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Abstract: A 7.4 m long sediment core has been retrieved from the central part of Lake Vrana on the
Island of Cres to reconstruct the paleoenvironmental conditions. Lake Vrana is the deepest
freshwater lake in Croatia, located in the karst region of the eastern Adriatic coast. A dated sediment
sequence in Lake Vrana of 4.4 m spans the past 16.4 kyr, and features a dynamic sediment deposition
until the beginning of the Holocene, including strong sediment input and supply to the lake by
runoff sediments of dolomitic origin from the catchment in the period 16.4-14.4 cal kyr BP. High
organic carbon content, which originates from mixed terrestrial and aquatic origins in the periods
14.4-13.3 cal kyr BP and 12.7-11.7 cal kyr BP, indicates fluctuating lake levels in shallow water
environments during the late glacial to Holocene transition. The Holocene sequence indicates the
development of more stable conditions and continuous sediment deposition, characterized by
increasing trend of siliciclastic sediments delivered into the lake during the early Holocene (11.7-10
cal kyr BP), and dominantly from 8 to 4.4 cal kyr BP, indicating enhanced input and erosion, which
coincides with humid and pluvial period, recorded in the central Mediterranean region. It is followed
by sediments with high organic carbon content between 4.4 to 1.6 cal kyr BP, which points to higher
lake productivity. Calcite sedimentation prevail between 1.6 to 0.4 cal kyr BP, indicating stable deeper-
lake conditions, while dominantly siliciclastic sediments in the period 0.4-0.1 cal kyr BP indicate
erosion during Little Ice Age (LIA), with enhanced precipitation and sediment discharge from the
catchment. The re-establishment of calcite sedimentation has been observed over the last 100 years.

Keywords: karst lake; lake sediments; geochemistry; mineralogy; late Pleistocene; Holocene; eastern
Adriatic coast

1. Introduction

Coastal karst lakes are widespread in the Mediterranean region [1]. Lake Vrana is a coastal lake,
due to its location in the central part of the Island of Cres, in the northern part of the eastern Adriatic
coast, central Mediterranean. Although only between 3 to 6 km away from the sea on each side, the
sea has no influence on lake water chemistry [2,3]. This unique hydrological and hydrogeological
system has allowed continuous water pumping from the lake for water supply since the middle of
the 20t century and is active today [4]. Therefore, it is prone to vulnerability, and its limnological
characteristics and paleolimnological study of lake sediments play an important role in its
preservation and protection from anthropogenic influences.

Lake sediments provide opportunities to reconstruct past aquatic ecosystems [5]. Evaluating the
stored environmental information in sediments depends on the knowledge of the ecosystem and the
understanding of the present-day lake response to environmental variability. Lake sediments are the

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202408.2193.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024 d0i:10.20944/preprints202408.2193.v1

result of input of the material from the catchment and the lake productivity itself [6]. The terrestrial
input to the lake is carried through erosional processes and anthropogenic paths. Knowledge of the
processes driving terrestrial input is essential to understanding carbon deposition and nutrient input,
which are linked to climate through weathering and transport processes. However, understanding
anthropogenic impacts is key to assessing the environmental status of a lake today and in recent
history. Depositional environmental changes have been studied in karstic lakes [7-11], wetlands [12],
and paleolakes and present-day karstic poljes [13,14]. Important sedimentary archives are submerged
paleolakes and present-day marine channels [15-18], submerged sinkholes [19-23], and submerged
estuaries [24-26] in the eastern Adriatic coast. In carbonate bedrock, karstic processes, such as
dissolution and collapse, are very effective in creating drainage patterns and depressions for lake
development, which leads to the formation of water-filled dolines [27]. Calcium and carbonate
dominate sediments in calcareous regions [6]. The development of lakes on limestone substrates
favors carbonate-rich waters; therefore, karstic freshwater lakes are subject to endogenic (authigenic)
carbonate production (lake carbonate marls) during dry summer periods, triggered by aquatic
productivity. The key compositional properties for the karstic area are carbonate, siliciclastic, and
organic materials used to reconstruct environmental changes. Through lake sediment geochemical
stratigraphy, it is possible to infer environmental changes and basin development. In Lake Vrana
sediments, the environmental geochemical distribution and tracing of the history of anthropogenic
and atmospheric Pb pollution have already been conducted [28,29], comparing the lake sediments to
the catchment soils and discriminating anthropogenic from geogenic sources of Pb.

The coastline of the eastern Adriatic region was affected by sea-level changes during the late
Pleistocene and Holocene. In general, the mean global sea level from 120,000 years ago was
comparable to the present one, while during the Last Glacial Maximum (LGM) period, the sea level
was 120-130 m lower than today [30-32], and vast areas between the islands were dry land. It is
considered that most of the basins were drowned after the LGM sea-level rise [33], but this may not
be the case for the inland basins within the islands, and their exact evolution is yet to be determined.

In this study, we aimed to utilize the geochemical and mineralogical (bulk and clay minerals)
signatures of lake sediments in Lake Vrana on the Island of Cres to constrain the paleoenvironmental
evolution of the lake and possibly identify sediment sources. To document this, we investigated the
geochemical and mineral composition of lake sediments and soil profiles in comparison with those
from local sources collected near the study site. This allowed the identification of fine-grained
terrigenous material in lake sediments from different provenances, and thus allowed the exploration
of the link between clay mineral assemblages and paleoenvironmental changes. Lake development
is considered to be closely connected to vegetation changes using pollen in Lake Vrana [7] from the
late glacial period and the record of lake-level dynamics using diatoms in the last 2200 years [9]. The
main aspects considered in the present work are lake evolution under the light of sedimentary,
geochemical, and mineralogical processes in relation to sea level rise and the association between
limnological evolution and paleohydrological changes.

2. Materials and Methods

2.1. Site Description

Lake Vrana is a karst lake on the island of Cres, located in the Kvarner region in the northern
part of the Adriatic Sea (Figure 1). The island of Cres is one of the largest and highest islands on the
Croatian coast, with an area of 405.7 km?, a coastline length of 268.2 km, and the highest peak of 648
m [34]. The highest area on the Island of Cres is located in the northern part of the island, which is
the narrowest. Prehistoric hillforts exist on the island heights, most of which are located in the central
part of the island. They represent evidence of human settlements in the past, from the pre-Roman
period. Lake Vrana is located in the middle of the island and is elongated in the NW-SE direction,
following the extension of the island in the same direction (Dinaric strike). The lake is 5.5 km long
and 1.45 km wide. The surface of the lake is 5.75 km?2, while the surficial catchment area is 38 km?
(defined by ArcGIS from a 25 m resolution digital elevation model). The lake is a crypto-depression
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with an average altitude of the mean lake level of 12.78 m a.s.l. [2,35]. The water-level oscillations in
the period 1929-2019 range between 9.11 m a.s.l. and 15.93 m a.s.l. (avg. 13-16 m a.s.l.), but in the
period 1985-2019 the average lake-water level was 11-12 m a.s.l. [35]. The lake water volume is 220
million cubic meters. The bottom of the lake is mostly flat, with an average water depth of 54-55 m
(41-42 m b.s.L.). The deepest part of the lake is a 74.5 m (61.3 m b.s.1.) deep conical depression in the
SW part of the lake. The depression is approximately 250 m wide, and is interpreted as a collapsed
sinkhole filled with sediments.

Figure 1. A. Bathymetry map of Lake Vrana on the Island of Cres (in absolute depths), with the
location of sediment cores (VR-1A, VR-2, VJ-8, V]-10, CS-5, CS-9, CS-P). B. Location of Lake Vrana in
the northern part of the Adriatic Sea. C. A geological map of Lake Vrana (modified from 36). The
surficial catchment area is outlined in a blue line, and Quaternary sediments (Q) are marked in gray on the
northern and southern shores of the lake. Geological units with dolomite (SIS, HR) are highlighted with
black lines. Geological lithostratigraphic units shown on the map: DR-Valanginian to Hauterivian micrite
Dragozeti¢i limestones; CR-Upper Hauterivian to Barremian Cres limestones, dolomites, stromatolites,
breccias and emerged surface alterations; KA-Aptian Kanfanar limestones; PO-Upper Aptian- Lower
Albian Porozina breccia and limestones; CN-Albian Crna limestones with emersion breccias; HR-Upper
Albian Hrasta dolomites; SIS-Upper Albian-Lower Cenomanian alteration of Sis dolomites and limestones
with relict stromatolites, breccia and bauxite infillings; VR-Lower Cenomanian Vrana limestones; BE-
Lower to Middle Cenomanian Belej pelagic limestones; NI-Cenomanian Niska limestones; SD-Upper
Cenomanian to Turonian Sveti Duh pelagic limestones; GH-Turonian to Coniacian Gornji Humac
limestones; FV-Lower to Mid Eocene foraminiferal limestones [36].

The Island of Cres is part of the Adriatic Carbonate Platform [37,38]. It is mostly composed of
karstified carbonate rocks: Upper Cretaceous rudist limestones, Eocene limestones, dolomites, and
Paleogene flysch deposits [36] (Figure 1C). In the Late Cretaceous the final disintegration of the
Adriatic carbonate platform began and culminated during the Neogene (Oligocene-Miocene) when
Dinarides were formed. Lake Vrana is situated within the top of a reversibly uplifted and tectonically
disturbed anticline in the northeast-southwest orientation of Dinarides. Lake Vrana is predefined by
a northwest-southeast striking tectonic fault where dolomites occur [2]. Dolomite rocks form the core
of the anticline. They lie beneath the sediments of Lake Vrana, and have a strong influence on lake
formation. Dolomites prevail over limestones in the immediate catchment of Lake Vrana. The
dolomite-rich geological lithostratigraphic units (Upper Albian-Lower Cenomanian alteration of Sis
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dolomites and limestones-SIS unit) and Upper Albian Hrasta dolomites-HR unit) are present on the
southern and northern shores [36]. The units are elongated in the lake direction. Quaternary deposits
are of limited extent and are represented by breccias, alluvial and colluvial deposits, and eolian
sediments. Fine-grained Quaternary lake sediments are identified and mapped on the northern and
southern shores of the lake. Lake Vrana is considered to be of Late Pleistocene origin, developed as a
karstic depression filled with Quaternary sediments, and their thickness in the central part of the
lake, recorded by seismic acoustics, is more than 25 m [7].

