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Abstract The goal of the study was to research the

relationship between the source rocks and the sediment

deposited in the Vransko Lake in the Ravni Kotari area and

to study the sedimentation pattern in the lake. Sediment

was classified as the sandy silt and the phase analysis

showed the presence of the calcite, quartz, micas, and

pyrite. It is possible that the anoxic conditions formed in

the sediment due to the pyrite presence. Carbonate com-

ponent predominates in the sediment composition. CaCO3

mass fractions in the range 72–94% with the mean values

in the range 82–88% were determined. 40K mass activities

were in the range 31–166 Bq/kg, 232Th in the range 3.1–18

Bq/kg, and 137Cs in the range 0.3–68 Bq/kg. Negative

correlations between CaCO3 mass fractions and radionuc-

lides mass activities were determined. Correlations

between the radionuclides mass activities were positive. In

the NW part of the lake sedimentation rates of 10.0, 4.1 and

5.0 mm/a were estimated for the 1954–1964, 1964–1986,

and the 1986–2010 periods, respectively. At the SE part

sedimentation rates for the respective periods were as fol-

lows: 8.0, 2.3 and 2.5 mm/a. Average sedimentation rates

were 6.4 mm/a for the NW part of the lake and 4.2 mm/a

for the SE part. Sedimentation rate in the Vransko Lake

varies in time and showed a significant decrease after the

1964. The input of the carbonate and silicate material into

the lake is also variable.
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Introduction

Lake sediments can be used for interpretation of the past

conditions and numerous information can be obtained from

them. Like other sediments, they serve as an important res-

ervoir of all substances introduced into the environment.

Natural and anthropogenic radionuclides can be used to

understand processes in the lacustrine environment [1]. One

of probably the most frequently used anthropogenic radio-

nuclides for monitoring of the environmental processes is
137Cs [2, 3]. 137Cs is widely used as a marker for sedimen-

tation rate estimations in various aqueous environments

including lakes [4–6]. Due to the known time of the intensive
137Cs input into the global atmosphere, it is possible to

observe the typical 137Cs distribution pattern in the undis-

turbed sediments with characteristic peaks of maximum 137Cs

mass activities representing the sediment surfaces of the

respective years [1, 7]. The first release of 137Cs into the

environment was in 1945 during the early nuclear tests but

it was not yet globally deposited. Global input of 137Cs into

the environment began with high-yield thermonuclear tests

during 1952–1954 [8] resulting with a peak of 137Cs mass

activity in 1964 [1, 9]. The second globally significant release

of 137Cs into the environment was caused by the Chernobyl

accident in 1986 [10, 11] resulting with the second charac-

teristic peak, while the latest one occurred in 2011 by the

Fukushima Dai-ichi nuclear power plant accident [12].
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40K and 232Th are primordial natural radionuclides and

are present in all rocks, sediments and soils [13, 14]. 40K

is the only radioactive isotope of the three potassium

isotopes. It is one of the most abundant naturally radio-

active elements [15] and is usually associated with the

clay minerals [16, 17]. Thorium is mostly bound to the

terrestrial/detritic material of which it is indicator [18,

19]. It is very insoluble in water and therefore is rapidly

scavenged onto settling particles, removed from the water

column, and buried into sediment [20]. Since both of

these radionuclides are associated with particles, they can

be used as sediment tracers to study the origin of the

sediment.

The former studies of the Vransko Lake were mostly

aimed at determining the geological, hydrological, and

hydrogeological setting of the area [21–24]. Only recently

Markovic et al. [25] investigated the area of the Vransko

polje in order to evaluate anthropogenic influence from

agricultural activities on groundwater and soil. No evi-

dence of the previous research of the sedimentation con-

ditions and rates in the lake has been found. The objective

of this study was to research the sedimentation conditions

in the Vransko Lake, estimate the sedimentation rate in the

lake using 137Cs mass activities depth profiles, to determine

whether the sedimentation rate is uniform in the whole

lake, and to establish the relationship between the material

deposited in the lake and the surrounding carbonate and

noncarbonate rocks.

