional
shortening direction (DeMets ef al., 2015; Echeverria ef al.,
2011; Khazaradze et al., 2008; De Larouziére et al., 1988)
inverted previous Neogene basins, and the Guadalentin
Depression, or tectonic valley (Sanchez-Roldan et al,
2021), formed with a NE-SW orientation in an area that was
previously uplifted (De Larouziere et al, 1987; Montenat
et al., 1987; Vissers and Meijininger, 2011). This regional
shortening direction has kept steady in the region since
the late Miocene (Martinez-Diaz, 2002) to the present, as
evidenced either by sea-floor magnetic anomalies (e.g. De
Mets et al., 2015) or GPS data (e.g. Argus et al, 2010).
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The current tectonic regime explains the fault kinematics
and the strike-slip and normal component of the active
faults in the area (Sanchez-Roldan et al, 2021).

The study area is located in the northern part of the
EBSZ ( ). There, the Guadalentin Depression is
bordered to the north by the Alhama de Murcia Fault and
to the south by the complex Carrascoy Fault system, a
33km long NE-SW structure (Silva, 1994). The Carrascoy
Fault System is formed by two overlapping segments,
with different geometrical, structural and kinematic
characteristics (Martin-Banda et al, 2016). The NE
segment extends in a NSOE trend for 16km between Los
Ramos and El Palmar villages and controls the location of
the Cresta del Gallo Range ( ). The SW segment is
more complex, represented by: i) the Carrascoy Fault, that
uplifted the Carrascoy Range and ii) the Algezares-Casas
Nuevas Fault, that runs for 23km from the villages of
Algezares to Casas Nuevas ( ). The Carrascoy Fault
is a sub-vertical fault with a general left-lateral strike-slip
kinematics and the Algezares-Casas Nuevas Fault develops
as a low-angle oblique reverse fault (Martin-Banda et al,
2016). The surface geology and the information derived
from geomorphological mapping, morphotectonic analysis
and paleoseismological trenches performed along the
Carrascoy Fault System, revealed the existence a system
of thrusts related to the Algezares-Casas Nuevas Fault
and transported to the north since 209.1+6.2ka (Martin-
Banda et al, 2016; Martin-Banda, 2020; Martin-Banda et
al,, 2021). The Algezares-Casas Nuevas Fault constitutes
the currently active front of the Carrascoy Range whose
development progressively moves to the NW (Martin-
Banda et al, 2016) forming a fault propagation anticline.
The study profile, located at the southeastern border of the
Guadalentin Depression (A-A in ), samples the

TABLE 1. Description of the seismic parameters in the study area
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Algezares-Casas Nuevas Fault where it shows two strands,
referred as F1 and F2.

The oldest rocks cropping out along the study profile
( ) correspond to the metamorphic basement
of the Internal Zone of the Betic Cordillera, located in
the highest part of the Carrascoy Range. Towards the
north, bordering the main relief, upper Miocene marine
sedimentary rocks (marl, biocalcarenite and limestone)
crop out divided into two units of Tortonian and Messinian
age. Along and parallel to the Algezares-Casas Nuevas
Fault, a band of Pliocene-middle Pleistocene continental
deposits (conglomerate, gravel, sand, marl, and limestone)
is deformed in the hanging wall of this fault. These
Pliocene-middle Pleistocene deposits are locally known as
the Unidad Roja (Jerez et al, 2015) and are considered to
be old alluvial fans coming from the erosion of the higher
parts of the Carrascoy Range. The youngest materials are
middle Pleistocene to Holocene alluvial deposits that fill
the Guadalentin Depression. They were deposited during
five generations of alluvial fan systems, intercalated with
valley floor deposits, glacis and endorheic deposits (e.g
Martin-Banda et al, 2016), constituting an example of
the transition from alluvial to fluvial sedimentary systems
(Silva, 2014).

METHODOLOGY

The seismic data acquisition was designed to
characterize the structure of the Algezares-Casas Nuevas
Fault at depth. The profile studied has a NNW-SSE
orientation, perpendicular to the fault ( ). The
seismic data recorded were processed to obtain the Vp and
Vs models whose details are described below.

Parameter

Description

Seismic source

Source interval

Source impacts

Total Number Shot records
Transect Length

Receiver interval
Geophone Natural Frequency
Channels Spread

Spread length

Recording Time

Sample rate

File format

Accelerated weight-drop (200kg)
6m

1

433
2496m
2m

10Hz

216
430-436m
4s

1ms

SEGY
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Seismic data acquisition

The seismic data acquisition consisted of a 240-channel
system built up by connecting 10 GEODE recording units
with 24 channels each, kindly provided by GIPP-GFZ
(Potsdam, Germany). The seismic source used was a 200kg
accelerated weight-drop provided by the Instituto Tcnico
Superior of the University of Lisbon (Lisbon, Portugal).
The sample rate was 1ms and the total recording time
was 4s. The data were recorded using conventional single
vertical component exploration geophones with a natural
frequency of 10Hz ( ).

The acquisition was carried out by rolling along the
recording spread (cable). Once the source was located at the
spread’s center, the recording spread was moved just before
the current source location and the process started again,
following a leapfrog scheme. The source was fired every 6m
moving along the spread until the source position reached,
approximately, half of the spread. The geophone spacing
was 2m, resulting in a maximum offset of nearly 500m.
The total length of the profile is approximately 2496m and
a total of 433 shots were recorded ( ).

P-wave Travel Time Tomography

P-wave travel time tomography is currently a well-
established and broadly used inversion scheme to resolve
Vp velocity structure. The reader can find comprehensive
reviews of the methodology (Aki and Richards, 1980;
Nolet, 1993; Thurber and Atre, 1993). Common approaches
use the first arrival travel times and search for the most
plausible velocity model that can reproduce the observables
by minimizing the time difference between the estimated
travel times. Theoretical travel times are thus calculated by
using a ray tracing forward modelling scheme. In our study,
the first arrivals were handpicked from the shot records
( ). A total of 84373 travel time picks from the 93528
available traces were picked, representing 90.2% of the

Characterization of the shallow subsurface structure using P-wave tomography and MASW

To determine the subsurface velocity distribution from
the first arrivals picked travel-times, we used the Delta-T-v
inversion method (Rohdewald, 2011). This technique is
based on the Common Mid-Point (CMP)-refraction concept
(Gebrande and Miller, 1985), that considers the CMP-
travel times can be seen as a function of the independent
variables CMPx coordinates and the CMP-constant offsets
( ). In that sense, two partial differentiations deliver
the reciprocal CMP-apparent velocity. In principle, this
technique is similar to a forward and reverse-shot analysis
with the advantage that extrapolations to the shot points are
not necessary, but local layer thicknesses H(X), are found
at each CMP. The refractor is obtained as an envelope of
circles with a radius around the CMPs at the surface.

The CMP scheme assumes a layered media characterized
by a velocity step function (with positive or negative Vp
increments) and each layer features a constant velocity
gradient (Rohdewald, 2011). It starts with determining the
velocity at the base of a layer from CMP travel times curves
and then it inverts numerically the velocity at the top of the
gradient layer. This approach known as “seismic stripping”
can be understood as to physically lower the source and
receiver for each ray to the top of the layer below. The
algorithm is able to model the diffraction of seismic rays at
the top of constrained low-velocity layers. It automatically
identifies precise time delays on CMP curves transforming
these delays into velocity-depth anomalies. A 1-D velocity-
depth function is constrained beneath each CMP All 1-D
velocity-depth functions are integrated through a gridding
scheme building up a final 1.5D velocity model. A simple
and smooth 1D velocity model is needed to initialize the
process. This is obtained by laterally extending a simple 1D
layered model along the profile.

shows the first-arrivals times in CMP scheme, in
this way effects of dipping layers are averaged and minimized.
The travel-times are smoothed by stacking CMP-sorted travel-
time curves over a 40 adjacent CMP’s. Subsequently, each

total data available ( ). curve is “Delta-t-v inverted’> For the Vp final model ( ),
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FIGURE 2. Example of seismic shot records acquired along the profile. The shot gathers displayed are raw shots, the seismic traces have been

normalized by the maximum amplitude for display purposes.
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FIGURE 3. Basic inputs to resolve Vp subsurface distribution. A) example of the first-arrival time picked in the shot viewer (red crosses). B) space-
time graphs of all picked first-arrivals. C) The first-arrival time picks as a function of the independent variables CMPx (station) and the CMP constant

offset; curves are presented with a velocity reduction of 5000m/s.

a Root Mean Square (RMS) error was of 9.09ms, resulting
in a normalized RMS error of 3.1% (RMS error, divided
by maximum pick time of all traces modelled). The relative
misfit function was estimated to reach 41.35ms (squared error
summed over all traces modelled, divided by the modelled
trace count). The maximum absolute error is 120.43ms for
trace 81 in shot 42. Thus, these quantitative indicators suggest
that this Vp final model shows a relatively high degree of
reliability However, because of the method used assumes
1.5D geometry we cannot rule out the effects of the real 3D
contributions to the final velocity anomaly model.

Surface-wave analysis

Surface waves have a lower velocity than body waves
and usually present strong energy in reflection seismic

records, commonly known as ground roll. While the high
amplitude surface waves constitute a serious problem in
conventional P-wave seismic reflection processing, where
they need to be attenuated or even muted out, in the
pursued surface wave analysis they constitute valuable data.
The depth sampled by a particular frequency component
of surface waves is proportional to its wavelength. This
characteristic makes the surface wave velocity frequency-
dependent, ie. dispersive. The dispersion diagram reveals
the surface wave field in terms of frequency and phase
velocity. This representation can be inverted to constrain
the S-wave velocity (Vs) distribution as a function of depth,
allowing to detect effectively Vs anomalies at shallow
depths (between 1.5 and 100m) (Lai and Rix, 1999; Lai
et al., 2002, 2005; Rix and Lai, 2005; Xia et al., 2000).
When this is applied to multichannel data, it is known as

Distance (m)

0 500 1000
l | I | l |

FIGURE 4. Vp model obtained using the 1.5D Vp Delta-t-v method.
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surface waves are indicated by the blue triangular area. C, D) dispersion diagrams for the shot gathers in a and b, respectively. The color scale reveals
the contribution of the different frequencies at the different phase velocity. The different dispersion modes are labeled in each diagram.

