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FACTORS INFLUENCING THE
ROCKWALL RETREAT OF FLYSCH
CLIFFS ON THE SLOVENIAN COAST

VPLIVNI DEJAVNIKI UMIKANJA FLISNIH
KLIFOV NA SLOVENSKI OBALI
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Bathers are often staying close to the most dangerous sections.
Kopalci se posebej radi zadrzujejo pod najbolj nevarnimi odseki fliSne obale.
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1 Introduction

This article presents ten factors that interact in the development of coastal relief along the longest nat-
ural stretch of the Slovenian coast between Strunjan and Saint Simon Bay (Zaliv Sv. Simona) at Izola. We
have determined the contribution of individual factors to the occurrence of slope processes, from the small-
est erosion features, such as erosion rills, through gullies and slumps, to major rockfalls. Because major
slope processes such as slumps and rockfalls have a significant effect on safety below cliffs, we have exam-
ined them in greater detail. Nineteen such processes were found in the study area.

The findings show that slump formation is affected by rock composition and fissuring, intermittent
sea contact, and slope inclination. Areas south of Strunjan Point, Holy Cross Bay (Zaliv svetega KriZa; also
known as Moon Bay, Mesecev zaliv), and some smaller areas near the point in the bay below Belvedere
are most susceptible to slumps.

The presence of sandy carbonate or limestone turbidite (Peckmann 1995) and a predominance of sand-
stone in flysch are essential for the formation of rockfalls on flysch cliffs.

Rockfalls most often occur in sections with direct contact between the cliff and the sea, which reduces
the stability of the cliff at its base. A somewhat lesser effect is created by thin layered sandstone and clas-
tic rock. The places most susceptible to rockfalls are Strunjan Point, the western part of Holy Cross Bay,
and the point at the Bele skale beach.

To date, Slovenian geography literature contains only a few general geographical surveys dealing with
rockwall retreat of flysch cliffs on the Slovenian coast. Gams (1970/71) and Orozen Adamic (2002) described
relief features above and below the water on the Slovenian coast. Zumer (1990) assessed the speed of retreat
of cliffs for specific areas based on historical studies, and Sifrer published a study on terraces as a result
of changes in sea level during the Holocene (1965). Based on analysis of relief and relief features, Radinja
(1973) indirectly drew conclusions about the morphogenetic dynamics of the southern coast of Strunjan
Bay. Morphometric analyses based on remote sensing (Kolega 2009; Kolega and Poklar 2012) and works
on coastal geomorphology (Bogunovi¢ 2002; Mesec 2003; Segina 2011; 2012) are of a more recent date.
The drainage basin of Rokava River has also been studied regarding rockwall retreat of flysch slopes in
the coastal hinterland, which makes an interesting comparison with coastal processes on the same geological
base and under similar weather conditions (Zorn 2009a; 2009b; Zorn 2012). Quantitative geomorphological
studies of the Slovenian coast have been published by researchers from the University of Trieste, specif-
ically with an overview of the morphology of coastal plains along the entire Slovenian coast and
geomorphological processes at Fat Point (Debeli rti¢; Furlani 2003; 2007; Furlani etal. 2011b). Geologists
recently developed a risk assessment for swimming areas (Ribic¢i¢ and Gali¢ 2010).

2 Study area and methods

We studied ten factors that contribute to the intensity of geomorphological processes on flysch cliffs on
the Slovenian coast. In order to determine the extent to which the selected factors are connected with the
occurrence of slope processes in the coastal zone, we compared their spatial distribution with the incidence
of individual morphological features on cliffs.

Specifically, we studied major slope processes on cliffs: five slumps and 14 rockfalls. With regard to
the frequency of an individual factor in connection with a selected slope process, a corresponding weight-
ing factor was assigned. By crossing (aggregating) the layers of individual factors with the appertaining
factor, we obtained a map that shows the degree of susceptibility to a slump or rockfall being triggered.

The study included a 4.13 km coastal stretch between Kane Point and Strunjan that is almost entirely
in its natural state. The width of the study zone encompasses the area between sea level and the edge of
the cliffs.

Despite the uniform rock structure of the area, two flysch series must be differentiated in the cliffs; they
were deposited in the upper Lutetian stage (Middle Eocene) and are separated by a layer of limestone tur-
bidite.

The first flysch series (Figure 1) is composed of alternating layers of marlstone and sandstone. In between
there are also some layers of mudstone and four layers of sandy carbonate turbidite. In comparison with
sandstone, turbidite is more resistant to weathering and so it forms shelves on the slopes, and on coastal
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Figure 1: Flysch series separated by limestone turbidite.

plains it is preserved as larger or smaller broken-off blocks depending on the thickness of the individual
layer, which is between 12 and 18 cm (Peckmann 1995). For the formation of rockfalls, a layer of limestone
turbidite 3.58 to 3.75 m thick is important; this appears in the cliff between Holy Cross Bay and Strunjan
Point (Pav$i¢ and Peckmann 1996).

In the second flysch series the layers of marlstone are thinner and the ratio between marlstone and sand-
stone is the most equal — specifically, 1.3: 1 (Pav$i¢ and Peckmann 1996). The inclination of the layers is
between 0° and 65° along the entire coastal cross-section. Greater inclinations (around 30°) appear at the
points (Kane, Ronek, Strunjan), and in the bays the average inclination is around 10°. An exception is the
area south of Strunjan Point, where the inclination of the rock layers is very great (up to 65°) due to folds.

We also quantified the erosive action of the sea in the study area but because of the absence of suit-
able measuring equipment it was difficult to assess the erosive effect of the sea, which is clearly an important
factor in the morphological development of cliffs. With the help of data on the main direction of waves
at the Vida oceanographic buoy (4.2 km northwest of the coastal study area), we were able to assess coastal
exposure to the action of the sea with regard to its orientation. Analysis of data on wave height and direc-
tion on the buoy shows that the highest and at the same time most frequent waves come from the northeast
(60°) and are created by the bora wind (Kav¢i¢ and Malacic¢ 2008). This direction is also the most frequent
orientation of the coast in the study area, although due to the short length of the fetch zone its effect is
very small, which means that the waves created with this wind do not achieve the greatest possible dimen-
sions, speed, and periods that they otherwise could. The greatest length of the fetch zone for the northeast
direction is approximately 9 km. Ronek Point and Izola prevent the waves from this direction directly reach-
ing the coast of Holy Cross Bay and Kane Point.

In determining sea erosion, contact of the cliff with the sea is important. In the study area there are some
sections with direct contact and some sections where the sea never reaches the base of the cliffs. For the most
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part there is intermittent contact of the surface of the sea with the cliffs during syzygial tide (Geografija 2001)
or a tide that is increased due to weather conditions (the sirocco or low barometric presure).

3 Factors in cliff retreat

Based on the literature and fieldwork, we defined the following factors that affect the speed of erosion
processes and thus the speed of cliff retreat:

+ Thickness of sandstone layers;

+ Ratio between marlstone and sandstone in flysch;

+ Presence of limestone or sandy carbonate turbidite;
+ Layering direction and inclination;

Structural deformations: folds and faults;
Geological strength index;

+ Slope inclination;

+ Groundwater in fissures;

Vegetation;

+ Degree of sea erosion.

.

.

3.1 Thickness of sandstone layers

The results of measuring compressive strength with a Schmidt hammer — which is used in geomorpho-
logical studies to study the weathering of rock, among other things (Goudie 2006) — showed that the
compressive strength of sandstone in thin layers (less than 10 cm thick) is significantly less (< 10 MPa)
than the compressive strength of sandstone in thicker layers (up to 58 MPa for layers over 10 cm thick).
Considering this, areas in which thin layers of sandstone dominate ought to show greater susceptibility
to the occurrence of minor erosion processes. In sections with direct sea exposure, thin layers of sand-
stone are more susceptible to sea erosion. In contrast, thick layers are potential places for rockfalls when
the layer of sandstone is suspended due to the faster weathering of the marlstone below it.

