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A detailed seismic imaging profile of the subsurface beneath the Granada Basin (southern Spain) has been
generated using P-wave seismic interferometry applied to local microseismicity. The analysis, conducted along a
44 km long, SW-NE trending transect, used 117 well-located earthquakes (12-17 km depth) recorded by only
three local stations between 1984 and 2024. Our imaging methodology applies Common Interferometry Points
(CIPs), a geometric construction that approximates the stationary phase points for impulsive seismic sources.
CIPs provide a robust spatial organization of the interferometric traces, enabling improved stacking, enhanced
reflector continuity, and extensive subsurface illumination despite the sparse station coverage. The resulting
seismic section reveals the complex crustal architecture in the central part of the basin, including a mid-crustal
reflector at 10-15 km depth. This low-angle structure is interpreted as being part of the basal detachment of the
basin, decoupling the brittle upper crust from the ductile part. The detachment roots major normal faults that
generate horst-and-graben structures within the basin. Integration with four decades of instrumental seismicity
supports this structural interpretation and demonstrates the potential of the method to recover deep crustal

structure in tectonically active and logistically challenging regions.

1. Introduction

The Granada Basin (GB), located in southern Spain within the Betic
Cordillera, is a Neogene intramontane basin that represents a key area
for understanding the tectonic evolution of the western Mediterranean
region (Fig. 1A) (Rodriguez-Fernandez et al., 1984; Morales et al., 1990;
Galindo-Zaldivar et al., 1993; Booth-Rea et al., 2007; Azanén et al.,
2013). This basin lies at the boundary between the Internal and External
Betic domains, forming a geologically complex zone where dense fault
networks have developed under varying stress conditions in the context
of plate convergence between Eurasian and North African as well as
regional extensional processes (Sanz de Galdeano et al., 2003; Meij-
ninger, 2006; Benito et al., 2010). At present, it is considered the most
seismically active region of the Iberian Peninsula (Reicherter et al.,
2003; Carmona et al., 2009; Lozano et al., 2022; Madarieta-Txurruka
et al., 2022).

A notable feature of the basin architecture is the hypothesized
presence of a brittle basal detachment (BD) at depths of 10-15 km
(Morales et al., 1997; Madarieta-Txurruka et al., 2021; Lozano et al.,
2022; Stich et al.,, 2024), inferred from seismicity patterns and
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supported by other geophysical data (Galindo-Zaldivar et al., 1996;
Martin-Rojas et al., 2023). However, its precise geometry remains
poorly constrained due to the lack of detailed imaging. While previous
studies suggested links between shallow fault systems and this deeper
detachment (Galindo-Zaldivar et al., 1996; Madarieta-Txurruka et al.,
2021; Araque-Pérez et al., 2025), these proposed connections have not
been validated by direct imaging so far.

Seismic interferometry is a useful geophysical technique used to
extract subsurface information by correlating seismic wavefields recor-
ded at different receivers (Claerbout, 1968). In the context of natural
earthquakes, interferometry enables the retrieval of empirical Green's
functions between receiver pairs by exploiting earthquake-generated
signals, without the need for controlled seismic sources (Wapenaar
et al., 2008; Curtis et al., 2009; Curtis and Halliday, 2010; Wapenaar
et al., 2010; Galetti and Curtis, 2012). This makes it a cost-effective tool
for imaging geological structures, supporting earthquake hazard
assessment, lithospheric studies, and exploration geophysics.

To better constrain the geometry of the deep structure, the main
objective of this study is to assess the feasibility of applying seismic
interferometry to earthquake waveform data in order to construct a deep
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Fig. 1. (A) Geological, structural, and seismicity map of the Granada Basin, compiled from Sanz de Galdeano et al. (2003), the Quaternary Active Fault Information
Catalogue (QAFI, 2021), Araque-Pérez et al. (2025), and Stich et al. (2024). The inset map shows the regional tectonic framework of the Betic Cordillera, including
the Internal and External Betic domains, and the yellow rectangle indicates the location of the Granada Basin shown in panel A. The white line marks the AA’ profile
selected for the seismic interferometric experiment and shows the locations of the seismic stations along the profile: ATEJ (Sierra Tejeda), ACHM (Chimeneas), SELV
(Sierra Elvira), and AETJ (Ermita de los Tres Juanes). Owing to their close spatial proximity (distance <2 km), the northern stations SELV and AETJ were treated as a
single effective station (see Table 1). The black rectangle delineates the surface projection of the Fresnel zone calculated for a representative depth of 17 km. (B)
Seismogenic profile from Stich et al. (2024), corresponding to the red line shown in panel A, included here as a reference framework for the seismogenic charac-
terization of the region. Earthquake hypocentres are plotted by moment magnitude (Mw), consistent with panel A. The “EQ selection zone” denotes the area used for
event selection, defined by the intersection of the Fresnel zone and the target depth range. This profile provides an independent control point for the interpretation of
the seismic interferometry section later presented in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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structural model of the GB. To this end, we analyze four decades of
earthquake data (1984-2024) from the Andalusian Geophysical Insti-
tute (IAG-UGR) by applying P-wave interferometry and organizing the
data using the Common Interferometry Point (CIP), a geometric
framework proposed and developed in this study. The CIP is introduced
as a practical organizational construct, conceptually inspired by Com-
mon Midpoint (CMP) and Common Depth Point (CDP) methods (Yilmaz,
2001), but adapted here for earthquake-based interferometry under
irregular source-receiver geometries. It approximates the stationary-
phase region for impulsive sources and facilitates the stacking of inter-
ferometric traces. This workflow involves applying inter-receiver
interferometry, reorganizing the retrieved empirical Green's functions
into CIP gathers, and performing travel-time corrections to produce a
stacked seismic section along a longitudinal profile aligned with the
seismic stations and earthquake hypocenters. Our goal is to provide new
constraints on the geometry of the Granada Basin and to present a
practical method for deep imaging in regions where traditional seismic
surveys are hindered by urbanization, environmental restrictions, or
logistical limitations.

2. Geological setting
2.1. General framework

The GB is a tectonic depression forming part of the Betic Cordillera
(Fig. 1A). It is bounded to the southeast by the Sierra Nevada, the highest
mountain range in the region, to the northeast by the Sierra de Huétor,
and to the west by the Sierra Gorda. These mountain ranges serve as
geographical barriers that influence both the extent and configuration of
the basin. Tectonically, the basin is situated within one of the most
seismically active zones of the Iberian Peninsula, rendering it the region
with the highest seismic hazard (Gil-Zepeda et al., 2002; Lozano et al.,
2022). However, the basin exhibits moderate seismicity when compared
to other regions worldwide.

This basin is recognized as a Neogene pull-apart basin, which has
been progressively infilled with sedimentary deposits from the Late
Miocene to the Quaternary (Morales et al., 1990; Garcia-Alix et al.,
2009; Pérez-Pena et al., 2015). It extends approximately 65 km east-
west and 40 km north-south, covering a total area of ~2600 km?
within the Betic Cordillera (Sanz de Galdeano and Cruz, 2016). Persis-
tent subsidence in the central sector has facilitated the accumulation of
sedimentary sequences that reach thicknesses of up to 2 km (Morales
et al., 1990; Rodriguez-Fernandez and Sanz de Galdeano, 2006). The
oldest stratigraphic units within the basin correspond to deposits of
Tortonian age, consisting mainly of conglomerates, calcareous sand-
stones, and marls, indicative of the early sedimentary evolution of the
basin (Araque-Pérez et al., 2025).

The basin is situated on top of the boundary between the two main
units of the Betic mountain range, the External and Internal Betics. The
internal zone consists of three superimposed complexes: Nevado-
Fildbride, Alpujarride and Maldguide, primarily composed of meta-
morphic rocks (Meijninger, 2006; Benito et al., 2010; Sanz de Galdeano
and Cruz, 2016). The External Zone is a fold-and-thrust belt primarily
composed of Mesozoic-Cenozoic sedimentary rocks (including con-
glomerates, marls, and sandstones) from the Iberian Paleomargin. Both
formations overlie Triassic units that constitute the Subbetic Complex
(Balanya and Garcia-Duenas, 1987; Monie et al., 1991; Garcia-Duenas
et al., 1992; Sanz de Galdeano et al., 2001; Cruz et al., 2005; Azanon
et al., 2013).