Experimental

Vransko Lake, Croatian largest natural lake with an area of

30.2 km2, is located in the geographical region of Ravni

Kotari (North Dalmatia) between the towns of Zadar and

Sibenik (Fig. 1). To avoid the confusion, it is necessary to

emphasize that there are two lakes in Croatia called

Vransko Lake. One is in the area of the Ravni Kotari and

the other is on the Cres Island. Sometimes, wrongly, both

of these lakes are referred to as the largest Croatian lakes.

Vransko Lake in the Ravni Kotari area is the lake with

the largest surface and the lake on the Cres Island is the

deepest lake with the maximum depth of 84 m. The

investigated lake is a criptodepression with the maximum

depth of 5 m and without any significant depth variations.

The lake and its surroundings have been declared an

ornithological reserve in 1983 and since 1999 it is a nature

park. The lake is situated parallel to the coast line, in a

Dinaric direction of stretching, i.e. NW–SE. A narrow

ridge (800–2,500 m wide and maximum 113 m high)

composed of limestone with some dolomites separates the

lake from the Adriatic Sea. The initial relief was formed by

the end of Pleistocene. The surrounding terrain is built of

Cretaceous and Eocene limestones and Eocene flysch

(Fig. 1), while the lake bottom and karst poljes are covered

with Quaternary deposits of Holocene age [21, 26–28]. The

majority of the groundwater flow and the lake watershed

are from the direction of Ravni Kotari situated NW of the

Fig. 1 a Location of the Vransko Lake; b Simplified geological map of the surrounding area and the position of the R-1, R-2, and R-3 sampling

stations; (simplified after [21, 27, 28])
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Vransko Lake [22, 24, 25] and it is presumed to be the

main source of terrigenic material to the lake.

Sediment at three stations in the Vransko Lake (Fig. 1)

was sampled in the summer 2010 by scuba diving, using

the hand plastic corers. The R-1 station is in the NW part of

the lake and it is under higher influence of the watershed,

while the R-2 station is more than 11 km further away in

the SE part of the lake where the watershed influence is

expected to be less pronounced. The R-3 station is located

in the middle of the lake, between R-1 and R-2 stations.

Sampling location coordinates are: N43�55057.11300,
E15�31033.01100 (R-1); N43�51048.49300, E15�37055.15700

(R-2); N43�54016.7400, E15�33032.73700 (R-3). Sediment

cores, approximately 30 cm long, were cut into smaller

sub-samples of 2 cm in thickness, put in the plastic bags,

frozen, and transported to the laboratory.

Prior to performing radiometric analyses, sub-samples

were dried at 50 �C until the constant weight, ground in an

agate mortar, and homogenized. Plastic counting containers

of 125 cm3 volume were filled to the top and firmly sealed.

Radiometric analyses of all sub-samples from the R-1 and

R-2 stations were performed by gamma-spectrometry tech-

nique using a HPGe semiconductor detector with 25.4 %

relative efficiency coupled with a multichannel analyzer

with 8,192 channels (Canberra Industries). Sub-samples

from the R-3 sampling station were not subjected to the

radiometric analysis due to the insufficient amount of the

collected sediment. Detector resolution was 1.80 keV at

1,332.5 keV line of 60Co. Spectra were collected for

80,000 s and analysed by Genie 2000 software (Canberra

Industries). 40K mass activity was determined through the

1,460.75 keV peak and 137Cs mass activity through the

661.66 keV peak. 232Th mass activity was determined from

the 911.2 keV peak of its 228Ac progeny. Measurement

uncertainties of 40K mass activities expressed for 2r were in

the range 11–38 % for all samples, except for two samples of

the R-1 sediment core (samples from the depths 34–36 cm

and 36–38 cm) for which the uncertainties were 56 % and

52 %, respectively, and for one sample of the R-2 sediment

core (sample from the depth 22–24 cm) for which the

uncertainty was 55 %. Measurement uncertainties of 137Cs

mass activities were in the range 7.7–25 % for all samples

except for two. One sample was from the R-1 core (sediment

depth 32–34 cm) and one from the R-2 core (sediment depth

18–20 cm). The respective uncertainties were 125 % and

63 %. Uncertainties of 232Th mass activities above 6.3 Bq/

kg were in the range 18–44 %, while the uncertainties of

lower mass activities were in the range 52–110 %. The only

exception was the sample from the R-1 sediment core at the

depth 30–32 cm for which the uncertainty expressed for 2r
was 38 % although the mass activity was lower than 6.3 Bq/

kg (5.1 ± 1.9 Bq/kg). Energy and resolution calibrations

were performed by point sources of 109Cd, 137Cs (Canberra

Industries), and 60Co (Amersham Buchler GmbH & CoKG).

