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ABSTRACT

This paper documents the analysis of a coastal boulder deposit that was recently identified along the northern
Adriatic coast (Premantura Promontory, Istria, Croatia). Accumulations of large boulders have not previously
been reported in the northern Adriatic, which can be viewed as a semi-enclosed basin. A multidisciplinary
approach was used to investigate the site including geological and geomorphological surveys, together with the
use of an Unmanned Aerial Vehicle (UAV), digital photogrammetric analysis, hydrodynamic modelling and *C
AMS datings. Measurements of boulder position, elevation, size, shape and density were fed into hydrodynamic
equations that are used to estimate the minimum storm and tsunami wave height required to enable the ac-
cumulation of boulders. Biogenic marine carbonate encrustations observed on 14 boulders suggest the infra- and
sublittoral zones as source areas, while for most of the boulders a subaerial origin is hypothesised. The boulder
deposit occurs on a flat promontory where the topography, together with the stratified limestone bedding planes
and dense joint pattern constitute the predisposing factors for boulder size and detachment. Comparisons be-
tween satellite images taken between 2008 and 2017, pictures collected from Internet and a 2012 snorkel survey
of the Istrian coast made it possible to highlight the emplacement of a boulder with an estimated weight of 7.65 t
during late 2013 or early 2014. The study examines the mechanisms that may be responsible for the detachment
and transport of these large limestone rock fragments from the emergent part of the coast and from the sea bed
towards inland areas. The results suggest the occurrence of very recent extreme weather conditions as well as
multiple historical storm events and exclude a tsunami origin of the boulders.

1. Introduction

Coastal environments are highly dynamic and can be affected by

Although boulder deposits are very common along ocean coasts
(i.e., Hearty, 1997; Williams and Hall, 2004; Etienne and Paris, 2010;
Switzer and Burston, 2010; Fichaut and Suanez, 2011; Autret et al.,

significant morphological changes in very short spaces of time as a
result of the interaction between waves, tides and fluvial inputs, which
in turn are conditioned by relative sea-level changes, climatic settings
and neotectonic processes (Pethick, 1984). In particular, rapid mod-
ifications of the coastal environment are caused by severe events acting
over timescales ranging from seconds (waves) to hours (tsunamis and
storm surges). Such events are able to generate a complex sedimentary
record that has significant morphological features, especially on rocky
coasts where the strength of the waves can lead to the accumulation of
very impressive boulders, in terms of size and weight (Morton et al.,
2011).
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2016; Engel et al., 2016; Lau et al., 2016; Hearty and Tormey, 2017;
Soria et al., 2018) and in the Mediterranean Sea, (Mastronuzzi et al.,
2006; Furlani et al., 2014a), they are rare along the coast of the Adriatic
Sea. The latter is a semi-enclosed and relatively shallow basin, where
boulder deposits have only been reported along the coasts of Apulia
close to the Ionian Sea (Mastronuzzi and Sanso, 2004). In particular,
this is first time that boulder deposits have been found in the north-
eastern Adriatic Sea, along the Croatian coast.

It has been documented that forces strong enough to detach
boulders from the ground and transport them ashore can be generated
both by waves associated with storm events and by major tsunami
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Fig. 1. a) Geographical setting of the study area in the northeastern Adriatic Sea (central Mediterranean basin); b) location of the boulder deposits; ¢) simplified
geological map of the southernmost Istria (modified after Polsak, 1967); d) detail geological map of the Kamenjak Cape; e) wind rose of the Adriatic Sea (names of

winds in Croatian and Italian languages). (For interpretation of the references to colo

events (Morton et al., 2011). Unfortunately, the marks of tsunamis in
coastal sediments are very difficult to distinguish from those of violent
storm surges as both are high-energy marine events that result in si-
milar deposits (Rodriguez-Ramirez et al., 2016; Soria et al., 2017).
Some research criteria could be inferred from deposit features in that
storm wave deposits tend to be wedge-shaped where sediments are
transported by bed load, while tsunami deposits are sheet-shaped and
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ur in this figure legend, the reader is referred to the web version of this article.)

characterised by suspended load. Moreover, tsunami deposits extend
farther inland than their storm-generated counterparts as a result of
long period waves with respect to the short wave periods encountered
during storms (Morton et al., 2007; Goto et al., 2010).

Using the sizes and shapes of boulders surveyed along the coast,
many authors have developed hydrodynamic equations to build models
capable of recognising the origin of their deposits (Nott, 1997, 2003;
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Noormets et al., 2004; Imamura et al., 2008; Pignatelli et al., 2009;
Benner et al., 2010; Nandasena et al., 2011; Engel and May, 2012;
Watanabe et al., 2016). These model estimates, ascribed to wind-gen-
erated waves, storm surges and tsunamis in a particular area, attempt to
find the best match between the observed boulder dynamics and the
forcing factors in the area. In general, the minimum storm-wave am-
plitude to dislodge a boulder of given size is larger than the required
minimum tsunami-wave amplitude and the ratio between amplitudes is
largest for large masses and large roughness values (Weiss and Diplas,
2015).

Hydrodynamic equations have been widely used by various authors
to investigate the origin of past and recent boulder accumulations at
several sites in the Mediterranean Sea (i.e., Mastronuzzi et al., 2007,
Apulia, S Italy - tsunami; Scheffers and Scheffers, 2007, Crete Is., Greece
- tsunami; Scicchitano et al., 2007, 2012, Barbano et al., 2010, Sicily -
tsunami; Maouche et al., 2009, Algeria - tsunami; Reicherter and
Becker-Heidmann, 2009, Almeria, S Spain - tsunami; for Malta
Mottershead et al., 2014 - tsunami, Biolchi et al., 2016, Causon
Deguara and Gauci, 2017 - storm events respectively; Vacchi et al.,
2012, Lesbos Is., Greece - tsunami; Ogretmen et al., 2015, Silifke, S
Turkey - tsunami; Raji et al., 2015, Morocco — storm events and tsu-
nami; Shah-Hosseini et al., 2016, Egypt — storm events and tsunami;
Piscitelli et al., 2017, Martigues, France — storm events; Roig-Munar
et al., 2017, Menorca Is., Spain — tsunami; Pepe et al., 2018, Favignana
Is., S Italy — storm events). Therefore, boulders have been widely used
to infer tsunami deposition along Mediterranean coasts. By contrast,
Williams and Hall (2004) have cautioned against these systematic
tsunami attributions based on a study of “megaclast” accumulations
produced by large storm surges on the Atlantic coast of Ireland. Despite
the possible correlation with historical tsunamis, on the island of Malta,
Biolchi et al. (2016) ascribed the deposition of the majority of boulders
to severe storm waves by using a multidisciplinary approach that - to-
gether with the hydrodynamic modelling - also took into account local
geomorphological and climatic conditions. Recently, Marriner et al.
(2017) have analysed tsunami and storm data contained in the EM-DAT
(Emergency Events Database) database for the period 1900-2015 and
observed that storms are more than eight times deadlier and costlier
than tsunamis and that up to 90% of tsunami attributions of high-en-
ergy events in the Mediterranean coastal record should be reconsidered.

However, these equations, although widely used, do not respond
perfectly to the question “storm or tsunami?” since none of them takes
into account all the geological and geomorphological features of the
deposit simultaneously, such as the spatial arrangement of morpho-
genic zones, topographic irregularities and bed roughness, the distance
from the coastline, the inland elevation, the elevation at which the
boulders are detached etc. In this framework, Zainali and Weiss (2015)
highlighted the shortcomings of the standard methods currently used
and suggested that three-dimensional simulations, including variables
such as angle of incident wave or heterogeneous mass distribution
within the boulder, are needed to improve our understanding of
boulder dislodgement. In addition, Naylor et al. (2016) have high-
lighted the importance of geomorphological control on boulder en-
trainment and transport as part of palaeo-storm and sedimentary re-
construction studies.