+400

Lake Vrana

Kvarneri¢
Bay

100 U

I Cretaceous limestones and dolomites [E==] Pleistocene lake sediments Holocene lake sediments

Figure 2. Schematic overview of the Lake Vrana on the Island of Cres, in the profile (red line on the map)
from the collapsed sinkhole and projected sediment core VR-1A (both not to scale). The dotted blue lines
represent the average lake level (12.7 m a.s.1.), the lowest lake level (9 m a.s.1.), and the highest lake level
(16 m a.s.l.). Sample VALUN-6 outside of the catchment is marked on the small map.

The lake is situated in the central part of the Island of Cres, 3.4 km and 4 km from the sea on the
western and eastern sides, respectively. On the NW side, the sea is 3.1 km distant and on the SW side,
it is almost 6 km. Although the lake is close to the sea, there is no connection to seawater, neither
through the surface nor the karstic underground. Lake Vrana receives water predominantly through
precipitation, and through groundwater to a lesser extent [2,39]. Therefore, the lake recharge is from
its catchment area of nearly 33 km?, and 33% of the recharge is from precipitation on the lake surface
[2]. It has no permanent surface or underground inflows or outflows and is a closed lake type.
Streams and flood flows/surges occur during rainy periods. They mainly feed the lake and are formed
on the steep shores on the western and eastern sides, as well as on the northern and southern shores
of the lake. Total freshwater seasonal inflows and precipitation have sufficient capacity to maintain
a relatively stable level in Lake Vrana. Therefore, the variability of the lake level corresponds to
annual precipitation changes, which directly depend on variability during the winter season [2,35].
Lake discharge occurs mainly through evapotranspiration during the summer months and possibly
through the karst underground [2,35]. It is not detected in the submarine spring (vrulja) Valun north
of the lake but could be detected in vrulja Vrutek, on the western shores of the Island of Cres [2,35].
The annual evaporation rate from the lake surface is 1161 mm [2]. The proposed average water
residence time in the lake is 32 years [2,40]. The water level oscillated on average from 13-16 m a.s.L.
in the period 1929-2019, but in the period 1985-2019 the average lake-water level decreased, on
average to 11-12 m a.s.l., with no significant decrease in precipitation [35]. Lake Vrana is a reservoir
of freshwater used for public water supply since the middle of the 20t century. The possible effects
of increasing water consumption from the lake due to the extraction of the public water supply have
been investigated in terms of seasonal temperature variations in air and water temperatures,
precipitation, and water level [2,35] as well as future predictions [4,41]. After the mid-1980s, the mean
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water level decreased, culminating in 1990 with a 4 m anthropic low water level (up to 9.11 m a.s.1.),
which most probably occurred due to both, hydraulic water pumping and a slight decrease in
precipitation [2,42]. The amount of abstracted water rose significantly from the mid to the end of the
20t century due to the increasing demand for water on the Island of Cres and surrounding islands,
especially due to tourism in the summer months when the consumption of water significantly
increases [35].

The average annual air temperature on the island Cres is 14.3°C, and the average annual
precipitation is 1054 mm, with the lowest precipitation between April and September (from 1961 to
1990, meteorological station Cres; 2). The whole island is exposed to the northeastern wind bora,
especially in the southern part of the lake catchments where the vegetation is low and degraded, with
bare karst relief on the surface.

Limnological measurements of Lake Vrana have shown that the lake is an oligotrophic, hard-
water lake, mixed once a year during the winter months. It is a monomictic lake, characterized by a
thermal stratification event in spring, after winter isothermal conditions below 8°C [2]. During the
summer, thermal stratification was established at a depth of 10-20 m. The mean temperature of the
summer epilimnion (from the surface to the 10 m water column depth) is 25°C, and the hypolimnion
temperature at a depth of 20-70 m is 7°C [2]. Estimation of the lake surface water temperature (at a
water depth of approximately 0.3 m) based on air temperature using support vector regression
predicts an increase of an average of 1.2°C over the next 50 years [41].

Lake water geochemical parameters measured at two locations up to 50 m depth from the central
part of the lake, are characterized by calcium (Ca*=54 mg/l) and bicarbonate ions (HCOs =180-188
mg/l). The lake has slightly alkaline waters, pH varies between 6 and 8 in the water column. The
dissolved oxygen concentration in Lake Vrana is approximately 10 mg/l under isothermal conditions,
while the vertical stratification of dissolved oxygen ranges between 8-10 mg/l in the epilimnion to
approximately 6 mg/l in the hypolimnion [3]. The influence of sea water is negligible, as evidenced
only by small amounts of chloride ions (Cl- =30-62 mg/l), due to the wind-borne sea spray on the
surface of the lake. Electrical conductivity (EC), total dissolved salts (TDS) and nitrogen ions (NOs)
are also very low, 423-439 pS/cm, 284-295 mg/l and 0.1-1.5 mg/l, respectively [43], and belongs to
oligotrophic lakes [3].

The phytoplankton community of Lake Vrana comprises diatoms (Bacillariophyta), chrysophytes
(Chrysophyceae), and dinoflagellates (Dinophyceae), which are the most diverse and abundant groups
recorded in other karstic lakes along the Dalmatian coast [44,45]. The distribution of macrophytic
vegetation present at the bottom of Lake Vrana is divided into shallow water vegetation in the
northern and southern parts dominated by reeds and rush, followed by the sedge zone and
submerged vegetation species of spawners. Such vegetation is widespread up to a depth of 7 m,
where it is replaced by stonewarts or charophytes (up to 30 m in depth), which is the most widespread
vegetation in Lake Vrana [46,47].

2.2. Sediment Sampling

In 2010, a 7.42 m-long sediment core VR-1A and 5.45 m-long parallel sediment core VR-1 were
retrieved from the center of the Lake Vrana at water depth of 54 m (41 m b.sl) (Figure 1).
Additionally, 370 m to the north, two sediment cores were extracted, 5.69 m long sediment core VR-
2 and parallel VR-2A (1.50-4.28 m). The cores were retrieved using a piston corer mounted on a tripod
tower and rope-operated on a floating platform (UWITEC, Austria). The sediment cores were cored
by hammering with a stainless-steel liner from the platform, and were collected in 3-m long sections
of plastic liners, 60 mm in diameter.

Sediment core VR-1A was used in this study, whereas the others were archived in a cooling
chamber for future analysis. The sediment core obtained by piston coring could have been disturbed
in the upper part when piston reached the soft lake sediments at the surface of the lake bottom.
Therefore, the short sediment cores VJ-8 (0-0.92 m) and V]J-10 (0-0.74 m) were taken in 0.90 m-long
plastic liners (12 cm in diameter) by scuba-diving and simple pressing into the soft sediment at 53.5
m and 48 m depth, respectively (Figures 1 and 3). Sediment core V]-8 is located close to the long core
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VR-1A (212 m away), while core VJ-10 is located further south, but also on the flat lake bottom, 920
m away from VJ-8.

A

Figure 3. A. View of the Lake Vrana from the south. B. Alluvial fan in the southern shores of Lake
Vrana, where sediment cores CS-5 and 9 were taken, marked in black rectangle (C). C. Areal images
of the southern shore of Lake Vrana, with marked sediment cores in the alluvial fan and short cores
(VJ-8 and V]J-10). Note the bare karst relief on the southern part of the lake catchment.

As Lake Vrana is elongated in the NNW-SSE direction, it is characterized by steep lake shores on
both sides, while the northern and southern shores show gentle relief. Moreover, the southern shores
of the lake are characterized by the appearance of alluvial fans, where the material is carried by streams
and flood flows, where canyon-type channels have been developed. In one such bed of an occasional
stream, at ca. 25 m a.s.l, a CS-P soil profile was sampled (Figure 3). The profile is composed of colluvium
(sediment formed by gravitational erosion at higher elevations by streams). It was sampled as an
outcrop, at intervals of 2 cm. The profile can be divided into the upper brown dolomitized soil down to
~40 cm, followed by a soil layer with pottery fragments (1.70-1.88 m). Lower brown soil follows down
to 2.28 m, where the transition to yellowish fine-grained sediments begins, similar to loess (loess-like
sediments). Loess-like sediments extend to the end of the profile, that is, 3.40 m.

Further north of the soil profile CS-P, closer to the lake, CS-5 and CS-9 sediment cores were
drilled using Eijkelkamp percussion drilling equipment (Cobra TT), using 1-m extension rods and
stainless-steel liner, 10 cm in diameter. Extracted sediment cores were sectioned carefully at 2-cm, 5-
cm, or 10-cm intervals during the sampling, wrapped in plastic bags, and transported to the
laboratory. The sediment core CS-5 (0-5.19 m) was located in an alluvial fan, at 15.5 m a.s.l, and is a
continuation of the intermittent stream, from which the CS-P profile was sampled. The sediments from
CS-5 were composed of red soil. Sediment core CS-9 (0-5.51 m) is located in the top part of the alluvial
fan and forms a flood deposit along the edge of the lake, at 13.1 m a.s.l. Sediments from the CS-9 core
consist of eroded dolomite rock in the upper part and eroded soil in the lower part of the core.

In the northwestern part of the lake in the large paleo-depression next to the Valun Cres road,
soil samples were taken to a depth of 9.30 m. A representative sample (VALUN-6) was used in this
study. Although the location of the VALUN-6 sample was outside the boundaries of the surface
catchment (Figure 2), it was included in the study because such material-terra rossa/red soil could
also be the source material of sediments in the lake.
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Figure 3. A. Outcrop of CS-P profile in the occasional stream bed in an alluvial fan on the southern
shores of Lake Vrana. The orange line represents the identified layer with pottery fragments
correlated to this layer in the N-4 profile in the SSW shores of the lake. B. Linear depth-age model,
indicating the age of the sediments in the CS-P profile, apparently containing depositional hiatus
below the contact between colluvial and loess-like sediments at 2.28 m depth, because of the big age
difference between the dates at 1.75 and 2.31 m.

2.3. Laboratory Analyses

In the laboratory, the sediment cores from location VR-1A were split longitudinally in the total
length of 7.32 m (+10 cm in core catcher). The interval between 0 m and 4.40 m and 14-cm long base
of the core (7.18-7.32 m) was sectioned, both archive and working halves, in 1-cm continuous
intervals. The samples from the core catcher were sectioned in 5 cm intervals (7.32-7.37 m and 7.37-
7.42 m) Samples from the working half were dried at 40°C in a dryer. The sections between 4.50 m
and 7.18 m remained unsampled as the age was undetermined (out of the radiocarbon dating limit),
and only color and magnetic susceptibility measurements on the split half were performed. All
archived samples and split halves were stored in a refrigerator and cooling chamber for further
analysis. Short cores VJ-8 (0.92 m) and VJ-10 (0.74 m) were sectioned at 2-cm intervals in the
laboratory and dried for geochemical and mineralogical analysis.

