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Abstract: The urban area of Albuñuelas, a small town located to the south of Granada (S Spain),
has been developed in terrain affected by a large-scale rotational landslide with very slow rate of
movement. Despite this situation, the internal structure of the landslide and how it has evolved to
its present state has not been analyzed in depth up to now. In this paper, we present the first study
performed on this landslide to define its configuration and characteristics. For this purpose, ambient
noise single-station and array measurements were carried out along several cross-sections of the
landslide. The inversion of the measurements has allowed for the estimation of the soil stratigraphy
at each site of measurement. These geophysical results have been constrained by data from a borehole
drilled in the zone and from field observations of the local geology, allowing for the reduction in
uncertainties in the results. A geological–geophysical model of the landslide has been built from
these data, showing that the landslide thicknesses is greater than 50 m in its central parts and above
60 m in the upper ones. This model reveals that the evolution of the landslide was complex, with
several dislodged elements (blocks) that moved in sequence (retrogression) and were partially eroded
in order to explain present morphology. The future evolution of this landslide will be controlled by
the composition of the materials surveyed along the foot of the valley, being the western part where
there are more erodible materials according to the obtained results.

Keywords: landslide; geological structure; geophysical prospecting; ambient noise; HVSR; array techniques

1. Introduction

Managing landslide hazards requires the knowledge of both the hosting slope and the
unstable mass. In general, the morphology and location of failure surfaces are fundamental
for evaluating how the stability of a given landslide may evolve due to changes of different
triggering factors [1,2]. These data are usually collected by drilling expensive boreholes. Al-
though this procedure is very effective and allows for the retrieval of undisturbed samples
that may be tested in laboratory to estimate geotechnical properties of the materials affected
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by instability, it may become prohibitive when landslide mass is very large because the
number of boreholes needed is too high. For these cases, geophysical methods represent an
interesting solution because they allow for the fast coverage of wide areas at a reasonable
cost, and they do not disturb the area under study [3–5]; this last characteristic is of special
interest when the landslide affects urban areas. At present, electromagnetic [6,7], electri-
cal [8,9] and seismic methods [10–12] are among the most used geophysical techniques
applied to landslide studies.

The usefulness of these techniques is based in the consideration that there exists a
contrast in the physical properties of the different materials involved (landslide mass versus
stable slope). Limitations occur when such a contrast is due to presence of boundaries
without interest in the slope stability problem. For instance, results of electrical methods
are highly dependent of the presence of water in the medium, but it may not necessarily be
related to the location of landslide boundaries [5]. Another drawback may also be associated
with the characteristics of the terrain under study. For example, the particular case of our
study, the Albuñuelas landslide, is characterized by an irregular relief, with difficulties in
access and the availability of space. In these conditions, the application of some geophysical
techniques, such as electrical techniques, would be quite complicated due to the extension
of wiring that would be required to be able to investigate the expected depths.

In the case of seismic methods, those based in the analysis of ambient noise (passive
methods) have gained popularity in recent times [5,13–15]. The basis of these techniques
is to find the contrast of mechanical properties between a deep and rigid basement, and
a layer (or multiple layers) of softer material resting on this basement. The study may be
performed through single stations equipped with triaxial sensors (HVSR technique) [16] or
by arrays of vertical sensors analyzed using the spatial autocorrelation (SPAC) method [17],
the extended spatial autocorrelation (ESAC) analysis [18,19] or the frequency-wavenumber
(f-k) transform [20,21], among other possible methods. The HVSR method provides the
fundamental resonance frequency of SH waves (e.g., [22]), while surface waves dispersion
curves result from array data (e.g., [19,23,24]). Both type of results can be inverted, provid-
ing a soil column depicting the local stratigraphy, where each layer is characterized by its
thickness and shear wave velocity [25,26].

The town of Albuñuelas (Granada province) is located close to the southern border of
the Granada basin (Figure 1) and was built on a slide (Figure 2), which is characterized by a
very low rate of movement [27]. This town was destroyed during the Andalusia earthquake
(24/12/1884), Mw 6.5 [28] (Figure 1), with the oldest houses in the town being those rebuilt
after the earthquake. Currently, these older houses are rotated at angles of up to 6 degrees
(Figure 2). This was initially interpreted as due to the accumulated landslide displacement
after the reconstruction of the town [27]. However, data from the systematic measurement
of the tilting of houses [29] and from SAR interferometry [30] seem to point out that a
complex pattern of progressive ground settlement may also explain the observed tilting.
Despite the menace that landslide movement may represent to this town, the geometry and
structure of landslides remain unknown. This represent a serious drawback for conducting
studies for the evaluation of the hazard, i.e., that a given increase in the rate of movement
may be present in this town.

