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Abstract: A geological and speleological investigation was conducted in the famous Blue Cave
(Modra 8pilja) and the Monk Seal Cave (Medvidina $pilja) on Bisevo Island (Croatia) to promote the
island’s geoheritage through the new Visitor Centre. The island is mainly composed of Cretaceous to
Paleogene neritic carbonates, which form the bedrock, whereas parts of the island are covered with
thin Quaternary sediments. The caves are of small dimensions and a simple layout, composed of the
main channel and few shorter side channels, all positioned in the tidal zone. Thus, the caves are semi-
submerged sea caves located along the coastline. The Blue Cave and the Monk Seal Cave developed
within the bedrock limestones and dolostones, respectively, within a zone of left-lateral NNE-SSW
striking strike-slip faults that belong to the BiSevo fault system. Conjugated discontinuities within
the carbonate bedrock indicate a specific strike-slip tectonic regime. Additionally, the host rocks
were probably also deformed and fractured during the rise of salt diapirs that characterise this part
of the Adriatic foreland. Tectonic and bedding discontinuities form the fragments of the host rock,
that combined with the impacts of the strong southern waves, significantly influenced the genesis of
the caves.

Keywords: speleogenesis; Bisevo Island; UNESCO Global Geopark Vis Archipelago; Blue Cave;
Monk Seal Cave

1. Introduction

The island of BiSevo is part of the Vis Archipelago situated in the central Adriatic
Sea (Dalmatia, Croatia), comprising a few remote open-sea islands and numerous islets
and rocks (Figure 1). According to the population census from 2011, the island of Vis
had 3504 inhabitants, and it is the remotest populated island in Croatia. The whole
archipelago was recognised as a potential geopark in 2016 [1] and declared by UNESCO as
a Global Geopark in 2019 (https:/ /geopark-vis.com/en/, accessed on 26 July 2021.). The
archipelago deserves the status, because, in this relatively small maritime area (6661 km?)
that comprises a few small islands, islets, and rocks (the land area is approximately
100 km?), there are five geological and geomorphological monuments of nature, two
significant landscapes (Table 1), 70 recognised geosites, and many other natural beauties
that should be offered to visitors in a sustainable organised way defined by the concept of
UNESCO Global Geoparks.

The beautiful natural phenomena and landscapes in the central Adriatic archipelago
mostly owe their existence to geological structures and geomorphological processes. Fur-
thermore, the largest island of Vis has its own (local) but limited freshwater supply entirely
predisposed by the specific geology. That is why the archipelago deserves the highest level
of protection and promotion as an extraordinary place on Earth—a feature that can be
used for world-class sustainable tourism. A geopark status allows both the conservation of
geological heritage and the promotion of geotourism, which attracts mainly environment-
friendly tourists. The UNESCO Geopark status for such a distant archipelago is an excellent
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opportunity for inhabitants to organise sustainable development and validate natural phe-
nomena (e.g., Puerto-Princesa Subterranean River National Park, Philippines; Belitong
UNESCO Global Geopark, Indonesia; Hong Kong UNESCO Global Geopark).

Jabuka
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Figure 1. Map with the location of the Adriatic Sea (on the left), along with the UNESCO Geopark Vis Archipelago area
outlined in red (on the right), showing the position of Bisevo Island.

Table 1. List of protected geosites in the Vis Archipelago.

Locality Protection Status

1 The Blue Cave geomorphological monument of nature
2 The Monk Seal Cave geomorphological monument of nature
3 Jabuka islet geological monument of nature

4 The Green Cave on the islet of Ravnik ~ geomorphological monument of nature
5 Brusnik geological monument of nature

6 Stiniva Bay significant landscape

7 Ravnik significant landscape

The island of BiSevo has a long-standing tradition of tourist visitation of attractive
geological sites. In 1884, Baron Eugen von Ransonnet-Villez, a painter from Vienna,
discovered a natural geomorphological luminous phenomenon on the island—the Blue
Grotto (the Blue Cave in English; Modra $pilja in Croatian). After an article was published in
a Viennese newspaper, where Rannsonet-Villez described his discovery, the first organised
tourist visit to this newly discovered natural wonder was arranged. This article, published
132 years ago, marked the beginning of tourism in the area. The Blue Cave is famous for
its blue light effect, which occurs when the morning sunlight enters the cave through its
submerged eastern entrance and reflects from the white sandy bottom creating a unique
visual ambience [2].

