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A B S T R A C T   

In this research, we conducted the first P-wave tomographic imaging of 3-D azimuthal anisotropy of the Granada 
Basin (Betic Cordillera, Spain) introducing recent advances in the application of this method, thanks to abundant, 
high-quality data sets recorded by a dense seismic network deployed in the study area during the Atarfe-Santa Fe 
seismic series (2020− 2021). We also determined high-resolution P- and S- wave tomography for 3-D isotropy of 
the study area down to 14 km depth and then the three-dimensional distributions of Poisson’s ratio (σ). The 
result for the uppermost crust reveals the lower velocities associated with the predominantly Neogene- 
Quaternary sediments in the Basin. During the Atarfe-Santa Fe seismic series there were five earthquakes with 
a magnitude of over 4.1. In the source areas of the first of these earthquakes, significant variations were detected 
in P-velocities and high Poisson’s ratios. This suggests that fluids might be involved in the nucleation and 
development of the seismic sequence. The fast polarization directions (NE-SW) in the central study area are 
mostly parallel to the Cadiz-Alicante fault system and almost perpendicular to the NW-SE fault plane directions 
obtained from the focal mechanism solutions for the earthquakes with the largest magnitudes, which present a 
clearly NE-SW extensional model. At the end of the middle Miocene, the Cadiz-Alicante fault system was 
practically immobilized, and an approximate NNW-SSE compression with a perpendicular extension, which was 
strongly pronounced in the Granada basin, was established. This extension is now active. Our results could 
therefore be suggesting that extension tectonics is the dominant effect in the upper crustal depth, as reflected by a 
significant NE-SW Fast Velocity Direction (FVD). Another possibility is that the FVD may have continued un-
changed since the end of the middle Miocene due to the control exerted by the Cadiz-Alicante fault system, 
indicating structure-induced crustal anisotropy.   

1. Introduction 

Sedimentary basins usually amplify and elongate ground motions 
when traversed by seismic waves at seismic frequencies at which urban 
infrastructure resonates. High-resolution characterization of the seismic 
structure beneath a sedimentary basin is therefore essential to make 
reliable predictions of ground motions, which are vital for mitigating 
seismic hazard. However, even when we have information on the 
seismic structure it is very difficult to characterize a sedimentary basin 
without having a very detailed knowledge of its anisotropic structure. 
Another important issue is that the origin of seismic anisotropy and its 
relation to the tectonic characteristics of a region are currently a subject 

of debate. In 1990, Kaneshima found at least three phenomena 
explaining the origin of shear-wave splitting: (1) vertically or subverti-
cally aligned stress-induced microcracks, (2) cracks or fractures located 
in the vicinity of active faults that were oriented parallel to the fault 
planes and (3) an intrinsic rock anisotropy resulting from preferred 
mineral orientations. A detailed anisotropy study near the San Andreas 
fault trace at Parkfield was conducted by Daley and McEvilly (1990), 
who suggested that anisotropy may be caused by the fabric of the fault 
zone. Several researchers [Babuska and Cara, 1991; Crampin, 1994] cite 
regular patterns of tectonic fabric, stress-aligned microcracks, and 
preferred mineral alignment as explanations for the seismic anisotropy 
observed in crustal studies. 
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If we look at studies of sedimentary basins, Liang et al. (2020) re-
ported, in a study of the Sichuan basin (China), that the Fast Polarization 
Directions (FPDs) of shear waves are dominantly perpendicular to the 
edges of the basin and the FPDs inside the Sichuan basin are quite 
different between the two shallowest depths. The latter could suggest 
that the sedimentary layers and crystalline basements have different 
responses to regional stresses. These authors concluded that the different 
tectonic processes may lead to different angular differences between the 
FPDs and the GPS velocity. Both the GPS velocity and the FPDs of an-
isotropies are related to regional tectonic stresses. In some regions, the 
flow of materials results in the alignment of planar or linear structures, 
such as rock layers, fault fabrics and elongated rocks, in the direction of 
the flow. The surface wave traveling in this direction travels preferen-
tially in the fastest layer/column. In this case, the FPDs are parallel or 
subparallel to the GPS velocity directions. For their part, in an analysis of 
ambient-noise-derived Rayleigh waves, Schippkus et al. (2020) found 
that the seismic anisotropy in the Vienna Basin area in the topmost ki-
lometers of the crust is apparently controlled by the regional stress field, 
via crack-induced anisotropy. This was corroborated by the active faults 
in the area whose orientation closely matched that of the stress field. At 
deeper levels in the crust, anisotropy was controlled to some extent by 
crystal alignment due to deformation caused by faults and lateral 
extrusion in the area. The orientations were closely in line with what 
might be expected from the deformation. In one of the latest studies 
published on P-wave anisotropy, Liu et al. (2022) concluded that the 
northern Slaton Trough basin is dominated by NW-SE Fast Velocity 
Directions (FVDs), which could be due to the active compression 
happening in this area. By contrast, the southern Salton Trough basin is 
dominated by E-W oriented FVDs, possibly due to faulting and/or block 
rotation. 

Despite the inherent complexity of interpreting seismic anisotropy 
and the difficulties involved in unraveling its origin, in this research we 
attempt to characterize the upper crust of the Granada Basin from the 
results of high-resolution seismic anisotropic tomography obtained from 
the inversion of the arrival times of local earthquakes. The availability of 
a dense seismic network in this area has allowed us to collect high- 
quality data from many earthquakes of small magnitude, and in 
particular from the Atarfe-Santa Fe seismic series (Informe, 2021). 

