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Abstract. The Tremiti Archipelago (Southern Adriatic Sea), 1  Introduction
also called Insulae Diomedae from the name of the Greek
hero who first landed there, is an area of high landscapdhe Tremiti Archipelago (southern lItaly), about 10 miles
and historical value. It is severely affected by significant north of the Gargano Promontory coast (Fig. 1), is
geomorphologic processes dominated by mass movementsade up of four islands — San Dominé=Z.0kn?),
along the coast that constitute the most important and unpreSan Nicola £0.50kn?), Caprara £0.45kn?), Cretaccio
dictable natural hazard for the population and cultural her-(=0.04knf)™. It is located at the northern margin of the
itage. Coastal erosion is favoured by the peculiar geologicaf\pulian platform, along a right-lateral transfer zone separat-
and structural setting, seismic activity, weathering, developing the Adriatic microplate in two sub-plates with different
ment of karst processes, and wave action. geodynamic behaviour (Mongelli et al., 1994).

_— ... The geological setting of the Tremiti Archipelago (Fig. 2)

The present paper reports on descriptive and qualitativ n )

evaluation of the factors controlling landslides and coastline as been documented by Tellini (1890), Bassani (1907),

changes based on medium-term in situ observation, detaile qgusi:r;abgl (190;3%,5;3he§cn_ia E;pl)oliéw%, |19_28;,952 ldi\CCi
surface surveys at selected locations since 1995, and histor ), Pasa (1953), Selli (1971), Pampaloni (1988), An-

and bibliographic data. riani and Guerricchio (1996), Cotecchia et al. (1995) and

- ] ] ) o Cresta et al. (1999). It is characterised by three pre-Neogene
The Tremiti Archipelago is part of an active seismic area qarine formations outcropping mainly in the Isles of San

characterised by a shear zone separating two segments of t, nino and Caprara and two Neogene marine formations
Adriatic microplate that have shown different behaviour and;;, the Isles of Cretaccio and San Nicola. Middle to late

roll back rates in the subduction underneath the Apenninesp)eistocene continental deposits (conglomerates, loess and

since middle Pleistocene. calcareous crust) lie on the marine formations. More re-
Although coastal morphology can be basically consideredcently high-resolution cyclostratigraphic (astrochronological
to be the result of wave action, the continual action of sub-calibration), biostratigraphic and palaecological studies have
aerial processes contributes effectively to the mechanism obeen carried out on the Miocene sediments of the Tremiti
shoreline degradation. Weathering mainly affects the marlylslands, specifically on the middle Serravallian-basal Torto-
calcisiltites and calcilutites of the Cretaccio Fm. and the fri- nian section of the Cretaccio Fm. outcropping at the Isle of
able and low cemented calcarenites and biomicrites of theSan Nicola (Lirer et al., 2002; Foresi et al., 2002; Russo et
San Nicola Fm. The cliffs are characterised by differental., 2002; Dall’Antonia, 2002; 2003; Sprovieri et al., 2002).
types of failure such as lateral spreads, secondary topples, The coastal morphology mainly characterised by high
rock falls and slides. Atthe Isle of San Nicola, landslides arecliffs (up to about 60 m high) and low and flat coasts is of
controlled by the contrast in competence, shear strength angarticular interest. In some places, the coastline is broken
stiffness between the Pliocene re-crystallised dolomitic cal-by caps, pronounced inlets, coves and small bays, arches and
carenites and calcisiltites and the Miocene marly calcilutitesstacks, and sea caves continually widened by the wave ac-
and calcisiltites. At the Isles of San Domino and Capraration. Selective erosive phenomena and landsliding along the

rock falls are attributed to the undercutting of waves at the
base of the cliffs. 1 The Islet of Pianosax0.1kn?), about 20 miles north of the

Gargano coast, belongs to the Tremiti municipal administration as
well. There are outcrops of very finely crystalline Eocene dolo-
Correspondence tdG. F. Andriani stones and limestones here on which Pleistocene reddish conglo-
(gf.andriani@geo.uniba.it) merates and calcareous marls lie.
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Fig. 1. Schematic structural map of the Tremiti Archipelago and Gargano Promontory. The circle in the box at the top right represents the
area of the tectonic scheme shown.

