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Abstract—Physical processes that effect the movement of ra-
dionuclides in the temperate environments post-deposition are
considered in this paper. The physical processes considered
include the interception of radionuclides by vegetation, resus-
pension, and vertical migration in soil. United States and
Russian results on the interception of radionuclides are re-
viewed and defined in terms of models that are currently
undergoing evaluation and revision. New results on resuspen-
sion are evaluated, and a preliminary new model for the
time-dependent resuspension factor is proposed. Chernobyl-
related results on the movement of radionuclides into the soil
column are presented, as is a revised model for this process
based upon recent results from Ukraine.
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INTRODUCTION

TrerE ARE many physical, chemical, and biological pro-
cesses that govern the movement of radionuclides
through terrestrial ecosystems to humans. In general,
these processes can be considered as (1) physical pro-
cesses that are independent of the radionuclide or (2)
chemical and biological processes that are strongly de-
pendent upon the element and its chemical form. This
paper is concerned only with the physical processes;
Whicker and Pinder (2002) discuss the chemical and
biological processes in a companion paper.
The physical processes of interest include:

1. Interception of airborne and waterborne radionuclides
by vegetation;
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2. Loss of radionuclides from vegetation;

3. Resuspension of radionuclides from soil and redepo-
sition onto vegetation; and

4. Weathering of radionuclides from the soil surfaces
into deeper soil layers.

This paper is focused on items 1, 3, and 4. The loss
of radionuclides from vegetation has been treated by
many authors (e.g., Martin 1963, 1964; Thompson 1965;
Miller and Hoffman 1983; Miick et al. 1994; Prohl and
Hoffman 1996).

The interception of airborne or waterborne (rainfall)
radionuclides by vegetation is a poorly understood pro-
cess. Empirical observations (Romney et al. 1963; Mar-
tin 1965; Anspaugh 1987, Hoffman et al. 1989, 1992;
Prohl and Hoffman 1996) of this factor have been noted
to vary substantially, and uncertainty in this factor is a
primary contributor to uncertainty in calculations of dose
from the ingestion of terrestrial foodstuffs (Whicker et al.
1990).

Resuspension of radionuclides deposited on soil is
the result of many complicated processes that dety
accurate description or modeling. Empirical observations
of resuspended concentrations of radionuclides in air
have been noted to display a strong time dependence at
carly times, but correlations with meteorological vari-
ables remain elusive. This pathway may be important at
times early after deposition, particularly for radionu-
clides of low biclogic availahility or for re-occupation of
contaminated property.

The final pathway to be discussed here is the
weathering of radionuclides into deeper soil layers from
the soil surface. The rate of this process has been
determined to be remarkably similar for radionuclides of
different chemical characteristics, and this implies that
the weathering is mainly a physical process, at least in
normal soil in temperate climates. The process is impor-
tant for two reasons. Perhaps the more significant in the
shorter term is that this process determines the time
dependence of external gamma-exposure rate after radio-
nuclides are deposited on soil. The second reason is that
the process of weathering into deeper soil layers has an
impact on the long-term availability of radionuclides to
plant roots.

This paper is a summary of work on the three
subjects mentioned above, There is no attempt to provide
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the details concerning the original work, which has been
done by many investigators over many decades, and
which may be found by consulting the publications listed
in the Reference Section.

INTERCEPTION OF RADIONUCLIDES BY
VEGETATION

Fallout deposited without rainfall (*dry” fallout)

An important early systematic investigation of the
interception of dry fallout by vegetation was reported by
Chamberlain (1970). He observed an empirical relation-
ship between the interception of particles or vapors by
vegetation and the biomass of the vegetation:

1 —p=e™, (H
where

p = interception fraction, unitless;

@ = interception parameter, m” kg '; and

w = biomass (dry weight), kg m™,

This logically implies that the greater the biomass, the
larger is the fraction of the radionuclide deposit that is
retained by vegetation rather than being deposited on
soil.

Chamberlain performed experiments with small par-
ticles and vapors and reported that the value of w varied
from 2.3 to 3.3 m* kg™'. This same value of u(~3 m* kg )
may also be applied to dry global fallout, but the use of
this value in the late 1970’s for reconstructing doses from
the ingestion of fallout by residents downwind of the
Nevada Test Site (NTS) showed that the estimates of
dose were too high to be biologically plausible. Thus,
attempts were made to find measured data that would be
more applicable to the NTS situation. Unfortunately,
there were no measurements made of p. However, some
historical data were found of the total deposition density,
d (Bq m™%), and of the concentration, ¢ (Bq kg™"), in
vegetation. By definition p = cw d™', if d is measured in
such a way that it reflects the total deposition, and

p ¢ ,
wod’ 2)
Further, eqn (1) can be approximated by expanding
the exponential function to

(pw)* (uw)®  (pw)?
op=l-pwt ey g
3)
If uw <& 1, then g is approximately p w™' or ¢ d”".

Values of p w™! have frequently been called the “mass-
interception fraction” with units of m* kg ~'. Through use
of egn (2) the mass-interception fractions can be derived
from measurements of ¢ and d; through the approxima-
tion based upon eqn (3) approximate values of u can also
be derived from measurements of ¢ and d. The error in
the approximation of u = ¢ d~' is about 20% at puw =
0.4 and less than 5% at uw = 0.1.
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Data pertaining to measurements of ¢ and d do not
appear to be available for the early tests in Nevada. The
first two known data points were reported by Lindberg et
al. (1954) for one point each for shots Nancy and Simen
in 1953, The derived values of mass-interception fraction
are for native desert vegetation and are given in Table 1.
Beginning with Operation Teapot in 1955, more mea-
surements were made and reported in Lindberg et al.
(1959); a further refinement was that the deposited
activity was collected in trays and was then partitioned
according to size fraction. Thus, it was possible to
examine the retention of fallout on vegetation that was
associated with soil deposition on particles of =44 um.
Where such particle-size information is available for
associated measurements on native vegetation, it is also
reported in Table 1. Extensive sets of measurements were
also performed for Operation Plumbbob in 1957, but the
original data have not been found. Much of the pertinent
data has fortunately been summarized by Miller (1963}
and by Romney et al. (1963). Values from these two
sources for native vegetation are also shown in Table 1.
Martin (1965) has also reported measurements following
Project Sedan, which was a 104 kt cratering event
conducted on 6 July 1962; however, those data are not
included here due to the strong difference between a
large cratering experiment and the atmospheric nuclear
tests.

