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Abstract

The Rijeka Bay coast is formed predominately in carbonate rocks. Due to relatively sheltered position, processes of
bioerosion dominate, while mechanical wave action has low impact.

Biological zone limits in Rijeka Bay are well expressed, and they reflect the local biological mean sea level (BMSL).
Therefore, they were used as referent levels for measurement of submerged tidal notch position. These in situ biological
indicators could be more useful than sea-level mareograph data.

Well developed tidal notches are permanently submerged and quite ubiquitous in the whole Rijeka Bay area; that is, they are
situated in the infralittoral zone. They have elongated, asymmetric shape. Inasmuch as the roof top of the notches is well
preserved, they were correlated with well defined biological zone limit [upper limit of white (WE) zone; sensu Schneider, J.,
1976. Biological and inorganic factor in the destruction of limestone coast. Contributions to Sedimentology 6, 1-11].

Results of survey showed that, in most of the area, tidal notches are located 50-60 cm below BMSL. However, within the
Bakar Bay, notches are from 103 to 115 cm below BMSL.

Regional occurrence of well preserved tidal notches at 0.5-0.6 m below BMSL indicates their possible coseismic origin
(rapid tectonic subsidence).

Deeper positions of tidal notches in the northeastern part of Rijeka Bay and within Bakar Bay indicate enhanced subsidence
of that zone which is assumed to be the most seismotectonicaly active.
© 2004 Elsevier B.V. All rights reserved.
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limestones. They develop parallel to the sea level by
combination of physical and biological abrasion, and
by chemical and biological dissolution (Kershaw and
Guo, 2001). However, a subgroup of marine notches,
the tidal notches, develop primarily by bioerosion
within the tidal zone (i.e., intertidal, eulittoral,
midlittoral, or mediolittoral) on relatively sheltered
limestone coasts with small tidal range (Pirazzoli,
1986).

Bioerosional activities by a variety of marine
organisms include biochemical and biomechanical
processes (Griggs and Trenhaile, 1997). Characteristic
destructional relief forms developed on limestone
coasts as a result of bioerosion (biokarst forms) are
arranged according to bionomic zones and have good
fossilisation potential (Schneider and Torunski, 1983).
Tidal notches are considered to be one of the best
indicators of the local sea level change (Pirazzoli,
1986).

Intertidal zone (mediolittoral) in the Adriatic as
well as in the Mediterranean is very narrow due to
microtidal character of these two seas. Despite its
narrowness, on the carbonate coasts, such as those of
the eastern Adriatic, distinct biological zones can be
observed on rocky shores (Pérés and Picard, 1964; for
northern Adriatic see Schneider, 1976; Torunski,
1979), and they reflect the long time average moisture
conditions. The distinctiveness of these zones is
primarily based on colour due to different species of
cyanobacteria and their response to particular environ-
mental conditions (Schneider, 1977; Golubi¢ and
Schneider, 1979; Schneider and le Campion-Alsu-
mard, 1999). As early as 1932, Ercegovi¢ (1932), in
his detailed research of cyanobacteria in this zone on
the eastern coasts of the middle Adriatic, reported
colour zonation and indicated that lithophitic cyano-
bacteria are the main component of intertidal living
community where they play an important role in rock
destruction.

The upper limit of the biogenic notches coincides
with a steep drop in the erosion rate at the upper limit
of the habitat of Patella coerulea, while the lower
limit is characterized by the first appearance of
infralittoral species such as sea urchins Paracentrotus
lividus and Arbacia lixula, bivalve Lithophaga
lithophaga, clionid sponges, etc. (Schneider, 1976;
Torunski, 1979; Schneider and Torunski, 1983). The
upper mediolittoral zone has whitish appearance due