Many researchers have investigated the seismic structure of the 
Granada Basin and these studies have greatly improved our under-
standing of the seismicity and seismotectonics of this region (Galindo- 
Zaldívar et al., 2015; Stich et al., 2010a, 2010b; Sanz de Galdeano, 2020; 
Madarieta-Txurruka et al., 2021, 2022; Lozano et al., 2022). The 
Granada Basin is a Neogene-Quaternary intramountain basin within the 
Betic Cordillera (SE Spain). According to Sanz de Galdeano et al. (2012), 
this basin is affected by many faults that can be grouped together into 
three sets: (1) the first set consists of the faults in an N60E to E-W di-
rection, which are the longest and oldest; (2) the second set covers the 
NNE-SSW faults, which are very important, especially to the east of the 
cordillera; and (3) the third set is made up of faults running approximate 
NW-SE, which are also present in the eastern sector and inner regions of 
the basin, affecting areas such as Sierra Elvira, Granada, Padul, etc. 
Numerous studies describe these NW-SE active normal faults (Rodrí-
guez-Fernández and de Galdeano, 2006; Sanz de Galdeano, 2020; etc.) 
whose NE–SW regional extension was confirmed by determining the 
moment tensor (Stich et al., 2006; Stich et al., 2010a) and focal mech-
anism solutions (Galindo-Zaldívar et al., 1999). A large part of the 
seismicity in this area has been attributed to these NW-SE normal faults 
(Madarieta-Txurruka et al., 2021, etc.). Most recently, Martin-Rojas 
et al. (2023) quantified short-term fault slip rates in the Granada Fault 
System (0.9 ± 0.3 mm/year) on the basis of GNSS-derived geodetic data. 

The Granada Basin has experienced some of the most devastating 
earthquakes in the history of the Iberian Peninsula (Vidal, 1986) and 
remains one of its most active seismic areas in terms of both the number 
and the magnitude of these events. A very striking feature of the region 
is that it is often struck by a series of earthquakes, the last of which 

occurred in 2020–2021. This sequence was felt over much of the city of 
Granada and its surrounding metropolitan area and the largest earth-
quake had a magnitude of mbLg 4.6 (Informe, 2021). The seismicity and 
current stresses highlighted by earthquake focal mechanisms reveal the 
activity of the NE-SW extensional system in the shallowest 12 km of the 
Granada Basin. 

The first stage in this study was to estimate the three-dimensional P- 
and S-wave seismic velocity distribution and anisotropy beneath the 
Granada Basin. We then compared this distribution with the results 
obtained using various different geophysical methods, and studied the 
implications this could have for our understanding of the structure and 
dynamics of the Basin. We also wanted to provide a detailed assessment 
of the relationship between the seismic and tectonic characteristics, and 
of the local deformation in the upper crust. Although several models of 
the study area have been obtained from local seismic tomography 
(Dañobeitia et al., 1998; Calvert et al., 2000; Gurria and Mezcua, 2000; 
Serrano et al., 2002), they all involve isotropic velocity tomography, in 
which the Earth’s structure is assumed to be isotropic for the propaga-
tion of seismic waves. According to Zhao et al. (2023), this is because in 
many cases the seismic data sets used in tomography do not have enough 
data and/or ray-path coverage to resolve the anisotropic part of the 
signal. Seismic anisotropy can cause the largest changes in seismic ve-
locities, perhaps even greater than those caused by changes in temper-
ature, composition, or mineralogy. With this in mind, the main objective 
of this study was to take advantage of the magnificent seismic ray 
coverage provided by the Atarfe-Santa Fe seismic series (2020–2021) to 
obtain a three-dimensional distribution of seismic anisotropy below the 
study area. In addition, our study seeks to highlight the importance of 
analyzing the seismic anisotropy in sedimentary basins when trying to 
predict the ground motion of future earthquakes, given that at present, 
anisotropy models are rarely used in physics-based ground motion 
prediction. 

2. Data and methodology 

Seismic tomography is one of the most important geophysical tech-
niques for determining the three-dimensional (3D) distribution of the 
physical properties inside the Earth that affect seismic-wave propaga-
tion. These properties include elastic, anelastic, and anisotropic pa-
rameters, as well as material density (Thurber and Ritsema, 2015). 
Seismic anisotropy tomography is an updated geophysical imaging 
technology that can display 3D variations in both structural heteroge-
neity and seismic anisotropy, providing unique insights into geodynamic 
processes in the Earth’s crust and mantle (Zhao et al., 2023). 

The region studied covers an area of 2164 km2 (Fig. 1) in which each 
earthquake has been recorded by at least 5 seismic stations. The selected 
time period was from January 2010 to March 2022. The initial datasets 
were obtained from the catalogs produced by the Andalusian Institute of 
Geophysics (IAG, UGR) of the University of Granada (UGR), who 
monitor the Andalusian Seismic Network (RSA), and from those pro-
duced by the National Geographic Institute (IGN), who manage the 
National Seismic Network (RSN). Most of the earthquake arrival time 
data came from 30 seismic stations within the study area, although 34 
additional seismic stations outside the study area were also used. 