Multichannel Analysis of Surface Waves (MASW). This
methodology was introduced in the late 1990’s and early
2000’s (Park ef al., 1999; Xia et al., 1999, 2000, 2002) and
it is able to resolve 1D and 2D Vs models of the shallow
subsurface. The conventional approach to address the shear-
wave analysis comprises two main steps (Foti ef al., 2018).
The first step is to determine the experimental dispersion
curve; the second is to determine the parameters that define
the layered model, ie. the S-wave velocities and densities
of each layer. To resolve the inversion problem, the model
parameters are defined accordingly (Lai and Rix, 1999; Lai
et al, 2002, 2005; Mari, 1984; Xia et al., 2000).

The seismic data presented here features a high
amplitude cone of dispersive surface waves, which is very
prominent in the shot records ( ). The surface waves
appear within a triangular area with the vertex of the triangle
located at zero offset. The frequency content in this region
is mostly distributed between 5-50Hz, with the higher
amplitudes being within the 10-45Hz frequency band. The
observer notes were used to incorporate the acquisition
geometry that is the source and receiver UTM coordinates.
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This information was used to obtain offset an azimuth for
each trace in all shot records. Then, to obtain the dispersion
characteristics of the surface waves, we used the frequency/
slowness (ray-parameter: f, p) derived from intercept time
and ray parameter (T-p slant-stacks in frequency domain) in
different shot gathers ( ). As a result, we obtained
the dispersion diagrams ( ). The f-Vph (frequency-
phase velocity) picking was supervised by the operator, and
only the fundamental model was considered.

The second step allows for more alternative procedures
as it focuses on the inversion strategy. Although, in general,
the inversion strategy is based on the minimization of the
misfit between the observations and synthetic simulations
(Menke, 1984; Snieder and Trampert, 1999; Tarantola
and Vallete, 1982), the evaluation of this function can
be achieved in different forms (Socco et al, 2010). The
inversion problem is most commonly solved by linear
approximation that uses a 1D forward modeling scheme
and retrieve a 1D S-wave velocity depth function for each
dispersion diagram (obtained from each shot record). The
general assumption is that the subsurface is constituted
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by a number of layers with constant physical properties
for each layer. The resulting velocity-depth function,
and/or subsurface physical model can be considered to
be represented by a series of “n” layers with shear wave
velocities (Vsl1, Vs2, ..., Vsn), densities (pl, p2, ..., pn)
and thicknesses (t1, t2, ..., tn). Through inversion theory
(Constable, 1987; Menke, 1984; Parker, 1994; Tarantola
and Valette, 1982) the scheme aims to constrain a model
(unknown) that is able to reproduce the observables as
closely as possible. The inversion is nonlinear and thus
an iterative approach is devised, guided by constrained
optimization algorithms. The difficulties of such schemes
are widely discussed in inversion contributions (Constable,
1987; Menke, 1984; Parker, 1994) and are mostly due to the
non-linearities of the problem and/or the non-uniqueness
character of its solution. In order to avoid such issues, we
considered a strategy that aims to favor the simplest (i.e. the
smoothest model) that is able to most closely reproduce
the measured data. This approach is known as Occam’s
Inversion. The mathematical details on the differences
between the approaches can be found in Haney and Qu
(2010).

The Occam’s Inversion approach was used here to
address the site characterization of the fault in the study
area. This algorithm has been first described and used
extensively by the electromagnetic and magnetotelluric
subsurface  geophysical characterization community
(Constable, 1987; Key, 2009; Werthmiiller, 2017). In this
approach the subsurface is overparametrized by using a
large number of relatively thin layers (Constable et al,
1987; de Groot-Hedlin and Constable, 1990). The strategy
of the algorithm aims to find the smoothest velocity-
depth model subject to the constraint of a specified misfit
between measured and theoretically computed data, taking
into account the uncertainties associated with the data
measurements. It is an iterative inversion scheme that
requires a starting model, which is consisted of the density,
Vp, Vs, and layer thickness (Haney and Qu, 2010; Press et
al., 1992; Xia et al., 1999). In our case, the starting model
displayed a constant Vs of 500m/s and a density of 2.0g/
cm?. This constant velocity model features over 20 layers
(all with identical physical properties), with a thickness
of 0.5m. The input data consists of frequency and phase
velocity picks and error estimates.

The output consists of velocity and standard deviation
estimates as a function of depth. The standard deviation
is understood as the estimated variability of the inverted
velocity. The inverted velocity profiles reach depths down
to 250m, and the resolution power decreases with depth,
as indicated by the systematic increase of the standard
deviation. Therefore, velocity estimates are considered
resolved when their standard deviation is below 15%. On
average, this assumption limited the resulting models down
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to a depth of 150m below the surface. The analysis and
inversion were applied to individual shot gathers, and thus
433 analyses and their corresponding 1D velocity-depth
functions were obtained. The analyzed shot records feature
6m spacing, and thus the 1-D velocity-depth functions are
also assumed to be determined every 6m. Considering that
the highest amplitude contributions to the signal are within
the frequency band of 10-45Hz, the velocity estimates are
assumed have averages over 25-35m length.

The inversion result should not depend on the a priori
established information of the starting layered model (n, the
number of layers; and their physical properties and geometry).
The specific characteristics of the input model (physical
properties and layer thickness) are not essential in order to
minimize the misfit. Thus, to test this point (the dependence
of the result with the starting model), three different starting
models were used in which the layer thickness, the velocity,
and the maximum depth of the model were changed
(depending on the lowest frequency of the data). This was
done in a way that allowed to statistically sample the model
space and maximize the possibilities that the results do not
correspond to a local minimum. In all inversions, a maximum
smoothness and regularity in the solution are imposed. This
scheme avoids resulting models that are too complex. The
output consists of a smooth model and its standard deviation
for each shot record. The starting models have included
depth down to 400m and layer thicknesses that have ranged
from 0.5 to tens of meters. Thus, the preferred starting model
consisted of 600 layers, 0.5m thick layers which reached a
depth down to 250m.

Once the corresponding 1D velocity-depth functions
were obtained for each shot record, they were pasted together
to build up a 2D velocity depth model ( ). A spatial
smoothing operator was applied to the 2D velocity model,
in order to spatially balance small-scale sharp anomalies
(Haney and Qu, 2010; Key, 2009; Werthmiiller, 2017). This
operation can be justified by considering that the inverted
model is an average estimate over 25-35m wavelength
combining the frequency of the seismic signal and the offset
contributions. Furthermore, each velocity-depth function is
the smoothest model that can reproduce the observations
(dispersion diagrams) within a 10-12% standard deviation.
A direct comparison between the composite velocity model
and the smooth version is displayed in

RESULTS
The P-wave velocity model
The resulting Vp-depth model ( ) provides an

image of the first 250m of the subsurface, allowing us to
characterize the Unidad Roja (alluvial fans sediments),
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FIGURE 6. Vs model derived from the surface-wave analysis. A) Vs-depth model considering each profile as they were resolved by the inversion form
in each of the shot records. B) Vs-depth model once it has been smoothed by considering 35m smoothing operator (see text for explanation). Thin
black lines correspond to iso-velocity contours and the numbers indicate their value. The plot has a vertical to horizontal relation of 2:1. Black vertical
lines in (A) and (B) indicate the position of fault strands F1 and F2 on the surface ( ).

the weathered Messinian marlstones and the rest of
Messinian and Tortonian rocks located underneath. Low
Vp (<1500m/s) are modeled in the shallower part of the
profile as a zone that increases slightly in thickness towards
the north, into the Guadalentin Depression. Underneath
this low velocity zone, intermediate Vp (1800-3500m/s)
shows a variable lateral thickness implying changes in the
Messinian rocks most probably due to the effect of the
faults affecting the area. A Vp contrast of 3500-4500m/s is
identified at 80-90m below sea level along the northern part
of the profile and at 40-50m above sea level in the southern
part. This Vp contrast has allowed us to interpret the
position of the Messinian/Tortonian boundary. In general,
Vp values of carbonate rocks (upper Miocene units) range
from 3500-4500m/s, which is in the carbonate rock velocity
interval in the range of around 3000-6000m/s (Anselmetti
and Eberli, 1993; Eberli ef al., 2003).

The S-wave velocity model

The resulted Vs model is shown in Figure 6B. This
profile provides reliable information of the ~150m depth
and reveals a low Vs (200m/s) layer subparallel to the
surface, which can be correlated with the critical zone
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(Befus et al, 2011; Handoyo ef al, 2022). This shallow
layer is approximately 15m thick in the southern part of
the profile and reaches a maximum thickness of 30-35m
at a distance ca. 1400-1500m. Following the description
for site characterization of the National Earthquake Hazard
Reduction Program (NEHRPE Brown (1981), ), the
shallower levels of the profile (Vs ranging from 200 to
500m/s), would be consistent with moderately weathered
to weathered sedimentary rocks domains (Types V and
IV in ), correlated with the upper Miocene to
Holocene sediments cropping out along the profile (

). In addition, this layer thickens towards the north
of the northern branch of the Algezares-Casas Nuevas
Fault, where the topography is lower corresponding to the
sedimentary infill of the Guadalentin Depression.

