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Abstract

The ECOSYS foodchain model is built into the European standard deci-
sion support systems ARGOS and RODOS, which are integrated in the
preparedness for radiological events in the Nordic countries. However, a
review has revealed that a number of parameters in ECOSYS do not re-
flect the current state-of-the-art knowledge, and do not adequately repre-
sent Nordic conditions. Improved and country/region specific data is re-
quired for ECOSYS to give trustworthy results. It is the aim of the Pard-
Nor activity to collect new data, and thus enable reliable use of ECOSYS
for scenarios involving contamination of Nordic food production areas. In
the reported work period of the PardNor activity, examinations have been
made of the availability in each of the Nordic countries of soil characterisa-
tion data that could be used as a basis for a refined and location-specific
approach for estimation of soil-to-plant transfer of contaminants. Large
national gridded soil type databases were found to be available for most of
the Nordic countries. In addition, for many of these countries, also a num-
ber of more detailed soil parameter values, such as local concentrations of
various exchangeable ions, cation exchange capacity and soil pH are
available on national grids. The feasibility of implementing each of two
detailed crop uptake models in ECOSYS - The CoupModel and the ‘Absa-
lom’ model - was investigated. Both models were found to have serious
constraints in this context, and it was therefore recommended to apply a
simpler soil classification. To this end, a review was made of state-of-the-
art transfer factor data for different soil types, and for the Faeroe Islands,
where gridded information is not available, a different approach was de-
scribed. A preliminary study was also included, on using the Radiocaesium
Interception Potential (RIP) as a transfer parameter, utilising the very low
RIP values caused by the geological conditions in Iceland. Parameters
describing the processes of incorporation and excretion by farm animals of
ingested contaminants were also examined, and new datasets for transfer
parameters and biological half-lives were derived.

Key words

Foodchain modelling, ingestion dose, ECOSYS, transfer factors, radioac-
tive contamination

NKS-210
ISBN 978-87-7893-279-2

Electronic report, January 2010

NKS Secretariat

NKS-776

P.O. Box 49

DK - 4000 Roskilde, Denmark

Phone +45 4677 4045
Fax +45 4677 4046
www.nks.org

e-mail nks@nks.org



The transfer factor for leafy vegetables fluctuated between the years, and that for root
vegetables (carrot), potato and especially cereals decreased gradually after 1986. The
highest values of transfer factors in this study were found on coarse mineral soils. The
transfer factors given in the IAEA 1616 and in this study are of the same order of
magnitude in most plant groups taking into account the different soil group division
and species inside the plant groups.

4.3 Use of IAEA 1616 transfer factors in ECOSYS model

Radionuclide transfer from soil to plants depends on numerous factors, e.g.
physicochemical properties of radionuclides, type of crop, soil properties, crop
management practices (fertilization, irrigation, ploughing, liming), time after fallout.
For *'Cs, the transfer factors to farm crops for high fertility soils are typically two
orders of magnitude lower than for low-fertility soils. In the IAEA 1616 the transfer
factors are reported for different soil types. The use of soil dependant transfer factors
in the ECOSYS model would improve substantially the dose assessments. The IAEA
1616 transfer factor data could give more realistic results than the original transfer
factor data representative for Germany unless national data is available. For
converting the units to those used in the ECOSYS model, the dry matter contents of
different plants are found in the IAEA 1616.
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4.4. Radiocaesium interception potential (RIP) as a basis for soil-to-plant
transfer categorisation

Various soil parameters influence the transfer of radionuclides from soil to plants.
For radiocaesium, the Radiocaesium Interception Potential (RIP) is of special interest,
being an intrinsic soil parameter that can be determined in standardized experimental
conditions (Cremers et al., 1988).

In a recent paper, Vandebroek et al. (2009) presented results from an analysis of 88
samples of soils from all over the globe. The RIP (umol -g™") can be defined as:

RIP = K -[FES] = KE% - [K*]
where [FES] is the capacity of Frayed Edge Sites with high adsorption selectivity for
Cs', K¢ is the ¥7cs-K selectivity coefficient on these sites, EE% is the "'Cs solid —
liquid distribution coefficient and [K '] is the concentration of K in solution.

The spread of values within the main soil groups can be seen in Figure 4.1 below.
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Fig.4.1. Confidence interval and optima of RIP [umol - g '] for major reference soil
groups (from Vandebroek et al., 2009).
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According to these results, classification according to soil groups is clearly not good
for predicting RIP values. There are however 3 soil groups which gave results that
are significantly lower than the others, the Andosols, Ferralsols and the Podzols. As
explained in section 2.6 of this report, Iceland is unique in Europe with Andosols
being the dominating agricultal soil types. It was thus concluded within PardNor that
it would be worthwhile to investigate if measurements would confirm the RIP values
in Iceland to be (very) low and then if this was thus reflected in a high transfer of
radiocaesium from soil to plants and foodstuffs.

Previous investigations have indicated low retention of Cs in Icelandic soils. A
preliminary study was undertaken in cooperation with Brenda J. Howard (Centre for
Ecology and Hydrology) and Miquel Vidal (University of Barcelona). Soil samples
were collected from the main agricultural region in the south, another region in the
west and two regions in the north (Eyjafjorour and Skagafjordur). First RIP results
were in a similar range 20 — 1800 as those reported for Andosols by Vandebroek et al.
(2009) and T, values for milk have been found to be of the order 10° m* kg”'. In the
next step more samples were collected in the 4 regions and these were analysed this
year by Miquel Vidal for RIP and more parameters that could help to explain
observed differences in transfer coefficients from soil-to-milk (T, values).

