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ABSTRACT

Geomorphologically, the Bay of Koper (Gulf of Trieste, noithern Adriatic) is a wide submerged valifey of the
_ Rizana river. Five boreholes drifled in the inner part of the Bay of Koper were used to reconstruct the
. ‘palecenvironment of the Bay in the Hofocene. These changes are clearly related to the global changes of sea level.
The cross-section of the Holocene sediment in the Bay indicates that the early Holocene - late Glacial sediment,
.. dated to about 1G-11060 years BF, occurred in the southern part of the Bay when the sea started to enler the Rizana
- valfey. When the southern part of the valley was submerged, the eastermn part was still influenced by the RiZana
fluvial deposits. Marine sedimentation prevailed over fluvial sedimentation at depth of 26 m during the most
intensive sea transgression. Studied boreholes also indicate simultaneous sea level rise and sedimentation process in
- the Bay during the Holocene. These data are in accardance with the general of sea-level rise in the northern Adriatic
in Holocene.

Key words: recent sediment, palecenvironment, Bay of Koper, Guif of Trieste, Adriatic Sea

INTRODUCTION

The Bay of Koper covers about 35 kin? and is, as a
- component of the {arger Guif of Trieste, the northern-
~ most part of the Mediterranean. Geomorphologicaily, it
s a submerged Rizana valley. At present it is a wide
* submarine plateau up to 20 m deep which is, according
- o the data obtained from some boreholes in the Port of
- Koper and its vicinity, composed of a few tens of meters
+of Quaternary sediment (Ogorelec et af., 1988}, Towards
- the west, i.e. along the izola - Debeli tic line, the Bay
< ‘grades towards the open part of the Gulf of Trieste (Fig.
1. There, recent Quaternary sediment reaches, accord-
7 ing to the seismic data obtained by ltalian researchers,
~thickness of up to 230 meters (Rossi et al., 1968). In

spite of the riverine inflows of the Rizana river and the
Badatevica stream, the Bay of Koper is quite closed,
with faitly limited water circulation. The houndary be-
tween oxidation and reduction sedimentary environ-
ments is located in surficial sediment a few millimeters
below the surface. Study of the bottom relief has shown
that Koper Bay has a fairly steep coast which, however,
at depths between 5 and 10 meters quickly grades into a
very gently sloping underwater plain. The coast is com-
posed of Focene flysch layers with characteristically al-
ternating solid sandstone and soft marl. The flysch coast
gives to the Bay its characteristic form, particularly be-
tween {zola and Koper, at Cape Ronek and between
Valdoltra and Debeli rtic. The coast is gentle only be-
tween Koper and Ankaran.
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Koper Bay

Fig, 1: Bathymetry and the position of studied boreholes in the Bay of Koper (Gulf of Trieste, northern Adriatic).

§1. 1: Koprski zaliv: batimetrija in lokacije raziskanib vrtin.

Characteristic of the Bay are low winter (averaging 8
°C in February) and rather high summer water tempera-
tures (averaging 24 °C in july). In late autumn and dur-
ing winter, isothermia takes place. Shalowness, the
mixing of water due to the strong winds (especially the
sa-called bora), and sediment resuspension caused by
maritime traffic are the reasons for the high turbidity of
these coastal waters. The concentration of suspended
matter in the sea water column ranges between 1 and
18 mg/l and on average 60% is inorganic (Ogorelec et
al, 1991). Greater armount of suspended matter has
been noted in the RiZana river mouth and this has been
alse confirmed by lower Secchi dise visibility, In the
Rizana river mouth it reaches a depth of about 3 meters
and in the central pant of Koper Bay between 8 and 10
meters.

Recently, through multidisciplinary and systematic
sesearch carried out by geologists from the Geological
Survey Ljubljana, chemists and biclogists from the Ma-
rine Biological Station Piran and )Jozef Stefan Institute
Liubljana, and paleontologists from the Research Center
of the Slovene Academy of Sciences and Arts Ljubljana,
we have obtained a fairly clear picture on the comiposi-
tion of the marine sediment in the southern (Slovene;
part of the Gulf of Trieste (northern Adriatic). This study
initially covered the Secovlje saltwotks (Qgorelec et al.,
1981), successively the sediment of the Koper Bay
{Ogorelec et al, 1987), the open part of the Gulf of Tri-

este (Ogorelec et al., 1997; Faganeli et al,, 1991), and a
bareholes in Koper Bay {(Ogorelec et al., 1984, Faganelt
et al., 1967; Faganeli of al., 1991). The sediment of Pi-
ran Bay was studied in detail by Ranke (1978} in the
early 70's. These sfudies also implemented previous
geographical and archaeological studies of the Slovene
seq, its coast and Savrinske Primorie in the hinterland
(Zumer, 1984; Kozli¢i¢, 1984; Zupantic, 1986; Segota
& Fifipcic, 1991).

The aim of this paper is to present a reconstriction of
the palecenvironment in the Bay of Koper through the
tatest geological period as well as the basic characteris-
tic of marine sediment and the processes occurring in it
This description is particularly important for the appro-
priate study of sedimentary biogeochemical processes
and pollution. Sampling and analytical methods are de-
scribed elsewhere (Ogorelec et al, 1987; 1991; Faga-
neli et af,, 1987; 1991).

SURFICIAL SEDIMENT OF THE BAY OF KOPER

Considering the grain size distribution, mineral com-
position and carbonate content the surficial sediment of
the Bay of Koper can be divided into three distinct zones
{Fig. 2): coastal sediment (zone A}, sediment of the inner
part (zone B), and sediment of the open part of the Bay
(zone C). Along the coast there s a strip ranging from a
few tens of meters to 300 meters large (zone A} com-
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Fig. 2: Zonation of surficial sediment in the Bay of Ko-
per. A - Coastal sediment, B - sediment af the inner
part of the Bay, C - sediment of the opent part of the
Bay.

