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Abstract

There is a continual supply of new experimental data that are relevant to the assessment of the potential
impacts of nuclear fuel waste disposal. In the biosphere, the traditional assessment models are data inten-
sive, and values are needed for several thousand parameters. This is augmented further when measures of
central tendency, statistical dispersion, correlations and truncations are required for each parameter to
allow probabilistic risk assessment. Recent reviews proposed values for 10-15 key element-specific
parameters relevant to 36CI, 1291, 222Rn, 226Ra, 237Np and 23SU, and some highlights from this data update

are summarized here. Several parameters for Np are revised downward by more than 10-fold, as is the
fish/water concentration ratio for U. Soil solid/liquid partition coefficients, Kd, are revised downward
by 10-770-fold for Ra. Specific parameters are discussed in detail, including degassing of I from soil;
sorption of C! in soil; categorization of plant/soil concentration ratios for U, Ra and Np; Rn transfer
from soil to indoor air; Rn degassing from surface water; and the Ca dependence of Ra transfers.
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1. Introduction

The computational models used to facilitate the environmental safety assessment of nuclear
waste disposal and the environmental impact of naturally-occurring and technologically-
enhanced radionuclides are data intense. Several hundred parameters must be assigned values
if the assessment is at all comprehensive. There are isotope-specific dose conversion factors,
element-specific environmental transfer factors, and ecosystem-specific descriptive or state
parameters. In general, the dose conversion factors for humans (dose coefficients as Sv Bq- 1)

are well known, and the ecosystem-specific descriptive parameters are measurable and also well
known. As a group, the least well known are the element-specific transfer factors. This arises
because these parameters, in addition to being element-specific, are often also specific to cer-
tain ecosystems. This implied factorial, of dozens of parameters, 30 or more elements and an
indefinite but large number of ecosystem categories results in the need for a large database.

Not all element-specific parameters are deficient in data: there is a massive literature dealing
with cesium (Cs) in the environment, and several other elements are well studied. However,
there are elements and environmental circumstances where the parameter values are poorly
known. In addition, there is a continued international effort to increase the amount of data avail-
able for all the elements of concern. As a result, there is a periodic need to update the database
of parameter values used in any nuclear environmental safety assessment.

Selecting values for use in safety assessments is not trivial. Attention must be given to issues
such as temporal and spatial averaging. For example, parameters related to soil properties must
represent (be averaged over) the spatial scale used in the model, whether it be local, regional or
continental. Parameters also have specific ecological contexts. For example, a water-to-fish
transfer parameter may be intended to encompass a complete food web leading 1to the organism
in question, and so values measured with. that organism but in the absence of appropriate
contaminated food (for example, using contaminated water only) would be inappropriate.
Similarly, they may be intended to compute dose to humans consuming fish, or dose to the
fish themselves. Finally, if the assessment is to be probabilistic, many parameter values must
be described with a best estimate, a measure of statistical dispersion, one or more truncations
and possibly correlations to other parameters.

The objective of this paper is to report an update of selected biosphere parameter values suit-
able for probabilistic assessment. The elements included were chlorine (C0), iodine (I), neptu-
nium (Np), radium (Ra), radon (Rn) and uranium (U). The assessment context is generic to
locations on the Canadian Precambrian 'Shield and for times many millennia in the future.
Abbreviated definitions of the parameters are given in Table 1. The revised parameter values
are presented here in tabular form, whereas the discussion deals with aspects of the data that
were different from expected, or otherwise of scientific interest.

2. Methods

2.1. Search methods and data acceptance

The intent of the reviews was to emphasize peer-reviewed sources and grey literature sour-
ces that met similar quality standards. Computerized searches of key databases including
Science Direct and STN International were completed. Both keyword and citation searches
were done. In addition, personal collections were perused.
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Table I
Symbol and definitions of the parameters reviewed

Definition

Ajvol Surface water degassing rate, a first-order rate constant for loss from water column into the atmosphere
by processes such as gas formation, and excluding aerosol formation.

AIML Aquatic iodine mass loading, a volume ratio to represent the volume of water that would contain the
aquatic-source iodine found in the a unit volume of atmosphere, where the mass loading of iodine into
the atmosphere may be a gas or as suspended aerosols from processes such as bubble and wave break.

A, Soil degassing rate, a first-order rate constant for loss from soil rooting zone into the atmosphere by
processes such as gas formation, and excluding resuspension of dust.

Cr Plant/soil concentration ratio, where soil concentration is for the rooting depth of soil on a dry-weight
basis. Both fresh-weight and dry-weight concentrations are reported for plant tissues, and so it must be
indicated.

B Fish/water or aquatic concentration ratio, where fish concentration is usually for the edible flesh and is
always on a fresh-weight basis.

a,,d Lake-water to bottom-sediment removal rate, a first-order rate constant for net loss from water column
into the sediment. This is a net loss term, so that re-release from sediment to the water column is
encompassed.

Kd Soil solid/liquid partition coefficient, effectively a concentration ratio with concentration on soil solids
on a dry-weight basis.

Fi Transfer factor from ingestion to edible animal product, where the superscript j refers to meat, poultry,

eggs and milk. It is the fraction of radionuclide ingested by the animal daily that is transferred to the
edible product, so that when multiplied by the daily ingestion rate of radionuclide the product is the
concentration in the edible product.

See Table 4 for parameters reviewed that are specific to 22
2Rn.

Ideal data were from measurements in realistic and relevant settings, with low contaminant
concentrations, and where measurements were of the biotic compartment most relevant to
human or biota exposure. Although our emphasis was on settings typical of boreal Canada, spe-
cies from more temperate regions were considered potentially representative of future climates
in northern Canada. Data acceptance criteria did vary somewhat among the elements. There is
a voluminous literature on U, and so relatively ideal criteria could be realized. With Np, as a con-
trasting example, there are scant data and it was necessary to consider less ideal data and use
expert judgment to account for their relevance. Considerable detail is given in the underlying
references (Sheppard et al., 2002, 2004a,b, 2005a,b) as to how values were included or excluded.

Where a decision was made tqsummarize the data in a reference (coalesce multiple data to
a single value to represent the study), geometric means (GMs) were used on the: default assump-
tion that ratio parameters are lognormally distributed. This is based on the Central Limit The-
orem which, when applied to ratio data, indicates a tendency for lognormal diistributions. This
tendency is almost always confirmed by empirical evidence. As a result, summaries were
usually the GM of observations within a reference, with geometric standard deviations
(GSD) reported where appropriate. Our convention with summaries prepared for this paper
is to report GSD to two significant digits, and to report GM with two significant digits only
if the corresponding GSD < 5, otherwise we report only one significant digit. When citing
values from references, we report the number of significant digits used by the original authors.

2.2. Statistical handling

The accepted data were gathered in a spreadsheet. Frequency distributions were prepared
and statistical analyses describing distributions and other characteristics of .he data such as
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correlations were computed. Categorization of the data was an important consideration, and is
discussed in more detail with the results. By categories, we mean differentiation of parameter
values among categories of environmental factors. For example, should a generic plant/soil
concentration ratio be applied to all plants, or should there be multiple values categorized
with one value for each of a few or of many categories of plant or soil types. Categorization
was driven by two factors. One was the number of categories used in the present model. For
example, the present system model Gierszewski et al. (2004) now uses four soil types and
two plant types. The other factor was the differences found among the data. In some cases,
the data available indicated that refinement of the model might be justified or even required
to account for the notable differences in parameter values observed. In other cases, the data
were sufficiently homogenous that categorization would have no statistical value.

3. Results

3.1. Summary of findings "1

The reviews summarized in this paper update certain parameter values used in the assess-
ments described by Goodwin et al. (1994), Wikjord et al. (1996) and Gierszewski et al.
(2004). Some of these parameter values were from summaries completed in the 1970s or early
1980s. Many of these older summaries are still used throughout the world, because a compre-
hensive update is a major undertaking. One of the last major compilations was the IAEA Hand-
book (IAEA, 1994), and there is a revision underway at present through the IAEA EMRAS
Program. Our revised parameter values are given in Tables 2-4. The detailed underlying
reports are given in Sheppard et al. (2003, 2004a,b, 2005a,b).

In many cases, the present reviews markedly increased the amount of data underlying the
selected values, sometimes by as much as a 100-fold. Interestingly, many of the previous values
were shown to still be very representative of the more recent data. This is quite encouraging; it
implies an asymptote in the process of derivation of new data and suggests that other param-
eters need the ongoing attention., In many cases, the value selected was a relatively minor
change from the previous, less than an order of magnitude, which is usually not statistically
different given the typical variation observed. In a few cases, there were large changes (Table 5).
The large changes could often be traced to a situation where the previous value was largely
expert judgment, and this is now appropriately replaced with data-based values. In some cases,
the older values were found to be based on suspect data or data not well supported with ancil-
lary information, and this underlying data could now be rejected and replaced with new.

The following sections deal with a few specific parameters and elements. These were chosen
because they were judged to be of most scientific interest.

