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This paper presents the outcomes of a geomorphological investigation carried out along the
coasts of the island of Malta and provides a detailed classification of the Maltese coastline
based on the identification and definition of specific coastal geomorphotypes. The results of
field surveys, supported by air-photo interpretation, have led to the production of a coastal
geomorphological map at 1:30,000 scale which outlines the processes and related deposits
and landforms. The latter are the result of the complex interplay of structural, gravitational,
coastal and karst processes. Moreover, radiocarbon dates of marine organisms encrusted on
boulders mapped along the NE coast are presented.

Keywords: coastal geomorphology; geomorphotypes; coastal landforms; Malta

1. Introduction

The coastline of the island of Malta is 196 km long and dominated by vertical cliffs, indented
bays, cliffy coves and inlets developed on limestone formations (Furlani, Pappalardo, Gomez-
Pujol, & Chelli, 2014). Maltese coasts were first described and classified by Paskoff and Sanla-
ville (1978) and by Magri (2006) and recently revised by Said and Schembri (2010).

This work offers a detailed classification of the coastal landscape through the classification of
coastal geomorphotypes, which are defined by specific topographical, lithostructural and geomor-
phological features. It presents a 1:30,000 geomorphological map of the coastal areas. The map
extends up to 500—1000 m inland in order to represent landforms and deposits derived from
marine, karst, fluvial and gravitational processes.

2. Structural and geological setting of the island of Malta

The Maltese archipelago is a group of central Mediterranean Islands located about 96 km from
Sicily and 290 km from North Africa, at a latitude of 35°4828"” to 36°05’00” North and a longi-
tude of 14°11'04” to 14°34'37" East. They are situated on a shallow shelf, the Malta-Ragusa Rise,
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part of the submarine ridge which extends from the Ragusa peninsula (Sicily), southwards to the
North African coasts of Tunisia and Libya. The total area is 316 km?” with the largest island Malta
(246 km?) having the administrative capital, Valletta. The other islands, Gozo (67 km?) and
Comino (3 km?), together with a small number of uninhabited islets and rocks complete the archi-
pelago. The Island of Malta lies in the Sicily Channel, which was affected during the Neogene-
Quaternary (Dart, Bosence, & Mcclay, 1993; Finetti, 1984) by continental rifting. It produced
extensive structures, such as the Pantelleria, Malta and Linosa tectonic depressions, which are
controlled by NW-SE normal faults (Figure 1(a)).

The tectonic setting of Malta is characterized by two graben systems. The oldest, ENE-WSW
oriented, has been active since the early Miocene and caused the development of a horst and
graben system, which is characterized by alternating highlands and lowlands (Alexander, 1988).

The above-mentioned tectonic structures are crossed by faults belonging to the Pantelleria
Rift, NW-SE oriented, which developed during the late Miocene and early Pliocene (Reuther
& Eisbacher, 1985). The Neogene-Quaternary uplift caused by the Pantelleria Rift is responsible
for the emergence and subsequent tilting towards the NNE of the island (Alexander, 1988), with a
resulting downlift of its eastern flanks. This tectonic development — with relatively higher topo-
graphy and steep coasts along the western side of Malta and low-lying coasts along the eastern
side — also influenced the hydrological catchment of the islands during the pluvial Quaternary
period with fluvial channels draining heavily from a WSW to NNE direction, inducing more
intense fluvio-coastal erosion in the eastern part and the removal of large volumes of the strati-
graphic sequence in the lower topographic regions.

Malta is formed by sedimentary rocks, deposited in shallow marine conditions between the
late Oligocene and Miocene (Pedley, Clarke, & Galea, 2002; Pedley, House, & Waugh, 1976;
Figure 1(b)). The bedding is mainly horizontal or sub-horizontal.

The stratigraphic sequence starts with the Lower Coralline Limestone Formation (Upper Oli-
gocene: Chattian, thickness: 140 m), which is characterized by bioclastic, bedded, grey lime-
stones. It is followed by the soft and yellowish Globigerina Limestone Formation (late
Oligocene — middle Miocene: late Chattian — Langhian, thickness: 20—207 m, Baldassini,
Mazzei, Foresi, Riforgiato, & Salvatorini, 2013; Giannelli & Salvatorini, 1972) which is com-
posed of massive fine-grained biomicrites. The sequence continues with the Blue Clay Formation
(middle Miocene: late Langhian — early Tortonian, thickness: 20—75 m), mostly formed by alter-
nating layers of dark-grey and pale-grey marls. The upper part of the sequence is made up of the
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Figure 1. (a) Geodynamical setting redrawn from Galea (2007) on a SRTM map (http://srtm.csi.cgiar.org);
(b) Geological map of Malta (redrawn from OED, 1993).
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Upper Coralline Limestone Formation (Upper Miocene: late Tortonian — early Messinian, thick-
ness: 10—170 m), which is similar to the oldest carbonate unit (Pedley et al., 1976). Pockets of
fluvial Quaternary deposits consisting of continental sequences are also present, mainly concen-
trated along the coastal sectors of the island as valley loams, breccias or fossiliferous deposits
(Trenchmann, 1938) or as thin near-surface deposits, such as red soils and colluvial sediments
(Pedley, 2011).

