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Abstract

The study described in this report used mathematical modeling to estimate health risks
from exposure to depleted uranium (DU) during the 1991 Gulf War for both U.S. troops
and nearby Iraqgi civilians. The analysis found that the risks of DU-induced leukemia or
birth defects are far too small to result in an observable increase in these health effects
among exposed veterans or Iragi civilians. Only a few veterans in vehicles accidentally
struck by U.S. DU munitions are predicted to have inhaled sufficient quantities of DU
particulate to incur any significant health risk (i.e., the possibility of temporary kidney
damage from the chemical toxicity of uranium and about a 1% chance of fatal lung
cancer). The health risk to all downwind civilians is predicted to be extremely small.
Recommendations for monitoring are made for certain exposed groups. Although the
study found fairly large calculational uncertainties, the models developed and used are
generally valid. The analysis was also used to assess potential uranium health hazards for
workers in the weapons complex. No illnesses are projected for uranium workers
following standard guidelines; nonetheless, some research suggests that more
conservative guidelines should be considered.
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Executive Summary

The National Security Studies Department at Sandia National Laboratories (SNL)
investigates potential terrorist threats and other challenges to U.S. national security. The
department also provides independent assessments on topics associated with the nuclear
weapons complex. A study of uranium dispersal, exposure, and possible health effects
resulting from depleted uranium (DU) munitions use provides a means for assessing our
ability to predict the consequences of terrorist use of a radiological dispersal device. In
addition, the issue of possible DU health effects is of interest to the department because
uranium handling is an integral aspect of the nuclear weapons infrastructure. Given these
considerations, an investigation was initiated using DU exposure during the 1991 Gulf

War as a case study.

The United States and Great Britain now make extensive use of DU metal in
armor-piercing military rounds. DU is a byproduct of the uranium enrichment process
and is equivalent to natural uranium with the percentage of uranium-235 (U-235) reduced
from 0.72% (for natural uranium) to about 0.2%. Uranium-238 constitutes about 99.8%
of the uranium isotopes in a DU penetrator shell. Weapons developers selected DU
because of its high density, self-sharpening capability, pyrophoric characteristics, and
low cost. However, uranium particulate generated by shell impact with military vehicles
may be inhaled or ingested by troops and nearby civilians. During the 1991 Gulf War,
some veterans in vehicles accidentally hit by U.S. DU penetrators were wounded by DU
fragments, some of which remained embedded in their bodies. Because DU is chemically
toxic and weakly radioactive, a number of critics have asserted that wartime use of DU
weapons may have resulted in a variety of unintended health consequences. Some critics
claim that significant increases in leukemia have been observed in individuals exposed to
DU and that increases in the rate of birth defects have been observed in their progeny.
These claims are refuted by the U.S. Department of Defense (DoD) as well as a number

of independent investigators.



Scope

This study addressed possible health effects from DU exposure for both veterans
and Iraqi civilians. Three levels of veteran DU exposure were defined by the DoD. Level
I includes veterans occupying vehicles that were accidentally targeted by U.S. tanks.
These veterans generally sustained the highest DU inhalation exposures and some
retained embedded DU fragments. Level | also includes veterans involved in the rescue
of the occupants of targeted vehicles. Level Il veterans were involved in post-battle
activities associated with DU-damaged vehicles, and Level Il includes veterans who
experienced brief low-level exposure to DU particulate during or following battle. This
study (referred to as the SNL study) investigated possible DU health effects for all three
levels of veteran exposure. This investigation also included possible DU health effects on
Iragi civilians. The principal DU exposure scenarios for civilians include civilians
downwind of battlefields where DU munitions were used and children playing in or near
DU-damaged vehicles. The study also included a comparison of predicted health effects
with veteran medical records, epidemiological data, research findings, and health-effect

predictions by previous investigators in the United States and Great Britain.

