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Abstract Sorption–desorption behaviour of 137Cs in the Baltic Sea and the Curonian Lagoon was studied in 1997-2009 with the aim to better understand processes responsible for redistribution and sink of 137Cs in the system. Data obtained from several sampling campaigns in the system were analyzed and short and long-term kinetic tracer experiments using natural water and bottom sediments were carried out with particles of various sizes from 0.2 to 50 µm. Samples of suspended particles and bottom sediments collected during two sampling campaigns were fractionated according to the size, and association of 137Cs with solid phase was studied using sequential extraction. The difference in 137Cs behaviour observed between expeditions in 1999 and  2001 was attributed to seasonal variations in chemical composition of suspended particles entering the system and consequent difference between  sorption (in 1999) and desorption (in 2001) of 137Cs in sea water. Data obtained from tracer kinetic sorption experiments with 134Cs and bottom sediment fractions of different grain size were used for finding a suitable kinetic sorption model, kinetic constants and the corresponding equilibrium Kd values. It has been found that the modelled data best conform to the mechanism of ion diffusion through the so-called inert layer on the surface of the sediment particles.
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Introduction

The Baltic Sea is still the most contaminated with 137Cs among shelf seas worldwide. The origin of radioactive contamination of the Baltic Sea with anthropogenic radionuclides 
can be traced to the fallout after the Chernobyl accident in April 1986 when large amounts of highly volatile radionuclides (e.g. 131I, 103Ru and 137Cs) were released into the atmosphere. Other sources – global fallout, discharges from nuclear power plants and the fuel reprocessing – have injected relatively smaller amounts of Cs into the Baltic Sea environment. The total amount of 137Cs introduced due to the Chernobyl disaster was estimated at about 4700 TBq, while that of the global fallout from nuclear weapon tests was found to be 900 TBq [1].  In the most affected areas of the Baltic Sea – the Bothnian Sea and the eastern part of the Gulf of Finland – the highest 131I and 137Cs concentrations in the surface water were found to be 24000 Bq/m3 and 5200 Bq/m3, respectively, during the first half of May 1986 [2].  At present, the average activity concentration of 137Cs in surface water of the Baltic Sea is estimated to be about 60 Bq/m3, while the worldwide average concentration due to global fallout is about 2 Bq/m3 [3]. The variations of vertical profiles of 137Cs concentrations in the water column of the Baltic Sea observed after the Chernobyl accident, when the highest activity concentrations of 137Cs occurred above halocline, decreased in deeper waters and significantly increased at 0.2 m above the sediments [4]. In 1994-1999 and in 2000 – 2004 very little variations of 137Cs concentrations with depth were found [5,6]. 137Cs concentrations at 0.2 m above the bottom ranged from 37 to 125 Bq/m3 compared to 34 – 311 Bq/m3 in surface waters. The data refer to water filtered through glass fibre filters, but the pore size of the filters was not indicated [5].  The 137Cs activity concentrations in pore water of sediment samples collected in 1990 – 1999 reported in the above mentioned publication were below the detection limit for sandy sediments, for muddy sediments they were  generally higher than those in the water column and varied from  71  to 3900  Bq m3 (N=6).  The pore water was separated by means of centrifugation at 4000 rpm with further filtration through 0.45 µm pore size filters. The data suggest that pore water activity made up from 62.8 to 99.2% of the total bottom sediment activity.  The results obtained were interpreted as due to 137Cs remobilization from sediments and were used to estimate the total diffusive flux of dissolved 137Cs from the pore water of sediments for Gdansk Basin.  It was concluded that in 1993 – 1994 fluxes of 137Cs into Gdansk Basin comprised 0.1 TBq /year – from sediment pore waters, 0.02 TBq/ year from the atmosphere fallout and 0.1 TBq /year – from the River Vistula.  