Explanation: 1) Main sub-vertical faults with a prevailing dip-slip movement; 2) Main sub-vertical faults with a prevailing strike-slip move-
ment; 3) Apennine front.

coastline are widespread in the isles but assume significarthe geological, geostructural and morphologic features of the
importance in the high cliff sectors where weak and porousArchipelago is provided, as a preliminary basis for future

marly calcisiltites and calcilutites are overlain by stronger landslide hazard analysis aimed at safeguarding the natural
calcareous and dolomitic rocks (San Nicola Isle). beauty of the coastline and the archaeological sites. The

The climate in the Tremiti Archipelago is typically study resulted in a better comprehension of the principal
Mediterranean, characterized by an annual temperature trer@nd potential coastal erosional processes and of the landslide
consisting of mild or absent winters and hot, dry summers.Mmechanisms in a seismically active area.

The temperature regime is characterised by minimum values

(mean minimum of 8.2C) registered in January and maxi-

mum values in August (mean maximum 290§ with peaks 2 Geostructural setting and seismicity

that occasionally reach up to 35The mean annual tempera-

ture iS 17.7C. The Trem|t| iSIandS fa” W|th|n the Eumediter' The Trem|t| Archipe|ago be|ongs to the Adria microp'ate
ranean rainfall typology. Rainfall is concentrated, above all,(_ort, 1971), as their location is at the northern margin of the
in winter and autumn, with an annual mean of 476.1 mm diS‘Apu"an p|atform (Gamb|n| and Tozzi, 1996)’ representing
tributed in 53 rainy days. The mean seasonal division ofthe top of a NE-SW elongated structural high located along
rainfall is: 156.7 mm (32.9%) in winter, 94 mm (19.8%) in an E-W to NE-SW regional strike-slip fault zone (Favali et
spring, 74 mm (15.5%) in summer and 151.4 mm (31.8%) ing|,, 1993). This hypothesis is supported by interpretations of
autumn. The prevailing winds come from the 2nd and 4thmarine seismic reflection data (Finetti et al., 1987). Previous
quadrant; calm sea conditions are prevalent in the summegorkers, using a micro- and meso-structural approach, have
period whereas rough seas and storms are more frequent jRterpreted the Tremiti islands as a pushed up ridge within
autumn-winter. a E-W dextral strike slip fault system associated with the

Starting from medium-term in situ observations, de- regional tectonic system of the Gargano Promontory (Mon-
tailed surface surveys at selected locations in the periodone and Funiciello, 1989). Selli (1971) considers the Tremiti
1995-2002, and historic and bibliographic data (archival ter-islands a gentle (¥8-20°) SE-dipping slightly folded mon-
restrial photographs taken since the 1960'’s and scientific paecline structure, characterised, above all, by NW-SE and
pers reported in references), this paper describes the maiB—W distensive and sub-vertical faults. Recently, using a
factors influencing the geomorphologic processes affectinglata set consisting of exploration wells and reflection seismic
the Tremiti islands. In particular, a detailed overview on profiles, Argnani et al. (1994) illustrate the general folded
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Fig. 2. Geological sketch of the Tremiti Archipelago.

Explanation: 1) Continental deposits (Pleistocene-Holocene); 2) Recrystallised and fractured dolomitic calcarenites (middle-late Pliocene);
3) Marly calcisiltites and calcilutites (Aquitanian-Tortonian); 4) Biocalcarenites and biostromal limestones (middle-late Eocene); 5) Fine
grained dolomites (early Eocene); 6) Fine grained calcitic dolomites and biocalcarenites (Thanetian- llerdian); 7) Bedding attitude; 8) Fault;
9) Geostructural measurement station.

appearance of the so-called TDB (Tremiti Deformation Belt). microplate associated with the east-ward migration of the
The TDB trends NE-SW and is asymmetric with a steeperApenninic arc, the different thickness and subduction style
southern flank. of the two blocks seem to have controlled the variable degree
) ) ) ) of flexure of the lithosphere, its asthenospheric penetration
Field evidence, such as E-W trending right lateral a6 the presence of an elastic bulge in the southern Adriatic

transtension faults cross-cutting Pliocene and late Mioceng)|ock and a faster hinge roll-back of the northern Adriatic
formations (Funiciello et al., 1988), sets eh&chelon  pock (Mongelli et al., 1994).