$l. 2: Porazdelifev con povriinskega sedimenta Kopr-
skega zaliva: A - obrezni sediment, B - sediment nofra-
njega dela zaliva, C - sediment odprtega dela zaliva,

posed of dark gray - green silt and sandy silt with up to
40% of sand and with less than 15% of clay {below 2
pm). The mean grain size ranges between 0.05 and 0.1
mm, while the contents of carbonates, composed of
calcite, dolomite and shells of various arganisms, are
between 20 and 30%. The distribution of the clay in
zone A is conditioned by the wave motion along the
coast and its transportation to somewhat deeper and
calmer parts of the Bay. Sand (above 63 um) is com-
posed of tithic fragments of coastal flysch rocks, shells of
various organisms {shelifish, mollusks, foraminifers, sea
urchins, and others), seagrass, wood, small tars of bitu-
men and, 10 a lesser extent, particles of anthropogenic
origin {brick, glass, plastic, concrete, efc.).

In the inner part of the Bay (zone B, Fig. 2), including
the majority of the Bay below the sea water depth of
about 5 meters, the sediment becomes finer and more
homogenous. The sediment is clayey silt with up to 40%
of clay and up to 3% of sand. its mean grain size is be-
low 0.1 mm, while the carbonate content reaches about
30%. Towards the western part of the Bay the carbonate
content increases. Here, in coarse fraction shells and
skeletons of various organisms also prevail.

Towards the open part of the Bay (zone C, Fig. 2) the
sediment is coarser {about 20% of sand with grains
above 63 pm) because of lower contents of the clay
component reaching less than 15%. {ts mean grain size
ranges between 10 and 40 pm, and the carbonate con-
tent between 30 and 45%. The high carbonate content
is closely associated with numerous particles of organic
skeletons. Clay is partially rewashed by the current
flowing between Izola and Debeli ric.

Mineralogically, the entire Koper Bay belongs to a

uniform “mineral province®, from where the minerals
originate. This is the result of the input of particles origi-
nating from run-off mostly from the Rizana river, and
erosion of the coast, built of fiysch layers of Savrinsko
Primorje and Cretaceous-Paleogenic limestones of the
Western Cicarija. The most abundant minerals in the re-
cent sediment of Koper Bay are quartz and calcite.
Quartz is present in all fractions, its content ranges from
20 10 35% and originates from flysch sandstones and
marls. Also, calcite is mostly of terrigenous arigin but its
rather large part is associated with organic skeletons.
Dolomite, as the second carbonate mineral, is much less
common reaching only about 5%. Clay is composed of
illite, chlorite and illite/mentmorilionite, the latter as a
mineral with mixed composition. In the central part of
the Bay the total content of clay minerals reaches about
30%. Among authigenic minerals, pyrite should be
mentioned together with calcite and organic skeletons.
Pyrite is formed in the anoxic environment below the
sediment-water interface hy anoxic degradation of
sedimentary organic matter. it occurs in up to 0.2 mm
large framboids and its content is estimated at below
3%.

The organic carbon content in the surficial 5 om
sediment layer ranges between 0.5 and 2.7% averaging
about 1.5%. Higher Corg. contents are found in fine
clayey silt in the central part of the Bay, but lower
{1.5%) in coarse sediment at the Bay entrance, and in
the area along the shore ((1.5%) influenced by tides and
sediment resuspension. The sedimentary organic matter,
deduced from the 813Corg. values, originates in the
central part of the Bay from plankton and benthic mi-
croalgae (813C= -21%.., Faganeliet af, 1991) while in
the near shore area it has a significant imprint from
macrophytes (313C= -18%., Faganeliet al., 1997).

The pollution of surficial sediment with heavy metals
has been established using the results of geochemical
analyses of samples from short cores at selecled loca-
tions {Ogorelec ef al., 1987; Faganeli et al., 1991). Con-
centrations of heavy metals in 30-40 ¢m long cores ex-
hibit small variations and sometimes lower metal con-
tents have been noted in the surficial 5 cm layer of
sediment than below. This can he explained by the
sediment resuspension, and homogenization as a result
of the bioturbation processes mostly by polychaets and
hivalves. The areal distribution of heavy metals is also
more or fess unifarm. This is especially evident in cop-
per, cohalt, arsenic and antimony distribution, while
some small differences have been noted for zinc, lead
and mercury, Zinc and fead, as pollution indicators, are
stightly more concentrated in the inner part of the Bay,
while mercury inversely shows increased concentrations
towards the open part of the Bay. The higher mercury
concentrations in the open part of the Bay are assaci-
ated with the vicinity of the Soca river inflow which is
the main source of mercury into the Gulf of Trieste, in
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spite of the fact that the Idrija mine has been closed for
nearly 20 years. The average heavy metal contents in
surficiad sediments of the Bay of Koper are {Ogorelec et
al, 1987, Faganeli et al,, 1991): As 12 ppm, Hg 0.12
ppm, Cd 0.15 ppm, Mn 450 ppm, Co 10 ppm, Ni 100
ppm, Cr 160 ppm, Pb 45 ppm, Cu 30 ppm, Sb G.3 ppm,
Fe 3.15% and Zn 75 ppm. The heavy metal content in
the surficial sediments of Koper Bay appears in general
to be similar to that established in the unpoiluted marine
sediments. These values can be compared with the val-
ues from subsurficial layers of the 43 m deep borehole
MK-6 in the Bay of Koper (Fig. 1, Faganeli et al,, 1991)
and 40 m deep borehole V-6 in the Secovije saltworks
{Ogorelec et al., 1981), which could be considered as
the natural geochemical background values for the east-
em part of the Gulf of Trieste. Only the differences in
the mercury content are noteworthy due to the greater
distance from the Soca river outflow. The results show
that the sediment of the Bay of Koper is not severely
contaminated by heavy metals despite evident cultural
impact. This would indicate that the sediment in the Bay
is not a successful geochemical sink for pollutants as
was also recently observed for areal distribution of PAM
(Faganeli et al., 1997).

