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Abstract

For the first time, preliminary doses to representative personsin all counties of the
contiguous United States have been estimated for a set of important radionuclides produced
as aresult of nuclear weapons testing from 1951 through 1962 by the United States and
other nations. This project demonstrates that it is feasible to conduct a more detailed study
of the health impact on American people as aresult of exposure to radioactive fallout from
the testing of nuclear weapons in the United States and abroad. However, significant
resources would be required to implement this project, and careful consideration should be
given to public health priorities before embarking on this path. To assist in the process of
making a decision about future fallout-related work, five different options have been

developed for consideration:

1. No additional fallout-related work;

2. Retrieve and archive the historic documentation related to radioactive fallout from
nuclear weapons testing conducted by the United States and other nations;

3. Conduct a more detailed dose reconstruction of radioactive fallout from global
nuclear weapons testing for lodine-131, the most significant radionuclide identified
in this study;

4. Conduct amore detailed dose reconstruction for multiple radionuclidesin
radioactive fallout from both Nevada Test Site and global nuclear weapons testing;

5. Conduct a detailed study of the health effects of nuclear weapons testing fallout
including, in asingle project, dose estimation, risk analysis, and communication of

the results to interested parties.
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Detailed estimates of the resources needed to complete each option considered have
not been developed. However, the actual cost of some past projects is presented in the
report for purposes of illustration only. This draft Technical Report is being peer reviewed
by the National Academy of Sciences Committee on Assessment of Centers for Disease
Control and Prevention’s Radiation Studies. The Department of Health and Human Services
will not make any formal recommendations concerning future fallout-related work until this

peer review is complete.
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Executive Summary

I ntroduction

In 1998, Congress requested that the Department of Health and Human Services
(DHHS) conduct aninitial assessment of the feasibility and public health implications of a
detailed study of the health impact on the American people of radioactive fallout from the
testing of nuclear weapons. In response to that request, DHHS has estimated preliminary
doses and health risks from exposure to radioactive fallout from nuclear weapons tests
conducted from 1951 through 1962 at the Nevada Test Site (NTS), aswell as at other sites

throughout the world (“global” tests).

In developing this assessment, DHHS has actively solicited input from the public and
from its Advisory Committee for Energy-Related Epidemiologic Research (ACERER).
Both written and oral progress reports have been given to ACERER and Congressional staff
during the course of the project. Copies of written progress reports were available for public
review, and all written and oral comments received on these progress reports were carefully

considered in the preparation of the Technical Report.

This draft Technical Report will be peer reviewed by the National Academy of
Sciences Committee on Assessment of CDC Radiation Studies. A report from that
committee is expected six to nine months after initiation of the committee' s deliberations.
In addition, this draft Technical Report is available for public review on the Internet at

http://www.cdc.gov/nceh/radiation/default.htm. A printed copy of the draft is also available

from the Radiation Studies Branch, Division of Environmental Hazards and Health Effects,


http://www.cdc.gov/nceh/radiation/default.htm
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National Center for Environmental Health, Centers for Disease Control and Prevention

(CDC), Mail Stop E39, 1600 Clifton Road NE, Atlanta, Georgia 30333.

All comments received will be carefully considered in the preparation of the final
version of the Technical Report. No formal recommendations concerning future fallout-
related work will be provided until peer review of the draft Technical Report for this

feasibility project is complete.

Preliminary Results

Radiation Dose Estimates. In this project, for the first time, preliminary dose
estimates for representative personsin all counties of the contiguous United States have
been estimated for the most important radionuclides produced as a result of nuclear weapons
testing from 1951 through 1962 by the United States and other nations. Any person living in
the contiguous United States since 1951 was exposed to radioactive fallout, and all organs
and tissues of the body received some radiation exposure. Doses were estimated separately
for the tests conducted at the NTS and for the tests conducted at other sites throughout the

world (global testing).

Lifetime dose estimates were calculated separately for external and for internal
irradiation. External irradiation results from exposure to radiation emitted outside of the
body, for example by radionuclides present on the ground; the corresponding doses are
similar in most body organs. In thisfeasibility study, two approximations were made: 1) the
external dosesto the red bone marrow and the thyroid gland are equal, and 2) the external
dose does not depend on age. On the other hand, internal irradiation results from the decay

of radionuclides incorporated into the body by inhalation or ingestion, with levels of
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exposure varying according to the distribution of radionuclides in the organs and tissues of
the body; for example, radioiodines concentrate in the thyroid gland, whereas radiostrontium

ismainly found in bone tissues.

Because the purpose of the project was only to determine feasibility, there was no
intention in the required timeframe to develop new tools or to gather all data needed to
complete an extensive study of doses to Americans from nuclear weapons tests conducted
by the United States and other nations. Instead, preliminary doses have been calculated
based on a detailed review of alimited number of reports and using available dose
assessment models. In some cases — particularly for the doses resulting from the intake of
shorter-lived radionuclides (e.g., lodine-131) in global fallout — the doses calculated may

have considerable error. Future work would improve the precision of these calculations.

The usefulness of the doses estimated in this project is limited to rudimentary
evaluations of the average impact on limited health outcomes for the population of the
United States. Because of the low precision of the estimates, these doses should not be used
to estimate health effects for specific individuals or for subpopulations. The goal of these
calculations was to determine feasibility only, and, therefore, the magnitude of uncertainty
of these doses has not always been evaluated. Although the computed county-specific
deposition densities and doses are uncertain, dose maps which are presented in this report
are useful to illustrate general spatial patterns of fallout exposure for average individuals

across the United States.

As examples of results from this study, a summary of doses averaged over the

contiguous United Statesis presented in Table 1. Because the thyroid and red bone marrow
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Table 1. Summary of average thyroid and red bone marrow doses (milliGray [mGy]) from
NTS and global fallout received as aresult of exposure to the most important radionuclides.
The values are for adults at the time of the tests, unless otherwise specified. Blank spaces

reflect negligible values of dose.

NTS Fallout Global Fallout
Red Bone Red Bone
Thyroid Marrow Thyroid Marrow
External Internal  Interna External Internal  Internal
Dose? Dose Dose Dose? Dose Dose
Radionuclide Haf-life (mGy) (mGy) (mGy) (mGy) (mGy) (mGy)
Tritium 123y 0.07 0.07
Carbon-14 5730y 0.1 0.1
Manganese-54 313d 0.04
Strontium-89 52d 0.001 0.03
0.0009 0.2
Strontium-90 285y 0.02 [0.002]° [0.5]°
Zirconium/Niobium-95 64 d 0.08 0.2
Zirconium/Niobium-97 17 h 0.02
Ruthenium-103 39d 0.03 0.02
Ruthenium-106 368d 0.001 0.002 0.04
Antimony-125 27y 0.03
5 0.4 0.00009
lodine-131 8d 0.02 [30]° 0.001 [2]° [0.0002]°
Tellurium/lodine-132 3.3d 0.1 0.06 0.001
lodine-133 0.9d 0.02 0.04
Cesium-136 13d 0.002 0.002
Cesium-137 30y 0.01 0.009 0.009 0.3 0.1 0.1
Barium/Lanthanum-
140 13d 0.2 0.006 0.05
Cerium-144 284d 0.02
Neptunium-239 24d 0.02
Rounded totals:
- Adults; 0.5 5 0.1 0.7 0.7 0.6
- Child born 1 January [30]° [2]° [0.9]°
1951.

@The external doseis equal for all organs of the body.
P \/alues in brackets are for a child born 1 January 1951
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are among the most radiosensitive organs and tissues of the body, their doses were selected
as examples for presentation (Table 1). Thyroid cancer, noncancer thyroid disease, and
leukemia, which arises from the red bone marrow, are health effects that would be studied if

amore detailed evaluation is conducted.

Asshown in Table 1, the estimated average total internal doses from global fallout
are considerably smaller for the thyroid but greater for the red bone marrow than those from
NTS fallout, whereas the doses from external irradiation are similar for NTS and for global
fallout. Additionally, asillustrated in Table 1, the mixture of radionuclides contained in
falout is different for the two sources of fallout. Asaresult of these differences, the
temporal and geographic distributions of doses from NTS and from global fallout differ
substantially. For the nuclear weapons tests conducted at the NTS, fallout occurred
predominantly in the western states surrounding the NTS; the short-lived radionuclides,
identified by a short half-life (column 2 in Table 1), were key components of the NTS
fallout and the highest doses to Americans were due to lodine-131. In contrast, global
fallout exposures were higher in areas with high precipitation rates, such as the eastern
states; the long-lived radionuclides, such as Cesium-137 and Strontium-90, were in much

greater abundance in global fallout than in NTS fallout.

Risk Assessment. The relation between the dose from radioactive materias and the
risk of disease in a population may be described by models that express health risk as a
function of dose and factors that modify risk such as age at exposure and gender. Because
some of the components of these models are uncertain, estimates of risk are uncertain. Any

evaluation of risk depends on the development of more refined dose estimates that take into
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account their uncertainty. To the extent that reliable dose estimates can be provided, it is
feasible to estimate the lifetime risks of developing organ-specific cancer associated with
fallout exposures for populations or population subgroups. It isalso feasible, but difficult, to

guantify the very large uncertainties in these risk estimates.

Some estimates of the average risk to the United States population for the categories
al cancers, leukemia, and thyroid cancer have been developed using the preliminary doses
estimated in this feasibility study. With the exception of thyroid cancer, the examples were
developed using simple approaches, and are given for illustration only. These risks are used
to illustrate the feasibility of a more detailed study, and to provide a preliminary estimate of

the potential impact of fallout radiation on the American population.

The National Cancer Institute has previously conducted a detailed reconstruction of
doses to the thyroid gland for lodine-131 from testsin Nevada (NCI 1997). These doses
were subsequently used to estimate that between 11,300 and 212,000 (median value =
49,000) thyroid cancers would be expected to occur among the United States population
from exposure to lodine-131 from the NTS (IOM 1999). The wide range in the number of
thyroid cancers predicted (11,300 - 212,000) illustrates the large uncertainty that such
estimates carry. Consideration of global fallout would likely increase these estimates by
about 10%. However, the global dose estimates have alarger degree of uncertainty and,
therefore, the range of the number of predicted cancers would become relatively larger.
This example for thyroid cancer illustrates the possibility of estimating risks with their

inherent uncertainties.
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The average externa dose from all radionuclides over the period 1951-2000 from
both NTS and global fallout is estimated to be about 1.2 mGy (Table 1). It isestimated that
about 11,000 extra cancer deaths from all cancers, including leukemia, would be predicted
to occur among the population of the United States alive at any time during the years 1951-
2000 as aresult of external exposureto fallout. (The predicted number of incident cases
[including non-fatal cases] would be about double the number of deaths or about 22,000)
More information on deaths from cancer can also be estimated for persons born in different
years. For example, the 3.8 million people born in the United Statesin 1951 will likely
experience less than 1,000 extrafatal cancers as aresult of fallout exposures in contrast to
the approximately 760,000 fatal cancers that would be predicted in the absence of fallout. It
is expected that the largest number of excess cancer deaths would occur in that group of
persons born in 1951, because, on average, this group received higher doses at younger ages
than groups born earlier or later. Also, radiation doses from external exposure are more
uniform over geographic areas and do not substantially vary according to age or lifestyle
habits. Thus, cancer risksfor al cancers from external exposure are likely to vary less by
geographic location, birth cohort and other factors than are risks of thyroid cancer from NTS
lodine-131 exposure. Thislack of obviously high exposure areas or popul ations makes it

more difficult to identify groups with particularly large risks.

Leukemiais perhaps of special interest because it has been strongly linked with
radiation in many epidemiological studies and because bone-seeking radionuclides, such as
Strontium-90, are found in fallout. About 10% or 1,100 of the 11,000 cancer desaths from
external exposure may be predicted to be from leukemia. It is estimated that an additional

550 cases of leukemia may occur among the population of the United States who were alive
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at any time during the years 1951-2000 as a result of internal exposure to the red bone
marrow from fallout radionuclides. For the approximately 3.8 million persons bornin 1951,
it isestimated that 17 excess cases of fallout-related leukemiawill occur in this group (arisk

of 1in 220,000) from internal exposure.

Based on the preliminary estimates of dose and risk developed in this feasibility
study, fallout radiation appears to have the greatest impact on risks of thyroid tumors. Risks
of leukemiawould be lower. Cancers of other organs or tissues could be assessed as well,
but due to the smaller amount of information available about radiation-associated health
effects and the lower doses for most organs, the uncertainties associated with these estimates

would be extremely large.