Efficiency calibration was performed by a sediment standard

reference material of type CBSS 2 (Czech Metrological

Institute). Quality control was performed by measuring an

intercomparison soil reference material (Environmental

Resource Associates, MRAD-11).

Dried until the constant weight, ground and homoge-

nized sub-samples of the complete vertical profiles of

all three sampling stations were subjected to determination

of the CaCO3 mass fraction. Analyses were performed

according to the Austrian standard methods ÖNORM

L1084 [29] using Scheibler calcimeter.

Grain-size analyses were performed on four selected

sub-samples from the R-1 sediment core, three selected

from the R-2 core, and on all 16 sub-samples from the R-3

core (Table 1). Selected sub-samples of the R-1 and R-2

sediment cores represent the uppermost parts, central parts,

and the deepest parts of the cores. Sediment grain-size

distribution was determined by Laser Diffraction Particle

Size Analyzer (LS 13 320). Internationally accepted clas-

sification of sediments according to Folk [30] was used to

classify the sub-samples.

Prior to the phase analysis, sediment was dried to the

constant weight, ground, and homogenized. X-ray diffrac-

tion technique was used to determine the qualitative min-

eral phase composition of the sediment and it was applied

on three composite samples from each sediment core.

Phase determinations of the bulk samples were performed

using a Philips X’pert powder diffractometer with CuKa
radiation from the tube operating at 40 kV and 45 mA. An

X-ray diffraction data set was collected from 48 to 638 2h.

Sedimentation rate was estimated from the undisturbed

depth profiles of 137Cs mass activities at the sampling

stations R-1 and R-2. Well described method based on

Table 1 Selected sub-samples of the three sediment cores from the

Vransko Lake subjected to the grain-size analysis

Sampling

station

Sub-

sample

depth (cm)

Sub-

sample

Sampling

station

Sub-

sample

depth (cm)

Sub-

sample

R-1 0–2.5 1 R-3 11–13 13

17–18.5 2 13–15 14

30–32 3 15–17 15

40.5–41 4 17–19 16

R-2 0–3 5 19–21 17

10–12 6 21–23 18

18–20 7 23–25 19

R-3 0–3 8 25–27 20

3–5 9 27–29 21

5–7 10 29–31 22

7–9 11 31–34 23

9–11 12
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characteristic marker peaks or maxima of the 137Cs mass

activities representing sediment surfaces in 1964 and 1986

as well as the maximum depth at which 137Cs was detected

representing sediment surface in 1954 were used to esti-

mate the sedimentation rate [1, 7, 31, 32]. The average

sedimentation rate expressed in mm/a was estimated

according to the equation (1):

v ¼ d

t0 � tref
; ð1Þ

where d, expressed in mm, is the depth of 137Cs mass

activity peak or the maximum depth at which 137Cs was

detected, t0 is the year of sampling and tref is the year

associated with the 137Cs mass activity peak or the maxi-

mum depth at which 137Cs was detected.

Results and discussion

Sedimentation and source rocks

Results of the grain-size analysis are shown in the Fig. 2.

Although the silt to sand ratio in different sub-samples was

very variable, all sub-samples were classified as sandy silt

with a mean grain size of 20–56 lm. The same sediment

types at all three sampling stations indicate uniform sedi-

mentation conditions in different parts of the lake. Consid-

ering the type of the sediment, the deposition environments

can be regarded as the low- to medium-energy environments.

