Chapter 1

Introduction

1.1. BACKGROUND

Section 7(a) of Public Law 97-414 directs the Secretary of
Health and Human Services to “(1) conduct scientific research
and prepare analyses necessary to develop valid and credible
assessments of the risks of thyroid cancer that are associated
with thyroid doses of Iodine 131; (2) conduct scientific research
and prepare analyses necessary to develop valid and credible
methods to estimate the thyroid doses of Iodine 131 that are
received by individuals from nuclear bomb fallout; and (3) con-
duct scientific research and prepare analyses necessary to devel-
op valid and credible assessments of the exposure to Iodine 131
that the American people received from the Nevada atmospheric
nuclear bomb tests; ...”

The National Cancer Institute (NCI) was requested to
respond to this mandate. This report describes the data,
methodologies, and analyses that were used to address parts (2)
and (3) of the mandate. The report does not address the issue
of the risk of thyroid cancer associated with thyroid doses of
iodine-131. Efforts to estimate this risk have been and continue
to be the objective of a number of past and ongoing studies of
persons exposed to iodine-131 from diagnostic procedures or
from environmental contamination in Utah, in the Hanford,
Washington area, in Sweden, Slovenia and Israel, and in Belarus,
the Russian Federation and Ukraine.

A task group, established to assist the NCI in this effort,
suggested that it might be possible to estimate, for each atmos-
pheric nuclear weapons test, the iodine-131 (131 or I-131)
exposures from fallout for representative individuals and for the
populations of each county of the contiguous U.S. In this
report, “Nevada atmospheric bomb tests” is interpreted as mean-

ing “tests conducted at the Nevada Test Site that released
radioactive materials into the atmosphere,” thus including also
cratering tests and underground tests which vented, or released
radioactive materials into the atmosphere, as well as the tests
that were part of a peaceful applications program. All such tests
were considered.

The most significant atmospheric weapons tests with
respect to fallout occurred in the 1950s, during which time
most of the monitoring of environmental radioactivity consisted
of gross beta measurements. Because the radioactive half-life of
1311 is about 8 days, the activity of I present in the samples
collected more than 35 years ago has completely decayed and
cannot be measured retrospectively. Therefore, the estimation of
I exposures dating back to the 1950s must essentially be
derived either from the original measurements of gross beta
activity, from current or past measurements of radionuclides
other than !, or from mathematical models.

1.2. METHODOLOGY

Previous studies have suggested that once 'I from fallout has
been deposited on vegetation the main exposure route to man
is, for individuals who drink milk, the 3T transported from the
vegetation to cows consuming the vegetation to the milk pro-
duced by the cows to man via the consumption of milk, i.e., via
the pasture-cow-milk food chain (Bergstrom 1967; Eisenbud
and Wrenn 1963; Garner and Russell 1966; UNSCEAR 1972).
This is due to a combination of factors: (a) cows graze over large
areas of ground, (b) the population regularly consumes substan-
tial amounts of fresh cows” milk, and (c) there is a short delay
time between the production and consumption of milk.
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However, exposures resulting from inhalation of contaminated

air or the ingestion of foodstuffs other than cows’ milk may be Figure 1.1. Steps involved in the assessment of the exposure to 1-131 that the

American people received from the atmospheric bomb tests (sim-

Figure 1.2.

more important than those resulting from ingestion of cows’
milk for people who drink little or no cows’ milk or for people
who drink milk from cows that were not on pasture. This
report will focus on the assessment of doses of radiation to the
thyroid of people resulting from the consumption of milk pro-
duced by cows grazing on pasture contaminated with 'I from
fallout and will discuss inhalation of contaminated air and the
ingestion of foodstuffs other than cows” milk in much less detail.
Figure 1.1 illustrates the various steps involved in the dose
assessment.

When absorbed into the body, 13!l concentrates in the
thyroid to such an extent that the radiation absorbed doses in
other organs and tissues are negligible in comparison. For a
given intake of 13'I, the radiation absorbed doses in the thyroid
of people vary as a function of age, the highest doses being
received by infants. In this report, thyroid doses are calculated
for various age categories (i.e., fetus, infant, child, adult male
and female).

For each atmospheric test, radiation absorbed doses to
the thyroids of people have been estimated for the population of
each county subdivided by age and sex, assuming average, high,
and low exposure to 'I. Collective thyroid doses also have
been calculated for the entire population of each county (Figure
1.2) and for the entire population of the contiguous United
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States following each test. Appendices and Annexes to the report
present results in sufficient detail so that an individual can esti-
mate his/her own thyroid dose given his/her residential history
and dietary habits. Estimates of the uncertainties associated
with the dose values and with the principal parameters entering
into the dose calculations also are provided.

In addition to the present study, two other studies
address the exposure of more specific populations to 31 from
fallout. The Offsite Radiation Exposure Review Project (ORERP)
of the Department of Energy (Church et al. 1990) estimated
exposures of downwind residents of several states to fallout
(Figure 1.2) with special emphasis on the residents of four coun-
ties in Nevada (Clark, Esmeralda, Lincoln, and Nye) and of
Washington County in Utah. The University of Utah reported
on an epidemiological study of thyroid disease among identified
populations of Utah and Nevada, together with retrospective
estimates of individual thyroid doses due to 1*'I in fallout
(Kerber et al. 1993; Lloyd et al. 1990; Till et al. 1995).

The environmental transfer models used in the three
studies to estimate the extent to which individuals or popula-
tions were exposed to 13!l are similar. There are some differ-
ences that distinguish this study from the other two, however,
because of its larger geographic scope. The data and parameter
values (e.g., dietary patterns, lifestyle) used in this study repre-
sent averages and are not specific to individuals or to limited
population groups as in the other two studies. Also, because
most of the deposition of radioactive materials on the ground in
the eastern part of the country was associated with precipitation
(i.e., “wet” deposition), whereas “dry” deposition (i.e., deposi-
tion of radioactive materials on the ground that was not associat-
ed with precipitation) was predominant in the western part of
the country (Beck et al. 1990), the effect of precipitation on the
fallout has received a greater emphasis in this study than was
required for the other two studies.

It is important to note that the internal radiation
absorbed doses in the thyroid of people from 'l in NTS fallout
that are calculated in this report constitute only one component
of the thyroid doses that the American people received in the
1950s. Internal irradiation of the thyroid resulted also from the
intake of 13!1 from other sources (e.g., nuclear weapons testing
at sites other than the NTS, whether by the United States or by
other countries, atmospheric discharges from weapons produc-
ing facilities such as nuclear reactors and fuel reprocessing
plants, medical uses of 13! and, to a lesser extent, from the
intake of radionuclides other than 31 (e.g., '3[ or 1321)). In
addition, thyroid doses were also received as a result of external
irradiation from the Nevada Test Site (NTS) fallout and from
other sources, including natural background. A rough indica-
tion of the relative magnitude of the contributions to the thyroid
dose from all those sources is provided in the report.
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1.3. ORGANIZATION OF THE REPORT
This report includes:

* The history of nuclear weapons testing at the Nevada
Test Site (Chapter 2).

¢ The deposition of 3T on the ground (Chapter 3).

* The transfer of 'I from deposition on the ground to
fresh cows’ milk (Chapter 4).

* The production, utilization, distribution, and consump-
tion of milk across the continental U.S. (Chapter 5).

» The methods and data used to calculate radiation
absorbed doses in the thyroids of people resulting from
the ingestion of fresh cows’ milk (Chapter 6).

* The methods and data used to calculate radiation
absorbed doses in the thyroids of people resulting from
exposure routes to people other than the ingestion of
fresh cows’ milk (Chapter 7).

¢ The results, expressed in terms or per capita of collec-
tive radiation absorbed doses in the thyroids of people
(Chapter 8).

* How to calculate an individual’s thyroid absorbed dose
(Chapter 9).

* Model validation and the uncertainties attached to the
estimates of radiation absorbed dose in the thyroids of
people (Chapter 10).

The main body of the text is supplemented with Appendices
and Annexes. The Appendices present detailed information on
some aspects of the methodology used and general data that are
not related to any specific nuclear test:

¢ The meteorological dispersion and deposition model
that was used to predict estimates of 3! deposition per
unit area of ground when environmental radiation data
were not available (Appendix 1).

* The structural characteristics of the methodology used
in the dose assessment, as well as the origin and con-
tent of the databases (Appendix 2). Special considera-
tion is given to the data related to the counties close to
the Nevada Test Site because of the complexity of fall-
out deposition patterns in that area.
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* Information on pasture practices (Appendix 3).

¢ The estimated volumes of milk annually produced,
available for fluid use and consumed in each county of
the contiguous United States in 1954 (Appendix 4).

¢ Information on regional milk distribution (Appendix 5).

* A review of the metabolism and dosimetry of 13
(Appendix 6).

* The influence on the resulting thyroid doses of the dis-
tribution of physico-chemical forms of 31 in fallout
(Appendix 7).

* The initial retention of fallout 3'I by vegetation accord-
ing to distance from the NTS and to daily rainfall
(Appendix 8).

¢ Information on the main computer codes used in the
dose assessment (Appendix 9).

The basic information and the main results obtained for each
nuclear test that is taken into consideration in the dose assess-
ment are presented as Annexes and as Sub-annexes.

The Annex for a given nuclear test includes:
* A description of the test along with a presentation of

the environmental data, specific for that test, that have
been used in the dose assessment.

A color-coded map showing estimates of 1'I deposi-
tions per unit area of ground for all counties of the con-
tiguous United States.

Tabulated estimates of 3'I concentrations in fresh cows’
milk resulting from the test for each county of the con-
tiguous United States.

Tabulated estimates of *'I concentrations in ground-
level air and in foodstuffs other than fresh cows’ milk,
resulting from the test, for each county of the contigu-
ous United States.

¢ A color-coded map showing estimated thyroid-dose
ranges for all counties of the contiguous United States.

14

In addition, results are summarized in the Annexes for each test
series (corresponding, in many cases, to one year of testing)
either in the form of tables or of maps. The tabulated results, in
particular, enable an individual to obtain an approximate esti-
mate of her (or his) own individual thyroid dose, provided that
the individual considered knows, among other factors, her (or
his) consumption rate of milk and the geographical origin of
that milk during the time period of the test series. The results
provided in the Annexes for each test series and for each county
of the contiguous United States are:

* Tabulated estimates of 13!l concentrations in fresh cows’
milk.

* Tabulated estimates of 3] concentrations in ground-
level air and in foodstuffs other than fresh cows’ milk.

* Tabulated estimates of radiation absorbed doses in the
thyroid of people to several categories of people in each
age class that are expected to represent a reasonable
spectrum of the population.

* Maps presenting estimates of 311 depositions per unit
area of ground and of “per capita” radiation absorbed
doses in the thyroids of people resulting from the test
series.

There is a Sub-annex for each nuclear weapons test. Each Sub-
annex consists of:

¢ Tables showing the estimated daily >'I depositions per
unit area of ground for each county of the U.S. follow-
ing each test.

* Tables presenting, for each county following each test:

Estimates of the collective thyroid dose and the per
capita thyroid dose to the county population.

Estimates of the thyroid doses to each age group
(and gender for the adult population) for each of the
four milk consumption scenarios considered.
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Chapter 2

History of the Nevada Test Site
antd Nuclear Testing Background

Contents: The Nevada Test Site (NTS) and the types of nuclear tests
conducted there from 1951 to date are described, and resulting off-site
contamination, especially with respect to 1311, is discussed.

2.1. NEVADA TEST SITE LOCATION AND SIZE

The Nevada Test Site (NTS) is located in Nye County in south-
ern Nevada; the southernmost point of the NTS is about 65
miles (105 kilometers) northwest of Las Vegas. The site con-
tains 1,350 square miles (3,500 square kilometers) of federally
owned land with restricted access, and varies from 28-35 miles
(45-56 kilometers) in width (east-west) and from 40-55 miles
(64-88 kilometers) in length (north-south).

The Nevada Test Site is bordered on three sides by 4,120
square miles (10,700 square kilometers) of land comprising the
Nellis Air Force Range, another federally owned, restricted area
(Figure 2.1). This restricted area provides a buffer zone to the
north and east between the test area and land that is open to the
public, and varies in width from 15-65 miles (24-105 kilome-
ters). A northwestern portion of the Nellis Air Force Range is
occupied by the Tonopah Test Range, an area of 624 square
miles (1,620 square kilometers), which is operated for the U.S.
Department of Energy (DOE) by the Sandia Laboratories pri-
marily for airdrop tests of ballistic shapes. The combination of
the Tonopah Test Range, the Nellis Air Force Range, and the
Nevada Test Site is one of the largest unpopulated land areas in
the United States, comprising some 5,470 square miles (14,200
square kilometers).

Figure 2.1. Location of the Nevada Test Site.
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Figure 2.2 Details of the Nevada Test Site. Areas used for
nuclear testing are shaded.

WINNEMUCCA

NEVADA

AUSTIN

CARSON
CITY

@

TEST
RANGE NELLIS

[ INTERSTATE
[0 us Hwy
O STATE HWY

0 25 50
MILFS
0 D

KILOMETENS

Figure 2.2 shows the general layout of the Nevada Test
Site, and identifies some of the areas within the site referred to
in this report.

2.2. HISTORICAL BACKGROUND OF THE NEVADA TEST SITE

From the end of World War II until 1951, five U.S. nuclear
weapons tests were conducted at distant islands in the Pacific
Ocean: two at Bikini atoll and three at Enewetak atoll (U.S.
Department of Energy 1994). Testing at those sites required an
extensive logistic effort and an inordinate amount of time.
When the decision to accelerate the development of nuclear
weapons was made in the late 1940s in response to the national
defense policy, it became apparent that weapons development
lead times would be reduced and considerably less expense
incurred if nuclear weapons, especially the lower yield weapons,
could be tested safely within the continental boundaries (Anders
etal. 1983). Accordingly, a number of sites throughout the con-
tinental United States, including Alaska, were considered on the
basis of low population density, safety, favorable year-round
weather conditions, security, available labor sources, reasonable
accessibility including transportation routes, and favorable geol-
ogy. After review of known information about fallout, thermal,
and blast effects, it was determined that an area within what is

2.2

now the Nellis Air Force Range could be used for relatively low-
yield nuclear detonations. Although the NTS originally was
selected to meet criteria for atmospheric tests, it subsequently
also was used for underground tests.

Public Land Order 805 dated February 19, 1952, identi-
fied 680 square miles (1,800 square kilometers) for nuclear test-
ing purposes from an area used by the Air Force as a bombing
and gunnery range; this area now comprises approximately the
eastern half of the present Nevada Test Site. The predominant
geological features of this area are the closed drainage basins of
Frenchman Flat and Yucca Flat where the early atmospheric
tests were conducted. The main Control Point has remained on
the crest of Yucca Pass between these two basins (Figure 2.2).
Additional land was added to the site in 1958, 1961, 1964, and
1967, thereby enlarging the site to its present size of about
1,350 square miles (3,500 square kilometers).

2.3. NUCLEAR TESTING PROGRAM AT THE NEVADA TEST SITE
Nuclear testing at the NTS has been conducted in two distinct
eras (Friesen 1985): the atmospheric testing era (January 1951
through October 1958) and the underground testing era (1961
to the present). On October 31, 1958, the United States and
the Soviet Union entered into voluntary test moratoria which
lasted until the U.S.S.R. resumed testing on September 1, 1961.
The United States responded with renewed testing on
September 15, 1961. A few surface, near surface, and cratering
tests were conducted from 1961 to 1968, but all other nuclear
weapons tests have been carried out underground since 1961.
The United States and the Soviet Union signed the Limited Test
Ban Treaty on August 5, 1963, which effectively banned these
countries from testing nuclear weapons in the atmosphere, in
outer space and underwater. Six of the eight cratering tests con-
ducted between 1962 and 1968 were part of a peaceful applica-
tions program.

2.3.1. Atmospheric Testing Era (1951-1958)

The United States conducted 119 nuclear tests at the NTS from
the start of testing in January 1951 through October 1958 (U.S.
Department of Energy 1988; U.S. Department of Energy 1994).
Most of those nuclear tests were carried out in the atmosphere.
Some tests were positioned for firing by airdrop, but metal tow-
ers were used for many Nevada tests at heights ranging from
100 to 700 feet (30-200 meters) above the ground surface. In
1957 and 1958, helium-filled balloons, tethered to precise
heights and locations 340 to 1,500 feet (105 to 500 meters)
above ground, provided a simpler, quicker, and less expensive
method for the testing of many experimental devices. The tests
of the atmospheric era took place in Yucca and Frenchman Flats
(Figure 2.2). Table 2.1 gives the characteristics of the 119 nuclear
tests that were conducted at the NTS during the atmospheric
testing era (1951-1958); they consist of 97 nuclear tests con-
ducted in the atmosphere, of two cratering tests, detonated at
depths less than 100 feet (30 meters), and of 20 underground
tests. In Table 2.1, “type” refers to the type of deployment of the
nuclear device at time of detonation (Friesen 1985):



History of the Nevada Test Site and Nuclear Testing Background

Tahle 2.1. List of nuclear detonations at the Nevada Test Site during the atmospheric testing era (1951-1958)
(Hicks 1981; U.S. Weather Bureau 1964; U.S. Department of Energy 1988).
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airburst: fired from a cannon,

airdrop: dropped from an aircraft,

balloon: suspended from a tethered balloon,

rocket: launched by rocket,

tower: mounted at top of a metal or wooden tower,

surface: placed on or close to the earth’s surface,

crater: placed shallow enough underground to produce a
throw-out of the earth when exploded,

shaft: exploded at the end of a drilled or mined
vertical hole,

tunnel: exploded at the end of a long horizontal hole

mined into a mountain or mesa in a way that
places the burst point deep within the earth.

The yields presented in Table 2.1 are a measure of the total

energy released during the explosion; they are expressed in terms
of the equivalent mass of TNT required to produce the same
energy release. The unit commonly used for the yield is the kilo-
ton (kt). Depending on the type of weapon, the yield may
include a fusion component in addition to the fission compo-
nent. It is believed that all the nuclear weapons tested at the NTS
during the atmospheric era were only of the fission type, and
therefore that their yields were the same as their fission yields.

The yields of the 119 nuclear tests detonated in the
atmospheric era ranged from 0 to 74 kt, with 41 tests with
yields greater than, or equal to, 10 kt, 23 tests with yields
between 1 and 10 kt, and 55 tests with yields less than or equal
to 1 kt. The arithmetic average yield was 8.6 kt. Among the
tests with yields lower than 1 kt are included all safety experi-
ments, in which atomic bombs were destroyed by conventional
explosives in order to determine the spread of the fissionnable
material so that the consequences of transportation accidents
involving warheads could be evaluated. The yields of the safety
experiments that were reported as “slight,” “not available,” or
“no yield” were taken to be equal to zero.

2.3.2. Underground Testing Era (1961 to 1992)

In 1962, before the onset of the Limited Test Ban Treaty, the
United States conducted, in addition to its underground tests,
two small surface tests, one tower test and two cratering tests as
part of the nuclear weapons testing program. Six nuclear crater-
ing tests were conducted from 1962 through 1968 as part of the
peaceful applications (Plowshare) program. The overwhelming
majority of the 809 tests that took place at the NTS from 1961
through September 1992 were conducted underground either in
shafts or in tunnels that were designed for containment of the

Tahle 2.2, List of atmospheric and cratering events at the Nevada Test Site from 1961 through September 1992 (Hardy et al. 1964;

Hicks 1981; Schoengold et al. 1990; U.S. Department of Energy 1994).

Test Date Time Yield Type Height Cloud Atmospheric
(mo/d/y) (GMT)2 (kt) (m) Height release of 13|
(km MSL) (kCi)
DANNY BOY 03/05/62 1815 043 Crater 30 NA. 73
SEDAN? 07/06/62 1700 104 Crater -200 3.7 880
LITTLE FELLER 2 07/07/62 1900 <20 Surface 24 NA.
JOHNNY BOY 07/11/62 1645 05 Crater 1 34 70
SMALL BOY 07/14/62 1830 <20 Tower 46 270
LTTLEFELLER T 07/17/62 1700 <20 Surface 3 3
SULKY® 12/18/64 1935 0.092 Crater 30 NA 13
PALANQUIN' 04/14/65 1314 43 Crater -8 NA. 910
CABRIOLET* 01/26/68 1600 23 Crater 20 NA. 6
BUGGY® 03/12/68 1704 5.4 Crater 40 NA. 40
SCHOONER® 12/08/68 1600 30 Crater -100 NA. 15

a GMT = Greenwich Mean Time; Greenwich Mean Time is eight hours ahead of Pacific Time.
b | ess than 30 kt fission yield.
¢ Tests conducted as a part of the “Plowshare” program.

N.A.= not available
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Table 2.3. List of underground events at the Nevada Test Site during the underground testing era (from 1961 through September 1992) that resulted in the
detection of radioactive materials off-site2 (Hardy et al. 1964; Hicks 1981; U.S. Department of Energy 1988; Schoengold et al. 1990).
Test Date Time Yield Type Atmospheric
(mo/d/y) (GMT) (kt) release of 13|
(kCi)
ANTLER 09/15/61 1600 2.6 Tunnel 0.0042
FEATHER 12/22/61 1730 Low Tunnel 0.00114
PAMPAS 03/01/62 2010 Low Shaft 0.000012
PLATTE 04/14/62 1900 1.85 Tunnel 0.0114
EEL 05/19/62 1700 Low Shaft 0.0114
DES MOINES 06/13/62 2200 Low Tunnel 33
BANDICOOT 10/19/62 1900 Low Shaft 9
YUBA 06/05/63 1800 Low Tunnel 0.000022
EAGLE 12/12/63 1702 Low Shaft 0.00228
OCONTO 01/12/64 N.A. less than 20 Shaft 0.001
PIKE 03/13/64 1702 less than 20 Shaft 0.36
ALVA 08/19/64 1700 less than 20 Shaft 0.000037
DRILL 12/05/64 2215 34 Shaft 0.0122
PARROT 12/16/64 2100 13 Shaft 0.0046
ALPACA 02/12/65 1610 less than 20 Shaft 0.000024
TEE 05/07/65 1647 less than 20 Shaft 0.0016
DILUTED WATERS 06/16/65 1730 less than 20 Shaft 0.0177
RED HOT 03/05/66 1915 less than 20 Tunnel 0.2
FENTON 04/23/66 N.A. less than 20 Shaft N.A.
PIN STRIPE 04/25/66 1938 less than 20 Shaft 0.2
DOUBLE PLAY 06/15/66 1800 less than 20 Tunnel 0.12
DERRINGER 09/12/66 1630 less than 20 Shaft 0.00024
NASH 01/19/67 1745 2010 200 Shaft 0.0138
MIDI MIST 06/26/67 1700 less than 20 Tunnel 0.00026
UMBER 06/29/67 1225 less than 20 Shaft 0.00052
DOOR MIST 08/31/67 1730 less than 20 Tunnel 0.008
HUPMOBILE 01/18/68 1730 10 Shaft 0.12
TYG 12/12/68 N.A. less than 20 Shaft Undetected
POD 10/29/69 2100 2010 200 Shaft 0.000078
SCUTTLE 11/13/69 1515 less than 20 Shaft 0.000004
SNUBBER 04/21/70 1530 less than 20 Shaft 0.0055
MINT LEAF 05/05/70 1630 less than 20 Tunnel 0.08
BANEBERRY 12/18/70 1630 10 Shaft 80
DIAGONAL LINE 11/24/71 2015 less than 20 Shaft 0.00136
RIOLA 09/25/80 826 less than 20 Shaft 0.00058
MISTY RAIN 04/06/85 N.A. less than 20 Tunnel Undetected
GLENCOE 03/22/86 N.A. 20t0 150 Shaft 0.000000009
MIGHTY OAK 04/10/86 N.A. less than 20 Tunnel 0.0024
a There were in addition more than 500 underground events that did not result in detection off-site.
b GMT = Greenwich Mean Time; Greenwich Mean Time is eight hours ahead of Pacific Time.
N.A. = not available.

2.9



National Cancer Institute | National Institutes of Health

radioactive debris (U.S. Department of Energy 1993; U.S.
Department of Energy 1994). Most underground tests were
conducted under Yucca Flat but a few underground and crater-
ing tests took place under Buckboard, Pahute, and Rainier
Mesas in the northern part of the Nevada Test Site (Figure 2.2).

Table 2.2 presents the characteristics of the 11 atmospher-
ic and cratering tests conducted since 1961 while Table 2.3 gives
the characteristics of the 38 underground events detonated
through September 1992 that have released volatile radioactive
materials (particulate or gaseous), which resulted in detection
off-site (Hicks 1981; Schoengold et al. 1990; U.S. Department of
Energy 1994).

The remainder of the 809 tests that took place at the NTS
between 1961 and 1992 were either completely contained
underground or resulted in releases of radioactive materials that
were only detected onsite. Table 2.4 presents the characteristics
of the 299 events that resulted in releases of radioactive materi-
als that were detected onsite only (Schoengold et al. 1990; U.S.
Department of Energy 1993; U.S. Department of Energy 1994).
When quantified, those releases are extremely small in compari-

son to those from atmospheric and cratering tests.

All United States nuclear tests have been publicly
announced; the total number of nuclear weapons tests that were
conducted at the Nevada Test Site up to September 1992 is
928—100 which were atmospheric, and the other 828 under-
ground (U.S. Department of Energy 1993; 1994).

On October 2, 1992, the United States entered into
another unilateral moratorium on nuclear weapons testing
announced by President Bush. President Clinton extended this
moratorium in July 1993, and again in March 1994 until
September 1995 (U.S. Department of Energy 1994).

2.4. NUCLEAR TESTING BY THE U.S. AT SITES OTHER THAN
THE NEVADA TEST SITE
Although the scope of this report is limited to the estimation of
the radiation exposures resulting from nuclear tests that took
place at the NTS, other sites also were used by the U.S. to con-
duct nuclear tests.

The first test of a nuclear weapon was in the atmosphere
on July 16, 1945, in a remote part of New Mexico on what was

699

Figure 2.3. Location and number of nuclear tests conducted from July 1945 to September 1992 in the continental U.S.

SITE NAME

Nevada Test Site

Bombing Range, NV
Alamogordo, NM
Amchitka, AK

Hattiesburg, MS

Fallon, Central Nevada
Grand Valley, Rifle, CO
Carlsbad, Farmington, NM
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Tahle 2.4. List of nuclear detonations at the Nevada Test Site during the underground testing era (from 1961 through September 1992) that resulted in the
detection of radioactive materials onsite but not offsite (Schoengold et al. 1990; U.S. Department of Energy 1993; U.S. Department of Energy 1994).
The release of 311, when available, is presented in the last column. When the release of 131l is not available, the reported amount for the release of all
radioactive materials is provided for most of the tests. Footnotes are at the end of the Table.

Test Date Purpose Yield Type Release of 131| or
(mo/dfy) (kt) of all radioactive
materials (Ci)
SHREW 09/16/61 Weapons related <20 Shaft 131 not detected
BOOMER 10/01/61 Weapons related <20 Shaft 131 not detected
CHENA 10/10/61 Weapons related <20 Tunnel 131 not detected
MINK 10/29/61 Weapons related <20 Shaft All: 500
FISHER 12/03/61 Weapons related 134 Shaft 131 not detected
MAD 12/13/61 Weapons related 05 Shaft 131 not detected
RINGTAIL 12/17/61 Weapons related <20 Shaft 181 not detected
STOAT 01/09/62 Weapons related 5.1 Shaft 131 not detected
DORMOUSE 01/30/62 Weapons related <20 Shaft 131 not detected
STILLWATER 02/08/62 Weapons related 3.07 Shaft 131 not detected
ARMADILLO 02/09/62 Weapons related 71 Shaft 131 not detected
HARD HAT 02/15/62 Weapons effects 5.7 Shaft 131 not detected
CHINCHILLA 02/19/62 Weapons related 19 Shaft 131 not detected
CODSAW 02/19/62 Weapons related <20 Shaft All: <1,000
CIMARRON 02/23/62 Weapons related 11.9 Shaft 131 not detected
PLATYPUS 02/24/62 Weapons related <20 Shaft 131 not detected
ERMINE 03/06/62 Weapons related <20 Shaft 31 not detected
BRAZOS 03/08/62 Weapons related 8.4 Shaft 131 not detected
HOGNOSE 03/15/62 Weapons related <20 Shaft 131] not detected
HOOSIC 03/28/62 Weapons related 34 Shaft 131 not detected
CHINCHILLA 11 03/31/62 Weapons related <20 Shaft 131 not detected
DORMOUSE PRIME 04/05/62 Weapons related 10.6 Shaft 131 not detected
PASSAIC 04/06/62 Weapons related <20 Shatft 181 not detected
HUDSON 04/12/62 Weapons related <20 Shaft 131 not detected
DEAD 04/21/62 Weapons related <20 Shaft 31 not detected
BLACK 04/27/62 Weapons related <20 Shat 181 not detected
PACA 05/07/62 Weapons related <20 Shaft 181 not detected
ARIKAREE 05/10/62 Weapons related <20 Shaft 131 not detected
AARDVARK 05/12/62 Weapons related 40 Shaft 131 not detected
WHITE 05/25/62 Weapons related <20 Shaft 131 not detected
PACKRAT 06/06/62 Weapons related <20 Shaft 131 not detected
DAMAN | 06/21/62 Weapons related <20 Shaft 131 not detected
HAYMAKER 06/27/62 Weapons related 67 Shaft 131 not reporteda
MARSHMALLOW 06/28/62 Weapons effects <20 Tunnel 131 not detected
SACRAMENTO 06/30/62 Weapons related <20 Shaft All: <1,000
LITTLE FELLER II 07/07/62 Weapons effects <20 Surface 131 not detected
MERRIMAC 07/13/62 Weapons related 20-200 Shaft 131 not detected
WICHITA 07/27/62 Weapons related <20 Shait All: 760
BOBAC 08/24/62 Weapons related <20 Shaft 81 not detected
YORK 08/24/62 Weapons related <20 Shaft 131 not detected
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Table 2.4. cont’d

Test Date Purpose Yield Type Release of 13| or
(mo/d/y) (kt) of all radioactive
materials (Ci)
RARITAN 09/06/62 Weapons related <20 Shaft 131 not detected
HYRAX 09/14/62 Weapons related <20 Shaft 131 not detected
ALLEGHENY 09/29/62 Weapons related <20 Shaft 131 not detected
MISSISSIPPI 10/05/62 Weapons related 115 Shaft 181 not detected
ROANOKE 10/12/62 Weapons related <20 Shaft 181 not detected
WOLVERINE 10/12/62 Weapons related <20 Shaft 131] not detected
SANTEE 10/27/62 Weapons related <20 Shaft 131 not detected
ST.LAWRENCE 11/09/62 Weapons related <20 Shaft 131] not detected
ANACOSTIA 11/27/62 Plowshare <20 Shaft 131] not detected
TAUNTON 12/04/62 Weapons related <20 Shaft 131] not detected
MADISON 12/12/62 Weapons related <20 Shaft 131 not detected
NUNBAT 12/12/62 Weapons related <20 Shaft 131 not detected
MANATEE 12/14/62 Weapons related <20 Shaft 131 not detected
CASSELMAN 02/08/63 Weapons related <20 Shaft 131] not detected
KAWEAH 02/21/63 Plowshare <20 Shaft 31| not detected
CARMEL 02/21/63 Weapons related <20 Shaft 131 not detected
TOYAH 03/15/63 Weapons related <20 Shaft 181 not detected
CUMBERLAND 04/11/63 Weapons related <20 Shaft 131 not detected
KOOTANAI 04/24/63 Weapons related <20 Shaft 31| not reportedb
PAISANO 04/24/63 Weapons related <20 Shaft 131 not detected
STONES 05/22/63 Weapons related 20-200 Shaft All: 5,800
PLEASANT 05/29/63 Weapons related <20 Shaft All: 20,000
APSHAPA 06/06/63 Weapons related <20 Shaft 31 not detected
KENNEBEC 06/25/63 Weapons related <20 Shaft 1311:<30
PEKAN 08/12/63 Weapons related <20 Shaft 181:10
KOHOCTON 08/23/63 Weapons related <20 Shaft All: 3,000
AHTANUM 09/13/63 Weapons related <20 Shaft 31 not detected
BILBY 09/13/63 Weapons related 249 Shaft Trace
CARP 09/27/63 Weapons related low Shaft All: 570
GRUNION 10/11/63 Weapons related <20 Shaft 1311: 0.043
TORNILLO 10/11/63 Plowshare <20 Shaft 131] not detected
CLEARWATER 10/16/63 Weapons related 20-200 Shaft 1311:0.023
ANCHOVY 11/14/63 Weapons related low Shaft 131:2.5
MUSTANG 11/15/63 Weapons related <20 Shaft Trace
GREYS 11/22/63 Weapons related 20-200 Shaft All: 460
SARDINE 12/04/63 Weapons related <20 Shaft 1311:<0.09
EAGLE 12/12/63 Weapons related <20 Shaft 181:<0.1
TUNA 12/20/63 Weapons related low Shaft All: 0.12
FORE 01/16/64 Weapons related 20-200 Shaft 131 not detected
CLUB 01/30/64 Weapons related <20 Shaft All: 1.2
SOLENDON 02/12/64 Weapons related <20 Shaft All: 9.6
BUNKER 02/13/64 Weapons related <20 Shaft All: 1.4
KLICKITAT 02/20/64 Plowshare 20-200 Shaft 1311:<0.02
HANDICAP 03/12/64 Weapons related <20 Shaft All: 300
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Table 2.4. cont’d

Test Date Purpose Yield Type Release of 31| or
(moy/d/y) (kt) of all radioactive
materials (Ci)
HOOK 04/14/64 Weapons related <20 Shaft 131 not detected
STURGEON 04/15/64 Weapons related <20 Shaft 131:0.01
BOGEY 04/17/64 Weapons related <20 Shaft All: 6.9
TURF 04/24/64 Weapons related 20-200 Shaft 131]:<2
PIPEFISH 04/29/64 Weapons related <20 Shaft 131 not detected
DRIVER 05/07/64 Weapons related <20 Shaft All: 37
BACKSWING 05/14/64 Weapons related <20 Shaft 181:<37
ACE 06/11/64 Plowshare <20 Shaft 1311:<9.3
FADE 06/25/64 Weapons related <20 Shaft 131:<35
DUB 06/30/64 Plowshare <20 Shaft B311:<5
BYE 07/16/64 Weapons related 20-200 Shaft UIRY
CORMORANT 07/17/64 Joint US-UK <20 Shaft 131:0.014
LINKS 07/23/64 Weapons related <20 Shaft All: <6.7
CANVASBACK 08/22/64 Weapons related <20 Shaft 31:0.2
PAR 10/09/64 Plowshare 38 Shaft 131] not detected
BARBEL 10/16/64 Weapons related <20 Shaft 811:0.41
FOREST 10/31/64 Weapons related <20 Shaft 131 0.002
HANDCAR 11/05/64 Plowshare 12 Shaft 1311 not detected
CREPE 12/05/64 Weapons related 20-200 Shaft 131 not detected
MUDPACK 12/16/64 Weapons related 2.7 Shaft BURY!
WOOL 01/14/65 Weapons related <20 Shaft 131] not detected
TERN 01/29/65 Weapons related <20 Shaft All: 170
CASHMERE 02/04/65 Weapons related <20 Shaft 131 not detected
MERLIN 02/16/65 Weapons related 10.1 Shat 18] not detected
WISHBONE 02/18/65 Weapons effects <20 Shaft 181:1.3
SEERSUCKER 02/19/65 Weapons related <20 Shaft All: 1.3
WAGTAIL 03/03/65 Weapons related 20-200 Shaft 1311:0.03
CuP 03/26/65 Weapons related 20-200 Shaft 131: 1
KESTREL 04/05/65 Weapons related <20 Shaft 1311: 0.029
GUM DROP 04/21/65 Weapons effects <20 Tunnel 131 not detected
CHENILLE 04/22/65 Weapons related <20 Shaft All: 0.93
TWEED 05/21/65 Weapons related <20 Shaft 1311:0.02
TINY TOT 06/17/65 Weapons effects <20 Tunnel 81:<7
PONGEE 07/22/65 Weapons related <20 Shaft All: 6.4
BRONZE 07/23/65 Weapons related 20-200 Shaft 1311:0.23
CENTAUR 08/27/65 Weapons related <20 Shaft 1311: 0.0022
SCREAMER 09/01/65 Weapons effects <20 Shaft All: 63,000
ELKHART 09/17/65 Weapons related <20 Shaft 131 not detected
SEPIA 11/12/65 Weapons related <20 Shaft 131:0.0011
KERMET 11/23/65 Weapons related <20 Shat All: <55
CORDURQY 12/03/65 Weapons related 20-200 Shaft 131 not detected
EMERSON 12/16/65 Weapons related <20 Shaft 131] not detected
MAXWELL 01/13/66 Weapons related <20 Shaft 131 not detected
REO 01/22/66 Weapons related <20 Shat All: 10
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Table 2.4. cont’d