Characterization of the cancer risk to the American people could be enhanced
through improvements in methodology (for example, better quantification of uncertaintiesin
models for expressing risks for specific cancers, identification of potentially highly exposed
populations, and characterization of lifestyle and other behavioral factors that could affect
the potential for exposure and for risk). However, even with these improvements, risk
estimates that are developed for fallout exposures will remain highly uncertain. In addition,
such estimates represent the average risk to members of a population group who share
common characteristics such as age, place of residence, and dietary factors. Thetruerisk to
individualsin the United States may vary substantially from the average for many reasons,
e.g., adifference in their dose from the predicted value, their lifestyle patterns, other
environmental exposures, their individual susceptibility to radiation effects, and the random
nature of the predicted risk. Hence, although it should be possible to give individuals an

indication of whether their geographic location, age, or lifestyle during the years of nuclear
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testing have increased the likelihood of their developing certain radiation-related cancers,

accurately determining the risk for specific individualsis not possible.

With regard to noncancer health outcomes, a quantitative risk analysisis not feasible
in the near term. For most noncancer outcomes, more fundamental research is needed to
quantify the relation between low, protracted radiation dose and disease and/or the
uncertainty associated with the estimated risk. However, among these noncancer physical

health outcomes, diseases of the thyroid gland have the greatest potential for occurrence.

Development of a Health Communication Strategy. One of the most important
public health implications of performing a detailed dosimetric and risk analysis study isthe
need to clearly communicate the results of the study to the American public and health-care
providers. The results obtained during the feasibility study are too preliminary to adequately
warrant developing a plan for comprehensive nationwide education. The effort to
communicate the results from the research carried out in amore detailed study would be
extremely challenging. However, it is especially important to carefully explain the potential
health consequences associated with exposure to numerous radionuclides in fallout, the
limitations of what science can provide (in particular, the uncertainty in estimates of dose

and risk), and information regarding possible implications.

Any education and public awareness plan would need to focus on communication
and education for the general public and for health-care providers. It would be important to
include right-to-know issues and educate the American public about estimates of fallout
exposures and risk factors for diseases related to radiation, so that people could determine

their probable risk category and decide what health steps are necessary on the basis of that
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information. It would be equally important that a component be directed toward physicians
and other health-care providers so they can serve as a source of information to the public

and can help with the decision-making process of the patients.

A communication plan as described would require significant resources in funding
and personnel. While communication is an integral part of amore detailed study, the scope
and design of any plans would need to carefully balance the desires of stakeholders with the
public health priority of fallout exposures. For example, the American public could receive
information on the potential health consequences from nuclear test fallout in a phased
approach, drawing on the efforts under way by the National Cancer Institute for the lodine-
131/Nevada Test Site Communications Project. If that model proves effective, it could be
used by Federal agencies and non-Federal groups to communicate information regarding
dose estimates and health risks from other exposures from the NTS and global testing as

they are devel oped.

Optionsfor FutureWork

The preliminary findings of this feasibility study suggest that the health risks from
exposure to fallout from past nuclear weapons tests may be small, but this study also
demonstrates that conducting a detailed study of the health impact on American people as a
result of exposure to radioactive fallout from the testing of nuclear weapons in the United
States and abroad is technically possible. However, significant resources would be required
to implement this detailed study, and careful consideration should be given to public health

priorities before embarking on this path.

10
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To assist in the process of making a decision about future fallout-related work, five
different options have been developed for consideration. Detailed estimates of the resources
needed to complete each option considered have not been developed. However, the actual

cost of some past projectsis presented for purposes of illustration only.

Option 1. No additional fallout-related work.

The dose and risk estimates presented in this report are preliminary in nature.
Estimates of uncertainty have not been quantified for many of these estimates, they are
subject to avariety of errors, and they are incomplete. Nevertheless, the dose and risk
estimates presented here may be sufficient for making decisions on appropriate public health

follow up.

Option 2. Retrieve and archive the historic documentation related to
radioactive fallout from nuclear weapons testing conducted by the United
States and other nations.

Although alarge number of summary reports related to nuclear weapons fallout have
been published, many of the primary documents upon which these summary reports are
based will be lost forever if they are not protected soon. Hence, documents could be
collected and protected immediately. The National Center for Environmental Health of the
Centers for Disease Control and Prevention (CDC) has been actively involved in document
retrieval and document data base development since 1992. Document location, retrieval,
and data base development have cost $3-5 million and taken 2-4 years to complete at each of

three nuclear weapons research and development sites where CDC has worked.

Option 3. Conduct a mor e detailed dose reconstruction of radioactive
fallout from global nuclear weaponstesting for 1odine-131, the most
significant radionuclide identified in this study.

11
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As noted earlier, these preliminary dose and risk analyses indicate that fallout
radiation has the greatest impact on risks of thyroid tumors. The National Cancer Institute
has previously completed a detailed dose reconstruction and basic risk analysis for lodine-
131 fallout received from the Nevada Test Site (NCI 1997; IOM 1999). This project cost
approximately $3 million and took many years to complete. Follow up activitiesinclude
development of an Internet site where individuals may obtain an estimate of their individual
dose, and implementation of a communications project to inform people in the United States

about the results of this study and its potential public health implications.

Consideration of global fallout would likely increase the dose and risk estimates
previously developed for lodine-131 from NTS fallout by about 10%. Therefore, it might be
desirable to perform a detailed dose reconstruction and basic risk analysis for lodine-131 in
global fallout, and incorporate that information into the existing NCI Internet site and
communications plan. This effort should aso include collecting and protecting primary

documents related to nuclear weapons testing (Option 2).

Option 4. Conduct a more detailed dose reconstruction for multiple
radionuclidesin radioactive fallout from both Nevada Test Site and global
nuclear weaponstesting.

The work that has now been completed demonstrates that conducting a more detailed
study of the health impact on American people of exposure to radioactive fallout from the
testing of nuclear weaponsin the United States and abroad is technically possible. There are
numerous possible subject areas that can be researched for the purpose of improving the
preliminary dose estimates provided in this report and to provide a more compl ete historical
record of the nature of the releases from the weapons testing and the resulting exposures

received by Americans from NTS and global fallout.

12
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It might be desirable to expand on Option 3, above, and perform a detailed dose
reconstruction and basic risk analysis not only for lodine-131 in global fallout but also for
other radionuclides found in both NTS and global fallout. The results of this dose
reconstruction and risk analysis could then be incorporated into the existing NCI Internet
site and communications plan. This effort should also include collecting and protecting

primary documents related to nuclear weapons testing (Option 2).

The cost and staffing requirements for implementing Option 4 would depend on the
level of detail desired beyond that presented in the Report. For example, CDC’ s National
Center for Environmental Health has been involved in a comprehensive dose reconstruction
for the Department of Energy’ s nuclear weapons production site at Hanford, Washington,
since 1992. This project involves portions of the States of Washington, Oregon, and 1daho,
and it includes nine Native American nations. The Hanford project has cost approximately
$30 million to date. Option 4 would, of course, involve 50 States and it could include

numerous population subgroups.

Option 5. Conduct a detailed study of the health effects of nuclear
weaponstesting fallout including, in a single proj ect, dose estimation, risk
analysis, and communication of theresultsto interested parties.

This option differs from Option 4 primarily in the type of communication campaign
and in the level of risk characterization that would be undertaken. Option 4 proposes to
utilize existing communication planning being undertaken by the National Cancer Institute
(NCI). Thisoption would expand NCI’ s effort to devel op a nationwide communications

campaign.

13
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Costs and staffing requirements for communications efforts are dependent on the
results of the dose reconstruction and the risk assessment work and what public health
implications are learned through that research. However, other issues will also need to be
considered. For example, even if results from the dose reconstruction and risk analysis do
not provide arisk-based rationale for conducting alarge-scale, nationwide communications
campaign, public right-to-know and social justice issues may affect the scale and reach of
the campaign. CDC and NCI’ s diethylstilbestrol (DES) National Education Campaign (a
smaller scale national campaign specific to individuals exposed to DES in utero and their
health care providers) is estimated to cost $3 - $5 million for the planning phase alone.
Funding and resource needs for the implementation phase for the DES campaign are
expected to increase exponentially during the implementation and distribution phase. In
another example, in the late 1980’'s CDC mailed information on Acquired Immune
Deficiency Syndrome (AIDS) to every household in the United States. This mailing cost

over $30 million.

Also, there are many issues that have been raised in this feasibility study that
transcend the mandate of DHHS. For example, the Department of Energy is responsible for
maintaining many of the environmental monitoring records that are needed for a detailed
study, and the Department of Defense may need to grant access to classified records
required for improving some of the dose estimates. If additional research is directed, we
recommend that a trans-Federal advisory committee be established to provide advice on the
conduct of future activities. Such a committee should be composed of independent
scientists familiar with technical aspects of the proposed activities and representatives from

appropriate Federal agencies, State public health agencies, and public stakeholder groups.

14
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For the past 8 years, CDC'’s National Center for Environmental Health has been
actively working with committees chartered in accordance with the Federal Advisory
Committee Act, including ACERER. The annual cost of each of these advisory committees
is approximately $500,000. In addition, the equivalent of two full-time professional staff
and one or two support staff are required to support the activities of each advisory

committee.

Conclusions

The preliminary findings of this feasibility study suggest that the health risks from
exposure to fallout from past nuclear weapons tests may be small, but this study also
demonstrates that conducting a detailed study of the health impact on American people as a
result of exposure to radioactive fallout from the testing of nuclear weapons in the United
States and abroad is technically possible. This draft Technical Report is being peer
reviewed by the National Academy of Sciences Committee on Assessment of CDC
Radiation Studies. All comments received will be carefully considered in the preparation of
the final version of the Technical Report. No formal recommendations concerning future
fallout-related work will be provided until peer review of the draft Technical Report for this

feasibility project is complete.

Refer ences

IOM. Institute of Medicine. National Research Council. Exposure of the American people
to lodine-131 from Nevada nuclear-bomb tests. Review of the National Cancer
Institute Report and Public Health Implications. National Academy Press;
Washington, DC; 1999.

NCI. National Cancer Institute. Estimated Exposures and Thyroid Doses Received by the

American People from lodine-131 in Fallout Following Nevada Atmospheric
Nuclear Bomb Tests. Bethesda, MD; 1997.

15



PREDECISIONAL DRAFT —FOR PEER REVIEW AND PUBLIC COMMENT

Chapter 1
| ntroduction

Contents: This chapter provides an introduction to the full report. It includes a discussion
of why this project was undertaken, what is included in the project, and what is beyond the
scope of this effort. The organization of thisreport is briefly described.

1.1 Background

In 1998, Congress provided funding for the Department of Health and Human
Services (DHHS) to study the health impact on American peoples of radioactive fallout.
More specifically, the Committee on Appropriations of the United States Senate reported the

following (U.S. Senate 1998):

“The Committee has allocated $1,850,000 with the emergency fund for
a study of the health consequences to the American population of
nuclear weapons tests conducted by the United States and other nations.
The Committee expects the Centers for Disease Control and Prevention
to be the lead agency on the study, with the support of the National
Cancer Institute. The Department should conduct an initial assessment
of the feasibility and public health implications of such a study. The
assessment ought to address major issues such as: radiation dose
estimation and risk assessment, appropriate epidemiologic
investigations, and health communication strategies for promoting
better understanding of the research by the genera public. In
developing the assessment, design, and conduct of the study, the
Department is expected to include input from the public and the
Advisory Committee on Energy-Related Epidemiologic Research. In
conducting the study, the Department ought to give high priority to
examining the health consequences of exposure among both the general
and high-risk populations to the full range of radionuclides produced by
a nuclear weapons test. The Committee expects to be informed of the
study’ s progress on a regular basis and expects to receive a final report
by July 1, 2000.”
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This action by Congress followed the release of the National Cancer Institute’s
(NCI) report Estimated Exposures and Thyroid Doses Received by the American People
fromlodine-131 in Fallout Following Nevada Atmospheric Nuclear Bomb Tests (NCI
1997). Thisreport provided county-level estimates of the potential radiation dosesto the
thyroid for American citizens resulting from atmospheric nuclear weapons testing at the
Nevada Test Site (NTS) in the 1950s and 1960s. A summary of the NCI report is presented
in Appendix A. DHHS' Advisory Committee for Energy-Related Epidemiologic Research
(ACERER) subsequently recommended that DHHS *(c)omplete a comprehensive dose
reconstruction project for NTS fallout” (ACERER 1998). In areview of the NCI report
performed at the request of DHHS, the Institute of Medicine (IOM) concluded that
additional research to estimate the total radiation exposure resulting from the deposition of
all radionuclides released as aresult of nuclear weapons testing would be of limited public
health value (IOM 1999). The IOM acknowledged, however, that the public might desire
such an effort to obtain a more complete accounting of the potential health impact of nuclear

weapons testing on American popul ations.

