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Abstract Landslides are widespread along the north-western coast
of the Island of Malta and are strictly linked to the structural
setting. Exemplary cases of rock spreading and block sliding phe-
nomena characterise this stretch of coast. They are favoured by the
overposition of two different geological units widely outcropping
there, the Blue Clay Formation and the Upper Coralline Limestone
Formation. The latter forms a wide plateau, bordered by vertical
cliffs. At the foot of the cliffs, clayey terrains crop out and develop
gentle slopes covered by large blocks detached and moved by rock
spreading and block sliding phenomena. These mass movements
are favoured by the fragile behaviour of limestones, which cap
clays, otherwise characterised by visco-plastic properties. In order
to investigate the kinematics and the evolution of these types of
coastal landslides, a multidisciplinary and multitechnical ap-
proach was applied on a study site, named Il-Prajjet, which pro-
vides a spectacular case of rock spreading evolving into block
sliding. This paper illustrates the results achieved by means of
different engineering geological and geophysical techniques allied
with traditional detailed geomorphological survey and mapping.
In particular, the surface displacements of the landslides were
determined using long-term GPS observations, acquired approxi-
mately every 6 months, over a 4.5-year period. A network of GPS
benchmarks were distributed on the edge of a limestone plateau
affected by rock spreading and on a series of displaced blocks
making up a large block slide, finally enabling the definition of the
state of activity and the rates of movement to be performed. In
addition, the results deriving from two continuous fissurimeters
more recently installed at the edge of two persistent joints over the
block sliding area are outlined, with reference to the correlation
between variations of crack apertures and precipitation input. In
order to identify main structural discontinuities and to recon-
struct variability of underground surface contact between clays
and overlying limestones, Resistivity Tomography profiles and
GPR investigations were carried out. Finally, the results obtained
by combining the outputs of geophysical surveys and different
field monitoring activities can be considered a first step on which
numerical models can be developed and validated, in order to
assess landslide hazard and risk of this stretch of Maltese coastline.
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Introduction
Recently, due to frequent disasters, the interest in slope failures
has enhanced significantly and the consciousness that environ-
mental protection should take place through a deep knowledge of
the natural processes has significantly increased. However, some
types of landslides, such as lateral spreading, are not generally
considered as hazardous phenomena due to their very slow

evolution. In most cases, the investigation of lateral spreading
has been limited to a pure descriptive geomorphological approach
without a consistent long-term monitoring support aiming at the
understanding of their triggering mechanisms and kinematics.

Lateral spreading processes consist of an extension of a fragile
rock mass over a softer underlying material, characterised by a
displacement along an undefined basal shear surface (Pasuto and
Soldati 1996). Despite their slow speed rates, these phenomena
may cause damage to human structures and favour or trigger
collateral faster movements such as falls, topples, slides and flows
(Soldati and Pasuto 1991). For these reasons, a quantitative inter-
pretation of lateral spreading evolution and its relationships with
collateral landslides are fundamental in terms of risk assessment
and possible mitigation strategies (e.g. Vlcko 2004).

The north-western coast of Malta can be considered as an
open-air laboratory for the study of lateral spreading phenomena,
namely rock spreading, due to the peculiar geological-geomorpho-
logical setting related to the presence of extensional faults and to
the overposition of rock masses characterised by different geo-
mechanical properties.

The study area, named Il-Prajjet, is located in the northern
part of a cove at the head of Anchor Bay (Fig. 1). The location
exhibits some of the most remarkable geomorphological features
related to slope failures and provides an impressive example of
rock spreading evolving into a large block slide (Magri et al. 2008;
Devoto et al. 2012). Moreover, risk issues are involved because of
the presence of an amusement park.

This study illustrates the application of a multidisciplinary
and multitechnical approach aiming at defining quantitatively
the kinematics of the above-mentioned rock spreading and block
sliding phenomena, by combining the results of detailed geomor-
phological survey and mapping with monitoring surveys and geo-
physical investigations. As regards the latter, Electrical Resistivity
Tomography (ERT) profiles were employed to identify large-scale
lithological contacts, to highlight the tectonic structures and to
assist the geomorphological interpretation. The orientation, per-
sistency and width of the discontinuity sets of calcareous rock
masses have been reconstructed by means of a Ground Penetrat-
ing Radar (GPR) campaign. A Global Positioning System (GPS)
network has been operative since October 2006 (Magri et al. 2007,
2008; Magri 2009) and so far ten surveys have been carried out
allowing us to measure the intensity and the direction of the
displacement vectors and thus inferring the kinematics of the
on-going processes. In order to understand possible triggering
factors (e.g., rainfall input) of the instability phenomenon, more
recently two automated fissurimeters were installed to monitor
continuously two persistent open fractures in the block sliding
area. Moreover, possible correlations of the evolution of the whole
instability phenomenon with precipitations and earthquakes have
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been assessed. The results achieved allowed a deeper understand-
ing of the lateral spreading phenomenon at Il-Prajjet to be carried
out that is essential in order to forecast the slope instability
evolution, making possible a reliable hazard assessment.