to the colour of certain endolithic cyanobacterial
species (e.g., Mastigocoleus testarum, light gray) as
well as due to intense grazing by gastropods
(primarily Patella spp., Monodonta turbinata), which
prevents settlement of epilithic cyanobacteria. Also,
irregular crusts of rhodophyte from genus Lithophyl-
lum, which are sometimes present in this zone, add to
the whitish appearance during periods of emersion.
Schneider (1976) named it white (WE) zone. While
the lower part of mediolittoral is in western Medi-
terranean and middle Adriatic characterized with the
rim-building rhodophyte Lithophyllum lichenoides, in
the northern Adriatic, it is characterized by dense
populations of the phacophyte Fucus virsoides (Pérés
and Picard, 1964; Gamulin-Brida, 1974). In case
when sea urchins remove the macrophytes, that zone
has its degraded aspect, and due to the longer period
of immersion as well as to the colour of lithophitic
cyanobacteria, it appears green. Torunski (1979)
named that zone green (GN) zone. The upper limit
of the green zone, i.e., the border between the WE and
GN zones, coincides with the mean sea level (MSL),
while the lower limit of GN zone lacks distinct
phenomenological features (Torunski, 1979). There-
fore, biological zones in the intertidal zone (mediolit-
toral) in the northern Adriatic have specific colour, on
the basis of which they can be recognized and
distinguished without specialistic knowledge about
species which live in them.

In the northern part of the Croatian Adriatic coast,
a well developed tidal notch below mean sea level has
already been recognized. Pirazzoli (1980) measured
the tidal notches on two locations on the Losinj Island,
on one location in the Vinodol Channel and on two
locations in the Velebit Channel. He reported that they
are U- to V-shaped, and that the retreat point was
approximately 0.6 m below mean sea level (MSL).

Tidal notches that are U-shaped and are fully
developed only on very steep limestone coasts have
already been known from the Kvarner area (Benac,
1992).

Benac and Juracic¢ (1998) correlated U-shaped tidal
notches at approximately 0.6 m below MSL, and U- to
V-shaped notches at 18-m depth, with Adriatic sea
level changes during the Holocene. Fouache et al.
(2000) described tidal notches on Rab and Pag Islands
and on the Velebit Channel coast, and they connected
their position with recent sea level rise.
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In the broader Mediterranean region, a lot of
research on tidal notch formation has been performed,
and use of tidal notches in reconstructing sea level
changes has been documented (e.g., Sartoretto et al.,
1996; Pirazzoli, 1986, 1996; Pirazzoli et al., 1996a;
Kershaw and Guo, 2001). However, most examples
from central and eastern Mediterranean reported in the
literature indicate Late Holocene rapid coseismic
uplift of the coastal zone due to the strong seismotec-
tonic activity (Pirazzoli et al., 1994a, 1994b, 1996b,
1999; Laborel and Laborel-Deguen, 1994; Rust and
Kershaw, 2000; Stiros, 2001; Stiros et al., 1994, 2000;
Kershaw and Guo, 2001).

2. Investigated area

The area of Rijeka Bay is approximately 450 km?,
and the length of its coast is 115 km. The Bay is quite
sheltered (Fig. 1A,B). Eastern (Istrian) coast, northern
coast in the Rijeka area, and southern (northern part of
Cres Island) coast are not indented, whereas on
northeastern and eastern coasts of Rijeka Bay, there
are Bakar, Omisalj, and Malinska bays.

In the Rijeka Bay, weak to moderate winds prevail
with speeds up to 10 ms~", whereas storm winds with
speeds >30 ms ™' are rare (Fig. 1C; Benac, 1992).

Tides in the Adriatic are of semidiurnal type. In
the Rijeka Bay area, tidal range is small: average
amplitude is approximately 30 cm (data for Bakar
Mareograph). However, sea level fluctuations are
influenced also by atmospheric conditions. During
north-—northeast wind (Bora) and high atmospheric
pressure, the sea level may be significantly lowered,
and during south—southeast winds (Sirocco) and low
atmospheric pressure, the sea level can rise more
than 1.1 m above MSL. Calculated extreme sea
level span in 100 years is more than 2 m (from
—79 to +124 cm from MSL; M. Prsi¢, personal
communication).