2.2. Seismo-tectonic context

Three different classes of geodynamic models have been traditionally
invoked to explain the tectonic evolution of the Betic Cordillera and
associated extensional processes. The first class of models suggests a
classical subduction process (Arana, 1974; Wortel et al., 1992; Pedrera
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et al., 2011; Ruiz-Constan et al., 2011). A second class of models in-
troduces the concept of lithospheric delamination (Garcia-Duenas et al.,
1992; Calvert et al., 2000). The third class corresponds to slab rollback
models (Wortel and Spakman, 2000; Rosenbaum et al., 2002; Booth-Rea
etal., 2007; Chertova et al., 2014). Recent studies have provided further
evidence and imaging to support the leading role of slab rollback pro-
cesses, particularly highlighting segmentation along subduction
boundaries due to slab rollback along Subduction-Transform Edge
Propagator (STEP) faults (Duggen et al., 2003; Martinez-Martinez et al.,
2006; Garcia-Castellanos and Villasenor, 2011; Mancilla et al., 2013,
2015). These findings reinforce the slab rollback hypothesis as the most
updated framework for interpreting the seismotectonic evolution of the
GB.

The GB developed during the Late Miocene under a general intra-
plate strike-slip tectonic regime with a dominant extensional
component-oriented WSW-ENE (Agosta et al., 2012). Its tectonic evo-
lution has been governed by alternating phases of crustal compression
and extension. Compressional episodes led to horizontal shortening and
thickening of the crust, which contributed to regional uplift and struc-
tural deformation. In contrast, extensional phases promoted crustal
thinning and subsidence, leading to the formation of grabens and the
relative uplift of horst blocks (Galindo-Zaldivar et al., 1999; Gil-Zepeda
et al., 2002). This Neogene extensional basin (Pérez-Pena et al., 2015)
has progressively accumulated sedimentary deposits from the Late
Miocene to the Quaternary (Rodriguez-Fernandez and Sanz de Gal-
deano, 2006).

Local seismicity in the GB can be monitored since the installation of a
local seismic network in the 1980s, operated by the Andalusian Institute
of Geophysics at Granada University (IAG-UGR, for its acronym in
Spanish). In this period earthquakes have not exceeded magnitude Mw
5.0 and show mostly shallow depths above 20 km, with a notable con-
centration of hypocenters between 10 and 15 km (Galindo-Zaldivar
et al., 1999; Morales et al., 1997; Stich et al.,, 2003, 2020, 2024;
Madarieta-Txurruka et al., 2021, 2022). Local microseismicity (Fig. 1A)
is characterized by the occurrence of seismic swarms with spatially
concentrated epicenters (Carmona, 2009; Carmona et al., 2009; Stich
et al., 2024).

Seismicity is associated with NW-SE-trending high-angle normal
faults that appear to merge into a low-angle fault beneath the basin
(Fig. 1B). This observation suggests that extensional deformation is
predominantly accommodated by motion along this deeper low-angle
structure. The most recent notable seismic sequence occurred in the
Santa Fe area between December 2020 and August 2021, reaching a
maximum magnitude of Mw 4.5 (Lozano et al., 2022; Madarieta-Txur-
ruka et al., 2022; Morales et al., 2025). During this period, over 3000
earthquakes were recorded, with most events occurring at depths be-
tween 2 and 5 km. Of these, 353 were reportedly felt by the local pop-
ulation (Luque-Espinar and Mateos, 2023).

2.3. Fault systems

The GB hosts active fault systems (Fig. 1A, blue lines), primarily
high-angle normal faults trending in NW-SE and E-W orientations. Many
of these structures have contributed to the formation of horst and graben
structures (Sanz de Galdeano et al., 2012). Their geometry and vertical
extent suggest reactivation during multiple tectonic phases, particularly
the Tortonian and Pliocene (Pérez-Pena et al., 2015). Displacements
along these faults created accommodation space in graben zones,
enabling significant sediment accumulation, while horst blocks show
limited sedimentation, indicating that basement structure has directly
influenced facies distribution and sedimentary architecture (Viseras
et al., 2003; Rodriguez-Fernandez and Sanz de Galdeano, 2006).

At depth, the fault distribution appears linked to BD zones inferred at
10-15 km, though these have not been directly imaged (Morales et al.,
1997; Madarieta-Txurruka et al., 2023; Stich et al., 2024). Their
connection to mapped faults is mainly interpretative, supported by
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earthquake relocations and cluster analysis (Fig. 1B), which delineate
seismogenic zones and hint at a structural link between surface and deep
features (Araque-Pérez et al., 2025).

Among the mapped faults, particular emphasis is placed on those
most relevant to the structural and seismotectonic analysis developed in
this study. The Sierra Tejeda North Fault (#7), located in the south-
western basin near Ventas de Zafarraya fault (ZAF), is historically
associated with the 1884 Andalusian earthquake (Mw 6.5-6.7), repre-
senting one of the most hazardous structures in the region despite the
overall low background seismicity (Reicherter et al., 2003). The Malaha
Fault (#6, MF), a southwest-dipping normal fault in the central basin
with a NW-SE direction, located near the modeled seismogenic profile
and plays a key role in the deformation field analyzed in this work (Sanz
de Galdeano et al., 2003; Araque-Pérez et al., 2025). The Esctizar Fault
(#20, ESZ), located in the central-southwestern margin of the basin with
a W-E to WNW-ESE trending, is a normal fault characterized by a steep
dip angle (~60") and contributes to accommodating extensional defor-
mation although it is considered as a possible active fault (Sanz de
Galdeano et al., 2003).

Additionally, the fault cluster defining the Sierra Elvira half-graben
includes the Pinos Puente, Alitaje, Atarfe, and Ermita de Tres Juanes
faults. These are all high-angle normal faults trending NW-SE, central to
crustal subsidence and extension in the central GB (Sanz de Galdeano
et al., 2012; Sanz de Galdeano et al., 2003). Their seismic activity is
supported by recent earthquake swarms, including the 2020-21 Santa
Fe—Atarfe sequence (Mw up to 4.5), where hypocentral depths and focal
mechanisms align with these faults (Lozano et al., 2022; Stich et al.,
2024).

3. Seismic interferometry overview

The fundamental principle behind seismic interferometry is that
wavefields recorded at two distinct locations contain information about
the medium between them (Claerbout, 1968; Schuster, 2009; Curtis
et al., 2006; Snieder et al., 2006). By cross-correlating these recordings,
it is possible to approximate the waveforms that would be obtained if
one of the locations acted as a virtual source and the other as a receiver.
This methodology has been widely applied in seismic imaging, moni-
toring temporal variations in the crust, and characterizing seismotec-
tonic processes (Shapiro and Campillo, 2004; Wapenaar et al., 2010).
Several types of interferometric approaches exist, including inter-
receiver, inter-source, and source-receiver interferometry (Wapenaar
et al., 2008; Galetti and Curtis, 2012). Under the assumption of impul-
sive or sufficiently broadband sources and adequate spatial sampling,
the empirical Green's function between two receivers can be
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approximated by cross-correlation of their recorded wavefields and
summation over sources distributed in space (Claerbout, 1968; Wape-
naar, 2004; Wapenaar and Fokkema, 2006):

Gloea, X3, 1) ~ / u(oea, £)*u(xp, £) dS &)
S

where u(x,,t) and u(xg,t) are the recorded wavefields at receivers x,
and xg, respectively, and * denotes cross-correlation. In practice, source-
time-function and radiation-pattern effects are mitigated by stacking
interferometric responses from multiple earthquakes with diverse loca-
tions and mechanisms, as implemented in this study.

One geometrical configuration of seismic interferometry is shown in
Fig. 2, where two seismic signals ua (t) and ug(t + 7), recorded at points A
and B, are cross-correlated. The time lag 7 represents the differential
arrival time of wavefronts from an earthquake S; at receivers r4 and rg.
The function G(rg,ra;t) represents the Green's function in the time
domain described previously by Eq. (1).

An alternative formulation approximating the reflective response
between two stations is given by (Claerbout, 1968; Wapenaar, 2003):

R(xp,Xa, t) + R(xg,Xa, —t) ~ 8(x5 — Xpz4)8(t)

— Z:T(XB,xg) ,t)*T(xA,xg) , 7t> (2)

Here, R denotes the reflection response between surface locations x4
and xp, and T represents the upward transmission from subsurface
sources x. The term (t) models an ideal impulsive source, which may
be approximated using the autocorrelation of the source waveform.

Building upon this theoretical foundation, we developed a workflow
to apply seismic interferometry using P-wave signals generated by
earthquakes. The approach focuses on extracting, processing, and cross-
correlating seismic phases recorded at different stations to reconstruct
virtual receiver-receiver responses along the surface. In the following
sections, we first introduce the concept of Common Interferometry
Points (CIP), then discuss specific considerations for P-wave interfer-
ometry, and therefore describe the criteria for event selection, the data
processing workflow, and the procedures used to construct a seismic
image without active sources.