3.2. Degassing of iodine from soil

Iodine is nearly unique among the elements assessed for nuclear fuel waste disposal because
it is biologically essential, relatively mobile, and potentially volatile. Its volatile nature is not
usually considered an important exposure pathway, but rather is potentially important as a loss
mechanism. Once volatilized from a contaminated environment, 1291 would be broadly dis-
persed and no longer a significant source of local or global exposure. Since 1291 has such
a long half-life, volatilization may be the only effective local loss mechanism. Volatilization
occurs from both aquatic and terrestrial environments, terrestrial volatilization is discussed



Table 2
Observed geometric means (n, geometric standard deviation) and recommended geometric means (geometric standard deviations) for the parameters that have been relatively
well investigated

Parameter Units Chlorine Iodine Neptunium Radium Uranium

Obs. Rec. Obs. Rec. Obs. Rec. Obs. Rec. Obs. Rec. rn

Plant/soil Cr fully FWQ 5.5 0.008 0.008 0.0038 0.003 0.009 0.01 0.0017 0.002
generic plant type (67, 4.1) (80. 9.3) (10) (135, 11) (5.7) (740, 10) (11) (502,9.0) (10)

Plant/soil C, for-, FW 3.7 3.7 0.005 0.0006 0.0041 8 X 10-4
human foodsi,' (43, 5.0) (5.7) (61, 8.) (40, 6.7) (315, 7.5) (231, 6.3)

Plant/soil C, for FW 4 4 0.03 0.005 0.02 0.003
native browse (24, 5.1) (5.7) •(27, 8.3) (124, 10) (432, 11) (287, 8.0)
and forage M

Soil Kd for sand Lkg-1  0.1 0.1 8 8 3 3 40 47 40 40 .
(7, nab) (10) (41, 7.2) (10) (26, 7.7) (10) (11, 24) (4.9) (30,28) (20) :1

Soil Kd for loam Lkg-1 0.1 0.1 20 20 10 10 30 47 200 200
(7, na) (10) (38. 9.7) (10) (21, 16) (10) (17, 10) (4.9) (63, 22) (20)

Soil Kd for clay Lkg-1 0.1 0.1 10 10 20 20 30 47 200 200 •.
(7, na) (10) (15, 8.5) (10) (11,6.3) (10) (8, 8.0) (4.9) (20, 13) (20)

Soil Kd for Lkg-1 0.1 2000 80 80 500 500 200 47 2000 2000
organic (7, na) (10) (20, 22) (22) (5, 5.2) (10) (1, -) (4.9) (21, 6.7) (20)

Fish/water B Lkg-' FW 50 30 6 200 20 20 3 3
(12) (21, 14) (12) (12) (63, 6.4) (6.4) (25, 10) (I0)

Lake-water-to- a-t 0.005 0.005 3.9 4 0.5 0.02 0.3 0.3 02 0.2 -

sediment removal (13, 12) (12) (4, -) (7.8) (12, 12) (6.9) (94, 6.1) (6.1) (73, 15) (14) -4
rate constant

FW - refers to tissue concentrations on a fresh-weight basis.
b na - Geometric standard deviation not applicable to the data because there are zero values.

'0
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Table 3
Recommended geometric mean (geometric standard deviations)'for parameters that are not well investigated

Parameter Chlorine Iodine Neptunium Uranium Radium

Degassing from 0 - 0 0 0
water (a-1)

Aquatic iodine - 2.6 x 10-6 (3.0) - - -

mass loading
Degassing from soil (s-) 3 x 10-" (10) 7 x 10-'° (10) 0 0 0

Ingestion transfer coefficient from plants .to terrestrial animal human-food products

Cow milk (d L-') 0.015 (2.2) '0.0076 (2.9). 5.0 x 10-6 (3.2) 3.7 x 10-4 (3.2) 6.2 x 10-4 (3.2)
Beef meat (d kg-1) 0.020 (2.2) 0.012 (3.2) 2.0 x 10-4 (3.2) 4.0 x 10-4 (3.2) 9.0 x 10-4 (3.2)

Poultry/eggs (d kg-') 2.0 (2.2) 7.5 (3.2) 2.0 x 10-2 (3.2) 1.2 (3.2) 0.13 (7)

here because it is less well studied. One of the difficulties in measuring this parameter is that the
loss rate is slow enough, with a half-time of a decade or more, that the loss is analytically
difficult to detect.

The soil degassing rate describes the fraction of a nuclide in the root zone of the soil that
is lost as a gas to the atmosphere per unit time. ICRU (2001) recommends the notation k in
units s-t. The soil degassing rates used in Canadian assessments originally were lognormally
distributed with a GM of 1 x 10-9 s-1 (0.032 a-') and a GSD of 10 (Sheppard, 1992), indepen-
dent of the soil type. In a subsequent study (Zach et al., 1996), this value was reduced to a GM
of 6.7 x 10-to s-' (0.021 a-') with a much smaller GSD of 3.0 based on the paper by Sheppard
et al. (1994). This GSD of 3.0 was a subjective estimate, taken as intermediate between a GSD
of 1.9 from research done in the field on Canadian soils (Sheppard et al., 1994) and a GSD of 11
that included field values from the arid Hanford site in the US (Garland et al., 1987 cited by
Sheppard et al., 1994). Sheppard et al. (1994) summarized much of the earlier literature, and
the range of iodine loss rate constants was 6 x 10-12 to 1 x 10-7 s-I with a GM of
6.7 x 10-10 s-1, the value used by Zach et al. (1996).

Measurements done by Sheppard et al. (1994) over three years in a field setting, using a veg-
etated mineral soil, indicated a loi.s rate by volatilization of 7 x 10-9 s-I (GSD = 1.4). A
shorter-term laboratory study with an .organic soil gave a volatilization rate of 2 x 101- s-l

Table 4

Radon specific parameter values

Parameter Results

Surface water degassing AMa (SD), 6.7 x 10-6 (3.3 x 10-) - correlated
transfer coefficient (m s-) to wind speed or lake area

Soil relative emission rate GMa (GSD) 2.7 x 10-9 (2.2)
(moIR, M-2 s-I (m0lR.)- ikgui1)

Soil-to-indoor air transfer GM (GSD) I x 10-5 (2.6)
factor (mol 222Rn m-3 air)/
(mol 

226
Ra kg-1 dry soil)

Fraction released GM (GSD) 0.52 (1.3)
from domestic water
into indoor air
* AM (SD) indicates arithmetic mean (standard deviation) implying a normal distribution, GM (GSD) indicates geo-

metric mean (geometric standard deviation) implying a lognormal distribution.
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Table 5
Geometric mean (geometric standard deviation) of parameter values where recommendations differed from previous
values (Davis et al., 1993) by more than 10-fold

Parameter Previous Recommended

Soil solid/liquid partition coefficient (Lkg-') - Ra 500-36,000 (10) 47 (4.9)
Fish/water concentration ratio (L kg-1) - Np 2500 (12) 200 (12)
Fish/water concentration ratio (L kg-1) - U 50 (12) 3 (10)

Lake water to sediment transfer rate (a-) - Np 0.5 (3) 0.02 (6.9)

(Sheppard et al., 1994). Less volatilization from organic soils would be expected because they
often more effectively sorb iodine (Bostock et al., 2003).

Muramatsu and Yoshida (1995) reported experimental work on volatilization of iodine from
the soil-plant system, using 125I. They assessed the volatilization from both rice growing in
flooded soil and oat in the same soil drained. They concluded that iodine emissions were highly
stimulated by the presence of plants and they observed seasonal patterns for iodine emission for
both plant types. The volatilized species was methyl iodide (CH3I) and was emitted primarily
from the plant shoot rather than the soil. For rice grown in flooded soils, the emission rate
varied from 4.9 x 10-9 s-1 to a high of 2.9 x 10-8 s-1 at tillering. The average over the
60-d growing season was about 9 x 10-9 s-1. For the oat plants, the average over the 60-d grow-
ing season was 3 x 10-10 s-1. The most interesting information is that the field-moist soil alone
gave an initial emission rate of 2 x 10-10 s-1, very similar to that of the planted pot, then its
emission rate dropped as low as 3 x 10-11 s-1. The flooded soil alone started much lower
(8 x 10-0 s-1) than the planted flooded soil.

More recently, Bostock et al. (2003) carried out iodine volatilization experiments with a co-
niferous forest and a grassland soil for varying time periods (48 h and 22 d). The soils were
acidic in nature and the forest soil was rich in organic matter (up to 9.7%). The emission rates
varied between the soils, a range of 0-2 x 10-9 s-1 was measured from the 48-h grassland
study and 6 x 10-12 to 6 x 10-10 s-1 from the 22-d forest soil study. Both short-term processes
and longer-term processes are apparently occurring. Some of this effect of time was attributed
to sorption of iodine onto organic substances in the soil.

The work of Muramatsu and Yoshida (1995) and Bostock et al. (2003) confirm the GM of
6.7 x 10-10 s-1 used for the second Canadian assessment ,(Zach et al., 1996), and we recom-
mend this value for future use as well. However, the GSD should be increased to 10, recognis-
ing the large variability in these data. This GM value is within about an order of magnitude of
the loss rate expected from leaching (assuming a Kd of 10 L kg-1), but 5 x l065-fold faster than
from radioactive decay of 1291. Thus, it is clearly an important parameter and perhaps deserves
more research attention. There are no truncations or correlations proposed, although there may
be evidence to support a negative correlation with the soil solid/liquid partition coefficient, Kd,
especially in high organic matter mineral and organic soils. When more I is sorbed (high Kd),
apparently, and presumably, less fis. available to volatilize.

3.3. Non-zero soil solid/liquid partition coefficient (Kd) for chlorine

There is an almost implicit assumption in many sectors of the literature that Cl, specifically
the CI- anion, does not sorb to earth materials. For this reason, it is commonly used as a tracer
of water flow in porous media. However, in the context of 36C1 from nuclear fuel waste, even
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a very modest degree of sorption in soil could markedly change the dose estimates. For exam-
ple, compared to nil sorption, a very low Kd of 0.1 L kg- t could result in a near doubling of the
steady-state soil 36CI concentrations (the increase in steady-state concentration would be
approximately 1 + Kd(pIO), where p is soil bulk density (kg L-) and 0 is the volumetric soil
moisture content).