Under this layer, Vs are significantly higher with abrupt
lateral changes. The Vs model derived in this analysis
vary from 200m/s (near the surface) to about 1800m/s at
depth and presents lateral changes with areas of relatively
low-velocity values 200-750m/s, moderate-velocity 750-
1300m/s, and high-velocity over 1500m/s. Towards the
southern part of the profile, high Vs are located starting
at approximately 50m below the surface with their value
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TABLE 2. Description and classification of rock domains used in the interpretation. This table aims to integrate the different degrees of weathering
and the NEHRP site classification table (NEHRP: National Earthquake Hazard reduction program (Odum et al., 2007; Sun et al., 2015)). The latter

is included in the last two columns

Rock Type

Detailed description of rock domains integrating degree of weathering and
their Site Classification

Vs (ms/s)

NEHRP Site clasification

Type

Vil

Vi

Unstable soil water unsaturated, mud and undocumented artificial fill;
residual soil. All rock material is converted to soil. The mass structure and
material fabric are destroyed.

Soft Soil, Completely weathered rock domain, granular sediments mud-sands
gravels silts, and mud (Holocene, late Quaternary). All rock material is
decomposed and/or disintegrated to soil. The original mass structure is still
largely intact.

Stiff soil, highly weathered rock, more than half of the rock material is
decomposed and/or disintegrated to soil. Granular Sediments (Mid-late
Pleistocene).

Dense soil/ Soft Rocks Poorly cemented coarse-grained to fine-grain
sedimentary rock to dense early to mid-Pleistocene or older granular
sediment. Moderately weathered rock. Less than half of the rock material is
decomposed and/or disintegrated to soil.

Slightly weathered rock domain and relatively hard/fresh rock. Well
cemented and lithified coarse-grained sedimentary or low-grade
metamorphic rocks. Slightly weathered rock discoloration indicates
weathering of rock materials and discontinuity surfaces.

Slightly weathered rock domain and relatively hard/fresh rock; slightly
weathered intrusive igneous and high-grade crystalline metamorphic

<180

180-360

360-760

760-1000

1000-1500

Special soils

Soft Soil

Stiff Soil

Dens Soil

Soft rock

Rock

bedrock with very limited weathering.

Hard Rock Includes unweathered intrusive igneous rock. Well

> 1500 Hard Rock

cemented/lithified. Fresh rock No visible sign of rock material weathering.

decreasing towards the southern branch of the Algezares-
Casas Nuevas Fault at a distance ca. 900m (F2 in ).
The area of Vs between 900-1200m/s, can be correlated
to a slightly altered and fractured area, and/or to a minor
degree of relatively unconsolidated rock (Type IV in

). This could indicate an unconsolidated domain most
probably a fractured zone associated to the Algezares-
Casas Nuevas Fault. This Vs zone is laterally interrupted
by a relatively broad slow domain (~800m/s) representing
a relatively sharp decrease coinciding with the outcrops
of the Guadalentin Depression and limiting with the
northern branch of the Algezares-Casas Nuevas Fault (F1)
at a distance ca. 1400m. Towards the northern end of the
profile, at approximately distance ca. 2000m, velocities
increase again, reaching the velocity >1000m/s, from a
depth down to 50m. These velocities are above 1000m/s
and most probably are indicative of harder rock or more
consolidated domains in the subsurface (Adel et al, 2013;
Kanli et al., 2006; Olona et al., 2010).

DISCUSSION

Contribution of Vp and Vs modelling to shallow
subsurface characterization

The presence of fractures and/or faults greatly influence
the physical properties of the shallow subsurface and,
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often, the effects of these changes in physical properties
are observable by means of seismic methods. Fracturing
involves a decrease in rigidity (bulk and shear modulus) of
the faulted area and surrounding materials. In addition, the
presence of groundwater (fluid content) can further reduce
the value of Vp and Vs (Catchings ef al., 2014, 2020). As
an implication, the velocity values of Vp and Vs around the
fault plane decrease with respect to the surrounding rock
mass. Previous studies including empirical methods using
laboratory data (Wang et al., 1978), seismic velocity from
borehole geophysics (Boness and Zoback, 2004), controlled
source seismic reflection (Alcalde et al, 2013; Catching
et al, 2014, 2020; Marti et al., 2002, 2006a, 2008), and
earthquake data (Eberhart-Phillips and Michael, 1998;
Thurber and Atre, 1993) reported a significant decrease in
seismic velocity (Vp and Vs) within the fault zone, which
in can reach up to 50%. In the subsurface, Vs is strongly
influenced by the shear modulus and Vp is strongly
influenced by the bulk modulus.

Fracturing and weathering reduce shear wave velocity
and control surface wave dispersion (Miller et al, 2000;
Xia et al, 1999). Therefore, the velocity and dispersion
characteristics of surface waves (MASW method) are used
to determine the variation of shear wave velocities with
depth (Foti et al, 2018; Park et al, 1999). The MASW
technique assumes that the subsurface is a laterally
homogeneous layered earth media, in which the average

[ 10|



Handoyo et al.

velocity can be assigned to the middle of the receiver
spread (Foti et al., 2018; Socco et al., 2010). The MASW
method (acquisition, computation and analysis) allows
us to investigate shallow subsurface structures in detail,
particularly structural features characterized by lateral
changes in the seismic velocities. The sensitivity of depth
penetration is influenced by several parameters: i) the natural
frequency of the observed seismic signal; ii) the array setup
(geometry) used for collecting data; iii) the instrument
frequency-bandwidth and iv) the velocity sediment/rock
of the site (Foti et al, 2018; Park and Carnevale, 2010).
Therefore, MASW can be used to characterize lateral shear
wave velocity changes in the shallow subsurface.

Following the conventional MASW analysis, in this
study we employed surface wave dispersion curves (a total
of 416) derived from multiple shot gathers to infer 1D and
2D Vs-depth models. The signal frequencies ranged from
5-10Hz to 45-50Hz ( ). These frequencies were
shown to be sensitive to geological discontinuities at depth,
with high frequencies placing constraints on the shallow
layers and low frequencies providing information of deeper
levels. In addition, the shallowest depth of investigation
(Zmin) is resolvable between A_min/3< Zmin < A_min/2,
where Amin~2dx (dx is the receiver spacing). Meanwhile,
the maximum wavelength Amax corresponds to the array
length L, where the value is about A_max=L (Park and
Carnevale, 2010). In practice, the expected maximum depth
of examination is about from A_max/3< Zmax <A_max/2
(Foti et al., 2018). According to the acquisition geometry
of this profile ( ), the best resolution is obtained
between ~2m and ~150m ( ).

The use of high-resolution Vs and Vp models,
together with the surface geology information (trench and
geological mapping) can help to increase confidence in
the determination of the shallow subsurface structures and
the characterization of the critical zone (Handoyo er al,
2022; Ivanov et al., 2006; Miller et al, 2000; Rempe and
Dietrich, 2014). This work provides a successful example of
combination of a P-wave tomography and MASW to unravel
the shallow subsurface structure in an active tectonic setting.
The Vp model provides a reliable image down to ca. 250m
and allows to identify stratigraphic contacts and faults. The
Vs model complements the Vp model by showing areas of
damage due to intense tectonization, and subsequent more
intense fluid circulation. The combined interpretation of the
resulting Vs and Vp models allows us to characterize: i) the
thickness of the critical zone, Unidad Roja and alluvial fans;
ii) the depth of the contact between the Messinian and the
Tortonian rocks; iii) the geometry of the Algezares-Casas
Nuevas Fault; iv) blind faults and a damaged area associated
to the Algezares-Casas Nuevas Faults and v) a new slip rate
estimation for the Algezares-Casas Nuevas Fault. These
outcomes are discussed in the following sections.
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Thickness of the critical zone, Unidad Roja and
alluvial fans

The high-resolution Vp model presented here has
allowed us to accurately locate the contact of the shallower
geological units: i) the Unidad Roja and the Quaternary
alluvial fan deposits towards the north of F2 and ii) a
meteorized layer of marlstone towards the south of F2 (

). The maximum thickness of the Unidad Roja and the
Quaternary deposits is identified under the Guadalentin
Depression, where they show a thickness of ca. 50m.
Complementary, the Vs model provides information about
the thickness of the critical zone and a damage area (

) (Handoyo ef al., 2022).

Towards the south, F2 shows two strands that most
probably merge at depth and form a monocline in the
hanging wall, as observed in the surface. The Unidad Roja
outcrops until ca. 650m along the study profile ( ) and
south of this position. The Messinian rocks show also a very
low seismic velocity in the first tens of meters, which may
correspond to a weathered layer of marlstone. There, the
critical zone is formed by different layers of disaggregated
materials and weathered bedrock, the so-called regolith,
and jointed/fresh bedrock (Befus ef al, 2011; Rempe and
Dietrich, 2014) that in our profiles is as a layer subparallel
to the surface in the Vs model.

Taking a closer look at this layer in the elevated area
towards the south of F2, a small thickness difference at
both sides of the point of highest elevation at a distance
of ca. 600-1000m corresponds to the monocline on the
hanging wall of F2. It is relevant to point out that this small
thickness difference between the northern facing and south
facing slopes is also detected in the un-smoothed velocity
model ( ). This thin layer of slow Vp and Vs to the
south of F2 could be considered as a relatively thin blanket
of heterogeneous deposits, loose and unconsolidated
rocks (Type IV and V in ) (Francisca and Bogado,
2019) and where fluids flow recharging and/or discharging
the aquifers. This domain would be consistent with the
regolith. Thicker regolith on north facing slopes compared
with south facing slopes of the monocline has been
reported from geophysical studies (Befus ef al, 2011;
Rempe and Dietrich, 2014; St Clair et al., 2015). In these
areas, the interaction of tectonic stresses with topography
influences the thickness of the regolith. In the study area,
the thickness of this shallow layer is strongly influenced by
the overall oblique reverse deformation that characterizes
the surroundings of the Algezares-Casas Nuevas Fault.