3.1. Common Interferometry Points (CIP)
The CIP is employed here as a practical geometric construction to

organize interferometric data generated by impulsive sources, such as
earthquakes, within a non-diffuse wavefield context. This approach

%
*"\‘Q‘_Q(f's, ra; -t)
S

= I
B

G(ra, rs; t)',x\
—

S

Fig. 2. General schematic of seismic interferometry, illustrating how recordings at two receivers can be used to retrieve a virtual-source response. The signals u,(t)
and up(t) represent the seismic wavefields recorded at receivers A and B from a source S. The function Csp(z) denotes the cross-correlation between the two re-
cordings as a function of the time lag 7. The quantity G(r, r,t) represents the retrieved empirical Green's function between the two receivers. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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enables an increase in the number of effective subsurface illumination
points when only a limited set of seismic stations is available but
numerous natural seismic events occur between them. This framework is
particularly valuable in earthquake-based interferometry, where the
spatial distribution of natural sources is often irregular and asymmet-
rical relative to the recording array.

The CIP is defined through the following procedure: (1) for a given
earthquake “source” (S;) and receiver (r7), the midpoint (M;) along the
direct ray path between them is computed at depth; (2) the equivalent
midpoint (M5) between the same source (S;) and a second receiver (rp) is
also calculated along the corresponding ray path; and (3) the CIP is
defined as the centroid of the triangle formed by the two midpoints and
the source location (S;) at depth (Fig. 3A-C).

This construction can be interpreted in a manner consistent with the
stationary phase principle. The main contributions to the cross-
correlation integral arise from points of constructive interference,
which, for a virtual reflection between two receivers, correspond to
subsurface locations that are simultaneously illuminated by both sour-
ce-receiver ray paths. In the proposed geometry, these locations are
constrained to lie within the region bounded by the triangle defined by
the earthquake source S1 and the midpoints M1 and M. The centroid of
this triangle therefore provides a stable geometric average for the most
probable subsurface location of a virtual scatterer, ensuring that it lies
within a physically meaningful region common to both correlated wave
paths.

Conceptually, the CIP is analogous to a CDP (Common Depth Point)
in that stacking at this location enhances the coherence of P—P re-
flections (Yilmaz, 2001). Geometrically, the CIP behaves more like a
CDP rather than a CMP (Common Mid Point), as its position shifts to-
ward the receiver closest to the earthquake when the source-receiver
geometry is asymmetric (Fig. 3B-C). When the earthquake happens to be
located exactly midway between two receivers, the CIP coincides with
both the CMP and the CDP (Fig. 3A). This geometric definition recalls
the Common Conversion Point (CCP) approach (Zhu and Kanamori,
2000), although in this study it is used solely as a practical tool to
reorganize interferometric traces and to account for asymmetric source-
receiver configuration. However, unlike CCP, no P—S conversion is

r r2 r

Tectonophysics 926 (2026) 231114

assumed in the geometric definition of the CIP. Although P—S converted
energy is generally present in earthquake recordings, the interferometric
workflow focuses on the wavefield window between the direct P arrival
and the S phase, where P—P energy is expected to dominate on the
vertical component. This choice follows standard practice in
earthquake-based seismic interferometry, where restricting the analysis
to P-dominated windows improves coherence and reduces cross-term
contamination from converted phases (e.g., Casas et al., 2020).

For example, in a simple configuration with two earthquakes and
three receivers, the P-wave paths yield limited coverage (Fig. 3D). When
the cross-correlated signals are organized using the CIP concept, these
same data can produce multiple probable illumination points (six in this
example; Fig. 3E), substantially increasing the spatial sampling of the
subsurface without adding more stations or sources.

3.2. Considerations on seismic interferometry for P-waves

Seismic interferometry is most commonly applied using ambient
noise due to its near-isotropic source distribution and multiple scat-
tering, which comes close to the theoretical premises of the methodol-
ogy, such as uniform wavefield illumination and efficient cancellation of
source effects (Snieder and Hagerty, 2004; Shapiro and Campillo, 2004;
Campillo and Paul, 2008; Vasconcelos and Snieder, 2008). In contrast,
using P-waves from earthquakes imposes several limitations related to
the nature of the source distributions and wavefield asymmetries.

e Source Distribution and Directivity: Earthquakes are typically un-
evenly distributed in space, leading to anisotropic illumination that
can bias Green's function retrieval (Shearer, 2009). In earthquake-
based interferometry, such effects are commonly mitigated by
restricting the analysis to source-receiver configurations located
within or near stationary-phase regions, where constructive inter-
ference dominates the correlation integral. This geometric selection
strategy is explicitly adopted in the present study through the use of
the CIP, which focuses on source-receiver pairs that maximize
coherent P—P energy despite asymmetric illumination.

2 r 2

B S1

I [y I3

CIPCDP M.

r 2 I3

D S1 S2

A CIP112_CIP113CIP2134 CIP123 CIP213_CIP223

G, 7 RS

Fig. 3. Common Interferometry Point (CIP) configuration using two receivers (rj, j = 1,2,3) and earthquakes (S ; i = 1,2). (A) Symmetric case where the earthquake
lies midway between the two receivers. (B) Earthquake located between the two receivers but asymmetrically. (C) Earthquake located outside the inter-receiver span.
(D) Example with two earthquakes and three receivers. (E) Using the CIP concept within the context of P-wave seismic interferometry yields multiple probable

illumination points (six in this example).
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e Source Effects: Variations in focal mechanisms and the signature of
finite source processes affect the phase and amplitude of P-waves,
reducing waveform coherence (Ben-Zion, 2001). Preprocessing steps
such as band-pass filtering and amplitude normalization help sup-
press these differences and enhance consistency (Bensen et al.,
2007).

Converted Phases: PS and PP conversions can introduce coherent
noise into the P-wave window. Although PS waves are typically of
lower amplitude, they can distort cross correlations. Band-pass
filtering (5-20 Hz) and deconvolution with source autocorrelations
can attenuate these effects and improve signal clarity (Curtis et al.,
2006; Aki and Richards, 2002).

e Low Amplitudes and Noise: Direct P-waves may have lower ampli-
tudes and be more susceptible to noise compared to coda or surface
waves. Stacking multiple events enhances the signal-to-noise ratio
and suppresses incoherent noise (Snieder and Hagerty, 2004).
Receiver Geometry and Frequency Dependence: The effectiveness of
P-wave interferometry depends on the receiver configuration and
incident wavefield diversity. Dense azimuthal coverage improves the
quality of reconstructed responses, whereas sparse or directional
illumination can degrade coherence (Wapenaar et al., 2010).

4. Methodology
4.1. IAG-UGR local earthquake catalogue

The IAG-UGR earthquake catalogue was used for this study,
encompassing the period from 1984 to 2024. Over these four decades,
approximately 27,000 local earthquakes have been recorded by the local
seismic stations (red triangles in Fig. 1A). A concise overview of the
seismic stations comprising the IAG-UGR network, together with a
summary of the network configuration and the velocity model employed
for earthquake location, is presented in the Supplementary Material
(Table SP1). The spatial distribution of seismicity at the GB becomes
clear from double difference relocations for a subset of the IAG-UGR
catalogue, including approximately 3000 events with magnitudes
larger than 2 and RMS values below 0.3 (Stich et al., 2024). Relocated
seismicity is shown in Fig. 1A, highlighting a primary concentration of
shallow earthquakes (2-15 km depth) between the Cubillas (CU) and
Pinos Puente-Fuente Vaqueros (PP-FV) depocenters. A second zone of
heightened activity is located between the CU and Granada (GR)
depocenters, characterized by slightly greater average depths. In the
southern and south-western sectors, seismicity appears more diffuse,
while discrete clusters are observed near the western station ALOJ. The
main concentration of local microseismicity is observed near stations
SELV and AETJ, where a high density of shallow events (mostly <10 km)
indicates predominant near-surface tectonic activity. Deeper events,
mainly concentrated in the depth interval from 10 to 15 km, can be
observed over a wide area, forming a prominent mid-crustal seismicity
layer that has been associated with the basal detachment beneath the
basin (Galindo-Zaldivar et al., 1999; Morales et al., 1997, 2025; Stich
et al., 2024; Madarieta-Txurruka et al., 2021). These spatial patterns of
seismicity are important for interpreting the network's recording ge-
ometry and designing seismic interferometric analyses.