In this work we present the design, development and results of a geophysical study
carried out in this landslide site. For this purpose, we have used several geophysical
techniques based in the measurement of ambient noise and the results have been con-
strained by field (structural and geomorphological) data, as well as with data coming from
a borehole specifically drilled for this study. The aim of this study is to apply well-known
passive seismic methods to estimate the extent of the landslide and the depth to the failure
surface, providing a complete model of its structure. This knowledge will contribute to
understanding the behavior of this landslide and allow for future studies to be carried out
about its behavior due to different triggering factors (scenarios of intense rain periods, river
undercut or severe seismic shaking).



Appl. Sci. 2023, 13, 12205 3 of 21

Appl. Sci. 2023, 12, x FOR PEER REVIEW 3 of 22 
 

about its behavior due to different triggering factors (scenarios of intense rain periods, 
river undercut or severe seismic shaking). 

 
Figure 1. Location map of the study zone. (1) External Zones of the Betic Cordillera; (2) Internal 
Zones of Betic Cordillera: (3) Neogene–Quaternary rocks and sediments; (4) trace of the Albuñuelas 
fault [31]; (5) approximate location of the 1884, Mw 6.5, earthquake; (6) urban areas; (7) dams. 

Figure 1. Location map of the study zone. (1) External Zones of the Betic Cordillera; (2) Internal
Zones of Betic Cordillera: (3) Neogene–Quaternary rocks and sediments; (4) trace of the Albuñuelas
fault [31]; (5) approximate location of the 1884, Mw 6.5, earthquake; (6) urban areas; (7) dams.
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Figure 2. (a) General view of Albuñuelas. It is noticeable that the escarpment is almost 50 m high 
and composed of calcarenite behind the town. (b) Zoomed view of the main scarp of the Albuñuelas 
landslide close to the main church. (c) Back-tilted conglomerates inside the Albuñuelas landslide 
mass. (d) Landslides affecting the slope in front of the town of Albuñuelas (south slope of the Al-
buñuelas valley) revealing a diffused rotational mechanism. (e–g) Examples of tilted houses. 
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Figure 2. (a) General view of Albuñuelas. It is noticeable that the escarpment is almost 50 m high
and composed of calcarenite behind the town. (b) Zoomed view of the main scarp of the Albuñuelas
landslide close to the main church. (c) Back-tilted conglomerates inside the Albuñuelas landslide
mass. (d) Landslides affecting the slope in front of the town of Albuñuelas (south slope of the
Albuñuelas valley) revealing a diffused rotational mechanism. (e–g) Examples of tilted houses.

2. Geological Setting

The study zone is located in the Granada Basin (Figure 1). This is a Neogene in-
tramountain basin in the boundary between the External and the Internal Zones of the Betic
Cordillera. It is located in the central part of the cordillera, where seismicity is frequent and
some destructive earthquakes have struck the area [28,32,33].

The basement of the Granada Basin is constituted by Mesozoic sedimentary rocks
from the External Zones of the Cordillera to the north and west borders of the basin, and
by Palaeozoic to Triassic metamorphic rocks from the Internal Zones in the south and east
borders (Figure 1). The basin fill comprises sedimentary rocks from Burdigalian (Miocene)
up to Quaternary [34,35]. In the study zone, the basement is formed by marbles and schists
of the Alpujárride Complex (Internal Zones of the Cordillera). They outcrop to the south of
the study zone, limited by the Albuñuelas fault (Figure 1). According to [36], a very small
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outcrop of these materials exists in the lower part of the valley, south of the town, in the
vicinity of the Saleres River. Unfortunately, this outcrop could not be identified in the field
work conducted for this study because the area was covered by recent sediments provided
by the river.

The stratigraphic record of the basin starts with continental red silts that have a thin
layer of grayish blue clays on top, Serravallian in age, and are in direct contact with the
basement. Above them, reef sandstone and calcarenite with abundant marine fauna (lower
Tortonian) and red-orange conglomerates and silt, a poorly cemented and deposited in
a marine environment (Upper Tortonian in age), are found. Finally, on top of all these
materials, there are continental conglomerates, associated with the glacis that formed
in the area during the Pliocene and Quaternary, in recent hillside deposits along slopes
and alluvial sediments in the lower part of the valleys, deposited by the rivers that run
through them.

From measurements made in outcrops, red silts are about 60 m thick, reef sandstone
and calcarenite have a highly variable average thickness, but it seems that they do not
exceed 55 m as a whole (10 m for reef sandstones and 45 m for calcarenites), and red–orange
conglomerates and silts have very variable thickness, with a maxima estimated at several
hundreds of meters [37,38]. The remaining units (recent materials) have very variable
thickness, depending on size of outcrop and position on the slopes. This sedimentary
sequence is folded and faulted [38,39]. They show a general dip towards the south, where
the so-called Albuñuelas fault constitutes the southern limit of the basin (Figure 1).