Depth of the Messinian-Tortonian contact

The stratigraphic series in this profile is, from deepest
to shallowest: i) Tortonian: limestone sandstones, marls
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FIGURE 7. Geological interpretation of the: A) Vp model. Numbers 1, 1’ and 2, 2’ represent the points used to calculate the vertical slip rate of the

Algezares-Casas Nuevas fault (see text for details) and B) Vs model.

and gypsum; ii) Messinian: conglomerates, sandstone and
limestone, and marls in contact with Unidad Roja; iii) Plio-
middle Pleistocene-Unidad Roja: cemented conglomerates;
iv) Quaternary: conglomerates less consolidated, the more
recent generations are unconsolidated sediments (gravels,
sands and silts).

The contact Tortonian-Messinian is marked by
conglomerates and sandstones in the Messinian base and
marls in the Tortonian top. We have interpreted that the
contact between the Messinian and the Tortonian rocks is
located along the Vp contrast of 3500m/s to 4500m/s. This
model reveals a thickness for the Messinian rocks range
from ~50m between F1 and F2, to 170m immediately south
of F2 (Fig. 7A). The thickness of the Messinian inferred
from geological mapping in the vicinity of the profile varies
between 40m and 100m. This is coherent with the contrasts
observed in the velocity models and the thickness obtained.
This boundary is located at 80-90m below sea level in the
southern part of the profile (number 1 in Fig. 7A) and at
172m depth to the northern end of the profile (number 2 in
Fig. 7A). The lateral variation on the depth of this boundary
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may suggest the existence of blind faults that may disrupt
it and would contribute to increase the damage reducing
the Vs values under the Guadalentin Depression (Fig. 7B).

Geometry of the Algezares-Casas Nuevas Fault

The high-resolution seismic velocity models presented
here allow us to identify the structure of the strands of
the Algezares-Casas Nuevas Fault (Fig. 7). F1 and F2
correspond to relatively low-angle N-vergent faults which
would merge at depth (as proposed by Martin-Banda et
al., 2016), although the depth resolution of our models is
not enough to image that geometry. In addition, we have
interpreted two blind faults to the south of F2 and one blind
fault between F1 and F2 based on the displacement of the
Messinian-Tortonian contact at distances ca. 200m, 600m,
and 950m at the depth between 50m to Om (in Fig. 7A).

In Figure 6B, F1 is positioned at a distance of ca.
1400m and F2 at a distance of ca. 900m base on their
outcrops. From Figure 7A and B, based on the Vp and
Vs models, F1 is depicted following the outcrops data
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that dipping to the south until a depth of ca. 80-100m
with the velocity Vp 1700-2000m/s and Vs 600-800m/s.
Furthermore, in the deeper zone (Messinian-Tortonian
contact), the F1 fault is not characterized by Vs model.
The F1 fault is interpreted by velocity Vp 3000-3500m/s
at the depth of ca. Om to -20m. Meanwhile, near the
surface (Unidad Roja-Messininian contact), the F2 fault
is characterized by velocities of Vp 1500-2000m/s and Vs
600-800m/s at a depth of 150m to the surface. Then, at a
depth of about 0-30m (Messinian-Tortonian contact), the
fault F2 is represented by the velocity Vp 3000-3500m/s. In
addition, the fault propagation anticline in the Unidad Roja
associated to F1 could be extended deeper connecting with
an area where a south vergent thrust is interpreted to uplift
the Tortonian rocks between F1 and F2.

Indeed, F1 and F2 are relatively low-angle oblique reverse
faults that displace the Unidad Roja and the middle-upper
Pleistocene alluvial fans and, therefore, with activity during
the Quaternary (Martin-Banda et al., 2016). Between F1 and
F2, the rocks of the Unidad Roja form an anticline in the
hanging wall of F1. In turn, the southern strand, F2, may be
formed by several branches which may merge at ca. 30-40m
above sea level, carrying in its hanging wall a monocline
structure. This monocline could be linked to a blind fault on
the Messinian-Tortonian contact at a distance of ca. 600m
and at ca. Om above sea level may have led to a change in the
bedrock height levels, with implications for tectonic stress in
the sub-vertical direction to the surface.

Blind faults and damage zone under the Guadalentin
Depression

Fracture systems can play a key role in weathering
processes, as they represent pathways for fluid flow,
facilitating the interactions of corrosive fluids with minerals
and allowing the drainage of neutral (chemically balanced)
brines. There is an almost linear relationship between the
density of cracks and the decrease in the elastic modulus
and thus with the Vs. Theoretical studies by Budiansky
and O’Connell (1980) and references therein, derive
seismic velocity in terms of aspect ratios (thickness/length)
considering the fractures as cracks geometrically described
as oblate ellipsoids, and the elastic properties of the matrix
and fluids. The larger the concentration of fractures, the
higher the degree of weathering interaction and, therefore,
the lower the Vs. The differences in the values of velocity
anomalies between the interpreted fractures (F1 and
F2), probably reflect the effect of the different degree of
fracturing and, therefore, of weathering.

Under the Guadalentin Depression, the Vp model
reveals up to two south-vergent blind thrusts that disrupt the
Messinian/Tortonian contact. We interpret these structures
as strands of the Alhama de Murcia Fault which crops out
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further north, in the northern border of the Guadalentin
Depression. Indeed, several branches of the Alhama de
Murcia Fault have been interpreted based on gravimetric
data (Amores et al, 2002, 2021), which characterized a
highly tectonized area under the Guadalentin Depression.
The gravimetric data (density models) obtained in this study
was carried out with a trajectory stretching from Carrascoy
Fault to AMF through the Guadalentin Depression in the
middle. The interpretation of the geological structure from
the density model shows that there are several faults under
the Guadalentin Depression, which are probably the branches
of the AMF Base on the low-velocity under the Guadalentin
Depression, we interpret this area as a damage zone (

). Therefore, under the Guadalentin Depression, a high
density of blind faults would have intensely tectonized the
area, allowing fluids to infiltrate lowering the Vs values
(700-900m/s). The low velocities would then be related to
fracturing and local weathering that would reduce the shear
modulus value and associated to weathering. In the same
area of the Vp profile, not a significant decrease of the Vp
is identified (~3000m/s), suggesting that the damage area
is caused by high fluid circulation that affected mainly the
Vs. In addition to the outcropping strands of the Algezares-
Casas Nuevas Fault, we interpret the presence of a blind south
vergent thrust that plays most probably in F1 and that forms
an antiform on its hanging wall at the distances ca.1650m and
2100m ( ). Furthermore, two blind faults are mapped
at 50m and 100m below sea level, slightly displacing at the
Messinian-Tortonian contact/displacement. In the Vs model
( ), the Algezares-Casas Nuevas Fault (area between F1
and F2) is interpreted as a contrast area where a reduction of
the Vs may indicate a more tectonized or altered zone.

Slip rate estimations

Based on the above, the shallow subsurface structures
in the southern Guadalentin Depression and northernmost
edge of the Carrascoy Range have been unraveled. Here,
we provide an image of the first 250m depth of the area
allowing us to identify the structure at depth of outcropping
faults, the locus of several blind thrusts, the thickness
variations in the Upper Miocene units, as well as areas of
intense fluid circulation.

In addition, the identification of the Messinian/
Tortonian and Unidad Roja/Messinian contacts in both
blocks of the Algezares-Casas Nuevas Fault enables us
to estimate an apparent vertical slip rate knowing that the
onset of the formation of the fault was around 209.1+6.2ka
(average value from Martin-Banda et al, 2016).
Specifically, the Messinian/Tortonian contact apparent
vertical displacement from one block to the other is quoted
in 135+15m (points 1 and 1’ respect to points 2 and 2’ in

). This displacement is consistent and practically
identical, 140+20m, taking as reference the Unidad Roja/
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Messinian contact respect to the base of the outcrop of
the Messinian on the upthrown block located southwards
of the seismic profile. Considering these displacements
accumulated since the onset of fault activity in 209.1ka, we
calculate a vertical slip rate of 0.66+0.06m/ky considering
the error propagation from the displacement measurements
as well as for the time. This value is slightly higher than
the 0.34+0.02m/ky (Ferrater et al., 2017) and 0.37+0.08m/
ky estimated by Martin-Banda et al (2016), and lower
than the 1.3+0.2m/ky, calculated based on GPS data in the
Alhama de Murcia Fault (Echeverria et al., 2013). However,
our estimated value is very similar to the 0.64+0.4m/ky
established for the net slip rate along the NE Segment
of the Carrascoy Fault for the last 220ky (similar period)
(Martin-Banda et al, 2021). This difference in the slip
rate calculated is not surprising, as previous values were
calculated in a different part of the same fault, where the
Algezares-Casas Nuevas Fault features one major strand,
and according to the restitution of the top of the Unidad
Roja based on data from trenches (Martin-Banda ef al,
2016). Our slip rate value is estimated from the apparent
displacement of the Messinian-Tortonian contact in an
area where the Algezares-Casas Nuevas Fault depicts a
complex geometry of fault strands that may have played a
role displacing the Messinian-Tortonian contact.

On the basis of the above, we can conclude that Vp
tomography provides a reliable image of the subsurface and
that combined with MASW allow to image the geometry
of the shallow structure (Anderson, 2015; Anderson et al.,
2011, 2013; Parsekian et al, 2015; St Clair et al., 2015),
where tectonized or altered areas represent preferential paths
for fluids. Both methodologies combined are useful for the
characterization of the critical zone that comprises the regolith
and the jointed/fresh bedrock. To further study the stress
interaction between strike-slip and oblique reverse tectonics,
the kinematics of the blind faults that could represent a
higher risk as previously though, and the lateral continuations
of the active structures, a multidisciplinary coincident 3D
geophysical data is required, including resistivity and Lidar,
among others (Anderson ef al, 2013; Leone et al, 2020).
Further work will provide new Vp and Vs models along
other faults of the EBSZ providing a larger picture of the
shallow subsurface structure of this strike-slip system. The
combination of methods presented in this article represent
valuable high-resolution resources for the characterization
of the shallow subsurface in tectonically active regions,
improving seismic hazard models and reducing the potential
risk caused by active structure zones in the other areas.

