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Abstract: There is growing evidence that many large coastal boulder deposits found on the exposed
rocky ocean shores were deposited by extreme storm waves rather than by catastrophic tsunamis, as
previously thought. In addition, before the first discovery in the northern Adriatic a few years ago,
such deposits were not expected in relatively shallow semi-enclosed inland basins. Here we report
on a large coastal coarse-clast deposit on the central Adriatic island of Mana, which also contains
numerous large storm boulders that weigh up to several tons. Large solitary boulders are also located
outside of the deposit, closer to the partly submerged sea cliff and the wave impact. The erosion of
the cliff top and displacement of the carbonate bedrock fragments began when the extreme waves
inundated the lowermost part of the cliff edge, probably during the late Holocene sea-level rise.
The UAS photogrammetry-based fragmentation analysis of the storm deposit and the calculated
fractal dimension value indicate that the material was fragmented by multiple high-energy events. A
comparison of the available photographs indicates that displacements of the most exposed solitary
boulders probably occurred during Vaia, the last extreme storm that hit the Adriatic on the 29th
of October 2018. However, the modeled maximum wave height south of Mana during the peak of
the storm would be insufficient to move these boulders. Yet local geomorphology probably further
influenced the increase in wave height that, in combination with specific geological features, caused
displacements of the boulders. There is a shorter fetch affecting Mana Island with respect to the
northern Adriatic boulder field in southern Istria. Thus, such an active local erosion of the generally
stable eastern Adriatic karstic coast depends on the extreme storms that have a weaker impact in the
central than in the northern Adriatic.

Keywords: inland sea; rocky shore; extreme waves; local erosion; coastal boulders

1. Introduction

In addition to very large tsunamis, extreme storm waves can cause the detachment,
displacement, and imbrication of coastal boulders tens of meters above and away from
the shoreline of the open oceans [1-7]. However, storm boulders are not expected in the
semi-enclosed inland seas that do not generally experience extreme storm and massive
tsunami waves, e.g., [8]. Furthermore, recent multidisciplinary research on storm boulders
along open ocean coasts has indicated that it is difficult to distinguish the mechanism of
formation of these coarse-clast deposits—from storms or tsunamis [9-12]. Nevertheless,
storm waves were recently found to be responsible for large carbonate bedrock fragment
detachments and displacement of the boulders along the rocky coast of the semi-enclosed,
inland, northern Adriatic Sea [13].

Prerequisites for the formation of a coarse-clast coastal storm deposit or accumulation
of boulders along rocky shores are as follows: the specific geographical position of a
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site, specific geological structure of the parent bedrock, relevant fetch, and the existence
of extreme waves [13-17]. Tsunami waves might reach several meters in the southern
Adriatic where seismicity is larger, but they have much lower wave height in the northern
shallow regions [18,19]. In contrast, southern and southeastern winds in the Adriatic are
capable of producing the highest waves on the northeastern Adriatic, only because of
the large fetch, with significant wave heights surpassing 10 m over the open sea [20,21].
Therefore, most locations facing the open sea receive the impact of the extreme wind-driven
waves [22]. Discontinuities in the coastal bedrock represent the second main prerequisite
for the detachment of the fragments by the waves [13]. Since the eastern Adriatic coast
is built predominantly of deformed successions of stratified carbonates [23-25], the more
thinly the succession is bedded and the denser the open fracture system, the more prone
the rocky coast is to the erosion by extreme waves. Moreover, bedding surfaces that are
slightly inclined toward the impact of the waves act as natural ramps for the movement of
the boulders away from the shorelines, e.g., [13,26].

Deposits produced by large waves along rocky coasts are described by the frequency-
size distribution. Various statistical descriptions have been used to describe the frequency-
size distribution of naturally and artificially fragmented material. One of the traditional and
still widely used fragmentation assessment models is the Rosin—-Rammler equation [27],
which is widely used in many fragment size analyses [28-32].

Following the accumulation of coastal boulders in southern Istria (Figure 1A; [13,20]),
researchers have continued to look for specific localities exposed to the impact of the
southern waves along the rocky eastern Adriatic coast further to the south, aiming to find
new coastal boulders or even the coarse-clast storm deposits. During systematic geological
mapping and research for the new basic geological map of the Kornati National Park in
scale 1:50,000 [33], the largest spatial coarse-clast storm deposit in the Adriatic region, which
also included solitary boulders, was discovered on the small uninhabited island of Mana
(Figure 1A—C). Subsequent focused investigations of the deposit included geological field
observations and measurements, aerial photogrammetry, fragment size and distribution
analyses, as well as wave modeling. We inspected the locality on 8 June 2018, while the
focused field research was performed on 20 October 2020. The wave modeling for the
site was based on the latest extreme storm in the Adriatic region—the 29 October 2018
Vaia storm [34,35] (Figure 1D), which was believed to be the latest cause of the significant
boulder dynamics in southern Istria [26].

In this paper we describe for the first time a coastal coarse-clast deposit that includes
many boulders, including solitary boulders found outside the deposit on a rocky shore
platform of a small outer island (islet) situated in the central part of the Adriatic Sea. The
location of the deposit is important since there is a shorter fetch of the strongest southeastern
waves with respect to the previously discovered northern Adriatic site in southern Istria.
According to the presented results, we interpret the origin and the general age of the deposit
and narrow the period of the last significant boulder displacement. The data presented
here also represent the first phase of the deposit monitoring and research that is supposed
to continue. Although this is a local study; it is a relevant contribution to studies of other
similar coastal settings around the world.
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Figure 1. (A) Location map of Croatia and the NP Kornati in Northern Dalmatia. (B) Location map

of the island of Mana in Northern Dalmatia. (C) Topographic map of the island of Mana showing
morphology and general bathymetry (in meters, https://geoportal.dgu.hr/ accessed on 8 January
2022), and geological structures of the bedrock carbonates (in red: anticlines, synclines, bed strike, dip,
and dip angle). (D) (a) Orography used in the AdriSC WRF 15-km model and geographical location
of the nested WRF, ROMS, SWAN, ADCIRC, and unSWAN models. (b) Accumulated rain, sea-level
pressure, and the winds during the peak of the Vaia storm using the numerical results obtained with
the WRF-15km model from the AdriSC modeling suite. The abbreviations are described in Section 3.4.

2. Geographical and Geological Setting

The Adriatic Sea is a semi-enclosed inland sea, a northern tip of the central Mediter-
ranean (Figure 1).