Beginning with Operation Teapot in 1955 some
measurements were also reported for pasture-type vege-
tation. Such measurements found in or derived from
Lindberg et al. (1959) and Romney et al. (1963) are
shown in Table 2. The data from Tables 1 and 2 are
summarized in Table 3 and in Fig. 1. There are several
notable features of these data; the data span nearly five
orders of magnitude, but there is only one value more
than 10 m* kg~', and only three values are <0.001 m’
kg™'. Restricting the analysis to soil deposition of radio-
active materials associated with particles of =44 um
diameter reduces the variance [as suggested by Miller
(1963)], and provides a strong indication that the smaller
particles are retained preferentially by vegetation. The
behavior of the two types of vegetation appears to be
very similar, especially for the larger data sets normal-
ized to total deposition. The apparently higher retention
by pasture-type vegetation as opposed to native vegeta-
tion when normalized to the deposition of particles of
diameter =44 um (noticeable in Fig. 1) is partly an
artifact due to relatively more measurements on culti-
vated vegetation having been made at distances further
from the point of origin as compared to the measure-
ments on native vegetation (Tables 1 and 2). Of course,
difference between the two types of vegetation would be
expected due to the differences in the leaf surfaces as
well.

Most of the data in Tables 1 and 2 are drawn from
three relatively obscure sources and have not been
published in the open literature, except for the few
measurements provided in Romney et al. (1963). Most of
the data were available in a draft report (Anspaugh et al.
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Table 1. Values of mass-interception fraction (dry weight) for native vegetation.™”

cd”, cd ', m kg™ cd’, cd’, m* kg™’
Distance, km m? kg™ for =44 pm Distance, km m kg™ for <44 pm
Shot Nancy, March 24, 1953, 5:10 am., 24 kt, 91 m tower
30 013
Shot Simon, April 25, 1953, 4:30 a.m., 43 kt, 91 m tower
26 0023
Shot Tesla, March 1, 1955, 5:30 a.m., 7 kt, 91 m tower
19 0.00077 0.21 96 0.0086 0.046
19 0.00047 0.024 126 0.0042 0.021
19 0.00078 0.020 126 0.042 0.21
96 0.038 0.20 154 0.049 0.19
Shot Apple I, March 29, 1955, 4:55 a.m., 14 kt. 152 m tower
21 0.0015 0.012 64 0.041 0.12
21 0.033 0.26 128 0.044 0.17
21 0.020 0.19 128 0.047 0.19
64 0.097 0.38 128 0.057 0.23
64 0.13 0.49 264 0.40 0.58
64 0.076 0.22 264 0.36 0.52
Shot Met, April 15, 1955, 11:15 am., 22 kt, 122 m tower
32 0.058 1.2 93 0.15 1.7
32 0.18 0.52 93 0.80 7.5
93 0.22 2.4 224 0.25 5.1
93 0.48 5.2 224 0.33 1.6
Shot Apple II, May 5, 1955, 5:10 a.m., 29 kt, 152 m tower
1 0.0021 0.22 77 0.083 0.85
11 0.0027 0.29 77 0.016 0.17
77 0.039 0.30 71 0.084 0.55
77 0.013 0.10 77 0.011 0.071
77 0.068 0.44 170 0.18 0.92
77 0.018 0.12 170 0.082 0.11
77 0.034 0.21 170 0.70 0.70
77 0.0048 0.030 170 0.78 0.78
77 0.039 0.24 170 0.70 0.70
77 0.052 0.32
Shot Priscilla, June 24, 1957, 6:30 a.m., 37 kt, 213 m balloon
11 0.40 047 246 0.48 0.60
134 0.21 0.67 304 0.40 0.57
206 0.48 0.60
Shot Diablo, July 15, 1957, 4:30 a.m., 17 kt, 152 m tower
19 0.18 22 64 0.58 1.1
24 0.17 3.6 99 1.2 L5
32 0.15 1.7
Shot Shasta, August 18, 1957, 5:00 am., 17 kt, 152 m tower
24 (.14 1.1 122 0.26 0.52
70 0.17 0.72 275 0.75 0.88
Shot Smoky, August 31, 1957, 5:30 a.m., 44 kt, 213 m tower
77 0.043 0.28 253 0.13 0.29
128 0.035 0.23 280 0.12 0.27
160 0.023 0.26 330 0.087 0.30
218 0.149 0.26
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 Information on shot characteristics is from Collison (1953), Sanders et al. (1955), Placak et al. (1957), and DOE (1994).
b Information on mass-interception fractions was taken, computed, or derived from Lindberg et al. (1954, 1959), Miller (1963), and

Romney et al. (1963).

1986). Some of those data (13 measurements’' on her-
baceous vegetation at distances of 129 to 416 km from
NTS following shots Apple II, Smoky, Tesla, and Met)
were reviewed by Whicker and Kirchner (1987) for use
in the PATHWAY food-chain model for dose-
assessment purposes within the domain nearby NTS.
Although Whicker and Kirchner noted that there is
evidence that interception decreases with an increase in
particle size, they chose to use the geometric mean of the

* There are only 11 such measurements in Table 2. 1t is possible
that two measurements for Apple II that appear in two citations
[Romney et al. 1963; Anspaugh et al. 1986 (based on Lindberg et al.
1959)] were counted twice.

13 measurements, which was 0.39 m* kg "'. This use was
for limited application to dose reconstruction nearby
NTS and where it was known that the particle sizes of the
deposited fallout tended to be quite large (e.g., Cederwall
et al. 1990},

Simon (1990) considered the 28 values reported
here in Table 2 and derived an empirical fit to the data
with the independent parameter being either the distance
(km), x, from the shot site or the time of transit from the
shot site, which was referred to as the time of arrival
(TOA in hours). The relationships derived by Simon
(1990) are

cd ' =7.02X 107 X x"(r? = 0.63)  (4)
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Table 2. Values of mass-interception fraction (dry weight) for pasture-type vegetation.*”

cd’, cd’', m kg!