This work adds a new site for extreme wave deposit in the
Mediterranean basin and aims to deepen the debate between a storm or
tsunami genesis for these kinds of deposits. In particular, it aims to
examine and discuss the mechanisms underlying the detachment,
transport and accumulation of the large boulders recently found on the
southernmost tip of the Istrian peninsula, in northwestern Croatia
(Fig. 1a, b).

We adopted a multidisciplinary approach, which integrated geolo-
gical and geomorphological surveys (both aerial and underwater), geo-
mechanical investigations, aerial and terrestrial photogrammetry, hy-
drodynamic models and assessments of regional wave and tsunami
climates.
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2. Study area
2.1. Geology and geomorphology

The study area (Fig. 1) is located in the northernmost tip of the
Mediterranean basin, along the Croatian coast of the Adriatic Sea. The
boulder deposit is located in the southernmost sector of the Istrian
peninsula, in the Premantura Promontory (that includes the Kamenjak
Nature Park).

A few hundred metres thick succession of stratified Late Cretaceous
carbonate rocks, deposited during the Cenomanian to Santonian stages
(Vlahovi¢ et al., 2003) on top of the Adriatic carbonate platform
(Vlahovi¢ et al., 2005; Korbar, 2009; Jurkovsek et al., 2016), crop out
continuously along the promontory, dipping gently towards the East
(Fig. 1c). Southern Istria belongs to the Eastern limb of a broad Istrian
anticline probably formed during the late Cretaceous era (Maticec et al.,
1996), and to the Adriatic foreland of the Dinarides (Korbar, 2009),
which is characterised by tectonic subsidence during the Holocene
(Antonioli et al., 2009; Suri¢ et al., 2014).

The Kamenjak Nature Park, which covers two thirds of the long and
narrow Premantura Promontory, is characterised by elevations up to
50 m above sea level, rounded bays, pocket beaches and small islands.
The northwest coast is mainly characterised by plunging cliffs largely
conditioned by the occurrence of vertical fractures and faults, which
favour the development of sea caves, stacks and arches (Furlani et al.,
2012). Conversely, the southern and eastern coasts are characterised by
gentle slopes, which generally follow the dip angles of the strata. The
southeasternmost tip of the Premantura Promontory is called Jugo,
after the powerful southeasterly wind (jugo in Croatian). The south-
easternmost point of the promontory — Cape Kamenjak — consists of a
Turonian age shallow marine limestone succession (Fig. 1c). The latter
alternates between thin-bedded (10-30cm), fine-grained peloidal
packstones, and thick-bedded (50-150cm) mudstone through to
wackestone containing algal oncoids and rare rudist bivalve lithosomes
and algal oncoids, typical of the lower part of the Gornji Humac for-
mation (Gusi¢ and Jelaska, 1990).

2.2. Northern Adriatic wave, storm surge and tsunami climates

The northern Adriatic Sea is a semi-enclosed basin in the northern
Mediterranean Sea, where winds and waves are strongly influenced by
the orography. The dominant winds (Heimann, 2001) are the sirocco
(jugo in Croatian), bora (bura in Croatian) and libeccio (Fig. 1e).

The sirocco blows from the southeast, thus having the largest fetch
and potential for wave growth in the northern Adriatic. For this reason,
the highest waves result from long-lasting siroccos blowing across much
of the Adriatic (Smircic et al., 1996), with significant and maximum
wave heights of 5.3m and 10.8m, respectively, measured over a
roughly 10-year interval (1978-1986) in locations about 50 km south-
west of the Premantura Promontory. Locally, due to the orography of
the Istrian peninsula, the sirocco is modulated to blow from the south
and south-southeast, as seen on data from the Pula climatological sta-
tion located not far from the Premantura Promontory.

The Bora is a strong, gusting katabatic wind which blows from the
northeast, and is generated by a chain of mountains breaking a north-
easterly flow of continental air masses (Grisogono and Belusi¢, 2009)
sometimes persisting for a week or more (Mihanovic¢ et al., 2013). It
generates significant waves along the western Adriatic coast, reaching
its maximum force in the area around the Bay of Kvarner (Grisogono
and Belusi¢, 2009), where its gustiness and occasional hurricane force
wind speeds above 33 m/s create steep ocean waves and associated sea
spray. In the area of the Premantura Promontory, the bora is much
more frequent than the sirocco wind (Fig. 1).

The third dominant wind in the northern Adriatic is the libeccio
which blows from the southwest. This is an impulsive wind, usually of
much shorter duration than either the sirocco or bora and while its
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frequency is not high in the area around the Premantura Promontory,
the waves generated can prove considerable (Leder et al., 1998).

Stormy conditions with high waves predominate during the autumn
and winter periods, between November and March (Pomaro et al.,
2017). Locally, the Premantura Promontory is exposed to waves from
both the open Adriatic and the Bay of Kvarner, where the bora can blow
hard during extreme events (Grisogono and Belusi¢, 2009; Kuzmié
et al., 2015), causing sea spray and short period waves over the limited
fetch.

The same part of the year, from November to February, is char-
acterised by the highest mean sea levels and storm surges (Vilibic,
2006), which can lead to the flooding of coastal regions such as nearby
Venice (Carbognin et al., 2010). Together with the Adriatic seiche
(Cerovecki et al., 1997) and tides, which are much larger than in the
rest of the Mediterranean Sea (Tsimplis et al., 1995), extreme sea levels
can reach 1.5 m above mean sea level (Medugorac et al., 2015; Raicich,
2015). In addition, tsunami-like waves of meteorological origin — me-
teotsunamis — may lead to a rise in sea levels of a few tens of centi-
metres along the open coastline of Istria (Sepi¢ et al., 2015), although
these appear mostly during the spring and summer seasons (Vilibi¢ and
§epic’, 2009). These cumulative sea levels should be added to wave
heights when assessing the worst-case scenario impact of a storm on the
coastline in question.

By contrast, there are no significant reported seismic tsunamis in the
northern Adriatic Sea over the last two hundred years (Tinti et al.,
2004; Maramai et al., 2007; Fago et al., 2014) and the worst-case ha-
zard scenarios provide for a maximum tsunami height no higher than
20 cm (Paulatto et al., 2007; Tiberti et al., 2008). Seismic tsunami
waves might impact the deeper southern Adriatic, but are not con-
sidered capable of reaching the northern Adriatic Sea, mainly due to
substantial reflection on the Palagruza Sill (Serensen et al., 2012).

3. Materials and methods
3.1. Field and underwater surveys

Field activities were carried out between 2016 and 2018. Beside
general geological and geomorphological observations and measure-
ments on the rocks exposed along the investigated coast (lithostrati-
graphy, depositional and tectonic discontinuities, karst features, marine
encrustations and bioerosion), obtained by a common field metho-
dology for a geological research, research was focussed on the boulders
inventory, location and measurements. We collected direct measure-
ments related to boulder size and imbrication by means of a measuring
tape and a compass. The correct elevations of the boulders were mea-
sured by means of an optical-level Wild Heerbrugg Leica NA24. The
values were adjusted for the local tide elevation at the time of the
survey.

