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Abstract

In recent years, we have been witnessing the widespread use of low-cost, increasingly high-performance Unmanned Aerial
Vehicles, or UAVs, equipped with a large number of sensors capable of extracting detailed information on several scales
and in an immediate manner. This study was motivated by the need to perform a geological survey in an area with difficult
physical access, and to compare the results with those from conventional surveys. Here we used a Multirotor UAV equipped
with a high definition RGB camera and the digital photogrammetry technique to reconstruct a three-dimensional model of
the Selmun promontory, located in the northern part of the island of Malta (central Mediterranean Sea). In this area, the
evident cliff retreat is linked to landslide processes involving the outcropping geological succession, characterized by the
over position of stiff limestones on ductile clays. Such an instability process consists of a lateral spreading associated with
toppling and fall of different-size rock blocks. Starting from the 3D model obtained from the UAV-photogrammetry, a digital
geological-structural survey was performed in which we identified the spatial geometry of the fractures that characterize the
area of the Selmun promontory by measuring strike, dip and dip direction of the fractures with semi-automatic digital tools.
Furthermore, we were able to measure the size and volume of singularized rock masses as well as cracks, and their sizes
were mapped in a GIS environment that contains a large number of digital structural measures. It is the first application of
this type for the Maltese islands and the results obtained with this innovative digital methodology were then compared with
those of the traditional field survey of the same area acquired during a previous campaign. This study demonstrated how
the innovation of digital geological surveying lies in the possibility of mapping areas and geological features not detectable
with traditional methods, mainly due to the high risk associated with the stability of the cliff or, more generally, the inacces-
sibility of some sites, therefore allowing the user to operate in safety and to detect in detail the most remote rocky outcrops.
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Introduction

Photogrammetry is the technique to build measurable
three-dimensional models using a large number of pho-
tographs acquired through a single (or multiple) stand-
ard camera for close-range targets. We can refer to digital
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photogrammetry as Structure from Motion (SfM), which
is based on Computer Vision (CV) algorithms that extract
the significant points from individual photos, deduces the
photographic parameters and matches the recognizable
points on multiple photos, detecting the coordinates in the
space of the points themselves (Westoby et al. 2012). The
SfM only concerns the first part of the image processing
methodology (image matching and sparse reconstruction),
while in the second phase, which is called Multi-view Ste-
reo Reconstruction (MVS), the low-density point cloud
is thickened by increasing the number of points (dense
reconstruction) (Wenzel et al. 2013). In aerial digital
photogrammetry, the camera is generally installed on
Unmanned Aerial Vehicles (UAVs), aeroplanes, or satel-
lites (Li et al. 2003). The recent advancements both in
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terms of technology and software developments have given
a boost to such applications in several fields (e.g.,Colica
et al. 2017; D’Amico et al. 2017; Galea et al. 2018;
Remondino et al. 2011; Casella et al. 2017; Menegoni
et al. 2019; Westoby et al. 2012). Primarily, photogram-
metry has been used in geosciences for the reconstruction
of landforms; for example, digital elevation models (Fon-
stad et al. 2013), topographic and surface models (Heng
et al. 2010), and geomorphological investigations (Chan-
dler 1999; Lane 2000; Grosse et al. 2012; Menegoni et al.
2019; Wu et al. 2018).

In the last few years, the use of photographic data
acquired by UAV has grown significantly. This is not sur-
prising, since UAVs equipped with a photographic sensor
are relatively low-cost, especially when compared to Lidar
equipment and/or aircraft photogrammetry. UAV investiga-
tions coupled with a Differential Global Navigation Satel-
lite System (DGNSS) and a powerful computer can produce
an output with an average accuracy better than 2 cm (Gon-
calves et al. 2015) and they allow rapid investigations on
large areas.

UAV-photogrammetry also has some limitations such as:
(1) accessibility to the areas in which to place the markers
to be measured with the DGNSS; (ii) visibility, as photog-
raphy records everything visible from the camera lens in
the visible and near infrared spectrum; (iii) weather condi-
tions, as it is not possible to fly the drone in strong winds or
thunderstorms.

Engineering geologists generally utilize expertise that
requires knowledge in soil and rock mechanics, groundwater,
and surface water hydrology. This expertise can be certainly
complemented by photogrammetry and remote sensing tech-
niques which are relatively low-cost and allow the collection
of a large amount of valuable data in a small amount of time.

