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Abstract: The Maltese archipelago is renowned for its spectacular coasts, characterized by vertical
cliffs and scree slopes. In the western sector of Malta and the eastern region of Gozo, a marly
clay formation with ductile properties underlying a stiff limestone unit has led to relevant lateral
spreading. Utilizing drone aerial photogrammetry, digital elevation models, and satellite imagery,
we analyzed the ongoing geomorphological processes across five promontories, selected as case
studies. Our analysis reveals a complex interaction between geological structures, Quaternary
sea level fluctuations, and lateral spreading processes. Photogrammetric models show that once
detached, blocks from the plateaus tend to topple and fall or experience subsidence and backtilting.
At Rdum il-Qammieh, fractures up to 250 m long and openings of up to 2 m were observed, while
at Sopu, detached blocks exhibit subsidence of up to 50% and rotations nearing 60°. In all the
studied promontories, rotational slides predominantly occur at the frontal sectors, while toppling
mechanisms are more common along scarp-edged plateaus. The thickness ratio between the stiff
and the ductile formation, ranging from 0.13 to 1.12, along with slope gradients between 10° and
41°, further influence the stability of these coastal features. We discuss the structural and sea level
influences on Maltese coastal cliff development over the last 125 ky. We propose a conceptual
model outlining the evolution of the Malta Graben promontories through a three-stage evolutionary
model: proto-promontories, cliff demolition, and isolation. This model emphasizes the significant
role of predisposing, preparatory, and triggering factors in the geomorphological evolution of the
Maltese coastline. Our findings provide essential insights into the landscape changes in the Maltese
archipelago and represent a useful tool for coastal management and hazard mitigation strategies.

Keywords: coastal geomorphology; rotational slide; toppling; sea level oscillations; lateral spreading

1. Introduction

Rocky coasts, with characteristic landforms such as plunging cliffs and expansive
shore platforms [1], experienced modifications during the Quaternary due to sea level
oscillations, which contributed to the erosion and reconfiguration of pre-existing landscapes.
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However, other factors such as underlying lithology, geological structures, and climate also
play an important role. In particular, promontories (also referred to as “headlands”) stand
out for their prominence and uniqueness in the coastal scenery. Unlike linear coastlines,
promontories extend into the sea, creating visually striking extensions of land that penetrate
the waters. This distinctive configuration enhances their aesthetic appeal and signifies a
diversity of processes shaping the coastline at various scales, revealing unique geological
and geomorphological signatures that offer valuable insights into coastal evolution.

The retreat processes that involve the plateaus at the promontory tops are influenced
by a series of interconnected factors, the understanding of which is crucial for addressing
the geological dynamics of these landscapes. These factors can generally be grouped
into three categories: predisposing, preparatory, and triggering factors [2]. Predisposing
factors do not change with time; rather, they determine the overall structure of the slope that
stimulates the beginning of instabilities to different extents. This is the case of geo-structural
conditions, as well as the topographical features of a slope. Preparatory factors are widely
understood to be the sources of medium- to long-term changes in resistance or disturbing
forces, such as meteo-climatic conditions and their medium-long-term variations. Lastly,
triggering factors are the most direct causes of failure and are frequently those that are
associated with short- to medium-term changes.

Within slope processes, lateral spreading deformations (sensu [3,4]) frequently occur
where resistant and brittle rocks overlie softer and more deformable materials like clays
or marl. This rheological contrast induces fracturing processes that cause the detachment
of blocks from resistant lithology, which then separate laterally and evolve toward more
specific landslide mechanisms. These processes have been extensively studied in various
Mediterranean countries (e.g., [5-9]).

Malta (Figure 1) is an insular Mediterranean state renowned for its distinctive coastal
geomorphological features (e.g., [10-12]). In particular, the presence of rigid limestone
rocks forming plateaus over ductile clayey rocks promotes the initialization of several
lateral spreading phenomena especially in the western sector of the island of Malta and
the eastern region of Gozo. These landforms initiate the development of gravity-induced
fractures [13] along plateau edges, resulting in block separation and evolving into rota-
tional slides, falls, and blocks overturning. The relatively compact size and the spectacular
processes associated with coastal cliffs and marine promontories in the Maltese archipelago
have spurred a significant number of studies in recent decades, e.g., [6,14-22]. These studies
employ geomatic techniques, geophysical methods, satellite measurements, and seismic
monitoring to assess cliff erosion, map fractures, and monitor the dynamic characteristics
of unstable coastal environments, thereby providing crucial data for coastal management
and future landslide risk assessments. In most cases, these studies focus on the dominant
processes and the evolutionary scenarios responsible for the development of promontories
as contemporary landforms. Understanding these processes is essential to comprehen-
sively investigate the geological dynamics of these unique coastal landscapes from a risk
management perspective given that their susceptibility to coastal retreat threatens urban
infrastructure as well as cultural heritage. This contribution aims to study the evolution of
the Maltese coastal cliffs characterized by the lateral spreading phenomena. To achieve this,
we focus on the most prominent promontories of the archipelago, where these processes
are most pronounced.

By elucidating the key geomorphological processes and their interactions over time,
we seek to provide insights into the formation and development of these distinctive coastal
features, contributing to broader understandings of coastal evolution and facilitating more
effective coastal management strategies.
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Figure 1. The Maltese archipelago. (a) Location of Malta (indicated by a star) in the Mediterranean.
(b) Geological map of the Maltese archipelago, with the locations of the studied promontories marked
by black rectangles. Main structural features are depicted. LCL: Lower Coraline Limestone Fm.; GL:
Globigerina Fm.; BC: Blue Clay Formation; and UCL: Upper Coraline Formation. (c) Topographic and
bathymetric map of the Maltese archipelago, with the studied promontories indicated by rectangles.