Test Date Purpose Yield Type Release of 13| or
(mo/d/y) (kt) of all radioactive
materials (Ci)
PLAID Il 02/03/66 Weapons related <20 Shaft BIRY
REX 02/24/66 Weapons related 19 Shaft 131 not detected
FINFOOT 03/07/66 Weapons related <20 Shaft 131 not detected
CLYMER 03/12/66 Weapons related <20 Shaft 131 not detected
TEMPLAR 03/24/66 Plowshare <20 Shaft 131] not detected
STUTZ 04/06/66 Weapons related <20 Shaft 131 not detected
DURYEA 04/14/66 Weapons related 70 Shaft 131 not detected
TRAVELLER 05/04/66 Weapons related <20 Shaft 181 not detected
TAPESTRY 05/12/66 Weapons related <20 Shaft 181 not detected
DUMONT 05/19/66 Weapons related 20-200 Shaft 131 not detected
PILE DRIVER 06/02/66 Weapons effects 62 Tunnel 31 not detected
KANKAKEE 06/15/66 Weapons related 20-200 Shaft 131 not detected
VULCAN 06/25/66 Plowshare 25 Shaft 181 not detected
SAXON 07/28/66 Plowshare <20 Shaft 131] not detected
ROVENA 08/10/66 Weapons related <20 Shaft 131 not detected
NEWARK 09/29/66 Weapons related <20 Shaft 81| not detected
SIMMS 11/05/66 Plowshare <20 Shaft 131]: 0.009
AJAX 11/11/66 Weapons related <20 Shaft 131] not detected
CERISE 11/18/66 Weapons related <20 Shaft 31 not detected
VIGIL 11/22/66 Weapons related <20 Shaft All: 0.0014
SIDECAR 12/13/66 Weapons related <20 Shaft All: 0.041
NEW POINT 12/13/66 Weapons effects <20 Shaft 131] not detected
RIVET I 01/26/66 Weapons related <20 Shaft All: 0.058
RIVET Ill 03/02/67 Weapons related <20 Shaft Trace
MUSHROOM 03/03/66 Weapons related <20 Shaft All: 0.38
HEILMAN 04/06/66 Weapons related <20 Shaft All: 0.031
COMMODORE 05/20/67 Weapons related 250 Shaft Trace
KNICKERBOCKER 05/26/67 Weapons related 76 Shaft 131 not detected
SWITCH 06/22/67 Plowshare <20 Shaft Trace
STANLEY 07/27/67 Weapons related 20-200 Shaft 131] not detected
WASHER 08/10/67 Weapons related <20 Shaft 131] not detected
YARD 09/07/67 Weapons related 20-200 Shaft 131 not detected
MARVEL 09/21/67 Plowshare 2.2 Shaft 131:<27
LANPHER 10/18/67 Weapons related 20-200 Shaft 131 not detected
COGNAC 10/25/67 Weapons related <20 Shaft All: 0.064
SAZERAC 10/25/67 Weapons related <20 Shaft 1311:0.0049
STACCATO 01/19/68 Weapons related 20-200 Shaft 131 not detected
BRUSH 01/24/68 Weapons related <20 Shaft All: 0.00002
KNOX 02/21/68 Weapons related 20-200 Shaft 131 not detected
RUSSET 03/05/68 Weapons related <20 Shat All: 29
MILK SHAKE 03/25/68 Weapons related <20 Shaft 131 not detected
NOOR 04/10/68 Weapons related 20-200 Shaft 131 not detected
SHUFFLE 04/18/68 Weapons related 20-200 Shaft 131 not detected
SCROLL 04/23/68 Vela Uniform <20 Shaft All: 18,000
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Table 2.4. cont’d

Test Date Purpose Yield Type Release of 13| or
(mo/d/y) (kt) of all radioactive
materials (Ci)
ADZE 05/28/68 Weapons related <20 Shaft All: 0.007
TUB 06/06/68 Weapons related <20 Shaft 81 not detected
FUNNEL 06/25/68 Weapons related <20 Shaft All: 0.00002
SEVILLA 06/25/68 Weapons related <20 Shaft All: 0.004
TANYA 07/30/68 Weapons related 20-200 Shaft 181 not detected
IMP 08/09/68 Weapons related <20 Shaft All: 4,200
DIANA MOON 08/27/68 Weapons related <20 Shaft 1311: 0.1
NOGGIN 09/06/68 Weapons related 20-200 Shat 131] not detected
STODDARD 09/17/68 Plowshare 20-200 Shaft 131] not detected
HULA 10/29/68 Weapons related <20 Shaft All: 0.06
TINDERBOX 11/22/68 Weapons related <20 Shaft 31 not detected
SCISSORS 12/12/68 Weapons related <20 Shaft All: 0.00013
PACKARD 01/15/69 Weapons related 10 Shaft 131 not detected
BARSAC 03/20/69 Weapons related <20 Shaft 81:<41
COFFER 03/21/69 Weapons related <100 Shaft 131 not detected
BLENTON 04/30/69 Weapons related 20-200 Shaft 81| not detected
IPECAC 05/27/69 Weapons related 20-200 Shaft Trace
TAPPER 06/12/69 Weapons related <20 Shaft 131 not detected
HUTCH 07/16/69 Weapons related 20-200 Shaft 131 not detected
SPIDER 08/14/69 Weapons related <20 Shaft 131] not detected
PLIERS 08/27/69 Weapons related <20 Shaft 131] not detected
MINUTE STEAK 09/12/69 Weapons effects <20 Shaft 131:0.05
KYACK 09/20/69 Weapons related 20-200 Shaft All: 510
SEAWEED 10/01/69 Weapons related 20-200 Shaft All: 0.00000005
PIPKIN 10/08/69 Weapons related 200-1000 Shaft 181 not detected
SEAWEED B 10/16/69 Weapons related 20-200 Shaft All: 0.0000002
TUN 12/10/69 Weapons related 20-200 Shaft All: 72
TERRINE 12/18/69 Weapons related 20-200 Shaft 131] not detected
YANNIGAN 02/26/70 Weapons related 20-200 Shaft 131 not detected
CYATHUS 03/06/70 Weapons related 8.7 Shaft LURY
HOD 05/01/70 Weapons related <20 Shaft 131 not detected
DIAMOND DUST 05/12/70 Vela Uniform <20 Tunnel 131] not detected
MANZANAS 05/21/70 Weapons related <20 Shaft 181 not detected
FLASK 05/26/70 Plowshare 105 Shaft 1311 not detected
HUDSON MOON 05/26/70 Weapons effects <20 Tunnel 131]:<49
PITONA 05/28/70 Weapons related <20 Shaft All: 25,000
ARNICA 06/26/70 Weapons related 20-200 Shaft 181 not detected
SCREE 10/13/70 Weapons related <20 Shaft All: 11
TRUCHAS 10/28/70 Weapons related <20 Shaft All: 3
CREAM 12/16/70 Weapons related <20 Shat 31| not detected
CARPETBAG 12/17/70 Weapons related 220 Shaft 131] not detected
HAREBELL 06/24/71 Weapons related 20-200 Shaft 31| not detected
CAMPHOR 06/29/71 Weapons effects <20 Tunnel 131 not reported®
MINAITA 07/08/71 Plowshare 83 Shaft Trace
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Table 2.4. cont’d

Test Date Purpose Yield Type Release of 131 or
(moy/d/y) (kt) of all radioactive
materials (Ci)
ZINNIA 05/17/72 Weapons related <20 Shaft 131 not detected
MIERA 03/08/73 Weapons related 20-200 Shaft 131 not detected
ANGUS 04/25/73 Weapons related 20-200 Shaft 1311: 0.0013
STARWORT 04/26/73 Weapons related 90 Shaft 131 not detected
PORTULACA 06/28/73 Weapons related 20-200 Shaft 181 not detected
BERNAL 11/28/73 Weapons related <20 Shaft 131 not detected
FALLON 05/23/74 Joint US-UK 20-200 Shaft 131 not detected
ESCABOSA 07/10/74 Weapons related 20-200 Shaft 131] not detected
PUYE 08/14/74 Weapons related <20 Shaft 131]: 0.000002
HYBLA FAIR 10/28/74 Weapons effects <20 Tunnel 131] not detected
CABRILLO 03/07/75 Weapons related 20-200 Shaft 131 not detected
ESROM 02/04/76 Weapons related 20-200 Shaft 131 not detected
BILLET 07/27/76 Weapons related 20-150 Shaft 131 not detected
BANON 08/26/76 Joint US-UK 20-150 Shaft 131] not detected
MARSILLY 04/05/77 Weapons effects 20-150 Shaft 131 not detected
COULOMMIERS 09/27/17 Weapons related 20-150 Shaft 131 not detected
BOBSTAY 10/26/77 Weapons related <20 Shaft 1311: 0.000003
HYBLA GOLD 11/01/77 Weapons effects <20 Tunnel 131 not detected
FARALLONES 12114/77 Weapons related 20-150 Shaft 31 not detected
CAMPOS 02/13/78 Weapons related <20 Shaft 1311: 0.000026
REBLOCHON 02/23/78 Weapons related 20-150 Shaft 131 not detected
QUARGEL 11/18/78 Joint US-UK 20-150 Shaft 131] not detected
KLOSTER 02/15/79 Weapons related 20-150 Shaft 131 not detected
PEPATO 06/11/79 Weapons related 20-150 Shaft 131 not detected
FAJY 06/28/79 Weapons related 20-150 Shaft 131 not detected
TARKO 02/28/80 Weapons related <20 Shaft 131 not detected
NORBO 03/08/80 Weapons related <20 Shaft 131 not detected
FLORA 05/22/80 Weapons related <20 Shaft 131: 1
VERDELLO 07/31/80 Weapons related <20 Shaft 1811: 0.007
MINERS IRON 10/31/80 Weapons effects <20 Tunnel 131 not detected
VIDE 04/30/81 Weapons related <20 Shaft 131 not detected
NIZA 07/10/81 Weapons related <20 Shat 81| not detected
HAVARTI 08/05/81 Weapons related <20 Shaft 181 not detected
ISLAY 08/27/81 Weapons related <20 Shaft 131 not detected
TREBBIANO 09/04/81 Weapons related <20 Shaft 131 0.05
CABOC 12/16/81 Weapons related <20 Shaft 131 not detected
MOLBO 02/12/82 Weapons related 20-150 Shaft 131 not detected
GIBNE 04/25/82 Joint US-UK 20-150 Shaft 131] not detected
BOUSCHET 05/07/82 Weapons realted 20-150 Shaft 1311:<0.0001
MONTEREY 07/29/82 Weapons related 20-150 Shaft 131 not detected
FRISCO 09/23/82 Weapons related 20-150 Shaft 131 not detected
HURON LANDING/ 09/23/82 Weapons effects <20 Tunnel 131] not detected
DIAMOND ACE
MANTECA 12/10/82 Weapons related 20-150 Shaft 131 not detected
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Table 2.4. cont’d

Test Date Time Yield Type Release of 31| or
(mo/d/y) (GMT) (kt) of all radioactive
materials (Ci)
CHEEDAM 02/17/83 Weapons related <20 Shaft 131 not detected
TURQUOISE 04/14/83 Weapons related <150 Shaft 131]:0.000003
ARMADA 04/22/83 Joint US-UK <150 Shaft 131] not detected
CROWDIE 05/05/83 Weapons related <20 Shaft 131 not detected
MINI JADE 05/26/83 Weapons effects <20 Tunnel 181 not detected
DANABLU 06/09/83 Weapons related <20 Shaft 131 not detected
LABAN 08/03/83 Weapons related <20 Shaft 1311: 0.000011
ROMANOQ 12/16/83 Weapons related 20-150 Shaft 131] not detected
GORBEA 01/31/84 Weapons related 20-150 Shaft 131 not detected
AGRINI 03/31/84 Weapons related <20 Shaft 131 not detected
CAPROCK 05/31/84 Weapons related 20-150 Shaft 131 not detected
KAPPELI 07/25/84 Weapons related 20-150 Shaft 81| not detected
BRETON 09/13/84 Weapons related 20-150 Shaft 131 not detected
TIERRA 12/15/84 Weapons related 20-150 Shaft 131 not detected
VAUGHN 03/15/85 Weapons related 20-150 Shaft 1311: 0.006
MISTY RAIN 04/06/85 Weapons effects <20 Tunnel 131] not detected
SALUT 06/12/85 Weapons related 20-150 Shaft 181 not detected
VILLE 06/12/85 Weapons related <20 Shaft 31 not detected
MARIBO 06/26/85 Weapons related <20 Shaft 131] not detected
SERENA 07/25/85 Weapons related 20-150 Shaft 131 not detected
DIAMOND BEECH 10/09/85 Weapons effects <20 Tunnel 181 not detected
MILL YARD 10/09/85 Weapons effects <20 Tunnel 31 not detected
GLENCOE 03/22/86 Weapons related 20-150 Shaft 1311: 0.000009
JEFFERSON 04/22/86 Weapons related 20-150 Shaft 131 not detected
PANAMINT 05/21/86 Weapons related <20 Shaft 1311: 0.001
CYBAR 07/17/86 Weapons related 20-150 Shaft 131 not detected
CORNUCOPIA 07/24/86 Weapons related <20 Shaft 31 not detected
LABQUARK 09/30/86 Weapons related 20-150 Shaft 131 not detected
BELMONT 10/16/86 Weapons related 20-150 Shaft 181 not detected
GASCON 11/14/86 Weapons related 20-150 Shaft 131] not detected
BODIE 12/13/86 Weapons related 20-150 Shaft 131 not detected
HAZEBROOK 02/03/87 Weapons related <20 Shaft 131 not detected
HARDEN 04/30/87 Weapons related 20-150 Shaft 181 not detected
MISSION GHOST 06/20/87 Weapons effects <20 Tunnel 31 not detected
PANCHUELA 06/30/87 Weapons related <20 Shaft 1311<0.3
LOCKMEY 09/24/87 Weapons related 20-150 Shaft 1311: 0.001
BORATE 10/23/87 Weapons related 20-150 Shaft 131 not detected
SCHELLBOURNE 05/13/88 Weapons related <150 Shaft 131]: 0.000035
BULLFROG 08/30/88 Weapons related <150 Shaft 131] not detected
BARNWELL 12/08/89 Joint US-UK 20-150 Shaft 131 not reportedd
a The event produced detectable offsite 131l contamination in milk with a maximum measured con- ¢ A controlled release of radioactive materials of 140 Ci has been estimated. The fraction of activity
centration of 180 pCi L- at Austin NVon 30 June. The Department of Energy has nevertheless due to 13"l has not been reported.
classified this event as an onsite only release. The release of '3l has not been reported. d Information on the release of 3!l has not been found.
b The total release of radioactive materials is estimated to be 400 Ci and to consist of xenons and
iodines. The fraction of activity due to 3l has not been reported.
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then the Alamogordo Bombing Range, and is now the White
Sands Missile Range. Following this test, nuclear bombs were
dropped on Hiroshima and Nagasaki, Japan, in August 1945.
These bombs leveled both cities and ended the war in the
Pacific. After the war, at various times between June 1946 and
November 1962, five underwater and 101 atmospheric tests
took place in the Pacific (mainly in the Marshall Islands,
Christmas Island, and Johnston Atoll), and three atmospheric
tests were conducted over the South Atlantic Ocean. Since July
1962, all nuclear tests conducted by the United States have been
underground and most of them have been at the NTS. Five tests
were conducted on the Nellis Air Force Bombing Range in the
vicinity of the NTS,; one in central Nevada; one in northwestern
Nevada; three in New Mexico; two in Colorado; two in
Mississippi; and three on Amchitka, one of the Aleutian islands
off the coast of Alaska (U.S. Department of Energy 1993;1994).

The number and type of tests that were conducted by the
U.S. through September 1992 are listed in Table 2.5 for each
location. Figure 2.3 shows the location and the number of tests
that took place in the continental U.S. (U.S. Department of
Energy 1994).

2.5. PRODUCTION AND CHARACTERISTICS OF '3l IN FALLOUT

The production of 1*'1 in a nuclear test, its dispersion in the
atmosphere and its deposition on the ground are discussed in
the following section.

2.5.1. Production of 3]

The detonation of a nuclear device creates hundreds of different
kinds of radioactive atoms, or radionuclides. As these radioac-
tive atoms decay, the number of original radionuclides drops
while new decay products form. Over a period of time, most of
the atoms become stable (non-radioactive), leaving a residue
consisting of relatively few radionuclides. The term “half-life” is
used to characterize the rate of decay of each radionuclide, i.e.,
the time it takes for that radionuclide to decay to one half of its
initial activity. Radionuclides that decay rapidly have a short
half-life, while those that decay more slowly have a longer half-
life. For example, the isotope of caesium with a mass number
of 137 (137Cs) takes 30.2 years to decay to half of its initial activ-
ity, but ' decays to one half of its initial activity in about eight
days.

Most of the activity of 31 resulting from the fission
process arises from the decay of short-lived precursors with half-
lives ranging from 0.29 second to 30 hours. Table 2.6 presents
the radioactive precursors and decay products of 31, along with
their radioactive half-lives and an example of their fractional
independent yields; the latter represent the relative numbers of
atoms with a mass number of 131 that are created during the
nuclear explosion, expressed as a fraction of the fission-chain
yield.! The fractional independent yields and the fission-chain
yield vary slightly from one test to another; Table 2.6 presents
the values derived from measurements related to the shot
Simon, detonated 25 April 1953 (Hicks 1981).

Figure 2.4. Activity of radionuclides of the 131 chain.
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Tahle 2.5. United States nuclear tests from July 1945 through September 1992 (Friesen 1985; U.S. Department of Energy 1993; 1994).

Continental U.S.:

Aboveground

Underground

Cratering

Non-cratering

Underwater

Total

NTS(through 1958) 97 2 20 0 19
NTS(since 1961) 3 8 798¢ 0 809
Other 6 0 1 0 17

Johnston Island 12 0 0 0 12
Enewetak 4 0 0 2 43
Bikini 22 0 0 1 23
Christmas Island 24 0 0 0 24
Other 2 0 0 2 4

South Atlantic
3 0 0 0 3
Total 210 10 829 5 1054

2 Including 24 tests conducted jointly with the United Kingdom

b Totals do not include two combat uses of nuclear weapons, which are not considered “tests”. The first combat detonation
was a 15-kt weapon airdropped on August 6, 1945, at Hiroshima, Japan, The second was a 21-kt weapon airdropped on
August 9, 1945 at Nagasaki, Japan.
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The variation of the activity of important radionuclides of
the mass-131 decay chain with time after detonation was calcu-
lated using the parameter values given in Table 2.6. The results,
presented in Figure 2.4, are related to the shot Simon but would
be very similar for most of the tests conducted at the NTS. The
activity of 'l increases rapidly during the first few hours after
detonation and then remains relatively constant for several days.
About 150,000 curies (Ci) of 31 are produced per kt of energy
released. The actual amounts of 13! released into the atmos-
phere in each nuclear test were calculated on the basis of mea-
surements, as indicated in Appendix 1. The total activity of 131
released into the atmosphere by the Nevada atmospheric bomb
tests is estimated to be 150 MCi. Figure 2.5 illustrates the distri-
bution with time of the monthly releases of 31 into the atmos-
phere. Most of the 13'] releases took place in the 1950s, with
peaks above 10 MCi in a month in 1953, 1955, and1957. The
highest monthly releases in the 1960s were in the neighborhood
of 1 MCi. The last substantial monthly release of the monthly
releases between 1971 and 1990 (not shown in Figure 2.5) are
all below 0.0001 MCi.

It is worth noting that there is no practical possibility at
the present time to detect the amounts of '] that were released
into the environment in the 1950s. Because of its radioactive
half-life of 8.04 days, 13!l decays to 2 x 10-'* of its initial value
after one year, and to 2 x 107 of its initial value after 35 years.
The amounts of I still present in the environment are there-

fore infinitesimally small. Theoretically, 271 and %I, other iso-
topes of iodine that are created by the fission process, could be
used as tracers for 13! (Holland 1963). Stable 1271, as the end-
point of a low-yield fission product decay chain is produced in
such small quantities when compared to the natural inventory
that it cannot be used as a tracer for *'. The radioactive '%°I has
a half-life of 16 million years, so that its activity at the present
time is practically the same as it was 35 years ago.

Unfortunately, the production of '?°I resulting from nuclear tests
at the NTS constitutes a small fraction of the total activity of 12°1
that has been released into the environment as a result of
nuclear tests at other sites and of the reprocessing of nuclear
fuel. In measurements of 12°I/!?7] ratios in human thyroid tissues
from Utah that had been stored in paraffin blocks since the
1940s and 1950s, Wrenn et al. (1992) found no statistical differ-
ence between the mean values of 12°1/1?71 ratios prior to and after
the start of atmospheric testing at the NTS in 1951.

2.5.2. Characteristics and Dispersion

of the Radioactive Cloud

Nuclear tests (also called bursts, shots or events) releasing
radioactivity into the air are categorized by the position of the
detonation point relative to the earth’s surface. This categoriza-
tion arises from the direct and secondary explosion phenome-
nology as the explosion interacts with its environment.
Whether or not the fireball created by the shot touches the
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Figure 2.5. Chronology of atmospheric releases of 1-131 resulting from nuclear tests at the NTS.
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ground is the separating criterion between types. The typical air
shot, of which the high-altitude shot is a special case, explodes
at a height where the fireball is in its entirety above the surface
of the earth so there is little or no interaction with the surface.

The important difference between an air shot and those
involving the surface or sub-surface is that the resulting radioac-
tive cloud from the latter two is very heavily loaded with ground
debris. This debris includes the material initially vaporized or
melted and the material drawn up into the cloud by the subse-
quent strong updraft.

The stabilization height, defined as the maximum height
reached by the radioactive cloud, depends on the thermal buoy-
ancy generated by the weapons’ energy release into the atmos-
phere and by the ambient atmospheric conditions, primarily the
stability of the atmosphere and its moisture content. The greater
the heat generated by the explosion and released into the atmos-
phere, the greater is the thermal buoyancy and the higher the
cloud ascends. The cloud from an airburst rises higher than a
similar-sized surface or sub-surface event which loses heat in its
ground interaction and has reduced thermal buoyancy.

The radioactive cloud that is formed after an atmospheric
detonation near the ground surface usually is in the shape of a
mushroom with a stem extending from the mushroom cloud

Executive Summary

base to the ground, and, if of sufficient energy, can penetrate to
the highest layers of the troposphere, and occasionally reach into
the stratosphere. As an example, Figure 2.6 shows a schematic
depiction of the mushroom cloud and stem resulting from the
test Simon, which took place on 25 April 1953 (List 1954).

The top of the radioactive cloud reached an altitude of 13.7 km.
Eighty percent of the 31 activity contained in the radioactive
cloud was estimated to be between 9.5 km and 13.7 km; 10%
was between ground level and 9.5 km, and the remaining 10%
was deposited as local fallout.

As the radioactive cloud reaches its stabilization height,
ambient meteorological conditions begin to exert their influence
on its movement. Winds aloft begin to move the cloud down-
wind while atmospheric vertical motions and dispersion cause
vertical and lateral cloud movement. As exemplified in Figure
2.7 in the case of the test Simon, wind speeds and directions
usually vary with altitude. These variations result in a substan-
tial spread of the 13'I present in the radioactive cloud over large
territories. Figure 2.7 presents the paths of the trajectories fol-
lowed by the portions of the radioactive cloud located at four
altitudes after the test Simon. The entire radioactive cloud,
which spread between those trajectories, covered about half of
the continental United States. The meteorological model that

Figure 2.6. Schematic depiction of the mushroom cloud and stem resulting from the test
Simon, detonated 25 April 1953. ""””ﬁ,ﬁf?”
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Table 2.6. Nuclear characteristics of the radionuclides of the
131 decay chain.

Name of radionuclide Radioactive Fractional
half-life independent
(Lederer 1978) fission yields (a)

(Crouch 1977, Hicks 1981)

Indium-131 (In-131) 0.29s 0.01
Tin-131 (Sn-131) 63s 0.27
Antimony;iﬂ (Sb-131) 23.03 min 0.47
Tellurium-131 30n 0.00002
isomer (Te-131m)
Tellurium-131 (Te-131) 25min 0.23
lodine-131 (I-131) 8.04d 0.02
Xenon-131 isomer (Xe-131m) 1.77d —
Xenon-131 (Xe-131) stable —

Fission-chain yield (a): 3.72%

(a)Based on measurements related to the shot Simon detonated 25 April 1953; the values vary slightly
from shot to shot

History of the Nevada Test Site and Nuclear Testing Background

was used in this report to estimate the dispersion of the radioac-
tive cloud is described in detail in Appendix 1.

2.5.3. Characteristics of 131 in Fallout

A nuclear detonation creates a fireball of extremely high temper-
ature that vaporizes everything in the immediate area. In an
atmospheric detonation, as the fireball rises rapidly and begins
to cool, some of the vaporized radioactive fission products con-
dense from the gaseous state into droplets. Some of the more
volatile elements such as iodine collect on the solid particles
(soil and other materials) that have been drawn up into the
cloud. In the absence of precipitation, large particles fall back to
the earth’s surface within a few hours (close-in, or local, fallout),
smaller particles are deposited within a few days or weeks
(intermediate, or tropospheric, fallout) while very small particles
may be carried to high altitudes (in the stratosphere) and fall
back to earth over a period of months to years (world-wide or
global, fallout). When precipitation occurs, however, particles
of any size are scavenged by rain as a result of (a) incorporation
of particles in the raindrops as they are formed in the cloud, or
(b) attachment of the particles to the raindrops as they fall to the
ground.

The chemical and physical form of the 13'1 is an impor-
tant factor in estimating the amount of 13! deposited on the
ground. Limited measurements, unrelated to weapons testing at
Nevada Test Site (NTS), show that 'I from weapons tests is
partitioned among three physico-chemical forms: gaseous organ-
ic, gaseous inorganic, and particulate (Perkins 1963; Perkins et
al. 1965; Voilleque 1979). From measurements taken after a

Figure 2.7. Paths of the trajectories followed by portions of the radioactive cloud at the altitudes of 3.1, 5.5, 9.2, and 12.2 km above mean sea level (MSL) resulting
from the test Simon detonated 25 April 1953. The closed dots represent the locations of the trajectories at 00:00 GMT, while the numbers near the
closed dots are the day of the month. The open dots represent the locations of the trajectories at 06:00, 12:00 and 18:00 GMT.
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Figure 2.8. Distribution and activity releases of I-131 (MCi) into
atmosphere according to type of test.

Chinese nuclear weapons test, the partitioning between these
three forms was shown to vary with the time elapsed following
the detonation (Voilleque 1979). At the request of the NCI,
Voilleque (1986) reviewed the literature and estimated that more
than half the 3'I from NTS fallout would be associated with
particle diameters of less than about 20 m, with the remainder
of the BT presumably in organic and inorganic gaseous forms.
Because the behaviour of particles with respect to deposition
processes is intermediate between those of gaseous organic and
gaseous inorganic iodine, it is assumed for the purpose of the
calculations that all of the 13T was associated with particles. It is
shown in Appendix 7 that this assumption does not lead to a
substantial bias in the estimates of 3!1 deposition.

The pattern of local and intermediate fallout from a given
nuclear test had unique characteristics determined by the mete-
orological conditions (e.g., wind speed and direction at all alti-
tudes, atmospheric stability, precipitation) and by the character-
istics of the initial radioactive cloud (e.g., physical dimensions,
range of particle sizes, distribution of activity within the cloud).
In general, tower and surface shots resulted in substantial local
and intermediate fallout whereas very little close-in fallout was
associated with airdrops or balloon events. Figutre 2.8 shows that
about half of the total activity of 13'I released into the atmos-
phere as the result of the Nevada atmospheric bomb tests was
due to tower shots, while the other half was contributed by air-
drop and balloon events.

Executive Summary

2.6. SUMMARY

¢ The Nevada Test Site (NTS), located in Nye county in south-
ern Nevada, consists of 3,500 square kilometers of federally
owned land with restricted access.

Detonation of a nuclear device creates hundreds of radionu-
clides, among which are 13'I and its precursors, and is accom-
panied by a tremendous release of energy. The characteristics
of the radioactive cloud produced by the explosion depend
essentially on the energy released (yield) and on the location
of the device in relation to the earth’s surface. Above-ground
nuclear tests of substantial yield result in radioactive clouds
which extend vertically over 10 kilometers and carry radioac-
tive debris that may fall back to earth over a period of months
to possibly years.

Low-yield nuclear tests have been conducted at the NTS since
1951. From January 1951 through October 1958, 119 tests
were conducted, most of them above ground. Nuclear testing
was interrupted between November 1958 and September
1961, but more than 800 tests were conducted from 1961
until September 1992; the overwhelming majority of those
shots were detonated underground, under conditions that
were designed for containment of radioactive debris. On
October 2, 1992, the United States entered into another uni-
lateral moratorium on nuclear weapons testing announced by
President Bush. President Clinton extended this moratorium
in July 1993, and again in March 1994 until September 1995
(U.S. Department of Energy 1994).

The total activity of 1311 released into the atmosphere is esti-
mated to have amounted to 150 MCi; most of this activity was
released in the 1950s, with peaks in 1953 and in 1957.
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Chapter 3

Deposition of '3 on the Ground

Contents: The data used to estimate the activities of 131 deposited per
unit area of ground for each county of the contiguous United States
following each nuclear test of interest are described. There are limited
data available from the time during which the tests wete carried out.
In the absence of environmental radiation measurements, a meteoro-
logical transport and wet deposition model was used. The estimated
amounts of 1311 released into the atmosphere by each test are tabulat-
ed. The available measurements are described in Section 3.2.
Detailed mathematical descriptions of the procedures used to estimate
daily depositions of 131 are in Section 3.3. Comparisons of the
results obtained using different procedures are presented in Section
3.4. In Section 3.5, the nuclear weapons tests are subdivided
according to the procedures used to estimate 13'I deposition. A
detailed listing of all tests consideted in this report is provided as is
the rationale for selection of those tests. Section 3.6 provides
summary estimates of 131 deposition throughout the country from
weapons testing in Nevada.

3.1. INTRODUCTION

The amount of 3'I deposited in each county of the contiguous
United States! for each shot was estimated using one of three
methods. The method chosen depended upon the extent and
type of environmental measurements available.

The activity of 131 deposited on the ground was not mea-
sured directly in the 1950s because most measurements of envi-
ronmental radioactivity at that time were of gross beta () activi-
ty; specific measurements of 3] in the environment were not

1 Data on the name, location, area, and population of each county of the contiguous
United States are provided in Appendix 2.

performed to a significant extent before 1960. Since the half-life
of B is about 8 days, the activity of 3T present in the samples
collected more than thirty years ago has now completely
decayed, and therefore cannot be analyzed. Because few 13'1
measurements were made at that time and because 13'I present
at that time cannot be measured today, the estimation of the
amount of *'T deposited on the ground at that time cannot be
based on unequivocal measurements of 3'I. It is possible, how-
ever, to estimate the amounts of 13!l deposited on the ground
from some of the measurements (e.g., exposure rates, total 3
activity in air or deposited on sticky surfaces) which were sys-
tematically made after most of the tests as part of environmental
monitoring programs. Although most of the measurements
were made in the vicinity of the Nevada Test Site (NTS), one of
the environmental monitoring programs collected samples at up
to 95 sites located throughout the United States.

Three procedures are used for the determination of the
deposition of 'T in the counties of the contiguous United States
for which no monitoring data are available. First, where there
are enough measurements of deposition of gross B activity that
can be converted to estimates of 3T deposition, these, together
with precipitation data, are used to interpolate estimates of 13'I
deposition for all counties of the contiguous United States. A
statistical technique, kriging, described in Section 3.3.1.3, is
used to make these estimates. Second, where the kriging proce-
dure is unlikely to be satisfactory due to an insufficient number
of 31T deposition estimates based on the analysis of gross B
activities, a less complex method is employed. For a county
without monitoring data, the 3!I deposition is estimated using
the deposition estimate from the nearest county with monitor-
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ing data and the precipitation data for those counties (see
Section 3.3.1.2.4). Those two procedures constitute what is
called the “historical monitoring data approach” in this report.
Finally, if estimates of surface deposition values of 13'I are not
available, calculations of the wet deposition of 13'T were based
upon a meteorological model (Section 3.3.2 and Appendix 1).
This is called the “meteorological transport approach” in this
report.

3.2. AVAILABLE MEASUREMENT RESULTS FROM THE TESTING PERIOD
A limited number of environmental radiation measurements are
available from the period of testing in the atmosphere at the
NTS. They are:

(a) measurements of exposure rates above ground, which
were obtained near the NTS after each test using sur-
vey meters and are called “close-in measurements of
environmental radiation,”

(b) measurements of deposition of fallout on gummed
film. This systematic monitoring of fallout deposi-
tion was carried out for sites within the contiguous
U.S. and also for sites throughout the rest of the
world. For the purpose of this report, only the sites
within the contiguous U.S. and, occasionally, a few
sites in Canada, have been considered. This fallout
deposition network is called “national network of
deposition measurements,”

(c) measurements of individual radionuclides in the
radioactive cloud, allowing the determination of the
activity distribution of the radionuclides to be made.
These measurements, called “radiochemical data,”
were necessary to establish the correspondence
between the exposure rates above ground, or the
fallout depositions, and the 3'I depositions per unit
area of ground,

(d) measurements of exposure rates aboard aircraft, and

(e) other, less extensive measurement programs in the
temporal or spatial dimensions, such as the measure-
ments of ground-level air activity by the Public Health
Service (PHS) and by the Naval Research Laboratory
(NRL), or the measurements of activity in precipita-
tion by the PHS.

In addition, the spatial and temporal distribution of rain-
fall vis-a-vis that of the radioactive cloud, which played an
important role in the determination of the deposition at the
national scale, is available from historical records.

3.2.1. Close-In Measurements of Environmental Radiation

For counties near the NTS, the primary data are exposure-rate
measurements using portable survey instruments. An extensive
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program of exposure rate measurements was carried out in a few
counties near the NTS for several days following each test.

These exposure-rate measurements, together with other, less
extensive, monitoring data, were evaluated and archived by the
Offsite Radiation Exposure Review Project (ORERP) of the
Department of Energy. From these data, a Town Data Base
(Thompson 1990) and a County Data Base (Beck and Anspaugh
1991) were derived:

(a) The Town Data Base (TDB) lists the time of arrival of
the radioactive cloud produced by each test and the
exposure rate normalized at 12 hours after detonation
(H + 12) at 173 stations, representing inhabited loca-
tions, in 4 counties of Nevada (Clark, Esmeralda,
Lincoln, and Nye) and in Washington County, Utah.
In order to provide a uniform basis of comparison, the
pertinent literature has used H + 12 as the standard
time to report exposure rates; fallout may have been
deposited on the ground before or after H + 12.

(b) The County Data Base (CDB) lists the estimated times
of initial arrival of the radioactive cloud and the esti-
mated exposure rates normalized at H + 12 in 24 sub-
divided areas of nine counties in Arizona, California,
Nevada, and Utah, along with similar information for
120 additional counties (which were not subdivided)
in Arizona, California, Colorado, Idaho, New Mexico,
Nevada, Oregon, Utah, and Wyoming,.

The geographical areas included in the Town and County
Data Bases are shown in Figures 3.1 and 3.2, respectively.

3.2.2. National Network of Deposition Measurements
Monitoring of long-range fallout deposition in the United States
in the 1950s was carried out primarily by the Health and Safety
Laboratory (HASL) of the Atomic Energy Commission in coop-
eration with the U.S. Weather Bureau (Beck 1984; Harley et al.
1960). The HASL deposition network evolved gradually, begin-
ning in the fall of 1951 with the Buster-Jangle test series. The
original monitoring technique consisted of collectors which were
trays of water; these were soon replaced by gummed paper for
the 1952 Tumbler-Snapper test series. The gummed paper was
replaced by an acetate-backed rubber-base cement gummed film
in 1953, and this medium was used until the program ended in
1960.

A 1 square foot (0.093 m?) exposed area of gummed film
was positioned horizontally on a stand 3 feet (0.9 meters) above
the ground. Usually two replicate films were exposed during a
24-h period beginning at 1230 Greenwich Mean Time (GMT)
for the Upshot-Knothole, Teapot, Plumbbob and Hardtack-1I
series and at 1830 GMT for the Buster-Jangle and Tumbler-
Snapper series. Daily high volume air samples also were collect-
ed at many of the gummed-film sites.

The number and types of monitoring sites in operation
in the United States changed from one test series to another.
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Figure 3.1. Geographical coverage of the Town Data Base of the ORERP study of the U.S. Department of Energy: each of the 173 stations is marked
with its code number. The approximate center of the Nevada Test Site is marked with a star.
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Figure 3.2. Geographical coverage of the County Data Base of the ORERP study of the U.S. Department of Energy: the 9 counties in solid colors are
those that were subdivided while the 120 counties hatched in blue were not subdivided. County boundaries for the remainder of the states

in which the County Data Base is located also are shown. The approximate center of the Nevada Test Site is marked with a star and the 5
counties covered by the Town Data Base are shown in white.

Tahle 3.1. Number of contiguous U.S. sites of fallout monitoring by HASL, for which data are available, by test series (Beck 1990).

Test Series Year Number of sites
BUSTER-JANGLE 1951 51-612
TUMBLER-SNAPPER 1952 93
UPSHOT-KNOTHOLE 1953 95
TEAPQT 1955 89
PLUMBBOB 1957 420
HARDTACK-PHASE Il 1958 40

@ The number of sites of fallout monitoring varied from one test series to another.

b Estimates of 31| deposition also were derived from 25 sites at which measurements of (3 activity in air and in
precipitation were carried out by the Public Health Service.
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Although only about 40 sites operated continuously throughout
the atmospheric testing era, the number generally was increased
during the testing periods and reached a maximum of 95 in
1953 (Upshot-Knothole series) (Table 3.1).