Shear strength data of materials in this zone are scarce. D’Angiò [40] presented results
obtained from undisturbed block samples of red silts unit, tested in triaxial shear box tests,
resulting an average friction angle of 33◦ (±2◦) and a cohesion of 40 kPa. Román-Herrera
et al. [41] compiled data of shear strength for marbles and schists in areas close to the study
zone. According to these authors, average values of friction angle and cohesion are 36◦ and
13.7 kPa, respectively, but these values increase to >40◦ and >200 kPa when marbles are
present. No data are available for other formations in the study zone.

Landslides are common in the Granada Basin [42]. El-Hamdouni [43] studied this
problem in the southeast border of this basin and inventoried several hundreds of landslides.
The neighborhoods of the town of Albuñuelas have grown by occupying terrains affected
by several of them (Figure 3). The main neighborhood has been developed on a rotational
slide (sensu [1]; Figure 2). It is 850 m wide and 600 m long (approx.) and has its body
broken into several parts (or blocks), each with different amount of movement and rotation,
limited by scarps that can reach tens of meters in some cases (Figure 2). In the upper
part of the landslide, some of these blocks contain minor slides affecting small volumes
of red–orange conglomerates, showing notable rotation (30–40◦ towards the inner part
of slope; Figure 3). Because of their small size, these minor slides were not mapped and
presented in Figure 3. Overall, the movement of landslides occur from NW towards SE.

To the east of the town, another neighborhood of the town has been developed on a
complex landslide (Figure 3), showing slide movement in the upper areas of the body, and
becoming a flow towards the landslide toe. It is 250 m wide and 900 m long (approx.), with
movements in a N-S direction. Between these two landslides, and limited by their flanks,
another smaller one exists (Figure 3). In all cases, landslides affect the Miocene sequence
of materials.
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Figure 3. Geological map of the Albuñuelas area showing the location of the measurement sites.
(1) Red silts (Serravallian); (2) reef sandstone and calcarenite (Lower Tortonian); (3) red–orange
conglomerates and silt (Upper Tortonian); (4) conglomerates (Pliocene–Quaternary); (5) alluvial
sediments (Quaternary); (6) slope debris (Quaternary); (7) landslide (Quaternary); (8) landslide
scarp; (9) strike and dip of beds; (10) single station measurements (HVSR); (11) array measurements;
(12) borehole drilled + HVSR + Array; (13) blocks of houses.

3. Geophysical Methods
3.1. H/V Method

The HVSR or H/V technique is broadly employed for the rapid detection and as-
sessment of seismic amplification effects by measuring ambient vibrations (or seismic
noise) with just a single three-component station. This technique requires the acquisition of
three components of the ground motion and consists of obtaining the ratio between the
horizontal and vertical Fourier spectrum. This ratio, which is expressed as a function of
the frequency, is called the H/V (or HVSR) curve (or function). The frequency peaks (or
H/V peaks) found in this spectral ratio provide a direct estimation of the seismic resonant
effects of the soil under study (e.g., [15,44–51]). The resonant frequencies reflect impedance
contrasts found between sedimentary layers and especially between the sedimentary cover
and the bedrock.

This method was first introduced by [52], and then revised by [16]. These authors high-
lighted the correlation between the frequency value of the H/V peak and the fundamental
resonance frequency of the site (f 0), suggesting the ability of this technique to provide
information on the dynamic characteristics of the subsoil. From these considerations, the
well-known Equation (1) is derived [44],
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f0 =
VS

4 · h (1)

relating the resonant frequency (f 0) with the average shear-wave velocity (VS) and the
thickness (h) of the sedimentary layer.

According to [53], the H/V analysis can be used for estimating the possible seismic
impedance contrasts, taking into account the frequency peaks; defining the lithological and
geological formations constituting the sedimentary cover and the bedrock; and creating a
map of the resonance frequency along an urban area, which defines the limits of the more
dangerous areas in terms of soil-building structure resonance.

3.2. f-k Analysis

The method based on the frequency-wavenumber (f-k) analysis [20,21] is applied on
seismic array measurements for estimating the propagation velocity of the Rayleigh waves
as a function of the frequency (i.e., dispersion curve).

The f-k analysis estimates the power spectral density function of the recorded seismic
noise in the frequency-wavenumber domain. This function describes the phase and am-
plitude of the plane waves propagating in the x-y plane of the array with velocities and

directions defined by the two-dimensional horizontal wavenumber vector |
→
k |, (k x, ky).

Specifically, considering the pulsation of the plane waves, ω = 2π f , the wavenumber

vector |
→
k |, is related to the phase velocity

→
v and the propagation angle β of the signal by

Equation (2): ∣∣∣→v ∣∣∣ = ω

|
→
k |

= ω√
k2

x+k2
y

kx = ω
vx

= ω · cos(β)∣∣∣→v ∣∣∣
ky = ω

vy
= ω · sin(β)∣∣∣→v ∣∣∣

β = arctan
(

ky
kx

)
(2)

For each of the analyzed frequencies, ω = 2π f , and the absolute maximum of the
power spectral density in the (k x, ky

)
plane is identified, which directly provides the phase

β and the propagation velocity
∣∣∣→v ∣∣∣ of the incoming plane waves.