4.2. P-wave seismic interferometry procedure

4.2.1. Earthquake selection

As an initial step of the analysis, a representative 2D profile was
selected to provide robust control over the structural interpretation. The
selected transect (white line in Fig. 1A) traverses the basin in a SW-NE
direction and is located near the seismogenic structure proposed by
Stich et al. (2024) (red line in Fig. 1A). The profile is aligned with the
approximate SW direction of basin extension (e.g., Mancilla et al., 2013;
Martin-Rojas et al., 2023) and covers the most active seismic zones in the
basin. The profile has seismic stations at the SW termination (Sierra
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Tejeda, ATEJ, r1), in the central part (Chimeneas, ACHM, ry) and at the
NE termination (Sierra Elvira, SELV, r3, and Ermita de los Tres Juanes,
AETJ, r3), ensuring broad coverage of CIPs. AETJ (operative since 2012)
is the successor of SELV (operative since 1997), which had to be rein-
stalled due to a change of use at the original emplacement. For proper
geometric illumination, only earthquakes with epicenters located within
2 km of the straight line connecting each station pair were selected. This
threshold corresponds to the surface projection of the Fresnel zone
calculated for a representative depth of 17 km, which defines an effec-
tive illumination corridor of approximately +2 km around the station-
to-station profile (black frame in Fig. 1A). In addition, the selected
events were further restricted to hypocentral depths between 12 and 17
km, ensuring consistency between the source-receiver geometry and the
target depth range of the interferometric analysis. This combined geo-
metric and depth-based selection enhances waveform coherence and
ensures consistent subsurface illumination.

Earthquake data were selected from the double-difference hypo-
center catalogue of the IAG-UGR (Stich et al., 2024), which provides
more robust locations and reduced depth uncertainties compared to the
routine catalogue. Only events with magnitudes >2 were considered to
ensure sufficient signal-to-noise ratio for interferometric processing. The
selected events are predominantly concentrated within the depth range
associated with the brittle-ductile transition of the basal detachment
(BD; blue dashed line in Fig. 1B), which constitutes the one of the main
targets of the present analysis. The resulting dataset comprises 142
earthquakes, with a maximum magnitude of 4.5. An additional selection
criterion was waveform quality. Only events with clearly identifiable P-
and S-wave arrivals and cross-correlation similarity coefficients above
0.6 between reciprocal signals recorded at station pairs were retained.
As a result, 18% of the events recorded at stations r and ro, and 48% of
those at station r3, were rejected, keeping a final dataset of 117 earth-
quakes for interferometry (see selected earthquakes list in the Table SP3
within Supplementary Material). The stations SELV and its successor
AETJ were treated as a single receiver (r3), projected onto the AA’ cross-
section. A summary of the selected events is presented in Table 1. The
azimuthal distribution of selected events is not uniform, and our setup
prioritizes subsurface illumination along the AA’ transect rather than
isotropic wavefield sampling.

4.2.2. Signal processing

The data processing workflow (depicted in Supplementary Material,
Figure SP1) for generating the seismic interferometry image section
comprises:

Stage 1. The preprocessing of seismic records to ensure data con-
sistency and enhance the quality for the subsequent interferometric
analysis (Fig. 4A). Initially, the acquisition geometry was defined by
three receiver stations (r,,, where n = {1,2,3}) and 117 local earthquakes
(Sp) that fulfill the quality criteria. The spatial distribution of even-
ts—confined within the Fresnel illumination zone and aligned along the
selected seismicity corridor—are delineated by the black frame in
Fig. 1A and by the dashed lines in the profile presented in Fig. 1B (EQ
selection zone), with the selected events shown in Fig. 5A.

Following a direct current (DC) offset correction, the continuous
waveforms were resampled to a uniform rate of 100 Hz. For each
selected earthquake, individual seismic traces corresponding to single-
station recordings were extracted using fixed 60-s time windows
centered on the P- and S-wave arrival times obtained from the earth-
quake catalogue, preserving absolute time stamps (Universal Time,
UTC) for consistent temporal alignment across stations. To improve the
signal-to-noise ratio, a bandpass filter between 0.5 and 20 Hz was
applied, attenuating low-frequency drifts and high-frequency noise
while enhancing the dominant energy band of body waves (Bensen
et al,, 2007, Wapenaar et al., 2010). Subsequently, the waveform
segment between the P- and S-wave arrivals was isolated to retain the
most coherent and impulsive portion of the signal for interferometric
processing. Finally, each extracted trace was normalized by its
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Table 1

Event data from stations.
Station X (m) Y (m) Z (m.s.]) RID Offset (km) Ev EvU QC (%)
ATEJ 409,681.33 4,085,923.04 1470 rl 0 142 117 82
ACHM 426,128.25 4,106,737.74 825 r2 26.5 142 117 82
SELV-AETJ 437,102.05 4,120,625.83 700 r3 44.2 42 22 52

X, Y, Z: UTM coordinates (WGS84, zone 30 N) in metres. Z indicates elevation above sea level.

RID: Receiver identification within the cross-section.

Offset: Distance between each receiver and the zero point of the profile, in kilometres.
Ev: Number of events recorded at each receiver. EvU: Number of events with a good signal-to-noise ratio used.

QC (%): Percentage of high-quality events recorded at each station.

maximum absolute amplitude, scaling the signal between —1 and 1. This
normalization corresponds to a simple amplitude scaling and does not
involve one-bit normalization or spectral whitening, which are
commonly applied in ambient-noise interferometry (Bensen et al.,
2007). While this procedure suppresses true amplitude information, it is
appropriate for enhancing waveform coherence in earthquake-based
interferometric cross-correlation analyses.

Stage 2. The second stage centered on extracting coherent seismic
information from station pairs that recorded the same earthquake
(Fig. 4B). For each event, the corresponding waveforms were grouped
according to the involved receiver pairs (as shown Fig. 2) to process
signals from a common source.

The interferometric analysis in Stage 2 is performed on waveform
segments extracted between the P- and S-wave arrivals, resulting in an
effective time window shorter than the original 60-s window used in
Stage 1. Consequently, the autocorrelations are centered at the midpoint
of the reduced window (17.5 s for the example shown in Fig. 4B). To
characterize the individual propagation paths at each station, autocor-
relations were computed, capturing the local impulse response of the
medium. These autocorrelations were subsequently used in Stage 3 for
deconvolution, helping to attenuate residual source and site effects in
the cross-correlated signals.

Subsequently, cross-correlations were computed for each station pair
to reconstruct the seismic response between them using eq. (1). This
procedure effectively attenuates the influence of the earthquake source
and produces virtual source wavefields, in accordance with interfero-
metric theory (Schuster and Zhou, 2006; Torii et al., 2008). In total, 326
causal cross-correlations were computed, with each station pair
providing the two reciprocal propagation paths.

Stage 3. The third stage concentrated on integrating the interfero-
metric responses from Stage 2 into a geometry that enhances subsurface
illumination. This was achieved by computing the CIPs for each receiver
pair and associated earthquake (see Fig. 3 explanation and Fig. 5A blue
points as the CIP calculated). This geometric construction ensures that
the CIP lies within the region most likely to concentrate constructive
interference between correlated wavefields, effectively acting as a
spatial reference point for trace organization and stacking. Details of CIP
fold and coverage are provided in the Supplementary Material
(Figure SP2), where 161 CIPs are included from 117 earthquakes
recorded by the ATEJ-ACHM station pair and 22 earthquakes recorded
simultaneously by the three stations.

The cross-correlated signals obtained in Stage 2 were then convolved
with a 5 Hz zero-phase Ricker wavelet (Ricker, 1953), as illustrated in
Fig. 5B, in order to stabilize their spectral content and enhance the
resolution of coherent arrivals. Following this, the convolved Ricker's
traces were deconvolved using the stacked autocorrelations (Fig. 5B)
computed in Stage 2. This step attenuated residual source and site ef-
fects, improving the clarity and symmetry of the recovered Green's
functions without the need for explicit spectral whitening or water-level
stabilization.

Once processed, the resulting interferometric traces were grouped
into three virtual shot gathers, G1, Go, and G, each corresponding to one

of the real stations acting as the virtual source origin. Within each
gather, all individual empirical Green's functions are displayed prior to
stacking and are sorted laterally according to the surface position of
their associated CIP. A preliminary geometric time-reference shift was
applied to each trace to account for differences in the distance between
the virtual source and the corresponding CIP, referencing the data to the
theoretical P-wave travel time from the virtual source to the CIP (Fig. 6),
computed using the layered velocity model of Serrano (1999; see
Table SP2 in the Supplementary Material). This operation establishes a
common temporal reference within each virtual gather without modi-
fying the relative lag of the interferometric correlations.

In addition, static corrections were introduced to account for near-
surface velocity variations (Araque-Pérez et al., 2025; Table SP4 in
Supplementary Material) and topography. Finally, the corrected traces
were sorted by absolute offset relative to each virtual source, preparing
the dataset for the imaging stage (Fig. 7 A-C) that could be treated
analogously to conventional seismic reflection data.

