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N o g e W

Abstract: The San Andrés landslide on El Hierro (Canary Islands) represents a rare opportunity
to study an incipient volcanic island flank collapse with an extensive onshore part. The presented
research improves the knowledge of the internal structure and rock characteristics of a mega-landslide
before its complete failure. The investigation combines multiple geophysical measurement techniques
(active and passive seismic) and remotely sensed, high spatial resolution surveys (unmanned aerial
vehicle) with in situ and laboratory geotechnical descriptions to characterize the rock properties
inside and outside the San Andrés landslide. The available geophysical and geological data have
been integrated into 3D geomodels to enhance their visual interpretation. The onshore geophysical
investigations helped detect the possible San Andrés landslide sliding surfaces at depths between
320 m and 420 m, with a rather planar geometry. They also revealed that rocks inside and outside
of the landslide had similar properties, which suggests that the previous fast movements of the
landslide did not affect the bulk properties of the displaced rocks as the failure chiefly occurred along
the weakened sliding plane. Uniaxial strength tests on basalt rocks further indicate a high variability
and spatial heterogeneity of the rock strength properties due to the different types of volcanic rocks
and their texture. The new information on the rock properties and structural setting of the San Andrés
landslide can now be used to develop realistic geotechnical slope models of the onshore part of the
flank collapse that are possibly applicable for slope stability or deformation calculations. It will also
help assess related hazards marked by a low occurrence probability and a high impact potential.

Keywords: giant landslides; seismic refraction tomography; seismic ambient noise; UAV; geological
strength index

1. Introduction

Onshore and submarine landslides around volcanic islands are among the Earth’s
largest known mass movements [1]. The database of volcanic island flank collapses contains
182 documented cases among which more than 20 mega-landslides have occurred on the
Canary Islands during the past 300 ka (Figure 1, [2]). Recent studies from the same
archipelago [3-6] propose multiple-stage collapses or slip events pointing toward the
possible reactivation of apparently inactive structures. These findings argue for the careful
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assessment of hazard levels related to the occurrence (e.g., Anak Krakatau, Indonesia in
2018 [7]) or partial reactivations (e.g., Hilina Slump, Hawai’i in 1975 [8]) of volcanic flank
collapses. Their initiation is usually related to volcanic eruptions while the mass movements
themselves may trigger tsunamis and thus represent multi-hazard and cascading events [9].
Despite this, large landslides from volcanic islands remain poorly understood due to the
paucity of such events (cf., volcanic debris avalanches occur four to six times per century [9])
coupled with the fact that the landslide body often comes to rest at considerable depths
in the ocean, and in most cases, the onshore landslide part is completely removed by the
movement [10]. Therefore, the role of site-specific preparatory factors (e.g., lithological and
structural weaknesses) has rarely be considered in detail. Recent research on volcanic island
mega-landslides has therefore often focused on the geophysical and drilling investigation
of offshore deposits ([2] and the references therein). However, these do not provide
sufficiently detailed and reliable information on the characteristics of the source rocks or
their pre-failure geotechnical properties. For the onshore parts, often far less subsurface and
geotechnical data are available in terms of their aerial coverage and reliable representation
of the complex geological environments. Limited availability of the geophysical data is
due to the shortcomings of most of the traditional seismic geophysical techniques for
application in very rugged terrains and to their logistics requirements as the achieved
depth of penetration is the function of profile length [11]. Their application potential is
further complicated by the complexity of such sites, usually marked by a high fracture
density (damaged zones), leading to the attenuation of seismic waves [12] as well as
intensive and costly labor [13]. The same geological conditions (cf., high fracturing and
lithological variability) make geotechnical rock characterization over large areas such as
over an extensive incipient volcanic flank collapse highly challenging. Additionally, often
sparse vegetation and underground excavations (e.g., water galleries in the case of the
Canary Islands) provide favorable conditions for reliable geological mapping [14].

arw

g
7 San Andrés Fault system L g ¥
EUROPE .

Recent eruptions et gl "

| (1
Post-collapse deposits of el Golfo, ‘%
o .
Rift eruptions
-
EI Golfo and Las Playas units

Figure 1. Location (a) and geological (b) maps of El Hierro. The latter contains the ages of the known
volcanic flank collapses (NA—not ascertained). The inset map (c) provides an overview of the main
landslides on the Western Canary Islands (DEM with 100 m resolution, outlines from the [2] database):
TI—Tifnor, SC—Santa Cruz, CN—Cumbre Nueva, PV—Playa de la Veta, —Icod, O—La Ortova,
RG—Roques de Garcia, AB—Abona, G—Gtiimar, OPS—OId post-shield, AN—Anaga, TE—Teno,
ED—East Dorsal.
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A promising geophysical method potentially describing the rock environment prop-
erties to greater depths (up to hundreds of meters) is based on seismic ambient noise
measurements [15,16], which are very small amplitude vibrations [17]. In recent years,
ambient noise single seismic stations (H/V or HVSR, horizontal-to-vertical spectral ratio
technique) and multiple seismic stations (seismic arrays) have been extensively adopted as
they represent effective tools to characterize the elastic properties of the subsoil and detect
seismic wave velocity changes with depth. In particular, small-aperture seismic arrays
using multiple stations can be used to describe the rock environment at great depths (up to
hundreds of meters). Ensuring the reliability of results inferred from these passive seismic
methods remains a challenging task that has been tackled either through the adaptation of
multiple geophysics techniques [18-20] or by including the results from remote sensing [13].
The aforementioned methods can also be used to investigate deeper parts of landslide
bodies, depending on the frequency contents of the recorded ambient noise data and the
degree of deformation in the strata (not violating the 1D assumption), typically in combi-
nation with active seismic methods, especially seismic refraction tomography (SRT) and
multi-channel analysis of surface waves (MASW) [20]. The integration of active, passive,
and UAV-aided (unmanned aerial vehicle) deformational and survey planning investiga-
tion over a giant volcanic flank collapse can be quite promising, however, the literature is
limited to their applications in the subsurface characterization of volcanoes, as described
by [21].