The uninhabited island of Mana (0.409 km?) is situated in the central-eastern part
of the Adpriatic, within the Kornati archipelago (NP Kornati, Northern Dalmatia, Croatia,
http:/ /www.np-kornati.hr/index.php?lang=en (accessed 7 January 2022); https://whc.
unesco.org/en/tentativelists /5106/ accessed 7 January 2022), and its southern part faces
the open sea (Figure 1A,B). The highest altitude on the island is 76.7 m (Figure 1C). The
southern cliff is the longest of all the islands in the archipelago and represents a special
attraction for the visitors. The cliff has a concave shape; the highest point is 60 m above
the sea on the eastern part, while to the south it steeply plunges into the sea to a depth
of more than 50 m. The depth of the flat bottom south of the island is >90 m (Figure 1C).


https://geoportal.dgu.hr/
http://www.np-kornati.hr/index.php?lang=en
https://whc.unesco.org/en/tentativelists/5106/
https://whc.unesco.org/en/tentativelists/5106/

Geosciences 2022, 12, 355

4 0f22

Thus, the steep southern coast points to a recent erosion and collapses along the tectonically
predisposed, potentially unstable cliff (Figure 2).

inlet
submerged cliff

100 m

Adriatic Sea

15.2599148 °E

43.7996779 °N

Figure 2. Low-resolution orthophoto image of the SW part of the island of Mana from 2016 (https:
//geoportal.dgu.hr/ accessed on 8 January 2022), and the notations showing the Mana storm deposit
that unconformably overlays Upper Cretaceous limestone bedrock and Quaternary brown soil (NP
Kornati, Central Adriatic, Croatia).

The Kornati archipelago is built predominantly of deformed Upper Cretaceous to
Paleogene stratified neritic carbonates [33,36] deposited on the Adriatic Carbonate Plat-
form [23]. The carbonates were strongly deformed and fractured during Alpine orogenic
compression and later tectonic phases when the External Dinarides were formed [24]. The
exhumed carbonate rocks have been exposed to deep karstification during glacial low sea
levels [37,38].

3. Materials and Methods
3.1. Basic Field Observations

The island of Mana coarse-clast coastal deposit, along with a few solitary boulders SE
of the deposit and the limestone bedrock in the surroundings, were the main material for
the investigations (Figure 2). The bedrock of the entire island is composed of shallow-water
carbonates referred to as the Late Cretaceous Gornji Humac formation [33]. Compact
micritic limestone characterized by intercalations of rudist bivalve lithosomes prevails
within a few hundred meters of a thick pile of well-bedded carbonates that is tectonically
deformed into a major anticline, and several minor anticlines and synclines in its SW limb,
all characterized by a typical Dinaridic strike (NW-SE, Figure 1C).

The tectonic structure and lithology of the bedrock were investigated by classical
geological field methodology. The general bedding and fracture system were measured
by a geological compass. The largest and the most interesting boulders from the deposit
as well as the solitary ones were selected and measured. The lithological composition of
the bedrock and the boulders were compared with hand lens analyses. The orientations of
the boulders were measured, and possible traces of marine biological encrustations and
boring bivalves were investigated. Panoramic and focused photographs were taken for
later analyses.

3.2. UAS Photogrammetry and 3D Modeling

Unmanned aircraft system (UAS) photogrammetry has become a very popular topic
and is applied as a relatively low-cost spatial data collection method in geological studies
and interdisciplinary research [39-41]. The products derived from UAS photogrammetry
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usually consider datasets such as point clouds, high-resolution digital surface models and
digital orthophotos, photorealistic 3D models and visualizations. Rotary wing UAS was
used for the purpose of the study, i.e., a custom-made hexa-copter multirotor with the possi-
ble installation of different cameras [42]. As with any geodetic method, field measurements
were an indispensable part of the process. The field survey included collecting images
during predefined planned missions using the UAS equipped with GNSS/INS for Direct
Sensor Orientation (DiSO), with Ground Control Points (GCPs) set at the field for monitor-
ing purposes. Integrated Sensor Orientation (ISO) was performed during post-processing
based on determined coordinates of GCPs along with the initial position and attitude of
the camera sensor. Initial data processing consisted of the assignment of coordinates of
image centers, manual assignment of GCPs for the images, and initial setup of coordinate
systems. The dataset was generated by photogrammetric software with an implemented
SfM algorithm (Pix4D version 4.0.18). The first step was an automatic identification and
feature matching in multiple overlapping images using the SIFT (Scale Invariant Feature
Transform) object recognition system. Then matching feature points along with accurate
or approximate image position and orientation were used in a bundle-block adjustment
procedure. Based on 3D object reconstruction, a dense point cloud was generated as well
as a high-resolution digital surface model and orthophoto map (Supplement S1).

3.3. Fragment Size Distribution Analysis from UAS Photogrammetry

The shape of the frequency-size distribution curve can be described by a continuous
function such as the Rosin—-Rammler (R-R, cf. [27]), whose equation is as follows:
)N

Y=1-¢ % (1)
Y = cumulative fraction of material by weight less than size x; N = constant, describing

the material uniformity and hence called the “uniformity constant” spread or shape param-

eter; and xo = the “characteristic fragment size” or location parameter of the distribution,

defined as the size at which 63.2% (1 — 1 = 0.632) of the fragments (by weight) are smaller.
Taking the natural logarithm of Equation (1) two times; we obtain

In{—In[1—-Y]} = NlInx— N In xo. ()

There is a linear relationship between In{—In[1 — Y]} and In x, so the shape parameter
N can be obtained as the slope of the fitted line.

Fragmentation analysis of 3D models of rock piles generated from drone imagery (UAS
photogrammetry) was performed by the Fragmenter software module in the ShapeMetrix
UAV system (3GSM GmbH, Austria). It features the delineation of single fragments on
a 3D model by a combined 3D surface and image analysis, the sizing of fragments based
on the delineated surface patches, and the determination of the fragment size distribution.
The analysis fits an ellipsoid in 3D and takes the medium axis. This kind of analysis
emulates sieving.

The Fragmenter software also calculates best-fit distribution functions such as the
R-R from the fragment size distribution plot. The R-R best-fit cumulative fragment size
distribution is defined by two parameters, the median or 50% passing size x50 and the
uniformity constant N [43].