Distance, km m’ kg for <44 pm

cd’, cd, m’ kg™
Distance, km m* kg™t for =44 um

Shot Tesla, March 1, 1955, 5:30 a.m., 7 kt, 91 m tower

126 0.30 1.5 154 0.32 1.3
Shot Met, April 15, 1955, 11:15 am., 22 kt, 122 m tower
224 0.33 1.7
Shot Apple II, May 5, 1955, 5:10 a.m., 29 kt, 152 m tower
11 0.021 2.4 77 0.030 0.19
11 0.040 4.7 77 0.066 0.40
11 0.19 23 77 0.068 0.41
11 0.0054 3.6 Y 0.051 0.52
11 0.0054 3.6 77 0.064 0.63
11 0.0046 0.50 77 0.13 0.89
11 0.0022 0.24 77 0.15 0.98
77 0.066 0.51 170 0.078 0.11
77 0.069 0.54 170 0.17 0.23
77 0.047 0.30 170 1.3 1.3
77 0.056 0.36 170 0.86 0.86
77 0.039 0.25
Shot Smoky. August 31, 1957, 5:30 a.m., 44 kt, 213 m tower
211 0.24 1.1 414 0.39 —
328 0.62 1.5 414 0.30 —

¢ Information on shot characteristics is from Collison (1953), Sanders et al. (1955), Placak et al. (1957), and DOE (1994).
® Information on mass-interception fractions was taken, computed, or derived from Lindberg et al. (1959) and Romney et al. (1963).

Table 3. Summary of computed values of mass-interception
fractions from measurements following nuclear tests at the Nevada
Test Site. The values have been computed by using the dry weights
of the vegetation considered.

Computed values of mass-interception fractions,
m® kg™!

Native desert vegetation Pasture-type vegetation

Total Total
Parameter fallout =44 pm fallont fallont =44 pm fallout
Number 70 68 30 28
Arith. mean 0.18 0.81 0.20 1.9
Std. deviation (.25 1.3 0.29 4.29
Geo. mean 0.062 0.37 0.081 0.82

Geo. std. dev. 6.3 3.7 48 32

and
cd '=0.0417 X TOA" % (+* = 0.61). (5)

Simon also fit a function to the mass-interception frac-
tion for native vegetation as a function of downwind
distance. The result was

cd ' =19 X 107* X x"*¥(r* = 0.22), (6)

which was less successful due to the larger amount of
scatter in these data (Table 1 and Fig. 1).

The equations fit by Simon used the variables
distance (x) and time-of-arrival (TOA) as surrogates to
the actual (but unknown) distribution of particle sizes
deposited. Theory predicts that large particles would be
deposited earlier (or at shorter distances) due to gravita-
tional settling.

An interesting opportunity has arisen recently to
exchange data related to dose-reconstruction methods
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Fig. 1. Summary of results for the mass-interception fraction for
radionuclides retained by vegetation as measured near NTS.
Separate curves are given for native vegetation and for cultivated
pasture-type crops. Data are normalized either to total deposition
on the ground or the fraction of the total deposition that is
associated with particles of diameter =44 pm.

among United States investigators and those working
within the former Soviet Union. Comparison of the two
methodologies has indicated that results for external dose
are similar, as are results for thyroid dose at relatively far
distances. However, results calculated for thyroid dose
for persons at very close distances differ. Some of the
latter difference is due to varying assumptions about
lifestyle and food-consumption habits, but much of the
difference seems to be due to the formalism used t0
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Table 4. Characteristics of the Soviet tests at the Semipalatinsk
Test Site for which measurements have been made and used for the
purpose of deriving a method to estimate contamination of
vegetation (Gordeev 1999).

Parameter Values
Number of test* 242 148 2 4
Date 14 Oct. 65 7 Aug. 62 24 Sept. 51 12 Aug. 53
Time 9:00 am. 1:10 pm. 7:30 am.
Yield, kt 1.1 9.9 38 400
Height of detonation, m  —48 0 30 30
Cloud top height, H,,.. 0.55 5.7 11.6 16.1
km
Average wind speed, i, 40 t6 26.4 64.6
kmh '
H,.. X ¥, km?h™! 22 91.2 306 1040
Critical distance, x,, km 30 120 420 1426

* According to Mikhailov et al. (1996).

estimate the “biologically active fraction” of fallout in the
Russian methods compared to the “interception fraction” in
the United States methods. Availability in this case essen-
tially refers to the efficiency of retention by vegetation but
also includes consideration of the lack of solubility of
radionuclides associated with large particles.

A recent report by Gordeev (1999) discusses the
issue of the “biologically active fraction” of fallout. The
approach used by Gordeev was to normalize the concen-
tration of gross beta act1v1ty on vegetation to the external
gamma-exposure rate.” Specifically, the formulation of
this ratio, A, is

Qur 2t

where

t, = Time of sampling, h;
QngI = Gross specific activity of grass, which is
decay corrected to ¢, Bq kg™'; and
P, = External gamma-exposure rate which is
decay corrected to t,, C kg™

Measured values of A, have been tabulated and
examined by Gordeev (1999% for four different tests. The
characteristics of the tests and other parameter values to
be used later are listed in Table 4. The most studied test,
No. 242, was a 1.1 kt test that was placed 48 m
underground. Another feature of all four tests was that
they occurred in August or later, and it was noted that
there seemed to be no loss of activity from the vegetation
other than the loss due to radioactive decay. In contrast,
much of the similar kinds of data in the United States
were associated with tests in the spring or early summer
(Table 2).

An example of the Soviet data for Test No. 242 is
shown in Fig. 2. This explosion had a yield of only 1.1 kt,

* This is essentially the same approach as used by United States
investigators, as there is a known correlation between the deposition
density of radionuclides and the external gamma-exposure rate, both of
which parameters vary with time. These correlations have been
derived by Hicks (1982, 1990) for every United States test at NTS.

10”w ............. ...... S ,,,,,,,,,, .............. .............. ,,,,,,,,,,,, -
[ FS 018 ; © :

0 - Measured data .j,
Fit according to egn (8) ¢

Relative specific activity in grass, Bg kg~ per C kg™ s

i i
0 20 40 60 80 100 120
Distance from surface ground zero, km

Fig. 2. Russian results (Gordeev 1999) for the mass-interception
fraction of fallout retained by vegetation following Test No. 242,
Measured data are indicated by circles; a fit to the data is indicated
by the solid line.

but measurements were made at sampling points as far as
105 km. What is observed is a 10-fold increase in the
mass-interception fraction out to about 30 km and then a
plateau beyond that point. This plateau has been ratio-
nalized on the basis that only smaller particles are
retained on plants, and that there is a critical distance, x,,
where the plateau occurs that is equal to the distance
beyond which no particles of physical diameter >50 um
exist in the cloud. The critical distance for Test No. 242
is noted to have occurred at 30 km. The critical distance
for the largest test of 400 kt is noted to have occurred at
1,426 km.

The curve in Fig. 2 resulted from a fit to the data and
is given by the following:

_ Quts
&r P .