Mineral phase analysis showed the presence of calcite,

quartz, micas, and pyrite in all three composite samples

indicating the same source material for the whole lake. Such

a mineral composition points to two different sources of the

sediment closely related to the geological composition of the

surrounding area comprising mainly carbonates, lacustrine

deposits, and flysch. Similar mineral composition, with

calcite and quartz as predominant minerals and with micas as

subordinate to accessory minerals, was determined in sur-

face sediments of the Kastela Bay and associated with ter-

rigeneous influence of the surrounding area [33]. Although

the Kastela Bay is a marine environment and the Vransko

Lake a freshwater environment, mineral composition of their

sediments is comparable because it depends mostly on the

geological composition of the area which is very similar in

both areas, i.e. limestones and flysch are important geolog-

ical members. Calcite represents the carbonate component of

the sediments while quartz and micas represent the silicate/

noncarbonate component. Calcite is a dominant mineral in

limestones while quartz and micas are typical for noncar-

bonate layers of the flysch sequence. Quartz and micas can

be considered as detrital minerals transported from the

catchment area into the Vransko Lake. Calcite could also be

of terrigeneous/detrital origin considering the abundance of

the limestones in the lake’s surrounding area and the level to

which the rocks are weathered. Part of the calcite could be of

the biogenic origin contained in the lake organisms’ shells.

Although calcite could also be an authigenic mineral, its

authigenic origin in the lake is not expected since the elec-

trical conductivity of the lake water is lower than 0.13 mS/

cm (Unpublished results) which is an unfavorable condition

for precipitation [34]. It is presumed that pyrite in the lake

sediments is authigenic in its origin. It implies the existence

of the anoxic conditions in the sediment which could be a

consequence of the enrichment with the organic residues

[35–37]. Considering that the results of the grain-size anal-

ysis of the samples from this study suggested the existence of

the low-energy depositional environments in the lake,

accumulation of the organic matter would be possible, and is

observed in the field prospection. The results of the mineral

phase analysis point to the surrounding limestones, lacus-

trine deposits, and marls from the flysch sequence as the

source rocks and to the physical weathering as the main

process of sediment supply to the Vransko Lake.

Basic statistical parameters of CaCO3 mass fractions in

the R-1, R-2, and R-3 sediment cores are presented in

Table 2 and depth profiles are shown in Fig. 3. CaCO3 mass

fractions at three studied sampling stations varied from 72 %

to 94 % with the mean values in the range 82–88 %. High

CaCO3 mass fractions in sediments points to a significant

influence of the surrounding carbonate rocks to the sediment

composition. Sediments’ carbonate component also origi-

nates partly from the flysch sequence although marl from the

flysch is more important as a noncarbonate (silicate) mate-

rial source for the lake sediments. Another source of the

noncarbonate material are lacustrine deposits with a pre-

dominating silty loam located NW from the lake. This is in
Fig. 2 Results of the grain-size analysis of the selected sub-samples

of the R-1, R-2, and R-3 sediment cores
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agreement with the phase/chemical composition of the

source rocks; mainly limestones from different stratigraphic

units, flysch, and silty loam; in which CaCO3 mass fractions

of 95–99 %, 60–80 %, and approximately 15 %, respec-

tively, were found [22]. From the results in the Table 2 and

the Fig. 3 it is clear that the lowest CaCO3 mass fractions are

generally at the R-1 sampling station and that this station

significantly differs from the other two. It is also visible from

the Fig. 3 that the variation of the CaCO3 mass fractions

is the greatest in the R-1 sediment core. This could be

explained by the position of the sampling station. This sta-

tion is located in the northwest part of the lake where the

influence of different source rocks is expected. Geological

composition around this part of the lake is more heteroge-

neous than in the southeast part of the lake area. Rocks with

more silicate component (less carbonate component) are

more abundant in the northwest part of the lake area and

lower CaCO3 mass fractions are a consequence of the more

pronounced influence of the flysch and lacustrine deposits.