2. Geological and Geomorphological Settings

The Maltese archipelago (Figure 1), located approximately 100 km south of the coast
of Sicily in the central Mediterranean, is an extensive extensional crustal domain that
evolved from the late Miocene onward, undergoing significant crustal stretching during
the Plio-Quaternary [23-25].

The islands are mostly composed of Oligocene-Miocene shallow-water bioclastic and
coralline carbonates and deep-water clays arranged in a sub-horizontal to gently dipping
sequence [26]. The main formations are the Lower Coralline Limestone Fm. (LCL), a
hard and compact limestone (late Oligocene); the Globigerina Limestone Fm. (GL), a soft
fine-grained limestone (early Miocene); Blue Clay Fm. (BC), a soft pelagic marl and limey
clay (middle-late Miocene); and Upper Coralline Limestone Fm. (UCL), a coarse-grained
limestone (late Miocene).

Due to their proximity to the sea and small drainage basins, sediment deposits from
short rivers have been largely eroded, especially during periods of lowered sea levels in
cold climatic phases [27]. Preserved sediment remnants are primarily found in caves or as
relics of conglomerates with reddish matrices attributed to the Middle-Late Pleistocene
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(the so-called red beds; Refs. [27-30]). The area has remained relatively tectonically stable
for the last 125 Ky [31,32].

The archipelago is structurally characterized by two major fault systems that control
the principal tectonic domains: a WSW-ENE and a WNW-ESE, both trending normal faults
that shape its geological and geomorphological features. The Great Fault (WSW-ENE),
crossing Malta approximately through its central sector, marks the NW boundary of the
Malta Horst (Figure 1). Northwards, the South Gozo Fault defines the SE boundary of the
Gozo Horst. Between these domains lies the Malta Graben, encompassing northern Malta
and the island of Comino.

Especially on the island of Malta, the stratigraphic sequence is gently tilted towards
the NE, resulting in the prevalence of cliffs along the west coast and platforms along the east
coast. The Malta Graben is further characterized by numerous fault-line valleys associated
with the WSW-ENE-oriented horst-and-graben structures [33-35], which extend offshore
(e.g., [28,36]). While the complete stratigraphic sequence can be found in horst domains, the
Malta Graben predominantly exhibits the Upper Coralline Limestone (UCL) and Blue Clay
(BQ). Structural highs bounding the valleys form promontories where the stratigraphic
level is slightly higher than in the valleys, most notably along the western edge.

From a geomorphological perspective, the Maltese cliffs can be classified into two
groups [37]. The first group comprises vertical cliffs, which are steep vertical or sub-
vertical slopes descending towards the sea with a concave-shaped ramp. These cliffs are
mostly found in the southwest of the island of Malta and in the west of Gozo, where
the LCL outcrops at sea level. The second group consists of screes (locally called rdum),
characterized by extensive deposits of slope failures where landslide accumulations cover
clayey terrains developed over the BC. This landform primarily occurs in the north of Malta
and in the east of Gozo. Deposits consist of chaotic and heterogeneous blocks originating
from UCL plateaus, moved mainly by extremely slow-moving landslides such as rock
spreads and block slides [38,39].

Using high-resolution bathymetric data, Ref. [40] recognized a rich palaeolandscape in
the NE offshore sector of the archipelago that includes palaeoshore platforms and deposits,
fluvial valleys, mass movement deposits, terrestrial landforms, and karstic landforms.
These authors determined that the Maltese palaeolandscape has been shaped primarily by
the same processes that shaped the present-day terrestrial and coastal landscape, which are
tectonic activity combined with fluvial, coastal, slope instability, and karst processes.

3. Methods
3.1. Digital Outcrop Models

The Maltese coastal cliffs and promontories are characterized by their difficult accessi-
bility due to various factors such as the high degree of slope, the proximity to the sea, the
instability of the slopes, and the presence of a thick accumulation of debris. In addition, the
dimensions of the cliffs and the blocks investigated make field observation difficult.

To address these challenges, digital outcrop models of two sites, Sopu and Rdum
il-Qammieh, were created using digital photogrammetry [41] from drone-acquired im-
ages. This approach proved to be useful in various promontories across the archipelago
(e.g., [14,22,42]). The models allowed a detailed identification and characterization of
blocks and fractures that would not have been possible by direct field observations or
satellite imagery because of their limited field of observation or limited spatial resolution.
In addition, the three-dimensional reconstruction of the promontories made it possible
to observe sub-vertical sectors not covered by other aerial data (e.g., aerial orthopho-
tographs). These models provided insights into slope processes and geomorphological
dynamics, serving as case studies to extrapolate findings to other promontories with the
same stratigraphic configuration.

For the photogrammetric survey, a DJI Mavic 3 Enterprise drone was used and
equipped with an RTK antenna and a ground-based GNSS station to ensure precise georef-
erencing. The flight planning was carried out using DJI Pilot software, where DEMs of the
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surveyed areas were integrated. This approach enabled the drone to maintain a constant
altitude above the ground surface, ensuring a uniform Ground Sampling Distance (GSD)
throughout the survey.

