DRAFT SUMMARY OF THE CO-ORDINATED RESEARCH PROGRAMME
Classification of Soil Systems based on Transfer Factors of Radionuclidesfrom Soil to Reference
Plants

1INTRODUCTION

The IAEA, through the Division of Radiation and Waste Safety and the Joint FAO/IAEA Division,
together with the IUR, conducted a CRP, “Radionuclide transfer from air, soil and fresh water to the
food chain of man in tropica and sub-tropical environments’ which ended in June 1997. This
produced a set of values for key transfer parameters of radionuclides between the various components
of tropical and sub-tropica ecosystems that can be used in dose assessment models. It concentrated on
what are considered as the key parameters in assessment models; radionuclide transfer from soil to
plant and from freshwater to fish.

A data bank was developed of transfer factors for radionuclides, principally **’Cs and *Sr, from soil to
ceredls, fodder crops including grass, legumes, root crops, green vegetables, and plantation crops.
Account was taken of soil properties, nature of the contamination (artificial, weapons testing fallout,
Chernobyl fallout and so on) and the type of experiment (field, pot or lysimeter) that generated the
values.

For soil to plant transfer the following conclusions were drawn:-

i) there are no systematic differences between soil-to-plant transfer factors in temperate, subtropical
and tropical environments.

ii) the effect on transfer of &) soil pH, b) nutrient status of the soil and c) time elapsed since the soil
was contaminated with radionuclides, is generally independent of the climatic zone.

iii) there exist, however, ecosystems with arelatively high or low uptake ( by afactor 10 or even 100
higher or lower than average values).

iv) ahigher or lower uptake condition is nuclide specific; an ecosystem may show arelatively high or
low uptake for a particular radionuclide and not at al for other radionuclides.

v) a higher or lower uptake condition is not crop specific. If an ecosystem shows a relatively high or
low uptake for one crop, all crops show this behaviour.

2. PROBLEM

The earlier CRP concluded that the generic values as published in the IUR/IAEA Handbook of
Parameter Vaues for the Prediction of Radionuclide Transfer in Temperate Environments [1] may be
used as afirst approximation in assessment studies, but that site specific deviations of a factor of ten or
more must be expected. For more precise assessment studies an investigation to identify the conditions
causing loca deviationsis necessary.

3. BACKGROUND
3.1. Transfer factors

The soil-to-plant transfer factor (TF), the ratio of the concentration of radioactivity in the crop to the
radioactivity per unit mass (sometimes surface area is used) of the soil, is a value used in evauation
studies on the impact of releases of radionuclides into the environment. For much of Europe and the
USA, the TFs for most important agricultural products are known. For other areas and especidly the
developing countries TFs are not so readily available. The approach used hitherto, in which TF values
are estimated for each crop, is very time consuming and expensive. Therefore, within this CRP,
another approach is used; based on the development of generic values.

3.1.1. Factorsinfluencing Transfer Factors

The TF values of radionuclides vary enormoudly. The main factors which cause this variability for any
particular radionuclide are the type of crop and type of soil. The length of time the radionuclide has



been in the il is aso important, particularly for **’Cs. Other factors are crop variety, agricultura
practice (especialy fertilization) and differencesin the weather during the growing season (not overall
climate) (Fig 1).
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Figure 1. Factors affecting TF values

Soil properties that are likely to affect TF values include mineralogica and granulometric
composition, organic matter content pH and fertility. For cations such as Cs' and Sr®* cation exchange
capacity and the nature of exchangeable bases are important.

Comparison of different soils should be made with the same crop but thisis not practical because of
the range of climates represented in this CRP. The data obtained with the earlier CRP showed that, for
Cs, ceredls are the best choice while for Sr both cereals and broad leaved green vegetables are
suitable. Because it is easier to have the same crop group for both radionuclides, cereals were chosen
as reference crop.

The TF for Cs depends not only on soil properties but also on the time that the radionuclide has been
present in the soil as the availability of Cs decreases with time. A variety of processes is involved
including fixation to soil minerals, incorporation by microorganisms and migration within the rooting
zone. Consequently a reference value is contact time dependent. The TF for Cs in non-equilibrium
conditions may be up to a factor 10 higher than for equilibrium conditions. Equilibrium for Cs may
take some 5 years to attain, sometimes longer athough the rate of decrease in TF is greatest during
the first three months. The availability of Sr also decreases with time but the effect is much less
pronounced than with Cs.

Aside from the inherent characteristics of a crop to take up cations, TFs are a function of the
physiological state of the plant which is affected by soil fertility (hence agricultura practice), the
weather, and its stage of development. In this CRP this variability is reduced by considering only the
radionuclide content of the harvested part of the plant, although for crops such as grass or chard,
which are cut severa times a season, the TF remains a function of the stage of physiologica
development.

