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ARTICLE INFO ABSTRACT

Keywords: In this study, the long-term transfer of 1¥’Cs from soil to grass on Swedish farms and fields, heavily contaminated

Grass after the 1986 radioactive fallout, was investigated. The study spans over 8-14 years, beginning in June 1986,

f;sct“re and covers various soil types and agricultural practices. The transfer of 1%’Cs from soil to grass was highly
o5 variable, with transfer factors ranging from 1.0 x 107> to 0.357 m? kg . Higher values were observed on fields

Soil . . . X : .

Clay with sandy loam, loamy sand, and organic soils, and lower values on fields with a high clay content. The transfer

Sand of 1¥7Cs to grass generally exhibited an exponential decline across the majority of fields over the years. The rate
of decrease was most pronounced in clay loam and silty loam soils, while it was least evident in sandy loam,
sandy soils, and peat soils. The soil properties and farming practices were more important for *¥Cs uptake than
the initial deposition density. The transfer factor had a negative correlation with soil pH, clay, and fine silt
content. No significant relationships were found with other soil variables, such as soil organic matter content and
plant available potassium concentration. The median effective half-life of 1>’Cs in the grass was 4.5 years, with a
range of 2-18 years. The uptake of '3’Cs by plants did not correlate with the potassium concentration in grass
tissues; however, the activity concentration of '*’Cs in grass correlated negatively with the potassium content in
the plants grown on fields with high deposition levels.

1. Introduction

After an accidental release of radiocaesium (**’Cs) into the envi-
ronment, the isotope enters the ecosystem through similar uptake
mechanisms as potassium. As it moves through the food chain from soil
to human consumption, '¥Cs can accumulate in the human body,
posing serious health risks. To estimate the radiation dose received by
humans and mitigate contamination in the event of a future accidental
release, mathematical models are used. These models rely on transfer
factors, which describe the movement of specific radionuclides from soil
to crops, to predict radionuclide concentrations in foodstuffs (Yasuda,
1995). The acquisition of additional knowledge in the field is crucial for
designing and implementing effective agricultural countermeasures
following a radioactive fallout event similar to the Chornobyl accident.

Extensive research has been conducted on the transfer of 13’Cs from
soil to agricultural crops following the Chornobyl and Fukushima nu-
clear accidents, revealing significant variability in transfer factors
(Rosén et al., 1998; Tsukada and Hasegawa, 2002; Uchida and Tagami,

2007; Sarap et al., 2015; Yoshikawa et al., 2020). Immediately after
radionuclide deposition, crop contamination is primarily influenced by
factors such as fallout type, plant development stage, rainfall, and the
chemical form of the radionuclide (Prohl, 2009). Over time, uptake by
roots in the soil becomes the primary pathway of crop contamination.
The uptake is dependent on radionuclide properties, crop types, soil
characteristics, and climatic conditions (Coughtrey and Thorne, 1983).
Long-term studies on '¥Cs transfer from soil to crops are limited,
although some studies dealing with the long-term trend in plant avail-
ability of radionuclides have been published (Krouglov et al., 1997;
Brimo et al., 2020).

The variability of 1%’Cs transfer rates limits the effectiveness of a
single concentration factor for predicting radionuclide uptake by crops
from soil (Ng, 1982). However, the uncertainties can be reduced by
considering the dominant crop and soil types in the area, as well as the
effects of various soil properties on radionuclide transfer. Following the
1986 Chornobyl nuclear power plant accident, 13”Cs contamination was
highly variable in Sweden and the deposition was correlated with
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rainfall patterns after the accident (Isaksson et al., 2000). Aerial mea-
surements conducted between May and October 1986 revealed '%7Cs
deposition range up to 70 kBq m~2 in Uppsala county, 20 to >80 kBq
m~2 in Gavleborg, 10 to >60 kBq m~? in Visternorrland, and 5 to >80
kBq m~2 in Jamtland (Fig. 1).
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Fig. 1. Deposition density of '*’Cs from Chornobyl, based on inflight mea-
surements taken from May to October 1986 in Sweden (SGAB, 1986).
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Whereas previous publications of Rosén et al. (1996a,b, 1998) were
restricted to the early years after the fallout (1986-1996), the present
paper gives an overview of data from these most affected counties on a
longer term, 1986-2007. The data on *’Cs activity concentrations in
soil and grass were collected and analysed. The objectives of the present
study were to investigate (1) the long-term pattern of 13’Cs transfer from
soil to grass on various soil types, when the dynamics of 137Cs within the
soil-grass system have attained an apparent steady state, (2) the influ-
ence of soil properties, including pH, organic matter content, and
texture, on '¥Cs transfer from soil to grass, (3) the effect of readily
available soil potassium on '3’Cs transfer from soil to grass, and (4)
whether the ¥’Cs activity concentration in plants is correlated with the
concentration of potassium and calcium in the grass tissues.