The RIP alone should not be expected to explain variability in T,, values (Vidal,

2009). The solid-liquid distribution coefficient, Ef%, (along with the estimation of
sorption reversibility) is the key parameter governing the radionuclide mobility from
soils to other (environmental) compartments and as explained earlier, the RIP is a
product of this parameter and the concentration of K in the solution. The results so
far have low RIP values as expected by the geological conditions described in Section
2.6. But the results have so far not shown a clear relationship between T,, and RIP or
the Kp. The study will be continued in 2010, with the aim to explain better the role of
RIP and other soil parameters and classifications in creating variability in transfer
coefficients, such as T, values.
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5. Transfer of *'Cs in Faroese terrestrial environment 1990-
2005

5.1. Introduction

As mentioned in Section 2.4, gridded soil characterisation data does not exist for the
Faroe Islands, which could enable application of soil-type-specific transfer factors, as
reported in Chapter 4, on an ARGOS square grid. Nevertheless, relevant soil data
exists for given localities, and an effort has been made over many years to determine
location-specific transfer parameters for radiocaesium.

Activity concentration of *’Cs in soil, mixed grass and lamb meat has been monitored
in semi-natural pastures in the Faroe Islands since 1990 (see Figure 5.1). The
monitoring is motivated by the fact that lamb meat is an important food component
for the local people.

The report presents results for the years 1990-2005. Aggregated transfer factors and
concentration ratios in the lamb food chain have been calculated. Observed
concentration ratios are compared to values in the international literature and to values
in the ECOSY'S model used by the NKS PARDNOR working group.
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Fig. 5.1. Map of the Faroe Islands _ T
showing selected sites for the study **™**
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Table 5.1. GPS stations used since August 2004 (for Hvalvik though since August

2006).
GPS nr Pasture Sample plot Height Latitude Longitude
name 0.25 m* m a.s.l (N) (W)

8 Skali A 41 62°08.823"  006°46.434'
9 Skali B 45 62°08.835"  006°46.465'
11 Skali C 61 62°08.795"  006°46.450'
14 Skali D 52 62°08.808'  006°46.434'
15 Velbastadur A 156 62°00.113"  006°53.506'
16 Velbastadur B 179 62°00.124"  006°53.501"
17 Velbastadur C 179 62°00.116'  006°53.536'
18 Velbastadur D 175 62°00.100"  006°53.574'
20 Sandur A 304 61°53.052"  006°50.693'
21 Sandur B 302 61°53.059"  006°50.720'
22 Sandur C 302 61°53.075"  006°50.710'
23 Sandur D 301 61°53.083"  006°50.763'
24 Nordoyri A 167 62°11.629"  006°30.985'
25 Nordoyri B 168 62°11.576'  006°30.934'
26 Nordoyri C 163 62°11.569"  006°30.940'
27 Nordoyri D 159 62°11.584"  006°30.961'
30 Hvalvik A (102 ??) 62°11.959'  007°04.858'
31 Hvalvik B 50 62°11.899"  007°04.836'
32 Hvalvik C 55 62°11.892"  007°04.879'
33 Hvalvik D 55 62°11.870'  007°04.908'

5.2. Materials and methods

Soil, grass and lamb meat have been sampled in semi-natural pastures since 1990. The
selected sampling sites are shown in Figure 5.1. Soil and grass were sampled in late
July and early August, while lamb meat (neck muscle) was collected at the time of
slaughter in October when the lambs were about 6 months old.

Four plots with the width of 0.25 m* were used for grass and soil sampling in each
pasture. Three soil cores, 5.7 cm in diameter and 10 cm in depth, were collected from
each plot. GPS positions have been attached to some of the sampling stations (Table
5.1).

Soil characteristics are presented in Table 5.2. The low pH and high loss on ignition
are conditions that favour high uptake of radiocesium.
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Table 5.2. Soil characteristics for the top 10 cm soil layer. Average for the eight years 1990-97 + 1 SE. (Adapted from Joensen, 1999)

Bour Velbastad Hvalvik Skali Funnings- Nordoyri Sandur Hvalba Sumba
fjordur
pH 49+0.05 5.1+0.11 48+0.09 49+0.06 48+0.07 47+0.10 4.8+0.11 51+£0.07 4.9+0.07
K, mg/100g 63.2+80  60.0+6.3 514+74  67.8+8.6 455+6.0 643+59  56.5+5.0 772+8.0 65.8+6.8
Na, mg/100g 393+4.0 39.8+43 31.3+5.1 342+42  319+34  438+49  395+2.8 108.7+15.6 585+5.9
Loss on ignition, % 52+4.1 30+ 3.1 67+3.8 56+3.6 51+3.1 67+4.0 52+4.4 63+2.7 56+5.2
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The main pathway of BCs to the terrestrial environment is by precipitation.
Precipitation data are available near some of the selected sites (Table 5.3). There is a
factor of nearly 4 between the lowest and highest precipitation rate in Table 5.3.

The geographic variability in the soil parameters and the precipitation rate (Tables 5.2
and 5.3) imply variation of the '*’Cs activity concentration of in soil, mixed grass and
lamb meat (Figures 5.2-5.4).

Table 5.3. Precipitation rate in mm per year. (Ref: Cappelen and Laursen, 1998).