There are two different approaches to obtain the power spectral density in the (k x, ky
)

plane: the maximum likelihood method (MLM) [20] and the beam-forming method
(BFM) [21]. The last method is the one used in this study.

3.3. Inversion of the Dispersion and H/V Curves

The H/V and/or dispersion curves can be inverted to obtain an estimation of the shear-
wave velocity profile in the site under study. These curves present different sensitivities
with respect to the characteristics of the sedimentary cover. While the dispersion curve
can provide more detailed information on the different sediment layers, the H/V curve
can more reliably determine the total thickness of the sedimentary cover from the resonant
frequency, reflecting the contrast between sediments and basement rocks. Thus, a joint-
inversion of H/V and the dispersion curve (e.g., [25,54,55]) would be preferred, as long as
possible, to obtain more detailed VS profiles of the subsoil.

The inversion of the experimental data has been conducted following the neighbor-
hood algorithm [56,57], which is a stochastic direct research method for non-linear inversion.
The inversion process explores a huge number of possible solutions or models with a cer-
tain number of sedimentary layers, whose properties (S-wave velocity, P-wave velocity,
density and layer thickness) are within preset margins. In general, prior knowledge of
the type of soil through some geotechnical method (e.g., borehole drills and downhole
experiments) helps to restrict the number of layers and their corresponding thickness, as
well as the S-wave velocity ranges. Density and Poisson’s ratio have been established for
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all layers in the range of 1600–2200 kg/m3 and 0.2–0.5, respectively, which corresponds to
the characteristics of the materials in the studied landslide.

The theoretical response of each of the models obtained as a solution (in terms of
ellipticity of the fundamental mode Rayleigh wave or the dispersion curve) is contrasted
with the corresponding experimental curves by means of a misfit function [58], given as
the result of how much the provided solution fits the type of soil under study.

4. Data Acquisition and Analysis
4.1. Borehole

There are no boreholes available within the landslide body that could help in constrain-
ing the interpretation of geophysical data for this study. There was a borehole drilled by
researchers of the University of Granada, but log-stratigraphy was not available. To avoid
this lack of data, a single borehole was specifically drilled for this study by a geotechnical
laboratory (Centro de Geotecnia y Control de Obras S.L., company). The borehole reached
48 m of depth and was stopped due to limitations in available funds.

Figure 4c shows the soil column found in the borehole. The following can be observed:
(a) a shallow, 1.0 m thick layer of man-made debris; (b) a 9.6 m layer of brown to red
clayey silt and conglomerates; (c) at 10. 6 m deep, yellow, poorly cemented sandstone
and clayey sand; and (d) below these materials, the soil column is composed by gray
clay (3.5 m) and red silt (28 m), including levels of sandstone and conglomerates. These
conglomerates become more frequent towards the end of the borehole. Unfortunately, the
borehole stopped before reaching the base of red silts and the basement. During drilling
works, an aquifer in relation with sandstones was recognized, with the rest of the soil
column in the borehole remaining dry.
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4.2. H/V Measurements

With the aim of retrieving the information about the stratigraphy of the landslide and
nearby areas, ambient noise measurements were taken in 26 different sites in the study area.
The location of these sites was selected in order to obtain information along cross-sections
of the main landslide where the town was built and considering the distribution of diverse
bodies constituting the landslide (Figure 3). In any case, it was not always possible to
measure at the planned sites due to access limitations (no permissions were given, in some
cases, by the property owners for performing the measurements). Distance between sites
varies from several dozens to about 100 m in the more distant sites (Figure 3). When field
work was designed, an attempt was made to ensure that the distance between points did
not exceed 50 m, but when all the planned sites were established, access to some places
were not possible, so these initial estimations had to vary to the final positions shown
in Figure 3. Other measurements were taken along the upper parts of the slope, outside
of the landslide, to obtain information about the distribution (thickness) of materials in
stable areas.

The measurements were performed through Guralp CMG-6TD broadband stations.
The recording duration was approximately 60 min, which was enough to ensure the
statistical stabilization of the signal. The sampling frequency was set to 100 Hz, and
the data saved in Guralp Compress Format (GCF). Geopsy software (www.geopsy.com)
were used for the H/V analysis of data. First, the data were baseline corrected; then, the
signals were each divided into windows of 40 s length and analyzed separately. The time
windows were tapered using a Hanning function to avoid the leakage phenomena, and the
corresponding spectra were smoothed using a triangular moving window with frequency
dependent half-width (5% of central frequency).

www.geopsy.com
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The reliability of the obtained H/V curves has been checked through the guidelines
established in the SESAME project [59].

4.3. f-k Experiment

Seismic noise array measurements have been analyzed through the f-k technique,
providing an estimation of the Rayleigh wave-phase velocity dispersion curve.