R shears and horizontal slickensides in the San Domino

Fm. (Doglioni et al., 1996), support a right-lateral move- Just like the Gargano, its neighbouring offshore area,
ment along the E-W Tremiti alignment to the North of the Tremiti are also well known as a seismic active zone. Since
Gargano Promontory (Doglioni et al., 1994). It is an active 1600 A.D., the Gargano region has been affected by nu-
E-W trending right lateral transtensional fault interpreted merous seismic events. Most of these earthquakes occurred
as a boundary between two blocks of the Adria microplateoffshore, therefore their location, especially for the oldest
with different thickness and tectonic regimes (Calcagnile andevents, is quite questionable and is based on a macroseismic
Panza, 1981; Mosetti and Mosetti, 1984, Favali et al. 1990approach (Tinti and Piatanesi, 1996). A detailed analysis of
1993; Console et al., 1993; Mongelli et al., 1994). Indeed,the Italian seismic catalogues (Postpischl, 1985; ING, 1991)
since the middle Pleistocene period, the southern Adriaticshows the occurrence of seismic activity off the Gargano
block (Apulia foreland and Bradanic foredeep), made up ofPromontory. The most ancient recorded tsunami dates back
a continental lithosphere about 110 km thick, began to upto 1627, triggered by an earthquake with epicentre located
lift (=£0.5mml/yr) while the northern Adriatic block (cen- in the southern part of the Gargano Promontory. In the is-
tral Adriatic sea), with a thinner continental lithosphere of lands, the seismic intensity estimated was degree VIl of the
about 70km, was characterised by a high subsidence rat®ICS scale. Afterwards, the Tremiti Islands were hit by seis-
(greater than 1 mm/yr) (Ciaranfi et al., 1983; Suhadolc andmic events of degree VIl of the MCS scale in 1889 and 1902.
Panza, 1989). In the west dipping subduction of the AdriaAnother four seismic sequences were recorded between 1906
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and 1909. The most intense of these occurred in 1908 wittfCala dei Turchi” and, with a 25 m thick outcrop, between
maximum intensity of degree VI of the MCS scale (Cotec- “Cala del Cafe” and the lighthouse. Further outcrops are
chia et al., 1995). near the lighthouse of the Isle of San Domino (upper mem-
Recently, off the Gargano Promontory three impor- ber), with a maximum thickness of 20m. The formation
tant seismic sequences occurred between 1986 and 1996hows the features of a bacinal environment and is attributed
In 1986, the first seismic sequence (body wave magnito early Eocene on the basis of the stratigraphic relation with
tude, m=4.2) was recorded 50km north of the Tremiti the adjacent formations (Selli, 1971).
Archipelago and, later, in 1988, a second one NNE of A continuity of sedimentation characterised the contact
the Gargano Promontory ¢m5.3). In 1989 another earth- between the Caprara Fm. and the San Domino Fm., which
guake occurred (p¥4.7) with the epicentre at the Tremiti outcrops widely at San Domino, Caprara and Cretaccio Isles.
Archipelago (Favali et al., 1993). These sequences weré\t Caprara, along the cliff between “Cala del G#ffand
recorded and relocated using data collected by the new Italthe lighthouse, it is possible to observe this contact. Here
ian Telemetered Seismic Network (ITSN) and by other Ital- the lower member of the San Domino Fm. consists of
ian, Albanian and Yugoslavian seismic stations (Console eyellow-greenish xenotopic medium crystalline doloarenites
al., 1993). on which whitish diffusely recrystallised dolomitic calcaren-
ites lie. At San Domino, to the S of the small tourist port
(between “Grotta del Sale” and “Cala delle Arene”) and be-
3 Geological setting tween “Architiello” and “Punta Diamante”, the upper mem-
ber of the formation is visible. It is composed of whitish
The Tremiti Archipelago consists of a discontinuous se-Nummulites biocalcarenites and biocalcilutites, dolomitized
quence of marine sediments, ranging from late Paleoceneat the basal levels, on which biostromal banks of whitish bio-
early Eocene to middle-late Pliocene, overlain by latecalcilutites (biostromal limestones), brecciated at the upper
Pleistocene and Holocene discontinuous continental depositgvels, rest. The total thickness of the formation is about
(Selli, 1971). At the Isle of San Domino, in proximity to the 200m. The sedimentation of the lower member occurred
“Bue Marino” cave, the older geologic unit, the Bue Marino in a high energy hydrodynamic environment while the up-
Fm., outcrops along a steep scarp slope, which is very unper member occurred in a reef environment. The biostromal
stable due to the continual recession of the cliff. The lowerlimestones are dated to the late Eocene (Selli, 1971).
member is made up of idiotopic medium cristalline calcitic  The San Domino Fm. is overlain along a transgressive sur-
dolomites in layers of 50-200 mm, whitish and grey-greenishface by the Cretaccio Fm., which is the most widespread
in colour. The upper member contains packstone dolomiticunit in the Isles. The stratigraphic contact between the
biocalcarenites, locally recrystallized, on which whitish fine two formations can be observed on the eastern cliffs of
dolomitic calcilutites lie. The rock fabric and its fossil con- San Domino (“Cala Matano”, “Cala Elefante”, “Punta dello
tent are typical of shallow warm sea, in a calm and pro-Spido”, “Punta della Toppa”), at SSE of Caprara and in the
tected environment (back reef lagoon) . The thickness ofwestern and northern zones of Cretaccio (Fig. 3). This in-
the formation is about 60 m. The geological age of the Bueterface is very irregular because of the intense karstification
Marino Fm. is Thanetian-llerdian (Selli, 1971). At the base of the upper part of the Eocene unit occurring before the
of the same cliff at “Ripa dei Falconi” not far from the “Bue Miocene transgression. Sinkholes and karst pits with infilling
Marino” cave, Cresta et al. (1999) found two conglomer- of loose Miocene lithofacies consisting of dolomitic sands
ate levels, some decimetres thick, which contain micritizedwith coarse glauconite crystals are observable at San Domino
clasts with planktonic foraminifera of Turonian age. Other (“Cala dell’Elefante”, “Cala delle Arene”). The lower mem-
Authors (Mosetti and Mosetti, 1984) describe a stratigraphicber (up to 5m thick) of the Miocene succession is rep-
succession outcropping in the SW part of the Isle of Capraraesented by well stratified (50-200 mm) yellow-greenwish
consisting of white and well stratified limestones with Radio- and yellow-reddish glauconitic laminate doloarenites, char-
laria, overlain by Rudist limestones alternating with calcare-acterised in texture by a hypidiotopic mosaic of dolomite
ous breccias, marly limestones and white friable limestonescrystals (from very finely to finely cristalline), coarse glau-
In the vicinity of “Cala Sorrentino” (Caprara Isle), Tellini conite crystals (about 20% of the total), fine quartz, mica, and
(1890) described a succession of subsaccharoid dolomitesarbonate clasts, phosphatic coprolites, ichtyodontolithes
containing flint nodules just above the sea level, which wereand few littoral benthic foraminifers (Bassani, 1907; Selli,
dated to the Neocomian by analogy of lithologic facies with 1971; Andriani and Guerricchio, 1996). Radiometric analy-
that of Cretaceous strata outcropping at the Gargano Promorsis with the8’Rbf8Sr method on the glauconite crystals in-
tory. dicate Aquitanian age (Cresta et al., 1999). On the doloaren-
The transgessive Caprara Fm. rests on the Bue Marino Frites, yellowish glauconitic biocalcilutites are followed first
It consists of grey-greenish and yellowish very finely crys- by marly biocalcilutites, then by yellow-whitish fossilif-
talline dolomites, idiotopic in texture, well stratified (about erous marls, yellow-whitish and occasionally greyish cal-
200mm) and strongly deformed by slumping. At the Isle cisiltites and yellowish marly calcisiltites containing fine yel-
of Caprara, the lower member of the formation with flint low limonite clasts. Stratification (between 200 and 400 mm
nodules and lenses crops out between “Cala Sorrentino” anth thickness) is indicated by clear bedding planes dipping,
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k= San Domino Fm.