This report presents the technical results of an initial assessment of the feasibility and
public health implications of a detailed study of the health consequences of nuclear weapons
testing. In developing all aspects of the study, the Centers for Disease Control and
Prevention (CDC) and NCI have actively solicited input from the public and from
ACERER. Both written and oral progress reports were made to ACERER and
Congressional staff members during the course of the project. Copies of the written
progress reports were available for public review, and written and oral comments were

received. Appendix B includes a summary of some of these activities.
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1.2 Scope of work
1.2.1 Feasbility study

CDC and NCI were not asked to complete an extensive study of the health
consequences to American peoples of nuclear weapons tests conducted by the United States
and other nations but rather to assess feasibility only. Hence, instead of developing new
tools or gathering all possible data and information that is necessary to perform an extensive,
detailed study of thistype, areview of previous studies supplemented with extensive, but
preliminary, calculations was used to evaluate the feasibility of adetailed study. The
information that is readily available on the doses from radioactive fallout from nuclear
weapons testsincludes: (1) the NCI (1997) report related to the thyroid doses from >
produced by atmospheric nuclear weapons tests conducted at the NTS; (2) several
publications related to the estimation of doses received by the populations who lived in
proximity of the NTS (e.g., Church et al. 1990); and (3) miscellaneous pieces of information
related to global fallout due mainly to atmospheric nuclear weapons tests conducted on
islands in the Pacific Ocean and in the former Union of Soviet Socialist Republics
(U.S.S.R.). The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) has analyzed some of thisinformation in order to derive average doses over

the northern and southern hemispheres (e.g., UNSCEAR 2000).

In this feasibility report, preliminary estimates are provided of the radiation doses
received by American peoplesin the contiguous 48 States as a result of the atmospheric
nuclear weapons tests conducted by the United States, the former U.S.S.R., and the United
Kingdom (U.K.). Only above ground nuclear weapons tests conducted from 1951 through

1962 are considered in this report. Atmospheric nuclear explosions conducted by France,
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and China, as well as underground nuclear explosions from any nation, are not considered in
thisfeasibility report, asit is generally acknowledged that the most important contributions
to the radiation exposures arose from atmospheric nuclear tests conducted by the United
States, U.K., and the former U.S.S.R during the pre-1962 time period. For example, the
tests considered in this report that were conducted at the NTS account for over 95% of the

total **!1 produced during the entire testing period at the NTS (NCI 1997).

Doses due to external exposure from radionuclides deposited on the ground and
internal exposures from ingestion of contaminated foods are estimated for each county of the
contiguous States for the most sensitive organs and tissues. These dose estimates are based
on an initial review of the open literature, and they are not derived from sophisticated
computer programs that could be designed for that purpose. They are, however, a
significant extension of previously reported dose estimates, especially for fallout from non-
NTS‘global’ sources. Ingestion dose estimates are provided for 19 different radionuclides
for fallout from NTS. Based upon the screening calculations performed for previous fallout
studies, these radionuclides account for at least 95% of the dose through ingestion of
contaminated foods to each organ (Ng et al. 1990). Two additional radionuclides, *H and
14C, are considered for global fallout. Doses due to inhalation of radionuclides were not
considered in thisinitial feasibility report, but they have generally been found to be much

smaller than those due to ingestion.

The preliminary doses that are presented for NTS and global fallout are significantly
different with regard to their precision and reliability. Dosesfrom NTS are based on alarge
database and a significant amount of previous work in the area of dose estimation.

Preliminary estimates of the uncertainty associated with these dose estimates are provided.
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Estimates of doses from global fallout, however, are based on a much more limited database
and on previous dose estimates that have been averaged over large geographic areas. The
dose estimates presented here for any particular county are probably quite imprecise, and the
exposure rate probably varied significantly from place to place within a county. Not enough
data were available to allow for the quantification of the uncertainty associated with the

doses from global fallout.

In addition to providing preliminary estimates of dose, this report also addresses the
feasibility of utilizing these doses and other information in arisk analysis to characterize the
effects of global fallout on the health of people in the United States. Asapreliminary
example to demonstrate the feasibility of estimating lifetime cancer risk due to exposure to
radioactive fallout, estimates of the average lifetime risk of developing all cancers,
leukemia, and thyroid cancer are presented for the United States population. This report
also presents a brief review of ongoing epidemiologic studies being conducted in the United
States and elsewhere. Finaly, the report provides the outline of the strategy and issues that
could be considered if a health communication plan is developed for promoting maximum

understanding of the research by affected citizens if a detailed study is ever undertaken.

1.2.2 Public health implications
An important aspect of this project is consideration of the public health implications
of adetailed study. CDC and NCI acknowledge that some people desire that the most
detailed dose and risk assessment possible be done so they will know more about their
radiation exposure from nuclear weapons fallout. Also, additional studies may contribute to
our scientific knowledge of the health effects of ionizing radiation. The gquestion that should

also be addressed is whether or not an appropriate public health intervention will result from
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performing such studies. The answer to that question is complex and must be evaluated in
terms of public interest, the Government’ s commitment to closure of ‘fallout’ related issues,
and the severity of the risk from fallout compared to other hazards in today’ s environment

which might be remedied by use of the same funding.

Also, CDC and NCI generally understands public health as “ (t)he science and art of
preventing disease, prolonging life, and promoting health through organized efforts of
society” (Acheson Report 1988). Dose and risk analyses can help in the identification of the
likelihood of diseases that in turn can potentially be treated or prevented. The very
preliminary results presented in this report suggest that science is unlikely to provide a
public health impetus for conducting more detailed fallout-related studies. However, given
the history of secrecy associated with the development and testing of nuclear weapons and
documented and intentional radioactive releases as well as human radiation experiments, the
Federal Government must be sensitive to the views of some Americans about the United
States, global weapons programs, and the Government's responsibilities. Thislegacy of
mistrust has developed over the past half-century, and it presents a formidable social and
political context within which to perform studies and communicate results. Resolution of

these issues will require assistance from agencies other than CDC and NCI.

1.3 Issuesoutsidethe scope of thisreport

Oneissue related to examining the health consequences resulting from nuclear
weapons tests is that of medical screening of individuals for potential radiogenic diseases.
In their review of the NCI report on NTS thyroid doses, the IOM recommended against a

program to systematically screen either the American population in general or any

21



PREDECISIONAL DRAFT —FOR PEER REVIEW AND PUBLIC COMMENT

population subgroup for thyroid cancer (IOM 1999). However, ACERER has recommended
that DHHS “ (f)urther evaluate screening opportunities for thyroid cancer...[and] to evaluate
the advisability and feasibility of screening for other (noncancerous) thyroid and parathyroid
diseases, with apriority to evaluate this service for those at highest risk due to their
exposures’ (ACERER 1998). CDC and NCI are continuing dialogue with stakeholders on
the issue of thyroid screening. Asaresult of any future work related to studying the
potential public health impact on American populations of nuclear weapons testing, there

may be other potentially radiogenic diseases where discussion of screening is appropriate.

American people living around nuclear weapons development and production sites
may have been exposed to radionuclides released from these sites as well as to radionuclides
in weapons testing fallout. Extensive dose reconstruction and risk assessment activities have
been completed for some of these sites, e.g. the former Feed Materials Production Center
near Fernald, Ohio, and similar activities are underway at other sites, e.g. the Savannah
River Site near Aiken, South Carolina. There are still other sites where no such activities
are underway or planned for the future, e.g. the Gaseous Diffusion Plant at Portsmouth,
Ohio. Another group for which attempts have been made to reconstruct doses is military
personnel exposed during nuclear weapons tests (NRC 1985). Some stakeholders have
suggested that a method should be devel oped to add up doses from these multiple exposures
for affected individuals. A discussion of the technical and communication issues associated

with such a program of adding doses is beyond the scope of this report.

The doses estimated in this report that arise from the ingestion of contaminated food
depend greatly on the values chosen for the amount of different foods that are eaten by

people. The values of food intake used in this preliminary feasibility report are based on
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averages developed for a previous assessment of NTS doses (Breshears et a. 1989). These
values may not be appropriate for all people in the United States, including members of
Native American tribes. A more detailed breakdown of food consumption, however, is

beyond the scope of this project.

1.4 Organization of thisreport

Thisfeasibility report continues with discussion of how, when, and where
radionuclide fallout was created during the testing of nuclear weapons in the atmosphere
(Chapter 2). Preliminary county-level dose estimates are provided for people living in the
48 contiguous States for a number of radionuclides of potential biologic significance from
both NTS and global fallout (Chapter 3). Next, a brief literature overview of the potential
effects of radiation on the health of people is presented, including a discussion of
epidemiologic investigations (Chapter 4). In this same chapter, preliminary dose estimates
are used to perform a preliminary estimate of the average risk to the American population of
developing all cancers, leukemia, and thyroid cancer from fallout to demonstrate the
feasibility of estimating risk for selected health outcomes. Next, a discussion of the issues
that must be addressed if aplan isto be developed to communicate the results of a detailed
study to the American public is presented (Chapter 5). Finally, the overall results of this
study are summarized and options that might be considered for further activities are
presented (Chapter 6). Many technical terms are used in the body of thisreport. These
terms are defined when they are first used. To assist the reader further, a Glossary of terms
(italicized throughout this report) is provided following Chapter 6. A number of appendices
provide additional technical details for some of the materia presented in the main body of

the report.
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Chapter 2

Fallout from Nudear
Weagpons

Contents: This chapter provides an overview of fallout production mechanisms and a brief
review of the history of worldwide nuclear weapons tests.

2.1 Fallout Production M echanisms

The explosion of anuclear weapon releases energy by two processes -- fission and
fusion. Fission releases energy by splitting uranium or plutonium atoms into two or more
smaller atoms. In fusion afission bomb forces the combination of tritium or deuterium
atoms into larger atoms, producing a more powerful explosion. The explosive energy is
expressed in kilotons (kt) or Megatons (Mt) of TNT equivalent. The explosion creates three
types of radioactive debris (fallout): fission products, activation products, and fissionable
material used in the construction of the bomb that did not fission during the explosion

process.

2.1.1 Fission Products
The fission of 52 grams of plutonium will split 10% plutonium atoms and release one
kiloton of energy. Every fission creates an average of two radioactive fission fragments and
the radionuclide identity of each of these fission fragments varies. Thisfission process that
takes place when a nuclear weapon is designated creates a mix of over 900 different fission
products (England and Rider 1994). The mix of fission productsis very well known, as are

the half-lives of all the radioactive fission products. If the energy from fission (fission yield)
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of an explosion is known, known fission product yields (England and Rider 1994) can be

used to calculate the quantity of each fission product at a specified time after the burst.

Of the fission products created, 77 are stable and have no public health implications.
Only 165 radioactive fission products have half-lives longer than one hour. Some fission
products are not actually created by theinitial explosion, but are created later from the decay
of other fission products. If the fission yield and the time since the weapon exploded are
known, the quantity of fission products present at that time can be calculated (Whicker and

Schultz 1982).

In afusion weapon, total yield and the fission yield (the fraction of energy released
caused by fission) are both required to cal culate the amount of fission products created by
the weapon’ s detonation. This information remains classified today. Without it, we can

only estimate the amounts of fission products created in weapons tests.

2.1.2 Activation Products
The detonation of a nuclear weapon, fission or fusion, releases a massive shower of
neutrons. These neutrons strike and are absorbed by surrounding materials — the structural
materials of the bomb itself or the soil or water over which the bomb is detonated. Atoms of
these materials that absorb neutrons and become radioactive are called activation products.
The radionuclides that actually result from the activation process depend on the materials
used to make the bomb, the surface over which the test is conducted, and the height of the

explosion.

All nuclear weapons detonations create large quantities of carbon-14 (**C) from

neutron interactions with nitrogen in the atmosphere. A detonation also releases large
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quantities of tritium (3H). The location of the test will determine what other activation
products to expect. For example, tests over water create activated sodium, Pacific Island
tests create activated calcium, and tests over rocky inland soil create activated silicon. If the
location, the height of the burst, the total yield, and the fission yield of the test are known, it
is possible to calculate a reasonable estimate of the activation products present (UNSCEAR

1993).

2.1.3 Dispersal of Un-fissoned Material

All nuclear weapons use some combination of uranium-235 (*°U), uranium-238
(**®U), and plutonium-239 (*°Pu) as the source of fission energy. Even in the most efficient
modern weapons, some of the fissionable material in the bomb does not fission. A typical
nuclear weapon will use both plutonium and uranium as the source of fission energy, so
every nuclear weapon detonation scatters large quantities of uranium, and most of them also
scatter plutonium. The quantity and type of fissionable material used in aweapon and the
efficiency of the weapon are also classified so we can only estimate the amount of

plutonium and uranium scattered by weapons tests.