In the present study, 2D arrays were deployed at seven different sites along the
landslide. The equipment used consisted of twelve 4.5 Hz vertical geophones connected to
a multichannel seismic recorder (SmartSeis ST), which allows for the retrieval of dispersion
curves above approximately 2 Hz [60,61]. The geophones were deployed following a
circular or rectangular layout with a maximum aperture of 16–20 m, depending on the
available space. Considering that the wavelengths estimated by the f-k method can be
several times greater than the maximum aperture [55,62], these configurations would be
sufficient for soil classification purposes [63]. The recording duration was 30–45 min with a
sampling frequency of 500 Hz, although it was subsequently resampled at 100 Hz.

The data analysis was performed using Geopsy software (www.geopsy.com). The
raw signals were previously processed in the same way as indicated for the H/V analysis
(Section 4.2).

5. Results
5.1. Geophysical Results at the Borehole Site

In this study, the information provided by the borehole drill has been used as starting
point for the estimation of the Vs profile at the center of the landslide. According to the
stratigraphy of the place, three main different layers of materials can be considered: silt
and conglomerates, sandstone and red silt. In addition, a surface layer of alteration and/or
accumulated fills are also observed.

At the borehole site, H/V and array measurements were taken in order to combine
the analysis of the seismic passive techniques with the geotechnical information and assess
the reliability of the obtained results. According to that, the joint-inversion of the H/V and
dispersion curves has been accomplished considering the number of layers and the ranges
of thickness deduced by the stratigraphic information obtained from the borehole drill.

The Dinver software of the Sesarray package (www.geopsy.org) has been used for car-
rying out the joint-inversion and estimating the corresponding Vs profile at the borehole site.

In Figure 4a, the Vs profile estimated from the joint-inversion of H/V and array
measurements at the borehole site is presented. The model with the minimum misfit
(black), the models below the minimum misfit + 10% (dark gray) as well as all the tested
models (light gray) are shown in the left column. The ellipticity and the dispersion curves
corresponding to the best estimate model (darkest gray), the models below the minimum
misfit + 10% (dark gray) and all the analyzed models (light gray), are shown together with
the experimental curves (black) on the right side.

In Figure 4b,c, the stratigraphic information obtained from the borehole drill is com-
pared to the best Vs profile (i.e., the model with the minimum misfit) estimated at the
first 60 m.

As a result, a shallow layer of fills is estimated with an S-wave velocity of 160 m/s
and an approximately thickness of 2 m. Below, a first layer, associated with the silt and
conglomerate materials, is characterized by a Vs of 280 m/s and thickness of 4 m. The
second estimated layer reaches a depth of 15 m, with a S-wave velocity of 520 m/s. This
layer is associated with the sandstone materials. Finally, the third layer presents a Vs of
750 m/s and reaches a maximum depth of 52 m, corresponding with the red silt materials.

The obtained results show that the model with the minimum misfit correctly identifies
the different layers. The velocity values estimated for each layer are in agreement with
the properties of the materials observed in the stratigraphy column. In the case of the
thicknesses, it is observed that a slight underestimation of 3–5 m in the most superficial
layers, which falls within the margin of the minimum misfit + 10% observed in Figure 4a.

www.geopsy.com
www.geopsy.org
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5.2. S-Wave Velocity Profiles

Once this first Vs profile is obtained, situated purposely in the central part of the
landslide, the analysis of the other sites was performed going from the nearest points to the
furthest ones, situated on the top of the hill and the proximity of the Saleres River. In this
way, the connection between the adjacent sites has been taken into consideration, obtaining
coherent Vs profile results along the studied landslide.

Dinver software from the Sesarray package (www.geopsy.org) was used to carry out
the single- or joint-inversion and to estimate the corresponding Vs profile in all the selected
sites. In some places, it was not possible to deploy an array, so only H/V measurements
were used for the inversion process.

Figures 5 and 6 show some examples of Vs profiles estimated by single- or joint-
inversion of the H/V and dispersion curves. The model with the minimum misfit (black),
the models below the minimum misfit + 10% (dark gray) as well as all the tested models
(light gray) are shown in the left column. The ellipticity and the dispersion curves corre-
sponding to the best estimate model (darkest gray), the models below the minimum misfit
+ 10% (dark gray) and all the analyzed models (light gray), are shown together with the
experimental curves (black) on the right side.
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the landslide: (a,b) Sites N27 and N12 (east cross-section); (c,d) sites N9 and N4 (west cross-section);
(e,f) sites N21 and N16 (central cross-section). On the left panel, the minimum misfit model (black) is
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standard deviation bars in black) is shown together with the ellipticity curve associated with the
best-fitting model (darkest gray), minimum misfit + 10% (dark gray) and all the other tested models
(light gray). The minimum misfit value is shown above the H/V plot.