Geological and structural setting
Excluding limited Quaternary deposits, the Island of Malta is
composed of sedimentary rocks such as limestones, marls and
clays, Upper Oligocene–Upper Miocene in age (Pedley 1978; Pedley
et al. 2002). The older geological unit is the Lower Coralline
Limestone Formation, which is composed by a massive grey lime-
stone, underlying the yellowish Globigerina Limestone Formation
that conversely, is made up by a fine grained limestone which
represents the most extensive outcropping lithology in the Island
of Malta. The stratigraphic sequence continues with the more
erodible Blue Clay Formation, which is mainly composed by marls
and clayey terrains, and ends-up with the Upper Coralline Lime-
stone Formation. The latter two geological formations are domi-
nant in the northern part of Malta.

Pedley (1978) subdivided the Upper Coralline Limestone in
members, basing on lithology and on the recognition of faunal
population. Indeed, from a geomechanical viewpoint, Upper and
Lower Coralline Limestone formations are very similar, except for

the presence of a thick yellowish member in the lower portion of
the upper formation, named Mtarfa Member, which is a bioclastic
limestone mainly made up by algal rhodolite beds and echinoid
fragments. Mtarfa Member is hence characterised by low values of
uniaxial rock strengths and is highly jointed, compared with the
uppermost members included onto Upper Coralline Limestone For-
mation. Along the north-western coast, Mtarfa member outcrops
widely along the basal part of structural cliffs (Oil Exploration
Directorate 1993).

From a tectonic viewpoint, the central sector of Malta is crossed
by an impressive tectonic discontinuity, the Victoria Lines fault,
which structurally divides the Island in two portions (Fig. 1). North
of the fault, in proximity of the study area, the structural setting is
characterised by a horst–graben system, which deeply influences the
topography displacing the entire coastline (Alexander 1988; Said and
Schembri 2010) and also controls the development of lateral spread-
ing phenomena.

Grabens correspond to valleys, which cross Malta approx-
imately with a WSW-ENE direction, flanked by a series of
parallel plateaus (horsts), which are bordered by sub-vertical
slopes. For this reason, the coastline is irregular, with alter-
nated cliffs and lowland coasts. Horsts form vertical plunging
cliffs whereas lowland coasts occur where coastlines intersect

Fig. 1 Location of the study area of Il-Prajjet and geological sketch map of the Island of Malta (adapted from Pedley et al. 2002). 1 Upper Coralline Limestone Formation, 2
Blue Clay Formation, 3 Globigerina Limestone Formation, 4 Lower Coralline Limestone Formation and 5 Fault
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the above-mentioned structural depressions, forming coves
such as Anchor Bay (Devoto et al. 2012).

Climatic setting
The climate of the Maltese archipelago is typically Mediterranean
with hot and dry summers, relatively wet autumns and winters,
short and mild winters.

The average annual temperature is 18 °C and the monthly
averages range from 13 (end of January) to 27 °C (August). The
highest temperatures are reached in August and July, which are
characterised by extremely scarce precipitations (Fig. 2a).

Winter seasons show only rare occurrences of cold weather
generally brought by north and north-eastern winds from central
Europe. At least 70 % of the average annual precipitation occurs
during October to January period, mostly related to thunder-
storms. Rainfall distribution is slightly higher on the northern
portion of the Island of Malta, where the cold Mistral wind blows
more frequently. The storms often involve enough precipitation to
cause floods in low-lying areas and landslides along the coastal
cliffs.

Malta receives on average 550 mm of precipitation annually,
but rainfall varies significantly from year to year. The longest

rainfall dataset available is related to the station of Luqa and is
provided by the Malta Meteorological Office since 1929 (Fig. 2b).
The wettest year occurred in 1951 with 956 mm, whereas 1947 was
the driest year with only 227 mm. With reference to the last decade,
notable variations were recorded and it seems that drought and
wet years alternate regularly: 2001 was the driest year with 338 mm
while 2003 was the wettest with 899 mm.