Fig. 3. The Islet of Cretaccio. Stratigraphic contact (indicated by the red lines) between the outcropping formations.

principally, SE ranging from 40to 20° from the bottom to  Pliocene. The sedimentation environment is typical of lit-
the top. The age of the marly level can be referred to Bur-toral areas, characterised by frequent variations of sea level.
digalian (Cresta et al., 1999). In the northern part of the Isle  Quaternary deposits of continental origin, consisting of
of Cretaccio, the lower member of the formation shows soft-preccias and conglomerates, marly limestone and loess are
sediment deformation structures, probably due to liquefacto be found on all the isles in the Archipelago. In partic-
tion phenomena triggered by a seismic shack (seismites). Atilar the complete succession of continental deposits of the
San Nicola Isle, the highest part of the formation is da'[edupper Pleistocene and of the Holocene can be seen on the
early Tortonian (Selli, 1971). The total tickness of the for- |sle of San Domino, between “Grotta del Sale” and “Grotta
mation is about 150 m. The fossil content and the texturaldelle Viole” and between “Cala Tramontana” and “Cala degli
analyses show that for the lower part outcropping at Cre-nglesi”. At the base there are well cemented conglomerates
taccio, Caprara and San Domino Isles, the sedimentation igith reddish sandy-silty matrix and 10 to 100 mm clasts from
typical of high energy littoral and shallow water environ- the Eocene formation. The conglomerates are followed by
ment, while the medium and upper part outcropping alongan almost 2 m thick marly limestone and red marls horizon,
the coastal cliffs, are of neritic and open marine environmentwhich is overlain by 10 m thick deposit of eolian quarzose
The textural and sedimentological characters of this forma-calcarenites with levels of red clays (red loess) and whitish-
tion show a great similarity to some sedimentary successiongellow clays. Cross-bedded yellow-orange eolian quartzose
of the Salento area (southeastern Apulia) belonging to th&ands (yellow loess), with thickness of 6 m, follow upward.
Pietra Leccese Formation (Miocene). The succession ends with brownish-red and blackish loess
containing subangular quartz clasts. The eolian deposits are