Bour Hvalvik Nordoyri Sandur Sumba
(1988-97) (1988-97) (1961-90) (1961-90) (1961-90)
1555 3261 2710 1193 884

¥7Cs concentration in soil, Bq/m?
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Bour Velbastad Hvalvik  Skali ‘Funnings-‘ Nordoyri " Sandur Hvalba  Sumba
fjgrour

Fig. 5.2. ¥'Cs (Bg/m®) in upper 10cm soil since 1990. Annual average + 1 SE. The
first data for Hvalba are from 1991.
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Fig. 5.3. "’Cs (Bq/kg dw) in mixed grass since 1990. Annual average + 1 SE.
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37Cs concentration in lamb meat, Bg/kg ww
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Fig. 5.4. *'Cs (Bq/kg ww) in lamb meat since 1990. Annual average + 1 SE.

5.3. Behaviour of **’Cs in the food chain of lamb

The "*'Cs activity in soil, mixed grass and lamb meat has decreased at most sites from
1990 to 2005, although not monotonically (Figures 5.2-5.4). The highest values
occurred at the site with the highest precipitation rate, Hvalvik (Table 5.3).

The effective ecological half-life of *’Cs could in some cases be estimated by a one-
component exponential decay function (Table 5.4), with the ranges 11.4-21.7 years
for deposition (3 sites), 3.6-16.5 years for grass (6 sites) and 5.1-9.9 for lamb meat (2
sites).

Table 5.4. Effective ecological half-life in years, based on measurements 1990-2005. All
time series do, however, not cover the same time period. Numbers in brackets represent
R’ from a linear regression between time and natural logarithm of "*’Cs concentration in
the samples. No estimates are given when R*<0.300.

Bour Velbastad  Hvalvik  Skali Nordoyri Sandur Hvalba  Sumba

Grass - 8.1 12.8 16.5 7.8 5.0 - 3.6
Bg/kg (0.027) (0.329) (0.437)  (0.357) (0.302) (0.384) (0.005) (0.667)
dw

Meat 5.1 - - - - - 9.9 -
Bg/kg (0.668) (0.194) (0.162)  (0.148) (0.295)  (0.202) (0.781)  (0.069)
WW

Soil 114 21.7 13.9 - - - - -
Bg/m®> (0.528)  (0.462)  (0.636) (0.005) (0.044)  (0.015) (0.253) (0.035)
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5.4. Aggregated transfer factors and concentration ratios for **'Cs

Soil-to-grass and soil-to-meat T,g’s are presented in Figures 5.5 and 5.6, respectively.
Soil-to-grass and grass-to-meat concentration ratios, CR, are presented in Figures 5.7
and 5.8, respectively.

The soil-to-grass T,,’s and CR’s are calculated for every 0.25 m” sampling plot. The
Ta’s for soil-to-meat transfer are calculated as the ratio between activity
concentration in the single lamb meat samples and the average activity deposition in
soil at the particular pasture. The CR’s for grass-to-meat transfer are similarly
calculated as ratio between activity concentration in the single lamb meat samples and
the average activity concentration in grass at the particular pasture.

At most sites, there is no clear trend with time in the observed transfer parameters.
There is a significant variation in the values within and between sites.

The highest soil-to-grass and soil-to-meat transfer parameters were generally observed
in Hvalvik, while the lowest values occurred in Hvalba (Figures 5.5 - 5.7). This may
partly be related to the soil characteristics at the two sites (Table 5.2). The observed
pH and K-content are higher in Hvalba than in Hvalvik.

7Cs soil-to-grass T,, value, m?/kg dw
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Bour Velbastad Hvalvik Skali Funnings- Nordoyri Sandur  Hvalba  Sumba
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Fig. 5.5. Soil-to-grass transfer factor of *’Cs (m”/kg dw). Annual average and ranges
since 1990. The first data for Hvalba are from 1991.
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Fig. 5.6. Soil-to-meat aggregated transfer factor of *’Cs (m”*/kg ww). Annual average
and ranges since 1990. The first data for Hvalba are from 1991.
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Fig. 5.7. Grass/soil concentration ratio for '*’Cs. Annual average and ranges since
1990. The first data for Hvalba are from 1991.
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Fig. 5.8. Meat/grass concentration ratio for '*’Cs. Annual average and ranges since
1990. The first data for Hvalba are from 1991.

Soil-to-grass annual average T, values were below 0.02 m?/kg dw in most cases,
although the annual averages vary by more than an order of magnitude across the
country. The highest value observed for a 0.25 m” plot was 0.15 m*kg dw, and the
lowest was 0.510° m*/kg dw.

Soil-to-meat annual average T,, values were generally below 0.4107 m%*/kg dw. The
highest annual average was 1.3°10 m*/kg dw.

The grass/soil annual average concentration ratio was typically below 0.4, although
values above 1.0 were observed as well. The highest value observed for a 0.25 m? plot
was 1.9, and the lowest was 0.710.

The meat/grass concentration ratios were generally below 0.5. The site Sandur and
partly Nordoyri, however, are outliers in the context, as the values were generally
above 0.6. The high values may express that the grass samples don’t represent the
food selected by the lambs used for meat sampling.

5.5. Parameter review

Howard et.al. (2009) present transfer coefficients for radiocesium to sheep meat. The
estimates of the transfer coefficients are presented as measured fresh weight activity
concentration in meat divided by the daily intake of radionuclide. An extensive part of
the compilation by Howard et.al. (2009) derives from Russian language literature.
The (arithmetic) mean + 1 SD was 0.27+0.26 d kg"'. They also report a geometric
mean + 1 GSD of 0.19+2.2 d kg'. The range was 5.3107 — 1.3 d kg". These
parameter values are also reported in IAEA (2009).