137Cs activity concentrations in suspended particles of the Baltic Sea varied in the wide range from below the detection limit up to 3000 Bq/kg found in samples collected in the Finnish Economic Zone and were higher than those in the upper layer of sediments [1].  Studies performed in 1995 –2001 using bottom sediments and suspended particle samples from various parts of the Baltic Sea and the Curonian Lagoon indicated their high ability to accumulate Cs from sea water. The estimated exchangeable fraction of Cs bound varied from 1 to 30 % of the total activity. It was found that from 1 to 10 % of 137Cs can be removed from suspended particles when they enter the saline Baltic Sea waters from the Curonian Lagoon [7]. Studies performed on sorption and release of caesium by particulate matter of the Baltic coastal zone indicated effective sorption of 137Cs (up to 80 %) by bottom sediments, in which the illite was identified as the main clay mineral. About 2 and 30 % of caesium was desorbed with sea water from two different sediments. It was pointed out that fresh water sediments were more liable to exchange with ions present in sea water. The results obtained from experiments with living plankton cells and dead plankton show a similar sorption of caesium to sediments. However, more rapid and intensive (up to 55 %) desorption from dead plankton was determined [8]. Measurements of activity concentrations of 137Cs as well as of other anthropogenic and natural radionuclides in the Baltic Sea water, bottom sediments and biota samples have been carried out in many riparian countries in the framework of the HELCOM/MORS monitoring programme [1,9]. The continuous monitoring provided important information about the present levels and time trends of radionuclide concentrations.  However, there is a lack of information about 137Cs size partitioning, its chemical bonding to bottom sediments and suspended matter as well as about processes affecting the sorption – desorption behaviour of 137Cs in the Baltic Sea water. The Sea is connected with the Curonian Lagoon via the Klaipeda strait through which fresh water with suspended matter enters the Baltic Sea. Therefore, the system is suitable for the study of processes and estimation of parameters responsible for removal and recirculation of 137Cs in the marine environment, whose knowledge is important for long-term prognoses of radioactive contamination and tracer studies of the environment. The aim of this study was to determine caesium sorption to bottom sediments, to evaluate associations of 137Cs with suspended particles and sediments in the Baltic Sea as well as to investigate Cs sorption mechanisms.  
2.  Material and methods
Large water samples up to 1000 L were collected from 1999 to 2005 during several cruises in the Lithuanian economical zone of the Baltic Sea, the Curonian Lagoon and near the seashore.  Suspended particles were collected in situ by filtering a large volume of water (from 400 to 1000 L) through 1, 5 and 25 (m polypropylene Sediment Filter Cartridges (US Filter Plymouth Products) as well as by 0.2 and 0.45 (m membrane filtration using the filtration equipment (Millipore) consisting of the Dispensing Pressure Vessel of 10 L and a 293 mm Stainless Steel Filter Holder in the laboratory located at the seashore background station in Preila.
Bottom sediment samples were collected during different sampling campaigns in 1997-2009. The bottom sediments in the Baltic Sea were collected using a Van Veen grab sampler available on the research vessel “Vejas”. The Bottom Sampler acc. Ekman-Birge with an effective grasping area of 225 cm2 and weight of 3.5 kg was used for the bottom sediment sampling in the Curonian Lagoon. The grain size distribution was determined by the gravimetric pipette method. Separation of particles of different sizes from the bottom sediment samples was performed using wet sieving and column settling techniques, centrifugation and membrane filtration. The fractions of ( 50 (m, 50 – 4 (m, 1 – 0.4 (m and 1 – 0.2 (m were separated and characterized as sand, silt and clay particles. The association of Cs sorbed to the solid phase was analyzed using sequential extraction procedures [10]. 
The laboratory batch method was used in all sorption studies. Sorption was studied in 50 mL polypropylene bottles using 25 mL of sea water or electrolyte solutions labelled with 134Cs (solid : liquid ratios of  0.1 kg/L and 0.001 kg/L were used). 