a transgressive surface. There is an angular discordance mterbedded by carbonate crusts. Conglomerates with sandy-

about 10 between them, as the second one dips betweeﬁ"ty mat_rix outcrop at ZOm a.s.l.even on the scarp slope_near
5 and 10 SE indicated in the mid-lower part of the forma- the tourist por_t of San Nicola and overlie the marly calcilu-
tion by the alternation of packed and friable levels as well ttes along an irregular surface.

as by lamination bands. The San Nicola Fm. outcrops only

at San Nicola Isle and is about 35m thick. At the contact

with the underlying formation, it consists of hard recrys- 4 Morphology and mesostructural features

tallised and fractured dolomitic calcarenites. This is followed

upwards by white-greyish wackestone dolomitic calcisiltites Morphologic features of the Tremiti Archipelago are con-
and friable biomicrites on which whitish-yellow packstone trolled both by erosional processes and structural setting, the
dolomitic biocalcarenites, covered by re-precipitated calcitelatter strongly related to the geodynamic history of the area
lie. The succession, overall brecciated and obscurely beddeat the regional scale. On the whole, the Tremiti Archipelago
ends with a whitish-yellow calcareous travertinoid crust of ir- is characterised by a slightly rough morphology with hilly
regular thickness, reaching 0.5 m at the most. The crust, aceliefs presenting steep slopes and subtabular top gently SE
cording to Selli (1971), comes from the decalcification of the dipping (10—20), following the monoclinal structure of the
overlying loess deposits, now removed by erosion. Accord-Cenozoic formations. Exceptions are due to the presence of
ing to Cotecchia et al. (1995) on the other hand, the crustslight anticlinal structures often dislocated by faults with lit-
are classified as caliche, resulting from capillary action oftle vertical displacement, the most important of which can be
carbonate solution rising to the surface in environments charseen in the southwestern area of the Isle of San Domino just
acterised by hot temperatures and low rainfall. Based on thé\ of “Poggio del Romito”, the highest hillock (116 m) in the
fossil content, the epoch can be referred to the middle-latelremiti Islands.

The Cretaccio Fm. is overlain by the San Nicola Fm. along
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Fig. 4. “Architiello”, a sea arch in the N part of the “Caprara” isle.

The coastal morphology results from the combined actionby the hydraulic action of waves and pneumatic action of
of Quaternary tectonics, and the erosion by sea waves, and itsapped air, rather than by hyper-karst processes (Delle Rose
evolution is closely correlated with lithology of outcropping and Parise, 2003), although the contribution of the mixing
rocks, weathering and karst processes, and the developmehetween infiltration rainwater and sea water that may have
of mass movements. Coastal morphology consists of highncreased solubility of the rock mass and crack aperture can-
rocky cliffs (up to 60m, at San Nicola Isle) and low-relief not be excluded. Today, the Tremiti Archipelago lacks water
flat coasts with gently dipping convex slopes. The rockyresources (springs, groundwater and streams) and there is
cliffs show steep plunging cliffs with a vertical, and in places no evidence of a karst drainage system in the caves vis-
overhanging face where Eocene and Pliocene strata crop outed. Arches and stacks are also associated with the main
while slopes dipping between 5@nd 75 characterise the faults. They represent erosional features formed by wave ac-
cliffs cut in the Miocene strata at San Nicola Isle. The flat tion on either one or both sides of sea caves. Between “Punta
coast sectors are slightly indented and contain large coveBiamante” and “Cala degli Schiavoni” at San Domino Isle,
(“Cala degli Inglesi” and “Cala Tramontana” at San Domino “I Pagliai”, a series of large aligned stacks formed along a
Isle). Only one sandy beach, about 2009 1is located at  right-lateral NW-SE strike-slip fault, are cut in steep cliffs
San Domino Isle (“Cala delle Arene”) directly opposite San of fine grained and resistant Eocene dolomitic limestones.
Nicola Isle, whereas an eroding pocket beach, formed ofStacks are not always produced by the collapse of sea arches.
loose cobbles is observed at “Cala Sorrentino” (Caprara Isle):La Vecchia”, at Cretaccio Islet, is a stack (Fig. 5), now al-
most completely eroded, which did not develop from an arch
because of the friable stratigraphic units outcropping here,