This implies that the composition of the lake sediment will

vary according to the heterogeneity of the surrounding

source rocks. Pronounced depth variations could be a result

of the variable sediment input from the catchment area or

from the watershed resulting in change of the carbonate/

silicate sediment component ratio. The first significant

change in the CaCO3 depth profile at the R-1 station occurs

at 23 cm depth when the mass fraction starts to decrease

significantly towards the shallower parts of the profile. It

points to an increased input of the terrigeneous silicate

material and/or to a decrease of the carbonate material input.

Depth variation of the CaCO3 mass fractions at the R-2

sampling station shows a similar pattern to the R-1 station

although the variations are smaller. Here the mass fraction

decrease towards the shallower sub-samples is observed at

17 cm depth. Station R-3 shows the most uniform depth

distribution of the CaCO3 mass fractions. This could imply

that this part of the lake responds less to the changes in the

composition of the lake’s input material.

Results of the radiometric analysis of 40K, 232Th, and
137Cs mass activities for the sampling stations R-1 and R-2

are presented in Table 3 and Fig. 3. 40K mass activities vary

in the range 31–166 Bq/kg with the mean values 99 Bq/kg at

the R-1 station and 73 Bq/kg at the R-2 station. 232Th mass

activities vary in a narrow range 3.1–18 Bq/kg with the

mean values 11.0 Bq/kg and 6.4 Bq/kg for the R-1 and R-2

stations, respectively. Both, 40K and 232Th mass activities

are relatively low at both stations and are generally higher in

the R-1 sediment core as it is shown in the Fig. 3. Low mass

activities of these radionuclides are in accordance with the

mainly carbonate sediment composition. Various authors

determined 40K and 232Th mass activities in the limestones

in the ranges similar to this study: 1–160 Bq/kg for 40K and

0–13.8 Bq/kg for 232Th [14, 17, 38–40]. Maximum 40K and
232Th mass activities in the sediments of the Vransko Lake

could be slightly elevated compared to these values due to

the influence of the noncarbonate sediments or sediment

components (i.e. noncarbonate minerals from the marl of the

flysch series) of the source rocks. Tzortzis et al. [16] mea-

sured 187–434 Bq/kg of 40K and determined the mean value

of 16.1 Bq/kg for 232Th mass activity in the marl from

Cyprus. These values are clearly higher than the values for

the limestones. 137Cs mass activities are relatively high at

both stations and vary in the range 0.3–68 Bq/kg with the

mean values 27 Bq/kg and 16 Bq/kg for the R-1 and R-2

stations, respectively. Such 137Cs mass activities do not

depend on the 40K and 232Th mass activities since the later

two are the natural radionuclides and 137Cs is of anthropo-

genic origin and is unhomogeneously distributed in the

environment [7]. However, once it is introduced in the

environment, 137Cs behaves almost identically as 40K and

very similar to 232Th. Close environmental behaviour of

caesium and potassium is expected since these two elements

are chemical homologues [41]. Although caesium is highly

soluble and mobile [41], behaving as a conservative ele-

ment, and thorium is mostly immobile and firmly bound to

the particulate matter in the environment [42–44], behaving

as a nonconservative element, their similar behaviour is

expected in the water bodies with high particulate fluxes

(e.g. coastal waters, lakes, rivers). In such waters rich with

the particulate matter caesium is easily scavenged from the

Table 2 Basic statistical parameters of CaCO3 mass fractions in the R-1, R-2, and R-3 sediment cores

Core Statistical parameter CaCO3 Core Statistical parameter CaCO3 Core Statistical parameter CaCO3

R-1 N 19 R-2 N 18 R-3 N 16

x 82 x 88 x 86

SD 6.8 SD 3.9 SD 1.2

Minimum 72 Minimum 81 Minimum 85

Maximum 94 Maximum 93 Maximum 88

Median 81 Median 88 Median 86

CaCO3 mass fractions are expressed in %

N number of results, x mean value, SD standard deviation
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water column by sorption processes of caesium to the sur-

face of the particles [45]. Therefore in the waters with high

concentrations of the particulate matter both caesium and

thorium are preferably bound to the particle surfaces and

removed from the water column to the bottom sediment.