CONCLUSIONS

The P-wave velocity model and Multichannel Analysis
of Surface Waves (MASW) have been applied to unravel the
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shallow subsurface structure of one of the most active fault
systems in the Iberian Peninsula, the Eastern Betics Shear
Zone (EBSZ). Specifically, we have sampled the Algezares-
Casas Nuevas Fault, a relatively low-angle oblique reverse
fault located in a left-lateral strike-slip fault system
between the Carrascoy range and the southern border of the
Guadalentin Depression. In this study, we provide new P-
and S-wave velocity (Vp and Vs respectively)-depth models,
reaching a maximum depth of 250m. P-wave velocity
was determined from the Delta-t-v method and S-wave
velocities are estimated from the surface waves recorded
within the control source shot records of conventional
seismic reflection data (MASW).

The interpretation of these models has allowed us to
identify significant features of the subsurface: i) the critical
zone and thickness of the Pliocene-Holocene sedimentary
cover; ii) the depth of the contact between the Messinian and
the Tortonian rocks; iii) the geometry of the strands of the
Algezares-Casas Nuevas Fault and iv) the location of blind
faults and a damaged area associated to Algezares-Casas
Nuevas Faults and possibly to the Alhama de Murcia Fault.
Additionally, it has allowed us to calculate a new vertical
slip rate estimate for the Algezares-Casas Nuevas Fault.
The critical zone along the study profile consists of a layer
of low Vp and Vs parallel to the surface and slightly thicker
to the north of the profile, the Guadalentin Depression. This
layer is mainly formed by sediments of the Pliocene-Middle
Pleistocene (Unidad Roja) and the Plio-Quaternary alluvial
sediments in the Guadalentin Depression and towards the
southern part, it corresponds to weathered Messinian
marlstone. The depth of the Messinian/Tortonian boundary
is identified along the Vp profile as a contrast of 3500
to 4500m/s. The apparent disruption of the interpreted
surface allowed us to interpret at least two antithetic faults.
The Algezares-Casas Nuevas Fault is interpreted to be
formed mainly by two major N-verging strands (F1 and F2),
although other related blind faults can also be interpreted.
It is noteworthy the presence of a blind S-verging thrust
between F1 and F2 that may form an antiform in its hanging
wall. Under the Guadalentin Depression, two S-verging
blind faults are interpreted disrupting the Messinian/
Tortonian boundary. Those structures could be related to
strands of the Alhama de Murcia Fault, which crops out in
the northern border of the Guadalentin Depression, about
S5km from these S-verging structures. Specifically, the
southernmost part of the Guadalentin Depression features
very low Vs under the critical zone. We interpret this as a
damage zone resulted from an intense fluid circulation in
the aquifers. Finally, we propose a slip rate of 0.66+0.06m/
ky (in the last 209.1+6.2ky) for the Algezares-Casas Nuevas
Fault based on the depth of both the Unidad Roja/Messinian
and Messinian/Tortonian contacts south of F2 and to the
north of this damage zone identified in the Vs model. This
work represents a successfully combined MASW and
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P-wave tomography study to unravel the shallow subsurface
structure of a tectonically active zone.

ACKNOWLEDGMENTS

The authors would like to acknowledge the project
INTERGEO (CGL2013-47412-C2-1-P) GEO3BCN-
CSIC for the data access. Data are public access through
SeisDARE (DeFelipe ef al, 2021), dataset Marti et al.
(2015). The Ministry of Education and Culture of the
Republic of Indonesia is thanked for the main author’s
Ph.D. scholarship (D3.2/KD.02.01/2019). JA is funded
by MICINN (1JC2018-026335-I). I.P is funded by the
Spanish Government and the Universidad de Salamanca
(Beatriz Galindo grant BEGAL 18/00090). IDF is funded
by a FEDER-Junta de Castilla y Le6n Postdoctoral contract
(SA0084P20). We thank the GIPP-GFZ, (Germany) and
Lisbon University (Portugal) for the instrumentation
provided. Generalitat de Catalunya (AGAUR) grant
2017SGR1022 (GREG); EU (H2020) 871121 (EPOS-
SP); and EIT-RawMaterias 17024 (SITAME). We sincerely
thank Seismic Unix CWP (Center for the Wave Phenomena,
Colorado School of Mines (Cohen and Stockwell, 2019)).
We also thank all the people involved directly or indirectly
in this work.

REFERENCES |

Adel, M.E., Mohamed, A.S.A., Abu El Ata, E, Abdel Azim, Taha,
M.A., 2013. Site-specific shear wave velocity investigation
for geotechnical engineering applications using seismic
refraction and 2D multi-channel analysis of surface waves,
NRIAG Journal of Astronomy and Geophysics, 2(1), 88-101.
DOI: 10.1016/j.nrjag.2013.06.012

Aki, K., Richards, PG, 1980. Quantitative seismology: Theory
and methods (Vol. 1). San Francisco, W. H. Freeman and
Company. 932pp.

Alcalde, J, Marti, D., Juhlin, C,, Malehmir, A., Sopher, D., Saura,
E., Marzan, 1., Ayarza, P, Calahorrano, A., Pérez-Estaun, A.,
Carbonell, R., 2013. 3-D reflection seismic imaging of the
Hontomin structure in the Basque—Cantabrian Basin (Spain).
Solid Earth, 4(2), 481-496. DOI: https://doi.org/10.5194/se-
4-481-2013

Alfaro, P, Delgado, J, Estévez, A., Soria, JM., Yébenes, A.,
2002. Onshore and offshore compressional tectonics in
the eastern Betic Cordillera (SE Spain). Marine Geology,
186(3-4), 337-349. DOI: https://doi.org/10.1016/S0025-
3227(02)00336-5

Amores Lahidalga, R., Hernandez-Enrile, J. Martinez-Diaz,
J, 2002. Sobre los factores relacionados con la evaluacion
de la peligrosidad sismica en la region de Murcia. Madrid
(Spain), 2° Congreso Iberoamericano de Ingenieria Sismica,
Asociacion Espaiiola de Ingenieria Sismica, 13pp.

Geologica Acta, 20.9, 1-19 (2022)
DOI: 10.1344/GeologicaActa2022.20.9

Characterization of the shallow subsurface structure using P-wave tomography and MASW

Amores, R., Hernandez-Enrile, J, Martinez-Diaz, J, 2021.
Estudio gravimétrico previo aplicado a la identificacion de
fallas ocultas como fuentes sismogenéticas en la Depresion
de Guadalentin (Region de Murcia). Geogaceta, 32, 307-310.

Anderson, S.P, Anderson, R.S., Hinckley, E.L.S., Kelly, P, Blum,
A., 2011 Exploring weathering and regolith transport controls
on critical zone development with models and natural
experiments. Applied Geochemistry, 26, S3-S5. DOI: https://
doi.org/10.1016/j.apgeochem.2011.03.014

Anderson, R.S., 2015. Pinched topography initiates the Critical
Zone. Science, 350, 506-507. DOI: 10.1126/science.aad2266

Anderson, R.S., Anderson, S.P, Tucker, GE., 2013. Rock damage
and regolith transport by frost: an example of climate
modulation of the geomorphology of the critical zone.
Earth Surface Processes and Landforms, 38, 299-316. DOI:
10.1002/esp.3330

Ando, R., Yamashita, T, 2007. Effects of mesoscopic-scale
fault structure on dynamic earthquake ruptures: Dynamic
formation of geometrical complexity of earthquake faults.
Journal of Geophysical Research Solid Earth, 112, B09303.
DOI: 10.1029/2006JB004612

Anselmetti, E, Eberli, G, 1993. Controls on sonic velocity in
carbonates. Pure and Applied Geophysics, 141(2), 287-323.

Argus, D.E, Gordon, R.G, Heflin, M.B., Ma, C, Eanes, R., Willis,
P, Peltier, WR., Owen, S.E., 2010. The angular velocities
of the plates and the velocity of Earth’s centre from space
geodesy. Geophysical Journal International, 180(3), 913-960.
DOTI: https://doi.org/10.1111/j.1365-246X.2009.04463.x

Banda, E., Ansorge, I, 1980. Crustal structure under the central
and eastern part of the Betic Cordillera. Geophysical Journal
International, 63, 515-532. DOI: 10.1111/j.1365-246x.1980.
tb02635.x

Befus, K.M., Sheehan, A.E, Leopold, M., Anderson, S.P, Anderson,
R.S., 2011. Seismic Constraints on Critical Zone Architecture,
Boulder Creek Watershed, Front Range, Colorado. Vadose
Zone Journal, 10(3), 915-927. DOI: 10.2136/vzj2010.0108

Boness, N.L., Zoback, M.D., 2004, Stress-induced seismic velocity
anisotropy and physical properties in the SAFOD Pilot Hole
in Parkfield, CA. Geophysical Research Letters, 32, L15S17.
DOTI: https://doi.org/10.1029/2003GL019020

Brown, E.T,, 1981. Rock Characterization, Testing and Monitoring:
ISRM Suggested Methods. Oxford, Pergamon Press, 211pp.

Bruno, PP, Improta, L., Castiello, A., Villani, E, Montone, P, 2010.
The Vallo di Diano Fault System: New Evidence for an Active
Range-Bounding Fault in Southern Italy Using Shallow, High-
Resolution Seismic Profiling. Bulletin of the Seismological
Society of America, 100(2), 882-890. DOI: https://doi.
org/10.1785/0120090210

Budiansky, B., O’Connell, R.J, 1980. Bulk dissipation in
heterogeneous media. Solid Earth Geophysics and
Geotechnology, New York. American Society of Mechanical
Engineers, 42, 1-10.