Methodology

The first stage of the analysis provided estimates of the quantities of DU
dispersed into the environment and deposited within targeted vehicles. This stage also
included estimates of DU intake by inhalation, ingestion, and embedded fragments. For
Level I veterans, DU intake by inhalation and fragments was estimated using biokinetic
models and measured DU concentrations in the urine of exposed veterans. For veterans
working inside a DU-contaminated vehicle, the quantity of DU inhaled was determined
from resuspension test data. Resuspension test data were also used to estimate the inhaled
DU mass for Iraqi children playing in a DU-contaminated vehicle. Standard models were

employed to provide estimates of DU ingestion by hand-to-mouth transfer.

For downwind veterans and civilians, the inhaled mass of DU was determined by
using an estimate of the quantity of DU released per shell impact and a Gaussian wind-

distribution and deposition model. The model also accounted for the effects on the DU

10



source distribution resulting from many closely spaced target vehicles. A standard
resuspension model provided an estimate for post-battle inhalation of DU deposited
external to target vehicles. The low solubility of uranium and uranium oxides and the
findings from post-battle monitoring of both the environment and civilian populations

suggest that DU intake by ingesting DU-contaminated food and water is negligible.

Standard biokinetics models were implemented to estimate DU deposition within
the respiratory system, transport within the respiratory system, blood absorption,
redistribution to organs, and elimination in the urine and feces. The rate of blood
dissolution for inhaled DU was obtained from extensive test data. Using a straightforward
modification of a standard model for blood distribution of uranium, a model was
developed for the distribution and organ deposition of dissolved DU from embedded
fragments. Standard biokinetic models were also used to analyze the passage of DU
through the gastrointestinal (Gl) tract following accidental ingestion of DU particulate.
Organ radiation doses and health risks were computed based on established calculational
methods. The potential for heavy metal kidney damage was assessed using uranium
concentration/effect correlations and the calculated time-dependent DU concentrations
for the kidney. The health-effect predictions from this study were then compared to
veteran medical statistics and the health-effect predictions by previous investigators.

Findings for Veterans

A summary of the radiological risk for veterans is provided in Table ES-1 for
internalized DU. The national average in the last column is the U.S. national average for
cancer fatalities and the risk of birth defects per live birth. Table ES-1 shows that only a
few Level | veterans inhaled sufficient quantities of DU to incur about a 1% risk of
radiation-induced lung cancer. (This is the incremental risk, that is, in addition to the risk
for someone not exposed to DU.) For comparison, about 7% of all U.S. civilian fatalities
result from lung cancer. Because lung cancer is the dominant DU radiological risk, the
total radiation-induced cancer risk for these maximally exposed veterans is also about
1%. For perspective, the U.S. national average for all cancer fatalities makes up about
24% of civilian fatalities. Ingested DU did not have a significant impact on the

radiological or chemical dose for veterans. Embedded fragments were found to have a
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significant effect on some projected cancer risks and genetic risks; however, even when
DU fragment contributions are included for the maximum exposure case, the risk of
radiation-induced leukemia is only about 0.03%, and the risk of radiation-induced genetic
birth defects is also about 0.03%. The predicted risks for most Level | veterans and the
risks for other exposed veterans are one-to-several orders of magnitude smaller than those
predicted for the maximally exposed Level | veterans. These analysis results are

consistent with medical statistics for Gulf War veterans.

Table ES-1. Veteran lifetime incremental fatal cancer risk and genetic risk from
internal DU exposure compared to U.S. average risks**

Level I Level 11 Level 111 U.S.*
Avg.
Nom. Max Nom. Max Nom. Max (%)
Health Issue @ ]l e o] @ | @
Lung Cancer 0.085 1.40 0.014 | 0.210 <0.0001 0.002 7
Leukemia Inhaled** | 0.0004 | 0.007 0.001 | 0.001 <0.0001 | <0.0001 1
+ Fragments | 0.005 0.03
Total Fatal Cancer Risk 0.099 1.43 0.014 | 0.210 <0.0001 0.002 24
Genetic Inhaled** | 0.0004 | 0.007 | <0.0001 | 0.001 <0.0001 | <0.0001 ~8
Risk
+ Fragments | 0.0040 | 0.028