The drone was equipped with a high-resolution camera capable of capturing
20-megapixel images, which facilitated the acquisition of detailed and accurate photogram-
metric data and, to enhance the 3D reconstruction of the cliffs, the camera captured nadir
images, as well as oblique images at a 45° angle both frontally and posteriorly. The flight
parameters were optimized to achieve a frontal image overlap of 85% and a lateral overlap
of 70%, ensuring robust photogrammetric processing and minimizing the risk of data gaps.

Processing of the photogrammetric data was conducted using Agisoft Metashape
software, following a standard workflow involving a series of consecutive phases [14].
Initially, the camera alignment phase ensured the accurate positioning of geolocated images,
generating a sparse point cloud. Following this, the second phase involved constructing
a dense point cloud based on estimated camera positions, providing a comprehensive
representation of its geometry. In the subsequent phase, a mesh that represents the outcrop
surface was derived directly from the dense point cloud. The final phase involved applying
textures to the mesh, enhancing visual realism by integrating high-resolution texture data
derived from the original images onto the 3D model. From the textured 3D mesh, a high-
resolution DEM and high-resolution orthomosaic were derived. The dense point cloud, the
textured 3D model, the DEM, and the orthomosaic were used to make detailed observations
and measurements of the outcrops through the use of Geographic Information Systems
(Table 1).

Table 1. Details of the photogrammetric surveys.

Frontal Side Photos . . Pixel Size
Place Date Overlap Overlap Aligned/Total Pixel Size DEM Orthomosaic
Sopu September 2021 85% 70% 1472/1475 11.1 em/pixel 2.77 cm/ pixel
Rdum il-Qammieh May 2024 85% 70% 3365/3397 13.8 cm/pixel 2.82 cm/pixel

3.2. Remote Sensing Analysis

To expand the field of observations, we study five Maltese promontories (Figure 1), in-
cluding the two where we performed digital outcrop models (Section 3.1): Ghajn Hammien,
Qarraba, Bajda Ridge, Rdum il-Qammieh, and Sopu. The selection of these promontories is
based on their stratigraphic configuration, which consists of the GL-BC contact near sea
level and the UCL at the top of the promontory generating a plateau, on the edges of which
lateral spreading processes occur.

The frontal and lateral sectors of each promontory were defined to establish a method-
ological framework for slope analysis. The frontal sector was identified as the area corre-
sponding to the rounded sector of the plateau, usually with the densest accumulations of
UCL debris on the slope and roughly coinciding with the major axis of the promontory,
while the lateral sectors encompassed the remaining area of the promontory flanks, ex-
cluding the frontal sector. It is important to note that the physical boundaries between
these sectors are not always clear, and geomorphological and sedimentary characteristics
gradually vary. In some cases, such as Sopu, Bjda Ridge, and Rdum il-Qammieh, the center
of the frontal sector and the major axis of the promontory coincide, while in Qarraba and
Ghajn Hammien, there is a slight deviation to the northwest.

For each promontory, the maximum and minimum slopes in the frontal and lateral
sectors were defined by measuring them from the base of the UCL plateau to sea level,
using distance and height differences as reference parameters.

Additionally, two geological cross-sections were reconstructed for each promontory.
The first section was drawn laterally across the promontory, while the second section
extended from the plateau to the coastline in the frontal sector of the promontory. For the re-
alization of these geological sections, we used a 1 m DSM, provided by the Maltese Planning
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Authority (https:/ /www.pa.org.mt (accessed on 10 January 2024)), and a geological map,
provided by the Continental Shelf Department of Malta (https:/ /continentalshelf.gov.mt
(accessed on 10 January 2024)). We distinguished between different geological units and
slope deposits.

Using satellite images obtained from Google Earth Pro (https://www.google.com/
earth/about/, retrieved during 15 January 2024), we mapped the most representative
landslide deposits of each promontory. For this purpose, we also rely on the observations
made on the outcrop models of Rdum il-Qammiehand Sopu Promontory, field observations
made at each promontory, and the analysis of the 1 m DSMs, on which we also calculated a
Terrain Slope map [43] that facilitated the identification of backtilted blocks.

4. Results
4.1. Main Process Involved in the Relief Rdum II-Qammieh Promontory

The Rdum il-Qammiehpromontory (Figure 2) features prominent vertical cliffs along
the coastline and slopes, which are relatively free of large block deposits. Its upper slope
consists of scattered outcrops of the BC, transitioning to outcrops of the GL in the lower part.

4,122,700
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|

4,122,600
|

I
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2,069,150
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Figure 2. Digital outcrop model of the Rdum il-Qammiehpromontory. (a) Orthomosaic of the
promontory area. (b) Map of the main cracks (in red) and the promontory edge. The scale is the same
as in (a). (c,d) Screenshots of the digital outcrop model. The circle with the cross indicates the same
location for all the images.

On its SW boundary, fractures are notable on the UCL plateau. A major fracture
develops approximately along the perimeter, with a total length of about 250 m, openings
up to 2 m, and distances from the plateau edge reaching 35 m. On the E edge of the
plateau, several orthogonal fractures with large openings develop and coalesce into the
main fracture, creating independent columnar blocks with dimensions around 15 m on
each side, though somewhat variable.
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The slope of the promontory is covered by blocky debris, broken along the internal
stratification planes of the UCL, presumably originating from columnar blocks as described
earlier. To a much lesser extent, elongated blocks, individualized by fractures parallel to
the edge of the promontory, experience some rotational sliding on the NW boundary of
the plateau.