Another famous cave on the island of BiSevo is the Monk Seal Cave (Medvidina $pilja,
in Croatian), named after a rare seal species (Monachus monachus) that was discovered
breeding on the small beach at the end of the cave. With the length of the channel polygons
being over 160 m, it is the longest cave on the island and among the longest described sea
caves in the Adriatic.

The two caves are the most famous geomorphological attractions on the island
of BiSevo and are formally protected as geomorphological monuments of nature (http:
/ /moreikrs.hr/spomenik-prirode, accessed on 26 July 2021.). The caves are developed
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within the bedrock of the island, which is composed of Cretaceous and Paleogene carbon-

ates [3] (Figure 2).
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Figure 2. Geological map and the (A,B) cross-section (including legend) of Bisevo Island [3], showing positions of all
investigated speleological objects and the two most popular caves presented in this paper.

During the latest geological and speleological research in 2019, to promote geological
and geomorphological heritage in the new Visitor Centre, seven speleological objects
were mapped. Two, i.e., the largest and the most famous, are presented in this paper.
The geometry and geological structure of the two most popular sea caves in the Adriatic
are described here for the first time in a scientific paper. The exploration resulted in
a comprehensive picture of the cave origin, closely related to specific geological and

tectonic features.
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2. Geographical and Geological Setting

Situated in the central Adriatic Sea (Figure 1; 42.97928° N, 16.01109° E), Bisevo belongs
to the group of the remotest inhabited islands of Croatia (with just a few permanent inhabi-
tants). The surface area of the island is 5.8 km?. Bigevo Island is at a relatively low altitude,
with the highest peak, Strazbenica, situated on the SE part of the island at 239 m a.s.l. The
morphology of the island is characterised by generally steep and rocky shores and high
coastal cliffs, and the altitude decreases towards the western coast. The eastern, southern,
and western slopes of the island are dissected with gullies and dry valleys. This area has
the climate type Csa (Mediterranean climate with a hot summer) [4]. The climatological
characteristics of the area are visible from the data of the local Bisevo meteorological station
(a precipitation station on BiSevo) and the stations on the surrounding islands, observed in
the period 1958-2018 [5]. The mean average annual air temperature on the surrounding
islands ranges from 15.80-16.71 °C, and the mean total annual precipitation on BiSevo is
617 mm.

The present-day peri-Adriatic area belongs to a major regional lithospheric unit of
African affinity—the Adriatic microplate or Adria [6]. Following the breakup of Pangea in
the middle Triassic [7-9], a long-lasting Adriatic carbonate platform was formed [10] and
persisted into the Palaeogene [11]. Although the neritic environments existed during the
Late Cretaceous to Palaeogene in the present-day island of BiSevo (central Adriatic), the
contemporaneous pelagic environments characterised the surrounding areas, thus forming
a complex system of subtropical islands and embayments [12,13].

Tectonically, the islands of BiSevo belong to the Adriatic foreland that is not involved
in the Dinaridic thrust-related deformations but is affected predominantly by wrench
and salt tectonics that characterise the central Adriatic area [11,14,15]. Inferred deep-
rooted lineaments, originated during the Triassic breakup of Pangea, probably affected
pre-orogenic sedimentation of a locally thick late Triassic volcanic—sedimentary—evaporitic
successions [7,14] and later neritic and pelagic carbonates [10]. These lineaments were
reactivated during Cenozoic orogenic deformations [11] in the common foreland of the
older Dinarides on the NE and the younger Apennines on the SW. The GPS data imply
that the Adria is moving continually northward [16] and is divided into the two segments
delimited around the central Adriatic area [11,17]. Thus, the central Adriatic area is seismi-
cally active [18], and salt tectonics probably contribute to the wrench tectonics [11,12,14].
Miocene onset of the diapirism is recognised on shallow seismic images [15] and in the
stratigraphy of the redeposited sediments around the salt peaks [19]. Related deformations
continue to date, implying that the present-day geomorphology and bathymetry of the
central Adriatic is probably an expression of the specific active tectonics.