The Rijeka Bay area (Fig. 1) as a part of the
Kvarner area in the northern Adriatic had a very
dynamic morphologic evolution due to intensive
tectonic activity and glacioeustatic sea level changes
(Colantoni et al., 1979; Correggiari et al., 1996; Benac
and Juracic, 1998).

The Rijeka Bay coasts are formed in Cretaceous
and Paleogene carbonate and clastic sedimentary

rocks. Carbonate rocks (limestones, dolomites, and
carbonate breccias) predominate in the coastal area,
whereas flysch sediments are of subordinate impor-
tance (Fig. 1C). Cretaceous and Paleogene rocks on
land are partly covered by Quaternary sediments.
Contrary to the steep rocky coast, the Rijeka Bay
bottom is very flat at approximately 60-m depth and
covered with Recent lithogenous muddy sediments
(Juraci¢ et al., 1999).

The prevailing limestones are quite pure (92-99%
of calcite). However, dolomites and partly dolomitic
limestones are also present (Benac and Juracic,
1998).

Tectogenesis of the Kvarner region reflects the
subduction of Adriatic carbonate platform beneath
the Dinarics. The main geodynamic processes have
been subdivided in two time-defined phases: the
Eocene (Pyreenean) movements, together with the
subsequent ones, caused the formation of the folded
and faulted structures, and the final shape was
obtained by tectonic reactivation since the Upper
Pliocene (Blaskovi¢, 1999). An uneven intensity of
subduction of the “Istria” and ‘“Adriaticum” geo-
dynamic units beneath “Dinaricum” geodynamic unit
(sensu Herak, 1986; units I, 1I, and III in Fig. 2
respectively) has been postulated. Therefore, units I
and II are divided by the horizontal dextral Kvarner
fault. That caused the sinusoidal twist of structures
into the meridional strike in the western part of the
Kvarner region (Prelogovi¢ et al, 1995) and a
helicoidal fault system in the Vinodol Valley
(Blaskovic, 1997). The main tectonic structures strike
northwest—southeast (Fig. 2). The movement and the
subduction of the “Adriaticum” (II in Fig. 2) towards
north—northeast is presumed in such a way that, in
the broader zone, horizontal displacement predom-
inates, whereas a narrow zone, including the Vinodol
Valley and Bakar Bay, is characterized by more
pronounced vertical movements, causing maximal
subsidence. The most intensive tectonic movements
occurred during the Quaternary period, subsequent to
the deposition of the upper Pliocene sediments
(Blaskovi¢, 1999).

Geomorphologic characteristics of the relief and
terra rossa distribution (Benac and Durn, 1997) and
high seismicity indicate very active recent tectonic
activity in the Kvarner area (Del Ben et al., 1991;
Prelogovi¢ et al.,, 1995; Herak et al., 1996) and
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Fig. 2. Structural-tectonic map of Rijeka Bay area (simplified and modified; after Prelogovi¢ et al., 1995). 1—regional geodynamic units: [—
Istria, [I—Adriaticum, III—Dinaricum; 2—regional reverse faults bordering geodynamic units; 3—reverse faults and presumed fault sections;
4—faults without surely defined character; 5—horizontal dextral Kvarner fault; 6—the zone of maximal recent subsidence (Vinodol Valley,

Bakar Bay and northeastern coast of Rijeka Bay; Blaskovic, 1999).

especially in the Bakar Bay and Vinodol Valley
(Blaskovi¢, 1999).

3. Methods of investigation

During a detailed survey of the Rijeka Bay coast,
including Bakar and Omisalj Bays, zones with
relatively compact carbonate rocks were selected for
measurements. On these rocky parts of the coast, a
detailed search has been performed by snorkelling and
scuba diving in order to find tidal notches. Geo-

graphic locations of 32 measured notches are reported
as Gauss—Krueger coordinates with an accuracy of
+25 m.