2.3.1. Sedimentological Analyses (Sediment Lightness, Magnetic Susceptibility and Grain Size)

Sediment color of sediment core VR-1A was measured using an X-Rite spectrophotometer in the
L*a*b* values. The magnetic susceptibility (MS) was measured using a Bartington loop (MS2C) sensor
at 3-cm intervals, and a point surface (MS2E) sensor at 1-cm intervals, and the values are expressed
in SI units (x 10%) for volumetric low field MS (kir). This was performed throughout the complete
sediment core VR-1A down to 7.32 m. The magnetic susceptibility using Bartington MS2B dual-
frequency sensor (mass MS at low frequency — xlf, frequency-dependent MS - xfd) was performed
in the sediments from cores VR-1A (46 samples up to 4.40 m and 7.18-7.37 m), CS-5 (5 samples), CS-
9 (7 samples) and CS-P (7 samples). Fine-grained samples were packed in 10 cm? plastic pots and
measured at two frequencies (0.465 and 4.65 kHz). Grain-size analysis was carried out on 97 samples
throughout the sediment core VR-1A using a laser diffractometer Shimadzu-SALD 2300. The samples
were pre-treated with 30% hydrogen peroxide (H202) on a hot plate at 80°C to eliminate organic
matter, while a dispersant agent (Na«P207) and ultrasound treatment were used prior to
measurement. Data processing for each sample was carried out based on an average of three runs
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using the software GRADISTAT v8 [48]. The results were visualized using the C2 software for
downcore variations [49].

2.3.2. Mineralogical Analyses

Samples for mineralogical analyses were ground into fine powders using an agate pestle and
mortar. Bulk mineralogical analyses were performed using an X'Pert Powder diffractometer (XRD)
equipped with a Ni-filter CuKa radiation, a vertical goniometer with 6/0 geometry, and a PIXcel
detector. Scan conditions were set at 45 kV and 40 mA, along with ¥4 divergence and antiscatter slits,
with a step size of 0.02°20 and a 4 s time per step within a range between 4°20 and 66°26. XRD
diffractograms were analyzed using the X'Pert High Score Plus and the ICDD database (PDE-
4/Minerals) to determine the qualitative mineral compositions. Detailed clay minerals analysis on
oriented glass slides has been applied to selected samples.

Carbonates were removed from the samples prior to mounting the oriented aggregates using
buffered sodium acetate (NaOAc) solutions, while the clay fraction (<2 mm) was separated by
centrifugation. The samples were then oriented by wet smearing on glass slides to enhance the
preferred orientation of clay minerals, thereby increasing the intensity of their basal reflections for
identification. A series of diagnostic tests were then applied: air-dried (AD) state, overnight solvation
with ethylene-glycol (EG) vapor, and heating to 400°C and 550°C for at least half an hour; treating
with dimethyl-sulfoxide (DMSO); heating to 350°C of K-saturated samples; treating with glycerol
Mg-saturated samples. Clay samples were then x-rayed after each treatment, across the range
between 5° 20 and 30° 20, and individual clay minerals were identified using their basal reflections
[50,51]. Chlorite is confirmed by maximums at 14 A and 7 A, which remains after treatment with EG
and heating, as well as after saturation with K and heating at 350°C. However, after heating of K-
saturated sample, if there is an increase in the intensity of the maximum at 10 A, this means that
hydroxy-interstratified vermiculite is also present in the sample. The other maximums of chlorite at
7.1 A and 3.53 A coincide with the maximum of kaolinite, which disappears after heating to 550°C.
Kaolinite is determined by treatment with DMSO to be well-crystallized (ordered) and poorly-
crystallized (disordered), with very clear maximum at 7 A (disordered) and 11.2 A (ordered). Illite is
determined using maximums at 10 A and 5 A, which remain unchanged after all diagnostic
procedures. Smectite has a maximum at 14 A, which after treatment with EG shifts to 17-18 A, and
after heating collapses to 10 A. However, if part of the maximum at 14 A remains after EG and after
heating, and upon heating the K-saturated sample, chlorite is also present. The K-saturated sample
also showed a higher intensity at 13 A, and after heating, a much higher intensity at 10 A, indicating
the presence of smectite. Saturation with Mg and glycerol confirmed the presence of chlorite (14 A)
and smectite (17-18 A). Illite-smectite was recognized by a maximum between 10 A and 14 A in the
AD state, and it shifted towards higher d-spacings when glycolated.

The analysis was performed on 57 powder samples collected throughout the sediment core VR-
1A, 15 samples from profile CS-P, four samples from sediment core CS-5, and seven samples from
sediment core CS-9. Detailed clay mineral analysis was performed on 13 samples from the sediment
core VR-1A and representative samples from CS-P (seven samples), CS-5 (two samples), and CS-9
(two samples). In addition, selected 13 samples from the sediment core VR-1A were semi-
quantitatively analyzed using Profex software [52] and Rietveld refinement, which is based on a
library of mineral phase structures. Prior to scanning, the samples were mill in a McCrone
micronizing mill with ethanol for homogenization to reduce the material to a very fine fraction (<5
pm powder). Mixed-layered clay minerals (illite-smectite) and hydroxy-interstratified vermiculite
were not analyzed and presented in semi-quantitative results, as there were no available mineral
structures to perform Rietveld fitting.

2.3.3. Geochemical Analyses

Determinations of major, minor, and trace elements were performed on 96 selected discrete
powder samples distributed throughout core VR-1A, 15 samples from the CS-P profile, and 50
samples from each of cores CS-5 and CS-9. The samples were treated with near-total hot acid
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digestion (HCI-HNOs-HCIO+-HF at 200°C) for these analyses and measured using inductively
coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic emission
spectroscopy. The total of 46 elements (Ag, Al, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe, Hf, In,
K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, T, U, V, W, Y, Zn,
Zr) were analyzed in the Bureau Veritas (Vancouver, Canada; former ACME laboratory), but due to
the detection limits and accuracy, only selected elements were used. Elemental compositions were
normalized to Al to remove carbonate dilution effects on bulk sediments [53].

Total Carbon (TC), Total Nitrogen (TN), Total Organic carbon (TOC), and Total Inorganic carbon
(TIC) were measured using a CN elemental analyzer (Thermo Fisher Flash2000. Total carbon (TC)
and nitrogen (TN) were measured directly, whereas total organic carbon (TOC) was measured after
the removal of carbonates using 4M HCI and heating for 2 h. The total inorganic carbon (TIC) was
calculated as the difference between TC and TOC. The C/N ratio was calculated by dividing TOC and
TN. A total of 96 samples from sediment core VR-1A were analyzed.

Software C2 was used to present the results in downcore variations [49], while STATISTICA7
[54] was used for statistical analysis.

2.3.4. Radiocarbon Dating

The ages were established based on the lake sediment core from the central deep part of the lake
(VR-1), where five samples were collected. The analyses have been performed in Radiocarbon
laboratory, Institute of Physics, Centre for Science and Education, Silesian University of Technology
(Gliwice, Poland) and in Beta Analytic Inc. (Miami, USA). For the topmost part of the sediment core,
the dates from the short core V]-8 were applied (taken from 29).

Sediment cores on the southern shores of Lake Vrana have been dated using charcoals in Beta
Analytic Ltd. (USA); four dates in the CS-5 sediment core and seven dates in the CS-9 sediment core.
The date from the CS-9 333-338 cm interval was excluded from the depth-age analysis as an outlier
due to the date inversion from the two following, deeper samples.

The sediment profile on the southern shore of the lake was dated using one date (CS-P 231), while
the other two dates were correlated based on the determined sediment sequence. The sediment layer,
which contains pottery material, is found in the N-4 profile and also on the southern and southwestern
shores of the lake, which could be followed in this CS-P profile. Therefore, this age was applied to layers
containing pottery fragments. The age of the lower part of the sequence was determined based on the
CS-6 sediment core at interval of 30-35 cm, which is interpreted as a loess-like material. They could
correspond to the lower sequence in the CS-P profile, approximated to a depth of 270 cm.

The measured ages (*C BP) were converted into calendar years using the calibration curve
IntCal20 Northern Hemisphere [55] using the Clam 2.5 software [56]. Using the same software, the
depth-age models using linear interpolation were built for the cores VR-1A, CS-5 and CS-9 (Figure 4)
and the profile CS-P (Figure 3). All summarized radiocarbon dates are presented in Table 1.

Table 1. Radiocarbon dating of the analyzed sediments (GdA-Gliwice, Poland laboratory; Beta-no.-Beta
Analytic Inc. laboratory; ND-not defined; NA-not analyzed). 'Data from 29; 2 Original sample names.

Calendar age
Radiocarbon age (4C

Core Depth (cm) Lab. no. Material 01C (%o) (calibrated) - 95%
B0 probability (cal yr BP)
V]-8! 18 / Wood, plant ND 300 =40 470-290
VJ-81 37 / Wood, plant ND 500 + 25 543-506
VR-1A 77-78 GdA-3300 Wood, plant ND 1870 + 25 1828-1715
VR-1A 189-190 GdA-3301 Wood, plant ND 7155 + 30 8019-7933
VR-1A 317-318 GdA-3302 Wood, plant ND 10.400 + 35 12.483-12.092

VR-1A 521-523 Beta-328265 Mollusk -2.5%o NA >43.500 BP
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733-735!
VR-1A (725-727 Beta-328266 Mollusk -1.2%0 NA >43.500 BP
cm)
CS-5 106-110 Beta-229818 Charcoal -25,6 4280 + 40 BP 4962-4816
Beta-
CS-5 188-198 Charcoal -25,7 6200 + 40 BP 7171-6983
2229819
CS-5 360-370 Beta-229823 Charcoal -24,9 6660 + 50 BP 7607-7461
CS-5 501-506 Beta-229824 Charcoal -24,6 7360 + 50 BP 8220-8028
CS-9 42-44 Beta-228408 Charcoal -23,3 880 + 40 BP 835-721
CS-9 270-275 Beta-229820 Charcoal -25,6 5910 + 50 BP 6858-6632
CS-9 283-288 Beta-229821 Charcoal -26,2 6130 + 40 BP 7158-6931
CS-9 303-308 Beta-229822 Charcoal -24,8 6290 + 40 BP 7315-7156
CS-9 333-338 Beta-228414 Charcoal -25,3 7030 + 40 BP 7944-7777
CS-9 433-438 Beta-228415 Charcoal -23,3 6530 + 40 BP 7510-7417
CS-9 515-525 Beta-228416 Charcoal -23,3 6650 + 40 BP 7582-7463
N-4
174-176 Beta-199264 Charcoal -24.2 3590 + 40 BP 3986-3825
248-2592
CS-P 231 231 GdA-3303 Wood, plant ND 15.390 + 60 18.837-18.630
CS-6 30-352 270 Beta-228407 Charcoal -23.3 24.260 + 120 28.759-28.036
3. Results

3.1. Sedimentation Rates

The age-depth models of the studied cores gave a maximum age of 16.4 cal kyr BP for the VR-
1A core at 4.40 m, based on the assumption of a constant sedimentation rate after the last dated
interval age of 12.2 cal kyr BP at 317-318 cm. The rest of the core to the base remained undated and
was considered to belong to the Late Pleistocene age. The two analyzed samples of freshwater
mollusk shells at lower depths (5.21-5.23 m and 7.25-7.27 m) had extremely low *C activity, almost
identical to the background signal, therefore the result is considered greater than the radiocarbon
dating limit (Table 1). The dates from short core V]-8 were incorporated into the depth-age model for
the upper part of the core (Figure 4A).