The oldest rocks exposed on the island of BiSevo are Lower Cretaceous dolomites of
the Babino Polje formation (BP) (Figure 2). The rest of the >1300 m thick succession of
Cretaceous carbonates is characterised predominantly by various lithotypes of shallow-
water limestones. The top of the Upper Cretaceous limestones (Turonian-Coniacian) is
paleo-karstified and unconformably overlain by the Late Eocene to early Oligocene skeletal
limestones: the older Modra $pilja formation (MS on Figure 2) and the younger Bievo
formation (BI on Figure 2). Thick-bedded skeletal limestones characterise the former, with
many clayey horizons in the lower part. In contrast, the latter is characterised by poorly
cemented nodular bioclastic limestones deposited on the distal Dinaric foreland ramp. The
bedrock is partly covered by Quaternary colluvium—rockfall and slope breccia [3]. The
aeolian sands were deposited during the last glacial maximum, when the sea level was up
to 120 m lower and the island was a hill surrounded by a broad steppe [20].

Specific coastal geomorphological features such as tidal notches are not observed.
However, submerged notches can be masked by thick recent biogenic constructions and
encrustations that extensively grow at the mean sea level [21].

The island is intersected with numerous faults and fractures, mostly related to the
NNE-SSW striking strike-slip BiSevo fault system and the conjugated faults and frac-
tures [3]. The tectonic lineaments, in combination with lithology, highly influenced devel-
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opment of the geomorphology of the island. The prominent valley in the central part of the
island strikes along the main fault zone (Blue Cave fault) and the outcrops of rocks that are
more prone to weathering (e.g., BiSevo fm.). At the same time, the ridges are composed of
fully cemented and less tectonised carbonates. The tectonic features are probably associated
also with a complex salt diapir that is supposedly in the subsurface of the island [15] but is
still underexplored.

3. Materials and Methods

Information about the speleological objects on BiSevo Island was gathered from the
literature, inhabitants, and the Geopark Vis Archipelago team. Field research included
field prospection of the island and measuring of all discovered speleological objects.

Lithological units and structural features at the island and within caves were recog-
nised following the basic geological map at the scale of 1:50,000 [3] (Figure 2). Field
determination of the lithology was conducted with a hand lens and compared to the
existing data.

The structural features were measured within the caves and at the surface (Tables 2 and 3).
Structural measurements on the field were conducted with a Brunton Pocket Transit
compass. Measurements included orientation of the bedding planes, fractures, and faults
(dip direction/dip angle). Data of measured planes are presented as dip direction (azimuth)
and dip angle. Slickenside striations are presented as the angle between the observed linear
element (striation) on a fault plane and the horizontal strike of the same plane.

Table 2. Tectonic and depositional discontinuities measured at the surface of BiSevo Island, in the
close vicinity of the two caves.

Blue Cave
GPS coordinates Bedding Fractures Faults
Name ¢ A Direction Dip  Direction Dip  Direction Dip
VT-472 42980149  16.022425 15 24
BST-9 42981084 16.022501 293 77
BST-10  42.980315  16.022942 275 85
BST-11 42980318  16.022599 22 89
BST-12  42.980239  16.022401 225 75
BST-13  42.980377  16.022048 291 75
BST-1 42979881  16.022114 50 30
VN-161 42980204 16.022327 10 21 290 72
VT-518 42981121  16.022465 20 31 295 78
Monk Seal Cave
GPS coordinates Bedding Fractures Faults
Name ) A Direction Dip Direction Dip Direction Dip
VT-407 42960878  16.016001 45 55
VT-408 42960012 16.017188 80 65 100 75
VT-409 42959622 16.018603 58 62 145 79

Caves were mapped using a combination of digital and classical survey methods by
the International Union of Speleology (UIS) standard (UIS-5-4-BC grade [22]). Classical
methods were used for submerged parts of the caves and digital methods were used for
dry parts. Measuring tape and a Suunto Tandem (compass and inclinometer) were used
for distance, depth, azimuth, and inclination measurements in the submerged parts of
the caves. All underwater observations, measurements, and mapping were performed
by diving.
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Table 3. Tectonic and depositional discontinuities measured inside of the Blue Cave and Monk

Seal Cave.
Blue Cave
GPS coordinates Bedding Fractures Faults
Name ¢ A Direction  Dip Direction Dip  Direction  Dip
MS-0 290 70
MS-2 350 23 270 80
MS-4 275 85
MS-5 285 85
MS-5/1 40 65
MS-10 225 65
Monk Seal Cave
GPS coordinates Bedding Fractures Faults
Name ) A Direction  Dip Direction Dip  Direction  Dip
ME-0 90 75 20 78
ME-0 105 60
ME-2 5 75
ME-3 80 80 5 65
ME-4 20 80
ME-5/1 10 68

A tablet equipped with Topodroid 5.0.59 software, paired with a laser distance meter
and an electronic clinometer, was used in the dry parts of the caves. Finally, draft maps of
dry and submerged channels were merged into final cave maps.