In addition to the limited scientific interest in Kd values for Cl, measuring Kd values as low
as this is problematic because manymethods compute sorption by difference in pore water con-
centration before and after contact with soil, and for Cl these differences are small. However,
there are a few data (Table 6).

The major compendia documenting Kd values for several nuclides (Coughtrey et al., 1985;
Sheppard and Thibault, 1990; IAEA, 1994) all excluded Cl. In earlier Canadian assessments
(Zach et al., 1996; Sheppard et al., 1996), the Kd values for Cl were derived from a regression
across many elements, with plant/soil concentration ratios as the independent variable. For
sand, loam, clay and organic soils, the GM Kd values were 0.8, 0.25, 4.4 and II L water kg- t

dry soil. The GSD for all soil types was 10. The correlation between Kd and plant/soil concen-
tration ratio was at -0.7, as it was for all radionuclides. For a Swedish nuclear fuel disposal
safety assessment, Bergstrim et al. (1999) set the median soil Kd value at 1 L kg- t , with a range
of 0. 1- 10 L kg- 1. The RESRAD model used to predict risks of radionuclide releases from con-
taminated soil has a default soil Kd for Cl- of 0.1 L kg-' (RESRAD). Koch-Steindl and Pr61
(2001) concluded that Cl- is the only species of Cl to be considered within the stability field of
water; it is only weakly bound to soil, is not sorbed, not accumulated in soil and is quantita-
tively lost from soil by leaching.

There have been a few direct measurements of Kd for Cl. Sheppard et al. (1993) measured
soil Kd for Cl in soil at about field capacity; initially the Kd was 0.63 L kg-', then became
0 L kg-1 over a period of 21 d (their detection level for Kd was not reported). The soil had
a pH of 7.5, clay content of 18%, organic matter content of 18.4%. Sheppard et al. (1993)

Table 6
Soil solid/liquid partition coefficients, Kd, for Cl as reported in the literature

Source , Soil description Soil texture Kd (L kg-)

Experimental
Sheppard et al. (1993) Garden soil Loam 0
Takebe (2000) Na-type bentonite Clay I

Ca-type bentonite Clay 0

JAERI Tokai, pH 8.5 Sand 0.1
JAERI Tokai, pH 8.7 Silt 0
Ibaraki Kuroboku, pH 6.9 1

Sheppard et al. (2004a) inferred Litter Organic 2200
from Milton et al. (2003)

Assumed values
Zach et al. (1996), Clay Clay 4.4

Sheppard et al. (1996) Loam Loam 0.25
Sand Sand 0.8
Organic Organic 11

Bergstr6m et al. (1999) Generic soil
Klos et al. (1996) Generic soil 0
Predicted from C, value of 16 Garden soil 0.92

reported by Sheppard et al. (1999)
Bright and Addison (2002) Generic soil 0.6
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also noted a soil residence half-time for Cl in the field of 140 d, slightly longer than for Br in
the same experiment, which implies Cl was not fully mobile. Takebe (2000) reported Kd values
from batch-type experiments for several materials, including soils, and the values for soils
ranged from 0 for sands and silts to 1 L kg-1 for sodium bentonite and for a soil formed on
volcanic ash that may have had an organic matter content in the order of 10%. Milton et al.
(2003) recently suggested that the increase in 36C1 concentration measured at depths <2 m
on soils of the Canadian Shield probably indicates organic sequestering of Cl. Unfortunately,
few soil Kd values are possible from their data. Sheppard et al. (2004a) inferred a range, using
ancillary data from Milton et al. (2003), of 830-5700 L kg- 1 . These are remarkably high
values, but may be appropriate for organic soils. Cornett et al. (1997) measured 36C1 in envi-
ronmental samples and concluded that it was moving through the biosphere at slower rates
than would a non-reactive anion or water, but they did not provide any retention or Kd data.

One of the explanations for the observations by Milton et al. (2003) of Cl accumulation in
upper soil layers is a combination of organic association of Cl in tandem with efficient recy-
cling by vegetation. Recent experiments in the Chernobyl 10-kmn zone have demonstrated
that 36C1, added as a tracer to the soil, was rapidly incorporated into the standing biomass,
where it was efficiently recycled and thereby prevented from being lost by leaching (Kashparov,
2004).

There are a number of studies that offer inferential evidence of non-zero Kd values in
groundwaters (Ogard et al., 1988; Phillips et al., 1988). Chlorine-36 was among the suite of
radionuclides spiked into the groundwater below a 70-cm soil column in a lysirneter experiment
in the UK (Butler and Wheater, 1999). The results showed that the soil Kd for 36C1 was defi-
nitely non-zero. Lee et al. (2001) investigated further and showed that 36C1 attached to humic
substances and associated preferentially with low-molecular-weight fractions. They felt they
had clear evidence for the existence of chlorinated humic substances that retarded the migration
and reduced the bioavailability of 36C1.

The median value for all soils in Table 6, including the zero values, is 0.1 L kg-1. The GM is
not very meaningful because there are as many zero values as non-zero values (a GM cannot be
computed including zero values). There are insufficient data to differentiate Kd among the min-
eral soil types, so the median of 0.1 L kg- 1 is recommended as the GM. The value of
2000 L kg-1 (from Milton et al., 2003) is tentatively recommended as a GM for organic soils.
Because GSD cannot be computed where there are zero values, a generic estimate is used.. In
Thibault et al. (1990), the median GSD for 26 radionuclides and four soil texture classes was
5.0 (range 1-100). Here, the recommended GSD for 36C1 is 10, consistent with the default used
by Zach et al. (1996) and still appropriate because of the scarcity of data and the inconsistent
evidence of apparent retardation for Cl. No truncations are recommended, and a negative cor-
relation with the plant/soil concentration ratio probably remains appropriate.

3.4. Effect of soil pH on soil Kdfor uranium

Several authors have pointed to the relationships between soil Kd and selected physical or
chemical properties. Soil pH, clay and organic matter contents as well as mineralogy have all
been shown to be important for determining soil Kd for a variety of elements. Soil pH and
organic matter content can vary significantly with time, depending on soil management and
fertilisation practices.

For U, a study that investigated the effects of these soil characteristics was Echevarria et al.
(2001). They found no significant effect of clay or organic matter content; however, they did
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find a significant relationship between soil Kd (as L kg- 1 ) and pH. For 21 soils with pH from

5.5 to 8.8, the relationship was:

logKd=apH+b (1)

where a= -1.29 ± 0.17 (standard error) andb = 11 - 1.2 (standard error).
The r2 value was 0.76. This significant relationship with soil pH is probably due to the ex-

istence of different uranium complexes as a function of soil pH. Echevarria et al. (2001) stated
that soil pH should be the focus variable for reduction of uncertainty associated with soil Kd for
risk assessments, at least for U.

The present updated compilation of soil Kd.values includes 134 data for mineral soils with
a pH range of 4.0-8.8. However, the negative relationship between Kd for U and pH is undoubt-
edly related to the formation of soluble U-carbonate complexes at higher pH. It follows then that
above pH 5.5, where HCO3 becomes an important species (Lindsay, 1979), is the domain where
pH would be a useful predictor. In Fig. 1, there is a lot of scatter, but above about pH 5.5, the
regression relationship (Eq. (1)) has the coefficients a = -1.07 ± 0.133 (standard error) and
b = 9.80 ± 0.930 (standard error), neither of which are significantly different (P > 0.05) than
those of Echevarria et al. (2001). The r2 is 0.41, less than that of Echevarria et al. because
this compilation contains values from many different protocols for obtaining sorption measure-
ments, whereas Echevarria et al. used one consistent protocol. Recommended Kd values for U
would utilize the regression equation for soils above pH 5.5, and a constant value of 300 L kg-I

below pH 5.5. In the absence of information about soil pH, the recommendations (L kg-) as GM
of the reviewed values are sand: 40; loam: 200; clay: 200; and organic: 2000.

3.5. Plant type categories for plant/soil concentration ratios

Plant/soil concentration ratios CrS are perhaps the most thoroughly investigated of the pa-
rameters used in environmental safety assessment models. For example, in this project there
were 535 relatively recent data for U and 624 for Ra. This amount of data suggests that there
is potential for discrimination of values among various plant and soil types. Obviously, there are
several drivers for this. From the perspective of a dose assessment model, there is a limit to the
number of different plant and soil types that can be reasonably accounted for, unless there is

7

6-

5

36

rill ,

0 -I

3 4 5 6 7 8 9
Soil pH

Fig. I. Soil Kd (log of Kd in L kg-') for U versus pH. Below pH 5.5, there was no significant effect of pH (GM
Kd = 300 L kg•'). Above pH 5.5, the bold line is the best-fit regression, and the fine line is that of Echevarria et al. (2001).
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detailed information about the diet and location of the critical group. Certainly, dose assessment
for waste management requires projections into the future where diet, in particular, cannot be
well specified. There is also a limitation imposed by the data: reporting CrS for different plant
and soil types is not justified if they are not significantly different.

Sheppard and Evenden (1997) and Sheppard (2005) suggest that for all parameters, there is
an inherent level of variation that reflects sources such as natural variation and inaccuracy of the
ratio model. For Cr this coincides with a GSD in the order of 3-6, which in turn implies that Cr
values that differ by less than about 10-fold are probably not significantly different. As a result,
based on statistical differences, there are generally only a few categories of plant and soil types
that warrant different Cr values.