In order to investigate the correlation between precipitation
and landslide activity, meteorological data recorded by Mellieha
weather station (active since 2003) were collected and analysed.
The station is located about 2 km east from Il-Prajjet.

The study area
The study area of Il-Prajjet is situated at the head of Anchor Bay,
which is a small embayment along the north-western coast of
Malta. The geomorphological evolution of this sector of the Island
is deeply controlled by a linkage of different factors such as
tectonics, lithology and landslides, which make up a predominant
feature in the area.

The semi-elliptical shape of the bay is related to the presence
of relevant faults, oriented E-W near the coastline and ENE-WSW
along the valley. On the north side of the bay, Blue Clay Formation

Fig. 2 Rainfall and temperature distribution in the Island of Malta: a climatograph constructed by averaging monthly rainfall data recorded since 2003 and temperature
data available since 2007 at the Mellieha meteorological station. b Historic record of annual rainfall at Luqa weather station from 1929 to 2011

Landslides 10 & (2013) 613



and Upper Coralline Limestone Formation outcrop and their
superimposition favours the development of an impressive rock
spreading phenomenon, which has evolved into a large block slide
affecting the entire north-eastern sector of the cove, where an
amusement park is located (Fig. 3).

The rock spread affects the limestone plateau, which is limited
by a structural cliff 15–20 m high, oriented approximately parallel
to the coast. The deformation, which occurred along tectonic
discontinuities, has further jointed the rock mass, which is now
characterised by persistent fissures and cracks, reaching 150 m of
length.

The joint system also favours karst processes (Paskoff and
Sanlaville 1978), which have a prominent role in the gravitational
processes as well. Precipitation percolates from the limestone
plateau along the vertical cracks forming a suspended aquifer at
the sub-horizontal contact between impermeable clayey terrains
and overlying permeable limestones (Mangion 1991). At the bot-
tom of the cliff, the block sliding area consisting of eight large
limestone boulders (with volumes varying from 70 up to a maxi-
mum of 13,350 m3) is clearly observable. The above-mentioned
boulders were detached and moved from the edge of the plateau,
as a consequence of rock masses isolation by persistent structural
discontinuities, opened and enlarged by rock spreading phenom-
ena. Conversely, the southern part of Anchor Bay is characterised
by vertical Upper Coralline Limestone cliffs which directly reach
the sea. The absence of outcrops of clays prevents the occurrence
of lateral spreading phenomena on this side of the bay.

Methods
A multidisciplinary approach is of paramount importance in the
study of complex coastal instability processes that are usually
triggered and governed by multiple factors. Contemporary appli-
cation of different methodologies and techniques allows data
cross-check, validation and a reliable interpretation to be per-
formed. This approach can also assist in the identification of the

most effective techniques to investigate single parameters in terms
of reliability, resolution and accuracy.

The study area of Il-Prajjet has been investigated combining
detailed geomorphological mapping with geophysical surveys and
landslide monitoring (Fig. 4).

Geological and geomorphological field surveys provided a
clear picture of the distribution and evolution of the geomorphic
processes, landforms and relationships with tectonic structures.
They were also relevant for defining the type of monitoring,
equipment and techniques to be used and for outlining the sites
to be monitored. Geophysical investigations were integrated with
geomorphological and engineering-geological analyses to better
determine the characteristics of the terrains affected by rock
spreading and block sliding, including the definition of volumes
involved in the mass movement process, the geometry of the
sliding surface and the role of groundwater (e.g. Bogoslovsky
and Ogilvy 1977; Gallipoli et al. 2000; Bichler et al. 2004;
Göktürkler et al. 2008). Two geophysical surveys were carried out
at Anchor Bay. In detail, ERT was performed along the valley that
develops inland from the bay in order to obtain information on a
wider area about the main tectonic elements related to landslide
occurrence and evolution. High-resolution GPR surveys were con-
ducted over the larger blocks making up the block sliding area
(Fig. 4), with the aim of identifying the stratigraphic contacts and
assessing the degree of fracturing.