3.4. Atmosphere-Ocean-Wave Modeling during the 29 October 2018 Vaia Storm

The Adriatic Sea and Coast (AdriSC) modeling suite used in this study was developed
to represent atmospheric and oceanic processes at various temporal and spatial scales in the
Adriatic region [22,44] with two different modules. The AdriSC basic module provides the
kilometer-scale coupled atmosphere and general ocean circulation for processes spanning
hours to decades [45,46]. It couples the Weather Research and Forecasting (WREF, [47])
model at 15 and 3 km resolution of the atmosphere with the Regional Ocean Modeling
System (ROMS, [48,49]) of the ocean and the Simulating Waves Nearshore (SWAN, [50])
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model at 3 and 1 km resolution. The AdriSC nearshore module is exclusively used to assess
the high-resolution coastal dynamics during extreme events. It couples the WRF model
at 1.5 km resolution and the fully coupled ADvanced CIRCulation (ADCIRC) and SWAN
unstructured models [51] at up to 10 m resolution. In recent years, the nearshore module
has been widely used to reproduce, for example, wind waves in the northern Adriatic
during the Vaia storm [26], air pressure instabilities and meteotsunami waves [52], and
bora wind-induced dynamics and the associated surface cooling [53,54].

Evaluation of the AdriSC model was performed in previous studies for both the
Vaia storm specifically [26] and an ensemble of extreme sirocco events in the Adriatic Sea,
including the Vaia storm [22,53]. These studies demonstrated that the AdriSC modeling
suite can reproduce with a good accuracy the atmospheric conditions as well as the extreme
sea levels and wave heights during these events.

In this study, in order to accurately reproduce the Vaia storm, which took place in the
Adriatic Sea on 29 October 2018, the basic module was set up to run for three days between
27 October and 30 October 2018. Initial conditions and boundary forcing were provided by:
(1) the 6 hourly ERA-Interim reanalysis fields [55], (2) the daily analysis MEDSEA-Ocean
fields [56], and (3) the hourly MEDSEA-Wave fields [57]. The nearshore module, forced
by the results of the basic module, was set up to run between 28 October at midday and
30 October 2018. The synoptic conditions reproduced by the AdriSC WRF 15-km model at
the peak of the Vaia storm in the Adriatic basin (at around 18:00 UTC on 29 October 2018)
are presented in Figure 1D. They indicated that a strong southeasterly sirocco windstorm
was blowing along the Adriatic basin. Furthermore, these strong sirocco winds persisting
for many hours along the Adriatic coasts were also associated with measured extreme wave
heights and storm surges. Given the good evaluation results obtained in previous studies,
only the 1-min wave results from the unstructured (unSWAN) model in the vicinity of
Mana Island were analyzed thereafter.

Owing to the lack of precise bathymetry data and resolution in the nearshore area
where the waves break (i.e., surf zone), as well as the known limitations of the physics used
in the SWAN model (e.g., the parameterization of the wave breaking), the wave heights
modeled by the AdriSC unSWAN module during the event were extracted off the surf zone
(ideally in deep water). The equation from [58] was applied to evaluate the wave height at
the breaking point, Equation (3):

H i —0.25
i = tanp)?(2) ®

where Hj, is the breaking wave height; Hy and L are the wave height and the wave length
off the surf zone (ideally in deep water), respectively; and f is the slope of the seabed near
the coast (i.e., in the area where the waves are expected to break).

4. Results
4.1. Limestone Bedrock and Fracture System

In the western part of the island, there is an elongated valley (small plain) striking
NW-SE, which is covered by the shallow sea in the NW and terminates at the edge of
a steep cliff in the SE (Figure 2). Limestone bedrock along the valley is unconformably
covered by at least a meter of thick loose Quaternary brown soil, characterized in places
by the reddish-brown calcrete at the contact with the bedrock carbonates. In the SE part
of the valley there is a distinct coarse-clast deposit that unconformably overlays both the
carbonate bedrock and the brown soil. The deposit is located 20-30 m N'W of the tip of a
shallow triangular inlet up to a few meters deep and represents the lowest top of the cliff
that is partly submerged at this central part.

The limestone bedrock SE of the Mana coarse-clast deposit surrounding the shallow
triangular inlet is heavily fractured and eroded (Figures 3, 4 and 5A) and built of alternating
thin- to thick-bedded (5-90 cm, on average 50 cm) mostly micritic and well-cemented
(compact) shallow-water limestones (mudstone, wackestones to floatstones). The limestone
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beds are gently inclined to the SW, and the average bed dip direction/dip angle is 218/12
(Figure 1C). Thus, the upper bedding planes form natural ramps, partly covered by the
sea in the shallow inlet and dissected by the cliff from the south (Figure 5B). The primary
bedding discontinuities are open a few centimeters, while within the beds there are up to a
few millimeters of open secondary discontinuities reflecting lithological inhomogeneities
parallel to the bedding (Figure 5C).

Figure 3. High-resolution UAS orthophoto image (20 October 2020, see Supplement S1) of the
investigated area on the island of Mana showing a shallow triangular inlet, highly eroded limestone
bedrock in the surroundings, and the coarse-clast deposit on the NW margin (bordered by a long
yellow line). The selected boulders are highlight by short yellow lines and marked by numbers
(1-10). Observed displacement of the three boulders (6, 9, 10) between June 2018 and October 2020
are marked by red arrows (see also Figures 5F and 6). Inset: Schematic drawing of the fracture
system (each set is marked by another color) of the strongly eroded bedrock limestone in front of
Mana coarse-clast deposit. The cumulative rose diagram shows all the fracture orientations weighted
according to the observed total lengths (circular statistic of the delineated fracture sets according to
Oriana software, Kovach Computing Services).
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Figure 4. Panorama image (westward view) based on a photogrammetric UAS 3D model of the
Mana coarse-clast deposit (see Supplement S1). Color scale (legend) for the modeled thickness of
the deposit (thin marginal parts not shown). Elevations above the mean sea level are marked in
white numbers.

On the orthophoto high-resolution image (Figure 3), there is a clearly visible complex
fracture network within the strongly eroded limestone bedrock surrounding the inlet.
With respect to the NW-SE bed strike, longitudinal, transversal, and diagonal subvertical
fractures form a rather chaotic network. Major longitudinal fractures are parallel to the
Dinaridic fold axial plane (NW-SE), and the beds mostly have erosional terminations along
the fractures that are spaced meters apart. Major transversal fractures (NE-SW) are also
spaced meters apart, while diagonal fractures are spaced mostly centimeters to decimeters
apart. The most prominent fractures are oriented generally W-E.