Measurements were done according to Pirazzoli
(1986). Biological zone limits in Rijeka Bay are well
expressed, reflecting the local BMSL (biological
mean sea level, see Discussion; Figs. 3 and 4).
In the Rijeka Bay, in the intertidal zone (mediolit-
toral), two distinct zones could be recognized: the
white (WE) zone (Schneider, 1976) and, below it, the
green (GN) zone (Torunski, 1979; see Introduction).
Measurements of the tidal notch position were done

Fig. 1. (A) Location map of Kvarner region. (B) The research area (Rijeka Bay) and the locations mentioned in the text. (C) Lithology map of
the Rijeka Bay coast and hydrographical conditions in the Bay. 1—Quaternary and Recent sediments; 2—Eocene-Oligocene carbonate
breccias; 3—Eocene flysch; 4—Cretaceous and Paleogene pure limestones; 5—Cretaceous dolomites and dolomitized limestones; 6—wind

direction mean frequency distribution (in %); 7—sea state.
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Fig. 3. Submerged tidal notch profile with correlation between
biological zone limits, water level marks, and notch points. Due to ill
defined retreat point B(?) of the notch the roof top, A was used as a
measurement point. The upper limit of WE zone (ULWE, which is
biologically and phenomenologically defined) corresponds to the
roof of recent tidal notch formation (Schneider, 1976). WE—white
zone (Schneider, 1976); GN—green zone (Torunski, 1979);
ULWE—upper limit of WE zone; FULWE—former upper limit of
WE zone; A—point of roof top of the notch (Pirazzoli, 1986); B—
retreat point (Pirazzoli, 1986); B’—apparent retreat point; H'r—
apparent roof height; E—elevation (Pirazzoli, 1986); E*—measured
elevation; MSL—hydrographic mean sea level (Bakar Mareograph);
BMSL—biological mean sea level, FBMSL—former biological
mean sea level.

from the upper limit of the WE zone to the roof top of
tidal notch (point A, Pirazzoli, 1986). The white zone
is usually clearly visible. However, on the exposed
coasts, the upper limit of the WE zone is expanded,
and in those cases, the upper limit of the GN zone,
which coincides with BMSL, was used. The vertical
distance between the upper WE and GN zone limits in
Rijeka Bay was approximately 30 cm, which is in
accordance with the average tidal amplitude (18 year

mean range of high and low water is 47 cm, whereas
the range of high and low water during the spring
tides is 61.7 cm; Bakar Mareograph, M. Pasaric,
personal communication). Metal bars with centimeter
division and in-built spirit level were used for
measurements in order to achieve better vertical and
horizontal accuracy. Only tidal notches with horizon-
tal extension larger than 1 m were measured. On each
location, several measurements were performed, and
the means are reported in Results. Relatively often,
there were visible fractures in the rock, which
deformed the tidal notch, and by multiple measure-
ments, the accuracy was improved.

In order to determine the relationship between
hydrographic MSL as recorded at Bakar Mareograph
and BMSL (sensu Schneider, 1976), a set of sea-level
measurements at Zurkovo were performed and com-
pared to the Bakar Mareograph data (Table 1; position
of measurement locations indicated in Fig. 1C).

4. Results

Preliminary results suggesting that BMSL in the
Rijeka Bay is 20 cm below hydrographic MSL (as
recorded at Bakar Mareograph) are shown in Table 1.

The roof of a well expressed tidal notch was
always at least 20 cm below recent BMSL. Tidal
notches had asymmetric shape, height (H) between
55 and 330 cm, and depth (Dg) between 18 and 150
cm (Table 2; Fig. 5). Characteristic profile of the
tidal notch (Fig. 6) indicates the complexity of
determination of retreat point (B; Pirazzoli, 1986).
Therefore, the apparent retreat point B* (Fig. 3) was
introduced as a characteristic measurable point.
Measurement from B’ to the roof top (point A) is
reported as the roof height (Hy’) in Table 2; it was
from 0 to 20 cm.