The spatial distribution of the categories in Figure 3 show that thick layers build the exposed Ronek
and Kane points, whereas the thinnest layers form the central part of the bay between the two points. (This
does not apply to Strunjan Point. Its relief is primarily influenced by a thick layer of limestone turbidite.)
We believe that, in addition to other factors, the lesser thickness of the sandstone layer contributes to accel-
erated retreat of the coastline into the interior of the land.

In sections with thicker layers, erosion rills and slumps form on slopes, whereas in sections with thin-
ner layers rockfalls are more frequent. Thinner layers are more exposed to weathering and are not easily
able to retain thick layers of limestone or sandy carbonate turbidite.

3.2 Ratio between sandstone and marlstone

The ratio between the presence of individual flysch rocks affects the speed and manner of rock disinte-
gration. Sandstone generally breaks into polygonal pieces, whereas marlstone breaks into fine irregularly
shaped debris even at a slight touch.

Because marlstone weathers more quickly than sandstone, it would be expected that areas in which
it predominates are also areas of faster coastal retreat. Such sections are exposed to constant, small slope
retreat and to debris scattering along the slopes. Because of the absence of measurements on flysch coast,
the speed of this process is unknown. Making use of measurements for flysch breakdown from the coastal
hinterland, it can be expected that flysch slope retreat also takes place at a rate of approximately 5 cm per
year on the Slovenian coast (Zorn 2009b, 292).

In contrast, the triggering of major slope processes is more influenced by the presence of thick layers
of sandstone. These layers are more resistant to weathering, but with the gradual falling away of marlstone
they lose their support, break off, and fall to lower positions.
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Figure 3: Spatial distribution of flysch by thickness of sandstone layers.

The study area of the coast is dominated by areas with mostly marlstone, which builds both the points
and the bays. There are erosion rills and slumps in these sections, but rockfalls mostly occur in areas where
sandstone dominates.

3.3 Presence of layers of sandy carbonate or limestone turbidite

Similar is true of the presence of sandy carbonate or liemstone turbidite (Peckmann 1995), which is rather
resistant to weathering. At Struinjan Point the great amount of broken rock is unsurprising if one is aware
that some of the layers of limestone turbidite are nearly 4 m thick.

Turbidite layers are not present in the entire coastal zone. It is interesting that wherever these layers
are present they have formed points. It can be concluded that sections with the presence of these layers
are subject to slower cliff retreat even though it is also true that the occurrence of rockfalls is directly depen-
dent on their presence. Based on this, we conclude that, despite the large amount of material that they
have moved along the slopes of coastal cliffs, rockfalls do not play a significant role in shaping the coast-
line because of their infrequency. The presence of layers of sandy carbonate or limestone turbidite is not
connected with the occurrence of slumps, gullies, and erosion rills.

3.4 Geological strength index

The geological strength index (GSI) encompasses the characteristics of rock (Marinos and Hoek 2000;
Sonmez and Ulusay 1999) that are measurable and affect its hardness. The key parameters are the volu-
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Figure 4: Marlstone is predominant in most of the study area. The ratio between stones is important due to differing susceptibility to weathering:
marlstone breaks into debris (upper right figure), whereas sandstone breaks into polygonal pieces.

310




Acta geographica Slovenica, 52-2, 2012

g
2
R%)
3
w

Figure 5: Blocks of limestone turbidite accumulate at the foot of cliffs (upper figure). One of the layers of sandy carbonate turbidite is sinking
under the accumulation of material on a gravelly beach in the bay below Belvedere (lower figure).
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metric joint count (Jv) and surface conditions rating (SCR). The SCR encompasses three parameters: rough-
ness rating (Rr), weathering rating (Rw), and infilling rating (Rf).

A simplified GSI estimate is taken from Furlani etal. (2011b), based only on parameters for sandstone.
This approach was used because of the comparison with data for Fat Point (Furlani etal. 2011), which lies
somewhat further north of our study area along the Italian border. In the future it will be necessary to obtain
the actual GSI values for flysch on the Slovenian coast. Marinos and Hoek (2000) suggest that this should
take into account the specific percentage values for sandstone and others for siltstone, and the ratio depends
on the lithological composition, structure, and assessment of the surface for stratigraphic flysch disconti-
nuities.

The GSI study for Fat Point, which describes not only the lithological properties of flysch, but also its
structural properties to some extent, showed that the stability of flysch depends little on the surface con-
ditions rating, whereas the main reason for the crumbling of cliffs is the number of cracks in sandstone
(volumetric joint count; Furlani etal. 2011b). In addition to structural deformations, an important factor
is lithological heterogeneity, which results in fissuring between layers. In the bay east of Strunjan Point,
marlstone fissuring due to weathering greatly decreases at a depth of 12 cm. Zorn (2008, 33) states that for
bare flysch cliffs in the coastal hinterland the number of cracks already greatly decreases at 5 to 10 cm below
the surface, and that deep fissuring of sandstone is similar to horizontal fissuring. Table 1 shows the degree
of fissuring, surface conditions rating, and GSI for sandstone at 32 points between Kane Point and Strunjan.

The study area almost entirely contains mid-range GSI values. Two exceptions are the low GSI value
east of Strunjan Point and the high GSI value in the Ronek Point area. The main factor in a low GSI value
is thin layering or major fissuring on both of the remaining axes, which is a result of fracturing. The high
GSI value at Ronek Point results from an extremely low degree of fissuring (two cracks per meter of layer)
and rippling of the cracks, which increases rock strength. The spatial distribution of the GSI shows that
this is not a significant factor in shaping the coastline. It is interesting that the occurrence of erosion rills
is connected with sections with a medium to high GSI value, which could mean that some other factor,
such as thickness of the marlstone layer, is more important for their formation. Gullies appear everywhere
except in areas with very low GSI values, where rockfalls predominate. Rockfalls also appear in areas with
low to medium GSI values. Slumps are found in areas with a medium GSI value, but the break surfaces
are not connected to the GSI level because they occur in all categories. Furlani etal. (2011b) report that
the GSI for the Fat Point area is between 15 and 45, which would indicate a lower GSI value in compar-
ison to our study area, but the differences could also be an artifact of the subjectivity of assessments.

3.5 Dip and strike

The layers in the entire study area do not align with the slope, but are inclined in the direction toward
the land, because of which there is slope non-congruence. In the entire area the inclination of the layers
most often does not exceed 15°, whereby greater inclinations are the result of a local fold. More distinct
inclinations of layers (Kane Point and the point in the bay below Belvedere) are reflected in a concave shape
of the coastal profile but do not play a significant role in the speed of erosion processes or cliff retreat.
Namely, all categories of layering direction and inclination appear both at points and in bays in the study
area; the same is true of erosion features (erosion rills, gullies, slumps, and rockfalls).

3.6 Structural deformations

Because structural deformations represent a greater degree of fissuring, it is expected that these are less
stable areas of cliffs that are more subject to the occurrence of slope processes.

Nonetheless, overlapping layers of folds and faults do not show any particular connection with the
occurrence of individual erosion features. In sections with structural deformations, erosion rills form more
often, and slumps and rockfalls are less frequent. Gullies and rockfall areas do not show a connection with
folds and faults. The greatest degree of structural deformation appears south of Strunjan Point. Perhaps
the reduced stability of the slopes due to structural deformations is the reason for the intense cliff retreat
in the past, due to which cliffs are found in clearly leeward positions. Today this is a cliff section that is
not in contact with the sea, as a result of which it is being shaped solely by land factors.
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KATARINA ZNIDARSIC

Figure 6: Faults (left) and folds (right) are common in the study area; for example, at Strunjan Point.