2.1.4 Physical Characteristics of the Radioactive Debris
A nuclear explosion creates alarge fireball. Everything inside the initial fireball,
earth or water, isvaporized. Thefireball risesrapidly and expands asit cools. Asthe
fireball risesit incorporates soil or water. Eventually, the fireball 1oses buoyancy and stops
rising. The kinetic energy of the incorporated soil or water will cause those particles to start
spreading horizontally, increasing the size of the cloud created by the fireball at the top.

This process gives the cloud its characteristic mushroom shape (Glasstone 1957). The top of
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acloud from alarge yield weapon may be as high as 140,000 feet, and the cloud may be 50

milesin diameter.

The vaporized materia in the cloud condenses as it cools, creating a mix of fission or
activation products and condensed material. The fission product decay chains contain gases
and solids, some with very short half-lives (Glasstone 1957). Gases tend to stay in the
atmosphere, while solids mix more readily with the condensate. Fireballs from large tests
cool more slowly than fireballs from small tests, while the decay of the fission products
always proceeds at the same rate. For this reason, the fission product mix in the fallout after
alarge explosion will be different from that after a small explosion. This alteration of the
fission product mix is called fractionation. Because of fractionation, actual measurement of
the fission product mix made after each individual test is required to determine the exact

nature of the fallout from that test.

2.1.5 Deposition of Radioactive Debris

Large particles of fallout tend to settle locally, while small particles and gases may
travel around the world. Rainfall washes out fallout in the troposphere (approximately the
first 10 km of the atmosphere), causing localized high concentrations many miles from the
test site. Large atmospheric explosions will inject radioactive material into the stratosphere
(the layer of the atmosphere immediately above the troposphere) where it will remain for
years. Even today, small quantities of fallout created during the atmospheric testing period
are still being deposited on the surface of the earth. Deposited material istypically
measured in Becquerels (radioactivity with units of one disintegration per second) per

square meter (Bq m?).
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2.2 Brief Review of Nuclear Weapons Tests
221 Atmospheric Tests

The first test of a nuclear weapon was in the atmosphere on 16 July 1945, in
southeastern New Mexico. Following this test, nuclear bombs were dropped on Hiroshima
and Nagasaki, Japan, in August 1945. These bombs leveled both cities and ended World
War Il inthe Pacific. Subsequent testing of nuclear weapons in the atmosphere continued
until 1980, with periods of intensive testing in the years 1952-1954, 1957-1958 and 1961-
1962. A limited nuclear test ban treaty (Treaty Banning Nuclear Weapons Tests in the
Atmosphere, in Outer Space and Under the Water) was signed in August 1963, and much
less frequent testing in the atmosphere occurred subsequently. Over 500 atmospheric
nuclear explosions have occurred at a number of locations. Five countries have
acknowledged atmospheric nuclear weapons tests: the United States, the former Union of
Soviet Socialist Republics (U.S.S.R.), the United Kingdom, France, and China. Test
weapons were placed on barges in the ocean, suspended from balloons, placed on wood or
steel towers, exploded in outer space, placed on the ground surface, dropped from airplanes,

and used to create large craters in the earth as described in Section 2.2.3.

The United States and the former U.S.S.R. aso tested nuclear rocket enginesin the
atmosphere. These tests were radiologically equivalent to low yield atmospheric weapons
tests, in that they injected fission products into the troposphere. However, these are

generally not included in compilations of atmospheric nuclear testing.
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2.2.2 Underground Tests

In addition to the atmospheric tests, about 1,400 nuclear test explosions have been
carried out beneath the earth’ s surface, including some by India and Pakistan. After 1963,
when the limited nuclear test ban treaty banning atmospheric tests was negotiated,
underground testing became more frequent. A well-contained underground nuclear
explosion delivers extremely low doses to any group of people. Even though there have
been occasions when radioactive materials leaked from underground tests, the
environmental and health impacts of these explosions are lower than those from the

atmospheric tests.

2.2.3 Cratering Tests
In addition to the atmospheric and underground tests, the United States conducted a
series of cratering tests to assess the feasibility of using nuclear weapons as excavation tools.
Glasstone (1957) provides details of crater size and tons of earth removed as a function of
yield and depth. The fallout from these tests tends to be much more of alocal phenomenon,
and, again, these tests are generally not included in compilations of atmospheric weapons

tests.

2.3 List of Nuclear Weapons Tests

There are severa published databases and printed books listing all nuclear weapons
testsin theworld. There are some significant differencesin the number of tests and yields

of the test between these sources. There are several reasons for these differences.

Sources are not always consistent in what they count as atest. Sometimes the testers

used conventional explosives to blow up awarhead, testing its safety from inadvertent

30



PREDECISIONAL DRAFT —FOR PEER REVIEW AND PUBLIC COMMENT

detonation or transportation accidents. These tests scattered plutonium locally, but created

no fission or activation products. These were called safety experiments.

Sometimes warheads were used in physics experiments that may or may not have
created fission products. These experiments, called by different names, may or may not be

included in acountry's list of reported nuclear weapons tests.

Some sources consider all nuclear weapons tests conducted on the same day in the
same place as one test. Others count weapons at the same time only if they are in different
holes at the test site. A series of tests may be conducted on the same day in the same

location at different times. (DOE 1992; 1994)

Some sources used seismic data, so they may list as atest a conventional explosion
at anuclear test site (Lawson 1998; Australia 2000) or even an earthquake near a nuclear

test site (Sykes 1997).

L ocations introduce another source of confusion. Some documents list different test
sites for tests (Mikhailov 1999; Kirchman and Warner 2000). Test sitesin the former U.S.S.
R. are listed in some publications by test site name (Lawson 1998) while others may list the
administrative district (Mikhailov 1999). Some list only the general latitude and longitude

(PIDC) while others give the specific locations (Mikhailov 1999; DOE 1992; Lawson 1998).

Figure 2.1 shows the locations where nuclear weapons tests totaling greater than one
megaton in yield were conducted prior to 1963 (PIDC). Table 2.1 presents a summary
developed by developed by the United Nations Scientific Committee on the Effects of

Atomic Radiation of the number and yield of atmospheric nuclear weapons tests
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(UNSCEAR 2000). Safety tests, underground tests, and cratering tests are not included in
thislist. Asnoted earlier, the number of megatons, not the number of tests, determines how
much radioactive material is created during a detonation. Table 2.1 shows that UNSCEAR
estimates that the total yield of all nuclear weapons tested in the atmosphereis
approximately 440 Mt. If one uses the highest estimates that have been published for the
yield of individual tests, the total is approximately 604 Mt. This uncertainty will likely not

be resolved until more information on nuclear weapons testing is declassified.
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Figure 2.1. Locations of sites having greater than one megaton total tests conducted prior to
1963.
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Table 2.1. A summary of atmospheric nuclear tests by maor site and country (UNSCEAR
2000)

Test Site Number of Tests Yield Total Yield

Country (see Figure 2.1) Conducted (megatons)  (megatons)
China All 22 21 21
France All 45 10 10
United Kingdom  ChristmasIsland 6 7 8

Others 15 1
United States Nevada 86 1 154
Marshall Islands 69 109
Christmas Island 24 23
Johnston Atoll 12 21
Others 6 0.1
Former U.S.SR. Novaya Zemlya 91 239 247
Semipalatinsk 116 7
Others 12 1
Totals 543 440

2.4 Conclusions

The detonation of a nuclear weapon in the atmosphere rel eases three types of
radioactive debris into the environment. Depending on the size and type of weapon
detonated, some of thisfallout may travel great distances before depositing on the earth and
exposing peopleto radiation. The next two chapters evaluate the dose and risk and to the
American people as aresult of exposure to fallout from nuclear weaponstesting. Appendix
C discusses the need to preserve documents that would be useful to resolve some of the
issues raised in this Chapter, as well as other questions related to historic fallout exposures,

should additional fallout-related work ever be mandated.
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Chapter 3

Edimation of Dosss
from Fallout

Contents: This chapter addresses external and internal radiation exposure from fallout
originating at the Nevada Test Ste and at other sites worldwide. The methods used to
estimate doses and the principal findings are presented.

3.1 Introduction

This chapter of this report presents dosimetric methods and results of calculations to
estimate radiation doses that could have been received by Americansliving in the
contiguous United States as result of exposure to radioactive fallout originating at the
Nevada Test Site and at other nuclear testing sites worldwide. 1t should be noted that these
methods are based on the data collected over more than four decades but primarily on the
experience acquired in dose reconstruction during the past decade and ahalf. Crude
methods of estimating doses have been used for this feasibility study. In some cases—
particularly for the case of shorter-lived radionuclides (e.g., **'1) in global fallout — the doses
presented may be in error by as much as an order of magnitude. Future work could likely

improve the precision of these calculations, however.

Because of the low precision of some of the dose estimates presented, the doses
should not be used to make a claim of individual health effects or increases in health effects
among subpopulations. The goal of these calculations was to show feasibility only, and in

many cases the possible degree of error of the doses has not been evaluated. Thus, the
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usefulness of the doses presented here islimited only to very approximate eval uations of
overall (that is, national) health detriment. Even though county-specific deposition densities
and doses were computed and presented in a series of maps, those county-specific estimates
are uncertain, and individual county values should not be used for definitive risk
assessments until further refinements are made and the degree of possible error is evaluated
in detail. The maps are provided only to show general spatia patterns of fallout and

resulting exposure patterns across the United States.

The dose estimates in this report are: (1) based primarily on areview of the readily
available open literature and supplemented with calculations of moderate complexity rather
than on sophisticated computer models, (2) calculated on a county-by county basis aswell as
averaged over the contiguous United States, (3) calculated separately for the most important
radionuclides produced in nuclear weapons tests, (4) provided in terms of effective dose and
absorbed dose to the thyroid gland and to the red bone marrow, and (5) calculated for tests
conducted in individual years aswell as summed over al years. The dose estimates and the
methodology used for calculating them are summarized in this chapter. The details of the
calculations and methodology are given in detailed consultant reports that are included in

this report in Appendices D through G.

In this chapter, preliminary estimates of radiation doses from fallout are presented
for two groups of people that were assumed to have resided in the same county during their
entire lives: (1) those who were adultsin 1951, that is, at the time when substantial amounts
of fallout from nuclear weapons tests began to occur in the United States and (2) those who
were born on 1 January 1951, and are expected to be among the population group that

received the highest doses from fallout. Thyroid and bone marrow absorbed doses
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accumulated through the year 2000 are presented for the two population groups. Exposure
of the thyroid to ionizing radiation can, in some cases, give rise to the induction of thyroid
cancer, especially among those exposed as very young children, while exposure of the red
bone marrow can, in some cases, contribute to the induction of leukemiain the population.
In addition, absorbed doses are presented for selected other organs and tissues, and effective
doses will be used to compare exposures from various radionuclides, types of nuclear tests,

or exposure pathways, when appropriate.

Radiation doses are presented separately for the nuclear weapons tests conducted at
the Nevada Test Site (NTS) and for those carried out at other sites outside of the United
States. The main reason for this division is that the nuclear tests conducted in the United
States and elsewhere resulted in different geographic deposition patterns of the fallout. In
addition, the mixture of radionuclides deposited depended on the origin of the nuclear debris

(fallout). Some of the primary considerations in making these estimates were:

¢ Thetests conducted at the NTS had low yields, so that the radioactive clouds
originating from the atmospheric explosions remained in the lower layers of the
atmosphere and fallout deposition occurred within days. The level of fallout
generally decreased with distance from the NTS, and consisted predominantly of
short-lived radionuclides, like **1. The environmental measurements made after each
test usually made it possible to relate the radioactive contamination to specific tests

and thus to assess the radiation impact of each of those tests;

¢ In contrast, the radioactive contamination due to tests conducted far away from the
United States was due primarily to high-yield tests, which resulted in radioactive
clouds that reached high layers of the atmosphere. It took monthsto years for
radionuclides to deposit on the ground from those altitudes. Within that time,

relatively homogeneous mixing of the activity occurred in the high layers of the
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atmosphere within latitudinal bands all around the world, while the activity that
gradually descended to lower atmospheric layers was preferentially removed from the
atmosphere via precipitation. Consequently, the levels of global fallout were
relatively constant throughout the United States, the differences being due to
differences in precipitation levels. Fallout from those tests consisted predominantly
of long-lived radionuclides, like Cesium-137 (**Cs), as most of the short-lived
radionuclides decayed before they deposited on the ground. Thus, environmental
measurements made at that time did not make it possible to relate the contamination

to a specific test.

Following releases of radionuclides into the environment, human populations can be
exposed to external or internal irradiation. In thisreport, the estimated radiation doses from

external and from internal irradiation are presented separately.