On the west coast of Rijeka Bay (Istria Peninsula),
the position of tidal notches was between 50 and 57
cm below BMSL. On the northeast coast, west of
Rjec¢ina River mouth, the position of notches was 52
to 56 cm, while east from Rjecina River mouth, the
position was from 60 to 75 cm below BMSL. Within
the Bakar Bay, it was between 103 and 115 cm.
Southeast from the entrance to the Bakar Bay, the
position of notches was between 55 and 75 cm, and on
the east coast of the Rijeka Bay (on the Krk Island),
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Fig. 4. Vertical biozonation in Cretaceous rudist limestones on the northeastern coast of Rijeka Bay, used here as a sea level indicator. Local tidal
range is approximately 0.5 m (location N=501250; E=546700; Photo: C. Benac, Feb. 2003).

the actual position of the tidal notch was between 50
and 60 cm below BMSL (Fig. 5; Table 2).

5. Discussion

The sea level at a given place and time is not a
measurable entity but the statistical result of highly
complex movements of the water surface under the
influence of a number of factors: tides, winds,
atmospheric pressure, currents, shoreline morphology,
etc. Therefore, the use of mareograph data in research
of sea level changes is insufficient, and it is much
better to use biological mean sea level (BMSL) based
upon biological zonation in the intertidal zone, which
is the measure of long-term average moisture con-
ditions (Laborel, 1986). In accordance with this, the
border between white (WE) zone and green (GN)
zone used here, which actually corresponds to the
vertex of the tidal notch, should be considered as
BMSL. Laborel and Laborel-Deguen (1994) defined
BMSL as the limit between mediolittoral and infralit-
toral zones because they were able to connect that
limit to certain fixed species with a narrow depth
range located just over or just under it. In our research,
we could not use the usual BMSL indicator rhodo-
phyte L. lichenoides. This species is present in the

mediolittoral zone of the Rijeka Bay, but it does not
build rims like in southern Adriatic (Zavodnik and
Zavodnik, 1985).

BMSL does not necessarily correspond to the
hydrographic mean sea level (MSL) (Laborel, 1986;
Stiros et al., 1994). Our attempt to correlate hydro-
graphic MSL in the area and BMSL indicates that
actual BMSL is approximately 20 cm below hydro-
graphic MSL in Rijeka Bay (Table 1). Further
research is needed in order to understand the relation-
ship between BMSL and hydrographic MSL.

The mediolittoral zone in carbonate rocks (i.e.,
zone of rapid tidal notch development due to
maximum abundance of grazing organisms feeding
primarily on lithophitic cyanobacteria) is well defined
in the Rijeka Bay, although recent tidal notches were
not observed in it. In future research, this phenom-
enon as well as biodestruction/bioconstruction ratio in
the intertidal zone in the Rijeka Bay remains to be
elucidated. The mediolittoral zone is approximately
60-cm high (Fig. 4), and within it, recent bioerosion is
forming irregular pits 5- to 10-cm deep.

On the walls of boreholes produced by endolithic
cyanobacteria, substrate grains become loosened by
biological corrosion. The grazers feed on the
epilithic and endolithic cyanobacteria together with
the loosened carbonate grains (Schneider, 1976).
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Table 1

Relationship between hydrographic mean sea level (MSL, calcu-
lated from 18 years of measurement at Bakar Mareograph, M.
Parsi¢, personal communication) and biological mean sea level
(BMSL, border between WE and GN zones sensu Schneider, 1976

Date Time Sea level Sea level Difference
in Bakar in Zurkovo  between
reduced to reduced to HMSL and
hydrographic ~ biological BMSL (cm)
mean sea mean sea
level (cm) level (cm)