3.7 Groundwater in fissures

Flysch rock has poor to medium water permeability (Fabjan 2010, 22). Marlstone is especially nonpermeable,
whereas layers of sandstone contain small amounts of interstitial and perched water, which seeps along cracks
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Figure 7: Flysch fissure springs. In the winter, water in the slopes of the cliffs occasionally freezes.
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and bedding planes (Dular 2000), and so springs are found along individual layers in the coastal area. Flysch
fissure springs are not high-volume springs, but water trickles from them the entire year (Dular 2000, 8).

The influence of groundwater in fissures shows no connection with the occurrence of individual ero-
sion features. Fissure springs mainly occur in bays, but their low yield and number is difficult to connect
with a clear influence on the speed of cliff retreat.

3.8 Slope inclination

The inclination map was obtained by processing a 12.5 m digital elevation model, and the division of the
inclination into categories follows a classification that connects individual inclination categories with pre-
dominant geomorphic processes (Demek etal. 1972; Natek 1983).

Coastal cliffs mostly belong to the inclination category of 32° to 54.9°, in which rock particles are in
a labile position due to exceeding their natural angle of repose. All of the slope erosion features appear
in this inclination category. There are also sporadic inclinations greater than 55°, but not at the upper part
of the cliffs, which may be an artifact of the precision of the digital elevation model (Hrvatin and Perko
2005). The greatest continuous surface slope over 55° is in the western part of Ronek Point, where there
is an extensive rockfall area. The lower part of the cliffs mostly belongs to the inclination category of 20°
to 31.9°. Slumps are characteristic of this inclination category. Slopes less than 11.9° include the coastal
plain zone.

3.9 Vegetation

Vegetation appears mainly on areas with less active erosion and areas where erosion material is deposited,
whereas the upper parts of cliffs are almost completely bare. There, vegetation does not play a noticeable
role in consolidating the slope and preventing major slope processes. However, vegetation holds back minor
erosion processes in the lower parts of slopes, where it grows on deposited material. Where the gentler
part of cliffs has large numbers of trees, these can hold back considerable material; it is only material with
large dimensions (d >0.50 m) that they cannot retain (Ribici¢ and Galic¢ 2010).

ELA SEGINA

Figure 8: The lower parts of cliffs are covered by grass and trees due to their gentler inclination, whereas the steep rockfall areas in the upper
parts are mostly bare.
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The ridges of gullies, which remain unaffected by intensive gully erosion, are covered with pioneer
vegetation. This is all that remains of the forest that probably grew on the slope in the past. Slumps are
mainly triggered on sections without vegetation, whereas rockfall areas have no vegetation due to their

great inclination.

3.10 Coastal sea exposure

The degree of sea erosion and coastal transport are directly dependent on wave energy, and this on wave
height (Airy 1845; Komar and Inman 1970, cited in Pethick 2001). Here it is essential whether these process-
es actually reach the foot of the cliff, and so we determined the type of contact between the sea and cliffs.

Table 2: Granulation classes used in the study (photos: Matija Zorn).
2 3 4 5

Granulation class 1

Descriptive Fine debris Small pebbles Meggi)rgl—;eslrge Large stones Small boulders
Type of material Marlstone Sandstone Sandstone Sandstone Sandstone
and sandstone
Average length of three .
sides of clast (cm) Longest side <3 1x4x3 3x11x7 30x15x10 30x40x20
Total volume (m?) 0.03 0.03 0.03 0.01 0.02
Number of clasts Uncountable Uncountable 200 3 1
Roundness Low Medium (0.44) Medium (0.49) Low Low
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Figure 9: Wave strength on the open sea 4 km from the study area on 7 June 2011. The first granulation category was swept away from the
coastal shelf into the bay at Strunjan Point around 12:00 am. The second and third granulation categories were swept away around 1:30 pm
and the fourth around 2:00 pm when the tide reached its peak (Agencija ... 2011).
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7.6.2011, 11:30 am

7.6.2011, 6:00 pm ' Figure 10: The numbers mark granulation categories and the arrows
: show the direction of transport.

ELA SEGINA

In nearly the entire area observed there is intermittent contact of the foot of cliffs with the surface of
the sea, and the presence of blocks of rock depends on the presence of layers of sandy carbonate or lime-
stone turbidite in the cliff. Their presence was not seen to have a demonstrable influence on the degree
of sea erosion. There is direct sea contact only at Strunjan Point and east of it, and at the point at the Bele
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skale beach. The investigation at Strunjan Point showed that coastal transport during a somewhat high
tide with ordinary waves was able to move slope material with a maximum side < 11 cm without diffi-
culty and to shift rocks with a maximum side <30 cm that accumulate at the foot of the cliffs during a possible
slope process.

The type of contact was also connected with the formation of erosion features. Erosion rills and gul-
lies do not form on sections with direct contact because these are bare surfaces. Slumps are connected
with areas with intermittent contact, where a significant quantity of slope material can accumulate at the
foot of slopes so that slumps can occur. Rockfalls occur with all types of contact.

4 Danger to swimmers below cliffs

Because slumps and rockfalls are the most important with regard to danger to swimmers, these are exam-
ined in greater detail.

In order to determine sections of the coast more susceptible to these processes, we overlapped the fac-
tors that coincide in a particular coastal section. Because the selected factors have an unequal influence
on the occurrence of individual slope processes, it was necessary to appropriately weight them with regard
to their degree of association with individual erosion features. An individual factor received a weight based
on the absolute value of its occurrence in connection with a particular erosion feature. Based on this, maps
were made of slump and rockfall susceptibility in the study area (Figures 11 and 12).

In the study area, the occurrence of slumps is most often associated with the factors of lithological
composition (sandstone predominates) and fissuring (GSI), type of sea contact (intermittent), and slope
inclination (>20°). Slumps are somewhat less frequent in bare areas with a small layering inclination, in

Legend/legenda
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areas with thick layers of sandstone, and near major structural deformations. Interstitial water and lay-
ers of limestone or sandy carbonate turbidite do not affect the occurrence of slumps. However, the most
important factor is certainly intermittent sea contact because this makes it possible for sufficient mater-
ial to be deposited below the cliff so that a landslide can occur. Judging from Figure 10, the sections south
of Strunjan Point and Holy Cross Bay are most susceptible to slumps.

Table 3: Presence of individual factors in slump occurrence.

Slump 1 Slump 2 Slump 3 Slump 4 Slump 5 >

GSI 40-43 x x x x x 5
Sandstone predominates x x x x x 5
Intermittent sea contact x x x x x 5
Slope inclination 20°-31.9° x x x x x 5
Layer inclination 5-15° x x x x 4
Horizontal x 1

Vegetation None x x x x 4
Forest x 1

Sandstone thickness >20cm x x x 3
10-20cm x x 2

Structural deformations x x 2
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On flysch cliffs in the study area, the presence of layers of sandy carbonate or limestone turbidite and
a predominance of sandstone are essential for the occurrence of rockfalls because turbidite and sandstone
are the source of the broken-off material. Rockfalls are also influenced by direct sea contact, which reduces
the stability of the base of the cliffs. Somewhat less influence is exerted by thin layering of sandstone and
a greater GSI, whereas vegetation apparently does not retain rockfalls because there are more rockfalls in
sections with trees than in those where there is no vegetation. Structural deformations and slope incli-
nation have less of an effect on the occurrence of rockfalls, whereby rockfalls predominate in the inclination
category of 32° to 54.9°, and interstitial water has a negligible influence. Based on Figure 12, areas most
susceptible to rockfalls are in Holy Cross Bay, especially the western part of the bay, the point in the bay
below Belvedere, and to a somewhat lesser extent the area just before Strunjan and the eastern part of Kane
Point.