Table 7 shows the results of categorizing Cr for Np, Ra and U into nine plant types. These
elements are highlighted here because there were more data than for Cl or I. Note that the over-
all GSDs were 12, 6.4 and 8.4, respectively. After analysis of variance that accounted for the
nine plant types, the residual GSDs (that variation not explained by the plant type categories)
were much lower at 6.7, 3.4 and 5.7, respectively. Clearly, these plant type categories were use-
ful in explaining some of the overall variation (Sheppard, 1995a).

For each element, there were significant differences among the plant types. Lichens, mosses
and heather had substantially higher CrS than other plants, probably reflecting plant stature and
the specific ability of these plants to retain dust - dust is a major source of nutrients for lichens
and moss because they do not have roots. Dust and soil splash are also important contributors to
radionuclides in forages consumed by animals (Sheppard, 1995b). Among the other plant types,
there was a general tendency for the human consumption plants to have lower CrS than the an-
imal forage, native browse, shrub and trees. However, the differences among the plant types
were not consistent from element to element. For example, Cr values for trees were especially
low for U, but were third highest for Ra. This highlights that categorization among plant types
will be different among elements, which of course is not surprising given that the plants have
some metabolic discrimination in the uptake and redistribution of contaminant, elements. From

Table 7

Geometric mean Cr (dry-weight basis), in brackets are ,(n. GSD)

Plant type Neptunium Radium Uranium

Vegetables 0.0059 (1, -)abc. 0.02 (96. 5.3)d 0.0045 (81, 5.0)cd
Root crops 0.0046 (2, 1.2)abc 0.018 (78, 4.8)d 0.006 (64, 6.2)bcd
Cereal grains 0.003 (43, 7.8)c 0.03 (79, 6.1)cd 0.003 (55. 8.7)d
Fruits, berries, nuts 0.0028 (7, 3.4)bc 0.04 (27, 5.9)bcd 0.0021 (36, 4.1)d

Forages 0.03 (78, 8U)ab. 0.1 (170, 5.6)ab 0.01 (104, 5.8)b
Native browse 0.6 (2, 9.6)a 0.1 (80, 6.5)ab 0.01 (83, 8.7)bc
Shrubs - 0.078 (25, 3.6)abc 0.007 (33, 5.2)bcd
Trees 8.6 (1, -)a 0.10 (58, 4.1)ab 0.004 (68, 16.3)d

Lichens, moss, heather - 0.3 (11, 6.3)a 0.3 (9, 1 l)a

Overall 0.01 (134, 12) 0.05 (624, 6.4) 0.006 (535, 8.4)
Residual GSD 6.7 3.4 5.7

Concluding comments Cereal grain and forages Lichens, moss and heather most unique,
not the same human consumption plants pot the same as

forages and browse

Values followed by the same letter within a column are not significantly different (P < 0.05). Residual GSD is after
analysis of variance accounting for the effect of plant type.



126 S.C. Sheppard et al. /I J. Environ. Radioactivity 89 (2006) 115-137

the perspective of dose assessment models, this means that although there may be a generic
categorization to variation in plant types across all elements in the model, the data may not sup-
port different values. To illustrate, the model may be specified to use different Cr values for
vegetables and root crops, but based on Table 7, there is no justification to use different values
for these crops. Although not investigated here, it is also relevant to consider correlations to soil
elemental concentration for U and perhaps all elements (Sheppard and Evenden, 1988).

In summary, the model of Gierszewski et al. (2004) uses only two categories of plants -
human consumption versus animal consumption, and the present reviews support this in
general. Further categorization would be supported by the data, but the categories would not
be consistently different across the many elements in an assessment model.

3.6. Radon degassing from surface water

Radon-222 concentration in the atmosphere as a result of degassing from surface water is
modeled by estimating the flux of 222Rn out of the water body, followed by a treatment of
atmospheric dispersion to give the air concentration (Table 4). The degassing parameter is a ve-
locity (m s-1 ), so when multiplied by a concentration in water (Bq 222Rn s-1) yields a flux den-
sity (Bq 222Rn m-2 s-l). This parameter is often described as a transfer coefficient.

A number of studies have measured this parameter in ideal settings. Emerson et al. (1973)
measured the mass transfer coefficient for 222Rn for Lake 227 in the Experimental Lakes Area
(ELA, northwest Ontario, Canada), and suggested that lower values they observed for lakes,
compared to open ocean studies, were due to lower wind speed. Lower wind speed would in-
crease the boundary layer thickness. and decrease the gas exchange rate. Hesslein et al. (1980)
measured the 222Rn mass transfer coefficient for Lake 224 at the ELA in late July to early Sep-
tember. The measured transfer coefficients in a whole-lake experiment ranged from 4.1 x 10-6

to 10 X 10-6 m s- 1 with a mean of 7 x 10-6 m S-1. The data were taken at weekly intervals and
thus would average the effects of wind speed on the transfer coefficient. Experiments in limno-
corrals with a diameter of 5-10 m gave similar transfer coefficients. Again, the higher transfer
coefficient values measured for Lake 224 compared to other lakes (Emerson et al., 1973, 1975)
were attributed to "higher wind stress" on Lake 224; although, wind speeds were not specified
by Hesslein et al. (1980).

Wind speed may be the main cause of this separation of the values obtained on lakes versus
those obtained on oceans, although other processes such as the occurrence of surface films may
also have an effect. To more fully examine the effect of wind speed, the results of several stud-
ies were combined (Fig. 2). These results suggest that the transfer coefficient is constant at
2.1 x 10-6 m s-I for wind speeds below about 2.5 m s- 1 , and then is a linear function at higher
wind speeds (transfer coefficient = -2.1 x 10-5 + 8.5 x 10-6 (wind speed), r 2 == 92%, both re-
gression coefficients P < 0.05).

Alternatively, a value specific to lakes could be surmised on the basis of the ELA data. The
median of the means of the ELA data 6.7 x 106 m s- with a standard deviation of
3.3 x 10-6 m s-1 . The distribution function should be truncated at 0 m s-I since negative values
are impossible. Because wind speed is likely to exhibit a normal distribution over a year, it is
reasonable to expect that the distribution of transfer coefficients would also be normal. Although
the transfer coefficient is nearly independent of wind speed below - 2.5 m s-, (Fig. 2), a positive
correlation with wind speed or lake size would be appropriate. A correlation of r = 0.7 is recom-
mended, based solely on the rationale that a correlation is expected, and a value less than 0.7 will
have little impact in stochastic analysis (Sheppard and Sheppard, 1989).
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Fig. 2. Relationship between gas exchange (transfer) coefficient and wind speed, with data from several references and
including both lake and ocean. The line is the best-fit line for wind speeds above 2.5 m s-.

The selected transfer coefficient would overestimate the annual transfer of :'22Rn to air from
water bodies that may be frozen for a significant portion of the year and thus releasing little or
no 222Rn over this period. Similarly, solubility will vary with temperature, probably resulting in
higher coefficients in late summer than other seasons. The transfer coefficient may be different
between thermally stratified lakes (summer conditions in deep lakes, coincidentally the condi-
tions where many of the data were collected) and mixed lakes (spring and fall or in shallow
lakes). Overall, the use of the data from ELA should be conservative with respect to these
seasonal effects (i.e., lead to higher dose estimates from atmospheric pathways) because they
probably represent the seasons where the transfer coefficients are highest.

3.7. Radon transfer from soil to indoor air

A large portion of background radiation exposure to humans is attributed to 222Rn (and its
radioactive progeny), and 222Rn in indoor air is a major vector. Against this background, it is
still necessary to compute the incremental dose resulting from 222Rn that arises because of
nuclear fuel waste. Several models (Gierszewski et al., 2004; Azlina et al., 2003) account
for 222Rn in indoor air from boih 'contaminated domestic water and direct transfer of 222Rn
gas from contaminated soil to indoor air. One approach is a simple ratio, where the soil-
to-indoor air transfer coefficient is the 222Rn concentration in indoor air divided by the 226Ra
concentration in soil.

KiRn -- -air (2)
Csoil

where:

Kipn is the transfer coefficient from soil to indoor air [(mol 22Rn m-3 air)I(mol 226Ra kg-'
dry soil)],
CR" is the indoor air 222Rn concentration (mol m-3 air), and
CRl is the soil 226Ra concentration (mol kg- dry soil).
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Although simple in concept, this parameter is very difficult to measure because, in many
buildings, the building materials are an important source of the 222Rn measured indoors, not
the surrounding soil. Additionally, there is variation in the process caused by:

- indoor ventilation rates, which vary from winter to summer,
- building design (sub-grade rooms always have higher 222Rn concentrations in air than

grade-level or higher floors),
- the emanation efficiency from soil (the fraction of the 222Rn produced in solids that is avail-

able to migrate),
- fraction of indoor air that previously passed through the contaminated soil,
- porosity and moisture content along the flow path from soil to indoors,
- the relative contribution from subsoil and underlying rocks, and
- thermal and barometric gradients that control convective migration.

Nason and Cohen (1987) measured 226Ra in soil and 222Rn in soil gas and indoor 222Rn con-
centrations in several areas throughout the U.S. to determine if there was any correlation
between measurements. Correlations between 222Rn and 226Ra concentrations were weak for
all cases:

Rn(indoor air):Ra(soil), r = -0.26-0.45;
Rn(indoor air):Rn(soil gas), r 0.0-0.37; and
Rn(soil gas):Ra(soil), r = 0.30_0.46.