To determine the location and distance from the shoreline of each
boulder, aerial-photo interpretations complemented field activities.
Distances were measured perpendicular to the coastline, taking into
account the boulder imbrication and the geometry of the sloping coast.
Boulder sources were identified as large portions — platy or rectangular
slabs — that were missing from the sloping coastlines and the coast edge,
or isolated submerged boulders in a few cases.

The study has been implemented with data collected during the
2012 snorkel surveys carried out in the frame of the “Geoswim Project”.
The latter aimed to collect time-lapse images of all the Istrian coasts
while swimming using a mask and fins (Furlani, 2012; Furlani et al.,
2014b).

In addition, detailed submerged profiles of the boulder sites were
carried out by direct underwater visual observations in the course of the
aforementioned Geoswim project and other additional snorkel surveys
around the islands close to the study area. A detailed survey of the coast
was also carried out by kayak in order to verify the correlation between
the submerged limestone features in the nearshore zones
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(discontinuities, rupture surfaces, detachment scarps, holes), the
number and shape of the deposited boulders and the occurrence of fresh
impact marks. We used the Sonar Phone Velixar with Navionics maps to
reconstruct the bathymetry, useful for calculating the amplification of
waves approaching the coast.

3.2. Boulder geomechanical parameters

Boulder shapes were classified using the methodology developed by
Blott and Pye (2008). This classification is based on the degree of
elongation and flatness using the length ratios of the three block axis.

Boulder densities were calculated by means of the relation provided
by Katz et al. (2000), that correlates the density with the Hammer
Rebound (HR) index obtained using an N-Type Schmidt Sclerometer
(SH) (Viles et al., 2011). HR index is a function of the resistance of
surface material to the impact of the sharp tip incorporated in the SH
and is used for calculation of rock properties such as intact rock
strength (IRS) and density (Yilmaz and Sendir, 2002). We collected 28
non-destructive measurements, according to ISRM recommendations,
by pushing the SH far from surfaces where fossils, discontinuities or
weathering processes occur and avoiding oblique impacts, as suggested
by Aydin and Basu (2005). To obtain more reliable HR results, we
discarded the five lower HR values for each boulder, whereas the re-
maining five were averaged, as suggested by ISRM (1978). The formula
developed by Katz et al. (2000) was tested on different types of rocks,
including limestones and showed a very good correlation between HR-
obtained values and laboratory measured values. The boulder density
(p) was calculated to the averaged HR value using the equation:

p = 1308.2Ln(HR) — 2873.9 (€D)]

3.3. Hydrodynamic modelling

To evaluate the minimum wave heights required to detach a boulder
from the coast-edge or the nearshore environment, a hydrodynamic
approach was adopted. In particular, we applied the well-known and
widely used equations developed by Nandasena et al. (2011) and Engel
and May (2012) (Table 1). Although taking into account the limits of
the hydrodynamic models, as described in the Introduction, we used
these equations only to obtain an estimation of the wave heights ne-
cessary to detach and transport the boulders, taking into consideration
that in this area of the Mediterranean basin, significant tsunami events
have not been recorded.

With reference to the analyses of the ERA Interim dataset, that
provided the maximum wave height values measured in the Adriatic

Table 1

Hydrodynamic equations (a, b and ¢ for major, medium and minor axis re-
spectively; pb = boulder density; pw = sea water density; CL = lift coeffi-
cient = 0.178; 6 = bed slope angle; p = coefficient of static friction = 0.65;
V = boulder volume; CD = coefficient of drag = 1.95; q = boulder area coef-
ficient = 0.73).

Equation Joint bounded scenario Submerged/subaerial

scenario (saltation)

Nandasena et al. 05 20 1) s (cosd 4 usens)
5 ¢ [ 22— 1] (cos6 + psen
(2011) ’ K

0.5¢c* [& - 1] # cos6
w > Pw

Tsunami Hr > Cr Hr 2 Cr

Nandasena et al. 2cx (L” - 1] # (cos8 + usend) 2cx [& - 1] « cos8
(2011) Hs > Pw Hg > Pw
Storm cr = cr,

Engel and May Hy > 0.5V (o — pyy)(cosO + psend) Hy > 0.5uV pp
(2012) - Cp(axcxq)py T Cplaxcxq)py
Tsunami

Engel and May Hg > 2V (pp — pyy)(cos + psend) Hs > 2uVpp
(2012) - CL(axcxq)py T Cplaxcxq)py
Storm
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Fig. 2. a) View of the boulder deposit of Kamenjak Cape obtained with UAV with the spatial distribution of the selected boulders for analyses and representation of
all the boulders as a function of their area (calculated by means of ERSI ArcGis); b) particular of the gentle sloping coast of Kamenjak Cape where thin platy limestone
layers favored the erosion and the detachment of large portions of the rocky outcrop; c) the boulders have been lifted and accumulated teens of metres from the

coastline; d) isolated submerged boulder; €) fresh and recent detachment scarp.

during long-lasting sirocco events, we applied the Sunamura and
Horikawa (1974) equation. The latter is used to evaluate the wave
height at breaking point (H;) of a coastal area in order to estimate
possible wave amplification due to the bathymetry:

H_b _ 02 (@)—0.25
HO ~ (tan )« ) )

where Hy, is the breaking wave height, Hy is the wave height in deep
water, [ is the slope of the sea bed in the coastal area, and L, the wave
length in deep water.

3.4. AMS C analysis

Radiocarbon age datings on three marine biogenic carbonate en-
crustations sampled from three different boulders were performed in
order to estimate the timeframe of their detachment and transport.
These were performed by the CeDaD Laboratory (Centro di Datazione e
Diagnostica of the University of Salento, Italy). The conventional
radiocarbon ages obtained were calibrated by using OxCal Ver. 3.10
software (Reimer et al., 2013). We used the reservoir correction:
AR = 45 = 21l years as the average value for the Mediterranean Sea.
Specifically, the calibrated calendar age is obtained by graphic inter-
polation. This approach intrinsically takes into account both the local
and marine reservoir effects.

3.5. Aerial-photo analysis

Aerial-photos were collected both from the Web and by field ac-
quisitions of UAV images. UAVs are widely used in geoscience fields
(i.e., Casella et al., 2016, 2017) and offer major benefits from their
ability to provide high-resolution photographic images from reduced
flight times (Francioni et al., 2018). Digital Photogrammetry (DP)
techniques, through the processing of images collected by drones, en-
abled the reconstruction of high-resolution orthophotos and a Digital
Elevation Model (DEM) of a large sector of the coastal area. Two dif-
ferent survey campaigns were carried out in 2016 and 2017 using a
UAV equipped with a HD camera. These followed the shoreline at dif-
ferent heights, ranging between 20 m and 60 m. The main purpose of
the UAV survey was to monitor the boulder field over time in order to
detect displacements that had occurred in the course of the year. In
addition, pictures from the UAV were integrated with those collected
directly in the field in order to determine accurate boulder axis sizes
and, consequently, their volumes. Orthophotos and the DEM re-
constructed during the UAV surveys were also compared with the
available Google Earth® images (2007, 2009, 2012, 2013, 2016), those
of the Geoportal of the State Geodetic Administration of the Republic of
Croatia (geoportal.dgu.hr) and the pictures that were collected during
the swim surveys carried out within the Geoswim 2012 project along
the Istrian coast from 2nd July to 31st July of that year (Furlani et al.,
2014b).