Stage 4. The final stage of the workflow involved constructing the
seismic image from the previously processed traces. The data were first
organized into the CIP domain using a bin size of 75 m. Functionally
comparable to Common Depth Point (CDP) domain in reflection seis-
mology (Yilmaz, 2001), the CIP construction enables stacking based on
the virtual reflection geometry associated with source configurations.

Subsequently, Normal Move-Out (NMO) corrections were applied.
While static corrections addressed near-surface heterogeneity and
elevation differences, NMO specifically compensated for travel-time
variations associated with geometric effects due to varying offsets
from virtual sources. These corrections used a composite velocity model
derived from Serrano (1999), Serrano et al. (2024), and Araque-Pérez
et al. (2025; see Tables SP4-SP5 in Supplementary Material) and were
implemented individually for each virtual gather. This procedure aligns
reflection events to a common zero-offset time (Fig. 8 A-C).

Following NMO, the traces within each CIP bin were stacked using a
coherent stacking algorithm implemented in RADEX PRO, designed to
enhance reflection continuity by summing traces with consistent phase
and amplitude alignment while suppressing incoherent noise. This
procedure does not involve semblance weighting but applies a local
coherence threshold of 25% to exclude noisy traces. The clear alignment
of reflection events and high signal coherence achieved through this
stacking demonstrate the effectiveness of the CIP framework in orga-
nizing traces and producing a meaningful seismic image (Fig. 8D).

To further improve interpretability, a post-stack processing sequence
was applied. This included a 1-10 Hz bandpass filter to suppress residual
noise, horizontal coherence filtering (3 traces, 250 ms window) to
enhance lateral continuity, automatic gain control (AGC) with a 500 ms
window to balance amplitudes, and F-X interpolation at 50 m spacing to
regularize trace density. Traces with offsets greater than 500 m were
muted to reduce geometric bias. Finally, the time-domain seismic sec-
tion was converted to depth using the composite velocity model adopted
in prior stages (Fig. 9).
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Fig. 4. (A) Example of an earthquake record at station r2 (ACHM, Chimeneas) illustrating the main preprocessing steps applied in Stage 1. From top to bottom:
original waveform; waveform after resampling to 100 Hz and detrending; bandpass-filtered waveform (0.5-20 Hz) highlighting the zone of interest; and the extracted
waveform segment between the P- and S-wave arrivals prior to amplitude normalization, used for interferometric processing. The apparent disappearance of the
baseline signal after detrending reflects a plotting effect associated with waveform centering and amplitude scaling, rather than the removal of noise. (B) Example of
waveforms recorded at stations pair r; and r, for a common earthquake. The traces are shown after isolation of the P—S window and amplitude normalization
between —1 and 1 (Stage 1), followed by the corresponding autocorrelation and cross-correlation results used in Stage 2 of the interferometric workflow.

5. Results
5.1. 2D cross-section and seismotectonic data

The seismic interferometry profile provides coverage over a 21 km
long section in the central part of the Granada Basin (Fig. 10). Panel A
shows the broader seismotectonic framework along the profile direction
(Stich et al., 2024), as well as the depth of the sediment-basement

interface inferred by Araque-Pérez et al. (2025). Panel B illustrates the
integration of the interferometry image displayed in amplitude mode
into the previously proposed seismogenic model. The seismogenic
model is based on instrumental seismicity data along a SW-NE transect
across the GB (see relocated seismicity in Fig. 10). The main concen-
tration of earthquakes occur in the NE portion of the transect at shallow
depths—typically between 1 and 7 km—within the Sierra Elvira half-
graben, bounded laterally by the Santa Fe Fault (SFF) and the Ermita Tres



C. Araque-Pérez et al.

Tectonophysics 926 (2026) 231114

4130000

4125000 o ot
A
Sty
4120000 . ;'A-.,;
P Y

- e
4115000 o o3

¢

*

s
4110000 Er
o n% .'.
LN ) =
4105000 cmg® °r2
%y e 8 G:
o &
4100000 - .aba“ﬁ
Bw °
e
°a%
o
4095000 L
s
4090000
.
A

4085000 G r

4080000

A 1, Receivers
G, (virtual sources)
Gathers

® S. Sources
(original epicenters)

A

405000 410000 415000 420000 425000 430000 435000 440000 445000
@ CIPmn  Interference Points

Ricker Wavelet
1.0 — Ricker Wavelet (5 Hz)

Amplitude

-200 -150 -100 -50 0 50 100 150 200
Time (ms)

Ricker wavelet at receiver time

0 [] 10 15 A 20 25(s)
. : h LAY H... S

Cr(T)
Cross-correlation rz ri
0 5 10 15 N 25(s)

Convolved Ricker wavelet and Crr«(T)

0 10 ’hlllnlll‘“‘ l n‘l ‘"*MM‘MM 25 (s)
| H‘“‘l T “‘\“H[J‘IM\M\‘

Stacked Autocorrelaction

[] 10 20 2(s)

Retrieved Green’s Function

[ 10 (s)

Fig. 5. (A) Location of the earthquakes and seismic stations used in the interferometry experiment. Common Interferometry Points (CIPs), shown as small blue
squares, represent the surface locations where virtual seismic traces were constructed, indicating coverage and trace distribution for each receiver pair. (B)
Implementation of the seismic interferometry equation (Eq. 2). Empirical Green's functions of Eq. 1 are discretely retrieved between each station considering their
corresponding CIP. Then these functions are convolved with a 5 Hz zero-phase Ricker wavelet placed at the real station location. The resulting empirical Green's
function is deconvolved using the stacked autocorrelation of the original signals to attenuate residual source effects. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Juanes Fault (ETJF).

At greater depths, the hypocentres align near 11 km along a low-
angle southwest-dipping structure interpreted as a BD, with an esti-
mated dip of approximately 5 degrees. This detachment hosts moderate-
magnitude events, including a well-defined cluster (C06) situated be-
tween the Malaha fault (MF) and the BD, as well as another smaller
cluster (C04) approximately 7 km further to the southwest, both aligned
along the same detachment surface. Further SW, the principal structure
if the Zafarrayas Fault (ZAF), showing steep, antithetic dip in NE di-
rection. The ZAF is located among low-magnitude seismicity in the Mw
1.5-2.5 range, although it has historically been associated with the
destructive 1884 Andalusian earthquake (e.g., Reicherter et al., 2003).
Beneath the projection of ZAF fault, Stich et al. (2024) suggests a po-
tential termination of the BD; however, its geometry remains unresolved
and should be regarded as interpretative. Taken together, the model
proposed by Stich et al. (2024) depicts a tectonic framework dominated
by major SW-dipping fault systems, accompanied by synthetic and
antithetic secondary structures. These were interpreted through hypo-
central cluster analysis and provide a structural baseline for comparison
with the interferometric results obtained in the present study. The
interferometry section provides information for the central sector,
characterized by low angle structures (associated to the detachment
horizon) and high-angle structure (e.g. Malaha Fault).

5.2. Interpretation of seismic interferometry section

The interferometry sections presents several coherent and laterally
continuous reflectors to be associated with the basement architecture.
The sediment-basement interface inferred by Araque-Pérez et al. (2025)
is expressed as a continuous reflector and correlates well with the up-
permost seismic signal. Overlying this boundary are the Neogene sedi-
ments of the GB. The MF fault intersects a break in the seismic reflectors,

further supporting its identification as a fault zone.

Two outstanding basement reflectors are identified in the seismic
image. The first, R2, is observed between 12 and 20 km of lateral dis-
tance (offset) and lies at depths of approximately 7 to 10 km. This
reflector dips toward the northeast. The second reflector, R1, appears at
similar lateral positions but at depths exceeding 11 km. It exhibits a
more disrupted geometry, potentially indicative of faulting consistent
with structural features inferred by Stich et al. (2024). Seismic facies
between R1 and R2 in Fig. 11 are characterized by lower reflectivity and
may represent distinct geological units. Below R1, the incorporation of
the BD proposed by Stich et al. (2024) is noted. Earthquakes located
between R1 and the BD, mostly within the Mw 2-3 range, are inter-
preted as being associated with mechanical coupling or fault conver-
gence along the BD.

To interpret further details of the seismic profile, we present the
interpreted section in both trace and amplitude modes (Fig. 11, left and
right panels, respectively), based on the identification of seismic units
and major faults previously introduced in the preceding subsection.
Travel-time to depth conversion was performed using the near-surface
velocity model proposed by Araque-Pérez et al. (2025), complemented
with the velocity models for the GB (Serrano, 1999; Serrano et al.,
2024), with uncertainties estimated to be within 1.2 km at 15 km depth.
The seismic sections reach an approximate depth of 17 km. While the
resulting image contains noise and reflector discontinuity inherent to
passive seismic methods, several coherent features allow for a robust
structural interpretation. The main structures imaged along the transect
are described in the following.

