
Radionuclides in marine sediments - Distribution and
processes
Anne Liv Rudjord1, Deborah Oughton2, Tone D. Bergan3,
Gordon Christensen3

Norwegian Radiation Protection Authority, Agricultural University, As, 3IFE

1. Introduction

As a result of the Russian- Norwegian investigations (1992-94) of the dumped radioactive
waste in the Kara Sea, it was recognized that more information on sediment processes was
needed in order to improve the assessements of long term consequences following releases of
radioactivity to the marine environment. It has been shown that the results of model calculati-
ons used in the assessements are sensitive to parameters like sedimentation rates and distribu-
tion coefficients.

Information on the sources of the actual radioactive contamination in sediments and sea water
can be obtained by studying isotope ratios. Primary sources of contamination include global
weapons' fallout, fallout from the Chernobyl accident, discharges of reprocessing wastes
(Sellafield, La Hague) and leakage's from sea-dumped radioactive waste.

Sediments can act as both sinks and sources of radionuclides in the marine environment.
Following an input to marine systems, sediments represent the major sink for many radionu-
clides. However, when the primary sources have ceased or been greatly reduced,
remobilization of radionuclides from previously contaminated sediments may increase in im-
portance as a diffuse secondary source (GJ. Hunt et al.,1990, D.H. Oughton et al.,1997). Sec-
ondary sources also include mobilisation from contaminated land-based areas. In addition to
soluble species in surface run-off from terrestrial ecosystems, two main sources of sediment
to marine waters can occur under episodic events: the transport of suspended sediments with
flood waters and the transport of sediments incorporated within "dirty" ice
(S.L. Pfirman et al.,1996; D. Meese et al.,1995). In both cases, freshwater sediments are trans-
ferred into marine waters, thus are subject to changes that can influence mobility of associated
radionuclides.

The partitioning of radionuclides between water and sediments is represented by the distribu-
tion coefficient or K^ (ml/g):

Kd = Bq/g sediment
Bq/ml water

Kd is one of the major parameters determining the fate of radionuclides in the environment:
the higher the K&, the greater the proportion of contaminant that will be found in sediments. It
follows that the mobility of any radionuclide in a water-sediment system will be limited by
the strength of sorption to the sediment, the reversibility of the sorption mechanism and the
kinetics of the sorption/desorption processes. These factors will in turn depend upon the
physical and chemical properties of the radionuclide, the water and the sediment.
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Radionuclides can be transported from the water to the sediment phases by physical (e.g.
sedimentation), chemical (e.g. ion-exchange, polymerisation, colloid aggregation) and bio-
logical (e.g. detris) processes (Fig 1.1). Physical remobilization of contaminants from sedi-
ments to water can occur due to natural or anthropogenic resuspension of the sediments, e.g.
during flooding, erosion or estuary dredging; chemical mobilisation includes ion-exchange,
leaching and dissolution. Biological processes can effect both chemical and physical mobili-
sation (eg. bioturbation).

The radionuclide speciation and interaction with sediment components determines the degree
to which contaminants will be transported to other parts of the ecosystem (B. Salbu et al.,
1995). Hence, parameters which cause a variation in K^ subsequently influence radionuclide
transport.
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Figure 1.1

In this project, an attemt has been made to obtain data both empirically by radionuclide analy-
sis of surface sediment and sediment cores, and by laboratory tracer experiments using sedi-
ments collected simultaneously. The aim of the laboratory experiments was to provide some
information on the kinetics of radionuclide water-sediment interactions, and to determine
which parameters can influence sorption processes, KdS and kinetics.

1.1 Sources of marine radioactive contamination
There are several sources of radioactive contamination in the marine environment of the Nor-
dic countries. The major contributors are:

• Fallout from atmospheric nuclear weapons testing in the fifties and sixties.
• Fallout from the Chernobyl accident in 1986.
• Transport of radionuclides discharged from reprocessing plants (Sellafield and Dounreay

in the United Kingdom, La Hague in France, Mayak PA and Tomsk-7 in Russia).
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In addition to the radionuclides already released to the environment, there are areas were there
exist potential risks for future releases. The major potential sources to radioactive contamina-
tion in Nordic and Arctic waters, are assumed to be:

• Transport of radioactive contamination with river transport by Ob and Yenisey, from land-
based nuclear installations and from accidental releases.

• Dumped solid radioactive waste and spent nuclear fuel in the Kara Sea.
• Civilian and military nuclear installations on the Kola Peninsula.
• (Continued) runoff of Chernobyl fallout from land to especially the Baltic Sea.

The atmospheric nuclear weapons testing is the main source of radioactive contamination in
the Arctic region. It is estimated that approximately 75% of 137Cs and 95% of 90Sr inventories
in the North Atlantic are coming from global fallout as a result of atmospheric nuclear weap-
ons testing (A.Aarkrog, 1989). In the early sixties nuclear weapons testing was also carried
out underwater close to Novaya Zemlya. In the Chernaya Fjord high local contamination is
assumed to be due to these detonations (Smith et al.).

One of the main sources of radiocaesium, strontium, plutonium, americium, iodine and tritium
discharges to the North Atlantic and the North Sea, have been the reprocessing facilities in
Sellafield, UK. But after the mid-seventies the releases of radiocaesium from Sellafield have
decreased considerably. However, the operation of the Thermal Oxide Reprocessing Plant
(THORP) and the Enhanced Actinide Removal Plant (EARP), which started operating in
1994, is expected to increase discharges of some long lived radionuclides like 137Cs, °Co,
90Sr and especially 99Tc. From the late sixties until the mid-eighties, the releases of radiocae-
sium from Sellafield were up to a factor 100 higher than the releases from Dounreay and Cap
de la Hague.