Digital photogrammetry, if combined with geological
and geotechnical data, can improve the characterization
and understanding of landslide mechanisms, which affect,
for example, coastal areas (Fazio et al. 2019), urban areas
(Laribi et al. 2015) and quarries (Francioni et al. 2014), and
therefore help to define mitigation solutions. In this work,
we have experimented with UAV-photogrammetry to inves-
tigate whether it could be accurate enough to replace and/or
implement current in-situ engineering-geological surveys.
In particular, we used an alternative approach that combines
photogrammetric models to perform three-dimensional frac-
ture trace and conventional two-dimensional fracture trace
mapping in a semi-automatic way.

The traditional engineering-geological rock mass charac-
terization (ISRM 1978), with the stereographic projection of
the spatial geometry of the main structures, is often labori-
ous because data are collected manually and sometimes one
finds oneself working in dangerous environments. Moreo-
ver, the completeness of the acquired data often depends on
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the time spent in the survey and on the accessibility to the
outcrops.

In this study, results from the digital photogrammetry
approach are discussed and compared with findings from a
traditional engineering-geological survey conducted in the
Selmun promontory area by lannucci et al. (2017, 2018). In
the near future, thanks to the improvement of both technol-
ogy and processing techniques, the application of UAV-pho-
togrammetry will enhance geological surveying in terms of
noticeably reducing data acquisition times, while increasing
data quality and completeness.

Geological and geomorphological setting
of the study area

The Maltese archipelago is situated in the Central Mediterra-
nean and it is composed of three main islands (Malta, Gozo,
and Comino). It is located at about 300 km north of the
African coast and about 100 km south of Sicily, in the Sicily
channel, which is characterized generally by sea depths of
not more than 200 m. The islands are formed of a sequence
of five main geological marine sedimentary formations con-
sisting of a sequence of limestones, marls and clays ranging
from Oligocene to the Pleistocene in age (Fig. 1A, B) (Hyde
1955; Pedley et al. 1976, 1978, 2011; Scerri 2019). The old-
est outcropping unit in the islands is the Lower Coralline
Limestone (LCL, Oligocene), which consist of biomicrites,
coralline and coarse bioclastic sediments with a maximum
thickness of 140 m. Overlying this unit is the Globigerina
Limestone (GL, Aquitanian-Serravallian), consisting of
biomicrite wackestones and marls with a thickness which
can locally exceed 200 m. The Blue Clay (BC, Serravallian)
covers the GL and is made of grey-green clays with thick-
ness up to 65 m. The Greensand is a glauconitic limestone
1 m thick which is only locally present over the BC (Green-
sand Formation, not reported in the map of Fig. 1). The
Upper Coralline Limestone (UCL, Late Tortonian—Early
Messinian) is the youngest lithological unit and is made of
coral-algal patch reef.

Tectonically, the archipelago forms part of an intensely
faulted platform stretching to eastern Sicily, which also
represents an important benchmark separating the western
and eastern Mediterranean basin (Pedley 2011). In such a
context, the islands of Malta can be divided in three main
structural regions (Pedley et al. 1976, 1978; Scerri 2019):
the Malta Horst, the North Malta Graben and, in the island
of Gozo, the Gozo Horst (Fig. 1A).

The Malta Horst and the North Malta Graben are sep-
arated by the WSW-trending Victoria Lines Fault (also
known as Great Fault), a 14-km-long escarpment in the
central part of Malta which represents the most promi-
nent morphotectonic lineament. While to the south of this
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Fig.1 A The position of the Maltese islands in the Mediterranean mentary sequence in the Maltese archipelago; C photograph showing
Sea and the location of the Selmun promontory (red square) on the the Upper Coralline Limestone cliff, the Upper Coralline-Blue Clay
geological map showing the main structural regions of the Maltese and Blue Clay-Globigerina geological contacts and the UCL debris
islands (modified from Oil Exploration Directorate 1993); B the sedi- covering the BC slope; D-F images of Selmun fractures and their size
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fault the landscape is relatively flat and the outcrops are
dominated by the deeper lithological units, in the northern
part the structural setting is characterized by a distinctive
sequence of ridge-trough morphology where the entire
sedimentary sequence is outcropping. This morphology
is controlled by an ENE-trending horst and graben struc-
tural style which also has a strong influence on coastal
landforms. Grabens form valleys which end in bays and
coves, while horsts form plateaus ending on lowland coasts
or in cliffs, where the different geomechanical and hydro-
geological properties of the hard limestones (UCL) over-
lying the clays (BC) favour the occurrence of a series of
geomorphological processes. Particularly impressive are
the lateral spreading phenomena, which may evolve into
block sliding, rock falls and topples (Devoto et al. 2012,
2013, Mantovani et al. 2013).