The denominator of the parameter, the soil 226Ra concentration, varies little, with a value of
3 x 10-12 mol kg-1 dry soil (25 Bq kg-1) being representative of Canadian Shield conditions
(Davis et al., 1993; Amiro, 1992) and 35 Bq kg- 1 worldwide (UNSCEAR, 2000). The
relatively small variability probably reflects the fact that 226Ra is part of a primordial decay
series that is ubiquitous. However, a corollary of this is that few studies that report indoor
222Rn also report soil 226Ra concentrations, limiting the amount of data available to determine
KiRi.

Indoor 2 2Rn concentrations are lognormally distributed and vary more widely. Studies on
the Canadian Shield exhibit values ranging from 1.6 x 10- to 1.3 x 10-16 mol m- 3 air
(20-166 Bq m-3 ) and GSD values exceeding 3 (Amiro, 1992).

The literature found useful to compute Kiln is summarized in Table 8. Preference was given
to large surveys of areas with normal levels of soil 226Ra. Where the literature reference did not
provide direct measures of 226Ra, then country-wide or global average values from UNSCEAR
(2000) were used. Although correlations between indoor 222Rn and soil 226Ra are not com-
monly reported, meta-analysis such as compiled here is perhaps the best prospect to examine
the correlation. The log values of indoor 222Rn and soil 226Ra concentration in Table 8 are sig-
nificantly correlated (r = 0.63, P < 0.001). Notably, this resulted from the high values of both
reported by Stranden and Strand (1988) and Voutilainen et al. (1988), all the other data were
generally clustered together. With no 226Ra there would be no 222Rn, which implies a correlation
would be an appropriate a priori assumption. However, with housing, quite often the construc-
tion materials contain 226Ra. Because of proximity, 222Rn from construction materials can often
dominate over 222Rn from the surrounding soil.

Values of KiRt, as calculated in Table 8 -ranged from 0.1 to 9 03q 222 Rnm- 3)

(Bq 226Ra kg- 1 dry soil), with a GM of 1.5 (Bq 222Rn m-3)/(Bq 226Ra kg-1 dry soil) and GSD
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Table 8
Summary data for indoor air 222Rn concentrations, soil 226Ra concentrations and corresponding ]i,,in values

222n 
22 SRa" KiRn (22 2RnP 26Ra) Reference

(Bq m-3) (Bq kg-') (Bq Rn m-3/Bq Ra kg-1)

90 46 2 Castren et al. (1985)

33 40 0.8 Nero et al. (1985)

43 60 0.7 McAulay and
McLaughlin (1985)

41 26 2 Poffijn et al. (1985)

25 35 0.7 Sciocchetti et al. (1985)

19-88 17 1-5 Sorensen et al. (1985)

10-1000 10-60 4 Nason and Cohen (1987)

6-1800 5-200 3 Keller arid Schlitz (1988)
170-840 890-5600 0.2 Stranden and Strand (1988)
1100 1000 1 Voutilainen et al. (1988)

63, 34 32 2, 1 Baixeras et al. (1996)
60-330 35 2-9 Friedmann et al. (1996)
5-57 35 0.1-2 Harley (11996)
242 42 6 Hubbard et al. (1996)
22 20-70 0.3-1 Jin et al. (1996)

44 35 1 Keller et al. (1996)

60, 150 35 2-4 Kies et al. (1996)

26-48 40 0.7-1 Price and Nero (1996)

78 35 2 Siniscalchi et al. (1996)

116-179 35 3-5 Steck et al. (1996)

21 33 0.6 Fujimoto et al. (1997)

30 33 0.9 UNSCEAR (2000)

128 30 4.2 Dumitrescu et al. (2001)

28-64 29 1-2 Choubey et al. (2003)

130 25 5 Louizi et al. (2003)

70, 36 29 '2, 1 Ramola et al. (2003)

* Average 226Ra concentration of 35 Bq kg-' (UNSCEAR, 2000) assumed where no data were available.

of 2.6. The median GSD among those reported in the underlying studies (Table 8) was 2.5, sug-

gesting this is a reasonable value.
A stochastic analysis similar to that of Amiro (1992) was undertaken, using a Monte-Carlo

risk assessment tool (Crystal Ball 2000 - Decisioneering Inc.). Lognormal probability density

functions (pdf) were chosen for the indoor 222Rn and the soil 226Ra concentration with the GM

and GSD values presented in Table 9. The pdf for 222Rn was the GM (5 x 10-17 Mol m-3 air or

60 Bq m-3), with a GSD of 4.3. The pdf used for 226Ra had a GM of 35 Bq kg-1 (world average

from UNSCEAR, 2000) with a GSD of 3. The GM for KiRn was calculated as 1.7

(Bq 222Rn m-3)/(Bq226Rakg-ldry soil). This is remarkably consistent with the GM from

Table 8. In addition, the indoor 222Rn and soil 226Ra concentrations were also correlated in

the Monte-Carlo analysis with correlation factors of 0, 0.3 and 1, to investigate the effect of

correlation on the GSD for KiRn. As expected, the GSD decreased with increasing correlation
(Table 9). Since there appears to be little or no observed correlation between indoor 222Rn and

soil 226Ra concentrations, the results for correlations of r = 0 and r = 0.3 are probably most ap-

propriate to estimate the GSD for KiRn, and these bracket the median GSD of ?2.5 from Table 8.
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Table 9
Geometric mean (GM), geometric standard deviation (GSD) for 222,n and 226Ra used in the stochastic calculation of
Kint, also showing the calculated GM and GSD of the KiRn parameter with three levels of correlation between 222Rn
and 226Ra

222
Rn 226

Ra KiRn KiRn

(Bq m-
3
) (Bq kg-') (Bq m-3 

222
Rn)/(Bq kg- 226Ra) (mol m-

3 
22

2
Rn)/(mol kg-1

226
Ra)

Pearson 0 0.3 1 0.3
correlation (Rn:Ra)

GM 60 35 1.7 1.7 1.7 1.1 E-5
GSD 4.3 3 6.5 4.6 1.4

This survey indicated that the KiRn value derived by Amiro (1992) of a GM of 4.3 x 10-5

(mol 
2 22

Rn m- 3 air)/(mol 2 2 6 Ra kg- dry soil) and GSD of 2.6 was probably slightly high,
intended to be conservative. The recommended value based on this review for KiRn is a log-
normal distribution with a GM of 1 x 10-5 (mol 222Rn m- 3 air)/(mol 226Ra kg- dry soil) or
1.5 (Bq 2 2 2Rn m-3)/(Bq 2 2 6 Ra kg-1 dry soil) and a GSD of 2.6. No truncations are required,
and no correlations to other parameters are justified.

3.8. Calcium dependence of radium transfer factors

It is very probable .that all of the contaminant elements in nuclear waste interact to some
degree with stable elements in the biosphere. For some, such as 1291 and 3 6 C1, the key interac-
tion is with stable isotopes of the same element (Sheppard et al., 1996). For some, and the same
two elements serve as an example, there is some coincidental interaction: like elements (anions
for this example) will behave similarly. Most interesting are the interactions that result from
chemical interferences. Calcium is the best example, it is such a common cation in soil and
water that it interferes with sorption of elements onto mineral surfaces and competes with el-
ements for uptake at the organism membrane surface (Paquin et al., 2000). In general, these
interactions are ignored, or are accounted for by selecting data from experiment,; where the me-
dia had similar characteristics to the media actually assessed. In the present review, the effect of
Ca on Ra was evident for a number of transfer parameters.

The relationship between plant/soil concentration ratio (Cr) for Ra and the plant tissue
Ca concentration is shown in Fig. 3. The best-fit relationship is log(Cr) = -2.07 + 0.616
(log[Catissue]), where [Catissuj] is the plant tissue Ca concentration (g kg- t ). Although apparently
well described, this may be of only marginal importance because a 600-fold change in tissue Ca
concentration results in only a 50-fold change in C, Values of Cr normally have variation in the
order of 30-fold, although there was less variation for Ra than observed for other elements (Table
7). A 600-fold range in tissue Ca concentrations can be reasonably expected, especially if there is
a range of soil conditions. Interestingly, one might anticipate a competitive relationship between
Ra and Ca in plants, and the positive relationship shown here reflects that soil and plant factors
are enhancing uptake of both elements (perhaps a coincidental interaction, as described above).
In an assessment context, this effect may be indirectly modeled if soil Kd values are dependent
on soil properties such as texture and pH.

Another example is the effect of Ca in water on the fish/water transfer factor (B). Combining
data from three studies (Fig. 4), the relationship log(B) = 2.72 - 0.048 [Cawmc,], where B is the
fish/water concentration ratio (L kg- t ) and [Cawater] is the water Ca concentration (mg L-1 ),
seems to describe the data reasonably, well. This implies that a 4-fold increase in Ca
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Fig. 3. Relationship between the dry-weight plant/soil C, values for Ra and the plant tissue Ca concentration (regression
is log(C) = -2.1 + 0.62 log(Ca), correlation of log(Cr) with log(Ca concentration) is r = 0.96).

concentration causes a 700-fold decrease in B. This is a realistic range of water Ca concentra-
tions, so that the effect on B is of practical importance. In this case, the effect would appear to
be competitive, and it is well known that Ca competes with other cations for uptake at the me-
dia/membrane interface (Paquin et al., 2000). It is anticipated that because Ra and Ca have
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Fig. 4. Correlation between the fish/water concentration ratio, B, of 22Ra in fish and the calcium concentration in the
water (regression is log(B) = 2.7-0.048(Ca), correlation of log(B) with Ca concentration is r = -. 0.89).
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similar ionic properties, the much higher molar concentrations of Ca will have a profound effect
on Ra uptake.