3.6. Wave and climate analysis

To understand the weather and ocean processes which might lead to
detachment and transport of large boulders, we estimated the clima-
tology of relevant atmospheric (10 m wind speed, and 2 m temperature)
and ocean variables (significant wave height - SWH, mean wave di-
rection). Variables were downloaded from the ERA Interim reanalysis
dataset for the grid point in front of the Premantura Promontory
(44.5°N 14.1°E). The extracted series covered the 1979-2016 period
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and had a temporal resolution of 6 h. We used the ERA Interim wind
and wave product as it is the best available product over decadal
timescales that has already been widely used for Adriatic wave studies
(e.g., Signell et al., 2005). We further focused our analysis on SWH
during sirocco and bora wind conditions, as these are the two winds
which generate highest waves in the Adriatic (Smircic et al., 1996). We
defined the sirocco as a wind which blows between due south (180°)
and due east (90°), and the bora as a wind blowing from between due
north (0°) and due east (90°).

4. Results
4.1. Geological and geomorphological characteristics of the site

The area where limestone boulders are scattered is located along the
southern coastal part of the Jugo Promontory (Fig. 1d), mostly between
the sea and the vegetated zone. Most of the boulders are exposed along
the southwestern coast of Cape Kamenjak (Fig. 2a), which is directly
exposed to the sirocco-induced waves. Layer dip direction and dip an-
gles on the southwestern part the Cape Kamenjak are 88/12 (Fig. 1d).
An indistinct fracture (joint) system has developed along the bed strike,
i.e., generally running North-South (possibly an axial plane cleavage of
the Istrian anticline), whereas a distinct opened-fractures system gen-
erally strikes East-West (mean dip direction and dipping angle mea-
suring 350/85) as per metre-scale distances. Thus, quadrangular lime-
stone fragments are formed by the fracture network and, together with
the bedding planes discontinuities, these boulders are predisposed to
detachment. The same system is also visible underwater as well as in
potholes with enlarged fractures, pebbles, cobbles and isolated
boulders.

The limestone beds are 0.05m to 1.5m thick and truncated by the
longitudinal (along the strike) and transversal fracture net, along with
the scars of previous detachments and abrasion along the shore. Thus,
the truncations and discontinuities are oriented towards the strongest
impacts of the south-to-southeasterly waves generated by intense south
and southeasterly winds, while the limestone fragments are prone to
detachment under the hydrodynamic forces that develop during ex-
treme wave events. What is more, the coast slopes gently (10°) towards
the sea and in combination with gently inclined limestone beds to the
east, (Fig. 2b), form a cascades with relatively smooth and broad ramps
on the upper-bedding surfaces elongated along the strike (towards the
north), with steep truncations towards the west.

Rudist shell layers and the facies of limestones outcropping along
the coast are recognisable in many of the boulders, attesting to their
local provenance. Detachment from submerged limestone layers' ac-
counts for at least 20 boulders, which are partially covered by marine
biogenic carbonate encrustations formed by coralline algae, serpulids
and barnacles and bored by date mussel Lithophaga lithophaga and the
flask-shell Rocellaria dubia. The submerged environment is char-
acterised by a relatively shallow sea bed with a stepped topography
where isolated boulders and fresh detachment scarp are visible (Fig. 2d,
e). Fresh crush marks are visible on some boulders and on the coastal
limestone pavement.

Other boulder deposits have been observed at Stipan and on the
surrounding islands of Fenoliga, Ceja and Sekovac (Fig. 1b), in parti-
cular during a snorkel survey carried out around the latter islet during
the summer of 2016. Two boulder deposits were observed on the Se-
kovac islet (Fig. 1c), and the southern one is located within the pave-
ment of a quarry dating back to the Roman period (Furlani et al., 2011).
This is indicative both for the timing of the deposition (post-Roman
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The selected boulders: GPS position (WGS84 UTM 33N Coordinate System), measured elevation above msl, distance from the coastline (perpendicular to wave
direction, taking into account boulder imbrication), rock density, mass, volume, a, b and c axis sizes, results of the hydrodynamic equations provided by Nandasena
et al. (2011) and Engel and May (2012) and the most appropriated pre-existing scenario (JBS: joint bounded scenario; SAS: subaerial scenario).

Boulder LAT LONG Elevation Distance [m] Density Mass [t] Volume [m®] a b c Nandasena  Nandasena Engel Engel &  Scenario
[m asl] [g/cm3] axis axis axis etal storm etal. & May May
[m] [m] [m] [m] tsunami storm  tsunami
[m] [m] [m]
K01 4,957,610 414,841 45 2.11 1.769 0.84 1.4 1 0.6 7.88 1.97 10.79 2.7 JBS
K02 4,957,610 414,850 38 1.88 4.220 2.24 16 1 1.4 14.63 3.66 20.04 5.01 JBS
K03 4,957,600 414,827 37 2.16 15.643 7.23 323 16 14 17.34 4.34 3.1 0.77 SAS
K04 4,957,600 414,826 35 1.74 2.984 1.71 22 13 0.6 4.68 1.17 2.02 0.51 SAS
K05 4,957,600 414,815 4.25 38 2.02 9.580 4.75 3.3 1.6 0.9 9.72 2.43 2.89 0.72 SAS
K06 4,957,610 414,796 5.95 44 2.19 6.307 2.88 2 1.6 09 11.42 2.86 3.14 0.78 SAS
K07 4,957,600 414,770 23 1.81 5.866 3.23 2.1 1.4 1.1 10.56 2.64 14.47  3.62 JBS
KO8 4,957,600 414,745 2 27 2.16 7.657 3.54 225 1.65 095 13.17 3.29 18.05 4.51 JBS
K09 4,957,610 414,749 26 2.13 7.174 3.36 28 15 0.8 10.79 2.69 14.77  3.69 JBS
K10 4,957,610 414,749 26 2.11 4.928 2.34 26 15 06 7.88 1.97 10.79 2.7 JBS
K11 4,957,620 414,741 3.4 39 1.74 7.325 4.21 27 13 12 1043 2.61 1429 3.57 JBS
K12 4,957,620 414,729 34 2.19 11.057 5.05 2.7 1.7 1.1 13.96 3.49 3.33 0.83 SAS
K13 4,957,630 414,739 58 2.13 0.365 0.17 1.07 08 02 269 0.67 3.69 0.92 JBS
K14 4,957,630 414,741 56 2.16 1.873 0.88 1.14 14 055 7.40 1.85 10.14 254 JBS
K15 4,957,620 414,739 34 2.13 3.661 1.72 2.6 1.1 0.6 8.08 2.02 11.06 2.77 JBS
K16 4,957,620 414,739 35 2.12 9.762 4.58 22 16 13 1570 3.92 3.06 0.76 SAS
K17 4,957,620 414,737 34 2.14 3.770 1.77 1.7 135 0.77 10.37 2.52 1420 3.55 JBS
K18 4,957,630 414,724 47 2.17 2.133 1.00 1 1 1 13.43 3.37 18.44 4.61 JBS
K19 4,957,630 414,730 45 2.15 2.381 1.12 155 09 08 10.77 2.69 1475  3.69 JBS
K20 4,957,630 414,698 24 2.13 0.821 0.38 1.1 1 0.35 4.72 1.18 6.45 1.61 JBS
K21 4,957,600 414,772 27 2.13 6.691 3.14 205 1.7 09 10.87 2.72 3.25 0.81 SAS
K22 4,957,600 414,776 45 2.13 3.828 1.79 1.65 1.45 0.75 9.06 2.26 2.77 0.69 SAS
K23 4,957,590 414,790 31 2.14 12.903  6.05 36 24 0.7 845 2.11 4.58 1.15 SAS
K24 4,957,620 414,778 70 2.12 1.690 0.79 1.2 1.1 0.6 7.25 1.81 2.10 0.52 SAS
K25 4,957,620 414,774 69 2.13 2.315 1.08 155 14 05 6.04 1.51 2.67 0.67 SAS
K26 4,957,620 414,793 58 2.16 2.285 1.07 1.7 09 07 845 2.11 1.72 0.43 SAS
K27 4,957,630 414,810 71 2.12 0.806 0.38 1.05 06 06 7.25 1.81 1.15 0.29 SAS
K28 4,957,670 414,623 5.6 29 2.24 0.353 0.16 1.05 0.6 0.25 3.32 0.83 1.20 0.30 SAS
K29 4,957,640 414,610 3.4 31 2.32 2.002 0.86 1.7 145 0.35 494 1.23 3.01 0.75 SAS
K30 4,957,660 414,620 5.6 24 2.30 2.223 0.97 155 1.25 0.5 6.92 1.73 2.57 0.64 SAS
K31 4,957,640 414,533 80 2.13 2.867 1.34 1.6 1.4 0.6 7.25 1.81 2.67 0.67 SAS
K32 4,957,650 414,614 5 42 2.44 8.571 3.52 245 205 0.7 10.77 2.69 4.47 1.12 SAS
K33 4,957,580 414,559 4.6 11 2.27 0.731 0.32 25 14 1 5.42 1.36 1.42 0.36 SAS
K34 4,957,590 414,562 8 26 2.48 1.312 0.53 125 1 09 7.45 1.86 2.00 0.50 SAS
K35 4,957,600 414,573 8.5 31 2.24 4.781 2.13 2.1 1.45 0.7 9.29 2.32 15.40 3.85 JBS
K40 4,957,620 414,743 4.4 65 2.48 6.672 2.69 168 16 1 15.86 3.96 24.34  6.09 SAS
K41 4,957,620 414,734 4.9 48 2.19 25.054 11.44 44 26 1 12.69 3.17 21.41 5.37 SAS
K42 4,957,640 414,729 64 2.16 6.424 2.97 2.7 1.1 1 12.40 3.10 21.22 5.30 SAS
K43 4,957,620 414,722 43 2.27 10.535 4.64 255 14 13 17.63 4.41 28.94 7.24 JBS
K44 4,957,640 414,717 4.9 70 2.08 0.972 0.47 1.3 09 04 458 1.15 8.14 2.04 JBS
K45 4,957,600 414,774 4.25 40 2.22 6.658 3.00 2.1 1.3 1.1 14.28 3.57 2392 590 SAS
K46 4,957,600 414,782 50 2.41 20.774 8.60 3.4 2.3 1.1 16.65 4.16 26.06 6.51 SAS
K47 4,957,620 414,797 7 68 2.16 1.505 0.7 1 0.87 0.8 9.92 2.48 16.97 4.24 SAS
K48 4,957,620 414,803 7.2 70 2.39 1.837 0.77 1.6 08 06 893 2.23 14.08 3.52 SAS