5.2.1. Unit1 (U1)

Displayed in blue in the amplitude-mode seismic section, Unit Ul
forms a lower crustal package (blue zone in the right panel) bounded at
the top by reflector R1 (blue line in the left panel). This unit is



C. Araque-Pérez et al.

Tectonophysics 926 (2026) 231114

Gather 1 Gather 2 Gather 3
Virtual Source on Receiver 1 Virtual Source on Receiver 2 Virtual Source on Receiver 3
v‘ Tr.no. Tr. no. ) 4 Tr. no. ‘ y
:JJ,
>
ise
L
I >;§
P 4 »
‘}",»ﬁ» | ) s
Sy »: e Ll e ,w > w.? s
JUd SdsS a4 ) { 15 < RS
"2?}’ Y » \ ) ; R
"‘*"»’-Ef»’f'i;’w & o e B T S
g D M) ¢ § &
';".5;;)"’».;.?‘»’}}9%,,; 7)) i
‘»”’»’»}‘) el ]i'» | el ol
2 SN il » e e
) 7 i e ) ” e
s e o e -,;;;»,‘1;" M it
) G Qg o W S >} :
= X )")" ) » Ui > i% ) »' P D, [=] SCaY
g ) ?’:)’»”ﬁ), 3 > ~’?){3:f11;")?;5g5. s 8 ’)':;',»:y,», :;.,,-.».‘ >»\.,;Lf.':.:,p’_'},ﬂ.’._’::> .»'.»;;):: :»b > ’,,ﬂ, »:'::‘ :’g:.), .)b:::p 8 J,:%»-.»
2 ,"i-:),,v,,y)p» "l" ¢ ,,. W;,;"'», ); RN, ) »,:,’;,-' »:.._ n.,» », W) _,“»», ,,’»m,w.y,, ‘,_ ‘,». ‘L’{»ﬂ‘i »'»’:; . 2 ::;:,’:
», ) P < 5 5 ¥ > ) ) )| >y,
"I';”w’)”’»”» %_.;;m’r S P S ‘.’»’,:5 o e ».,:.H',.», ) """'Y"' L& UGl e
- ";;'ﬁ)h':;’:k;:’nr’;") :a)b{»ﬁ?)hm)mi};fg&;;” > > » L»v'l.:»r»‘.}:.’m 'ﬂ ) P y’ n:“;L;;":
D N N el i WO )8 v'y S 03
£ SR Nt Y SO TR ) el s e, AL 5 ';h’»» H
U » > )y S » ' ig » ) », g b;..J »
o Dl ‘b’?»"’}” ) i > ;‘:}t el ] ');»R:w" ‘N'E"b::»n’» ) ..." "" "9 : ”’ ») »W' h > o "'.:I‘!
2 ) o R 0 Py V) e .i ) »l?’.; P .D o Y ,5 Wl )L’b.h»» | J ) ”' 4 y" i e
£ e , s »s:, s "" 5 .-»’."-"’" i R ’»w. -, R '*"’ i R
= G S S T "" ’)’4 »5 ’ D”" 4 ””" 9 ; s i
P e ,‘»'»,'-.:?‘r.}..?.'ip»- S P T I
s e ’»}:.)),nn el .,w»w»,»»w’»m" S ».., 1oq
G Rl g
S ) »‘»,‘,p,v,.n,)r,] 00 XS P I I ol
) SRl S oy »;»n'. o _,» ».' NG St
il e e A et '
A > ».:} “ »»" .l : ‘hﬁ""?"“'b’fa‘"'»”‘» :
g R R | 8 g
i > %)
g R s eSS | S g
2 R A e | ?
:h»'f»"»[;'iy?'j PRt OIS
g Wy o h >
s h\...ﬁ) ;}")!)'v‘hm,,»'n"b.,‘)ﬁ 5 '\
om ;y»h.p‘:».mw')»‘.\’» ]
» )".,_' 4 h';' ﬂ»),r’:" >
e |
b "»‘» s

Fig. 6. Virtual source gathers constructed from the interferometric responses. Each gather (G1-G3) corresponds to one real seismic station acting as a virtual source.
All individual empirical Green's functions are displayed prior to stacking; each trace corresponds to a single CIP. Traces are ordered laterally according to the surface
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legend, the reader is referred to the web version of this article.)

interpreted as a transitional zone between ductile and brittle crustal
domains, partially outlined by the BD (dashed blue line). Major fault
systems (sky blue lines) in the GB, including the MF, near the Chimeneas
depocentre, and the Esctizar Fault (ESZ), north of the Cacin valley,
appear to converge into this unit and root in the BD. These faults define a
graben-like geometry that reflects the extensional kinematics of the basin
within the imaged profile sector. The rupture and facies change
observed along reflector R1 beneath the R. Cacin valley complicate its
southwestward tracing. The upper portion of Ul shows a more brittle
behaviour, while the deeper part, especially beneath the hypothetical
BD, likely exhibits increased ductility.

5.2.2. Unit 2 (U2)

Unit U2 (highlighted in green in Fig. 11) is bounded by reflector R2
at the top and R1 at the base. It reaches a thickness of approximately 8
km in the SW sector and wedges out toward the NE to around 1.5 km.
The unit exhibits a mean dip of 9 degrees to the northeast. Seismically, it
hosts mostly low-magnitude events (around Mw 1.5). The geometry of
its reflectors indicates sub-horizontal layering disrupted by major faults
(sky blue lines) that converge into Unit Ul. Reflector R2 is also inter-
sected by an intermediate fault system (light green lines), which affects
the overlying Unit U3.

From a geological perspective, Unit U2 may represent remnants of
the Tethys-Iberia palaecomargin (e.g., Morales et al., 2022), or correlate
with metamorphic complexes such as the Nevado, Fildbride or
Maléguide units. A weaker internal reflector (Ra, light purple zone in the
left panel, and dashed green line in the right one) is observed within this
unit and may represent a mechanically distinct subunit. The faults
identified within U2 suggest that this unit plays a secondary structural
role in the basin, possibly accommodating interaction between deeper
deformation and the extensional regime in a synthetic mode—consistent
with the graben formed by the overlying master faults.

10

5.2.3. Unit 3 (U3)

Unit U3 overlies U2 and is capped by the sedimentary basement (red
line). Although this unit is largely aseismic (compare Fig. 10), the
seismic section reveals several internal reflectors that are disrupted by
fault systems (highlighted by yellow lines in Fig. 11), particularly in the
upper-central portion of the unit. This configuration suggests significant
stress accumulation and brittle deformation, constrained between MF
and antithetic structures such as ESZ, and spatially coinciding with some
of the newly identified faults (NIFs) proposed by Araque-Pérez et al.
(2025) (see Fig. 1A). North of the MF, a fractured reflector (Rc, magenta
zone in the left panel and yellow dashed line in the right one) is iden-
tified at approximately 6 km depth within a raised basement block (RB),
interpreted as a horst structure. This reflector breaks normally across the
MF and extends southwestward within Unit U3. Geologically, U3 may
correspond to the Alpujarride Complex of the Internal Betic Zone (IBZ),
situated in the footwall of MF. This unit thins toward the southwest and
thickens to the northeast.

5.2.4. Unit 4 (U4)

This uppermost unit corresponds to the Neogene sediments of the
GB. It is not clearly resolved in the section due to the limited bandwidth
of the seismic data (1-10 Hz), which restricts resolution within the
shallow sedimentary layers.

5.2.5. Fault systems

Faults have been detected according to the interruptions produced
on the unit interfaces and internal reflectors. The analysis is further
complemented as follows:

e Major Fault Systems: Two principal faults (sky blue lines), MF and
ESZ, extend from Unit U1 to the upper part of U4, approaching the
near-surface layers but without outcropping at the top of the profile.