The pH of suspensions used in the experiments was adjusted with hydrochloric acid and a repeated wash with fresh portions of the working solution was performed until its pH remained stable over the desirable range for 48 hours (± 0.1 pH units), and then Cs was added to achieve their desired initial concentration. The pH was measured before and after sorption experiments under continuous Ar flow. The total concentrations of caesium in solutions were 2.30∙10-10 mol/L. The sorption of caesium on sorption bottle walls was found to be less than 2 %.  134Cs activities were measured with an intrinsic germanium detector.

The interaction of protons and hydroxyl ions with the bottom sediments surface was investigated by acid-base titrations. The test solution vessel with sediments samples (0.05 - 0.1 g), equilibrated with 50 mL of 0.01  –  0.1 M NaCl with a continuous flow of argon to prevent CO2 uptake, was immersed in a water bath thermostated at 25.0 ± 0.1oC. Readings were recorded after 5 and 10 minutes after addition of the titrant. Drifts in the measured potential were less than 2mV between the readings after 5 and 10 minutes.
The mass activity of 137Cs in suspended particles was measured using the proportional Emberline FHT 770 T MULTI–LOW–LEVEL–COUNTER after radiochemical separation (in the form of Cs3Sb2I9). 137Cs activities in bottom sediment water samples after pre-concentration using Fe ferrocyanide were measured with an HPGe detector (resolution 1.9 keV/1.33 Mev and efficiency 42 %). Total carbon (TC) and total organic carbon (TOC) were determined using a LECO CS–125. Stable Cs concentration in sea water was determined using ICP–MS, and clay minerals were identified by X–ray diffraction. XRD analyses were conducted using a D8  (Bruker AXS) X-ray diffractometer.
3. Results and discussion