Number of Veterans ~150 few ~700 few Hundreds

* U.S. Avg. = % of all U.S. fatalities or % of live births resulting in birth defects
**  |nhaled = inhalation of DU only; + Fragments = DU inhalation plus embedded DU fragments
***  Risks apply to large populations; e.g., if a large population received the maximum Level | radiation
dose, 1.43% of that population are predicted to incur a radiation-induced cancer

This study also examined other potential health effects including the effect of the
radiological dose at the site of embedded fragments and possible chemically induced
health effects. For Level | veterans, the alpha particle dose at the site of embedded
fragments is very high. Although some aggressive animal tests indicate that soft-tissue
sarcomas are possible at the periphery of imbedded fragments, none have been reported
for Level | veterans. For a few maximally exposed Level | veterans, the predicted initial
DU kidney concentrations suggest that these veterans may have experienced chemically
induced transient kidney damage. Observations from animal testing and veteran

monitoring also suggest that neurotoxic and other health effects may result from the
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chemical toxicity of DU. Currently, neurotoxic effects cannot be ruled out; however,
major neurotoxic effects appear to be unlikely. Evidence for other possible health effects

is not well established.

Findings for Civilians

A summary of the radiological risk from internalized DU for civilians is given in
Table ES-2. Risks are compared to the U.S. average because reliable statistics were not
found for Iraqi civilians. A nominally exposed child playing in DU-destroyed vehicles for
300 hours and playing outside the vehicle for 700 hours is predicted to incur a nominal
radiation-induced lung cancer risk of about 0.04%. The predicted risk of radiation-
induced leukemia and colon cancer, for this nominally exposed child, is about 0.0004%
and 0.06%, respectively. Thus, the net radiation-induced fatal cancer risk for the
nominally exposed child is about 0.1%. The net fatal cancer risk for the maximally
exposed child is about 0.3%. Calculations indicate that the DU-related health risks to
downwind civilians (including genetic effects) are extremely small (<0.0001%).
Furthermore, genetic effects from DU exposure are predicted to be extremely small for
civilians.

Table ES-2. Civilian lifetime incremental fatal cancer and genetic risks from
internal DU exposure compared to U.S. average risks

Child at Play Downwind U.S.

Nom. Max Nom. Max Avg.

Health Issue (%) (%) (%) (%) (%)
Lung cancer 0.0350 | 0.140 <0.0001 | <0.0001 7
Leukemia 0.0004 | 0.002 <0.0001 | <0.0001 1
Colon Cancer 0.0550 | 0.160 B B 3
Total Fatal Cancer Risk 0.092 0.313 <0.0001 | <0.0001 24
Genetic Risk | 0.0001 | 0.0004 | <0.0001 | <0.0001 ~8

Because of the low specific activity of DU and the small fraction of 1-MeV
gamma rays emitted per U-238 decay, the external radiation dose from gamma ray

emission should be very low for any realistic scenario. Nonetheless, radiation exposure

13



from external DU sources (shells, shell fragments, and ground-deposited particulate) was
also examined. No beta burns from handling DU are predicted, and the radiological risk
from gamma radiation from DU shells was predicted to be very small. The only potential
hazard identified for external radiation sources was the possibility of a localized skin
cancer if DU metal was held close to the skin in the same location for many years (e.g.,
DU metal fabricated into earrings).

Analysis Validity

Before drawing conclusions based on findings, the uncertainties and limitations of
the analysis methodology must be clearly understood. An uncertainty analysis and a
comparison to the predictions from previous studies and veteran medical statistics
demonstrated the basic validity of the methodology. A review in this study also found
that veteran medical statistics do not support assertions of significant increases in cancers
for DU-exposed veterans and that the statistics do not support assertions of significant
increase in birth defects for their progeny. Furthermore, the analysis indicates that no
significant health risks are posed by normal handling and processing of uranium within

the weapons complex, if standard safety guidelines are followed.