The monitoring system used to detect the surface displace-
ments in the rock spreading and block sliding areas consists of a
nine benchmarks GPS network (including the reference point) and
of two automated fissurimeters. Three GPS benchmarks were
installed in the rock spreading area (see points 101 to 103 in
Fig. 8), corresponding to the limestone plateau, whereas the other
five (points 104 to 108) and the fissurimeters were positioned in
the block sliding area (Fig. 5).

The GPS technique has already been proved as a powerful
tool in ground deformation analysis. Several papers dealing

Fig. 3 Rock spreading and block sliding phenomena occurring on the northern side of Anchor Bay
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with landslides monitoring (Gili et al. 2000; Coe et al. 2003;
Corsini et al. 2005; Brückl et al. 2006) showed the capability
of GPS to measure displacement with high accuracy and
reliability. For this reason, a GPS network was installed in
October 2006 at Il Prajjet. Since then ten surveys were carried
out, twice per year, in spring at the end of the wet season,
and in autumn at the end of the dry season. Since the
deformations were expected to be very slow, an additional
care was used in the definition and planning of the survey
procedures, so that the highest possible accuracy could be
achieved. In order to guarantee the repetitiveness, avoiding

positioning errors, a simple forced centring device for the
GPS antenna was realised at each benchmark consisting in
cylindrical steel rods with a diameter of 1 cm and 10 cm long,
drilled into the rocks for a depth of about half their length.

The fissurimeters installed in the block sliding area con-
sist of a titanium rod fixed at two cardan joint drilled on the
edges of a fracture. The displacements are measured by a
potentiometer that converts the electric signal sent by the
transducer and record it in a 12-bit data logger. The instru-
ments were set to make a measurement every 6 h. Displace-
ment data acquisition started at the end of March 2010.

Fig. 4 Geomorphological sketch map of the study area and location of geophysical surveys

Fig. 5 Location of GPS benchmarks, fissurimeters and GPR survey over the block sliding area
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Geophysical data collection, processing and interpretation
ERT surveys encompassed two-dimensional (2D) profiles east of
Il-Prajjet (see Fig. 4), obtained with a Syscal Pro multi channel
resistivity meter developed by IRIS Instruments and equipped
with 48 metallic electrodes. Various electrode geometries have
been tested (Wenner, Wenner–Schlumberger and Dipole–Dipole)
as far as various electrode spacing (range from 5 up to 10 m). The
use of different electrode configurations is essential since both
vertical and lateral resolutions are very important for the study
area. In fact, vertical resolution allows to highlight lithological
contacts and internal layering (and can be achieved especially
using the Wenner geometry), while lateral variations related to
tectonic or weathering phenomena can be better imaged using
Dipole–Dipole acquisition schemes.

GPR data were acquired on the block sliding area using a GPR
Zond equipped with 300 and 500 MHz shielded antennas (Figs. 4
and 5). In order to obtain a precise imaging of the rock mass and
mainly to reconstruct the three-dimensional (3D) discontinuity
network, dense acquisition grids were focused on the larger blocks.
The trace distance was fixed within the range 2.5–10 cm, while the
profile spacing was 0.5 or 1 m. This technique allows obtaining
pseudo-3D (or 2.5) datasets with high lateral resolution, which is
fundamental for a detailed rock mass characterisation (Grasmueck
1996; Grasmueck et al. 2003; Heincke 2006; McClymont et al.
2010).

ERT analysis recorded low resistivity values (less than
100 Ωm) in the shallower part (maximum 6 m in depth), higher
values within the range 100–2,500 Ωm for a variable depth and a
very low resistivity (below 100 Ωm with local minimum of few
ohm metres) in the deepest part. With the longer electrode com-
bination tested (460 m between the current and potential electro-
des), a maximum penetration depth of about 80 m was achieved.
The apparent resistivity data were inverted taking into account the
topography using RES2DINV software (Loke and Barker 1996),
which applies a smoothness-constrained least-squares inversion
algorithm to produce a 2D true resistivity model. All the acquired
data were edited before inversion process in order to eliminate
suspicious, noisy and out-of-range spikes. Figure 6 provides the
ERT inverted profile acquired across the valley before (A) and after
interpretation (B). The results of the tomography are quite repre-
sentative of the situation of the entire north-western coast of Malta
where the limestone outcrops, except along the axis of the valleys,
which are instead filled by soils and colluvial sediments. The
thickness does not exceed 5–6 m (horizon S in Fig. 7) and therefore
can only be partially identified on ERT measurements with large
electrode spacing (in the reported example the minimum distance
between current and potential electrodes centres is equal to 20 m).
The calcareous rocks show a resistivity between 100 and 2,000 Ωm.
This range is quite large and shifted to relative low values
as compared with limestone resistivities from literature (e.g.
Reynolds 1997). This behaviour can be explained considering that
in the study area there are several different rocks roughly
described as “limestones” but including cross-stratified grain-
stones, channelled packstones, pure carbonate mudstones and
also carbonate sandstones (wackes) (Pedley et al. 2002). Moreover,
the carbonates contain a discontinuous, but important, suspended
aquifer locally exploited for agricultural uses (Mangion 1991). In
the deepest part of the ERT, the resistivity decreases reaching
values below 20 Ωm (below L-C contact on Fig. 6): these materials