The Chernobyl accident took place in Ukraine April 1986 and was the most serious accident
of nuclear reactor operation in the history. Radionuclides were released to the atmosphere and
contaminated large areas of Europe. The fallout from the Chernobyl in the marine area west
of Norway, in the Baltic Sea, and the run-off from contaminated land areas have influenced
the Nordic marine environment.

From 1959 to 1991 Soviet nuclear waste was dumped in the Barents and Kara Seas. The
waste ranged from low level liquid waste to spent nuclear fuel. A Joint Russian-Norwegian
Expert Group has investigated the present contamination at the dumpsites and the potential for
future releases. The investigation concludes that enhanced levels of artificial radionuclides in
sediments collected in the close vicinity of localised dumped objects demonstrate that leak-
ages do occur. However no contribution from dumped radioactive waste can be observed in
the open sea. Preliminary assessments of the total releases from dumped nuclear waste indi-
cate a very small dose to the population (JRNEG, 1997).

Radioactive releases from several former Soviet nuclear installations enter the drainage areas
of the Ob River (Tomsk and Mayak) and of the Yenisey River (Krasnoyarsk). Both rivers
have their outflow to the Kara Sea. It is difficult to estimate the impact on the Arctic waters
from these sources, since the data in the open literature are inconsistent. Observations carried
out by Roshydromet (Vakulovsky,1993) indicate that the amount of 90Sr and 137Cs trans-
ported by the rivers during 1961-1989 is about 1 PBq and 0.1 PBq, respectively.
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In addition to the radionuclides transported to the Kara Sea by river run-off, approximately
200 TBq of 90Sr and 20 TBq of137 Cs have been transported to the Barents Sea by the rivers
Pechora, Onega and Severnaya Dvina (Vakulovsky, 1993).

2. Materials and Methods

2.1 Collection of samples
The sediment samples were collected under a number of different research expeditions, and
includes sediments from the open Kara Sea, the Stepovogo Fjord (Novaya Zemlya), the Ob
estuary, the Yenisey estuary, the «mix» area north of the Ob-Yenisey estuary mouths, sediments
collected from dirty ice north of the Ob-Yenisey estuary mouths as well as samples from the
Norwegian coast and the Irish Sea.

The locations of the sampling stations are given in Fig.2.1.

Core profiles of marine and estuarine sediments were taken from box core samples, and sec-
tioned after freezing. Bulk samples for use in tracer experiments were collected by scraping
surface sediments from the box corer.

The dirty ice sediment was collected from a melting pool on the surface of the floating pack ice.
All samples apart from Stepovogo Fjord were frozen after collection.

Further details of the sample collection are given in elsewhere (JRNEG, 1997; Gr0ttheim, 1998;
Karex 94).

2.2 Radionuclide analysis
The sediment samples were freeze-dried prior to analysis of gamma-emitting radionuclides
using high resolution HPGe-detectors. For tracer experiments, a Nal 3 x 3 " detector was used.
Strontium-90 was determined by chemical separation followed by low-level liquid scintillation
counting (Bj0rnstad et al, 1992). Plutonium isotopes and 241Am were determined by radio-
chemical separation from other transuranics using ion-exchange, followed by electrodeposition
and alpha-spectrometric measurement on semiconductor silicon-detectors (Clacher,1995; Chen
et al, 1991).

Sediments from the Kara Sea, the estuaries of Ob and Yenisey and from the Norwegian Sea
have been dated by analysis of 210Po and 210Pb. 210Pb and 226Ra have been analysed by n-type
germanium detector and the amount of unsupported 210Pb have been used to determine sedi-
mentation rates.

The total amount of 210Pb in the sample has been detected directly by n-type HPGe detector
y-spectrometry. As 210Pb emits y-rays with an energy of 46.5 keV, it is important to correct
for self absorption in the sample. Each sample has therefore been analysed both with an ex-
ternal 210Pb point source on top of the sample and without. The self absorption has been cor-
rected for according to Cutshall et al.(1983). The total uncertainty for individual samples is
about 30 %.

Alternatively 210Po has been analysed by chemical separation and oc-spectrometry. A sediment
sample of 1 - 2 g was treated with hot, cone. HC1 for several hours. The solution was evapo-
rated nearly to dryness, then water was added to the precipitate and the mixture stirred well.
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The supernatant was decanted and filtered, and the precipitate washed with 0.5 N HC1. The
new supernatant was filtered and added to the first. Polonium was then auto-electroplated
onto a prewashed (with 1 N HC1) Ni-disc. For determination of the chemical yield, Po
or Po was added to the sediment at the start of the procedure. Assuming radioactive equilib-
rium between 210Po and 210Pb, the 210Pb activity is equal to the found 210Po activity. Precision
tests showed an overall uncertainty in the determinations of 210Po in individual samples of
33%.
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Figure 2.1 EKO-l/No-1 sediment sampling stations collected during the R/V Gauss expedi-
tion in 1995. In addition, sediments from the Irish Sea, the Kara Sea, the Stepovogo Bay and
from the Ob and Yenisey estuaries have been studied.

2.3 Determination of sedimentation rates
The radionuclide 210Pb and its daughter 210Po are often used for dating of sediments and de-
termine sedimentation rates. They have half lives of 22.3 years and 138.4 days, respectively.
Both are daughter nuclides of 222Rn which is produced from 226Ra. 222Rn is a gas and is there-
fore partly released to the atmosphere. The daughter products of Rn are subsequently
washed out of the atmosphere by precipitation, and in aquatic systems they are adsorbed to
sedimenting particles in the water phase. The adsorbed amount of Pb is called unsup-
ported^ distinguishing it from the «supported» 210Pb originating from the sediment particles
themselves.
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Sedimentation rates have been calculated based on determination of the amount of unsup-
ported 210Pb in the different layers of sediment cores. This has been done by two different
analytical methods described below.