The fracture network is especially dense in the central part of the strongly eroded
bedrock that is characterized by thin beds (5-15 cm), resulting in three-dimensional bedrock
fragmentation, with the fragments centimeters to decimeters in size. The underlying beds
are more compact than the central part of the bedrock limestone succession and as thick-
bedded (40-90 cm), and the fractures are not as open as in the thin beds. Thus, the bedrock
fragments on the marginal parts of the strongly eroded bedrock surrounding the inlet are
decimeters to meters in size. The fracture net is not as clearly visible on the bottom of the
inlet and in the peri-tidal zone since a centimeters-thick marine biogenic cover exists on the
bedrock (red algae, barnacles, etc.).

4.2. Mana Coarse-Clast Deposit

The coarse-clast deposit has an irregular semi-circular shape (75 m x 60 m), which
covers an area of ~3892 m? (Figure 3). The high-resolution digital surface model was
built based on the UAS photogrammetry (Figure 4). In the proximal (frontal) part of the
deposit facing the storm waves from the SE, the deposit is situated on top of highly eroded
limestone bedrock, and the lowest part is at an altitude of 1.3 m above sea level (a.s.]). On
the distal NW part, the deposit covers the brown soil at the altitude of 5 m a.s.1. The highest
peak of the deposit is 7 m a.s.l. Estimated thickness in the thickest part is >2 m. Modeled
volume is 3123 m>.

The coarse-clast deposit is composed of unsorted and sub-rounded limestone pebbles
and cobbles, as well as angular limestone boulders. SE of the deposit there are a few solitary
boulders that are not included in the deposit. With the aim of more precise description
and possible future monitoring, we selected and measured ten Mana boulders (MB): five
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boulders situated within the deposit (MB 1-5) and five solitary boulders situated SE of the
deposit (MB 6-10; Figure 3; Table 1).

Figure 5. Field photographs of the Mana coarse-clast deposit, solitary boulders, and the bedrock
limestones. The selected boulders are marked by numbers. (A) 2020 panoramic view from the
SE to the tip of the shallow inlet, with eroded limestone bedrock, recognizable boulders (1, 6, 7,
8, 9), the deposit, and the brown soil in the background. Black arrow indicates a person for scale
at the recently moved boulder 6. (B) 2018 panoramic view to the east on the proximal (SE) part
of the deposit and a few solitary boulders in the front of the deposit (MB 6, 9, and 10) that were
displaced between 2018 and 2020 (southern cliff in the background). (C) 2020 view of bedding
discontinuities within the central part of the limestone bedrock in front of the deposit. White scale bar
is a meter long. (D) 2020 view of the frontal part of the deposit and the boulders imbricated to the SE.
(E) 2020 view of one of the largest boulders (3, hammer) that is strongly corroded and characterized
by remnants of Lithophaga borings. (F) 2018 photo of a group of boulders in the frontal part of the
deposit characterized by remnants of reddish-brown calcrete that is found also at the contact of the
bedrock with the brown soil. Note three boulders in front of the deposit (6, 9, and 10) that were
displaced between June 2018 and October 2020, and one (7) that was not displaced. (G) 2020 photo of
the overturned platy boulder (1, hammer) in the frontal part of the deposit. (H) Corroded biogenic
carbonate encrustations and the barnacle shells from the present-day (overturned) bottom side of
boulder 1, originally on the upper bedding surface of the bedrock limestone (scale bar is 1 cm).
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Table 1. Selected boulder data according to the field observations and photogrammetric measure-
ments (20 October 2020) and estimation of the Mana storm deposit in general. Marks: * solitary
boulders out of the unified deposit. # average bulk density is evaluated according to the professional
data on mechanical properties of the most popular types of Cretaceous dimension limestone from
regions that are similar to Mana limestones [59].

MANA Distance : Longer Shorter Thickness Plan A Volume Density
BOULDER  from Inlet Altin(lde) Axisg”a" Axis “b” Axis “c” Surface (]I)n'\brltc.ah?X le) Approx. Average * Mass (t)
N° Tip (m) a.sl. (m (m) (m) (m) (m?) irection/Angle) = ) tm)
MB-1 32 3.0 2.7 17 0.55 43 130/30 2.36 2.5 5.9
MB-2 40 4.0 2.7 15 0.50 3.7 140/25 1.85 25 4.6
MB-3 42 4.8 3.6 1.0 0.90 3.6 - 3.24 2.5 8.1
MB-4 43 45 2.2 1.7 0.50 3.6 - 1.80 2.5 4.5
MB-5 44 4.0 2.4 1.5 0.40 3.2 - 1.28 2.5 3.2
MB-6 * 14 1.6 1.6 1.6 0.50 24 135/45 1.62 2.5 4.0
MB-7 * 20 2.0 1.7 1.2 0.50 1.9 138/48 0.95 2.5 2.4
MB-8 * 19 2.4 37 2.0 0.90 6.2 - 5.58 25 13.9
MB-9 * 34 2.6 2.1 13 0.40 22 220/15 0.88 2.5 22
MB-10 * 36 2.8 13 0.7 0.50 0.8 - 0.40 2.5 1.0
others 8-92 1.0-7.0 <2 <1 <05 <2 130-135/ <1 25 <25
Mana
deposit in 24-93 1.3-7.0 60 75 0.0-2.0 3892.0 - ~3000 - >6000
general

The larger boulders lay mostly in the frontal SE part of the deposit, facing the shallow
inlet. Larger boulders are meters in size and mostly platy in shape, reflecting their origin
in the well-bedded bedrock limestone. The platy boulders are imbricated to the SE in the
frontal part of the deposit (Table 1, Figure 5D).

The largest boulder from the deposit (MB-3) is highly corroded and elongated, oriented
SW-NE. It is 3.6 m long and 0.9 m thick, has a volume of 3.24 m3, and weighs approximately
8 t (Figure 5E). The boulder is overlapped from the SE by a platy boulder. Strongly corroded
remnants of Lithophaga lithophaga borings were observed on MB-3.

Remnants of the reddish-brown calcrete were found on some boulders (Figure 5F).
Corroded marine biogenic carbonate encrustations and barnacle shells were observed only
on the overturned upper bedding surface of MB-1 (Figure 5G), i.e., at the present-day
bottom side of the boulder (Figure 5H).