When working with a large amount of geophysical and geological data describing rock
environments at different depths, data integration in the form of 3D geomodels represents
a key task to visualize and analyze diverse surface and subsurface information as well as
comprehend their spatial relationships. 3D geomodelling applications include, amongst
others, structural modeling [22,23], reservoir characterization (petroleum engineering), and
hydrogeological engineering [24]. Applications in the field of geohazard assessment are
less frequent; however, geomodels of large landslides possibly enhance the understanding
of these complex sites and represent valuable input information for further numerical or
physical computations [19,25,26].

There are only three volcanic islands known to host mega-landslide features that have
not failed completely. One is the episodically reactivated Hilina Slump on the Hawai’ian
Islands [27], the other is a slump on Pico Island in the Azores [28], and the third is the partly
failed San Andrés landslide (SAL) on El Hierro, Canary Islands [10]. The latter provides
a rare opportunity to study a partly failed, onshore mega-landslide, in which rocks and
major failure planes are exposed within a 900 m-long abandoned water gallery. Therefore,
not only do indirect geophysical methods allow for the study of deep sub-surface rock
properties, but direct, in situ, and laboratory rock characterization can be deployed. Such a
field setting calls for research to (i) describe the rock environment within and outside the
SAL; (ii) identify the depth and shape of onshore sliding planes using the aforementioned
geophysical methods; and (iii) characterize the SAL rock strength properties by laboratory
testing, in situ evaluation, and geophysical prospection. Such data can serve to improve our
knowledge on the possible internal structure and characteristics of mega-landslides before
their catastrophic failures, and thus significantly improve our ability to reliably assess the
hazard of these rare, but potentially highly damaging phenomena.

2. Study Area
2.1. Geological Settings

El Hierro is an active volcanic edifice and the youngest of the eight Canary Islands [6,29-31].
It emerges from the 3700 m deep ocean floor and reaches a maximum altitude of 1502 m [32].
The volcano-tectonic model of El Hierro suggests a rather uniform stress field during the
growth of the whole island, resulting in the radial distribution of the major structural
elements [33]. Its oldest subaerially exposed rocks (e.g., basaltic and tephritic flows) are
represented by the Tifior Unit (Figure 1). Their maximum age was estimated to 1.12 Ma [34].
This unit is thought to have developed rapidly until around the time of the Tifior debris
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avalanche at 0.88 Ma [35]. The rocks of the El Golfo-Las Playas Unit (e.g., basaltic, trachy-
basaltic, and tephritic flows), with a maximum age of 0.55 Ma [34], overlaid much of the
Tifior Unit and infilled the scarp area of the Tifior debris avalanche [14]. The youngest
rocks are represented by the Rift Series (e.g., trachybasaltic, basanitic, and tephritic flows
with basaltic tephra cones), which have a maximum age of 0.16 Ma [34]. Over the past
33,000 years, onshore eruptions have reoccurred approximately once every 1000 years [35],
with the most recent and ongoing phase of volcanism beginning at around 2.5 ka [14,36].
Since then, all of the rift systems on the island have been active intermittently, with the
lava flows being similar in composition to those of the El Golfo Unit [37]. This phase of
rift volcanism is characterized by monogenetic volcanism with eruptions of mafic magmas
forming cinder cones and lava flows [14]. Recently, a period of intense seismic activity
lasted from July 2011 [38] until 2014 [39], which was accompanied by an offshore eruption
from October 2011 to March 2012 [40].

The three-point star shape of El Hierro is a result of at least seven gravitational slope
failures identified up until now (Figure 1) [2,5,14,41-49]. The formation of these landslides
possibly conditioned the local stress field witnessed by the observed NE-SW and N-S
directions of the structural elements in the shallower parts of the El Hierro edifice [33].
Large slope failure, considered as a slump by [50], or as a deep-seated gravitational slope
deformation by [51], here referred to as the San Andrés landslide (SAL), is defined by a
group of pronounced landslide detachment planes previously termed as faults [10]. Similar
features have been described from other volcanic islands including the Azores [28] and the
Hawai’ian Islands [52]. The submarine part of the SAL is composed of chaotic landslide
deposits most likely superimposed over deformed strata [45,53]. It has previously been
proposed that the SAL is an anchored block associated with the (mostly subaquatic) debris
avalanche at Las Playas I [10].

2.2. The San Andrés Landslide (SAL)

The San Andrés landslide has developed in the rocks of the Tifior Unit (Figure 1).
This unit incorporates three distinct subunits: the basal subunit comprises relatively thin,
2040 cm, steeply dipping lava flows; the intermediate subunit, which forms the majority
of the unit, comprises thicker, up to 4 m, shallow dipping lava flows; and the third subunit
is formed by emission vents with well-preserved craters and associated lavas [54]. The
broad arcuate failure surface system, which defines the boundaries of the landslide mass to
the northeast, is terminated to the southwest by an escarpment associated with the debris
avalanches at Las Playas. Geological evidence suggests that the landslide mass is moving
progressively to the east and southeast [55], while creep, in the order of 0.3 mm/yr, has
recently been detected at its main detachment plane [56]. A possibly retrogressive failure
plane was described 900 m inland from the main entrance of the abandoned water gallery
(Figure 2) and developed in fractured olivine-pyroxene massive basalts with well-preserved
sub-vertical slickensides and a soft clay infill [51].

The analysis of the topographic and bathymetric data (for the data description, see
Section 3.5) revealed that the subaerial part of the landslide has a width of about 8 km and
a length of about 2 km, while its submarine portion has a maximum width of more than
12 km and extends for at least 15 km, reaching a depth of 2900 m. Its subaerial slopes are
on average inclined by 16.5°, while its submarine slopes are inclined, on average, by less
than 10° [57,58]. The onshore landslide mass is divided into several swathes by antithetic
faults [48]. One of these antithetic faults appears to be responsible for the development of
an extensional trench, with a width of approximately 300 m, below the main detachment
plain. Furthermore, the landslide mass is dissected by a series of deeply entrenched gullies,
with a relative relief of more than 200 m, oriented northwest to southeast. These gullies
delineate large blocks whose elevations tend to decrease toward the north-eastern margin
of the landslide [51]. The offshore part of the landslide exhibits a large number of ridges
and blocks, but it does not present any morphological evidence for submarine debris flows,
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turbidity currents, or other sedimentary accumulations similar to those associated with the
failures at the El Golfo and El Julan landslides.
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Figure 2. Location of the 2020 and 2021 geophysical and UAV survey sites plotted on the geological
map (for legend, see Figure 1). The survey sites are EH—EI Hierro, SA—San Andrés, IS—Isora,
FP—Fault Plane, and WA—West Andres sites.