The recent trends of 137Cs activity concentration variations in the Lithuanian waters of the Baltic Sea can be illustrated by data obtained in analysis of water samples from the station LT65 located at 55o53’ 20o20’ (Fig.1). It can be seen that average volume activities of 137Cs slowly decreased from 60 – 80 Bq/m3 in 1997 – 2002 to 30 – 40 Bq/m3 in 2003 – 2009. 137Cs activity concentrations varied from 16 to 1 Bq/m3 in water samples collected in the Curonian Lagoon at station LT10 in 2003 – 2009 (Fig. 2). To study possible sorption-desorption processes when suspended particles migrate from the lower salinity and lower activity concentrations in the Curonian Lagoon to the higher ones in the Baltic Sea the suspended particles were collected at various distances from the Klaipėda strait. In suspended matter samples collected by membrane filtration during the sampling campaign in May 1999, the higher mass activities of 137Cs were found as compared to those collected in October 2001 using the sediment filter cartridges with the nominal pore size of 1 (m (Fig. 3). The difference in the activities can be attributed to the different origin of suspended particles due to seasonal variations – in October a large amount of dead plankton was transported into the Baltic Sea from the Curonian Lagoon and 137Cs weakly bound to particles of organic origin was released to the marine water – and/or to the losses of small particles during filtration.  Anyway, it seems that suspended particles of the 0.2 – 1 (m size can represent a significant part of the total particulate activity of 137Cs in the Sea. The highest mass activities of 137Cs (over 1000 Bq/kg) were found to be associated with fine particles of bottom sediments of 0.2 – 1 (m and 1 – 4 (m size [11]. Two examples of Cs partitioning between particles of different sizes are presented in Fig. 4.   The increase in the mass activities of 137Cs observed with the decrease of the particle size to 0.2 (m could be caused by the increase in the specific surface area of sediments. However, comparatively low values of the surface area measured by the BET method were found for bottom sediments used in sorption experiments: for the sediment sample of the mean grain size of 30 (m – 9.98 m2/g, for the fractions of 0.2 – 1 (m – 32.3 m2/g, 1 – 4(m – 19.7 m2/g and 4 – 50 (m – 3.8 m2/g.  Another possible explanation of the size effect is a variation in the mineralogical composition of the size fractions.   Activities of 137Cs in the bottom sediments well correlated with their clay content (correlation coefficient 0.95 (N=16). Sequential extraction of 137Cs indicated its bonding characteristic for mica minerals, i.e. fixation of 137Cs in crystal lattice of clay. X-ray diffraction confirmed the Muscovite mineral presence in the samples with higher 137Cs mass activities, while in the samples with low activities 137Cs mica minerals were not found.  In this connection it is noteworthy that a rather small abundance of fine particles of < 4 (m size was found in sediment samples from the Baltic Sea. It ranged from 1 to 28 % (on average – 6 %), only in a limited number of samples it reached 80%.  In the bottom sediment samples from the Curonian Lagoon, fine particles were more abundant (11 to 70 % with the average value of 20 %).  Studies of the association of 137Cs with suspended matter of the Baltic Sea indicated variation of the effect of the particle size depending on the sampling location. In the coastal zone higher activities of 137Cs were found on coarse suspended matter particles (Fig. 5(a), while in the open sea regions 137Cs was predominantly attached to the particles of 0.2 – 1 µm (Fig. 5(b). 
An increase in Kd for surface water samples from 2000 to 8300 ml/g and for near bottom samples from 1700 to 12500 ml/g with the distance from the shore and the sampling depth was observed during the sampling campaign of 15 – 17 May 1999. The differences between Kd for surface samples and bottom samples were found to depend on the sampling depth and they increased up to 4000 ml/g at the deepest sampling station. The increase in the activity concentration of 137Cs associated with suspended particles was due to Cs sorption during particle settling in the water column and was a function of the particle residence time in sea water. The accumulation of 137Cs on suspended particles leads to the increase of 137Cs Kd values with the sampling depth. The part of 137Cs bound to 0.2 – 1 µm particles changed from 10% in the near shore waters to about 80% in the open sea. These data characterize the kinetics of 137Cs sorption on suspended particles and were used for modelling of the sorption process. 
The laboratory kinetic tracer experiments performed with bottom sediment particles (0.2 – 1 (m, 1 – 4 (m, 4 – 50 (m, 50 – 100 (m sizes and 25 (m average particle size  derived from the Baltic Sea as well as 30 (m average size  derived from the Curonian Lagoon) showed the increase in Kd values with a decrease in the particle size and an increase in clay mica minerals in samples (Fig.6). These results are in good agreement with the highest activities of 137Cs which were found in the fine fraction of 0.2 – 1 (m of bottom sediments (from 120 to 1450 Bq/kg). 

Sequential extraction of 137Cs indicated a general decrease in its “exchangeable” fraction with the decreasing size of sediment particles from sand to particles of 0.2 –4 µm size and an increase in its “residual” fraction, which reflects the amount of Cs fixed into the crystal lattice (Fig 7). Sequential extraction data obtained from kinetic tracer experiments also proved that calcite naturally formed in the fresh and saline water mixing zone inhibits sorption and desorption of Cs on sediments [12]. 


Data obtained from tracer kinetic sorption experiments with 134Cs and bottom sediment fractions of different grain size were used for finding a suitable kinetic sorption model, kinetic constants and the corresponding equilibrium Kd values. 

Experimental kinetic data characterizing the sorption of Cs to bottom sediments of a different grain size were modelled using six kinetic differential equations describing six different types of control processes (kinetic sorption mechanisms): so called mass transfer or double film model (DM), film diffusion (FD), inert layer diffusion (ID), reacted layer diffusion (RLD), chemical reaction (CR) and gel diffusion (GD) [13]. In principle, the results point to the diffusion (mass transfer) character of the sorption process: the sorption of Cs is controlled by the ID (or GD) model. The values of corresponding kinetic coefficients and distribution coefficients Kd, characterizing the rate of sorption and sorption properties of the bottom sediments, are given in Table 1.