Howard et.al. (2009) use 1.5 kg d”' as estimate for daily intake of dry matter for sheep.
Multiplying the reported transfer coefficients by 1.5 kg d' gives the following
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estimates for, respectively, geometric means and arithmetic means of the
concentration ratios, CR’s: 0.29+3.3 and 0.41+0.39, and the range 8.0107%-2.0.

The estimate of daily intake is clearly a source of uncertainty when estimating transfer
coefficients, especially in the case of monitoring or field studies. The new IAEA
(2009) report recommends the daily intake of dry matter to be 1.22 kg d' for adult
sheep and 1.0 kg d”' for lamb. This reduces the CR’s for sheep meat by around 20% as
compared to the values referred to above. The geometric means and arithmetic means
of the CR’s as derived from Howard et.al. (2009) then become 0.23+2.7 and
0.33+0.32, respectively, and the range becomes 6.5107— 1.6.

Fesenko et.al. (2009) have reviewed more than 150 publications in the former USSR
on transfer of radionuclides to animal muscle. They use the same definition of the
transfer coefficient as Howard et.al. (2009). The publications reviewed by Fesenko
etal. (2009) cover experiments using chronic administration of intake of
radionuclides. The reported transfer coefficients were generally considered to
correspond to activity concentration in meat closest to equilibrium. Fesenko et al.
(2009) operate with threshold ages for animals, as the transfer of radionuclides
depends on the age of the animals. For sheep, adults are considered to be older than 6
months while lambs are considered to be up to 6 months of age. Typical slaughter age
for lamb in former USSR was reported to be 3-6 months, and above 12 months for
sheep. The mean transfer coefficients in the compiled study were in the range 0.13 —
0.15 d kg™ and 0.27 — 0.51 d kg™ for, respectively, sheep muscle and lamb muscle.
Using 1.22 kg d' and 1.0 kg d”' (IAEA,1994) for the daily dry matter intake by sheep
and lamb, respectively, gives the CR mean value ranges 0.16 — 0.18 for sheep and
0.27 —0.51 for lamb.

Smith et.al. (2005) report transfer coefficients and concentration ratios regarding
sheep meat and lamb meat. They use a daily dry matter intake of 1.3 kg d”" and 1.1 kg
d! for, respectively, sheep and lamb. The transfer coefficients for meat was 5.8'107 d
kg' and 049 d kg' for, respectively, sheep and lamb. The corresponding
concentration ratios were 0.075 and 0.54 for, respectively, sheep and lamb. The
transfer coefficients and CR’s for lamb was thus almost an order of magnitude higher
than for adult sheep.

Estimates of transfer parameters in the ECOSYS model (Miiller and Prohl, 1993) is
currently considered by the NKS PARDNOR project group. ECOSYS is essentially
the food chain module in the European state-of-the-art decision support systems
ARGOS and RODOS, used by e.g. some of the Nordic countries. Knowledge of
Nordic transfer parameters have still to be implemented in the ECOSY'S model, as the
default model parameters refer to environmental conditions of Southern Germany.

The ECOSYS model operates with an equilibrium fodder-to-lamb meat transfer
“factor” of 0.5 d kg'1 for *’Cs under equilibrium conditions (Miiller and Prohl, 1993;
Miiller and Prohl, Ecosys for Excel).

Miiller and Prohl (1993) define the transfer factor for soil-to-plants as the ratio
between activity concentration in plant (fresh weight) and soil (dry weight). They use
a default soil-to-grass transfer factor of 5107 and 1.0 for, respectively, intensive and
extensive grass in the ECOSYS model. Using 20% as an estimate of dry matter
content in fresh grass leads to a corresponding CR equal to 0.25 and 5.0 as defaults in
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the ECOSYS model (ratio between activity concentration in grass (dry weight) and
soil (dry weight)).

5.6. Discussion

Ward and Johnson (1965) invented a diet-to-muscle transfer coefficient for *’Cs as
the ratio of the '*’Cs activity concentration in boneless meat to the dietary daily intake
of 1*’Cs. Radionuclide transfer in the ecosystem has since then been described in this
way. It has, however, been demonstrated in the literature that many factors affect
transfer coefficients, e.g. animal age, dry matter intake and dietary source (Howard
et.al., 2001).

In later literature, the aggregated transfer factor (T,z) has been widely used.

The best way of estimating transfer of radionuclides in ecosystems is a matter of
discussion, and may depend on the particular circumstances. For field studies and
monitoring, Beresford et.al. (2007) conclude that the concentration ratio (CR) is a
robust and potentially generic parameter.

Transfer of *’Cs has been presented both as T,e’s and CR’s in the current field study
in the Faroe Islands. The observed CR values for grass-to-lamb meat are generally
comparable to values found in the literature, although larger values are observed in
some cases in the study. The value of 0.5 d kg used as default for the transfer factor
in the ECOSY'S model tends, however, to be relatively high for the Faroe Islands.

The observed CR’s for soil-to-grass transfer of *’Cs vary significantly across the
Faroe Islands, documenting the need for adjusting the default value when the
ECOSYS model is used locally. The grass samples in the study correspond to
“extensive grass” in the ECOSYS model, but the observed CR’s are significantly
lower than the corresponding default ECOSYS value. The adjustments of the
ECOSYS parameters need to be related to local soil characteristics.

References:

Beresford, N.A., Mayes, R.W., Barnett, C.L., Howard, B.J.: The transfer of
radiocaesium to ewes through a breeding cycle e an illustration of the pitfalls of the
transfer coefficient. Journal of Environmental Radioactivity 98 (2007) 24-35

Cappelen, J. and Laursen, E.V. (1998): The Climate of the Faroe Islands — with
Climatological Standard Normals, 1961-1990. Technical Report 98-14, Danish
Meteorological Institute.