All the analyzed H/V curves exhibit one or more evident peaks due to the resonance
effect associated with the impedance contrast between the different layers or stratums. Thus,
the principal interfaces have been clearly identified after the inversion process. Moreover,
the presence of resonance peaks in the H/V curves also indicates possible amplification
phenomena, which constitutes an important parameter for site response studies and for
future seismic hazard studies in this area.
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Figure 6. Examples of S-wave profiles obtained by joint-inversion of H/V and dispersion curves
at four different sites of the landslide: (a,b,d) Sites A4, A6 and A5 (west cross-section); (c) site A3
(central cross-section). On the left panel, the minimum misfit model (black) is shown together with
the models comprising inside the minimum misfit + 10% (dark gray) and all the tested models (light
gray). On the right panels, the mean value plus standard deviation bars of the experimental H/V
curve (right bottom panel) and dispersion curve (right top panel) are shown in black together with
the ellipticity/slowness curves associated with the best-fitting model (darkest gray), minimum misfit
+ 10% (dark gray) and all the other tested models (light gray). The minimum misfit value is shown
above the right panels.

In most of the obtained dispersion curves, it is observed that the Rayleigh wave-phase
velocity decreases with the increasing frequency, which is typically associated with simple
stratigraphic conditions where shear-wave velocity consistently increases with depth. In
some sites, especially in the sites where conglomerates emerge, the observation of a kink or
flat zone in the experimental dispersion curve could be indicative of the presence of a soft
layer below a stiffer one [55], which is subsequently confirmed by the estimated Vs profiles.

5.3. Stable Areas

The first step in our study was verifying if the obtained results were congruent with
the data gathered from outcrops of the same geological formations in this zone. For this
purpose, we focused on the results obtained from sites not affected by landslides, for which
a complete soil column is available. As it was previously mentioned in Section 2, observed
outcrops presented a red silt unit approximately 60 m thick, together with reef sandstone
and calcarenite units with highly variable thicknesses that do not exceed 55 m (10 m for reef
sandstones and 45 m for calcarenites) [37,38]. The results obtained at these sites on stable
areas are presented in Figure 7. In this figure, we consider that the lower layer corresponds
to the basement (marbles and schists), and according to the stratigraphy of the area, the
units above represent the red silt, reef sandstone and calcarenite, red-orange conglomerates
and silt, and continental conglomerates (only at sites N1 and N2), respectively. Finally,
a thin layer of very low velocity is observed on the surface, which may be attributed to
altered materials or artificial fills.
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Figure 7. (a) Vs profiles obtained at sites located outside of landslide areas. (b) Distribution of Vs
velocities for the red silt and sandstone units. Numbers show average thickness for each unit and
zone. See Figure 3 for location of sites in this figure.

The obtained results show that Vs velocities in the basement are high, typically above
1000 m/s. Above the basement, the red silt layer is characterized by Vs velocities in the
range of 600–800 m/s. The thicknesses of this unit show some variability, with values
varying from 42 m (site N13) up to a maximum value of 70 m (site N2). Figure 7 shows that
sites located in the eastern part of the study zone show lower thicknesses and dispersion,
but values obtained are similar to those estimated in the western part of the study zone. It
is noticeable that these values agree with data known from outcrops, showing differences
lower than 10 m with respect to outcrop data (average value of 52 m vs. 60 m).

The results obtained for the reef sandstone and calcarenite unit (layer above red silt)
(Figure 7) present Vs velocities in the range of 400–600 m/s and thicknesses with notable
differences depending on the considered sector. For sites located in the western part of the
study zone, the thicknesses vary in the range of 33–37 m (average value of 35.4 m). On
the contrary, this same material shows lower thicknesses in the eastern sector of the study
zone, between 12 and 17 m (14.4 m in average). These data seem to point out that this
layer diminishes its thickness towards the east in the study zone. From the outcrop data,
it is important to remark that this unit shows high variability in thickness, so the values
obtained are consistent with the data obtained from this formation.
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5.4. Landslide Geological Structure

The results obtained from the ambient noise measurements have been used in con-
junction with the soil column information obtained from the borehole and the geological
data (position of landslide scarps, material outcropping at ground surface, and dip and
dip direction of beds in the landslide area) to model three cross-sections of the Albuñuelas
landslide (Figures 8 and 9). The location of these three sections is shown in Figure 3.
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The results obtained in the stable areas (see Section 5.3) have been useful for iden-
tifying the zones in each cross-section where thicknesses of red silt and/or sandstone
(reef sandstones and calcarenites) agrees with the average values observed in stable zones,
or where they show thicknesses lower than the expected ones. In this last case, it was
interpreted as due to the presence of a failure surface, which cuts such a unit, reducing its
thickness. For constructing these plots, we also considered the relative angle between each
cross-section and the bed’s dip-direction, to use a geometrically consistent dip in the plots.
The apparent dip was computed by Equation (3):

tanβ′ = cosα · tanβ (3)

where α is the angle between the line of the cross-section and dip direction of beds (approx.
N285◦ E to N300◦ E, depending of the site), β is the real dip of beds, and β′ is the apparent
dip of beds along the cross-section. Section A–A’ (Figure 8) is approximately parallel to
the dip direction of beds in the landslide area (α = 0◦), so units are presented with their
real dip. Section B–B’ forms an angle of approximately 30◦ with the dip direction of beds
and units show a dip slightly lower than the measured one (24◦ vs. 28◦). Finally, section
C–C’ is almost perpendicular to bed’s dip direction (α ≈ 90◦), so materials were arranged
horizontally in this cross-section (Figure 9).