To choose the most suitable database for the inversion, we compared 
the set of original RSA and RSN locations for the same time period, 
spatial volume and velocity model adapted to the Betic Cordilleras (table 
S1). In the initial database many more earthquakes and seismic phases 
were obtained from the RSA than from the RSN (7051 earthquakes 
including 96,896 P- and S-phases from the RSA versus 3913 earthquakes 
containing 51,405 P- and S-phases from the RSN). The dataset with the 
best fit between P- and S-wave arrival times (0.99) was RSA. The initial 
travel time residuals for the RSA database were 0.21 s. and 0.17 s. for P- 
and S-waves respectively, while for the IGN database they were 0.36 s. 
(P-waves) and 0.39 s (S-waves). 

A total of 7051 earthquakes, which included 63,909 P-phases and 
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32,987 S-phases, were selected for the initial database. The database 
was then relocated using an iterative least squares method [Zhao et al., 
1992] with three different velocity models A, B and C (Table S2). The 
first model came from the initial velocity model used by the IAG (UGR) 
in the location routine, the second model was similar to the model used 
by the IGN, and the third model was based on the results obtained by 
Serrano et al. (2002) in the same area. The reliability of the different 
velocity models used in the seismic inversions was then assessed and the 
results can be seen in Table S3. 

The seismic tomography method proposed by Zhao et al. [1992] was 
applied to the selected dataset. A three-dimensional grid net was set up 
in the modeling space. Perturbations to the velocities at the grid nodes 
and hypocentral locations were taken as unknown parameters. Travel 
times and ray paths were calculated using a 3-D ray-tracing technique. 
The LSQR algorithm of Paige and Saunders (1982) was used for inver-
sion. The nonlinear tomographic problem was solved by iteratively 
conducting linear inversion. The tomographic method is explained in 
greater detail in Zhao et al. (1992). 

For model A, after three iterations, the average uncertainty of their 
origin times was reduced from 0.33 s. to 0.16 s (Table S3). After relo-
cation of the earthquakes, the root-mean-square (RMS) travel-time re-
sidual was reduced from 0.26 s. to 0.22 s. for P-wave arrivals and from 
0.27 s. to 0.23 s. for S-wave arrivals. The results for models A, B and C 
are shown in Table S3. On the basis of these results, it is difficult to reach 
a conclusion as to which model is best, in that while the results for 
models A and C are slightly better than for model B, the latter has a 
substantially higher number of reconstructed nodes. In the end we chose 
velocity model A, because it had a larger total number of seismic phases 
than the other two models and lower average uncertainty of the origin 
times after three iterations. 

Three inversions were performed with different parameterization 
models to obtain the best possible resolution. The inversions were run 
with a distance between grid nodes of 0.01◦x 0.01◦, 0.02◦ x 0.02◦ and 
0.03◦ x 0.03◦ (latitude x longitude respectively). The spacing finally 
selected was 0.02◦ x 0.02◦ (≈2.2 km x ≈ 2.2 km). In all cases, inversions 

were conducted at depths of 2, 4, 6, 8, 10, 14, 18, 22 and 26 km. The 
number of nodes in the modeled space was 22 × 30 × 9 (latitude, 
longitude, depth), making a total of 5940. 

For model A we solved the inverse problem with 10,413 velocity 
parameters (5039 for Vp and 5374 for Vs) at the grid nodes with hit 
counts (i.e., the number of rays passing through each grid node) >10. 
The results for the three models are shown in Table S3. 

Once we had selected the network space, we then repeated a number 
of inversions using different damping and smoothing values. Smoothing 
and damping regularizations were applied to eliminate dramatic short- 
scale variations in the unknown parameters (Zhao, 2009). The reduc-
tion in the travel time residual was then compared to the variance in the 
solutions and a tradeoff curve was drawn between the two. The value 
selected as the damping parameter for the entire dataset was the one 
that gave optimum residual reduction and solution variance (Fig. S1). 
The same method was applied for the smoothing parameter. 

After obtaining the P- and S- wave velocity distribution, the elastic 
parameter Poisson’s ratio (σ) was calculated using the formula (Vp/Vs)2 

= 2(1 − σ)/(1 − 2σ) (see Utsu, 1984). Poisson’s ratio, which can be a 
helpful indicator of lithology and pore fluid pressure, is directly corre-
lated with Vp/Vs, the ratio of compressional and shear-wave velocities. 
For the crust and upper mantle of Earth, the average Poisson’s ratio is 
0.25 (Holbrook, 1988). Any deviation from this value could indicate a 
change in the characteristics of the rock in these areas. In common rock 
types, the Poisson’s ratio ranges from 0.20 to 0.35 (Christensen, 1996). 
Poisson’s ratio has also proved very effective in the clarification of the 
seismogenic behavior of the crust, and in particular in the role of crustal 
fluids in the nucleation and growth of earthquake rupture (e.g. Zhao 
et al., 2002). 