Fesenko, S., Isamov, N., Howard, B. J., Beresford, N.A., Barnett, C.L. Sanzharova,
N., Voigt, G.: Review of Russian language studies on radionuclide behaviour in
agricultural animals: 3.Transfer to muscle. Journal of Environmental Radioactivity
100 (2009) 215-231.

Howard, B.J., Beresford, N.A., 2001: Advances in animal radioecology. In:
Radioactive Pollutants: Impact on the Environment and Humans. Proceedings of

35



International Symposium in Aix-en-Provence, France, 3.7t September 2001. EDP
Science, Les Ulis, pp. 187-207.

Howard, B.J., Beresford, N.A., Barnett, C.L., Fesenko, S.: Radionuclide transfer to
animal products Revised recommeded transfer coefficient values. Journal of
Environmental Radioactivity 100 (2009) 263-273.

IAEA, 2009. Quantification of radionuclide transfer in terrestrial and freshwater
environments for radiological assessments, JAEA TECDOC-1616. International
Atomic Energy Agency, Vienna, Austria, ISBN 978-92-0-104509-6.

IAEA, 1994. Handbook of parameter values for the prediction of radionuclide transfer
in temperate environments. IAEA Technical Reports Series No. 364. International
Atomic Energy Agency, Vienna.

Joensen, H.P.: Long-Term Variation of Radiocaesium in the Foodchain of Lamb in
the Faroe Islands. Journal of Environmental Radioactivity 46 (1999), pp 345-360.

Miiller, H., Prohl, G. (1993). ECOSYS-87: a dynamic model for assessing
radiological consequences of nuclear accidents. Health Physics 64(3), pp. 232-252.

Miiller, H. and Prohl, G.: ECOSYS for Excel. A radioecological model for assessing
contamination of foodstuffs and radiation exposure following a release of
radionuclides. ConRad Consulting in Radioecology.

Smith, J., Beresford, N.A., Shaw, G.G., Moberg, L., 2005. Radioactivity in Terrestrial
Ecosystems. In: Smith, J.T., Beresford, N.A. (Eds.), Chernobyl - Catastrophe and
Consequences. Springer/Praxis Publishing, Chichester, pp. 81-137.

Ward, G.M., Johnson, J.E., 1965. The caesium-137 content of beef from dairy and
feed lot cattle. Health Physics 11, 95-100.

36



6. Incorporation and excretion by animals of ingested
contaminants

This chapter gives an account of an investigation to improve the quality of the factors
applied in ECOSYS in describing animal metabolism functions (biological half-lives
and transfer parameters), also here taking into account the newest data.

In the ECOSYS model, both the biological half-lives and the rate of transfer from feed
to animal products are included as parameters when estimating the dose. Several
parameters may be used to describe the transfer from feed to animal products. In the
ECOSYS model, the transfer coefficient is used.

6.1. Biological half-lives

The biological half-life is defined as the time required in nature for the activity
concentration of a given radionuclide in an animal tissue or milk to decline to half of
its initial value, excluding physical decay. As noted by Miiller & Prohl (1993), the
foundation for the original ECOSYS parameterisation of biological half-lives was
very thin, reflecting the lack of specific data in the late 1980°s. A total of only eight
publications were used in the parameterisation of both biological half-lives and feed-
animal product transfer factors, and only a couple of these even mention biological
half-lives. The values that were reported here only occasionally seem to reflect actual
practical investigations. Even today, although the past two decades have helped
considerably in addressing this lack, the reported measured values constitute only a
sparse background for parameterisation, and by far the majority of the experiments
have been targeted exclusively on radiocaesium (Table 6.1).

As can be seen from the figures in the table, biological half-lives in milk are very
short compared to those in the corresponding animal meat. Generally, biological half-
lives of Cs, I and Sr in cow milk and goat milk have on the basis of practical work
been estimated to be between 0.4 and 3.5 days (Sirotkin et al., 1969; Fabbri et al.,
1994; Howard et al., 1993).
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Table 6.1. Recorded biological half-lives of radiocaesium in animal products

Half-life References
Milk
Cow milk 3.5d Hansen and Andersson, 1994
1.1d Lettner et al., 2007
1.7d Voigt et al., 1989
09-1.0d Fabbri et al., 1994
Goat milk 3d Hansen and Hove, 1990
Meat
Cattle (> 1 year) 20-40d Voigt et al., 1989
Veal (< 1 year) 25-30d Voigt et al., 1989
Sheep (> 6 mo) 9.8d Beresford et al., 1998
35d Assimakopoulos et al., 1993
Lamb (< 6 mo) 21d Hansen and Hove, 1993; Hove et al., 1994;
Hansen et al., 1994
Goat 21d Hansen and Hove, 1990
Roe-deer 10-35d IAEA, 2009
10d Fielitz, 1992
Reindeer 21d Hove et al., 1999
30d Jones et al., 1989
18-33d IAEA, 2009
30d West Valley, 1999
Pig 30-40d Voigt et al., 1989;
30d Andersson et al., 1990
Poultry Legmeat 1.2d Poschl et al., 1997
Breast meat 2.0 d
1.5d Avery et al., 1996
2.2-48d Amaral et al., 1995
2.2-47d Voigt et al., 1993
Game:
Red grouse 11d Moss and Horrill, 1996
Duck 11d Warren et al., 2001

Although most of the sources reporting on a given value in the above table are in
fairly reasonable agreement, there are a few that fall somewhat out and are on the
edge of being conflicting. However, it should be noted that the data that can be
deduced from experiments conducted under different conditions and notably over
different time-spans should not be expected to be in excellent agreement. It has been
claimed that although single values are very often reported for biological half-lives,
two- (or more) component exponential functions are in reality better approaches to
capture the changes with time (Beresford et al., 1996). This is because part of the
contamination is lost rather rapidly through simple turnover, whereas another part of
the contamination is lost at a slower rate largely determined by the radionuclide
dynamics in major storage organs.