Conclusions

e The basic methodology used for this study was determined to be generally valid.
The study findings can be used as a benchmark and a guide for evaluating the validity

of future radioisotope studies.

e No significant radiological health risks are posed by normal handling and processing

of uranium within the weapons complex, if standard safety guidelines are followed.

e Clinical health effects should not result from the chemical toxicity (heavy metal)
effect of uranium, if the implicit limit of 3 ug U/g kidney is not exceeded. Although
an exposed individual is unlikely to become ill at this maximum permitted kidney
burden, transient indicators of renal dysfunction are possible.

e Claims of significant increases in cancers for DU-exposed veterans and significant
increases in birth defects for their progeny are not supported by the study findings.
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Only a few veterans are predicted to incur about a 1% lung cancer risk from DU
exposure. Also, these veterans may have experienced transient kidney damage.
Health risks for most DU-exposed veterans are predicted to be very small.

Soft tissue sarcomas at the location of embedded fragments and chemically induced

neurotoxic effects cannot be ruled out; however, major neurotoxic effects are unlikely.

The highest health risk for civilians was for children playing in DU-contaminated

vehicles. The nominal radiation-induced fatal cancer risk for these children was 0.1%.

Health risks for Iraqi civilians are predicted to be very small, and claims of
observable increases in leukemia and birth defects from DU exposure are not
supported by this study.

External radiation doses from DU are generally very small.

Recommendations

Weapons complex guidelines for chemical toxicity from uranium exposure should be
reexamined to determine if they are consistent with recent findings and basic

protection standards.
Screening and treatment should be provided for Level | DU-exposed veterans.

Monitoring should be continued for veterans who received significant inhalation
doses or retain embedded DU fragments.

Military personnel should be instructed to take reasonable actions when in vehicles
hit by DU penetrators (e.g., using the vehicle ventilation system or exiting quickly).

Children should be discouraged from playing in abandoned military vehicles.
Basic research on possible chemically induced DU health effects should be continued.

Post-battle monitoring of the environment and nearby civilians is recommended.
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1.0. Basis, Scope, and Approach

The use of depleted uranium (DU) is relatively new in warfare. The first reported
combat use of DU munitions was in the Gulf War in January 1991, in which American
and British tanks and aircraft used DU as an armor-piercing penetrator. The United States
and Great Britain now make extensive use of DU metal in armor-piercing military rounds
because of its high density, self-sharpening capability, pyrophoric characteristics, and
low cost. All these properties make DU an outstanding choice for armor-piercing
munitions. However, DU is chemically toxic and weakly radioactive. Furthermore, DU
aerosols generated during impact can be inhaled or ingested by nearby military personnel
or civilian populations, and concerns have been raised that the use of DU munitions may
have resulted in serious health effects from DU exposure for both military forces and
nearby civilian populations. Among the many allegations are claims of very high
incidences of leukemia and birth defects. The U.S. Department of Defense and the World

Health Organization [1] dispute these claims.

1.1 Basis for Study

Several scientific studies have been carried out to assess the health risks
associated with the use of DU munitions. The first study was initiated by the U.S.
Department of Defense (DoD) in the late 1990s and distributed in 2000 [2] (updated in
2003). In 1999, Fetter and von Hippel published the findings from their independent
analysis of DU health risks [3]. The British Royal Society carried out a fairly
comprehensive study on DU munitions health effects and published its report in 2002 [4].
Pacific Northwest National Laboratory (PNNL) performed extensive DU weapons testing
for the DoD Capstone Program to characterize the particulate generated during DU
impact with armored vehicles [5]. These data were used to predict possible veteran health
effects. The conclusions of these studies clearly did not support assertions of significant
and observable increases in cancers as a result of exposure to DU munitions. Based on

the continued concern with DU munitions from activist groups and media coverage;
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however, these findings appear to have had little effect on widespread concerns over the

use of DU munitions.