This relationship to Ca has been known for many years, and led to the concept of observed
ratio (OR), where the concentration ratio for, in this case Ra, is normalized to the concentration
ratio for Ca. Hesslein and Slavicek (1984) investigated the concept of the OR in organisms
versus water and food to explain the differences in bioaccumulation. They found that Ra is
discriminated against versus Ca by fish, but favored relative to Ca by macrophytes and
crayfish.

This dependence of transfer factors on elements other than those directly related to waste
materials has important implications. The simplest resolution is to select the transfer parameter
values to represent the element composition of the media at the site being assessed. However,
for long-term assessments, this requires an assumption that the soil and surface water chemis-
tries will remain unchanged. Of all elements, this is perhaps least tenable for Ca. Calcium is an
important and often dominant base cation, so that Ca concentrations are markedly affected by
the weathering of soils and acidification of surface waters. Decreasing Ca concentrations over
millennia may be a reasonable expectation. This implies that wherever Ca is a competing cat-
ion, as shown for Ra in fish, the transfer factors may increase with time as the Ca concentrations
decrease.

3.9. Radium concentration ratios - whole fish versus flesh

The fish/water concentration ratio, B, was originally intended to model transfer to human
food sources, but it may also be used to compute doses to non-human biota. Radium tends
to accumulate in the skeleton - a further implication of the relationship between Ra and Ca.
Thus, for humans the emphasis needs to be on Ra in flesh (muscle), whereas for non-human
biota the Ra in bones should be included. For any pathway where the whole fish including
bones may be ingested, it is probable that the Ra in the bones will be released by acidic gastric
processes. This suggests a requirement for different parameter values for human versus non--
human dose estimates. Of course, humans do ingest bones of small freshwater species such
as smelt (Osmerus mordax).

Not many studies report both flesh and whole-fish data. Justin and Havlik (1990) reported
B values for Ra in Ophiocephalus, showing values for flesh of 5-15 L kg- , whereas for
bone the B values were 40-77 L kg-1. Blaylock (1982) reported B values for Ra in whole
fish (less viscera) that were 63-fold higher than those they reported for flesh. Justin and
Havlik (1990) also pointed out relationships between Ra uptake and metabolism rate, so
that the rate of accumulation of Ra in younger fish was twice as fast as in older fish.
Anderson et al. (1963) reported Ra concentrations in several fish species, including whole
fish and flesh. The B values calculated from :these data varied from 0.72 to 44Lkg-' for
whole fish (juveniles) and from .28. to 4.2 L kg-' for flesh (older fish). It is more probable
that younger fish would be ingested whole.

The overall review identified 63 values of B for Ra in flesh, with a GM of 20 L kg-1 and
a GSD of 6.4. However, there were also 98 data for whole fish, with a GM of 71 L kg-' and
a GSD of 4.8. Taken all together, the GM was 40 L kg-1 with a GSD of 6.2. Although this
clearly supports the expected trend, the values are not statistically different.

Similar to other parameters, this raises an interesting dilemma. The theory and considerable
evidence suggests that different B values should apply to flesh-only than to whole fish. How-
ever, the overall variability arising from uncertainty in species, water chemistry and other
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environmental variables (including food preparation) overshadow the variability controlled by
differentiating flesh versus whole fish. Although this variability is known, the general desire to
have simple assessment models- probably does not allow for incorporation of known, but
statistically insignificant, effects.

4. Summary/recommendations

A predominant observation from this review is that the research to support and derive new
transfer parameters is extremely biased toward certain elements and certain parameters. Very
little has been done with feed-to-animal-product transfers, probably because controlled studies
are very expensive, especially if they involve radionuclides. Relatedly, these parameters are of-
ten found to be of lesser importance for dose estimates to humans. Biokinetic studies have been
used to derive these transfer factors (Thome, 2003), but these also require data that are not com-
monly available. There is a prospect for improvement for all parameter values resulting from
the greater availability of extremely sensitive analytical methods. As an example, inductively
coupled plasma mass spectroscopy (ICP-MS) typically provides data for over 50 elements in
every sample, to very low concentrations. This means that analysis of stable-element isotopes
and analogues to the elements of concern can be measured in everyday food production
samples. In addition, stable element data facilitates the development of specific activity models
particularly relevant for C, Cl and I (Sheppard et al., 1996).

In contrast to animal transfer parameters, for some elements such as U, there is a vast liter-
ature on soil-to-plant transfers. The arguments presented by Sheppard and Evenden (1997) and
Sheppard (2005) suggest there is a finite level of precision that is possible with the simplistic
concentration ratio model (a GSD pf about 3-6). It could be argued that for elements such as
U, further measurement of Cr is not going to advance the precision and accuracy of assessment.
This may be true even for site-specific measurements (Sheppard, 2005), and is surely true of
more generic assessments. For advancement of the prediction of soil-to-plant transfers of U,
it is clearly time to adopt a more mechanistic model, or redirect the focus to less-well-
researched elements.

There is at least one aspect of experimentation to obtain parameter values that is, in general,
very inadequate. The science has proceeded, for many years, in a rather reductionist manner:
parameters specific to one element and process are measured in isolation. The predominant
example is the reporting of plant/soil concentration ratios without ancillary reporting of soil
properties, and especially Kd. However, the same applies to other parameters, other environ-
mental variables, and perhaps also from element to element. The science may well be advanced
if more studies reported findings for a suite of elements, so that correlations and commonalities
can be utilized. In the context of probabilistic risk assessment, the similar (correlated) behav-
iour of co-contaminants in a given realization should be investigated. For example, if the prob-
abilistic case is one with higher-than-average soil Kd for one contaminant element, then this
should imply (but in practice usually does not) that co-contaminants may also have higher-
than-average Kd.

An indirect conclusion from this review is that transfer parameters do vary with environmen-
tal conditions, and obviously environmental conditions will vary over the time scales relevant to
nuclear waste management. The increased bioavailability of Ra as Ca concentrations decrease
is a good example. This argues for the modeling of an evolving environment, and not simply
physical changes, but also chemical changes.



134 S.C. Sheppard et al. I J. Environ. Radioactivity 89 (2006) 115-137

Acknowledgments

The parameter value reviews summarized in this paper were possible through funding from
Ontario Power Generation. The choice of parameter values was reviewed by P. Gierszewski (all
elements), G. Shaw and co-workers (iodine and chlorine), F. van Dorp (uranium), R. Klos (nep-
tunium) and A. Ikonen (radium and radon). Reviews of the underlying documents by F. Garisto
are also appreciated. Preparation of this paper benefited from the comments of several anony-
mous reviewers.

References

Amiro, B.D., 1992. The Atmosphere Submodel for the Assessment of Canada's Nuclear Fuel Waste Management
Concept. Report AECL-9889, COG-91-199. Atomic Energy of Canada Limited, Pinawa, Manitoba.

Anderson, J.B., Tsivoglou, E.C., Shearer, S.D., 1963. Effects of uranium mill wastes on biological fauna of the Animas
River (Colorado-New Mexico). In: Schultz, V., Klement, A.W. (Eds.), Radioecology (Proceedings of the 1st
National Symposium). Rheinhold and American Institute of Biological Sciences, Washington, DC, USA,
pp. 373-383.

Azlina, MJ.. Ismail, B., Yasir, M.S., Sakuma, S.H., Khairuddin, M.K., 2003. Radiological impact assessment of radio-
active minerals of amang and ilmenite on future landuse using RESRAD computer code. Applied Radiation and
Isotopes 58 (3), 413-419.

Baixeras, C., Font, LI., Robles, B., Guti6rrez, J., 1996. Indoor radon survey in the most populated areas in Spain.
Environment International 22 (Suppl. 1), S671-S676.

Bergstr6m, U., Nordlinder, S., Aggeryd, 1., 1999. Models for Dose Assessments. Technical Report TR-99-14. Swedish
Nuclear Fuel and Waste Management Company, Stockholm, Sweden.

Blaylock, B.G., 1982. Radionuclide data bases available for bioaccumulation factors for freshwater biota. Nuclear
Safety 23 (4), 427-438.

Bostock, C., Shaw, G., Bell, J.N.B., 2003. The volatilisation and sorption of 1291 in coniferous forest, grassland and
frozen soils. Journal of Environmental Radioactivity 70 (1-2), 29-42.

de Bortoli, M., Gaglione, P., 1972. Radium-226 in environmental materials and foods. Health Physics 22, 43-48.
Bright, D.A., Addison, J., 2002. Deviation of. Matrix Soil Standards for Salt under the British Columbia Contaminated

Sites Regulation. Report to the British Columbia Ministry of Water, Land and Air Protection, Ministry of Transpor-
tation and Highways, British Columbia Buildings Corporation, and the Canadian Association of Petroleum Pro-
ducers. Royal Roads University, Victoria, Canada.

Butler, A.P., Wheater, H.S., 1999. Modeling radionuclide transport and uptake in an integrated lysimeter experiment:
1. Model development. Journal of Environmental Quality 28, 1938-1946.

Castren, 0., Voutilainen, A., Winqvist, K., Mlikeliinen, 1., 1985. Studies of high indoor radon areas in Finland. The
Science of the Total Environment 45, 311-318.

Choubey, V.M., Bartarya, S.K., Negi, M.S..Ramola, R.C., 2003. Measurement of radon and thoron concentrations in the
indoor atmosphere and drinking water of'eastern Doon Valley, India. Indoor and Built Environment 12, 191-196.