To study the 3-D P-wave azimuthal anisotropy below the Granada 
Basin, we applied the anisotropic tomography method proposed by 
Wang and Zhao (2013). This procedure was developed from the 
isotropic tomography method designed by Zhao et al. (1992) and uses an 
anisotropy method similar to that of Eberhart-Phillips and Henderson 
(2004). Wang & Zhao’s method extends the technique developed by 

Fig. 1. The top-left image shows the geographical situation of the study area (red star) while the one on the bottom left shows the distribution of the 7051 
earthquakes (colored dots) and seismic stations (black triangles) used in this study. The different colors indicate the focal depth according to the scale at the bottom of 
the map. The blue lines running N-S and W-E mark the locations of the vertical cross-sections displayed in the images on the right, which illustrate the distribution of 
seismicity in depth. (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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Hearn (1996) by implementing azimuthal anisotropy in a simultaneous 
inversion for 3-D seismic velocity and hypocenters. They added two 
anisotropic parameters at each velocity node, applying the following 
equation (Backus, 1965; Raitt et al., 1969) to characterize weak 
azimuthal anisotropy for P waves: 

S(∅) = S0 +Acos(2∅)+Bsin(2∅) (1) 

where S is the anisotropic slowness, S0 is the azimuthal average 
slowness (i.e. isotropic component), ∅ is the ray path azimuth and A and 
B are the anisotropy parameters. The fast velocity direction (FVD, or 
anisotropic azimuth) is expressed as follows: 

ψ =
1
2
tan− 1

(
B
A

)

+

{
π/2,A > 0
0,A < 0 

The magnitude of the anisotropy can be described in terms of the A 
and B values shown in eq. 1 or in terms of the fast direction and the total 
anisotropy, M, or the percentage of anisotropy, α. 

M =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A2 + B2

√

α =
Vf − Vs

V0
=

2M
S0 − M2

/
S0 

where Vf and Vs are the velocities in the fast and slow directions. 
In line with this approach, we applied the tomographic method for 

azimuthal Vp anisotropy (Wang and Zhao, 2008, 2013). Horizontal 
hexagonal symmetry was assumed in the modeled space and two 
anisotropic parameters (A and B) were defined at each node of the 
network along with isotropic Vp parameters. 

A 3D network was then created with different node spacings of 0.01◦

x 0.01◦, 0.02◦ x 0.02◦ and 0.03◦ x 0.03◦ (latitude x longitude respec-
tively). In the end, to express the 3-D azimuthal anisotropy, we selected 
a spacing of 0.02◦ x 0.02◦ and a vertical grid interval of 2 km (the same 
parameters used in isotropic tomography). The same initial velocity and 
damping model was used as in isotropic tomography, although the 
smoothing was set at 10/100 as compared to 100/100 for the isotropic 
inversion. The final number of nodes in the three dimensions was 22 ×
30 × 9 (latitude, longitude, depth), which when multiplied together 
made a total of 5940. 

We solved the inverse problem with 63,909 velocity parameters for 
Vp at the grid nodes with hit counts of >10 for model A (Fig. S2). The 
results for models A, B and C can be seen in Table S4. 

According to Huang et al. (2015), when only a narrow ray azimuthal 
range is available, the inverted isotropic Vp anomalies and the 
azimuthal anisotropy could be strongly associated. They could also be 
strengthened or weakened depending on the directions of the rays used. 
These effects (including smearing, strengthening, and weakening) are 
also visible when the ray azimuthal range is 60◦. However, they are 
significantly improved when the azimuthal range reaches 90◦. The 
isotropic Vp anomalies and the azimuthal anisotropy are mostly restored 
independently when the ray range is 120◦ or greater. Table S4 shows 
that 3676 nodes with a ray azimuthal range of over 60◦ were used. 

In the same way as we had done earlier with seismic isotropy, we 
repeated various inversions with different damping and smoothing 
values. The values chosen for the damping and smoothing parameters 
were those that provided optimum residual reduction and solution 
variance. 

3. Checkerboard resolution test 

When studying the concept of resolution here, our aim was to find 
out how the real Earth is reconstructed in the calculated image. Several 
methods were used to determine whether or not the inversion results 
were sufficiently reliable for interpretation purposes. In this research, 
the stability and resolution of the results were qualitatively assessed by 
the Checkerboard Resolution Test (CRT), so as to test the resolution of 

the tomography model by making a synthetic velocity model (Fig. 2). 
Positive and negative velocity perturbations of ±3% were assigned to all 
the 3D grid nodes, after which synthetic travel times were calculated for 
the checkerboard model. The same numbers of events, stations and ray 
paths were used as in the real tomographic inversion. We also added 
random errors with a normal distribution with a standard deviation of 
0.05 s (Fig. 2) and 0.10 s (Fig. S3) to the synthetic data to simulate the 
picking errors in the observed arrival-time data. We then inverted the 
synthetic data using the same algorithm as for the real data. This method 
was applied in Grand (1987) and the basic idea for the test came from 
Humphreys and Clayton (1988). For the azimuthal tomography in the 
input model, FVDs that were perpendicular to each other (22.5◦ and 
112.5◦) and had an anisotropy amplitude of 3% were introduced at two 
adjacent nodes. In Fig. 3 and Fig. S4, the red and blue bars indicate the 
initial and final synthetic model, respectively. In the same way as in the 
previous tests, random errors in a standard distribution of 0.05 s and 
0.10 s were added to the theoretical arrival times for the CRT input 
models. The Checkboard Resolution Test was used to assess the resolu-
tion of the result. 