The CS-5 record has a maximum age of 8.2 cal kyr BP at 5.19 m sediment depth while the CS-9
record spans over 7.5 cal kyr BP at 5.51 m depth (Figure 4A). In both cores, a constant sedimentation
rate is assumed for the remaining undated part of the core (from 5.03 m to 5.19 m for CS-5 and from
5.20 to 5.51 m for CS-9). The sedimentation rate of the upper parts of the sediment core CS-5 is 0.02
cm/yr and 0.04 cm/yr, from 0-4.8 cal kyr BP and from 4.8-7.0 cal kyr BP, respectively (Figure 4B). At
the age between 7.0 and 8.2 cal kyr BP (1.87-5.19 m) in core CS-5, the sedimentation rate increases
significantly, to 0.4 cm/yr at 3.65-1.87 m and 0.2 cm/yr at 5.19-3.65 m. The upper parts of the core CS-
9 down to 2.85 m (7.0 cal kyr BP) reveal a similar sedimentation rate (0.04 cm/yr) to the upper parts
of CS-5. After 2.85 m, it starts to increase to 0.11 cm/yr down to 3.05 m, 0.60 cm/yr to 4.35 m, and 0.85
cm/yr to the base of the core to 7.5 cal kyr BP. The event layer, identified in the CS-5 and CS-9 records,
showed similar ages and might represent the same regional event. Erosional events are determined
in the core VR-1A at the similar age, with the peak between 4.9 and 8.0 cal kyr BP (1.34-1.90 m) and
in the topmost part of the core, in the last 400 years (upper 0.20 m).

The age of the sediment profile CS-P was determined based on the correlation with the two other
previously sampled profiles, with the sediment layer containing ceramic material and loess-like
material that appeared lower than 2.28 cm (Figure 4). There is a large age difference between the
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dates at 1.75 and 2.31 m, therefore it is determined that hiatus in deposition must have occurred below
the contact between colluvial and loess-like sediments at 2.28 m depth.

3.2. Sedimentological, Mineralogical and Geochemical Description of Sediment Cores VR-1A, CS-5, CS-9
and Profile CS-P

The VR-1A sediment core is 7.32 m long (+0.10 m of core catcher=7.42 m; 7.32-7.37 m and 7.37-
742 m). In this study, we robustly included the whole sequence to gain insight into the sediment
composition using sediment color (i.e., lightness parameter L*) and magnetic susceptibility (MS2C in
lower and MS2E in higher resolution) throughout the core. The sediment sequence was divided into
ten units (Figure 6). The sediments from 4.40 m upwards were analyzed in detail using
sedimentological, mineralogical, and geochemical proxies. This was complemented with the
sectioned base of the core at interval 7.18-7.37 m.
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Figure 5. A. Age-depth models of sediment cores from the center of the lake (VR-1A) and on the
southern shores of the lake (CS-5 and CS-9). Calibrated 14C ages are shown in blue, while the red age
in core CS-9 indicates a reversed date. The horizontal gray-shaded rectangles represent the same
erosional event, and the topmost erosion in core VR-a is marked by an orange rectangle. B.
Sedimentation rates of analyzed cores.

From the base of the core (7.37 m) up to 6.50 m, the sediments are darker, brown in color, quite
solid, and compact, with a slightly higher magnetic susceptibility than the following upper section
(Figure 6). There is an evident peak in the magnetic susceptibility at 7.03-7.05 m (MS2E ~20 x10-SI).
From 6.50 m, there is a transition to brighter sediments which spans up to 3.80 m with similar values
of magnetic susceptibility (except one more peak at 4.00 m; MS2E 13 x10- SI). The median value of
magnetic susceptibility (MS2E) between 6.5 m and 3.80 m is 4.4 x105 SI. At 3.80 m there is a sharp
slantwise border with a transition to evidently darker sediment (lower values of lightness parameter
L*), which could indicate lower carbonate content and more organic matter content in sediments [57].
There is also a shift to lower values in magnetic susceptibility in this ,,dark” zone between 3.80 m and
3.00 m. It is ,interrupted” by brighter sediments between 3.30 m and 3.45 m, which appear as lenses
mixed with darker sediments. In the next unit between 3.00 m and 2.50 m, there is a trend of
increasing magnetic susceptibility values. Sediments are relatively dark, but in the interval between
2.50 m and 2.70 m there are almost completely black layers that appear as laminae of various
thicknesses: at 2.53 m 10 mm thick, at 2.56 m 3 mm thick, at 2.58 m 3 mm thick, at 2.59 m 1 mm thick,
at 2.60 2 mm thick, black layer at 2.65-2.70 m with very thin lenses of brighter sediments. From 2.50
m up to 1.25 m, the magnetic susceptibility values are the highest, with the peaks between 1.90-1.65
m and 1.50-1.34 m, where the median values are 14.4 x10-5 SI. From 1.25 m to 0.70 m there was a
decrease in magnetic susceptibility values, and the sediments were dark in color. Moreover, black
layers are present in almost the entire interval, at 1.09-1.02 m, 0.98-0.95 m and 0.79-0.73 m. An increase
in sediment lightness is apparent from 0.70 m up to 0.20 m and magnetic susceptibility is relatively
low. In the sediment from 0.20 m up to the top-most sediments, magnetic susceptibility increases and
sediments are darker in color.

The upper 4.40 m of the sediment core VR-1A (which is dated) was interpreted using dual-
frequency magnetic susceptibility (MS2B), grain size, mineralogical (XRD), and geochemical analyses
(Supplementary Materials S1) to determine variations in carbonate and siliciclastic material, as well
as inorganic and organic carbon content (Figure 7).

The first zone 4.40-3.80 cm (16.4-14.4 cal kyr BP) is the continuation of a previously robustly
determined unit based only on sediment lightness and magnetic susceptibility (from 6.5 m, undated).
The sediments are determined as carbonate, bright gray sediments, and dominantly coarse silts, with
median silt values of ~80%. In addition, one clast, 0.5 1 cm diameter) was noticed at 3.89 m, which
indicates high water energy. The sediments are characterized by low mass magnetic susceptibility
(median ~5 x108 m%/kg) and siliciclastic content (Al, quartz, muscovite/illite, clay minerals), whereas
the carbonate content is higher (Ca, calcite, dolomite). Smectite, chlorite, illite, and kaolinite were
present in the clay mineral fraction. The carbonate content was also indicated by a higher total
inorganic carbon (TIC) content. This is similar to the grain-size composition of the undated base of
the core (7.37-7.18 m), which are also coarse silts but contain predominantly dolomite as a mineral
phase, with minor phases of calcite, quartz, muscovite/illite, plagioclase, and clay minerals. The
sediments from the base of the core differ from those from the upper unit in clay mineral composition
and contain chlorite, hydroxy-interlayered vermiculite, illite, and kaolinite. In the sediments at the
base of the core, the total organic carbon (TOC) had a value of 1.2%, while in the overlying sediments
from the zone 4.40-3.80 m TOC is 0.4%.
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Figure 6. Sediment lightness (L*) and magnetic susceptibility (MS2C and MS2E; kir) throughout the
complete sediment core VR-1A 0-7.37 m, with indicated dated intervals and ages as well as identified
units. Selected sediment photographs are also shown. The red dashed line at 4.4 m represents the
upper section of the core analyzed in detail.

The total organic carbon (TOC) content increased up to 6.9% in zone 2 (14.4-13.3 cal kyr BP, 3.80-
3.45 m). The remains of the plant material and gastropods appear sporadically. The sand fraction
increases up to 46.8% and these sediments are very coarse to coarse silts. The major mineral phase is
quartz, with minor dolomite, plagioclase, muscovite/illite and clay minerals (smectite, chlorite, illite
and kaolinite), which is evident in higher siliciclastic contents (Al, Ti, Fe, K, Na). There is a sharp
change in sediment deposition in the next zone 3, 13.3-12.7 cal kyr BP, in the interval between 3.45 m
and 3.30 m, evident in lower sand fraction (18.3-30.8%), TOC (0.6-5.1%) and siliciclastic content (Al,
quartz, muscovite/illite) and with increased carbonate content (Ca, Sr, calcite, dolomite, aragonite).
There were apparent plant remains and visible seeds, as well as small gastropod shells.

In the following zone 4, 12.7-11.7 cal kyr BP (3.30-3.0 m), siliciclastic content increases (Al, Ti, Fe,
K, but lower Na), and quartz, muscovite/illite, and clay minerals are present, with less dolomite. The
TOC content and sand fraction were high (4.4-7.8% and 26-35.8%, respectively), similar to zone 3. The
remains of plant materials are visible in the sediment.
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Figure 7. Downcore variation in core VR-1A (0-4.4 m) grain size, mass magnetic susceptibility (xIf),
frequency-dependent MS (xfd), and selected geochemical elements (Al, K, Na, Mg, Sr, Ca, TIC, TOC),
with zones identified by age (cal kyr BP).