5 Conclusion

In studying coastal cliffs, the greatest challenge is to estimate the speed of their retreat. Because of the lack
of long-term erosion measurements on flysch cliffs on the Slovenian coast, at present the speed of erosion
processes can only be estimated as a few centimeters per year.

This article has presented the influence of certain natural factors on the occurrence of individual ero-
sion processes and relief features on coastal cliffs and the spatial distribution of major slope processes (slumps
and rockfalls). Based on the findings, we hypothesize that slumps are important »accelerators« of erosion
on slopes and rockfalls on capes.

Comparisons between individual factors and the shape of today's coastline indicate that the coastline
is mostly dependent on the thickness of sandstone layers and the presence of sandy carbonate or lime-
stone turbidite. From this it can be concluded that the moderate cliff retreat in bays, where these layers
do not exist, affects the shaping of the coastline relatively quickly and with greater impact than instanta-
neous erosion or slope processes. Slope processes are closely connected with the presence of thicker turbidite
layers or thicker layers of sandstone, and they are more frequent on more exposed points. Major rock-
falls, which move a large amount of material in a short time, are too rare in the study area to have exerted
a significant effect on shaping the coast.

What future change is anticipated for cliffs in the study area? The answer to this question is closely
linked to predicted changes in the relative height of sea level, which governs the degree of sea erosion and
coastal transport.

Lambeck etal. (2004) believe that from the end of the last ice age (approximately 12,000 years ago)
to today the most important factor in the relative variation of sea level in the Mediterranean area has been
tectonics. Specifically, because of the absence of alluvium from the last interglacial period at Trieste, based
on the known eustatic and glacio-hydro-isostatic level they conclude that the surface has been subsiding
atarate of —0.15 mm/year (Lambeck et al. 2004). The levels of geomorphological and archeological finds
between Saint Bartholomew Bay (Zaliv Sv. Jernej) and Saint Simon Bay (Zaliv Sv. Simona), calculated based
on various eustatic and glacio-hydro-isostatic models, indicate a subsidence rate between —0.44
and —-1.53 mm/year +0.72 mm in the past 2,000 years (Antonioli etal. 2009). Based on rock shelters in
the calcareous coastal area between Miramare and Duino (north of our study area, Italy), today found at
various depths below sea level, they conclude that there has been subsidence of the sedimentation basin
in the last 10,000 years towards the northwest due to faster subsidence of the northern part of the Bay
of Trieste (at a rate of more than —1.99 mm/year) in comparison to the southern part (approximate-
ly —0.6 mm/year; Furlani etal. 2010). The uneven subsidence is a result of various movements of tectonic
blocks separated by faults perpendicular to the Dinaric direction (Furlani etal. 2011a) or the result of eusta-
tic and glacio-hydro-isostasy (Lambeck etal. 2004). The degree of eustatism is believed to have had a different
significance for fluctuations in sea level in the Mediterranean Sea, and glacio-hydro-isostasy is believed
to have contributed only 10 to 15% to total sea level, whereby alpine glaciation has only a negligible impact
(Lambeck et al. 2004). Uplifting of the surface due to isostasy after the last ice age is thus believed to have
amounted to only +0.1 to 0.2 mm/year in the northern Mediterranean (Peltier 2001, cited in Garcia 2007).

Sea level at the Koper tide-gauge station has been rising by approximately 1 mm/year, which is in line
with the trend of a rising sea level in the Mediterranean Sea (Licer etal. 2010) and is also connected with
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steric effects due to change in volume of seawater accompanying temperature and salinity variations, and
due to change in water balance (Creado-Aldeanueva 2008). This trend and simultaneous subsidence, eusta-
tism, and glacio-hydro-isostasy prevent the fossilization of coastal features. Due to the relative rise in sea
level, in the future one can also expect that the current coastal relief features and operative processes will
be preserved.
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1 Uvod

V dlanku je predstavljenih deset dejavnikov, ki soucinkujejo pri razvoju obalnega reliefa na najdaljsem
naravnem odseku slovenske obale med Strunjanom in Simonovim zalivom pri Izoli. Ugotovili smo prispe-
vek posameznih dejavnikov k pojavljanju manjsih erozijskih oblik, kot so erozijski 7Zlebici, prek erozijskih
jarkov do usadov in skalnih odlomov. Ker slednji pomembno prispevajo k nevarnosti kopalcev pod klifi,
smo jih natancneje obdelali in na opazovanem obmocdju nasteli 19 tovrstnih pojavov.

Na nastanek usadov vplivajo kamninska sestava in razpokanost, obcasen stik z morjem in naklon poboc¢-
ja. Usadom so najbolj podvrzeni odseki juzno od rtic¢a Strunjan, zaliv Sv. KriZa ter nekaj manjsih obmocij
pri rtic¢u pri Belih skalah.

Na nastanek skalnih odlomov na flisnih klifih najbolj vplivajo plasti pes¢enega karbonatnega ali apnen-
Cevega turbidita (Peckmann 1995) in prevlada pescenjaka v flisu.

Skalni odlomi se najveckrat pojavljajo na odsekih z neposrednim stikom obalne stene in morja, kar
zmanj$uje stabilnost obalne stene pri njenem vznozju. Nekoliko manjsi vpliv imata plastovitost peséenja-
ka in razpokanost kamnin. Odlomom so najbolj podvrzeni rti¢ Strunjan, zahodni del zaliva Sv. Kriza in
rti¢ pri Belih skalah.

V slovenski geografski literaturi je bilo do sedaj objavljenih nekaj geografskih del o flisnih klifih na
slovenski obali. Gams (1970/71) in OroZen Adamic (2002) sta opisala podvodne in povrsinske reliefne oblike
na slovenski obali. Zumer (1990) je ocenil hitrost umikanja obalnih sten na podlagi zgodovinskih preu-
devani, Sifrer (1965) pa je prispeval $tudijo o terasah kot posledici spreminjanja morske gladine v holocenu.
Radinja (1973) je na podlagi analize reliefa sklepal na morfogenetsko dinamiko juzne obale Strunjanskega
zaliva. Novejse so morfometricne analize na podlagi daljinskega zaznavanja (Kolega 2009; Kolega in Poklar
2012) in dela o obalni geomorfologiji (Bogunovi¢ 2002; Mesec 2003; Segina 2011; 2012). Z umikanjem
skalnih flisnih pobocij v zaledju obale, ki so zanimiva primerjava z obalnimi procesi na isti geoloski pod-
lagi in ob podobnih podnebnih razmerah, so se pred kratkim ukvarjali v pore¢ju Rokave (Zorn 2009a; 2009b;
2012). Kvantitativne geomorfoloske $tudije slovenske obale so prispevali kolegi s trzaske univerze, in sicer
gre za pregled morfologije obalnih ravnic vzdolZ celotne slovenske obale in geomorfnih procesov na Debe-
lem rti¢u (Furlani 2003; 2007; Furlani in ostali 2011). Geologi so pred kratkim izdelali oceno ogroZenosti
kopalnih obmo¢ij (Ribi¢i¢ in Gali¢ 2010).

2 Opazovano obmocje in metode

Preucdili smo deset dejavnikov, ki prispevajo k intenzivnosti geomorfnih procesov na flisnih klifih slovenske
obale. Da bi ugotovili, v kolik$ni meri so izbrani dejavniki povezani z nastankom pobo¢nih procesov v obal-
nem pasu, smo primerjali njihovo prostorsko razsirjenost s pojavnostjo posameznih morfoloskih oblik
na klifih.