These four studies were major undertakings that greatly improved understanding
of the health effects of DU munitions; however, some topics were not addressed by these
studies. The topics not addressed by these studies include (1) the quantitative contribution
to organ dose from dissolution of embedded DU fragments, (2) potential health risks for a
child playing in a DU-contaminated vehicle, or (3) the risk of birth defects from DU
exposure. Furthermore, the most recent data from the Capstone Program were not
available for the first three studies, and only Fetter and von Hippel and the Royal Society
addressed civilian health effects. An independent study that addresses the limitations of
previous studies may provide additional insights, particularly if the reported findings are

supplemented by clarifications for the nonscientists.

Although a study that addressed all major topics for DU munitions health effects
would be beneficial to scientists, decision makers, and the general public, the decision to
undertake a new study in the National Security Studies Department at Sandia National
Laboratories was based primarily on department objectives. The National Security
Studies Department investigates potential terrorist threats and other challenges to national
security. A study of DU exposure and health effects provides a means for assessing our
ability to predict the consequences of possible terrorist use of a radiological dispersal
device. The department also provides independent assessments on topics associated with
the nuclear weapons complex. The issue of possible DU health effects is of interest to the
department because uranium handling is an integral aspect of the nuclear weapons
infrastructure. Although worker health statistics are available, worker medical statistics
have not been quantitatively correlated with uranium exposure (i.e., individual worker

exposures were not quantified).

Given these considerations, a study was initiated that compared predictions with
observations for a specific case of DU exposure (i.e., the 1991 Gulf War). This study
examined possible health effects of DU on U.S. veterans and on Iragi civilians exposed to
DU during and following the war. The 1991 Gulf War was selected as the study focus

because (1) DU use was extensive, (2) exposures were significant for some individuals,
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(3) medical tests have been carried out for highly exposed veterans, (4) sufficient time
has passed to assess some long-term consequences of exposure, (5) exposures include
both veterans and civilians, and (6) many issues have been raised specifically about the
use of DU during the Gulf War.

1.2 Scope and Study Approach

This study evaluated possible health effects for veterans and Iraqi civilians who
were exposed to DU during and after the 1991 Gulf War. Both radiological and chemical
health effects were assessed using best estimates of health risks for both nominally and
maximally exposed individuals. In this report, a nominally exposed individual refers to
the average individual within the group under study. A maximally exposed individual
typically refers to an individual in a location where DU concentrations were highest. In
addition to “best estimates” of health effects, an uncertainty analysis was used to estimate
upper-bound health effects for both nominally and maximally exposed veterans and

civilians.

This investigation was not intended to provide a comprehensive assessment of
Gulf War DU exposure; nonetheless, the study evaluated the principal exposure scenarios
as well as situations that were likely to result in the highest exposures. Greater emphasis
was placed on topics that had not been explored in detail in previous studies, such as
quantitative health effects from DU-fragment dissolution, health effects from DU
exposure for children playing in contaminated vehicles, the effect of multiple target

vehicles, and quantitative estimates of the risk of birth defects.

1.2.1 Veterans Studied

The U.S. DoD defines three levels of DU exposure for Gulf War veterans. Level |
exposures correspond to friendly fire incidents in which U.S. tanks mistakenly fired DU
rounds at other U.S. combat vehicles. Vehicles hit by friendly fire include six occupied
U.S. tanks and fourteen Bradley Fighting Vehicles (BFVs; Figure 1). The crews of the
targeted vehicles were exposed to aerosolized DU particulate, and some of the crew were
wounded by DU fragments. In addition, U.S. troops involved in rescue operations were

exposed to potentially high concentrations of aerosolized DU. The DoD has identified
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104 surviving U.S. crewmembers of vehicles hit by DU penetrators and 30 to 60 soldiers
entering the vehicles to rescue crewmembers immediately following impact. Both the

crew and their rescuers are classified in the category of Level | exposures.