can be interpreted as the Blue Clay Formation. Since the resistivity
below the mean sea level (dashed black line on Fig. 6) does not
show any significant variation, no apparent salt intrusions are
thought to be present. From the profile of Fig. 6, it is also apparent
that not only sub-horizontal contacts but also clear sub-vertical
structures (f1 and f2) are present. These zones show low
resistivity within relative narrow areas (10 to 15 m wide),
without significant vertical changes and can be interpreted
as fault zones and related to the regional horst-and-graben
setting. We correlated these faults with those observed on the
plunging cliff at the Anchor Bay. The attitude of the southern
fault changes from 275/65° just above the beach within the
bay, to ENE/sub-vertical into the valley.

Single 2D GPR profiles were analysed in order to extract
information both about the shallow limestone stratigraphy
and the landslide related discontinuities of the blocks in the
sliding area. Both standard and specific processing procedures
including 2D and 3D attributes analyses (instantaneous attrib-
utes, coherency measurements, spectral decomposition, texture
attributes) were applied to the GPR measurements, with the
aim of extracting all the information embedded within the
data and hardly accessible especially on low signal-to-noise-
ratio environments. These techniques are well known for
reflection seismic analysis (e.g. Chopra and Marfurt 2007)
and, due to the well-demonstrated similarities between the
kinematic properties of seismic and GPR data, in recent years
the attributes have been tested on GPR data with the neces-
sary adjustments (Sénéchal et al. 2000; Corbeanu et al. 2002;
McClymont et al. 2008; Forte et al. 2010, 2012). Single 2D
profiles (Fig. 7a) and the entire volume obtained combining
all the sections acquired along a dense (in the present case
0.5 by 0.5 m) grid were processed and analysed (Fig. 7b).
Depth conversion of GPR data (from the Two Way Traveltime
traces originally recorded) was achieved integrating the veloc-
ity analysis obtained by fitting of selected diffraction hyper-
bolas on GPR profiles (for a general description of this
processing procedure see e.g. Jol 2009; for a case history
related to limestone investigation see e.g. Pipan et al. 2003)
with direct correlations with the outcrops. The shallower por-
tion of the 2D sections shows reflective layered materials
interpreted as compact limestone (layered limestones (LL)).
Below this unit there are low reflective materials up to a clear
wavy high-amplitude reflection (LC) that probably are massive
carbonates almost transparent from the EM point of view.
This is in well agreement with the typical stratigraphic col-
umn characterised by laminated soft limestones (Mtarfa Mem-
ber) overlying the Blue Clay Formation. The LC reflection can
be observed at different depths within all the explored volume
(22 m by 7 m). Figure 7b shows the geometrical reconstruc-
tion of this contact and of the bottom limit of LL. The latter
is almost parallel to the topographic surface with a more or
less constant depth of about 4.5 m, while the LC contact has a
dip toward S-SE. Considering both the stratigraphic sequence
of the area and the GPR signature, this level can be inter-
preted as the contact between carbonates and the Blue Clay
Formation, which is responsible of the diffused spreading and
sliding phenomena. The GPR volume interpretation permits to
deduce all the geometrical parameter (attitude) of this surface
with a detail level comparable to the information measured
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on free faces and outcrops. The strike of this lithological
contact is 230° and the mean dip close to 16°.