A recent investigation of the outcropping SAL detachment plane [6] revealed that the
steeply dipping failure surface is composed of a striated frictionite. Its microstructural
analysis and the kinematic markers on the failure surface evidence two separate slip events.
Their cosmogenic >He exposure ages show that the first slip event occurred between 545 ka
and 430 ka while the second one most likely occurred between 183 + 17 and 52 £ 17 ka [6].

3. Methods

The present study utilized the benefits of active and passive seismic methods for the
detection and characterization of sliding surface(s) as well as the determination of the
degree of the deconsolidation of the sliding mass of the SAL. A combination of methods
was selected to be able to investigate both the near-surface (with more detail) as well as
the deeper (tens to hundreds of meters) elastic rock properties and contrasting interfaces
within and outside the SAL. We applied active multichannel analysis of surface waves
(MASW) and seismic ambient noise techniques using the dispersive properties of the
surface waves for soil stiffness estimation and active seismic refraction tomography (SRT)
to map the P-wave velocity (Vp) distribution of the ground. The geographic coordinates
of the installed instruments (geophones and seismometers) were taken with a Topcon®
DGPS system.

3.1. Passive Seismic Measurements

In October 2020, we employed seven broadband velocimeters CMG-6TDs with a flat
response down to 0.03 Hz with a sampling frequency set to 200 Hz. Three seismic arrays
and two linear profiles were deployed inside and outside the SAL (Figure 2). One array
used seven broadband velocimeters CMG-6TDs with a flat response down to 0.03 Hz and a
sampling frequency set to 200 Hz.

The array geometries (EH, SA, IS) consisted of two or three circular configurations
around a central fixed station with increasing inter-station distances. The EH and SA arrays
consisted of two hexagonal configurations of 50 and 200 m, respectively; the IS array was
composed of one pentagonal shape with inter-station distances of 50 m and two hexagonal
configurations with inter-station distances of 200 m and 400 m, respectively. To avoid
important topographic effects in the measurements, we kept the network of seismometers
on a relatively flat area. The configuration of the 400 m array was therefore shifted with
respect to the two smaller ones due to the vicinity of the cliffs.
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3.1.1. Horizontal-to-Vertical Spectral Ratio Technique (H/V)

The H/V technique [59] estimates the fundamental resonance frequencies from mea-
sured seismic ambient noise using a single seismic station. It enables the identification of
impedance contrasts at depth in a given site. It uses the three-component seismic signals
(E-W, N-S, and vertical) at each measurement point by computing the spectral ratios
between the horizontal and the vertical components.

We first pre-processed the signals by (i) applying a bandpass filter between 0.2 and
20 Hz, and (ii) eliminating the transient signals by applying the STA /LTA technique ([60];
STA =2s,LTA =30s,STA/LTA = 3.5). The H/V analysis was performed on 40-s-long sig-
nal windows sliding the entire recordings; the final H/V curve was obtained by averaging
the results of the single 40-s-long windows. Examples of H/V curves for the four sites are
shown in Figure S1.

After estimating the fundamental resonance frequencies (fy) as the peak observed
at a lower frequency, the depths of the impedance contrasts were derived for simple
geological structures using the well-known equation relating the depth of the deposits
to their fundamental frequency, and their shear wave velocity (Vs, [60]). The resonance
frequencies were first estimated at each measurement point of the three arrays and two
profiles with a measurement duration from 2 to 7 h, while the corresponding Vs were
determined with the multi-station array (see below).

3.1.2. Ambient Noise Surface Wave Dispersion (Seismic Multichannel Array)

We applied the high-resolution frequency-wave number (f-k) analysis [61,62] on the
vertical components of the seismic data recorded simultaneously at the seismic arrays (IS,
EH, and SA) to retrieve the Rayleigh dispersive properties of the surface waves. For each
site and each configuration, a dispersion curve was computed (phase velocity as a function
of frequency). We then combined the curves at each site in one final curve that became
the target of the inversion process. Each dispersion curve was defined in its domain of
validity, and defined by the minimum and maximum resolvable wavelengths, which were
determined according to the array geometry [15].

Inversion of the dispersion curves led to the estimation of Vs as a function of depth,
enabling the identification of contrasts in the rock properties. The inversion was performed
using a neighborhood algorithm (Dinver module of Geopsy software 3.4.2, [63]), which
enabled the search for the best model in the parameter space defined by the thickness and
Vs for a layered model that will represent the site under investigation. Together with the
number of layers, the thickness and the shear-wave velocities in each layer are the main
parameters that influenced the dispersion curves the most [64].

3.2. Active Seismic Measurements

The active seismic survey comprised data interpretation in terms of seismic refraction
tomography (SRT) and multi-channel analysis of surface waves (MASW). For this survey,
48 vertical geophones of the natural frequency at 4.5 Hz were fixed to the ground, forming
a linear array configuration with 5 m inter-geophone spacing. In total, seven SRTM profiles
of a maximum profile length of 235 m were set up (Figure 2) and signals were recorded
with two 16-bit, 24-channel, DAQLink-IV (Georeva®) seismographs; sledgehammer shots
were used as the source of the seismic waves. The signal-to-noise ratio was improved by
stacking five shots at each source location.

The acquired traces of each shot location were processed by first using waveform
normalization and filtering to improve the phase arrival clarity. Then, the first arrivals
were picked and represented in a time—distance (T-D) plot. For all of the picked arrivals,
the seismic profile geometry and shot information was then used for the inversion process
of the seismic refraction tomography. The inversion was performed with Plotrefa software
(SeisImager v12.2, Geometrics), where the initial model of the subsurface was created by
providing a defined velocity range, dimensions, and a certain number of layers, which were
converted to the gridded model of variable cell sizes. The cells were of constant velocity
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and trace rays through the model. The iteration was set to a maximum value of ten for the
Vp-model to reach the optimal RMS between the observed and calculated travel times [65].