Cornett, R.J., Andrews, H.R., Chant, L.A., Davies, W.G., Grenier, B.F., Imahori, Y., Koslowskf,, V.T., Kotzer, T.,
Milton, J.C.D., Milton, G.M.. 1997. Is 36 C1 from weapons' test fallout still cycling in the atmosphere? Nuclear
Instruments and Methods in Physics Research B 123, 378-381.

Coughtrey, P.J., Jackson, D., Thorne. M.C., 1985. Radionuclide Distribution and Transport in Terrestrial and Aquatic
Ecosystems. In: A Compendium of Data, vol. 6. Associated Nuclear Services, Epsom, UK.

Davis, P.A., Zach, R., Stephens, M.E., Amiro, B.D., Bird, G.A., Reid, J.A.K., Sheppard, M.[., Sheppard, S.C.,
Stephenson, M., 1993. The Disposal of Canada's Nuclear Fuel Waste: The Biosphere Model, BIOTRAC, for Post-
closure Assessment. Report AECL-10720, COG-93-10. Atomic Energy of Canada Limited, Chalk River, Ontario.

Dumitrescu, A., Milu, C., Gheorghe, R., Vaupoti6, J:, Stegnar, P., 2001. Preliminary indoor radon and gamma measure-
ments in kindergartens and schools in Bucharest. International Conference, Nuclear Society of' Slovenia. Nuclear
Energy in Central Europe 2001, Portoro±, Slovenia.

Echevarria, G., Sheppard, MI., Morel, J.. 2001. Effect of pH on the sorption of uranium in soils. Journal of Environ-
mental Radioactivity 53, 257-264.

Emerson, S., 1975. Gas exchange rates in.small Canadian Shield lakes. Limnology and Oceanography 20, 754-761.



S.C. Sheppard et al. / J. Environ. Radioactivity 89 (2006) 115-137 135

Emerson, S., Broecker, W., Schindler, D.W., 1973. Gas-exchange rates in a small lake as determined by the radon
method. Journal of the Fisheries Research Board of Canada 30, 1475-1484.

Friedmann, H., Zimprich, P., Atzmiiller, C., Hofmann, W., Lettner, H., Steinhiusler, F., Hamernik, E., Maringer, F.J.,
Mossbauer, L., Kaineder, H., Nadschliger, E., Sperker, S., Karacson, P., Karg, V., Kralik, C., Pock, K.,
Schbnhofer, F., Breitenhuber, L., Kindl, P., Oberlercher, G., Seiber, W., Stadtmann, H., Steger, F.,
Tschurlovits, M., 1996. The Austrian radon project. Environment International 22 (Suppl. 1)., $677-5686.

Fujimoto, K., Kobayashi, S., Uchiyama, M., Doi, M., Nakayama, Y., 1997. Nationwide Indoor Radon Survey in Japan.
National Institute of Radiological Sciences, Japan. Annual Report April 1996-1997. Chiba, Japan. http://www.
nirs.go.jp/reportL/nene/H8/nene-I0.htm#TAG-03.

Garland, T.R., Cataldo, D.A., Fellows, R.J., Wildung, R.E., 1987. Environmental Behaviour of Inorganic Anions.
Report, PNL-6100-Part 2. Battelle Pacific Northwest Laboratory, 15-16 (cited by Sheppard et al. 1994).

Gierszewski, P., Melnyk, TW., Sheppard, S.C., Tait, J., 2004. SYVAC3-CC4 Theory. Report 068119-REP-01300-10072.
Ontario Power Generation, Nuclear Waste Management Division, Toronto, Ontario.

Glover, D.M., Reeburgh, W.S., 1987. Radon-222 and radium-226 in southeastern Bering Sea shelf waters and sediment.
Continental Shelf Research 7 (5), 433-456.

Goodwin, B.W., McConnell, D.B., Andres, T.H., Hajas, W.C., LeNeveu, D.M., Melnyk, T.W., Sherman, G.R.,
Stephens, M.E., Szekely, J.G., Bera, P.C., Cosgrove, C.M., Dougan, K.D., Keeling, S.B., Kitson, C.I,,
Kummen, B.C., Oliver, S.E., Witzke, K., Wojciechowski, L., Wikjord, A.G., 1994. The Disposal of Canada's Nu-
clear Fuel Waste: Postclosure Assessment of a Reference System. Report AECL-10717, COG-93-7, Atomic Energy
of Canada Limited Report. Whiteshell Laboratories, Pinawa, Manitoba.

Graedel, T.E., Brewer, P.G., Rowland, F.S., 1988. Panel 4: chemistry at the air-sea interface. Applied Geochemistry 3,
37-48.

Harley, N.H., 1996. Natural background radiation in North America with emphasis on radon. Atomic Energy Control
Board Contract Report, Contract No. 96-54, File No. 34-7-224-1, Ottawa, Canada.

Hesslein, R.H., Slavicek, E., 1984. Geochemical pathways and biological uptake of radium in small Canadian Shield
lakes. Canadian Journal of Fisheries and Aquatic Sciences 41, 459-468.

Hesslein, R.H., Broecker, W.S., Quay, PRD., Schindler, D.W., 1980. Whole-lake radiocarbon experiment in an oligotro-
phic lake at the Experimental Lakes 'Area, northwestern Ontario. Canadian Journal of Fisheries and Aquatic

Sciences 37. 454-463.
http://web.ead.anl.gov/resrad/home2/. RESRAD Home Page.
Hubbard, L.M., Mellander, H., Swedjemark, G.A., 1996. Studies on temporal variations of radon in Swedish single-

family houses. Environment International 22 (Suppl. 1), S715-S722.
IAEA (International Atomic Energy Agency), 1994. Handbook of Parameter Values for the Prediction of Radionuclide

Transfer in Temperate Environments. Technical Reports Series No. 364. International Atomic Energy Agency,
Vienna, Austria.

ICRU (International Commission on Radiation Units and Measurements), 2001. Quantities, units and terms in radio-
ecology. ICRU Report 65. Journal of the ICRU 1 (2), 48.

Jin, Y., Wang, Z., lida, T., Ikebe, Y., Abe, S., Chen, H., Wu, L., Zeng, Q., Du, K., Li, S., 1996. A new subnationwide
survey of outdoor and indoor 222

Rn concentrations in China. Environment International 22 (Suppl. 1), S657-S663.
Just~n, J., Havhlk, B., 1990. Radium uptake by freshwater fish. International Atomic Energy Agency Technical Report

Series No. 310. In: The Environmental Behaviour of Radium, vol. 1. Vienna, Austria, pp. 529-543.
Kashparov, V.A., 2004. Director, Ukrainian Institute of Agricultural Radiology, Physical-Chemical Department,

UA - 255205 Chabany - Kiev Region, Ukraine (personal communication).
Keller, G., Schiitz, M., 1988. Radon exhalation from the soil. Radiation Protection Dosimetry 24, 43-46.
Keller, G., Kappel, R.J.A., Gerken, M., Wellmann, J., Kreuzer, M., Kreienbrock, L., Heinrich, J., Dingerkus, G.,

Wolke, G., Wichmann, H.-E., 1996. Initial results of indoor radon measurements within the German radon studies.
Environment International 22 (Suppl. 1), S665-S670.

Kies, A., Biell, A., Rowlinson, L., Feider, M., 1996. Radon survey in the Grand-Duchy of Luxembourg - indoor mea-
surements related to house features, soil, geology, and environment. Environment International 22 (Suppl. 1),
S805-S808.

Koch-Steindl, H., Prol, G., 2001. Considerations on the behaviour of long-lived radionuclides in the soil. Radiation
Environmental Biophysics 40, 93-104.

Klos, R.A., Muiller-Lemans, H., van Dorp; F., Gribi, P., 1996. TAME - The Terrestrial-Aquatic Model of the Environ-
ment: Model Definition. Paul Scherrer Institut report, Villigen, Switzerland.

Lee, R.T., Shaw, G., Wadey, P., Wang, Xk, 2001. Specific associations of 36C1 with low molecular weight humic
substances in soils. Chemosphere 43, 1063-1070.



136 S.C. Sheppard et al. / J. Environ. Radioactivity 89 (2006) 115-137

Lindsay, W.L., 1979. Chemical Equilibria in Soils. John Wiley & Sons, New York, p. 82.
Linsalata, P., Morse, R.S., Ford, H., Eisenbud, M., Penna Franca, E., de Castro, M.B., Lobao, N., Sachett, I., Carlos, M.,

1989. An assessment of soil-to-plant concentration ratios for some natural analogues of the tramsuranic elements.
Health Physics 56, 33-46.

Louizi, A., Nikolopoulos, D., Koukouliou, V., Kehagia, K., 2003. Study of a Greek area with enhanced indoor radon
concentrations. Radiation Protection Dosimetry 106 (3), 219-226.

McAulay, I.R., McLaughlin, J.P., 1985. Indoor natural radiation levels in Ireland. The Science of the Total Environment

45, 319-325.
Million, J.B., Sartain, J.B., Gonzales, R.X,,Carrier III, W.D., 1994. Radium-226 and calcium uptake by crops grown in

mixtures of sand and clay tailings from phosphate mining. Journal of Environmental Quality 23, 671-676.
Milton, G.M., Milton, J.C.D., Schiff, S., Cook, P., Kotzer, T.G., Cecil, L.D., 2003. Evidence for chlorine recycling - hydro-

sphere, biosphere, atmosphere - in a forested wet zone on the Canadian Shield. Applied Geochemistry 18, 1027-1042.