THE STUDIED BOREHOLES

The sediment below the surface in the inner part of
Koper Bay was studied using several boreholes
{Ogorelec et al, 1984, 1991; Faganeli et al, 1987,
1991). These boreholes were located in the cargo port of
Koper: (V-3, 41 m deep, at a depth of 4.5 m), in the ferry
port {V-1/95, 45 deep, at a depth of 12 m), 200 metres
off Zusterna (MK-6, 43 m deep, at a depth of 7 m), at
Bonifika (24 m, on land), at the old Koper railway sta-
tion (V-3/97, 28 deep, on land) and off Ankaran (A Ili-7,
20 m deep, at a depth of 13 m). The described locations
are shown in Fig. 1. Boreholes Bonifika, V-1/95 and A
11-7 are described in this paper for the first time.

Boreholes V-3 and V-1/95, drilled off port of Koper
near the outflow of the Rizana river, reached the flysch
basement at depths of approximately 40 and 50 meters,
respectively. The cores can be divided into two parts
(Figs. 3 and 8). The bottom 20 and 24 m, respectively,
represent the alluvial deposit of the Rizana river with
alternating layers of sand, silt and gravel. In borehole V-
1/95 two thinner horizons of dark clayey silt with nu-
merous organic panticles appear at depths of 41 and 43
m below the present sea level, respectively, which are
most probably the remains of a peat bog. They actuaily
represent a paleomarsh environment at the former
mouth of the Rizana river. A similar “peat” horizon was
also noted in horehole V-6 drilled in the Secovije salt-
works at a depth of 26.5 m (Ogorelec et 2/, 1981). The
upper 19 and 25 m of the sediment, respectively, which
had been deposited in the marine environment consists
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of dark gray silt with uniform grain size and mineral
composition. It contains many foraminifers, shells, mol-
tusks and fragments of sea urchin remains. The mineral
composition of marine deposit consists of quartz, calcite,
illite, chlorite, illite/montmoritlonite, feldspars, dolomite
and pyrite while in fluvial deposit pyrite is absent. Verti-
cal distribution of Corg. contents in the marine sequence
of borehole V-3 exhibits higher values (1-1.6%) than in
fluvial and brackish {<1%) probably because of lower
hiotogical productivity in these environments compared
to marine, and lower sorption of organic matter on
coarse fluvial particles (Hedges & Keil, 1995).

In borehole MK-6, drilled in the location of the
planned Koper marina off Zusterna, no alluvial deposit
has been noted. The sediment is approximately homo-
geneous composed of gray clayey sift with mean grain
size below 10 pm, similar to that appearing in the surface
of the central part of Koper Bay. It contains several fossil
remains, particularly  foraminifers, mollusks  and
ostracods. On the basis of foraminiferal species Cimer-
man (pers. comm.) concluded that the horizon between
26 and 36 m below the surface was deposited in a
brackish environment (Fig. ). The mineral composition
is throughout rather uaiform consisting predominantly of
iflite, chiorite, ilite/montmorillonite, quartz, calcite, feld-
spars, dolomite and pyrite. Vertical distribution of Corg,
contents showed higher values (1-2%) in the marine
sequence, and lower (<1%) in the brackish sequence of
the core. The 813Carg. values in the marine sequence
varied between -20 and -24%cwhile in the brackish
sequence the ot 3Corg. values were lower (-26%). ,

The borehole Bonifika {Fig. 4 and 8), drilled in the
area between the new Koper commercial center and the
sports center, reached a homogeneous orange-brown -
flysch mould at a depth of 12 m, and at a depth of 24 m
a compact flysch basement. Down to the depth of 12 m
the sediment is homogeneous dark gray silt containing
remains of various shelifish, mollusks, echinoderms, fo-.
raminifers and ostracods. Occasionally, there are pre-
sent various tiny mollusks of the species Bittium reticuia- -
tum, e.g. at a depth of 2 m where they represent up to :
60% of the fraction above 63 pm, and Barleera rubba, -
and a shellfish Cardiun sp. On the basis of ostracod and
forarniniferal species, Cimerman (pers. comm.) de- -
scribed the alternation of marine and brackish environ-
ments. In the marine deposit the clay minerals, e.g. il- -
lite, chlorite and illite/montmoriilonite prevail over -
quartz, calcite, feldspars and dolomite. The authigenic.'.
mineral is pyrite. The residual clay is, on the other hand,-
composed of illite and illite/montmorillonite, chiorite, .
quartz, feldspars and calcite while dolomite and pyrit
are absent. Vertical distribution of Corg. contents show
values around 1.5% {1-3%) in the marine sequenc:
while in the alternating brackish and marine environ
rnent the Corg. contents varied between 0.5 and 1.8%
respectively.
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tn borehole A 111-7 (Fig. 8), drilled in the sea bottom
off Ankaran at a depth of 13 m for geomechanical pur-
pases due to the planned expansion of the Port of Koper,
the flysch mould was reached at a depth of 17 m. The
sediment above the flysch mould is thoroughly homo-
geneous, f.e. dark gray silt with mean grain size around
10 pm. The clay content ranges between 24 and 38%
and the cantent of the fraction above 63 pm ranges be-
tween 2 and 6.5%. This fraction consists mainly of
mollusks and foraminifers. The mineral composition
shows that the clay minerals, eg illite, illite/mont-
moritlonite and chlorite, prevail over calcite, quanz and
dolomite. Detrital grains of quartiz and particles
originating from coastai flysch layers are rare. Pyrite and
part of calcite are authigenic minerals. The carbonate
contents range between 25 and 36%.