The MASW method makes use of the dispersion characteristics of the surface waves
recorded during seismic acquisitions. We applied the 1D MASW workflow (dispersion
image, dispersion curve picking, editing, and inversion) in the Geometrics SeisImager /SW
package (with recommended reference for the applied processing by [66]). The velocity
structures derived from the active seismic measurements were obtained by using an in-
version process based on the least squares approach. This aims at minimizing the RMS
(root-mean-squared) between the observed dispersion curve and theoretical dispersion
curves computed from the generated models. An initial model is given and modified
after runs of iterations. The subsurface model that minimized the difference between the
theoretical and observed dispersion curves was accepted as an approximate representation
of the site.

3.3. UAV and DGPS Data Collection and Processing

The scarp region of the SAL on El Hierro (Figure 2) was investigated with a Mavic
Pro UAV piloted with a controller connected to a mobile phone. On top of a high-quality
camera/lens system, UAV photogrammetry usually requires stabilization during flights,
dense image overlaps, and sufficient intersection angles. In this study, four manual flights
were performed from different take-off sites at an elevation of about 320 m asl (above
sea level) to collect 557 photos that were used to reconstruct a 3D surface model and a
continuous ortho-mosaic image.

UAV-based photos were processed with Agisoft Metashape Professional software
(v. 1.7.5). The first step consisted of discarding images with different views, inducing
the whole set of images aligned improperly during the photo alignment. The numbers
of projections and the error of the orientation expressed in pixels (i.e., pixel-error value)
were used to identify misaligned photos within the set. Second, a dense point cloud (with
114,845 tie points) was created with an RMS reprojection error of 0.46-0.7 pixels based
on the calculated exterior and interior image orientation parameters. This step also used
the depth maps of overlapping image pairs to prepare multiple pairwise depth maps for
each camera. These were merged into a joint depth map using excessive information in
the overlapping regions to filter incorrect depth measurements. At this stage, the dense
cloud still contained a lot of individual points (pixels) mostly related to the presence of
vegetation, which had to be cleaned manually. As the light conditions changed during the
image collection, the ‘calibrate colors’ option was used before the ‘build texture’” procedure
and the creation of the continuous ortho-mosaic image. Finally, the digital elevation model
(DEM) and the orthophotograph created from the dense cloud were exported with a ground
resolution of 22 cm/pixel in a georeferenced raster format GeoTIFF). Both the orthoimage
and the DEM are shown in Figure 3 (for this visualization, the DEM was downsampled to
a 1 m resolution).

3.4. Rocks Characterization

Despite the abundant geological literature dedicated to El Hierro Island, laboratory
or in situ descriptions of mechanical properties of rocks where the SAL developed are
still missing. To fill this gap, we focused on rocks exposed in the water gallery behind
the main SAL failure plane (Figure 2). These rocks most likely represent the geological
conditions where the landslide main failure plane developed, providing a rare opportunity
to directly observe them in more than a 900 m long exposure about 100 m to 400 m below
the surface. These depths roughly correspond to the expected depths of the possible SAL
sliding plane near its main scarp. Two intact samples of typical rocks from the gallery were
extensively tested in the laboratory, while in situ, the geological strength index (GSI) [67]
classification of lithologically distinct rock types, identified by [68], was performed inside
the water gallery.
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Figure 3. Results of the UAV surveys. (a) The 0.25 m resolution UAV imagery, (b) the derived
1 m DEM both overlaid on the 5 m LiDAR DEM hillshade. The inset (c) provides details of the
area around the water gallery. EH—EI Hierro, SA—San Andrés, IS—Isora, FP—Fault Plane, and
WA—West Andres sites.

Petrography of the extracted basalt rocks samples (Figure S2) was described with
the polarization microscope Leica DMR. All rock samples were also characterized by
descriptive rock properties: density, porosity, and velocity of elastic waves. The mechanical
behavior of the samples was then described by the determination of static and dynamic
elastic moduli (cf., Young moduli, shear and bulk moduli, Poisson ratio), Brazilian tension
strength, uniaxial strength, and triaxial strength at three levels of confinement. The dynamic
elastic moduli were estimated from the velocities of seismic waves while the static ones
were obtained from the stress—strain response of specimens loaded in uniaxial compression.
All of the performed tests followed the standard ISRM test methods [69]. Equation (1)
describes the general form of the Hoek—-Brown failure envelope, where o7 and o3 are the
major and minor effective principal stresses, o is the uniaxial compressive strength of
intact rock, m, s, and a are the material constants ([70] and references therein).

03 “
(41 203+0C(m—+s> @)
Oc

The obtained strengths at all conditions were approximated by the Hoek-Brown
failure envelope (Equation (1), [71]) in a principal stresses space (¢, 03) by the Simplex
method. As a result, we obtained the parameters m and o, which characterize the intact
rock (s =1 and a = 0.5). Based on the GSI for rock mass and the expected residual GSI for

the landslide itself, the Hoek-Brown envelopes for rock mass and its residual state were
estimated [70,71].
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3.5. Results Visualization and Interpretation

The newly acquired geophysical and geotechnical data at different scales and depths
were interpreted using available topographic and geological information combined into
the 3D models using Leapfrog Geo software by Seequent Ltd.© (version 2021.2). This
software also allows for 3D data visualization in the complex morphological and geological
context of the volcanic island edifice. The LiDAR (Light Detection and Ranging) DEM of
the onshore portion of the island with sub-meter spatial resolution [57] was combined with
the bathymetric data (isobaths of the ocean floor) [58] to prepare a continuous topographic
surface. The previously published geological profiles [14] of the island were used for the
preliminary geophysical data interpretation as one of the profiles closely followed the SEIS1
profile (Figure 2), while the other was situated across the Las Playas scarp area just SW
from the SAL. This information, along with the geological map (1:25,000; [54]) and the field
observations of the Las Playas escarpment, provide reliable independent information for
the acquired geophysical data interpretations. The newly acquired onshore information
enabled the modeling of the possible SAL sliding surface.

All data introduced into the model was first prepared on a GIS (geographic information
system) platform. 1D and 2D data were inserted describing the geotechnical rock properties
in the water gallery, or geological profiles and geophysical data interpretation (e.g., 1D
thickness or velocity logs and 2D tomography profiles; see [72]).