With the previous considerations, the obtained results show that upper limit of high
velocity unit (basin basement) draws a surface dipping toward the south (right border
of plots), where the Albuñuelas Fault is located, from approximately 750 m.a.s.l. in the
northern part of sections to 650 m in the opposite side. Additionally, the sedimentary cover
is thinner towards the southern part of sections, reaching the lowest values at the base of
the valley where the basin basement should be found a few meters below ground surface in
section B–B’ (Figure 8, bottom). This agrees with the map prepared by [36], showing where
it is very likely that recent sediments provided by the Saleres River buried the outcrop
mapped by these authors. In the upper parts of the slope, sedimentary units also dip
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toward the south with the exception of section B–B’, where a broad syncline exists in the
top of the area (Figure 8).

6. Discussion

The proposed model obtained after the integration of all available data show a rota-
tional slide (sensu [1]) organized into several slide blocks (Figures 8 and 9). The movement
(rotation) of blocks is greater towards the landslide toe, which may be interpreted as due to
a retrogressive landslide. Initially, instability affects the lower parts of the slope, although
as movement progressed, the upper parts of the slope became also unstable, increasing the
size of the whole landslide. Upper blocks exhibited a lower displacement, and their effect
on topography was reduced.

The results show that the thicknesses of both sandstone (reef sandstone and calcarenite)
and red silt units are highly variable in the landslide area, with successive reductions and
increases in thickness. As previously explained, this is interpreted as the effect of multiple
failure surfaces cutting these geological units, causing the estimated changes in thickness.
Because red silt units are also affected, it was deduced that the basal failure surface of the
whole landslide should be found at the base of these units, and that intermediate failures
root into this surface (Figures 8 and 9). This agrees with the contrast in shear strength of
the involved materials, given the higher shear strength of basement materials compared
with red silt unit (base of the Neogene sedimentary fill). The failure surface may hardly
penetrate into the basement, and it more likely affects the sedimentary units or runs along
the contact basin basement—red silt. In some cases, where the basement is deeper, basal
failure occurs within the red silt unit (sections A–A’ and C–C’). This surface is found more
than 60 m deep in the upper part of slide and about 50 m in its middle section.

The obtained results and the modeled cross-sections show the importance of two factors
in the occurrence of this landslide. First, the valley suffered an intense process of erosion in
the past, where river incision led to the erosion of most of the sedimentary fill (Figure 10).
This undercut of valley slopes contributed to an initial destabilization of the slope. Addi-
tionally, a general dip of layers towards the free face of the slope also contributed to the
general failure of the valley slope. From the proposed sections, the erosion has removed
the sedimentary fill in section B–B’ (Figure 8), but there are still some remains of this fill
in section A–A’ (and C–C’, Figures 8–10). It is reasonable to expect that river continues
its incision (<1 mm/yr; [28]), but that it would be more effective on red silt (section A–A’)
than in the marble and schist found in section B–B’ (Figure 8), so it is likely that the future
evolution of this landslide would be more pronounced in its western flank. This is in
agreement with displacement observed from interferometric techniques [30], which show
that maximum displacements within the urban area of Albuñuelas occur just in the western
part of the town (displacements above 2 mm/yr, with a maxima >12 mm/yr along the line
of sight).

The framework of the landslide mechanism, which can be reconstructed following the
geophysical investigations and the consequent refinement of the engineering–geological
model of the slope on which the town of Albuñuelas stands, leads to the recognition of
retrogressive dynamics of the landslide that, however, appears to concentrate its mobility
in the portions of the slope that are already involved. The distribution of activities does not
therefore appear to be widening. On the other hand, the progradation of the landslide mass
seems to be disadvantaged by the intense erosion at its foot, caused by the Saleres River
and evidenced by the deep incision of the deposits connected to the landslide mass itself.
From a kinematic point of view, the landslide reveals the presence of numerous blocks,
which are dislodged by secondary scarps and whose mobility can be distinguished with
exposure to the possible reactivation of parts of the slope when trigger events, such as
earthquakes, should occur.



Appl. Sci. 2023, 13, 12205 18 of 21Appl. Sci. 2023, 12, x FOR PEER REVIEW 18 of 22 
 

 
Figure 10. Estimated geometry of the valley slope before landslide occurrence for Section A–A’. Pink 
line: estimated position of top of red silt unites from average thickness of this unit in stable areas 
(Figure 7) and position of basement; orange line: estimated position of top of reef sandstone and 
calcarenite. Arrows mark the position of scarps in landslide body. 