Monitoring system: data collection and interpretation
Two SR530 Leica Geosystems GPS receivers capable to track the L1
C/A code and L2 P code on 24 channels were used to detect
displacements over the rock spreading and block sliding areas
(Fig. 8). The static relative positioning technique was employed:
one receiver was placed over the reference point (master), located
in a stable area located S-E of Il-Prajjet, and the other was moved
around the eight benchmarks located over the rock spreading and
block sliding area. The distance among the reference point and the
farthest benchmark (103) is 357 m. The acquisition time was set in
20 min with a 2-s sampling rate with a cut off angle of 15°. The data
were stored and post-processed using precise ephemeris in order
to determine with highest accuracy achievable the baseline be-
tween each point. The displacements caused by the lateral spread-
ing phenomena have been determined comparing differences in
the baselines among the reference station and the benchmarks
through the different surveys. The cumulated displacements
recorded from October 2006 to March 2011 are expressed by the
red arrows and the circles in Fig. 8 (planar and vertical compo-
nents, respectively).

In the rock spreading area, points 102 and 103 recorded a
vertical deformation of 6.3 and 10.9 cm, respectively, which is
higher than the planar one, ranging from 3.3 to 2.9 cm. Benchmark
101 shows a different trend of movement with a planar component
of 3.4 cm and a non-significant vertical displacement. If bench-
mark 101, that is placed over an isolated rock mass, is disregarded

Fig. 6 Inverted ERT (a) with interpretation superimposed (b). S surface soil and colluvial sediments, L limestone, C clay. f1 and f2 mark two important fault zones.
Vertical and horizontal scales are equal

Fig. 7 2D 300 MHz GPR profile (inline) taken from the dense grid of 22 by 7 m
(a). Two inlines from 3D data volumes with the interpreted layered limestone
bottom (LL) and the inferred contact between limestone and the underlying
sediments of the Blue Clay Formation (LC). The colour bar shows the depth
below the topographic surface (b)
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and only the displacement pattern recorded at points 102 and 103
is taken into account, we can assume that the rock spreading area
has also subsided during the investigated period. This displace-
ment pattern may indicate that rock spreading is accompanied by
an incipient block sliding in the upper part of the cliff.

On the other hand, the benchmarks located on the block
sliding area (104 to 108) recorded planar displacements ranging
from 3.4 to 6.9 cm and, with the exception of 104 and 105, no
significant lowering was detected. This shows a prevailing planar
displacement, including block tilting that can be related to the
ongoing block sliding process.

The module of the 3D deformation vector recorded by each
benchmark has been plotted in function of the time in Fig. 9.
During a 4.5-year investigation period, all the GPS benchmarks
showed an almost constant deformation rate whose estimated
values are reported in Table 1.

Since 2010 GPS monitoring was accompanied by measure-
ments performed by means of two fissurimeters which monitor
two persistent cracks located in between the most active sliding
blocks (where GPS benchmarks 104 and 105 are positioned, see
Fig. 5). The deformation data, superimposed to the daily rainfall
heights, recorded by the meteorological station of Mellieha have
been plotted in Fig. 10.

Fissurimeter No. 1 went out of scale from the 16th of Septem-
ber 2010 until the 14th of November of the same year (see hori-
zontal green line on Fig. 10) due to an excessive reduction of the
aperture of the monitored crack. In order to avoid a similar
problem the instrument was readjusted and the data acquired
since then rescaled to preserve homogeneity with those collected
before. Although the deformations recorded are extremely small, a
correlation with daily rainfall can be noticed (see yellow arrows in
Fig. 10 highlighting the major events). The narrowing of the frac-
ture is evident during the wet season while its reopening starts a
while after the precipitations have decreased.

Discussion of results
The multi-technical investigation carried out at Il-Prajjet has pro-
vided relevant information for better understanding the kinemat-
ics of the ongoing displacements and for defining the
characteristics of the materials involved.

The detailed geomorphological survey enabled the recogni-
tion and mapping of the morphological features of the coastal
instability phenomenon affecting the area of Il-Prajjet and to relate
them with the structural setting of the site. The geomorphological
investigation showed that the upper part of Il-Prajjet is character-
ised by rock spreading phenomena whilst the lowered blocks were
interpreted as part of a block slide (Fig. 4).

The inverted ERT data showed that there are at least two
direct faults along the axis of the valley bordering toward south
the study area (Fig. 6). This structural setting justifies the presence
of lateral spreading phenomena on the north side of Anchor Bay
and its absence on the south.