Natan¢neje smo na klifih preucili veéje pobocne procese: pet usadov in 14 skalnih odlomov. Glede
na to, kako pogosto se posamezni dejavnik pojavlja v povezavi z izbranim pobo¢nim procesom, mu je
pripadel sorazmeren faktor obtezitve. S prekrivanjem (seStevanjem) slojev posameznih dejavnikov s pri-
padajoc¢im faktorjem smo dobili zemljevid, ki kaZe stopnjo podvrzenosti prozenju usadov oziroma skalnih
odlomov.

V raziskavo je bil vkljucen 4,13 km dolg obalni odsek med rticem Kane in Strunjanom, ki je z antro-
pogenega vidika skoraj nedotaknjen. Sirina opazovanega pasu zajema pas med morsko gladino in robom
obalnih sten.

Kljub enotni kamninski sestavi obmo¢ja, moremo na klifih razlikovati dve flisni seriji, ki sta se usedali
v srednjem eocenu, in sta loceni s plastjo apnencevega turbidita.

Slika 1: Flini seriji lo¢i apnencev turbidit.
Glej angleski del prispevka.

Prvo fli$no serijo sestavljajo izmenjujoce se plasti laporovca in pescenjaka (slika 1). Vmes so plasti la-

porovca ter §tiri plasti pes¢enega karbonatnega turbidita. Turbidit, ki je v primerjavi s pes¢enjakom odpornejsi
na preperevanje, je na pobocjih ustvaril police, na obalnih ravnicah pa se ohranjajo ve¢ji ali manjsi odlom-
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ljeni bloki, odvisno od debeline posamezne plasti, ki je med 12 cm in 81 cm (Peckmann 1995). Za nasta-
nek skalnih odlomov je pomembna 3,58-3,75 m debela plast apnencevega turbidita, ki se v obalnem prerezu
pojavlja med zalivom Sv. KriZa in rticem Strunjan (Pav$i¢ in Peckmann 1996).

Druga fli$na serija v celoti sestavlja obalne stene juzno od skrajne tocke rtic¢a Strunjan. V primerjavi
s prvo flisno serijo so plasti laporovca tanjse, razmerje med laporovcem in pes¢enjakom pa je skoraj ize-
naceno, in sicer 1,3:1 (Pav$i¢ in Peckmann 1996). Vpad plasti je vzdolZ celotnega obalnega prereza med
0° in 65°. Ve¢ji vpadi (okoli 30°) se pojavljajo na rtih (Kane, Ronek, Strunjan), v zalivih pa so povpreéni
vpadi plasti okrog 10°. Izjema je odsek juzno od rti¢a Strunjan, kjer je vpad kamninskih plasti zaradi gub
ponekod zelo velik (do 65°).

Slika 2: Slovenska Istra s preucevanim izsekom (a), preuceni odsek (b) in njegova geoloSka sestava (c).
Glej angleski del prispevka.

Na opazovanem obmo¢ju smo kvantificirali tudi erozijsko delovanje morja, a je bilo zaradi odsotno-
sti merilnih naprav tezko natanéneje oceniti erozijsko delovanje morja, ki je nedvomno pomemben dejavnik
morfoloskega razvoja klifov. S pomocjo podatkov o glavni smeri valovanja na oceanografski boji Vida (4,2 km
severozahodno od preucevanega dela obale) smo lahko ocenili izpostavljenost obale delovanju morja gle-
de na njeno usmerjenost. Analiza podatkov o visini in smeri valovanja na boji kaze, da najvisji in obenem
najpogostejsi valovi prihajajo od severovzhoda (60°), povzroca pa jih burja (Kav¢ic in Malacic 2008). V to
smer je tudi sicer usmerjena obala na opazovanem obmodju. Zaradi kratkega privetris¢a je u¢inkovitost bur-
je zelo majhna, kar pomeni da valovi ne dosezejo visine, hitrosti in periode, ki bi jih sicer lahko. Najvecja
dolzina privetri$¢a iz severovzhoda je okoli 9 km. Rti¢a Ronek in Izola preprecujeta valovom iz te smeri,
da bi neposredno dosegli obalo zaliva Sv. KriZa in rti¢a Kane.

Za erozijo morja je pomemben stik klifa z morjem. Na preucevanem odseku je nekaj obmocij z ne-
posrednim stikom in nekaj odsekov, kjer morje nikoli ne doseze podnozij obalnih sten. Pove¢ini smo prica
obcasnemu stiku morske gladine s klifi ob najvisjem plimovanju ali plimovanju, ki je povisano zaradi juga
ali nizkega zra¢nega tlaka.

3 Dejavniki za umikanje obalnih sten

Na podlagi literature in terenskega dela smo opredelili sledece dejavnike, ki vplivajo na hitrost erozijskih
procesov in s tem na hitrost umikanja obalnih sten:

+ debelina plasti pescenjaka,

+ razmerje med laporovcem in pescenjakom v flisu,

* prisotnost apnencevega ali pes¢enega karbonatnega turbidita,
+ smer in naklon vpad plasti,

+ strukturne deformacije: gube in prelomi,

geologki trdnostni indeks,

+ naklon pobo¢ja,

prisotnost talne vode v razpokah,

* rastje in

* stopnja erozije morja.

3.1 Debelina plasti pescenjaka

Tla¢no trdnost kamnine smo merili s Schmidtovim kladivom, ki se v geomorfoloskih raziskavah med dru-
gim uporablja za preucevanje preperelosti kamnine (Goudie 2006). Tla¢na trdnost pes¢enjaka v tanjsih
plasteh debeline manj kot 10 cm je ob¢utno manjsa (< 10 MPa) od tla¢ne trdnosti peS¢enjaka v debelej-
$ih plasteh (do 58 MPa). Glede na to bi morala obmocja, kjer prevladujejo tanjse plasti pes¢enjaka, izkazovati
vedjo podvrzenost pojavljanju erozijskih procesov. Na odsekih, neposredno izpostavljenih morju, so tan-
ke plasti pes¢enjaka bolj podvrzene eroziji morja, debele plasti pa so potencialna mesta za skalne odlome.

Slika 3 kaze, da debele plasti pes¢enjaka gradijo izpostavljena rti¢a Ronek in Kane, medtem ko naj-
tanjse plasti gradijo osrednji del zaliva med obema rtoma. To sicer ne velja za rti¢ Strunjan, saj njegov relief
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v prvi vrsti oblikuje debela plast apnencevega turbidita. Ocenjujemo, da manjsa debelina plasti pes¢enja-
ka poleg drugih dejavnikov vpliva na pospeseno umikanje obalne ¢rte v notranjost kopnega.

Slika 3: Debelina plasti peSCenjaka.
Glej angleski del prispevka.

3.2 Razmerje med pescenjakom in laporovcem

Razmerje med posameznimi flisnimi kamninami v fli§u vpliva na hitrost in nac¢in preperevanja kamnine.
Pescenjak se praviloma lomi na poligonalno oblikovane bloke, laporovec pa se drobi v droben grus$¢ nepra-
vilnih oblik.

Ker laporovec hitreje prepereva kot pescenjak, bi pricakovali, da so obmogja, kjer prevladuje, obenem
tudi obmogja hitrejSega umikanja obale. Tak$ni odseki so izpostavljeni stalnemu, a manj$emu umikanju
pobodij ter usipanju grus¢a po pobodjih. Zaradi odsotnosti meritev na fli$ni obali hitrost procesa ni znana.
Za primerjavo: meritve spro$canja flisa v zaledju slovenske Istre kazejo, da poteka umikanje flisnih klifov
s hitrostjo priblizno 5 cm/leto (Zorn 2009b, 292).

Na nastanek vecjih poboc¢nih procesov vplivajo debele plasti pesc¢enjaka, ki so odpornejse na prepe-
revanje, vendar izgubljajo oporo zaradi manjse odpornosti laporovca, se lomijo in padajo v niZje lege.