RECONSTRUCTION OF PALEOENVIRONMENT OF
THE BAY OF KOPER

Various historical sources clearly indicate that the
coastline of Koper Bay was in the past very different
than at present. The "embryo" of the town of Koper was
the ancient settlement of Farmio, in the Late Roman pe-
riod known as Caprae (Sasel, 1989). At the end of the
Middie Age it was a well formed town, densely popu-
lated, located on an islet and connected with the main-
land by an artificial causeway (Fig. 5). At the edge of the

eastern part of the Bay the Venetians constructed nu-
merous small salt-pans in the 17th and 18% centuries,
similar to those in Piran Bay near SeCovije, and Strunjan
{Fig. 6}. In the mid-nineteenth century the salt-pans were
abandoned as a result of the expansion of farmland.

Studying the described boreholes enable us to re-
construct the relief and sedimentation environment in
Koper Bay through a longer geological history from the
fate Pleistocene to the Holocene. These conditions,
however, are closely related to the relative global rise of
the sea level. The most widely used dating method 1o
establish the rate of sea level rise in the last postglacial
period is Y40 analysis of samples and sediment from
various depths. Especially appropriate for this purpose
are the layers rich with organic matter fe.g. peat) and
fossils. Peat layers were presumably formed in marshy
plains at the mouths of former rivers and would there-
fore represent an approximate fevel of the sea in the
past. The other, although less accurate but stifl widely
used method in paleoenvironmental research, is the so-
catled palynological method based an the study of pol-
fen. Studying the structure and assaciation of poilen, a
picture of vegetation and climate in a cerfain period can
be deduced. Particularly important are the data from the
pollen of agricultural plants, such as olive tree and
grape in Istria, and maize in the most recent period,
which could indicate the nature of human settlement in
various places.

Fig. 5: View of the 18th century town of Koper.
S1. 5: Panorama Kopra v 18. stoletju.
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Fig. 6: Map of the inner part of the Bay of Koper with a view of saltworks from 1809 (Sasel, 1989).
Sl. 6: Zemljevid notranjega dela Koprskega zaliva iz leta 1809, na katerem so vidne stevilne soline (Sasel, 1989).

The problem of sea level changes in the Holocene
has been intensively studied by a number of researchers:
on the eastern Adriatic coast and Istria by Segota (1968,
1973), Kozli¢ic¢ (1987), and Segota & Filip¢ic (1991), on
the Italian side of the northern Adriatic by Bortolami et
al. (1977), Fontes & Bortolami (1973), Marocco (1989,
1991), Marocco et al. (1984), Tosi (1994) and recently
by Correggiari et al. (1996), Marocco et al. (1996) and
Bondesan et al. 1985). Their findings are consistent with
the general curve of the global rising of the sea level,
constructed on the basis of the 14C dating and Th/U re-
lations (Fairbanks, 1989, 1990). This curve (Fig. 7) indi-
cates that 18000 years ago, during the sea transgression
after the last glacial period, the relative sea level was
about 120 m lower than at present. The Adriatic Sea lo-
cated north of the Ancona - Zadar line was thus land
(van Straaten, 1970). The rise of the sea level was in-
itially relatively fast, the sea surface rose by 10 and even
more meters in 1000 years. Some 5000 years ago, how-
ever, the rate of rise slowed considerably and in the last
2000 years the sea level has risen only another 2 meters,
on average 1 mm yr-!. The data obtained by Segota &
Filipcic¢ (1991) and Kozli¢ic (1987) are also quite consis-
tent with the extrapolation of mareographical data from

Pula (D'Ambrosi, 1951). The extension of the northern
Adriatic Sea was the largest some 5000 years ago. In
that time the Venice, Caorle and Grado lagoons were
submerged by the sea (Marocco, 1991; Marocco et al.,
1996; Correggiari et al., 1996).

Fig. 8 shows a cross-section of the Holocene sedi-
ment in the inner part of Koper Bay on the basis of five
studied boreholes. The Bonifika borehole was drilled on
land, the others at sea at different depths, ranging be-
tween 4.5 and 13 m. The sea level should be, therefore,
taken into account to correctly correlate these bore-
holes. The MK-6 borehole is, however, not located
south of the others, e.g. Bonifika (see the position of
boreholes in Fig. 1), but westward in the open part of
the Bay distorting the topographical view of the sea floor
in the area around the town of Koper. The deepest and
the oldest Holocene sediment in the inner part of Koper
Bay was found in the borehole MK-6 off Zusterna at a
depth of 48 m below the present sea level. This was ex-
pected since this borehole is the nearest to the open part
of the Gulf of Trieste, from where the sea entered into
the Bay. This occurred some 10 to 11 thousand years
ago, when the sea began to advance quickly towards
the Po plain and further north. This dating was per-
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Fig. 7: Curve of sea level in the last 20000 years
(Fairbanks, 1991; Correggiari et al., 1996); 14C of wood
in peat layer from the borehole V-6 (Secovlje salt-
works) and pelecypods in Koper town wall are added
for comparison.

Sl. 7: Krivulja gibanja morske gladine v zadnjih 20000
letih (Fairbanks, 1989, Correggiari et al., 1996 1990);
za primerjavo sta dodana vzorca lesa iz plasti Sote iz
vrtine V-6 v Secoveljskih solinah in skoljk pod mestnim
obzidjem v Kopru izmerjena z metodo T4C.

formed on the basis of the sea level curve movement
(Fig. 7, Fairbanks, 1990) and the reconstruction of the
movement of the Adriatic Sea in the late Quaternary
(Correggiari et al., 1996). In the period when the south-
ern part of Koper Bay was already submerged by the
sea, the inner (eastern) part of the Koper depression was
filled up by fluvial sediments from the Rizana river in-
flow. This deposit is observable in layers of thick gravel
(Fig. 3, borehole V-1/95, and Fig. 8), clayey sand and
fine gravel. The thinner, some 0.5 m thick horizons of
clayey silt rich in organic matter (“peat'), which in bore-
hole V-1/95 occur at depths of 41 and 43 m below the
present sea level, respectively, indicate the presence of
episodical marshy areas in the Rizana river mouth

The most intensive sea transgression in the Bay was
noted at a depth of 26 m. At that time the marine envi-
ronment completely prevailed over the fluvial and
brackish environment. This depth is completely in ac-
cordance with the "peat" layer in the V-6 borehole,
which was, according to 14C analysis, dated to
9180120 years BP (Ogorelec et al., 1981). In the same

period, i.e. in the same sea level, when in the V-3 bore-
hole, fluvial sedimentation changes into marine sedi-
mentation, the sediment of the brackish environment in
the MK-6 borehole also changes into marine environ-
ment. The area covered by Bonifika and Koper islet was
at that time still a part of the land.