Using GPR data collected from the block sliding area (Fig. 5),
we imaged: a high-reflective zone interpreted as layered lime-
stones; a semi-transparent portion interpreted as massive lime-
stone (probably related to the Mtarfa Member of the Upper
Coralline Formation); and a high-attenuating area interpreted as
the contact between limestones and clayey terrains. This contact,
having a mean inferred strike of 230° and dip close to 16°, con-
ditions the evolution of block movements within the sliding area.
There is in fact a good agreement with the direction of the dis-
placement vectors toward S-SE, recorded by GPS benchmarks 104
and 105 (see Fig. 8). In other words, the blocks in the sliding area
move along the ruling gradient of the lithological contact dip that
does not necessarily correspond to the direction of the maximum
steepness of the clayey slopes.

Extremely high correlation values with the linear regression
lines interpolating the displacement values obtained by means of
GPS are found for all the benchmarks analysed (see Fig. 9)

Fig. 8 Cumulated displacement vectors of the GPS network recorded between October 2006 and March 2011 at Il-Prajjet. Benchmarks 101, 102 and 103 are located in the
rock spreading area while points 104, 105, 106, 107 and 108 are placed some 15 m below on the block sliding area. Deformation values are expressed in centimetres

Original Paper

Landslides 10 & (2013)618



witnessing a constant rate of deformation of the blocks involved in
the process.

Through the fissurimeter data analyses, it was possible to
interpret the short-time scale kinematics of the limestone blocks
making up the block sliding area. Fissurimeter n°1 seems to be
highly influenced by precipitation. A clear deformation started
exactly in correspondence with the first significant rain (22.8 mm
on 10th of September, see Fig. 10) after the dry season and contin-
ued with another large fracture narrowing, few days later, in
correlation with a rainfall of 55.8 mm (see yellow arrows in
Fig. 10). This event is the second larger rainfall measured by the

Mellieha meteorological station in 2010 and was responsible to the
out-of-scale of the instrument. Due to this faulty operation, other
correlations between deformations and the main rainfall events
until the 14th of November cannot be highlighted. A second sig-
nificant narrowing of the fracture started on the 2nd of January
2011 in correspondence with a 16.6 mm rainfall and continued
until the complete end of the rainfall events at the end of March.

The relationship between the mineralogy content of the
Maltese clays and their geotechnical properties and behaviour
has been analysed in detail by Dykes (2002). In his work,
their high smectite content (approximately 40 %) is significant
as the structure of the clay mineral can incorporate, or loose,
water depending on overall moisture status of the clay mate-
rial, the effect of which is to cause the material to swell on
wetting or shrink on drying.

For this reason, as described in Fig. 11, the closing of the
fracture measured by fissurimeter No. 1 can be explained
with the swelling of the underlying clays, that settle the
inclination of the blocks. Conversely, the reopening of the
fracture is related to the shrinking of clayey levels during
drier periods.

This interpretation is in agreement with the non-signifi-
cant variations recorded by fissurimeter No. 2 which is

Fig. 9 Trend of the 3D deformation recorded by the GPS benchmark over the rock spreading area (a) and over the block sliding area (b) reconstructed from linear
regression lines. R2 is the correlation coefficient

Table 1 Estimated values of the constant deformation rates retrieved by the an-
gular coefficient of the interpolating regression lines for each GPS benchmark

Benchmark Deformation
rate (cm/year)

Benchmark Deformation
rate (cm/year)

101 0.8 105 1.6

102 1.6 106 0.9

103 2.4 107 1.3

104 1.8 108 0.8
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aiming at measuring the displacements of a marginal block
which is largely detached from the surrounding blocks and does
not lay over the clays. No correlation with the rainfall heights
can, in this case, be outlined. Since the fracture preserved its
original width during the observation period, we also can as-
sume that the block does not show a single displacement but it
moves together with the adjacent blocks where GPS benchmarks
104 and 105 are located.

With respect to the triggering factors that might cause
deformation or displacement, we also investigated the possible
influence of earthquakes. First, we selected from the public
catalogue “ISIDE” of the Italian and Mediterranean earth-
quakes, implemented and updated by INGV (website: http://
iside.rm.ingv.it/iside), all the events occurred when the fissurim-
eters were working (25th March 2010–14th April 2011) and
having the epicentre near the Maltese archipelago, i.e. within
the latitude range between 35° and 37° and the longitude
between 13° and 16°. Forty events with magnitude Richter
of ≥2 (maximum magnitude equals to 3.8 Richter) were
recorded during that period. The Peak Ground Acceleration
(PGA) calculated for the M 3.8 event, having the epicentre
about 102 km from the study area, and for the closest one
(M=2.4; distance, 6.5 km) are 0.12 and 0.48 cm/s2, respective-
ly. These values have been obtained using the mean attenuation
function proposed by Moratto et al. (2009) and disregarding
any site effect. The maximum PGA value inferred from earth-
quakes occurred during the period monitored by fissurimeters
reached a value of 1.13 cm/s2 and refers to a M 3.0 event with
epicentre at about 11 km from the study area, occurred the
19th November 2010.