As expected, the recovered images show that at shallow depths (≤
10 km) model recovery is mainly affected by the distribution of local 
earthquakes and the input model is recovered very well in the central 
part of the study area. The more local events in any given area, the better 
the recovery. At greater depths, the results are less reliable. As a whole, 
the test results indicate that the input checkerboard model can be 
recovered well for both the isotropic Vp structure and azimuthal 
anisotropy in shallower layers of the crust in the central part of the study 
area. 

4. Results and interpretation 

4.1. Seismic images from the isotropic velocity model 

One of the most significant results in the first 2 km layer (Fig. 4) is the 
large negative Vp anomaly, which in some places reaches values of − 6% 
compared to the initial velocity model, as well as the strong positive 
velocity anomaly extending from Sierra Elvira southwards. The Gran-
ada, Cubillas and Chimeneas depocenters (GR, EC-WC and CH in Fig. 4) 
are obtained from seismic inversion as low seismic velocity areas. The 
high gravity values in Sierra Elvira (SE) coincide with the important 
positive Vp values, reaching almost 4%, extending to the SW in the 2 km 
and 4 km depth layers. The parallel faults in the SW boundary of Sierra 
Elvira, Atarfe (AT) and Pinos Puente (PP) are located in this high Vp 
anomaly. At 4 km depth, the hypocenters of the five earthquakes with a 
magnitude of over 4.1 in the Atarfe-Santa Fe seismic series (2020–2021) 
and a depth from 3 to 5 km (Informe (2021)) coincide with a change in 
the distribution of Vp from high to low velocities. The Santa Fé fault (ST) 
runs parallel to the previous ones and its superficial trace crosses high 
Vp zones to the NW and low Vp zones to the SE at a depth of 2 km. While 
at 4 km depth its surface trace crosses almost entirely low velocity zones, 
at 2 km depth the Poisson’s ratio results (Fig. 5) show that the north-
western fault sector is located in a low rigidity area (high σ) coinciding 
with the hypocenters of major earthquakes, while the southeastern part 
of the fault is bounded by a block of high rigidity (low σ). At 4 km depth, 
the Poisson’s ratio has a similar distribution. In general, the seismoge-
netic area of the Atarfe-Santa Fe series shows high Poisson’s ratio values 
in the 2–4 km layers. At 6 km depth, however, the Poisson’s ratio values 
are much lower in the same area below the hypocentral zone. Fig. 6 
shows that the hypocentral area of the first, shallowest earthquake is 
located in a high σ area between 1 and 5 km depth. However, below 5 
km depth, where the rest of the earthquake is located, the Poisson co-
efficient is lower than in the shallower layers. Figs. S5 (P- wave) and S6 
(S- wave) show the results of a checkerboard resolution test along the 
profile shown in the inset map of the Fig. 6. 

When it comes to interpreting the results, it is important to bear in 
mind that the velocity at a particular point in the grid represents the best 
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Fig. 2. Results of a checkerboard resolution test for Vp tomography. The red and blue squares indicate slow and fast velocities, respectively. The depth of each layer 
is shown in the bottom-left corner of each map. The grid interval is 0.02◦ in the horizontal direction and 2 km in depth. The Vp perturbation scale is shown at the 
bottom. Random errors with a standard deviation of 0.05 s for P-wave were added to the travel times calculated from the synthetic model. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Map views showing the results of a checkerboard resolution test for Vp azimuthal anisotropy tomography. The layer depth is shown in the bottom-left corner 
of each map. The FVDs at two adjacent grid nodes are perpendicular to each other (22.5◦ and 112.5◦) with an anisotropy amplitude of 3.0%. The thin red bars show 
the fast velocity directions (FVDs) in the input model, while the blue bars indicate the FVDs recovered after the tomographic inversion. Random errors in a normal 
distribution with a standard deviation of 0.05 s were added to the theoretical arrival times calculated for the CRT input model. (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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estimate for the volume surrounding that point. Similarly, the size and 
shape of velocity anomalies can provide reasonable estimates but may 
not correspond to the exact boundaries of true velocity features 

(Eberhart-Phillips, 1986). The comparison of seismic velocities using 
seismic tomography with gravity anomalies has long been a reliable 
method for identifying sedimentary fills in an intramountain basin like 

Fig. 4. Fractional Vp perturbations (in percentage) at six depth layers obtained from the database (model A). The Vp perturbation is calculated from the mean value 
of the inverted velocity at each depth. The red and blue colors indicate slow and fast velocities, respectively. The Vp perturbation scale is shown at the bottom. The 
grey circles indicate the epicenters of the five largest earthquakes in the Atarfe-Santa Fe seismic series (Informe, 2021). In the top-right corner of the second image, 
we can see the focal mechanism solution for the largest earthquakes recorded in January 2021, as computed by the Spanish IGN (Informe, 2021). The black line 
indicates the faults according to Sanz de Galdeano et al. (2003). Those cited in the text are referred to with the following abbreviations: GR: Granada fault, EC: East 
Cubilla fault, WC: West Cubilla fault, CH: Chimeneas, SE: Sierra Elvira, AT: Atarfe fault, PP: Pinos Puente fault, ST: Santa Fe fault and EF: El Fargue-Jun fault. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Poisson’s ratio at the six depth layers. The depth of each layer is shown in the bottom-left corner of each map. The blue and red colors denote low and high 
Poisson’s ratios, respectively. The scale is shown at the bottom of the figure. See Fig. 4 for further details. (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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the Granada Basin. Due to its lower seismic velocities and lower density, 
it is possible to distinguish the sedimentary fill from the bedrock. In this 
way, it highlights both minimum anomalies, which are used to estimate 
the geometry of the bedrock. The presence of faults at depth causes 
abrupt variations in the thickness of the sedimentary infill and can 
therefore be identified in the high-resolution seismic images and gravity 
maps. The large negative Vp anomaly obtained at 2 km depth can be 
interpreted as the Neogene and Quaternary fills in the Granada Basin. 
According to the recent study by Madarieta-Txurruka et al. (2022), the 
Complete Bouguer Anomaly map shows a minimum in the Granada 
Basin. The values increase towards the north and the south, reaching a 
maximum in the southern part of the study area. This regional increase 
in the Complete Bouguer Anomaly values is due to long-wavelength 
anomalies, and is therefore, probably related to crustal thickness. 
However, the residual gravity anomaly map offers a better picture of the 
basin structure, which coincides in general with our results at shallow 
layers. 

