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ALIMENTARY TRACT ABSORPTION (f; VALUES) FOR
RADIONUCLIDES IN LOCAL AND REGIONAL FALLOUT FROM
NUCLEAR TESTS
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Abstract—This paper presents gastrointestinal absorption
fractions (f; values) for estimating internal doses from local
and regional fallout radionuclides due to nuclear tests. The
choice of f, values are based on specific circumstances of
weapons test conditions and a review of reported f; values for
elements in different physical and chemical states. Special
attention is given to fallout from nuclear tests conducted at the
Marshall Islands. We make a distinction between the f; values
for intakes of radioactive materials immediately after deposi-
tion (acute intakes) and intakes that occur in the course of
months and years after deposition, following incorporation
into terrestrial and aquatic foodstuffs (chronic intakes). Mul-
tiple f; values for different circumstances where persons are
exposed to radioactive fallout (e.g., local vs. regional fallout
and coral vs. continental tests) are presented when supportive
information is available. In some cases, our selected f, values
are similar to those adopted by the International Commission
on Radiological Protection (ICRP) (e.g., iodine and most
actinides). However, f; values for cesium and strontium de-
rived from urine bioassay data of the Marshallese population
are notably lower than the generic f, values recommended by
ICRP, particularly for acute intakes from local fallout (0.4 and
0.05 for Cs and Sr, respectively). The f, values presented here
form the first complete set of values relevant to realistic dose
assessments for exposure to local or regional radioactive
fallout.
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INTRODUCTION

From 1946 through 1958, 66 nuclear weapons tests were
conducted by the U.S. in or near the Marshall Islands
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located in equatorial waters in the Pacific. During
roughly the same period (1951-1958), the U.S. also
conducted 119 nuclear tests at the Nevada Test Site
(NTS) (U.S. DOE 1988). All together, over 500 atmo-
spheric nuclear weapons tests took place at various sites
around the world from 1945 to 1980 (Beck and Bennett
2002). These tests resulted in the deposition of signifi-
cant quantities of radioactive debris to the local, regional
and global environments resulting in human health con-
sequences that have ensued over the decades since
(Simon 1997; Simon et al. 2006). Since nuclear testing
ceased, a number of dose reconstruction assessments
have been conducted for specific populations (Beck et al.
2006). Depending on the level of detail considered and
the degree of realism sought in assessment calculations,
dose estimation parameters may require evaluation and
interpretation based on the available historical data for
each assessment.

The assessment of internal dose from the ingestion
of radionuclides for the general public requires knowl-
edge on the fraction of the radioactive material absorbed
from the alimentary tract to blood, using a model
parameter usually termed the “f, value.” Literature
information for f, values vary significantly depending on
the origin of the measurements or assumptions made
about the chemical and physical properties of the in-
gested form in addition to other biological and environ-
mental factors. Metabolic investigations on radionuclide
uptake using soluble compounds used in laboratories and
some industries often produced higher f, values com-
pared to other less soluble forms in both animal and
human studies. Typically, the International Commission
on Radiological Protection (ICRP) and other radiation
protection organizations tend to adopt conservative f,
values to ensure a margin of safety for protection of
humans exposed to a wide range of radionuclide forms
in the workplace and to members of the public. The
use of generic f, values, however, may not be desir-
able in dose reconstructions, particularly where “best
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estimate” values are needed to calculate realistic
population-average or typical individual doses.

The purpose of this paper is to (a) review and
evaluate historical data on the physical and chemical
characteristics of radionuclides associated with fallout
debris including fractionation, solubility, and other fac-
tors which may affect their absorption by humans; (b)
review and evaluate f, values for key fallout radionu-
clides from the available literature as they pertain to
fallout in general and to the unique coral environment
of the Marshall Islands, in particular; and (¢) provide
an evaluation and present our “best estimates” for f,
values for use in reconstruction of realistic internal
doses from acute intake of local and regional fallout
from nuclear tests, and for chronic intake of radicac-
tive materials following their incorporation into ter-
restrial and aquatic foodstuffs. In this paper, local
fallout is assumed to have occurred at close-in loca-
tions that are typically associated with large particle
gizes (=50 pum) and extend roughly up to 300 km from
ground zero, whereas regional fallout that occurs at
distant locations is composed of only smaller particle
gizes and 18 assumed to extend from 300 to 3,000 km
from ground zero.