=7.74 X 10"[1 — 0.87 exp(—1.48 X 107*x")],

where x is the distance of the sampling point from the
point of the explosion. It was noted by Gordeev (1999)
that eqn (8) is for dry steppe grass. For the typical wet
weight of grass, it was suggested that a more appropriate
value for the numencal COCfflClCl‘lt in eqn (8) would be
3.10 X 10" Bq kg ™' per C kg™’

One of the useful features of thlS methodology is its
general application to many different types of events,
both very small and quite large. The critical distance, x,,
has been defined as the distance that it would take a
particle with a physical diameter*® of 50 wm to fall from
the top of the cloud to the land surface. This is based

A
(8)

¥ For Test No. 242, which was detonated underground, it is
assumed that the relevant pdﬂldc‘b consist mainly of soil with a density
of 2.5 g em ™, Further, it is assumed that for atmospheric tests the
density of the paru(.lf:s is about two times higher.
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upon considerations that larger particles are not effec-
tively retained on vegetation, and consideration has been
given to related United States results concerning the
selected retention of particles of =44 pm diameter. A
general formula describing the settling velocity (km h™"),
v,, of a particle is given by Gordeev (1999) as

ve = 0.025(d — 22), )

where ( is the physical diameter of the particle in um.
Accordingly, vy, is 0.7 km h™' for Event No. 242 and 1.4
km h™' for atmospheric tests. Thus, the critical distance
(km), x,, is given by

H”l(lxiz (10)
Xe == 77—/,
Vso

where H,_, = maximum height of cloud, km; and u is the
average wind speed throughout the cloud layer, km h™",
In order to provide a general solution for the retention of
radionuclides by vegetation, it has been useful to define

a dimensionless reduced distance, x,, which is given by

X XVso
X, == -
Xe Hmaxu

(11

For the four shots considered, the average value of
the numerical coefficient in egn (8) for wer vegetation
[the value in eqn (8) was for dry vegetation] was
determined to be 3.07 X 10" Bq kg™ per C kg™' s7".
Thus, with the normalization of the material retained on
vegetation and of the distance to the reduced distance, a
general predictive equation for the dimensionless “bio-
logically active fraction,” My«s;, 18

Nazso = 1= [1 = (Hpeeit) *lexp(—4x).  (12)

The parameter mn,.s, would be more appropriately
called the “retained fraction,” as Gordeev (1999) defines
another parameter to describe the solubility of the fallout
retained on the vegetation. The product of those two
parameters more closely defines the true “availability” of
the radioactive material. The solubility is also described
as a function dependent on distance where the change in
solubility reflects the differences in particle size and
amounts of refractory clements present:

Basso(x,) = 0.0734 + 0.331x%%. (13)

The formalism of Gordeev appears to offer a very
useful approach for a general method for assessing the
fraction of the radioactive materials that are available to
be transferred through biological systems. Its use is
currently undergoing further evaluation and application
to United States and Russian tests. The generic value of
0.39 m? kg~' applied for the mass-interception fraction
for dose reconstruction for United States nuclear tests
probably resulted in overestimates of thyroid doses at
near distances, Some combination of the Simon and
Gordeev formulations would likely produce more credi-
ble results.
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Fallout deposited with rainfall (“wet” fallout)

Much of the early work on fallout was concerned
with dry deposition, as shots were not deliberately fired
during periods of expected rainfall. However, as debris
clouds traveled far downwind, it was inevitable that rain
was encountered and fallout debris contaminated vege-
tation. Unfortunately, there has not been as much atten-
tion given to this parameter, and little work has been
done in recent times. Further, there are no comparable
Russian methodologies or data for comparison.

Anspaugh (1987) reviewed 14 reports that yielded
20 results for the fractional retention by vegetation of
fallout deposited with rainfall. The mean value was 0.31,
but results varied from negative values (i.e., when fallout
was washed off by rain) up to 0.96. Thus, one suggestion
for evaluating the retention, p,, of fallout in rain by
vegetation is

Do = 0.3 X 31, (14)

meaning that it is reasonable to expect variation from 0.1
to 0.9.

Voillequé (1986) in another review considered 30
values that were found to have a median value of 0.35
with a geometric standard deviation of 2.9—results that
are quite similar to those indicated in eqn (14). Voillequé
also fit the literature values of mass-interception fraction
to a modified form of the Horton (1919) model, which
was originally formulated to describe the interception
and initial retention of water by plants as a function of the
rainfall storage capacity per unit biomass density of
vegetation, S, the amount of rain deposited per storm, F,,
and the in-storm evaporation fraction per unit biomass
density, E:

> 5

P, + E. (15)
Voillequé’s modified values of S and E were 16 mm m’
kg 'and 1.3 m* kg™".

A general drawback to most values found in the
literature reviewed by Anspaugh (1987) and Voillequé
(1986) is that many values are derived from experiments
where dissolved radionuclides have been applied in fine
sprays over short periods of time.

More recent atterapts to measure the retention of
fallout in artificial rain have been reported by Hoffman et
al. (1989, 1992, 1995) and by Kinnersley et al. (1997).
The results of Hoffman et al. are particularly relevant for
fallout from nuclear tests, as Hoffman et al. considered
both dissolved "*'I and "Be and radionuclides attached to
particles of various sizes; they also attempted to simulate
both moderate intensity storms (1 to 4 cm h™') and
high-intensity storms (4 to 12 cm h™"). Kinnersley et al.
considered only dissolved cesium. Hoffman et al. (1992)
examined fractional retention by vegetation and mass-
interception fraction in multiple regressions against bio-
mass, w, rain amount, P (mm), and rain intensity, / (cm
h™"). For the fractional retention of materials on vegeta-
tion the Hoffman et al. (1992) resuits indicated that
biomass was by far the most important variable for

P
w




particle-bound activity and for dissolved "Be. For dis-
solved "*'I the most impor lant variable was the amount of
simulated rain with less "'l being retained as the rain
amount increased. For the mass-interception fraction
biomass still tended to be the most important variable,
but rain amount was also important and was most
important for the dissolved radionuclides. Examples of
the regressions*** found by Hoffman et al. for radionu-
clides bound to 3 pm and 25 um particles, respectively,
depositing on mixed pasture grass are

—0.2 —0.207 7~0.
= 1.54w 0.,991) 0.20 I 0.119

(16)

TI™ 2™

—0.303 p—0.124 7-0.08¢
= 1,38y ~0303p0.1247--0.089

Hoffman et al. (1992) noted that their results were
substantially fess than the results derived with the use of
eqn (15) with parameters derived by Voillequé from the
analysis of values found in the literature. In general, the
amounts of "'l in solution retained on vegetation were
much less than the amounts of radionuclides attached to
particles.