coastal activities) and for the topography of the coastline more suitable
for boulder accumulation after its anthropic modification. Some
boulders may have been resized by quarrying activities rather than
having been detached along natural discontinuity planes.

4.2. Physical properties, elevation and statistics

According to the recent update of traditional Udden-Wentworth
grain-size scale for extremely coarse-grained sedimentary particles de-
veloped by Terry and Goff (2014), the entire population of clasts can be
classified as boulders (clasts between 0.25 and 4.1 m). A total of about
950 boulders were identified using orthophotos obtained by means of
UAV image processing (Fig. 2a). Of these, 44 were selected for the
analysis and measurement. Table 2 lists the position, field measure-
ments (sizes, elevation and distance from the coastline) and the outputs
of geomechanical activities (density).

The maximum length of axis does not exceed 4.4m and is often
around 1 m in length. Intermediate axes vary from a minimum of 0.6 m
to 2.4 m; most of the minimum axes do not exceed 1 m.
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Boulder density varies from 1.74 to 2.19 g/cm3 (Table 2).

Fig. 3 shows the shapes of the selected 44 boulders using the
methodology developed by Blott and Pye (2008). Flat boulders and
elongate boulders make up > 50% of the total and are dominant with
respect to equidimensional boulders such as equant and sub-equant
boulders. Conversely, blade boulders make up 15% while plate and rod
areas are not populated.

Mass and distance from the coastline were plotted in a graph
(Fig. 4), which shows that 73% of the boulders analysed were trans-
ported inland at distances from the coastline varying from 20m to
50 m. Moreover, a clear relationship between mass and distance from
the coast was observed: boulders with a mass exceeding 10t stop at a
maximum distance of 50 m, whereas boulders with a lighter weight
may reach 70-80m inland, as shown by a cluster of 5 boulders at a
distance of 70 m.

The boulders accumulated at the greatest distances from the coast
represent the maximum inundation reached by the waves.

Fig. 4 shows also that the boulder shape does not have a crucial role
in transport mechanisms. For boulders exceeding 50 m of distance from
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Fig. 3. Boulders shapes plotted in the Zingg diagram according to classification developed by Blott and Pye (2008).

the coast, the ratio between equidimensional boulders (red dots)/
number of boulders is 2/11. The latter is approximately the same value
(9/44) when considering the ratio on the total population.

Our attention was particularly focused on a 7 t boulder (K8), char-
acterised by a peculiar orange colour on its surface due to karst
weathering (Fig. 5). The elevation of the boulder is 2 m above sea level.
It is 27 m from the coastline and is oriented by a longer axis facing the
main wave direction. Its isolated position and intense orange colour
allowed us to identify the boulder easily using aerial and terrestrial
images.

The K8 boulder (Fig. 5a; Table 2) is characterised by intact sub-
recent biogenic carbonate encrustations a few centimetres thick on the
southern and upper sides (Fig. 5b), mainly produced by coralline algae
and serpulids as well as by more fragile barnacle shells. Noteworthy is
an absence of sub-recent encrustations or borings on either its western

or northern side (Fig. 5c). On the eastern side there are only solitary
barnacle shells and rare bivalves along with some serpulid tubes
(Fig. 5d). The encrusted surfaces are heavily bored by date mussels and
flask-shells (Fig. 5e), especially the southern face, where some holes
contain intact date mussel shells up to 10 cm long.

4.3. Model results

First of all, the most likely setting (submerged or subaerial joint-
bounded scenario) prior to transportation and the type of movement
(sliding, rolling, saltation) were determined for each boulder (Table 2).

Estimated storm wave heights for the selected boulders (Table 2)
using the Nandasena et al. (2011) model vary from a few metres to the
maximum value of 17.63 m for boulder K43, which is located 43 m from
the coastline. As suggested by Piscitelli et al. (2017), the results
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Fig. 4. Relationship between the distance from the coast (x) and the boulder mass (y). The boulders are represented as a function of their shape.
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Fig. 5. K8 boulder: a) aerial view of the deposit; b) SFM 3D reconstruction; c) orange northwest-exposed side of the boulder; d) barnacle shells; e) south-exposed side

of the boulder with thick encrustation and Lithophaga borings.

obtained using the Engel and May (2012) model overestimate the wave
heights required: also with this model K43 boulder obtained the max-
imum value, but with an estimated wave height of ~29 m.

The detachment of the K8 boulder required a storm wave height of
about 13m according to the Nandasena model and about 18 m using
the Engel and May model. Conversely, the calculated tsunami wave
heights are too high and not comparable to those measured during
historically-documented events (Tiberti et al., 2008).