Justifications for the choice of f, values for fallout
radionuclides were made taking into account the partic-
ular circumstances of various nuclear test conditions and
the expected nuclides’ solubility and biclegical availabil-
ity, whenever such information was available. Informa-
tion presented in this paper resulted from a thorough
review of the available fallout literature, declassified
government documents, and various reports from na-
tional and international organizations. Although empha-
sis was given to nuclear weapons testing conducted at the
Marshall Islands, information provided here may be
applicable to fallout from tests or detonations conducted
elsewhere.

A large number of fission and activation products
are formed in nuclear weapons tests (Hicks 1981). Most
of them are either preduced in low yield or have short
half-lives. Key fallout radionuclides that contribute sub-
stantially to the internal dose to humans resulting from
nuclear tests conducted in the Marshall Islands are
isotopes of iodine (I), tellurium (Te), cesium (Cs),
strontium (8r), yttrium (Y), molybdenum (Mo) barium
(Ba), lanthanum (La), cerium (Ce), praseodymium (Pr),
iron (Fe), cobalt (Co), zinc (Zn), and neptunium (Np)
{Simon et al. 2010). Plutonium (Pu), americium {Am),
uranium (U), zirconium (Zr), rathenium (Ru), rubidium
(Rb), and bismuth (Bi) are among other elements of
interest present in radicactive fallout. Review and eval-
nation of f, values for the above elements from exposure
to fallout are addressed in this document.
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Unique characteristics of the Pacific
Proving Ground
The basic components of topsoil at coral atolls like

the Marshall Islands are coral-based sand, hard and
weathered coral, and marine shells. Coral-based soil is
typically low in organic matter, potassium, clay, and
many other nutrients, but enriched in lime (CaCOy)
content (Simon et al. 2002).

In the case of detonations over coral or coral-based
soils, calcium carbonate in the ground is heated to very
high temperatures or completely vaporized, resulting in
the formation of relatively fine particles. When such
particles mix with bomb debris in the cooling fireball,
they adsorb fission radionuclides within and on the
surface of particles (Norman 1973). Fresh coral debris is
largely CaQ, CaCO,, and Ca(OH), (Heidt et al. 1933;
Maxwell et al. 1553) and, hence, raises the pH consid-
erably (pH 10—11) when it dissolves in water (Crocker et
al. 1963). The maximum soil adsorption and retention of
Sr, Cs, Y, Ce, and Pu also occurs at this high pH range.
In addition, lime rich soil may further increase the
retention of Sr and Cs (NAS 1963). In fallout particles
from water-surface tests, radioactivity i3 carried in water
droplets which form a cloud of mist after detonation. In
the presence of sea water, some fission products may be
fused in sodium oxide particles or precipitated as sulfate
on particle surfaces (discussed in detail later). For tests
conducted on barges or towers, iron from the steel
structures can incorporate in fallout particles to form
mixed iron, calcium, and fission-products oxides (Adams
et al. 1958). Small fallout particles from coral islands
were found to be 10-50% water soluble and almost
completely soluble in acids (Cohn et al. 1954; Heidt et al.
1953; and personal experience).

Fractionation, solubility, and bioavailability of
fallout debris

Fractionation and solubility of fallout debris are
important phenomena because of their relationship to
bioavailability and the absorption of various radioactive
species by humans. The fractionation occurs due to both
physical and chemical separation of fallout particles
and/or fission products. The degree of fractionation is a
function of many interacting factors including the phys-
ical and chemical properties of nuclides formed in the
fission process as well as those of progeny elements in a
given decay chain, particle size and composition, dis-
tance from ground zero, the specific conditions of nu-
clear detonation (weapon composition, yield, burst
height, meteorological conditions, etc.), and the proper-
ties of the surrounding environment after the deposition
of fallout particles (Tompkins and Werner 1955; Beck
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and Bennett 2002). In general, fractionation decreases
with the magnitude of the device yield and increases with
proximity of the detonation to the ground surface.