The Hoffman et al. (1989) and other results were
used by the National Cancer Institute (NCI 1997) in their
study of thyroid doses to the entire country from the
nuclear tests in Nevada. The formalism adopted by the
NCI is a complicated combination of theoretical results,
experimental measurements, and a necessary constraint
that retention not be more than 100%.

For rainfall rates of more than 5 mm d™' the
mass-interception fraction was calculated with the use of
eqn (15) multiplied by a factor of 0.7. For rainfall rates
between 2.5 mm and 5 mm d”', the mass- mterceptlon
fraction was a constant value of 3.1 m? kg™' (dry). For
rainfall rates of <2.5 mm d', a value was interpolated
according to rainfall rate between the predicted dry
depmmon at that distance predicted by the Simon ( 1990)
equatlon feqn (4) in this paper] and the value of 3.1 m’

' (dry).

Obviously, these rather crude formulations are less
than desirable, but nothing more reliable and sophisti-
cated has yet been proposed. More work on evaluating
the retention of waterborne radionuclides by vegetation
is needed in order to refine the estimates of dose to the
residents of the contiguous United States from the tests in
Nevada.

RESUSPENSION

The resuspension of radionuclides after their initial
deposit on the ground surface is another physical path-
way of interest. There has not been universal agreement
that resuspension is an important pathway, but it is now
generally accepted that there are a few situations where
the pathway could be the dominant one. Many observa-
tions have shown that the rate of resuspension decreases

*#% Although this formalism was used for the regression calcu-
lations, it may be possible to derive a more useful functional form.
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very rapidly with time, and that for accident situations,
resuspension is only of importance (compared to the
inhalation exposure from the initial cloud passage) over
short time periods. For cleanup and property-release
situations, resuspension can sometimes be a dominant
pathway, especially for transuranic radionuclides or for
other radionuclides that do not readily cross biological
barriers. Historically, the concern with resuspension has
been with isotopes of plutonium, which do not readily
cross biological barriers but stay in the lung for long
periods if inhaled.

Relative importance of resuspension

One interesting way to assess the importance of
resuspension in an accident situation is to compare the
integrated air concentration from resuspension to that of
the original integrated air concentration from the pa%sing
cloud. If the initial integrated air concentration is JAC
(Bq s m ™), the deposition onto soil and vegetation would
be equal to IAC X v,, where v, is the deposition velocity
(m s ). The resuspended air concentration would be
equal to JAC X v, X Sf(t) where S/(7) is a time-dependent
resuspension factor (m™"). Then, the ratio of the inte-
grated air concentrations would be

f TAC X v, X S{1) X d

0
Ratio = -~ . 1)
IAC 17
A simple, but reasonable model of resuspension with
t1me early after deposit is that the initial value is 107°
m~' and that it decreases exponentially with increasing
time. Under these conditions the ratio becomes

v, X
Ratio = "’—Sf(o), (18)
A

and with the reasonable assumptions that v, is 102 ms
and the half time of decrease is 5 wk, then the value of
the ratio is equal to ~0.5. Thus, the importance of
resuspended air concentration is very roughly equivalent
to that of the integrated concentration due to the initial
passage of the original cloud. This calculation also points
out that most concern about resuspension in accident
situations is limited to very early times (the first few
weeks) after initial cloud passage. The results of this
calculation are also generally consistent with what has
been observed over the years from the study of global
fallout, although it is typically quite difficult to distin-
guish between the end of the original “cloud” and the
beginning of resuspended air activity.

-1

General types of resuspension models

Broadly, there are three different types of models
that have been used to describe the resuspension process.
The first is the time-dependent resuspension factor, SL1),
already introduced above. It is simply the quotient of the
observed resuspended air concentration, C,(1), divided by
the total deposition density (activity per unit area) of a
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radionuclide. Some attempts have been made to redefine
the deposition as that down to some level from which
resuspension occurs, but this depth is not known.

The second type of model is that of the resuspension
rate, which is simply the fraction of the deposited activity
that is resuspended per unit time. Although theoretically
attractive, this concept has not gained wide use, perhaps
because it must be used with some additional model to
define the quantity of interest—that of the resuspended
concentration in air.

The third type of model is that of “mass loading.”
The fundamental assumption is that the suspended mass
at any local point is strongly correlated with the local
soil. Thus:

C,=C,CE, (19)

where C,, is the mass loading in air (kg m™), C, is the
concentratlon of the contaminant in the soil (Bq kg™h.
and E is an “enhancement” factor. The concept of an
enhancement factor has been added to the basic mass-
loading model to allow for the possibility that the
concentration of the contaminant might be higher in the
small soil particles likely to be resuspended.

The resuspension-factor model has been widely
used to predict the concentration of resuspended contam-
inant at times early after the initial deposition. The
mass-loading model has generally been preferred for
times long after the deposition. However, at times long
after deposition and in situations where there is a real and
legitimate concern about resuspension, it is always pref-
erable to rely on actual measurements that are performed
over long time periods.

Types of resuspension-factor models

Over the years several different types of
resuspension-factor models have been proposed. Perhaps
the first was due to Langham, who carried out experi-
ments at NTS during 1956. His observations, reported
later in Langham (]969), were of the form

= S{0)exp(—A1), (20)

and for which Langham gave values of S(0) = 10°m™

and A = 0.693 (45 d)”". A similar, more conservative model
was used by Kathren (1968) to propose interim standards
for surface contamination of plutonium 0x1de Kathren’s
proposal mcluded values of S(0) = 10~ “m~'and A =
0.693 (35 d)™".

Another early analysis was given by Shreve (1958)
that described a time-dependent resuspension model as a
power function:

C,(1) = C,(0) X 0.177 X 775, (21)

This provided a fairly good fit to data associated with a
field release of plutonium near NTS in 1957 (Wilson et
al. 1961), but a simple exponential function with a half
life of 35 d provided better estimates at later times. A
power function has also been used by more recent
investigators. A variant of eqn (20) was proposed by
Anspaugh et al. (1975) of the form
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Sy = SA0)exp(— ") + C, (22)

Whele S0)=10"m ", A=015d"", and C = 10°

The feature of a 1ong -term constant value was
ncedcd in order to describe the results of measurements
made 15 to 17 y after a contaminating event at NTS. This
feature of a long-term constant value has been used in
several other studies (AEC 1974; NRC 1975).