" but was produced by wave action and subaerial processes
along a zone of accelerated erosion (a structural weakness).
Notches are not very deep and narrow and cut the cliff foot
between mean low tide and high tide, respectively, at the
southwestern and western side of San Domino and Caprara
Isles, where the coastline is higher and steeper because of the
10°—20° SE monoclinal setting of the Tremiti Archipelago.

ticulated in caps and promontories (“Scoglio dell'Elefante”
“Punta del Diavolo”, “Punta del Coccodrillo”, “Punta Dia-
mante” at San Domino Isle; “Punta del Cimitero” at San
Nicola Isle; “Punta Romito” at Caprara Isle), inlets, small
bays (“Cala dello Spido”, “Cala Matano” at San Domino
Isle; “Cala dei Turchi” at Caprara Isle), sea caves (“Grotta
del Bue Marino”, “Grotta delle Rondinelle”, “Grotta delle
Viole”, “Grotta del Sale”), arches (“Architiello” at San
Domino Isle, “Architiello” at Caprara Isle) (Fig. 4) and stacks ~ The coastline is not very articulated and lacks large sea
(“i Pagliai” at San Domino Isle, “la Vecchia” at Cretaccio caves, inlets and other erosional features, where Miocene and
Islet, “gli Scoglietti” at Caprara Isle). Inlets, small bays and Pliocene formations outcrop, because of the rapid recession
sea caves are located along structural weaknesses, typicalbf cliffs, in spite of the presence of discontinuity systems
along faults. Sea caves, at sea level and with limited developfavourable for erosional landform development even in sec-
ment are not hydrogeologically active. They lack calcite de-tors directly exposed to incoming waves. The small “del Fer-
posits or speleothems and seem to have been formed mainhaio” cave at San Nicola Isle, two very small caves in the
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Fig. 5. In foreground Cretaccio Islet. At the bottom right, note the “la Vecchia” stack almost completely eroded. At the top left, “i Pagliai”.
These are stacks formed by the collapse of the vault of arches (San Domino Isle).

Fig. 6. Karst pit and weathering shapes in the upper member of the San Nicola Formation.