4.2. The Main Process Involved in the Sopu Promontory

The slope stratigraphy of the Sopu promontory is defined by GL at the base, BC
throughout the slope, and UCL at the summit; the contact between GL and BC is at sea
level [22]. The frontal sector of the promontory is densely covered by blocks, some of
which are deep-seated within the sloping terrain and backtilted, being the most prominent
features of the sector. The plateau shows inferred cracks based on vegetation alignment, but
these have no openings, except for those separating the plateau from the band of subsiding
blocks delimiting its NE boundary (Figure 3a—d).
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Block measurement

Cross section
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25m
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437,700

Om

I
50m
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Figure 3. Digital outcrop model of the Sopu promontory. (a) Orthomosaic of the promontory area.
Green and grey lines represent the cross-section position showed in (e). (b—d) Screenshots of the
digital model. (e) Cross-section of the plateau and protected sunk blocks (position of the section in
(a)). (f) Chart showing the angle of the tilted blocks as a function of the plateau distance (identified
blocks shown in (a)).

The relationship between the angle of inclination of the blocks and their distance
from the plateau has been analyzed using measurements obtained from the analysis of the
orthomosaic, the DSM, and the digital model generated by the same photogrammetry. We
measured the distance from the center of 13 backtilted blocks to the edge of the plateau
and the angle of inclination of the original surface of each block. These measurements were
plotted on an x—y diagram, with distances on the horizontal axis and inclination angles on
the vertical axis, as shown in Figure 3f.
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The results show that blocks immediately adjacent to the plateau have slight incli-
nations, generally less than 15 degrees. A second group of blocks located about 45 m
from the edge of the plateau shows greater inclinations, between 25 and 60°. Other blocks
identified at distances greater than 130 m from the plateau show relatively high inclinations,
around 45°.

4.3. Promontory Cross-Sections

A total of 12 geological cross-sections were derived, two for each promontory: one
traversing them laterally and another from the plateau to the coast on the promontory’s
frontal sector. The outcropping geological formations were differentiated as well as the
debris covering the slope. In the most emblematic cases, we reconstructed big blocks that
are found backtilted. The results are summarized in Figure 4 and Table 2.

Table 2. Details of the promontories obtained from the DSM analysis.

Promonto Frontal Lateral Slope UCE BC UCL/BC
Y Slope P Thickness Thickness Ratio
Ghajn 13-28° 16-24° 10-20 m 75 m 0.13-0.26
Hammien
Qarraba 13-19° 21-41° 15m 35m 0.42
Bajda Ridge 10-14° 16-23° 30-45 m 40 m 0.75-1.12
. Rdum 16-19° 13-16° 30-40 m 45m 0.66-0.88
il-Qammieh
Sopu 11-16° 13-18° 25-50 m 50 m 0.5-1

The Ghajn Hfammien promontory (Figure 4a) presents significant structural complexi-
ties due to the presence of two synthetic normal faults with a NW-SE strike and inclination
towards the NE. Frontal slope angles vary between 13 and 28°, being minimal at the base
where a large deposit of megaclasts is found. On the sides, slopes range between 16 and 24°.

In section A-A’, the slope is concave and gentle due to extension caused by the normal
faults. In the middle of the section (x = 180 m), a large block of UCL with backtilting
is recognized. Downslope, large clast deposits accumulate, some with characteristics of
backtilting, although not easily recognizable. Assuming a sub-horizontal contact for GL and
BC formations, the SW fault shows a displacement of approximately 25 m. UCL thickness
varies between 10 and 20 m.

Section B-B” shows a notable absence of clast accumulations. The NE slope is gentler
compared to the SW due to the influence of the normal faults. The UCL, which crowns the
section, presents notable variations in thickness, ranging from 10 to 20 m from SW to NE.
The thickness of the BC is greater than in the other promontories, reaching approximately
75 m. The UCL/BC ratio is the lowest among the analyzed promontories, with values
ranging from 0.13 to 0.26.

The Qarraba promontory (Figure 4b) forms a small headland and is the smallest and
lowest of the studied promontories. It presents frontal slopes between 13 and 19° and
lateral slopes between 21 and 41°, developed entirely on the BC. Section A-A’ shows a
gentle frontal slope, with greater roughness due to UCL megaclasts. Some of these mega
blocks, especially near the plateau, are notably backtilted. In this section, a big block is
observed, sunk about 5 m from the cliff edge, with no apparent inclination, while other
blocks further away show backtilting of 25 to 60° at distances of 30 m and 50 m from
the cliff edge, respectively. Section B-B” shows smoother slopes without large megaclast
deposits. The southern slope is steep and presents a clean surface where the BC outcrops,
while the northern slope is more extensive, less steep, and contains some big block deposits.
The UCL has a thickness of approximately 15 m, while the BC outcrops with a thickness
of about 35 m, considering the nearest GL outcrop. Considering this partial thickness, the
UCL/BC ratio is 0.42.
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Figure 4. Geological cross-sections of the studied promontories. (a) Ghajn Hammien; (b) Qarraba;
(c) Bajada Ridge; (d) Rdum il-Qammieh; and (e) Sopu. LCL: Lower Coraline Limestone Fm.; GL:
Globigerina Fm.; BC: Blue Clay Formation; UCL: Upper Coraline Formation; and RD: recent deposits.
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The Bajada Ridge promontory (Figure 4c) is composed of UCL outcrops on the plateau,
BC on the slopes, and at the frontal area, near sea level, outcrops of GL. Frontal slopes vary
between 10 and 14°, and along the BC outcrop some backtilted blocks are observed, such
as the one represented in section A-A’. The lateral slopes of the promontory are steeper,
ranging between 16 and 23°. Along the B-B’ section, the UCL thickness varies considerably
between 20 and 50 m, with maximum thickness towards the center of the plateau. The BC
has thicknesses around 45 m, and the UCL/BC ratio ranges from 0.44 to 1.1.