This paper investigates the Selmun area which is located
along the north-eastern coast of Malta where the geologi-
cal succession is characterized by the over position of the
stiff UCL on the soft BC. The stratigraphic succession
of the Selmun promontory (Iannucci et al. 2017, 2018)
consists of about 20-30 m of the UCL and about 50 m of
the BC overlying the GL formation (Fig. 1C) with slightly
NE-dipping strata (< 5°). On the gentle slope the observed
debris is mainly composed of detached UCL clasts with
diverse sizes ranging from centimetre-scale clasts up to
metre-size blocks which are embedded in weathered BC
and residual material of limestone dissolution. The largest
blocks are generally distributed in the region close to the
UCL and deposits can reach several meters of thickness.
The Selmun promontory can be considered as a coastal
slope in general not directly affected by sea erosion, the
instability being mainly controlled by gravitational pro-
cesses (Martino and Mazzanti 2014). The overlying UCL
limestone on the BC formation leads to a lateral spreading
phenomenon (Goudie 2004; Panzera et al. 2012; Galea
et al. 2014) which shapes a plateau of stiff rock bordered
by jointed unstable cliffs, favouring the detachment of
rock blocks and boulders mainly controlled by gravity-
induced instability mechanisms (Fig. 1C). This process
is accelerated along the coast by weathering effects and

Fig.2 Satellite image (Retrieved from https://planet.openstreetmap.
org) of the Selmun promontory showing areas of the two flight plans
in autonomous mode (flight 1 white area and flight 2 green area) and
area 3 (in red) detected in manual flight mode 15 m from the target
surface. The take-off point is indicated by a black crosshair and the
locations of the Ground Control Points (detailed in the upper right
corner) are represented by the blue flags

marine processes. This landslide process can be defined
as a complex phenomenon (e.g.,Varnes 1978; Hutchinson
1988). As shown in the Figs. 1D-F, in the Selmun area,
fractures in the topmost part of the plateau range from a
few to tens of centimetres wide, depending on the stage
of their evolution.

Data collection, processing and digital
geological survey method

Mission planning and image acquisition

Photogrammetry data were collected using a UAV Phantom
4 Pro equipped with autonomous flight modes, terrain fol-
low mode, obstacle avoidance sensors in five directions and
30 min flight time. This UAV has a new 3-axis stabiliza-
tion system for an integrated professional camera with a 1"

Table 1 Summary of some fundamental parameters defined in the planning phase of the three flights aimed at the photogrammetric survey

Flight height in Distance in meters Number Area covered per Images Main images overlap
meters from take-off between the camera of images scene in square resolution in
point and the target taken meters pixels
Automatic flight 1 30 30-100 670 65,603.5 5472%3648 90% forward and 70%
side
Automatic flight 2 30 30-100 689 66,971.5 5472x3648 90% forward and 70%
side
Manual flight 3 5-30 15 318 6705.7 5472x3648  About 90% forward and
90% side
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Fig.3 Photogrammetric workflow using Agisoft Metashape software
(Agisoft 2020)

Exmor R CMOS image sensor (El Gamal 2005) and resolu-
tion of 20 Megapixels.

The first phase of the fieldwork was that of the survey
planning which consists of the choice of flight area, flight
altitude, camera settings, positioning of the markers on the
ground, and topographic measurements to support the aerial-
photogrammetric survey.

The final resolution of the model depends upon the over-
all quality of the acquired images, while the metric accuracy
depends on the positioning of the Ground Control Points
(GCPs). For this reason, we have carefully designed the
GCPs with high contrast pattern shapes (Fig. 2) that have

allowed us to precisely locate the central points seen from
the photos.