Figure 3.3 illustrates the geographical coverage of the net-
work during the Upshot-Knothole series. Figure 3.4 shows the
reduced available coverage during 1957, which was the last year
of substantial atmospheric testing at the NTS; during that year,
however, estimates of 31 deposition also were derived from 25
sites from the PHS network (described in Section 3.2.5).

The gummed-film samples were sent to HASL where they
were processed and total beta activity counts were made. The
measured beta activities were extrapolated to the middle of the
sampling day, using the assumption that the total beta activity
decreased with time after detonation t, expressed in hours,
according to a power function (t-1-2). These fallout results, as
well as the amount of precipitation recorded at the sampling
location that day, were published in joint reports by HASL and
the U.S. Weather Bureau (List 1953, 1954, 1956; NYO 1952,
1954).

The HASL network effectively fulfilled its purpose of
indicating quickly where and when fallout occurred. Although
this network was not designed to derive radiation exposures, it
represents the only data set available on a daily basis over the
entire United States during most of the atmospheric testing peri-
od. Therefore, it was extensively used to derive deposition esti-
mates of 31 (or of any other radionuclide from fallout) at the
national scale.

3.2.3. Radiochemical Data

Measurements of individual radionuclides in the radioactive
cloud were conducted after many events (Hicks 1981a). These
measurements, called “radiochemical data”, were used to estab-
lish the relative amounts of radionuclides in the radioactive
cloud, immediately after detonation.

On the basis of the radiochemical data, the correspon-
dence between external gamma radiation exposure rate and
radionuclide ground depositions, as a function of time after det-
onation, has been published by Hicks (1981a) for all tests that
resulted in off-site detection of radioactive materials. The tabu-
lated results include 30 decay times, grouped in three time peri-
ods following detonation: 10 decay times between 1 and 21
hours, 10 decay times between 1 to 300 days, and 10 decay
times between 1 to 50 years. For each of these times, Hicks cal-
culated: (a) the exposure rate from external gamma radiation,
(b) the deposited activity per unit area of ground of specified
individual radionuclides (including '1), and (c) the total
deposited activity per unit area of ground of all radionuclides.
Thus, given a measurement of the exposure rate, one can derive
the 13'I and total deposition on the ground. Similarly, if the total
deposition is known, the 31 deposition and the exposure rate
can be determined.

3.2.4. Aircraft Measurements
Aircraft measurements were used: (1) to track the movement of
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the radioactive cloud and sample its contents, or (2) to estimate
off-site radiation fields .

Aircraft sampling of radioactive clouds was obtained at
high altitudes in 1951 (Machta et al. 1957). In general, flights
were made along the 80th and 95th meridians, at elevations
between 2.5 and 9.2 km. The aircraft were equipped with two
filters, which were changed alternately every 15 min, so that
each filter was exposed for 30-min periods. After sufficient time
for decay of the natural radioactivity, the filter was measured
with a Geiger counter. The conversion of the counting rates
into activity concentrations in air was not attempted because of
inadequate information on the efficiency of the filter, the count-
ing geometry of the Geiger counters, etc. (Machta et al. 1957).

Aerial surveys of off-site radiation fields began in 1953
and continued until 1970 with aircraft flying at altitudes of 50
to 500 ft (Burson 1984). The data from those aerial surveys
were used extensively to assist in quickly estimating the fallout
radiation patterns. In general, the aerial survey results were
used to support the ground data, not vice-versa, since the aerial
survey technique was still under development and many uncer-
tainties existed in its application. In many locations, however,
ground measurements were not made and the aerial survey
results alone were relied on to extend the fallout patterns. This
occurred particularly during the Plumbbob test series in 1957
and also in the 1960s when the aerial survey results were more
reliable (Burson 1984).

The radioactive clouds from cratering and vented under-
ground tests, beginning in 1960, were tracked by aircraft (usual-
ly two) (Anon. 1975, 1976; Crawford 1970; Placak 1962;
Thompson 1966). The movements and speed of the radioactive
cloud were determined by on-board exposure-rate meters and
by visual observations of dust in the cloud. Many such clouds
were tracked beyond the test site and a few were tracked into
neighboring states to the north and east of NTS. High-volume
air samples also were collected in the aircraft, depositing
radioactive particles on special filters.

3.2.5. Other Measurement Programs
Other measurement programs, less extensive than those
described above, were established in the 1950s with the purpose
of monitoring fallout or man-made activity in air or in water
(RHD 1960).

The Public Health Service operated several networks,
among which:

(a) The Nationwide Radiation Surveillance Network,
established in April 1956 consisted of about 40 sta-
tions in which sampling operations included: (a) the
daily radioassay of beta-emitting suspended particu-
late matter with relatively long half-lives, collected on
a filter from approximately 2,000 cubic meters of air,
(b) two (or more) daily determinations of external
gamma radiation levels with a portable survey meter,
(©) the collection of radioactive fallout with gummed-
film devices, (d) the collection of precipitation sam-
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Figure 3.3. Geographical coverage of the gummed-film network during the Upshot-Knothole test series. The diamonds represent the gummed-film
stations operated by HASL. The approximate center of the Nevada Test Site is marked with a star.

a star.

Figure 3.4. Geographical coverage of the deposition network during the Plumbbob test series in 1957. The diamonds represent the gummed-film stations

operated by HASL; the circles represent the sites where air and precipitation were collected and analyzed for their activity content by PHS; the
squares represent the cities where both HASL and PHS had monitoring stations; the approximate center of the Nevada Test Site is marked with
.
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ples, and (e) the preparation of preliminary reports
from which public information might be made avail-
able by State and Territorial departments of health
(PHS 1957). The results of the Nationwide Radiation
Surveillance Network were used in this report to sup-
plement the daily estimates of 311 deposition derived
from the HASL gummed-film network.

(b) The National Air Sampling Network, established in
1953, consisted of 17 stations in 1953 and about 200
in 1957. Twenty-four hour samples of suspended
particulate matter were collected on filters on a prede-
termined sampling schedule. Unfortunately, the only
results that could be found (PHS 1958) were present-
ed in a statistical manner without indication of the
sampling dates. This form of presentation precluded
the use of the results for the purpose of reconstruct-
ing the fallout patterns after each test.

Beginning in December, 1949, the Naval Research
Laboratory operated stations for the detection and collection of
both natural radioactivity and radioactive atomic bomb debris
(Blifford et al. 1956).There were as many as five stations in the
contiguous U.S. (Washington, D.C.; Glenview, IL; San Francisco,
CA, San Diego, CA; Bremerton, WA). A filter was used to col-
lect airborne particles for each 24-h period beginning at 1600
local time. At the end of the collection interval the filter was
removed from the pumping system and its activity recorded
overnight or for approximately 16 hours. The results, reported
on a daily basis, constitute the only time series of radioactivity
measurements that could be found for the Ranger test series
(January - February 1951).

The other measurement programs operated or sponsored
by governmental agencies (RHD 1960) were not used because
their results were either not found or not suitable for the pur-
poses of this study, usually because the sampling times were too
long.

3.2.6. Precipitation Data

Precipitation, hereafter used interchangeably with the words rain
or rainfall, efficiently scavenges particles suspended in the
atmosphere and can result in much greater deposition than that
due to dry processes such as sedimentation, impaction, and dif-
fusion. However, although a substantial fraction of the amount
of radioactive materials present in the air may be scavenged by
rainfall at particular locations, the fraction of the whole radioac-
tive cloud so removed during one day is small.

Nuclear weapons were detonated when dry weather was
predicted so that the deposition of radioactive materials onto the
ground in the vicinity of the NTS would be as low as possible.
However, because dry conditions were seldom maintained over
the entire U.S. for several days after each shot, rainfall represents
the primary means by which 3!I was deposited east of the
Rocky Mountains. Fortunately, there was (and is) a very com-
prehensive national network of precipitation monitoring stations
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operated by cooperative observers for the U.S. Weather Bureau,
now the National Oceanic and Atmospheric Administration
(NOAA). For many years, this network, with rare exceptions,
provided at least one measurement location in each of the coun-
ties of the contiguous United States. Figure 3.5 illustrates the
location of such stations, together with county boundaries, for
one state.

The rainfall amounts represent 24-h accumulations end-
ing usually at 9:00 a.m. local time or within an hour or two of
that time. For the purposes of this report, a single precipitation
value for each day (the arithmetic average of all readings in the
county) was assigned to the entire county. The date to which
the precipitation value was assigned was the day that collection
of precipitation was begun. Counties without data were rare;
such counties were assigned amounts of rainfall based on mea-
surements from locations in the closest adjacent counties. For
the purpose of this report, the amounts of rain were categorized
on a logarithmic scale by index value as shown in Table 3.2.

3.3.DESCRIPTION OF THE METHODS USED TO ESTIMATE DAILY
DEPOSITIONS OF *3' PER UNIT AREA OF GROUND

Two approaches were used to estimate daily depositions
of 311 per unit area of ground (also called daily deposition
densities of 1311):

(@) The historical monitoring data approach: for the tests
and counties for which environmental radiation mea-
surements were available that could be used to derive
estimates of 13'1 depositions per unit area of ground,
these measurements served as a basis for the assess-
ment of 13!T depositions per unit area of ground in the
counties and for the days in which the samples or the
measurements were taken. For other counties and
days in which no environmental radiation measure-
ment was available that could be used to derive esti-
mates of 1T depositions per unit area of ground, the
estimates of daily depositions of 1*'I per unit area of
ground were inferred from the closest counties in
which daily depositions of ' per unit area of ground
were derived from environmental radiation measure-
ments for the same day, using mathematical tech-
niques that took into account the daily precipitation
values.

(b) The meteorological transport approach: for the Ranger
series of tests (January-February 1951) and during the
underground testing era, useful environmental radia-
tion measurements were not available, either for the
entire country or for a large part of it. For those tests,
calculations of the deposition of 13'T were based upon
a meteorological transport model for those counties
where precipitation occurred.
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Figure 3.5. Network of stations collecting precipitation in New York State. The numbers represent rainfall on April 27, 1953 in hundredths of inches.
The solid lines are the county boundaries. The circles show the location of the gummed-film stations.

Tahle 3.2. Relationship between the 24-h precipitation amount and the precipitation index.

Precipitation index 24-h precipitation amount
number
(inches) (millimeters)
1 none none
2 trace trace
3 0.01-0.03 0.25-0.76
4 0.03-0.10 0.76-2.5
5 0.10-0.30 25-76
6 0.30-1.00 7.6-25
7 1.00-3.00 25-76
8 3.00-5.00 76-127
9 5.00 or over 127 or over
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3.3.1. Historical Monitoring Data Approach

The historical monitoring data approach consists of: (a) process-
ing the historical data available to derive estimates of deposition
of 31 per unit area of ground, and (b) using mathematical tech-
niques to interpolate between observed sampling locations using
auxiliary information. The main advantage of this method is that
it does not require the knowledge of:

(a) the amount of 131 released into the atmosphere,

(b) the mechanisms of transport and diffusion of 13'1
in the atmosphere, or

(c) parameters for predicting deposition of 13'1
on the ground.

3.3.1.1. Determination of 1311 deposition in counties with
monitoring data

3.3.1.1.1. Close-in deposition
The depositions of 3T per unit area of ground after each test
were derived for 134 counties near the NTS from the County
Data Base and the Town Data Base, which provide estimates for
the time of arrival, TOA, of the radioactive cloud and for the
exposure rate normalized at 12 hours after detonation, H + 12,
for specific localities and areas.

As shown in Table 2.6 and Figure 2.4, the activity of 131
that is found in the radioactive cloud or on the ground after a
nuclear test results not only from the production of 3! itself but
also from the decay of its precursor radionuclides (*'mTe, 131Te,
and, to a lesser extent, 13!Sb). The activity of 1*'I calculated 12
hours after a nuclear test does not, therefore, represent the
“total” activity of 13'I that will be found 1 or 2 days later and
which is the quantity of interest of this study. In order to take
into account the contribution that these precursors eventually
will make to the activity of 13'1, the activity of B!l at H + 12 is
calculated as if all precursors had already decayed into 'L
The activity obtained, called “total” activity of *'I at H + 12, and
denoted as A,,, is calculated as:

_ 3,600%0.027 X In2 X Ny,
T (3.1)

A12

where:
N, is the total number of atoms present per square meter of ground of
131SbY 131m‘|’e’ 131Te’ and 131|!
T, is the radioactive half-life of 3"l (hours),

3,600 is the number of seconds per hour, and

0.027 nCi per disintegration s is a conversion coefficient.
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The value of N, is:

AT+ AT+ AT, + AT,
0.027 X 3,600 % In2 (3.2)

N1z =

where:
T,, T,, and T, are the radioactive half-lives of 131Sh, 131mTe, and 13'Te,
respectively, expressed in hours, and

A, A, A, A, are the depositions at H + 12 of 131Sh, 131mTe, 131Te, and 31|
obtained using the tabulated quotients, published by Hicks (1981a), of
the deposition of 31| per unit area of ground at H + 12 and of the
exposure rate at H + 12.

If N, in equation 3.1 s replaced by its value, one obtains:

AT+ ALt ATHAT
2= T (3.3)

The variation with time of the “total” activity of 13'1
deposited per unit area of ground is only due to the radioactive
decay of B'I. Therefore, the “total” activity of 3'I deposited per
unit area of ground at the time of arrival, TOA in hours, of the
radioactive cloud is estimated as:

In2

oA S o1z
04 = Az X € (34)

3.3.1.1.1.1. Estimation of deposition densities of 1311

in the Town Data Base area

The values of A, derived from the Town Data Base are for
173 inhabited places in five counties (Clark, Esmeralda, Lincoln,
and Nye in Nevada, and Washington in Utah). As an example:
Table 3.3 presents the estimates of “total” 13!l deposition densi-
ties at TOA following the Simon test, detonated April 25, 1953.
Results for each of the 173 inhabited locations were derived
from the Town Data Base. Results for the other 71 tests for
which Town Data Base data are available are provided in the
Annexes.

It is to be noted that the estimates of 13'I deposition den-
sities (per unit area of ground) that are listed in Table 3.3 are, in
most cases, derived from several measurements of exposure rates
and that the values selected are the medians of readings taken
within 2.5 km of the inhabited location considered. (The medi-
an [or median value] of a distribution is such that, if a number
of measurements are taken, half would be greater than the
median and half would be less than that value).

In this report, the distribution of the estimates of deposi-
tion density is assumed to be log-normal. A log-normal distrib-
ution is in Figure 3.6: it is characterized by its median value and
by its geometric standard deviation, GSD, which describes the
dispersion of the values around the median. The arithmetic
mean of a log-normal distribution is always greater than the
median whereas the mode of the distribution is lower than the
median. The relative spread between the mode, the median,
and the mean increases with the GSD. The log-normal distribu-
tion presented in Figure 3.6 has a GSD of 2. Figure 3.7 shows,
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Table 3.3. Estimates of median ™3l depositions per unit area of ground (nCi m-2) at the Town Data Base sites following the test Simon detonated 4/25/1953.
Site State County Sub-county 131] depostion density (Aq,,nCi M) Deposition
code (Fig. 3.8) Median asD weight, w

(Eg. 3.3and 3.4)

1 NV LINGOLN 1 9300 14 0.035
2 NV LINCOLN 1 3900 14 0.035
3 NV LINCOLN 1 16000 14 0.0035
4 NV LINCOLN 1 2900 14 0.035
5 NV LINCOLN 1 2500 14 0.035
6 NV LINGOLN 1 2000 14 0.035
7 NV LINCOLN 1 1800 14 0.035
8 NV LINCOLN 1 1100 14 0.035
9 NV LINCOLN 1 900 14 0.035
10 NV LINCOLN 1 820 14 0.035
11 NV LINCOLN 1 770 14 0.035
12 NV LINCOLN 1 610 14 0.035
13 NV LINCOLN 1 600 14 0.035
14 NV LINCOLN 1 810 14 0.035
15 NV LINCOLN 1 810 14 0.035
16 NV LINCOLN 1 400 14 0.035
17 NV LINCOLN 1 380 14 0.035
18 NV LINGOLN 1 770 14 0.035
19 NV LINGOLN 1 240 14 0.035
20 NV LINGOLN 1 0 1.0 0.035
21 NV LINCOLN 1 0 1.0 0.035
22 NV LINCOLN 1 0 1.0 0.035
23 NV LINCOLN 1 240 14 0.035
24 NV LINCOLN 1 0 1.0 0.035
25 NV LINCOLN 1 0 1.0 0.035
26 NV LINCOLN 1 0 1.0 0.0035
27 NV LINCOLN 1 0 1.0 0.035
28 NV LINCOLN 1 0 1.0 0.0035
29 NV LINCOLN 1 0 1.0 0.035
30 NV LINCOLN 1 0 1.0 0.0035
31 NV LINCOLN 1 0 1.0 0.035
32 NV LINGOLN 1 0 1.0 0.035
33 NV LINCOLN 1 0 1.0 0.0035
34 NV LINCOLN 1 0 1.0 0.0035
35 NV LINCOLN 1 0 1.0 0.0035
36 NV LINCOLN 2 280 14 0.15

37 NV LINGOLN 2 0 1.0 0.015
38 NV LINGOLN 2 55 14 0.015
39 NV LINCOLN 2 110 14 0.15

40 NV LINCOLN 2 0 1.0 0.15

4 NV LINCOLN 2 0 1.0 0.15

42 NV LINCOLN 2 0 1.0 0.15

43 NV LINCOLN 2 0 1.0 0.15

44 NV LINCOLN 2 0 1.0 0.015
45 NV LINCOLN 2 0 1.0 0.015
46 NV LINCOLN 2 0 1.0 0.015
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Table 3.3. cont’d

Site State County Sub-county 131] depostion density (Arq,,nCi m2) Deposition
code (Fig. 3.8) ) weight, w
Median GSD (Eq. 3.3 and 3.4)

47 NV LINCOLN 2 0 1.0 0.015
48 NV NYE 1 0 10 0.14

49 NV NYE 1 0 1.0 0.14

50 NV NYE 1 0 1.0 0.14

51 NV NYE 1 0 1.0 0.14

52 NV NYE 1 0 1.0 0.014
53 NV NYE 1 0 1.0 0.014
54 NV NYE 1 0 1.0 0.14

55 NV NYE 1 0 1.0 0.14

56 NV NYE 1 0 1.0 0.14

57 NV NYE 2 0 1.0 0.0046
58 NV NYE 2 0 1.0 0.0046
59 NV NYE 2 0 1.0 0.0046
60 NV NYE 2 0 1.0 0.0046
61 NV NYE 2 0 1.0 0.046
62 NV NYE 2 0 1.0 0.0046
63 NV NYE 2 0 1.0 0.046
64 NV NYE 2 0 1.0 0.0046
65 NV NYE 2 0 1.0 0.046
66 NV NYE 2 0 1.0 0.046
67 NV NYE 2 0 1.0 0.046
68 NV NYE 2 0 1.0 0.046
69 NV NYE 2 0 1.0 0.046
70 NV NYE 2 0 1.0 0.046
14 NV NYE 2 0 1.0 0.046
72 NV NYE 2 0 1.0 0.046
73 NV NYE 2 0 1.0 0.046
74 NV NYE 2 0 1.0 0.046
75 NV NYE 2 0 1.0 0.046
76 NV NYE 2 0 1.0 0.046
77 NV NYE 2 0 1.0 0.046
78 NV NYE 2 0 1.0 0.046
79 NV NYE 2 0 1.0 0.0046
80 NV NYE 2 0 1.0 0.046
81 NV NYE 2 0 1.0 0.0046
82 NV NYE 2 0 1.0 0.046
83 NV NYE 2 0 1.0 0.046
84 NV NYE 2 0 1.0 0.046
85 NV NYE 2 0 1.0 0.046
86 NV NYE 3 0 1.0 0.24

87 NV NYE 3 0 1.0 0.024
88 NV NYE 3 0 1.0 0.024
89 NV NYE 3 0 1.0 0.024
90 NV NYE 3 0 1.0 0.024
91 NV NYE 3 84 14 0.24

92 NV NYE 3 83 14 0.024
93 NV NYE 3 0 1.0 0.24

94 NV NYE 3 0 1.0 0.024
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Table 3.3. cont’d

Site State County Sub-county 131] depostion density (Arq,,nCi m2) Deposition
code (Fig. 3.8) _ weight, w
Median GSD (Eq. 332nd 3.4)
9 NV NYE 3 0 1.0 0.024
% NV NYE 3 0 1.0 0.024
97 NV NYE 3 0 1.0 0.024
9 NV NYE 3 0 1.0 0.024
99 NV NYE 3 0 1.0 0.024
100 NV CLARK 1 0 1.0 0.077
101 NV CLARK 1 0 1.0 0.077
102 NV CLARK 1 0 1.0 0.077
103 NV CLARK 1 0 1.0 0.077
104 NV CLARK 1 70 1.4 0.077
105 NV CLARK 1 70 14 0.077
106 NV CLARK 1 0 1.0 0.077
107 NV CLARK 1 0 1.0 0.077
108 NV CLARK 1 1200 16 0.077
109 NV CLARK 1 150000 14 0.077
110 NV CLARK 1 80000 14 0.077
M NV CLARK 1 26000 16 0.077
12 NV CLARK 1 15000 14 0.077
113 NV CLARK 2 0 1.0 0.010
114 NV CLARK 2 0 1.0 0.10
115 NV CLARK 2 0 1.0 0.010
116 NV CLARK 2 0 1.0 0.10
17 NV CLARK 2 0 1.0 0.10
118 NV CLARK 2 0 1.0 0.10
119 NV CLARK 2 0 1.0 0.10
120 NV CLARK 2 0 1.0 0.10
121 NV CLARK 2 0 1.0 0.010
122 NV CLARK 2 0 1.0 0.10
123 NV CLARK 2 0 1.0 0.010
124 NV CLARK 2 0 1.0 0.10
125 NV CLARK 2 0 1.0 0.010
126 NV CLARK 2 0 1.0 0.010
127 NV CLARK 2 0 1.0 0.10
128 NV CLARK 2 0 1.0 0.010
129 NV CLARK 2 0 1.0 0.010
130 NV CLARK 3 0 1.0 0.33
131 NV CLARK 3 0 1.0 0.33
132 NV CLARK 3 0 1.0 0.33
133 NV ESMERALDA 1 0 1.0 0.71
134 NV ESMERALDA 1 0 1.0 0.071
135 NV ESMERALDA 1 0 1.0 0.071
136 NV ESMERALDA 1 0 1.0 0.071
137 NV ESMERALDA 1 0 1.0 0.071
138 NV ESMERALDA 2 0 1.0 0.25
139 NV ESMERALDA 2 84 1.0 0.25
140 NV ESMERALDA 2 83 1.0 0.25
141 NV ESMERALDA 2 0 1.0 0.25
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Table 3.3. cont’d

Site State County Sub-county 131] depostion density (A;q,,nCi m2) Deposition
code (Fig. 3.8) , weight, w
Median GSD (Eq. 3.3 and 3.4)
142 ut WASHINGTON 1 810 14 0.24
143 ut WASHINGTON 1 810 14 0.24
144 ut WASHINGTON 1 810 14 0.24
145 ut WASHINGTON 1 0 1.0 0.24
146 ut WASHINGTON 1 810 14 0.024
147 ut WASHINGTON 2 1100 14 0.018
148 ut WASHINGTON 2 0 1.0 0.18
149 ut WASHINGTON 2 1100 14 0.018
150 ut WASHINGTON 2 720 14 0.18
151 ut WASHINGTON 2 810 14 0.18
152 Ut WASHINGTON 2 810 14 0.18
153 ut WASHINGTON 2 810 14 0.18
154 ut WASHINGTON 2 810 14 0.018
155 ut WASHINGTON 2 810 14 0.018
156 ut WASHINGTON 2 810 14 0.018
157 ut WASHINGTON 2 810 14 0.018
158 ut WASHINGTON 3 0 1.0 0.062
159 ut WASHINGTON 3 810 14 0.062
160 Ut WASHINGTON 3 810 14 0.062
161 ut WASHINGTON 3 0 1.0 0.062
162 ut WASHINGTON 3 0 1.0 0.062
163 ut WASHINGTON 3 0 1.0 0.062
164 ut WASHINGTON 3 0 1.0 0.062
165 ut WASHINGTON 3 0 1.0 0.062
166 ut WASHINGTON 3 0 1.0 0.062
167 ut WASHINGTON 3 0 1.0 0.062
168 Ut WASHINGTON 3 0 1.0 0.062
169 ut WASHINGTON 3 0 1.0 0.062
170 ut WASHINGTON 3 0 1.0 0.062
171 Ut WASHINGTON 3 0 1.0 0.062
172 ut WASHINGTON 3 0 1.0 0.062
173 ut WASHINGTON 3 0 1.0 0.062

for a constant median of 1, how the mean of alog-normal dis-
tribution increases with the GSD. Also shown in Figure 3.7 are
curves labelled “Median x 1 GSD” and “Median / 1 GSD”; the
probability of a value lying between the median and either
“Median x 1 GSD” or “Median / 1 GSD” is 0.34.

The GSD values associated with the distributions of the
deposition of 13 per unit area of ground at each Town Data
Base site for the test Simon are taken from Thompson (1990)
and listed in Table 3.3.

Many of the T depositions per unit area of ground pre-
sented in Table 3.3 are listed as zeros. In fact, those values may
be true zeros, where there was no deposition of radioactive
materials from the test Simon, or they may be lower than a

threshold value of the deposition, inferred from the detection
limit of the exposure-rate meter, which was taken to be equal
to three times background at the time of measurement

(0.06 mR h* for most tests, 0.15 mR h! for the test Harry).
Since the exposure rate from fallout deposition varies sharply
during the first hour after detonation, the threshold value of the
deposition therefore depends on the time elapsed after detona-
tion at the point of measurement, and this elapsed time is likely
to have varied substantially from location to location and from
test to test. The threshold value of the deposition also depends
on the conversion coefficient from the exposure rate at H+12 to
the “total” 13T deposition, which also varied from test to test.
The smallest non-zero *'I depositions per unit area of ground
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Figura 3.6, Fiol

Figura 3.7. Wandion of e mean of o lof-normel denbuon aih a meden of 1

that were derived from the Town Data Base varied from test to
test: for example, the smallest non-zero 3'I depositions obtained
for the test Schooner detonated on 8 December 1968 was esti-
mated as 1.8 nCi m~, while the smallest non-zero 13! deposi-
tion obtained for the test Harry detonated on 19 May 1953 was
estimated as 360 nCi m. For the purpose of this report, it was
assumed that there was no 'l deposition in the locations where
the exposure rates were below the detection limit.

Because of the substantial variations, within the same
county, in the deposition of >'I resulting from some of the tests
(see, for example, the range of 13'I deposition densities in
Lincoln and in Clark counties in Table 3.3), it would not be
appropriate to select a single deposition value as representative
of the 13 deposition per unit area of ground in entire counties
of the area covered by the Town Data Base. For that reason,
each of those five counties was subdivided into two to three
areas, hereafter called “sub-counties”, and estimates of 131 depo-
sition were made for each sub-county. The total number of sub-
counties in the area covered by the Town Data Base is 13. The
variability of 1311 deposition estimates in each sub-county was
not as large as in entire counties, but still substantial for some
tests (see, for example, the range of 13T depositions in sub-coun-
ty LINCOLN 1 in Table 3.3). In determining the estimates of 131
depositions in sub-counties, the fact that the resulting thyroid
doses depends to a large extent on the 13! concentrations in
milk, and therefore on the 3'T contamination of pasture, was
taken into account. As explained below, this was done by
assigning greater weights to the deposition densities measured at
locations near dairy farms than to those measured elsewhere.

The characteristics of each sub-county (location, area,
population) are provided in Appendix 2. Within these sub-
counties, the exposure rates determined in other areas were
given a much higher weight than the exposure rates measured
near dairy farms or farms with family cows. The location of
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dairy farms and of farms with family cows was taken from a sur-
vey conducted by the Public Health Service in the early 1960s
(PHS 1964). The data on locations of farms and numbers of
cows are shown in Figure 3.8. Deposition estimates for locations
in the vicinity of dairy farms or farms with family cows were
given a weight, w;,,, 10 times greater than the weights, wy,,
given for locations distant from dairy farms or from farms with
family cows. In a sub-county, sc, with Ny, Town Data Base
sites with high deposition weights and N__ sites with low depo-
sition weights, the relationship:

low

N

low

X Wy + Nygn X Wyigy =1 (3.1)

holds because the sum of all weighting factors must be one.
Since Wy, = 10 X wy,, equation 3.1 can be written as:

Wiow, (N

iow

+10 X Nyy) = 1 3.2)

and the values of the weights can be computed from the
following equations:

Wow = 1/ (N,

iow

+ 10X Nyy) (3.3
and:

Wy = 10/ (N,

low

+ 10X Nyy) (3.4)

The arithmetic means of the deposition weights for all
Town Data Base sites are presented in Table 3.3. For the purpos-
es of the uncertainty analysis, it is assumed that the deposition
weights are log-normally distributed with a GSD of 1.5.
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Figure 3.8. Location of the sites where exposure rates were measured in the Town Data Base area (small circles and large circles) and location of the
dairy farms and farms with family cows (numbers indicating the number of cows in those farms). In a given sub-county, the Town Data
Base sites that are represented with large circles, located near farms with cows, were given a weight 10 times greater than the Town Data
Base sites represented with small circles in the estimation of the median 13'| deposition per unit area of ground.
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The ' deposition per unit area of ground, averaged over
the sub-county, A,(sc), is derived from:

N
Arpa(sc) = n2=1 Arpa(n) X w(n) (3.5)

where:
* n refers to a Town Data Base site in sub-county, sc,

* N is the total number of sites in the sub-county, and

* w(n) is the deposition weight for Town Data Base site, n. The
numerical value of w(n) is either the value of w,, or that of wy;,
for the sub-county considered (Table 3.3).

Since both A;,,(n) and w(n) are assumed to be
log-normally distributed, the median value of A;,(sc) can
either be derived numerically from equation 3.5, by means of a
Monte Carlo procedure, or analytically, using a mathematical
procedure with a number of underlying assumptions. Because of
the subjective and somewhat arbitrary manner in which the
uncertainties on both A, (n) and w(n) have been assigned, a
relatively simple analytical procedure was deemed to be suffi-
cient for the purposes of the uncertainty analysis in this report.
The basis for the simpler procedure and the associated assump-
tions are described below.

The analytical procedure, called the multiplicative
log-normal method, is based on the following theorem
(Aitchison and Brown 1969; Crow and Shimizu 1988): 2

* Xy, Xy, ..., Xy are multivariate log-normal random variables,

* u, and o2 are the mean and variance of Y, =In X,

* r,, is the correlation between Y, and Y, with n # n’,
then:

« the product X = X, X X, X ...X, is log-normally distributed, and

« the function Y = In X is normally distributed with:

eamean: p=pu+ ty + . by (3.6)
and

* a variance:

o’ = 2 o+ E g Op Oy (3.7)

2 The assistance of Lynn Anspaugh (University of Utah), Richard Gilbert (Pacific Northwest National
Laboratory), Owen Hoffman (SENES Oak Ridge Inc.), and Paul Voillequé (MJP Risk Assessment Inc.)
in the development and the implementation of the multiplicative log-normal method in this report is
gratefully acknowledged.
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If there is no correlation between any of the variables, the
variance of Y is simply:

o?=cfl+af+ .07 3.8,
1 2 I

It follows from the properties of log-normal distributions that:
* the median of X, denoted as <X>, is equal to: e»
« the geometric standard deviation of X, denoted as GSD(X),
is equal to: ev
« the arithmetic mean of X, denoted as m(X), is:

m(X) =ew+o’/2 = <X> X eo'/2 (3.9)
« the variance of X, denoted as s2(X), is:

s2(X) = m2(X) X (e~ 1) (3.10)

In the case of summation of variables, as in equation 3.5,
it is also assumed that the distribution of a sum of log-normally
distributed variables is log-normal. This is strictly not true
(Crow and Shimizu 1988) but it has been shown that, in the
case of independent log-normal variables, the sum of those vari-
ables can be approximated reasonably well by a log-normal dis-
tribution (Barakat 1976; Fenton 1960; Mitchell 1968).
Therefore, if:

* X, X,, ..., Xy are multivariate log-normal
random variables,
*m, and s,2 are the mean and variance of X,
* 1., is the correlation between X, and X, with n # n’,

then:
e X=X, +X,+..X, is assumed to be log-normally distributed, with:
e amean: m(X) =m, + m, + ..M, (3.11)
and
* a variance:
N N N
S2AX) = 2 $2,+2 2 I, 5,5,
n=1 n=1 n=1
(3.12)

If there is no correlation between any of the variables, the
variance of X is simply:
$2(X) = 5,2+5,2+-5,2 (3.13)

It follows from the properties of log-normal
distributions that:

* the mean of Y = In(X), denoted as ., is:

m(X)
’ +_52(X)) "
m?(X)

m=In
(3.14)



« the standard deviation of Y, denoted as S, is:

s =[/n(1+%)]” (3.15)

« the median of X, denoted as <X>, is equal to e™
« the geometric standard deviation of X, denoted as GSD(X),
is equal to eS.

In summary, two critical assumptions are involved in
using the multiplicative log-normal method:

(1) the random variables must be assumed to be
log-normally distributed, and

(2) the distribution of a sum of log-normally distributed
random variables must be assumed to be log-normal.

The symbols used throughout this report for the parame-
ters of a log-normally distributed variable, X, and of its loga-
rithm, Y, are:

¢ the median of X is symbolized by <X>

* the geometric standard deviation of X is symbolized by
GSD(X)

o the arithmetic mean of X is symbolized by m(X)
¢ the variance of X is symbolized by s%(X)

¢ the median and arithmetic mean of Y = In X is
symbolized by m(X) or the shortened version, m

* the standard deviation of Y = In X is symbolized by
s (X) or the shortened version, S

It is useful to note that equations 3.9 and 3.10 can be
written as:

m(X) = <X> X g 0550 (3.16)

$2(X) = m2(X) X (e — 1) (3.17)

Deposition of 131 on the Ground

The values for p (X),<X>, s (X), and GSD (X) are
computed using the following relationships:

M) = In —m%()(x)—”
S

( =y ) (3.18)

x> = eMX) = m(X

1+82(X) |
m2(X) (3.19)
_ SN

s (X) = [ /n(1 + mz(X)H (3.20)
GSD(X) = s =g[m(1+200)]" (3.21)

The multiplicative log-normal method has been applied
to the variables in equation 3.5 in order to derive the medians
and geometric standard deviations of Ay, (sc). It is assumed that
there is no correlation between the variables in equation 3.5.

In the first step, the product of A;,,(n) and w(n),
denoted as WA;,,(n), called the weighted 3T deposition
density for Town Data Base site n, is computed:

WArga(n) = Arga(n) X w(n) (3.22)

The median of WA;,(n) is then calculated using:
< WAu(n) > = < Apgu(n) > X < w(n) > (3.23)
The values listed in Table 3.3 are the median of A, (n)
and the mean of w(n). The median of w(n), as used in equation
3.23, is derived from the mean using equation 3.16:
<w(n)>=m(whn))x e055 % (3.24)
The geometric standard deviation of WA, (1) is

calculated using;

GSD(WArgy(n) ) = €5 (Wam(n) (3.25)
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in which the value of s (WA;,(n)) is derived from the
variance, computed as in equation 3.8:

S 2 (WA (n)) =s 2 (Args(n)) + s 2(w(n)) (3.26)

In equation 3.26, the value of $2(A;,(n)) is obtained from
the value of GSD(A;,(n)) listed in Table 3.3, using:

S2(Ama(n))=1[In (GSD(AmA(n))]2 (3.27)

while the value of s 2(w(n)) is obtained from the
assumption that GSD(w(n)) is equal to 1.5 :

s2(w(n)=[In(GSD(w(n))] = [In(15)]* (3.28)

In a second step, the median and geometric standard
deviation of the sum of the weighted !3'I deposition densities
from each of the N Town Data Base sites in the sub-county con-
sidered are determined. From equations 3.5 and 3.22:

N
Argy (50) = 2 Whrg, (n) (3.29)
The mean of A, (sc) is obtained using:
N
m (Aron(s6)) = 2 m( Whrgy (n)) (3.30)

where the values of m(WA,,(n)) are calculated
from the relationship given in equation 3.16.

The variance of Ay, (sc) is obtained using;
N
S (Arpu (sC)) = ”2:7 82 (WArgy (1) (3.31)
where the values of s?(WA;,(n)) are calculated from the

relationship given in equation 3.17.
The median of A,(sc) is obtained from:

<Arpa (SC)> = @ m(Aui(s0)) (3.32)
where the value of M(WA,(sc)) is calculated from the
relationship given in equation 3.18.

The geometric standard deviation of A;,(sc) is obtained
from:

GSD ( Ay, (SC)) = €5 (Aun(s0)) (3.33)

where the value of s (WA, (sc)) is calculated from the
relationship given in equation 3.20.
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The median of the A, values obtained in each sub-
county in this way was taken to represent the median deposition
density of 1*!1 on the ground in that sub-county. The complete
results (estimates of <A, (sc)> and of GSD(A;,,(sc)) for each
sub-county in the Town Data Base area and for each test are pre-
sented in the Annexes.