The Rdum il-Qammieh(Figure 4d) promontory presents a stratigraphic succession
composed of UCL on the plateau and BC and GL on the slope. It is affected by NW-SE
striking normal faults, causing certain displacement, especially in the northern sector. In
the southern sector, near sea level, outcrops of LCL are recorded. Frontal slopes are steeper,
ranging between 16 and 19°, than lateral slopes, between 13° and 16°. In section A-A’, block
deposits are concentrated near the cliff edge, consisting mainly of fallen blocks without
backtilted blocks. Section B-B’ is symmetrical, with clastic deposits only on the northern
slope, near the cliff edge. UCL thicknesses range between 30 and 40 m, while BC thicknesses
are around 45 m, with a UCL/BC ratio of 0.66 to 0.88.

The Sopu promontory (Figure 4e) presents a stratigraphic setting similar to that of
Bajda Ridge, with UCL on the plateau, BC on the slope, and GL outcropping near sea
level. The frontal slope is covered by large blocks of UCL, producing a highly rough terrain.
Frontal slopes range between 11 and 16°, slightly lower than the lateral slopes, which range
between 13 and 18°. In the promontory front, in sectors near the plateau edge, blocks are
notably sunk and backtilted, as illustrated in section A-A’. Section B-B” shows how clastic
deposits of UCL accumulate at the top of the slope, while in the more distal sectors the BC
outcrops. The thickness of the UCL varies between 25 and 50 m, and the thickness of the
BC is around 50 m, with a UCL/BC ratio between 0.5 and 1.

4.4. Distribution of Main Slope Deposits

To identify the areal sectors where different plateau retreating events predominate,
we grouped the clastic deposits into two main categories based on their depositional
characteristics, defining an area where these events occur. For this purpose, we utilized
field observations and detailed analyses of digital outcrop models, satellite images, and a
1 m resolution LiDAR DSM, to which we applied a slope calculation.

The areas corresponding to deposits of large clasts from fallen and toppled blocks,
which characteristically feature broken blocks arranged in a rather chaotic manner due to
falling and some downslope transport, were grouped under the name “Block Fall Domain”.
The areas with deposits of subsiding and backtilted blocks, composed of larger, generally
better-preserved blocks whose original surface can be observed tilted towards the plateau,
and which may be grouped into belts of blocks that visibly share the same genesis, were
grouped under the name “Backtilt Slide Domain”. A third group named “Debris Flow
Domain” includes debris flow deposits, characterized by a triangular geometry in planar
view and smaller blocks with an irregular arrangement. The areas near the current coastline,
where block clusters are prone to wave reworking and therefore represent a high degree of
uncertainty, were not considered. Areas without blocks or with isolated blocks were also
excluded. Additionally, the most significant fractures visible from the satellite images have
been mapped.

In Ghajn Hammien (Figure 5a), Block Fall Domains predominate. On the slope of the
frontal sector of the promontory, in the N direction, extended fallen blocks are interspersed
with some Backtilt Slide Domains. Particularly noteworthy is the one shown in section
A-A’ of Figure 4a, which likely has a genesis associated with the bordering fault. On the W
slope, there is a grouping of fallen blocks that have created a concave edge of the plateau,
continuing with a deposit of blocks with a chaotic internal arrangement and a narrow
shape that widens downslope, resulting in a semicircular plan view. We categorized this as
a debris flow domain.
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Elevation Slope Deposits
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Figure 5. Distribution of different deposit domains at the promontory slopes. (a) Ghajn Hammien;
(b) Qarraba; (c) Bajada Ridge; (d) Rdum il-Qammieh; and (e) Sopu.
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In Qarraba (Figure 5b), subsiding and Backtilt Slide Domains predominate, occurring
in at least three belts in the NW sector of the promontory. These blocks, shown in section
A-A’ (Figure 4b), increase their inclination downslope. Additionally, small areas where
Block Fall Domains dominate are found near the plateau, in its lateral sectors.

In Bajda Ridge (Figure 5¢), we identified extended areas of subsiding and backtilted
blocks in the frontal sector of the cliffs bordering its rounded edge and grouped into up to
two belts. Two Block Fall Domains are also recognized on the front of the promontory, as
well as on the lateral sides, where no Backtilt Slide Domains are found.

Rdum il-Qammieh(Figure 5d) does not present large block deposits. Relatively small
Block Fall Domains dominate, and only on the NE slope are elongated, parallel-to-the-
plateau backtilted blocks recognized.

The Sopu promontory (Figure 5e) is characterized by wide blocky debris on the front
of the promontory. In the sector closest to the plateau, two well-differentiated belt of
backtilted blocks dominate, contouring the front of the plateau. Other smaller groupings of
backtilted blocks are dispersed. Downslope, the deposits become more chaotic and have
been interpreted as rockfall deposits.