The values of WSOS_DF shown in Table 1 characterize goodness-of-fit of experimental data by the given kinetic model. If WSOS_DF is equal to or smaller than approximately 20, the agreement between the experimental and calculated data is good [14].
4.  Conclusions

A different sorption behaviour was found for particles of > 1µm size during the expedition of 16 October 2001: Kd values for surface water samples decreased from 1560 to 320 ml/g (mass activity of 137Cs decreased from 61 to 20 Bq/kg) with an increase of salinity, K+ concentration, 137Cs activity concentration in water and the distance from the Klaipėda Strait. The difference in behaviour observed between expeditions in 1999 and  2001 was attributed to seasonal variations in the chemical composition of suspended particles entering the system and consequent difference between  sorption (in 1999) and desorption (in 2001) of 137Cs in sea water.

It has been found that clay minerals are responsible for accumulation and transport of 137Cs in the studied Lithuanian economical zone of the Baltic Sea. The absence of mica minerals in suspended particles can affect the Cs bonding stability with particles in the bottom sediments and correspondingly results in uncertainties in dating of sediments by   137Cs isotope.

The data obtained from kinetic tracer experiments and field observations were used to study Cs sorption mechanisms in the Baltic seawater.  It has been determined that the modelled data best conform to the mechanism of ion diffusion through the so-called inert layer on the surface of the sediment particles. The first steps were made to obtain data necessary for surface complexation modelling of the sorption.
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Fig. 1 Average activity concentration of 137Cs in the Baltic Sea at station LT65
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Fig. 2  Average  activity concentration of 137Cs in the Curonian Lagoon at station LT10
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Fig. 3 Mass activities of particulate 137Cs versus activity concentration in the Baltic Sea water (Data of two sampling cruises in May 1999 and October 2001)
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Fig. 6  Cs Kd values as a function of time (data of kinetic tracer experiments performed with bottom sediments of the Baltic Sea (BS) and the Curonian Lagoon (CL) containing the particles of different sizes (1 –  0.2 – 1 µm (BS), 2 – 1 – 4 µm (BS), 3 – 50 µm (BS), 4 – 50 –100 µm (BS), 5 – 25 µm (BS), 6 – 30 µm (CL)  
Table 1 Results of modelling of sorption kinetics of Cs to bottom sediments of the Curonian 
Lagoon (CL) and the Baltic Sea (BS) sediment fractions
	Exper.

No.
	Starting 

concentr. [M]
	Control

process
	Kinetic 

Coefficient 

[min-1]
	Kd
[mL/g]
	WSOS

_DF

	Cs CL
	2.3x10-10
	ID
	2.32x10-4
	85
	5.66

	Cs 0.2–1 BS
	2.3x10-10
	ID
	6.21x10-2
	1.3x103
	1.57

	Cs 1–4 BS
	2.3x10-10
	ID
	9.9x10-2
	1.26x103
	1.71

	Cs 4–50 BS
	2.3x10-10
	ID
	3.11x10-2
	1.02x103
	4.91

	Cs 50–100 BS
	2.3x10-10
	ID
	5.12x10-2
	2.03x102
	3.67

	Cs 50–100 BS
	2.3x10-10
	GD
	5.12x10-2
	2.03x102
	1.36


��


Fig. 7 Fraction distribution in kinetic tracer experiments with particles of different sizes. Fraction distribution in kinetic tracer experiments with particles of different sizes. 


F1 – seawater, F2 –  exchangeable, F3 – carbonate bound, F4 – organically bound, F5 – oxide bound, F6 – acid soluble; F7 – residue, residue was measured directly by gamma spectrometry
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Fig. 4  Association of 137Cs with particles of various sizes in bottom sediments of the Baltic Sea
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Fig. 5  Association of 137Cs with suspended particles of various sizes in the Baltic Sea water
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