Radionuclides will fractionate to varying degrees
due to differences in fission products’ volatilities. In the
fireball, bomb material (FeO) and earth/water-surface
components form molten droplets in which refractory
elements dissolve and distribute uniformly through the
particles. As the fireball cools (below 1,500°C) and the
particles form and solidify, the more volatile elements
and their progeny condense and distribute according to
the available particle surface, where the amount of
activity varies with > (Adams et al. 1958; Crocker et al.
1965; Hicks 1982). The degree of fractionation can then
be defined as the ratio of refractory (R) to volatile (V)
nuclides, where an R/V value of 1 represents the relative
ratio of unfractionated debris (Beck et al. 2010). Various
particles in the debris can also agglomerate to form a
complex heterogeneous mix of particles of different
shapes and sizes (Norman and Winchell 1970; Vajda
2001). ¥Sr, ¥'Cs, and *Sr are examples of radionuclides
that, having gaseous precursors, are subject to additional
fractionation and, thus, are partially depleted in local
fallout occurring at close-in locations compared to other
volatile nuclides. *Zr and '**Ce are refractory in fallout
and are frequently used as reference radionuclides to
determine the degree of fractionation for other nuclides.
In general, volatile radionuclides exhibit a high degree of
solubility relative to the refractory radionuclides.

In terms of particle size distribution, the fallout
process has the effect of sorting the debris by diminishing
particle size along the forward path of the cloud. Conse-
quently, the refractory and volatile phases are also
partially separated over the initial period following det-
onation. It has been observed that fallout particle size and
total radioactivity are correlated and both decreased with
distance after the 1954 Bravo test at Bikini Atoll (Lessard
1986). About 20-30% of the total fallout activity is
deposited at close-in locations and is mostly associated
with large particles dominated by the refractory phase.
About 90% of the more volatile nuclides deposit on small
particles at more distant locations. This is particularly
evident in high-yield explosions with a high cloud top,
often moving at high velocity due to upper atmosphere
winds. For low-yield explosions, at low cloud height and
low wind velocity, a significant fraction of small particle
size can deposit near ground zero. As with distance, time
of arrival of fallout may also be a surrogate for change in
particle size (Simon 1990; Anspaugh 2004).

Detonations at altitudes sufficiently high to elimi-
nate incorporation of ground soil into the fireball tend to
produce small, spherical and highly radioactive particles
with activity distributed more evenly throughout particle

volume. These particles tend to be more soluble than for
ground surface detonations (Crocker et al. 1965). If soil
and other on-site materials are incorporated in the fire-
ball, the resulting particles tend to be large in size, of
irregular shape, and of low specific activity.

Solubility and leachability of radionuclides from
fallout particles are governed by several factors including
the following: a) the physical and chemical characteris-
tics of the host particle (size, surface area, surface
chemistry, surface orientation of radionuclides, age of
fallout material, etc.); b) radionuclide speciation and
oxidation states; ¢) conditions associated with detonation
including the degree of fractionation during particle
formation; and d) environmental factors including soil/
water chemistry. The most extensively investigated sol-
vents used in leaching studies have been water, sea water,
and 0.1 N HCI (Crocker et al. 1965). Dilute HCI is
generally considered as a simulant for stomach fluids.
Data on leaching of fallout debris have usually been
reported in terms of the fraction of gross beta or gross
gamma activity found in the soluble phase. Results in
terms of individual radionuclide solubility are much
more useful, but these data are very scarce (Anspaugh
2004).

Solubility of fallout particles in HCI at pH 1.0 from
the NTS was greater for smaller particles (LeRoy et al.
1966). Reducing particle size by approximately one-half
resulted in an increase of the fraction leached activity by
a factor of two (Table 1). Also, acid leaching was much
more effective in dissolving fallout particles than was
water or alkaline solutions and solubility increased with
multiple extractions and the duration of contact. Mea-
surements of total gamma activity leached by water from
coral samples under different test conditions were re-
ported by Crocker et al. (1965) and the information is
summarized in Table 2. In surface-water tests, fallout
particles were much more water soluble than from
ground (coral)-surface tests by approximately an order of
magnitude. Data from the NTS (Baurmash et al. 1958) on
fallout particle solubility in 0.1 N HCI showed that, in
tower tests, when the fireball interacted with surface
material, the soluble fraction of the formed material was
much lower (0.20-0.30) than for higher altitude air

Table 1. Solubility of total radioactivity from local fallout as a
function of particle size; data from the Nevada Test Site (NTS)
on particles collected six days after detonation (from LeRoy et
al. 1966).

Fraction of activity leached

Particle size (um) in HCI at pH 1.0

~500 ~0.06
180 0.19
90 0.42