N part of Cretaccio and an inlet that divides the Islet of Cre-surficial and subsurficial forms.  Micro-karst features,
taccio into two branches are an exception. Large rock scaralveolar shapes and small karst pits (Fig. 6), joints en-
and accumulations of debris at cliff feet bear witness to thelarged by solution, at places with infilling of residual mate-
importance of mass movement along the coastline, above aliials, characterise the surficial landscape at San Nicola, San
at San Nicola Isle. Domino and Caprara Isles. In proximity the cemetery of the
Isle of San Nicola, a basin-shaped doline with a diameter of
Karst action, which developed in various phases duringahout 30 m is located. The San Domino Fm. shows sinkholes
the regression periods (Oligocene- Aquitanian, Messinianand karst pits with a loose glauconitic sand infill belonging to
early Pliocene, later Pliocene-Quaternary), produced mainly
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the lower member of the Cretaccio Fm. These karst featureand secondary topples (Goodman and Bray, 1977; Evans,
developed at the contact surface between the two formation$981) with subordinate lateral spreads (Varnes, 1978) and
in places at San Domino Isle. multiple retrogressive slides (Hutchinson, 1969). Slope in-
The analysis of brittle mesostructures was carried out instability mechanisms are controlled by tension cracks and
all the isles of the Tremiti Archipelago. Sites of measure- fractures due to the suitable geological conditions charac-
ments were not homogeneously distributed in the study areterised by Pliocene recrystallised dolomitic calcarenites and
but were concentrate, for the most part, along the coastlin€alcisiltites which lie on the more deformable Miocene marly
(Fig. 7) due to the presence of fresh rock outcrops and easietalcilutites and calcisiltites (Fig. 8). The contrast in compe-
accessibility of the places from the sea. A total of 21 mea-tence, shear strength and stiffness between the two litholo-
sure sites were taken, with 340 mesostructure orientationgies is thus responsible for the presence of a network of natu-
measured. Most sites were located on Eocene lithotypegal joints which determine the complex geometry of unstable
since they are richer in faults and fractures. The mesostrucblocks.
tures determined were divided into: a) layers and lamina- Rock falls and secondary topples characterise the coastal
tions; b) stratigraphic contact; c) fractures; d) strike-slip sectors adjoining the ancient town and the Benedictine
faults; e) dip-slip faults. A microstructural study on the fault church and monastery. Here, in spite of the presence at
surfaces was not performed and this may have helped us tthe base of the cliff of protection structures (artificial pris-
at least partly understand the kinematics of the different faultmatic blocks) and rock-fall blocks buffering the shoreline
systems. There are numerous E-W transcurrent faults antfom wave attack, coastal cliffs continue to fail because of
subordinate NW oriented ones, even though in places it is difthe intense and selective subaerial processes which degrade
ficult to recognize the tectonic movement, on a mesoscopidhe slopes (Fig. 9). In particular, rain and wind erosion re-
scale at least. NE and NS directions characterise tensiomoves particles and causes drying and deterioration espe-
cracks due to gravitational displacement and fractures due teially of marly calcisiltites and calcilutites, and biomicrites.
the contrast in competence between Miocene and Pliocen®/etting and drying by marine spray, splash and tide and ma-
formations (San Nicola Isle) even if some seem to be linkedrine aerosol (Blanchard and Woodcock, 1980) are responsi-
with episodes of fracturing, superimposed on older faults inble for the chemical and salt weathering that contribute to
transpressional regime. NE and NS fractures mostly develophe general degradation of the coasts. The same can be said
parallel to the local orientation of the coastline. for the karst action, more evident at the cliff tops or on the
shore platform, and the thermal stress, particularly effective
on poorly cemented calcarenites (Andriani and Walsh, 2000).
5 Erosional Processes and mechanism of landslides Rough corroded surfaces, flaking, pulverization and disag-
gregation for cement cracking and dissolution weaken and
All the isles of the Tremiti Archipelago are affected by make friable, above all, the levels composed of finer parti-
erosional processes and landslide mechanisms concentratefks. A particularly weathered level of recrystallised biomi-
above all along the coastline. Although it is istinctive to think crites belonging to the San Nicola Fm. causes the instabil-
of coastline morphology as being almost always a produciity of overhanging dolomitic fine grained limestone blocks
of marine erosion, at the Tremiti Archipelago subaerial pro-overlying it and constitutes a serious natural hazard for the
cesses have been equally important in affecting the landformsultural heritage of the isle (Fig. 10). Isolated cases of rock
exposed along the shoreline and the coastline recession.  sliding along a bedding plane characterise the eastern side
The most important mechanism of coastline degradatiorof San Nicola. Lateral spreads at the southwestern end of
is represented by mass movements showing different typolothe Isle of San Nicola involve lateral displacement of large,
gies. The dominant, although not exclusive, mode of fail- superficial blocks of Pliocene rocks as a result of reduc-
ure at San Domino and Caprara Isles is represented by rocion in strength and stiffness of Miocene calcareous marls
falls. They consist of small to medium-size falls due to due to rainfall infiltration rates. For the upper formation,
undercutting at the base of the cliffs, locally, in correspon-infiltration occurs mainly through the complex anisotropic
dence to the notch level. Cliff collapses and detachments andystem of joints and karst voids for which rock masses are
movements of small overhanging blocks of rock followed by characterised by drainage anisotropy and, for the most part,
free fall of the debris from the cliff face can also be observed.secondary permeability. Multiple retrogressive slides at the
These phenomena occur in well fractured Paleogene rockmorthern zone of the isle, near the cemetery, are controlled by
and consist of rather instantaneous events in response to largeseries of open E-W fractures identified as extension frac-
sea storms, heavy rainfall and/or seismic shaking. Collapsesures. These fractures are probably tectonic in origin, and
of the vault of sea arches represent the last phase of the lantkave been later reactivated by gravitational instability. Dur-
form erosive evolution model “cave-arch-stack”, produceding our detailed surface surveys in the period 1995-2002,
by continuous wave action along structural weaknesses (gberiodic measurements of the aperture of tension cracks par-
San Domino along a right-lateral NW-SE strike-slip fault) allel to the coastline were performed; these measurements
and triggered by earthquakes or storms as well. highlighted a distinct and variable time delay with rainfalls
At San Nicola Isle the mechanisms of rock slope fail- or seismic shakings for lateral spreads, secondary topples
ure are varied and complex. Landslides occur as rock fallsand retrogressive landslides. Rockfalls, on the other hand,
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Fig. 7. Stereographic projections of the main mesostructural elements of the study area (Schmidt equal area projection, lower hemisphere).

Poles and planes representation at single measurement station (see at Fig. 3) and density stereoplots of the fractu(a)e®arfaNitola
Isle; (b) San Domino, Cretaccio and Caprara Isles.
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Fig. 9. W side of San Nicola. Note the fallen blocks at the bottom left, instable and overhanging blocks not yet fallen along the whole slope.
Also note the difference in dipping between the Cretaccio Fm. at the bottom and the San Nicola Fm. at the top.
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take place in response to single large sea storms or during
or shortly after, prolonged and/or intense precipitation and
are triggered by a seismic shock. The scale of failures ranges
from small isolated blocks of calcarenites or somewhat irreg-
ularly defined marly calcisiltites up to large failure of the es-

carpment itself where hundreds of tons of rock are involved.
Along the eastern and western coastlines, the Isle of San
Nicola is affected by continuous and, fortunately, isolated

falls of unstable overhanging blocks. The last episodes of
large rock falls date from 2002 and occurred in the NE part

of San Domino and the SW part of Caprara during larges sea
storms and heavy rains.