The Level Il category includes veterans involved in post-combat evaluation of
DU-damaged vehicles, removal of equipment, and preparation of vehicles for transport.
Level 111 exposures correspond to short-term, low-level exposures during and following
battle. This study examined possible DU health effects for all three levels of veteran
exposure and included exposures by inhalation, ingestion, and embedded fragments.
Level | veterans were believed to have experienced the most significant exposure to DU,
and Level 111 veterans were expected to have experienced the lowest exposure levels.

Figure 1. Bradley Fighting Vehicle [6]

1.2.2 Iraqi Civilians Studied

The types of civilian internal exposures considered in this study include
inhalation, direct ingestion (hand-to-mouth transfer), and consumption of food and water
contaminated by DU particulate. DU exposure was examined for Iraqi civilians living
downwind of the battle zone. However, children playing in DU-contaminated soil and
within DU-contaminated vehicles are expected to experience greater DU exposure than
downwind populations. As a consequence, this study also addressed health risks to

children playing in post-battle zones. Although adults probably explored destroyed
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vehicles as well, children are more likely to explore or play in vehicles for extended
periods of time. Furthermore, children can exhibit very high hand-to-mouth activity that
could result in significant DU ingestion. External radiation effects were also examined

for gamma and beta radiation emitted from DU shells, fragments, and particulate.

1.2.3 DU Sources Studied

DU sources included impact-generated particulate and embedded fragments. The
inhalation of impact-generated DU particulate suspended in air was assessed for
occupants of target vehicles as well as for individuals downwind of the “puff” of DU
aerosols released into the environment. The study also included an analysis of the inhaled
DU mass from resuspension of deposited DU particulate. For this study, the analysis of
inhaled DU focused on impact-generated DU particulate. Although munitions fires also
produce DU aerosols, other investigators who studied DU munitions fires [2, 3, 4]
concluded that very little DU is converted into respirable aerosols (<0.025%). Even for
the enormous Camp Doha fire with 660 damaged rounds, the total quantity of respirable
DU released by the fire was less than 1 kg [3]. Furthermore, the principal munitions fire
occurred at Camp Doha in Kuwait and did not affect Iragi civilians. Given these

considerations, munitions fires were not investigated in this study.

1.2.4 General Approach

The general approach for this study was to use relatively simple, approximate
methods rather than established computer codes. This approach provided a transparent
methodology and information specific to the topic of DU exposure from munitions use.
Nonetheless, sufficient computational detail was retained to provide reasonable predictive
accuracy. When approximations were used, the general trend was to overestimate health
risks. Inaccuracies implicit in these approximate methods are judged to be much less than

the inaccuracies associated with the uncertainty in the available data used in this analysis.
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1.3 Report Organization

This document presents the basic methodology, essential data and information,
and the principal findings from the study. Section 2 provides general background material
to facilitate understanding of the analysis approach, findings, and conclusions from the

study.

To assess health effects from DU internalization, it is necessary to estimate the
quantity of DU internalized by inhalation, ingestion, and embedded fragments. The
quantity inhaled or ingested will depend on the quantity of DU aerosolized during impact
and the air concentrations of DU transported by wind external to the vehicle.
Furthermore, the amount of DU particulate inhaled after hostilities have ended will
depend on the concentration of deposited DU and the concentration in air of DU
particulate that has been resuspended by wind or human activity. These considerations
are addressed in Section 3.