Exposures via external irradiation occur when the radionuclides are outside the body
(intheair, on the ground, building materials, vegetation, etc.). External irradiation usually
arises from: (1) submersion in air contaminated with gamma-emitting radionuclides, and/or
(2) the decay of gamma-emitting radionuclides deposited on the ground. In the case of
radiation exposures from nuclear weapons tests, external irradiation from submersion in
contaminated air plays avery minor role and will not be considered explicitly. Exposures
viainternal irradiation occur when radionuclides enter into the body, generally by inhalation
or ingestion. Doses from internal irradiation may result from (1) the inhalation of
radionuclide-contaminated air, and (2) the ingestion of radionuclidesin water and
foodstuffs. The estimation of doses from internal irradiation will focus on those from
ingestion, as the doses from inhal ation are usually much smaller than those from ingestion.
Therefore, the doses that are presented in this report are those arising from the decay of

gamma-emitting radionuclides deposited on the ground (external irradiation) and those
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incurred via the ingestion of radionuclides in water and foodstuffs (internal irradiation).
Both types of dose are derived from the estimation of the amounts of radionuclides

deposited per unit area of ground (often called ‘ deposition densities’ in this report).

3.2 NTSFallout

There were 100 officially reported nuclear events conducted in the atmosphere at the
NTS (DOE 1994). Thesetestsranged inyield from extremely small explosions (<1t
equivalent TNT) to amaximum size of 74 kt (Shot Hood on 5 July 1957). In addition, there
were “cratering” events that released significant amounts of radioactive debris; the most
notable was the 104 kt Project Sedan detonated on 6 July 1962. Not all of these events
produced fallout that was measured or measurable beyond the confines of the NTS; only the
most significant events in terms of their releases to the offsite environment are considered.
Deposition densities have been estimated for atotal of 61 events: eight in 1951 (Ranger and
Buster-Jangle series), eight in 1952 (Tumbler-Snapper series), 11 in 1953 (Upshot-K nothole
series), 13in 1955 (Teapot series), 19 in 1957 (Plumbbob series), and two in 1962 (Storax
series). Some of these events were detonated so close together in time that it has been
impossible to distinguish the debris. Thus, results for Bee and Ess (both fired on 22 March
1955); Apple and Wasp (both fired on 29 March 1955); Kepler (24 July 1957) and Owens
(25 July 1957); and Wheeler (6 September 1957), Coulomb (6 September 1957), and
Laplace (8 September 1957) were combined. The 61 tests that were included in this
assessment accounted for over 95% of the total **!1 produced (NCI 1997); hence, they were
the most important in terms of the exposure delivered to the American people. A complete

list of these events with dates and yieldsis given in Table 3.1.
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Table 3.1. Nuclear weapons tests conducted at NTS that are considered in the feasibility
study

Operation Yield
(Series) Test Placement Date (kt)
Ranger BAKER airdrop 28-Jan-51 8
BAKER-2 airdrop 2-Feb-51 8
Buster BAKER airdrop 28-Oct-51 35
CHARLIE airdrop 30-Oct-51 14
DOG airdrop 1-Nov-51 21
EASY airdrop 5-Nov-51 31
Jangle SUGAR surface 19-Nov-51 1.2
UNCLE crater 29-Nov-51 12
Tumbler- ABLE airdrop 1-Apr-52 1
Snapper BAKER airdrop 15-Apr-52 1
CHARLIE airdrop 22-Apr-52 31
DOG airdrop 1-May-52 19
EASY tower 7-May-52 12
FOX tower 25-May-52 11
GEORGE tower 1-Jun-52 15
HOW tower 5-Jun-52 14
Upshot- ANNIE tower 17-Mar-53 16
Knothole NANCY tower 24-Mar-53 24
RUTH tower 31-Mar-53 0.2
DIXIE airdrop 6-Apr-53 11
RAY tower 11-Apr-53 0.2
BADGER tower 18-Apr-53 23
SIMON tower 25-Apr-53 43
ENCORE airdrop 8-May-53 27
HARRY tower 19-May-53 32
GRABLE airburst 25-May-53 15
CLIMAX airdrop 4-Jun-53 61
Teapot WASP airdrop 18-Feb-55 1
MOTH tower 22-Feb-55 2
TESLA tower 1-Mar-55 7
TURK tower 7-Mar-55 43
HORNET tower 12-Mar-55 4
BEE/ESS
BEE tower 22-Mar-55 8
ESS crater 23-Mar-55 1
APPLE/WASP

APPLE-1 tower 29-Mar-55 14
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Operation Yield
(Series) Test Placement Date (kt)

WASP airdrop 29-Mar-55 3
POST tower 9-Apr-55 2
MET tower 15-Apr-55 22
APPLE-2 tower 5-May-55 29
ZUCCHINI tower 15-May-55 28

Plumbbob BOLTZMANN tower 28-May-57 12
WILSON balloon 18-Jun-57 10
PRISCILLA balloon 24-Jun-57 37
HOOD balloon 5-Jul-57 74
DIABLO tower 15-Jul-57 17
KEPLER/OWENS
KEPLER tower 24-Jul-57 10
OWENS balloon 25-Jul-57 9.7
SHASTA tower 18-Aug-57 17
DOPPLER balloon 23-Aug-57 11
SMOKY tower 31-Aug-57 44
GALILEO tower 2-Sep-57 11
WCL
WHEELER balloon 6-Sep-57 0.197
COULOMB-B surface 6-Sep-57 0.3
LAPLACE balloon 8-Sep-57 1
FIZEAU tower 14-Sep-57 11
NEWTON balloon 16-Sep-57 12
WHITNEY tower 23-Sep-57 19
CHARLESTON balloon 28-Sep-57 12
MORGAN balloon 7-Oct-57 8

Storax SEDAN crater 6-Jul-62 104
SMALL BOY tower 14-Jul-62  Low

For the purposes of the feasibility study, three types of estimates were made: (1)
deposition densities of a selected set of 43 radionuclides on the ground on a county-by-
county basisfor each test (see Table 3.2), (2) doses from external irradiation for the most
important radionuclides as determined by Hicks (1981, 1982), and (3) doses from internal

irradiation for the most important radionuclides contributing to internal dose. The group of

42



PREDECISIONAL DRAFT —FOR PEER REVIEW AND PUBLIC COMMENT

Table 3.2. Radionuclides in NTS fallout for which deposition densities (Bq m?) were
explicitly calculated on a county-by-county basis.

Used in External Used in Internal
Radionuclide Half-Life Dose Calculations Dose Calculations

8gr 52 days X
0gr (Y7 28.5 years X
g 0.4 days X X
91mY * X

Sy 59 days X

By 0.4 days X

%7r (°'Nb) 0.7 days X X
%7r (*Nb) 64 days X

97mNb * X

Mo 2.8 days X X
99mT c * X

®Tc 213,700 years

1%Ru (**MRh") 39 days X

1%Ru (**MRh") 0.2 days X

1052h 1.5 days X X
1%2u (**°Rh") 368 days X X
1311 (from NCI 1997) 8 days X X
1¥21e 3.3 days X X
132| * X

133 0.9 days X X
13cs 13 days X
137cs (*'MBa) 30 years X X
19985 (ML a) 13 days X X
190 5 1.7 days X

14lce 32.5 days X

13ce 1.4 days X X
193py 14 days

144ce (P 284 days X X
14INd 11 days X X
147pm 2.6 years

“Np 2.36 days X

239+240py, 24131/ 6569 years X
24py 14.4 years X
21Am 430 years X

"Calculations for the progeny (in parentheses) are based on data for the precursor nuclide.
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radionuclides selected for the internal dose cal culations account for about 90% of the
internal dose (see Table 3.2). If further work is conducted, it should include **Np in the

internal dose calculations.

3.2.1 Deposition Densities
Fallout deposition density is the amount of each radionuclide per square meter that is
accumulated on the ground as a result of settling of particles from clouds containing nuclear
debris. The amount of each radionuclide deposited on the ground is important information
for calculating both external and internal doses. Deposition of fallout can take place under
both dry and wet weather conditions; however, when rainfall coincides with the passage of a

cloud containing nuclear debris, the deposition of fallout is considerably increased.

The daily deposition density of each radionuclide listed in Table 3.2 was estimated
from the daily **!1 deposition density estimates reported in the National Cancer Institute
Study on **!{ exposure of the American people (NCI 1997). All calculations for this report
were carried out separately for each county (and sub-county as defined in NCI (1997),
Appendix 2), and then summed to provide estimates on a test-by-test, annual and cumulative
basis. The deposition densities of nuclides other than **I were calculated from the NTS *3!|

deposition density values by using the relationships calculated by Hicks (1981) for each

NTStest. Further detail on these methodsis provided in Appendix D.

Plutonium isotopes were also contained in the fallout from Nevada weapons tests.
Because plutonium isotopes primarily emit alpha particles, they do not contribute to external
dose and contribute only a small amount to ingestion (internal) dose. The primary hazard

from plutonium comes about when it isinhaled. However, even inhalation has been shown
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not to be a significant contributor to population exposure from NTS testing (Church et al.
1990). Plutonium is primarily discussed here because of the high degree of interest by the
public in plutonium contamination of man and the environment. Only crude estimates of
plutonium deposition density can be made for individual tests partly because certain data—
in particular, the ratios of plutonium to **’Cs, ®Sr, etc. — are still classified by the United

States Government.

A reasonable set of assumptions has been made, however, from which rough
estimates of plutonium deposition density, which while possibly significantly in error for
any specific given test, provides a reasonabl e total deposition value when summed over al
tests. Using these methods, 2**?*°Pu and ?*'Pu depositions in fallout were estimated for
each test and test series. It should be noted that only about one-half the plutonium from
tower and surface tests would be deposited outside the immediate vicinity of the NTS
because it is associated with large particles that are deposited close-by to the detonation site.
Accurate estimates of plutonium deposition from particular tests will only be possible if
additional information on the cesium to plutonium ratios for particular tests is declassified.
Thus, the plutonium results presented in this report should be treated as only preliminary

crude estimates.

For the radionuclides considered in this report, deposition density estimates were
developed for each of the approximately 3,000 counties within the contiguous United States.
Nearby the NTS, where some of the larger counties experienced considerable gradationsin
deposition, counties were broken into subparts. In all, estimates were computed for 3094
geographic units (counties or subparts of counties). These estimates of radioactivity

deposition density are based on the **| deposition densities reported in NCI (1997) (see
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Appendix D) which in turn were based primarily on measurements made at the time of
fallout and reported from the gummed-film network operated by the Department of Energy
(DOE) Environmental Measurements Laboratory, which was then known as the Atomic
Energy Commission (AEC) Health and Safety Laboratory. Because the measurement sites
were few compared to the large number of counties, and because the deposition in each
county is so highly influenced by the occurrence of rainfall, the measurements were
extended to other nearby locations through the use of mathematical interpolation procedures
(NCI 1997). Extrapolating data to locations without measurements is one of the inherent

and unavoidable limitations of these calculations.

Thetotal deposition of **'Cs from all NTS tests considered in this report through
1962 isshown in Figure 3.1. As can be seen, the years of greatest deposition were 1957,
1953, and 1952. The geographic pattern of deposition of **’Csas shown in Figure 3.2 is
similar to that for **!1 (see NCI 1997), although, due to the long half-life (30 years) of **'Cs,
the decrease in activity in the eastern United States is less than that for **'1. The county
estimates range from well below 200 Bq m to about 1300 Bq m. The regional and local
variations of deposition density are primarily due to variationsin precipitation. The well-
known elevated areain northern New Y ork State was due to heavy thunderstorm activity

during passage of the cloud from test SIMON in April 1953 (NCI 1997; Beck et a. 1990).
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Figure 3.1. Total *¥'Cs (Bq) deposited in the United States from NTS tests as a function of
year of tests

Cs-137 deposition density
(Bg/m2)
[ | Oto 200
I 200to 400
[ ] 400to 600
[ ] 600to 800
Bl 800to 1300

Figure 3.2. Cesium-137 deposition density due to all NTS tests.
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The geographic patterns of deposition density for certain fallout radionuclides like
gy (Figure 3.3) and 2*"?®py (Figure 3.4) vary somewhat from those for **'Cs and **!|
primarily due to the differencesin the nuclear fuel used in different tests and the directions
of travel of the clouds of debris from each test. The deposition of *Sr was very similar to
that of **’Cs. The highest plutonium deposition density, not surprisingly, was in counties
near the NTS, though other moderately high deposition densities can be seen in afew
Midwest counties. For most of the country, the amount of cesium was 10 to 20 times the
amount of plutonium deposited. As discussed previously, the plutonium estimatesin this
report for any particular county are very uncertain, and the data provided should be viewed
only asillustrative of the variations across the country due to the varying paths of fallout

clouds.