Tectonophysics 926 (2026) 231114

N Y YORN Y Y Yy VPO PYOU YT Y TY TV FORDVY | AAAAAAAAAAAAAA-AAAAAAAAAAAAAAAA~AAAAAAAA -

| adap A AR AR A AN R B I YW WA T Pwy

A oA pn

35900 m

- ahhApanaadhaa.ana
—(yh 1Y 100 VT relren

30300 m

30500 m

TV

27600 m

25000 m

20000 m

47000 m

Virtual Source on Receiver 1 and Common fffset

Gather 1
'V 5000 m_oFFSET

C. Araque-Pérez et al.

: 5
J 8
Aad Y =
AR RS & AAAAAAARA AR A AR AAMAAA-AAAA A
) aAAA .-»P» ) —u-ﬂ
\;’ A
A ».n.m.». ; Z Y P L STy s ooy vevary

25900m

mana A AARAARRAAAN AMRA o mpne e aan

25000 m

> VY YT 1 Y Y Y PO Y Y POUUOO TSy PN
£ F‘ T T T VS —
8 ;..v...». .».r.v. At s .» W
by ,,.»:;::.:—...;,;,; ARAAAAAAAAAAAAA
3 AARAZAAAARLD AA s s ARALS 2R bnan A
/ g 58 A A h.w..;s— AR ——
AsAs Aak -l v A 28 VWA
—vnww...»..: m.» ...»...'-Nm. .....!»Rh»..n..hnw...w, 3 A AN AR
A A — N - A A AA &
AN AEALSARASASANGA g 1 [T Y VPO A SN
AT \AAA ,b; £
7 ALK S
, 2 |:»;;;.,:I.:Ii.f»::,i...,
O > -»».:. |3 :
vh-.»m » »bb... > T Y 1 TYY Y T Y P OO VUV P DU
. Y . »> ; m ISV SRSV YYYYTY ..:......:..
8 .))rr.m %
= WA L &
—ww\.r;.. iz Yo 5
Ak DA 3 o8l
— ».Lb:;»:}:i e wwM
£ &8 PUVSUISEVY | Y1 TYSOVY VPSR TVINoyyIeTy
Y Y S Y Puny Y SR sy y YA mwmw AAMA g
§°
L AAAAa A AsAAA Asam — o A A A Alna AA_ 000S 00001
,.;»{..;Il?»;lr»i»»)r» Apann [ v (sw) aun
AAA l»h»kr;k»b.;»]l»».b)»;»» »L»)L»L?l»b;l»?l»>>L>L>->>| L
A AAAA aAAA A ananAarAA A aha A~ {L-.})».»\b:nb A AAA A >i;rz>>
A atal, »»b?»»»b?»)»b» A | s aA >lr»>\)>r>>>)i AAA
AMAA-AAA & an »-».-i»kr!....»i A ¥ »)»»r»\f.l
:)..))).l\:».y.;»)r»,:;»)l-): ...:....lr:- AAAAA~AAANsAL
:-»;»»»5 AAAANAAAA ~ A AAnn AL L A aaasaA
A AA o maa aAAAA . aaAA k] .
<
S
£
£
S
o
o
&
&
4
<
A H m
8.
N
3t
YUY UNIYY YUY Sy Y YV Y V'Y T SE— 2 mm_|;: A—AAAAAAAAAA A ~m A AASAAAAAAAAAAA A A ——]
V W s
T 28
658
0005 00001 000s 00001
(sw) swiy (sw) auny

Fig. 7. (A, B, C) Empirical Green's functions are sorted by CIP and absolute offset from the virtual source r1, without NMO corrections, depicting the data structure
11

prior to stacking for each gather.
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Fig. 8. (A, B, C) NMO correction of each gather sorted by CIP based on absolute offset from r+. (D) Final stacked seismic interferometry section obtained using a
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beyond the reliable offset range.
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Fig. 10. (A) Seismogenic model-with the seismic clusters C04 and CO6-proposed by Stich et al. (2024), overlaid with earthquakes hypocenters and the surface
sedimentary basement model (Araque-Pérez et al., 2025). (B) Seismic interferometry profile in amplitude mode, highlighting the seismogenic zone shown in panel A.
2025). Depocenters: CH, Chimeneas, PP-FV, Pinos Puente-Fuente Vaqueros; CU,
Cubillas. RB: Uplifted basement block. Faults: MF, Malaha; ESZ, Escuzar; SF: Santa Fe; PPF, Pinos Puente; ATF, Atarfe; ETJF, Ermita Tres Juanes; FF, El Fargue; ALF,
Alfacar. BD: Basal Detachment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The blue rectangle indicates the near-surface model area (Araque-Pérez et al.,

Their geometry suggests an antithetic Riedel configuration, which
may define a graben-like structure broadly aligned with the Sierra
Elvira half-graben. These faults terminate near the BD and correlate
with seismic clusters C04 and C06 at the intersection between high-
angle faults and the detachment (Stich et al., 2024). These structures
highlight the underlying kinematics that may explain the current
basin configuration.
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Intermediate Fault Systems: This set of faults (light green lines), with
dips between 60 and 70 degrees, originates within Unit U2 and
propagates upwards into Unit U3. These faults are synthetic to the
major systems and may mediate stress transfer between deeper and
shallower levels, resembling the geometries of the principal faults.

Surface Fault Systems: A series of shallower faults (yellow lines)
disrupt the reflectors within Unit U3, forming horst and graben
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Fig. 11. Interpretation of the seismic interferometry section—in trace and amplitude modes (left and right panels). RB: Uplifted basement block. Faults: MF, Malaha
Fault; ESZ, Esciizar Fault; NIF, New Identified Faults in prior research (e.g., Araque-Pérez et al., 2025). BD: Basal Detachment. Seismic reflectors: R1, R2, Ra, and Rc.

Seismic units: U1, U2, U3, and U4.

structures. Some of these faults do not breach the sedimentary
basement but likely represent a mechanical response to deeper fault-
driven extension. Another of these faults propagate through the
upper 5 km of the basin. One such fault—the NIF in the Chimeneas
depocentre—extends into Unit U4 and functions as an antithetic
Riedel to the MF fault. These systems are consistent with faulting
patterns observed in reflection seismic profiles across the GB
(Morales et al., 1990; Rodriguez-Fernandez and Sanz de Galdeano,
2006; Araque-Perez, 2024).

5.3. Resulting model

The structural interpretation of the interferometric seismic section,
the distribution of relocated hypocenters and the seismotectonic cross-
section of the GB can be integrated into a coherent model, as illus-
trated in the AA’ structural profile (Fig. 12). The distribution of seis-
micity with Mw magnitudes above 2 shows clear correlation with the
major fault systems identified in the section, extending from the ALF
fault in the northeast to the ZAF fault in the southwest. Notably, a
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Fig. 12. Structural section derived from the deep interferometric model, incorporating 3D moment magnitudes (Mw) and the interpreted 2D seismic profile.
Depocenters: CH, Chimeneas, PP-FV, Pinos Puente-Fuente Vaqueros; CU, Cubillas. RB: Uplifted basement block. Faults: MF, Malaha; ESZ, Escuzar; SF: Santa Fe; PPF,
Pinos Puente; ATF, Atarfe; ETJF, Ermita Tres Juanes; FF, El Fargue; ALF, Alfacar. BD: Basal Detachment.

14



C. Araque-Pérez et al.

concentration of mid-crustal events is observed between 10 and 50 km
horizontal distance, coinciding with the BD. Toward the distal ends of
the profile—beyond the ZAF and ALF structures—both seismicity and
magnitude decrease, which may reflect changes in the prevailing tec-
tonic regime.

The interferometric seismic section is located between 11 km and 32
km along the profile, as this zone had the major CIP coverage. As pre-
viously discussed, the MF and ESZ faults, clearly imaged throughout the
section, serve as key structural markers, along with the continuity of
reflectors R1 and R2, in defining seismic units and tracing the geometry
of fault systems. This joint interpretation supports the following
observations:

e Unit Ul is closely associated with BD in their upper part. Within this
unit the apparent termination of the main fault systems in above the
BD is observed, particularly beneath reflector R1, marking a brittle
ductile transition within the crust.

Unit U2 contains a secondary internal reflector, Ra (green dashed
line in Fig. 12), that marks a subtle change in seismic facies, sepa-
rating two subunits with similar internal structure. The lower sub-
unit tapers out against the MF fault, while both subunits display
moderately chaotic reflectivity. Seismicity is distributed across the
entire unit, though a slight decrease in Mw s is observed toward the
top of U2 (around Mw 1.5-2.0), particularly near the contact with
Unit U3.

Unit U3 is bounded at its top by the sedimentary basement and
displays internal segmentation. A lower subunit, bounded by
reflector Rc (magenta dashed line in Fig. 12), shows distinct seismic
facies and corresponds to a region of lower-or scarse-seismicity.
Above this level, truncated and displaced reflectors indicate faults in
a horst-graben configuration. These structures are consistent with
fault systems observed in the upper 5 km Sanz de Galdeano et al. (e.
g., 2003); Rodriguez-Fernandez and Sanz de Galdeano (e.g., 2006);
Araque-Pérez et al. (e.g., 2025) and appear to propagate into the
overlying Unit U4.

The major fault systems identified in the section, including the MF
and ESZ faults, display steep dips and propagate upward through
Unit U4. Around 22 km horizontal distance (x direction), a change in
fault dip direction is observed, marking a transition from synthetic to
antithetic faulting. This antithetic system is mostly confined between
Units U2 and U3 and coincides with a zone of reduced seismic
magnitudes. The region of dip polarity change (indicated by the
black dashed ellipse in Fig. 12) corresponds to the termination of a
major synthetic fault and the emergence of several antithetic
structures.