3.2. Soil Classification

The base for the classification of soils is the World Reference Base for Soil Resources [2] which was
published in 1998. Consequently the first verson of the Experimental Protocols used earlier
documentation. The changes in classification introduced in 1998 caused difficulties for some
participants. Soil classification involves arange of criteria but pedological considerations dominate. It
assesses the essentia properties of the soil itself including the processes of formation, distribution,
mineralogical composition, the organic matter content and the texture. There are 30 Soil Groups:-
Acrisols; Albeluvisols; Alisols; Andosols; Anthrosols; Arenosols; Calcisols; Cambisols; Chernozems,
Cryosols; Durisols, Ferralsols, Fluvisols, Gleysols, Gypsisols; Histosols, Kastanozems; Leptosols;
Lixisols, Luvisols, Nitisols, Phaeozems, Planosols; Plinthisols, Podzols, Regosols, Solanchaks;
Solonetz; Umbrisols, Vertisols. They are further subdivided into 121 Lower Level Units, severa of
which may occur in the same soil group so that 509 Group/Unit combinations are listed in [2]. It is at
the Unit level that criteria include some of agricultural significance such Eutric (fertile defined as



>50% base saturation), Dystric (unfertile, <50% base saturation) and Calcaric (cal careous). However,
soils influenced by human activity may be placed in the Anthrosol Group. Given the secondary level
of significance allocated to agricultura properties, it cannot be assumed that this classification will be
the most appropriate for the prediction of TFs but clearly it must be taken into consideration. Also [2]
was designed to accommodate the total range of soils of the world so particular soils may not fit the
system well asis noted in Twining's report.

3. OVERALL OBJECTIVE.

The overdl objective is to improve the specificity of radiologica assessment models. This would lead
to:-

1) better planning for emergency response and long-term agricultural countermeasures, particularly in
developing countries, through the development of generic data as well as those more relevant to loca
conditions,

2) more precise information on environmental parameters to be used when setting limits for
authorised discharges from nuclear installations.

4. SPECIFIC RESEARCH OBJECTIVE.

The specific objective was to generate data on transfer factors of radionucides from soil to plantsin a
range of soil systems in order to characterise systems in which transfer factors deviate substantially
from average and to assess how far it is possible classfy soils according the availability of
radionuclidesin them.

5. APPROACH

The TF in this report is defined as the ratio between the units of radioactivity per unit of mass dry crop
and the units of radioactivity per unit of mass dry soil. If not stated otherwise, concentration in the
crop refers to the concentration in the edible part at harvest time, concentration in the soil refersto the
upper 20 cm of soil for all crops, with the exception of grass for which 10 cm is chosen. This follows
the practice used in the lUR/IAEA Handbook [1]. The TF can aso be based on the contamination per
unit soil surface area. The comparison of TFs is not influenced by the way TF's are defined provide
the definitions are not mixed.

The approach makes three assumptions based on published data[1,3,4,5] and the IUR database
available at ftp://ftp.iaca.org/dist/rifa/Crete/RCM/Frissel /raw-datal.

i) The TF s within a crop group, such as cereals, green vegetables, potatoes, and root crops, for a
particular soil and radionuclide are the same. This can only be an approximation because differences
between species, varieties and types within one crop group are neglected.

ii) The ratios between the TF's of different crop groups for a particular radionuclide are constant.
Theseratios are called conversion ratios. They alow the TF value for one crop group to predict the TF
value of another crop group, provided the crops are cultivated on the same soil. Again, this is a
considerable oversimplification.

iii) Reference TF values can be established for one crop on a range of soils. TFs depend on soil
properties and, as discussed in 3.1.1., the TF for Cs decreases with the time it has been resident in the
soil. Thus the reference value for Cs is contact time dependant. In practice it may be useful to
distinguish between “Equilibrium Transfer Factors’ which represent data useful for routine releases
and long lasting contamination and “Non-equilibrium Transfer Factors’ for theinitia stages of dealing
with acute contaminations [4,5]. This CRP is concerned with the classification of soils, so should use
equilibrium conditions. Therefore the experimenta protocol [Appendix 1] recommends equilibration
times of at least 2 months for Cs and 1 month for Sr which is a compromise between what is desirable
and what is practical.



6.THE PROGRAMME

The programme involved 11 Contract holders, 3 Agreement holders, 2 IUR observers and 2
consultants. It lasted 5 years and Research Co-ordination Meetings were held in 1998 (1zmir), 2001
(Vienna) and 2003 (Chania).

The experimental protocol is set out in Appendix |. It contains guidance on crop and soil choices, soil
preparation, soil sampling, crop production and harvesting. It permits studies both in the field and in
pots or lysimeters. It specifies the data sheets on which results were to be reported.

All but one participant reported experiments with artificially contaminated soil and 6 also reported
data obtained from soils contaminated by fall-out from either the accidents at Chernobyl and Goiania
or weapons testing. All participants reported datafor Csand Sr for at least 2 cropson at least 2 soils.

Interlaboratory comparison exercises were carried out in 2000 and 2002/3 for the analysis of **’Cs and
%5y in soil and vegetation samples provided by the IAEA Analytical Quality Control Service. Some
participants measured other radionuclides present.

7. RESULTS AND DISCUSSION
7.1. General consider ations

The investigators reported almost 3000 TF vaues, mostly for radioisotopes of Cs and Sr but aso of
Mn, Zn, Po, Pb, Th, U and “° K, obtained in some 25 soil Lower Level Units from 16 different Soil
Groups using 25 crops. Whilst this is a large body of data only about 5% of all Lower Leve Units
were represented, in some cases by only one set of observations. Hence only tentative steps towards a
classification can be taken at this stage.