4.3. Recent Displacements of the Solitary Boulders

Comparison of photographs of the frontal part of the deposit taken in June 2018
(Figure 5B,F) with photograph (Figure 5A) and the high-resolution UAS orthophoto image
(Figure 3; Supplement S1) taken in October 2020 revealed the displacement of a few meters
of two small solitary boulders (MB-9 and MB-10). The small boulders are located on the
large upper bedding plane that is a gently inclined natural ramp facing the wave impact.
In addition, an almost 20 m displacement of a large solitary boulder 6 (Figure 5B) along
another upper bedding plane also occurred between 2018 and 2020 (Figure 5A,B), as visible
on low-resolution orthophoto images (Figure 6). It is noteworthy that MB-6 was not moved
between 2011 and 2018 (set of images accessible on https:/ /geoportal.dgu.hr/ (accessed
on 10 July 2022)). It should be mentioned that the Vaia storm happened on 29 October
2018 [26], and its role will be discussed later.


https://geoportal.dgu.hr/

Geosciences 2022, 12, 355

11 0f 22

Figure 6. Low-resolution orthophoto images (https://geoportal.dgu.hr/ accessed on 8 January 2022)
of the Mana coarse-clast deposit and the boulder in the front (MB-6) that were displaced (red arrow)
between 2018 and 2020.

4.4. Surface Fragment Size and Distribution within the Mana Deposit

The Rosin—-Rammler distribution is a useful tool for representing particle size distri-
butions generated by grinding, milling, and crushing operations in artificial or natural
processes. From the continuous fragment size distribution function, it can be inferred
which process of comminution (grinding, milling, and crushing) was dominant, based on
the shape parameter (N) or fractal dimension (D). Thus, the frequency-size distribution
of any fragmented natural process could be fitted to the Rosin-Rammler (R-R) equation,
which is equivalent to the Weibull distribution.

The presented results obtained by UAS imagery fragment delineation refer only to the
surface part of the Mana storm deposit where fragment size distribution was analyzed for
101,780 delineated fragments (Figure 7). The fragments were delineated with Fragmenter
software within the selected part of the Mana coarse-clast deposit, excluding the marginal
parts that were very thin or covered by bushes (Figure 7A). The focus was on the boulder-
sized fragments (>256 mm) that prevailed among the detectable fragments (Figure 7B).

Fragment Size Distribution

]

NW §
(distal)

2 8 3 8

Percent passing [%]

3 B8 8 3

BOULDERS
(>0.256 m)

B ™ %' Fragment size [m]'

Figure 7. (A) Boulder-size fragment distribution map within the Mana coarse-clast deposits. (B) Frag-
ment size distribution diagram for all detectable fragments and fitted R-R distribution (Fragmenter;
3GSM GmbH). The minimum size of a fragment depends on the 3D point spacing and the image
resolution. MPS—median point spacing, GSD—ground sample distance.

Two more fragment size distribution analyses were conducted separately for the
proximal (SE) and distal (NW) regions, since the larger boulders were clearly concentrated
in the proximal area (Figure 7A). Moreover, a boulder with a maximum size of 1910 m
(length of the ellipsoid’s middle axis) was found in the proximal region, based on which a
volume of 3.65 m? and a weight of 9.122 t were calculated (limestone density of 2.5 t/m3
was used to compute the weight). In the distal region, a boulder with a maximum size
of 1.118 m was found, based on which a volume of 0.73 m® and a weight of 1.828 t were
calculated. The results were similar to the measurements in the field (Table 1).

According to the linear relationship between In{—In[1 — Y|} and Inx, the uniformity
constant shape parameter N was estimated (Figure 8a). Linear regression was applied to
the fragment size distribution data obtained from the Fragmenter software. According to
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the fitting results, the slope of the line (shape parameter N) is summarized in Table 2 for
the entire storm deposit area, proximal and distal parts.

Linear regression - Mana

y =0.903x + 1.3395

o Mana full area

© Mana SE region

o Mana NW region

y=1.1413x + 0.6987 - Linear (Mana full area)
- Linear (Mana SE region)

. - Linear (Mana NW region)
a) 25 2 15 4 0.5 T o 0.5 1

In(x)

Rosin - Rammler cumulative fragment size distribution - MANA
b |

0.9

4 y1a41
08 Y= 1.97(‘0.:4;)

07 (==
4 Y=1-¢ ‘o227
Mana - full area
06

s —Mana R-R curve full area

04 Mana SE part

03 ——Mana R-R curve SE part
x )LUSI

02 Y:l.e’[m

Cumulative percent passing (%)

Mana NW part
01

—Mana R-R curve NW part
0

b) 0,02 0.20 2.00

Fragment size distribution (m)

Figure 8. (a) Linear regression for empirical fragment size data; shape parameter for entire area
N = 1.051, for proximal (SE) part N = 1.141 and for distal (NW) part N = 0.903 (b) The R-R cumulative
fragment size distribution for the entire area, as well as for the proximal (SE) and distal (NW) parts.

Table 2. Shape parameter and fractal dimension for the entire analyzed Mana deposit area, as well as
for the proximal (SE) and distal (NW) parts.

Shape Parameter N Shape Parameter N Fractal Dimension Fractal Dimension
Mana Coarse-Clast . . . D =3-N D =3-N
. (Fragmenter Software, (Linear Relationship . . .
Deposit (parts) 3GSM GmbH) In(In(-Y)) vs. In () (Fragmenter Software,  (Linear Relationship
: 3GSM GmbH) In(-In(1-Y)) vs. In (x))
Mana (full area) 1.061 1.051 1.939 1.949
Mana (SE part) 1.143 1.141 1.857 1.859
Mana (NW part) 1.030 0.903 2.097 2.097

The R-R cumulative fragment size distribution for the entire area as well as the
proximal and distal parts are shown in Figure 8b. Table 2 displays the fractal dimensions
D according to [28], D = 3-N, and compares the values of the shape parameters obtained
in the Fragmenter software and according to Formula (2). The differences in the shape
parameter values found in Table 2 were minimal, most likely owing to the computation
procedure. The shape parameter N in the Fragmenter software was most likely calculated
using all empirical data, but in the second case, binned data were used.
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4.5. Wave Modeling during the 29 October 2018 Vaia Storm

Near Mana Island (Figure 9a), the AdriSC unSWAN model had a resolution ranging
from 10 m at the coastline to 1 km further offshore and a bathymetry that captured the
main geomorphological features of the seabed (Figure 9b).

AdriSC unSWA esh

AdriSC unSWAN bathymetry

Levrnaka

4381 L i W 100

4382 129

4381
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4379
4378 "%‘. 4378
4377 By

4376

43.75 43.
15.2 15.22 15.24 15.26 15.28 15.2 15.22 15.24 15.26 15.28

Figure 9. AdriSC ADCIRC and unSWAN mesh structure with Point P where the wave parameters
are extracted (a) and bathymetry (b), in the surroundings of Mana Island. Coordinates are in degrees.