6. Discussion

The seismic section was constructed using data from seismic stations
aligned along the transect and from earthquakes located over the past
40 years by IAG-UGR. The selected high-quality location data corre-
spond to RMS errors lesser than 0.3, underscoring the critical role of the
local seismic network in elaborating a detailed earthquake catalogue.
Achieving a coherent interferometric profile from a sparse dataset was
possible thanks to the geometric re-organization of interferometric
traces using the CIP construction, applied here as a practical aid. The
profile reveals a prominent sub-horizontal reflector located between 10
and 15 km depth, beneath the ~2 km thick sedimentary cover (Morales
et al., 1990; Rodriguez-Fernandez and Sanz de Galdeano, 2006). This
reflector spatially coincides with the BD previously inferred from hy-
pocentral clustering analyses (Stich et al., 2024), and likely marks a
compositional and rheological boundary within the upper crust. The
agreement between the reflector and the distribution of seismicity sug-
gests that this level functions as a tectonic decoupling zone, potentially
associated with mineralogical or lithological contrasts that promote
ductile behaviour.
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6.1. Methodological implications of the CIP

Being conceptually analogous to the CDP approach in conventional
reflection seismology (e.g., Yilmaz, 2001) and to certain interferometric
stacking schemes (e.g., Schuster, 2009), the CIP served as a way to
optimize subsurface illumination and spatial alignment of arrivals,
thereby enhancing the continuity of the imaged structures. The analo-
gous behaviour of CIP and CDP-like constructions resides in its stacking,
which reinforces the coherence of P—P reflections (Yilmaz, 2001). At
the same time, its geometry resembles the CCP approach in receiver
function studies (e.g., Zhu and Kanamori, 2000), because the CIP loca-
tion depends on the relative earthquake-receiver configuration rather
than a simple midpoint. Importantly, no phase conversion is assumed:
the interferometric workflow emphasizes the time window between the
direct P arrival and the S phase, where the dominant contribution is
from coherent P—P energy. Converted phases may be present within this
interval, but they remain incoherent and are attenuated by stacking. In
this sense, the CIP can be regarded as a practical adaptation of the CDP
principle to the irregular geometries inherent to earthquake-based
interferometry, enabling deep imaging even with sparse seismic
networks.

6.2. Geological implications of the Basal Detachment (BD)

The BD, located at depths of 10-15 km, is expected to be located near
the transition between the brittle upper crust and the underlying ductile
crustal levels. This structural level may coincide with pre-Triassic li-
thologies that exhibit rheological contrasts associated with increasing
pressure-temperature conditions at depth. Similar decoupling horizons
have been documented in other Mediterranean basins, such as Sorbas
and Lorca, where detachment levels are spatially correlated with
metamorphic transitions and zones of enhanced ductility (Garcia-Veigas
et al., 2013; Martinez-Martinez et al., 2006). In accordance with this
idea, deformation in Units U2 and U3 localises along steeply dipping
normal faults that propagate up toward the surface, while no such
behaviour has been identified within Unit U1, supporting a more ductile
behaviour. This mechanical decoupling allows upper crustal faults to
concentrate extensional strain, while deeper deformation is absorbed
along the BD, thus facilitating the development of surface-breaching
extensional structures.

Analogue models have confirmed that high-angle normal fault sys-
tems, often observed in extensional contexts, are associated with BD
zones located at ductile—frictional boundaries (Ventisette et al., 2006). A
similar tectonic decoupling process has been described in the Gulf of
Corinth, where slip along an active BD at 9-11 km depth induces high-
angle normal faults in the upper crust (Exadaktylos et al., 2003). Com-
parable extensional detachment systems have also been documented in
the extensional domain of the Italian Apennines (Michele et al., 2020;
Waldhauser et al., 2021; Lavecchia et al., 2021) and in southern Italy
within the Calabrian arc (Brozzetti et al., 2017; Cirillo et al., 2022),
where similar rheological boundaries control the localization of faulting.
In particular, they act as basal detachments, defined as master detach-
ment faults, along which high-angle fault systems nucleate, capable of
generating strong earthquakes and reaching the surface, where
morphological evidence is clearly observable (Cirillo et al., 2025).

6.3. Deep basal detachment and its relationship with surface structure

The BD is interpreted as a mechanically decoupled structure that
accommodates deformation through a combination of aseismic creep
and low-magnitude seismicity. While we currently cannot image the
creep process directly, the reflector geometry and subdued seismicity
beneath R1 suggest a ductile transition where strain may accumulate
aseismically. In particular, a constant event production rate in earth-
quake clusters located near the BD support their embedment in a steady
state creep process (Stich et al., 2024). Similar mixed-mode behaviour
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has been described in other tectonic settings, such as the Western Alps,
where deep detachment levels play a key role in transferring stress from
the ductile lower crust to overlying brittle fault systems (Schmid et al.,
1996; Chertova et al., 2014). This dual behaviour reflects the transi-
tional rheology expected near the brittle-ductile boundary and is critical
for understanding the linkage between deep-seated structures and sur-
face deformation.

In this tectonic scenario, activity of the BD appears to manifest
through two complementary processes:

e Tectonic Creep: The continuous slip along the BD redistributes stress
toward upper crustal normal faults (Lavier et al., 2013; Thom and
Kirkpatrick, 2023), facilitating the development of horst-and-graben
systems that characterize the basin's extensional architecture.

e Associated Seismicity: Moderate seismicity (Mw ~ 2-3) has been
recorded at depths of 5 to 15 km, coinciding with the BD zone and the
roots of major fault systems. These events likely reflect localised
stress accumulation and rupture, particularly in sectors where fault
orientations rotate toward sub-horizontal geometries (Stich et al.,
2024).

The interpretation presented in this work suggests that the BD acts as
a key structural controller in the basin, as evidenced by its correlation
with fault geometry and seismic activity described in previous sections.

6.4. Comparison with regional seismic tomography

To assess the reliability of the structural interpretation derived from
our seismic interferometric imaging, we conducted a comparison with
the regional tomographic model recently published by Serrano et al.
(2024). Their model, based on the joint inversion of P- and S-wave
arrival times from 7051 earthquakes recorded by the local seismic
network of IAG-UGR during the 2020-2021 Atarfe-Santa Fe seismic
sequence (Morales et al., 2025), incorporates a total of 63,909 P phases
and 32,987 S phases. This dataset enabled the generation of 3D distri-
butions of P-wave velocity anomalies and Poisson's ratio across the GB,
with a nominal vertical resolution of 2 km and a horizontal resolution of
2.2 km. The comparison of both approaches shows the consistency of
several key features in the tomographic model and interferometric
image. These include: (i) the geometry of the sedimentary infill and its
lateral variations in the uppermost 3 km; (ii) the imaging of a graben
structure between the Esctizar and Malaha faults; and (iii) the identifi-
cation of a crustal-scale BD beneath the active fault system. The agree-
ment between these independently derived models reinforces the
robustness of our results and supports the tectonic interpretation pro-
posed in this study. A more detailed comparative analysis, including the
superposition of depth profiles and discussion of physical parameters, is
provided in the Supplementary Material (Figure SP3).

7. Conclusions

A new seismic image of the Granada Basin (GB) was obtained by
applying P-wave seismic interferometry to a sparse dataset of 117 local
earthquakes recorded by three stations. A key methodological element
was the use of CIPs, a practical geometric construction employed to
organize the interferometric traces for stacking. This construction
proved highly effective in producing a coherent image despite the
limited data, demonstrating the remarkable capability of interferometric
workflows to extract deep structural information from limited datasets.
This method shows strong potential for application of passive seismic
imaging in other structurally complex basins where dense seismic arrays
or active-source surveys are unavailable.

The resulting seismic image, when integrated with the seismotec-
tonic framework proposed by Stich et al. (2024), reveals a fault archi-
tecture rooted in a prominent low-angle reflector at depths of 10-15 km.
This feature is interpreted as a basal detachment (BD), acting as a
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tectonic decoupling horizon between the brittle upper crust and deeper,
more ductile levels. From this detachment, a system of normal faults
propagates upward, generating horst-and-graben structures. These
structures not only accommodate crustal extension but also influence
the spatial distribution of seismicity and the tectono-sedimentary evo-
lution of the Granada Basin. Overall, the integration of the AA’ seismic
profile with both interferometric imaging and independent seismotec-
tonic information provides a coherent and internally consistent struc-
tural model for the Granada Basin. The agreement between datasets
reinforces the validity of the proposed interpretation and highlights the
broader applicability of the methodology to deep imaging in other
tectonically active or data-limited regions.
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