All mean TF values, per investigator and per soil, are listed in Appendix Il. Geometrical means were
used because data in the literature consistently show log-normal distributions. It is stressed that the
mean values consider all observations even in cases where it might seem advisable to reject certain
observations. This Appendix also contains data for other nuclides and includes information about soil
properties and crops. The data sheets from which they were caculated are avalable a
ftp://ftp.iaea.org/dist/rifalCrete/RCM/Frissel /raw-data/.

7.2. Sour ces of variability in data.
7.2.1. Crop cultivation

Asdiscussed in 3.1.1., agricultural practices and the weather affect TF values. However, the Protocol
did not require comparisons of, for example, fertilizer regimes, cultivation methods or irrigation
practices, as this would have made the number of combinations of factors unmanageable. In generd,
therefore, field experiments followed local agricultural practice, and pot experiments used appropriate
procedures to obtain satisfactory crops. As noted in the Protocol, some differences may be expected
between field, lysimeter and pot experiments but in this CRP the results from each were considered
together. Some investigators did vary one or more factor and their results give an indication of the
significance of those variations.

The Protocol was the latest version of one originally written in 1982. Since then the concept of ‘Good
Agricultural Practice' (GAP) for experimental systems has been developed particularly in the context
of evaluation of pesticides. There may be scope for incorporating some el ements of GAP in any future
protocol, especially with regard to method validation.

7.2.1.1 Sail fertility



Sachdev et al. measured Cs TFs a 3 levels of potassium fertilization on three different soils. The
highest level of fertilizer reduced TFs to mixed cereas by up to athird and to cabbage by a factor of
two. Similarly Al-Oudat found that fertilization of sorghum, barley, afalfa and spinach decreased the
transfer values of **Cs by 28%, 27% and 33% in one soil and by 27%, 13% and 31% for sorghum,
barley and spinach in another . It may be dangerous to generaize as Djingova found the addition of
nitrogen did not affect TFs to cabbage and wheat straw but reduced that to grain by some 40%

Soil microbiologica activity has not previously been considered but Twining et al draw attention to
this as a possible source of variation.

7.2.1.2. Weather

Weather data were not systematically collected although most investigators record some details in
their reports. There is no obvious procedure with which to assess the effect of weather on the TFs
measured in such arelatively small data set. Djingova found TFs to winter cabbage were higher than
those to summer cabbage, presumably because it takes longer for the winter crop to reach maturity, an
indirect effect of weather. Schuller noted that TFs to chard, which is cut several times per season,
declined through the year although it is not clear whether or not this should be interpreted as a weather
effect.

7.2.1.3.Crop variety

Skarlou found that TFsto cabbage variety Brunswick from soilswere 2.5, 1.3, 1.3 and 2.2 times those
to variety Kozanko, and corresponding figures for sweetcorn cultivars Vilmorin and Elite were 1.3,
0.5, 2.8 and 2.2 s0 in these cases the effect was relatively small.

7.2.1 Analytical variability

TF values are calculated from measurements of radionuclide content in soil and crop so anaytica
reliability is crucia. Therefore inter-laboratory proficiency tests were carried out in 2000 and 2002/3.
In 2000 reported analytica values for reference soil and grass samples were compared with the ranges
established by the IAEA Analytical Quality Control Service which was the practice at that time. The
outcome was highly satisfactory asthe datafrom al participants fell within the ranges.

The proficiency test in 2002/3 was run in accordance with 1SO 17025 even though this standard did
not come into force until November 2003. The procedures cal culate scores for accuracy and precision
both of which require the laboratory to calculate the uncertainty associated with a measurement. For
Cs in both spiked soil and cabbage samples 17 out of 26 measurements were acceptable. The
corresponding figures for Sr were 6 out of 15, again being the same for both soil and cabbage. At first
sight these results are darming, not least because it implies laboratory performance has deteriorated
between 2000 and 2003. However, it emerged at the final RCM that several people had difficulty in
estimating the components that combine to make up the total uncertainty and an error in this factor has
amajor effect on the scores for precision and accuracy. This is perhaps unsurprising given that thisis
the first time that 1SO 17025 has been used in a CRP but it does highlight an aspect that needs
attention by those concerned analytical quality assurance and control.

7.2.3. Overview of variability

The foregoing outlines some of the factors that introduce variability into TF calculations and is not
comprehensive. For analytical measurements there is a procedure for calculating uncertainty albeit one
which not everyone has yet |earned to apply. For the other sources of variability mentioned here, there
is no such procedure other than to apply classical statisticad methods where appropriate. Thus the
evaluation of the results of this CRP has to recognize that there will be variability in the data of
uncertain magnitude.



7.3. Csand S Transfer factorsfor crop groups

As stated in Section 5 it is assumed that the mean TF's within a certain crop group, such as cereds,
green vegetables, potatoes, root crops, and so on, for a particular soil and radionuclide are the same.
This may seem over-optimistic as there are many reports in the literature of unexpected val ues but this
CRP required observations to be made over at least three yearsin order to obtain representative values.