In the planning phase, it is very important to define
the Ground Sample Distance (GSD) which represents the
distance between the centres of two consecutive pixels
expressed in territorial units (Leachtenauer 2001). The GSD
depends on the geometric characteristics of the camera (sen-
sor size and focal length used) as well as the height of flight.
For autonomous flight planning, the free app Pix4D Capture
(Pix4Dcapture 2018) was used and, considering the exten-
sion of the promontory, it was decided to divide the mission
into two flights with a height of 30 m above the take-off
point on the plateau (Fig. 2).

The recommended overlap values for aerial photogram-
metry are at least 80% forward overlap and at least 70% for
side overlap (Agisoft 2020). In our survey, to obtain high
accuracy, the images were taken from a nadir-looking direc-
tion with a 90% forward overlap and 70% side overlap.

The GSD has been automatically calculated by the app
because it contains in its database all the technical data
related to the camera of the UAV. At 30 m of distance,
this resulted in an estimated GSD of 0.87 cm per pixel.
A third flight was also carried out in manual mode on the
area already covered by the first flight but in this case, we
acquired images with more detail on the cliff and on the
large block of rock located southeast of the study area
(Fig. 2) obtaining an estimated GSD of 0.44 cm per pixel.
This was possible using the proximity sensors of the Phan-
tom 4Pro that allowed us to maintain a constant distance of
15 m from the framed subject and the images were acquired
at an angle of 45° to avoid the systematic distortions which
can occur with a fixed camera orientation (James and Rob-
son 2014). The averaged GSD of the orthomosaic is finally
estimated within the photogrammetric software, where the
average distance from the cameras to the sparse cloud points
is calculated.

For the whole flight area of 132,575 m?, 28 markers were
placed on the ground at different altitudes and the relative
spatial coordinates were detected through the use of two
Topcon HiPer HR DGNSS receivers in Base 4+ Rover con-
figuration capable of horizontal accuracy of 3 mm =+ 0.1 part
per million and a vertical accuracy of 3.5 mm =+ 0.4 part per
million. This was done to ensure a high quality output model
with accurate georeferencing. In total, over 1677 photos

Table2 Summary of the parameters related to orthomosaic and DEM generated by the image processing in Metashape (Agisoft 2020)

Resolution Point density Size in pixels Coordinate system
Digital Elevation Model 5 cm/pix 400 points/m2 18,741x 12,862 WGS 84/UTM zone 33 N (EPSG::32,633)
Orthomosaic 1.3 cm/pix* N/A 36,127 x 34,047 WGS 84/UTM zone 33 N (EPSG::32,633)

*Averaged ground sampling distance of the orthomosaic estimated within the photogrammetric software in which the average distance from the

cameras to the sparse cloud points was calculated
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were acquired during the three flights and more details are
reported in Table 1.

Processing

Modern photogrammetric software packages implement the
Structure from Motion (SfM) algorithms, which arise from
traditional photogrammetry and have evolved thanks to the
implementation of Computer Vision algorithms (Ma et al.
2012).

The theoretical principles of collinearity, intersection of
projective rays and calibration of the camera, are flanked
by the typical algorithms of computer vision that allow to
analyse and correlate digital images in a fast and automatic
way (Szeliski 2010).

There are several Structure from Motion (SfM) software
packages, one of the most popular being Agisoft Metashape
Professional (Agisoft 2020), which was used in this study.

The preliminary phase to image processing is the crea-
tion of the project in Agisoft Metashape and the import of
photographs.

Within the same project, we created two chunks of
images: the first with the images acquired at 30 m above the
take-off point during flights 1 and 2, and the second chunk
with the images acquired at a distance of about 15 m from
the target area of the cliff face during flight 3 in manual
mode.

The processing procedure includes four main steps before
obtaining a complete 3D model (Fig. 3).

The first phase of processing is the alignment of the cam-
era and serves to correctly position the images with respect
to each other or, if they are already geolocated, to calculate
the exact position in real space. At this stage, the software
generates a sparse point cloud and it is possible to insert the
GNSS coordinate on the ground control points visible in the
pictures to improve the accuracy of the model. In our case,
a very high accuracy was reached, with an estimated Root
Mean Square Error (RMSE) at the check points of 1.14 cm.