Catchings, R.D., Rymer, M.J, Goldman, M.R., Sickler, R.R., Criley,
CJ, 2014. A Method and Example of Seismically Imaging
Near[]Surface Fault Zones in Geologically Complex Areas

|15 |



Handoyo et al.

Using Vp, Vs, and their Ratios. Bulletin of the Seismological.
Society of America, 104(4), 1989-2006. DOI: https://doi.
org/10.1785/0120130294

Catchings, R.D., Hernandez, J, Goldman, M.R., Chan, JH.,
Sickler, R.R., Olson, B., Criley, C.J, 2020. 2018 U.S. Geological
Survey—California Geological Survey fault-imaging surveys
across the Hollywood and Santa Monica Faults, Los Angeles
County, California. U.S. Geological Survey Open-File Report,
1049, 42pp. DOL: https://doi.org/10.3133/0fr20201049

Cohen, JK., Stockwell, JWJr.,, 2019 The New SU User’s Manual.
Center for Wave Phenomena, Colorado School of Mines.
Version 4.6: July 2019, 177pp. Available at: https://nextcloud.
seismic-unix.org/index.php/s/wZNoFCfJdXj5iKB

Constable, S.C, Parker, R.L., Constable, C.G, 1987. Occam’s
Inversion: a practical algorithm for generating smooth models
from EM sounding data. Geophysics, 52, 289-300.

De Larouziere, E, Montenat, C., Ott O’Estevou, P, Griveaud,
P, 1987. Evolution simultanée des basin néogenes en
compression et en extension dans un couloir de décrochement:
Hinojar et Malarron (Sud Est de I’Espagn). Elf (Aquitaine),
Bulletin-Centres de Recherches Exploration-Production, 11,
23-38.

De Larouziére, ED., Bolze, J, Bordet, P, Herndndez, I,
Montenat, C, Ott d’Estevou, P, 1988. The Betic segment
of the lithospheric Trans-Alboran shear zone during the
Late Miocene. Tectonophysics, 152(1-2), 41- 52. DOLI:
10.1016/0040-1951(88)90028-5

DeFelipe, 1., Alcalde, J, Ivandic, M., Marti, D., Ruiz, M., Marzan,
I, Diaz, J, Ayarza, P, Palomeras, 1., Fernandez-Turiel, J-L.,
Molina, C., Bernal, 1., Brown, L., Roberts, R., Carbonell, R.,
2021. Reassessing the lithosphere: SeisDARE, an open access
seismic data repository. Earth System Science Data, 13, 1053-
1071. DOLI: 10.5194/essd-13-1053-2021

deGroot-Hedlin, C., Constable, S., 1990, Occam's inversion
to generate smooth, two-dimensional models from
magnetotelluric data. Geophysics, 55, 1613-1624. DOI:
http://dx.doi.org/10.1190/1.1442813

DeMets, C, Iaffaldano, G., Merkouriey, S., 2015. High-resolution
Neogene and Quaternary estimates of nubia-eurasia-north
America plate motion. Geophysical Journal International,
203, 416-427. DOI: 10.1093/gji/ggv277

Eberhart-Phillips, D., Michael, A.J, 1998, Seismotectonics of
the Loma Prieta, California, region determined from three-
dimensional Vp, Vp/Vs, and seismicity. Journal of Geophysical
Research, 103, 21099-21120.

Eberli, G.P, Baechle, G.T., Anselmetti, ES., Incze, M.L., 2003.
Factors controlling elastic properties in carbonate sediments
and rocks. Lead Edge, 22, 654-660. DOI: 10.1190/1.1599691

Echeverria, A., Khazaradze, G., Garate, J, Asensio, A., Masana,
E., Surinach, E., 2011. Present-day GPS crustal deformation
rates in the Eastern Betics (SE Spain). Geophysical Research
Abstracts 13, EGU 2011, EGU General Assembly 2011,
Viena, 8005.

Echeverria, A., Khazaradze, G, Asensio, E., Garate, J, Dévila, J.
M., Surinach, E., 2013. Crustal deformation in eastern Betics

Geologica Acta, 20.9, 1-19 (2022)
DOIl: 10.1344/GeologicaActa2022.20.9

Characterization of the shallow subsurface structure using P-wave tomography and MASW

from CuaTeNeo GPS network. Tectonophysics, 608, 600-612.
Feenstra, J, Thurber, C, Townend, J, Roecker, S., Bannister, S.,
Boese, C, Lord, N., Bourguignon, S., Eberhart-Phillips,
D, 2016. Microseismicity and P-wave tomography of
the central Alpine Fault, New Zealand. New Zealand
Journal of Geology and Geophysics, 59(4), 483-495. DOI:
10.1080/00288306.2016.1182561

Ferrater, M., Ortufio, M., Masana, E., Martinez-Diaz, JJ, Pallas,
R., Perea, H., 2017. Lateral slip rate of Alhama de Murcia fault
(SE Iberian Peninsula) based on a morphotectonic analysis:
Comparison with paleoseismological data. Quaternary
International, 451, 87-100. DOI: http://dx.doi.org/10.1016/j.
quaint.2017.02.018

Foti, S., Hollender, E, Garofalo, E, Albarello, D., Asten, M., Bard,
PY.,, Socco, V, 2018. Guidelines for the good practice of
surface wave analysis: A product of the InterPACIFIC project.
Bulletin of Earthquake Engineering, 16(6), 2367-2420.

Francisca, EM., Bogado, GO, 2019. Weathering effect on the
small strains elastic properties of a residual soil. Geotechnical
and Geological Engineering, 37, 4031-4041. DOI: https://doi.
org/10.1007/s10706-019-00891-4

Garcia-Mayordomo, J, 2005. Caracterizacion y analisis de la
peligrosidad sismica en el sureste de Espafia. Dissertation
Thesis. Madrid (Spain), Universidad Complutense de Madrid,
379pp.

Garcia-Mayordomo, J, Gaspar-Escribano, JM., Benito, B., 2007.
Seismic hazard assessment of the Province of Murcia (SE
Spain): analysis of source contribution to hazard. Journal of
Seismology 11, 453-471. DOI: 10.1007/s10950-007-9064-0

Garcia-Mayordomo, I, Insua-Arévalo, IM., Martinez-Diaz, 1J,
Jiménez-Diaz, A., Alvarez-Gomez, JA., Pérez-Lopez, R.,
Martin-Banda, R., Martin-Alfagemel, S, Alvarez-Gémez,
JA., Rodriguez-Peces, M., Pérez-Lopez, R., Rodriguez-
Pascua, M.A., Masana4, E., Perea, H., Martin-Gonzalez, E,
Giner-Robles, J, Nemser, E.S., Cabral, J, QAFI Compilers.,
2012. The Quaternary Active Faults Database of Iberia v 0.1.
Journal of Iberian Geology, 38, 285-302. DOI: 10.5209/rev_
JIGE.2012.v38.n1.39219

Garcia-Mayordomo, J, Martin-Banda, R., Insua-Arévalo, JM.,
Alvarez-Gémez, JA., Martinez-Diaz, 1], Cabral, J, 2017.
Active fault databases: building a bridge between earthquake
geologists and seismic hazard practitioners, the case of
the QAFI v.3 database Natural Hazards and Earth System
Sciences, 17, 1-23. DOI: 10.5194/nhess-2017-128

Gaspar-Escribano, JM., Benito, B., Garcia-Mayordomo, I, 2008.
Hazard-consistent response spectra in the Region of Murcia
(Southeast Spain): Comparison to earthquake-resistant
provisions. Bulletin of Earthquake Engineering, 6, 179-196.
DOI: 10.1007/s10518-007-9051-4

Gazdova, R., Kolinsky, P, Vilhelm, J, Valenta, J,, 2015. Combining
surface waves and common methods for shallow geophysical
survey. Near Surface Geophysics, 13(1), 19-32. DOI:
10.3997/1873-0604.2014039

Gebrande, H., Miller, H., 1985. Refraktionsseismik. Angewandte
Geowissenschaften, II, 226-260.

|16 |



Handoyo et al.

Gomez-Novell, O, Garcia-Mayordomo, J., Ortufio, M., Masana, E.,
Chartier, T, 2020. Fault System-Based Probabilistic Seismic
Hazard Assessment of a Moderate Seismicity Region: The
Eastern Betics Shear Zone (SE Spain). Frontiers Earth
Science, 8, 579398. DOI: 10.3389/feart.2020.579398

Gracia, E., Pallas, R., Soto, JI., Comas, M., Moreno, X., Masana,
E., Santanach, P, Diez, S., Garcia, M., Dafiobeitia, I, 2006.
Active faulting offshore SE Spain (Alboran Sea): Implications
for Earthquake hazard assessment in the south Iberian margin.
Earth and Planetary Science Letters, 241, 734-749. DOIL:
https://doi.org/10.1016/j.eps1.2005.11.009

Handoyo, H., Alcalde, J, DeFelipe, L., Palomeras, 1., Martin-Banda,
R., Garcia-Mayordomo, J, Marti, D., Martinez-Diaz, 1], Insua-
Arévalo, JM., Teixido, T, Marzan, 1., Carbonell, R., 2022.
Geophysical Imaging of the Critical Zone along the Eastern
Betic Shear Zone (EBSZ), SE Iberian Peninsula. Applied
Sciences, 12, 3398. DOI: https://doi.org/10.3390/app12073398

Haney, M.M., Qu, L., 2010. Rayleigh wave dispersion curve
inversion: Occam versus L1 Norm. Society of Exploration
Geophysicists, Denver SEG Annual Meeting, Expanded
Abstracts, 1871-1876. DOI: 10.1190/1.3513206

lacopini, D., Butler, R.-WH., Purves, S., McArdle, N., De Freslon,
N., 2016. Exploring the seismic expression of fault zones in
3D seismic volumes. Journal of Structural Geology, 89, 54-73.
DOIL: https://doi.org/10.1016/].jsg.2016.05.005