As mentioned earlier, the hypocentral area of the first, shallowest 
earthquake with a magnitude of over 4.1 (23/01/2021, 4.4 Mw, 3.0 km 
depth) is located in a high σ area between 1 and 5 km depth (Fig. 6). This 
indicates low stiffness of the materials and that fluids may be present. 
These fluids could be involved in the nucleation and development of the 
seismic sequence as this is the first, shallowest earthquake at the 
beginning of this series. Indeed, similar values of σ have been associated 
with high pore fluid pressure and fluid migration along active normal 
fault systems. Below 5 km depth, where the rest of the earthquakes with 
magnitudes of over 4.1 Mw are located, the Poisson coefficient is lower 
than in the shallower layers. This does not prevent the triggering of 

earthquakes in that seismicity can spread along multiple fault planes in 
different material states. Lozano et al. (2022) suggest that the Santa Fe 
fault may dip vertically with the steepest plane in the first 2–3 km, 
approximately, and then change to a more normal dipping angle below 
this depth, and that the seismicity is triggered along multiple parallel 
subsidiary faults that branch off from the main parent fault rather than 
along just one main fault. 

On the south-western and south-eastern edges of the study area 
(Fig. 5), the Poisson’s ratio values are low, indicating that the materials 
surrounding the Sierra Elvira block are more compact. At 6 km depth, 
however, the σ values are much lower in the same area. These values 
indicate an abrupt change in the properties of the materials at 4 and 6 
km depth, which could be interpreted as alternating high and low 
stiffness in adjacent blocks. 

As suggested by Zhao et al. (2002), lithological variations in the crust 
could lead to heterogeneities in the properties of the materials at a local 
scale and variations in stress distribution, in this way causing a weak-
ening of the fault. The presence of high Poisson’s ratios and strong 
seismic velocity contrasts suggest that the active faults in our region are 
mechanically weak and unstable, which could imply a high seismic risk 
in the Granada Basin. Assuming that this seismic contrast is one of the 
main characteristics of the study area, it could also imply that stress has 
accumulated in an existing fault zone with lateral heterogeneity in ve-
locity. In addition, most of the microearthquakes in the Atarfe-Santa Fe 
seismic series were located in the upper crust zone between 2 and 10 km, 
which suggests that the base of the seismogenetic zone may be at a depth 
of 10 km. So, given that the material in the shallow crust is highly 
heterogeneous and the lithostatic pressure is low, initiation of the failure 

Fig. 6. The top-left image shows the geographical situation of the study area (red star). In the top-right image, the blue lines running NW-SE mark the location of the 
vertical cross-sections displayed at the bottom of the map, which illustrate the distribution of Poisson’s ratio in depth. The pink stars show the locations of the five 
earthquakes with a magnitude >4.1 in the Atarfe-Santa Fe seismic series (2020–2021). (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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probably ceases before an impending strong earthquake, causing 
numerous weak earthquakes to occur instead (Mori and Abercrombie, 
1997). 

Even though in our explanation and interpretation above, we only 
used the results of velocity model A, some of the seismic images obtained 
using the other models are nonetheless intriguing and worth analyzing. 
If we look at the results at the 2 km layer depth of the seismic isotropic 
inversion with velocity model B without relocating the earthquakes, 
some general geological and tectonic characteristics of the basin are 
more significant than with model A. For example, according to Sanz de 
Galdeano et al. (2003), the East Cubilla fault (EC) identified in seismic 
profiles affects the Plio-Quaternary materials. If we look at Fig. 7, this 
tectonic feature is situated between high and low velocities in the NNE 
of the basin, as reflected in the change in velocity between the basin fill 
and the bedrock. This would situate the edge of the basin at its NNE end. 
The El Fargue-Jun fault (EF) showed clear activity during the Quater-
nary and has been associated with the June 1998 seismic series. Our 
results suggest that it has similar characteristics to the previous fault, 
forming the eastern boundary of the basin. This confirms the suitability 
of the velocity model we selected (model A), which is better adapted to 
the characteristics of the study area in that it includes the extensive 
sedimentary fill, a defining feature of the basin. 