In addition to the analytical errors, there are other uncertainties connected to the determina-
tion of sedimentation rates. In marine environments, the rates are usually low, and a layer of 1
cm may represent 5-10 years or more. Biological activity in the sediments can lead to a mix-
ing of the upper layers, and thus the analytical results are difficult to interpret. The largest
uncertainty is however from the sediment sampling itself. The sediment core is often com-
pressed, usually there is larger friction along the edges of the sampling device, and a new
compression can occur when the core is pressed out of the tube to be sliced.

A method of sediment compression (density) correction has been used, as described by Tad-
jiki et al. (1994). Differences in density between the samples were compensated corewise by
adjusting the thickness of the slices below 2 cm depth relative to the 0-2 cm slice. The calcu-
lations were based on the relation between sample dry weight and sample water weight;
thereby determining the porosity of the samples.

For most cores, the 210Pb or 210Po activity approached a constant value at a certain depth. This
represents the amount of supported 210Pb in the sediments of the core. Otherwise, the sup-

1 1 A O O ^ ^ 1A 0 1 A

ported Pb is determined by analysis of Ra (or Pb or Bi if in radioactive equilibrium
with 226Ra). The sedimentation rate was then calculated using exponential curve fit based on
determinations of the content of unsupported 210Po in density corrected core slices.

2.4 Sediment characterisation
Dry weight (105°C), organic content by loss on ignition (LOI, 550°C), pH, cation exchange
capacity (CEC), trace element concentrations, surface area, and mineral type were determined
on sediment sub-samples.

Cation exchange capacity (CEC) determination was carried out by an NEUAc extraction
method. An aliquot (5-10 g) of the washed (distilled water), freeze-dried sediment is extracted
with 1M NHUAc (pH 7.00,150 ml) and the macro cation (Na, K, Mg, Ca) concentrations in
the extract determined by inductively coupled plasma optical emission spectrometry (ICP-
OES) (A. 0ien et al., 1987). Trace element concentrations were determined on whole sedi-
ment samples using neutron activation analysis (NAA) (D.H. Oughton et al., 1993). Organic
content was estimated by ashing freeze-dried samples at 550°C and determining the weight
loss (LOI). Total carbon (TC) was determined by ashing freeze-dried sediments in a carbon
analyser (EC-12). Extracting freeze-dried sediments with 2M HC1 and then ashing in the car-
bon analyser gives total inorganic carbon, TIC. The total organic carbon, TOC, = TC - TIC.
Determination of sediment surface area (m2/g) was carried out by the nitrogen method. The
pressure difference between a null sample and the freeze-dried sediment (measured by con-
densing N2 gas on the surface) is used to calculate the surface area of the sediment.

2.5 Tracer experiments: general conditions
Tracer studies using the gamma-emitting radioisotopes 134Cs (ty2 2.1 years, 605 and 795 keV)

or

and Sr (U/2 65 days, 514 keV) were used to investigate the kinetics of radionuclide adsorp-
tion and desorption. All experiments were carried out under aerobic, dark conditions at 4°C,
using wet sediments. Seawater in all experiments was Oslo Fjord seawater (pH 8.2, salinity
34 %o); the riverwater used was collected from Oslo Akerselv, just below Maridalsvann (pH
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5.8). Both waters have been well characterised with respect to chemical composition. It must
be stressed that tracer experiments should be seen as operationally-defined investigations into
processes and controlling parameters, rather than an attempt to mimic natural conditions.

2.6 Time dependent changes in K^: sediment-seawater tracer studies
Rates of change in Kd (ml g"1) were measured as a function of contact time in static seawater-
sediment tank studies. Wet sediments, equivalent to about lOg dry weight (DW), were added
to 2.01 seawater and allowed to "equilibrate" for 2 weeks in dark, aerobic conditions at 4°C.
The area of the sediment/seawater contact surface was 300 cm2 and sediment-water tanks
were set up in duplicate for each sampling site. After two weeks, the 134Cs and 85Sr tracer so-
lution (1.0 ml in 0.5 mM HC1) containing 50 kBq of each radioisotope was added to the sea-
water and the water was stirred gently in order to mix the tracer solution into the seawater
without disturbing the sediment. The aliquots did not alter the pH of the seawater, and the
added Cs and Sr concentrations (< 0.01 g) were insignificant compared to the levels in sea-
water (Sr 8 mg/1 and Cs 0.3 g/1). Samples of water (20 ml) were collected and 134Cs and 85Sr
concentrations determined throughout the 1 year period. In order to check for sorption to
container walls and removal of the radiotracers by precipitation out of solution, a control so-
lution was prepared by adding the tracer solution to 2.01 seawater without sediment.

2.7 Sequential extraction of tracer labelled marine sediments
Radionuclide mobilisation from sediments was studied using a series of batch studies,
wherein sediments were subjected to sequential extraction after different contact times with
labelled seawaters. Seawater (20 ml, ca. 500 Bq 134Cs and 85Sr) was added to wet sediments
(equivalent to ca. 1 g) in 50 ml centrifuge tubes, shaken on a rolling table for 1 hour, and then
allowed to stand in aerobic conditions at 4°C. After the appropriate contact time (1 hour, 1
day, 1 week and 1 month) the seawater was separated from the sediment using high speed
centrifugation (10 000 rpm, 30 min) and the labelled sediments subject to sequential extrac-
tion. The extraction agents included: seawater (1 hr at RT); 1M NHjAc (pH 7, 2 hr at room
temperature); 1M NBUAc (pH 5, 2 hr at room temperature); and 7M HNO3 (6 hr at 85°C).
Supernatants were separated from the solids using high speed centrifugation, and then filtered
through 0.45 um filters into 20 ml counting vials. Extracts, filters and residues were counted
using a Nal detector.