An increasing trend in magnetic susceptibility parameters (mass and frequency-dependent MS)
is visible in zone 5 between 11.7-10.0 cal kyr BP (3.00-2.50 m) as well as in Al, dolomite, quartz,
feldspar, muscovite/illite, and clay mineral content. Here, we observe a change in the clay mineral
assemblage, similar to the base of the core, which is determined as chlorite, hydroxy-interlayered
vermiculite, illite, and kaolinite. These clay minerals remained in the sediments in the entire upper
section from here to the top. Sediments are finer from this unit upward to the top (3.00-0 m) and are
interpreted mainly as medium to fine silts, with median values of sand, silt, and clay fractions of
5.4%, 81.7%, and 12.3%, respectively. TOC values are decreasing in zone 5, although there is an
increase in TOC content to ~4% in the interval 2.70-2.50 m (10.7-10.0 cal kyr BP), where black
laminations of various thicknesses appear.

In zone 6, 10.0-4.4 cal yr BP (2.50-1.25 m), magnetic susceptibility further increases, with
maximum values (median mass MS ~180 x10® m3/kg) in the interval between 1.90 m and 1.34 m (8.0
cal kyr BP and 4.9 cal kyr BP). Siliciclastic component (represented by Al content) is also increased in
this unit, with quartz as the dominant mineral phase, while calcite is absent and only small
proportions of dolomite sporadically appear, as well as amphibole. Carbonate elements (Ca, TIC) are
constantly low. TOC content is slightly elevated (med. 2.4%) from 10.0-8.0 cal kyr BP (2.00-1.90 m),
while lower values (med. 1.4%) are recorded from 8.0-4.4 cal kyr BP (1.90-1.25 m).

In zone 7, 4.4-1.6 cal kyr BP (1.25-0.70 m), TOC content increases from 3.4% to 8.2%. Compared
to the previous unit, the magnetic susceptibility parameters and Al content decreased. From 0.94 m
upwards, the content of Ca and TIC values is increasing. In this zone, sediments are mainly composed
of quartz, with minor dolomite and muscovite/illite, and accessory calcite, whereas calcite appears in
higher amounts in the upper part of the unit.

This continues to zone 8, 1.6-0.4 cal kyr BP (0.70-0.20 m), with increased carbonate content
evident in higher Ca and TIC values, and calcite as the dominant mineral phase (quartz and dolomite
are minor components). TOC values decreased to relatively low values (1.2-2.1%) compared to the
lower zone and increased in the upper 0.20 m of the sediment core, where the TOC median was 4.6%.

In zone 9 (0.4 cal kyr BP, 0.20 m), the carbonate content (Ca, TIC, calcite) is lower, while magnetic
susceptibility and siliciclastic components (Al, quartz, muscovite/illite), as well as dolomite, are
higher. The semi-quantitative mineralogical composition (in wt%) revealed the above-mentioned
variations in the mineralogical composition (Figure 8).
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Figure 8. A. Semi-quantitative mineralogical composition of the sediment core VR-1A, with
sedimentary units shown on the right (in m). B. XRD patterns of selected samples for different
diagnostic tests for clay mineral composition. Abbreviations: Qtz-quartz, Dol-dolomite, Cal-calcite,
Pl-plagioclase, Arg-aragonite, Kfs-alkali feldspar, Ms/I-muscovite/illite, Kln-kaolinite, Chl-chlorite,
Sm-smectite, HIV-hydroxy interlayered vermiculite.

The geochemical compositions of the short sediment cores VJ-8 and V]J-10 (Figure 9) were used
to complete the lake-sediment interface in the sediment core VR-1A using the dated material from
VJ-8 [29]. In the short core V]-8, a low siliciclastic content (Al) and high Ca content in the lower part
of the core (0.86-0.43 m) could be correlated to the interval 0.70-0.20 m in cores VR-1A and V]-10. The
dominant mineral phase is calcite, while the minor is dolomite, quartz, and muscovite/illite. In all
three cores, next zone is marked by increasing Al concentration and decreasing Ca content, which
lasts in core V]-8 up to the 0.08 m, while in core V]-10 up to the 0.04 m. In this siliciclastic phase, the
samples from cores V]-8 and VJ-10 appear predominantly quartz and dolomite with minor calcite.
Core VR-1A ended with an elevated Al content in the surface sample. In the core V]-8 Ca content
increases after 0.08 cm, and in core VJ-10 after 0.04 m, and this marks the re-establishment of
carbonate sedimentation in the last 100 years (-50 od 1950). This interval was added as zone 10 in the
VR-1A sediment core paleoenvironmental reconstruction. The sediments contained more calcite,
dolomite, quartz, and clay minerals. In clay mineral fraction, throughout the core V]J-8, chlorite illite,
and kaolinite are present in the clay mineral fraction, with the possible presence of hydroxy
interlayered vermiculite.
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Figure 9. Geochemical records (Al, Ca) of the short cores V]-8 and VJ-10, compared to VJ-1A, for the
undisturbed topmost sediment sequence (<0.86 m). Age was determined using core V]-8. The grey
background in all cores marks the carbonate zones, lower and uppermost, recorded in the sediments.
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In the sediment core CS-5, which along its entire length of 5.19 m represents lithologically red
soils (terra rossas), three sedimentary units were distinguished according to geochemical and
mineralogical composition (Figure 9). These changes were based on the variable proportions of Al
and Ca as representatives of the deposition of siliciclastic and carbonate materials. In the deepest part
of the core, from 5.19 m to 1.87 m, which corresponds to the period between 8.2 and 7.0 cal kyr BP,
there is a relatively high concentration of Al, as well as other lithogenic elements (Ti, Fe, K, Na), and
low concentrations of Ca and Mg. This relatively short time period of only 1200 years is characterized
by high sedimentation rates (median 0.4 cm/yr), and more than 3 m of siliciclastic sediments were
deposited. Mineralogically, the dominant phase was quartz, with minor muscovite/illite, feldspar,
dolomite, amphibole, and clay minerals. Chlorite, hydroxy-interlayered vermiculite, illite, and
kaolinite appear in the clay mineral composition, which remains the same in the upper sections of
the CS-5 core. The mass magnetic susceptibility (x1f) was high in the CS-5 core and ranged between

132 and 202 x10-8 m3/kg. The percentage of frequency-dependent MS (xfd) ranged between 8.5% and
10.8%. From 6.9-2.4 cal kyr BP (1.87 m to 0.54 m), the Al content gradually decreases, which is also
visible in the mineralogical composition, where quartz is less abundant but still a major phase, while
dolomite peaks show higher intensity with increasing concentrations of Ca and Mg. In the upper
unit, 0.54-0 m and the last 2.4 cal kyr BP, dolomite was the main mineral phase, Ca and Mg were
higher, while Al content and quartz were significantly lower compared to the previous unit.
The lowest unit of the core CS-9 (5.51-3.47 m) corresponds to the short period between 7.5 and
7.3 cal kyr BP, with the highest sedimentation rate throughout the core (median 0.85 cm/yr). It has
elevated siliciclastic elements (Al, Ti, and Fe), and its major mineral phase is quartz, with minor
dolomite, muscovite/illite, feldspar, calcite, amphibole, and clay minerals (chlorite, hydroxy-
interlayered vermiculite, illite, and kaolinite) (Figure 10). The mass magnetic susceptibility (xIf) is the
highest in the core in this unit (71.5-91.4 x10-8 m3/kg) and is lower in the rest of the core, while the
percentage of frequency-dependent MS (xfd) is between 4% and 6%. Similar values were present only
in the topmost unit. In the interval 7.3-3.3 cal kyr BP (3.47-1.40 m), Al and Fe contents were lower,
while Ca and Mg increased, which was followed by higher amounts of dolomite and calcite.
Carbonate elements (Ca and Mg) rapidly increase in the next unit, 3.3-1.7 cal kyr BP (1.40-0.80 m). In
the uppermost unit (1.0-0 cal kyr BP, 0.53-0 m), dolomite, calcite and quartz are the main mineral
components, while the interval between these two units is marked by the higher siliciclastic elements

(Al, Fe), which appeared at 1.7-1.0 cal kyr BP (0.80-0.53 m).
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Figure 10. Magnetic susceptibility parameters (xlf, xfd) and selected geochemical elements down-core

variations in the sediment core CS-5, with dated samples on the left and zones on the right (in age
and depth). The mineralogical composition is shown within these zones. The black rectangles
represent the samples analyzed for clay minerals. Abbreviations: c.m.-clay minerals, Qtz-quartz, Dol-

dolomite, Fs-feldspar, Ms/Ill-muscovite/illite, A-amphibole, Chl-chlorite, HIV-hydroxy interlayered
vermiculite, Ill-illite, Kln-kaolinite.

A 83
(cal yQreBP))(If(lo m’/kg) xfd (%) Al (%) Fe (%) Mg (%) Ca (%) Zones (age)
00 L L L J L L ] L L L 1 L L L L
g‘g: 0.2- : .’ H ’ } 1.0-0 (0.53-0 m)
oed 27 ) ) oa\ Dol, Cal, Qtz
98 04 @ 835-721 | / o~ 9 e - (Ms/l, Fs, c.m.)
i \ / o - e T*&e  |17-1.0(0.80-0.53 m)
ST 4 7 \
: 1.0 s . 33-1.7
277 12 . J g i s «® | (140080 m)
§:§: 1.4 ! \\ . . % _o—*
e 16 | b o b B 1 L 5l
18 8 H \ . < > s
1% . 0 \ » ) i { 7.3-3.3
591 207 | - o B iy (3.47-1.40 m)
L 54 22 \ % \ / atz
m 8 £ 24 . " . . F s (Dol, Cal, Ms/,
S 3l E \ » .
£ g8 T 2679 gaspaenm \ \ : P : s m Fs,Acm)
8 5918 287 71se0mt \ \ s { .
> 72 0 30 ersrise \ I )Y I
=] 3.2 \ | '
< 34]@79447777 \ o .,:" ] } /.;
367 \ o 7 1
38 \ \ .,I p 1
4.07 T ' \ | f * 7573
4.2- \ w 5.51-3.47
4.4 ® 75107417 | . s ‘ m m)
46" " | f f atz
) [ / [ | (Dol, Ms/I, Fs, Cal, A,
4.8- | ‘ / | # clay min.:
7.57 5.0 [ ,4 . + Chl, HIV, Ill, Kin)
52 @ 75827463 + ! : i s b
547 ¢ ‘ » 4 Pl 4
T T T 1 % T 1T T T T T T T 1 T T T T
0 50 100 -3 3 82 7 0 2 4 61

w
o
-
o
[
(=]

Figure 11. Magnetic susceptibility parameters (xlf, xfd) and selected geochemical elements down-core
variations in the sediment core CS-9, with dated samples on the left and zones on the right (in age
and depth). The age marked in red was rejected as the reversed date. The mineralogical composition
is shown within these zones. The black rectangles represent the samples analyzed for clay minerals.
Abbreviations: c.m.-clay minerals, Qtz-quartz, Dol-dolomite, Cal-calcite, Ms/Ill-muscovite/illite, A-
amphibole, Fs-feldspar, Chl-chlorite, HIV-hydroxy interlayered vermiculite, Ill-illite, KIn-kaolinite.