Na opazovanem odseku obale prevladujejo obmodja s prevlado laporovca, ki pa gradijo tako rte kot
zalive. Na teh odsekih nastajajo erozijski Zlebi¢i in usadi, odlomi pa se ve¢inoma pojavljajo na obmogjih,
kjer prevladuje peséenjak.

Slika 4: Na ve¢jem delu preucevanega obmocja prevladuije laporovec. Razmerje med kamninama je pomembno zaradi razline podvrzenosti
preperevanju: laporovec se drobi v gruS¢ (zgoraj desno), peScenjak pa se lomi na poligonalno oblikovane kose.
Glej angleski del prispevka.

3.3 Plasti pescenega karbonatnega ali apnencevega turbidita

Pesceni karbonatni ali apnencevi turbidit (Peckmann 1995) je precej odporen na preperevanje.

Turbiditne plasti niso prisotne na celotnem obalnem odseku, vendar so se povsod, kjer plasti so, izob-
likovali rti. Sklepamo lahko, da se na taksnih odsekih klif umika pocasneje. Zaradi redkosti taksnih pojavov
sklepamo, da skalni odlomi kljub obilici gradiva, ki ga premaknejo po pobogjih klifov zaradi ¢asovne redko-
sti pojavljanja niso najbolj pomembni za oblikovanje obale. Plasti pes¢enega karbonatnega ali apnencevega
turbidita ne vplivajo na nastanek usadov, erozijskih jarkov in Zlebicev, so pa na rti¢u Strunjan pogosti skal-
ni odlomi. Nekatere plasti apnencevega turbidita so debele skoraj 4 m!

Slika 5: Skalni bloki apnencevega turbidita se kopicijo na podnoZju obalnih sten (zgornja slika). Ena izmed plasti peS¢enega karbonatne-
ga turbidita tone pod akumulirano gradivo na prodnati plaZi v zalivu pod Belvederjem (spodnja slika).
Glej angleski del prispevka.

3.4 Indeks trdnosti kamnin

Indeks trdnosti kamnin (tudi: geoloski trdnostni indeks, ang. geological strenght index) zajema tiste znacil-
nosti kamnine, ki so merljive in vplivajo na njeno trdnost (Marinos in Hoek 2000; Sonmez in Ulusay 1999).
Klju¢na parametra sta $tevilo razpok/m? in stanje razpok, ki obsega tri parametre: hrapavost razpok, pre-
perelost razpok in odprtost razpok ter vrsta polnila v njih.

Po Furlaniju in ostalih (2011b) je privzeto poenostavljeno ocenjevanje indeksa trdnosti kamnin, ki
temelji zgolj na parametrih za pe$cenjak. Taksen pristop je bil uporabljen zaradi primerjave s podatki za
Debeli rti¢ (Furlani in ostali 2011b), ki leZi nekoliko severneje od nasega obmocja preucevanja ob itali-
janski meji. V prihodnje bo treba pridobiti dejanske vrednosti indeksa trdnosti kamnin za fli§ na
slovenski obali. Marinos in Hoek (2000) predlagata, da se pri tem upostevajo dolocene odstotne vredno-
sti za pes¢enjak in druge za laporovec, razmerje pa je odvisno od litoloske sestave, strukture in ocene stanja
povrsine stratigrafskih diskontinuitet flisa.
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Preucevanje indeksa trdnosti kamnin na Debelem rti¢u, ki opisuje tako kamninske kot deloma struk-
turne lastnosti flisa, je pokazalo, da je stabilnost flisa malo odvisna od stanja razpok, medtem ko je poglavitni
vzrok za krusenje obalnih sten $tevilo razpok v pesc¢enjaku (Furlani in ostali 2011b). Pomemben dejavnik
je poleg strukturnih deformacij kamninska heterogenost, katere posledica je plastovitost flifa. V zalivu
vzhodno od rti¢a Strunjan se razpokanost laporovca zaradi preperevanja mo¢no zmanjsa na globini 12 cm.
Zorn (2008, 33) za gole flisne stene v zaledju obale navaja, da se Stevilo razpok mo¢no zmanjsa ze 5-10 cm
pod povrs$jem, globinska razpokanost peséenjaka pa je podobna vodoravni razpokanosti. Preglednica 1
prikazuje stopnjo razpokanosti, stanje razpok in indeks trdnosti pes¢enjaka na 32 tockah med rti¢em Kane
in Strunjanom.

Opazovano obmodje spada skoraj v celoti v razred srednjih vrednosti indeksa trdnosti kamnin. Izje-
mi sta nizka trdnost vzhodno od rti¢a Strunjan ter visoka trdnost na obmocju rtica Ronek. Poglavitna
dejavnika nizke trdnosti sta tanka plastovitost in velika razpokanost, ki je posledica pretrtosti kamnine.
Visok indeks trdnosti kamnin na rti¢u Ronek je posledica izredno nizke stopnje pretrtosti in valovitosti
razpok, kar povecuje trdnost kamnine. Prostorska razporeditev indeksa trdnosti kamnin kaze, da ta ni
bistven dejavnik oblikovanja poteka obale. Zanimivo je, da je pojav erozijskih zlebi¢ev vezan na odseke
s srednjo do visoko vrednostjo indeksa trdnosti kamnin, kar lahko pomeni, da je za njihov nastanek pomemb-
nej$i nek drugi dejavnik, na primer debelina plasti laporovca. Erozijski jarki se pojavljajo povsod, razen
na odsekih z zelo nizko vrednostjo indeksa trdnosti kamnin, kjer prevladujejo odlomi. Slednji se pojav-
ljajo tudi na odsekih z nizko do srednjo vrednostjo indeksa trdnosti kamnin. Usadi so pogostejsi na odsekih
s srednjim indeksom trdnosti kamnin, vendar odlomne povrsine niso vezane na stopnjo indeksa trdno-
sti kamnin, saj se pojavljajo v vseh razredih. Furlani in ostali (2011b) za obmocje Debelega rtica pisejo,
da je indeks trdnosti kamnin med 15 in 45, kar je niZje kot na nasem odseku.

3.5 Smer in naklon vpada plasti

Plasti na celotnem opazovanem obmocju so nagnjene v smeri proti kopnemu, zaradi ¢esar pobocja
niso skladna. Na celotnem obmo¢ju naklon plasti najveckrat ne presega 15°, pri ¢emer so vecji naklo-
ni posledica lokalnega gubanja. Ve¢ji naklon vpada plasti (rti¢ Kane in rti¢ pri Belih skalah) se odraza
v konkavni obliki obalnega prereza, nima pa pomembne vloge pri hitrosti erozijskih procesov oziro-
ma umikanju obalnih sten. Vsi razredi smeri in naklona vpadanja plasti se namre¢ pojavljajo tako na
rtih, kot v zalivih opazovanega obmo¢ja; podobno velja za erozijske oblike (erozijski zlebici, jarki, usa-
di in sklani odlomi).

3.6 Strukturne deformacije

Prekrivanje slojev gub in prelomov ne kaze posebne povezanosti z erozijskimi oblikami. Na odsekih s struk-
turnimi deformacijami najpogosteje nastajajo erozijski Zlebi¢i, redki so usadi in odlomi. Erozijski jarki
in odlomne povrsine ne kazZejo povezanosti z gubami in prelomi. Najve¢ja stopnja strukturne deformi-
ranosti je juzno od rti¢a Strunjan. Morda je prav zmanjsana stabilnost pobocij zaradi strukturnih deformacij
razlog za intenzivno umikanje klifov v preteklosti, zaradi cesar so se znasle v izrazito zavetrni legi. Danes
ta odsek ni v stiku z morjem, zaradi ¢esar pri njihovem preoblikovanju sodelujejo pretezno kopenski dejav-
niki.

Slika 6: Razpoke (levo) in gube (desno) so pogoste na opazovanem obmocju, na primer na rti€u Strunjan.
Glej angleski del prispevka.