The framework of the landslide mechanism, which can be reconstructed following 
the geophysical investigations and the consequent refinement of the engineering–geolog-
ical model of the slope on which the town of Albuñuelas stands, leads to the recognition 
of retrogressive dynamics of the landslide that, however, appears to concentrate its mo-
bility in the portions of the slope that are already involved. The distribution of activities 
does not therefore appear to be widening. On the other hand, the progradation of the 
landslide mass seems to be disadvantaged by the intense erosion at its foot, caused by the 
Saleres River and evidenced by the deep incision of the deposits connected to the landslide 
mass itself. From a kinematic point of view, the landslide reveals the presence of numer-
ous blocks, which are dislodged by secondary scarps and whose mobility can be distin-
guished with exposure to the possible reactivation of parts of the slope when trigger 
events, such as earthquakes, should occur. 

7. Conclusions 
A combination of geological, geomorphological and geophysical techniques has been 

applied here to reconstruct the architecture and the failure mechanism of a large landslide 
affecting the town of Albuñuelas in southern Spain. Among these techniques, a particular 
role was played by seismic passive methods. An intensive and extensive usage of ambient 
noise allowed for the provision of a reliable seismic characterization of the area. The sur-
veys of ambient noise measurements, carried out in this study, provided a general assess-
ment of the fundamental resonance frequency and the thickness of the sedimentary layer, 
estimating the lateral extent of the landslide and the depth to the failure surface. The seis-
mic passive methods are especially suitable thanks to their ability to identify physical 
properties of the subsoil, including its thickness and shear-wave velocity. The measure of 
these parameters can then be used to depict the size of the land mass. Advantages of these 
surface methods are mainly related to their non-invasive nature. They can be performed 
more rapidly than borehole methods and are less expensive than the one required for 
drilling. Furthermore, in sites that are difficult to examine, the surface methods may be 
the only choice for geotechnical investigations. Another important aspect of the surface 
methods is related to the volume of soil involved in the survey, wider than borehole meth-

Figure 10. Estimated geometry of the valley slope before landslide occurrence for Section A–A’. Pink
line: estimated position of top of red silt unites from average thickness of this unit in stable areas
(Figure 7) and position of basement; orange line: estimated position of top of reef sandstone and
calcarenite. Arrows mark the position of scarps in landslide body.

7. Conclusions

A combination of geological, geomorphological and geophysical techniques has been
applied here to reconstruct the architecture and the failure mechanism of a large landslide
affecting the town of Albuñuelas in southern Spain. Among these techniques, a particular
role was played by seismic passive methods. An intensive and extensive usage of ambient
noise allowed for the provision of a reliable seismic characterization of the area. The
surveys of ambient noise measurements, carried out in this study, provided a general
assessment of the fundamental resonance frequency and the thickness of the sedimentary
layer, estimating the lateral extent of the landslide and the depth to the failure surface. The
seismic passive methods are especially suitable thanks to their ability to identify physical
properties of the subsoil, including its thickness and shear-wave velocity. The measure of
these parameters can then be used to depict the size of the land mass. Advantages of these
surface methods are mainly related to their non-invasive nature. They can be performed
more rapidly than borehole methods and are less expensive than the one required for
drilling. Furthermore, in sites that are difficult to examine, the surface methods may be
the only choice for geotechnical investigations. Another important aspect of the surface
methods is related to the volume of soil involved in the survey, wider than borehole
methods. For all these reasons, the passive seismic measurements have been significantly
growing in importance in the recent few years for the dynamic characterization of soil and
landslide investigations. Furthermore, a strict synergy between geologic surveys, borehole
and seismic surveys allow for the further reduction in relevant uncertainties during the
data inversion.

The obtained results have allowed for the building of three cross-sections, showing the
internal structure of this landslide. It is a rotational slide divided into several blocks with
different degrees of displacement (rotation). The basal failure surface is found at more than
60 m in the upper parts of slide and about 50 m in its middle section, becoming shallower
towards the toe. This study shows the importance of the river incision and erosion of the
sedimentary fill of the basin, where an important part of it has been removed by river
erosion, contributing to the destabilization of non-eroded parts of slope. Additionally, the
results show that the general structure of the area, with materials dipping towards free face
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of slope, also contributes to the landslide occurrence. Future evolution of this landslide will
be controlled by the ability of the Saleres River to erode the bottom of the valley and by the
materials found on it, which may lead to a different evolution of the western part, where
soft materials exist in the bottom of the valley, with respect to the eastern part, where hard
materials are found according to our results.

This research work constitutes the first step for future projects focused on understand-
ing the behavior of this landslide due to different triggering factors (scenarios of intense
rain periods, river undercut or severe seismic shaking).
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