Sediment profile CS-P contains loess-like sediments from 3.40 m up to 2.28 m, with an age of
18.7 and 28.4 cal kyr BP, which correspond to the LGM period. There is significant carbonate content
in the sediment (higher Ca and Mg), which contains dolomite as a major component, while calcite
and quartz appear as minor minerals with variable content. Feldspar was also present throughout
the profile, while amphibole was present in the lower section. In the clay mineral composition,
chlorite, smectite, illite, and kaolinite appear in the lower section of the loess-like unit, whereas

mixed-layer illite-smectite, illite, and kaolinite are present in the upper section. In the colluvial

sediment, from 2.28 m upwards, quartz and dolomite appear in similar proportions, with clay
minerals including chlorite, hydroxy-interlayered vermiculite, illite, and kaolinite. Dolomite is the

dominant mineral phase in the upper 1 m of the profile, with minor quartz, muscovite/illite, feldspar,
and clay minerals such as chlorite, illite, and kaolinite.
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Figure 12. Magnetic susceptibility parameters (xlf, xfd) and selected geochemical elements down-core
variations in the profile CS-P, with dated samples on the left and zones on the right (in depth). The
mineralogical composition is shown within these zones. The black rectangles represent the samples
analyzed for clay minerals. Abbreviations: c.m.-clay minerals, Qtz-quartz, Dol-dolomite, Cal-calcite,
Ms/Ill-muscovite/illite, A-amphibole, Fs-feldspar, Chl-chlorite, Sm-smectite, I/S-illite/smectite, HIV-
hydroxy interlayered vermiculite, Ill-illite, KIn-kaolinite.

4. Discussion

4.1. Environmental Interpretation of Geochemical and Mineralogical Data and
Paleoenvironmental Reconstruction

In general, environmental records of closed lakes such as Lake Vrana carry a signature of past
variations in the regional hydrological balance, and the lake level mirrors the depositional conditions.
Evidence of lake-level changes in Lake Vrana has been documented by multi-proxy approach studies
(cladocerans, diatoms, geochemistry, plant macrofossils, pollen) on sediment cores and seismic
acoustic-echosounding profiles [7]. As a limitation of this study, the insufficiently accurately
determined age of the sediments using “C-datable organic material was highlighted [7]; therefore,
precise chronological stratigraphy could not be applied. Additionally, an attempt has been made to
reconstruct paleolake fluctuations over the last ~2200 years using a lake sediment core close to the
lake’s northern shore [9].

The palecenvironmental reconstruction of the evolution of Lake Vrana was based on
sedimentological, geochemical and mineralogical analyses of a 7.4 m long sediment core VR-1A4,
which contains continuously deposited lake sediments without the evidence of a soil environment or
paleosol formation that would imply the development of a karst polje. The depositional events,
sediment delivery, and lake dynamics were supported by the analyses of the sediment cores and
outcrop profiles (CS-5, CS-9, and CS-P) from the alluvial fan in the southern part of the lake.

4.1.1. Late Pleistocene (Base of the Core VR-1A:7.37-7.18 m)

Lake Vrana on the island of Cres is considered to be of Late Pleistocene age, developed as a
karstic depression filled with more than 25 m of lake sediments [7]. The sediments from the analyzed
interval 7.37-7.18 m at the base of the core are lithologically described as dolomitic carbonate
sediments, with low siliciclastic content, although the magnetic susceptibility is relatively high. This
could be attributed to high dolomite content and the presence of clay minerals, and low calcite
content. Chlorite, hydroxy-interlayered vermiculite, illite, and kaolinite were present in the clay
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mineral fraction. The magnetic susceptibility of sediments is primarily influenced by the
concentration of ferrimagnetic minerals, and also related to sediment composition, magnetic
mineralogy and grain size [58]. Calcite and quartz are diamagnetic minerals, compared to dolomite
and clay minerals, which show higher magnetic susceptibility values due to the paramagnetic
contribution [58]. Therefore, it is reasonably assumed that the magnetic susceptibility record from
Lake Vrana sediments reflects mineralogical changes. Clay minerals, quartz, and dolomite, and
possibly partly calcite, are detrital and derived from the lake catchment.

The lake sediments from the base of the core at 7.42 m up to 3.17 m remained undated due to
the only two sampled dates (and a limited source of material for dating) that showing the age out of
the range of radiocarbon dating. Therefore, the sediments from the interval from 7.4 to 4.4 m is
proposed to be older than 40 cal kyr.

The seismic acoustic profiles from that depth in Lake Vrana [7] were compared with the
lacustrine phase detected in seismic units from the Losinj Channel, which is located between islands
Cres and Losinj [16,17]. These reflector configurations showed similar characteristics, implying a
similar environment and age. The Losinj Channel is only 16 km away from Lake Vrana and holds the
record of the MIS 3 (46.5-44.7 cal kyr BP) lacustrine phase (Losinj paleolake) [16]. This was possible
due to the existence of a karstified sill at 50 m b.s.l. in the direction of Kvarneri¢ Bay. The sill depth
determined the isolation of the Losinj basin with formation of a paleolake or karst polje during the
glacial lowstand conditions (MIS 2-4 and MIS 6), whereas during interglacial periods (Holocene and
MIS 5), the basin was connected to the sea [16,17]. In contrast to Lake Vrana, Losinj Channel had karst
polje phases during MIS 4 (>46.5 cal kyr BP) and MIS 3/MIS 2 (44.7-13.7 cal kyr BP). During the post-
LGM transgression, the marine lake in LoSinj Channel was connected to the sea via karstified
underground until Holocene marine transgression and seawater flooding at 10.5 cal kyr BP [16].
Valun Bay, north of Lake Vrana (3 km away), sediments exhibit a Late Pleistocene transition from the
late glacial lake phase to the submerged marine bay during the Early Holocene transgression [15].
Similar development of coastal karst basin due to the sea-level rise and the presence of permeable
karst, is documented in submerged sinkholes, marine Lake Veliko jezero and Stupa Bay on the island
of Mljet [21-23], with terrestrial sediments, i.e. soils, deposited in the basal parts of sediment
sequence, during Late glacial, followed by wetland (marsh), shallow lake at 10.8 cal kyr BP, and deep
brackish lake and finally ended as a marine lake by sea flooding through the Soline channel (2.5 m
deep) at 2.3 cal ka BP.

Therefore, sea level rise had a strong influence on the development and evolution of isolation
basins with sills during the Holocene transgression [15-17,21-23]. Such a strong connection to the sea
is not evident in Lake Vrana evolution. As a coastal lake only 3—6 km away from the sea on each side,
it was assumed that the post-LGM transgression led to the formation of the lake [2,3]. The sea-level
curve from MIS 5 to the present is shown in Figure 14A, while the lake development is presented
from 14 kyr BP, 10 kyr BP to the present day (Figure 14B-D).

The lake existed as a shallow lake during the proposed MIS-3 age of the recovered sediments at
a depth of 7 m, generally constrained between 60 and 29 kyr BP [32], but we do not exclude older
ages. Pollen record (form Buxus) from the 5 m depth in the sediment core from Lake Vrana indicated
that sediments probably originated from interglacial lake deposits [7]. According to [7], the post-LGM
rise in sea level was the main reason for an increasing lake level during the wet period, assuming that
the sea reduced losses through the karst by forming a local barrier for groundwater, which could be
the case. In the total lake sediment infill in Lake Vrana, which is determined to be at least 25 m [7],
the age could extend to MIS 5 (127.5-71 kyr BP), the well-known highstand, when the sea level was
similar to the present-day level [32]. We believe that the geology of the island of Cres was responsible
for the lake water retention in Lake Vrana for longer periods, even during the Late Pleistocene
lowstands during glacial periods. Lake Vrana surroundings and catchment are dominated by
dolomite rocks [36], which also lie beneath the lake sediments. Dolomites are low-permeability rocks,
which could have prevented or significantly slowed down water discharge towards the Adriatic Sea
[2]. During the LGM lowstand, the sea was 120-130 m lower than today [30-32,59] and the vast area
of the northern Adriatic Sea was dry [16,60-62]. Dolomite rocks govern the hydrology of Lake Vrana
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to a great extent both in the past and today. In the past, freshwater is maintained from discharge, and
today, prevents seawater intrusion, which was common in Croatian coastal lakes and karst poljes
from the Holocene period to the present; Lake Vrana near Biograd [10,11], Velo Blato [12], Bokanjacko
Blato [14], Lake Bacina [63].

[ Late Pleistocene L Gaci |Hol

IS 4 |
MIS 3 MIS 2 MIS*
10090 80 70 60 50 40 30 20 10
Age (kyr BP)

Figure 13. Maps of the sea-level rise during the late Glacial and Holocene and the position of Lake

Vrana on the Island of Cres in the northern Adriatic Sea on the eastern Adriatic coast. A. The sea-level
curve for the last 100 kyrs (modified from [30]. B. The sea level was ~90 m lower than today, at
approximately 14 kyrs ago. C. The sea level was ~40 m lower than today, at approximately 10 kyrs
ago. D. Present sea level and coastline.

4.1.2. Late Glacial to Holocene Transition (16.4-11.7 cal kyr BP; Zones 1 to 4)

The maximum age of the studied core VR-1A is 16.4 cal kyr BP at 4.40 m, assuming a constant
sedimentation rate after the last dated interval age at 317-318 cm (12.2 cal kyr BP).

The period between 16.4 and 14.4 cal kyr BP (4.40-3.80 m) is characterized by carbonate
sediments with dolomite, similar to sediments from the base of the core, but with lower dolomite
content. The only possible source of dolomite is detrital, as input from the catchment indicates
slightly reduced detrital input by erosion from the surroundings in this period compared to the oldest
sediments from the base of the core. This difference is highlighted by the clay mineral composition,
which is presented here as smectite, chlorite, illite, and kaolinite. These clay minerals appear in the
entire zone up to 11.7 cal kyr BP and point out to a similar sediment source for the whole interval,
although with variable carbonate and siliciclastic content. This could correspond to the composition
of the loess-like material deposited after the LGM in the lower section of the sediment sequence in
profile CS-P, where the hiatus was determined. This means that this material is not preserved in the
profile and could be washed away into the lake. A relatively low TOC indicates a cold period, as
evidenced by the correlation with the temperature from the Adriatic Sea (Sea Surface Temperature,
SST for April-May) [64] and the GISP2 ice core record [65] (Figure 14). The seal level at 14 kyr BP was
90 m lower than today, but the lake existed during this period. The sea emerged only into the
Kvarneri¢ Bay, while the marine lake in Losinj Channel was formed with marine influence occurring
through karstified underground [16] (Figure 14B).