3.3.1.1.1.2. Estimation of deposition densities of 13'I in the
County Data Base area

The County Data Base provides estimates for the time of arrival
of the radioactive cloud and for the exposure rate normalized at
12 hours after detonation (H + 12) for 55 nuclear tests and for
areas in 129 counties in Arizona, California, Colorado, Idaho,
Nevada, New Mexico, Oregon, Utah, and Wyoming (Beck and
Anspaugh 1991). Values of <A;,> were derived from the
County Data Base and from the tabulated quotients, published
by Hicks (1981a) for all the tests considered, of the deposition
of B per unit area of ground at H + 12 and of the exposure
rate at H + 12. The calculational procedure involves equations
3.1 to 3.4. The variable A, is assumed to be log-normally dis-
tributed. The largest uncertainty in the determination of Ay, is
believed to be due to the estimation of the median exposure rate
at H + 12 in the area considered. The geometric standard devia-
tion attached to the distribution of A, is assumed to be equal
to the geometric standard deviation assigned by Beck and
Anspaugh (1991) to the exposure rate at H + 12.

The County Data Base provides data for 120 undivided
counties and for nine counties (located in Arizona, California,
Nevada, and Utah) subdivided into 22 county segments because
of the substantial variations in the exposure rates at H + 12
resulting from some of the tests. In this report, two of those
county segments (the division of Kingman in Mohave county in
Arizona and the county segment including Bishop,
Independence and Lone Pine divisions in Inyo county in
California) were further subdivided into two parts in order to
account for large differences in the origin of fresh cows’ milk
supplied in those areas. The total number of geographic divi-
sions (counties or sub-counties) in the area covered by the
County Data Base is 144 (see Appendix 2).

The median of the ATOA values obtained in each county
or sub-county was taken to represent the median deposition
density of 1*'1 on the ground in that county or sub-county. As
an example, Table 3.4 presents the results obtained for the shot
Simon, detonated April 25, 1953. Complete results for the 55
tests for which County Data Base information is available are
presented in the Annexes.

Here again, as was the case for the depositions derived
from the Town Data Base, a large number of the 3'I depositions
per unit area of ground presented in Table 3.4 are listed as zeros.
In fact, those values may be true zeros, where there was no
deposition of radioactive materials from the test Simon, or they
may be lower than a threshold value of the deposition, as
inferred from the detection limit of the instruments or methods
that served to determine the exposure rate at H+12 in each par-
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Tahle 3.4. Estimates of median 3| depositions per unit area of ground (nCi m-2) at the County Data Basg area following shot Simon detonated 4/25/1953.
Test name Date State County 131 deposition density (ATOAv nCi m.z)
(y/moy/d)

Median GSD
SIMON 530425 AZ APACHE 4800 1.7
SIMON 530425 AZ COCHISE 0 1.0
SIMON 530425 AZ GILA 0 1.0
SIMON 530425 AZ GRAHAM 0 1.0
SIMON 530425 AZ GREENLEE 0 1.0
SIMON 530425 AZ MARICOPA 0 1.0
SIMON 530425 AZ NAVAJO 3200 1.7
SIMON 530425 AZ PIMA 0 1.0
SIMON 530425 AZ PINAL 0 1.0
SIMON 530425 AZ SANTA CRUZ 0 1.0
SIMON 530425 AZ YAVAPAI 0 1.0
SIMON 530425 AZ YUMA 0 1.0
SIMON 530425 AZ MOHAVE1* 1400 1.7
SIMON 530425 AZ MOHAVE2* 1200 1.7
SIMON 530425 AZ MOHAVE3* 1200 19
SIMON 530425 AZ MOHAVE4* 1200 19
SIMON 530425 AZ COCONINO1* 1400 1.7
SIMON 530425 AZ COCONINO2* 8100 1.7
SIMON 530425 AZ COCONINO3* 1600 15
SIMON 530425 CA LOS ANGELES 8 1.7
SIMON 530425 CA MONO 8 1.7
SIMON 530425 CA SAN BERNADINO 8 17
SIMON 530425 CA INYO1* 8 1.7
SIMON 530425 CA INYO2* 8 1.7
SIMON 530425 CA INYO3* 200 19
SIMON 530425 Co DELTA 740 1.7
SIMON 530425 Co DOLORES 1500 1.7
SIMON 530425 Co GARFIELD 500 1.7
SIMON 530425 Co LA PLATA 1100 17
SIMON 530425 CO MESA 960 15
SIMON 530425 (0] MOFFAT 150 17
SIMON 530425 Co MONTEZUMA 1100 1.7
SIMON 530425 Co MONTROSE 740 1.7
SIMON 530425 Co OURAY 740 17
SIMON 530425 COo RIO BLANCO 510 17
SIMON 530425 GO SAN JUAN 740 1.7
SIMON 530425 COo SAN MIGUEL 740 1.7
SIMON 530425 ID ADA 22 1.7
SIMON 530425 D BANNOCK 22 1.7
SIMON 530425 D BEAR LAKE 31 17
SIMON 530425 D BINGHAM 22 17
SIMON 530425 D BONNEVILLE 15 1.7
SIMON 530425 D CANYON 15 1.7
SIMON 530425 ) CARIBOU 23 1.7
SIMON 530425 D CASSIA 30 1.7

* Sub-county identified by the number at the end of the county name.
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Table 3.4. cont’d

Test name Date State County 131] deposition density (Argy, nCi M)
(y/mo/d)

Median GSD
SIMON 530425 D ELMORE 22 17
SIMON 530425 D FRANKLIN 30 17
SIMON 530425 D GOODING 22 1.7
SIMON 530425 D JEROME 22 17
SIMON 530425 D LINCOLN 22 17
SIMON 530425 D MINIDOKA 22 17
SIMON 530425 D ONEIDA 30 17
SIMON 530425 D OWYHEE 15 17
SIMON 530425 D POWER 30 1.7
SIMON 530425 ID TWIN FALLS 22 17
SIMON 530425 NV CHURCHILL 13 17
SIMON 530425 NV DOUGLAS 6 17
SIMON 530425 NV ELKO 13 17
SIMON 530425 NV EUREKA 14 1.7
SIMON 530425 NV HUMBOLDT 13 1.7
SIMON 530425 NV LYON 6 1.7
SIMON 530425 NV MINERAL 6 17
SIMON 530425 NV PERSHING 13 1.7
SIMON 530425 \\Y STOREY 6 17
SIMON 530425 NV WASHOE 13 1.7
SIMON 530425 NV WHITE PINE1* 41 1.7
SIMON 530425 NV WHITE PINE2* 41 17
SIMON 530425 NV WHITE PINE3* 4 17
SIMON 530425 NV CARSON CITY 13 17
SIMON 530425 NV LANDER1* 14 17
SIMON 530425 NV LANDER2* 14 1.7
SIMON 530425 NM BERNALILLO 1400 15
SIMON 530425 NM CATRON 380 1.7
SIMON 530425 NM CHAVES 3700 15
SIMON 530425 NM COLFAX 270 15
SIMON 530425 NM CURRY 2200 17
SIMON 530425 NM DE BACA 2200 1.7
SIMON 530425 NM DONA ANA 0 1.0
SIMON 530425 NM EDDY 740 17
SIMON 530425 NM GRANT 0 1.0
SIMON 530425 NM GUADALUPE 2200 17
SIMON 530425 NM HARDING 740 17
SIMON 530425 NM HIDALGO 0 1.0
SIMON 530425 NM LEA 740 17
SIMON 530425 NM LINCOLN 3000 17
SIMON 530425 NM LOS ALAMOS 1500 1.7
SIMON 530425 NM LUNA 0 1.0
SIMON 530425 NM MCKINLEY 3900 17
SIMON 530425 NM MORA 740 17
SIMON 530425 NM OTERO 0 1.0
SIMON 530425 NM QUAY 1800 17
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Table 3.4. cont’d

Test name Date State County 131] deposition density (Aqg, NCi M)
(y/mo/d)

Median GSD
SIMON 530425 NM RIO ARRIBA 1500 17
SIMON 530425 NM ROOSEVELT 2200 17
SIMON 530425 NM SANDOVAL 3000 1.7
SIMON 530425 NM SAN JUAN 1500 1.7
SIMON 530425 NM SAN MIGUEL 1500 1.7
SIMON 530425 NM SANTA FE 3000 1.7
SIMON 530425 NM SIERRA 0 1.0
SIMON 530425 NM SOCORRO 370 1.7
SIMON 530425 NM TAQOS 740 1.7
SIMON 530425 NM TORRANCE 2200 17
SIMON 530425 NM UNION 440 17
SIMON 530425 NM VALENCIA 2300 17
SIMON 530425 OR HARNEY 13 1.7
SIMON 530425 OR MALHEUR 13 17
SIMON 530425 ut BEAVER 880 15
SIMON 530425 ut CACHE 30 17
SIMON 530425 ut CARBON 150 1.7
SIMON 530425 ut DAGGETT 74 17
SIMON 530425 ut DAVIS 74 17
SIMON 530425 ut DUCHESNE 150 1.7
SIMON 530425 ut EMERY 380 17
SIMON 530425 ut GARFIELD 390 17
SIMON 530425 ut GRAND 590 17
SIMON 530425 ut JUAB 150 17
SIMON 530425 ut MILLARD 470 17
SIMON 530425 ut MORGAN 74 1.7
SIMON 530425 ut PIUTE 390 1.7
SIMON 530425 ut RICH 52 1.7
SIMON 530425 ut SALT LAKE 100 1.7
SIMON 530425 ut SAN JUAN 1100 17
SIMON 530425 ut SANPETE 220 17
SIMON 530425 ut SEVIER 390 1.7
SIMON 530425 ut SUMMIT 74 1.7
SIMON 530425 uT UINTAH 150 17
SIMON 530425 uT UTAH 110 17
SIMON 530425 uT WASATCH 110 17
SIMON 530425 ut WAYNE 380 17
SIMON 530425 ut WEBER 52 17
SIMON 530425 ut IRON1* 810 15
SIMON 530425 ut IRON2* 400 1.7
SIMON 530425 ut IRON3* 400 1.7
SIMON 530425 ut KANE1* 800 1.7
SIMON 530425 ut KANE2* 800 17
SIMON 530425 ut TOOELET™* 22 1.7
SIMON 530425 ut TOOELE2* 110 1.7
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Table 3.4. cont’d

Test name Date State County 131] deposition density (Argy, nCi M)
(y/mo/d)

Median GSD
SIMON 530425 ut BOX ELDER1* 22 1.7
SIMON 530425 Ut BOX ELDER2* 37 17
SIMON 530425 WY CARBON 150 17
SIMON 530425 WY FREMONT 150 17
SIMON 530425 WY LINCOLN 37 17
SIMON 530425 WY SULETTE 37 17
SIMON 530425 WY SWEETWATER 75 15
SIMON 530425 WY UINTA 75 17

ticular county or sub-county. This detection limit is likely to
have varied from location to location and from test to test. The
threshold value of the deposition also depends on the conver-
sion coefficient from the exposure rate at H+12 to the “total” 1311
deposition, which also varied from test to test. The smallest
non-zero 31 deposition per unit area of ground that was
derived from the County Data Base varied from test to test: for
example, the smallest non-zero 13'I deposition obtained for the
test Schooner detonated on 8 December 1968 was estimated to
be 0.3 nCi m-2, while the smallest non-zero 3'I deposition
obtained for the test Tesla detonated on 1 March 1955 was esti-
mated to be 28 nCi m=2. For the purpose of this report, it was
assumed that there was no '3'I deposition in the counties and
sub-counties for which exposure rates at H+12 were not report-
ed in the County Data Base.

3.3.1.1.2. National monitoring of deposition measurements
The gummed-film network data, when available, are used to
derive 13'I deposition densities throughout the United States for
all the nuclear tests that resulted in significant fallout. The origi-
nal fallout data have been re-evaluated by Beck (1984), and
coworkers, Beck et al. (1990).

Beck (1984) reviewed the methods of analysis and inter-
pretation of gummed-film data reported by Harley et al. (1960)
and modified the original analysis of the fallout data in order to
derive deposition estimates for 37Cs. The corrections applied to
the original fallout data to derive the '3'I deposition estimates
are based on Becks (1984) work with 37Cs and are summarized
as follows:

1. The collection efficiency of the gummed film was re-
assessed. Gummed film is an inefficient collector of
fallout relative to that actually deposited on the earth’s
surface. The efficiency of collection was probably
affected, among other factors, by humidity, dust load-
ing, washoff by rain, wind, and particle size of the fall-
out (Rosinski 1957, Rosinski et al. 1959). Estimates of
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collection efficiency for dry deposition, which were
originally thought to be about 60%, are now believed
to have been only about 20% for the measured beta
activity. This is based on comparisons of estimates of
137Cs deposition derived from exposure rates measured
at gummed-film sites near the Nevada Test Site (where
dry processes were the predominant mode of deposi-
tion) with estimates of 137Cs deposition made from the
gummed film. There is also good agreement between
the 137Cs estimates based on the corrected efficiency of
collection of gummed film and recent 37Cs activity
results from soil samples taken at different locations in
the western states (see Beck and Krey 1982). The col-
lection efficiency for wet deposition has been estimated
from three sets of experimental data: (a) comparison of
measurements of the fallout in precipitation carried out
by the Public Health Service in the 1950s and of the
corresponding gummed-film results obtained at the
same time and location; (b) measurements of naturally-
occurring radioactive particles deposited by precipita-
tion in 1986 on sticky material that exhibits properties
similar to those of the gummed film used in the 1950s;
(c) measurements of '3'1 originating from the
Chernobyl accident and deposited by precipitation on
the same sticky material. Although the results from
each of the 3 sets of data contain large variabilities, the
combination of the results clearly indicates that the
collection efficiency of gummed film depends on the
daily precipitation amount: about 30% for light rain
and less than 10% for heavy showers (Beck et al.
1990). These values also are in agreement with mea-
surements carried out under controlled conditions
(Hoffman et al. 1989). Table 3.5 presents the estimated
gummed-film collection efficiencies for each precipita-
tion index value used in this report.
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Table 3.5. Variation of the estimated collection efficiency of fallout by gummed film as a function of daily rainfall. (Beck et al. 1990).
Precipitation Daily rainfall Estimated collection efficiency of fallout
index (mm) by gummed film, %
1 20
2 <025 30
3 0.25-0.76 30
4 0.76-2.5 25
5 25-76 15
6 7.6-25 10
7 25-76 6.7
8 76-127 6.7
9 >127 6.7

2. The efficiencies of radioactivity counting equipment
varied from test series to test series according to the
counting procedure and the radioactivity standard
used. The data are corrected for the appropriate
counter efficiency to convert count rate to the proper
value of beta activity.

3. As a result of sample preparation at temperatures rang-
ing from 500 to 550 degrees Celsius, it has been
assumed that the total beta activity measured on the
original samples did not include any of the volatile
radionuclides, such as 13'I. Although originally no cor-
rections were made for these losses, the total beta
activity results have since been corrected for the loss of
the volatile radionuclides using the data reported by
Hicks (1981a).

4. The total beta activity at the time of sampling was
inferred from the total beta activity at the time of
counting. To this end, use was made of the calculated
decay rates of the total beta activity and of each of the
significant radionuclides, including ', that were pub-
lished by Hicks (1981a) for a number of fixed times
after detonation, and for each test that resulted in off-
site fallout. These results show that the original t12
decay rate that previously was used occasionally result-
ed in occasional substantial errors in reported beta
activities. The proper decay rate for each test was used
in the evaluation.

5. The ratio of the 13'I activity to the total beta activity at
the time of sampling is calculated from Hicks’ tables
(1981a). The product of this ratio and of the total beta
activity permit the calculation of the 31 deposition per
unit area of ground; the results are expressed in

nanocuries per square meter (nCi m) at the time of
deposition.

6. When data other than gummed-film data were used,
further calculations were necessary to estimate the 31
deposition at that location. Details on how these cal-
culations are performed can be found in Beck (1984).
For example, when high-volume air sampler data were
used, it was assumed that the quotient of the deposi-
tion rate and of the air concentration at ground-level
(a quantity usually called deposition velocity) was
equal to 5 cm s (Beck 1984).

Beck (1984) estimated a measurement uncertainty of
40% to all daily estimates of '3’Cs deposition from gummed-film
data and a measurement uncertainty of 80% when other than
gummed-film data were used. In this report, the daily estimates
of 1311 deposition obtained by means of the analysis described
above are taken as the median deposition densities of 13'T in the
counties in which the gummed-film collectors were located,
with associated geometric standard deviations of 1.5. These
daily estimates of 1>'1 deposition were rounded to the nearest
integer, with the implication that values less than 0.5 nCi m-
are treated as zeros.

One of the difficulties in the re-analyses of monitoring
data is that original data may have been either mislabelled or not
assigned to the appropriate nuclear weapons test. In an effort to
alleviate this potential difficulty, locations of gummed-film moni-
toring that showed that fallout occurred were systematically
compared with the path of fallout cloud as projected by a mete-
orological model (see Appendix 1). When discrepancies
between the data and the projected path occurred, professional
judgment was applied to each case to decide whether or not to
utilize the gummed-film data.
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The resulting data set includes daily depositions of 31 at
up to 95 locations in the U.S. during most of the atmospheric
testing period. Those 3!1 depositions are associated with infor-
mation on the precipitation amounts occurring during the same
24-h periods. Table 3.6 lists, as an example, results obtained for
the shot Simon for the first 7 days following detonation. The
complete results for all tests for which gummed-film data were
analyzed are provided in the Annexes.

3.3.1.2. Determination of 13! deposition in counties
without monitoring data

The estimation of 13!l deposition in more than 3,000 counties
based upon data available from 95 or fewer locations presents a
considerable problem in spatial interpolation. A solution was
sought that would make the best use of all of the available
information known to affect the deposition at a site. For exam-
ple, the amount of fallout at a particular site is known to be
highly dependent on whether or not precipitation occurred dur-
ing the passage of the cloud, and on the intensity of any such
precipitation. This is a systematic relationship in that, given that
the cloud is present, it is believed that the deposition generally
increases with the intensity of the rain. It also is clear that the
amount of fallout in counties that are near one another will be
more closely related than those that are farther apart. When the
deposition measured in a particular county was high, it is more
likely that the deposition in a neighboring county also would be
high rather than low. As one moves farther from the original
county, however, the strength of this relationship diminishes.
This kind of relationship is far less certain than that involving
the rainfall. In essence, the data are statistically correlated, and
the strength of this correlation depends on the distance between
the sites.

3.3.1.2.1. Selection of the interpolation technique

Several methods for spatial interpolation of 3'I deposition were
investigated. Early analyses using a variety of interpolation tech-
niques showed that kriging results were far more flexible than
those obtained with other procedures such as spline curve fit-
ting. Kriging originally was developed to estimate gold reserves
in the mining industry, but in recent years it has been used
increasingly for the analysis of environmental contamination
(e.g., Zirschky 1985), including acid rain (Eynon and Switzer
1983). The technique also was used by ORERP to estimate
some of the Town Data Base exposures (Thompson and
Hutchinson 1988).

The kriging technique was selected because it has the
advantage of being able to accommodate both systematic rela-
tionships among the data, such as the amount of rainfall, and
statistical correlations among the data, such as the relative prox-
imity of the different gummed-film sites. Kriging also is known
to be an exact interpolator, in that the results will always yield
the exact value of the original data at a measurement site,
whereas some other methods, such as least squares, in general
return a somewhat different value depending on the fit to the
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original data. The particular approach to kriging used in this
study is described by Ripley (1981) and Oden (1984), and the
reader is referred to those publications for the mathematical
details. The computer code used to perform the analyses was
provided by Oden (1987) and modified at EML in order to con-
form to the particular requirements of this study.

3.3.1.2.2. Application of the kriging technique
The data upon which the kriging analysis is based are the 31
depositions inferred from total beta activity at the gummed-film
locations in operation on a given day following a nuclear test
(Beck et al. 1990). Generally, on the first day or two, detectable
deposition was confined to a few stations within several hun-
dred miles (or kilometers) of the Test Site. In order to insure a
reasonable level of credibility in the calculated depositions, the
kriging analysis was carried out only for those tests that resulted
in a sufficient number (usually 20) of positive gummed-film
results. When the close-in deposition pattern following a test
incorporated only a few locations, the patterns for two consecu-
tive days occasionally would be combined in order to provide
an adequate data base for the kriging program. As the fallout
cloud traveled (usually) eastward across the U.S., the deposition
pattern widened; however, many of the stations still did not
indicate any detectable fallout since the radioactive cloud rarely
covered the entire country. To avoid unnecessary interpolations
of many zero results between the gummed-film stations located
outside the deposition pattern, a gummed-film station was not
included in the analysis unless there was a measured deposition
of one or more of its four closest neighboring stations. Results
from Canadian stations located near the U.S. border were con-
sidered in this decision process. This procedure was found to
provide satisfactory limits for enclosing the boundary of the
deposition pattern while focusing the analysis on the important
locations with measurable fallout. Any county outside the depo-
sition pattern was assigned a value of zero deposition for that
day On some days, two or more distinct areas of deposition
could be defined, e.g., an area of dry deposition in the west dis-
tant from an area of wet deposition in the east. In such
instances, the two areas were analyzed separately because the
rainfall dependences and the strength of the proximity correla-
tions would generally be different in the two areas, and the com-
bination of the two areas would distort these relationships.

The kriging analysis was carried out for each day and for
each distinct area of deposition by first converting the data to a
logarithmic scale. This was done because the data tend to span
a wide range, often several orders of magnitude, with many low
values and a few much higher ones. As with most environmen-
tal monitoring data, a log transformation brings the data closer
to a normal (bell-shaped) distribution. Analyses performed
without using this transformation resulted in physically unrealis-
tic fallout patterns compared to those obtained with logarithmic
transformed data. The transformed data at each site were fit to
the reported precipitation index value for that site on that day;
this removed the systematic influence of rainfall. Other system-
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Table 3.6. Estimates of 13!l daily deposition derived from gummed-film results (DG; unit: nCi m2) and associated precipitation indices (Pi) for the test
Simon detonated 4/25/1953.
Month and day
Site State 4/25 4/26 4027 4/28 4/29 4/30 5/01

DGa Pib DG Pi DG Pi DG Pi DG Pi DG Pi DG Pi
Abilene X 0 1 34 1 1 1 13 5 6 1 3 1 1 1
Albany NY 0 1 11,000 7 120 6 52 2 NA 1 90 7 12 1
Albuguerque NM 0 1 930 1 240 1 56 4 35 1 19 1 2 1
Alpena Mi 0 1 0 1 0 1 0 1 0 1 12 6 8 6
Amarillo X 0 1 340 1 210 1 2 1 8 2 12 1 3 1
Atlanta GA 0 1 0 1 0 1 0 1 24 7 9 8 0 1
Baltimore MD 0 1 0 1 0 1 12 3 16 1 18 5 1 1
Billings MT 0 1 0 1 3 2 90 5 0 1 0 1 0 1
Binghamton NY 0 1 24 6 0 1 0 1 0 1 8 6 2 5
Boise D 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Boston MA 0 1 0 1 7 4 1 1 3 1 12 6 2 6
Buffalo NY 0 1 1 5 0 1 1 2 0 1 7 5 8 6
Butte MT 0 1 0 1 1 1 3 5 0 1 0 1 0 1
Caribou ME 0 1 0 1 360 6 1 2 20 2 0 1 10 1
Casper WY 0 1 1 1 200 1 92 4 3 5 0 1 1 5
Charleston SC 0 1 0 1 0 1 0 1 4 1 0 1 0 1
Cheyenne WY 0 1 59 1 60 1 30 3 1 1 1 1 0 1
Chicago IL NAC 1 NA 1 NA 1 NA 1 NA 1 NA 1 NA 1
Colo Springs (o] 0 1 1 1 120 1 110 5 2 2 5 3 1 4
Concordia KS 0 1 0 1 63 1 85 5 42 6 0 1 0 1
Corpus Chris X NA 1 1 1 1 3 0 1 NA 1 1 1 NA 1
Dallas X 0 1 190 1 140 1 60 7 16 2 1 1 3 1
Dansville NY 0 1 0 1 0 1 0 1 0 1 6 2 5
Del Rio X 0 1 1 1 0 1 4 1 2 1 0 1 0 1
Denver (0] 0 1 19 1 110 1 78 5 9 1 6 5 1 1
Des Moines 1A 0 1 0 1 1 1 23 1 96 6 10 6 1 2
Detroit MI 0 1 0 1 0 1 38 5 1 2 5 3 5
Dunkirk NY NA 1 NA 1 0 1 0 1 0 1 8 2 NA 1
East Port ME NA 1 NA 1 140 6 0 1 10 NA 1 15 5
Elko NV 0 1 0 1 1 5 0 1 2 3 0 1 0 1
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Table 3.6. cont’d

Month and day
Site State 4425 4/26 427 4/28 4/29 4/30 5/01

DGa pie DG Pi DG Pi DG Pi DG Pi DG Pi DG Pi
Ely NV 12 1 7 1 20 4 1 2 0 1 0 1 0 1
Eureka CA 0 1 0 1 0 1 0 1 0 1 1 0 1
Fargo ND 0 1 0 1 1 1 14 2 115 5 NA 1 4 6
Flagstaff AZ 1100 1 150 1 190 6 6 3 0 1 0 1 0 1
Fort Smith AK 0 1 0 1 150 7 27 7 10 2 1 1 1 1
Fresno CA 0 1 0 1 2 6 0 1 0 1 0 1 0 1
Goodland KS NA 1 NA 1 160 1 82 5 6 6 1 3 0 1
Grand JNC () 0 1 870 1 84 3 7 5 6 1 3 2 0 1
Grand Rapids MI 0 1 0 1 0 1 130 5 10 2 NA 1 6 5
Green Bay Wi 0 1 0 1 0 1 6 3 13 2 10 6 0 1
Helena MT 0 1 0 1 0 1 2 5 0 1 0 1 0 1
Huron SD 0 1 0 1 1 1 220 6 90 6 3 7 0 1
Jackson MS 0 1 0 1 109 1 170 1 190 8 2 1 0 1
Jacksonville FL 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Kalispell MT 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Kansas City MO 0 1 0 1 90 1 40 4 30 7 2 2 10 3
Knoxville N NA 1 0 1 0 1 6 1 12 6 1 5 0 1
Las Vegas NV 0 1 4 1 7 1 NA 1 0 1 0 1 1 1
Los Angeles CA 2 2 0 1 2 6 0 1 0 1 0 1 0 1
Louisville KY 0 1 0 1 73 5 110 1 50 3 3 2 1
Lynchburg VA 0 1 0 1 0 1 36 1 8 1 8 6 0 1
Marquette M 0 1 0 1 0 1 0 1 5 2 32 6 1 5
Medford OR 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Memphis N 0 1 0 1 26 1 180 2 27 8 2 1 1 1
Miami FL 0 1 0 1 42 1 34 1 3 1 1 1 0 1
Milford ut 320 1 240 1 240 5 6 6 1 2 0 1 0 1
Milwaukee Wi 0 1 0 1 0 1 280 6 4 3 20 6 10 5
Minneapolis MN 0 1 0 1 0 1 110 3 180 5 18 6 1 5
Mobile AL 0 1 0 1 0 1 19 1 13 5 0 1 NA 1
Montgomery AL 0 1 0 1 1 1 38 1 33 7 3 5 0 1
Nashville N 0 1 0 1 1 1 42 1 180 7 2 1 0 1
New Haven CT 0 1 3 5 0 1 0 1 0 1 18 7 0 1
New Orleans LA 0 1 0 1 150 1 130 1 39 4 6 1 2 1
New York AEC NY 0 1 0 1 0 1 1 1 NA 1 10 6 0 1
Philadelphia PA 0 1 0 1 0 1 0 1 1 2 8 6 2 5
Phoenix AZ 0 1 0 1 1 2 0 1 0 1 0 1 0 1
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Tahle 3.6. cont’d

Month and day
Site State 4425 4/26 421 4/28 4/29 4/30 5/01
DG Pib DG Pi DG Pi DG Pi DG Pi DG Pi DG Pi

Pittsburgh PA 0 1 0 1 0 1 4 3 19 1 6 3 5 2
Pocatello D 0 1 10 1 6 6 0 1 0 1 0 1 0 1
Port Arthur 1D 0 1 17 1 18 1 28 2 10 6 4 1 0 1
Portland OR 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Providence RI 0 1 2 6 0 1 0 1 1 1 75 7 1 5
Pueblo co 0 1 0 1 120 1 21 4 8 2 3 1 0 1
Rapid City SD 0 1 0 1 5 1 250 6 4 6 0 1 0 1
Raton NM 0 1 10 1 100 1 10 2 17 3 9 2 5 1
Reno NV 0 1 0 1 0 1 13 1 0 1 0 1 0 1
Rochester NY 0 1 2 5 0 1 0 1 0 1 16 6 6 6
Rock Springs WY 0 1 42 2 14 1 1 5 0 1 0 1 0 1
Roswell NM 25 1 4200 1 710 1 200 3 17 1 1 1 2 1
Sacramento CA 0 1 2 6 0 1 0 1 0 1 0 1 0 1
Salt Lake ut 0 1 64 1 37 5 0 1 0 1 0 1 0 1
San Diego CA 0 1 0 1 0 1 0 1 0 1 0 1 0 1
San Francisco CA 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Scottsbluff NB 0 1 1 1 28 1 55 5 0 1 0 1 0 1
Seattle WA 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Spokane WA 0 1 0 1 0 1 0 1 0 1 0 1 0 1
St. Louis MO 0 1 0 1 32 1 9% 3 30 3 13 5 5 1
Syracuse NY 0 1 3 5 1 5 0 1 0 1 1 0 1
Texarkana AK 0 1 0 1 26 1 66 7 7 5 3 1 1 1
Tucson AZ 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Washington DC 0 1 0 1 0 1 13 2 26 1 14 6 1 5
Watertown NY 0 1 0 1 0 1 0 1 3 1 12 6 2 5
Wichita KS 0 1 0 1 285 1 55 2 33 5 2 2 5 3
Williston ND 0 1 0 1 1 2 57 4 76 6 4 6 1 5
Winnemucca NV 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Yuma AZ 0 1 0 1 0 1 1 1 0 1 1 1 0 1

2 DG=daily deposition of ™31 per unit of area of ground (nCi per m-2)

b Pi=precipitation index

¢ NA=not available
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atic relationships in the data were also explored, including any
possible dependence of fallout on the latitude and longitude of
the gummed-film station, and the predicted amount of radioac-
tive material in the air column above the gummed-film station
as determined from NOAAs meteorological model. In virtually
every case, the precipitation index emerged as the single most
important parameter in predicting systematic variations in 31
deposition. The calculated air column content was rarely a good
predictor of the measured daily deposition. This reflects the rel-
ative discrepancy between the calculated position of the radioac-
tive cloud and the observed areas of deposition (especially at
long distances from the NTS and several days after detonation)
and the uncertain altitude and efficiency of scavenging by rain
clouds relative to radioactive clouds. The reasons for this are
discussed in Appendix 1, which describes the meteorological
model.

Statistical correlations among the deposition values at
different locations were examined as a function of the relative
distance between locations by using one of a number of simple
mathematical functions depending on a single parameter. In
this study, several such mathematical functions were fit to each
data set, and the most appropriate data set for a given day and
test was determined by a cross-validation procedure. This pro-

cedure consisted of removing one data point from the set and
using the other data points to predict its value by kriging. The
average error obtained after sucessively removing and predicting
each point of the set in sequence is the cross-validation error.
The mathematical function with the smallest associated cross-
validation error generally was the one used. The magnitude of
the improvement in the estimation of the interpolated values
which results from the use of statistical correlations was deter-
mined by comparing the cross-validation error after kriging,
including the effects of statistical correlations, with that obtained
after only correcting for the effect of precipitation (and any other
significant systematic relationships that were found). This
improvement corresponded to a reduction factor in the cross-
validation error of about 50% on average.

After the best fit to both systematic and statistical rela-
tionships among the data was determined, these relationships
were used to calculate the deposition at the geographic center
(centroid) of each county that could have received fallout. The
average precipitation index for each county, as provided by
NOAA, was used to predict the average wet deposition in the
county. A map of the U.S. was generated for each day following
each test showing the measured deposition at each gummed-
film location and the interpolated values at each county cen-

polated results, for each county centroid, obtained by kriging.

Figure 3.9. Estimates of daily deposition of 13| per unit area of ground for April 27, 1953 (2 days after detonation of the shot Simon). The numbers in
large characters represent the 131l deposition derived from the gummed-film results whereas the numbers in small characters are the inter-
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the precipitation index.

Tahle 3.7. Geometric standard deviations (GSDs) attached to the estimates of '3l deposition, according to the values of the kriging error and of

GSD

Multiplicative
kriging error

Precipitation indices 1 to 4

Precipitation indices 5 to 9

1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
>3.0

1.5
2.0
2.5
3.0
35

2.0
2.5
3.0
3.5
4.0

troid. An example is shown in Figure 3.9. Each map was exam-
ined to ensure that the interpolated values were consistent with
the measured deposition pattern, the rainfall pattern, and
expected atmospheric transport processes.

3.3.1.2.3. Discussion of uncertainties

The success of the interpolation effort can be measured in sever-
al ways. The magnitude of the cross-validation errors indicates
that the deposition at any given location could be predicted
from the 13'I depositions derived from gummed-film data at
other locations to within about a factor of three. The kriging
analysis itself produces an estimate of the interpolation error at
each site using the mathematical function describing the statisti-
cal correlations. This is called the kriging standard deviation.
Most alternative interpolation methods provide no such esti-
mate. While there are a considerable number of assumptions
necessary to deduce an interpolation error from the kriging stan-
dard deviation, it can be used as a relative indicator of the
uncertainty in the results. In general, the closer a county cen-
troid is to actual measurement locations, the smaller the interpo-
lation error. The highest errors occur when values are extrapo-
lated beyond the boundaries of the fallout pattern. Fortunately,
this occurred rarely and generally involved low deposition val-
ues. The kriging standard deviation indicates that the typical
interpolation error is about a factor of two or three. This is in
general agreement with that estimated from the cross-validation
errors.

The deposition estimate for each day and each county
obtained by the kriging analysis is assumed to represent the geo-
metric mean of a log-normal distribution; the geometric stan-
dard deviation, GSD, associated with the deposition estimate
was taken to be slightly higher than the kriging error in order to
account for other possible sources of error such as the uncer-
tainties attached to the estimates of 13T deposition at the
gummed-film sites and the precipitation index. The GSDs were
assigned as indicated in Table 3.7.

The estimate of !l deposition derived from gummed-
film data at each gummed-film site was compared to the inter-
polated value at the centroid of the county within which it was
located in order to assess any potential biases in the interpolated
depositions for individual counties. The average difference in
these values was only 12%, which is very small compared to the
other estimates of interpolation error. This would indicate that
the interpolation errors are about as likely to result in an overes-
timate as in an underestimate at any particular site. The total
activity of T deposited over the U.S. for each day was calculat-
ed by multiplying the interpolated deposition value at each
county centroid by the area of the county and summing all of
the county depositions. When the total activity of ' deposited
over the entire U.S. is summed for all days on which fallout
occurred following a given test, the result can be compared to
the total amount of 13'I estimated to have been produced by the
test. For example, the total *'I deposition across the U.S. from
the test Simon was estimated to be 1.8 MCi by the kriging tech-
nique, or approximately 30% of the 3T produced by that test.
This does not include the deposition in the immediate vicinity
of the NTS, for which the spatial resolution of the gummed-film
stations is insufficient to provide adequate interpolated values.
However, the result is consistent with other estimates, and indi-
cates that the kriging analysis does not result in a significant sys-
tematic bias. For other tests, the range of estimated total !l
deposition was 3-70% of that produced, and varies generally in
a manner consistent with what is known of relationships
between amounts of 'T produced by a test and the fallout asso-
ciated with that test (Beck et al. 1990). Estimates of the total
deposition of 13! is discussed in Section 3.6.

In summary, the challenging task of estimating realistic
deposition values in over 3,000 U.S. counties from fewer than
100 data points was accomplished for 38 tests by using a com-
bination of statistical analysis together with all available informa-
tion about the physical deposition process. The method consist-
ed in using an interpolation scheme known as kriging, the
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results of which were carefully monitored and inspected though-
out the process to ensure that the results were physically reason-
able. The predicted values are estimated by a variety of means
to be generally accurate within about a factor of three, and do
not appear to contain any significant bias in either direction.

3.3.1.2.4. Use of the Area-of-Influence Precipitation-
Corrected (AIPC) method

For those tests and days that resulted in a very small number of
positive gummed-film results, the determination of the deposi-
tion in the counties without monitoring data required a less
complex approach. In those cases, the irregular deposition pat-
terns that were generally involved would lead to unreasonable
or questionable values if the interpolation were performed by
the objective kriging technique. Such cases were treated by a
much simpler method than kriging: the deposition in the county
of interest was taken to be the same as in the nearest county
with a measured gummed-film value if the precipitation indices
were the same; if the precipitation indices differed, the estimates
of deposition were adjusted using precipitation weights. The
values of the precipitation weights, which were derived from the
scavenging coefficients used in the meteorological model
described in Appendix 1, are presented in Table 3.8.