Sr-90 deposition density
(Bg/m2)
[ 0to 200
I 200to 400
[ ] 400to 600
[] 600to 800
I 800to0 1100

Figure 3.3. Strontium-90 deposition density dueto all NTS tests.
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Pu-239-240 deposition density
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Figure 3.4. Plutonium (239+240) deposition density dueto all NTS tests.

The six test series deposited different amounts of fallout within the United States.
For example, the 1957 Plumbbob series deposited 35% of the total cesium followed by the

1953 Upshot-K nothole series that contributed 23%. These proportions are shown in Figure

3.5.
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Total Cs-137 Deposition, NTS Fallout

4% 3% 1952

1957
35%

1955
16%

Figure 3.5. Fraction of total **'Cs deposited in the United States from NTS by year of test.

The total amount of **’Cs deposited in the contiguous United States from all tests
was 2.3 PBg. Thetotal deposition for a number of other selected radionuclidesis shownin
Table 3.3. The population-weighted deposition densities, calculated on the basis of the
information available for each county, are also presented in Table 3.3. Because of the sharp
gradations in deposition density from west to east, and the higher populations in the eastern
United States, the population-weighted deposition densities are only dlightly less than the
actual deposition densities. However, the population-weighted values give a better
indication of the relative health impacts that might be expected. From all NTS tests, 34% of
the **'Cs produced was deposited in the contiguous United States, the remainder was

deposited elsewhere; presumably, alarge fraction was deposited in the oceans.
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Table 3.3. Total deposition and population-weighted mean deposition density for selected
radionuclides for NTS fallout.

Popul ation weighted
Total Deposition deposition density

Nuclide (PBq)’ (Bqm?
Bics 2.3 260
Oy 1.8 200
%zr 220 2.5x 10*
1%3Ru 430 4.6x 10*
19984 1400 1.4x 10°
4ce 500 5.4x 10*
1%4ce 40 4.6x 10°
1R 24 2.6x 10°
8gr 330 3.6x10*
13 1500 1.9x 10°
239+2490py 0.13 ~16
241y 0.54 ~59

"PBg = 10" Bq

3.2.2 NTSExternal Exposure and Dose

Radiation received externally to the body from fallout is primarily aresult of the
gamma radiation emitted by radionuclides deposited on the ground. External exposure
generally resultsin aradiation dose to the entire body and is usually considered to be
uniform over the body, particularly when fallout is widespread in the environment. The
calculation of radiation dose is often made through intermediate cal culations of the amount
of ionization of avolume of air (formally called exposure and measured in Roentgens (R)).
The absorbed dose in specific organs or tissues of the body is expressed in units of Gray
(Gy). The effective dose, expressed in Sievert (Sv), is aweighted whole-body dose, in
which the differences in damage caused by different types of radiation and radiosensitivity

of the different tissues or organs of the body are taken into account. The calculation steps
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from deposition density (Bq m™) to exposure (R) to absorbed dose in tissues or organs (Gy),

and to ‘effective dose’ (Sv) are described in Appendix D.

The doses presented in this report are primarily based on measurements or estimates
of radionuclide deposition densities, isotopic ratios calculated for each test by Hicks (1981),
and various conversion factors. Very few actual measurements of exposure were made
outside the immediate vicinity of the NTS. However, the external dose resulting from
emitted gamma rays from individual radionuclidesin surface soil iswell understood.
Hence, theory and available data can be used to predict the exposure or the dose that the
public might have received across the United States. It should be understood, however, that
in those cases where little data are available, particularly concerning the lifestyles of
individuals and the rate of penetration of radionuclides into the soil at any particular

location, doses can only be estimated with very limited precision.

For statesimmediately downwind from the NTS, available data, including actual
exposure rate measurements where available, were used to estimate deposition densities
(Beck and Anspaugh 1991; Beck 1996). NCI (1997) used these data and data from
gummed-film measurements to estimate **!1 deposition densities for each county of the
contiguous United States. The NTS deposition densities in this report are based directly on
the estimates of **!1 deposition density reported in NCI (1997). The conversion factors
relating deposition density to exposure rate in air have been validated in many studies and

are believed to be accurate to within 5% (NCRP 1999).

A large number of fission products are produced in anuclear explosion. However,

only afew account for most of the external exposure. Different radionuclides contribute
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significantly to the exposure rate at different times and thus the relative importance of the
various radionuclides with respect to total exposure varies according to the length of time
for the fallout to arrive at the location where exposure took place. At early arrival times
after each test (within afew hours), the short-lived iodine isotopes contribute substantially to

the exposure while after afew days, **?1, **°Ba, ®Zr-*Nb and ®*Ru are more important.

The externally delivered dose is often expressed by what is called effective dose
(ICRP 1991), aquantity that islikely to correlate well with the occurrence of cancer (total of
al types) arising as aresult of the exposure of the whole body. Specifically, the effective
dose is the sum of organ doses weighted by two factors, one to account for the quality and

type of radiation and one to account for the relative radiosensitivity of specific organs such

that:
Er = ;WRZWTDT,R Equation 3.1
where:
Er = effective dose from radionuclide R,
Wr  =weighting factor for radionuclide R,
Wt = weighting factor for body tissue T, and

Drr = absorbed doseintissue T from radionuclide R.

Values of the radiation weighting factor are 1.0 for electrons, x-rays and gamma
rays, between 5 and 20 for neutrons of various energies, and 20 for alpha particles. The

radiation weighting factor adjusts the absorbed dose (simply the energy absorbed per mass
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of tissue) to better reflect the probability of damage by the type of radiation exposing the
body. The fission products emit electrons, x-rays, and gammarays, so that their radiation
weighting factors are equal to 1.0. However, the plutonium isotopes emit a pha particles and

therefore, their radiation-weighting factors are equal to 20.

The tissue weighting factors reflect the radiosensitivity of different organs, and are
chosen so that a uniform dose over the whole body gives an effective dose numerically equal
to the uniform whole-body dose. The International Commission on Radiological Protection
has determined values of the radiation- and tissue-weighting factors (ICRP 1991). The
conversion from exposure to effective dose is about 0.66 rem per Roentgen (0.0066 Sv R™)
for the range of gamma energies usually encountered in fallout and for adults. Calculations
using computer models of the human body indicated that the effective dose to young
children is about 10-30% higher (NCRP 1999) than for adults. In order to ssmplify the
feasibility calculations, two assumptions were made in the estimates presented here: (1) the
external dose to organs like the thyroid and bone marrow were taken to be numerically equal
to the effective dose, and (2) external doses were assumed to be age-independent. The first
of these assumptions results from the fact that the external doses to most tissues and organs
are about the same, primarily because the gammaray energies emitted from many
radionuclides are energetic enough to completely penetrate the body. Hence, it isjustified to
make an approximation that the effective dose (Sv) is numerically equal to the absorbed

dose for most organs.

Radionuclides deposited on the ground penetrate into the soil with passing time; that
process is usually accelerated by rainfall. Hence, after afew months, measurements have

shown that external exposure decreases because of the radionuclide’ s penetration into the
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ground as well as the fact that radionuclides decay with the passage of time, leaving less and

less activity to expose people.

The dose received by individuals depends on the time they spent outdoors while the
fallout was on the ground. Because most people spend most of their time indoors, their
exposure is reduced greatly due to the inability of the radiation to effectively penetrate
building materials. The amount of shielding provided by a building depends on the
materials and design of the building. 1n general, heavily constructed buildings made of
brick or concrete will allow only about 20% of the radiation to penetrate, while lightly
constructed buildings will allow 40% or more. Assuming that most persons spend about
80% of their time indoors (UNSCEAR 1993; NCRP 1999) in a building that transmits about
30% of the radiation from the outside, their effective dose would be about 44% (0.8 x 0.3 +
0.2 = 0.44) of that that would be received outdoors. Using similar assumptions, the dose to

persons of various occupations and lifestyles can be estimated.

The actual dose to a person who lived in the United States during the years of fallout
would generally lie within a range from about one-fourth as large as the estimates provided
here to about four times larger than these estimates. In some cases, the range of possible
doses at asingle location might even be larger. Thiswide rangeis aresult of the variations
in the amount of time people spent outdoors and the types of structuresindividuals lived and

worked in.

A number of maps provided show the geographic distribution of external dose.
Figure 3.6 shows the external dose from all NTS tests, and applies equally to red bone

marrow and the thyroid gland, both in adults and children. The most exposed individuals
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likely lived in states immediately downwind from the NTS. However, smaller areas of
higher and lower exposures occurred throughout the United States as a result of the uneven
deposition of fallout over the United States and the variation in directions taken by the
clouds containing the radioactive fallout. Residents of some counties near the NTS received
dosesin excess of 3 mSv (300 mrem) while residents of the extreme western and
northwestern states and some midwestern counties received average doses less than 0.25

mSv (25 mrem).

Dose (mGy)
I oto1l
[ ] 1to3
[ 3to10

Figure 3.6. External dose to the red bone marrow and the thyroid gland for both children and
adultsresulting from all NTS tests.

It should be understood that the numerical values of dose provided in Figure 3.6 and
in the remainder of this chapter are estimates for a hypothetical individual living in the
specified county. How close the doses provided here are to the actual dose received by a

person living there depends on many factors, primarily, how similar the assumptionsin the
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calculations are to an individual’ s lifestyle over the time the exposure was received. There
are many factors about each individual member of the public — such as age, diet, lifestyle,
etc. — that might result in their exposure being different than the estimates provided in this
report. Though there are statistical and mathematical methods available that can be used to
estimate the range of doses in each county, to apply these methods requires a great deal of
literature review, expert judgment, and mathematical calculations. Assessment of the range
of possible doses that might have been received in each county and/or the assessment of the
precision of dose estimates for representative individuals are subject areas that will require

additional work in future assessments of fallout-related doses.

The calculation of the collective doses from external irradiation resulting from each
year when test series were conducted alows for an estimate of the relative contribution of
each year of testing to the total dose. Results are presented in Table 3.4. Because most of
the external dose is due to short-lived radionuclides, the external dose from each year of
testing at the NTS was essentially received during the same year. The most important years
of testing were 1957 (Plumbbob series) and 1953 (Upshot-Knothole series). The
population-weighted exposure corresponds to an average effective dose of about 0.48 mSv
(48 mrem), during the years of testing, about what an average person would receive from
natural radiation emitted from the mineralsin the soil in 1-2 years time depending on the

area of the country where they lived.
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Table 3.4. Collective external dose and country-average dose from NTS fallout as a function
of year of testing

Cumulative Collective Country-Average

Dose Dose
Year Test Series (10® Person-Gy) (MmGy)
1951 Ranger and Buster-Jangle 6.8 0.039
1952 Tumbler-Snapper 16 0.093
1953 Upshot-K nothole 20 0.12
1955 Teapot 13 0.072
1957 Plumbbob 23 0.12
1962 Storax 5.0 0.029
Total NTS 84 ~0.5

*From previous years' fallout.

3.2.3 NTSInternal Dose

The method of calculation for internal dose was derived from that used for the Off-
Site Radiation Exposure and Review Project (ORERP), which was performed during the
time period of approximately 1979 through 1987 (Church et al. 1990). The ORERP study
was designed to calculate external and internal doses from the tests of nuclear weapons at
the NTS, but the focus was on populations living in the near downwind regions. Originaly,
the assessment area consisted of several countiesin Nevada and one county in Utah that
were known to have received higher deposition densities. Eventually, the assessment
domain was expanded to include the entire states of Nevada, Utah, Arizona, and New
Mexico, and portions of several additional states [western Colorado, southwestern
Wyoming, southern Idaho, southeastern Oregon, and nearby areas of California (including

Los Angeles)].
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The general ORERP method is described here because it was used for these
feasibility calculations. Further detail on these methodsis provided in Appendix E. That

method includes:

e Estimating the total amount of an individual radionuclide that might be ingested by
humans of differing ages. This simple statement covers a very complex undertaking of
estimating the dynamics of radionuclide contamination of foods and age-dependent
human-consumption rates of food (Whicker and Kirchner 1987).

e Estimating the dose at each age that would be received by a member of the public from

the ingestion of asingle unit of activity of a particular radionuclide.

The formulation developed by the ORERP project, in simple form, can be expressed

by the following equation:

D =PxlxFy Equation 3.2
where
D = Absorbed dose, Gy, or effective dose, Sv;
P = Deposition density of the radionuclide of interest at time of fallout arrival, Bq m?;
I = Integrated intake by ingestion of the radionuclide per unit deposition density, Bq
per Bqm? and
Fs = Ingestion dose coefficient for the radionuclide, Gy Bq™ or Sv Bg™.