051103  09:25 9 —6 15

05 11 03 10:00 6 —15 21

05 11 03 13:05 —17 —40 23

05 11 03 13:45 —20 —43 24

05 11 03 17:05 -5 -23 18

06 11 03 09:00 11 -5 16

06 11 03 1:16 —12 —34 22

06 11 03 15:40 —11 —-27 16

06 11 03 17:10 -2 —18 16

211103  05:50 24 3 21

211103  08:25 10 —13 23

2111 03 13:00 —36 —56 20

29 11 03 12:55 17 -2 19

Average 19.6
Median 19.9

This process of biogenic carbonate removal is
synergistic and has cumulative effect. Cyanobacteria,
as light dependent photosynthetic organisms, are
limited to relatively thin surface layer of carbonate
rock. Removal of a thin layer of substrate results in a
deeper light penetration, and therefore, the continu-
ation of algal penetration depends on the continuous
removal of rock by grazers (Schneider, 1977;
Golubi¢ and Schneider, 1979; Schneider and Tor-
unski, 1983). Dalongeville et al. (1994) experimen-
tally showed that littoral bioerosion exceeds
bioconstruction on naturally colonized rock contain-
ing endolithic microorganisms, covered by algal turf.
On the other hand, increased macroalgal abundance
in the intertidal zone corresponds with reduction in
bioerosion (Naylor and Viles, 2002).

In the eastern part of the northern Adriatic, the
most pronounced part of notch (i.e., the vertex)
developed at the limit between the white (WE) zone
and the green (GN) zone, around the mean sea level
where population densities of P. coerulea (species
which had by far the highest abrasion potential) were
the highest (Torunski, 1979). Bioerosion rates esti-

mated for the white zone was 0.7 mma ' and for the
green zone was 0.9 mma .

Although tidal notches at the recent sea level were
not observed at the coasts of the Rijeka Bay area,
notches with well developed roof top are quite
ubiquitous in the infralittoral zone (Fig. 5). They
have irregular elongated shape and appear to be
similar to the types “e” and/or “i” notches according
to Pirazzoli (1986) (our Fig. 6). Their height was up
to several times larger than the recent tidal range
(Table 2; Fig. 6). Therefore, the position (elevation)
of the retreat point (point B after Pirazzoli, 1986) of
the notches could not be compared. Inasmuch as the
upper limit of the WE zone corresponds to the roof
of the recent tidal notch formation (Schneider, 1976),
we consider the distance E* (Fig. 3), between the
upper WE zone limit and the well defined roof top
of the notch (point A, Pirazzoli, 1986), as the most
reliable distance for measurement. For a formation of
an almost horizontal roof, quite a long time with
stable relative sea level was necessary. We also
presume that the tidal range in the Rijeka Bay has
not changed drastically in the last few millennia due
to the fact that the shape of the Rijeka Bay and the
Adriatic basin has not changed substantially (Benac
and JuraCi¢, 1998). Therefore, we argue that the
distance between the upper WE zone limit and the
roof top of the notch corresponds to the distance
between the recent BMSL and the former BMSL
during the formation of the notch (distance/elevation
E; Fig. 3).

Our results indicate the existence of a pronounced
tidal notch in the wider Rijeka Bay area. In the largest
part of the area, this notch is located 50-60 cm below
the BMSL. This is in accordance with earlier results
obtained along the larger part of northeastern coast of
the Adriatic Sea (Schneider, 1976; Torunski, 1979;
Pirazzoli, 1980; Fouache et al., 2000). The results are
similar, although the former authors measured the
elevation E, while we measured E* (Fig. 3).

In order to explain the elongated shape of the
notches, their excellent preservation (especially the
notch roofs), and their present location, we propose
that there was a slow relative gradual change (rise) of
the sea level prior to the quick tectonic (coseismic?)
subsidence.