Recent results in evaluating resuspension

There have been many reviews of resuspension
(e.g., Linsley 1978; Smith et al. 1982; Nicholson 1988).
Unfortunately, there are probably more reviews than
there are measurement sets to be evaluated. The Cher-
nobyl accident provided the opportunity for new mea-
surements, but with rare exception (Garger ct al. 1997)
such measurements were undertaken too late in time to
be of real value in resolving the issue of resuspension at
early times.

Recently Maxwell et al."'" have undertaken an
extensive review of all resuspension measurements with
the goal of adding new resuits to the existing data bank.
The addition of new data is possible, because new results
can be added by recalculating old data that may have
been referenced to measured external gamma-exposure
rate. With the results of Beck (1980) and Hicks (1982,
1990), it is possible to derive ground-deposition values
from such measured external gamma-exposure rates.
This has resulted in an extensive addition to the databank
of evaluated measurements.

Several things are clear from this expanded data-
base. One is that the scatter in the data is enormous; this
indicates that the resuspension process is very compli-
cated. Clearly, the resuspension process cannot be un-
derstood in terms of saltation models, as some of the
higher concentrations of resuspended materials are ob-
served at times of very low wind speed. The other factor
of interest is that none of the current resuspension models
adequately describes the empirical results. Some models
severely over predict the measured results at intermediate
times, while others severely under predict the same
results. A preliminary suggestion of a predictive model
has been derived from this expanded data set:

S;= [107%exp(—0.07¢) + 6 X 10" %exp(—0.0031)
F107° X 105 'm ™. (23)

This proposed model more accurately describes the
observed results over the entire span of the data set. It
also offers an explicit statement of the uncertainty in the
model, which is taken to be a factor of 10. This is a large
uncertainty, but it is indicative of the dispersion in the
data sets.

" Maxwell RM, Anspaugh LR, Shinn JH, Kercher JR. An
evaluation of resuspension data and derivation of an improved model
10 be used for predictive purposes. Livermore, CA: Lawrence Liver-
more National Laboratory; in preparation; 2001.
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VERTICAIL MIGRATION OF RADIONUCLIDES
INTO SOIL

The final topic to be considered is the rate of
migration of radionuclides into the soil column. This
topic is of interest for several reasons. The migration
determines the long-term external gamma-exposure rate
from deposited gamma-emitting activity, as more shield-
ing is achieved as the radionuclides penetrate into soil.
The migration also has a long-term effect on the uptake
of radionuclides by plants through their roots. Other
considerations relate to cleanup issues, such as the
validity of sampling to determine original deposi-
tions for "I, "7Cs, and ****Py and how deeply a proposed
cleanup should be done.

The discussion here on vertical migration is in-
tended to apply only to temperate climates and to normal
soil. The rate of movement of "*’Cs in soil at tropical
atolls, for example, would be very different due to the
much larger amounts of rainfall and the very different
soil system that contains very little potassium or clay.

Historic considerations (Beck 1966; UNSCEAR
2000) have been that depositions of radionuclides on soil
immediately experience a soil-roughness effect that is
equivalent to the shielding afforded by 1 mm of soil; then
radionuclides move to an average depth of about 1 cm
within 1 mo. And finally, within a year radionuclides
move to a depth of 3 cm and stay there indefinitely. More
recent measurements made many years after the deposi-
tion of fallout from global and Nevada sources indicate
that once *'Cs reaches the depth of 5 cm it does not stay
there indefinitely but does move very slowly to deeper
levels (Miller and Helfer 1985; McArthur and Miller
1989).

Efforts to quantify this process more precisely by
measuring the penetration of global fallout into soil have
not been very successful, because fallout occurred over
many years and it has not been possible to distinguish the
effects of the yearly impulses. Experiments designed to
capture the process (Gale et al. 1964) were helpful but
gave very limited results.

The large pulse of radionuclides deposited within a
short period of time by the Chernobyl accident has
atforded a new opportunity to examine this process in
more detail. One interesting result is that of Straume et al.
(1997), who collected soil samples in 1993 at Pogon-
noe, Belarus, a location 20 km north of the Chernobyl
Nuclear Power Plant, and measured three radionu-
clides of different chemical properties. The results indicated
that "1, "¥'Cs, and 2***Py had all moved into the soil at the
same rate, as the distributions with depth in soil were
essentially identical. This provides further credence that
the process of vertical migration into soil is physical,
rather than chemical, at least in the types of soil consid-
ered.

Other findings that are of greater relevance to
radiological assessment are those presented in Likhtarev
et al. (2002). The evaluations in that publication are
based upon the results of measuring more than 400
_ soil-depth profiles and measurements of external

gamma-exposure rate at more than 20 meteorological
stations. The evaluated results for the “reference Ukrai-
nian attenuation function” for the decrease in external
gamma exposure rate in air due to the weathering of "’Cs
into soil are given by

rCs(Z) (,74)
= (1.82[0.4 exp(—0.461) + 0.6 exp(—0.0241)],

where the 0.82 factor is due to the immediate shielding
effect of soil roughness and the two rate constants
correspond to half lives of 1.5 and 50 y. These half lives
describe the time dependence of ecological processes and
do not include the additional attenuation due to radioac-
tive decay. The long-term ecological half life must be
considered as uncertain due to the relatively short period
of observation and is subject to future revision.

CONCLUDING REMARKS

This paper has reviewed and discussed the present
state of knowledge with respect to environmental pro-
cesses that influence and partially govern movement, as
well as retention, of radionuclides in terrestrial £COSYySs-
tems. The data presented here pertain mainly to conti-
nental sites and soils of volcanic origin rather than to
tropical ecosystems and carbonate-based soils. The pro-
cesses in tropical ecosystems would not be different, but
would require site specific data. Much of the data
reviewed became available from studies following the
deposition of radioactive fallout from nuclear weapons
testing. Because there are only a few instances, e.g., the
Chernobyl accident, that have produced new data since
the active decades of above ground nuclear testing
(primarily 1950°s to early 1960°s), few new data have
emerged in recent years. Nevertheless, the need for more
high quality data still exists to refine assessment models
for both retrospective dosimetry and for assessing future
accidents.

The three processes discussed here—interception
and retention of radioactive particles on vegetation,
resuspension of radioactive materials, and weathering of
radioactive materials from surface to deep soil layers—
have varying importance depending on the time period
after the release. Moreover, evaluation of each of the
three processes is supported by different amounts of
descriptive data available for modeling purposes.