The second phase involves the building of a dense point
cloud on the estimated camera positions.

The dense cloud of points can be modified and classified
before proceeding to the generation of the 3D mesh model.

The third stage is the reconstruction of a 3D polygonal
mesh representing the object surface based on the dense
point cloud. After the mesh geometry is reconstructed, it is
textured and used for georeferenced orthomosaic and DEM
generation (Table 2).

Digital geological survey method
The progress made in the last years in the development

of the UAVs and the implementation of the SfM algo-
rithms in the new software allows us to acquire detailed
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multiscale information, such as the semi-automatic joint
sets identification (Buyer et al. 2020; Li et al. 2019), at
low cost and in a reasonable processing time. In this study,
we have used open source software with plugins specially
designed to quickly interpolate the structural features
between the points, defined manually, in the dataset of the
3D model, orthomosaic, and DEM.

Starting from the 3D model of the Selmun promontory,
to decrease the computation time during the post-process-
ing analysis, we divided it into three smaller models. From
now on, these models will be referred to as Digital Out-
crop Models (DOMs).

To analyse the DOMs we used the structural geology
“Compass” plugin (Thiele et al. 2017) installed in the 2.10
version (CloudComparg 2018) of the open-source software
CloudCompare (Girardeau-Montaut 2015). It combines a
set of flexible tools for geological interpretation that ena-
ble computerized digitization and measurement. The tools
contained in the Compass plugin and used in this study are
two: “Plane” and “Trace”.

The Plane tool serves to measure the orientations of
outcropping planar structures, such as joint surfaces. With
this tool, it was possible to adapt a plane to a minimum
of 3 points (with x, y, z coordinates), and automatically
determine the orientation of the surface. This was done
using the least squares method (Fernandez 2005) in which
the Plane tool calculates a better fit plan through a planar
regression of data that provides a medium orientation for
sets of more than three points.

In the 3D point clouds of the Selmun promontory, we
selected over 80 sets of points, corresponding to the frac-
tures (e.g.,Sturzenegger and Stead 2009; Menegoni et al.
2019), on which a plane was constructed that gave us the
surface orientations (dip/dip direction).

The Trace tool allows to digitize and measure traces
and contacts. The operation of this tool is very intuitive.
Selecting a start and end point along a fracture, the tool
reconstructs the path, finding the trace that connects these
points and reconstructing the best fit plane to estimate the
orientation.

The reconstruction of the fracture path depends on the
cost function used by the least-cost path algorithm (Col-
lischonn et al. 2000). The cost function called Darkness
was the most effective for the construction of tracks in our
3D point cloud, as they follow the dark points representing
the shadows present in the fractures.

Other cost features that can be selected in this tool are
lightness (the traces follow the light points in the cloud),
RGB (the traces avoid colour contrasts, following points
with a colour similar to the initial and final points), curvature
(the tracks follow the points on ridges and valleys), gradient
(traces follow colour limits such as lithological contacts),
distance (the tracks follow the shortest route), scalar field



Environmental Earth Sciences (2021) 80:551

Page7of 14 551

125m  175m

100m  150m  200m  250m

Fig.4 Screenshots of the 3D model with exposure to North-West A, North B, North-East C, and detail of the east area D of Selmun promontory
reconstructed with drone’s images acquired in manual flight mode. E Digital Elevation Model and F Orthomosaic of the Selmun promontory
obtained from photogrammetric process and overlapped in Google Earth Pro™ map

(the tracks follow the low values in the active scalar field),
and reverse scalar field (the traces follow high values in the
active scalar field) (Thiele et al. 2017).

Another useful tool for semi-automatic fracture digitiza-
tion is the GeoTrace plugin that we installed in the free and
open-source geographic information system QGIS (QGIS
2015). GeoTrace allows to analyse and extract the orienta-
tions of geological structures and can be used to quickly
digitize structural traces in raster data, estimate their 3D
orientations using an associated DEM and then display the
results on stereonets and rose diagrams (Thiele et al. 2017).
The high-resolution georeferenced orthomosaic (1.3 cm/
pixel) obtained from the photogrammetric process was
imported into QGIS and transformed into a single-channel
cost raster. This operation is fundamental because the plugin

uses a least-cost path algorithm to follow the linear features
present in the orthomosaic. Thanks to these semi-automatic
systems we were able to trace and extract all the fracture
models visible both from a 3D model and from orthomosaic
in much less time than we would have used with a manual
operation.