This simple technique, denoted as AIPC (acronym for
Area-of-Influence, Precipitation Corrected method) was used for
the days when the kriging procedure was not applied but posi-
tive 1311 depositions per unit area of ground had been derived
from the gummed-film measurements and precipitation data
were available. The AIPC technique was either used for com-
plete tests or for days following a test that had few positive
gummed film results. Generally, the tests to which this simpler
procedure has been applied released less 'I into the atmos-

phere than did the tests for which kriging was done.

For the days and tests for which the ATPC method was
used, the GSD associated with the depositions obtained with the
ATPC method was taken to be 1.5 for counties with gummed-
film values and 4.0 for all other counties

3.3.2. Meteorological Transport Approach

The national network of gummed-film monitoring stations was
operational from the autumn of 1951 until 1960. The
gummed-film network was not operational for the tests of the
Ranger series detonated in January and February 1951, or for
the tests of the underground testing era (from 1961 to date). No
deposition data that can be related to those tests conducted at
the NTS are available, except in the close-in area. For these
tests, another method for determining the deposition of 31
across the U.S. has been employed, but it is deemed less reliable
than either the kriging or the AIPC methods. This alternative
method simulates the transport and diffusion of the cloud of
radioactive debris across the United States based on observed
wind patterns and assumes that the 13'T deposits only with pre-
cipitation.

The 131 releases from the nine tests evaluated using the
meteorological transport model were relatively small; only four
of them released more than 1 MCi of '*'I and none more than
3.5 MCi. The smaller amounts of *'I produced by the 9 tests in
this category should be kept in mind when the associated large
uncertainties using this approach are compared to the smaller
uncertainties associated with the depositions predicted by the
kriging and AIPC methods.

Three of the four larger tests (Baker, Baker-2, and Fox
from the Ranger series) were air bursts which helps to justify the
use of a model which only predicts deposition by precipitation

Tahle 3.8. Relationship between the 24-h precipitation values and the precipiation weights used in the AIPC method.

24-h precipitation amount
Precipitation Index Precipitation weight
(inches) (millimeters)
1 none none 1
2 trace trace 15
3 0.01-0.03 0.25-0.76 2
4 0.03-0.10 0.76-2.5 2
5 0.10-0.30 25-76 4
6 0.30-1.00 7.6-25 6
7 1.00-3.00 25-76 10
8 3.00-5.00 76-127 10
9 5.00 or over 127 or over 10
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scavenging. The fourth test (Sedan) was a cratering event,
which produced airborne dust that deposited quickly. Very little
of the radioactive debris was transported much farther than a
few hundred kilometers, where it was measured.

There are major uncertainties in each of the steps leading
to the predictions of deposited '*'I by the meteorological trans-
port model. Rather than quantifying each of these uncertainties,
the overall uncertainty was described in the uncertainty of the
estimate of the scavenging, or wet removal, coefficient. This
coefficient is the ratio of the deposited activity to the activity in
the overhead radioactive cloud, and its uncertainties are due to
errors in the source term of 1311, in the meteorological transport
model, in the assumed dispersion of the clouds and the charac-
ter of the scavenging process. The scavenging coefficient is esti-
mated from data obtained during the predicted passage of
radioactive clouds over gummed-film stations while there was
precipitation and thus it contains all the uncertainties of the
transport and dispersion model as well as the uncertainties in
the scavenging characteristics. It also includes the smaller
uncertainties of the gummed-film 3T depositions at monitoring
sites, referred to in Section 3.2.2.2. The uncertainty in the
scavenging coefficient as described above can be applied directly
to the uncertainty that is assigned to the deposition of 13'I esti-
mated by this method.

It should be emphasized, however, despite the limitations
of the meteorological transport method, the relatively small
atmospheric releases of 1311 from these tests to which it is
applied produce small estimated deposition values. The use of
the meteorological model to estimate 13! depositions per unit
area of ground resulting from a given nuclear weapons test
involves the estimation of:

(a) the activity of 13' released into the atmosphere by the
test considered,

(b) the initial distribution of 1311 in the mushroom cloud
produced by the explosion,

(¢) the transport and dispersion across the U.S. of the 131
present in the radioactive cloud, and

(d) the deposition of 'I on the ground with falling
precipitation.

A detailed description of the meteorological model
is provided in Appendix 1.

Deposition of 13! on the Ground

3.4. COMPARISON OF THE ESTIMATES OF DAILY 1311 DEPOSITIONS PER
UNIT AREA OF GROUND OBTAINED WITH VARIOUS METHODS

There are, all together, 3,094 counties and sub-counties for
which 13!l deposition densities were estimated:

(a) 5 counties in the Town Data Base, subdivided into
13 counties,

(b) 120 undivided counties and 9 counties sub-divided
into 24 sub-counties in the County Data Base, and

(c) 2,937 undivided counties in the remainder of the
contiguous United States.

In the area covered by the Town and County Data Bases
(157 counties and sub-counties, also called “near-NTS area”),
estimates of 13!I deposition per unit area of ground could be
obtained for the tests for which both exposure rates and
gummed-film data are available, using ORERP results, the krig-
ing method, the AIPC method, and the meteorological transport
model. The last three methods could also be used to estimate
BIT depositions per unit area of ground in the 2,937 counties
representing the remainder of the contiguous United States
when gummed-film data were available. In order to illustrate
the advantages and disadvantages of the various methods, and
also in order to show the importance of some of the assump-
tions used in the calculations, the deposition results obtained
with the different methods are compared in the following sec-
tions, using several days of deposition following the test Simon
detonated April 25, 1953 as examples.

3.4.1. Comparison of the '3'I Depositions Per Unit Area of
Ground Obtained with Various Methods for the Counties
Near the NTS

The estimates of 1311 deposition per unit area of ground derived
by ORERP using measured exposure rates, as well as those
obtained by the kriging and by the ATPC method for the coun-
ties in the near-NTS area are presented for the test Simon are
presented in Figures 3.10, 3.11, and 3.12, respectively. Figure 3.11
shows, in addition, the !l depositions per unit area of ground
that are calculated from the gummed-film data, expressed in
nanocuries per square meter. These values form the basis for
the estimation of 13!1 deposition per unit area of ground for the
kriging (Figure 3.11) and the AIPC methods (Figure 3.12). An
array of supplementary data, some of which is classified, was
used by ORERP to produce the results in Figure 3.10. The esti-
mates of 13T deposition per unit area of ground that would be
obtained with the meteorological transport model have not been
calculated since it did not rain in most of the counties consid-
ered during the time of deposition of radioactive materials fol-
lowing the test Simon. The results obtained with the meteoro-
logical transport model would have been extremely patchy
because the meteorological model can only calculate the deposi-
tions associated with falling precipitation.
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The overall patterns of deposition obtained with the three
methods are fairly similar, with the highest values in northern
Arizona, southern New Mexico, and southwestern Colorado,
and with low values in California, southern Arizona, and west-
ern Nevada. There are, however, substantial differences in the
deposition levels obtained in some counties: for example, a very
high deposition is calculated in Clark county in southeastern
Nevada with the ORERP data (Figure 3.10) whereas both the
kriging and the ATPC methods yield lower values for that coun-
ty; conversely, the deposition estimates derived from the ORERP
data for counties in the southern part of New Mexico are lower
than those estimated using either the kriging or the AIPC
method. This is undoubtedly due to the fact that the deposition
at the widely separated gummed-film sites did not represent
adequately the average deposition in those counties for that par-
ticular day. The ORERP approach employed more sources of
information and a finer resolution in the measurements and pro-
duced better estimates of the average deposition. It is also to be
noted that the AIPC method, in the absence of rain, yields con-
stant deposition levels over large areas (see, for example, New
Mexico in Figure 3.12), resulting in areas of either high or low
contamination, whereas the transitions of contamination levels
between counties are smoother when the other two methods are
used.

The overall similarity of the deposition patterns obtained
with the three methods is also verified in Figures 3.13 and 3.14,
where the ratios of the depositions obtained in the same coun-
ties with, on the one hand, the kriging or the AIPC method,

and, on the other hand, the ORERP data, are plotted as his-
tograms. Figure 3.13, which compares the estimates of 13'1
deposition per unit area of ground obtained with the kriging
method to those derived from the ORERP data, shows that, on
the average, the kriging method resulted in deposition estimates
that were lower than those derived from the ORERP data. The
dispersion of the ratios, however, is relatively small, with most
of the values in agreement within a factor of 4.

Figure 3.14, which compares the estimates of 1*'I deposi-
tion per unit area of ground obtained with the ATPC method to
those derived from the ORERP data, shows, on the contrary, a
wider dispersion of the ratios but a larger number of counties in
which the AIPC method led to higher deposition estimates than
those derived from the ORERP data.

Even though the comparison of the estimates of 131
deposition per unit area of ground obtained with the three
methods for the counties in the near-NTS area are limited to a
single test, it seems that the overall agreement is relatively good.
It is clear that the depositions obtained from the ORERP data are
to be preferred to those obtained with the other two methods as
the ORERP data are culled from a large array of measurement
results, some of which are not available to the general public.
Since the spatial variation of the fallout deposition was quite
substantial in the area near the NTS, the finer grid of measure-
ment results used by ORERP leads to a better representation of
the fallout pattern.

1953 and for the near-NTSarea.

Figure 3.10. Estimates of '3'| deposition per unit area from the exposure rates at H + 12 reported by ORERP for the test Simon detonated April 25,
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Figure 3.11. Estimates of ™3l deposition per unit area of ground derived from the test Simon detonated on April 25, 1953 and for the near-NTS area.
The numbers represent the 13| depositions derived from gummed-film measurements at the gummed-film sites.

Figure 3.12. Estimates of ™3l deposition per unit area of ground derived from the gummed-film measurements by the AIPC method for the test Simon
detonated on April 25, 1953 and for the near-NTS area.
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Figure 3.13. Distribution of the ratios of the estimates of *3'| deposition per unit area of ground derived from the gummed-film measurements by the
kriging method to those derived from the exposure rates at H + 12 reported by ORERP for the test Simon detonated on April 25, 1953 and

for the near-NTS area.
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Figure 3.14. Distribution of the ratios of the estimates of '3'l deposition per unit area of ground derived from the gummed-film measurements by the
AIPC method to those derived from the exposure rates at H + 12 reported by ORERP for the test Simon detonated on April 25, 1953 and

for the near-NTS area.
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3.4.2. Comparison of the '3'I Depositions Per Unit Area of
Ground Obtained with Various Methods for the Counties in
the Remainder of the Contiguous United States

The sets of deposition estimates that have been obtained with
the meteorological model and with the kriging and AIPC meth-
ods for the 2,937 counties that are in the remainder of the con-
tiguous United States have been compared for April 28 and 29,
1953, that is, 3 and 4 days after the detonation of the test
Simon, at a time when deposition almost had ceased in the near-
NTS area but was observed in the eastern part of the country. A
third comparison was made for July 8, 1957, three days after
detonation of the test Hood. The date was selected because
rainfall was widespread and it provided an expanded test of the
meteorological transport model.

3.4.2.1. Comparison of the 3'I depositions per unit area of
ground obtained with various methods for the counties

in the remainder of the contiguous United States for

April 28, 1953 following test Simon

The estimates of 13'1 deposition per unit area of ground that
were calculated with the kriging method, with the AIPC
method, and with the meteorological transport model are pre-
sented in Figures 3.15, 3.16, and 3.17, respectively. Figures 3.15
and 3.16, which are based on the same set of gummed-film mea-
surements, are very similar, and both are notably different from
Figure 3.17. Figures 3.15 and 3.16 show the same deposition pat-
tern, with relatively high values in Louisiana, Arkansas,

Deposition of 13!l on the Ground

Missouri, Indiana, and South Dakota, and a widespread deposi-
tion area extending from Montana to Alabama. In comparison,
the deposition pattern obtained with the meteorological trans-
port model is more limited because the predicted location over
the entire radioactive cloud, calculated from the airmass trajecto-
ries and shown in Figure 3.18, is located over the eastern half of
the country. Also, there were large areas in the eastern part of
the country where it did not rain on April 28, 1953. The mete-
orological transport model predicts no deposition at those loca-
tions.

The overall similarity of the deposition patterns obtained
with the kriging and with the ATPC methods is verified in Figure
3.19, where the ratios of the depositions estimated in the same
counties with the AIPC and with the kriging methods are plot-
ted as a histogram. On the average, the kriging and the AIPC
methods resulted in deposition estimates that were within a fac-
tor of 2, with about 16% of the counties with no deposition
according to the AIPC method and with some deposition
according to the kriging method.

Figure 3.20, which compatres the estimates of 3T deposi-
tion per unit area of ground obtained with the meteorological
model and with the kriging method shows, in contrast, that the
deposition estimates obtained with the kriging method were in
general higher than those calculated with the meteorological
model, and that the meteorological model did not predict any
deposition in almost 2,000 counties for which estimates of
deposition are available with the kriging method.

Figure 3.15. Estimates of '3'| deposition per unit area of ground derived from the gummed-film measurements by the kriging method on April 28, 1953
resulting from the test Simon detonated on April 25, 1953 for all counties of the contiguous United States.
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Figure 3.16. Estimates of 13' deposition per unit area of ground derived by the AIPC method on April 28, 1953 resulting from the test Simon detonated
on April 25, 1953 for all counties of the contiguous United States.

Figure 3.17. Estimates of 3"l deposition per unit area of ground obtained using the meteorological transport model on April 28, 1953 following the
test Simon detonated on April 25, 1953 for all counties of the contiguous United States in which precipitation was recorded.
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Figure 3.18. Estimates of ™3l contained in the radioactive cloud per unit area of ground obtained using the meteorological transport model on April 28, 1953
following the test Simon detonated on April 25, 1953 for all counties of the contiguous United States.

Figure 3.19. Distribution of the ratios of the estimates of *3'| deposition per unit area of ground derived from the AIPC method to those derived from
the gummed-film measurements by the kriging method for April 28, 1953 resulting from the test Simon detonated on April 25, 1953 for
all counties of the United States with estimated non-zero deposition by the kriging method.
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Figure 3.20. Distribution of the ratios of the estimates of ™'l deposition per unit area of ground derived from the meteorological model to those
derived from the gummed-film measurements by the kriging method for April 28, 1953 resulting from the test Simon detonated on
April 25, 1953for all counties of the United States with estimated non-zero deposition by the kriging method.
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3.4.2.2. Comparison of the 13'I depositions per unit area

of ground obtained with various methods for the counties
in the remainder of the contiguous United States for

April 29, 1953 following test Simon

The general conclusions from comparison of the depositions
calculated for April 28, 1953 are also valid for April 29th, 1953.
The estimates of 13T deposition per unit area of ground that
were calculated for that day with the kriging method, with the
AIPC method, and with the meteorological model are presented
in Figures 3.21, 3.22, and 3.23, respectively. Figures 3.21 and 3.22
which are based on the same set of gummed-film measure-
ments, are very similar, and both are notably different from
Figure 3.23. Figures 3.21 and 3.22 show deposition patterns that
are similar in size to those of the day before, the absolute depo-
sition levels being, however, substantially lower. In comparison,
the deposition area predicted by the meteorological transport
model is now limited to an even smaller part of the country (see
also Figure 3.24).

The overall similarity of the deposition patterns obtained
with the kriging and with the AIPC methods is verified in Figure
3.25, where the ratios of the depositions obtained in the same
counties with the AIPC and with the kriging methods are plot-
ted as an histogram. On the average, the kriging and the AIPC
methods resulted in deposition estimates that were within a fac-
tor of 2, with about 14% of the counties with no deposition
according to the AIPC method and with some deposition
according to the kriging method.
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Figure 3.26, which compares the estimates of 311 deposi-
tion per unit area of ground obtained with the meteorological
model and with the kriging method shows, again, that the mete-
orological model did not predict any deposition in almost 2,000
counties for which estimates of deposition are available with the
kriging method. However, in the remaining few counties for
which positive deposition values were calculated with both the
kriging method and with the meteorological model, there is a
relatively good agreement between the two sets of deposition
estimates for that day. Most ratios were within the range 0.5-2.

3.4.2.3. Comparison of the 13'I depositions per unit area of
ground obtained with various methods for the counties in
the remainder of the contiguous United States for July 8,
1957 following test Hood.
To further check the general patterns seen from comparisons
of B deposition estimates following test Simon, the three
methods of estimating *!I deposition were also compared for
the test Hood, detonated on July 5, 1957. The day selected for
comparison was July 8, 1957, because precipitation records
indicated that rainfall was widespread on that day. This provided
the meteorological model with the possibility of estimating '3
depositions in a large part of the area covered by the radioactive
cloud.

The estimates of 13'1 deposition per unit area of ground
that were calculated for July 8, 1957 with the kriging method,
with the ATPC method, and with the meteorological model are
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Figure 3.21. Estimates of ™'l deposition per unit area of ground derived by the kriging method from the gummed-film measurements on
April 29, 1953 resulting from the test Simon detonated on April 25, 1953 for all counties of the contiguous United States.

Figure 3.22. Estimates of 3"l deposition per unit area of ground derived by the AIPC method from the gummed-film measurements on
April 29, 1953 resulting from the test Simon detonated on April 25, 1953 for all counties of the contiguous United States.
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Figure 3.23. Estimates of 13| deposition per unit area of ground obtained using the meteorological transport model for April 29, 1953 following the
test Simon detonated on April 25, 1953 for all counties of the contiguous United States in which precipitation was recorded.

Figure 3.24. Estimates of 13! activity in the radioactive cloud per unit area of ground obtained using the meteorological transport model on April 29,
1953 following the test Simon detonated on April 25, 1953 for all counties of the contiguous United States.
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Figure 3.25. Distribution of the ratios of the estimates of *'| deposition per unit area of ground derived from the gummed-film measurements by the
AIPC method and by the kriging method for April 29, 1953 resulting from the test Simon detonated on April 25, 1953 for all counties of

the United States with estimated non-zero deposition by the kriging method.
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Figure 3.26. Distribution of the ratios of the estimates of '3'| deposition per unit area of ground derived from the meteorlogical model and from
gummed-film measurements by the kriging method for April 29, 1953 resulting from the test Simon detonated on April 25, 1953 for all

counties of the United States with estimated non-zero deposition by the kriging method.

200
Tt Simon
Cay: Apal 29, 1953
1500 Mbebeopcd ooy mode i niging

Burnbser of counhies

Fahio

3.4



National Cancer Institute | National Institutes of Health

Figure 3.27. Estimates of '3'l deposition per unit area of ground derived by the kriging method from the gummed-film measurements
for July 8, 1957 following the test Hood detonated on July 5, 1957 for all counties of the contiguous United States.

Figure 3.28. Estimates of 3| deposition per unit area of ground derived by the AIPC method from the gummed-film measurements
for July 8, 1957 following the test Hood detonated on July 5, 1957 for all counties of the contiguous United States.
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Figure 3.29. Estimates of 13| deposition per unit area of ground obtained using the meteorological transport model on July 8, 1957 following the test
Hood detonated on July 5, 1957 for all counties of the contiguous United States, in which precipitation was recorded.

presented in Figures 3.27, 3.28, and 3.29, respectively. Figures
3.27 and 3.28 are similar and show that both the kriging and the
AIPC methods predicted depositions of 3 across the country
from the far west to the eastern seaboard; the deposition pattern
obtained with the kriging method, however, is more extensive
than the one observed with the AIPC method, notably in
California, Oregon, Nebraska, Kansas, Oklahoma, and Maine,
but the 31 depositions obtained with the kriging method in
those States are generally low. The AIPC model predicted some
higher depositions in New Mexico and Texas and also over a
greater area in west Texas.

In comparison, the deposited area obtained with the
meteorological model is limited to a smaller part of the country
as the cloud coverage predicted by that model (Figure 3.30) is
only a diagonal band extending from New Mexico and Texas to
Ohio. Some relatively high depositions were predicted for some
countries in southwest Texas by the meteorological transport
model.

The histogram containing the ratios of the 31 deposi-
tions obtained in the same counties using the AIPC and kriging
methods (Figure 3.31) shows a relatively good agreement
between the two methods, with many ratios close to one. In
about 700 counties no deposition was predicted by the AIPC
method but some deposition was estimated by the kriging
method. Figure 3.32, comparing the estimates of 3! deposition

obtained with the meteorological model and with the kriging
method, shows, as was the case for the two other days (Sections
3.4.2.1 and 3.4.2.2) for which a similar comparison was made,
that the agreement is not as good as between the kriging method
and the ATPC method.

3.4.3. Summary
Both the meteorological transport modeling technique and the
re-analysis of nationwide historical data have limitations. The
calculated position of the radioactive cloud is not always in
agreement with the areas of deposition derived from monitoring
data, usually because of the simplifying assumptions used to cal-
culate transport and dispersion of the cloud. In particular,
measured depositions often occurred over a longer period of
time than predicted by the meteorological model. In addition,
although the meteorological model has the potential of predict-
ing B deposition by wet processes, it can only do so in a crude
way for those areas where precipitation occurred during the pre-
dicted passage of the radioactive cloud. The meteorological
model, however, can be applied to all tests for which there are
no historical monitoring data.

The re-analysis of nationwide historical monitoring data,
on the other hand, provides the best available estimates of 13'1
deposition per unit area. However, under the best conditions,
measurements were made at only about 100 locations and inter-
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polation is needed to estimate deposition at many other places.
Finally, nationwide monitoring data have not been reported, or
found, for a sizable number of tests. Despite these shortcom-
ings, the deposition estimates based on the analysis of measured
environmental radiation data, when available, are thought to be
less uncertain than those calculated with the meteorological
transport model.

In the near-NTS area, the deposition estimates derived
from the vast array of monitoring data processed by ORERP
constitutes the preferred method when those monitoring data
are available.

The daily depositions of 31 per unit area of ground have
been estimated for each of the 3,094 counties and sub-counties
of the contiguous United States. In order to estimate the 13'1
deposition in any given county or sub-county, the following pro-
cedure, in which preference is systematically given to the moni-
toring data, has been applied:

e For the 157 counties or subcounties near the NTS, the
deposition densities derived from the exposure rate
data bases were adopted without modification when
they were available. In the absence of such data, the
depositions per unit area were interpolated from the
gummed-film results. If no monitoring data were avail-
able, the 131 deposition per unit area of ground was
calculated using the meteorological model.

* In the remaining 2937 counties, the monitoring data
used in this assessment are those of the HASL deposi-
tion (gummed-film) network. For those counties, two
situations may arise:

1. if monitoring data for a test are available (for up to

about 100 sites), the estimation of the deposition
densities at the county centroids was generally
obtained by interpolation between the counties
with measured data by means of the kriging pro-
cedure, using the daily rainfall amounts as a pre-
diction parameter; however, if the gummed-film
results are too spotty or very low, the estimation of
the deposition density was obtained by using the
simple AIPC procedure;

. if monitoring data for a test are not available,

meteorological modeling was used to estimate
deposition densities in the counties where precipi-
tation occurred during the predicted passage of
the radioactive cloud. Counties where precipita-
tion did not occur during the predicted passage of
the radioactive cloud were assigned a zero deposi-
tion.

Figure 3.30. Estimates of 3"l contained in the radioactive cloud per unit area of ground derived by the meteorological model for July 8, 1957 resulting
from the test Hood detonated on July 5, 1957 for all counties of the contiguous United States.
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Figure 3.31. Distribution of the ratios of the estimates of 13'| deposition per unit area of ground derived from the gummed-film measurements by the
AIPC method and by the kriging method for July 8, 1957 following the test Hood detonated on July 5, 1957 for all counties of the United

States with estimated non-zero deposition by the kriging method.
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Figure 3.32. Distribution of the ratios of the estimates of '3'l deposition per unit area of ground derived from the meteorological transport model and
from gummed-film measurements by the kriging method for July 8, 1957 following the test Hood detonated on July 5, 1957 for all coun-
ties of the United States with estimated non-zero deposition by the kriging method.
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3.5. CLASSIFICATION OF THE NEVADA ATMOSPHERIC BOMB TESTS
WITH RESPECT TO THE ESTIMATION OF DAILY *3'| DEPOSITIONS PER
UNIT AREA OF GROUND

The tests carried out during the atmospheric testing era, from
January 1951 through October 1958, are considered separately
from those conducted in the underground testing era (1961 to
1992). Tests conducted during these two periods are discussed
below.

3.5.1. Atmospheric Testing Era

The number of tests detonated at the NTS before October 31,
1958 was 119. The dates, times, types of test, and yields

of these tests are given in Table 2.1. Those tests have been
classified into 5 categories (Table 3.9) on the basis of the
availability of monitoring data and the estimated amount of
31T released to the atmosphere.

Category 1 includes the 38 tests which are shown from
monitoring data to have led to significant
depositions in substantial parts of the coun-
try. Most of those tests are tower shots and
have yields in excess of 10 kt. The estimated
total atmospheric release of 13'1 from the 38
tests of category 1 amounts to about 100
MCi (about two thirds of the total release).
Daily depositions from those tests have been
determined by means of the kriging proce-
dure for all counties except those near the
NTS. For those counties, daily depositions
were inferred from the exposure rates at
H+12 and the times of arrival of fallout given
for the 157 counties or sub-counties in the
County Data Base and/or the Town Data
Base provided by the ORERP (Beck and
Anspaugh, 1991; Thompson and
Hutchinson, 1988).

Category 2 consists of 17 tests for which the available
gummed-film data show low and spotty
depositions. Most of these tests are airdrop
shots detonated at heights above ground in
excess of 1000 feet (300 m). The estimated
total atmospheric release of 3!l from the 17
tests of Category 2 is almost 33 MCi. Daily
depositions from those tests for all counties
of interest have been determined by means of
the ATPC method for all counties except
those near the NTS. For those counties,
daily depositions were inferred from the
exposure rates at H+12 and the times of
arrival of fallout given in the County Data
Base (Beck and Anspaugh, 1991) and/or the
Town Data Base (Thompson and
Hutchinson, 1988).
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Category 3 includes 15 tests for which non-negligible
deposition has been observed only near
NTS. The total atmospheric release of 1311
from the 15 tests of category 3 is estimated
to be about 8 MCi. Daily depositions for
those tests were inferred from the exposure
rates at H + 12 and the times of arrival of
fallout given in the County Data Base (Beck
and Anspaugh, 1991) and/or the Town Data
Base (Thompson and Hutchinson, 1988).

Category 4 consists of three tests for which monitoring
data are not available but which are thought
to have possibly led to significant deposi-
tions of T in the U.S. on the basis of their
yield and type. Those tests, which were det-
onated in the Ranger series in the early part
of 1951, have been analyzed using the mete-
orological model. The estimated total
atmospheric release of 13 from the three
tests of category 4 amounts to about 6 MCi.

Category 5 consists of the 46 remaining tests that were
shown from the measurement of B activity
on gummed film to have led to negligible
BI] depositions or that are thought to have
led to negligible depositions on the basis of
their yield (less than 1 kt). The estimated
total atmospheric release of 13'I from the 46
tests of category 5 is about 2 Mci, slightly
more than 1 percent of the total release.
Dose assessments have not been carried out
for tests in Category 5.

3.5.2. Underground Testing Era

All of the tests performed since 1961, with the exception of
Small Boy and of Little Feller I, were detonated underground. A
few of these tests resulted in small off-site depositions of 1311
due to venting. The gummed-film program had been discontin-
ued in 1960, however, and replaced by the PHS environmental
network. The results provided by the PHS network have not
been used in this assessment because the 13!l depositions due to
NTS tests, beyond the local area, were overshadowed by the fall-
out resulting from much larger tests carried out by the U.S. in
the Pacific or by other countries. The only environmental data
that can be systematically used for the tests carried out since
1961 are those of the Town and County Data Bases close to the
NTS.

The six tests of the underground test era for which dose
assessments were carried out by means of the meteorological
model are listed in category 6 in Table 3.10. They consist of four
cratering tests, one low-yield tower test, and one underground
test; each of those tests released into the atmosphere an activity
of 1311 greater than 70 kCi. The total activity of 13! released into
the atmosphere by those six tests is about 2 MCi.
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Tahle 3.9. Classification and characteristics of tests of the atmospheric era.
Date Cloud height
Test name Type Atmospheric release | Burst height above
mo/dfy hi/min (GMT) of 11 (kCi) ground (m) base op
(kmMSL) (km MSL)
CHARLIE 10/30/51 1500 airdrop 2000 345 9.8 12.2
EASY 05/07/52 1215 tower 1800 90 N.A. 104
FOX 05/25/52 1200 tower 1600 90 N.A. 125
GEORGE 06/01/52 1155 tower 2200 90 N.A. 1.3
HOW 06/05/52 1155 tower 2100 90 N.A. 125
ANNIE 03/17/53 1320 tower 2400 90 8.5 125
NANCY 03/24/53 310 tower 3600 90 79 12.8
DIXIE 04/06/53 1530 airdrop 1700 1800 10.1 131
BADGER 04/18/53 1235 tower 3500 90 7.0 10.7
SIMON 04/25/53 1230 tower 6300 90 94 13.7
HARRY 05/19/53 1205 tower 4600 90 82 131
GRABLE 05/25/53 1530 airburst 2100 160 70 1.6
CLIMAX 06/04/53 1115 airdrop 8600 410 10.7 131
TESLA 03/01/55 1330 tower 1200 90 55 91
TURK 03/07/55 1320 tower 6400 150 1.0 134
HORNET 03/12/55 1320 tower 620 90 8.2 10.7
APPLE 1(1) 03/29/55 1255 tower 2000 150 6.7 98
+ WASP PRIME(1) 03/29/55 1800 airdrop 450 225 N.A. 9.8
POST 04/09/55 1230 tower 340 0 40 49
MET 04/15/55 1915 tower 3100 120 94 122
APPLE 2 05/05/55 1210 tower 4100 150 104 131
ZUCCHINI 05/15/55 1200 tower 4000 150 76 10.7
BOLTZMANN(1) 05/28/57 1155 tower 1900 150 70 101
+ FRANKLIN(1) 06/02/57 1155 tower 19 90 43 5.2
+ LASSEN(1) 06/05/57 1145 balloon 01 150 N.A. 2.1
WILSON 06/18/57 1145 balloon 1500 150 76 10.7
PRISCILLA 06/24/57 1330 balloon 5300 210 73 13.1
HOOD 07/05/57 1140 balloon 11000 460 10.7 14.6
DIABLO 07/15/57 1130 tower 2500 150 6.1 98
KEPLER(1) 07/24/57 1150 tower 1700 150 6.1 85
+ OWENS(1) 07/25/57 1330 balloon 1700 150 6.1 10.7
SHASTA 08/18/57 1200 tower 2500 150 49 9.8
GALILEQ 09/02/57 1240 tower 1900 150 52 113
WHEELER 09/06/57 1245 balloon 27 150 43 52
+COULOMB B(1) 09/06/57 N.A. surface 42 N.A. N.A. 55
+ LAPLACE(1) 09/08/57 1300 balloon 140 230 43 6.1
WHITNEY 09/23/57 1230 tower 2900 150 55 9.1
CHARLESTON 09/28/57 1300 balloon 1800 460 6.1 98
Total release (rounded) 100000
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Table 3.9. cont’d

Date Cloud height
Test name Type Atmospheric release | Burst height above
mo/dy he/min (GMT) of 1911 (kCi) ground (m) base op
(km MSL) (km MSL)
BAKER 10/28/51 1520 airdrop 600 340 7.0 8.8
DOG 11/01/51 1530 airdrop 3100 430 8.2 12.2
EASY 11/05/51 1630 airdrop 4500 400 94 137
SUGAR 11/19/51 1320 surface 170 1 34 49
ABLE 04/01/52 1700 airdrop 140 240 NA. 49
BAKER 04/15/52 1730 airdrop 140 320 3.0 49
CHARLIE 04/22/52 1730 airdrop 4600 1050 94 12.8
DOG 05/01/52 1630 airdrop 2900 320 85 12.8
RUTH 03/31/53 1300 tower 28 90 34 43
RAY 04/11/53 1245 tower 28 30 24 4.0
ENCORE 05/08/53 1530 airdrop 3900 740 8.8 12.5
BEE(1) 03/22/55 1305 tower 1200 150 8.8 122
+ESS(1) 03/23/55 2030 crater 140 -20 N.A. 3.7
DOPPLER 08/23/57 1240 balloon 1700 460 7.0 11.6
SMOKY 08/31/57 1230 tower 6400 210 6.1 116
NEWTON 09/16/57 1250 balloon 2100 460 58 98
MORGAN 10/07/57 1300 balloon 1200 460 79 12.2
Total release (rounded) 33000

CATEGORY 3: USE OF LOCAL MONITORING 0

UNCLE(2) 11/29/51 1700 crater 170 -5 N.A. 34
WASP(2) 02/18/55 2000 airdrop 160 230 46 6.7
MOTH(2) 02/22/55 1345 tower 320 90 49 76
STOKES(2) 08/07/57 1225 balloon 2800 460 8.2 1.3
FRANKLIN P(2) 08/30/57 1240 balloon 690 230 6.4 9.8
FIZEAU(2) 09/14/57 1645 tower 1700 150 8.2 12.2
EDDY(2) 09/19/58 1400 balloon 12 150 2.3 34
HIDALGO(2) 10/05/58 1410 balloon 11 100 24 37
QUAY(2) 10/10/58 1430 balloon 11 30 2.1 30
LEA(2) 10/13/58 1320 balloon 240 460 3.7 52
VESTAQ2) 10/17/58 2300 surface 4 0 NA. 3.0
RIO ARRIBA(2) 10/18/58 1425 tower 120 22 34 41
WRANGELL(2) 10/22/58 1650 balloon 17 460 2.1 30
SOCORRO(2) 10/22/58 1330 balloon 1000 440 6.1 79
SANFORD(2) 10/26/58 1020 balloon 750 460 38 79
Total release (rounded) 8000
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Table 3.9. cont’d

Date Cloud height
Test name Type Atmospheric release | Burst height above
mo/diy hr/min (GMT) of 1311 (kCi) ground (m) base op
(km MSL) (km MSL)
BAKER 01/28/51 1352 airdrop 1300 330 N.A. 10.7
BAKER-2 02/02/51 1349 airdrop 1300 335 N.A. 11.0
FOX 02/06/51 1347 airdrop 3200 440 NA. 12.8
Total release (rounded) 5800
ABLE 01/27/51 1345 airdrop 140 320 N.A. 5.2
EASY 02/01/51 1347 airdrop 160 330 N.A. 3.7
ABLE 10/22/51 1400 tower N.D. 30 2.0 24
HA(2) 04/06/55 1800 airdrop 450 11000 N.A. 16.8
PROJECT 56/1 11/01/55 2210 surface N.P. 0 N.A. NA.
PROJECT 56/2 11/03/55 2115 surface N.P. 0 NA. N.A.
PROJECT 56/3 11/05/55 1955 surface N.P. 0 NA. NA.
PROJECT 56/4 01/18/56 2130 surface N.P. 0 N.A. N.A.
COULOMB-A(2) 07/01/57 NA. surface N.D. 0 N.A. NA.
JOHN(2) 07/19/57 1400 rocket 250 6100 N.A. 134
PASCAL-A(2) 07/26/57 0800 shaft 10 N.A. N.A. N.A.
SATURN 08/10/57 N.A. tunnel N.D. N.A. N.A. N.A.
PASCAL-B(2) 08/27/57 NA. shaft N.D. N.A. N.A. NA.
RAINIER 09/19/57 1700 tunnel N.D. -240 NA. N.A.
PASCAL-C 12/06/57 2015 shaft N.D. NA. NA. NA.
COULOMB-C(2) 12/09/57 2000 surface 69 N.A. N.A. N.A.
VENUS 02/22/58 N.A. tunnel N.D. N.A. N.A. N.A.
URANUS 03/14/58 N.A. tunnel N.D. N.A. N.A. N.A.
0TERO(2) 09/12/58 2000 shaft 6 -150 N.A. N.A.
BERNANILLO 09/17/58 1930 shaft N.D. -140 NA. N.A.
LUNA 09/21/58 1900 shaft N.D. -150 NA. N.A.
MERCURY 09/23/58 N.A. tunnel N.D. N.A. N.A. N.A.
VALENCIA 09/26/58 2000 shaft N.D. -150 N.A. N.A.
MARS 09/28/58 0000 tunnel N.D. N.A. N.A. N.A.
MORA(2) 09/29/58 1405 balloon 340 460 30 55
COLFAX 10/05/58 1615 shaft N.D. -110 NA. N.A.
TAMALPAIS 10/08/58 2200 tunnel N.D. -100 NA. N.A.
NEPTUNE 10/14/58 1800 tunnel N.D. -30 N.A. N.A.
HAMILTON(2) 10/15/58 1600 tower 0.2 15 14 1.8
LOGAN 10/16/58 0600 tunnel N.D. -250 N.A. N.A.
DONA ANA(2) 10/16/58 1420 balloon 6 140 2.0 34
SAN JUAN 10/20/58 N.A. shaft N.D. NA. NA. N.A.
RUSHMORE(2) 10/22/58 2340 balloon 17 150 NA. 34
OBERON 10/22/58 N.A. tower N.D. N.A. N.A. N.A.
CATRON(2) 10/24/58 1500 tower 4 22 15 24
JUNO 10/24/58 1601 surface N.D. 0 N.A. 15
CERES 10/26/58 0400 tower N.D. 7 NA. 1.8
DE BACA(2) 10/26/58 1600 balloon 380 460 3.0 53
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Table 3.9. cont’d

Date Cloud height
Test name Type Atmospheric release | Burst height above
mo/dy he/min (GMT) of 311 (kCi) ground (m) base op
(km MSL) (km MSL)
CHAVEZ(2) 10/27/58 1430 tower 0.1 16 NA. 2.0
EVANS 10/29/58 0000 tunnel N.D. -260 N.A. N.A.
HUMBOLDT(2) 10/29/58 1445 tower 1 7 1.8 2.1
MAZAMA 10/29/58 N.A. tower N.D. NA. NA. N.A.
SANTA FE(2) 10/30/58 0300 balloon 220 460 40 55
TITANIA(2) 10/30/58 2034 tower 0.03 7 N.A. 18
BLANCA(2) 10/30/58 NA. tunnel 0.51 -250 NA. N.A.
GANYMEDE 10/30/58 N.A. surface N.D. N.A. N.A. N.A.
Total release (rounded) 2100

(1) these 2 or 3 shots adjacent in time were combined in the analysis because the resulting fallout in most of the country
could not be unambiguously attributed to a single shot.