In the period 14.4-13.3 cal kyr BP (3.80-3.45 m), there was a shift to a dominant siliciclastic
component in the sediments, with low carbonate content and the highest TOC. This could correspond
to erosional events, which were also evident in higher sand fractions and C/N values close to 11,
indicating the source of mixed terrestrial and aquatic organic matter [66]. This indicates enhanced
sediment discharge through streams and flash flood events into the lake. This could correspond to
the Belling-Allerod (BA) warm and wet period [67], which continues into the next zone.
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In the period 13.3-12.7 cal kyr BP (3.45-3.30 m) there is an increase in carbonate content (Ca, TIC
and calcite, aragonite), and a simultaneous decrease in TOC values, but C/N ratio remains high.
Littoral freshwater gastropod fragments are preserved within this zone. This sediment could be
transported through the turbidite currents from the shallow part of the lake. Usually, lacustrine
turbidites are associated with earthquakes and seismic activity, as evidenced in Swiss Alpine lakes
[68,69]. However, they can also be triggered by other processes like storms and floods. Presumably,
this turbidite event must be related to the remobilization of previously deposited subaqueous
sediments, which could be the result of Belling—Allerad warm and wet period.

TOC values increase again, as well as siliciclastic and sand content in the period between 12.7-
11.7 cal kyr BP (3.30-3.00 m), followed by decreasing Ca and TIC. This corresponds to the Younger
Dryas cold period when general aridity and overall reduced precipitation occurred [71]. In contrast,
decreased temperature and vegetation cover can promote soil erosion in catchments and high organic
carbon from terrestrial plants [70]. The C/N values higher than 10 indicate the input of terrestrial
organic matter washed in from the surrounding catchment, corresponding to mixed phytoplankton
and terrestrial sources [66].

In sediments deposited between 14.4-13.3 cal kyr BP, the concentrations of Na normalized to Al
values (Figure 14) were high compared to the siliciclastic material in the next zone (12.7-11.7 cal kyr
BP), as well as in comparison to the Holocene sediments. This indicates that the deposited material
was influenced by the other source material with higher Na content. The source could be magmatic
rocks (mainly andesites) in the area of Senjska vrata in Velebit Mt. [72]. These results could suggest a
local increase of wind activity, with especially strong bora winds that occur in the area, as a transport
mechanism of this material to the lake. These sediments are also more fine-grained (clayey) than older
and younger sediments, indicating an eolian origin for this enhanced detrital supply.

This entire sediment sequence (5.00-3.25 m) was interpreted by [7] as sediment erosion and
slumping event sediments, which indicated fluctuating lake levels, erosion, and redeposition in a
relatively shallow freshwater lake.
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Figure 14. Variation in geochemical elements and TOC in core VR-1A with defined zones. Gray-
shaded backgrounds show climatic events during the late Glacial and Holocene periods.
Temperatures are from the Greenland ice core (GISP-2, [65]) and sea surface temperature from the
Adriatic Sea (SSR April-May, [64]). Estimated sea level (esl) curve is projected from [31].
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4.1.3. . Early to Middle Holocene (11.7-4.4 cal kyr BP; Zones 5 and 6)

The early Holocene (11.7 cal kyr BP, 3.00 m) up to 10.0 cal kyr BP (2.50 m) is marked by the
increase in siliciclastic input, which is the highest in the middle Holocene between 10.0 and 4.4 cal
kyr BP (2.50-1.25 m). High organic carbon content (~4%) appears in the period 10.7-10.0 cal kyr BP
(2.70-2.50 m), with a higher C/N ratio, indicating a significant contribution of terrigenous organic
matter to the lake. TOC values from 10.0 to 8.0 cal kyr BP are a bit higher (~2.4%) compared to the
period 8.0-4.4 cal kyr BP where it has a value of 1.4%), but both are dominated by algal organic matter
(C/N values 7-9). The timing of the increased precipitation coincides with the formation of organic-
rich layers of sapropel (Sla, S1b) deposited in the eastern and central Mediterranean [62,64,73,74].

The sea level at ~10 kyr BP (~40 m lower than today), could have affected the rise of lake level in
Lake Vrana. During this time the sea surrounded the Island of Cres (Figure 14C). The seawater
flooded nearby LoSinj Channel through sill at 10.5 cal kyr BP [16].

The highest magnetic susceptibility and siliciclastic elements between 8.0 cal kyr BP and 4.9 cal
kyr BP (1.90-1.34 m), indicate erosion of the siliciclastic material from the catchment and terrigenous
supply of mainly siliciclastic elements, with less dolomite entering the lake (Mg/Ca indicates that Mg
derives from clay minerals). In the Adriatic basin, the periods at 7.7 kyr BP and between 7.5-7 kyr BP
are defined as the maximum of the summer precipitation and increased sediment input into the
Adpriatic Sea occurred [75]. Increased precipitation is thought to be linked to increased rainfall over
the Mediterranean region [76,77]. The enhanced regional rainfall is detected between 8.9 and 7.3 kyr
BP, with the peak between 7.9 and 7.4 kyr BP, in central Italy (Corchia cave [78]). Freshwater
discharge is recorded in Lake Veliko jezero on the Island of Mljet, where the wet climate phase
coincides with the occurrence of Mg-calcite in the lake and its predominance over aragonite from 7.6
to 7 kyr BP [21,23]. Here, the wet, pluvial phase extends to a longer period, induced by the
geomorphological characteristics of the steep slopes on the eastern and western lake shores, while on
the southern shore with a gentler relief alluvial fan is formed, which is intersected by the temporary
incisions and stream/river beds, that can bring a significant amount of material into the lake. The
material deposited in the lake from the beginning of the Holocene shows a similar clay mineral
assemblage to the base of the core (chlorite, hydroxy-interlayered vermiculite, illite, and kaolinite),
although they differ significantly in dolomite content. These clay minerals were present in Holocene
sediments, which have lower amounts of dolomite. However, dolomite is the only carbonate mineral
present in these sediments.

This interval was also documented in [7], with quartz and clay minerals present, and the absence
of calcite. They assumed that this is the result of calcite dissolution, possibly by COz-enriched cold
waters [7]. Indeed, the solubility of calcite increases with decreasing water temperature [6], and
decreasing pH as the result of the decomposition of organic matter which also leads to the formation
of CO, and calcite dissolution [5].This means that the endogenic calcite, formed in the photosynthetic
zone of hardwater lakes due to the CO2 consumption of algae or macrophytes, doesn’t necessarily
reach the lake bottom in the deeper lake. Calcite comes in contact with cold water due to the
thermocline formation. Possibly, this was the period when thermal stratification during summer
months was established in the lake. During this period, increased precipitation provided freshwater
discharge and promoted strong stratification of the water column, recorded in the central
Mediterranean [71].

According to [7], during this interval (1.8-1.2 m; mid-Holocene) Lake Vrana may have reached
its present depth. Based on the sediment core CS-9 record, the carbonate sedimentation in the lake
environment is determined from 3.3 cal kyr BP. As the core is located at the edge of the lake, at 13 m
a.s.l, it is proposed that the present lake level was not established before 3.3 cal kyr BP (1.4 m core
depth). Based on the record from the sediment core CS-5, located at 15 m a.s.al, carbonate
sedimentation did not occur, which means that the lake level was never higher than 15 m a.s.l

4.1.4. . Late Holocene (4.4 cal kyr BP to Present; Zones 7 to 10)

Late Holocene sediments are divided into four distinct periods of deposition: 4.4-1.6 cal kyr BP,
1.6-0.4 cal kyr BP, 0.4-0.1 cal kyr BP and the last 100 years.
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The beginning of the late Holocene (4.4-1.6 cal kyr BP, 1.25-0.70 m) is marked by the presence of
highly organic sediments, which are characterized by the increased TOC content (3.4-8.2%), similar
to the values of late Glacial to Holocene transition sediments. The siliciclastic material is still
significant, although with a decreasing trend. In the opposite, Ca and TIC values are increasing,
especially in the upper part of the zone. The C/N ratio is relatively constant throughout the zone,
with values of ~8, which is slightly lower than the older organic sediments (>10). This fact highlights
the difference in the origin of organic carbon during different paleoenvironmental phases. In this
period, C/N ratios are typically lower than 10 and indicate a greater contribution of lake
phytoplankton [79] and higher lake productivity. The endogenic calcite precipitated in this highly
productive lake, with intensive photosynthesis and increasing pH. The calcite was probably partially
dissolved at the beginning of the zone, due to the high TOC and organic matter content. It is dissolved
when settling to the hypolimnion or the lake bottom since the pH is always lower due to the
decomposition of organic matter. Another possibility for calcite dissolving is due to the change in
thermocline depth, which shallowing is shown to be the main reason for organic carbon preservation
in Lake Veliko jezero during a cold and dry climate that promoted anoxic conditions [23].

Increased carbonate, i.e. endogenic calcite sedimentation is evident in the period between 1.6-
0.4 cal kyr BP (0.70-0.20 m). Siliciclastic material and TOC contents are lower than in the previous
zone (1.2-2.1%). Mg comes mainly from calcite (low Mg/Al ratio). This marks typical carbonate
sedimentation in karstic lakes, with endogenic calcite precipitation as the result of calcite
supersaturation, and formation of deeper water lake conditions.

In the last 400 years (0.20-0.04 m), there has been a shift to the deposition of siliciclastic material,
caused by input and erosion from the catchment. This event could be attributed to the Little Ice Age
(LIA) period, with enhanced precipitation and sediment discharge from the catchment. This more
humid phase is evidenced in Lake Veliko Blato [12], Lake Butrint [80] and Lake Dojran [81,82], in the
central Mediterranean. The TOC values are higher (4-5%), and the C/N ratio indicates aquatic organic
matter, as a result of lake productivity. There are evident two peaks of Pb (normalized to Alin Figure
14), first at 1.6 cal kyr BP, and second peak appears at 400 cal kyr BP. Both could be correlated to the
previously higher Pb record in Lake Vrana sediments [29], derived from anthropogenic sources,
during Roman and modern periods, respectively. This period is correlated to increased allochthonous
influx from human catchment disturbances [7]. Pb has been identified in sediments as an atmospheric
pollutant [83,84].