2.8 Sequential extraction of environmentally labelled marine sediments
In samples having high enough "natural" contamination levels (i.e., Irish Sea and Stepovogo)
the distribution of 137Cs and °Sr between sediment extraction fractions was compared with
that of the 137Cs and 85Sr tracers. Both Irish Sea and Stepovogo Fjord sediments show consid-
erable variation in radionuclide levels: maximum activity levels in the Irish Sea samples are
found at a depth of 10 -30 cm (H. Fjelldal et al., 1995) and the activities in Stepovogo Fjord
sediments are very inhomogenous due to localised leakage from dumped waste containers (P.
B0rretzen et al., 1995). Hence, in addition to extraction studies on surface sediment samples
used in tracer studies, studies were also carried out on selected "high activity" samples from
the same location.

2.9 Change in K^ after transfer of labelled sediments from freshwater to seawater

The potential for mobilisation of radionuclides from sediments following transfer from a
freshwater to a seawater environment was studied. Labelled river waters (20 ml, 500 Bq 134Cs
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and 85Sr) were added to Ob-II and «dirty ice» sediment samples (equivalent to ca. 1 g dry
weight). After 1 week contact time, the water was separated from the sediment using high
speed centrifugation. The labelled sediments were then extracted sequentially with river water
(3 x 20 ml) and seawater (3 x 20 ml): shaken for 1 hour, then separated by high-speed cen-
trifugation. Distribution coefficients (Kd ml g"1) were measured in the fresh water and sea-
water extraction's.

3. Results and Discussion

3.1 Radionuclides in surface sediments
In Table 3.1 the concentration of radionuclides in surface sediment (0-2 cm) are listed.

In the «Norwegian» surface sediments, the 137Cs concentrations varied in the range 3.0- 24.7
Bq/kg. 134Cs was detected at station 26 only. The observed 134Cs/137Cs ratio was 0.032-0.035,
similar to what would be expected for pure Chernobyl radiocesium (0.03) in 1995. These re-
sults indicate that fallout from the Chernobyl accident is an important source to the contami-
nation of the sediments at station 26, probably as a result of direct deposition to the sea sur-
face. It has been reported earlier that Chernobyl fallout in the Norwegian Sea was rapidly
removed to the sediments (Baumann, 1989). Chernobyl origin is also supported by the fact
that the activity ratio 137Cs/239>240Pu is about 40 at this station, while at all other stations this
ratio is less than 20.

The 239>240Pu concentration in the «Norwegian» surface sediments are in the range 0.6-2.77
Bq/kg. The observed 241Am concentrations are in the same order of magnitude, 0.29-0.98
Bq/kg.

238pu/239>24opu r a t i o s i n t h e s e c i i m e n t s are in the range 0.03-0.10. At stations 11
(Skagerak/Kattegat) and 16 (North Sea) some influence from Sellafield plutonium is sug-
gested, as the plutonium ratio is significantly higher (0.08-0.10) than would be expected from
global fallout (0.03).

3.2137Cs in sediment cores and sedimentation rate
In Fig. 3.1 the 137Cs activity profiles of the cores are shown.

Results for the determination of sedimentation rates are given in Table 3.2. Plots of 210Po
(supported and unsupported) vs. depth are given in Figure 3.2

As mentioned in chapter 2, there are many uncertainties connected to the determination of
sediment rates in addition to the analytical errors. Biological activity in the upper layers are
one of these. The ideal core gives a 2 °Pb activity curve which approaches a background value
at a certain depth. Here the activity represents supported 210Pb only. Subtracting this back-
ground value from the total activity gives a nice straight line in a semi logarithmic plot, the
slope of which determines the sedimentation rate.

The cores from the locations 46 and 56 are approximately such "ideal" ones, and the rate can
be determined with reasonable confidence (see Figure3.3b)). Table 3.2 shows that the sedi-
mentation rate is about 0.1 cm/year at these locations in the Barents Sea and northern part of
the Norwegian Sea. Relatively high values of Cs-137 as deep as 6-10 cm, representing 60-100
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years old sediment, cannot be explained by input from any of the major known sources men-
tioned above if the found sedimentation rate is correct. If it was due to bomb fallout, the rate
should have been about 0.25 cm/year.

Table 3.1 Concentration of radionuclides in surface sediments (0-2 cm)

Sample

Irish Sea

11
Skagerak/
Kattegat

16
North Sea

26
Norwegian Sea

34
Komsomolets

39
North of
Finnmark

46
Barents Sea

Norway 56a
WestofSvalbard

Kara Sea

Stepovogo

Ob-I
Ob-II

Yenisey

Mix

Dirty Ice

13/Cs (Bq/kg)

480 + 24
(3200*)

10.5 ±2.0

13.1 + 1.3

24.7 ±1.0

22.2 ±2.2

3.0+.0.6

6.7 ±2.1

8.5 ± 0.7

3.0 + 0.2

110±6
(120.000*)

<0.5

<0.5

<0.5

<0.5

yoSr
(Bq/kg)

250+12
(2000*)

na

na

na

na

na

na

na

< 2

14± 1

5+0.5

3+0.3

2±0.2

4±0.4

2j8Pu
(Bq/kg)

na

0.28±0.03

0.12+0.02

0.030±0.007

0.040±0.010

0.019±0.005

0.074±0.009

0.054+0.010

na

na

na

na

na

na

*«,Z4Upu

(Bq/kg)

43+3
(245*)

2.77±0.18

1.60±0.11

0.61±0.05

1.16±0.08

0.64±0.05

1.92+0.12

1.01±0.07

0.7±0.07

na

na
na

na

na

0.7±0,07

MlAm
(Bq/kg)

na

0.98+0.07

0.97±0.07

0.29±0.04

0.86±0.06

0.29±0.03

0.74+0.05

0.85±0.06

na

na

na

na

na

na

na not analysed
* high activity level samples used in sequential extraction studies