Improta, L., Bruno, PP, 2007. Combining seismic reflection with
multifold wideaperture profiling: An effective strategy for
high-resolution shallow imaging of active faults. Geophysical
Research Letter, 34, 1.20310. DOI: 10.1029/2007GL031893

Instituto Geoldgico y Minero de Espana (IGME), 2015. QAFI
v.3: Quaternary Faults Database of Iberia. Instituto Geologico
y Minero de Espana (IGME), Last accessed: April 2020.
Website: http://info.igme.es/QAFI

Instituto Geografico Nacional-Universidad Politécnica de Madrid
(IGN-UPM), 2013. Actualizacién de mapas de peligrosidad
sismica de Espafia 2012. Centro Nacional de Informacion
Geogrifica, Instituto Geografico Nacional, 267pp. ISBN:
978-84-416-2685-0

Instituto Geogréafico Nacional (IGN), 2011. Serie terremoto
NE Lorca (Murcia). Madrid, Instituto Geografico Nacional
(IGN). Last accessed: 10 October 2021. Website: http://www.
ign.es/web/ign/portal/decimo-aniversario-lorca

Ivanov, J, Miller, R.D., Lacombe, B Johnson, C.D., Lane, JWJr,
2006. Delineating a shallow fault zone and dipping bedrock
strata using multichannel analysis of surface waves with a
land streamer. Geophysics, 71(5), 39-42. DOI: https://doi.
org/10.1190/1.2227521

Jerez, E, Leyva, E, Garcia-Tortosa, F J, Cabra, P, 2015. Geological
Map of Spain. Sheet 933-Alcantarilla, scale 1:50.00. Madrid,
Instituto Geologico y Minero de Espafia (IGME), 197pp.

Kanli, A.IL, Tildy, P, Pronay, Z., Pinar, A., Hermann, L., 2006.
VS30 mapping and soil classification for seismic site effect
evaluation in Dinar region, SW Turkey. Geophysical Journal
International, 165, 223-235. DOI: https://doi.org/10.1111/
j-1365-246X.2006.02882.x

Geologica Acta, 20.9, 1-19 (2022)
DOI: 10.1344/GeologicaActa2022.20.9

Characterization of the shallow subsurface structure using P-wave tomography and MASW

Key, K., 2009. 1D inversion of multicomponent, multifrequency
marine CSEM data: Methodology and synthetic studies for
resolving thin resistive layers. Geophysics, 74(2), FO-F20.
DOI: http://dx.doi.org/10.1190/1.3058434. Code at: http://
marineemlab. ucsd.edu/Projects/Occam/1 DCSEM

Khazaradze, G., Garate, J, Surifach, E., Davila, IJM., Asensio,
E., 2008. Crustal deformation in south-eastern Betics from
CuaTeNeo GPS network. Geotemas, 10, 1023-1026. DOI:
10.1016/j.tecto.2013.08.020

Lai, CG, Rix, GJ, 1999, Inversion of multi-mode effective
dispersion curves. In: Jamiolkowski, M., Lancellotta, R., Lo
Presti, D. (eds.). Pre- failure deformation characteristics of
geomaterials. Balkema, 411-418.

Lai, CG, Rix, GJ, Foti, S, Roma, V, 2002. Simultaneous
measurement and inversion of surface wave dispersion
and attenuation curves. Soil Dynamics and Earthquake
Engineering, 22, 923-930.

Lai, C.G, Foti, S,, Rix, G.J, 2005. Propagation of data uncertainty
in sur face wave inversion. Journal of Engineering and
Environmental Geophysics, 10, 219-228.

Leone, 1D., Holbrook, W.S., Riebe, C.S., Chorover, J, Ferré, TPA.,
Carr, B.J,, Callahan, R.P, 2020. Strong slopelJaspect control
of regolith thickness by bedrock foliation. Earth Surface
Processes and Landforms, 45, 2998-3010. DOI: 10.1002/
esp.4947

Mansfield, C.S., Cartwright, JA., 1996. High resolution fault
displacement mapping from three-dimensional seismic data:
evidence for dip linkage during fault growth. Journal of
Structural Geology, 18(2-3), 249-263.

Mari, JL., 1984. Estimation of static correction for shearwave
profiling using the dispersion properties of Love waves.
Geophysics, 49, 1169-1179.

Marti, D., Carbonell, R., Tryggvason, A., Escuder, J.,, Pérez-Estatin,
A., 2002. Mapping brittle fracture zones in three dimensions:
high resolution traveltime seismic tomography in a granitic
pluton. Geophysical Journal International, 149(1), 95-105.

Marti, D., Carbonell, R., Escuder-Viruete, J, Pérez-Estatn, A.,
2006a. Characterization of a fractured granitic pluton: P-and
S-waves’ seismic tomography and uncertainty analysis.
Tectonophysics, 422(1-4), 99-114.

Marti, D., Escuder-Viruete, J, Carbonell, R., Flecha, 1., Pérez-
Estaun, A., 2006b. Fault architecture and related distribution
of physical properties in granitic massifs: geological and
geophysical methodologies. Journal of Iberian Geology,
32(1), 95-112.

Marti, D., Carbonell, R., Flecha, 1., Palomeras, 1., Font-Cap6, J,
Vazquez-Suiné, E., Pérez-Estatin, A., 2008. High-resolution
seismic characterization in an urban area: Subway tunnel
construction in Barcelona, Spain. Geophysics, 73(2), B41-B50.

Marti, D, Teixido, T, Ardanaz, O., Davila, L., Martinez-Diaz, J.J.,
Mendes, M., Carbonell, R., 2015. Characterization of the 3D
internal structure of the Alhama de Murcia Fault (FAM) in
the segments Gonar-Lorca, Lorca-Totana and Totana-Alhama.
Dataset INTERGEO, DIGITAL.CSIC, DOI: 10.20350/
digital CSIC/8632

[17 |



Handoyo et al.

Martin-Banda, R., Garcia-Mayordomo, J, Insua-Arévalo, JM.,
Salazar, A.E., Rodriguez-Escudero, E., Alvarez-Gémez, JA.,
Medialdea, A., Herrero, M.J, 2016. New insights on the
seismogenic potential of the Eastern Betic Shear Zone (SE
Iberia): Quaternary activity and paleoseismicity of th SW
segment of the Carrascoy Fault Zone. Tectonophysics, 35, 55-
75. DOI: 10.1002/2015TC003997

Martin-Banda, R., 2020. Segmentacion y evolucion reciente del
Sistema de Fallas de la Sierra de Carrascoy: implicaciones en
su potencial sismogénico. Doctoral Thesis. Madrid (Spain),
Universidad Complutense de Madrid, 220pp.

Martin-Banda, R., Insua-Arévalo, IM., Garcia-Mayordomo, J,
2021. Slip Rate Variation During the Last -210 ka on a Slow
Fault in a Transpressive Regime: The Carrascoy Fault (Eastern
Betic Shear Zone, SE Spain). Frontier in Earth Science, 8,
599608. DOI: 10.3389/feart.2020.599608

Martinez-Diaz, JJ, 2002. Stress field variety related to fault
interaction in a reverse oblique-slip fault: The Alhama de
Murcia Fault, Betic Cordillera, Spain. Tectonophys, 356, 291-
305. DOI: 10.1016/S0040-1951(02)00400-6

Martinez-Diaz, JJ, BejarPizarro, M., Alvarez-Gémez, JA.,
Mancilla, Ed.L., Stich, D., Herrera, G., Morales, J, 2012a.
Tectonic and seismic implications of an intersegment rupture.
Tectonophysics, 546-547, 28-Q17 37. DOI: 10.1016/j.
tecto.2012.04.010

Martinez-Diaz, JJ, Masana, E., Ortufio, M., 2012b. Active
tectonics of the Alhama de Murcia fault, Betic Cordillera,
Spain. Journal of Iberian Geology, 38, 253-270. DOI:
10.5209/rev_JIGE.2012.v38.n1.39218

Martinez-Diaz, JJ, Alonso-Henar, J, Insua-Arévalo, JM.,
Canora, C, Garcia-Mayordomo, J, Rodriguez-Escudero, E.,
Alvarez-Gémez, JA., Ferrater, M., Ortufio, M., Masana, E.,
2019. Geological evidences of surface rupture related to a
seventeenth century destructive earthquake in Betic Cordillera
(SE Spain): constraining the seismic hazard of the Alhama
de Murcia fault. Journal of Iberian Geology, 45, 73-86. DOLI:
https://doi.org/10.1007/s41513-018-0082-2

Masana, E. Martinez-Diaz, JJ, Hernandez(Enrile, JL.,
Santanach, P, 2004. The Alhama de Murcia fault (SE Spain), a
seismogenic fault in a diffuse plate boundary: Seismotectonic
implications for the Ibero-Magrebian region. Journal of
Iberian Geology, 109, B01301. DOI: 10.1029/2002JB002359

Mattson, A., 2004. Tomographic imaging of late Quaternary
faulting, Oquirrh Mountains, Utah. Journal of Geophysical
Research, 109, B11310. DOI: 10.1029/2004JB003159

Menke, W, 1984. Geophysical data analysis: Discrete inverse
theory. San Diego, Academic Press, 260pp.

Miller, R.D.,, Park, C.B., Xia, J, Ivanov, JM., Laflen, D.R., 2000.
Potential of MASW to delineate fractures in the Winterset
Limestone at the Johnson County Landfill, Kansas. Kansas
Geological Survey, 27pp.

Montenat, C, Ott D’Estevou, P, Masse, P, 1987. Tectonic-
sedimentarv characters of the betics Neogene basins evolving in
a crustal transcurrent shear zone (SE Spain). Bulletin des Centres
Recherches Explaration - Production EIf-Aquitaine, 11, 1-22.