Results from Robison give an idea of the spread obtained with a specific variety within this CRP. Four
types of (rather unusual) vegetables were investigated at the same time and on a soil which was
contaminated long ago, so that differences caused by fixation of Cs are absent. The mean TF's
obtained for KK Cross, Amaranth, Won Bok and Kai Choi on an albic arenosol from the Bikini atoll
were respectively 52, 21, 99, 24 Bg/kg crop/Bg/kg soil, a range of 5 fold. The values for individud
samples ranged from 15 to 253, a variation of a factor 17, illustrating the need to use mean values at
all times. The variation istypical for thistype of experiment. For example Wasserman (Brazil) found
the TF for “K varied by afactor of 10, both for maize and for cabbage.

7.4. The conversion ratiosof Csand Sr.
The assumption is (Section 5) that the ratios between the mean TF's of different crop groups for a
particular radionuclide and a particular soil, are constant. Data obtained previously [1,3] are

summarised in Table 1

TABLE 1. RATIOS FOR Cs AND & FOR CONVERSION OF REFERENCE-CEREAL-TF
VALUESTO TF VALUES OF OTHER CROP GROUPS [From 1,3].

Cereals Cab- Green Legumes, Tuber Root Grass Fodder Onions

bage vegetables pods crops
Cs
Conversionratio 1 7 9 5 4 3 45 4 1
Sr
Conversionratio 1 12 10 5 1 7 5 4 7

All conversion ratios TFcabbage/ TFcereals which could be derived from the observations made in this
CRP, for Cs and Sr, are listed in tables 2 and 3, respectively. The values are averaged over time, for
different soils (as specified by the various investigators). Single observations were neglected.

For Cs, aratio of 7 was expected (Table 1) and the mgjority of the ratios observed range indeed
between 0.9 and 14. Thereis atrend to higher ratios in temperate climates. The Cs-ratios reported by
Sachdev are among the lowest yet the observations were made on a large number of samples, on
three soils over three years are they very consistent. The Cs-ratios observed by Quang (exp.
Q101, Q103, Q105) are much higher than expected. This might be caused by fixation problems, as
will be discussed later. Also Wang observed a higher ratio but as this was from a soil which was
labeled 9 years previoudly, fixation can not be the explanation.

For Sr, aratio of 12 was expected (Table 1). The observations range from 0.71 to 203. Because
fixation is not amajor issue with Sr, fixation cannot be the explanation. The vaidity of the conversion
ratio rule for Sr seemsto be limited.

TABLE 2. CONVERSION RATIOS FOR TF-CABBAGE/TF-CEREALS FOR Cs.

Invest. 1st 2nd Irst | 2nd | Ratio | Exp. |Tex- Soil unit Contact
crop crop TF TF nr |ture time
Al-Oudat  ceredls  cabbages 0.0013 0.011 82 A101 L Xerosol 7-30m