2. Materials and methods
2.1. Fields and sampling area

The fieldwork was conducted over a period of 21 years, from 1986 to
2007 and samples were taken on 29 fields in the counties of Uppsala,
Gavleborg, Vasternorrland, and Jamtland. Throughout the study period,
the fields remained under respective farmer’s practice. Farming prac-
tices primarily relied on animal husbandry, with a main focus on ley
and, occasionally, barley for fodder production. The production in-
tensity varied, from intensive cultivation methods, involving crop
rotation and mineral fertilization, to extensive cultivation focused on
pasture and utilizing only animal manure as fertilizer.

As shown in Table 1, the fields were primarily used as pastures or ley,
and only a few fields (X12A, X2A, X5A, X7A and Y12A) were occa-
sionally ploughed once or twice during the years of study to a depth of
about 20cm. In fields under ‘intensive’ cultivation (Table 1), the soil was
regularly fertilized and ploughed every 4-5 years, resulting in thorough
mixing of fallout into the topsoil. The first cut of grass coincided with the
first mowing, primarily used for hay or silage production, whereas the
second cut corresponded to regrowth used for pasture. In contrast,
‘extensive’ cultivation relied on permanent natural pastures, hence the
soil was not ploughed. ‘Moderate’ cultivation fell between these two
extremes (Table 1). The soil parent materials are glaciofluvial, post-
glacial, or fluvial deposits with texture ranging from silty clay loam to
sand; also fen peat was common in the lowland areas of Uppsala and
Gavleborg.

In the latter two counties, the fields were located at 5-60 m above
present sea level and 100-200 m below the postglacial marine limit. The
two Uppsala fields received medium (93 and 98 kBq m~2) fallout of
137Cs and were under pasture. In Gavleborg, the 13 sampling sites were
selected from fields with high radiocaesium content in pasture grass and
hay during the initial year 1986-1987.

The fields in Vasternorrland were located 150-200 m below the
postglacial marine limit, within 30 km from the Bothnian coast in river
valleys extending inland in a north-westerly direction. Floodplain soils
on the lower terraces are characterized by a mix of sandy and clayey
textures derived from alluvial deposits, while soils on upper terraces are
formed in silty to clayey sediments deposited during earlier post-glacial
stages when the present landscape was still submerged.

In Jamtland, three fields (Z1A, Z3bA, Z4A) are located on alluvial
deposits in valleys below the postglacial marine limit, with textures
ranging from loamy sand to sandy loam. The other three fields in
Jamtland are located approximately 500 m above sea level in a moun-
tainous area, on small sandy glaciofluvial deposits (Z5A, Z25A) and
clayey glacial till derived from phyllite rock (Z3A).

The number of sampling occasions during 1986-2007 ranged from 8
to 14 with annual sampling of grass in the early years (1986-1996) on 2,
13, 8, and 6 fields in Uppsala, Gavleborg, Vasternorrland, and Jamtland,
respectively. Sampling frequency decreased over time, with collections
every 2-5 years until 2007. Data on grass contamination by 137¢s
sampled in 1986 during the first cut in mid-June or the second cut from
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Table 1
Field's properties, soil characteristics, and the transfer factors of'’Cs from soil to grass (Tag x 1 03m?kg™).

Fields Land use/ Years of 137¢cs Tag (1st + 2nd cut)” pH oM, Clay silt Sand Soil
.cultlva.ltlon sampling dey;fltlon, kBq median  range (H20) % % Texture
intensity m Class

<0.002¢ 0.002-0.006 0.006-0.06 0.06-2.0

Uppsala county

Ccu1llcC Pasture/ 13 93 0.49 0.01-34.6 5.7 6.2 36.5 26 19.8 17.7 Silty clay
Extensive loam

CU711A  Pasture/ 10 98 6.64 2.22-679 5.4 - - - - - Peat
Extensive

Gévleborg county

X1D Ley/Extensive 10 203 1.77 0.46-357 6.1 22.1 39.2 15.2 19.5 26.2 Clay loam

X11A Ley/Moderate 13 190 0.61 0.03-9.75 6.1 3.5 2.3 0.6 4.1 93.0 Sand

X12A Ley/Moderate 12 95 5.79 2.36-22.3 5.8 - - - - - Peat

X14A Pasture/ 14 157 0.47 0.07-2.32 6.3 8.3 26.9 15.3 35.8 21.9 Silt loam
Extensive