From a depth of 26 m upward, measured to the pre-
sent sea level, only finely grained and homogenous
clayey silt occurs over the entire Koper Bay. The numer-
ous fossil skeletons, particularly shellfish and fo-
raminifers indicate the marine sedimentation in this
layer. This depth temporally corresponds to about 9000
years BP when the general sea transgression occurred
during the transition from the late Glacial to Holocene.
On the basis of sediment thickness and 14C datings we
can determine the approximate sedimentation rate in
Koper Bay. For thicker sediments it ranges, on average,
between 4 and 2.5 mm yr-1 and for upper meters of the
sediment between 1.5 and 1 mm yr-1. Assuming, in
view of the general global rising of sea level (Fig. 7), that
the sea transgression in the inner part of Koper Bay
started on the flysch basement at a depth of 47 m
(borehole MK-6) more than 10000 years ago, the sedi-
mentation rate would then be approx. 4 mm yr-!. For
the upper 21 m of marine sediment the rate would be
about 2.2 mm yr-1. The rate from the borehole V-6 in
the Secovlje saltworks, measured on the basis of 14C
analysis of piece of wood in the "peat" layer, shows for
the sediment depth of 26.5 m an average sedimentation
rate of 3 mm yr-1. The sedimentation rates calculated in
the port of Koper (boreholes V-3 and V-1/95) range be-
tween 2.5 mm yr-1 for the upper marine part, and about
4 mm yr-! for the whole (fluvial and marine) sediment.
This difference is due to the faster sedimentation of the
basin with more coarse riverine deposits than with peli-
tic marine sediment. The rate of 2.5 mm yr-! is obtained
if 22 m of the marine sediment is considered and the
depth of the fluvial-marine sediment contact is located
at a depth of 26 m below the present sea level and
dated approximately to 9000 years BP. Similar accumu-
lation rates, betwen 2 and 6 mm yr-1, were reported by
Marocco (1991) for sediments in the Tagliamento delta.

A somewhat slower sedimentation rate in the last
2000 years in the Bay of Koper is confirmed by isotopic
datings and archaeological excavations. During the ex-
cavations performed at the so-called Great Gate in Ko-
per, (Zupan¢i¢, 1985) at a depth of 1.24 m, a layer of
shells of the species Cardium sp. was found and they
were 14C dated to 136783 years BP, indicating that the
sedimentation rate was about 1 mm yr-1. This data is in
accordance with the recent deposition rate in the
Venice lagoon (Favero & Stefanon, 1980), lagoons of
Marano, Grado and Caorle (Marocco, 1991, Marocco et
al., 1996) and with the average rise of the sea level in
the last 2000 years, showing a synchronous rise of sea
level with sedimentation.

195



ANNALES 11/'97

Bojan OGORELEC el 2d.; RECONSTRUCTION OF PALECENVIRONMENT IN THE BAY OF KOFER ..., 187-200

Rewner harbaser

W IE
KOPER
Zusterna {
& Ty
Kol 99
10 k| macine ~l
(81 envimmment f—’
&
Lot
.8
L2 B
&
=
-30 ~ | brackish 2k
U Env
i {lysch .
RLw x L
% “@w o~
g e
50 ~
«60 -

33

brackish environment

Ankaran

Y-1/95F

P

& o
P Lo . el
ﬁb marnne envtmnmum gy
.~Q - a x
% &
2 &
“e T

&2 -

- r—

* fluviod deposit of .

fluvial deposit
{sand, graved)

'Ew ﬂwr,] maesh

abw HiZang river |

m vesidual clay

a~qe

tossils

Fig. 8: Interpretation of Holocene sedimentary environment in the inner part of the Bay of Koper based on studied

boreholes.

SI. 8: Interpretacija sedimentacijskih okolij notranjega dela Koprskega zaliva v holocenskem obdobju po podatlih

raziskanih vrtin.

A somewhat higher sedimentation rate, however, has
been determined in various localities in the southern
part of the Guif of Trieste, and in Koper Bay, using 210Ph
analyses (Faganeli et al, 1991). The recent sedimenta-
tion rate of about 5.5 mm yr! was estimated for the
surficial fayer of the borehole MK-6. This discrepancy
should be attributed to the higher porosity of surficial
sediment and that during diagenesis a compaction of the
sediment occurs leading to lower sedimentation rate.
Also, 210Pb has a shorter half-life than 14C and, hence,
these nuclides are tracers of processes occurring in dif-
ferent time scales {tens vs, thousands of years).

The palynological investigations (Ogorelec et al,
1984, Sercelj, pers. comm.) of sediment from boreholes
V-3 and V-6/79 in the Secovlje saltworks (Ogorelec et
al., 1981) divided the cores into three parts. In the sandy
riverine deposits in the borehole V-3 from the depth in-
terval between 43 and 26 meters pollen was not present,
As a result of transgression the marine sediment at this
depth contains oak and elm pollen as a characteristic
vegetation of the eatly Molocene, Preboreal and Boreal.