(2) gummed-film data are available but the derived '3l depositions were judged to be negligible.

N.A. = data not available.

N.D. = no off-site detection of radioactive materials; 3'l release cannot be estimated but is believed to be quite small.

N.P. = no production of 13" in these “safety shots” because no fission occurred.

There are 11 tests for which the activity of 3] released
into the atmosphere was less than 70 kCi but which gave rise to
environmental activities detectable by the local monitoring net-

3.5.3. Summary
The nuclear weapons tests that were detonated at the NTS were
classified into the following eight categories:

work. They are included in this assessment as Category 7 (see
Table 3.10). All together, the amount of 13! activity released is
about 0.1 MCi.

Table 3.10 also lists, for comparison purposes, the other
25 tests (category 8) that were reported to have released radioac-
tive gases and patrticles to the atmosphere that resulted in detec-
tion off site (U.S. Department of Energy 1988), but that have
not been included in the Town Data Base or in the County Data
Base. All but one of these tests was underground. Dose assess-
ments have not been carried out for those tests because the 311
atmospheric releases involved were very small (total of 0.004
MCi).

In addition, more than 400 other announced nuclear
tests were reported to have resulted in no detection of radioac-
tivity off site (U.S. Department of Energy 1988). Those tests are
not listed in Table 3.10.
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1. Tests detonated during the atmospheric era (1951 to
1958) for which many positive deposition results are
available nationwide. The kriging procedure was used
throughout the country except for the 157 counties
and subcounties near the NTS where the ' deposi-
tions per unit area of ground were derived from the
Town and County Data Bases, when available.

2. Tests detonated during the atmospheric era (1951 to
1958) for which only a few positive deposition results
are available nationwide. The AIPC procedure was
used throughout the country except for the 157 coun-
ties and subcounties near the NTS where the '1
depositions per unit area of ground were derived from
the Town and County Data Bases, when available.

3. Tests detonated during the atmospheric era (1951 to
1958) for which positive deposition results were
obtained only near the NTS. The 3'T depositions per
unit area of ground were estimated from the Town and
County Data Bases monitoring data.
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Tahle 3.10. Classification of tests of the atmospheric era that led to off-site detection of radioactive materials (Hicks 1981b).

CATEGORY 7: USE OF LOCAL MONITORING ONLY

Date
Test name Type Atmospheric release of 31l (kCi)
mo/d/y hr/min (GMT)
CATEGORY 6: USE OF THE METEOROLOGICAL MODEL

DANNY BOY 03/05/62 1815 crater 73
SEDAN 07/06/62 1700 crater 880
JOHNIE BOY 07/11/62 1645 crater 70
SMALL BOY 07/14/62 1830 tower 270
PALANQUIN 04/14/65 1314 crater 910
BANEBERRY 12/18/70 1630 shaft 80
Total release (rounded) 2300

FEATHER
PAMPAS
LITTLE FELLER|
YUBA

EAGLE

ALVA

DRILL

PARROT
ALPACA

TEE

DILUTED WATERS
RED HOT
DOUBLE PLAY
DERRINGER
NASH

MIDI MIST

12/22/61
03/01/62
07/17/62
06/05/63
12/12/63
08/19/64
12/05/64
12/16/64
02/12/65
05/07/65
06/16/65
03/05/66
06/15/66
09/12/66
01/19/67
06/26/67

1730
2010
1700
1800
1702
1700
2215
2100
1610
1647
1730
1915
1800
1630
1745
1700

ANTLER 09/15/61 1600 tunnel 0.0042
PLATTE 04/14/62 1900 tunnel 0.0114
EEL 05/19/62 1700 shaft 0.0114
DES MOINES 06/13/62 2200 tunnel 33
BANDICOOT 10/19/62 1900 shaft 9
PIKE 03/13/64 1702 shaft 0.36
SULKY 12/18/64 1935 crater 13
PIN STRIPE 04/25/66 1938 shaft 0.2
CABRIOLET 01/26/68 1600 crater 6
BUGGY 03/12/68 1704 crater 40
SCHOONER 12/08/68 1600 crater 15
Total release (rounded) 120

CATEGORY 8: NOT INCLUDED IN THE ASSESSMENT

tunnel
shaft
surface
tunnel
shaft
shaft
shaft
shaft
shaft
shaft
shaft
tunnel
tunnel
shaft
shaft
tunnel

0.00114
0.000012
3
0.000022
0.00228
0.000037
0.0122
0.0046
0.000024
0.0016
0.0177
0.2
0.12
0.00024
0.0138
0.00026
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Table 3.10. cont’d

Date
Test name Type Atmospheric release of 31l (kCi)
mo/d/y hr/min (GMT)
CATEGORY 8: NOT INCLUDED IN THE ASSESSMENT

UMBER 06/29/67 1225 shaft 0.00052
DOOR MIST 08/31/67 1730 tunnel 0.008
HUPMOBILE 01/18/68 1730 shaft 0.12
POD 10/29/69 2100 shaft 0.000078
SCUTTLE 11/13/69 1515 shaft 0.000004
SNUBBER 04/21/70 1530 shaft 0.0055
MINT LEAF 05/05/70 1630 tunnel 0.08
DIAGONAL LINE 11/24/11 2015 shaft 0.00136
RIOLA 09/25/80 0826 shaft 0.00058
Total release (rounded) 4

4. Tests detonated during the atmospheric era (1951 to
1958) for which no environmental radiation data are
available but which were thought to have resulted in
substantial 1>'T depositions per unit area of ground on
the basis of their yield and type. The meteorological
model was used throughout the country.

5. Tests detonated during the atmospheric era (1951 to
1958) for which no environmental radiation data are
available and which, on the basis of their yield and
type, were thought to have led to negligible 13'I depo-
sitions per unit area of ground. Deposition estimates
are not provided for these tests.

6. Tests detonated during the underground era (1961 to
date) for which positive deposition results were avail-
able near the NTS and for which the estimated activity
release of 131 into the atmosphere per test was greater
than 70 kCi. The estimates of 1!1 depositions per
unit area of ground in the 157 counties and subcoun-
ties near the NTS were estimated from the Town and
County Data Bases monitoring data. The meteorologi-
cal model was used in the remainder of the country.

7. Tests detonated during the underground era (1961 to
date) for which positive deposition results were avail-
able near the NTS and for which the individual esti-
mated activity release of 1> into the atmosphere was

3.52

less than 70 kCi. The estimates of 3'I depositions per
unit area of ground in the 157 counties and subcoun-
ties near the NTS were estimated from the Town and
County Data Bases monitoring data. Deposition esti-
mates are not provided for the remainder of the coun-

try.

8. Tests detonated during the underground era (1961 to
date) for which no environmental radiation data are
available and for which the estimated individual activi-
ty release of 1*'] into the atmosphere was less than 70
kCi. Deposition estimates are not provided for these
tests.

The distribution of the total atmospheric releases of 1311
as a function of the test category is presented as a histogram in
Figure 3.33. This Figure shows that deposition estimates are cal-
culated for all counties of the contiguous United States for the
tests which represent the bulk of the 1'T activity released into
the atmosphere (Categories 1, 2, and 4). Deposition estimates
are only calculated for the 157 counties and sub-counties near
the NTS for tests of category 3, which represent a small percent-
age of the total activity of 13T that was released into the atmos-
phere. The tests for which no estimates of deposition are pro-
vided in this report (categories 5 and 8) represent a very small
percentage of the total activity of !l that was released into the
atmosphere.
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Figure 3.34. Activities of I-131 deposited per unit area of ground: All tests
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3.6. ESTIMATES OF 3!l DEPOSITION PER UNIT AREA OF GROUND
Daily deposition densities of 13! have been calculated for the 90
tests for which dose assessments have been carried out. The
complete results, day by day and county by county for all shots,
are presented in the Sub-annexes. This information (daily *'I
depositions per unit area of ground together with corresponding
precipitation indices) constitutes the primary computer database
from which all dose estimates were derived. The total '*'I depo-
sitions for each test, each test series, and each county are pre-
sented in the form of maps in the Annexes.

For illustrative purposes, Figure 3.34 presents the distrib-
ution of the total I depositions per unit area of ground,
summed over all 90 tests, for all counties of the contiguous
United States. The thyroid doses, however, are not directly pro-
portional to the total 'l depositions as intervening factors, such
as interception by vegetation or presence of cows on pasture,
need to be taken into account.

A summary of the estimates of 13!l deposited on the
ground in the areas covered by the Town and County Data Bases
as well as in the 48 contiguous states is presented in Table 3.11.
In this summary, deposition estimates for some tests have been
combined. This is indicated by one or more “+” in the second
column. For example, “Wheeler++” in the Plumbob series
includes fallout from the Wheeler, Coulomb B, and LaPlace tests
(see Table 3.9). The test that is estimated to have led to the great-
est amount of I deposition in the U.S. is test Harry detonated
on 19 May 1953. The total activity of 13!I that is estimated to
have been deposited on the ground as a result of the tests con-
ducted at the NTS amounts to about 25 % of the total activity of
31T released into the atmosphere.

3.54

3.7. SUMMARY

* Best estimates of activities of 1>l deposited per unit area of
ground (also called depositions or deposition densities) have
been produced for 90 shots, out of a total of 115 shots that are
reported to have released radioactive gases or 1!l to the
atmosphere resulting in detection off-site. These 90 shots
account for almost 99% of the total activity of 1'I that is esti-
mated to have been released into the atmosphere by all shots
conducted at the Nevada Test Site.

For each of these 90 shots, median values of the activities of
BT deposited per unit area of ground have been estimated for
the 3,071 counties of the contiguous United States.

Because of the heterogeneous character of the deposition field
in the vicinity of the Nevada Test Site, 14 of the counties locat-
ed in that area were subdivided into a total of 37 sub-counties;
average values of the activities of 1311 deposited per unit area of
ground have also been estimated for those 37 sub-counties.

Historical environmental radiation measurements were used
whenever possible to derive the best estimates of activities of
BIT deposited per unit area of ground. These historical envi-
ronmental radiation measurements consist essentially of expo-
sure-rate measurements near the Nevada Test Site and of mea-
surements of the total beta activity deposited on stickysurfaces
(gummed film) at 40-95 locations in the remainder of the
country. Historical environmental radiation data were used for
81 of the shots that were analyzed.

In the absence of historical environmental radiation data, a
meteorological transport model was applied for 9 of the shots
that were analyzed.

The best estimates of the total activities of 13!1 deposited per
unit area of ground vary from county to county by four orders
of magnitude. They are highest in the counties of Nevada and
Utah that were downwind of the Nevada Test Site during the
most important shots and lowest in the northwestern part of
the country which was generally upwind of the Nevada Test
Site. Some high depositions were obtained in the eastern part
of the country where rainfall coincided with the passage of the
radioactive cloud.

The uncertainties attached to the deposition values are
expressed in terms of geometric standard deviations, GSDs,
around the best estimates. These GSDs, which vary according
to a number of parameters (existence or non-existence of
historical environmental radiation data in the county, type

and quality of the data, method used to derive the deposition
estimate in the absence of historical environmental radiation
data, etc.), range from 1.5 to about 10 and are usually

around 2 to 3.
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Table 3.11. Estimates of activities of 13'| deposited on the ground in the areas covered by the Town and County Data Base and in the contiguous U.S.
131 activities deposited (kGi)
Test .D. Name Date Type 18] release
(kCi) DB CDB Us.

RA1 BAKER 01/28/51 Aa 1300 0 0 160
RA.2 BAKER-2 02/02/51 A 1300 0 0 36
RA3 FOX 02/06/51 A 3200 0 0 1
BJ.1 BAKER 10/28/51 A 600 0 0 16
BJ.2 CHARLIE 10/30/51 A 2000 0 10 548
BJ.3 DOG 11/01/51 A 3100 0.3 0 132
BJ.4 EASY 11/05/51 A 4500 0 0 14
BJ.5 SUGAR 11/19/51 S 170 29 125 242
BJ.6 UNCLE 11/29/51 Ce 170 24 19 43
TSA ABLE 04/01/52 A 140 0 18 175
TS.2 BAKER 04/15/52 A 140 0 91 112
1S3 CHARLIE 04/22/52 A 4600 0 35 228
1S4 DOG 05/01/52 A 2900 0 20 58
TS5 EASY 05/07/52 Td 1800 52 691 1269
TS6 FOX 05/25/52 T 1600 112 431 1323
TS.7 GEORGE 06/01/52 T 2200 28 499 2843
TS8 HOW 06/05/52 T 2100 54 451 2425
UK ANNIE 03/17/53 T 2400 69 7 472
UK.2 NANCY 03/24/53 T 3600 72 590 1474
UK.3 RUTH 03/31/53 T 28 0 33 33
UK.4 DIXIE 04/06/53 A 1700 0 0 60
UK.5 RAY 04/11/53 T 28 0.02 36 70
UK.6 BADGER 04/18/53 T 3500 42 411 7
UK.7 SIMON 04/25/53 T 6300 115 1165 3233
UK.8 ENCORE 05/08/53 A 3900 0 0 17
UK.9 HARRY 05/19/53 T 4600 564 1612 3881
UK.10 GRABLE 05/25/53 A 2100 4 85 396
UK.11 CLIMAX 06/04/53 A 8600 5 98 233
TP1 WASP 02/18/55 T 160 0 75 75
P2 MOTH 02/22/55 T 320 14 0 14
TP3 TESLA 03/01/55 T 1200 28 45 164
P4 TURK 03/07/55 T 6400 82 314 920
TP5 HORNET 03/12/55 T 620 14 91 287
TP6 BEE + ESS 03/22/55 T 1300 8 4 121
.7 APPLE1 + 03/29/55 T 2500 8 157 531
P8 POST 04/09/55 T 340 6 97 232
P9 MET 04/15/55 T 3100 107 279 747
TP.10 APPLE 2 05/05/55 T 4100 70 417 1787
P11 ZUCCHINI 05/15/55 T 4000 30 314 1132
PB.1 BOLTZMANN ++ 05/28/57 T 1900 287 374 976
PB.2 WILSON 06/18/57 Be 1500 5 34 528
PB.3 PRISCILLA 06/24/57 B 5300 13 90 545
PB.4 HOOD 07/05/57 B 11000 2 194 821
PB.5 DIABLO 07/15/57 T 2500 141 139 1048
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Table 3.11. cont’d

131] Activities deposited (kCi)
Test 1.D. Name Date Type 131] Release
(kCi) DB CDB us.
PB.6 KEPLER + 07/24/57 T 3400 44 197 1020
PB.7 STOKES 08/07/57 B 2800 0 0 0
PB.8 SHASTA 08/18/57 T 2500 54 222 1073
PB.9 DOPPLER 08/23/57 B 1700 0.7 86 701
PB.10 FRANKLIN P 08/30/57 B 690 0 0 0
PB.11 SMOKY 08/31/57 T 6400 115 660 1050
PB.12 GALILEO 09/02/57 T 1900 21 2 1014
PB.13 WHEELER ++ 09/06/57 B 210 1 86 700
PB.14 FIZEAU 09/14/57 T 1700 4 25 89
PB.15 NEWTON 09/16/57 B 2100 0.4 30 258
PB.16 WHITNEY 09/23/57 T 2900 28 106 459
PB.17 CHARLESTON 09/28/57 B 1800 0 122 551
PB.18 MORGAN 10/07/57 B 1200 1 23 314
HT 1 EDDY 09/19/58 B 12 0.1 0 0.1
HT2 HIDALGO 10/05/58 B 1 0.3 0 0.3
HT.3 QUAY 10/10/58 B 11 1 0 1
HT 4 LEA 10/13/58 B 240 1 0 1
HT5 VESTA 10/17/58 S 4 0.007 0 0.007
HT 6 RIO ARRIBA 10/18/58 T 120 1 0 1
HT.7 SOCORRO 10/22/58 B 1000 0.2 0 0.2
HT 8 WRANGELL 10/22/58 B 17 0.02 0 0.02
HT 9 SANFORD 10/26/58 B 750 05 0 0.5
UE1 ANTLER 09/15/61 ] 0.004 0.09 0 0.09
UE2 DANNY BOY 03/05/62 C 73 0.1 0 76
UE3 PLATTE 04/14/62 U 0.011 0.2 0 0.2
UE4 EEL 05/19/62 U 0.011 0.02 0.02 0.02
UES DES MOINES 06/13/62 U 33 9 0 9
UE6 SEDAN 07/06/62 C 880 9 10 4
UE7 JOHNIE BOY 07/11/62 C 70 2 0 89
UE8 SMALL BOY 07/14/62 T 270 7 34 108
UE9 BANDICOOT 10/19/62 U 9 3 0 3
UE.10 PIKE 03/13/64 U 04 0.06 0 0.06
UE11 SULKY 12/18/64 U 13 0.02 0 0.02
UE12 PALANQUIN 04/14/65 C 910 2 0 2030
UE.13 PIN STRIPE 04/25/66 U 0.2 1 8 9
UE.14 CABRIOLET 01/26/68 C 6 0.2 0 0.2
UE.15 BUGGY 03/12/68 C 40 0.05 0 0.05
UE.16 SCHOONER 12/08/68 C 15 0.4 0.7 1
UE17 BANEBERRY 12/18/70 U 80 3 2 81
Totals (kCi) 149000 2320 10900 40100
a Airdrop d Tower
b Surface ¢ Balloon
¢ Crater fUnderground
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Chapter 4

Transfer of 37| from Deposition on
the Ground to Fresh Cows' Milk

Contents: The parameters used to estimate the transfer of 1311 from
deposition on the ground to fresh cows” milk via the ingestion of 131 -
contaminated pasture, the primary transfer route, are presented and
discussed. The importance of all other exposure routes by which cows
might be exposed to 1311 (ingestion of soil, water, and hay directly
contaminated with 131, ingestion of vegetation contaminated with 131
re-suspended from soil, and inhalation of 131 in the air) is assessed
relative to the pasture-cow-milk exposure route. The total time-inte-
grated 13T concentrations in fresh cows’ milk from all tests are esti-
mated and illustrated.

The transfer of 3T from deposition on the ground to fresh cows’
milk is well documented (e.g., Bergstrom 1967; Black et al.
1976; Dunster et al. 1958; Eisenbud and Wrenn 1963; Garner
1967; Kirchner et al. 1983; Knapp 1963; Ng et al. 1977; Stevens
et al. 1992; Till and Meyer 1983; Whicker and Kirchner 1987).
The environmental transfer processes resulting in the contami-
nation of fresh cows’ milk that usually are considered include:
(a) ingestion of 131 contaminated pasture, (b) ingestion of vege-
tation contaminated with 'l resuspended from soil, (c) inges-
tion of 11 contaminated soil, (d) ingestion of 'l contaminated
water, (e) ingestion of 1T contaminated hay, and (f) inhalation
of BT in the air. The largest contribution to the 3 concentra-
tion in fresh cows’ milk is usually due to the ingestion of 131
contaminated pasture; this transfer process, often called the
“pasture-cow-milk” exposure route, is considered separately.

In the remainder of the report:

* the ground is assumed to consist of soil and pasture
grass;

* “fresh cows’ milk” and “milk fresh from cow” mean
milk collected directly from the cow.

4.1. ESTIMATION OF THE '3'| CONCENTRATIONS IN FRESH COWS’ MILK
RESULTING FROM THE CONSUMPTION OF 3| CONTAMINATED PAS-
TURE
The mechanisms involved in the estimation of the 3T concen-
trations in fresh cows’ milk resulting from the consumption of
31T contaminated pasture are: (a) the interception by pasture
grass of the 1311 activity that is deposited on the ground, (b) the
retention of 1311 by pasture grass over a certain time period, (c)
the consumption of *'I contaminated pasture by the cow, and
(d) the secretion of 'l in the milk. Figure 4.1 illustrates those
mechanisms.

Following a single deposition of 13!I on pasture grass, the
BI] concentration in fresh cows’ milk produced by cows
assumed to consume pasture grass in a continuous manner at
the same rate reaches a maximum a few hours after the time of
deposition of 31 on the ground and thereafter decreases by a
factor of two about every five days. The total impact of the con-
tamination of milk with 131 is obtained by summing over time
the 311 concentrations in milk until the 3T has decayed com-
pletely. The result, called the time-integrated concentration of
BT in milk, is the quantity of interest in this report. The time-
integrated concentration of 131 in fresh cows’ milk, IMC,, result-
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ing from the consumption of 3!I-contaminated pasture (p) in
county, i, following deposition of 13'I on the ground on day, j,

can be expressed as:
IMC, (i, j) = j LGyl )X PIfi )% £, % dt

where:
C,(i.i.t) = average concentration of 131l in pasture
grass in county, i, at time, t, after depo-
sition on day, j [nCi kg™ (dry mass) ],

PI(i,j,t) = average amount of pasture consumed
daily by the cow (hereafter called pasture
intake) in county, i, at time, 1, after depo-
sition on day, j [kg (dry mass) d-],

o = average coefficient relating the amount
of 131 consumed by the cow per unit
of time to the concentration of 3 in
milk obtained from the cow under
equilibrium conditions (hereafter called
intake-to-milk transfer coefficient of 131|
in cows and expressed in units of d L),
and

IMC (i,j) = expressed in nCid L.

The mechanisms involved in the pasture-cow-milk exposure
route will be discussed in turn.

“.1)

Figure 4.1. Transfer of I-131 from deposition to fresh cows’ milk via the
pasture-cow-milk exposure route.

4.1.1. Interception of 13'I by Pasture Grass

As illustrated in Figure 4.2, the activity of 3T which is deposited
per unit area of ground, DG(,)), is distributed, in vegetated
areas, between the activity that is intercepted by vegetation,
A,(1,j,0), and the activity that is deposited on the soil, Ay(i,j,0):

DG(i,j) = A, (1), 0) + Ay(i.j, 0) 42)

The fraction of 31 activity deposited on the ground
which is intercepted by vegetation during the time of deposition
is called the interception factor, F(i,j):

AL
F.) =507 (43)

The value of the interception factor depends, among
other factors, on the meteorological conditions, on the type of
vegetation, and on the standing crop biomass (mass of vegeta-
tion above ground per unit area of ground). Values of intercep-
tion factors obtained in laboratory or field experiments conduct-
ed under dry conditions or using a light water spray (equivalent
to very light rain) spiked with radionuclides show a large range
of variation between 0.02 and 0.82 (Miller 1980). However, the
mass interception factor, F*, defined as the interception factor, E
divided by the standing crop biomass, Y, shows usually a much
narrower range of 1 to 4 m? kg! (dry mass) (Miller 1980), and
it is the quantity that is usually determined:

Fijp= Lt ()";’) (4.4)
From equations 4.4 and 4.3:

Ap (14, 0) _ Co(ij0)
Y DG i)~ 06 (i) (43)

Fo ()=

where:
C,(i,,0) represents the concentration (nGi kg™) of 13'I on pasture grass
immediately after deposition on day, j.

Figure 4.2. Schematic representation of the distribution of the activity of I-131
deposited on the ground.
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The estimation of the mass interception factor is carried
out differently according to whether 131 is deposited under dry
conditions or as a result of precipitation. To avoid ambiguities,
the mass interception factor is denoted, in this section, as F* dry
when 3T is deposited under dry conditions and as F*, when
31T is deposited under wet conditions. Also, the indices i and j
are not used explicitly to simplify presentation of the equations.

In the remainder of the report, “deposition on the
ground” is usually shortened to “deposition” unless further
clarification is needed.

4.1.1.1. Estimation of the mass interception factor of 131 by
vegetation under dry conditions

On the basis of experiments carried out under dry or light spray
conditions, Chamberlain (1970) proposed that Fdry and Y can be
related by means of the following equation:

Foy=T1—e€=" (4.6)
where:
Fary = interception factor,
a = the foliar interception constant for elemental
iodine and for particles up to 30 nm in diameter,
and
Y = standing crop biomass (kg (dry mass) m2).

From equation 4.6, the mass interception factor under dry
conditions can be estimated according to equation 4.7:

1T—e=
Fy = it)f;z = (4.7)

This factor, therefore, is influenced by the standing crop
biomass, Y, and by the foliar interception constant, a. Although
a is called a constant, it will be shown in Section 4.1.1.2 that
in fact it depends on several parameters, including the particle
size of the material intercepted by vegetation.

4.1.1.1.1. Influence of the standing crop biomass on the
mass interception factor
The value of the standing crop biomass varies, among other fac-
tors, with the stage of the growing season and with the type of
vegetation. For economic reasons, however, dairy cows are not
expected to be put on pasture until the standing crop biomass of
the grass is relatively high, thus resulting in a relative uniformity
of the standing crop biomass consumed by dairy cows through-
out the year and the country.

Baes and Orton (1979), on the basis of a compilation of
more than 500 values of standing crop biomasses for forage
grasses at harvest time, found a log-normal distribution with a

Transfer of 1311 from Depostition on the Ground to Fresh Cows’ Milk

median value of 0.3 kg m~ (dry mass) and a geometric standard
deviation of 1.8. Koranda (1965), using data from the U.S.
Department of Agriculture, reported average forage crop yields
for the U.S. of 0.20 kg m~ for wild hay, 0.26 kg m™ for les-
pedeza (a legume used for hay in southern states), 0.34 kg m
for clover and clover-grass mixtures, 0.28 kg m- for grain hay,
0.29 kg m* for other hay, 0.40 kg m for sorghum forage, and
0.53 kg m™ for alfalfa and alfalfa-grass mixtures. These values
are in fairly good agreement with the results obtained by Baes
and Orton (1979), which are used in this report for calculation
purposes and are assumed to apply to any county of the con-
tiguous United States. It can be shown (Figure 4.3) that the
mass interception factor is not sensitive to the value of the
standing crop biomass for a large range of values of the foliar
interception constant. The foliar interception constant, whose
value has a greater effect on F*, is discussed next.

4.1.1.1.2. Influence of the foliar interception constant on the
mass interception factor

The foliar interception constant is an empirical parameter that
includes the influence on the mass interception factor of all fac-
tors other than the standing crop biomass (e.g., meteorological
conditions, physical and chemical form of I, type of vegeta-
tion, etc.).

There is evidence that the value of the foliar interception
constant, a, decreases as the particle size increases (Anspaugh et
al. 1986; Romney et al. 1963; Whicker and Kirchner 1987) and,
therefore, that the mass interception factor decreases as the par-
ticle size increases. In the case of atmospheric nuclear weapons
tests, large-size particles (more than 100 "m in diameter) fall
out near the detonation site and smaller particles are deposited
as the radioactive cloud moves further away. Simon (1990), on
the basis of limited measurements carried out near the NTS,
estimated that the variation of the foliar interception constant
a(X) for pasture grass, expressed in m? kg'! (dry mass), as a
function of the distance, X, from the NTS, expressed in km, can,
in the absence of precipitation, be calculated as:

a(X) = (7.0% 104 x (X'19) (48)

Based upon this equation, the value of a(X) increases
with distance from the NTS and is equal to 2.8 m? kg! (dry
mass) for X = 1,540 km (Figure 4.4). Beyond that distance, the
value of a(X) is taken to remain constant at 2.8 m? kg! in order
to remain consistent with the value proposed by Chamberlain
(1970) for elemental iodine and small-sized aerosols (see
Section 4.1.1.1). The variation of F* dry 352 function of dis-
tance can then be calculated:

1— gy

F *dry (X) = Y (49)

and is also presented in Figure 4.4, using a value of 0.3 kg m-
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Figure 4.3. Variation of the mass interception factor F*;, as a function of the
standing crop biomass Y for several values of the foliar intercep-
tion constant o expressed in m2 kg (dry mass).

1
fim mamets
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Figure 4.4. Variation of the foliar interception constanta and of the mass
interception factor F*,, under dry meteorological conditions as a
function of distance X from the NTS for Y = 0.3 kg m2 (dry
weight).
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(dry mass) for Y.

Simon (1990) estimated that the GSDs attached to the
values of a for distances from the NTS between 130 and 420
km are about 1.8. It is assumed that this value applies for any
distance less than 1540 km from the NTS. For distances greater
than 1540 km, the GSD for a, based upon the review of
Chamberlain (1970), is estimated to be 1.3. Using the distribu-
tion of Y (median=0.3 kg m~, GSD=1.8) found by Baes and
Orton (1979), it is found that the values of F. dr),(X) can be rela-
tively well approximated by lognormal distributions with GSDs
of 1.5 for X smaller than 1540 km and of 1.2 for X greater than
1540 km.

4.4

4.1.1.2. Estimation of the mass interception factor of 31 by
vegetation in the presence of precipitation
As indicated in Section 4.1.1, most of the laboratory and field
experiments investigating interception factors were conducted
under dry or light spray conditions (Miller 1980) and do not,
therefore, provide any information on the values to be expected
in moderate or heavy rainfalls. In a limited number of cases,
however, 13!l was measured in rain and vegetation after atmos-
pheric nuclear weapons tests. The interception factor values
derived from those measurements show a large range of varia-
tion, from less than 0.09 to about 0.9, with a high scatter for
any given rainfall level, but with a tendency to decrease as the
rainfall amount increases (Anspaugh 1987; Voillequé 1986
(included as Appendix 8)). By adapting an expression original-
ly developed by Horton (1919) for the initial retention of rain-
water by vegetation, Voilleqae (1986) proposed that the varia-
tion of the mass interception factor as a function of the rainfall
amount (mm), denoted as F*_, and expressed in m? per kg (dry
mass) of vegetation, can be estimated:

F*e= EF + %5 - 13 +% (4.10)
where:

EF is a constant equal to 1.3 m2 kg' (dry mass),

RS is a constant equal to 16 mm kg' (dry mass) m2, and
R is the rainfall amount (mm or L m?2).

In this expression, which describes in mathematical form
Horton’s model modified by Voillequé (1986), the mass inter-
ception factor for wet deposition, F*_, is inversely related to
the rainfall amount. The values of EF and of RS were obtained
by fitting equation 4.10 to available values of F* , for fallout and
the assorted precipitation data.

Because of the importance of the mass interception factor
in the assessment of the 3'T exposures, and because of the limit-
ed amount of information on its value under conditions of mod-
erate or heavy rainfall, a research program was designed to
investigate the dependence of the mass interception factor on:
(a) the physico-chemical form of the radionuclide, (b) the rain-
fall amount and intensity, and (c) the type and height of vegeta-
tion (Hoffman et al. 1989). Field experiments were conducted
in which two mechanical rain simulators were used to study the
interception by vegetation of radionuclides contained in rain.
Rain simulator No. 1 had been designed to deliver rain at rates
typical of moderate intensity storms (1 to 4 cm h'!), while rain
simulator No. 2 had been designed to reproduce rates common
to very high intensity storms (4 to 12 cm h'!). The simulated
rain contained three radionuclides (1#1Ce, 9Nb, and 83Sr) in
three size classes (3, 9, and 25 wm, respectively) of insoluble
polystyrene microspheres. The microspheres had been annealed
at over 400 °C to seal the radionuclides inside (Hoffman et al.
1989). The deposition of those insoluble microspheres was
taken to be representative of the deposition of 1*'I attached to
particles resulting from NTS tests. Also, the deposition of *' in

wet



soluble form was simulated by adding '3'I to the solution as
either iodide or periodate. These materials were applied in simu-
lated rain, in amounts varying from 1 to 30 mm in a given
application, to pure stands of white clover and fescue, and to
mixed stands of old field vegetation. In a separate experiment,
simulated rain also was applied intermittently to fescue with
approximately 30 min elapsing between the end of one applica-
tion of rain and the beginning of another, up to cumulative
amounts of 75 mm (Hoffman et al. 1989).

The results of these experiments are compared with those
derived from Voillequé (1986) in Figure 4.5 for particles and in
Figure 4.6 for 1 in soluble form. When !3'T is attached to parti-
cles, which is the form most likely to have been predominant in
fallout, there is good agreement between experimental and pre-
dicted values of the mass interception factor (Figure 4.5), espe-
cially for amounts of rainfall in excess of 10 mm. The initial esti-
mates of EF and RS, however, were multiplied by 0.7 in order to
obtain an even better agreement with the experimental values of
the mass interception factor obtained by Hoffman et al. (1989)
under controlled conditions. The resulting equation, which is
used in this assessment, is:

" RS 11
F*y (R)= EFy + =% =09+ — (4.11)
R R
where:
F* wet(R) = mass interception factor [m2 kg' (dry mass)],
EF, = calibrated value of EF = 0.91 m? kg-! (dry mass),
RS, = calibrated value of RS = 11 mm m? kg! (dry mass), and
R = rainfall amount (mm).
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Figure 4.6. Variation of the mass interception factor as a function of rainfall
amount. The solid curve represents the estimates derived from
Horton's model as modified by Voillequé (1986), while the solid
dots represent experimental values for soluble I-131 on grass
from continuous and intermittent applications of water supplied
by rainfall simulators (Hoffman et al. 1989).

Figure 4.5. Variation of the mass interception factor as a function of rainfall
amount. The curves represent the estimates derived from Horton’s
model, as modified by Voillequé (1986) as a dashed line and as
further calibration in this report as a solid line. The crosses,
points, and squares represent experimental values (to which the
model was calibrated for interception) for radionuclides bound in
particles by grass from continuous and intermittent applications
using rainfall simulators (Hoffman et al. 1989).

I
e
=

When 1311 is in soluble form, the experimental values of
the mass interception factor are about 10 times lower than those
predicted by the model (Figure 4.6). However, 13'] is not thought
to have been present in soluble form in fallout from the NTS in
substantial amounts. It is shown in Appendix 7 that the deposi-
tion of 13! on pasture grass, as well as the resulting concentra-
tions in cows’ milk, can be adequately estimated using the
assumption that all of 13T in fallout from NTS was attached to
particles. This assumption is used throughout the report.

For low rainfall amounts associated with high standing

crop biomasses, the use of equations 4.11 and 4.4 for 13'1
attached to particles yields values of the interception factor,
that are greater than one, which physically is impossible. To
avoid this inconsistency, equation 4.11 is only used for daily rain-
fall amounts that exceed 5 mm (denoted as R,). On the basis of
experimental data (Figure 4.5 and Appendix 8), the values of

F* R for moderate and heavy rain (R > 5 mm) are considered
approximately independent of the size of particles to which fall-
out B is attached. This means that F* , does not change with
distance from the NTS.

For light rain (R< 5 mm), two rainfall intervals are con-
sidered:

* for values of daily rainfall between R; = 2.5 mm and R,
= 5 mm, the mass interception factor is assumed to
remain constant, irrespective of the distance from the
NTS:

F* et (R) = F* o1 (Ry) = 3.1 m? kg* (dry mass) for R, <R <R,
(4.12)
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* for values of daily rainfall between O and R, = 2.5 mm,
the value of F*  for a distance X from the NTS and a
daily rainfall amount R is obtained by linear interpola-
tion between the value of the mass interception factor
used for dry conditions, F* clr),(X), in equation 4.9 and
the value of the mass interception factor in the presence
of a rainfall R, of 2.5 mm, F* _(R)):

. . . . R
F wet (XR)=F dry X) + [F wet (R1) -f dry (X)] < ?1 for R <R1 (4.13)

where:
F*.(X,R) = mass interception factor at a given distance from the
NTS and for less than 2.5 mm of rainfall.
F* iny(X) = mass interception factor at a given distance from the
NTS and no precipitation,
F* et(Rq) = mass interception factor for 2.5 mm of rainfall.

The variation of F*_, as a function of X and of R is illus-
trated in Figure 4.7. For the purposes of the uncertainty analy-
sis, the values of F*_ are assumed to be log-normally distrib-
uted with GSDs of 1.4 and 1.6 for distances from the NTS that

are less and greater than 1,540 km, respectively.

Figure 4.7. Variation of the mass interception factor, F*, as a function of
daily rainfall, R. The straight solid lines for light daily rainfall
(R < 2.5 mm) illustrate results obtained at two distances from
NTS using the interpolation procedure adopted.
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4.1.1.3. Discussion

The values of the mass interception factor F*(i,j) determined as
indicated in the preceding Sub-sections 4.1.1.1 and 4.1.1.2 are
combined with the deposition density DG(,j) to estimate the
concentration of ' in pasture grass immediately after deposi-
tion. From equation 4.5:

Co(iij, 0)=DG (i, ) X F* (i, }) (4.14)

The variation of the concentration of 13'I in pasture grass
with time, t, after deposition, Cp(i,j,t), is discussed in the follow-
ing section.