Al-Oudat  cereals  cabbages 0.0022 0.014 6.2 Al102 C Y ermosol 7-30m



Djingova  wheat cabbage 0.018 0.051 52 D101 L Chromicluvisol 9-22m
Djingova  wheat cabbage 0.023 0.047 23 D103 L  Eutricfluvisol 9-22m
Jiango wheat cabbage 0.0011 0.028 25 L101 L Luvisol 10-34m
Quang? rice cabbage 0.0041 0.047 12 Q101 L Eutricfluvisols 8-36m
Quang? rice cabbage 0144 380 26 Q102 S Fericacrisols 8-36m
Quang?® rice cabbage 0.0016 0.243 152 Q103 C Thionicfluvisols 8-36 m
Quang” rice cabbage 0.0012 0.005 4.3 Q104 L Eutricfluvisols 16-36 m
Quang ® rice cabbage 0.0457 208 46 Q105 S Fericacrisols 16-36 m
Quang® rice cabbage 0.0016 0.022 14 Q106 C Thionicfluvisols 16-36 m
Robison  sorghum mixedvegs 15 44 28 R101 S Albicarenosol 46y
Sachdev wheat cabbage 0.0078 0.0061 0.78 H102 S Ferralsol 7-13m
Sachdev mixed cabbage 0.0064 0.0099 15 H104 S Fuvisol 7-13m
Sachdev whesat cabbage 0.0083 0.0070 0.84 H106 C Vertisol 7-13m
Sanzharova cereals cabbage 0005 0.021 40 Zz102 C Chernozem 40y
Sanzharova cereds cabbage 0.007 0.024 34 Z7103 C Chernozem 15y
Sanzharova cereals cabbage 0.031 0.057 18 Z104 P Histosol 15y
Sanzharova cereals cabbage 0013 0.023 18 Zz105 C Phaeozem 15y
Sanzharova cereals cabbage 0014 0.041 29 Z106 C Chernozem 15y
Sanzharova cereds cabbage 0.008 0.023 29 Zz107 C Kastanozem 0y
Sanzharova cereds cabbage 0.015 0.035 23 Z108 L Chernozem 15y
Sanzharova cereds cabbage 0.027 0043 16 Z109 S Podzol 15y
Schuller maize,grain chard,lvs 0.047 016 34 C101 L Dystricfluvisol 5-25m
Schuller maize,grain chard, lvs 0.023 015 6.7 C103 L Umbricandosol 5-25m
Skarlou cereals cabbage 0.072 047 66 S101 L Andosol 8-24m
Skarlou cereals cabbage 0061 027 45 $S102 S Andosol 8-24m
Topcuoglu maize,grain mixed vegs 0.0018 0.0031 1.7 0101 L L eptosol 4-20m
Topcuoglu maize,grain mixed vegs 0.0013 0.0034 26 0102 S Leptosol 4-20m
Twining sorghum mung, seed 0.096 0.095 10 T101 C_.  Fericacrisol 5-17m
Twining sorghum mung, seed 0.088 0.182 21 T102 Cs Fericacrisol 5-17m
Wasserman maize,grain  cabbage 0.38 134 35 WI101 S Acrisol, Ultisol 20m
Wasserman maize,grain  cabbage 0.069 128 19 W102 L Nitisol, 15y
Wasserman maize,grain  cabbage 0.093 0.94 10 W103 L  Nitisol, Oxisol 8y
Wang rice cabbage 0.007 032 46 Gl C Ferralsol 9y
& Complete sampling period
® Samples first year not considered
TABLE 3. CONVERSION RATIOS FOR TF-CABBAGE/TF-CEREALS FOR Sr.
Invest. 1st 2nd Irt | 2nd |Ratio| Exp. [Tex- Soil Contact
crop crop TF TF no |ture Unit time
Al-Oudat ceredls mixedveg 0.036 143 40 A202 L Y ermosol
Al-Oudat ceredls mixedveg 0.024 119 50 A201 C Xerosol
Jiango wheat cabbage 0.010 1.3 133 L102 L Cambisol 14-20m
Quang rice cabbage 017 12 70 Q111 L Eutricfluvisols  3-20m
Quang rice cabbage 032 29 89 Q112 S Ferricacrisols  3-20m
Quang rice cabbage 016 6.8 43 Q113 C Thionicfluvisols 3-20m
Sachdev  wheat grain cabbage 03 039 13 H201 S Fluvisol 7-60m
Sachdev  wheat grain  cabbage 069 049 0.71 H202 C Vertisol 7-60m
Sachdev  wheat grain cabbage 050 046 092 H203 S Ferralsol 7-60m
Sanzharova  barley cabbage 019 092 49 7121 L Luvisol 50y
Sanzharova  barley cabbage 004 014 37 7122 C Chernozem 0y
Sanzharova  barley cabbage 005 034 6.6 7123 C Chernozem 50y
Sanzharova  barley cabbage 039 209 53 7124 P Histosol 15y
Sanzharova  barley cabbage 014 078 57 Z125 L Phaeozem 15y
Sanzharova  barley cabbage 008 050 64 7126 C Chernozem 15y




Chernozem 15y

Podzol 15y
Dystricfluvisol ~ 5-25m
Umbricandosol 5-25m
Ferric acrisol 5-17m
Ferric acrisol 5-17m

Sanzharova  barley cabbage 0.10 069 6.9 ZzZ127
Sanzharova  barley cabbage 0.14 084 6.1 Z128
Schuller  maize, grain chard, Ilvs 0.032 6.5 203 C201
Schuller  maize, grain chard,lvs 0.035 2.6 74 C202
Twining sorghum mungseed 034 17 51 T103
Twining sorghum mungseed 032 1.7 53 T104

VOudPOrrnr

Wasserman maizegr. cabbage 0.078 20 26 Wil Acrisol 4-20m
Wasserman maizegr. cabbage 0.020 057 29 W13 Ferralsol 4-20m
Wasserman maizegr. cabbage 0.0050 0.13 26 W15 Nitisol 4-20m

7.5. Theinfluence of soil propertieson Csreferencetransfer factors

Table 4 shows reference TFs derived from the IUR data base and values obtained in the earlier CRP.
This combined data set islarger than that obtained in this CRP so any classification developed here
should therefore not conflict with this Table. Unfortunately, with afew exceptions, soil groups as
defined by the FAO classification are not listed in the IUR data base and most investigators are no
longer available. With the earlier CRP the situation is better, but not optimal. Also in most cases the
IUR database does not include exchangeable K. Only the soil texture is almost aways reported, asis
the notation, P, for peat soils, i.e. histosolsin the FAO classification. Further, it would be desirableto
estimate the influence on TF of different conditions such as the time that radionuclide was in contact
with the soil, fertilization, irrigation, soil management and the weather but these factors were not
systematically recorded.

TABLE 4. REFERENCE TRANSFER FACTORS OF Cs FOR CEREALS UNDER EQUILIBRIUM
CONDITIONS. (Bg/kg dry crop/(Bg/kg soil in the upper 20 cm of soil).