6 Discussion and conclusion

This study has shown that in wave dominated environments,
the morphology of the coastline is strongly influenced by
weathering and subaerial processes as well, including karst®
phenomena favoured by the geological and structural setting.»
The morphology of the Tremiti Archipelago is related to
the geodynamic and climatic history of the area on the re-
gional scale, but the resulting landforms can be considered
dynamic landscape elements that are adjusting to the con
temporary morphogenic environment. A combination of soft
and weak rocks, and intense sea and weathering action caus
significant changes of the landscape all along the coastling
and predispose the cliffs to instability through the develop- %
ment of selective erosion and landsliding phenomena. Mech-**=
anisms of coastal degradation comprise different types of
landslides that at San Nicola Isle are favoured by the in-Fig. 10. Selective erosion phenomena in the San Nicola Fm. At the
tensely fractured and karstified dolomitic calcarenites andPottom, note poorly cemented and friable calcisiltite level eroded
calcisiltites overlying the more deformable and softer marly by the wind in particular. Calcarenites covered by re-precipitated
calcisiltites and calcilutites. This particular geological set- @/Cite at the top.
ting determines failure mechanisms like secondary toppling
and lateral spread, with retrogressive evolution. These are ) ) )
characterised by a distinct and variable time delay after raincharacterise the eastern side of San Nicola Isle. Small to

fall or seismic shaking. In some cases, the presence of a/medium-size rock falls due to undercutting at the base of the
tificial and natural rock blocks at the feet of cliffs forms an Cliffs, in correspondence to the notch level, and detachments

effective protection structure to the wave attack during the®f Small overhanging blocks of rock and debris characterise
storms, so that the instability process can be facilitated byh€ isles of San Domino and Caprara. These phenomena oc-
wind and salt weathering and infiltration water and triggered€Ur in well fractured Paleogene rocks consisting of biocal-
by heavy rainfall and seismic shaking. Generally, marly cal-Carenites an.d b|_ocaIC|.Iutes where _heavy physical and chem-
cisiltites and calcilutites are intensely affected by weathering!Cal weathering including karst action reduce the strength of
action, while the overlapped dolomitic calcarenites and cal-th€ rock masses and cause granular disintegration evidence.
cisiltites are more affected by mass movements. Indeed, modf this case, slope movement is somewhat instantaneous in
of the fallen blocks at the base of cliffs consist of lithotypes '€SPOnse to violent sea storms, heavy rainfall and/or seismic
h

belonging to the San Nicola Fm. shocks. _ _ _
The San Nicola Fm. has been selectively eroded by wind Arches and stacks are associated with the main faults as
well. “i Pagliai”, at San Domino Isle, is a series of large

action. Wind erosion is particularly effective on the friable d stacks f 4 al iohtlateral NWSE strik
and low cemented calcarenites and biomicrites and cause%Igne stacks lormed along a rignt-ratera —St Strike-

isolated blocks of overhanging packstone dolomitic biocal->. P fault. These are cut in steep cliffs of fine grained and

: e lci el foll resistant Eocene dolomitic limestones and represent the last
carenites covered by re-precipitated calcite to fall, followed ya5e of the landform erosive evolution model “cave-arch-

by free fall of debris. Where jointing is intense, the strength stack”, produced by continuous wave action along the struc-
or the degree of cementation of the rock masses is of consicyyral weakness. At Cretaccio Islet, “La Vecchia” is a stack,
erably less significant in affecting the resulting cliff configu- now almost completely eroded, which did not develop by
ration. Isolated cases of rock sliding along a bedding plan€ollowing the stage of arch occurrence because of the friable
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stratigraphic units outcropping here characterised by friableDall’Antonia, B.: Short palaecological notes on the middle

and weathered calcisiltites and calcilutites of the Cretaccio Serravallian-basal Tortonian ostracods from the Tremiti islands,

Fm. This geological hazard is responsible for the high ero- Riv. It. Paleont. Strat., 108, 2, 289-296, 2002.

sion rate of the islet, which is extinguishing gradually. Dall’Antonia, B.: Deep-sea ostracods as indicators of palaeoceano-
graphic changes: a case history from the middle-late Miocene of
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