3. Methods

A detailed-scale geomorphological analysis allowed for the identification, classification and
spatial distribution of coastal landforms of Malta Island. It is the result of 1:10,000 scale
field survey supported by the interpretation of tens of 1:4000 scale photos taken from a
low-flying aircraft in 2008. The north-western part of the island has previously been studied
during field surveys aiming at landslide recognition and detailed geomorphological mapping
(Devoto et al., 2012, 2013; Magri, Mantovani, Pasuto, & Soldati, 2008; Mantovani et al.,
2013). The work has been extended to the whole coastline, up to about 500 to 1000 m
inland, to classify and map the rocky coasts and their geomorphological features (Biolchi,
2013).
The resulting map of the Maltese costal sector consists of two main sections (Main Map):

(1) the main geomorphological map draped over a Digital Terrain Model (DTM) and related
legend (centre and left slice of the map);

(2) a sketch map with the distribution of coastal geomorphotypes and the location of the
storm wave/tsunami deposits (upper right side of the map) with a grey-scale slope map
used as background.

Field surveys and air-photo interpretation allowed integration and refinement of the lithological
and structural features of the previous geological maps (Oil Exploration Directorate, 1993).
Field mapping and symbolization followed convention according to the guidelines of the
Geological Survey of Italy (Gruppo di Lavoro per la Cartografia Geomorfologica, 1994) and
conforming to the geomorphological map produced by Devoto et al. (2012). More precisely,
the raster shown on the map is a hillshade generated from the DTM, which was derived from
high-resolution aerial laser scan (ALS) data.

Radiocarbon dates were calculated by the Centre for Dating and Diagnostics (CEDAD) of the
University of Salento on samples collected on three boulders surveyed on the NE coast.

4. Results
4.1. The geomorphotypes of the Maltese coasts

Following Paskoff and Sanlaville (1978) and Said and Schembri (2010), the rocky coastline of
Malta has been classified in seven coastal geomorphotypes, which are characterized by peculiar
topographical, lithostructural and geomorphological features:

o Plunging cliff: vertical or sub-vertical cliff descending into a considerable depth far below
low-tide level without any development of shore platform or ramp (Sunamura, 1992)
(Figure 2(a));

o Sloping coast: low-lying rocky coast with slope dips ranging between 5° and 45°
(Figure 2(b));
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Figure 2. Coastal geomorphotypes: (a) plunging cliff (Dingli Cliff, western coast); (b) sloping coast (Ahrax Point,
NE coast); (c) shore platform (St. Peter’s Pool, southern coast); (d) scree (Il-Majjistral Park, western coast); (e) cliff
(Ras II-Pellegrin, western coast); (f) pocket beach (Paradise Bay, NW coast); (g) built-up coast (Valletta).
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o Shore platform: from horizontal to sub-horizontal rock surface (0—5°) produced along a
shore by the action of marine processes (wave erosion, biogeochemical dissolution and
other weathering processes) and the retreat of a cliff in the intertidal zone (Trenhaile, 1987)
(Figure 2(c)). Shore platforms can be observed at the intertidal level or 5—10 m above sea
level. The latter developed on bedding planes, following their slope, they are never submerged
but are affected by wave action and marine spray. Their shape corresponds to shore platform
type B (Sunamura, 1992). Usually, a deeply carved abrasional notch occurs at mean sea level;

o Screes: this scenery is locally called rdum (Said & Schembri, 2010) and is characterized by
extensive slope-failure deposits, which are located between coastline and karst plateaus.
Landslide accumulations cover the clayey terrains and consist of chaotic and heterogeneous
blocks moved mainly by extremely slow-moving landslides such as rock spreads and block
slides (Devoto et al., 2012; Figure 2(d));

o Cliffs: vertical or sub-vertical steep slope descending to the sea with a concave shaped ramp
(Figure 2(e));

o Pocket beach: sand, gravel or pebble deposits in the inner portions of bays and inlets
(Figure 2(D);

e Built-up coast. intensely urbanized coast. The landscape is significantly modified by
human activities (Figure 2(g)).