At depths of 18 and 16 m, the vegetation is already typi-
cal of the warmer period with its prevailing beech (Fagus)
farest (boveal climate} and pine (Pinus) pollen. At a depth
of 10.8 m the olive tree {Olea) and grape (Vitis} pollen
occur, for the first time and in somewhat greater quan-
tities. These are agricultural plants, which were intro-
duced ta istria by rman, most probably in the Early Roman
period. At that time the forest vegetation greatly changed
becoming poor, presumahly as a result of deforestation
and the introduction of pasture, The olive tree and grape
pollen at a depth of 10.8 m indicate a high sedimentation
rate, up 1o 5 mm yr-}, in this part of the Bay, which is in
accordance with the previously mentioned data from the
horehoale MK-6 {4 mm yr-1) and recent sediment.

CONCLUSIONS

And finaily, how will the Bay of Koper likely look in
the future? An answer to this guestion depends on a
number of factors, paricularly on the trend and rate of
the rise or fall of sea level, on tectonics and climate. In
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view of present predictions by climatologists, whe claim with the rise of sea level. In the eastern part of the Bay
even further global warming, we can expect a faster rate between Koper and Ankaran the expansion of the port
of rise of sea level. A warmer climate, on the other  will continue, which means that practically the entire
hand, enhances the general abrasion of the coast and  coast will be urbanized. However, the steep flysch coast
denudation of land, a higher bioproduction of organic  so characteristic of the Bay between Debeli rti¢ and
skeletons and, thus, a higher sedimentation rate. How-  Valdoltra as well as hetween Koper and 1zola will prob-
ever, sedimentation will most probably still be balanced  ably remain intact.
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POVZETEK

Namen pri¢ujocega ¢lanka je, da prikazemo rekonstrukcijo okolja v Kopeskem zalivu (s, 1) skozi najmlajse ge-
olosko obdobje ter osnovne znacilnosti usedlin in procesav, ki se odvijajo v njih. Po zroavosti, litologifi in
geokemijskih lastnostih lahko povrsinski sediment Koprskega zaliva razdelimo v tri cone (sf. 2): obrezni sediment
{cona A}, sediment nolranjega dela zaliva (cona B) in sediment odpriega dela zaliva (cona C}. Opisane znacilnosti
‘sedimenta so pomembne za Studij biogeokemijskih procesov in onesnaZenja zaradi prisotnosti ¢lovekove
dejavnosti.

Sediment pod povisino smo v notranjem defu Koprskega zaliva raziskali z vec vitinami. Te so locirane v koprski
tovarni tuki: (V-3, globoka 41 m, na globini morja 4,5 m), tankerski fuki (V-1/95, globoka 45 m, globina marja 12
‘m), dvesto metrov pred Zusterno (MK-6, globoka 43 m, globina morja 7 m), v Bonifiki pri Kopru (globoka 24 m, na
Kopnem) ter pred Ankaranom (A llI-7, globoka 20 m, globina martja 13 m). Lokacije vseh teh vrtin so prikazane na
stiki 1. Vrtine Bonifika, V-1/95 in A llf-7 opisujemo v tem prispevku prvic.

Sediment vrtin V-3 in V-1/95, ki sta izvrtani na morju pred koprsko luko blizu izliva Rizane, sta na priblizno 40,
in 50. metru prevrtali flisno podiago. Razdelimo ju lahko v dva dela (si. 3 in 8). Spodnjih 20 in 24 metrov predstavija
te¢ni panos Rizane. Menjavajo se plasti peska, mulia in proda. V vrtini V-1/95 se na 41. in 43. metru pojavijata dva
tanjsa horizonta temnega glinastega mulja s stevilnimi organskimi drobci, ki po vsef verjetnosti predstavijajo ostanke
Sotisca oziroma nakazujeta paleomocvirsko ckolje ob nekdanjem ustju Rizane (31, 3).

V vrtini MK-6, ki je bila izvrtana na predvideni lokacifi kopiske matine pred Zusterno, re¢nega nanosa ne
opazujemo. Tu gre v celoti za precef homogen sediment, siv glinasti mulj s srednjo zrnavostjo pod 10 mm, kakden
nastopa na povrsini osrednjega dela Koprskega zaliva. V celotnem zaporediu se v vecjem ali manjsem obsegu
pojavijajo fosilni ostanki, predvsem foraminifere, moluski in ostrakodi. Po foraminifernih vrstah ugotavljamo, da je
“bila v globini med 26. in 36. metrom pod morsko gladino v ¢asu nastanka sedimenta bolj brakicno okolje (sl. 8).
Vrtina z oznako Bonifika, izvitana na lokaciji med novim koprskim trgovskim centrom in $portnim srediscem, je
v globini 12 m presia v homogeno flisno preperino oranZno-riave barve, na globini 24 m pa v kompakten fis (sl. 4
in 8). Do globine 12 metrov je sediment zopet homogen temnosiv glinasti mulj z lupinami skoljk, polzev,
“ehinodermov, foraminifer in ostrakodov. Mestoma so stevilni drobni polzi vrste Bittium reticulatum, nadalje polz
Barleera rubba fer skoljka Cardium sp. Tudi tu po ostrakodni in foraminiferni favnj ugotavijamo menjavanje
“morskega in brakicnega okolja.
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Vrtina A Il1-7 (sl 8), ki je bila izvrtana v morju pred Ankaranom v geomehanske namene zaradi Siritve koprske
fuke, je na flisno preperino zadela na globini 17 metrov. Morje je tam glohoko 13 metrov. Sediment nad flitno
preperino je vseskozi homogen, temnosiv glinasti mulj s srednjo zrnavostjo okrog 10 pm. Glinasto frakcijo
sestavijajo predvsem fosili - moluski in foraminifere, zelo redka pa so detriticna zma kremena in drobet flignih plasti
z obale.