Nutrient status of soil Soil texture Reference TF sof Cs
Expected Range
value
Soil group 1 High: pH > 4.8 All soils 0.006  0.002-0.01
Soil group2 Medium Clay and loam soils 0.03 0.01-0.1
pH > 4.8 Sand, peat and other soils 0.05 0.02-0.1
Soil group 3 Clay soils 0.2 0.1-0.5
Sand and other soils 0.3 0.1-1
Very low pH>4.8 0.3 0.1-1
or Peat pH<4.8 Norma 0.6 0.2-2
soils moisture
pH < 4.8 Wet, 3 1-10
gleyic
Soil group 4 Soils with exchangeable K<0.05 cmol (+)/kg 20 10-50

7.5.1. Contact time and fixation

Fixation of Cs is a serious problem. Fixation is the partly irreversible, slow adsorption of Cs,
especially to clay minerals. Usually fixation is most important in the first few years after
contamination of the soil, but the amount that will be fixed differs from soil to soil. The process may
continue for a long time but the kinetics of the process has not been characterized numerically. This
CRP was not designed to address this issue but it is clearly something that requires further
investigation.



One would hardly expect to see fixation effects on soils contaminated after the Chernobyl accident
which occurred 13 to 15 years before the measurements were made and the results of Sanzharova and
Prister are broadly consistent with this view. Even so, values reported by Prister suggest there may still
be a dight decline in availability even after 5 years (Figs 4, 5 in his paper). These Figures also show
that Cs TFs decline between one and two orders of magnitude over 5 years. Similar changes occur in
other data sets (Fig 2.)

1
A4
0.1 J‘:*:‘: o TFyamamoto
L ' :£2 ““t N s TFhaak
— 0.01 :z}‘ ﬁDD‘D:DD o _of |
¢, ., o o 9y
“.‘ 4 oo oo [m] [m] [m]
0.001 ‘ year —
0 8 16 24 32

Legend: TFyamamoto = FAO/IAEA/IUR Workgroup collected data by Yamasaki [7], TFhaak = [UR data bank
(available at ftp://ftp.iaea.org/dist/rifa/Crete/ RCM/Frissel). TF in (Bg/kg crop)/(Bkg soil).

Fig 2. Influence of the time elapsed since the Cs contamination of soil on the TF for cereals

Most investigators in this CRP working with recently contaminated soil observed effects that may be
caused by fixation. As the CRP covered 4 to 5 years, at the end of this period most of the effect of
fixation should have occurred. In those cases where fixation occurred, the first year's results were
obtained in conditions that were far from equilibrium so it is possible to argue that they should be
omitted from the analysis. This was not done because by averaging over time variations were reduced
and on balance, it was decided that reducing the data set in this way would introduce other
inaccuracies. For emergency response planning it could be argued that non-equilibrium data are more
useful than those obtained at equilibrium.

7.6. Preliminary classification by CsTFs

Figure 3 compares data from this CRP (‘'new') with those from the earlier CRP and the IUR
database (‘old") and shows reasonable concordance.
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Figure 3 Comparison of old and new Cs TFs



As stated earlier any new classification should not conflict with Table 4. Figs 4 and 5 show
that this requirement is met. They include al Cs TF values for soil units of the CRP which
correspond with groups 1 and 2 of Table 4. Maximum and minimum values for expected TF
values were fitted by eye (because the data set is too limited for a statistical procedure, see
7.1) They form the core of this classification. Fig 4 also shows the limits presented in Table 4.
The new limits cover a dightly wider range than the old limits, undoubtedly because a wider
geographical range is covered by this CRP. Some values in Figs 4 and 5 are outside the
expected range, the high values may be caused by delayed fixation which is a reason for not
adjusting the limits

For soils in Group 1, TF seems not to be related on texture but in Group 2 TF's, which are
considerably higher, seem to be related to the texture. Thisisin agreement with the groupings
in Table 4 but there nutrient status was a leading criterion whereas here soil units are used.
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Fig 4. Comparison of old and new TF values for Soil Group 1



Soil gr 2(Cs), limits| + acrisol C
o acrisol S
0.4 + andosol C
03 - > andosol S
A + luvisol C
E 0.2 o luviol S
— 0®
0.1 Jrerwrrorrrmrmrrmee s nitisol C
0 MILA. — > podsol S
0 05 1 15 2 25| " limit clay
exch K fig 9m5 — limit sa_mo_l
— lower limit

Fig 5. Comparison of old and new TF values for Soil Group 2

The histosols and histic gleysols seem to deviate from the general pattern. Therefore histosols,
histic soils and humic soils are treated as a separate group, Soil group 3 (hereafter all called
histosols). The Arenosol from the atoll Bikini should, because of its deviating character, be
classified as a separate soil group, Soil group 4. The soil deviates because of its low
exchangeable K content and probably total absence of illite. Soils which are less suitable for
agricultural production (the old soil group 3), now form Soil group 5. None of the participants
had a soil in this group.