4.4. Radiocarbon datings

Three marine organisms sampled from biogenic carbonate en-
crustations of K17, K43 and K44 boulders were dated (Table 3).
Radiocarbon datings on samples collected on the K17 and K43 gave
back values post-1955 CE. Conversely, the date mussel sampled from
K44 boulder, the furthest from the coastline, provided a time emersion
ranging between 1447 and 1525 CE.
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4.5. UAV and digital photogrammetric analysis

The photogrammetric analysis was applied mainly to evaluate the
movements of K8. Thanks to its isolated position, its orange colour
related to weathering processes and the nearby presence of a dark,
shallow pothole, it is clearly recognisable on satellite images.

The results of the comparison of images allowed us to hypothesize
the arrival of K8 as being obviously post-late 2012 (after July, because
it was not observed during the Geoswim 2012 survey around the Istrian
coastline) and probably between late 2013 (not present in Google Earth
image) and the spring of 2014, when it became clearly visible in the
Croatian Geoportal image (Fig. 6).

The other boulders remained in their initial position, although the
resolution of the satellite images is limited.

A comparison of the orthophotos reconstructed in 2016 and 2017
with the UAV survey shows no evidence of movement within the
boulder field.
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Table 3
14C AMS datings of marine organisms performed by the CeDaD Laboratory (Centro di Datazione e Diagnostica) of the University of Salento, Brindisi, Italy.
Sample Species Radiocarbon Age (BP) or pMC (Percent Modern Carbon) 813C (%o) Calibrated age(AD) Note
LTL18581A K17 Serpulidae 112.74 + 0.45 pMC -0.4 = 05 after 1955 CE
LTL18582A K43 Serpulidae 104.18 * 0.45 pMC 54 + 0.4 after 1955 CE
LTL18583A K44 Lithophaga lithophaga 874 + 45 BP 6.7 = 0.5 1447-1525 CE
5. Impact of local weather conditions significant (p < 0.05) positive trend of 3.3 days/50 years of extreme
waves per year, and a significant (p < 0.05) positive trend of 2.8 days/
The time series of the number of days per year in which SWH was 50 years of extreme waves per year during bora conditions. Trends re-
larger than its 99 percentile value are plotted in Fig. 7a. On average we lated to sirocco are not significant. As for extreme years, 2012 clearly
found 3.65 days with extreme waves per year and of these 3.01 related jumps out from the data set as the year with the maximum number of
to a bora wind, 0.48 to a sirocco, and 0.16 to other winds. There is a days with extremely high waves (10.6days), with most of them

Google Earth F Google Earth

... 2010 Bing Maps

2012_08_07

pothole

Google Earth Google Earth

K8 poulder

: p:dfh'o!e :

Fig. 6. Comparison between Google Earth (a, b, e, f), Bing Maps (c), the Croatian Geoportal (d, g) and 2016 UAV (h) aerial photos where both the large pothole and
K8 are clearly visible.
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Fig. 7. a) Number of days per year in which significant wave
height was larger than 99 percentile of the whole time series,
separately for: entire time series, bora wind conditions, and
sirocco wind conditions, all for the grid point southeast of
Premantura Promontory (44.5°N 14.1°E) from the ERA
Interim dataset; b) Average values of significant wave height
(SWH), air temperature and wind direction components (u
eastward, v northward; oceanographic convention) estimated
for 10 strongest wintertime (December through February)
bora events during the Interim period (1979-2016). Bora
wind is defined as the wind blowing from the north (0°) to the
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modelled to appear under bora conditions. This number is almost three
times higher than the average, and much higher than the number of
days with extreme waves for the following ranked years (2001 and
2005, with 6.2 days each, and 2013 with 6.0 days).

Two discrepancies between the model and the observations/mea-
surements should be noted here: (i) the highest waves in the Adriatic do
not appear during the bora, but during sirocco wind events (Smircic
et al., 1996), and (ii) the wave heights estimated by the ECMWF re-
present underestimates by at least 20-30% when compared to the ac-
tual measurements (Cavaleri and Bertotti, 1997). To understand these
discrepancies better, we looked at the most extreme waves measured
during the period 1978-1986 at gas extraction platforms offshore from
the Premantura Promontory (Smirci¢ et al., 1996). The highest bora-
induced waves were measured on 8th January 1981, with maximum
wave height of 7.2 m, and a maximum SWH of 3.9 m. In quite a similar
fashion, the modelled ECMWF maximum SWH for the given date for
approximate location of Ivana platform (~50km W from Premantura
Promontory) was 3.9 m. On the contrary, the highest sirocco induced
waves were measured on 22nd December 1979, with maximum wave
height of 10.2 m, and maximum SWH of 7.3 m, whereas the maximum
ECMWF modelled SWH for this event was 3.5 m, less than half of the
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measured SWH. Nevertheless, the ECMWH SWH of 3.5 m is still close to
the 99.75th percentile (3.5 m) of the entire ECMWF SWH time series at
a location closest to the position of the Ivana platform. These analyses
imply that the ECMWF wave data is representative of strong bora
events, both in terms of the timing and modelled wave heights. How-
ever, for sirocco events, the maximum modelled wave heights appear at
the correct time but are strongly underestimated.

There are two relevant weather and coastal processes which might
lead to the detachment and transportation of boulders along the eastern
coast of the northern Adriatic. The first process is related to extreme
bora, and second to extreme sirocco events. During strong bora events,
short but steep ocean waves are generated over the limited fetch of the
area's coastal channels. Together with sea spray, these ocean waves hit
the coastlines causing wetting and salting of exposed limestones
(Fig. 7b). When this process is accompanied by prolonged air tem-
peratures below 0 °C, the frosting of wetted and salted cracks in the
limestones (so called frost and salt mechanism, cf. Robinson and
Jerwood, 1987) may occur, causing a crumbling of the limestone, and
detachment of large emergent boulders from the ground. This, in par-
ticular, may be a mechanism that explains the detachment of subaerial
boulders at some distance from the sea, as bora-generated sea spray can
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Fig. 8. Significant wave height (SWH) and 10-m wind fields over the Adriatic
Sea on 31 January 2014 (00 UTC). Fields are extracted from the ERA Interim
dataset. Premantura Promontory is marked with a red dot. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

easily be transported over distances of O(100 m) to the land, i.e. to
positions of the boulders in question (Table 2) (Grisogono and Belusic,
2009).

The most recent period during which bora driven detachment pro-
cesses could have occurred is the winter of 2011/2012 (Fig. 8) on which
extensive bibliographic data have been published (e.g., Mihanovi¢
et al., 2013; Davolio et al., 2015). This extreme bora event started
around 25th January 2012 and lasted until 14th February 2012, with
three major peaks in the bora reaching speeds above 50m/s in the
coastal region and channels. At the Rijeka climatological station (lo-
cated 70 km northeast of Premantura), nine and three days between
2nd and 12nd February 2012 were classified as extremely cold and with
record-breaking cold temperatures, respectively, with maximum tem-
peratures below 0 °C (MHS, 2012; 2013). Extensive sea spray conditions
were documented throughout the coastal area, including the Pre-
mantura Promontory. Since the K8 boulder appeared on the photos
after early 2014, it is apparent that it was not transported to its present
position during the winter of 2011/2012. However, it is possible that its
initial partial detachment happened precisely during this winter, and,
furthermore, that some of other subaerial boulders were detached from
the limestone during this winter.