Results

The Selmun case study highlights the potential of the Digi-
tal Geological Survey to provide quantitative measure-
ments starting from a 3D model by aerial photogrammetry.
The outputs obtained from the photogrammetric survey
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Fig.5 A Georeferenced UAV-based orthomosaic of Selmun promontory (Malta) with semi-automatic digitized fractures map derived in a standard GIS
environment. A rose diagram of joint planes (in the upper left corner) was extracted from the fractures traced in red on the orthomosaic. Areas highlighted
by polygons show the positions of the four Digital Outcrop Models (DOMs). B Oblique view of DOMs constructed from aerial-photogrammetry in which
fractures, highlighted in blue, have been digitized in 3D. Comparison of joint survey results on the Selmun promontory: C Stereographic projection (equal-
angle lower-hemisphere) of joint poles obtained by the raster and 3D model analysis and planes of the three main systems; D Stereographic projection
(equal-angle lower-hemisphere) of joint poles obtained by in situ engineering-geological surveys (Iannucci et al. 2018) and planes of the two main systems
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are summarized in Fig. 4, where a three-dimensional digi-
tal model of the entire study area is shown from different
viewpoints and represents the basis on which the digital
geo-structural analysis took place. From the 3D model, we
created a Digital Elevation Model (DEM), in which it was
possible to identify the variation in altitude between 0 and
70 m through the scalar field with colour bar (Fig. 4E) and
geo-referenced orthomosaic (Fig. 4F) in which the joints
were digitalized in a semi-automatic way and plotted in
terms of strikes on a rose diagram (Fig. 5SA). From the 3D
digital photogrammetric model, we were able to measure the
thickness of the UCL, which in the area has an average value
of 25-30 m. Furthermore, we estimated the overall thickness
for the BC formation of about 50 m. From a Digital Geologi-
cal Survey, performed on the DOMs, we measured traces,
contacts and orientations of joint surfaces (Fig. 5B). The
results of the joint attitude at the Selmun promontory were
plotted to identify the main joint systems (Fig. 5C).

The high number of measurements of the joint orienta-
tions in the DOMs provides a much more reliable descrip-
tion of the geometry of the fractures than the orientation
at a point traditionally measured with the compass in the
field. This is likely to occur because the point orientation
estimates acquired with a compass are not representative of
large-scale orientation. On the 3D dense cloud, we can aver-
age the orientation of the structure on large areas, and this
is difficult to obtain using traditional methods. Most of the
measurements made on the DOMs of the Selmun promon-
tory are in places with reduced accessibility or even totally
inaccessible. Computer-assisted digitization, able to speed
up the digitization process up to 69% compared to traditional
manual methods (Thiele et al. 2017), was fundamental in
this study to manage the large number of measurements per-
formed on the 3D model. Using this technique, it was also
possible to measure and analyse parts of the cliff otherwise
impossible to reach by an operator. The results of the joint
attitude at the Selmun promontory obtained by the two dif-
ferent approaches [i.e., digital with orthomosaic and DOMs
analysis (Fig. 5C), and manual with in-situ engineering-geo-
logical surveys (Fig. 5SD)], were plotted separately so that
any differences in the identified main joint systems could
be observed. As already noted by Iannucci et al. (2018), the
stereographic projection (equal-angle lower-hemisphere) of
the joint poles surveyed by in-situ engineering-geological
investigations defines two main systems of sub-vertical
joints at the Selmun promontory (Fig. 5D): J1 with a mean
dip direction of 330° (strike 60° or 240°) and mean dip of
89°, prevalent in the NW zone, and J2 with mean dip direc-
tion 45° (strike 135° or 315°) and mean dip of 88°, prevalent
in the SE zone. A similar result can be observed by study-
ing the stereographic projection of the joint poles identified