X15A Ley/Extensive 13 179 15.1 7.96-152 5.5 8.2 5.0 1.0 8.9 85.1 Loamy

sand

X15D Pasture/ 13 149 9.27 1.38-148 5.2 11.9 5.3 1.0 10.1 83.7 Loamy
Extensive sand

X18B Pasture/ 8 83 109 1.43-231 4.5 - - - - - Peat
Extensive

X2A Ley/Intensive 11 155 5.52 0.08-26.2 5.9 23.1 22.3 8.8 15.4 53.4 Sandy clay

loam

X4A Ley/Intensive 12 53 5.17 1.23-64.3 5.4 19.6 18.6 7.2 16.4 57.8 Sandy

loam

X5A Ley/Intensive 12 72 0.88 0.03-29.8 5.6 - - - - - Peat

X7A Ley/Moderate 9 97 1.85 0.58-72.5 5.2 - - - - - Peat

X8B Ley/Extensive 13 131 9.32 0.95-68.4 6.3 67.2 - - - - Peat

X9C Ley/Extensive 10 165 5.62 0.23-104 5.4 - - - - - Peat

Vasternorrland county

Y10A Ley/Extensive 13 60 0.97 0.77-24.2 5.8 6.3 7.0 2.8 43.0 47.2 Loam/

sandy
loam

Y12A Ley/No data 14 28 2.02 0.45-122 - - - - - - Silt loam

Y15A Ley/No data 12 46 0.78 0.27-14.8 5.5 7.0 26.6 13.6 37.6 22.2 Silt loam

Y20A Ley/No data 14 62 0.36 0.06-3.15 6.0 6.5 24.0 17.9 19.1 39.1 Loam

Y45A Ley/No data 14 86 0.25 0.04-3.79 5.8 6.2 26.1 16.1 325 25.2 Loam

Y5A Ley/Moderate 14 22 0.55 0.01-5.98 5.5 6.0 30.4 19.3 33.0 17.3 Silty clay

loam

Y55A Ley/Moderate 12 88 0.26 0.05-2.13 5.6 3.9 6.6 3.2 30.2 60.0 Sandy

loam

Y56A Ley/Pasture/ 13 83 0.93 0.06-63.0 6.0 5.4 10.4 5.1 43.8 40.8 Loam
Intensive

Jamtland county

Z1A Pasture/ 11 38 11.6 0.64-157 5.7 3.7 7.9 7.8 66.5 17.7 Silt loam
Extensive

Z25A Pasture/ 11 37 6.18 1.66-61.1 5.3 6.4 5.4 5.4 41.1 40.8 Sandy
Extensive loam

Z3A Pasture/ 13 44 42.0 2.64-167 5.4 4.8 4.9 3.2 40.3 51.6 Sandy
Extensive loam

Z3bA Pasture/ 12 24 6.14 0.38-70.9 5.5 3.4 3.9 1.2 27.5 67.5 Sandy
Extensive loam

Z4A Ley/Intensive 8 34 0.74 0.11-48.9 6.3 3.1 7.3 6.2 66.3 20.2 Silt loam

Z5A Ley/Moderate 9 24 6.78 4.57-66.4 5.6 5.5 4.4 3.1 36.3 56.2 Sandy

loam

@ Over the study period for each field/farm (1986-2007).
b The 1%7Cs activity concentrations were corrected to April 26, 1986.
¢ Particle size in mm.

July to October are included in Table 1 (Tag, 1st + 2nd cut). However,
these data were not used in future analyses, because direct fallout rather
than uptake from the soil was a likely pathway of contamination of the
plan.

2.2. Sampling, preparation and analyses of crops and soils

For each sampling site, a 100 m? land area was designated at least
100 m away from built structures, large trees, and forest edges. Within
each area, soil and crop materials were randomly sampled from 1 to 5
microplots of 0.25 m? each. Grass was collected following local harvest
practices on 1-2 sampling occasions per season, referred to as ‘first cut’
and ‘second cut’. The grass was cut 5 cm above the soil surface, dried at

70-90 °C for 1-2 days, weighed, and then ground to <2 mm and stored
in calibrated 1-L Marinelli beakers or 330-mL plastic containers. Ali-
quots of the grass samples were used for radiometric and chemical an-
alyses. The content of Ca and K in plants (grass) was determined by ICP-
MS after digestion in HNO3 once in 1986.