Further south, outside Mid-Norway (26) and in the North Sea (16), the rates are lower, about
0.03-0.04 cm/year. These cores are also approximately "ideal" ones.
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In Skagerak, however, the found sedimentation rate is higher, about 0.25 cm/year. The rate is
however somewhat uncertain, as can be seen from Figure 3.2 a). There has probably been
some disturbance of the upper layers. The supported 10Pb had to be determined from the
226Ra content of the sediment (65 Bq/g) and may be too high. But even if a background value
of 36.5 Bq/kg (the 210Pb content of the lowest core layer) is used instead, the rate would have
been 0.31 cm/year or only about 20 % higher. Omitting the first and fourth core layers from
the curve fit will not alter the slope of the straight line much. Thus the value of 0.25 cm/year
is probably nevertheless a good approximation of the actual value. The maximum of the 137Cs
profile at this location is at about 9 cm depth (density corrected), representing 30-40 years old
sediment and indicating that this 137 Cs is mostly from bomb fallout.
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Figure 3.1 Concentrations of Cs (Bq/kg) in sediment profiles.

It is rather surprising to find such a low sedimentation rate (0.05 cm/year) in the Yenisey Bay.
Figure 3.2c) however shows a rather nice plot indicating no disturbance of the upper layers
and a rather well defined background of supported 210Pb. It can be questioned if this 2 Pb
method is adequate for such an estuarine zone where also the ice covers the area most of the
year. For location 32 in the Northern Kara Sea, a similar value (0.06 cm/year) was found. This
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may be less surprising, however. For this core the supported lead had to be determined by the
226Ra content of the sediment layers.
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Figure 3.2a) Total and unsupported 210Po concentrations in sediment cores from station 11-1
and 16-1.
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Figure 3.2.b) Total and unsupported Po concentrations in sediment cores from station 26-1
and 34-1
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Figure 3.2 c) Total and unsupported 210Po concentrations in sediment cores from the Kara Sea
and from the mouth of Yenisey
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Table 3.2 Sedimentation rates.

Site/Core

11-1 "Skagerak/Kattegat"

16-1 "North Sea"

26-1 "Norwegian Sea"

34-1 "Komsomolets"

46-1 "Barents Sea"

56a-2"WestofSvalbard"

Karex 94 no. 32

Karex 94 no. 84

Stepovogo Bay

Supported 210Po

Bq/kg

64.5

20.9

25.0

40.0

21.3

73.8

22.0

32.3

43.5

Coefficient

0.116

1.084

0.845

0.270

0.253

0.325

0.556

0.582

0.479

Sedimentation rate

cm/year

0.27

0.03

0.04

0.12

0.12

0.10

0.06

0.05

0.06

g/(m2 year)

1500->748

463->231

919->460

1130->562

1218^609

N/A

N/A

N/A

N/A

N/A - not calculated:

3.3 Distribution coefficients
It is rather difficult to obtain representative values for the distribution coefficient Kd based on
field data. One of the reasons is the lack of exchange equilibrium between the sediment and
the water phase. However, an attempt has been made to calculate distribution coefficients for
137Cs, 239 '240pu and 241Am based on the analysis of surface sediments (0-2 cm) and data on sea
water collected near bottom at the same locations.

Results from analysis of sea water sampled during the R/V Gauss cruise in the North Sea,
Norwegian Sea and Barents Sea in the summer 1995 are given in Table 3.3. The samples have
been analysed by the Federal Maritime and Hydrographic Agency, Hamburg and Rostock
[Ni97a, Ni97b, He98].

In Table 3.4 the calculated distribution coefficients are listed. At station 11
Skagerak/Kattegat, only surface water data was available. At station 16, sea water measure-
ments from 150 m depth was used (Gr0ttheim, 1998).
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Table 3.3 Radionuclides in sea water samples collected during the R/V Gauss cruise in the
summer 1995 (H. Nies et al , 1997; H. Nies et al , unpublished; J. Hermann et al., 1998).

Station

11

16
16c

26
26c

34
34h

46
46c

56k

Lat.

58.30

58.30
58.30

66.30
66.30

73.43
73.43

74.00
74.00

77.50

Long.

9.30

4.30
4.30

10.00
10.00

13.15
13.15

35.00
35.00

7.30

Date

19.06.95

19.06.95
19.06.95

23.06.95
23.06.95

29.06.95
29.06.95

06.07.95
06.07.95

12.07.95

Depth (m)

0

0
280

0
250

0
1615

0
260

3270

Tot.
depth (m)

535

283
283

268
268

1679
1679

288
288

3200

i37Cs
(Bq/m3)

25.5

-

4.6
2.6

2.6
0.77

3.4
3.4

0.42

Err.
(%)

2.2

-

4.3
5.1

6.1
11.0

8.4
8.6

10.8

yuSr
(Bq/m3)

-

5.6
1.6

-

1.5
0.4

-

-

Err.

(%)

-

3.0
3.8

-

3.3
5.0

-

-

- no data

For 137Cs, the empirical Kj value varies from 390 at station 11 Skagerak/Kattegat to 28.800 at
station 34 Komsomolets. At station 26 direct deposition of Chernobyl fallout in the sediment
may influence the result. At the two deep sea stations no.34 and 56, the high Kd value reflect
the low concentrations of 137Cs in the water.

Apart from at station 11, the Kj values obtained for plutonium varied by less than an order of
magnitude (i.e. 0.4 - 1.0 x 105). Slightly higher values were obtained for 241Am (in the range
0.8-4.0 x 10 5).

K<j for 137Cs was also studied in the laboratory experiments (see chapter 4). In general, it is
observed that the rough empirical values obtained here are higher than the values obtained in
laboratory experiments. This may be due to the fact that the 2 cm surface sediment in most
cases has accumulated over many years, carrying contamination from a period when levels of
137Cs in the sea water were higher, for instance due to the influence of Sellafield releases. The
137Cs in the sediment is now fixed, or being remobilized only very slowly. Burial of the con-
tamination by sedimentation may also make it unavailable for exchange with free water
masses.
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Table 3.4 «Distribution coefficient Kd (Bq kg"1 /Bq I"1)
derived from surface sediment and near bottom sea water measurements.