by the raster and DOMs analysis (Fig. 5C). This analysis
confirmed the presence of the two above-mentioned main
systems of sub-vertical joints: J1 having mean dip direction
of 330° (strike of 60° or 240°) with mean dip of 89° and J2
having mean dip direction of 50° (strike 140° or 320°) and
mean dip of 86°. The difference of 5° in the dip direction of
J2 is not significant and could be attributed to the different
datasets of joints analysed. In addition, a third joint system
resulted from studying the pole distribution: J3, with a mean
dip direction of 297° (strike 27° or 207°) and a mean dip of
73°, therefore not sub-vertical as the other two joint systems.
The failure to detect this joint system by the in situ engineer-
ing-geological surveys could be explained by the inability
to investigate the UCL cliff walls, which was only possible
through analysis of the UAV-photogrammetric model. The
diagram obtained by the plotting of DOMs measurement
(Fig. 5C) confirmed the results of the in situ engineering-
geological surveys. We observe the presence of two main
joint systems on the Selmun promontory: a first system (31%
of frequency) having a strike of 50°-70° (or 230°-250°),
that have an attitude similar to the previously defined system
J1, and a second system (29% of frequency) with a strike
of 130°-150° (or 310°-330°), that can be referred to the
system J2.

Using the 3D model it was also possible to obtain detailed
estimates of the block dimensions (e.g., Liu et al. 2017). The
blocks were manually selected from the 3D model and their
volume was calculated (Fig. 6), assuming a UCL density (p)
value of 2146 kg m~3 (Tannucci et al. 2018). Thus, it was
possible to estimate the jointed rock masses involved in the
erosion processes.

In addition, each block was mapped in the orthomosaic and
these data were reported in a GIS database that will be used
as a basis for monitoring the movement of volumes over time.
Through periodic photogrammetric surveys, it is also possible
to detect automatically the estimated volumetric flux of fall-
ing rocks (Gilham et al. 2019). Finally, as a further output, a
high-resolution geomorphological map (Fig. 7) was created,
starting from DEM and orthomosaic generated by aerial pho-
togrammetry. This map illustrates the geology of the study area
and contains a digital repository of main geomorphological
features such as the main fractures and boulders.

Discussion and conclusion

In this study, we used UAV-Photogrammetry to reconstruct
in three dimensions the landscape of the Selmun promon-
tory (north-eastern coast of Malta).

This is the first such application for the Maltese Islands
and we show that the digital survey approach opens up
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Fig.6 Orthomosaic of the Selmun promontory with the volumes of some blocks measured in the 3D model

new possibilities for analysing and interpreting geological
data by providing a stereoscopic view that allows the user
to visualize and map the study area remotely and from
perspectives that are very difficult to obtain in the field.

This enabled us to perform a digital geological survey
in which we identified the main joint systems and meas-
ured traces, contacts and orientations of joint surfaces.
One of the objectives of the Digital Geological Survey
in this area was to verify the potential of this method by
comparing these results with those obtained in previous
studies (Iannucci et al. 2017, 2018).

The effectiveness of this methodology, in comparison
with conventional in situ geological surveying, has been
proved during this study as a new joint system (J3) was
identified from the measurements taken on the 3D model
of the Selmun cliffs (Fig. 5C). Thanks to the additional
perspective it was possible to improve the results of man-
ual measurements by being able to measure fractures pre-
sent in areas inaccessible to a person.

A summary of the main results of this study and rela-
tive comparison with traditional geological survey data are
given in Table 3. In the case of J2, the range of the opening

@ Springer

of the joint systems measured in the field differ from those
measured by the 3D model (see Table 3). This is due to the
fact that in this study we were able to map a portion of the
cliff that was not possible to investigate by means of tradi-
tional geological mapping techniques since it was unsafe
and/or impossible for an operator to access some partially
detached areas from the cliff and make measurements.

Furthermore, a detailed volume analysis of blocks
and debris was done (Fig. 6) using the 3D model while a
detailed geomorphological map was drawn (Fig. 7) from
the orthomosaic and DEM.

Currently, there is no geomorphological map on a
national scale and just one attempt has been made on
the north-western coast of Malta (Devoto et al. 2012). In
our study, a geomorphological map (scale 1:1000) has
been produced and particular emphasis was placed on
the identification and mapping of jointed and fractured
areas as well as the mapping of debris and blocks, which
may involve dangerous situations for residents and tour-
ists. Due to its high detail, it constitutes a reliable basic
document, which could be useful for the Maltese authori-
ties for the identification of areas exposed to geographical
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Fig.7 Geomorphological map of the Selmun Area (Malta) in GIS platform (scale 1:2500) and the two points where ambient noise was recorded

(red dots 1 and 2)

Table 3 Summary of the
properties of the rock mass
joints derived from the manual

Joints pole sys-
tems 2018)

Manual geological survey (Iannucci et al.