The last 100 years (0.04-0 m) have been marked by decreasing input of siliciclastic material and
higher Ca content. The re-establishment of dominant calcite precipitation indicates stable lake levels.
Since most of the soil cover was transported into the lake during LIA and the soil erosion was
exhausted by the year 1771, as the area around the lake was described by the Italian traveler Fortis as
a “stone desert” [85]. The vegetation in the catchment has been recovering over the past 50 years
because of the water protection measures enforced for the protection of the lake as a source of potable
water for the islands of Cres and Losin;.

4.2. Deciphering Sediment Source for Lake Vrana Sediments

Sediment cores from the alluvial fan in the southern part of the lake shore have been collected
to possibly identify sediment source material. The comparison of lake sediments from core VR-1A4,
deposited in different time intervals, to sediments from cores CS-5 and CS-9, as well as profile CS-P,
yielded that dolomite content plays a significant role. This is shown in the Mg to Ca concentrations
scatterplots (Figure 15A), where the highest Mg and resulting dolomite content in the core VR-1A are
evident in the oldest Late Pleistocene sediments (>40 kyrs BP) from core VR-1A and are similar to
sediments from CS-P, with significant dolomite content. The sediments from 16.4-14.4 cal kyr BP that
contain a significant amount of dolomite and Mg, are located towards dolomite group of sediments,
and are similar only to the sediments deposited between 13.3-12.7 cal kyr BP. In this line, the youngest
sediments (3.3-0 cal kyr BP) from core CS-9 appear, as well as the youngest sediments from CS-5,
with high dolomite content and no calcite present.
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Using the Na to Al concentrations scatterplot of analyzed samples (Figure 15B), eroded
sediments from CS-9 in the period 7.5-7.3 cal kyr BP and partially 7.3-3.3 cal kyr BP overlap with the
eroded sediments from core CS-5 in the period 8.2-7.0 cal kyr BP (blue circle). Sediments from CS-5
deposited in the period 7.0-2.4 cal kyr BP show similar composition to VR-1A sediments deposited
between 11.7-10.0 cal kyr BP and 10.0-4.4 cal kyr BP (red circle). Increased Na concentrations of
sediments from VR-1A deposited in the period 14.4-13.3 cal kyr BP, which could originate from
basaltic rocks from the Velebit Mt. [72], are located in line towards the blue circle. These sediments
showed a more clayey composition, which supports the hypothesis of wind-blown material.

A 1 Bi

+ Dolomite

Mg (%)

0 5 10 15 20 25 30 0 1 & 3 4 5 6 7 8 9 10 1

Figure 15. Scatterplots of the Mg to Ca (left) and Na to Al (right) ratios in the sediment cores (VR-1A
red color, CS-5 blue color, CS-9 green color) and profile CS-P (purple color).

Clay minerals in Lake Vrana sediments from the VR-1A core are detrital and reveal the two
different compositions (Figure 16). The clay mineral assemblage of the oldest Late Pleistocene and
Holocene sediments from core VR-1A (chlorite, hydroxy-interlayered vermiculite, illite and kaolinite)
is recorded in Holocene sediments in cores CS-5 and CS-9 from alluvial fan on the southern shores of
the lake. This corresponds to the composition of terra rossa/red soils in the catchment (Valun sample,
without dolomite). Hydroxy inter-stratified minerals (HIM) are common mixed layer minerals in
soils [86], and are considered transition minerals during the alteration of chlorite to smectite [87], and
they form through the polymerization of Al-hydroxides in the interlayer, which frequently
encounters in moderately acidic soils [86]. The transformation of clay minerals in acidic soils is related
to the transition of chlorite and illite into swelling clay minerals, vermiculite and smectite, which
often contain hydroxy interlayers and are often called ,,s0il vermiculite” [86,88]. Terra rossa is a red
soil-sediment overlying carbonate rocks, widespread in the Croatian karst, and is considered as a
polygenetic paleosol [89,90]. The clay mineral assemblage of Istrian terra rossa kaolinite and illite
dominate, with the presence of chlorite and vermiculite [89], while in red paleosols smectite also
appears [91]. In comparison, Pleistocene loess from NW Istria, contains additionally, low-charge-
vermiculite or high-charge smectite and mixed-layer clay minerals (other than illitic material) [89].

The source of clays (smectite, chlorite, illite, and kaolinite) in Lake Vrana sediments deposited
during the transition from the late Glacial to Holocene period (16.6-11.7 cal kyr BP) corresponds to
the composition of the loess-like material in profile CS-P, which contains swelling clay minerals
(smectite and illite-smectite), in addition to chlorite and kaolinite. Loess and loess-like deposits are
locally present in the surrounding area (islands Krk, Lo$inj, Unije), the most significant is a 90-m-
thick loess-paleosol sequence on the Island of Susak, in the vicinity of the Island of Cres, dated to MIS
3 [92], which showed the presence of smectite and illite-smectite mixed-layer mineral, especially in
the youngest loess material dated to 16.1 ka [92,93]. In general, late Glacial loess contains smectite,
which is not present in polygenetic soil [93], which supports the source of loess-like material for
sediments from CS-P profile and late Glacial Lake Vrana sediments (16.4.-11.7 cal kyr BP).
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Figure 16. The main geochemical elements (Al, Mg, and Ca) with clay mineralogical composition in
sediments from CS-P, CS-5, CS-9, and VR-1A and marked possible source material based on clay mineral
assemblages. Note that the core depths are not on the same scale as the altitude on the left side.

Therefore, the clay minerals in Lake Vrana indicate the origin of the material and the sediment
source available at different periods. They are related to sediment erosion and the delivery of detrital
siliciclastic material, which was subjected to pedogenesis. Kaolinite is in all samples present as both
well-crystallized (ordered, which forms intercalation compound with DMSO), and poorly-
crystallized clay minerals phase (disordered, which doesn't form the intercalation compound with
DMSO). The latter is present as the dominant mineral phase in the clay fraction of Istrian terra rossa
[89] and is considered pedogenic kaolinite.

5. Conclusions

The paleolimnological research of Lake Vrana on the island of Cres is based on sediment core
VR-1A (7.4 m) from the central part of the lake, which contains more than 25 m of lake sediments,
and two sediment cores and profiles from the alluvial fan in the southern part of the lake shore. This
lake is the deepest freshwater lake in Croatia (avg. 54-55 m; 41-42 m b.s.1.) with a relatively small
surface area of 5.75 km?, a mean lake level of 13.1 m a.b.l. It is an oligotrophic closed lake without
permanent surface inflow or outflow. Its location in the center of the island of Cres, close to the sea
in the karstic region of the eastern Adriatic coast, is assumed to be affected by seawater. In contrast,
the lake has been used for public water supply for more than half of the century, owing to the
excellent quality of freshwater. Even with high abstraction rates during intensive pumping, the lake
water was not affected by seawater; therefore, this connection was excluded. The extreme use of lake
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water impacted the lake level and caused it to drop to its lowest point at 9.11 m b.s.l. in 1990. Since
then, the lake level has been regulated, monitored, and maintained at 11-12 m a.s.l. [35].

The recovered sediment core VR-1A, with a total length of 7.4 m, contains continuously
deposited lake sediments, without evidence of a terrestrial environment that would imply the
development of a karst polje phase. The oldest sediments in Lake Vrana (7.4-4.4 m) are proposed to
be older than 40 kyrs and could be deposited during the MIS 3 period, as evidenced by similar seismic
reflectors in Lo$inj Channel lake phase (Losinj paleolake MIS 3: 46.5-44.7 cal kyr BP) [16].

Sediments deposited from the period between 16.4 and 14.4 cal kyr BP (4.4-3.8 m) are
characterized by a higher amount of calcite, dolomite is also present in significant amount, while in
clay minerals fraction smectite appears, which is present in loess-like material in the catchment,
alongside illite and kaolinite. Siliciclastic material is increasing in the lake sediments between 14.4
and 11.7 cal kyr BP (3.8-3.0 m), with high sand and TOC content. The apparent “interruption” interval
between 13.3-12.7. cal kyr BP (3.45-3.3 m), evident in bright, carbonate sediments with low TOC
values, could be interpreted as turbiditic sediments derived from lake-littoral to the relatively shallow
lake. The sediments from the lower section of this unit, contain a high content of Na compared to the
upper section and indicate different source material. The entire late Glacial to Holocene transition
period is marked by enhanced erosion caused by the humid period and higher precipitation.
However, low lake levels prevailed due to the general low sea level and the water loss through the
karst and groundwater. The beginning of the Holocene (3.0 m) is characterized by the deposition of
siliciclastic material (high values of Al and other detrital elements, quartz and feldspars recorded in
sediments), which is continued into the middle Holocene, until 4.4 cal kyr BP (1.25 m). Enhanced
input and erosion of siliciclastic material is the highest in the period between 8.0 cal kyr BP and 4.9
cal kyr BP, indicating higher precipitation marked as pluvial period. Late Holocene is marked by
sediments that underwent changes between calcite-rich (i.e. deeper stable lake) and siliciclastic-
dominated (i.e. high-inflow lake) conditions. Higher TOC content, decreasing trend in siliciclastic
material content and increasing trend in Ca and TIC contents from 4.4 to 1.6 cal kyr BP mark the high
productivity lake. Dominant calcite sedimentation indicates the development of the deeper lake from
1.6 to 0.04 cal kyr BP. In the last 400 years, it is evident that increased erosion and sediment run-off
in the basin, manifest in higher siliciclastic material, which could be attributed to LIA. The re-
establishment of calcite sedimentation is observed in the last 100 years.

The clay mineral assemblage in the Holocene sediments (chlorite, hydroxy interlayered
vermiculite, illite and kaolinite) is similar to the Late Pleistocene sediments from the base of the core,
and could reflect the same sediment source of terra rossa soils present in the catchment, while late
Glacial sediments (16.4-11.7 cal kyr BP) show similar clay mineral assemblage to loess-like sediments
(smectite, illite-smectite) from the catchment.

This study gave a chronological framework of the lake sediments in Lake Vrana, covering the
Holocene sediments in 3-m-thick succession and 4-m-thick lake sediments that correspond to the Late
Pleistocene period, in more than 25 m of the sediment infill, which evidence lake sedimentation for
at least 40 kyrs BP in Lake Vrana karstic cyptodepression.
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