4. Results
4.1. Results of the Geophysical Research

The UAV (unmanned aerial vehicle) survey provides detailed morphological and
surface information of an area approximately of 10 km? surrounding the selected geophys-
ical research sites and the water gallery (Figure 3). Such detailed aerial data depict all
important surface features, whose interpretation can be related to the results of the shallow
geophysical measurements. Comparison of the surface structural elements with known
structural and lithological information from the water gallery [68] can be useful in assessing
the weak slope sections relevant for future slope stability and deformation modeling.

4.1.1. Active Seismic: SRT and MASW Results

The SRT profiles (Figure 4) displayed P-wave velocities (Vp) from 320 to 2120 m/s,
reaching a depth of approx. 40 m. Actually, higher values were also obtained along some
profiles, but to be able to better compare the different SRT profiles, the scale was limited
to 2120 m/s; we optimized this color-scale for all tomography sections; target Vp-value
changes marking the presence of soft deposits and failure planes are typically less than
2000 m/s in these volcanic environments.

The EH1, EH2, SA1, and IS profiles were outside the SAL or in the case of the last
two, they touched their suggested limit ([51], Figure 2). Due to their locations and limited
depth reach, no specific characteristics related to the landslide mass could be derived.
Nevertheless, the profiles EH1, EH2, and SA1 displayed a highly disturbed mass of tephra
volcanic cones characterized by a low Vp near the surface. Most of these profiles displayed
a high velocity of less disturbed rock environments at depths of about 35 m to 45 m.

The WA profile was located on the slope covered by the youngest basaltic lava flow
(rift volcanism, Figure 2), which covered the extension trench below the main SAL failure
plane [51] (Figure 4). Further to the SE (ca 450 m) from the profile end, the surface is dis-
rupted by a series of scarps from where a deep-seated landslide bock detached (see Figure 3
in [51]). Therefore, the region of increased Vp at the SE end of the WA profile probably
reflects a less disturbed rock environment where the deep-seated landslide formed.
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Figure 4. The SRT and MASW results (for location see Figure 2). The topographic profile in the center
of the figure provides the geomorphological contexts for the WA profile.

The suggested failure plane of the SAL crossed by the FP1 profile corresponds to the
vertical step in the high Vp area at the bottom of the profile. However, this vertical contrast
in rock properties does not continue into the depth, and therefore, it is not possible to
interpret it as the detachment plane of the deep-seated SAL. On the other hand, the very
sharp contrast of Vp reflecting the known main failure plane of the SAL shows the FP3
profile. This profile suggests contrasting rock properties near the surface inside and outside
the SAL main body. A low Vp near the surface at the SE end of the profile represents
surface sediments accumulated within the ravine. The FP2 profile was not processed due
to low data quality.

For all seismic profiles, the MASW analysis was also performed to obtain Vs-logs.
Three representative Vs-logs are shown in Figure 5. They show that at all sites, the Vs-values
of less than 600 m/s were measured down to a depth of 30 m. The lowest Vs-values of less
than 300 m/s near the surface were obtained for the SA and WA, and even lower for FP3
sites, typically where the profiles crossed the SAL scarp.

4.1.2. Passive Seismic: Array and H/V Results

Results of the ambient noise measurements are shown in terms of the phase velocity
dispersion curve and the related Vs-log obtained by the inversion of the respective dis-
persion curve (Figure 5). The results obtained for the EH and SA arrays located outside
the SAL landslide on the flat region on both sides of the main rift zone were quite similar.
The Vs-log detected the first velocity increase from 400 to 1000 m/s at a depth of about
3040 m and a second increase to 1500 m/s (SA array) and 1800 m/s (EH array) at a depth
of about 240 m. The shallow depth of the Vs increase agreed with the SRT results at the
respective sites (Figure 4). Data obtained from the IS site inside the suggested limits of
the SAL document velocity increased at three depths, largely different from the previous
sites. The first increase of Vs from 250 m/s to 700 m/s appeared at the depth of 30 m,
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followed by a Vs increase to 1000 m/s at a depth of 80 m. The most distinct increase of
Vs to about 2200 m/s could be observed at a depth below 420 m. Velocities measured
between depths of 80 m and 420 m within the SAL were similar to the velocities obtained
for the depths between 40 m and 240 m on sites outside the SAL (cf., SA, EH). The lower
near-surface Vs reaching greater depths within the landslide indicates a more intense and
deeper disintegration of rocks within the unstable part.
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Figure 5. Phase velocity dispersion curves (a,c,e) and the derived shear wave velocity structures
(b,d,f) obtained by the inversion of vertical component ambient noise arrays installed at the IS, SA,

and EH sites (locations are in Figure 2).

As indicated above, all station recordings within the arrays were also used for H/V
analysis (i.e., the determination of the fundamental frequency of the recorded ambi-
ent noise). Related results were then transformed into depth-logs for the near-surface
lower Vs layer. For the latter, we considered an average of Vs = 900 m/s (averaging the
Vs =400-700 m/s for the first 30-90 m and the Vs of 1000 m/s for the second-third layer
above the deepest contrast—see an increase of Vs in the lowest part of the logs). Addition-
ally, all seven stations had been installed during one day along two different profiles, SEIS1
and SEIS2. In total, 45 (EH = 13, SA =13, IS = 18) ambient noise H/V logs were obtained
for the arrays and 13 for the two profiles.

The detailed analysis of ambient noise recordings along the SEIS1 profile show a very
clear peak at 0.7-1 Hz (f) for all stations. The fundamental frequencies fy slightly decreased
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toward the east at recording stations located within the SAL (Figure 6). Above the main SAL
scarp, the upper stations were also marked by a second peak at a frequency f; of 34 Hz.
Along the profile SEIS2, the data present a fundamental peak below 1 Hz only for stations
within the SAL. Some of these stations also recorded the second peak with f; = 4.5 Hz. The
peak at a lower frequency (fy) for the stations located above the main failure plane at the
SEIS2 profile was about 5 Hz. The H/V analysis showed a clear difference between the
maximum depth of the near-surface velocity contrast outside and inside the SAL for the
SEIS2 profile only.
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Figure 6. Analysis (H/V rations) of the ambient noise recordings along the two seismological profiles
(SEIS1, SEIS2) with interpretation in terms of fundamental (fy) and higher, second (f;) resonance peak
frequencies.