Thus, in this case caesium behaves as the nonconservative

Fig. 3 Depth profiles of CaCO3

mass fractions at the R-1, R-2,

and R-3 sampling stations and

of 40K, 232Th, and 137Cs mass

activities at the R-1 and R-2

sampling stations
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element same as the thorium does. Close environmental

behaviour of 40K and 232Th is clearly reflected in their depth

profiles in the R-1 and R-2 sediment cores presented in the

Fig 3. They show almost identical profiles at the respective

sampling stations. 40K and 232Th mass activities are gener-

ally higher at the R-1 station. Only in the upper 8–9 cm of

the depth profiles the mass activities of the respective

radionuclides are similar at both stations. The characteristic

of all profiles in both sediment cores are lower mass activ-

ities in the upper 8 cm of the sediment and in the lower parts

of the profiles. It is observed that the 40K and 232Th mass

activities significantly increase from the 23 cm depth to the

shallower sub-samples at the R-1 station and from the 17 cm

depth at the R-2 station. The identical increase pattern of

the mass activities of these two radionuclides suggests the

increase of the terrigeneous silicate material input into the

lake. Clay minerals from the marl of the flysch sequence,

lacustrine deposits, and soils are expected to be the source of
40K. Flysch in the surrounding area is mainly composed of

marl and potassium is normally associated with it [22, 46].
232Th also originates from the same silicate rocks or the

silicate components since it is their constitutive element and

is preferably bound to the sediment or soil particles. Since

these radionuclides constitute or are preferably bound to the

silicate minerals in sediments or soils, they can be consid-

ered as the indicators of the terrigeneous influence of the

silicate material. In accordance with it, they are generally

transported to the lake in the particulate form. Depth profiles

of 40K and 232Th mass activities show inverse patterns

compared to the profiles of the CaCO3 mass fractions. In the

CaCO3 mass fractions profiles significant changes also occur

at the same depths of 23 cm for the R-1 sediment core and

17 cm for the R-2 core but here mass fractions decrease,

opposite to the increase of the radionuclides mass activities.

Lower CaCO3 mass fractions at the R-1 sampling station

compared to the R-2 station are in accordance with higher

radionuclides mass activities at the R-1 station. Absolute or

relative decrease of the CaCO3 mass fractions observed

above the 23 cm and 17 cm depth for the R-1 and R-2 sta-

tions, respectively, supports the increase of the terrigeneous

silicate influence to the lake sediment.

Caesium profiles at the R-1 and R-2 sampling stations

show different characteristics. While mass activity peaks are

clearly distinguishable in the R-1 profile, peaks in the R-2

profile are rather smooth and the maximum mass activity is

approximately two times lower than in the R-1 profile.

Smooth peaks with lower activities in the R-2 profile could

point to the resuspension of the sediment, post-deposition

diffusion and/or advection of 137Cs or low sedimentation

rate. Physical processes (resuspension and advection) are

not supported by the 40K and 232Th profiles which are not

smoothed like the 137Cs profile. In case of the physical

processes it would be expected for all profiles of the

radionuclides bound to the sediment particles to be more or

less equally smoothed. It is possible that the post-deposition

diffusion of 137Cs, but not of 40K and 232Th, occurred at the

R-2 profile. Even in such a case the observed peaks are valid

as chronomarkers because the maximum 137Cs activities

would still be contained in the sediment column at depths

corresponding to the sediment surfaces of the years of the

maximum 137Cs input. Klaminder et al. [47] found that in

spite of the 137Cs post-deposition diffusion significant deg-

radation of the 1986 peak in the fine grained varved lake

sediment did not occur. It was also found that only a small

fraction of 137Cs in sediment of the North American lakes

was mobile only in the first years after deposition and that it

was rapidly immobilized [47]. According to some authors
137Cs can potentially diffuse upwards and downwards, up to

2–4 cm, in the marine sediment column [48–50], while other

authors concluded that caesium is strongly bound to parti-

cles and that its diffusion movement is negligible [48, 50,

51]. Low sedimentation rate at the R-2 sampling station

would allow the input deposition material to be homoge-

nized prior to sedimentation in the lake. This would cause

the maximum 137Cs activity in the input material to

decrease. This is implied by the significantly lower 137Cs

mass activity representing the 1986 peak in the R-2 sediment

core compared to the peak in the R-1 core.