Doses from internal irradiation resulting from ingestion of contaminated foodstuffs
were derived from the deposition density estimates obtained for 61 tests, 43 radionuclides,
and within each county of the contiguous United States (see Table 3.2). In afirst step of the

feasibility calculations, the radionuclide concentrations in important foodstuffs (milk, meat,
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leafy vegetables, root vegetables, and grain products) were estimated by means of
mathematically based environmental transfer models. Age-dependent consumption rates of
foodstuffs (see Table 3.5) were used with estimates of the average value of the fraction of
foods produced locally (see Figures 3.7 and 3.8) to estimate the radionuclide activities
ingested with the contaminated foodstuffs. Finally, mathematical models ssmulating the
behavior of radionuclides in the gastrointestinal tract, uptake of radionuclides by the
gastrointestinal tract and the subsequent absorption and retention of radionuclidesin the
various organs and tissues of the body were used to estimate the thyroid and bone marrow

doses received by persons who were adults in 1951 and for persons who were born in 1951.

Table 3.5. Food-consumption rates used in the PATHWAY code (Whicker and Kirchner
1987). Estimates are based primarily on data summarized by Rupp (1980) for rural families.

Food Consumption Rates By Age Group,

Food Type Fresh kg day™

<ly 1-11y 12-18y >19y
Milk 0.800 0.623 0.635 0.360
Milk products 0.144 0.074 0.143 0.062
Beef 0.044 0.113 0.210 0.277
Poultry 0.003 0.017 0.028 0.030
Eggs 0.017 0.026 0.036 0.053
Leafy vegetables 0.002 0.021 0.036 0.062
Stored fruits and vegetables 0.207 0.266 0.356 0.360
Grains 0.025 0.025 0.151 0.137
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Figure 3.7. Fraction of food that is assumed to be locally produced for severa different food
categories. Values for eggs are the same as those for milk. From Whicker and Kirchner
(1987).
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Fraction of other vegetables and fruits

Figure 3.8. Consumed fraction of non-leafy vegetables and fruits assumed to be freshly
produced. From Whicker and Kirchner (1987).
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Radionuclides of Interest. Ingestion doses were calculated from nineteen of the
most important radionuclides contributing to internal dose: #Sr, *°Sr, *'s, ¥zr, Mo, 1Ry,
lOSRU, 106RU, 131|’ 132-|—e, 133|’ 136CS, 137CS, 14OBa1 14308, 144Ce, 147Nd, 239+240PU, and 241PU (S%
Table 3.2). The ORERP findingsindicated that this group of radionuclides accounts for
over 90% of the internal dose in the vicinity of the NTS as aresult of ingestion of

contaminated foods.

In addition to the list of parent radionuclides listed above, doses from decay products
were also included in the calculation to the extent that the decay-product arises from the
decay of the parent radionuclide after it has entered the body. For example, the decay
product of ***Teis ¥, which has a half-life of 2.30 h (ICRP 1983). Any ¥ that originates
in the body from the decay of ***Teisincluded in the dose calculation. Other parent-
progeny pal rsare QOSI’(QOY), 97Zr (97Nb), 103RU (103mRh), 106Ru (106Rh), 137CS (137mBa)’ 14OBa

(**°La), and ***Ce (***Pr).

Age Groups Considered. The detailed calculations of dose were performed for
adults only in this feasibility study. This choice was necessitated by the limited time
resources available for this study and because adults constitute by far the largest segment of
the population. Doses to children born in 1951 were roughly estimated on the basis of the
computed doses for adults. In the case of thyroid doses (such as from exposure to **!1), age
differences result in dramatically different doses with children receiving larger doses. This

age-dependence has been treated extensively by the NCI (1997).

Estimates of Cumulative Intake. For the radionuclides listed above, seasonally

dependent values of the intake of each radionuclide were estimated from output of the
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computer code, PATHWAY , developed as part of the ORERP project. That program
mathematically accounts for the ecological behavior of radionuclides by considering the
initial retention of fallout by vegetation, the loss of radionuclides from vegetation, dilution
of radionuclide concentration in fresh vegetation by plant growth, uptake of radionuclides
through the soil-root system, and recontamination of plant surfaces by resuspension and
redeposition, and by rain splash. As expected, the intake of many radionuclides by the
public would have occurred in the early summer months when garden and farm food
production would have been highest. In Figures 3.9 to 3.11, the annual pattern of intake
over the course of ayear is shown for three radionuclides (*°Sr, *31, and **'Cs) and four age

categories (<1y, 1-11y, 12-18y, and adults).
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Figure 3.9. Monthly values of integrated intake for four age groups for ®Sr. Data were
derived from Whicker and Kirchner (1987).
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Figure 3.10. Monthly values of integrated intake for four age groups for Data were

derived from Whicker and Kirchner (1987).
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Figure 3.11. Monthly values of integrated intake for four age groups for *¥'Cs. Data were
derived from Whicker and Kirchner (1987).

It should be noted that the model PATHWAY used to derive the integrated intakes
(Figures 3.9 through 3.11) was developed to simulate the transfer of radionuclides to
foodstuffs in areas close to the Nevada Test Site. The model was used in this feasibility

report primarily for illustrative purposes asit is recognized that parameter values used by the
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program are not strictly applicable to other regions of the United States where precipitation
patterns and agricultural practices differ substantially from those encountered in areas close

tothe NTS.

One of the critical factors that is known to vary substantially at different locationsis
theinitial retention of fallout by fresh vegetation, particularly when deposition occurs with
precipitation. Some increase in the precision of predicted doses might be achieved if
county-by-county estimates of rainfall for each day following each shot were retrieved from
National Weather Service records and used to adjust the calculated retention of fallout on

131|

plants, as was donein NCI (1997) for the dose from That effort was beyond the scope

of the present feasibility study, though could be a part of any future work.

Dose Coefficients. The ICRP-tabulated values are the source of dose coefficients
used for these dose calculations. Recently, the ICRP (1998) has made available a system
that allows the calculation of absorbed and effective doses for all organs for the six age
groups considered by the ICRP (<3 months, 1 year, 5 year, 10 year, 15 year, adult). The
dose coefficients provided by the ICRP represent the dose from a given intake that will
occur over the next 50 years for adults, or until age 70y for the younger age groups. Inthis
feasibility report, doses are cal culated through the year 2000, corresponding roughly to the
period 50 years following the intake. The | CRP dose coefficients are applicable to that
situation with very little approximation because the doses from most radionuclides taken

into the body are delivered within the first year after the intake.

Organsof Interest. In principle, doses can be calculated for the 22 organs

considered by the ICRP and for which dose coefficients are available (ICRP 1998).
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However, experience from ORERP (Ng et al. 1990) is that only the thyroid gland would
likely receive a higher dose from the ingestion of NTS fallout compared to the dose received
from external exposure to the same fallout. Hence, doses (and risks described in a later
chapter) to two organs are emphasized: (1) red bone marrow, because of its role as a blood
forming organ in which leukemia can arise, and (2) the thyroid, in which thyroid cancer and

other diseases can be induced.

Periods of Exposure. For each county (or part of a county) and for each
radionuclide, the cumulative dose was calculated through the year 2000 for the depositions

resulting from tests that took place in the years of 1951, 1952, 1953, 1955, 1957, or 1962.

NTSInternal Dose. Inaddition to absorbed doses to thyroid and red bone marrow,
effective doses have also been calculated. The calculated internal doses from the 19
radionuclides considered are summarized for each county by year of test (1951, 1952, 1953,
1955, 1957, and 1962) and for all NTStests together. Multiplying the average dose for each
county by the estimated 1954 population and summing over al countiesin the country
calculated estimates of collective dose to the entire contiguous United States. Some internal

dose was estimated to have been received in every county considered.

The highest estimate of cumulative internal effective dose from NTSfallout (1.8
mSv) was for Nye County, Nevada, and the lowest (0.010 mSv) in Wahkiakum County,
Washington. The counties receiving greatest internal dose from NTS fallout were in general
in Nevada and in Utah due to their close proximity to the NTS and because they were
generally downwind from the test site, while the counties receiving the lowest internal dose

were in the Pacific Northwest, primarily Washington and Oregon. Though the 3,000+
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counties could be ranked according to the magnitude of the estimated dose, the precision of
the feasibility calculationsis not great enough to make quantitative distinctions about
differences in dose among counties. The maps provided are only an indicator of the general
geographic distribution of dose over the United States. Figure 3.12 presents estimated
internal dose to red bone marrow for children born 1 January 1951 while Figure 3.13
presents estimated internal dose to the thyroid for children born 1 January 1951. County-
specific dose estimates for children (born 1 January 1951) range from <0.1 mGy in less than
10 counties to as high as 300 mGy over 550 counties. Those estimates assume average milk

consumption. In general, thyroid doses for adults are afactor of 10 timeslower.

Figure 3.12. Internal dose to red bone marrow of a child born 1 January 1951 from all NTS
tests.
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Figure 3.13. Internal dose to the thyroid of achild born 1 January 1951 from al NTS tests.

The population weighted bone marrow and thyroid doses from all NTS tests are
summarized in Table 3.6. It should be noted that the values of thyroid dosein Table 3.6 are

dominated by the dose from **!1.

Table 3.6. Population-weighted red marrow and thyroid doses from all NTS tests (mGy).

Organ Dose (MGy)
Popul ation subgroup Red marrow Thyroid
Child bornin 1951 0.12 30
Adult in 1951 0.1 5

Population-Weighted Effective Dose by Year of Testing. The population-
weighted (adult) internal effective doses by year of testing are shown in Table 3.7. The

highest contribution occurred in 1957 from the 16 explosions of Operation Plumbbob. The
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second and third larger yearly contributions were 1952 as aresult of the eight events of
Operation Tumbler-Snapper and 1953 as a result of the 11 events of Operation Upshot-
Knothole. A surprisingly large contribution is attributed to the two explosions that occurred
in 1962 during Operation Storax; almost all of the latter was due to Project SEDAN, alarge
cratering experiment. As noted earlier, the intake of radionuclides through foodstuffs varies
by time of year (see Figures 3.9 through 3.11). Because alarge number of testsin 1957 took
place in high food production months June through August (see Table 3.1), that year

contributed more than twice the ingestion dose of any other year.

Table 3.7. Population-weighted (adult) effective dose from ingestion, calculated through
year 2000, specified by year of testing.

Effective Dose from

Y ear of Testing Ingestion (MSv)
1951 0.012
1952 0.063
1953 0.049
1955 0.037
1957 0.13
1962 0.041
Tota 0.33

Population-Weighted Effective Dose by Nuclear Test. The population-weighted
(adult) effective doses (through the year 2000) for the 10 tests contributing the largest doses
are presented in Table 3.8. Project SEDAN surprisingly heads thislist. However, it should
be noted that the precision on the doses from Project SEDAN is low and the values could be
overestimated by one or more orders of magnitude. A careful re-evaluation of the data used
by NCI (1997) to estimate the fallout from this test will be necessary in any follow-up study.

The unknown fission yield is one reason for the low precision though the use of the
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meteorological model also added considerable uncertainty to the dose estimates. The reason
that this test appears to be such alarge contributor to the collective effective dose is that this
event took place during atime of year when the intake function was at amaximum. The
other eventslisted in Table 3.8 are generally known to have been major contributors to off-
site dose, and they also occurred primarily during the time of year when environmental
transfer would have been high. Together, these 16 events account for 73% of the effective

dose (to adults at time of exposure).

Table 3.8. Population-weighted (adult) effective dose from ingestion for the 16 nuclear
explosions giving largest predicted doses.

Effective Dose

Event (series, test) Date (mSv)
Storax SEDAN 6 July 1962 0.038"
Tumbler-Snapper GEORGE 1 June 1952 0.027
Plumbbob DIABLO 15 July 1957 0.025
Upshot-Knothole HARRY 19 May 1953 0.017
Plumbbob KEPLER-OWENS 24-25 July 1957 0.016
Plumbbob HOOD 5 July 1957 0.016
Tumbler-Snapper HOW 5 June 1952 0.013
Upshot-Knothole SIMON 25 April 1953 0.012
Plumbbob PRISCILLA 24 June 1957 0.012
Teapot ZUCCHINI 15 May 1955 0.010
Plumbbob GALILEO 2 September 1957 0.010
Teapot APPLE 2 5 May 1955 0.010
Tumbler-Snapper FOX 25 May 1952 0.0086
Plumbbob DOPPLER 23 August 1957 0.0086
Plumbbob WILSON 18 June 1957 0.0080
Buster CHARLIE 30 October 1951 0.0067
"Values for SEDAN have very low precision and should be re-evaluated in
future work.
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Population-Weighted (Adult) Effective Dose by Radionuclide. External and
internal absorbed doses calculated in thisreport are listed in Table 3.9. The fifteen
radionuclides listed in this table contributed more than 98% of the estimated effective dose.
lodine-131 alone accounts for 76% of the population-weighted (adult) effective dose. Of the
ten most important radionuclides, only *Sr and **’Cs are long-lived. Plutonium
radionuclides, though long-lived, accounted for only 0.4% of the estimated total effective

dose.