Digital geological survey (This study)

geological survey by lannucci

Dip direction and

Range of joint opening Dip direction and Range of joint

et al. 2018 and the digital dip (°) in cm dip (°) opening in cm
geological survey (this study)

J1 330/89 1-105 330/89 1-100

2 45/88 1-70 050/86 1-320

I3 N/A N/A 297/73 1-30

hazards and future planning. The DEM generated in this
study has a density of 400 points/m?, which compared to
the LiDAR-derived DEM with 4.3 points/m? (ERDF 156
Data 2013) is almost a hundred times denser, and therefore
allows identification of areas exposed to landslides as well
as better recognition of geological features. The proposed
approach will contribute also to the management of the
area as a whole and it can be extended to the mapping
of other “features” (e.g., vegetation cover, evolution of
coastline) and data can be used “holistically” for further
recognition, assessment and planning of geomorphosites
(e.g.,Reynard et al. 2009; Coratza et al. 2011).

Using the DEM and the geomorphological map, it was
possible to measure the height difference in altitude of two
points (as an example, we considered Points 1 and 2 in
Fig. 7). This difference resulted in about 25 m. At the same

two locations, we measured the thicknesses of the BC by
inverting the Horizontal-to-Vertical Spectral Ratio (HVSR)
of ambient seismic noise. Seismic noise measurements
were taken by means of a portable seismometer. The HVSR
curves are characterized by peaks generally associated with
the interface separating the BC layer from the GL. When
performed on top of partly detached blocks of the cliff face,
these curves also show peaks at a higher frequency related to
the vibrations of the detached blocks from the cliff. (e.g.,Pino
et al. 2018; Pischiutta et al 2016; Scolaro et al. 2018; Villani
et al.2018 and reference therein). Iannucci et al. (2018) car-
ried out an extensive ambient noise survey to characterize the
complex landslide system in the area. In particular, more than
a hundred single-station noise measurements were carried out
to cover the inland area and the edge of the limestone plateau
as well as the slope where the clays outcrop.

@ Springer



551 Page 12 of 14

Environmental Earth Sciences (2021) 80:551

To estimate the thickness of the BC, we carried out 1-D
modelling, computing synthetic HVSR curves using Grilla®
software (further details on the procedure and values of
rock densities and shear wave velocities used to constrain
the inversion are given in Panzera et al. 2012, 2013; Vella
2013; Farrugia et al. 2016, 2017; Iannucci et al. 2018, 2020).
We estimated a difference in BC thickness of about 22-25 m
between points 1 and 2, which is consistent with the meas-
urement on the DEM.

In conclusion, aerial photogrammetry ensures the safety
of the operator in the field, especially in difficult or hostile
geological environments that could pose a risk to human
life, such as cliff areas, unstable slopes, offshore islands,
volcanoes, etc. (e.g., Panzera et al. 2018). The measured
dimensions of the blocks, extracted from the 3D model in
this study, could eventually also be used to obtain the eigen-
mode frequencies of the individual blocks using numerical
modelling and encourage studies that compare theoretical
and observed vibration of the detached or nearly detached
boulders with the aim of simulating and/or monitoring rock
failure, collapse, as well as rockfall analysis (e.g.,Guinau
et al. 2019; Iannucci et al. 2020). Monitoring of unstable
cliff areas could provide an important contribution to hazard
and risk assessment, and a vital tool for coastal zone man-
agement and civil protection. The great advantage of the
approach presented in this study is given by the possibility
of tracing and extracting all visible fracture patterns and
making position measurements in much less time than would
be required with manual operation. Moreover, the georef-
erenced orthomosaic can be exported in KMZ format for
Google Earth Pro™ to facilitate visualization to policymak-
ers and stakeholders who are not familiar with GIS software.
All data collected during this study are published as open
access data, on the public repositories of high-resolution
topographic data OpenTopography (Crosby et al. 2013).
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