Depth profiles of the CaCO3 mass fractions and the

radionuclides mass activities shown in the Fig. 3 point to the

negative correlations between the CaCO3 mass fractions and

the studied radionuclides mass activities. Such interdepen-

dences are confirmed by the results of the correlation anal-

ysis presented in Tables 4 and 5. High or very high negative

correlations between the CaCO3 mass fractions and the 40K,
232Th, and 137Cs mass activities in both analysed sampling

Table 3 Basic statistical parameters of 40K, 232Th, and 137Cs mass

activities in the R-1 and R-2 sediment cores

Core Statistical parameter 40K 232Th 137Cs

R-1 N 19 19 19

x 99 11 27

SD 43 5.1 23

Minimum 34 3.1 0.3

Maximum 166 18 68

Median 97 9.2 25

R-2 N 13 13 13

x 73 6.4 16

SD 32 2.8 14

Minimum 31 3.5 0.3

Maximum 126 12 36

Median 70 5.5 17

Radionuclides mass activities are expressed in Bq/kg

N number of results, x mean value, SD standard deviation
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cores are determined. At the R-1 station all three radionuc-

lides mass activities show high or very high positive corre-

lations with each other (Table 4). At the R-2 station positive

correlations between 40K and 232Th and between 40K and
137Cs are high or very high while the correlation between
232Th and 137Cs is lower (r = 0.64) and is classified as

the real significant correlation (Table 5). Such 137Cs mass

activities correlations show that 137Cs is bound mostly to the

noncarbonate particulate matter. Caesium is strongly

absorbed on clay particles due to their high sorption property

and its capability to exchange potassium ions in clay min-

erals [52, 53]. These results suggest that the main mecha-

nism of the 137Cs transport into the lake could be in the

particulate form, where caesium is bound to the soil or

sediment particles. However, if the 137Cs would be trans-

ported into the lake in the dissolved form, it would be rapidly

bound to the particles in the water column and deposited in

the bottom sediment. The results in Tables 4 and 5 show that

the correlations between the radionuclides mass activities

are somewhat lower at the R-2 sampling station. This is

attributed to the less emphasized influence of the terrige-

neous silicate material at this station which is suggested by

the higher CaCO3 mass fractions and the lower radionuc-

lides mass activities (Tables 2, 3; Fig. 3).

Sedimentation rate

Maximum depth at which 137Cs was detected in the R-1 and

R-2 sediment cores was 31 cm and 19 cm, respectively

(Fig. 3). Although the first release of 137Cs into the envi-

ronment was in the 1945, in this study the 1954 was used for

the sedimentation rate estimation on the basis of the maxi-

mum depth of 137Cs occurrence in the sediment profile

because it was considered as the time of the first measurable
137Cs input into the global environment [9]. Characteristic
137Cs mass activities peaks representing the 1964 were

observed at 21 cm depth in the R-1 sediment core and at

11 cm in the R-2 core (Fig. 3). Sedimentation rates for the

1954–1964 period of 10.0 mm/a at the R-1 sampling station

and 8.0 mm/a at the R-2 station were estimated. One of the

concerns when using maximum depth at which 137Cs is

detected for sedimentation rate estimation is the 137Cs

potential mobility in the sediment column due to diffusion

and advection. Its mobility could lead to a downward shift of

the first-onset horizon causing the 137Cs occurrence at the

depths greater than the depth at which it should be as the

result of the atmospheric nuclear tests. Even if the 137Cs

redistribution to the lower parts of the sediment profiles in

the Vransko Lake occurred, it can be concluded that in any

case the sedimentation rate is not greater than 10.0 and

8.0 mm/a at the R-1 and R-2 sampling stations, respectively.

Peaks representing the 1986 sediment surface were observed

at 12 cm and 6 cm depth in the R-1 and R-2 sediment cores,

respectively (Fig. 3). Estimated sedimentation rates for the

1964–1986 period were 4.1 mm/a at the R-1 sampling sta-

tion and 2.3 mm/a at the R-2 station. Estimated sedimenta-

tion rates for the 1986–2010 period were 5.0 mm/a and

2.5 mm/a at the R-1 and R-2 sampling stations, respectively.