If we consider the aforementioned average -Vs of 900 m/s for the entire near-surface
layer above the deepest Vs-contrast (Figure 6), the latter would then have a thickness of
about 250 m in the upper part (fy = 0.9 Hz) of the SEIS1 profile and of 320 m (fy = 0.7 Hz)
in the lower part. In the SEIS2 profile, this layer had a much smaller thickness of 45 m
(fo = 5 Hz), while it was probably considerably thicker within the SAL at 420 m (fy = 0.5 Hz),
with a clear change between the third and fourth stations located on either side of the main
rupture plane, likely to be related to the increased thickness of weaker rocks.

4.2. Laboratory and In-Situ Rock Properties Description

The two characteristic rocks from the water gallery were macroscopically different
with one containing a significant amount of macropores, while the other had a highly
compact appearance. The petrographic analysis confirmed the distinct character of the
rocks. The latter (further referred to as compact basalt) was a homogenous, fine-grained
basalt containing relatively rare phenocrysts of olivine (Table 1). Its groundmass contains
predominantly plagioclase and pyroxene, having an ophitic texture without indications
of preferred fabric orientation (Figure S3a). The second sample (further referred to as
porous basalt) was highly heterogenous, distinctly porous basaltic rock. It contained a
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relatively high amount of olivine phenocrysts (with a high level of alteration and microcrack
density) together with relatively bigger particles of volcanic glass and a very high number
of spherical pores. This rock most likely represents part of the volcanic slags from the upper
part of the lava flow, formed possibly in the underwater environment (Figure S3b).

Table 1. Basic petrographic characteristics of the tested rock estimated from the microscopic

photographs.
Compact Basalt Porous Basalt
Rock Content  Grain si Content  Grain Si
Constituent onten rain size o onten rain Size N
[%] [mm] Description (%] [mm] Description
Groundmass No preferential No preferential
(plagiocalse, 80-90% <0.1 orientation, alteration, 30-50% <0.3 orientation, alteration,
pyroxene) microcracks microcracks
No preferential No preferential
. Olivine 5.10% 0.5-1 orlenta?lon, and 20-30% 1-15 orlentatlc?n, me.dlum
enocrysts alteration, low alteration, high
microcrack density microcrack density
No preferential
Volcanic glass 0% - - 10-20% 0.3-1.5 orientation, alteration,
microcracks
Ellipsoidal shape Ellipsoidal shape
Macropores <1% 0.1-0.3 without preferential 2-5% 0.2-1 without preferential
orientation orientation

The descriptive properties of both basalts (Table 2) showed a very similar density of
the mineral matrix, while the decreased velocity of seismic waves for the porous basalt
indicated a one-order higher porosity compared to the compact basalt. The shear wave
velocities were about 20% higher from the lab experiments than their equivalents obtained
from the in situ geophysics for the rock basement. This difference is related to the scale
effect in the sample size as well as in the wavelengths of both approaches.

Table 2. Descriptive properties of the tested basalts: dried density (pq_av), specific gravity (ps),
porosity (n), P wave velocity (Vp), shear wave velocity (Vs). mean—average value, N—number of
tests, std—standard deviation.

Rocks Pd_AV Ps n Vp Vs
[g/cm®] [g/cm®] [%] [m/s] [m/s]
c mean 2.931 2.942 0.367 5768 3347
gmpfd N 5 3 5 5 5
asalt std 0.004 0.003 0.144 0.083 0.065
. mean 2.836 2.929 3.176 4647 2836
boro‘lls N 3 3 3 3 3
asalt std 0.034 0.005 1.175 0.070 0.034

For both rocks, the dynamic moduli were about 25% higher than the static ones
(Table 3), which is a known effect related to the different sensitivities of both methods to the
rock microstructure [73]. Interestingly, both basalts displayed a practically equal dynamic
and static Poisson ratio. Porous basalt displayed about 40% lower values of elastic constants
(E, u, K) and a distinctly higher Poisson ratio. Considering the basalts, [74] reported very
similar, porosity-related elastic behavior.
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Table 3. Dynamic and static elastic moduli. E—Young moduli, v—Poisson ratio, u—shear moduli,
K—bulk moduli.

. . E v u K
Rocks Elastic Moduli [GPa] [GPa] [GPa]
. basal DYNAMIC 46.0 0.20 19.1 25.8
orous basalt STATIC 36.4 0.21 15.0 21.0
Compact basalt DYNAMIC 81.9 0.25 32.9 53.8
P STATIC 59.8 0.25 24.0 39.7

The estimated strengths, under various loading conditions, are listed in Table 4. The
tension strength was similar for both rocks. Nevertheless, under uniaxial or confined
compression, the porous basalt was significantly weaker (100-200%).

Table 4. Measured strengths for both the tested basalts (bold numbers) and corresponding princi-
pal stresses at the failure for particular tests. BTS—Brazilian tension strength, DTS—estimation
of direct tension strength ~0.9*BTS [75], UCS—uniaxial compressive strength, TCS—triaxial
compressive strength.

Rock Principle BTS DTS UCS TCS
ocks Stress [MPa] [MPa] [MPa] [MPa]
Porous o —10.2 —9.2 0.0 7.0 15.0 25.0
basalt 1 - 0.0 86.5 150.7 179.5 207.9
Compact 03 —114 —10.3 0.0 7.0 15.0 30.0
basalt o1 - 0.0 343.9 411.5 441.1 554.6

The parameters for the Hoek—Brown failure envelopes are listed in Table 5. For the
intact rock, the compact basalt with m = 27.6 (Table 5) was in the mid-range typical for
basalts [76]. On the other hand, the m = 10.6 (Table 5) of porous basalt was much lower
than expected and the rock displayed a significantly different mechanical behavior. These
differences were possibly due to the high porosity and high content of volcanic glass for
the porous basalt.

Table 5. Parameters of the Hoek-Brown failure envelope (s, m, a) for the intact rock, rock mass, and
residual state.