Site/core

11-1
Skagerak

16-1
North Sea

26-1
Norw. Sea

34-1
Komsomolets

46-1
Barents Sea

56a-2
West of Svalbard

Depth 1J7Cs
(Bqkg^/Bql"1)

535 390
(surface water)

283 1.870
(150 m water)

268 9.500

1679 28.800

288 1.700

3200 20.200

23"Pu
(Bqkg^/Bqr1)

7.2 xlO5

(surface water)

-

0.4 x 105

0.7 x 105

1.0 xlO5

-

241 Am
(Bqkg^/Bql"1)

6.8 x 105

(surface water)

-

0.8 x 105

4.0 x 105

3.4 x 105

-

4. Water- sediment interactions: Laboratory studies

4.1 Sediment Characteristics
The sediments utilised in the tracer studies varied in terms of organic content, CEC and stable
element concentration, although, as expected for marine sediments they showed similar pH
(Table 4.2). Apart from Irish Sea and Stepovogo sediments, the radionuclide concentrations
were low and within the range of levels reported from other surveys of the areas (H. Fjelldal
et al., 1995; P.B0rretzen et al., 1995; JRNC, 1994; D.L. Sparks, 1988). It should be stressed
that the sediments used in these studies represent a single sample taken from each location,
thus are unlikely to be categorically representative of the site in question. The experiments
utilised the different samples merely to obtain a range of sediment characteristics that might
be found in Northern Seas.
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Table 4.1 Chemical characteristics and tracer element concentrations in marine surface sedi-
ments (0-2 cm) used in tracer tank and batch studies. Error on values ± 5% (± 20% on CEC).

Irish
Sea
Kara

Stepo-
vogo
Mix

Dirty
Ice
Ob-I
Ob-II

Yeni-
sey
Nor-16

Nor-26

Nor-34

Nor-39

PH
(H2O)

7.6

7.8

8

7.9

7.8

5.5
5.6

7.9

7.5

7.4

7.4

7.4

Dry
Wgt
(%)
77.5

55.3

53

38.4

39.4

48.5
59.8

57.7

45.1

62.6

45.7

62.5

LOI
(%)

3.3

9.9

5

7.2

10.6

8.5

nac

3.8

11

4.4

9.8

4.0

CECa

(meq/
100g)
25

68

46

84

120

74
na

24

29

27

32

23

Surface

(m2/g)

15.9

7.7

17.4

6.2

Co
(Hg/g)

7

28

21

19

21

18

16

Cs
(P-gfg)

3.3

5.4

6.1

3.6

4.3

3.7

1.8

Fe
(mg/g)

25.9

94.4

64.4

65.4

76

63.3

49.6

Rb
(Hg/g)

65

90

91

75

79

87

52

Sc

(Hg/g)

5

12

14

12

13

11

13

Zn

O*g/g)

69

153

260

nd"

nd

nd

nd

a the method can overestimate CEC for marine sediments because of high Na concentration in sea water b- not detected;c •
not analysed

4.2 Time Dependent Changes in K^: Sediment-Seawater Tracer Studies

Distribution coefficients K^ (ml g~l) were calculated from:

where Cc and Ct are the count rates (cpm/ml) of the control and experimental solutions at time
t, respectively, V is the solution volume (ml) and m the dry weight mass of sediment (g). The
results of the static tank experiment showed clearly how Kj for 137Cs varies both with contact
time and with sediment type (Fig. 4.1, Table 4.2.)
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Figure 4.1 Variation in Kd for Cs-134 as a function of time and sediment type
134

Table 4.2 Distribution coefficients (K^) for Cs tracer in seawater-sediment systems. Aver-

age ± SD (n = 2)

Mix

Ob-I

Kara

Irish Sea

Stepovogo

Yenisey

Dirty Ice

Norway-16

Norway-26

Norway-34

Norway-39

K<i 1 week

(mlg-1)
430 ± 30

380 ±40

300 ± 10

190 ± 10

160 ±100

260 ± 10

390 ± 20

120 ± 10

70 ±10

100 ± 10

80 ±10

K(j 1 year

(mlg-1)
1680 ±30

1520 ± 80

1480 ± 20

740 ±10

980 ± 40

900 ± 70

na

460 ± 20

150 ±10

280 ± 10

170 ± 10

CEC
meq/lOOg

84

74

68

25

46

24

120

29

32

23

27

134Cs activity levels in seawater decreased with sediment contact time, giving Kd values of
between 150 and 1680 after 1 year. This is equivalent to 61-95 % of the added tracer being
adsorbed to the sediment. For Sr, no significant sorption to sediment (Kd < 50) could be ob-
served during the 1 year contact time. Kd for 134Cs showed a rather good correlation with the
estimated sediment cation exchange capacity for the different sediments, suggesting that the
primary interaction mechanism is cation exchange (Table 4.2). At one week, Kd= 3.5 CEC +
51 (R2 = 0.69) and at one year, Kd = 19.8 CEC (R2 = 0.77). Particle size distribution was not
determined, and surface area (m2/g) was not measured in all sediments. However, since one
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would expect cation exchange capacity to be correlated with surface area and inversely cor-
related with particle size, either one of these variables might influence Kd.

Results from batch studies showed that gentle shaking increased binding rates of 134Cs by a
factor of 10 compared to the static experiments. This is expected as shaking reduces the time
needed for the hydrated cation to diffuse through the water layer and come in contact with the
exchange sites on the sediment (B0rretzen et al, 1997). After I month contact time, however,
there was reasonable agreement between Kd in static and shaken water-sediment systems.
Batch studies (excluding Norwegian samples) verified that after 1 month contact time Kd for
85Sr (11 ± 2 ml g"1) was much lower than for 134Cs (950 ± 350 ml g"1).