Geologica Acta, 20.9, 1-19 (2022)
DOIl: 10.1344/GeologicaActa2022.20.9

Characterization of the shallow subsurface structure using P-wave tomography and MASW

Nolet, G, 1993. Solving large linearized tomographic problems.
In: Iyer, HM., Hirahara, K. (eds.). Seismic Tomography,
theory and practice. London, Chapman and Hall, 227-247.

Odum, JK., Williams, R.A., Stephenson, WJ., Worley, D.M., von
Hillebrandt-Andrade, C., Asencio, E., Cameron, A., 2007.
Nearsurface shear wave velocity versus depth profiles, Vs 30,
and NEHRP classifications for 27 sites in Puerto Rico. U.S.
Geological Survey, iv, 43pp.

Olona, J, Pulgar, JA., Fernandez-Viejo, G, Ldpez-Fernandez,
C.,, Gonzalez-Cortina, JM., 2010. Weathering variations in a
granitic massif and related geotechnical properties through
seismic and electrical resistivity methods Near Surface
Geophysics, 8, 585-599. DOI: 10.3997/1873-0604.2010043

Palomeras, 1., Villasefior, A., Thurner, S., Levander, A.
Gallart, J, Harnafi, M., 2017. Lithospheric structure of
Iberia and Morocco using finite-frequency Rayleigh wave
tomography from earthquakes and seismic ambient noise.
Geochemistry, Geophysics, Geosystem, 18, 1824-1840. DOI:
10.1002/2016GC006657

Park, CB., Carnevale, M., 2010. Optimum MASW Survey -
Revisit after a Decade of Use. In: Fratta, D.O.,, Puppala,
A.J, Muhunthan, B. (ed.). GeoFlorida 2010: Advences
in Analysis. Modeling and Design, 1303-1312. DOI:
10.1061/41095(365)130

Park, CB., Miller, R.D, Xia, J, 1999. Multichannel analysis of
surface waves. Geophysics, 64, 800-808.

Parker, R.L., 1994. Geophysical Inverse Theory. Princeton (New
Jersey), Princeton University Press, 386pp.

Parsekian, A.D., Singha, K., Minsley, B.J, Holbrook, WS,
Slater, L., 2015. Multiscale geophysical imaging of the
critical zone. Reviews of Geophysics, 53, 1-26. DOI:
10.1002/2014RG000465

Press, WH., Teukosky, S.A., Vetterling, WT., Flannery, B.R, 1992.
Numerical recipes in C: The art of scientific computing.
Oxford, Cambridge University Press, Second Edition.

Rempe, DM., Dietrich, WE., 2014. A bottom-up control on
fresh-bedrock topography under landscapes. Proceedings of
the National Academy of Sciences, 111, 6576-6581. DOI:
10.1073/pnas. 1404763111

Rix, G.J, Lai, CG, 2005. SWAMI v. 1.2. 0—Surface Wave Modal
Inversion Software. Atlanta (Georgia), Georgia Institute of
Technology.

Rodriguez-Escudero, E., Martinez-Diaz, I, Alvarez-Gémez,
JA., Insua-Arévalo, JM., Capote del Villar, R., 2014.
Tectonic setting of the recent damaging seismic series in the
Southeastern Betic Cordillera, Spain. Bulletin of Earthquake
Engineering, 12, 1831-1854. DOI: 10.1007/s10518-013-
9551-3

Rohdewald, S.R., 2011. Interpretation of First-Arrival Travel
Times with Wavepath Eikonal Traveltime Inversion and
Wavefront Refraction Method. Symposium on the Application
of Geophysics to Engineering and Environmental. Problems
Proceedings, 31-38. DOI: 10.4133/1.3614086

Sénchez-Roldén, JL., Martinez-Diaz, J.J, Cantavella, .V, Alvarez-
Gomez, JA., Morales, J, 2021. Relocation of Seismicity in

|18 |



Handoyo et al.

the Guadalentin Tectonic Valley, Eastern Betics Shear Zone
(Southeast Iberia). Seismological Research Letters, 92(5),
3046-3064. DOLI: https://doi.org/10.1785/0220200341

Sanz de Galdeano, C., Azanon, JM., Cabral, J, Ruano, P,
Alfaro, P, Canora, C, Ferrater, M., Garcia-Tortosa, FEJ,
Garcia-Mayordomo, J, Grdcia, E. Insua-Arévalo, IM,
Jiménez-Bonilla, A., Gilles-Lacan, P, Marin-Lechado, C,
Martin-Banda, R., Martin-Gonzdlez, E, Martinez-Diaz, 1J.,
Martin-Rojas, 1., Masana, E., Ortuiio, M., Pedrera, A., Perea,
H., Simén, JL.,2020. Active Faults in Iberia. In: Quesada,
C, Oliveira, J. (eds.). The Geology of Iberia: A Geodynamic
Approach. Springer, Regional Geology Reviews, 33-75. DOI:
https://doi.org/10.1007/978-3-030-10931-8_4

Silva, PG, Goy, JL., Somoza, L., Zazo, C, Bardaji, T, 1993.
Landscape response to strike-slip faulting linked to collisional
settings: Quaternary tectonics and basin formation in the
Eastern Betics, southeastern Spain. Tectonophysics. 224, 289-
303. DOI: 10.1016/0040-1951(93)90034-H

Silva, PG, 1994. Evoluciéon Geodinamica de la depresion del
Guadalentin (Murcia) desde el Mioceno Superior hasta la
actualidad: Neotectonica y Geomorfologia. Doctoral Thesis.
Madrid (Spain), Universidad Complutense de Madrid, 642pp.

Silva, PG, Goy, JL., Zazo, C., Bardaji, T, 2003. Fault-generated
mountain fronts in southeast Spain: Geomorphologic
assessment of tectonic and seismic activity. Geomorphology,
50(1-3), 203-225. DOI: https://doi.org/10.1016/S0169-
555X(02)00215-5

Silva, PG, 2014. The Guadalentin Tectonic Depression,
Betic Cordillera, Murcia. In: Gutiérrez, E, Gutiérrez,
M. (eds.). Landscapes and Landforms of Spain. World
Geomorphological. Landscapes. Dordrecht, Springer, 25-
35pp. DOL: https://doi.org/10.1007/978-94-017-8628-7_2

Snieder, R., Trampert, J., 1999. Inverse problems in geophysics, in
Wavefield inversion. Springer Verlag, 119-190.

Socco, L.V, Foti, S., Boiero, D., 2010. Surface-wave analysis for
building near-surface velocity models-Established approaches
and new perspectives. Geophysics, 75(5), 75A83-75A102.
DOI: https://doi.org/10.1190/1.3479491

Sun, C.G,, Kim, B.H., Park, K.H., Chung, CK., 2015. Geotechnical
comparison of weathering degree and shear wave velocity in
the decomposed granite layer in Hongseong, South Korea.

Geologica Acta, 20.9, 1-19 (2022)
DOI: 10.1344/GeologicaActa2022.20.9

Characterization of the shallow subsurface structure using P-wave tomography and MASW

Environmental Earth Sciences, 74, 6901-6917. DOI: https://
doi.org/10.1007/s12665-015-4692-0

St. Clair, J, Moon, S., Holbrook, W.S., Perron, J. T, Riebe, C.S.,,
Martel, S.J, Carr, B, Harman, C, Singha, K., Richter, D.D,,
2015. Geophysical imaging reveals topographic stress control
of bedrock weathering. Science, 350, 534-538. DOI: 10.1126/
science.aab2210

Tarantola, A., Valette, B., 1982. Generalized Nonlinear inverse
problems solved using the Least Squares Criterion. Reviews
of Geophysics and Space Physics, 20(2), 219-232. DOI:
10.1029/RG020i002p00219

Thurber, CH., Atre, SR., 1993. Three-dimensional Vp/Vs
variations along the Loma Prieta rupture zone. Bulletin of the
Seismological Society of America, 83, 717-736.

Villani, E, Improta, L., Pucci, S., Civico, R., Bruno, PPG, Pantosti,
D, 2017. Investigating the architecture of the Paganica Fault
(2009 Mw 6.1 earthquake, central Italy) by integrating high-
resolution multiscale refraction tomography and detailed
geological mapping. Geophysical Journal International,
208(1), 403-423. DOI: https://doi.org/10.1093/gji/ggw407

Vissers, R.L.M., Meijninger, BM.L., 2011. The 11 May 2011
earthquake at Lorca (SE Spain) viewed in a structural-tectonic
context. Solid Earth, 2, 199- 204. DOI: 10.5194/se-2-199-2011

Wang, CY., Lin, W, Wu, ET, 1978, Constitution of the San
Andreas fault zone at depth. Geophysical Research Letters,
5,741-744.

Werthmiiller, D.,, 2017. An open-source full 3D electromagnetic
modeler for 1D VTI media in Python: empymod. Geophysics,
82(6), WB9-WB19.

Xia, I, Miller, R.D., Park, C.B,, 1999. Estimation of near-surface
shear-wave velocity by inversion of Rayleigh waves. Geophysics,
64, 691-700. DOI: http://dx.doi.org/10.1190/1.1444578

Xia, J, Miller, R.D., Park, C.B., Hunter, JA., Harris, 1B., 2000.
Comparing shearwave velocity profiles from MASW
technique with borehole measurements in unconsolidated
sediments of the Fraser River Delta. Journal of Environmental
and Engineering Geophysics, 5(3), 1-13.

Xia, I, Miller, R.D., Park, C.B., Hunter, J.A., Harris, J.B., Ivanov, J.,
2002. Comparing shearwave velocity profiles inverted from
multichannel surface wave with borehole measurements. Soil
Dynamics and Earthquake Engineering, 22, 181-190.

Manuscript received Novembre 2021;
revision accepted June 2022;
published Online September 2022.

[ 19|