While plunging cliffs and sloping coasts are typical of the resistant Lower and Upper Coralline
Limestone formations, shore platforms and cliffs have been shaped on the relatively soft Globi-
gerina Limestone Formation. Screes are observed only in the northern and north-western sectors,
where landslides are dominant. Pocket beaches are commonly found along the main bays of the
northern sector.

4.2. The geomorphological map
4.2.1. Structural elements and landforms

The geomorphologcal landscape of Malta is strongly influenced by the structural setting of the area
(Paskoff & Sanlaville, 1978). The WSW-ENE-oriented horst-graben system, which has developed
in the northern and the western sectors of Malta, controls the location of the lowlands (grabens) and
headlands (horsts). The main discontinuity is the Great Faults system, which crosses the island from
west to east. The Great Faults system starts on the western coast, at Fomm ir-Rih Bay, where the
throw is up to 100 m (Figure 3(a)) and runs through the island reaching the eastern coast, at
Madliena (Figuer 3(b)), albeit at relatively lower elevations due to its NNE tilting.

The second system, NW-SE oriented, is related to the Pantelleria Rift and can be recognized in
the south-western coast, at Ghar Lapsi, where the Maghlaq Fault occurs (Figure 3(c)). The fault
plane outcrops for more than 2 km along the coastline with a maximum throw of 210 m (Bonson,
Childs, Walsh, Shopfer, & Carboni, 2007).

4.2.2. Coastal landforms and deposits

The western and south-western coasts generally consist of either Lower or Upper Coralline Lime-
stone and are dominated by plunging cliffs up to 70 m-high. In contrast, the low resistant Globi-
gerina Limestone Formation (mean lowering rates up to 9.16 mm/yr; Micallef & Williams, 2009),
which is predominantly along the eastern and south-eastern coasts, favoured the development of
extended shore platforms.
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Figure 3. Tectonic landforms: (a) Great Fault plane at Fomm Ir-Rih Bay in the western coast; (b) Great
Fault plane at Bahar ic-Caghaq in the eastern coast; (¢) Maghlaq fault plane at Ghar Lapsi in the western
coast.

Pocket beaches are rare and mainly occur on the northern part of Malta and are occupied by
sandy deposits. Marine gorges mainly occur in the western side of Malta, commonly associated
with steep discontinuities enlarged by marine processes (Figure 4(a)). The coastal scenery is charac-
terized by many stacks, arches and sea caves (Figure 4(b)—4(e)), mainly along the western coast.

A well-carved tidal notch was surveyed (Figure 4(f)) at the mean sea level, as previously
observed by Furlani et al. (2013).

4.2.2.1. Storm-wave/tsunami deposits. In various parts of the low-lying coasts of the eastern and
north-eastern sector of Malta, imbricated boulder deposits can be noticed, ranging from a few deci-
metres to metres in size (Furlani, Biolchi, Devoto, Saliba, & Scicchitano, 2011; Mottershead, Bray,
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Figure 4. Coastal features: (a) marine gorge at Ras Ir-Raheb; (b) stack at Delimara; (c) arch at the entrance
of Blue Grotto; (d) marine cave at Ras Ir-Raheb cut in Lower Coralline Limestones; (e) marine cave at Ras Il-
Pellegrin cut in Globigerina Limestones; (f) present day tidal notch at Dingli Cliff.
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Soar, & Farres, 2014, Figure 5(a)). The occurrence of encrusted marine shells and bioforms on the
boulders proves their marine origin. The deposit located between Armier Bay and Ahrax Point
(Figure 5(b)) has been studied in detail by Furlani et al. (2011) and Biolchi et al. (2013). Radiocar-
bon datings were performed on three samples of Serpulids (Serpulid polychaetes) (Figure 5(d)), as
shown in Table 1, and suggest a combined action of storm and tsunami waves.

A comparison between dates reported in Table 1, the tsunami catalogue (Tinti, Maramai, &
Graziani, 2004) and the historical Maltese chronicles (Galea, 2007) indicates that the deposition
of the boulder AB2 could be related to the 1693 earthquake, which was recorded along the eastern
coast of Sicily and on the island of Malta (Scicchitano, Monaco, & Tortorici, 2007). The boulder
AB3 could be related to the 1169 earthquake, while the boulder AB1 is likely to be related to a
storm event in recent times (Biolchi et al., 2013).

4.2.4. Fluvial landforms and deposits

The dense joint system and karstification of limestone prevent the development of a permanent
superficial drainage pattern on the limestone plateaus (Devoto et al., 2012) and surface running
water is scarce because of the morphoclimatic and lithological conditions. Ancient fluvial remo-
delling is identified by a series of erosion features, such as small valleys and fluvial scarps. At
present, heterometric deposits, composed mainly of sands and silts, are moved by ephemeral
streams from plateaus.
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Figure 5. (a) Location of the boulder deposits; (b, c) the boulders between Armier Bay and Ahrax Point;
(d) Serpulids.
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Table 1. Size of the boulders and 14C AMS datings of serpulids performed by the CeDaD Laboratory
(Centro di Datazione e Diagnosica) of the University of Salento, Brindisi, Itay; the samples were calibrated
using the program Calib 5 (Stuiver, Reimer, & Reimer, 2005).