As far as the sirocco is concerned, the marine waves generated by
this wind have a much longer period and are higher (the maxima of
observed wavelength and height being 156.13m and 10.2m, respec-
tively) than the bora generated waves (the maxima of observed wave-
length and wave height being 65.97m and 7.20m, respectively)
(Smircic et al., 1996), and, furthermore, are directed towards tip of the
Premantura Promontory (as opposed to the bora waves which are di-
rected towards the Italian coast). Such waves could have detached
submerged boulders from the limestone by shear mechanical force, and
given that they are high enough and long enough, these marine waves
may have also carried boulders ashore (Table 2).

Since the K8 boulder was clearly submerged before it was trans-
ported onshore, it is most likely that its final detachment from the
limestone and its transportation to the present location were due to
sirocco-induced ocean waves. The ECMWF data reveals that during the
approximate period of K8's appearance on the shore (sometimes during
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late 2013 - early 2014) the highest sirocco-generated waves at
Premantura Promontory occurred during the storm of 30th January —
2nd February 2014 (Fig. 8). This storm and related waves peaked on
31st January, when a sirocco wind blew across the entire Adriatic, re-
sembling the synoptic situation of 22nd December 1979 during which
greatest wave heights were measured (Leder et al., 1998). The max-
imum modelled SWH at location of a gas extraction platform during
30th January — 2nd February 2014 was 2.9 m, implying that real SWH
at this location could have been higher than 6 m. Maximum wave
height is generally estimated to be up to 75% higher than SWH (Wiegel,
1961), so in this case it could have been higher than 10.6 m. Closer to
the shore, at location of the Premantura Promontory, the waves could
have been even higher due to the amplification caused by the bathy-
metry. From the Eq. (2), assuming that HO = 10.6 m, LO = 150 m,
B = 0.1875m, we can estimate the wave height at breaking point to
HB = 14.7 m, which is within the theoretical heights of waves needed
to transport K8 to its present location according to Nandasena
(13.173m) and Engel storm (18.046 m) estimates. In addition, the
surge of 1.25m above mean sea level was reported in the northern
Adriatic (Venice), peaking precisely on 31st January 2014 (https://
www.mosevenezia.eu/my-product/acqua-alta-gennaio-2014-2/). The
surge can be linked to the extreme wave conditions driven by the
Adriatic-wide sirocco wind (De Zolt et al., 2006), adding approximately
0.5-1m to their height. No other extreme wave events related to sir-
occo storms of comparative force were estimated for the winter of
2013/2014.

6. Discussion

The data collected at the Premantura site allowed us to identify a
coastal deposit of limestone boulders in the northern Adriatic Sea for
the first time, which until now had been considered a low energy, semi-
enclosed basin.

6.1. Geomorphology and rock mechanics

The site holds approximately 950 boulders ranging in volume from
0.1m? to 11.5m>. The majority are situated between 11 m and 80 m
from the coastline and are in some areas lie one on top of another or
scattered in clusters at elevations ranging between 2 m and 8.5 m above
sea level. Some boulders have maintained a clear imbrication towards
the south-east.

The rocky coast is composed of alternating thick- and thin-bedded
limestone gently inclined towards the sea. The beds are constant in
orientation and act as a natural ramp for the drifting, rolling and
saltation of boulders during the transport and accumulation processes.
Relatively smooth and broad ramps on the upper-bedding surfaces, that
are elongated along the strike (towards the north) have allowed ex-
treme waves to move the boulders to the north during multiple events,
while some of the rocks in question have probably also rolled down to
the next cascade along the steep western scarps. Thus, their distribution
makes it look as if these boulders have been conveyed there, although
there is a clear relation with the morphology of the boulder field de-
scribed (see Results). What is more, the smooth, flat upper bedding
surfaces also allow for the greatest propagation of extreme waves that
have accumulated the boulders on top of the ramps, along the boundary
of the rocky shore with the vegetated zone (Fig. 2a).

Boulder sizes are predisposed by the interplay of the regular bed-
ding and a dense fracture pattern. Kennedy et al. (2017) observed
during a typhoon in the Philippines that the shape has a role in boulders
transport: non-rectangular cross-sections tend to be transported more
easily than those with rectangular cross-sections. Conversely, we ob-
served that the mass has a crucial role in transport process: boulders not
exceeding 10t can reach distances over 50 m whereas the different
types of shapes classified according to the methodology developed by
Terry and Goff (2014) have not influence on the spatial distribution.
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The fracturing of the rock masses, which is governed by rock type as
well as the existence and orientation of faults and joints, is exploited
and enhanced by repeated wave action (Herterich et al., 2018). By
coincidence, the rocky coast at Premantura is composed of stratified
layers of differing degrees of hardness due to the occurrence of alter-
nate limestone beds with small spacing. Over long timescales, the softer
layers have been gradually eroded away, quarrying boulders that can
fracture under their own weight (and consequently be moved onto the
coast) either due to frost and salt weathering or as a result of waves or
wave impact. Herterich et al. (2018) modelled the hydraulic fracture of
rocks from cliffs and shore platforms due to wave run-up and demon-
strated that the bending stress induced by loading during crack filling
or impact can create and/or propagate microcracks in the rock to
complete its fracture and detachment. At the Premantura Promontory,
the repeated action of wave pressure against the fractures and the
limestone beds has detached boulders from the bedrock.

6.2. Biological marine carbonate encrustations

The rupture surface can be both subaerial and submarine, with a
subaerial predominance, as testified by the widespread karren land-
forms that occur both on the boulders and on the limestone beds.
Conversely, there are dozens of boulders, lying at even greater distances
from the coastline, which include biological marine carbonate en-
crustations, including a few very fresh ones, attesting to their marine
provenance from a submerged environment. The latter is characterised
by the occurrence of fresh detachment scarps, isolated boulders on the
sea bottom and the sockets observed during the snorkel surveys (Fig. 2).
In addition, fresh crush marks are visible on some boulders and on the
coast, implying rolling and saltation as a transport mechanism.

One of the most distant boulders from the coastline (K44, 70 m),
dated using radiocarbon dating performed on an encrusted date mussel,
seems to have been transported onto dry land between 1447 and
1525 CE. The other two dated boulders provided recent dates, out of the
range of radiocarbon (post-1955 CE). These dates suggest that erosion
of the Premantura Promontory rocky coast was active during recent
centuries (or even before) and that the boulder field is the result of
multiple historical and recent extreme storm events, although they are
insufficient to explain the accumulation of all the boulders. However, as
suggested by Rixhon et al. (2018), radiocarbon ages of boring bivalves,
such as the studied sample, because of post-mortem carbonate dis-
solution, recrystallization and replacement, may overestimate the age
of the emersion from the sea.

6.3. The K8 boulder

One of the largest boulders is the K8 (2.25 x 1.65 X 0.95m,
7.657 t) which is characterised by an abundance of fresh encrustations
produced by marine organisms (barnacles, oysters, Bryozoa, serpulids
and vermetids) as well as by the boring bivalves, date mussels and flask-
shells. The non-encrusted western and northern sides of K8 are prob-
ably the boulder's detachment surfaces. As the southern side of K8 is
characterised by the most extensive and the deepest borings and this
was the side that probably originally faced the open sea or at least did
so for some decades (Peharda et al., 2015) before the boulder was de-
posited. The general orientation (y) of K8 is probably its original one or
rotated ~90° counter-clockwise. It means that the boulder was drifted
by extremely powerful southerly waves of > 13 m of height towards the
north (Table 2). There is no damage on its encrusted surfaces of the sort
that would be present had it been subject to rolling. The presence of
predominantly solitary barnacle shells, known to be the earliest colo-
nisers of marine substrates (Henschel et al., 1990), suggests that the
eastern side (possibly originally eastern or southern if rotated ~90°
counter-clockwise) probably detached along the most recent fracture.
This, in turn, suggests that a previous detachment event in the same
locality probably happened a few months or a year before.
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The comparison between satellite images, UAV ortophotos and
pictures collected during the Geoswim 2012 snorkelling surveys along
the coast of Istria (Furlani, 2012; Furlani et al., 2014b) and from the
web shows that K8 was transported to its current position during a
severe storm that occurred between late 2013 and early 2014. In this
period no tsunami occurred in the Adriatic Sea. A major storm with
gale-force sirocco wind jumps out as the most likely generative force for
the detachment and movement of this boulder. This storm, which
peaked on 31st January 2014, affected the entire Adriatic Sea, i.e. the
sirocco wind blew across the whole Adriatic, resembling the synoptic
situations in which highest wave heights were observed (Leder et al.,
1998).