5. Discussion
5.1. Main Geomorphological Process

The studied promontories are comparable to each other and share a common genesis
due to the stratigraphic configuration that promotes fracturing of the UCL plateaus in
sectors near the plateau edge, leading to detachment and sliding of blocks downslope.

Cracks are a distinctive feature of the rock-spreading process, observable in the outer
sectors of large plateaus on the north coast of Malta. The formation of these gravity-induced
joints is due to the opposing geotechnical properties between the stiff UCL formation and
the underlying ductile BC Formation. This contrast would generate tensions at the base
of the UCL that propagate upward, with lengths that can easily exceed 100 m, partially
isolating large rock masses. Once they reach the surface, they are partially filled with clastic
material from their walls, acting as wedges. These joints tend to run parallel to the plateau
edge, resulting in the recognition of several sets of joints linked to the plateau’s geometry,
for instance, as documented by [14,19,22]. When the plateau features rectilinear scarps,
the individualized blocks tend to be elongated. In non-straight sectors, overlapping joint
sets result in the individualization of smaller, equilateral blocks with a tendency towards
columnar shapes. Clear evidence of this is in the western corner of the Relief Rdum il-
Qammieh plateau, where metric aperture fractures intersect, giving rise to columnar blocks.
Once individualized, these blocks tend to topple. Additionally, structurally originated joints
and fractures associated with fault zones can also locally contribute to the promontory’s
evolution, adding to the pattern of gravity-induced cracks.

The subsidence of blocks is another notable feature of these promontories. Once
detached, some UCL blocks tend to experience subsidence into the BC. In Sopu, the
subsidence reaches percentage values exceeding 50% in the middle sector of the blocks,
implying up to 23 m in sectors closer to the cliff. This measurement could indicate the
thickness of the BC layer susceptible to more plastic deformation and broadly aligns with
the geophysical data presented by [22] in lower sectors of the slope.

Several factors may control subsidence, such as the slope of the hillside, block di-
mensions and geometry, and the UCL/BC thickness ratio. Higher slopes can destabilize
individual blocks and cause them to overturn, while lower slopes, such as those resulting
from a higher cliff retreat rate at the promontory’s front, favor block stability. Additionally,
larger blocks, like those at the rounded promontory front of Sopu, seem to experience
subsidence more frequently than smaller blocks, possibly due to their greater mass and
the increased gravitational forces acting upon them, which can exacerbate subsidence
processes into the BC. Block geometry may also play a crucial role, with blocks having
more robust bases being more stable and less prone to falling, thus likely experiencing
subsidence and subsequent sliding. The UCL/BC thickness ratio should play a significant
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role in UCL block subsidence. The lowest ratio is found in Relief Ghajn Hammien, where
large areas of backtilted blocks are absent except for those associated with the fault sector.
However, in the eastern sector of the plateau, two relatively small, columnar blocks are rec-
ognized as subsided. Qarraba, Bajda, and Sopu promontories show the highest proportion
of backtilted blocks. Bajada and Sopu may have ratios equal to or greater than 1, while
Qarraba has a calculated UCL/BC ratio of 0.42. Rdum il-Qammiehhas a UCL/BC ratio
greater than Qarraba but less than Bajada and Sopu. However, significant accumulations of
backtilted blocks are absent, although blocks near the plateau edge, which are currently
almost individualized, experience some subsidence.

All observed backtilted blocks also experienced subsidence, a precondition for back-
ward tilting and sliding. Blocks experiencing backward tilting can rotate up to 60° over
short distances. In Sopu, blocks rotated up to 60° degrees are found just 50 m from the
current plateau. It should be noted that this distance does not necessarily account for
the plateau’s position at the time of block individualization. Blocks farther from the cur-
rent plateau position generally do not show inclinations exceeding 60°, suggesting, at
least preliminarily, that this angle could be considered a stability measure regarding the
rotation process.

The bedding of the geological units plays an important role in determining whether a
block evolves by rotating backward and sliding or dipping forward. A slope-facing layer
dip would favor the falling of detached blocks, whereas a UCL/BC contact dipping could
favor the backward rotation of the blocks. This can be observed in the comparison of Rdum
il-Qammiehand Bajda promontories, which have similar stratigraphic configurations. In
the former, where the UCL/BC contact tilts towards the promontory front, a few block
accumulations indicate that the dominant process is block fall. On the other hand, in
Bajada, where the UCL/BC contact tilts towards the island, backtilted blocks are present at
the front.

The tectonic configuration is also relevant at the local scale. The clearest case is Ghajn
Hammien, where faults control the slope of the promontory’s frontal sector and seem to be
somewhat related to the presence of backtilted blocks.

5.2. Structural and Sea Level Influences on Maltese Coastal Cliff Development

The coastal geomorphology of the Maltese archipelago has been strongly influenced
by sea level oscillation. The regional uplift of the area was completed by Marine Isotope
Stage (MIS) 5 in the Late Pleistocene [29], entailing a tectonic stability of the area since
the last 125 ky [31,32]. This distinctive setting makes the archipelago a unique example of
coastal geomorphology. It seems plausible that the current configuration of the coasts has
been mostly impacted by absolute sea level oscillations, rather than tectonic influences in
terms of uplift or subsidence documented in several other studies (e.g., [44], among others).
The sea level has thus moved along the vertical of the coastline, changing its position
several times and interacting differently with the local stratigraphy, especially in terms of
erosion and water drainage. The stratigraphy is nevertheless not uniform along the coast of
the Maltese islands because of the tectonic setting of the area. In particular, the structural
architecture of the archipelago is characterized by a “horst & graben” setting in which it is
possible to identify three main geological domains [45]: the Gozo Horst (North of the Gozo
Fault), the Malta Graben (between the Gozo Fault and the Great Fault), and the Malta Horst
(South of the Great Fault). Older formations in the domains of the Malta and Gozo Horsts
and younger outcrops in the Malta Graben area have been exposed due to this geological
setting. This explains why GL dominates the coasts of the Malta Graben domain whilst
LCL leads the coasts of the horst domains.