Sample CeDaD code a,b,c axis (m) Radiocarbon Age (yr BP) Calendar age (yr cal BP)

ABI1 LTL12724A a=1.00 107.08 + 0.60 pMC post1950 AD
b= 1.00
c=10.70

AB2 LTL12725A a=1.70 1026 + 45 558-639
b=1.70
c=10.80

AB3 LTL12726A a=2.60 1582 + 45 1083—-1205
b= 1.00
c=10.90

Seepage water percolating through the limestone plateaus and rainfall are conveyed along
incised channels, forming gullies in the marly and clayey slopes.

4.2.5. Karst landforms

Karst features are well developed on the limestone plateaus (Saliba, 2008). Sinkholes have been
defined according to their diameter: less than or greater than 100 m. All the surveyed sinkholes are

Figure 6. Karst features: (a) sinkhole at Ghadira Bay; (b) sinkhole originated by cave roof collapse in the
Marfa Ridge promontory; (c) cave developed on a cliff located in the south-western coast.
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characterized by a flat bottom and their genesis is usually caused by the collapse of cave roofs (Soldati,
Tonelli, & Galve, 2013; Figure 6(a) and 6(b)). However, large coastal caves are rare and poorly devel-
oped (Figure 6(c)); therefore not all circular bays may be attributed to a collapsed sinkhole origin.
Along the south-eastern coast, specifically at Xrobb 1-Ghagin, two large rounded bays (Hofret il-
Kbira and Hofret iz-Zghira) can be observed. Soldati et al. (2013) suggest that their evolution is
mostly linked to differential erosion caused by geological structure rather than sinkhole collapse.

4.2.6. Gravity-induced landforms and deposits

Landslides are widespread in the northern sector of Malta (Devoto et al., 2013). The geological
setting favours the development of extensive block slides and rock spreads (Figure 7(a) and 7(b)).
Rock spreads affect limestone plateaus favoured by vertical discontinuities, whose persistence
may exceed 200 m in length (Devoto, 2013). The lateral extension of rock masses often
evolves into block slides and may be accompanied by rockfalls and rock topples. Block
sliding can be favoured by moistening of the clay slopes, which are also affected by earth
flows and earth slides (Dykes, 2002).

Based on Cruden and Varnes’ classification (1996), Devoto et al. (2012) produced a detailed
inventory of landslides as part of recently established research including long-term monitoring of

Figure 7. Rock spreads and block slides: (a) Marfa Ridge; (b) Il-Qarraba (Courtesy of Ten. Col. M.
Marchetti).
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rock spreads and block slides (Magri et al., 2008; Mantovani et al., 2013; Soldati, Maquaire,
Zezere, Piacentini, & Lissak, 2011).

Considering the survey’s purpose and the medium-scale map output, all landslide deposits
were generally mapped as ‘area affected by landslides’.

4.2.7. Anthropogenic landforms

The eastern and southern sectors of Malta are intensely urbanized. With a history of human
occupancy (by Phoenicians, Carthagians, Romans, Arabs, Normans, knights of St. John,
French, British) of approximately 7000 years, the island of Malta has an intense and
diverse use of coastal land use ranging from towns, villages, recreational areas, harbours, military
land use and industrial and servicing areas. These land uses have all been grouped and mapped
as ‘built-up area’. Quarries, dumping sites and salt-pans have been plotted with appropriate
symbols.

5. Conclusions

This paper and related maps provide the classification and spatial distribution of the coastal land-
forms of the island of Malta. Particular attention has been devoted to the representation of coastal
features, which are strongly influenced by the tectonic setting and the lithological characteristics
of outcropping rocks.

The output is a 1:30,000 geomorphological map of the Maltese coastal sector. In addition, a
1:100,000 map of the coastal geomorphotypes, which displays the geometric and topographic fea-
tures of the coast, including the location of large boulder deposits occurring in the north-eastern
and eastern coasts of Malta are provided.

Moreover, this paper provides the preliminary results of the analyses carried out on a large
boulder deposit in the NE coast of Malta, where a combined action of tsunami and extreme
storm waves can be hypothesized as responsible for the detachment, movement and deposition
of large rocky boulders.

Software

The map was produced using Esri ArcGIS and Adobe IllustratorCS6 was used for preparing the
layout.
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