In 1986, soil samples from each microplot were obtained by
extracting 3-4 cores with a steel bore 57 mm in diameter, to a depth
exceeding the expected maximum '*’Cs migration depth at the time of
interest (usually 0-5 cm in 1986 and 0-20 cm in 2007). The core sam-
ples were pooled into a bulk sample, air-dried at 30 °C for one week,
ground, and passed through a 2 mm sieve. The processed samples were
then used for chemical analysis, texture determination, and estimation
of 1¥Cs deposition in 1986. Soil pH, exchangeable potassium and
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calcium, as well as organic matter (OM), were analysed in 0-20 cm
depth in 2007. For soil sampling in 2007, a steel bore with a diameter of
21 mm was utilized. Only data from 2007 are presented in Table 1.

The texture was analysed using the hydrometer method (Day, 1965).
The OM content was determined as the loss of ignition. Exchangeable
calcium and potassium were extracted using ammonium acetate-lactate
solution (Ca-AL and K-AL, respectively) (Egnér et al., 1960).

The activity concentrations of 13’Cs in soil and grass samples were
measured using a computer-aided germanium detector system housed in
a low-background laboratory. The relative measurement uncertainty
was 1-5%. All activity concentrations reported for soil and crops are
based on dry weight (d.w.). The deposition of 137¢g (kBq m~2) was
calculated using the *’Cs activity concentration in the soil cores (Bq
kg_l), the bulk density (g cm_s) and soil depth (0-20 cm). The data on
137Cs activity concentration in soil (Bq kg™') are presented in the
“Supplementary material (Table S1)”.

2.3. 197Cs wransfer to grass and its reduction with time

The transfer of '*Cs from soil to grass was evaluated using the
aggregated transfer factor (referred to in the text as ‘transfer factor’),
denoted as *7Cs Tag (m? kg’l):

Am

Tag = A_s (@)

where Ay, is the activity concentration of '3’Cs per unit dry weight of
plant material on the sampling date (Bq kg™1), and A, is the activity of
137Gs (Bq m™2) in soil on the same date. A; was calculated from the
deposition density of 137Cs measured in 1986 (As,q), by using the general
equation for physical decay of radionuclides, and was independent of
the physical decay:

A :As‘Oei;‘t 2

where 4, the decay constant of 137Cs, y~1.

Effective ecological half-life (Tefp), i.e. the time (years) required to
achieve a 50% reduction in mean '%7Cs activity concentration in grass
tissue, was calculated by the method of Smith et al., (1999) accordingly:

In(2)
Aetf

Tesr = 3

where A is the observed rate of 1%’Cs activity concentration decline,
y .
The rate of decrease in 1%’Cs transfer factors in grass over the study
period was calculated as a start/end ratio, specifically, the geometric
means of transfer factors in the years following fallout (2nd cut in 1987
and 1st + 2nd cut in 1988) divided by the geometric means of transfer
factors in the final two years of investigation (2005-2007).

2.4. Correlation analyses

Correlation and linear regression were employed to examine the
relationships between (1) 137Cs transfer factors and various selected soil
properties, including pH, organic matter, soil texture, exchangeable
potassium, and between (2) the activity concentration of 137Cs in grass
tissues and the concentrations of potassium and calcium in the grass.

Possible correlation of the 37Cs transfer factor with the cultivation
intensity was evaluated after assigning numerical scores to the cultiva-
tion intensities: 1 to ‘extensive’, 2 to ‘moderate’, and 3 to ‘intensive’
cultivation. The data on '¥’Cs deposition and T,g used for correlation
analyses are presented in “Supplementary material (Table S2)”.
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3. Results
3.1. Soil characteristics and deposition density

This study is based on 29 selected fields, and spans over the period
1986-2007. The soil types and characteristics exhibited considerable
variability across fields. The majority of sites were situated on peaty
soils, sandy soils, and clay loam soils (Table 1).

In 1986, Gavleborg county received the highest radionuclide fallout,
with an average of 135 kBq m™2 and a maximum of 203 kBq m 2.
Jamtland county had a relatively low deposition density with an average
33 kBq m 2 and a maximum of 44 kBq m~2. The transfer factors varied
significantly across the study area, with maximum values reaching
0.357 m> kg_l (Table 1). Soil pH ranged from 4.5 to 6.3, while organic
matter content varied widely between sites (4-67%) depending on soil
type (Table 1).