To assess health effects from DU internalization, it is also necessary to determine
how internalized DU is distributed among the various organs of the body and the time-
dependence of DU in each organ. These considerations are addressed in Section 4. Using
the predicted time-dependent DU organ concentrations, the chemical and radiological
health effects can be estimated for DU internalization. Section 5 presents the results of an
analysis of both chemical and radiological health risks for veterans and civilians. These
risks are compared to typical frequencies for health effects and fatalities for individuals
not exposed to DU. Section 5 also discusses the effects of external exposure to DU
radiation. One of the principal objectives of this study was to assess the validity of
methods used to predict radioisotope dispersion, exposure, and health consequences.
Section 6 presents an evaluation of the validity and uncertainty of the analyses.
Furthermore, Section 6 compares predictions from this study with veteran health effect
predictions from previous studies. The principal issues raised by DU critics are also
addressed in Section 6. Finally, Section 7 presents the conclusions and recommendations

from the study.
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This document is intended to be accessible to scientists and engineers who are not
experts in the field. Although the general reader may not have the appropriate
background to follow some of the analysis details (particularly the mathematics), the
basic findings from this study should be accessible to the nonscientist. Explanatory
material has been included for the nonscientist to provide perspective and to assist
understanding. Details on methodology, additional background, and other information are
provided in appendices. Appendix A is a brief overview of basic nuclear concepts.
Appendices B and C discuss the analyses used, respectively, to estimate internalized DU
mass and to estimate the time-dependent DU concentrations in the organs of the body.
The issue of chemical health effects from DU internalization is explored in Appendix D.
The method used to predict radiological health effects is detailed in Appendix E. The
discussion of the notation and the glossary in Appendix F should be useful to the

nonscientist or nonspecialist.
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2.0. Background

This section provides general background material to facilitate understanding of
the analysis approach, findings, and conclusions from this study. Topics include DU
nuclear characteristics, military use of DU, exposure pathways, possible chemical and

radiological health effects, and the Iragi environment.

2.1 DU Nuclear Characteristics

The chemical and physical properties of DU are essentially identical to those for
natural uranium. Uranium is a naturally occurring heavy metal found in a variety of
chemical forms in soil, rock, and water. Naturally occurring isotopes of uranium are
weakly radioactive. Table 1 presents a summary of the abundance of naturally occurring
uranium isotopes, their half-lives, and their specific activity. DU is almost entirely
uranium-238 (U-238) and is obtained as a byproduct of the uranium enrichment process
that is used to increase the fraction of the isotope uranium-235 (U-235) for use in nuclear
reactors or weapons. The term depleted uranium refers to the remaining uranium that is
consequently depleted in the isotope U-235. Table 1 also provides a typical isotopic
composition for depleted uranium and a typical isotopic composition for light water-
cooled reactor (LWR) fuel. DU is about 99.8% U-238. Uranium-236 is present in U.S.
enriched and depleted uranium as a result of previous contamination of the enrichment
system when spent reactor fuel was once used in the enrichment process. Trace quantities

of other actinides are also found in DU.

Table 1. Isotopic compositions for natural uranium, reactor fuel, and depleted
uranium; and the half-lives and specific activities for uranium isotopes [7]

Uranium Natural Typical Depleted Half-life Specific
Isotope Abundance | LWR Fuel | Uranium (yr) Activity
(%) (%) (%) (Ci/g)
U-234 0.0054 0.093 0.0009 | 2.46x10° | 6.24x 10
U-235 0.72 3.82 0.20 7.04x10% | 2.16 x 10°®
U-236 0.0 1.6 0.0003 | 2.34x10" | 6.49x10°
U-238 99.27 94.49 99.79 4.47 x10° | 3.35x 107

25




2.1.1 DU Radioactivity

Although uranium is described as weakly radioactive, many people have the
mistaken impression that uranium (including DU) is highly radioactive, possibly because
of the association of uranium with operating reactors or detonated nuclear weapons.
Nuclear reactors and weapons both provide enormous energy as a result of a chain
reaction of nuclear fission events. Nuclear fission (the splitting of the atomic nucleus)
occurs when the nucleus of certain isotopes (such as U-235) is struck by a neutron
introduced into the nuclear fuel by a neutron source. The basic process is illustrated

schematically in Figure 2.
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Figure 2. U-235 nuclear fission

n and yreleased during fissio

Energy is released from the nucleus during fission along with two or three
neutrons (n) and several gamma rays (). (Gamma rays are high-energy electromagnetic
radiation.) For each absorbed neutron, the two or three released neutrons can then be
absorbed by other nuclei, causing two or more fission events. As a consequence, a chain
reaction is initiated, and the number of nuclear fission events can multiply rapidly.
Intense radiation is emitted during fission, and the fission product nuclei produced by the
splitting of the original nucleus are highly radioactive. These highly radioactive fission

products are the principal radiation hazard associated with postulated reactor accidents.