The process likely to have the greatest importance to
food-chain transport is that of interception and retention
of radioactive materials on vegetation surfaces. Progress
in conceptualizing that process has distinguished imme-
diate interception (primarily governed by physics of
particles and gravitational settling) from that of longer
term retention (governed additionally by chemical fac-
tors such as solubility). However, the scatter of intercep-
tion data, like that for resuspension, indicates that the
processes are complex. Consequently, models of either
process are empiric and do not capture details of the
mechanisms. While empirical models are useful for
assessments under familiar scenarios, models that would
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account for fundamental principles would ultimately be
more useful for new contamination situations and/or
environments.

In closing, we note that the last decade and a half has
emphasized two points about furthering the state of
knowledge of environmental transport. First, accidental
releases sometimes do occur and it is imperative that
when such unfortunate circumstances occur measure-
ments be made quickly and efficiently such that our
knowledge base is broadened. Secondly, it is clear that
historic data can sometimes be revisited and modeled in
ways not previously considered. For example, an inter-
national collaboration to compare interception models,
devised independently by Russian and United States
scientists, is now underway. That is one example of how
improvements in models and understanding can be made
even when new data are not available.

Acknowledgments—The preparation of this paper was not funded. How-
ever, the evaluations presented here are based on work funded by several
organizations, including the U.S. Department of Energy, the National
Cancer Institute, the Federal Department of the Ministry of Health of the
Russian Federation, and the Ministry of Ukraive of Emergencies and
Affairs of the Population Protection from the Consequences of the
Chernobyl Catastrophe.

REFERENCES

Anspaugh LR. Retention by vegetation of radionuclides depos-
ited in rainfall-—A literatore summary. Livermore, CA:
Lawrence Livermore National Laboratory; UCRL-53810;
1987.

Anspaugh LR, Shinn JH, Phelps PL, Kennedy NC. Resuspen-
sion and redistribution of plutonium in soils. Health Phys
29:571-582; 1975.

Anspaugh LR, Koranda JJ, Ng YC. Internal dose from inges-
tion. In: Anspaugh LR, Koranda JJ, eds. Assessment of
radiation dose to sheep wintering in the vicinity of the
Nevada Test Site in 1953. Las Vegas, NV: U.S. Department
of Energy Nevada Operations Office; DOE-239; 1986
(draft).

Atomic Energy Commission. Proposed final environmental
statement. Liquid metal fast breeder reactor program. Wash-
ington, DC: U.S. Atomic Energy Commission; WASH-
1535; Vol. 11, Part TT; 1974.

Beck HL. Environmental gamma radiation from deposited
fission products, 1960-1964. Health Phys 12:313-322;
1966.

Beck HL. Exposure rate conversion factors for radionuclides
deposited on the ground. New York: U.S. Department of
Energy Environmental Measurement Laboratory; EML-
378; 1980.

Cederwall RT, Ricker YE, Cederwall PL, Homan DL, Ans-
paugh LR. Ground-based air-sampling measurements near
the Nevada Test Site after atmospheric nuclear tests. Health
Phys 59:533-540; 1990.

Chamberlain AC. Interception and retention of radioactive
aerosols by vegetation. Atmos Environ 4:57—78; 1970.
Collison TD. Operation Upshot-Knothole, Nevada Proving
Grounds, March-June 1953, Radiological safety operation.
Albuquerque, NM: Field Command, Armed Forces Special

Weapons Project; WT-702 (REF); 1953.

May 2002, Volume 82, Number 3

Department of Energy. United States nuclear tests. July 1945
through September 1992. Las Vegas, NV: U.S. DOE Ne-
vada Operations Office; DOE/NV-209 (Rev. 14); 1994.

Gale HJ, Humphreys DLO, Fisher EMR. Weathering of
caesium-137 in soil. Nature 201:257-261; 1964.

Garger EX, Hoffman FW, Thiessen KM. Uncertainty of the
long-term resuspension factor. Atmos Environ 31:1647-
1656; 1997.

Gordeev KI. Radiation exposure to the population of the
Semipalatinsk Region from Semipalatinsk weapons tests.
Part 1. Experimental and theoretical investigation of the
processes of radioactive contamination of grass resulting
from local fallout from nuclear explosions and justification
of the concept of “biologically active fraction” of fallout.
Moscow: State Research Center-Institute of Biophysics:
Report to the U.S. National Cancer Institute; 1999.

Hicks HG. Calculation of the concentration of any radionuclide
deposited on the ground by off-site fallout from a nuclear
detonation. Health Phys 42:585-600; 1982.

Hicks HG. Additional calculations of radionuclide production
following nuclear explosions and Pu isotopic ratios for
Nevada Test Site events. Health Phys 59:515-523; 1990.

Hoffman FO, Frank ML, Blaylock BG, von Bernuth RD.
Deming EJ, Graham RV, Mohrbacher DA, Waters AE.
Pasture grass interception and retention of 1311, 7Be, and
insoluble microspheres deposited in rain. Oak Ridge, TN:
Oak Ridge National Laboratory; ORNL-6542; 1989.

Hoffman FO, Thiessen KM, Frank ML, Blaylock BG. Quan-
tification of the interception and initial retention of radio-
active contaminants deposited on pasture grass by simulated
rains. Atmos Environ 26A:3313-3321; 1992.

Hoffman FO, Thiessen KM, Rael RM. Comparison of inter-
ception and initial retention of wet-deposited contaminants
on leaves of different vegetation types. Atmos Environ
29:1771-1775; 1995.

Horton RE. Rainfall interception. Mon Weather Rev 49:603-
623; 1919.

Kathren RL. Towards interim acceptable surface contamina-
tion levels for environmental PuO2. In: Radiological pro-
tection of the public in a nuclear mass disaster, Proceedings
of a symposium held in Interlaken, Switzerland, May
26-June 1, 1968. Bern: EDMZ: CONF-68007; 1968: 460
470.

Kinnersley RP, Goddard AJH, Minski MJ, Shaw G. Intercep-
tion of cesium-contaminated rain by vegetation. Atmos
Environ 31:1137-1145; 1997.

Langhamn WH. Biological considerations of nonnuclear inci-
dents involving nuclear warheads. Livermore, CA: Law-
rence Livermore National Laboratory; UCRL-50639; 1969.

Likhtarev IA, Kovgan LN, Jacob P, Anspaugh LR. Chernobyl
accident: Retrospective and prospective estimates of exter-
nal dose of the population of Ukraine. Health Phys 82:290-
303; 2002.