3.2. 1%Cs uptake by grass

The highest transfer factors from soil to grass were observed in the
first to second year following the fallout, as depicted in Fig. 2, where log-
transformation has been used to reduce skewness. Over time, the
transfer factors exhibit a general decline, indicating a reduction in
radionuclide availability in soil for grass uptake. The fields in Fig. 2 are
categorized by prevailing soil type, from clayey to sandy, and peaty. For
statistical analysis, data were grouped by deposition density in 1986,
and classified as low (<70), medium (70-140), or high (>140) kBq
m~2). A further division was done by the cultivation intensity, defined as
‘intensive’, ‘moderate’, or ‘extensive’. Since the range and mean values
of transfer factors were heavily affected by outliers, median rather than
average values were calculated to represent each field over the whole
study period. These are presented in Table 1 together with the entire
intervals, including extremes.

3.2.1. 1%7Cs uptake by grass on mineral soil

The median values of transfer factors for fields with mineral soils
ranged from 4.9 x 10™* m? kg™! to 4.2 x 10"2 m2 kg ™. The fields with
the lowest median values of transfer factors were usually found on silty
clay loam and loam soils (Fig. 2a and b). On these soils, the median
transfer factors on fields with low and medium deposition density were
in the range 3.6-5.5 x 10 2m? kg ! (Fig. 2a and b). Even the field with
the highest deposition density (X1D, 203 kBq m~2), which had a soil
texture of silty clay loam, had a relatively low (1.8 x 1073 m? kg_l)
transfer factor (Fig. 2a). Notably, the transfer factors on clay loam and
silty clay loam soils decreased dramatically in the years following
deposition.

Radionuclide deposition in Vasternorrland county was low to me-
dium averaging 59 kBq m~2, while grass uptake of 1*’Cs was generally
below 1 x 1072 m? kg™! (Y-fields, Fig. 2a, b and 2¢). Jamtland county
experienced significantly lower deposition density, with an average of
33 kBq m ™2, and the highest median value of transfer factors at 1.6 x
1072 m? kg!, averaged for Z-fields (Table 1 and Fig. 2c). Notably, the
clay content in these nutrient poor soils was relatively low, typically
below 8%.

Field Z3A, characterized by sandy loam soil (Fig. 2c) and a relatively
low density of ¥Cs deposition in 1986 (44 kBq m~2), exhibited the
highest median transfer factors value over the years of study, at 4.2 x
102 m? kg~!. However, relatively high transfer factors values (6.8 and
5.1 x 1072 m? kg™!) on the same soil type were also observed on fields
Z5A and X4A (Fig. 2¢), which had a low (24 and 53 kBq m~2) level of
137Cs deposition density (Fig. 2¢). The median values of transfer factors
for grass grown on fields with loamy sand soils with radionuclide fallout
in the range 149-190 kBq m~2 varied between 6.1 x 10~ and 1.5 x
1072 m? kg™! (Fig. 2 d).
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Fig. 2. The aggregated transfer factors of 1*’Cs from soil to grass (Tag x 1073 m? kg™') on selected fields, based on an averages of 1st + 2nd cuts. Legend: CU -
Uppsala; X - Givleborg; Y - Visternorrland; Z - Jamtland, prevailing crop/land use, and deposition level of *’Cs, kBq m? in 1986. Farming practice: circle -

extensive; square — moderate; triangle - intensive.

3.2.2. 1%7Cs uptake by grass on peat soil

The median values of '*”Cs uptake by grass grown on fields with peat
soil appeared to be higher compared to those on mineral soils and
ranged from 8.8 x 107 m? kg™ ! to 1.1 x 1072 m? kg™! (Fig. 2e). Two
fields in Uppsala county that received similar low or medium fallout in
1986 exhibited significantly different transfer factor values in grass,
with a median of 6.6 x 107> m2 kg™! on peat soil compared to 4.9 x
10~* m? kg~! on silty loam soil (Table 1). In fields with high deposition
density (X9C, Fig. 2e), the transfer factors values were relatively high, at
5.6 x 1072 m? kg~!. While transfer factors on peat soils decreased
significantly after 4-5 years following the fallout. Surprisingly, they
increased by the end of the study period (X7A, X18B, Fig. 2e).

3.3. 1%7Cs uptake and selected soil variables

A correlation analysis was conducted between the average Thg X
1073 m? kg ™!, representing each field for the entire study period, except
data from the first or second cut in 1986-1987, and selected soil
characteristics.