4.3 Sequential Extraction of Tracer and Environmentally Labelled Marine Sediments
Sequential extraction studies of sediments labelled with tracers showed that 134Cs was rapidly
and strongly fixed to sediment components (Fig. 4.1 a). The distribution pattern was very
similar for all sediments, variations were within 10%. After only 1 hr, more than 70% of the
134Cs was found in the HNO3 and residual fractions. A small fraction of 134Cs (1-10%) re-
mained in the easily exchangeable fraction (NH4AC). The decrease in the exchangeable frac-
tion with time probably reflects long-term fixation of 134Cs by sediment components.

Comparison of 134Cs tracer distributions with results from extraction studies on 137Cs in Irish
Sea and Stepovogo sediments (i.e., environmentally labelled sediments) gave similar distri-
butions for the two Cs isotopes (Fig. 4.1c). The percentage of 137Cs in the mobile fraction was
< 1%, suggesting increased fixation of caesium ions with longer contact time. The Stepovogo
sediments showed a rather high fraction of I37Cs in the residue.

Sequential extraction of 85Sr tracer showed that ionic Sr associated with sediments could be
easily mobilised; more than 99% of the adsorbed 85Sr could be displaced with the NRjAc ex-
traction at pH 7 (Fig 4.1b). Again, the distribution pattern for the 8 Sr tracer was very similar
for all sediments. However, sequential extraction of 90Sr from environmentally labelled Irish
Sea and Stepovogo sediments indicated that 90Sr was rather less mobile than the ionic 85Sr
tracer (Fjelldal et al, 1995;B0rretzen et al,1995), showing a significantly higher extraction into
NH4AC (pH 5) than was observed for the tracer (Fig. 4.Id). This could reflect a time-
dependent incorporation of °Sr in the carbonate or amorphous fraction in marine sediments.
However, differences between the ionic, experimental tracer and the environmental 90Sr may
also indicate different 90Sr species in the discharge (i.e. non-ionic). Finally, other water-to-
sediment removal mechanisms besides ion-exchange and surface sorption (e.g. biogeochemi-
cal cycles) are likely to exist in the natural environment.
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Figure 4.1 Tracer study showing sequential extraction of a) 134Cs and b)85Sr tracers associated
137 90with the «mix» marine sediment as a function of contact time, and c) 137Cs and d) 90Sr associ-

ated with Irish Sea and Stepovogo sediments.

4.4 Modelling of Caesium Sediment-Water Interactions
The rate of decrease of 134Cs activity levels in seawater could be resolved into a fast and a
slow component, probably represented by relatively fast interaction with sediments by elec-
trochemical surface sorption or ion exchange followed by slow removal to "irreversibly" fixed
sites - probably diffusion into clay mineral lattices. The kinetics of the water-sediment water
interactions of the ionic 134Cs tracer have been modelled using a simple box model (Model-
maker, SB Technology Ltd, 1994). Although the model cannot give absolute rate constants
for the chemical processes, it is a useful tool in parameterising the sorption rates so that the
different sediments can be compared. Two models were tested: a 3 box and a 4 box model
(Figs.4.2 and 4.3 ). Although the 3-box model is quite capable of describing the rate of de-
crease in seawater, the 4-box model (wherein the "fixed" compartment is divided into a
"slow-reversible" and "irreversible" compartment) is more consistent with changes in sequen-
tial extraction studies. Optimisation of the model gave similar rate constants for uptake and
removal from water to the "exchangeable" pool for the 10 different sediments,
ki 0.17 ± 0.03 d"1 and k2 0.09 ± 0.05 d"1. These results suggest that the rate determining step
probably reflects diffusion of the ion through the solution microlayer surrounding sediment
particles followed by surface sorption [13], rather than a mechanism which is strongly de-
pendent upon sediment characteristic. Rate constants for transfer to the "fixed"pool varied
between the different sediments: k3 from 0.0003 to 0.001 d*1. No correlation with CEC or
LOI could be found. It was not possible to calculate rate constants for removal from the fixed
pool with any degree of certainty, optimisation gave large uncertainties for k4 but half-lives
seemed to be in the order of decades.

100



sol

ki

WATER
uble species

kt

SE
lor

DIMENT
l-exchange

k3

FIXED
mineral lattice

WATER
soluble species

ki ki

SEDIMENT
ion-exchange

FIXI

minera

k /

k5

U

iD
lattice

Reversibly
bound

134,Figure 4.2 Simple box models describing sorption of Cs tracer to marine sediments

Water (%)
1

irrev
revjast
revjslow

'water

200
Time (days)

300 400

• 134/-Figure 4.3 Model of Cs tracer to marine sediment (4-box model, Kara Sea sediment)
• - data points and errors (n=2)

4.5 Change in K^ after Transfer of Labelled Sediments from Freshwater to Seawater

Experiments using Ob and dirty ice sediments labelled with 134Cs and 85Sr tracers in freshwa-
ter showed that Kd varied considerably between freshwater and seawater: Kd in freshwater
being a factor of 100 higher than in seawater (Fig. 4.4). This indicates a significant potential
for mobilisation of Cs and Sr on transfer of sediments from a freshwater to a saltwater envi-
ronment. In agreement with the previous studies, Kd for Sr was a factor of 10 -100 lower
than for Cs in both media. The mobilisation of 134Cs and 85Sr after transfer of sediments from
freshwater to seawater may reflect the effect of increased pH, ionic strength, salinity and/or
concentration of exchangeable elements (i.e., alkali or alkaline earth metals). However, re-