The relative sea level curve (RSL) reconstructed by [46] (Figure 6b) demonstrates that
the global sea level reached its maximum height (+4.7 m on average above the current s.1.)
during the last interglacial (125 ky, MIS-5), and then decreased to the minimum during the
Last Glacial Maximum (LGM) (21 ky, MIS-2). The authors of [8] demonstrated that in the
Maltese archipelago during the LGM, the sea level was 130 m below the actual level. The
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decline in sea level until the LGM was accompanied by further subglacial and interglacial
cycles (MIS-4 and MIS-3). Thereafter, the sea level began to rise more or less steadily to its
current configuration.

Gozo Horst

bZO(

Malta Horst

RSL [m]

Age [kyrs]

= Nowadays / (MIS-5, 125 Ky ago)

Sea level influence on BC erosion and slope hydrology
> Lateral spreading paroxism

BC

GL

LCL

/_

10 Ky ago
Sea level rises above the LCL/GL contact

>Subhorizontal platform development

P, ,,

Plunging cliff —— From MIS-5.1 to LGM (85 Ky to 21 Ky ago)
/

Sea level under the LCL/GL contact

s.l.
7’ > Plunging cliff

Figure 6. Evolution of the Malta Graben cliffs. (a) Sketch showing the structural domains of the
Maltese archipelago and their general relation of the cliffs and the sea. (b) Relative sea level (RSL)
curve (blue) superimposed on the 95% probability interval of the RSL dataset (light gray) (modified
from [46]). Last Glacial Maximum (LGM) and Marine Isotope Stages (MIS) 5 and 5.1 are indicated
with colored circles. (c) Evolution of the Malta Graben cliffs coast over the last 125 ky.

Considering the aforementioned sea level oscillations, it is plausible to assume that
during the last 125 ky, the sea level has only interacted with the LCL formation in the
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Gozo and Malta Horsts. Sea level excursions from the MIS-5 would not have been able to
elevate above the current LCL-GL contact, which averages over 20 m.a.s.l. The coasts in
these domains are therefore characterized by a plunging cliff morphology (sensu [1]) with
a sub-vertical cliff face (Figure 6a). The lateral spreading processes can be observed along
the southwest of Malta and in Gozo, although they do not interact with the sea and are less
frequent and less prominent than those in the Malta Graben.

The coasts in the Malta Graben domain are nowadays characterized by a sea level
standing close to the GL-BC contact (Figure 6a). Such a geomorphological feature indicates
that the sea level interacted not only with the LCL (as for the coast located in the horst
domains) but also with the other formations. During glacial periods such as the LGM, the
sea level was in contact with the LCL and likely contributed to the formation of plunging
cliffs. Similarly to the current setting in the horst domains, lateral spreading processes might
have been less dynamic [8]. This setting would have persisted until the sea level approached
the LCL-GL or the GL-BC contact during the interglacial stages. The lower resistance to
mechanical sea wave erosion of the GL likely played a role in shaping rocky coasts over
a previously sculpted landscape, characterized by a sub-horizontal shore platform that
ends in a pronounced scarp in the LCL. Eventually, as the sea level approached the GL-BC
contact, the erosion surface gently descended from the base of the sea cliff below sea level,
without a noticeable topographic break. Sea level standing on the BC formation might have
influenced its rheology by contributing to the development of a piezometric level within
the formation. The lateral spreading phenomenon may have been facilitated by the partial
saturation of the clayey unit, which led to the plasticization of the BC (Figure 6c).

5.3. A Conceptual Model for the Promontory Evolution at the Malta Graben

In this section, a simplified conceptual evolutionary model is presented to explain the
morphological evolution of the promontories within the Malta Graben (Figure 7). This
model outlines a sequence of stages, detailing the progressive changes in the landscape
driven by geodynamic, climatic, and geomorphological processes.

Stage |

T A
Normal Fault Joints Direction of tension
Stable slope

I [ o [

Stage Il Stage Il

Figure 7. Evolutionary model of a theoretical promontory at the Malta Graben: stage I represents the
proto-promontory condition; stage II represents the most intense demolition of the sea cliff; and stage
III represents the isolation of a peninsula.

Stage I: Proto-Promontory

The horst and graben structural configuration within the Malta Graben resulted in
the structural lows, which coincided with valleys becoming flooded and exposed to wave
action as sea levels rose, leading to the formation of bays where beach deposits likely
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predominated. In contrast, in the structural highs, which coincided with topographic
elevations, promontories began to form, and gravitational slope processes occurred. In this
initial stage, the UCL plateaus would present sharp and poorly smoothed edges.

The role of predisposing factors is particularly accentuated, being closely connected
to the geological and stratigraphic structure of the area. Elements such as stratification,
the relative thickness of formation units, and the geometry of the relief were decisive
concerning the mechanisms and speed of the initial gravity-induced slope instabilities.