These considerations lead to the following classification of soils for the uptake of Cs by
cereals (Table 5)

TABLE 5. PRELIMINARY CLASSIFICATION OF SOILSBY CsTFs

Soil Expected transfer factors for Cs
group. (Barkg dry crop)/(Barkg dry soil upper
20 cm)
1 Cambisol Chernozem Ferralsol Fluvisol Lower limit 0.001
Gleysol Kastanozem Leptosol Phacozem  Upper limit 0.015
Vertisol
2 Podzol Luvisol Andosol Acrisol Nitisol Lower limit 0.005
Upper limit clay 0.1
Upper limit sand 0.2
3 Histosol Lower limit 0.005

Humic soils; Histic soils Upper limit 0.5




4 Albic Arenosol Upper limit 5

5 Less suitable soils Upper limit High

As discussed earlier, this classification is imprecise because many of the TF measurements included
values obtained before complete equilibrium of Cs distribution in the soil had been reached and only
limited data are available for many soil groups. Consequently, the lower limits of expected TFs for
Groups 2 and 3 are the same and overlap the range of Group 1. However, for planning purposes it
would be prudent to use the upper limits in which case there are reasonably clear distinctions.
Therefore these results give promise that soils could be classified in this way but very many additional
data are required for confirmation.

7.7. Thereference TF for strontium

In addition to pedological considerations, properties such as organic matter, soil acidity,
calcium carbonate content and texture are used to define many Soil Groups and Lower Level
Units. All these properties influence the uptake of Sr so it should be possible to group soil
units on the basis of reference Sr TF values. Fig 6 shows the TF s as a function of the
exchangeable Ca.
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Fig 6. Cs TF s as a function of the exchangeable Ca

As expected the acid acrisols and podzols have lower TFs than soils with moderate acidity
such as chernozems. It is tempting to consider two soil groups, ferralsols, histosols, podzols
and vertisols which show higher TF's then the other soils (acrisols, nitisols, chernozems,
phaeozems, luvisols, fluvisols, cambisols, andosols, gleysols), but the number of soils
investigated is too small to do this.

Moreover, the scheme in Table 4 uses clay, sand and peat contents as the main criteria
Therefore, Fig 7 distinguishes TF values on this basis. For clay/loam and sand histosols, it
gives a reasonable fit. The vertisol does not follow the general trend but it concerns one only
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Fig 7 is not very conclusive because it does not contain enough observations, therefore Fig 8
includes those systems which could be derived from the earlier CRP and the IUR data.
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Figure 8 .Relation between soil texture and S TF including old data

IUR data do not include exchangeable Ca, therefore only the mean value of the TF s for each
soil texture is given. The agreement for clay/loam and sand soilsis good but it is poor for peat
soils (not shown).
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Figures 9 and 10 show the TF values for clay and loam soils and sandy soils respectively
together with the expected maximum and minimum values which are exchangeable Ca
dependent. The ranges are narrower than when using IUR data alone. For peat soils the IUR
range was 0.01- 0.06. The maximum (mean) value is now 0.4 for a dystric histosol; most IUR
soils were eutric histosols. This might indicate that it is necessary to distinguish between
eutric systems and dystric systems. There are insufficient data to make this distinction.

7.8. Preliminary classification by Sr TFs




The foregoing considerations lead to the following classification of soil for the uptake of Sr
(Table 6)

TABLE 6. PRELIMINARY CLASSIFICATION OF SOILSBASED ON Sr TF

Group 1 Expected transfer factors for Sr(Bg/kg dry crop)/(Bg/kg dry soil
upper 20 cm)
Acrisol Andosol Texture Exch. Ca Range TF
Cambisol Chernozem Clay and loam 0-2 0.01-04
Luvisol Nitisol 2-20 0.01-0.2
Fluvisol  Phaeozem >20 0.01-0.1
S(I) ?g?l Ferralsol Sandy soil 0-10 0.01-0.8
> 10 0.01-0.3

Group 2

Histosol 0.01-04

Group 3

Vertisol ?7? 0.01-0.8

7.9. Commentson the preliminary classifications

There were enough data sets to give a fair insight into the behavior of Cs for some soil units
(fluvisals, luvisols, chernozems and podzols) but others were only represented by one set of
data. It is possible that one set of data is not representative. It was assumed that all Lower
Level Units belong to the same Soil Group but there is no proof. From some Units there was
no representative at all. With soil group 1 (Cs classification) the majority of data refer to old
contaminations, while for soil group 2) the data refer to recent contaminations; this could
have unbalanced the choices made. The Sr classification is based on very limited data and, in
addition, the measurement of Sr in some cases contained a large degree of uncertainty
(See7.2.1)

The range of TFs is rather wide; the higher values occurring with the most acid and dystric
classes, the lower values to the calcaric and eutric classes. At the moment there is not
sufficient information to go into more detail. Within Soil group 2 (Cs classification) there are
two eutric and one dystric Units listed. The TF of the latter Unit is lower that of the former
two but one cannot derive a rule from three sets of observations. One might think of a
statistical analysis within a Soil Group but lack of quantitative data on the individual factors
affecting TF values precludes this.

Degspite this, the CRP made a successful beginning with the classification and it is worthwhile
to consider possible applications.

7.9.1. Predictions

Based on the results of the CRP approximate TF estimations for Cs and Sr can be made
following a stepwise procedure.

1. Define the soil and ascertain to which Soil Unit it belongs. (currently there are data for only
25 Soil Units).

2. Decide on the soil texture as in most cases the texture together with the Soil Group defines
the value of the reference TF in the classification system.