6.4. Wave height model

The application of the hydrodynamic equations provided by
Nandasena et al. (2011) and Engel and May (2012), chosen for a par-
ticular scenario and type of movement, provided height values for
storm waves that are acceptable for the local waves during severe
storms and in particular to storms related to southeasterly winds. In-
shore, favourable bathymetric conditions can produce the amplification
and deformation of an incoming storm waves by as much as several
metres higher than maximum offshore waves, particularly for extreme
waves, which have wavelengths comparable to the sea depth. Con-
versely, the values obtained for a tsunami origin of the beached
boulders are too high if compared to what was observed during the past
in this area of the Adriatic Sea.

The estimated maximum wave heights at Premantura Promontory
were ~14.75 m, which is, according to Nandasena's theory, sufficient to
transport boulders ashore. We hypothesize that boulders are detached
by frost and salt mechanisms during severe bora conditions, in parti-
cular during those situations in which the bora wind is linked to air
temperatures below 0 °C. Short, steep bora waves and associated sea
spray fill cracks within limestone with water, which then freezes due to
low temperatures. The freezing and subsequent thawing can cause
further cracking and eventually detachment of limestone fragments.
The most recent year in which this process could have occurred was the
cold winter of 2011/2012. Then, the boulders are carried onshore
during sirocco events when much longer and higher waves are gener-
ated. We estimate that sirocco generated waves can have wave heights
up to ~15m at the location of the Premantura Promontory, which is
enough to transport most of boulders observed to their present day
location, according to Nandasena's storm theory (Table 2).

Although the northern Adriatic Sea can be considered as a semi-
closed and sheltered basin, the large boulders in our study demonstrate
that storm waves and related sea spray can reach high elevations and
inundate/spray the coastal sector to significant heights. In particular,
the peculiarity of the Premantura Promontory in terms of its topo-
graphical and geomorphological setting and its exposure towards the
south and southeast, with major sirocco waves coming from the
southern sectors, and major bora waves (and related sea spray) coming
from the eastern and northern sectors, explains detachment, transpor-
tation and accumulation of these boulders.

If the arrival of boulder K8 was reconstructed by means of satellite
images, wave data and hydrodynamic models, the deposition of the
remaining boulders can be ascribed to multiple past extreme wave
events, even stronger than the 2014 one. We hypothesize that the
boulder detachment mechanism was more effective during the past,
when the coastal slope was intact and the boulders were progressively
removed and thrown onto the upper storm berm that represents the
maximum inundation limit reached by the boulders (Fig. 2a). Through
the centuries the coast has been eroded through the removal of rocky
material and has been shaped forming channels delimited by scarps that
acted as ramps for boulder movements. These ramps are now almost
like polished floors, lying between the sea level and about 45 m from
the coast, where boulders, mostly isolated, may be displaced under the
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action of waves and backwash, or arrive for the first time following
recent storm waves (as in the case of K8). In fact, the underwater en-
vironment shows very few fresh detachment scarps and one of them
could be that left by the K8 boulder. By contrast, the more distant ac-
cumulations seem stable, suggesting that after deposition, no further
and stronger events have reached such elevations.

The mechanism may also have been favored over the centuries by
slow sea level rise inundating new portions of the rocky coast, bringing
the action of seawater in the form of tides and normal waves into
contact with limestone beds that were previously stable, in a subaerial
environment, causing their resizing and rupture. The occurrence of
exceptional severe events, such as the severe bora event of 2012 and the
strong sirocco storm of early 2014, may have caused their quarrying
and detachment.

7. Conclusions

This paper presents an analysis of the first reported coastal boulder
deposit in the northern Adriatic Sea.

To examine the mechanism of detachment, transport and accumu-
lation of the boulders, we carried out a geological and geomorpholo-
gical field survey, UAV and digital photogrammetric analyses and hy-
drodynamic equations calibrated on underwater bathymetric profiles.
The study site is located at Premantura (in the south of Istria) on a
promontory where the topography, together with the bedding planes
and a dense joint pattern, favour the mechanisms promoting detach-
ment. Most of the boulders originated in a subaerial environment, as
testified by the widespread karren landforms that occur both on the
boulders and on the limestone beds. Conversely, the occurrence of
biogenic marine encrustations on dozens of the boulders bears witness
to their infra or sublittoral origin. We hypothesize that the bora-induced
sea-spray, and subsequent water freezing and thawing — a mechanism
that can cause limestone to break - were responsible for detachment of
the subaerial boulders now lying far from the shoreline. Conversely,
sirocco-induced storm waves were responsible for detachment of
boulders from both emerged and submerged environments and their
subsequent movement ashore.

Using available meteorological data that report maximum wave
heights of 10.8 m during severe sirocco storms, the wave height at the
breaking point has been estimated at about 15m due to the amplifi-
cation caused by the local topography of the sea bed. Therefore, storm
waves would have had the necessary energy to detach and transport all
the boulders for which the minimum required wave heights needed for
transport are < 15m (Table 2).

Comparisons between satellite images from 2008 to 2017, pictures
collected from the Internet, pictures collected during snorkel surveys
along the coast during the summer of 2012 and UAV images taken in
2016 and 2017 allowed us to identify the emplacement of at least one
new boulder (K8) with an estimated weight of 7.65 tons during late
2013 or early 2014.

These results are supported by an analysis of a strong storm event
(the sirocco storm of 30th January to 2nd February 2014) which oc-
curred within the possible time range of the appearance of this boulder
and that could be responsible for it. Considering that some of the pre-
viously submerged boulders of similar weight to the K8 boulder are
located further from the coast than the K8 boulder, we may conclude
that even more extreme weather conditions and higher waves may have
occurred during previous events in the area.

The main reasons why a tsunami origin was excluded for the ana-
lysed boulders are the climate and physical issues of the study area
(strong winds, severe winter conditions, strong sirocco waves and a
favourable exposure of the coast to sirocco-generated waves, an intense
bedding and joint pattern of limestones and a very suitable natural
rocky pavement for boulder transport) together with the absence of any
reported record of significant recent or historical tsunami event.
Despite the limits to the application of the hydrodynamic equations, the
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storm wave results obtained are comparable with local wave data while
tsunami wave heights are too high, even if compared with the recorded
values.

The novelty of this paper is the occurrence of such rocky coastal
boulders (taking into account their sizes, weights and distribution on
the coast) in this part of the Mediterranean basin — the relatively
shallow northern Adriatic Sea, which is considered as a semi-enclosed
basin - and the finding of a realistic connection with a severe and
powerful storm event for the emplacement of at least one boulder that,
a few years ago, was somewhere beneath the sea.
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