In the straight sectors of the promontory, joints parallel to the cliff lead to the indi-
vidualization of elongated blocks. These blocks, being tall and elongated, are inherently
unstable and tend to fall once separated from the cliff. Some of these blocks may split due
to internal stratigraphic discontinuities acting as planes of weakness, resulting in rock falls.
At the corners of the promontory plateau, gravity-induced joint sets intersect, forming
a grid pattern that results in relatively small columnar blocks. Due to this process, the
detachment, toppling, and falling of blocks are more frequent at the corners due to the
intersection of joints, accelerating the retreat of the cliffs in these sectors of the plateau front.

Stage II: Demolition of the cliff

As the sea level approached the LCL/BC contact, the plasticity of the BC increased,
promoting the accelerated retreat of the UCL promontory plateaus. An intense demoli-
tion phase of the cliffs starts and, as a consequence, the residual platforms facilitate the
accumulation of block deposits from the UCL plateaus.

In this phase, the ongoing deformation processes are modified in their evolution (in
intensity and rate) by weather—climatic factors and their changes over medium to long
periods. The softening of geological units with more ductile behavior is influenced by
the water content and their position relative to sea level, which determines their potential
submersion. Meanwhile, the fractured walls of the stiff cliffs are exposed to weathering
and thermoclastic processes related to diurnal and seasonal temperature cycles.

At the edges of the promontory, the intersection of the joint sets promotes the isolation
and falling of blocks, accelerating the retreat of the cliffs in those areas and resulting in
characteristic rounded edges. When the plateau has a convex or rounded shape, tensions
are distributed outward from the edge, generating a radial pattern. These radial tensions
induce fractures that propagate farther from the cliff, allowing the isolation of larger blocks.
In contrast, in the straight lateral sectors of the promontory cliff, the fractures remain closer
to the cliff, resulting in thinner and elongated blocks.

The large blocks at the promontory front undergo a continuous process of subsidence,
tilting backwards, and sliding downhill. This phenomenon can be repeated multiple times
at the same front, forming block deposits in semilunar belts. For instance, at sites such as
Sopu and Relief Rdum il-Qammieh, at least two landslide accumulations have been recog-
nized, while at Qarraba up to three different accumulations have been identified. Ref. [8]
concluded from cosmogenic dating evidence that the development of these landslides
likely involved large-scale rupture events, followed by the break-up of the larger displaced
blocks by slumps and landslides, generating the numerous dislodged blocks visible today.

If the rate of material accumulation from the blocks of the UCL plateau exceeds the
rate at which this material is removed by wave action, it leads to the accumulation of large
blocks at the promontory slope, forming a “balance slope” of blocky talus. Nowadays,
these blocks can act as a protective barrier against wave action, functioning as a natural
breakwater. In places like Sopu, where the front is completely covered by large-sized blocks,
fractures on the plateau are not observed to be open, suggesting structural stability. In
contrast, in areas like Relief Rdum il-Qammieh, the slopes are steeper and not covered with
blocks, presenting edges with gravity-induced joints with openings of up to several meters,
indicating a more active dynamic of cliff retreat processes.

On the sides of the promontory, block detachment and the formation of straight cracks
continue steadily throughout this stage. The isolation of blocks and their falling remain
relatively slow, as the fractures do not intersect. The material generation rate tends to
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be lower than the material removal rate, and clastic material does not accumulate on the
promontory sides.

Stage III: Isolation of peninsulas

Once the promontory front has stabilized, a potential development is the formation of
a peninsula. The cliff retreat processes at the UCL plateau are concentrated on the sides
of the promontory, away from the stabilized front, creating a retreat gradient due to the
contrast between the stable front and the unstable sides. This can eventually lead to the
elimination of the plateau behind the promontory front.

This phenomenon is currently observed in Qarraba, where GNSS monitoring shows
higher displacement rates on the sides of the plateau than on the plateau front [47]. The
residual state of instability, where the promontories have evolved into isolated reliefs
that are strongly altered and disintegrated from the previous evolutionary phases, makes
them particularly vulnerable to triggering actions, such as impulsive and highly transient
episodes related to earthquakes, intense rainfall, and anthropic activities.

6. Conclusions

This study explores the geomorphological processes shaping the cliffs of the Maltese
archipelago, with a particular focus on the evolution of promontories within the Malta
Graben. Through remote sensing techniques, we identified and characterized cliff retreat
processes, revealing the complex interactions between geological structures, marine erosion,
and sea level fluctuations.

The structural configuration of the Maltese archipelago plays a crucial role in its coastal
dynamics and actually represents a predisposing factor for the ongoing geomorphological
processes. Over the last 125,000 years, plunging cliffs have dominated the horst domains,
where sea levels interacted with the LCL. In contrast, the Malta Graben has experienced
more intricate processes, including lateral spreading at the BC/UCL contact during sea level
rise, leading to accelerated cliff retreat and contributing to the shaping of sub-horizontal
shore platforms.

An evolution model of promontories in the Malta Graben was developed through three
stages: proto-promontories, cliff demolition, and isolation. These stages are influenced
by a combination of predisposing, preparatory, and triggering factors, which govern the
stability and transformation of these coastal features under a changing climate.

These findings offer a comprehensive understanding of the evolution of the Maltese
cliffs, emphasizing the role of interconnected geological and geomorphological factors. This
research not only contributes to the broader understanding of coastal evolution but also
contributes to the scientific understanding needed to inform coastal management strategies,
with the potential to help preserve these unique and culturally significant landscapes.
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