We also considered the PGA due to strong events (M>4)
having epicentre quite far from the Island of Malta (M=6.1,
on 01/04/2011, 1100 km; M=5.6, on 22/08/2010, 550 km). The
maximum PGA was reached by the latter event with a value
of 0.9 cm/s2. This is just a first order approximation of the
acceleration occurred on the study area, which is however

very low. In fact, no correlations were detected between seis-
mic activity and the displacements recorded (see Fig. 10).

Hence we tested another approach and proceeded the
other way round. We extracted from the records of the fis-
surimeters the date and time of the most significant displace-
ments and looked for possible seismic events occurred at that
time. We found two relatively important deformations (about
0.3 mm) on 15th of September 2010 and 1st of January 2011
(see Fig. 10). However, no significant earthquakes were
recorded on these dates.

In detail: 16 earthquakes with magnitude of >2.0 were
recorded with maximum magnitude of 3.9 on 16th September
2010 and epicentre very far at about 1,100 km from the study
area. We can conclude that at least for the period of contin-
uous monitoring by means of fissurimeters, no seismic event
showed any correlation with deformations.

Conclusions
The multisciplinary and multitechnical approach used to study the
coastal instability of a stretch along the north-west coastline of
Malta has proved to be effective for a better understanding of the
causes, mechanisms, state of activity and evolution of a complex
mass movement, which displays rock spreading and block sliding
phenomena. Through the use of geophysical investigation techni-
ques and a deformation monitoring network, we were able to
assist geological and geomorphological interpretation of the insta-
bility phenomena affecting the area of Il-Prajjet. This integrated
approach allowed us to operate at both spatial and temporal
scales.

The research showed that, especially in such instability con-
text, geophysical investigations are an essential tool since they
provide the means to recognise the position and the orientation
of structural elements, even when masked by shallow sediments.
Both field observations performed on rock outcrops and ERT data
confirmed the presence of direct high-angle faults crossing Anchor
Bay.

Fig. 10 Deformations measured by the fissurimeters plotted with the daily and the monthly cumulated rainfall recorded by the meteorological station of Mellieha. Zero
reading for fissurimeter No. 1 and 2 was set respectively to 0.0425 and 0.8180 mm. Yellow arrows highlight the beginning of the two major events recorded; red stars
are located in correspondence of earthquakes
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GPS data showed that both the rock spread and block
slide processes recognised at Il-Prajjet are active and that the
rate of deformation is higher than expected (up to 2.7 cm/
year). GPS monitoring also highlighted that over the 4.5 years
of data collection, the displacements were characterised by
linear trends.

Moreover, the comparison of deformation data and geo-
physical investigations conducted at a more detailed scale by
means of GPR analysis enabled us to reconstruct the kine-
matics and the geometry of the limestone blocks, which make
up the block sliding area at Il-Prajjet.

With a sampling rate of 6 h the fissurimeters provided impor-
tant information on the kinematic behaviour in a short temporal
scale. The data collected during more than 1 year suggest that the
dislocated blocks in the block sliding area move as a rigid unit and
that the opening of fractures are linked to the alternation of wet and

dry periods. The analysis of rainfall inputs and displacements trend
showed that the aperture of the monitored fracture tend to narrow
during rainy periods, whereas it tends to widen during drier periods.
This behaviour is probably related to the swelling and shrinking of
the clays below the limestones (see Fig. 11). This differential settling
can produce secondary fractures within the main limestone
blocks, possibly increasing the probability of rock falling from
the edge of the limestone cliffs. On the other hand, no
specific correlations were found between block displacement
and seismic events recorded during the fissurimeter monitor-
ing period.

The overall results obtained make up a sound basis for
further research activities which may include the development
and validation of numerical models, in order to assess land-
slide hazard and risk along this stretch of the north-western
coast of the Island of Malta.

Fig. 11 Geological section through the unstable area of Il-Prajjet and description of swelling and shrinking processes affecting the block sliding area as a result of wetting
and drying of clayey terrains
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