Survey data were processed using Speleoliti 4 software (http://speleoliti.speleo.net/
index-en.html, accessed on 3 October 2019.), and Topodroid 5.0.59 (https://topodroid.
en.aptoide.com/app, accessed on 10 September 2019.), before being finalised using Corel
draw x17 graphical software. Magnetic declination was corrected for 4.05° E (for date of
measurement 16 September 2019), according to the National Centres for Environmental
Information of USA (https://www.ngdc.noaa.gov/geomag/declination.shtml, accessed
on 3 October 2019).

4. Results
4.1. Structural Measurements on the Surface of Bisevo Island around the Caves

In the vicinity and above the Blue Cave, the host limestone (Mé, Figure 2) is thick-
bedded, generally inclined to NNE by an angle of 21° to 31°. Above the main entrance of
the Blue Cave is a distinct Blue Cave fault plane with a general dip direction of WNW and
a dip angle of 70° (Figure 3A). The fault plane borders the cave from the west (Figure 4). In
the surroundings of the cave, the fractures measured at the surface (Table 2) are similar in
orientation to the Blue Cave fault system and interpreted as the fractures accompanying
the major fault. There are visible conjugated fractures on the cliffs above the submerged
entrance, measured inside the cave right above the submerged entrance (see further details
in Section 4.2, Figures 3B, 4 and 5C,E).

In the vicinity of the Monk Seal Cave, the bedding is inclined to the NE with a dip
angle from 55° to 62° (Table 2). Contrary to the Blue Cave, fewer structural elements were
measured around the Monk Seal Cave because of steep and inaccessible slopes above the
cave. There is a fracture system with a dip direction to the SE and a steep dip angle. Two
fault planes are visible on the entrance part to the cave (Figures 6 and 7A,B), and, east to
the cave, there is a fractured zone of the “Biskup fault”, which is a part of the major Bisevo
left-lateral strike-slip fault system, traversing the whole BiSevo Island (Figure 2A) [3].
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Figure 3. (A) The Blue Cave fault plane above the main entrance to the cave. (B) Vertical cliff on the eastern side of the Blue
Cave, host rock, and marked fracture systems (red dashed lines) also measured inside the cave. The cliff is approximately
40 m high (small boat at the main entrance for the scale).
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Figure 4. Plan and profile of the Blue Cave (Modra $pilja) (cave symbols according to [23,24]), with marked orientations of
the fault planes, fractures, and bedding planes. Stereographic projection (bottom right) of all measured discontinuities on
the surfaces and in the cave (lower-hemisphere projection).

4.2. The Blue Cave

The Blue Cave is 24 m long with a maximum depth of 20 m below sea level. The
maximal measured elevation of the cave is 35 m (20 m is submerged, and about 15 m is
above sea level). Due to the complex and inaccessible ceiling of the cave, maximal height is
not absolute precise (Figure 4). There are three entrances into the cave, accessible only by
sea (Figure 4). Two of them are on the southeastern coast; the most prominent entrance
is submerged (18 x 13 m) (Figure 5A), and the second, smaller entrance is above mean
sea level (1.5 x 1 m) (Figure 5B). The main entrance is partly submerged and located on
the southern coast. The entrance was expanded by explosives in the 19th century; it now
measures 2 X 6 m and is used for the entrance of smaller boats (Figure 5A).
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B
SW

Figure 5. On the photographs of the Blue Cave, structural measurements are marked. The red lines
mark fault planes. The dashed lines represent fracture system planes. Dip direction/dip angle is
marked by red numbers. (A) The main entrance into the Blue Cave with a marked strike-slip fault
(sinistral). (B) The main entrance photo, taken from inside out, with marked fault plane. (C) The
submerged entrance and marked fracture system. (D) The fault plane on the southwestern wall of
the Blue Cave. (E) Fracture system in a small dry channel on the NE part of the cave.

Rocks hosting the Blue Cave (Modra $pilja) are referred to as the homonymous
lithological unit (MS on Figure 2), described as thick-bedded Palaeogene limestones that
are more than 30 m thick and characterised predominantly by foraminiferal-bioclastic
wackestones to rudstones.