The correlation analysis reveals no significant correlation between
the transfer factor and deposition density. Soil pH exhibited a negative
correlation with transfer factors (r = — 0.54; p = 0.003), and the soil clay
and fine-silt fractions (<0.002 mm and 0.002-0.006 mm, respectively)
exhibited a moderate negative correlation with 13’Cs uptake by grass (r
= —0.45 and —0.43; p = 0.043 and 0.053 respectively). Conversely, the
coarse-silt and sand fractions (>0.06 mm) were generally not signifi-
cantly correlated with '3”Cs uptake. The soil organic matter content and
the concentration of plant-available potassium in the soil did not
correlate with the transfer factors. No significant correlations were
found between the ecological half-life of 137Cs, Tefs and all studied

parameters.
3.4. The rate of *¥Cs transfer factors decline

The rate of transfer factor decline over years of study was much
slower on fields with sandy loam and loamy sand soils than observed in
silty clay loam and loam soils, resulting in relatively high levels of 13”Cs
even many years after the initial deposition (X15A and D, Fig. 2d).
Generally, the rate of transfer factor decreased to a plateau below 1 x
1072 m? kg~! on silty clay loam and loams, which have up to 50-60%
clay and fine silt content, as early as in 1988-1992, approximately 3-5
years after the fallout (X1D and Y5A, Fig. 2a; Y20A, Y45A and Y56A,
Fig. 2b). In contrast, sandy loam soils with intermediate clay and fine silt
contents (8-26%) required 12-15 years to reach the same level of 137¢g
uptake, regardless of the deposition density. On most of these fields,
transfer factors remained above 1 x 10~> m2kg ™! even in 2007, 21 years
after the accident (X4A, Z3A and Z5A, Fig. 2¢).

The transfer factors showed a significant exponential decline over
the years in one-third of the fields (Table 2).

The decline ratio of T,¢ in peat soils was variable, decreasing over the
years of study in one field (CU711A) while increasing in two others
(X18B and X7A) (Table 2). In contrast, the rate of T,; decline throughout
the study period in mineral soils, such as silty clay loam, silt loam, sandy
loam, and sandy soils, was more pronounced (Table 2). Regardless of
soil type and deposition density, fields with extensive farming practices
had notably higher transfer factors, often three to four times greater than
those found in fields with moderate and intensive farming practices.
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Table 2
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The functions and decline ratios of soil-to-grass transfer factors of*¥7Cs (Tag x 107% m? kg’l) on selected fields with time, 1986-2007°.

Fields Soil Texture Class Years of sampling 137Cs deposition, kBq m 2 Functions P values” Decline ratio
Clay loam and silty loam

cul1C Silty clay loam 13 93 y =1+ 168e %19% 0.001 83
X14A Silt loam 14 157 y =2+ 115 0113 0.001 21
Loam and loamy sandy

Y45A Loam 14 86 y = 2 + 74e 70086 0.045 5.3
Y10A Loam/sandy loam 13 60 y=1- 11413 0.003 0.2
Sandy loam and sand

Z3A Sandy loam 13 44 y =1 + 126e 144 0.002 19
X11A Sand 13 190 y =2 + 176e0-20% 0.002 47
Peat

CU711A Peat 10 98 y = 3 + 45 0-0746x 0.001 9
X18B Peat 8 83 y = 2 - 570:066x 0.031 0.4
X7A Peat 9 97 y =9 - 191e%22% 0.050 0.1

@ Except 1st + 2nd cut in 1986 and 1st cut in 1987.
b Only fields with p < 0.05 are shown.

3.5. 137Cs uptake and K and Ca content in grass

The potassium and calcium content in grass was analysed during the
first six years following the initiation of the fieldwork (1987-1992). The
potassium concentration in grass varied from 8.5 to 30.9 mg g’1 and
calcium concentration varied from 3.6 to 10.3 mg g~ . The transfer
factors did not correlate with the concentration of potassium or calcium
in grass tissue. However, the data reveal an insignificant negative cor-
relation (r = —0.53) between the 1¥7Cs activity concentration and the
potassium concentration in the plants grown on X fields with a high
137¢g deposition level (100-200 kBq m’z), while no such correlation
was found for calcium (Fig. 3).
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Fig. 3. Relationship of '*’Cs activity concentration (Bq kg ™) vs potassium and
calcium concentration in grass, mg g~ ', during the period 1987-1992 across all
soil types, n = 94. Empty circles - fields with 1*”Cs deposition 30-60 kBq m %
Filled circles - fields with '*”Cs deposition 100-200 kBq m~2. No significant

correlation either for potassium or for calcium, p > 0.05.