Generally, most contaminants are excreted by animals in urine and faeces. The

excretion of contaminants like radiocaesium, that are distributed in muscle tissue,
have been reported to be associated with simple metabolic turnover, whereas for
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instance radiostrontium, that is accumulated in the bones, is released at a rate
reflecting the body content status of the metabolic equivalent, calcium (Beresford et
al., 1996). It has been observed that small animals seem to have a shorter biological
half-life than do larger animals. Coughtrey et al. (1983) derived an empirical
expression for the relationship between animal body weight and biological half-life in
units of days:

T, = a (animal weight [kg])ﬁ,
in which a and B are constants depending on the radionuclide. Table 6.2 shows values

suggested for use in this formula for a range of radionuclides considered by ECOSYS.
The values are derived on the background of (often sparse) measurement data.

Table 6.2. Parameters applicable in the above formula for the animal body weight
and biological half-life relationship.

Contaminant o [d] B References
Ce 352 0.82 DOE (2002)
Cs 52 0.30 Coughtrey et al. (1983)
I 16.7 0.13 Higley et al. (2003)
Pu 1140 0.73 Brown et al. (2003)
Sr 645 0.26 Higley et al. (2003)
Zr 562 0.25 DOE (2002)

If the values for Cs from Table 6.2 are used in the above equation for the biological
half-life, assuming a live weight of a cow of 300 kg, the corresponding biological
half-life is calculated to be 29 days, compared with the 20-40 days found in the
experiment reported in Table 6.1. Similarly, calculated values for other animals can
be compared with those in Table 6.1, and the results are shown in Table 6.3. It seems
that the equation makes a fairly good and overall convincing representation of
biological half-lives for radiocaesium, as body weights can vary considerably, and
also for instance physicochemical forms may play a decisive role. Introducing the
body weight based equation in ECOSYS would have the advantage that variation in
animal species could be taken into account simply by specifying body weight (e.g.,
some types of cows weigh much more than others). Also shown in this table are
values applied in ECOSYS, which are mostly in-line with the new values, but
particularly the ECOSY'S value for chicken is much too high.

It should also be noted that as some radionuclides are primarily incorporated in other
body parts than those that are eaten, the accumulation is not necessarily problematic,
if for instance bone, liver and kidney are discarded. Table 6.4 shows biological half-
lives of some of the radionuclides considered in ECOSYS in various organs/tissues of
sheep (based on Beresford et al., 1998). For comparison, the value for Ce for all
animals in ECOSYS is 4000 days, which is too high, and particularly wrong for small
animals like chickens. Also the ECOSYS value of 1000 days for 90 % of the Ru in all
animals is very far from the measured 42 days.
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Table 6.3. Comparison of biological half-life values for radiocaesium reported in
literature (Table 6.1) and corresponding values calculated from animal body weight.

Animal Body weight Calculated Literature value ECOSYS value
estimate [kg] value [d] [d] [d]

Cow 300 29 20-40 30-50

Goat 30 14 21 -

Pig 100 21 30-40 35

Duck 3 7 11 -

Lamb 20 13 21 20

Chicken 2 6 1.2-4.7 20

Reindeer 100 21 18-33 -

Roedeer 20 13 10-35 20

Table 6.4. Reported measured biological half-lives of various radioactive
contaminants in different tissues of sheep.

Contaminant Organ/Tissue/Product Biological half-life [d]
Ce Bone 2050
Ce Muscle 69 (40 %), 1350 (60 %)
Cs Muscle 9.8

I Milk 1

Pu Liver 135
Ru Kidney 3.9 (56 %), 36 (44 %)
Ru Muscle 42

6.2. Transfer coefficients

Also the coefficients describing the relationship in ECOSYS between
radiocontaminant concentrations in meat or milk and the corresponding daily dietary
intake are based on the very sparse data that was available when this model was
created. For instance where no data was found available to describe the radionuclide
transfer to tissues like veal, pork and lambs meat, the transfer was estimated using the
value for beef and a correction factor taking into account lower body mass, without
given a scientific account of the method. This correction factor was 3 for veal, 5 for
pork and 10 for lamb. As also mentioned by Miiller & Prohl (1993) in the ECOSYS
description, the parameterisation for many of the radionuclides was based on very
little measured data, and a number of not too well founded assumptions were
necessitated at the time.

The transfer coefficient is described as the ratio at equilibrium between the
contaminant activity concentration in milk or meat and the daily dietary contaminant
intake (Ward et al. 1965). The unit for the transfer coefficient is for milk: Fm, d 1" or
d kg™, and for meat: Ff, d kg™

To estimate transfer coefficients, the dietary composition of the animal must be
quantified. For agricultural animals this varies according to feeding strategies (e.g.,
whether animals are indoors or grazing), maintenance requirements, agricultural
practices and dietary composition and characteristics such as dry matter digestibility.
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Typical dietary constituents for agricultural animals vary between and within
countries, and with season. The relative proportion of grass, grain and other dietary
constituents is important in determining radionuclide intake by agricultural animals,
since grassy vegetation tends to be more highly contaminated. It is therefore most
appropriate to consult data from animal nutrition reviews relevant to the region and
farming system being considered to derive dietary intake information (IAEA 2009).