Prominent subvertical discontinuities crosscut the Blue Cave channels, as well as its
submerged entrance. Four subvertical fault planes, two bedding planes, and three fractures
were measured in the cave (Table 3, Figure 5). The fault planes of the Blue Cave fault were
measured along the main entrance with a dip direction of 270° to 290° and a dip angle of
70° to 85° (Figure 5A,B,D). Above the largest, submerged entrance, on the cave walls, two
conjugated fractures are visible with general dip directions and dip angles of 40/65 and
225/65 (Figure 5C,E). The fracture system crosscuts the cave almost perpendicularly to the
Blue Cave fault plane, as also visible on the cliff outside the submerged entrance to the
cave (Figure 3B).
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Figure 6. Plan and profile of the Monk Seal Cave (Medvidina $pilja) (cave symbols according to [23,24]), with marked

orientations of the bedding and fault planes. Stereographic projection (top centre) of all measured discontinuities on the

surfaces and in the cave (lower-hemisphere projection).

The Blue Cave fault (Figures 2 and 3A) is the most prominent fault on the island,
characterised by a left-lateral strike-slip shift of approximately 1 km. The fault separates the
MS formation to the east from the BI formation to the west (Figure 2), and the fault plane is
visible from the main cave entrance (Figure 5A,B). Secondary (conjugated) fractures were
also measured and are shown on the cave map (Figures 4 and 5C,E). Observed speleothems
(mainly cave popcorn) were rare and poorly developed.

In the submerged parts of the cave, morphological features were not observed due to
thick biological encrustations and marine biota. Only indistinct indications of tidal notches
at a depth of 1 m below mean sea level at the main entrance were recognised. The bottom
of the cave is partially covered with sediment, primarily white sand and rock boulders
with a diameter up to 1.5 m (Figure 4).

4.3. The Monk Seal Cave

The Monk Seal Cave is 162 m long, with a maximum channel height of almost 30 m.
The general orientation of the cave is NNW-SSE. The lower part of the cave channel is
submerged with a maximum depth at the entrance area of approximately —4 m (Figure 6).

Rocks hosting the cave are highly fractured crystalline dolostones that belong to the
Lower Cretaceous Barjak member (BK on Figure 2). Bedding around the cave (measured
on the surface) generally dips steeply to the NE (Table 2). The bedding planes were not
observed in the cave due to highly fractured wall surfaces and numerous fault planes.
Many rock boulders were found on the bottom of the cave, and numerous discontinuities
were observed in the host rock. Six prominent fault planes were measured and drawn on
the cave map (Figure 6). Five of them had a similar WNW-ESE strike and a steep dip angle
ranging from 65° to 80°. The fault observed on the cave entrance belongs to the NNE-SSW
striking BiSevo fault system (105/60), while the spectacular fault plane of a conjugated
dextral strike-slip fault (20/78) is visible from the cave (Tectonic Gate, Figures 6 and 7D).
Few active speleothems (stalagmites, stalactites, small drapery, and rimstone pool) were
found deeper in the cave (Figure 7E).
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Figure 7. On the photographs of the Monk Seal Cave, structural measurements are marked. The red lines mark fault planes
(dip direction/dip angle are marked in red numbers). (A) Entrance to the Monk Seal Cave. (B) Fault plane observed on
the entrance to the cave. (C) Fault plane in the middle section of the cave, located at the ceiling. (D) WNW-ESE striking
strike-slip fault plane at the entrance to the Monk Seal Cave (The Tectonic Gate), with marked slip direction (dextral
movement). (E) Speleothems at the furthest section in the cave. (F) Paleo beach conglomerates at the northern tip of the
Monk Seal Cave, located 0.5 m above a small pebbly beach.
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No speleothems were observed on the submerged part of the cave, the bottom of
which is covered mainly with rock boulders and calcareous sand sediment. The rock
boulders were mostly of decimetric dimensions; however, a few boulders of up to 5 m
were also observed and drawn (Figure 6). At the northern tip of the cave is a small beach
composed predominantly of dolomite pebbles (Figure 7F). One meter above the beach
is approximately 50 cm thick paleo beach conglomerates composed of predominantly
dolomite pebbles and semi-rounded cobbles cemented by calc-siltite. The top of the
conglomerates is covered by thin speleothem crusts.