The obtained numerical results (Figure 10) extracted at a point off Mana Island located
at a depth of about 42 m (Point P, in Figure 9a) highlighted that the peak of the storm,
defined by the peak values of the significant wave height (surpassing 4.5 m), was reached
in the evening hours of 29 October 2018, and lasted for about 5 h.

Peak of the wave storm around Mana island

4.5 | Significant wave height (m) ~T 1™\

Mean wave length (m) A4\

50 =

0 5 10 15 20
Time during the 29 October 2018 storm (Hours)

Figure 10. Time evolution of the AdriSC unSWAN 1-min results of significant wave height, peak
period and mean wave length on 29 October 2018 in the vicinity of Mana Island at 42 m depth.

Additionally, the spatial variability of the ocean circulation and the wave fields at
the peak of the storm (Figure 11) indicated that the storm generated sea-surface heights
up to 0.5 m along Mana Island’s southern coast that were associated with strong current
speeds of up to 2 m/s. All islands acted as barriers by breaking the strong waves—i.e.,
more than 6 m significant wave height, 110 m mean wavelength, and about 9-10 s period
offshore—along their offshore coasts and protecting the northeastern part of the domain
from any wave influence.
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52 w22 1524 1526 1528 T T T T )

Significant Wave Height Peak Wave Period

Wave Parameters Off the
Island of Mana
Depth: 42m
Distance from coast: < 250m
Peak of the storm: 19:36
Significant wave height: 4.82m
Peak wave period: 10.12s
Mean wave length: 81.49m

Figure 11. Spatial variability of (1) ADCIRC maximum sea-surface height (a) and maximum current
speed (b) and (2) unSWAN maximum significant wave height (c), maximum peak period (d), and
maximum mean wave length (e) obtained in the vicinity of Mana Island during the peak of the
29 October 2018 Vaia storm. Black arrows point to the island of Mana. Coordinates are in degrees.

The nearshore bathymetry of the model may not be accurate owing to a lack of both
resolution and precise bathymetric data. Thus, to investigate the boulder motions across
the inlet area of the island of Mana, the wave parameters extracted at point P (Figure 10)
were used for the wave height estimates at the breaking point using the equation of [58].
On 29 October 2018 at 19:36, the maximum significant wave height reached 4.82 m, with an
associated maximum wave height of 8.39 m, a peak period of 10.12 s, and a mean wave
length of 81.49 m. Assuming a bottom slope of 12° (i.e., the bedding surface of the bedrock),
the significant wave height in the inlet at the breaking point for the storm was 7.81 m.
Knowing that the maximum wave height in a sequence of 1000 waves (lasting about 2.8 h
for wave period of about 10 s) was 1.86 times higher than the significant wave height, the
maximum wave height that impacted the inlet area during the Vaia storm was estimated as
about 14.5 m at its breaking point.

5. Discussion
5.1. Bedrock Conditions and the Origin of the Clasts

Well-bedded limestone bedrock surrounding the inlet is characterized by relatively
closely spaced (5-90 cm) bedding discontinuities. In addition, a distinct net of tectonic
discontinuities characterized by at least three systems of sub-vertical fractures is present
(Figure 3). The fractures, in combination with the bedding discontinuities, define fragments
of bedrock limestone centimeters to meters in size.

Remnants of the brown soil, i.e., the reddish-brown calcrete found at the contact of
the bedrock and the soil, as well as on some boulders (Figure 5E), testify to the subaerial
origin of the boulders. This finding followed the expectations, since the top of the soil at
the NW margin of the deposit is 5 m above the present-day sea level (Figure 4) and >1 m
thick soil probably extended further SE to the edge of the cliff before the soil was eroded by
the extreme waves, i.e., recurring storm inundation.

On the other hand, eroded borings of Lithophaga sp. observed on one large boulder
(MB-3, Figure 5F) as well as the remnants of marine biogenic encrustations and barnacle
shells that are still attached to the other one (Figure 5G,H), testify to the once sublittoral or
intertidal position of the parent limestone beds, respectively. Thus, this implies that the
boulders originated from both: (a) the limestone beds underlying the overlying soil that
originally formed the exposed edge of the cliff at the place of the present-day inlet and
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its surrounding, and (b) submerged bedrock in the inlet formed after the erosion of the
upper part of the bedrock with the soil. The latter is evidently younger and that is why the
boulders with the traces of marine life were found in the frontal (proximal) SE part of the
deposit (e.g., MB-1 and MB-3; Figure 3).

5.2. Fragment Size Distribution

It is important to note that different controlling factors act at different locations within
the storm deposit area: the lithology, its strength, and initial fracturing; the initial storm
deposit volume, controlling the stress level, and stress release in the rock mass; the local
topography and chemical weathering. All these factors, together with storm or tsunami
waves releasing energy and the frequency of that occurrence (multiple or single event),
have an impact on the fragmentation process.

Although originally applied to a different depositional setting, the obtained data
supported the hypothesis that clastic deposits have a lower shape parameter or a higher
fractal dimension as the run-out distance increases, e.g., [32]. In storm deposits, a similar
mechanism applies, with an increased amount of grinding. Thus, finer-grained fragments
(pebbles and cobbles) are found in the distal area of the Mana storm deposits owing to
reworking of the fines by the waves in the first phase of the formation of the deposit, which
also includes possible sublittoral reworking within the inlet. However, because of the
obvious energy increase during the sea-level rise, the recent sublittoral fragments that have
not been observed since were probably redeposited further from the inlet and incorporated
into the Mana storm deposit. The authors of [29] concluded that significant shearing and
continued comminution led to a lower value of the shape parameter (N), and this was
supported by the obtained values of the shape parameter for the distal area of the Mana
storm deposit (Table 2).

Consequently, an increase in fractal dimension (D) is expected with increasing distance
from the source. The distal area of the Mana deposits had a higher value of D, which was
evident in the more graded particle size distribution and the larger number of fine particles.
The entire Mana deposit area fractal dimension value D = 1.94 was close to the bottom limit
of the value range 2.1-2.7 [30], indicating that the material was fragmented by multiple
and/or high-energy events. The obtained results indicated relatively higher D values for
storm deposits because they were exposed to several high-energy events in the past and
longer grinding durations that produced more fines.