Fouache et al. (2000) suggested that it took at least
500 years in Roman antiquity to form a 50-cm-deep
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Table 2
Location and measurements of tidal notches on 32 locations in the Rijeka Bay (see also Fig. 5)
No. of Gauss—Krueger coordinates Coast Lithology Geological Tidal notch measures (cm)
me-asured N E slope age B ) D H
pomnt (vertical (roof (notch (notch
position) height) depth) height)
1 50 00 34 54 39 36 75° Limestone K32 —-57 10 70 200
2 50 04 60 54 40 90 90° Limestone Ki? —55 8 65 260
3 50 10 72 54 42 06 45° Dolmitized K} —55 0 150 170
limestone
4 50 14 00 54 43 03 80° Dolmitized K3 —56 10 55 230
limestone
5 50 15 95 54 43 37 35° Limestone K32 —50 20 120 70
6 50 19 65 54 45 12 80° Limestone K, —56 10 60 210
7 50 23 30 54 48 06 45° Limestone K, —52 10 46 60
8 50 22 67 54 49 47 40° Carbonate breccia E;0l, —55 8 40 55
9 50 22 65 54 50 26 40° Carbonate breccia E;Ol, —55 10 50 58
10 50 19 65 54 58 07 80° Rudist limestone K33 -75 15 43 330
11 50 19 28 54 58 55 80° Rudist limestone K3? ~77 20 50 205
12 50 17 76 54 60 20 70° Rudist limestone K33 -75 8 56 170
13 5017 15 54 60 64 90° Rudist limestone K3? —67 10 60 190
14 50 16 80 54 61 01 40° Rudist limestone K33 —-70 15 60 60
15 50 16 14 54 62 42 70° Rudist limestone K3? —70 20 80 120
16 50 15 44 54 66 38 60° Rudist limestone K33 —105 10 25 275
17 50 15 38 54 66 55 60° Rudist limestone K3? —103 10 80 190
18 50 15 15 54 67 26 45° Rudist limestone K33 —115 5 45 60
19 50 15 11 54 66 25 70° Dolmitized limestone K3 —175 10 90 80
20 50 13 50 54 66 01 70° Carbonate breccia Kiz —62 7 30 105
21 50 13 25 54 66 37 60° Carbonate breccia Kiz -57 7 30 55
22 50 12 95 54 66 65 45° Dolmitized limestone ~ Ki* —55 10 54 90
23 50 11 90 54 66 84 45° Dolmitized limestone K3 —62 5 18 82
24 50 12 03 54 65 48 70° Foraminiferal PcsE, —65 5 40 120
limestone
25 50 08 66 54 65 07 30° Foraminiferal PcsE, —-57 10 40 60
limestone
26 50 09 43 54 64 92 80° Foraminiferal PcsE, —60 10 60 180
limestone
27 50 02 90 54 64 63 40° Limestone K37 —58 8 40 60
28 50 00 45 54 63 20 80° Foraminiferal PcsE, —60 10 45 120
limestone
29 50 00 01 54 63 25 80° Rudist limestone K3? —55 10 120 155
30 49 99 40 54 63 16 75° Rudist limestone K3? —55 10 120 120
31 49 97 07 54 61 35 80° Foraminiferal PcsE, —56 10 45 120
limestone
32 49 94 64 54 56 28 45° Limestone Ki? —63 10 40 60

? Vertical position (elevation) of the notch was measured from the upper limit of the white zone (WE; Schneider, 1976) to the roof top (point
A; Pirazzoli, 1986; see Fig. 3).
b Apparent roof height, height between roof top (A) and apparent retreat point (B’) (see Fig. 3).

notch found on submerged Roman jetties and at other the North Dalmatian shore took place after the Roman
shores in the northern Adriatic. The well preserved antiquity and suggested that the submersion had
notch, on the other hand, presumes a rapid rise of the seismic origin. Fouache et al. (2000) opened the

MSL. Already, Pirazzoli (1980) inferred that the question whether the notches observed at the same
submersion of the notches on various spots along depth (0.5-0.6 m) in Istria, on the North Dalmatian
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Fig. 5. Location and vertical position (negative elevation, cm) of tidal notches in the Rijeka Bay (see also Table 2).