3.7 Talna voda v razpokah

Flisne kamnine so za vodo slabo do srednje prepustne kamnine (Fabjan 2010, 22). Posebej vododr-
Zen je laporovec, medtem ko se v plasteh pescenjaka skladis¢ijo manjse koli¢ine razpoklinske in ujete
vode, ki se pretaka po razpokah in lezikah (Dular 2000), zato si izviri na obalnem odseku sledijo vzdolz
posamezne plasti. Razpoklinski fli$ni izviri niso izdatni, vendar se iz njih cedi voda skozi celo leto (Du-
lar 2000, 8).
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Vpliv talne vode v razpokah ne kaze povezav s pojavljanjem posameznih erozijskih oblik. Izviri raz-
poklinske vode se pojavljajo predvsem v zalivih, vendar je njihovo majhno izdatnost in $tevil¢nost tezko
povezati z izrazitejsim vplivom na hitrost umikanja obalnih sten.

Slika 7: Razpoklinski fli$ni izviri. Pozimi voda na pobocjih obalnih sten obéasno zmrzuje.
Glej angleski del prispevka.

3.8 Naklon pobocja

Zemljevid naklonov je bil pridobljen s pomoc¢jo obdelave digitalnega modela visin 12,5 m, delitev naklona
na razrede pa uposteva klasifikacijo, ki povezuje posamezni naklonski razred s prevladujo¢imi geomorf-
nimi procesi (Demek in ostali 1972; Natek 1983)

Na Klifih prevladuje naklonski razred 32°-54,9°, pri katerem so delci kamnine v labilnem poloZaju zara-
di preseganja posipnega kota. V tem naklonskem razredu se pojavljajo erozijske oblike. Sporadi¢no se
pojavljajo tudi nakloni veéji od 55°, vendar le na spodnjih delih klifov, kar je tudi posledica nenatanc-
nosti digitalnega modela visin (Hrvatin in Perko 2005). Najvecja sklenjena povrsina naklona nad 55° je
na zahodnem delu rti¢a Ronek, kjer je obsezna odlomna povrsina. Spodnji deli klifov ve¢inoma spada-
jo v naklonski razred 20°-31,9°. Za ta naklonski razred je znacilno plazenje (usadi). Nakloni, manjsi od 11,9°
vkljucujejo pas obalnih ravnic.

3.9 Rastje

Porascena so predvsem erozijsko manj aktivna obmocja in obmoc¢ja odlaganja erodiranega gradiva, med-
tem ko so zgornji deli klifov skoraj neporascéeni. Tam rastje nima opazne vloge pri utrjevanju pobo¢ja in
preprecevanju pobo¢nih procesov. Rastje zadrzuje manjse erozijske procese v spodnjih delih pobocij, kjer
porasca odlozeno gradivo. Kjer poloznejsi del klifov obrasc¢a drevje, lahko ta zadrzi precej gradiva, le gra-
diva vec¢jih dimenzij ne more zadrzati (Ribici¢ in Gali¢ 2010).

Obmogja ob erozijskih jarkih, na katerih prevladuje povrsinsko spiranje, porasca pionirsko rastje. Usadi
se spro$cajo na ve¢inoma nepora$éenih odsekih, odlomne povrsine pa so neporaséene zaradi velikega naklona.

Slika 8: Spodnii deli klifov so zaradi manjSega naklona poraSteni s travnim in grmovnim rastjem, strme odlomne povrSine v zgornjem delu
pa so poveCini gole.
Glej angleski del prispevka.

3.10 Izpostavljenost obale morju

Stopnji erozije morja in priobalnega transporta sta neposredno odvisni od energije valovanja, ta pa od
vi$ine valovanja (Airy 1845; Komar in Inman 1970, po Pethick 2001). Pri tem je bistveno, da ti procesi
podnozje klife sploh dosezejo, zato smo ugotavljali vrsto stika med morjem in klifi.

Na skoraj celotnem preuc¢evanem obmocdju gre za obcasen stik vznozja obalnih sten z morsko gladi-
no, prisotnost sklanih blokov pa je odvisna od prisotnosti plasti pes¢enega karbonatnega ali apnencevega
turbidita v obalni steni. Ne kaze, da bi njihova prisotnost izraziteje vplivala na stopnjo erozije morja. Nepo-
sreden stik z morjem je le na rticu Strunjan in vzhodno od njega ter na rti¢u pri Belih skalah. Poizkus pri
rticu Strunjan je pokazal, da obalni transport ob Ze nekoliko bolj izrazitem plimovanju z obi¢ajnim valo-
vanjem brez teZav premes$c¢a pobo¢no gradivo z najdaljo stranico do 11 cm in prestavlja skale z najdaljso
stranico do 30 cm, ki se ob morebitnem poboc¢nem procesu kopicijo pri podnozju obalnih sten.

Slika 9: Mot valovanja na odprtem morju 4 km od preucevanega obmocja 6. 7.2011. Prvi granulacijski razred je z obalne police v zalivu
pri rticu Strunjan odneslo ob 12:00, drugi in tretji ob 13:30 in Cetrti ob 14:00, ko je plimovanje doseglo visek (Agencija ... 2011).
Glej angleski del prispevka.

Slika 10: S Stevilkami so oznadeni granulacijski razredi, puscice prikazujejo smer transporta.
Glej angleski del prispevka.
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Preglednica 2: Granulacijski razredi, uporabljeni v poizkusu (fotografije Matija Zorn).

1 2

Granulacijski razred

opisno droben grus¢ majhni prodniki  srednje veliki prodniki  ve€ji kamni manj3a skala
vrsta gradiva laporovec — —_— <k R
in pestenjak pesCenjak pestenjak pestenjak pesCenjak

povprecna dolZina treh

stranic klastov (cm) najdalj3a stranica <3 1x4x3 3x11x7 30x15x10 30x40x20
skupna koligina (m?) 0,03 0,03 0,03 0,01 0,02
Stevilo klastov nepresteto nepresteto 200 3 1
zaobljenost nizka srednja (0,44) srednja (0,49) nizka nizka

Z vrsto stika je povezan tudi nastanek erozijskih oblik. Erozijski zlebi¢i in jarki ne nastajajo na odse-
kih z neposrednim stikom, saj so tam gole povrsine. Usadi so vezani na obmocja z obc¢asnim stikom, kjer
se ob vznoZjih pobocij lahko odlozi zadostna koli¢ina pobo¢nega gradiva, da lahko nastajajo usadi. Odlo-
mi se pojavljajo na vseh tipih stika.

4 Ogrozenost kopalcev pod klifi

Ker so z vidika ogrozenosti kopalcev najbolj pomembni usadi in skalni odlomi, so ti v nadaljevanju natanc-
neje preuceni. Da bi ugotovili kateri deli obale so podvrzeni tem procesom, smo kartografsko prekrili
dejavnike, ki sovpadajo na dolo¢enem obalnem odseku. Ker izbrani dejavniki neenako vplivajo na pro-
Zenje posameznega pobocnega procesa, jih je bilo treba primerno obtezZiti glede na njihovo stopnjo
povezanosti s posamezno erozijsko obliko. Faktor obteZitve je posamezen dejavnik pridobil na podlagi
absolutne vrednosti pojavljanja v povezavi z doloéeno erozijsko obliko. Na podlagi tega sta bila izdelana
zemljevida podvrZenosti pojavljanju usadov in skalnih odlomov na opazovanem obmodju (sliki 11 in 12).