In addition, according to previously mentioned authors, particle size distribution
analysis was used to determine which type of distribution, or which fragmentation pro-
cess, was more dominant for the proximal or distal part of the deposit, or whether the
material was fragmented by multiple or single high-energy events. In general, the R-R
distribution can be used to describe particle size distributions produced by diverse physical
processes, and it can be used to compare particle size distributions produced by artificial
and natural processes.

Additional research on storm deposits (cf. [12,60,61]) will be needed to understand
how the rock type, total energy input, strain rate, confining pressure, and strain history, as
well as cataclastic processes, affect the shape parameter in the R-R cumulative fragment
size distribution or the fractal dimension D.

5.3. Wave Modeling and Boulders Movements

Previous studies on the eastern Adriatic rocky shore [13,26] demonstrated that extreme
southern storm waves were exclusively responsible for the boulder accumulation along the
coastline. The rocky shore in southern Istria is, according to the AdriSC model, exposed
to the largest and the most extreme waves in the Adriatic that develop during extreme
weather events driven by SE winds. In addition, the southern tip of Istria (Cape Kamenjak)
is characterized by a gently inclined coastal-to-seabed ramp that has the potential to
generate an extreme wave-breaking effect.
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Similarly, according to the AdriSC model (Figure 11), the Mana storm deposit is
also under the direct impact of extreme southern waves. While the tsunami hazard is
low [18,19], the central Adriatic Sea is exposed to extreme southern to southeastern waves
formed by strong southern winds [13,22]. The modeled maximum significant wave height
of 4.82 m, with a peak period of 10.12 s and mean wavelength of 81.49 m, implies that the
breaking wave at the inlet could be much higher, and the maximum wave height along the
inlet at the breaking point for the 29 October 2018 storm was estimated as 14.5 m. This is
higher than the theoretical wave heights presented in Table 1 that are needed to move the
exposed solitary boulders (cf. [13,62]). However, our current hydrodynamic understanding
does not permit the reliable computation of wave height from boulder measurements, and
a combination of field, numerical, and experimental approaches is required to quantify
relationships between wave power and mass transport onshore [12].

Nevertheless, the Vaia storm waves displaced the exposed solitary 4 t boulder (MB-6)
by 20 m, while neither the smaller 2.8 t boulder (MB-7) nor the largest 14 t boulder (MB-8),
which are also well exposed, moved at all. Thus, the possible movement of the boulders
depended significantly on local geology and geomorphology, i.e., the configuration of the
natural ramps (orientation of the bedding surfaces), local niches (e.g., truncations of the
beds and potholes), and the shape of a boulder, which can lock the boulder and protect it
from the extreme waves, etc.

Furthermore, this approach does not consider the channeling effect of the nearly
vertical submerged concave cliff SE of the shallow inlet (Figure 1C) and the configuration
of the inlet itself, which can potentially increase the energy of the waves [63]. Indeed, the
proper representation of the nearshore wave dynamics in the inlet would require nesting a
nearshore wave model (e.g., X-Beach model [64,65]) within the basin-scale SWAN model.

5.4. Transport Mechanism

The storm waves capable of detaching and displacing boulders of 5.9 t (MB-1) or
8.1 t (MB-3) to distance of 32 or 48 m and 3.0 or 4.8 m above sea level, respectively (Table 1,
Figure 3), must be approximately 13 m high (cf. [13,62]). However, the previous commonly
accepted calculations were highly criticized by [12] as mentioned above. Nevertheless,
gently inclined bedding planes in the inlet above the Mana cliff serve as a ramp for easier
displacement of the detached limestone fragments. Most of the boulders are platy-shaped
and thus prone to sliding and possibly surfing (cf. [3]). In addition to sliding, there was an
obvious rotation of the boulders, since the largest observed boulder (MB-8) was rotated
at least 90°, according to the orientation of the fracture pattern on the solitary boulder
perpendicular to the fracture pattern on the parent limestone bed (Figure 3).

Thinner boulders (most of the largest boulders are 0.5 m thick) have a platy tabular
shape, implying displacement by sliding along the limestone ramp during propagation of
the extreme waves over the inlet area. In the frontal (proximal) SE part of the storm deposit,
the platy boulders can finally become imbricated when broken extreme waves completely
inundate the inlet area and hit the frontal part of the deposit. Some of the platy boulders
are overturned (MB-1), which implies a surfing mechanism. The elongated and oval shape
of the largest boulder (MB-3) oriented perpendicular to the wave direction implies a rolling
mechanism of the boulder along the natural ramp.

The crests of the extreme waves could have reached the edge of the cliff in the first
phase of the formation of the deposit when the sea level was a few meters lower than
today [37,38]. The distal (NW) and the lower parts of the deposit were built of the smaller
fragments (pebbles, cobbles, and smaller boulders) that could be reworked during the
initial erosion of the future inlet area during marine inundation over the lowest top of the
cliff. There was probably no erosion in the first phase since the cliff top was a few meters
higher than today (note that the preserved soil cover in the flat NW part of the valley is at
5 m a.s.l) and covered by then attached brown soil. Thus, there was a critical moment when
the soil was eroded by the extreme waves that probably coincided with the first erosion of
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the bedrock fragments in the future inlet area and the reworking of the smaller fragments
in the first littoral or paleo-beach.

The largest boulders, which require much higher-energy extreme waves, sit at the top
of the deposit and in the frontal (proximal) SE part (Figures 3 and 7). Such a distribution
implies the earlier detachment of the thinner and more fractured beds from the eroded
limestone succession. Thus, the extreme waves probably first eroded highly fragmented
carbonate bedrock in the lowermost central part of the Mana southern cliff, i.e., the present-
day shallow inlet, and deposited the relatively smaller fragment in the distal part of the
deposit. The open space was created below the thicker beds (Figure 5C) that enabled the
later extreme waves (produced during the modern sea level) to detach the larger fragments
from the bedrock succession. The larger boulders could be moved along the natural ramps
(gently inclined beds of the eroded bedrock), and thus be displaced tens of meters inland.
Neither the detachment nor the transportation process likely occurred during a single
storm; the boulders were transported by several subsequent extreme storms that produced
the “perfect” waves. Most likely, the storms occurred episodically (see [26]), as implied
by the scenario of the recently moved boulders on the island of Mana (MB-6, -9, and -10;
Figure 3).