3. Determine the Reference TF (for cereals). It depends on the purpose of the prediction if one
selects the maximum value or the most probable value.

4. For crops other than cereals apply a conversion factor to the reference cereal TF to obtain
an order of magnitude estimate.

7.10. Other approachesto assessment of the data.
Three participants applied various mathematical proceduresto their data.

Nguyen Hao Quang used a stepwise multiple regression analysis to identify which parameters
are most significant in explaining the variations of TF. In general, the equation constant, CEC,
OM, pH, contamination time and concentration of radionuclides in soil explained more than
80% of TF variance athough they are a little different from crop to crop. The correlation
between the experimentally determined ***Cs TF and soil properties was not quite linear and
was improved using logarithmic TF values. These results are encouraging but as only 3 soils
were involved they are not conclusive.

Sanzharova et al also used multiple regression analysis to estimate the extent to which each
soil characteristic is related to other soil properties and to radionuclide TFs. They also noted
that such correlations are not always linear but used linear relationships where possible. In
addition they used factor analysis to consider a whole range of relations between soil
characteristics and TFs in order to identify significant factors. Using these analyses they
proposed two equivalent schemes of soil classification based on **'Cs TFs to barley. Both
involved 3 soil parameters two of which, soil group and mechanical composition, were
common to both schemes. The third parameter was pH value in one case and exchangeable K
in the other. For soil classification based on *Sr TFs, they identified 3 schemes. All included
soil group plus a combination of two other parameters taken from exchangeable Ca,
mechanical composition and organic matter content. These proposals are based on a large data
set including soils contaminated by the Chernobyl accident and fall-out from weapons testing
so are statistically robust and use observations made in equilibrium conditions.

Prister et al adopted a different approach based on the concept of the complete estimation of
soil properties (CESP). They considered that the most important factors controlling the
availability of ionsin the soil to plants are ion absorption capacity, organic matter content and
pH, thus reducing the CESP to 3 components. Because each component is measured in
different units their values were normalised with respect to a neutral pH (=7) and the highest
values for adsorption capacity and organic matter content of the range of soils considered (in
their case 40meg/100g and 6% respectively). Thus the area of the triangle with sides of
normalised values of pH, organic matter and adsorption capacity can be calculated to give a
dimensionless area designated Sef. They showed good, though non-linear, relationships
between Sef values and Cs TF values in lucerne, tomato fruit, potato tubers and grasses and Sr
TFs for tomato fruit and potato tubers.

The satistical and CESP approaches are attractive because they identify and make use of
factors known to be involved in controlling the availability of cationsin the soil to plants. The
data they need are easy to obtain routinely and require no specialist knowledge of soil
classification. Their further development and validation is of great interest.

8. CONCLUSIONS



This CRP has shown that it should be possible to arrange the Soil Units defined in the FAO
World Reference Base for Soil Resources [2] into groups based on TFs for radionuclides. In the
case of Cs, 5 groups have been tentatively identified but more data are needed to confirm this.
Although the divisions between groups are not precise they will probably give a useful guide for
emergency planning purposes. For Cs the classfication is complicated by slow soil fixation
processes that take several years to reach equilibrium. Because only limited data are available
only 3 groups could be identified on the basis of Sr TFs. At the moment these groupings are
probably too tentative to be used in emergency planning.

The assumptions made at the outset of the programme:-

i) the TF swithin acrop group, such as cered's, green vegetables, potatoes, and root crops, for

aparticular soil and radionuclide are the same;

ii) the ratios between the TF's of different crop groups for aparticular radionuclide are constant;
iii) TF valuesfor all other crops can be calculated from areference TF for one crop;
were justified within experimenta error, which admittedly is sometimes considerable, for Cs.
Thus, knowing the TF group to which a soil belongs and the reference TF (for cereals) for the
group, assessments can be made of the TFs to other crops on this soil to within an order of
magnitude. The available data do not justify asimilar calculation for Sr.

There are two promising alternative approaches to classifying soils with regard to radionuclide
behaviour. One uses correlation and factor analysis to identify the most important soil
properties controlling TFs which can then be used predictively. The other is a semi-empirica
procedure based on the assumption that ion exchange capacity, pH and organic matter content
control ion availability in the soil. A dimensionless factor derived from normalised values of
these parameters shows good correlations with TF for the data sets analysed so far.

The variability data of the data arises from many sources many of which can only be described
qualitatively. The lack of standard validated procedures for field and pot experiments is a
handicap.

9. RECOMMENDATIONS

1 Steps should be taken to obtain sufficient data to allow soils to be classified on the basis of Sr
TFs. Further data should also be obtained to improve the definition of the classification based
on CsTFs.

2. The dternative approaches mentioned in Conclusion 3 should be applied to as wide a range of
data as possible.

3. All relevant data from this CRP and from other sources should be collected in a publicaly
available el ectronic database.

4, Sources of variability in field and pot experiments should be explored and quantified with a
view to recommending standard procedures that can be validated by analogy with, for example,
chemical anaytica methods.

5. Efforts should be made to ensure that the provisions of 1SO 17025 can be applied effectively in
international programmes.
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