Preglednica 3: Prisotnost posameznih dejavnikov pri pojavljanju usadov.

usad 1 usad 2 usad 3 usad 4 usad 5 3

indeks trdnosti kamnin 40-43 x x x x x 5
prevladuje peScenjak x x x x x 5
obGasen stik z morjem x x x x x 5
naklon pobotja 20°-31,9° x x x x x 5
vpad plasti 5°-15° x x x x 4
vodoravno x 1

rastje neporasceno x x x x 4
gozd x 1

debelina pescenjaka >20cm x x x 3
10-20cm X X 2

strukturne deformacije x x 2

Na opazovanem obmodju so pri pojavljanju usadov najveckrat prisotni dejavniki kamninske zgrad-
be (prevlada pe$éenjaka) in razpokanosti (indeks trdnosti kamnin), vrsta stika z morjem (obcasen) in naklon
pobodja (vedji od 20°). Nekoliko redkejsi so usadi na nepora$éenih obmo¢jih z majhnim naklonom pla-
sti, na obmog¢jih z debelimi plastmi pescenjaka in ob ve¢jih strukturnih deformacijah. Razpoklinska voda
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in plasti pe$c¢enega karbonatnega ali apnencevega turbidita ne vplivajo na pojavljanje usadov. Najpomemb-
nejsi dejavnik pa je gotovo obcasen stik z morjem, saj omogoca, da se pod klifom vendarle odlozi vsaj nekaj
gradiva, ki je potem podvrzeno pobo¢nim procesom. Sode¢ po sliki 11 so usadom najbolj podvrzeni odse-
ki juzno od rti¢a Strunjan in zaliv Sv. Kriza.

Slika 11: Zemljevid podvrZenosti pojavljanju usadov (Segina 2012).
Glej angleski del prispevka.

Na fli$nih klifih na preu¢evanem obmocdju je za pojavljanje skalnih odlomov bistvena prisotnost pla-
sti peS¢enega karbonatnega ali apnencevega turbidita in prevlada pe$cenjaka, saj sta turbidit in pesc¢enjak
izvor odlomnega gradiva. Na skalne odlome vpliva tudi neposreden stik z morjem, ki zmanj$uje stabil-
nost obalne stene pri njenem vznoZzju. Nekoliko manjsi vpliv imata tanka plastovitost pes¢enjaka in vecja
razpokanost kamnine (indeks trdnosti kamnin), medtem ko rastje ocitno ne zadrzuje skalnih odlomov,
saj je ve¢ odlomov na z drevjem porascenih odsekih, kot na neporascenih. Manjsi vpliv na pojavljanje skal-
nih odlomov imajo strukturne deformacije in naklon pobod¢ja, pri ¢emer skalni odlomi prevladujejo
v naklonskem razredu 32-54,9°, zanemarljiv vpliv pa ima voda v razpokah. Odlomom so glede na sliko
12 najbolj podvrzeni odseki v zalivu Sv. KriZa, predvsem zahodni del zaliva, rti¢ pri Belih skalah ter neko-
liko manj odsek tik pred Strunjanom in vzhodni del rti¢a Kane.

Slika 12: Zemljevid podvrZenosti pojavljanju skalnih odlomov (Segina 2012).
Glej angleski del prispevka.

5 Sklep

Pri preucevanju klifov je najvedji izziv ocenjevanje hitrosti njihovega umikanja. Zaradi odsotnosti dalj-
$ih meritev erozije na fli$nih Klifih ob slovenski obali lahko hitrost erozijskih procesov zaenkrat le ocenjujemo
na nekaj centimetrov letno.

V dlanku je predstavljen vpliv nekaterih naravnih dejavnikov na pojavljanje posameznih erozijskih
procesov in reliefnih oblik na Klifih ter prostorska razprostranjenost usadov in skalnih odlomov. Glede
na rezultate postavljamo hipotezo, da so v zalivih pomembni »pospesevalci« erozije na pobodjih usadi,
na rtih pa skalni odlomi.

Primerjave med posameznimi dejavniki in obliko danasnje obalne ¢rte kaZejo, da je slednja v najvedji
meri odvisna od debeline plasti pesc¢enjaka in prisotnosti plasti pes¢enega karbonatnega ali apnenceve-
ga turbidita. Iz tega sklepamo, da je sicer poc¢asno umikanje klifov v zalivih, kjer teh plasti ni, razmeroma
hitro in zato bolj vpliva na potek obale, kakor hipni erozijski ali pobo¢ni procesi. Slednji so tesno povezani
s prisotnostjo debelej$ih turbiditnih plasti ali debelejsih plasti pes¢enjaka in so pogostejsi na izpostavlje-
nih rtih. Vedji skalni odlomi, ki sicer premaknejo obilo gradiva v kratkem ¢asu, so na opazovanem obmocju
prevec redki, da bi se njihov prispevek k preoblikovanju obale pomembneje odrazal.

In kaksno je predvideno prihodnje spreminjanje obalnih klifov na opazovanem obmo¢ju?

Odgovor na to vprasanje je tesno povezan z napovedanim spreminjanjem visine morske gladine, ki
uravnava stopnjo erozije morja in obalnega transporta.

Lambeck in ostali (2004) za obmo¢je Sredozemskega morja ocenjujejo, da je od konca zadnjega pole-
denitvenega viska (pred okoli 12.000 leti) do danes najpomembnejsi dejavnik nihanja morske gladine
tektonika. Zaradi odsotnosti nanosov iz zadnjega medledenega obdobja pri Trstu glede na znane evstat-
ske in glacio-hidroizostatske stopnje sklepajo, da se povrsje greza s stopnjo —0,15 mm/leto (Lambeck in
ostali 2004). Visine geomorfoloskih in arheoloskih najdb med zalivom Sv. Jerneja in zalivom Sv. Simo-
na, prerac¢unane po razli¢nih evstatsko-glacio-hidrostatskih modelih, nakazujejo na hitrost grezanja
med —0,44 mm na leto in —1,53 + 0,72 mm na leto v zadnjih 2000 letih (Antonioli in ostali 2009). Na pod-
lagi spodmolov na obmocju apnencaste obale med Miramarom in Devinom (severozahodno od Trsta),
ki so danes pod morsko gladino, sklepajo o grezanju sedimentacijskega bazena v zadnjih 10.000 letih proti
severozahodu. Severni del Trzaskega zaliva se pogreza hitreje (ve¢ kot —1,99 mm/leto), kot juzni del (oko-
li —0,6 mm/leto) (Furlani in ostali 2011c). Neenakomerno grezanje je posledica razlinega gibanja
tektonskih blokov, lo¢enih s prelomi, pravokotnimi na dinarsko smer (Furlani in ostali 2011c). Stopnja
evstatizma naj bi imela drugoten pomen na nihanje morske gladine v Sredozemskem morju, glacio-hi-
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droizostazija pa naj bi prispevala le 10-15 % k skupni vi$ini gladine morja, pri ¢emer ima alpska pole-
denitev le zanemarljiv vpliv (Lambeck in ostali 2004). Dviganje povrs$ja zaradi izostazije po zadnjem
ledenem obdobju naj bi tako v severnem Sredozemlju znasalo le +0,1 do 0,2 mm letno (Peltier 2001, po
Garcia 2007).

Gladina morja na mareografski postaji Koper se zviSuje za priblizno 1 mm/leto, kar je v skladu s tren-
dom narascanja gladine Sredozemskega morja (Licer in ostali 2010) in je povezano tudi s steri¢nim ucinkom
zaradi spreminjanja prostornine morske vode ob nihanju temperature in slanosti ter zaradi spreminjanja
vodne bilance (Creado-Aldeanueva 2008). Ta trend in pa isto¢asno grezanje, evstatizem in glacio-hidroi-
zostazija preprecujejo fosiliziranje obalnih oblik. Zaradi dviganja morske gladine lahko tako v prihodnje
pri¢akujemo ohranjanje trenutno prisotnih obalnih reliefnih oblik in delujo¢ih procesov.

6 Literatura
Glej angleski del prispevka.
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