Ze iz zgodovinskib virov in slik lahko razberemo, da je obaina ¢rta v Koprskem zalivu v pretekiosti potekala
drugace kot danes. Zametek Kopra je bila nasetbina Formio iz anti¢nega obdobja, kasneje, v rimskem obdobiju
znana kot Caprae. Kencem srednjega veka je bil Koper Ze izoblikovano mesto, strjenc na majhnem otocku in s
kopnim povezano z umetnim nasipom (sl, 5). Ob robu vzhodnega dela zaliva so v 17. in 18. stoletju Benecani
uredili stevilna manfsa solna polja, kakrina so bifa pri Sec¢ovijah in Strunjanu (sl 6). Sredi 19. stoletja so bila ta polja
zaradi siritve kmetijskih povrsin opuscena.

Za ugotavljanj? 4hitros(i dviga morske gladine v zadnji poledeni dobi 50 najholi razsirjene datacije z metodo
izotopske sestave " C na vzorcih in sedimentis iz razlicnih globin. V ta namen so uporabne predvsem plasti, ki so
bogate z organsko snovjo {npr. $ota) in fosili. Sotne plasti naj bi nastajale na mec¢virskih ravnicah ob ustiith nekdanjib
rek in bi torej predstavijale priblizni nivo morske gladine v pretekiosti. Druga, sicer casovno manj natancna, a zelo
razsirjena metoda, s katero raziskujemo palecokolje, je palinoloska, ki temelji na studiju peloda rastlin. Po sestavi in
zdruzbi peloda lahko sestavimo sliko o vegetaciji in kiimi v nekem obdobju. Posebno pomembni so podatki o
pojavih peloda kulturnik rastlin, kot so v Istri oljka in tria, v najmiajsem obdobju pa Se koruza. Fo njib fahko
sklepamo pa naselitve dofocenih prostorov. Za krivulio dviga morske gladine v svetu konstrulrane na ospovi
starosinih dataci] 14C in razmerij Th/U (sl. 7} velja, da je bilz morska gladina pred 18000 leti, v ¢asu wirmske
poledenitve, okrog 120 metrov niZja kot je danes. Tako je bil jadran severno od linije Ancona-Zadar kopno. Dvig
morja je bil sprva relativno hiter, saj se je morska gladina dvigovala povpreCno za 10 in ved metrov v 1000 Jetih.
Pred priblizno 5000 leti pa se je to dvigovanje precej upocasnilo, take da se je morje od rimskega obdobja dalje v
zadnjih 2000 letih dvignilo le se za okrog 2 metra, kar pomeni v povpreciu T mnyleto. Najvecji obseg morja v
severnem Jadranu je bil pred priblizno 5000 leti, ko je to segalo e priblizno 50 km v notranjost delte Pada, pod
vodo pa so bile tudi beneska laguna in laguni pri Maranu in Gradezu.

Na sliki 8 je prikazan presek skozi holocenske sedimente v notranjem delu Koprskega zafiva na osnovi petih
vitin. Vitina Bonifika je bila izvrtana na kopnem, ostale vitine pa na morju 2 razliéno globino vode, ki se giblje od
4,5 do 13 m. Zato moramo pri korelaciji teh vrtin upostevati njihove prave poloZafe glede na danasnjo gladino
morja. Pri vrtini MK-6 moramo opozoriti tudi, da ta ni locirana juzno od ostalif vrtin (npr. Bonifike, glej sl 1),
ampak zahodno proti odpriemu delu zafiva, kar popaci topografijo morskega dna v predelu okrog Kopra.

Najglobji (najstarejsi) holocenski sediment v notranjern delu Koprskega zaliva zasledimo v vriini MK-6 pred
Zusterno na glohini 48 m pod sedanjo morska gladino. To je bilo pricakovati, saj je ta vrtina najbliZia proti
odpriemu delu Trzaskega zaliva, od koder je prodiralo morje. Zato jo je tudi najpreje preplavilo. To je bilo pred
priblizno 10 do 11000 leti, ko je masje hitro pricelo prodirati proti Padski nizini in naprej proti severu. To datacifo
postavljamo na osnovi rekonstrukcije pomikanja jadranskega morja v poznem kvartarnem obdobju.

V istern obdobju, ko je juzni del Kaprskega zaliva ze zalilo muorje, je notranji, vzhodpi del takrat se koprske
udorine zasipaval recni nanos Rizane. Tega zastopajo spiva plasti debelega proda (sl. 3, vrtina V-1/95 in sl. 8), vite
navzgor pa zaglinjenega peska in drobnejsega proda. Tanjsa, okrog 0,5 metra debela horizonta glinastega mulja
oziroma *Sote”, ki se v vrtini V-1/95 pojaviiata na globinah 47 in 43 m pod danasnjim nivojers morske gladine,
kazeta na obcasne zamodvirjene predele ob ustiu Rizane.

Najmocnejsi morski transgresijski sunek v Koprskem zalivu zasledimo na globini 26 m pod sedanjo morsko
gladino. Takrat je morski sediment pepoinoma previadal nad rec¢nim in brakicnim. Ta globina se popolnoma wjema
s podatkom, da imamo v isti globini v vrtini V-6 v Secoveljskih sofinah plast "sote”, ki je bila z izotopske anafizo 71C
dhatirana § starostjo pred 9180x120 leti. V istem obdohju aziroma nivoju, ko v vrtini V-3 recna sedimentacija preide
v morska, preide tudi v vrtini MK-6 sediment brakicnega okolja v morskega. Prostor bonifike in koprskega otoka je
bif v tern casu e vedno del kopnega.