Table 6.5 shows an overview of measured transfer coefficients for contaminants
considered in ECOSYSS to various types of animal food products. The values are here
compared with the original values in the ECOSYS system, and discrepancies by more
than a factor of respectively 2 and 5 are highlighted by different shading codes. The
shown values based on measurements are geometric means, and the numbers in
brackets reflect the number of underlying studies. The measured values originate
from the above-mentioned comprehensive new IAEA handbook study, in which
several PardNor experts participate (IAEA, 2009; Howard et al., 2009). As can be
seen, there are rather many significant discrepancies, also for the contaminants
traditionally perceived as being of greatest importance in connection with airborne
contamination of agricultural areas following a large nuclear power plant accident
(e.g., Cs, Sr, I, Ru).

Table 6.5. Estimated values of transfer coefficients based on the new ITAEA handbook
review (geometric means with number of studies in brackets), compared with
ECOSYS defaults.

Goat’s Cow’s Beef, Veal, Pork, Lamb, Poultry, Eggs,
milk, d/1 milk, d/l d/kg d/kg d/kg d/kg d/kg d/kg
Ba IAEA | LIE2()  16E4(15)  14E-4(2) - - 1.9E2(2) 8.7E-1(1)
ECO. 5.0E-3 5.0E-4 2.0E-4 6.0E-4 1.0E-3 2E-3 2.0E-2 9.0E-1
Cs IAEA  12E1(28) 46E3(288) 22E-2(58) 40E-1% 20E-122)  19E-1(A1)  2.7E0(13)  4.0E-1(11)
ECO. 6.0E-2 3.0E-3 2.0E-2 3.5E-1 4.0E-1 5.0E-1 4.5E0 3.0E-1
Ce IAEA | 40E5(D) 2.0E-5(6) - - 2.5E-4(1) . 3.1E-3(1)
ECO. 2.0E-4 2.0E-5 8.0E-4 2.0E-3 4.0E-3 8.0E-3 2.0E-2 5.0E-3
I IAEA  22E-124) 54E-3(104) | 6783 () 41E2(2) 3.0E-2(1) 8.7E-3(3) 2.4E0(4)
ECO. SE-1 3.0E-3 1.0E-3 3.0E-3 3.0E-3 2.0E-2 1E-1 2.8E0
Mn IAEA  LOE3(D) 4.1E-5(4) 6.0E-4(2) 53E-3(1) 9.0E-3(1) 1.9E-3(2) 42E2(3)
ECO. 1.0E-3 1.0E-4 5.0E-4 2.0E-3 4.0E-3 5.0E-3 5.0E-2 7.0E-2
Mo IAEA  82E3(4) 1.1E-3(7) 1.0E-3(1) - R 1.8E-1(1) 6AE-1(3)
ECO. 1.0E-2 1.0E-3 1.0E-3 3.0E-3 3.0E-3 1.0E-2 1.0E0 1.0E0
Nb IAEA  64E6() 41E-7(1) 2.6E-7(1) - R 3.0E-4(1) 1.0E-3(1)
ECO. 6.0E-6 4.0E-7 3.0E-7 1.0E-6 2.0E-6 3.0E-6 3.0E-4 1.0E-3
Pu IAEA - 1.0E-5(1) 6.0E-5(5) - 53E-5(2) - 12E-3(2)
ECO. 4.0E-4 6.0E-5 11E-6 2.0E-4 3.0E-4 7.0E-4 2.0E-4 7.0E-3
Ru IAEA - 9.4E-6(6) 3.7E-3(3) 3.0E-3(1) 2.1E-3Q2) . 4.0E-3(1)
ECO. 1.0E-3 1.0E-4 33E-3 2.0E-3 5.0E-3 1E-2 7.0E-3 6.0E-3
Sy IAEA  16E2QD)  13E3(154)  13E3(3) 25E-3(12) | 1.5E-3(25)  2.0E-2(7) 49E-1(9)
ECO. 1.4E-2 2.0E-3 3.0E-4 2.0E-3 2.0E-3 3.0E-3 4.0E-2 2.0E-1
Te IAEA  44E3(D)  34E4(1)  7.0E-3() - - 6.0E-1(1) 5.1E0(1)
ECO. 4.0E-3 5.0E-4 7.0E-3 2.0E-2 3.0E-2 7.0E-2 6.0E-1 5.0E0
7n  IAEA | 6A4E2(1) 2.7E-3(8) 1.6E-1(6) 17E-1(2) 45E-2(6) 47E-1(3) 14E0(4)
ECO. 3.0E-2 3.0E-3 2.0E-2 6.0E-2 1.0E-1 2.0E-1 6.5E0 2.5E0
7r IAEA  5.5E6(1) 3.6E-6(6) 1.2E-6(1) - R 6.0E-5(1) 2.0E-4(1)
ECO. 6.0E-6 6.0E-7 1.0E-6 3.0E-6 5.0E-6 1.0E-5 6.0E-5 2.0E-4

* Value taken from Voigt et al., 1989

I:l At least a factor of 2 off I:l At least a factor of 5 off
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Animal products harvested from free ranging animals (roedeer, game) or semi
domesticated animals (reindeer) may have a more pronounced effect of seasonality in
the radiocaesium activity concentration than completely domesticated animals. The
increased effect of seasonality in free ranging animals is likely due to (Fielitz et al
2009):

e Changed availability of major feed components over the year. For example
reindeer that mainly feed on lichen during the winter and on pasture during the
summer.

e Changed availability of fungi during the summer period. Both roedeer,
reindeer and wild boar are known to select fungi when available.