5. Discussion

Numerous fault planes observed and measured in both caves are also visible on the
surface (Figure 2), implying a strong influence of the tectonic structure on the Blue and
Monk Seal Cave pattern. Structural features recognised within caves correlate with the
features observed on the surface (Tables 2 and 3).

The major Blue Cave fault, together with paired and conjugated faults and fractures,
as well as bedding plane discontinuities (Figures 4 and 8), predisposed the host rock to
weathering and influenced the position of the Blue Cave. Numerous discontinuities ob-
served in the cave (Figures 4 and 5C,E) weakened the rock and made it prone to collapsing
and further weathering, which facilitated the widening of the cave passage.

42°58'55"N

42°58'50"N

16°1'20"E 16°1'25"E

Figure 8. Satellite image of the Blue Cave area, with overlapped plan of the cave (black outline). The
red line marks a position of the Blue Cave fault observed on the surface. Dashed red lines mark the
position of the fracture system observed in the cave and on the surface; the black marks indicate the
dip direction and dip angle (number) of the bedding (same as in Figure 2). The satellite image was
acquired from: http://www.arkod.hr/, accessed on 4 July 2021.
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The Monk Seal Cave is predominantly of a linear layout with a general direction of
SE-NW (Figures 6 and 9A,B). The orientation of the two most prominent fault planes in the
cave, one at the entrance to the cave (Tectonic gate) and the fault plane in the central part of
the cave, are similar. Both planes are steeply inclined to NNE and of dextral (right-lateral)
strike-slip shift. This feature is typical for an extensive strike-slip fault system. In the
vicinity of the cave is a major sinistral (left-lateral) strike-slip fault (Biskup fault) which
is also known as the Blue Cave fault, part of the larger zone of the BiSevo fault system
(Figure 2) that is characterised by NNE-SSW strike. The location and orientation of the fault
planes from the Monk Seal Cave are probably related to the major BiSevo fault zone and
related Biskup fault. On a rose diagram (Figure 9B), the general cave direction is similar to
the channel direction trend of NW-SE and oriented approximately 30° counterclockwise
to a Biskup fault. The most prominent fault planes in the cave have directions almost
perpendicular to the Biskup fault zone (approximately 80°, see Figure 9) and are antithetic
in reference to the Biskup strike-slip fault zone.

According to the ideal Riedel shear structure proposed by few authors [25,26], struc-
tures measured in the Monk Seal Cave correlate almost ideally to this scenario (Figure 9).
The fault planes measured in the cave almost perfectly match the antithetic Riedel shear
system (‘R in Figure 9). The fault plane visible at the entrance to the cave (Figure 7B) and in
the satellite image (Figure 9A), with an orientation of 105/60, is likely part of the synthetic
Riedel shear system (R in Figure 9). In this scenario, the Monk Seal Cave is oriented as a
tension gap in the structure (T in Figure 9C), parallel to the o (vector of maximal stress)
and angled 30° to 40° to a principal displacement zone (in our scenario, the BiSevo fault
system) (Figure 9C). This model suggests that the Monk Seal Cave was generated as an
extension structure in a Riedel shear system of the Bisevo strike-slip fault zone. This theory
is supported by the boulders that fill the bottom of the cave (Figure 6), which are interpreted
as collapsed boulders, indicating lateral widening and collapsing of the ceiling parts of the
cave. The Monk Seal Cave was likely initiated in an extensional strike-slip tectonic regime
along the major left-lateral Biskup fault and the conjugated Riedel shear set of secondary
strike-slip faults (Figures 6 and 9).

In the Blue Cave, small speleothems in the initial growth phase are observed only
on the dry parts of the cave. Submerged parts of the cave walls are covered by thick
biogenic carbonate encrustations and living marine biota. Such extensive marine biogenic
overgrowths document the lack of freshwater influence and can be considered as a proxy
record of entirely marine conditions within submerged parts of caves [27]. The lack of
submerged speleothems could indicate the nonexistence of cave channels of the Blue Cave
during the former lower sea stands. However, small forms of recent speleothems and the
lack of old speleothems could be related to numerous variables.