Table 3.9. Comparison of population-weighted (adult) external dose, internal red bone
marrow and thyroid dose from al tests at the NTS according to radionuclide, calculated
through the year 2000.

Internal Doseto Internal Dose to Red

. Externa Dose Thyroid Bone Marrow

Radionuclide Half-Life (mGy)* (mGy) (mGy)
S 50.5d - 0.001 0.03
Ogy 28.8y - - 0.02
%7r-*Nb 64.0d 0.08 - -
7r-Nb 16.7 h 0.02 - .
1%Ru 39.3d 0.03 - -
1%6Ry 374d <<0.005 0.001 0.002
13270 132 3.2d 0.1 0.06 0.001
3 8.02d 0.02 5 0.001
133 0.9d 0.02 0.04 -
139 20.8 h <0.01 - .
1¥6¢cs 13.2d - 0.002 0.002
1¥cs 301y 0.01 0.009 0.009
“Bala 12.8d 0.2 - 0.006
14ce 285d <0.005 - -
“Np 2.36d 0.02 - -

Sum (rounded) ~0.5 5 ~0.1

"These fifteen radionuclides account for more than 98% of the total dose from ingestion
and external exposure.
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Population-Weighted (Adult) Dose by Organ. Population-weighted (adult) doses
from each radionuclide were calculated for each organ that had a dose coefficient more than
twice that of the dose coefficient for effective dose. The population-weighted organ doses
were calculated by using the organ doses whenever they were available; otherwise the
effective dose for that radionuclide was added to the sum. This procedureis only
approximate, but was used for this feasibility study in order to derive some estimate of the

organs receiving the more significant doses.

Table 3.10 gives the popul ation-weighted (adult) doses by organ and indicates that
many organs, except for thyroid, had doses of similar magnitude. In terms of population
health risk, those organs listed in Table 3.10 would be of greatest potential interest and

concern.

Table 3.10. Estimates of population-weighted (adult) organ dose and effective dose from
ingestion through the year 2000 from all NTS tests.

Organ Dose Fractional Contribution

Organ (mGy) to Effective Dose
Liver 0.086 0.01
Red marrow 0.1 0.04
Bone surface 0.19 0.01
Colon 0.34 0.12
Thyroid 5.0 0.76
Remainder of soft tissues 0.032 0.06
Effective (mSv) 0.33

About two thirds of the popul ation-weighted cumulative dose to the bone surface
was contributed by three radionuclides: *°Sr, 2%*#*py, and ®Sr in that order. For the colon,

about three fourths of the dose was contributed by four radionuclides: #Sr, **°Ba, ®Ru, and
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1%Ceinthat order. Itisalso useful to note that these population-weighted organ doses have
about the same magnitude as the dose received from external radiation, asinferred from

Table 3.4.

The only organ that has received a substantially higher population-weighted dose
from NTS fallout due to the ingestion of contaminated foods as compared to the dose from
external exposure isthe thyroid, which is estimated to have received a county-average dose

about 10 times higher than that due to external exposure from NTS fallout.

Dose From Inhalation. For thisfeasibility study, doses from inhalation of
radioactive particles and gases have not been estimated. The primary difficulty in making
such estimates is that one needs values of integrated air concentrations and such data are not
presently available. When the gummed-film network was being operated in the late 1950s
and 1960s, substantial numbers of measurements were made of concentrations of
radionuclidesin air. If these measurements should be used in the future for calculations of
dose from inhalation, it would be necessary to go through a similar process of interpolating
the data between measurement stations, as well as considering rainfal, to produce estimates

on a county-by-county basis.

Past experience indicates that dose from inhalation is much less important than the
dose received from external exposure or the ingestion of contaminated foods. In general,
dose due to inhalation only becomes of some importance for those radionuclides that have
an extremely low rate of absorption across the gut wall, but remain in the lung for along

time when inhaled, e.g., 2*?°py.
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Equations and theory exist to calculate inhalation dose, however, little data are

available. Hence, inhalation doses will always remain imprecise.

Comparison of Resultswith Those From NCI (1997). The National Cancer
Institute report on exposure of the American people to *!1 (NCI 1997) presents the results of
avery detailed, multi-year study of the dose to the thyroid for residents of the United States
from **11. A primary finding from that study was that the collective thyroid dose was
4,000,000 person-Gy, whereas this report estimated 2,000,000 person-Gy. These
differences are primarily due to differences in modeling assumptions; nevertheless, such a

level of agreement is considered to be good for retrospective dose estimates.

The doses estimated by NCI (1997) appear to be higher in Idaho, Montana, and the
Midwest than from this feasibility study. Those differences most likely result from the
different assumptions for the important factor describing the amount of fallout retained by
vegetation. For this study a constant value was used, where NCI (1997) used a value that
varied depending upon the amount of rainfall. Thisand related issues should be examined

in more detail in any future assessment.

Sum of External and Internal Dose From NTS Fallout. The sum of the external
and internal dose componentsis shown in a series of maps. Figures 3.14 and 3.15 show the
sum of external and internal dose to the red bone marrow for adults and children,
respectively. The geographic distribution of doses received is very similar for the two age
categories. Figures 3.16 and 3.17 shows the sum of external and internal dose to the thyroid
for adults and children, respectively. A comparison of these two maps shows that, in

general, thyroid doses were much greater for children than for adults. Geographic areas
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where the highest thyroid doses were received included the counties near to the NTS, a
group in the northern Rocky Mountains, and afew isolated counties in Colorado and the
Midwest. For both red bone marrow and thyroid, populations living in the vicinity of the
NTS received the highest doses from NTS fallout, while populations living along the

western and eastern coasts received the lowest doses.

Figure 3.14. Total (externa + internal) dose to the red bone marrow of an adult from all
NTStests.
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Figure 3.15. Total (external + internal) dose to the red bone marrow of a child born on 1
January 1951 from all NTS tests.

Figure 3.16. Tota (external + internal) dose to the thyroid of an adult from all NTS tests.
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Figure 3.17. Total (external + internal) dose to the thyroid of a child born on 1 January 1951
from all NTS tests.

3.3 Global Fallout

In the previous section, calculations of the external and internal dose to the
population of the contiguous United States from Nevada Test Site weapons tests were
described. Other tests were conducted at a number of locations throughout the world and
are referred to in this report as global nuclear tests and they produced global fallout. As
noted earlier, the mostly low yield (<100 kT) weapons tests conducted at the NTS injected
amost all of their debrisinto the lower atmosphere (troposphere) where it was deposited
mostly within the contiguous United States. In contrast, the mostly high yield (i.e.,
thermonuclear tests with yields greater than 1 Mt accounted for over 90% of the fission
products produced) tests carried out by the United States, U.K. and U.S.S.R. in the Pacific

and at various sitesin the U.S.S.R. injected most of their debrisinto the stratosphere
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(UNSCEAR 1982, 1993). Thetotal fission yield (see table 3.11) of these tests was about
170 Mt of which only about 1 Mt was from NTS tests. However, because of the long
residence times for the transfer of air between the stratosphere and troposphere (on the order
of 1 year), the fallout from these high yield tests was relatively depleted of short-lived
radionuclides. Thus the total deposition in the contiguous United States of short-lived

radionuclides such as **!1 was considerably lower than that from NTS tests.

The fusion yields estimated to have occurred in the northern hemisphere as a
function of time areindicated in Table 3.11. These values were derived from total yield
values reported in UNSCEAR (1993), DOE (1994), and Mikhailov et a. (1996). Explosions
very close to the equator are conservatively considered to have taken place in the northern

hemisphere.

Table 3.11. Estimates of Fission and Fusion Yields (Mt) by Y ear

Y ear Fisson Yield” (Mt) Fusion Yield (Mt)
1952 6 5
1953 0.04 0.36
1954 31.1 17
1955 1 0.88
1956 9.6 13
1957 4.9 3.9
1958 27 31
1959 0 0
1960 0 0
1961 18 69
1962 72 99
Total 170 240

"Fission yields are estimated because some data remain classified.
Assumptions are: tests smaller than 0.1 Mt total yield were assumed as 100%
fission, tests in the range 0.5-5 Mt, fission were assumed to be 50% fission,
testsin the range 0.1-0.5 Mt were assumed to be 67% fission.
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The debris from the large tests conducted in the Pacific and in Russia was dispersed
throughout the atmosphere resulting in global fallout. Thisfallout was deposited in a
relatively uniform pattern across the United States. The amounts of the longer-lived
radionuclides, such as **'Cs and *Sr were about 10-15 times that from NTS fallout.
However, in this preliminary study, it was not feasible to estimate the deposition density of

31| from global fallout in individual counties with a high degree of confidence.

While much of the fallout from NTS tests, particularly in areas close to the NTS, fell
to the ground without any accompanying rainfall, most of the debris from global fallout was
deposited by precipitation which tended to effectively wash the debris from the lower
atitudes after the material fell from high altitudes where it was originally transferred by the
explosion. Thus, the deposition density of fallout in each county was closely related to the
frequency and intensity of rain, particularly during the months when fission products were at

their peak concentration in the lower atmosphere.

Though a huge body of literature exists regarding fallout from nuclear weapons tests,
the only widespread continuous monitoring of fallout deposition was the global networks of
gummed-film samplers and later precipitation collectors (stainless-steel pots and ion
exchange columns) operated by the AEC’ s Health and Safety Laboratory (HASL) and the
network of air sampling stations along the 80" meridian operated prior to 1963 by the Naval
Research Laboratory and after 1963 by HASL (Harley 1976; Lockhart et a. 1965). The
Public Health Service monitored radioactivity in milk at a number of United States cities
beginning in 1958 and also total beta-activity in air and precipitation at a number of sitesin
the United States beginning in 1957 (Rad. Health Data 1958; PHS 1958). A large amount of

other scattered sources of data are available in reports by investigators at national
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laboratories, universities, and state and local agencies. The HASL, in conjunction with the
Department of Agriculture, also carried out extensive soil sample surveysin 1956, 1958 and
1964-66 (Alexander et al. 1961; Meyer et al. 1968; Hardy et a. 1968). These soil data
provide estimates of the geographical variation in the cumulative deposition density of long-
lived radionuclides such as **’Cs and *Sr. The HASL also carried out nationwide surveys
of external exposure rate in 1962-64, using in situ gamma-ray spectrometry to identify the
contribution of fallout to the total exposureratein air (Beck et al. 1964,1966; Lowder et al.
1964). These exposure rate measurements provide confirmation of the dose estimatesin this

report.

3.3.1 Global Fallout Deposition Density

Global fallout, in general, originated from weapons that derive much of their yield
from fusion reactions. These explosions, conducted by the United States and the U.S.S.R.,
but entirely outside the contiguous United States, produced large amounts of *H and the
intense neutron flux also produced large amounts of **C through the irradiation of nitrogen
in the atmosphere with high-energy neutrons. Though these two radionuclides are created
and/or released mainly by fusion explosions, they are also created in the atmosphere by
some naturally occurring processes. Because ®H and *C enter their respective
environmental pools, and cycle in the environment according to their own chemical
properties, they do not deposit in the same manner as do radionuclides associated with more
insoluble fallout particles. Hence, the usual methods of calculating deposition density are
not appropriate. In order to calculate the dose from *H and *C, it is necessary to estimate
the amount of activity created per unit of fusion energy and to estimate the fusion yieldsas a

function of time. Based on the combination of naturally occurring rates and measurements
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of the concentrations in components of the environment (including man), it has been
possible to estimate the dose per unit release of *H or **C using the specific activity

approach (UNSCEAR 1993).

When considering the transport of the radioactive debris around the world, it is
known that there is little movement of radionuclides across the hemispherical boundary, so
the fusion yield (see Table 3.11) in the northern hemisphereis of primary importance for
this assessment. Most of the fusion tests took place in the northern hemisphere, but with a
substantial number near the equator. The assumption is made here that the radioactivity
created by northern hemisphere fusion tests remained in the northern hemisphere, though

that assumption is somewhat conservative.

For global fallout, the mix of radionuclides of concern differs from that of NTS
fallout for several reasons. The main reason isthat global fallout by definition consists of
radioactive debris that is globally dispersed due to itsinjection into the high atmosphere by
the force of large explosions. Dueto its high-altitude dispersion, over half of the global
fallout typically does not return to earth for one or more years. During this time the short-
lived fission products decay to very low levels and, except for unusual occurrences, the
short-lived radionuclides of concern for NTS fallout are not of concern in the case of global
fallout. Two radionuclides, *°Sr and *3'Cs, however, have long half-lives (about 30 y each)
and do not decay appreci