4.1.2. Retention of 1311 by Pasture Grass

After 131 is deposited on pasture grass, environmental removal
processes combine with radioactive decay to reduce the initial
amount, AP(O), on the vegetation surface per unit area of
ground. Figure 4.2 shows schematically the operative processes.
The time necessary for one-half of the activity to be removed by
environmental processes or diluted by plant growth is referred
to as the environmental weathering half-life, T, (Miller and
Hoffman 1979). Literature values of T, for particulate forms of
iodine have a geometric mean of 8.2 d with a geometric stan-
dard deviation of 1.8 while those for 1, vapor have a geometric
mean of 6.8 d with a geometric standard deviation of 1.3 (Miller
and Hoffman 1983). Within the framework of the research pro-
gram related to this study, measurements of environmental
weathering half-lifes of soluble 3'T and of insoluble particulates
resulted in values ranging from 7.5 to 17.6 d with a median
value of about 11 d (Hoffman et al. 1989). In this report, the
mean value of T, for 1>'T in NTS fallout is taken to be 10 d,
which is consistent with the findings of Miller and Hoffman
(1983). This time value, together with that of the radioactive
half-life, Tr = 8.04 d, determines the effective half-life of reten-
tion on vegetation, Te, according to:

=7 %7 (4.15)

Using equation 4.15 and the values for T, and T, given
above, a value of 4.5 d is obtained for T,.

The rate constants according to which the activity of 13'1
decreases by environmental removal processes and by radioac-
tive decay are denoted as A, and N, respectively, and are related
to T, and to T, as:

_In@
M= (4.16)
and
_h@) (417)
N=T



In the same way, the effective rate constant, A, which is
the sum of A, and of A , is related to the effective half-life, T, as:

L1
T,

e

ANp=N\, A, = (4.18)

The activity of 13!1 present on pasture grass per unit area
of ground, A, decreases exponentially with time after deposi-
tion, t, according to:

A, (1) = A, (0) X e2ut X gt (4.19)

Since A (0) = DG x F (equation 4.3) and N =\ +\, (equa-
tion 4.18), equation 4.19 can be written as:

A, (1) = DG X FX g (4.20)

The variation of the activity of 13'I present in pasture
grass per unit area of ground, A, as a function of time is pre-
sented in Figure 4.8 for a single deposition, DG, of 1 nCi m~ at
time zero and for the value of F* corresponding to dry deposi-
tion far away ( >1,540 km) from the NTS. The value of A,
decreases exponentially with time; it reaches 1% of its initial
value after 5 weeks and 0.1% of its initial value after approxi-
mately 2 months. Also shown in Figure 4.8 are the decreases
with time of the activity of 13!T deposited on soil and the total
131] activities per unit area of ground. The activity on soil is ini-
tially lower than the activity on pasture grass, but it becomes
greater after a certain time because the activity removed from
pasture grass by environmental processes is transferred to soil.

Figure 4.8. Variation with time of the activities of '3'l per unit area in pasture
grass and in soil following a deposition of 1 nGi m2 of '3 on the
ground (assuming that «=2.8 m? kg™ and Y=0.3 kg m2 (dry
weight)).
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The concentration of 31 in pasture grass, Cp(t), is
obtainéd by dividing the activity A (1) by the standing crop bio-
mass, Y:

A (t "
Cp )= —% = DG X F* X ghet (4.21)

The time-integrated concentration of 1311 in pasture
grass, IC,, resulting from a single deposition of ' on the
ground, DG, is obtained by integrating C,(t) over time until
complete decay of PI:

%0 F* Y
Ic, = jocp(t)xdt=DG = DB XF X, (4.22)
where:
7, the reciprocal of \,, is the effective mean time of residence of 13!l on
pasture grass.

Measurements carried out within the framework of the
research program related to this study to investigate the influ-
ence of the physico-chemical form of the material deposited, the
effect of plant growth dilution after deposition, and the wash-off
effect of uncontaminated rain falling on vegetation showed: (a)
no significant differences between the retention by vegetation of
BI] and of insoluble microspheres, (b) an effect of growth dilu-
tion of minor importance, and (¢) unsuccessful attempts to cor-
relate the removal of deposited materials with subsequent
uncontaminated rain (Hoffman et al. 1989). If wash-off and
growth dilution are not responsible for the reduction of the ini-
tial concentration with time, one can only speculate as to what
are the important controlling processes. Some of the removal
mechanisms may be surface abrasion and leaf bending from
wind action, leading to tissue senescence of growing vegetation
(Hoffman et al. 1989).

The uncertainties attached to the values of T, and 7, can
be inferred from the uncertainties related to the environmental
weathering half-life, T , as the radioactive half-life of 'I, T, =
8.04 d, can be assumed to be exactly known for the purposes of
this report. Given the short radioactive half-life of 13!, the effec-
tive half-life T, is not particularly sensitive to large variations of
the environmental weathering half-life T . In this assessment,
the values of T, are taken to be log-normally distributed with a
geometric mean of 10 d and geometric standard deviation of 1.8
for any county of the contiguous U.S. for any time during the
year. The corresponding geometric means of T, and 7, are 4.5
and 6.4 days, respectively, with a geometric standard deviation
of 1.3.
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4.1.3. Pasture Consumption by Dairy Cows and by
“Backyard” Cows in the Continental U.S.

Fresh pasture is the portion of the cow’s diet that is of primary
interest in this report because it is the principal dietary compo-
nent that was directly exposed to fallout and contaminated to a
substantial extent by 3'I. Knowledge of the pasture consump-
tion (also called intake) by cows is necessary to determine their
BIT activity intake due to the consumption of pasture contami-
nated following the deposition of 13'I resulting from a nuclear
test at the NTS. The activity intake of 1, AL(i,j), resulting from
deposition on day, j, in county, i, is estimated as:

Al (i, ) =j:cp (i, 1,1 % PI(i,j, b x dt (4.23)

where:

C,(i,j.t) is the concentration of '3'l in pasture grass in county, i, at time, t,
after deposition on day, j (see equation 4.21), and PI(i,j,t) is the
rate of pasture intake by cows in county, i, at time, t, after depo-
sition on day, j.

In order to estimate the amount of 13'I-contaminated
pasture consumed by cows across the country, it is necessary to
correlate temporal and spatial characteristics of the fallout pat-
terns following each test with both the pasture intake by cows
and the beginning and end of the pasture season for different
regions of the U.S. These parameters in turn are influenced by
the large climatic and agricultural variations that exist across the
country. As shown in Figure 4.9, the atmospheric tests analyzed
in this study released *'I during each of the 12 months of the
year, with maximum releases occurring during the spring.

Since the deposition of 131 following an atmospheric test
was usually widespread, the amounts of pasture consumed by
cows were estimated for each week of the year and each region
of the country.

Since the 1950s, the trends toward larger farms and the
greater daily food intake requirements by high-milk-producing
cows have reduced the importance of pasture feeding in favor of
an increased reliance upon drylot feeding (Koranda 1965;
McCullough 1981; Ward and Whicker 1987), which utilizes lit-
tle or no pasture. Therefore, current dairy practices cannot be
used as a surrogate for dairy practices that occurred during the
1950s.

Almost all of the cows’ milk consumed in the United
States in the 1950s originated from “dairy,” or “commercial,”
cows. However, it was not unusual, during the 1950s, for fami-
lies living in rural areas to keep one or two cows to provide the
milk needed by the family. The diet of these “backyard” cows
was not as carefully controlled as the diet of cows in commercial
operations. The care of the cows and the pasture practices were
more likely to have been motivated by ease of care and by
reducing the maintenance costs to the extent practicable. To
account for these differences, slightly different assumptions were
made for the pasture practices of “backyard” cows.

4.8

Figure 4.9. Distribution of atmospheric releases of I-131 from NTS tests
analysed in this study.

ET

N
LENT]

4.1.3.1. Pasture data available for dairy cows

No federal or state agricultural statistics exist regarding the con-
sumption of pasture by dairy cows. Although occasional reports
discuss pasture practices in terms of ideal conditions for cows or
pasture, no direct information was found on the actual daily
intakes of pasture by cows in the 1950s. Therefore, indirect
methods were used to estimate the daily intake of pasture by
cows throughout the country. The only nationwide standard-
ized information source for dairy herd diets is the Dairy Herd
Improvement Association (DHIA). Since 1905, the DHIA has
maintained records to help its members improve the health of
dairy cattle, increase milk production and increase efficiency of
herd management. Since 1953, the Animal Improvement
Program Laboratory of the U.S. Department of Agriculture
(USDA) has maintained a national computer database of the
DHIA data from the nine relatively independent regional Dairy
Records Processing Center offices (DRPC 1987; Voelker 1985).

In 1950, over 1 million cows, about 5% of the number of
dairy cows in the U.S., were included in the DHIA program. By
1960 the percentage of cows in the program doubled, and by
1970 about 20% of the cows were included (Voelker 1985).

The success of the program is shown by higher average milk
production rates of cows in the program, as compared to the
average rate of all cows. For example, in 1950, cows in the
DHIA program produced 58% more milk than the average U.S.
cow. This increased production can be related to improved
feeding programs, better herd management and the use of supe-
rior breeding stock (Voelker 1985).

The DHIA maintained records on breeding, diet, milk
production, health, and operation costs of the cows for the
farmers that were members of the association. The data collect-
ed included: number of cows in the herd, days-in-milk (number
of days the cow produces milk as opposed to being “dry”), num-
ber of cows milked 3 times a day instead of twice, weight of the
cows, milk and fat production of each cow, and feed costs.



Also, records were kept on estimates of the amount of protein,
dry forage, succulent forage and concentrates that were fed to
the cows. In addition, the fractions of the total net energy fed
from dry forage, succulent forage and concentrates were estimat-
ed, as was the number of days the cows were on pasture during
the year. A ratio called the feed index was reported as a mea-
sure of the amount of energy fed to the cows as compared to the
amount of energy required by the animals for maintenance and
milk production.

These data were estimated at the time by the farmers and
the DHIA field staff and reported as monthly averages to the
local DHIA office. Yearly, these data were compiled into annual
herd summaries and the records were transferred to the Animal
Improvement Laboratory in Beltsville, MD. The annual sum-
maries of the data collected for the herds included in the DHIA
program were obtained from the Animal Improvements
Programs Laboratory.!

In reviewing the more than 270,000 records, some incon-
sistencies in recording, collecting and/or computational methods
became apparent. In some states, the same value was recorded
for certain factors for all the herds and all years. In other states,
large portions of the data in a given record would be missing.
For example, in California there were no data available for the
time period of interest. It also appears that over the span of 10
years some of the different DHIA offices calculated estimates of
net energy from dry forage, succulent forage and concentrates
utilizing the annual herd average data in different ways. The
values reported for the number of days on pasture were difficult
to interpret in some states. It was not easy to determine if a
value of zero indicated that no data were collected or that the
herd was on feedlot.

In general, data for the number of cows, the milk and
fat production for each cow, the weight of the cows and number
of days on pasture are consistently reported. Using these data,
the pasture intake by dairy cows has been calculated in two
steps: (a) estimation of the total intake of dairy cows, averaged
over the years 1953 to 1963, for each of the contiguous states,
and (b) estimation of the fraction of total dry matter intake that
was provided by pasture. In order to estimate the fraction of
diet from pasture, the average cows total diet was calculated
using a method recommended by the National Research Council
(NRC) (NRC 1978). The following DHIA annual herd data
were utilized to calculate the total diet of dairy cows:

* average number of cows in the herd,

* average weight of the cows,

* average yearly milk production,

* average fat content in the milk, and
 number of days the cows were on pasture.

The estimates of the total daily dry matter intake that can
be calculated from the DHIA data reported in the 1950s seem
representative of the average cow’s dry matter intake because
these values are in fair agreement with the diets recommended
in the manuals at that time (Morrison 1961). However, the
greater milk production rates for DHIA herds suggest that the
proportions of feed types (dry forage, succulent forage, and con-
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centrates) in the rations may have differed. Information on the
relative importance of the components of the diet in each state

were obtained from experts (see list of contacts in Appendix 3,
Part 1).

The geography, type of grasses, and climatological varia-
tion from year to year, as well as the economic climate at any
given time, all influence the length of the pasture season as well
as the fraction of the cow’ diet obtained from pasture at differ-
ent times of the year. In addition, the traditions followed by
individual families can have a profound effect on the pasture
practices. This study utilized the data provided by: (1) the DHIA
(for the number of days on pasture), (b) interviews with USDA
Extension Service experts (Appendix 3, Part 1), and (¢) pub-
lished reports to estimate the beginning and end of the pasture
season, as well as the fluctuation in the fraction of the cow’s diet
that was provided by fresh pasture during the season.

A detailed discussion on the methods and results of the
estimation of the pasture practices across the U.S. in the 1950s
is found in Sections 4.1.3.2, 4.1.3.3, and 4.1.3.4. The estima-
tion of the backyard cow diet is discussed separately in Section
4.1.3.5.

4.1.3.2. Total daily consumption of feeds by dairy cows
There is considerable variation in the total daily consumption of
feeds by dairy cows depending on the cows body weight, level
of milk production, and quality of the forage feeds. The varia-
tion is reduced if the food intake is described in terms of dry
weight or “dry matter intake.” The ability of cows to digest feed
varies on a relatively small scale; however, their appetites,
growth rates and milk production rates can vary considerably
(NRC 1988). Feeding standards have been established to help
farmers in selecting the properly balanced rations for optimum
health of their animals and maximum milk production
(Morrison 1961; NRC 1978, 1988). Using the National Research
Council methodology (NRC 1978), the recommended daily
intake, DM, expressed in terms of dry matter (kg d-1), is estimat-
ed using:

_ BWTx PBWT

om 100

(4.24)

where:
DM

daily dry matter intake (kg d-*),

BWT = cow’s body weight (kg), and

PBWT percentage of cow’s body weight to be fed to the cow per day.

Using the NRC methodology (NRC 1978), the values of
PBWT are estimated as a function of the cow’s body weight, BW,
and of the daily production of milk normalized to 4% fat con-
tent, FCM, as shown in Table 4.1 for a range of values of BW
and of FCM.

Personal communication (1985) with G. Wiggans and C. Ernst, at Animal Improvement
Programs Laboratory, Agricultural Research Service-USDA, Building 263, Poultry Road,
BARC-East, Beltsville, MD 20705.
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Table 4.1. Estimates of percentage of body weight, PBWT, to be fed to dairy cows, as a function of the cow’s body weight, BWT, and of the daily
production of milk normalized to 4% fat content, FCM (NRC 1978).
Cow’s body weight, BWT (kg) 300 400 500 600 700 800 900
FCM (kg d-")

5 24 2.2 21 2.0 2.0 2.0 2.0
10 2.7 25 2.3 2.2 2.1 2.0 2.0
15 3.0 2.8 2.5 2.4 2.3 2.2 2.1
21 3.3 3.1 2.8 2.7 2.6 2.4 2.2
25 35 3.4 341 3.0 2.8 2.6 2.4
30 3.9 3.7 3.4 3.2 3.0 2.8 2.6
35 4.0 4.0 3.6 3.4 3.2 3.0 2.8
40 4.0 4.0 3.8 3.6 3.4 3.2 3.0
45 4.0 4.0 4.0 3.8 3.6 3.4 3.2

The 4% fat-corrected daily milk production, FCM, is cal-
culated for each herd average using the following empirical
equation recommended in the NRC (1988) methodology:

FCM = (0.4 X MY) + (15 X FAT) (4.25)
where:
FCM = 4% fat-corrected daily milk production (kg d*),
MY = milk yield (kg d), and
FAT = fatyield (kg d).

The annual herd averages for cows’ body weight, milk
production, and fat production reported to the DHIA from 1955
to 1965 were used to calculate, for each year that data were
reported, in order: (1) the daily averages of the milk yield, MY,
and of the fat yield, FAT; this was done by dividing the total
yearly productions by the average number of days that cows
produce milk during the year, 305 days, as cows are allowed an
annual 60-day dry period for optimal milk production (DRPC
1987); (2) the 4% fat-corrected daily milk production, FCM,
using equation 4.25; (3) the percentage of body weight to be fed
to the cow, PBWT, using Table 4.1; (4) the average total daily dry
matter intake for the herd, DM, using equation 4.24. It is
assumed that the daily total dry matter intake of the cows
remains constant throughout the year for all the cows in the
herd.
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Table 4.2 presents the arithmetic means of BWT, MY, and
FAT for all of the herd data available in each state as well as the
resulting values of PBWT and of DM obtained using equations
4.24 and 4.25 and Table 4.1. For example, the average DHIA
cow in New York state weighed 517 kg and produced 15.3 kg of
milk and 0.58 kg of fat per day. From 3566 herd records in
New York state, over a 10-year period, it is estimated that the
mean daily dry matter intake for DHIA cows in New York state
was 13 kg d-! with a standard deviation of 1.4 kg d-!. The distri-
butions of the daily dry matter intakes in each state are relatively
narrow and are fairly well approximated by normal distribu-
tions; consequently, the median daily dry matter intake in each
state has been assumed to be equal to the mean value.

It is to be noted that the values of DM obtained by this
method may be thought to be overestimates for two reasons: the
NRC guidelines are intended to provide maximum dry matter
intakes and the cows included in the DHIA program may not be
representative of all cows because they may weigh more and
produce more milk of better quality than those that are not list-
ed in the DHIA program. However, the arithmetic means for
the dry matter intake that are presented in Tuble 4.2 are consis-
tent with the range of 9 to 17 kg per day that is found in the lit-
erature for dairy cows of the 1950s (CES 1979; Koranda 1965;
Leaver 1985; Morrison 1961; NRC 1978; Ward and Whicker
1987). The increased milk production represented by cows in
the DHIA program may be due both to better nutrient quality of
the DHIA recommended diet and to a somewhat greater total
dry matter intake.
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Table 4.2. Ten-year average state values and standard deviations (1 o) of DHIA yearly herd data from 1953 to 1963 for the weight of the cows, daily milk and fat yield,
and the estimated daily dry matter intake per cow. Each DHIA herd record provided average information on an individual herd for a given year.

Average weight Milk yield(MY) Estimated fat yield (FAT) Dry matter intake (DM) Number

of cow(BWT) of records
State (kg) (1o) (kg d-1) (1o) (kg d-1) (1) (kg d-1) (1o)
Alabama 520 148 10.7 2.7 0.446 0.1 12.1 2.4 1477
Arizona 616 101 14.2 2.5 0.54 0.084 144 1.8 1307
Arkansas 536 135 12.6 2.6 0.516 0.102 12.8 2.3 238
California* 700 - 174 35 0.685 0.103 17.0 1.1 5782
Colorado 704 113 13.8 2.8 0.547 0.089 15.8 2.0 1359
Connecticut 608 130 15.2 33 0.61 0.111 14.6 2.3 4557
Delaware 581 114 13.9 3.0 0.558 0.1 13.8 2.1 1037
Florida 500 144 10.8 1.9 0.478 0.092 11.9 2.3 648
Georgia 622 142 12.1 2.9 0.487 0.103 14.0 2.2 1641
Idaho 615 145 14.5 3.2 0.584 0.091 14.5 2.5 5386
lllinois 676 119 15.2 2.9 0.593 0.097 15.7 2.0 15334
Indiana 659 130 14.8 3.2 0.59%4 0.102 15.3 2.3 10753
lowa 585 105 15.0 3.2 0.576 0.099 14.1 2.0 15626
Kansas 594 115 14.9 3.0 0.576 0.097 14.2 2.1 4501
Kentucky 604 141 13.1 3.0 0.523 0.096 13.9 2.3 2411
Louisiana 575 163 9.6 2.5 0.422 0.085 12.8 2.6 257
Maine 511 94 14.2 341 0.583 0.107 12.8 1.9 5201
Maryland 661 130 14.2 2.9 0.568 0.099 15.2 2.1 7127
Massachusetts 649 134 14.7 3.2 0.597 0.109 15.2 2.2 4794
Michigan 661 129 15.5 3.2 0.598 0.098 15.5 2.2 14556
Minnesota 553 83 154 3.0 0.576 0.092 13.6 1.7 27221
Mississippi 537 145 10.3 2.7 0.444 0.105 12.3 2.3 616
Missouri 602 142 13.2 341 0.55 0.101 14.0 2.4 2415
Montana 642 113 14.6 2.9 0.55 0.086 14.9 2.0 826
Nebraska 651 124 14.5 341 0.561 0.102 15.0 2.2 2789
Nevada 762 59 16.0 2.9 0.635 0.088 17.4 1.3 47
New Hampshire 651 135 14.1 3.0 0.574 0.111 15.0 2.1 2864
New Jersey 648 123 15.3 2.8 0.596 0.094 15.2 2.1 3718
New Mexico 754 68 13.7 2.7 0.551 0.087 16.6 1.3 118
New York 517 56 15.3 2.8 0.582 0.092 13.0 1.4 3566
North Carolina 561 124 13.4 2.9 0.529 0.096 13.3 2.1 4939
North Dakota 569 58 14.2 3.0 0.532 0.106 13.6 14 1153
Ohio 690 124 14.9 33 0.578 0.099 15.8 2.2 12398
Oklahoma 642 136 13.1 341 0.515 0.101 14.5 2.2 1085
Oregon 750 75 12.9 2.4 0.59 0.089 16.6 1.4 2967
Pennsylvania 662 126 15.0 3.0 0.59 0.1 15.4 2.1 38757
Rhode Island 631 128 14.9 341 0.593 0.1 14.9 2.2 519
South Carolina 573 142 12.2 2.7 0.501 0.938 13.3 2.3 893
South Dakota 616 108 15.1 341 0.553 0.104 14.5 2.0 1320
Tennessee 476 72 12.2 2.9 0.511 0.1 11.8 1.6 2033
Texas 614 147 12.6 33 0.512 0.104 14.0 2.4 2164
Utah 533 67 16.1 3.0 0.606 0.1 135 1.6 27629
Vermont 605 151 224 341 0.558 0.11 14.1 2.4 9653
Virginia 528 71 14.5 3.0 0.574 0.103 13.1 1.6 7507
Washington 770 16 14.2 3.2 0.614 0.099 17.2 0.9 3283
West Virginia 506 72 13.3 2.8 0.526 0.093 12.4 1.5 1690
Wisconsin 601 118 14.7 2.9 0.564 0.093 14.3 2.2 13430
Wyoming 665 77 13.7 2.9 0.501 0.085 15.0 1.4 71
* In the absence of data, the weight of California’s DHIA cows was assumed to be 700 kg.
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4.1.3.3. Fraction of total consumption of dry matter by
dairy cows due to pasture

The fraction of the total daily consumption of dry matter by
dairy cows that is obtained from pasture, FP, varies from one
region of the country to another and from one time of the year
to another. The DHIA records provide information on the total
number of pasture days in the year and on the yearly averages of
the fraction of diet on pasture, but not on the dates correspond-
ing to the beginning and end of the pasture season, or on the
variation of the value of FP during the pasture year. In order to
reconstruct pasture feeding practices during the 1950s for the
contiguous United States, the expert opinions of individual state
USDA Extension Specialists throughout the country, and of
other knowledgeable persons, were requested. The list of the
persons who provided assistance can be found in Appendix 3
(Part 1). Most of the information was obtained during telephon-
ic conversations and was based on subjective estimates from the
experts. Problems related to spatial and temporal variations of
FP were treated as follows:

(a) Spatial variations: Experts were requested to provide
values of FP averaged over the entire state with which they were
familiar. In some states, however, the environmental conditions
and therefore the pasture practices varied considerably across
the state. For example, in the southeastern states, the coastal
areas are milder and therefore have significantly longer pasture
seasons than do the inland sections. For the same reason, there
are large intra-state variations in pasture season due to the dry
climate in certain parts of Texas and California. Different pasture
seasons were therefore assigned to parts of the states of
California, Texas, Mississippi, Alabama, Georgia, and South and
North Carolina. In addition, because there were substantial
changes in pasture practices associated with sharp changes in
fallout patterns across states close to the test site (Utah, Arizona,
and part of California), it was considered that the use of a single
pasture practice for the entire state would be too general.
Therefore, smaller geographic areas were assigned within these
states and the corresponding pasture practices were estimated
on the basis of the work of Ward and Whicker (1987). In sum-
mary, the contiguous United States were divided into 71 pasture
regions:

* 39 pasture regions correspond to the territories of the
states that were not subdivided (Arkansas, Colorado,
Connecticut, Delaware, Florida, Idaho, Illinois,
Indiana, lowa, Kansas, Kentucky, Louisiana, Maine,
Maryland, Massachusetts, Michigan, Minnesota,
Missouri, Montana, Nebraska, Nevada, New
Hampshire, New Jersey, New Mexico, New York, North
Dakota, Ohio, Oklahoma, Oregon, Pennsylvania,
Rhode Island, South Dakota, Tennessee, Vermont,
Virginia, Washington, West Virginia, Wisconsin, and
Wyoming);

* 31 pasture regions are in states that were subdivided:
Alabama (2), Arizona (2), California (4), Georgia (2),
Mississippi (2), North Carolina (2), South Carolina (2),
Texas (2), and Utah (13); and
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* one pasture region for the District of Columbia, although
there were no dairy cows in that area during the 1950s.

The distribution of the pasture regions across the con-
tiguous United States is illustrated in Figure 4.10. A more
detailed presentation of the geographical territories of the states
that were subdivided can be found in Appendix 3 (Part 3).
General information on the subdivided areas near the NTS is
provided in Appendix 2 (Section A2.3).

(b) Temporal variations: The experts were initially
requested to provide information on the variation of FP
throughout the year on a monthly basis. However, in a number
of responses, it was indicated that changes occurred “early;”
“late,” or “in the middle of” a given month. It was therefore
decided to divide each month into four parts, that would begin
on the 1st, 8th, 16th, and 23rd days of each month, and to
assign any change in the FP values to one of those days during
the month. These four parts of the month are similar to calendar
weeks, except that they begin on fixed days and may be 6 to 9
days long. They are denoted as “weeks” in this report.

The beginning and end of the pasture season for each
pasture region, obtained on the basis of the experts’ advices, as
well as the number of days on pasture between the designated
start and stop dates, are presented in Table 4.3. The average
number of days on pasture in DHIA records are presented on
this table for comparison. Given the fact that the arithmetic
standard deviation for the average number of days on pasture
presented from the DHIA varied from approximately 40 to 150
days, there is a good agreement between the values for the
length of the pasture season derived from the experts’ recom-
mendations and recorded by DHIA.

Given the variability in the dates for the beginning and
the end of the pasture season from one county to another in the
same pasture region and also from one year to another, the frac-
tion of intake from pasture, FP, has been assumed to increase
gradually around those critical dates, as illustrated in Figure 4.11
for Pennsylvania. The values of FP are assumed to vary linearly
for a period of 2 “weeks” centered on the estimated mean date
of the beginning of the pasture season. A similar procedure is
used to estimate the decrease in pasture intake at the end of the
pasture season.

Although subjective, the estimates of FP derived from the
experts’ recommendations are the best obtainable information
on the seasonal variation of pasture practices at that time. Table
4.3 presents, for each pasture region, the yearly average values of
the fraction of diet from pasture, FP, calculated from the experts’
estimates for each “week” of the year, as well as the correspond-
ing values derived from the DHIA records. There is, here again,
a reasonable (within a factor of about two) agreement between
the two sets of values. The values estimated by the experts were
used in this analysis.
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Figure 4.10. |dentification of pasture regions used in the dose assessment.

Figure 4.11. Estimated annual variation of the fraction of dry matter intake
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Table 4.3. Summary of pasture season data and of yearly average values of the fraction of diet from pasture for dairy cows in each pasture region, as derived from
experts’ recommendations. For comparison, average DHIA values for each state are included.
Pasture season

Area beginning end duration duration Yearly average of the fraction

(day of year) (day of year (days) (days) of diet from pasture

EXPERTS EXPERTS EXPERTS EXPERTS EXPERTS DHIA
ALABAMA-north 60 334 275 260 0.31 0.26
ALABAMA-south 1 365 365 260 0.35 0.26
ARIZONA-remainder 1 365 365 nda 0.05 nd
ARIZONA-northwest 106 288 183 nd 0.17 nd
ARKANSAS 60 304 245 208 0.31 0.25
CALIFORNIA-north 67 304 238 nd 0.24 nd
CALIFORNIA-middle 60 304 245 nd 0.14 nd
CALIFORNIA-south 47 304 258 nd 0.04 nd
CALIFORNIA-Inyo 136 258 123 nd 0.04 nd
COLORADO 136 258 123 48P 0.14 0.04p
CONNECTICUT 136 296 161 116 0.22 0.11
DELAWARE 106 319 214 174 0.23 0.19
DISTRICT OF COLUMBIA
FLORIDA 1 365 365 249 0.15 0.24
GEORGIA-north 60 334 275 244 0.27 0.24
GEORGIA-south 1 365 365 244 0.36 0.24
IDAHO 136 288 153 104 0.26 01
ILLINOIS 121 288 168 107 0.18 01
INDIANA 121 288 168 104 017 0.11
IOWA 121 288 168 135 0.18 0.14
KANSAS 121 304 184 165 0.26 0.15
KENTUCKY 9N 288 198 139 0.19 0.15
LOUISIANA 1 365 365 209 0.46 0.26
MAINE 136 288 153 140 0.26 0.14
MARYLAND 106 319 214 119 0.26 0.12
MASSACHUSETTS 136 288 153 106 0.14 0.1
MICHIGAN 136 280 145 114 0.2 0.1
MINNESOTA 136 280 145 125 0.24 0.12
MISSISSIPPI-north 60 334 275 258 0.18 0.28
MISSISSIPPI-south 1 365 365 258 0.28 0.28
MISSOURI 121 304 184 146 0.27 0.15
MONTANA 136 273 138 101 0.23 0.09
NEBRASKA 121 280 160 108 0.2 0.1
NEVADA 136 273 138 23 0.06 0.03
NEW HAMPSHIRE 136 288 153 133 0.21 0.11
NEW JERSEY 121 296 176 133 0.16 0.12
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Pasture season
Area beginning end duration duration Yearly average of the fraction
(day of year) (day of year) (days) (days) of diet from pasture
EXPERTS EXPERTS EXPERTS EXPERTS EXPERTS DHIA

NEW MEXICO 114 304 191 10 0.08 0.13
NEW YORK 136 288 153 142 0.17 0.14
NORTH CAROLINA-east 75 319 245 177 0.22 0.16
NORTH CAROLINA-west 91 304 214 277 0.19 0.16
NORTH DAKOTA 136 273 138 126 0.18 0.13
OHIO 121 288 168 56 0.27 0.06
OKLAHOMA 60 334 275 178 0.24 017
OREGON 106 288 183 23 0.21 0.02
PENNSYLVANIA 121 304 184 147 0.14 0.1
RHODE ISLAND 136 296 161 119 0.25 0.1
SOUTH CAROLINA-east 60 319 260 238 0.27 0.23
SOUTH CAROLINA-west 67 319 253 238 0.26 0.23
SOUTH DAKQOTA 136 273 138 105 017 0.1
TENNESSEE 75 273 199 214 0.2 0.23
TEXAS-east 67 334 268 142 0.34 0.2
TEXAS-west 1 365 365 142 0.15 0.2
UTAH - region 1 136 258 123 142 0.18 0.14
UTAH - region 2 152 243 92 142 0.2 0.14
UTAH - region 3 136 258 123 142 0.2 0.14
UTAH - region 4 136 258 123 142 017 0.14
UTAH - region 5 136 258 123 142 0.2 0.14
UTAH - region 6 152 243 92 142 0.17 0.14
UTAH - region 7 136 258 123 142 0.22 0.14
UTAH - region 8 152 243 92 142 0.19 0.14
UTAH - region 9 144 250 107 142 0.15 0.14
UTAH - region 10 128 266 139 142 0.03 0.14
UTAH - region 11 106 288 183 142 0.22 0.14
UTAH - region 12 121 273 153 142 0.33 0.14
UTAH - region 13 136 258 123 142 0.13 0.14
VERMONT 136 288 153 117 0.22 0.12
VIRGINIA 106 319 214 185 0.26 0.17
WASHINGTON 106 288 183 1c 0.21 0.00c
WEST VIRGINIA 114 304 191 168 0.23 0.19
WISCONSIN 136 280 145 71¢ 0.21 0.06¢
WYOMING 136 273 138 24p 0.14 0.020

and = no data available.

b DHIA data were either incomplete or a large proportion of herds were not fed fresh pasture.

¢ DHIA data were incomplete.
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4.1.3.4. Estimates of daily consumption of pasture by dairy
cows

The daily dry matter intake by cows which was obtained from
pasture PI(i,j,t) (kg d-1), in a given county, i, at a given time, t,
after deposition on day, j, was calculated by:

PL(i j )= DM(i) X FP (i, ], 1) (4.26)

where:
DM(i) = total dry matter intake (kg d-'), in the pasture region that
includes the county, i, and

FP(i,i,t) = fraction of the diet from pasture at time, t, after deposition
on day, j, in the pasture region that includes the county, i.

For each pasture region, an estimate of daily intake from
pasture is calculated for each “week” of the year. As an example,
the solid curve in Figure 4.12 shows the estimated variation
throughout the year of the daily pasture intake, PI, for dairy
cows in the state of Pennsylvania. The complete set of estimates
for the 71 pasture regions is provided in Part 2 of Appendix 3
in tabular form and in Part 4 of Appendix 3 in the form of his-
tograms. Estimates, for each pasture region, of the yearly average
of the daily pasture intake by dairy cows (including zero pasture
months) are presented in Table 4.4. These estimates range from
0.6 kg (dry) d'! for part of California to 5.9 kg (dry) d-! for
Louisiana.

The estimation of the time-integrated concentrations of
1T in milk resulting from deposition of 3'I on the ground on
day, j, in county, i, as described by equation 4.1, involves the cal-
culation of a daily pasture intake equivalent, PI* (i,j), which is
the quotient of the activity intake of *'I by the cow from pas-
ture, AIp(i,j), and of the time-integrated concentration of 3 in
the pasture grass consumed by the cow, IC,(i,)); the daily pas-
ture intake equivalent represents an average of the daily pasture
intake PI(i,j,t) over the time period during which 13'I is present
on pasture, weighted according to the relative amount of 131
present on pasture. From equations 4.22 and 4.23, the value of
the daily pasture intake equivalent is obtained as:

PI* (i )) = Al (ij) _ fg Pl (i, j t) X DG (ij) X F* (i, j) X e*é X dt

IC, (i) DG (i, j) X F* (i, j) /X,
(4.27)
where:
DG(i,j) = the average deposition density of 13!l on the ground in a
given county, i, on day, j,
F*(i,j) = the average mass interception factor in county, i, on day, |j,
and
Ne = the effective rate constant of removal of 13| from pasture.
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Since both DG(,j) and F*(i,j) are independent of the
variable t, equation 4.27 can be simplified as:

E3

P/*(I,j): JU PI(I;/;t)XE’)\efX at

Te

(4.28)

The term exp(-A, t) reflects the decrease in the 3T con-
centration in pasture, expressed as a fraction of the initial con-
centration on the day of deposition, j, as a function of time, t,
after deposition. This term is equal to 0.34 one week after
deposition, 0.02 one month after deposition, and 0.0003 two
months after deposition. For practical purposes, the upper limit
of the variable t in the integral of equation 4.23 is taken to be
equal to 60 days, at which time the concentration of 'l in pas-
ture will have decreased to less than 0.1% of the initial concen-
tration.

The values of the daily pasture intake and of the pasture
intake equivalent for dairy cows in the state of Pennsylvania are
illustrated in Figure 4.12. It is shown on Figure 4.12 and it also
can be inferred from equation 4.28 that the daily pasture equiva-
lent, PI*(i,j), is equal to the pasture intake on the day of deposi-
tion, PI(i,j,0), if the value of PI(i,j,t) during the pasture season
remains constant for a period of 2 months following deposition.
However, the value of PI*(i,j) is greater than that of PI(i,j,0) if
the deposition on the ground occurs before the beginning of the
pasture season, and the value of PI*(i,j) is smaller than that of
PI(1,j,0) if the deposition on the ground occurs towards the end
of the pasture season.

In this report, uncertainties have been assigned to the
daily pasture equivalent PI*(i,j). As observed by Breshears et al.
(1989) within the framework of the ORERP study, the overall
uncertainty of the time-integrated concentration of >'I on milk
varies according to the date of the fallout deposition, with the
highest values when the cows are placed on, or removed from,
pasture. It is assumed in this report that the values of PI*(i,j)
are log-normally distributed with GSDs varying as a function of
the time difference between the day of deposition, j, and the
beginning of the pasture season, bp, as presented in Table 4.5.
The largest GSDs, reflecting the largest uncertainty in PI*, are
estimated for fallout depositions that occur within about 10 days
of the start or finish of the pasture season.



Table 4.4. Estimates for each pasture region of the yearly averages including zero pasture months of the daily pasture intakes by dairy cows in kg (dry) /d.