GSI s m a uUCs DTS
Rock T
ocklype RockState [-] [-] [-] [MPal  [MPal
Basal Intact 100.0 1.000 10.636 0.500 98.700 9.20
P asalt Rock mass 80.0 0.108 5.207 0.501 32.436 2.90
orous Residual 40.0 0.001 1.300 0.511 3.121 0.45
Basalt Intact 100.0 1.000 27.574 0.500 284.600 10.00
Compact  Rockmass 80.0 0.108 13.499 0.501 93.529 2.30
P Residual 40.0 0.001 3.235 0.511 9.000 0.24

Based on the in situ examination of the water gallery, the GSI of the rock mass was
estimated to vary from 45 to 70. A rather large GSI index spread reflects the contrasting
rock properties of varying lithologies. The highest index values of good quality rocks (GSI
55 to 70) characterize lava flows (e.g., apatite or olivine, [68]). Rocks classified as fair (45 to
55) represent mainly highly disintegrated dykes. Large portions of the gallery walls are
built by scoria or welded pyroclasts [68], whose character is closer to soils than to fractured
rocks, thus the GSI is not appropriate to estimate their strength properties [77]. Rocks
documented in the water gallery represent gravitationally non-disturbed rocks outside the
main SAL landslide body. Thus, we can consider them to be representative of conditions
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before the SAL occurrence near its scarp. The estimated GSI range (45-70) was used to
obtain the Hoek-Brown envelopes for rock mass [71]. The expected GSI range (20-35) for
the residual state [70] was used to obtain the Hoek—Brown envelopes characterizing the
landslide itself (Table 5, Figure S4). The microstructure influence on the strength decreased
with the GSI, resulting in a similar behavior at the residual state for both the examined
basalts (Table 5).

4.3. Geological Modeling

Available data allowed for the preparation of models at different scales covering the
entire Canary Islands or to show a complete central geological cross-section [14] of the El
Hierro Island (Figure 7a) to a detailed view with the Vs structure for the EH site (Figure 7b).
Visualization of the geophysical data interpretation along with the geological cross-section
suggests that the Vs increase at the depth of about 240 m may be related to the sequence of
more recent lava flows (Figure 7b). An overview of the Vs- and HV-logs well illustrates the
position of the contrasting rock properties, which is deeper inside the SAL limits, where it
could indicate the location of a planar sliding surface (c, d in Figure 7, 320 m and 420 m
depths of the SEIS1 and SEIS2 profiles and the IS site).

Basaltic, trachybasaltic, basanitic &
tephritic lava flows

El Golfo volcano

HV-logs Water
y gallery

6‘6,
. '.,\9;

Figure 7. 3D geomodel of the studied El Hierro. (a) The central part of the SAL with inserted
geological cross-section and geophysical results with the detailed view in the inset (b); (c) view of the
SW part of the San Andrés landslide with the results of the geophysical measurements and detailed
view in the inset (d).

All the above show the information that was used to compute a possible sliding
surface of the SAL. The onshore part of the sliding surface was extrapolated by using
the geophysical data and by extending the so-formed sliding surface until the crossing of
the slope in the submarine part. The related raster surface was prepared by the Kriging
algorithm in ArcMap 10.8 and the result was combined with the 50 m resolution DEM. This
failure surface model was imported into the geomodel as a point cloud and re-interpolated
as a surface (Figure 8).
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Figure 8. Oblique views (from SE) of the 3D geomodel of the San Andrés landslide. (a) A recent
topography with a 0.25 m orthophoto (source [78]); (b) the possible sliding surface inferred from the
geophysical data analysis (the 20 m DEM-bathymetry with a semi-transparent ocean surface is also
shown). The locations of the geophysical field measurement sites are indicated.

5. Discussion

Gravitational slope movements usually change the properties of the transported
material. Nevertheless, our results of the ambient noise array measurements suggest that
rocks outside and within the SAL have very similar seismic properties considering Vs
above the 240 m and 420 m impedance contrasts. The detected differences (cf., 1050 m/s
inside and 900 m/s outside the SAL limits) were too small to be related to different rock
properties. This finding is in contrast to the results commonly obtained from deep-seated
landslides in which displaced rocks usually show clear signs of deterioration compared
with rocks outside their limits (e.g., [78]). This suggests a low internal disruption of the
rock material during the SAL movement, which was very fast and localized on the main
sliding plane [6]. Cases of fast-moving landslides transporting considerable volumes of rock
without significant internal disruption are rare and related to earthquakes (e.g., Tsaoling
landslide, Taiwan, [79]). Differences in the rock composition outside and inside the SAL
were observed on the H/V ratios of the ambient noise recordings, showing the maximum
depth of the near-surface low Vs layer (<1000 m/s, Figure 6). This layer had a greater
thickness within the SAL (cf., 320 m on SEIS1, 420 m on SEIS2) than outside (cf., 250 m on
SEIS1, 45 m on SEIS2, Figures 6 and 7).

The geophysical research also aimed to find and describe the possible sliding surface
of the SAL and to observe the expression of the SAL main scarp in the data. The main
scarp was not captured on the profiles of WA and FP1 while the profiles of SEIS1,2 and
FP3 showed it clearly. This is evidenced by the increase in the maximum depth of the
near-surface low Vs layer (<1000 m/s, Figure 6) when crossing the scarp to the SAL; on
the FP3 profile, this is marked by the locally increasing depth of the rocks marked by
Vp <720 m/s (Figure 4). The surface parallel 420 m impedance contrast identified on the
IS site array and the ambient noise recordings along the SEIS2 profile were considered as
the possible planar or slightly curved sliding plane of the SAL. Similarly, we interpreted
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the SEISI results with the depth of possible sliding surface at 320 m. Our findings roughly
correspond to the hypothesized SAL sliding surface in [47]. Despite this, the existence of
deeper sliding surfaces beyond the reach of the geophysical measurements cannot be ruled
out. The non-uniform expression of the main scarp in the geophysical data (as well as the
surface morphology) [51] and different depths of the possible SAL sliding planes illustrate
the lateral change (e.g., in NE-SW direction) in the internal structure of the SAL. This might
have been caused by the partition of the SAL into separate blocks identified and described
in the previous research using morphological evidence [29,51].