Od 26. metra navzgor, merjeno do danaénje kote morske gladine, se v celotnern Koprskem zalivu javija le se
zelo drobnozrnat in homogen glinasti mufj. Stevilni fosiini skeleti, precfvsem skoljke in foraminifere kaZejo na
njegovo sedimentacijo v morskem okolju. Casovne ustreza ta nivo priblizno pred 9000 leti, kar ga uvri¢a v obdobje
splosne morske transgresije na prehodu iz wiirma v holocen. Po debelini sedimenta in nekaterih njegovih starostnih
datacijah z 14C lahko sklepame na priblizno hitrost sedimentacije v Koprskem zalivu. Ta se za debelejse morske
pakete giblje med 4 in 2,5 mm/leto, za vihnje metre sedimenta pa v poprecju med 1,5 in 1T mm/feto.

Ce predpostavimo glede na splosno svetovno kifvuljo dviga morske gladine (sl. 7), da je morska transgresija v~
notranjem delu Koprskega zaliva zajela flisno podlago na globini -48 m {vitina MK-6} pred dobrimi 10000 leti, -
dobimo hitrost sedimentacije priblizno 4 mm/leto. Samo za vrhnjih 21 m sedimenta, ki je morskega izvora, pa znasa
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ta Fitrost okrog 2,2 mm/leto. Podatek iz vrtine V-6 v Secoveliskih solinah, izmerfen na osnovi analize "Sote” z
metodo 1C, nam daje za 26,5 m sedimenta povpre¢no hitrost sedimentacije 3 mm/ieto.

Izracuni hitrosti sedimentacife v koprski luki fvetini V-3 in V-1/95} se gibljejo med 2,5 mm/leto za vrhnji morski
sediment in okrog 4 mm/fleto za skupni recni in morski sediment. Ta razlika je fahko razlozljiva zaradi hitrejsega
zasipavanja bazena z bolj debelozrnatim recnim nanosom kot pa pelitskim morskim sedimentom. Do podatka 2,5
mmleto pridemo, e upostevamo 22 m morskega sedimenta in datiramo globino kantakta reéni - morski sediment
na glabini 26 m v ¢as pred priblizno 9000 feti.

Pocasnejso sedimentacijo v zadnjih 2000 letih lahko v Koprskem zalivu zagovarjamo z izotopskimi datacijami in
arheoloskimi izkopavanji. Meritve 14C skaljk viste Cardium sp., ki so jih izkopali pri velikih vratih v Kopru na
globini 1,24 m, so pokazale starost 136783 let, kar kaze na priblizno hitrost sedimentacije 1 mmdeto. Ta podatek
se ufema z enako hitrostjo zasipavanja Beneske lagune ter lagun Marano, Grade? in Caorle v zadnjem obdobju ter s
povprecnim dvigom morske gladine v zadnjih 2000 letih, kar kaze na usklajeno dvigovanje morske gladine in
sedimentacije.

la vecjo hitrost sedimentacije pa kaZejo raziskave receninega powvisinskega sedimenta, izmeffene pa vec
lokacijah v juznem delu TriZzaskega zaliva in tudi v Koprskem zafivu, analizirane z metodo 212Pb. Te kaZejo na
hitrost usedanja priblizno 5 mm/leto. Upostevati pa moramo, da je recentni sediment se zelo porezen in da pride v
diagenezi do njegove kempakcije in s tem do vsaj polovico ni2je hitrosti sedimentacije, pa tudi da sta 210Pb jn 19C
indikatarja procesav, ki potekajo v razlicnih casovnib skalah.

Palinaloske raziskave v sedimentu iz vetine V-3 in Ze prej iz vitine V-6/79 v Secoveljskih salinah so dale podlago
za kronofosko delitev sedimenta na tri dele. V pescenem reénem nanosu vrtine V-3 od podiage na 43, metru do. 26.
metra sediment ne vsebuje pefoda. S transgresijo se na tej globini e pojavi pelod hrasta in bresta kot znacilna
vegetacija zgodnjega holocena, preboreala in boreala. V globini 18 m in 16 m pa je vegetacija Ze toplodobna s
previadujocim bukavim gozdom (barealna klima) in s pefodam borovca. Na globini 10,8 m se prvic pojavita in sicer
v vedjil koficinah ofjka in vinska teta. To sta kufturni rastiini, ki jih je v Istro nasefif ¢lovek, najverjetneje v zgodnjem
rimskem obdobju. Gozdna vegetacifa se je v tem casu precef spremenila in osiromasila, verjetno zaradi kr¢enja
gozda in uvajanja pasnih pavrsin. Pefodi oljke in trte v globini 10,8 m kaZejo na visoko hitrost sedimentacije, iudy
do 5 mmfieto v tem delu zaliva, kar bi se nekako skiadalo s preje omenjenimi podatki za vrtino MK-6 (4 mm/leto} in
za recentni sediment.

In za zakljucek, kako bo Koprski zaliv izgledal v prihodnosti? Odgovor na to vprasanje je odvisen od vec
dejavnikov, predvsem od trenda in hitrosti dvigovanja ali nizanja morske gladine, nadafje tektonike in klime. Glede
na danasnje prognoze klimatologov, ki napovedujejo se nadalinjo otaplitev je pricakavati se pospesenco dvigovanje
motfa. Toplejsa klima pa pospesuje splosno abrazijo obale in denudacijo zemlje v porecju, visio bioprodukciio
organskih skeletov ter s tem vi§jo stopnjo sedimentacije. Po vsef verjetnosti pa bo zasipavanje 3e naprej
uravnoteZeno s porastom morske gladine. V vzhodnem delu zaliva med Koprom in Ankaranom se bo nadaljevalo
sirjenje luke, tako da bo praktiéno vsa obala z izlivom Rizane odvisna od claveka, se dolgo pa hodo ostale stime
flisne stene, ki dajejo zalivi med Debelim rticem in Valdoltro ter med Koprom in 1zolo tako znacilno padobo.

Klju¢ne besede: recentni sediment, paleookolje, Koprski zaliv, Trzaski zaliv, Jadransko morje
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