Muramatsu, Y., Yoshida, S., 1995. Volatilization of methyl iodide from the soil-plant system. Atmospheric Environ-

ment 29 (I), 21-25.
Nason, R., Cohen, B.L., 1987. Correlation between 226Ra in soil, • 2 Rn in soil gas and 222Rn inside adjacent houses.

Health Physics 52, 73-77.
Nero, A.V., Sextro, R.G., Doyle, S.M., Moed, B.A., Nazaroff, W.W., Revzan, K.L., Schwehr, M.B., 1985. Characteriz-

ing the sources, range and environmental influences of radon 222 and its decay products. The Science of the Total

Environment 45, 233-244.
Ogard, A.E., Thompson, J.L., Rundberg, R.S., Wolfsberg, K., Kubik, P.W., Elmore, D., Bentley, H.W., 1988. Migration

of chlorine-36 and tritium from an underground nuclear test. Radiochimica Acta 44/45, 213-217.
Paquin, P.R., Santore, R.C., Wu, K.B., Kawadas, C.D., Di Toro, D.M., 2000. The biotic ligand model: a model of the

acute toxicity of metals to aquatic life. Environmental Science and Policy 3 (Suppl. 1), 175-182.
Phillips, F.M., Mattick, J.L., Duval, TA., 1988. Chlorine-36 and tritium from nuclear weapons fallout as tracers for

long-term liquid and vapor movement in desert soils. Water Resources Research 24 (11), 1877-1891.
Poffijn, A., Marijns, R., Vanmarcke, H., Uyttenhove, J., 1985. Results of a preliminary survey on radon in Belgium. The

Science of the Total Environment 45, 335-342.
Price, P.N., Nero, A.V., 1996. Joint analysis of long- and short-term radon monitoring data from the northern U.S.

Environment International 22 (Suppl. i), S699-S714.
Ramola, R.C., Negi, M.S., Choubey, V.M., 2003. Measurement of equilibrium factor "F" between radon and its

progeny and thoron and its progeny in the indoor atmosphere using nuclear track detectors.. Indoor and Built

Environment 12, 351-355.
Rope, S.K., Whicker, F.W., 1985. A field study of Ra accumulation in trout with assessment of radiation dose to man.

Health Physics 49 (2), 247-257.
Samualsson, C., Hallstadius, L., Persson, B., Hedvall, R., Holm, E., Forkman, B., 1986. 222Rn and 21°Pb in the Arctic

summer air. Journal of Environmental Radioactivity' 3, 35-54.
Sciocchetti, G., Scacco, F., Baldassini, P.G., Battella, C., Bovi, M., Monte, L., 1985. The Italian national survey of in-

door radon exposure. The Science of the Total Environment 45, 327-333.
Sheppard, M.I., 1992. The Soil Submodel, SCEMR 1, for the Assessment of Canada's Nuclear Fuel 'Waste Management

Concept. Report AECL-9577, COG-91-194. Atomic Energy of Canada Limited, Pinawa, Manitoba.
Sheppard, M.I., Thibault, D.H., 1990. Default soil solid/liquid partition coefficients, Kds, for four major soil types:

a compendium. Health Physics 59 (4), 471-482.
Sheppard, M.I., Thibault, D.H., Smith, P.A., Hawkins, J.L., 1994. Volatilization: a soil degassing coefficient for iodine.

Journal of Environmental Radioactivity 25, 189-203.
Sheppard, M.I., Sheppard, S.C., Sanipelli, B.L., 2005a. Recommended Biosphere Model Values for Uranium. Report

No: 06819-REP-01200-10088-ROO. Ontario Power Generation, Toronto, Ontario.
Sheppard, M.I., Tait, J., Sanipelli, B.L., Sheppard, S.C., 2005b. Recommended Biosphere Model Values for Radium and

Radon. Report No: 06819-REP-01200-10144-ROO. Ontario Power Generation, Toronto, Ontario.
Sheppard, S.C., Sheppard, M.I., 1989. Impact of correlations on stochastic estimates of soil contamination and plant

uptake. Health Physics 57, 653-657.
Sheppard, M.I., Sheppard, S.C., Sanipelli, B.L., 2002. Recommended Biosphere Model Values for Iodine. Report

06819-REP-01200-10090. Ontario Power Generation, Toronto, Ontario.
Sheppard, M.I., Sheppard, S.C., Sanipelli, B.L., 2004a. Recommended Biosphere Model Values for Chlorine. Report

No: 06819-REP-01200-10119-R00. Ontario Power Generation, Toronto, Ontario.
Sheppard, M.I., Sheppard, S.C., Sanipelli, B.L., 2004b. Recommended Biosphere Model Values for Neptunium. Report

No: 06819-REP-01200-10120-R00. Ontario Power Generation, Toronto, Ontario.



S.C. Sheppard et al. / J. Environ. Radioactivity 89 (2006) 115-137 137

Sheppard, S.C., 1995a. Application of the International Union of Radioecologists Soil-to-Plant Database to Canadian
Settings. Report AECL- 11474. Atomic Energy of Canada Limited, Pinawa, Manitoba.

Sheppard, S.C., 1995b. Parameter values to model the soil ingestion pathway. Environmental Monitoring and Assess-
ment 34, 27-44.

Sheppard. S.C., 2005. Transfer parameters - are on-site data really better? Human and Ecological Risk Assessment 11,
939-949.

Sheppard, S.C., Evenden, W.G., 1997. Variation in transfer factors for stochastic models: soil-to-plant transfer. Health
Physics 72. 727-733.

Sheppard, S.C., Evenden, W.G., 1988. Critical compilation and review of plant/soil concentration ratios for uranium,
thorium and lead. Journal of Environmental Radioactivity 8, 255-285.

Sheppard, S.C., Johnson, L.H., Goodwin, B.W., Tait, J.C., Wuschke, D.M., Davison, C.C., 1996. Chlorine-36 in nuclear
waste disposal - 1. Assessment results for used fuel with comparison to 1291 and 14C. Waste Management 16 (7),
607-614.

Sheppard, S.C., Evenden, W.G., Macdonald, C.R., 1999. Variation among chlorine concentration ratios for native and
agronomic plants. Journal of Environmental Radioactivity 43, 65-76.

Sheppard, S.C., Evenden, W.G., Amiro, B.D., 1993. Investigation of the soil-to-plant pathway for I, Br, Cl and F.
Journal of Environmental Radioactivity 21, 9-32.

Siniscalchi, A.J., Tibbetts, SJ., Beakes, R.C., Soto, X., Thomas, M.A., McHone, NW., Rydell, S., 1996. A health risk
assessment model for homeowners with multiple pathway radon exposure. Environment International 22 (Suppl. 1),
$739-S747.

Sorensen, A., Botter-Jensen, L., Majborn, B., Nielsen, S.P., 1985. A pilot study of natural radiation in Danish houses.
The Science of the Total Environment 45, 351-356.

Steck, DJ., Baynes, S.A., Noack, A.P., 1996. Regional and local variation of indoor radon and radon source potentials.
Environment International 22 (Suppl.jl), 5729-5737.

Stranden, E., Strand, T., 1988. Radon in an alum shale rich Norwegian area. Radiation Protection Dosimetry 24,
367-370.

Takebe, S., 2000. Distribution coefficient of long-lived radionuclides on the shallow-ground soils. In: Fukui, M.,
Kimura, H. (Eds.), Proceedings of the Scientific Meeting on Distribution Ratio, Kd, on Natural Barriers, held
November 24-25, 1999. Kyoto University. ISSN 1342-0852.

Thibault, D.H., Sheppard, M.I., Smith, P.A., 1990. A Critical Compilation and Review of Default Soil Solid/Liquid Par-
tition Coefficients, Kd, for Use in Environmental Assessments. Report AECL-10125. Atomic Energy of Canada
Limited, Pinawa, Manitoba.

Thorne, M.C., 2003. Estimation of animal transfer factors for radioactive isotopes of iodine, technetium, selenium and
uranium. Journal of Environmental Radioactivity 70, 3-20.

UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation), 2000. Sources and Effects of
Ionizing Radiation. UNSCEAR 2000 Report to the General Assembly, with scientific annexes. United Nations
Scientific Committee on the Effects of Atomic Radiation, United Nations, New York.

Voutilainen, A., Castrdn, 0., Mlikelainen, I., Winqvist, K., Arvela, H., 1988. Radiological characteristics of a village on
uraniferous granitic ground in Finland. Radiation Protection Dosimetry 24, 333-337.

Wikjord, A.G., Baumgartner, P., Johnson, L.H., Stanchell, F.W., Zach, R., Goodwin, B.W., 1996. The disposal of
Canada's nuclear fuel waste: a study of postclosure safety of in-room emplacement of used CANDU fuel in copper
containers in permeable plutonic rock. In: Summary Report, vol. 1. Atomic Energy of Canada Limited, Pinawa,
Manitoba (AECL- 11491-1, COG-95-552-1).

Zach, R., Amiro, B.D., Bird, G.A., Macdonald, C.R., Sheppard, M.I., Sheppard, S.C., Szekely, J.G,., 1996. The disposal
of Canada's nuclear fuel waste: a study of postclosure safety of in-room emplacement of used CANDU fuel in cop-
per containers in permeable plutonic rock. In: Biosphere Model, vol. 4. Atomic Energy of Canada Limited, Pinawa,
Manitoba (Report AECL- 11494-4, COG-95-552-4).