The detailed petrographic description and mechanical characterization of two sam-
ples of basalt rocks extracted from the water gallery showed the high variability in their
strength properties (cf., compression strength, elastic moduli, Tables 3 and 4) caused by
the contrasting porosity of the rocks. Concerning the properties of the bulk rock material
outside as well as inside the SAL, these samples represent the most competent members
of the geological environment. The GSI rock mass characterization inside the 900 m long
water gallery provided a complex description of the bulk rock properties, evidencing their
high variability, which is characterized by sharp lithological contrasts. This, along with
fractures and discontinuities, form the bulk rock characteristics also reflected on a large
scale in the geophysical measurements. Combining these data, a comparison of the in situ
observations with the results of the geophysical measurements is possible. The impedance
contrast at the 250 m depth identified on the SEIS1 profile outside the SAL limits (Figure S5)
cuts halfway across the gallery. This is roughly in the place where the detailed geological
mapping [68] identified olivine lava flows of good quality (GSI 55 to 70). Although this
comparison suggests a straightforward link between the in situ rocks and geophysical data
processing results, it is important to consider several drawbacks that may hamper such a
direct linkage. The geophysical contrast at the site of the water gallery was extrapolated
from the SEIS] profile and may not represent the actual conditions inside the water gallery
located 1.7 km to the NE. At the same time, the rock properties are in contrast to the results
from the inversion processes, which provide the averaged mechanical properties within
large rock volumes.

Although the geophysical research results do not provide evidence about the degrada-
tion of rock properties within the SAL limits, we applied the approach from [70] to estimate
the degradation of the observed GSI values to their residual levels (Figure S4). The GSI
values obtained from direct estimation in the water gallery and their residual values were
used to obtain Hoek-Brown envelopes for the rock mass and its residual state. For the rock
mass or residual state, all material parameters in Equation (1) (i, s, and a) are functions
of GSI and can be obtained by the degradation of the corresponding values for intact rock
(Equations (15)—(17) in [70]). In the case of rock mass, we used both extreme values of
GSI: 70 (massive brittle rock) and 45 (jointed intermediate rock). Similarly to [70], we used
the GSI for the residual state of massive brittle rock (GSI = 35) and jointed intermediate
rock (GSI = 20). The obtained parameters for all of the envelopes (Figure S4) are shown in
Table 5 where UCS and DTS [75] are estimations of the uniaxial compression and uniaxial
tension strengths, respectively, based on the intersection of the Hoek-Brown envelopes and
the 07 and o3 axis (Figure S4). As expected, both basalt types showed significantly different
failure envelopes for the rock mass and residual state, respectively. It is worth mentioning
that the range in the residual envelopes based on the rock mass state is rather small.

The newly acquired information about the inner structure and rock properties of the
SAL was largely based on indirect (cf., geophysical) observations with a significant, but
still limited depth reach, where identified contrasts in the rock environment resulted from
inversion processes based on the characterization of the bulk rock properties. At the same
time, the interpretation of the results is at least partly shaped by previous knowledge. While
this does not diminish the benefits of the research conducted, further investigations should
focus on refining the results obtained. Therefore, the existence of deeper sliding surfaces
beyond the reach of the geophysical measurements and the presence of the suggested SAL
sliding planes needs to be confirmed through an independent method. The newly obtained
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rock mechanical properties describing intact rocks, rock masses, and their residual states
can be used to define credible boundary conditions for numerical slope deformation or
stability modeling (e.g., [80]), which have proven to be useful in revealing deep-seated
landslide dynamics.

6. Conclusions

The performed complex geological and geophysical research of the San Andrés mega-
landslide revealed new details about its internal structure and the volcanic rock properties
outside and inside its on-shore limits. The geophysical data also proved to be capable of
identifying the main SAL scarp in areas covered by younger lava flows (e.g., in the SW
part of the SAL). These illustrate the change in the rock properties from the surface toward
the depth described by the changing S- and P-wave velocities obtained by combining
ambient noise recordings with active seismic prospection. Several significant contrasts
were identified near the surface where rocks were more fractured (down to 45 m), followed
by a more competent material above the largest shear wave velocity contrast (cf., increase
from 1000 m/s to 2200 m/s) at a depth of up to 420 m. The deepest related contrast
was measured in the SW part of the SAL, while it was a bit shallower (depth of 320 m)
in the NE part; these values most probably indicate the depth of a planar (or slightly
curved), roughly surface-parallel SAL sliding plane. Although the existence of deeper
planes cannot be ruled out, newly obtained geophysical evidence about a possible SAL
sliding plane is an important step toward a better understanding of the recent stability
conditions of the landslide. Similar rock properties found inside and outside the SAL
suggest that its previous catastrophically fast movement did not affect the bulk properties
of the transported rocks as it chiefly occurred along the weakened plane forming the main
SAL scarp (also termed as the San Andrés fault). Nevertheless, the strength properties
of the rocks examined by geophysical methods varied significantly, even across relatively
short distances (e.g., several hundreds of meters), as shown by the performed laboratory
and in situ geotechnical analysis. The geological strength index determined in the 900 m
long water gallery revealed good to very poor-quality rocks chaotically distributed along
its course. Samples of two basalt rocks from the same gallery exhibited similar tension
strengths. The rock that probably formed in the underwater environment was significantly
weaker (100-200%) under uniaxial or confined compression; this can be largely explained
by its one-order higher porosity compared to the other basalt rock.

The collected data also included high spatial resolution (cf., 0.25 m) UAV imagery that
were integrated within the 3D geological model to enhance their visual interpretation and
to form the basis for the preparation of a representative geotechnical model. Such a model
will be used to compute the slope stability and simulate slope deformation over the San
Andrés landslide, accommodating the inherent uncertainties by defining multiple failure
scenarios. This would further contribute to a better hazard assessment of the landslides on
volcanic islands, which are among the largest known mass movements on Earth.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15061627 /s1, Figure S1: Four examples of the H/V curves
indicating prominent subsurface contrasts. The identified resonance frequencies are marked with gray
solid lines and the values along with the location identifiers are in the titles; Figure 52: Photograph
(c) shows an extraction of the rock sample of the porous basalt (for explanation see text); Figure S3:
Photographs from the polarization microscope Leica DMR: (a) compact basalt, (b) porous basalt. The
photographs show clear microstructure differences of the two tested types of basalts (Ol—olivine,
Pl—plagioklase, Po—pores, Gl—volcanic glass); Figure S4: Hoek-Brown failure envelopes for intact
rock, rock mass and residual rock mass for compact (a) and porous (b) basalts. The values of measured
strengths of intact rock are in Table 4, while the parameters of all envelopes are in Table 5; Figure S5:
3D view showing the spatial relationship of the water gallery and impedance contrast identified from
the SEIS1 profile measurements.
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