Because wild and free ranging animals utilize large areas and have a variable diet it is

more appropriate to describe the transfer from feed to meat using the aggregated
transfer T,, (Table 6.6).

Table 6.6. Aggregated transfer factors for wild or free ranging animals

Mean Range (m” kg™) Ref
Roedeer 2.0 10~ — 5.0 10™ (January-June) Fielitz et al 2009
2.0 107 = 8.0 10?2 (July - Dec)
Reindeer 0.78-0.84 Chernobyl fallout Jan - Ahman et al 2001
April

0.15 -0.36 weapons fallout Jan -April
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7. Summary and conclusions

This year’s work on the PardNor activity was targeted on the following investigations:

(i) Revision of ECOSYS soil-to-plant contaminant transfer factors and
characterisation in relation to soil type classification.

(i) Revision of ECOSYS parameters for description of animal metabolism (uptake and
excretion of contaminants)

An overall objective was to enable integration of state-of-the-art knowledge and data
in the ECOSYS model, which was parameterised about 20 years ago.

A clear weakness of the current ECOSYS crop uptake model is that soil type is not
properly taken into account. Differences in soil type might imply large differences in
crop contaminant uptake. Transfer factors thus need to be incorporated for different
crops, radionuclides and soil types. The transfer factors could either be specified for a
limited number of distinct Nordic soil types (e.g., 4, as outlined in the ARGOS
database editor), or by entering a formula for transfer factor as a function of soil
parameters.

To investigate the feasibility of classifying Nordic soils according to a number of
distinct soil types, an examination was made of the availability in each of the Nordic
countries of gridded data that could facilitate simple classification (Chapter 2). The
classification would need to be made according to soil types for which transfer
parameter data was available. For many of the Nordic countries, a soil classification
had been made, on the basis of textural analysis of soil samples on a detailed grid.
National grids have different resolution. For instance, in Finland, the sampling
density is ca. 59 samples per 1000 hectares, whereas the grid with highest resolution
in Denmark has about 14 samples per 1000 hectares, and in Sweden, some 3100
samples have been taken randomly over the entire country. For the Faroes, soil data is
only available for a limited number of localities.
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The alternative option, to describe transfer factors by a mathematical expression or
complex model, taking into account various soil parameters, was investigated and
reported in Chapter 3. This would require information on at least key data like pH,
exchangeable cation content and capacity, as well as organic content. Such data was
found to be available at different resolution in different countries, from various
national databases. The applicability and potential for integration in ECOSY'S of two
different models, the CoupModel and the Absalom model, was examined. The
CoupModel was found to have the useful feature that it can take into account plant
dynamics, carbon and nitrogen turnover, and heat and water characteristics in the
given area. However, this model is highly complex, and its integration and validation
in the ECOSYS, ARGOS or RODOS system would be a highly demanding task,
which might well still not lead to a very suitable model, due to insufficient local
characterisation and data availability. Here, the alternative Absalom model might be
more useful, as it requires only data that is available on high resolution in most Nordic
countries, and is comparatively easier to overview. However, since the model is only
applicable in its current form for calculation of caesium uptake, and does not cover
the range of crops of relevance to ECOSYS and the decision support systems in which
ECOSYS is integrated, the Absalom Model is not well suited for integration either.

The activity work group therefore recommends that future versions of ECOSY'S make
use of a soil type distinction in four or five categories, for which reliable measured
transfer data is available. As illustrated in Chapter 4, which gives a new and updated
account of soil-to-plant transfer factor data, distinction could conveniently be made
between sand, loam, clay and organic soils. The data tables in this chapter are
concentrated on transfer of radiocaesium, but a new (and as yet unpublished) review
in which several members of the PardNor activity group are involved, gives a
sufficient background for re-parameterisation with up-to-date data of all radionuclides
considered in ECOSYS. As Table 4.1 clearly shows, the distinguishing between data
for different soil types will make a highly important improvement of the ECOSYS
model, as transfer factors for the same radionuclide and crop sometimes vary by more
than an order of magnitude according to soil type. A preliminary study was carried
out in Iceland to investigate to what degree the Radiocaesium Interception Potential
(RIP) could be used as a basis for soil-to-plant transfer categorisation. The special
geological conditions in Iceland described in Section 2 means that the expected values
of RIP should be low. This was confirmed by measurements, but variability in the
measured RIP values did not show a clear correlation with e.g. measured T, values
for milk.

Chapter 5 gives an account of the transfer of radiocaesium in the Faroese terrestrial
environment over a 15 years long period. Of particular concern in this country, where
most types of food are imported, is the lamb meat uptake chain. The concentration
ratios found for the grass-to-meat transfer are high compared with those currently
applied by default in the ECOSYS model. Also this study underlines the necessity of
relating ECOSYS transfer parameters to local soil characteristics, as grass uptake is
very different in different soil areas.

Chapter 6 gives an account of recent values for animal metabolism parameters. The
background for describing these in the original ECOSYS model was very sparse, but
since then, a number of new investigations have shed light on these matters.
Although the focus is, particularly for biological half-lives, also in these new
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investigations on radiocaesium, also values for other radionuclides are included in this
review. A simple empirical formula for describing the biological half-life of any
animal as a function of its body weight was tested against measurement data and
deemed quite suitable. Transfer coefficients (incorporation in animals of ingested
contamination) were described on the basis of new data, and the new values were
compared with the original ECOSYS default parameters. In many cases, these
deviated by more than a factor of 5, and in some cases even by more than an order of
magnitude.
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