It is clear from these results that the sedimentation rates are

higher at the R-1 sampling station in all three periods. Dif-

ferences in sedimentation rates between these two areas

were expected since the NW part of the lake is under higher

influence of the lake watershed [21, 24]. Also, under the

assumption that the first occurrence of 137Cs in the depth

profiles represents the sediment surface from the 1954, sed-

imentation rates at both sampling stations were significantly

higher in the 1954–1964 period compared to the other two

periods. It can be concluded that the sedimentation rate in the

Vransko Lake varies in time and that it generally decreased

after the 1964. The same pattern in the sedimentation rate

variations was observed at both researched sampling stations

pointing that the sedimentation changes affected the whole

lake. Taking into account the observed increase of the silicate

material input into the lake, it was also expected to observe

the increase of the sedimentation rate contrary to the esti-

mated decrease. This implies the greater importance of the

carbonate source material to the sedimentation in the lake

than suggested by the results in the Fig. 3.

Total estimated sedimentation rates from the 1954 to the

2010 were 5.5 mm/a at the R-1 station and 3.4 mm/a at the

R-2 sampling station. Such estimations assume the uniform

sedimentation rate which happens rarely in nature. Nor-

mally, several factors affect the sedimentation in any area

Table 4 Correlation matrix of 40K, 232Th, and 137Cs mass activities

and CaCO3 mass fractions in sediment of the R-1 core in the Vransko

Lake

40K 232Th 137Cs CaCO3

40K 1.00
232Th 0.97 1.00
137Cs 0.93 0.94 1.00

CaCO3 20.92 20.95 20.89 1.00

Marked correlations are significant at p \ 0.05. N = 19

Table 5 Correlation matrix of 40K, 232Th, and 137Cs mass activities

and CaCO3 mass fractions in sediment of the R-2 core in the Vransko

Lake

40K 232Th 137Cs CaCO3

40K 1.00
232Th 0.84 1.00
137Cs 0.91 0.64 1.00

CaCO3 20.93 20.83 20.84 1.00

Marked correlations are significant at p \ 0.05. N = 13
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such as precipitation factor, inflow to the area and outflow

from the area, reduction and/or oxidation conditions [1, 37].

Therefore, average sedimentation rates for the studied

sampling stations were calculated. They were calculated as

the arithmetic means of the sedimentation rates estimated for

three periods. At the R-1 station average sedimentation rate

of 6.4 mm/a was estimated and 4.2 mm/a at the R-2 station.

Average sedimentation rates at both stations are higher than

the total estimated sedimentation rates at the respective

stations although the difference is not significant.

Conclusion

Sedimentation environment in the Vransko Lake is consid-

ered as the low– to medium–energy environment. It is likely

that the anoxic conditions occur in the lake sediments.

Sediment composition depends on the geological composi-

tion of the surrounding source rocks consisting mainly of

limestones, lacustrine deposits, and flysch. Carbonate

component predominates in the sediment composition.

CaCO3 mass fractions and 40K and 232Th mass activities

vary with depth, i.e. the input of the carbonate and silicate

deposition material into the lake is variable. Variability of

the carbonate and silicate material input is reflected in the

whole lake. It is presumed that all studied radionuclides are

transported into the lake mainly in the particulate form.

CaCO3 mass fractions and the radionuclides mass activities

are negatively correlated while the correlations between the

radionuclides mass activities are positive. 40K and 232Th are

indicators of the silicate material influence. Sedimentation

rates are higher in the NW part of the lake in all three studied

periods (i.e. 1954–1964, 1964–1986, and 1986–2010)

probably due to the more pronounced watershed influence.

Sedimentation rates showed the same patterns of the tem-

poral variations and a general decrease after the 1964 at both

studied sampling stations.
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000 za list Šibenik K 33–8 [Geology of the šibenik sheet, Basic
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Šibenik K 33–8 [Basic Geological Map of SFRY 1:100 000,
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