(Kvarner) islands, and on the eastern edge of Velebit
range mean that there was a particular quick eustatic
rise or a tectonic subsidence (necessarily on a regional
scale).

However, contrary to most of our results and to
literature data, well preserved tidal notches in the
northeastern part of Rijeka Bay and in Bakar Bay are
distinctively deeper (i.e., 67—115 cm below BMSL;
Table 2; Fig. 5).

Given the structural framework of the area,
consisting of northwestern to southeastern striking,
east-dipping thrust sheets (Fig. 2), and that points
16-18 are located on the footwall of the reactivated
Vinodol thrust, we propose that reactivation of this
thrust led to higher amplitude subsidence in the
Bakar Bay. This is consistent with the requirement
of the elastic dislocation theory (e.g., Kontogianni

et al.,, 2002) and with the long-term tectonics of
the area (subsidence of the Bakar Bay—Vinodol
Valley; Blaskovi¢, 1999). Coastal data therefore
provide evidence of reactivation of this thrust, most
likely after the drowning of the notches farther
southwest, as the absence of signs of a second
notch reveals.

An open question remains: when did this presumed
fast regional subsidence occur? It must have happened
after Roman times because the deep notches have
been found also on Roman jetties (Fouache et al.,
2000). A potential trigger could have been one of the
earthquakes connected with the presumed 4th—6th
century strong paroxysmic seismicity, which resulted
with tectonic uplifts of unprecedented scale in the
eastern Mediterranean (Pirazzoli et al., 1996b; Stiros,
2001). Kispati¢ (1891) mentioned a very strong
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Fig. 6. Tidal notch formed in Cretaceous rudist limestones on the northeastern coast of Rijeka Bay, the roof is 0.37 m below BMSL, local tidal
range is approximately 0.5 m (location 13, N=501715; E=546064; Photo: D. Frka, Sept. 1998).

earthquake, presumably in A.D. 361, which drowned
the Roman town Cissa on Pag Island (southeast of
Rijeka Bay in the Kvarner region) and was also felt in
a large part of the Mediterranean (Shebalin et al.,
1974).

6. Conclusions

The mediolittoral zone in carbonate rocks in the
Rijeka Bay, which is approximately 60-cm high, is
biologically well defined. Although recent tidal
notches were not observed in the zone, irregular pits

5-10-cm deep are forming within it. Lack of tidal
notches at the recent sea level in the Rijeka Bay
remains to be elucidated.

Well developed submerged notches are quite
ubiquitous in the Rijeka Bay. They have elongated
asymmetric shape. The roof top of the notches is well
preserved, and their position was correlated with well
defined upper limit of white zone (WE zone sensu
Schneider, 1976), inasmuch as the upper limit of the
WE zone corresponds to the roof of the recent tidal
notch formation. We argue that the distance between
the upper WE zone limit and the roof top of the notch
corresponds to the distance between the recent BMSL
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and the former BMSL during the formation of the
notch.

Our preliminary results suggest that BMSL in the
Rijeka Bay is 20 cm below hydrographic MSL.
Further research is needed in order to understand the
relationship between BMSL and hydrographic MSL
inasmuch as BMSL does not necessarily correspond
to the hydrographic mean sea level (MSL).

Regional occurrence of well preserved tidal
notches at 0.5-0.6 m below BMSL (Rijeka Bay,
Istrian Peninsula, Kvarner islands, and Velebit Chan-
nel) indicates their possible coseismic origin (rapid
tectonic subsidence). It is possible that this regional
coseismic subsidence occurred in the 4th century
A.D., which is simultaneous with the presumed uplift
in the eastern Mediterranean.

Deeper positions of tidal notches in the northeast-
ern part of Rijeka Bay and within Bakar Bay (from
103 to 115 cm below BMSL) indicate enhanced
subsidence on the footwall of the reactivated Vinodol
thrust. This zone was assumed to be the most
seismotectonicaly active.
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