Area Yearly average Area Yearly average
pasture intake pasture intake
(kg(dry)/d) (kg(dry)/d)
ALABAMA-north 3.73 NEW JERSEY 2.42
ALABAMA-south 4.24 NEW MEXICO 1.29
ARIZONA-remainder 0.72 NEW YORK 2.36
ARIZONA-northwest 2.52 NORTH CAROLINA-east 2.86
ARKANSAS 4.03 NORTH CAROLINA-west 2.46
CALIFORNIA-north 4.08 NORTH DAKOTA 2.49
CALIFORNIA-middle 2.35 OHIO 422
CALIFORNIA-south 0.6 OKLAHOMA 3.51
CALIFORNIA-Inyo 0.73 OREGON 3.52
COLORADO 2.24 PENNSYLVANIA 2.19
CONNECTICUT 3.14 RHODE ISLAND 3.65
DELAWARE 3.22 SOUTH CAROLINA-gast 3.55
DISTRICT OF COLUMBIA SOUTH CAROLINA-west 34
FLORIDA 1.78 SOUTH DAKOTA 2.48
GEORGIA-north 3.79 TENNESSEE 2.36
GEORGIA-south 5.07 TEXAS-east 4.69
IDAHO 3.8 TEXAS-west 2.1
ILLINOIS 2.87 UTAH - region 1 2.47
INDIANA 2.68 UTAH - region 2 2.7
IOWA 2.52 UTAH - region 3 2.7
KANSAS 3.66 UTAH - region 4 2.25
KENTUCKY 2.67 UTAH - region 5 2.7
LOUISIANA 5.86 UTAH - region 6 2.27
MAINE 3.28 UTAH - region 7 3.01
MARYLAND 3.92 UTAH - region 8 2.54
MASSACHUSETTS 2.13 UTAH - region 9 1.97
MICHIGAN 3.1 UTAH - region 10 0.35
MINNESOTA 3.26 UTAH - region 11 3.04
MISSISSIPPI-north 2.25 UTAH - region 12 45
MISSISSIPPI-south 3.43 UTAH - region 13 1.8
MISSOURI 3.74 VERMONT 3.06
MONTANA 3.38 VIRGINIA 3.43
NEBRASKA 3.03 WASHINGTON 3.65
NEVADA 0.97 WEST VIRGINIA 2.86
NEW HAMPSHIRE 3.15 WISCONSIN 2.97
WYOMING 213

Transfer of 1311 from Depostition on the Ground to Fresh Cows’” Milk
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Figure 4.12. Comparison of the daily pasture intake and of the daily pasture Table 4.5. Estimates of geometric standard deviations, GSD, associated with
intake equivalent by dairy cows in the state of Pennsylvania the daily pasture intakes of dairy cows.
during the 1950s.
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4.1.3.5. Estimation of “backyard” cow diet
It is assumed in this report that “backyard” cows were kept to
provide the milk requirements of only an individual family. In
these cases, the cows would be more likely to be placed on pas-
ture for a larger portion of their diet than would herds of dairy
cows, resulting in lower maintenance costs to the family. This
feeding regime would also result in lower than average milk pro-
duction rates; however, less than optimal milk production
would be of little consequence to a non-commercial operation.
On the basis of discussions with an experienced dairy
farmer (Till 1990), the following parameters were chosen for the
average U.S. “backyard” cow:

* length of the pasture season: it is assumed that the
farmers put the backyard cows out to pasture as soon
as possible in the spring and allowed them to graze as
long as grass was available. The start and stop dates of
the pasture season for backyard cows are taken to be
one month before and one month after the start and
stop dates, respectively, estimated for commercial herds
that are presented in Table 4.3 for all pasture regions.

4.1.4. Secretion of 13'I Into Milk

lodine present in the diet in soluble form is rapidly and proba-
bly completely absorbed from the gastrointestinal tract into the
blood. Some organs and tissues, notably the thyroid gland, but
also the salivary glands, the gastric mucosa, and in some species,
the ovaries, mammary glands and placenta, possess the capacity
to concentrate iodine from the blood (Garner and Russell 1966;
Honour et al. 1952). Iodine is eliminated from the body mainly
in the urine with smaller amounts being excreted in the feces.
Substantial amounts also are found in the milk of lactating ani-
mals and for this reason the transfer of radioactive iodine from
the diet of animals to their milk has received particular atten-

* weight: 500 kg,
* milk production rate: 10 kg d-! of 3.5% butterfat milk,

¢ diet during the pasture season: on the basis of the
assumed values for the cows’ body weight, and for the
milk and fat yield, the total dry matter intake of the
average U.S. backyard cow is estimated to be approxi-
mately 11 kg d! from equations 4.24 and 4.25. It is
further assumed that 3 kg d-! of concentrates (eg.,
grains roughage) are provided to the backyard cow and
that the remainder of the diet is comprised totally of
pasture. The estimated pasture intake is therefore 8 kg tion.
d-! (dry mass): this value is assumed to represent the
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Characteristics of all species is a rapid movement of
iodine from the digestive tract to the blood and then to milk.
Blood iodine is contained almost exclusively in the plasma and
is either bound to proteins in the form of thyroxine and tri-
iodothyronine or exists as inorganic iodide. Plasma iodide is the
chief source of milk iodine as the mammary epithelial mem-
branes are impermeable to protein-bound iodine in the cow and
almost impermeable in other animals like the rat and the rabbit
(Lengemann et al. 1974). lodine in milk exists both as protein-
bound iodine and as inorganic iodide. According to Lengemann
etal. (1974), the milk/plasma iodide ratios are usually greater
than one (average values are about 2 in cows, 7 in goats, 20 in
dogs and humans, and 40 in sheep). These values indicate that
mammary tissue possesses a mechanism (called “iodide pump”)
that is capable of concentrating iodide in the formation of milk
and that this mechanism functions to different extents in differ-
ent species. In addition, passive diffusion can supply blood
iodide into the mammary gland, especially in cases in which the
iodide pump is blocked or overwhelmed by a high concentra-
tion of plasma iodide (Van Middlesworth 1963).

This section is mainly devoted to the secretion of 31 into
cows’ milk but the secretion into goats’ milk and into human
milk are also discussed as the contamination by 31 of these
foodstuffs is included in the estimation of the radiation expo-
sures (see Chapter 7).

4.1.4.1. Cows’ milk

After the oral administration of a single dose of 13!, the radionu-
clide appears in the milk within 30 minutes and reaches its
maximum concentration within 12 hours. The concentration
subsequently declines, at first with an effective half-life of about
16 hours, and then more slowly; it is approximately 1 percent of
the maximum value 7 days after the intake (Garner and Sansom
1959). Curve 1 in Figure 4.13 illustrates the variation with time
of the BT concentration in cows’ milk, in nCi L'!, following a
single intake of 1 nCi (Garner 1967). Curve 2 in Figure 4.13
depicts the increase of !I concentration in milk (nCi L) when
31T is ingested at a constant rate of 1 nCi d-!. For practical pur-
poses, the equilibrium value is reached after 1 week of intake.

The cumulative fraction of the administered dose of 13
that is secreted in cows’ milk is about 5% (Comar 1966), with a
range from 1 to 20% (Sasser and Hawley 1966). Considered as a
machine for the transfer of 3!I from its diet to its milk, the dairy
cow seems to be the most inefficient of the ruminants (Garner
and Sansom 1959). Large variations in the fraction of the
administered dose that is secreted in cows’ milk have been
observed, not only between individual animals, but also in the
same animal at different times. Milk yield has been shown to be
one factor, as the greater iodine secretion into milk appears to be
related primarily to the greater volume of milk (Miller and
Swanson 1963).

Describing the transfer in terms of the concentration in
milk reduces the observed variations (Garner 1971). The intake-
to-milk transfer coefficient for 13'T and for cows, f  (d L-1), is
defined as the time-integrated concentration of 'I in milk

Transfer of 131 from Depostition on the Ground to Fresh Cows’ Milk

(nCi d LY per unit of 1B activity consumed by the cow (nCi)
or, alternatively, the concentration of 13T in milk (nCi L)
obtained at equilibrium for a constant rate of activity intake of
BIT nCi d'1). The latter ratio is expressed in nCi L' per nCi d-!
and is numerically equal to the time integral of the 31 concen-
trations in milk, in nCi d L, following a single intake of 1 nCi,
represented by the area under curve 1 in Figure 4.13.

The transfer coefficient, f_, has been determined experi-
mentally in a large number of studies, including tracer experi-
ments with stable or radioactive iodine and field studies in
which pasture was contaminated by 31 resulting from releases
from nuclear facilities or from fallout from nuclear weapons
tests. Reported values range from 2 x 102 to 4 x 102 d L'!
(Hoffman 1979; Ng et al. 1977; Voillequé 1989). The intake-to-
milk transfer coefficient does not seem to depend on the chemi-
cal form of 131I: Bretthauer et al. (1972) administered radioio-
dine-labelled elemental iodine, methyl iodide, sodium iodide, or
sodium iodate to cows and found no significant differences in
milk transfer among the compounds tested. There are, however,
indications that the physical form of 311 may influence the
transfer coefficient. In their literature review, Ng et al. (1977)
derived average values for f_ of 8.1 x 10> d L'! for tracer experi-
ments, of 4.3 x 10 d L'! for *'I in fission-product clouds, and
of 2.4 x 103 d L! for 'l in underground test debris.

Figure 4.13. Variation with time of the average concentration of 131l in milk
fresh from cow (nCi L") in case of a single intake of 1nCi by the
cow (curve 1) and of a continuous intake of 1nCi d-* (curve 2).
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Other factors that might have an influence on the secre-
tion of 131 in cows’ milk have been investigated in a number of
studies and reviewed by Tamplin (1965), Garner and Russell
(1966), and Lengemann et al. (1974), among others:

* Breed: Tamplin (1965) analyzed the available data on
the basis of breed and found the following means and
ranges for the values of f  (d L):

Breed Mean Range Number
Ayrshire 0.73 0.50-1.10 4
Holstein 0.90 0.17-2.06 20
Jersey 1.04 0.68-1.40

Guernsey 1.20 0.76-1.80

The number of animals in each group is too small to
allow any substantial conclusions to be drawn from the
data.

The transfer coefficient f  was found to be higher in the
later stage of lactation: the effect of the stage of lactation
on the transfer of stable iodine to milk was studied by
Hanford et al. (1934) by comparing cows in different
stages of lactation during the same season.The transfer
coefficient {_ was found to be higher in the later stage
of lactation than in the earlier stage, with an average
ratio of 1.6 and a range of 1.3 to 5.3 (Hanford et al.
1934). In a typical dairy herd, cows will be at all stages
of lactation during any season of the year. Therefore,
the effect of stage of lactation will not be evident in the
mixed milk of a dairy herd (Tamplin 1965).

lodine intake: the normal range of dietary intake of
iodine is from 5 to 50 mg d-!; within that range, the
iodine content of the cows’ diet has little effect on the
transfer coefficient f  (Alderman and Stranks 1967). A
daily iodine intake of as much as 4 g causes only a 50%
reduction in the f_ value (Lengemann and Swanson
1957). Therefore, the effect of the iodine intake does
not appear to be significant under normal agricultural
practices (Tamplin 1965). However, it has been sug-
gested that the variations in the f_ values obtained in
different countries or using different methods may be
due to variations in stable iodine intake (Lengemann
and Comar 1964; Voigt et al. 1989).

Feed type: since iodine is present in milk in higher con-
centration than is found in blood, experiments were
conducted to ascertain whether the iodine pump of the
mammaries is inhibited by compounds such as thio-
cyanate, perchlorate, and nitrate that act on the thyroid
gland (Bobek and Pelczarska 1963; Brown-Grant 1961,
Garner et al. 1960; Lengemann and Thompson 1963;
Miller et al. 1969; Piironen and Virtanen 1963). The
results indicate that relatively large amounts of goitro-
genic compounds are required to reduce the iodine
concentration in milk by one-half (for example, in
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excess of 2 g of thiocyanate). Nevertheless, it is possible
for cows to obtain these quantities in their food.
Generally, the higher intakes of goitrogenic compounds
would be expected during winter feeding when the
cows are given silage, such as turnip or rutabaga
(Tamplin 1965). However, differences in the transfer to
milk also were observed according to type of pasture:
cows fed !l-contaminated sudangrass were found to
secrete half as much of the iodine in their milk as do
cows fed similarly contaminated alfalfa (Black et al.
1975) or bromegrass (Moss et al. 1972). The chemical
compound in the sudangrass that may affect the cows’
mammary glands has not been positively identified
(Moss et al. 1972).

Season: Lengemann et al. (1957) found that seasonal
changes in the amount of 1!I that reaches milk are so
pronounced that they obscure the possible effects of
other factors like the stage of lactation or the milk yield.
The highest levels were recorded in the spring and
summer months. The initial increase in iodine transfer
coincided roughly with the onset of spring and was
ascribed to the reduced iodine requirement of the thy-
roid gland. Later, during the spring to summer period,
a high BT concentration in milk was maintained by
active concentration in the blood (Lengemann et al.
1957). It is also to be noted that extremes of environ-
mental temperature were found, in goats, to have a
substantial effect on the amount of radioiodine trans-
ferred to milk; at 33 °C, the amount transferred to milk
was determined to be 6.5 times higher than at 5 °C
(Lengemann and Wentworth 1979). However, Hanford
et al. (1934) found the stable iodine content of milk to
be lowest from April to September and to exhibit a
peak value from October to March. Further, Garner et
al. (1960) found no evidence of a clear-cut seasonal
effect on transfer of *'I in milk in animals housed
throughout the year and receiving a constant diet of
hay and dairy nuts.

It is clear from the above that many factors are involved
in the variability of the value of the transfer coefficient, f . The
mechanism by which iodine moves into milk is not well under-
stood; the overall situation is probably very complex involving
interrelationships of feed type, breed, stage of lactation, and
milk yield, among other factors. The available observations rep-
resent the integrated response to particular sets of interacting
conditions.

Literature values related to the determination of feed-
to-milk transfer coefficients for cows and ! are presented in
Table 4.6. The values are classified into three categories accord-
ing to the type of experiment or measurement that was carried
out, as well as to the nature or origin of the iodine measured:



* the f  values in category 1 result from controlled exper-
iments using 'l from weapons fallout; in these experi-
ments, the activity intake of 13!l by a number of cows
and the secretion of 'l into milk of those same cows
were measured;

the f_ values in category 2 also result from controlled
experiments using 3 (and in some cases 12°1).
However, the 'l used did not originate in the detona-
tion of nuclear weapons, and thus may have different
physical and chemical properties;

the f  values in category 3 are derived from field mea-
surements of 1311 in pasture grass and in cows’ milk fol-
lowing unplanned environmental releases. Those mea-
surements may have been carried out after atmospheric
nuclear tests or when radioactive materials were inad-
vertently released after underground nuclear tests or in
an accident such as Chernobyl. Also included are field
measurements of 121 around nuclear fuel reprocessing
plants and field measurements of stable iodine. In this
category, the activity intake of 31 by the cow was not
measured, but assessed from cows’ consumption esti-
mates.

The 17 average values of f_ listed in category 1 corre-
spond most closely to the conditions considered in this report,
i.e., the ingestion by cows of fallout *!I resulting from nuclear
tests at the NTS. The geometric mean of those 17 values is 2.1 x
103 d L' and the geometric standard deviation of their distribu-
tion is 1.9. However, most of the 17 values are related to tests
that were conducted at the NTS in the 1960s, i.e. cratering tests
and underground tests that inadvertently released radioactive
materials into the atmosphere. The 3 released by those tests,
which amounts to only 2% of the total 31 released by all NTS
tests, may have been in different physical and chemical forms
than the 1'I produced in the atmospheric tests of the 1950s.
Unfortunately, experiments aiming at the determination of f |
values for 131 from the NTS tests were not conducted in the
1950s because the radiological importance of the deposition-
pasture-cow-milk exposure route had not been fully recognized
in the United States. The only two controlled experiments that
investigated the ingestion of 131 from bomb fallout from the
1950s that were reported in the literature were conducted in
England and were related to the Buffalo series of 1956 (Squire,
Middleton, et al. 1961) and to the Grapple series of 1958
(Squire, Sansom, et al. 1961). These two controlled experiments
resulted in an average f value of 4 x 103 d L.

As indicated by Ng et al. (1977), the {  values derived
from tracer data (category 2) are usually higher than those
derived from fallout 13'1 (category 1). The geometric mean of the
45 average values of f_ listed under category 2 in Table 4.6 is 5.9
x 10~ d L' and the geometric standard deviation of their distri-
bution is 1.9.

The f_ values inferred from field measurements (category
3) are less reliable than those obtained from controlled experi-
ments (categories 1 and 2) because they require estimates of the

Transfer of 131 from Depostition on the Ground to Fresh Cows’ Milk

consumption rates of pasture grass by cows. The geometric
mean of the 16 average values of f_ listed under category 3
in Table 4.6 is 2.5 x 10~ d L and the geometric standard
deviation of their distribution is 2.3.

The log-transformed values of the feed-to-milk transfer
coefficient for cows presented in Table 4.6 are plotted on
probability scale in Figure 4.14; the overall distribution of the f |
values is relatively well approximated by a log-normal law
with a geometric mean of 4.4 x 10 d L! and a geometric
standard deviation of 2.1.

In this report, the geometric mean value of f_ for 13T in
NTS fallout and for cows is taken to be 4 x 103 d L'! for any
county of the contiguous United States and for any time of the
year. This value corresponds to the results of controlled experi-
ments on fallout T from the 1950s carried out by Squire,
Sansom, et al. (1961) and is in agreement with the geometric
mean of all average f_ values that could be found in the litera-
ture. It is recognized that the value of f  may be influenced by
many factors such as the physical and chemical characteristics of
the 1311 ingested, the breed of the cow, the stage of lactation, the
milk yield, feed type, and time of year. However, the data need-
ed to quantify the influence of these factors on the value of f |
are not available. The distribution of the {_ values is assumed to
be lognormal for any county of the contiguous United States
and for any time of the year, with a GSD of 2.1. This value is
equal to that derived from the experiments, carried out under a
large variety of conditions, which are reported in Table 4.6.

Figure 4.14. Distribution of the feed-to-milk transfer coefficients for '3l and
for cows.
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4.1.4.2. Goats’ milk

Because of the overwhelming economic importance of dairy
cows, relative to dairy goats, much less attention has been given
to the transfer of 131 from diet to milk for dairy goats. Literature
values are presented in Table 4.7, which is primarily based on a
review by Hoffman (1978). The fraction of the 131 activity
administered or ingested that is transferred to milk is about 5
times higher for goats than for cows as the mammary gland of
the goat is a very efficient iodine trap. Because the rate of milk
production is about 10 times smaller for goats than for cows,
the feed-to-milk transter coefficient for goats, ,, . is about 50
times greater than that for cows. The f, , values presented in
Table 4.7 range from 0.03 to 0.65 d L! with an arithmetic mean
of 0.27 d L-". The feed-to-milk transfer coefficients for goats pre-
sented in Table 4.7 are plotted on a log probability chart in
Figure 4.15. The distribution of the f,, , values is relatively well
approximated by a log-normal distribution with a geometric
mean of 0.22 d L'! and a geometric standard deviation of 2.5.
The predicted mean of the log-normal distribution (0.33 d L'1)
exceeds the computed mean given above. It is assumed in this
report that the f, . values are log-normally distributed with an
average (geometric mean) of 0.2 d L' and a geometric standard
deviation of 2.5 for any county of the contiguous United States
and at any time of the year.

4.1.4.3. Human milk

The few experimental data available on the transfer of 1! into
human maternal, mt, milk, f_ are related to the concern that
the administration of radiopharmaceuticals containing 3'I to
lactating women would result in unacceptable thyroid doses to
the nursing infants (Karjaleinen, et al. 1971; Miller and Weetch
1955; Nurnberger and Lipscomb 1952; Weaver, et al. 1960;
Wyburn 1973). These experiments showed: (a) that most of the
31T secreted in milk occurs within 24 hours, (b) that most of the
activity secreted in the milk is in the form of free or inorganic
iodine, irrespective of the chemical form under which iodine is
administered, and (c) that the percentage of the administered
1317 that is secreted in milk seems to increase with the rate of
milk production, resulting in 13'I concentrations in milk roughly
independent of the rate of milk production.

Table 4.8 summarizes the characteristics of the experi-
ments and the values of the transfer coefficient f that can be
derived from those experiments. The log-transformed values of
f.m also are plotted on a probability scale in Figure 4.16. The
values of f | are resonably well represented by a log-normal
distribution with a geometric mean of 0.1 d L-1 and a GSD of
2.9. The predicted mean of the log-normal distribution (0.21 d
L) exceeds the computed mean of 0.14 d L -1. Most of the
available data are related to women with health problems; it is
assumed that the same distribution of f_  applies to healthy
women for any county of the contiguous United States.

An indirect confirmation of the representativity of the
average value for f  given above can be inferred from the mea-
surements of 3 in cows” and human milk carried out in
Europe after the Chernobyl accident (Campos Venuti et al.
1990; Gorlich et al. 1988; Haschke et al. 1987; Lindemann and
Christensen 1987). In Vienna, Austria, Haschke et al. (1987)
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found that the 31 concentration in pooled breast milk was
about one-tenth of that in cows’ milk on sale in the area. In
Rome, Italy, the 13T concentration in human milk was about one
per cent of that in cows’ milk from the Central Dairy (Campos
Venuti et al. 1990), while in the canton Aargau in Switzerland
the time-integrated concentration of 1*'I in human milk was 7%
of that in cows’ milk (Gorlich et al. 1988). The ratio of the 311
concentrations in human milk and in cows’ milk seems there-
fore to be between 0.01 and 0.1. Assuming that the consump-
tion of cows” milk by lactating women is high (0.8 L d-!, see
Chapter 6) and that the consumption of cows’ milk contaminat-
ed by I represented the bulk of the activity intake of 13'I by
women after the Chernobyl accident, the value of the transfer
coefficient f | is estimated from those measurements to be in
the range from 0.01 to 0.1 d L', This range is lower than the
range of values presented in Table 4.8. A lower assumed milk
consumption would increase the post-Chernobyl estimates of

f

m,mt"

Figure 4.15. Distribution of the feed-to-milk transfer coefficient for 31l and
for goats.
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Tahle 4.7. Available data on the transfer of 3| from diet to goats' milk.

Transfer Fraction of Milk pro- | Number Comments References
coefficient intake trans- duction of goats
Tt (/L) fered to milk rate (L/d)
0.21 0.31 1 Value of f, ; derived from an assumed milk production rate of 1.5 L/d. Wright et al. 1955
0.30 0.45 1 Value of f, ; derived from an assumed milk production rate of 1.5 L/d. Wright et al. 1955
0.34 0.51 1 Value of f, ; derived from an assumed milk production rate of 1.5 L/d. Wright et al. 1955
0.35 0.53 1 Value of fm,gt derived from an assumed milk production rate of 1.5 L/d. Wright et al. 1955
0.09 0.20 2.2 1 Single dose of 1231, Binnerts et al. 1962
0.03 0.06 2.2 1 Single dose of 123, Binnerts et al. 1962
0.65 Average value for 31l steady state; taken from unpublished data. Comar 1963
0.28 0.45 1.6 14 Gelatine capsules containing 3l fed twice daily for up to 25 days. Lengemann and Wentworth 1966
0.09 0.14 4 Value of fm,gt derived from an assumed milk production rate of 1.5 L/d. Cline et al. 1969
0.47 0.56 1.2 2 Twice daily doses of a 13!l iodine and 31l iodate mixture given for 14 days. Lengemann 1969
0.5 9 Daily oral administration of '3'| for 25 days. Lengemann 1970
0.48 0.30 0.6 6 Daily doses of 31| Lengemann 1970
0.62 0.33 0.5 6 Daily doses of 3], in addition to 4 mg of stable iodine Lengemann 1970
0.37 16 Daily doses of '3l for 21 days Lengemann 1970
0.03 0.08 2.3 1 Feeding for 8 days of alfalfa contaminated by '3'l released in gaseous form. Black et al. 1976
0.07 0.16 2.4 1 Feeding for 8 days of alfalfa contaminated by %'l released in gaseous form. Black et al. 1976
0.13 0.19 15 1 Feeding for 8 days of alfalfa contaminated by 31l released in gaseous form. Black et al. 1976
0.22 0.29 1.3 1 Feeding for 8 days of alfalfa contaminated by 13!l released in gaseous form. Black et al. 1976
0.08 12 Measurements in pasture and in milk in May (fresh pasture intake of 2.5 kg/d). Bondietti and Garten 1984
0.22 12 Measurements in pasture and in milk in July (fresh pasture intake of 2.5 kg/d). Bondietti and Garten 1984
0.14 0.25-1.4 12 Measurements in pasture and in milk in September (fresh pasture intake of 2.5 kg/d). | Bondietti and Garten 1984
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Tahle 4.8. Available data on the transfer of '3l into the milk of lactating women.

Number of Chemical Rate of Transfer Comments References
lactating form of milk coefficient
women administered 1311 production fomt (A L)
(Ld")
6 Not indicated Euthyroid patients Weaver et al. 1960
(Case 1) 0.63 0.42
(Case 2) 0.1 0.13
(Case 3) 0.12 0.33
(Case 4) 0.006 0.23
(Case 5) 0.009 0.03
(Case 6) 0.20 0.31
7 Macroaggregated human 0.03 Patients subjected to lung scanning. Thyroid blocked with KI. Karjalainen et al. 1971
serum albumin (MAA)
25 Ortho-iodohippuric acid 0.27 0.03 Patients subjected to lung scanning. Thyroid blocked with KI. Karjalainen et al. 1971
2
(Case 1) Macroaggregated human 0.12 Patient with pulmonary embolism. Wyburn 1973
(Case 2) serum albumin (MAA) 0.02 Patient with suspected pulmonary embolus.
1 Not indicated 0.22 0.21 Suspected case of thyroxicosis. Miller and Weetch 1955
2 Carrier-free Nurnberger and Lipscomb 1952
(Case 1) 0.06
(Case 2) 0.04 Suspected case of thyrotoxicosis.
(Case 2) 0.22 Same woman, 2 months later.

4.1.5. Discussion

As indicated at the beginning of this Chapter, the time-integrat-
ed concentration of 311 in fresh cows’ milk, IMC,, resulting
from the consumption of 13!I-contaminated pasture in county, i,
following deposition of 31T on the ground on day, j, can be
expressed as:

Figure 4.16. Distribution of the diet-to-milk transfer coefficient for ™31l and for
lactating women

/Mcp(/,j):foc,,(i,j,t)xp/(i,/;t)xfmxdt (4.1

Since the value of the intake-to-milk transfer coefficient
for BT in cows, f , is assumed to be independent of the time of

the year and of the location of the county in which the deposi-
tion took place, equation 4.1 can be written:

IMC, (i,j) = 1, X fg Gy (i, j, ) X PL(i, j, 1) X dt (4.29)

The integral represents the activity intake of 3'I by the
cow, AL (1)), (see equation 4.23), so that equation 4.29 becomes:

IMC, (i,]) = Al, () 1, (4.30)
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According to equation 4.27, AL (i,j) can be expressed as
the product of the daily pasture intake equivalent, PI*(i,j), and
of the time-integrated concentration of "' in pasture, IC (i,}).
Equation 4.30 can therefore be written:

IMC, (i, j) = IC, (ij) X PI* (i, j) X £, (4.31)

The time-integrated concentration of '] in pasture,
ICp(i,j), is, in turn, the product of: (a) the deposition density of
BI, DG(,j), (b) the mass interception factor, F*(i,j), and (c) the
effective mean time of residence of T on pasture grass, 7, (see
equation 4.18). Replacing 1C (i,j) by its value in equation 4.31
yields:

IMC, (i, j) = DG (i, j) X F* (i, }) X 7o X PI* (i, ) X 1, (4.32)

This equation was used to estimate the average time-inte-
grated concentrations (until complete decay of 311) of 1l in
fresh cows’ milk, IMCp(i,j), resulting from deposition, DG(,j), of
1] in county, i, on day, j. It is recalled that:

* DG(,j) is expressed in nCi m2 and is estimated, as
indicated in Chapter 3, for each nuclear test under
consideration for each county; i, of the contiguous
United States and for a number of days, j, following the
explosion,

F*(i,j) is expressed in m? kg! (dry mass) and depends
on the rainfall amount in county, i, on day, j, as well as
on the distance of the county centroid from the NTS,

* 1, is assumed to have an average value (geometric
mean) of 6.4 days and to be log-normally distributed
with a GSD of 1.3,

PI*(i;j) is expressed in kg (dry mass) d-! and is estimat-
ed as indicated in Section 4.1.3 for each day of the
year and for each county of the contiguous United
States,

f_is assumed to have an average value (geometric
mean) of 0.004 d L'! and to be log-normally distrib-
uted with a GSD of 2.1,

. IMCp(i,j) is expressed in nCid L.

For a deposition density of 1 nCi m- during the pasture
season, the average value of IMC, varies from 0.003 to 1 nCi d
L according to the county and the day considered, using a
range from 0.7 to 12 kg d'! (Appendix 3) for the daily pasture
intake equivalent and from 0.13 to 3.1 m? kg (Figure 4.7) for
the mass interception coefficient.

The variation with time of the concentration and of the
time-integrated concentration of 'l in milk corresponding to
the maximum values given in the preceding paragraph are
shown in Figure 4.17; for comparison purposes, the variation
with time of the concentration of 31 in pasture also is shown.

Transfer of 3!l from Depostition on the Ground to Fresh Cows’ Milk

Figure 4.17. Variation with time of the average concentration (nCi/L) and of
the time-intergrated concentration (nCi d/L) of *3'l in milk fresh
from cows dug to ingestion of contaminated pasture following a
unit deposition of 13'| on the ground (1 nCi m2) for a daily pas-
ture intake equivalent of 12 kg d-' and a mass interception factor
of 3.1 m2kg-. The variation with time of the '3l concentration in
pasture also is shown.

cll

4.2, ESTIMATION OF THE 13| CONCENTRATIONS IN FRESH COWS’ MILK
RESULTING FROM TRANSFER PROCESSES OTHER THAN THE CON-
SUMPTION OF 1311 CONTAMINATED PASTURE

Although the largest contribution to the !l concentrations in
cows’ milk is usually due to the pasture-cow-milk exposure
route, there are other exposure routes by means of which cows
can be exposed to B!, with consequent milk contamination

(Figure 4.18):

* ingestion of '*'T contaminated soil,

* ingestion of vegetation contaminated with 13'I resus-
pended from soil,

* inhalation of 311 in the air,

* ingestion of > contaminated water, and

* ingestion of 13'I contaminated stored hay.

The respective contributions of these sources of I cont-
amination to the total 1>'T concentration in milk will be com-
pared to that of the ingestion of pasture for the conditions
described below. With the exception of inhalation of 13'T in the
air, these exposure routes are poorly known and difficult to
quantify. Very crude assumptions have been made, which are
likely to have resulted in overestimates, rather than underesti-
mates, of the 31 concentrations in milk.
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4.2.1. Scenario Descriptions and General Assumptions

For illustration purposes, eight scenarios have been considered,
representing a range of conditions at two hypothetical sites: (a)
one situated far away from the NTS (3000 km), and (b) one
close to the NTS (100 km), in an arid region. The factors con-
sidered are the amount of rain during deposition, and the pres-
ence or absence of cows on pasture during deposition. The char-
acteristics of the eight scenarios are as follows:

Scenario Daily rainfall Distance from Presence of
number amount (L m-2) the NTS (km) cows on pasture

1 0 (no rain) 3000 yes

2 0 (no rain) 3000 no

3 1 (light rain) 3000 yes

4 1 (light rain) 3000 no

5 100 (heavy rain) 3000 yes

6 100 (heavy rain) 3000 no

7 0 (no rain) 100 yes

8 0 (no rain) 100 no

In each of the eight scenarios, it is assumed that a deposi-
tion, DG, of T of 1 nCi m™ per unit area of ground has
occurred at time t = 0.

Figure 4.18. Exposure routes resulting in the contamination of cows’ milk.
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The values used for parameters common to several expo-
sure routes, all of which were discussed earlier in this chapter,
include:

* Y (standing crop biomass of pasture) = 0.3 kg (dry
mass) m~ (Section 4.1.1.1.1).
o PI* (daily pasture intake equivalent): PI* =8 kg d !
(dry mass) for deposition during the pasture season
(scenarios 1, 3, 5, and 7), and PI* = 0.1 kg d"! (dry
mass) for deposition during the off-pasture season (sce-
narios 2, 4, 6, and 8). In all cases, the daily pasture
intake is assumed to remain constant until the 31 ini-
tially deposited on pasture decays to negligible levels
(about 60 days), so that the daily pasture intake equiva-
lent is numerically equal to the daily pasture intake
during that period (Section 4.1.3.5).
T, (radioactive half-life of 3'I) = 8.04 d, corresponding
to a radioactive decay constant N, = 0.086 d-1.
T, (environmental half-life of stable iodine on pasture)
=10 d, corresponding to a rate constant Aw = 0.069
d! (Section 4.1.2).
T, (effective half time of residence of 13!l on pasture) =
4.5 d, corresponding to an effective mean time of resi-
dence 1, of 6.4 d and to a rate constant A, of 0.156 d-!
(Section 4.1.2).
o f  (feed-to-milk transfer coefficient for cows) =
4 x 103 dL! (Section 4.1.4).

4.2.2. Milk Concentration Due to Ingestion of Pasture (ref-
erence conditions)

Figure 4.19 illustrates the processes involved, which were dis-
cussed in detail in Section 4.1. The time-integrated concentra-
tions due to the ingestion of pasture, IMC,, for each of the eight
scenarios, sc, are calculated using a modified version of equation
4.32 (see Section 4.1.5):

IMC, (sc) = DG X F~ (s¢) X 7, X PI* (s¢) X f,, (4.33)

All parameter values have been determined in the preced-
ing Section 4.2.1, with the exception of the mass interception
factor, F*. The values of F* are estimated as indicated in
Sections 4.1.1.1.2 and 4.1.1.2:

* in the absence of precipitation and for a distance from
the NTS, X, equal to 3000 km (scenarios 1 and 2):

1-gw()Y
Fu= 1 Y : (4.34)

with:
afX) = (7.0x 104) X (X'79) (4.35)



Figure 4.19. Deposition-pasture grass-cows’ milk exposure route (reference
conditions).

For distances from the NTS greater than 1,540 km, the
value of a is constant and equal to 2.8 m? kg! (Section
4.1.1.1.2). For scenarios 1 through 6, with X=3,000 km, F*dry
(s¢) = 1.9 m? kgl

* in the presence of light precipitation (R = 1 mm d-!)
and for a distance from the NTS, X, equal to 3,000 km
(scenarios 3 and 4), we find from equation 4.13 that:

“ . R
F wet = F dry (3)+[3.1— Fdry 3] xﬁ (4.36)

Since F*dry 3) = F"‘dry #) =19 m?kg!'and R=1mm

dl F* (3 =F* (4 =24m?kgh

wet

¢ in the presence of heavy precipitation (R = 100 mm
d1) and for a distance from the NTS, X, equal to 3,000
km (scenarios 5 and 6), F*_ is computed using equa-
tion 4.11:

. 11
Fua= 09+ (4.37)

Since R = 100 mm d, F* _(5) =F* (6)=1.0m?kg!

wet wet

« in the absence of precipitation and for a distance from
the NTS, X, equal to 100 km (scenarios 7 and 8),
equation 4.9 is used to compute F* dy |

. 17— eaX)Y
Fay="v— (4.38)
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together with equation 4.8:
alX) = (7.0 X 1049 X (X'13) (4.39)

For X =100 km, « = 0.13 m? kg'!, and F*dry(7) =
F*dry(S) =0.13 m? kg'.

The values of F* (i.e., F*dry for scenarios 1,2,7, and 8,
and F*_ for scenarios 3,4,5, and 6) are summarized below
along with the values of the time-integrated concentrations of
P11 in pasture grass, IC (sc), and the values of the time-integrat-
ed concentrations of 31 in milk, IMCp(sc), obtained from equa-
tion 4.33, for each scenario, sc:

Scenario F* (sc) IC, (sc) IMC, (sc)
number, sc (m2 kg-1) (nCid kg-1) (nCid L)
1 1.9 12 0.40
2 1.9 12 0.005
3 2.4 16 0.50
4 2.4 16 0.006
5 1.0 6.5 0.21
6 1.0 6.5 0.003
7 0.13 0.85 0.03
8 0.13 0.85 0.0003

In the table above, the time-integrated concentrations of
P11 in pasture grass, IC (sc), are derived from equation 4.22 and
estimated as:

IC, (sc) = DG X F~ (sc) X =, (4.40)

4.2.3. Milk Concentration Due to Ingestion of Soil

Cows on pasture ingest a certain amount of soil that can be con-
taminated with '>'I. Some of the '] taken in by the cow via this
route is then secreted into milk. Figure 4.20 illustrates the
processes involved in this exposure route.

The daily consumption rate of soil, sl, consumed daily by
dairy cows, CR; , depends on feeding practices as well as on the
extent of vegetation cover. Only a few estimates of average val-
ues of CR; . have been reported (Gilbert et al. 1988a, 1988b;
Mayland and Florence 1975; McKone and Ryan 1989;
Simmonds and Linsley 1981; Small 1984; Whicker and
Kirchner 1987). The estimates range from 0.1 to 0.72 kg d-1.
Results from a study conducted in Idaho indicated that the rate
of soil consumption by cattle varied from about 0.1 to 0.72 kg
d! with a median of 0.50 kg d-! (Mayland and Florence 1975).
It is assumed in this report that the average value of CR_is 0.5
kg d-! during the pasture season and is half that value, or 0.25
kg d-!, when cows are not on pasture.
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