3.6. 137Cs uptake and farming practices

The levels of *’Cs transfer factors in grass on fields under intensive
farming practices were generally lower compared to those in fields with
extensive and moderate farming practices across all studied soil types,
regardless radionuclide deposition density. The correlation between
these two parameters was found to be weak (r = —0.37, P = 0.07).

3.7. Ecological half-life of 1%Cs

The ecological half-life of 13’Cs in grass is a result of all processes that
contribute to the decrease in 1*’Cs activity concentration over time. The
median value was found to be 4.5 years, with a wide range of 2.3-18.4
years, and only partially depended on soil type (Fig. 4).

Half-lives exceeding eight years were absent in fields with more than
40% clay and fine silt, but appeared in approximately 25% of the
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Fig. 4. Ecological half-life (T, years) of 1*’Cs in grass at different fields. The
classification numbers of counties/fields: CU — Uppsala; X — Gavleborg; Y -
Vasternorrland; Z - Jamtland; figures and letters denote field numbers. The
fields are ordered by their clay and fine silt content (in brackets, %).
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remaining fields. The longest half-lives were observed on a peat soil
(X18B) and on loam and sandy-loam soils with low clay content (7.0%,
Y10A). However, short half-lives of 2-4 years occurred in fields on all
types of soils. It was not significantly correlated with the investigated
soil properties, including pH (H20), organic matter content, and texture.

4. Discussion

The '%Cs transfer factors from soil to crops encompasses many
processes including root uptake (IAEA, 2014). Caesium is taken up by
plants in competition with potassium. Hence, the 137¢s activity in har-
vested crops is controlled by the availability of both elements, which are
both under the control by adsorption to clay minerals and organic
matter, where particularly the former possess sites capable of relatively
strong binding and may incorporate both caesium and potassium into a
pool of ions that are fixed between collapsed 2:1 layers, with a reduced
ability to become released by desorption (de Koning and Comans, 2004).

In our data, the importance of potassium availability was evident
from the negative correlation between potassium concentration in grass
and '¥7Cs activity concentration in their tissues, which is in accordance
with previous studies (Jones et al., 1991; Stone and Robison, 2002;
Guillaume et al., 2012). This relationship was more pronounced in later
years of the study.

Potassium availability in a given soil increases with an increase in
exchangeable potassium, since less energetic binding sites become
engaged in the binding of potassium with increasing coverage with the
ion (Sparks and Huang, 1985). Under experimental conditions, the same
holds for caesium ions. Although the absolute amounts of sorption in-
creases when more caesium is added to a soil, there is a decreased
relative tendency of binding, in terms of the distribution coefficient
(Staunton, 1994). However, the mechanisms of caesium availability in
the field are more complex, as illustrated by the fact that transfer factors
were not correlated with the initial density of radionuclide deposition.

The deposition density of 13”Cs had a strong and direct impact on the
absolute activity concentration of '*’Cs in grass shortly after the acci-
dent, but it had no significant effect on the transfer factor in a long-term
perspective. This is in agreement with previous studies (Bunzl et al.,
2000; Ciuffo et al., 2003). Instead, the transfer factor can be expected to
vary with the abundance of clay minerals, in our study, estimated by the
clay and fine-silt content (<0.006 mm). Our results suggest that rapid
fixation of *7Cs in silty clay loam and loam soils, particularly in upper
soil layers, caused a drastic decrease in transfer factors already during
the first few years after 1986, due to the well-known radionuclide as-
sociation with clay minerals in the soil (Shenber and Eriksson, 1993;
Delvaux et al., 2001). '¥7Cs fixation is generally less effective in organic
(peat) and sandy soils, where the vertical migration speed is generally
higher (Rosén et al., 1999). However, the correlation between transfer
factor and the clay and fine-silt content of the soil only accounted for a
small portion, up to 18%, of the total variability, and Fig. 2 shows that
there was considerable variation between our fields. Similarly, Nisbet
and Woodman (2000) found that transfer factors for *’Cs cannot be
reliably predicted based on soil characteristics when analysing a large
dataset.