134 85ducing the pH of seawater to 5.0 decreased Kd for both 134Cs and 85Sr by a factor of 2, and
returned to its original level after increasing pH back to 7. So pH is unlikely to be a major
controlling factor. In the case of 85Sr, high stable Sr concentrations in seawater (8 mg/1) will
promote mobilisation through isotopic exchange. If Sr is not present as an exchangeable form
(e.g., carbonate forms, or fuel particles), mobilisation may be less extensive. It should also be
noted that the high stable Sr concentrations in seawater will reduce the specific activity of 90Sr
in seawater and, despite any increase in 90Sr mobility, should result in reduced concentration
factors in biological food chains as compared to freshwater environments.
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Figure 4.4 Change in Ka following sequential extraction of labelled Ob and dirty ice sedi-
ments with fresh water and seawater. (n=3, STD< 5%)

4.6 Time Dependent Changes in K ĵ: Sediment-Freshwater Tracer Studies

Studies were also carried out on freshwater sediments collected from Heimdalen (Norway)
and Losj0en (Sweden) Lakes. These studies were intended to act as a link between EKO-l
and EKO-2. Results confirmed that after 1 year contact time Kd s were higher in freshwater-
sediment than in seawater-sediment systems. However, the data indicated that the sorption
process were considerably slower in the freshwater system as compared to the seawater sys-
tems (Fig 4.5). This might reflect an effect of high ionic strength on colloid aggregation and
particle precipitation in seawater systems. Cs sorption kinetics were best described by the 3
box model used in seawater. Sr sorption kinetics were well described by a 2-box model repre-
senting water and reversibly-bound components (Fig. 4.6). Sequential extraction of sediments
confirmed that8 Sr bound to sediments was easily exchangeable.

Water (%)
100» rev

"irrev"
i water

50 100
Time (days)

150 200

Figure. 4.5. Model of Cs-134 sorption to Heimdalen sediment in freshwater (pH 5). n - data
points and errors (n=2)
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Figure 4.6. Model of Sr-85 sorption to Loppesjo sediment in freshwater (pH 5). n - data points
and errors (n=2)

5. Conclusion

In the «Norwegian» surface sediments, the
Bq/kg.

137,Cs concentrations varied in the range 3.0- 24.7

The 239-240pu concentration in the «Norwegian» surface sediments are in the range 0.6-2.77
Bq/kg. The observed 241Am concentrations are in the same order of magnitude, 0.29-0.98
Bq/kg.

238puy239,240pu r a t i o s i n t h e sediments are in the range 0.03-0.10. At stations 11
(Skagerak/Kattegat) and 16 (North Sea) some influence from Sellafield plutonium is sug-
gested, as the plutonium ratio is significantly higher (0.08-0.10) than would be expected from
global fallout (0.03).

At station 26 (Norwegian Sea) the sediments seem to be influenced by radiocesium from the
Chernobyl accident. This may be due to direct fallout deposition to the sea surface and fol-
lowed by a rapid sinking and sedimentation.

At station 16 (North Sea) some influence from Sellafield plutonium is suggested, as the plu-
tonium ratio is significantly higher (0.08-0.10) than would be expected from global fallout
(0.03).

Sedimentation rates based on analysis of 210Pb or 210Po varied between 0.05 cm/year - 0.25
cm/year. A suprisingly low sedimentation rate was found in the Yenisey Bay (0.05 cm/year).
It is possible that the dating method is less suited in this area.

In the laboratory experiments, distribution coefficients (Kj ml g~*) for m C s in seawater-
sediment systems varied with contact time, mixing conditions, sediment type, and salinity,
and appeared to be correlated with cation exchange capacity. After 1 year contact time under
static conditions, K4 for 134Cs ranged from 150 to 1680 ml g"1. Extraction studies showed that

1 "XA

the majority of Cs was strongly bound to sediment components, although a small fraction
(1-10%) was easily displaced and remained in dynamic equilibrium with soluble species.
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In general, the rough estimates on Kd values for 137Cs obtained empirically are higher than Kd
values obtained from experiment. This may be due to the fact that the 2 cm surface sediment
in most cases has accumulated over many years, carrying contamination from the early eight-
ies when levels of 137Cs in the sea water were higher. The 137Cs in the sediment is now fixed,
or being remobilized only very slowly. Burial of the contamination by sedimentation may also
make it unavailable for exchange with free water masses.

Kinetic modelling using a simple box model indicated that the uptake of ionic Cs to sediments
could be described by a two-component function. The relatively fast component probably
reflects diffusion through the sediment-water microlayer followed by surface sorption to
sediment (ion exchange). Rate constants for transfer between seawater and the exchangeable
fraction were similar for the different sediments, 0.17 ± 0.03 d"1 for uptake and 0.09 ± 0.05 d"1

for removal. The slow component is thought to represent strong fixation within the mineral
lattice; rate constants for fixation showed greater variation, ranging from 0.0003 to 0.001 d"1.
Ionic 85Sr was rather conservative in seawater, showing little transfer to sediments: K<j was 11
± 2 ml g"1. Furthermore, 85Sr bound to sediments by ion exchange was easily displaced. Se-
quential extraction of Irish Sea and Stepovogo sediments indicated, however, that 85Sr was
rather less mobile than the ionic tracer. This might reflect the presence of different 90Sr spe-
cies in the discharge (i.e. non-ionic) or a different water-sediment interaction mechanism in
the natural environment. For both radionuclides, Kd in freshwater was a factor of 100 higher
than in seawater, indicating that 137Cs and 90Sr can be mobilised if freshwater sediments are
transferred to the marine environment. Further studies of water-sediment interactions for these
and other radionuclides is necessary for a better understanding of processes in estuarine mix-
ing zones. Investigations of the variables responsible for the relatively slow sorption rate of
134Cs and 90Sr to freshwater sediments could be relevant to studies on the ecological half-life
of radionuclides in such systems.

Laboratory studies can offer some important insights into the underlying processes which
influence the transport of contaminants in the environment. For example, knowledge on the
types of parameters which can result in variations in Kd s are useful for assessment of model
predictions and sensitivity.
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