A slightly larger diversity in speleothems observed within the Monk Seal Cave
(Figure 7E,F) suggests somewhat favourable conditions for speleothem growth, such as a
more stable freshwater supply in a relatively protected environment. Such discrepancies of
speleothem occurrence and growth rates within spatiotemporally related caves are com-
mon along the Croatian Adriatic Coast, connected mainly to specific local conditions in the
transition zone between the temperate Mediterranean and the periglacial parts of Europe
during the last 220 ky [27]. Although the Late Holocene biogenic constructions suggest
stable tectonic conditions during the last 1500 years [21], paleo beach conglomerates above
the small recent pebbly beach in the Monk Seal Cave could suggest uplifting of the island.
However, the conglomerates could have been formed during MIS 5.5 [28] when the sea
level was a few meters higher than today. Unfortunately, the fine carbonate siltite in the
cement/matrix of the conglomerates was not analysed since the cave is under protection.
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Figure 9. (A) Satellite image of the Monk Seal Cave area, with overlapped plan of the cave (black outline). The red lines
mark the faults observed on the surface concordant with those measured in the cave (Riedel shear system, R—synthetic,
‘R—antithetic). The black mark indicates strike, dip direction, and dip angle (number) of the bedding (same as in Figure 2).
The satellite image was acquired from http:/ /www.arkod.hr/, accessed on 4 July 2021. (B) Rose diagram, where black
triangles represent the direction of the channels in the cave, and red transparent triangles are the direction of the fault planes
inside of the cave. In the diagram, the Biskup fault is also marked with a red dashed line. The green dashed line is the
general direction of the cave. (C) Schematic idealised Riedel shear structure system according to [25,26].

Exposure to the open sea in the present-day tidal zone of the coastline (Figures 1 and 2)
suggests an abrasion influence of the strong storm waves on fragmented host rocks in both
caves. Although sea caves have been developed worldwide on comparably steep coasts
and below coastal cliffs of various lithology on recent or former coastlines (e.g. [29,30]),
the abrasion forming model of typical sea caves cannot be considered the only model on
the coastline of BiSevo. Therefore, predominantly tectonically defined fragments of the
host rock were subsequently collapsed and eroded, and the cave is still forming through
abrasion and corrosion processes.
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Along the Croatian coast and islands, numerous submerged caves that do not fit
into sea cave or a flank margin cave development model are common and considered
unique [31]. However, there are also occurrences of flank margin caves [32] connected to
the island freshwater or brackish water lenses. In the Adriatic area, numerous freshwater
and brackish groundwater lenses have been documented on islands [33], even on small
Dinaric karst islands [34]. However, such freshwater or brackish groundwater lenses
have not been documented on the island of BiSevo [33]. Therefore, the flank margin cave
model [35] and the typical Carbonate Island Karst Model [36] can probably be excluded
from interpretation of the speleogenesis of the Monk Seal and Blue Cave on Bisevo. To
conclude, the described structural features and pronounced breakdown processes are a
predominant process responsible for increasing the overall volume of mentioned caves.

6. Conclusions

BiSevo Island is dissected by a major strike-slip fault system, oriented NNE-SSW,
which probably produced the classical Riedel shear structures of secondary strike-slip
faults and fractures.

The two most famous caves on the island, the Blue Cave and the Monk Seal Cave,
were formed due to tectonic weakening of the bedrock carbonates along the tectonic dis-
continuities that, along with the bedding planes discontinuities, formed the rock fragments.
The fragmented host rock was subsequently exposed to gravitational collapses, intensive
abrasion, erosion, and corrosion.

Development of the Blue Cave was predominantly related to the homonymous fault,
one of the main faults in the BiSevo fault system. Conjugate faults and fractures indicate an
influence of extensional tectonic factors on the genesis of the most prominent chamber in
the Blue Cave.

Similarly, the Monk Seal Cave was formed in conjunction with the two fault systems,
one belonging to the sinistral BiSevo fault system and its conjugate dextral faults. The
Monk Seal Cave was developed probably along an extensional zone developed in the
tension zone of the Riedel shear system related to BiSevo Fault zone.

Lack of larger speleothems could have resulted from the younger age of the caves
(Late Pleistocene to Holocene) and the impact of southern waves in the lower parts of the
caves during the high sea levels (MIS 5.5 and/or MIS 1 i.e., the latest Holocene).

Distinct tectonic influence in generating and directing the orientation of the cave
channels was noticed, whereas wave abrasion and sea erosion shaped channel surfaces,
since both caves are under the direct influence of the strong southern waves. Thus, the
structural features control the geometry of the two caves, whereas their genesis seems to
have mainly been due to the mechanical removal of more fractured sectors of the host rocks.
Dissolution played only a minor role, as also testified by the absence of sea-level notches.
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