Lindberg RG, Scanlan JT, Watson JC, Rhoads WA, Larson
KH. Environmental and biological fate of fallout from
nuclear detonations in areas adjacent to the Nevada Proving
Ground. Los Angeles, CA: University of California; WT-
812; 1954.

Lindberg RG, Romney EM, Olafson JH, Larson KH. Factors
influencing the biological fate and persistence of radioactive
fall-out. Los Angeles, CA: University of California; WT-
1177, 1959.

Linsley GS. Resuspension of the transuranium elements—A
review of existing data. Oxon: National Radiological Pro-
tection Board; NRPB-R75; 1978.




Movement of radionuclides in terrestrial ecosystems @ L. R. ANSPAUGH ET AL. 679

Martin WE. Loss of 1131 from fallout-contaminated vegeta-
tion. Health Phys 9:1141-1148; 1963.

Martin WE. Losses of 90Sr, 89Sr, and 1311 from fallout-
contaminated plants. Radiat Bot 4:275-284; 1964.

Martin WE. Interception and retention of fallout by desert
vegetation. Health Phys 11:1341-1354; 1965,

McArthur RD, Miller FL, Jr. Off-Site Radiation Exposure
Review Project phase II soil program. Las Vegas, NV: U.S.
Department of Energy Nevada Operations Office; DOE/
NV/10384-23 Rev.; 1989.

Mikhailov VN, Andryshin 1A, Bogdan VV, Vashchinkin SA,
Zelentsov SA, Zolotukhin GE, Karimov VM, Kirichenko
VV, Matushchenko AM, Silkin, Yu S, Strukov VG, Khari-
tonov KV, Tcdhernyshev AK, Tsrykov GA, Shumaev MP.
USSR nuclear weapons tests and peaceful nuclear explo-
sions. 1949 through 1990. Moscow: Ministry of the Russian
Federation for Atomic Energy and Ministry of Defense of
the Russian Federation; 1996,

Miller CF. Fallout and radiological countermeasures. Menlo
Park, CA: SRI International; Project No. IMU-4021: Vol. 1;
1963.

Miller CW, Hoffman FO. An examination of the environmental
half-time for radionuclides deposited on vegetation. Health
Phys 45:731-744; 1983.

Miller KM, Helfer IH. In situ measurements of Cs-137 inven-
tory in natural terrain. In: Environmental radiation ’'85.
McLean, VA: Health Physics Society; Proceedings of the
18th midyear topical symposium. 1985: 243-252.

Miick K, Roth K, Gerzabek MH, Oberlinder H-E. Effective
half-lives of I- and Cs-isotopes in grassland shortly after
fallout. J. Environ Radioact 24:127-143; 1994,

National Cancer Institute. Estimated exposures and thyroid
doses received by the American people from iodine-131 in
fallout following Nevada atmospheric nuclear bomb tests.
Washington, DC: U.S. Department of Health and Human
Services; 1997.

Nicholson KW. A review of particle resuspension. Atmos
Environ 22:2639-2651; 1988.

Nuclear Regulatory Commission. Reactor safety study-—An
assessment of accident risks in US commercial nuclear
power plants. Washington, DC: U.S. Nuclear Regulatory
Commission; WASH-1400; Appendix VI1; 1975.

Placak OR, Carter MW, Gilmore RA, Goeke RH, Weaver CI.
Operation Plumbbob. Off-site radiological safety report.
Las Vegas, NV: U.S. Environmental Protection Agency;
OTO-57-3; 1957.

Prohl G, Hoffman FO. Radionuclide interception and loss
processes in vegetation. In: Modelling of radionuclide
interception and loss processes in vegetation and of transfer

in semi-natural ecosystems. Second report of the VAMP
Terrestrial Working Group. Vienna: International Atomic
Energy Agency; IAEA-TECDOC-857:9-47; 1996.

Romney EM, Lindberg RG, Hawthorne HA, Bystrom BG,
Larson KH. Contamination of plant foliage with radioactive
fallout. Ecology 44:343-349; 1963,

Sanders JB, Placak OR, Carter MW. Report of off-site radio-
logical safety activities. Operation Teapot, Nevada Test
Site, Spring 1955. Las Vegas, NV: U.S. Environmental
Protection Agency; OT-53; 1955.

Shreve JD, Jr. Operation Plumbbob—Preliminary report. Sum-
mary report. Test Group 57. Albuquerque, NM: Sandia
National Laboratory; ITR-1515 (Del.); 1958.

Simon SL. An analysis of vegetation interception data pertain-
ing to close-in weapons test fallout. Health Phys 59:619~
626; 1990.

Smith WI, II, Whicker FW, Meyer HR. Review and categori-
zation of saltation, suspension and:resuspension models.
Nucl Safety 23:685-699; 1982,

Straume T, Anspaugh LR, Haskell EH, Lucas JN, Marchetti
AA, Likhtarev IA, Chumak VV, Romanyukha AA,
Khrouch VT, Gavrilin Yu I, Minenko VF. Emerging tech-
nological bases for retrospective dosimetry. Stem Cells
15(Suppt. 2):183-193; 1997.

Thompson S. Effective half-life of fallout radionuclides on
plants with special emphasis on iodine-131. Livermore, CA:
Lawrence Livermore National Laboratory; UCRL-12388;
1965.

United Nations Scientific Committee on the Effects of Atomic
Radiation. Sources and effects of ionizing radiation. UN-
SCEAR 2000 report to the General Assembly, with scien-
tific annexes. New York: United Nations; Sales No E
00:IX.3; 2000.

Voillequé PG. Initial retention by vegetation of 1311 in wet
depositions of fallout. Bethesda, MD: National Cancer
Institute; Informal report; 1986.

Whicker FW, Kirchner TB. PATHWAY. A dynamic food-
chain model to predict radionuclide ingestion after fallout
deposition. Health Phys 52:717-737; 1987.

Whicker FW, Pinder JE. Food chains and biogeochemical
pathways: Contributions of fallout and other radiotracers.
Health Phys 82:680-689; 2002.

Whicker FW, Kirchner TB, Breshears DD, Otis MD. Estima-
tion of radionuclide ingestion: The “PATHWAY” food-
chain model. Health Phys 59:645-657; 1990.

Wilson RH, Thomas RG, Stannard JN. Biomedical and aerosol
studies associated with a field release of plutonium. Roch-
ester, NY: University of Rochester; WT-1511; 1961.

ER