4.2. Seismic images and anisotropy from the anisotropic velocity model 

In the isotropic inversion, the effects of the azimuthal anisotropic 
model are mapped onto the isotropic Vp image. The lack of homogeneity 
in the angular coverage of the ray paths can result in an apparent 
anisotropy (Ishise et al., 2012). In the azimuthal inversion, the contri-
butions made by seismic anisotropy to the travel-time residuals are, at 
least partially, independent of the isotropic Vp image. As a result, the 
three isotropic Vp models display certain differences in the amplitude 
and spatial extent of the Vp anomalies. These differences in the isotropic 
Vp image may indicate that seismic anisotropy has a greater impact on 
the structure of the study area. 

Our results for the anisotropic model (Fig. 8) show large variations 
and strong contrasts in the FVDs and in the magnitude of the anisotropy 
at different depths. The maximum anisotropy in the uppermost crust was 
approximately 3%. The high velocity area of Sierra Elvira (SE) and its 
extension south-southwards show a well-defined NE-SW FVD to 10 km 
depth. It has by far the highest seismic anisotropy in the region, more 
than doubling the results for the rest of the study area. This is the most 
striking and significant result of the whole anisotropic inversion. To-
wards the depocentre of Granada (GR), the FVD turns slightly NEE- 

SWW. By contrast, the south-western sector of the central basin (CH) 
shows a preferential NW-SE direction. From 2 km - 10 km depth, the fast 
axes of the azimuthal anisotropy hardly change direction. 

One interpretation of the azimuthal seismic anisotropy results is that 
the FVDs reflect the great diversity in the elements that control the 
distribution of stress in the Granada Basin. 

The fast polarization directions (NE-SW) in Sierra Elvira (SE) and its 
extension south-southwards are mostly parallel or sub-parallel to the 
Cadiz-Alicante fault system and almost perpendicular to the NW-SE fault 
plane directions obtained from the solutions of the focal mechanisms for 
the earthquakes with the greatest magnitudes in the Atarfe-Santa Fe 
seismic series (Informe, 2021), which present a clear NE-SW extensional 
model. According to Sanz de Galdeano (2008), the Cadiz-Alicante fault 
system was practically immobilized at the end of the middle Miocene 
and an approximate NNW-SSE compression with a perpendicular 
extension, strongly pronounced in the Granada basin, was established in 
the Betic Cordillera. Our results could be suggesting that extension 
tectonics is the dominant effect in the upper crustal depth reflected by a 
significant NE-SW FVD. 

Another possibility is that the FVD may have remained unchanged 
since the end of the middle Miocene due to the control exerted by the 
Cadiz-Alicante fault system, indicating structure-induced crustal 
anisotropy. 

Independent data obtained from the horizontal CGPS (Continuous 
Global Positioning System) velocity field was presented in a recent paper 
by García-Armenteros (2023). The stations in the central sector of the 
Betic Cordillera present a higher southwestward component instead of 
the purely westward motion obtained in previous studies (Garate et al., 
2015; Koulali et al., 2011). This new direction supports the conclusions 
of González-Castillo et al. (2015) that a clockwise block rotation is 
currently occurring in the northern branch of the Gibraltar Arc tectonic 
belt. According to new data presented in the study, this region is 
currently undergoing a northwest-southeast convergence with Nubia at 
a rate of 3.5 ± 0.1 mm/yr. The displacements as a whole also coincide 
with the tectonic model involving rollback and indentation tectonics in 
the Gibraltar Arc proposed by Galindo-Zaldivar et al. (2022). Our results 
also show that the azimuthal anisotropy pattern largely resembles the 
surface motion revealed by GPS, especially in the Sierra Elvira and its 
surrounding area. 

However, the FVDs are subparallel to the major fault strikes in the 
Chimeneas area (CH). The checkerboard resolution test (Fig. 3) shows 
poor P-wave velocity resolution in layers at depths from 4 km to 14 km, 
and Fig. 8 shows that the only robust results are those for the first layer. 
For these reasons, we have decided not to interpret the seismic anisot-
ropy results in the Chimeneas area (CH). 

As regards the origin of seismic anisotropy, it could be caused by 
structures that have gradually been deformed over their long-term his-
tory. It could also be produced by the actual strain rate field, in the same 
way as the GPS velocity field represents an instantaneous response to 
tectonic forces. According to Madarieta-Txurruka et al. (2022), there is a 
striking discrepancy between the extension vectors calculated from the 
stress tensors of the focal mechanisms (<15 km) and the surface CGPS 
data. This could be due to a heterogeneous local uplift that raised 
basement blocks in the south of the basin, giving rise to gravity collapse 
processes and the rotation of the extensional axis at the surface. 

The Granada Basin appears to be affected above all by two of the 
three fault systems described by Sanz de Galdeano et al. (2003) for the 
Betic Cordilleras, as reflected in the azimuthal anisotropy results. These 
are the faults running N70◦E to E-W and those running in an NW-SE 
direction. In those areas where active fault zones do not show fault- 
parallel fast polarization directions, structure-induced crustal anisot-
ropy should not exist. 