The nanomolar, or less, concentration of '*’Cs * added to soils as a
consequence of the Chornobyl accident (Hird et al., 1996) was too low to
induce, in itself, fixation due to interlayer collapse in clay minerals (de
Koning and Comans, 2004). Fixation was more likely to occur because
the coverage with K*, or NHZ, exceeded a critical value (Sparks and
Huang, 1985). It could be suspected, then, that soils with ample
exchangeable potassium were prone to retain '3’Cs more firmly. How-
ever, our data on '*’Cs transfer to crops do not show any simple rela-
tionship with exchangeable potassium. A similar lack of a rational
pattern was observed after forming different ratios of exchangeable
potassium and clay content etc. This suggests that 13’Cs availability was
controlled by temporal changes in potassium status that were not
captured by the measurements of exchangeable potassium performed on
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single occasions.

By contrast, soil pH had a negative correlation (r = —0.54) with
transfer factors, explaining approximately 30% of the total variability. It
is well known that fixation of potassium in clay minerals is hampered by
a low pH in the soil, due to competition with H30™ ions on exchange
sites and to formation of Al-hydroxy polycations that inhibit 2:1-layer
collapse and thereby fixation by clay minerals (Sparks and Huang,
1985). Similar effects can be expected on the fixation of Cs™ ions. Our
results are in agreement with the findings of Schuller et al. (1988), who
found that approximately 67% of the variance of transfer factors was
explained by soil pH, while other soil parameters contributed only a few
percent to the variance.

According to our data, transfer factors generally declined more
slowly in the peat soils (Fig. 2e). However, there was considerable
variation in the final levels across the fields. The transfer factors for the
three fields on peat soil did not fall below 1 x 10~ m? kg ™! throughout
the study period. On two fields, this threshold was achieved within a
span of 3-13 years, whereas one field even exhibited an increase over
time. Shand et al. (1994) found that clay minerals may be present even
in organic soils in sufficient quantity to fix caesium to some extent. The
presence of these minerals would need further study to understand
caesium dynamics in this category of soils. In mineral soils, presence of
organic matter does inhibit Cs fixation by blocking sorption sites for Cs
on clay minerals although the effect may be only moderate (Dumat et al.,
1997; Dumat and Staunton, 1999). In our data, soil organic matter had
no significant effect on the transfer factor. The continued increase in
transfer factors in some fields on peat soils over time may be attributed
to the gradual mineralization of plant residues contaminated by '3’Cs,
which can take years (Moore et al., 2007), and to the low capacity of
organic matter to retain 137¢s (Koarashi et al., 2023). On the other hand,
intensive farming practices, including soil ploughing, apparently
reduced the '*7Cs transfer factor in one of the fields on peat soil (Fig. 2e).

The ecological half-life of 13’Cs is a crucial parameter for developing
risk assessment models. Our estimated ecological half-life of 4.5 years
for grass over all fields in the study is considerably shorter than the
physical half-life of 30 years for 13’Cs, and is consistent with previous
findings by Prohl et al. (2006). The half-life varied widely and was not
significantly influenced by soil type. The longest half-lives occurred in
sandy and peaty soils, whereas the more clayey soils appeared more
homogeneous. However, both long and short half-lives are possible on
sandy and peaty soils.

5. Conclusions

After the Chornobyl accident, the transfer of '3”Cs from soil to grass
decreased relatively rapidly in silty clay and loam soils, reaching a
plateau below 1 x 103 m? kg ™! within 3-4 years and remaining stable
for about 20 years. In contrast, peat, sandy loam, and loamy sand soils
exhibited a slower decline of 13’Cs levels in the grass, resulting in me-
dian transfer factor values approximately 2-3 times higher on these
fields compared to the average across all studied soils.

Our study suggests that several factors influence the transfer of *”Cs
from soil to grass. Specifically, we found that pH and clay content in soil
are significant determinants of transfer factors, with pH accounting for
up to 44% and clay content accounting for up to 18% of the total
variability.

In contrast, no relationship was observed between transfer factors
and exchangeable potassium in the soil. Potassium concentration in
grass was not significantly and negatively correlated with 137Cs activity
concentration.

In silty clays and loams, the transfer factors decreased to a plateau
below 1 x 10~ m? kg ! approximately 3-5 years following the fallout,
whereas in soils with intermediate clay and silt content this process
takes about 12-15 years. In most of peat soils, the transfer factors
remained above 1 x 107> m? kg™! even at the end of the study, that is,
21 years after the incident.
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Growing grass on fields with high deposition density may be safe on
soils with high clay content, as 1*’Cs transfer from soil to grass signifi-
cantly decreases after the year when the fallout occurred.
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