5.5. Boulder Dynamics and the Age of the Deposit

Recent movement of at least three boulders (MB-6, -9, and -10) was observed according
to the analysis of the orthophoto images (Figures 3 and 6) and the field photographs
(Figure 5A,F). The detachment event of the three boulders was not observed, since all of
them were already detached on the oldest analyzed images. The displacement of all three
boulders happened between June 2018 and October 2020. The largest boulder from the
group (MB-6) is also visible on older low-resolution orthophoto images from the analyzed
set, and it did not move between 2011 and 2018 (Figure 6).

The 29 October 2018 Vaia storm’s extreme waves were proven capable of displacing
some already beached storm boulders in southern Istria up to a few meters along the
coast [26,66]. Consequently, the Vaia storm, the most extreme storm in the past decade,
is also presumed responsible for the last significant boulder movements observed on the
island of Mana. Since the recently displaced largest boulder did not move between 2011
and 2018 (Figure 6), we assumed that significant movements of the largest boulders on
Mana occur on a decadal or longer scale. However, the northern Adriatic is characterized
by longer fetch, and this is probably why an 8 t boulder was beached in 2014 at the boulder
site in southern Istria [13].

Because some might wonder if this deposit could have formed during the last high sea
level in the previous interglacial (MIS 5.5), let us consider this option as well. The present-
day corrosion rate of the predominantly compact micritic limestone along the coast in the
area (without freshwater springs) is approximately 0.04 mm/year [67]. At higher altitudes
on the adjacent island of Kornat it is approximately 0.02 mm/year [68]. Nevertheless,
according to these rates, most limestone boulders from that age would be completely
corroded and have disappeared from the surface during the last >100,000 years [69]. In
addition, the loose brown soil in the valley would have been completely eroded if the
valley had been inundated by the sea during the MIS 5.5 highstand. Consequently, the
possible origin of the deposit during the last interglacial (MIS 5.5)—when the sea level was
a few meters higher than the modern period [38,70]—can be excluded. Thus, given the rate
of corrosion of the carbonate bedrock and the present-day local depositional setting, the
preservation potential of the Mana coarse-clast deposit in the future geological record is
generally low.

The eastern Adriatic karstic coast is generally relatively stable because the relatively
slow chemical dissolution (corrosion) predominates [25]. The faster mechanical erosion
is active only locally and represented mostly by collapses of the carbonate rocks along
tectonically predisposed steep cliffs. The central Dalmatian area has been tectonically
rather stable in recent times [71,72], and a possible tectonic subsidence or uplift would
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be at least two orders of magnitude lower than regional sea-level rise [37,38]. Thus, a
tectonic contribution can be excluded from the calculations and interpretations of the
young deposits on this part of the Adriatic coast.

Thus, the inlet has obviously been formed by local erosion of the previously fractured
carbonate bedrock at the edge of the sea cliff. Considering the insignificant local tectonic
movements and corrosion rates of carbonate bedrock, the hypsometrically lowest part
of the edge has been subjected to the strong impact of the extreme waves since the late
Holocene, when the sea level was a few meters lower than today [37,38]. The position of
the storm deposit, close to the partly eroded and submerged sea cliff edge in the backyard
of the shallow inlet, implies that the Mana storm deposit was formed during the same time
period and is still forming.

5.6. Future Research

The future systematic C14 dating of the remnants of sub-recent marine biological
encrustations and barnacle shells found on some boulders could allow determination of
the first episodes of extreme waves that detached the fragments from the partly submerged
bedrock and displaced the boulders onshore. The overturned carbonate boulders and
the original upper bedding planes of the eroded bedrock can be dated by the cosmogenic
nuclides. Although there are obstacles in dating because of possible diagenetic effects [73], a
comparison of the cosmogenic nuclides and C14 dating could better constrain the periods of
extreme storms along the Adriatic shores. In turn, this would allow correlating the extreme
storm periods and the recorded climate change during the late Holocene in this part of the
Mediterranean and perhaps allow the prediction of future extreme weather events.

Comparison of the presented high-resolution orthophoto image with a future one is
crucial for a more precise evaluation of the boulders” dynamics. The ultimate methodology
for assessing the spatial and temporal boulder movements would be real-time monitoring of
the selected boulders and the storm waves (see [74]). A detail bathymetry of the submerged
cliff and the sea bottom south of Mana, together with nearshore wave models such as
X-Beach, can finally improve the detailed modeling of the maximum wave height in a
similar setting.

6. Conclusions

Despite the previous assumption that shallow and semi-enclosed seas such as the
Adriatic Sea lack extreme waves, several studies have confirmed such waves. As a result,
the bedrock carbonates at outer positions of the northeastern Adriatic rocky coast that
face the open sea are prone to erosion under the strong impact of extreme southern waves
formed during extreme storms.

At specific locations along the predominantly karstic eastern Adriatic coast, the frag-
ments detached by the extreme waves can be meters in size and can accumulate along the
coast up to a hundred meters from the shoreline.

In situ bedrock fragmentation depends on the combination of the depositional (bed-
ding) and tectonic discontinuities (fractures). Generally, thinner beds and closely spaced
fractures enable smaller fragments that can be detached easily and displaced by the waves.
Apart from the older tectonic in situ fragmentation, the storm waves can further fragment
the material by hydrodynamic forces during the formation of a coarse-clast deposit.

The fractal dimension value D = 1.94 calculated from shape parameter N (D = 3-N)
indicated that the material from the coarse-clast deposit on the island of Mana was frag-
mented by multiple high-energy events.

Since neither meteorological nor significant classical tsunamis have been recorded in
the central and northern Adriatic Sea, the Mana coarse-clast deposit was formed during
the past extreme storms.

The most recent cause of significant boulder movement in the northeastern Adriatic—
including the solitary boulders on Mana Island—was the 29 October 2018 Vaia storm. The
wave modeling predicted a peak significant wave height of 4.82 m off the island and 7.81 m
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during the wave breaking. The wave heights at their maximum are estimated to reach
14.5 m, which is enough to detach and displace some of the exposed solitary boulders.

Local topography highly influences the increase in wave height that, in combina-
tion with specific geological features, causes the local erosion, i.e., the detachments and
displacements of the limestone fragments up to a boulder size.

Considering the shorter fetch affecting the central Adriatic island of Mana with respect
to the northern Adriatic boulder field in southern Istria, there are probably fewer waves
that can move large boulders. This is also supported by the oldest available images of the
boulder area on Mana because, prior to the 2018 Vaia storm, powerful enough waves hit
Mana only before 2011. Thus, the detachment and movement of the large boulders on
Mana Island took place over longer periods with respect to the Istrian site.
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