The fact that in the first 10 km of the upper crust, the fast axes of the 
azimuthal anisotropy hardly change direction could indicate that the 
entire upper crust has the same deformation pattern. The anisotropic 
pattern in the study region can be divided into two parts: in the central 

Fig. 7. Fractional Vp perturbations (in %) at two depth layers (2 and 4 km 
depth) obtained from the database from model B. The Vp perturbation is from 
the mean value of the inverted velocity at each depth. The red and blue colors 
indicate slow and fast velocities, respectively. The Vp perturbation scale is 
shown at the bottom. See Fig. 4 for further details. (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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sector the fast axes remain oriented almost NE-SW throughout the crust, 
while in the surrounding area there is a wider range of FVD solutions. 

5. Conclusions 

We obtained detailed three-dimensional P- and S-wave velocities and 
Poisson’s ratio images together with P-wave azimuthal anisotropy in the 
upper crust beneath the Granada Basin. The dataset used in this study 
consists of 63,909 P- and 32,987 S-wave arrival times from 7051 local 
earthquakes recorded by seismic stations in the study area over the 
period 2010–2022. Numerous inversions were performed to evaluate 
how the seismic images were affected by a range of different factors (the 
initial data sets, modeled volume parameterization, damping and 
smoothing parameters) even when the same inversion algorithm was 
used. The impact of initial velocity models on final image reconstruction 
results was investigated using three different velocity models. The 
models selected at the end of this process were those that provided the 
best results in the checkerboard resolution test and the root mean square 
of the travel time residual. 

Tomographic imaging of the uppermost crust revealed the lower 
velocities associated with the predominantly Neogene-Quaternary sed-
iments in the Granada Basin. The most recent study of the residual 
gravity anomaly map (Madarieta-Txurruka et al., 2022) coincides in 
general with our results at shallow depths in that the most important 
depocenters obtained from seismic inversion are low seismic velocity 
areas. The high gravity values in Sierra Elvira are in line with the high 
positive Vp values, extending to the SW in the 2 km and 4 km depth 
layers. In the source areas of the largest earthquakes in the Atarfe-Santa 
Fe seismic series (Informe, 2021), tomographic imaging has detected 
significant velocity variations of up to ±6% in P velocities and high 
Poisson’s ratio values. Of the 5 earthquakes with a magnitude of over 4.1 
Mw, the first had a depth of 3.0 km and was located inside a high σ area 
(Fig. 6). This could indicate the presence of fluids and the low stiffness of 
the materials. This implies that fluids were probably involved in the 

triggering of the first, shallowest earthquake and by extension in the 
nucleation and development of the series as a whole. However, below 5 
km depth, where the rest of the earthquakes with magnitudes of over 4.1 
Mw are located, the σ is lower than in the shallower layers. This suggests 
greater rigidity of the material at these depths. However, this does not 
prevent the triggering of earthquakes, as seismicity can spread along 
multiple fault planes in different material states. According to Lozano 
et al. (2022) the Santa Fe fault may dip vertically with the steepest plane 
in the first 2–3 km, approximately, before changing to a more normal 
dipping angle below this depth. In this case, the seismicity would be 
triggered along multiple parallel subsidiary faults that branch off from 
the main parent fault rather than along just one single fault. 

The presence of high Poisson’s ratios and sharp contrasts in seismic 
velocity suggests that the active faults in this area are mechanically 
weak and unstable, making the Granada Basin an area of high seismic 
hazard. 

The high velocity area of Sierra Elvira (SE) and its extension south-
wards show a well-defined NE-SW FVD to 10 km depth. It has by far the 
greatest seismic anisotropy values in the region, more than doubling the 
results for the rest of the study area. This is the most striking and sig-
nificant result of the whole anisotropic inversion. These directions are 
mostly parallel or sub-parallel to the Cadiz-Alicante fault system and 
almost perpendicular to the NW-SE fault plane directions obtained from 
the focal mechanism solutions for the largest earthquakes in the Atarfe- 
Santa Fe seismic series (Informe, 2021), which present a clear NE-SW 
extensional model. According to Sanz de Galdeano (2008), the Cadiz- 
Alicante fault system was practically immobilized at the end of the 
middle Miocene and an approximate NNW-SSE compression with a 
perpendicular extension was established in the Betic Cordillera and was 
particularly pronounced in the Granada basin. Our results could imply 
that extension tectonics is the dominant effect in the topmost crustal 
depth, as reflected by a significant NE-SW FVD. Another possibility is 
that the FVD may have remained unchanged since the end of the middle 
Miocene due to the control exerted by the Cadiz-Alicante fault system, 

Fig. 8. Map views of Vp azimuthal anisotropy tomography. The layer depth is shown in the bottom-left corner of each map. The red and blue colors indicate low and 
high isotropic velocities, respectively. The orientation and length of the short black bars indicate the fast-velocity direction (FVD) and the anisotropic amplitude, 
respectively. The anisotropic amplitude scale is shown at the bottom. See Fig. 4 for further details. (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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indicating structure-induced crustal anisotropy. 
In the uppermost crust of the central study area, the azimuthal 

anisotropy pattern largely resembles the surface motion revealed by 
GPS, especially in the Sierra Elvira area (SE) and it runs almost 
perpendicular to the strike of nearby major faults. From 2 to 10 km 
depth, there is virtually no change in the direction of the fast axes of the 
azimuthal anisotropy, which suggests that the whole of the upper crust is 
subject to the same deformation pattern. The anisotropic pattern in the 
study region can be divided into two parts: in the central sector the fast 
axes remain oriented almost NE-SW throughout the crust, while the 
surrounding area has a wider range of FVD solutions. 
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