In contrast, radiation emitted by DU results from the slow, natural decay of
uranium-238 rather than from the highly radioactive fission products produced by nuclear
fission. For radioactive decay of uranium-238, an alpha particle is emitted from the
nucleus (Figure 3). An alpha particle is a cluster of two neutrons and two protons;

consequently, U-238 loses two neutrons and two protons and is transmuted into the
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daughter product thorium-234 (Th-234). The half-life of U-238 is about 4.5 billion years
(refer to Appendix A or the Glossary in Appendix F for a discussion of half-life).
Because the half-life for U-238 is very long, the specific activity of DU (in curies [Ci] per
gram of U-238) is extremely low compared to that of most other radioisotopes (as
discussed in Appendix A). Of about 5,000 identified radioisotopes, only 16 are less
radioactive than U-238. Table 2 compares the specific activity of U-238 with the specific
activities of a few selected radioisotopes.

Th-234 nucleus
-daughter product of
U-238 nucleus

a particle emitted during
radioactive decay

nucleus

Figure 3. Nuclear decay for U-238

Table 2. Specific activity of several radioactive materials compared to DU

. Relative*
Isotope Ci/g Specific
Activity
U-238 (DU) | ~107° 1.0
1-131 1.24 x10° ~10"
Pu-239 6.2 x 1072 ~10°
Mo-99 48 x 10° ~10"
Br-89 7.3x 107 ~10P

*Relative to the specific activity of DU (U-238 with U-234, Pa-234m, and Th-234)

2.1.2 DU Decay Properties

The decay properties for U-238 and the first few decay products are presented in
Table 3. Thorium-234, produced by U-238 decay, emits a beta particle (electron) from its
nucleus and decays to metastable protactinium-234m (Pa-234m). Protactinium-234m also
beta decays and transmutes into U-234. Because the half-lives of Th-234 and Pa-234m
are much shorter than those of U-238 and U-234, the decay products Th-234 and
Pa-234m achieve secular equilibrium with U-238 over a period of months, as shown in

Figure 4. Figure 4 shows the specific activity of DU (activity per gram of DU) as a
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function of time following isotope separation. Subsequent isotopes in the series make
very little contribution to the activity of DU.

Table 3. Uranium-238 decay sequence to uranium-234 [8]

Isotope Half-life Decay Mode
U-238 4.47 x 10° years o
Th-234 24 days B
Pa-234m 1.17 minutes B
U-234 2.4 x 10° years o

Although the 4.2 MeV alpha particle from U-238 is the most significant
contribution to internal radiation dose, other isotopes and other forms of radiation also
contribute to dose from DU. The alpha decay of U-234 originally present in DU (along
with small contributions from U-235 and U-236) makes up about 17% of the activity of
the uranium isotopes in DU. Table 4 provides a more detailed summary of the decay
characteristics of U-238 and the daughter products Th-234 and Pa-234m. From these
tables observe that other potentially significant radiations include one beta particle
(electron) emission from the Pa-234m nucleus (2.3 MeV maximum, ~0.82 MeV
average). In addition, Pa-234m will emit approximately one 1 MeV gamma-ray for every
sixty U-238 disintegrations. For internalized DU, the relatively low-energy 0.09 MeV
gamma emission by Th-234 occurs fairly frequently (268 gammas per 1000 U-238
decays) and will make a small contribution to the dose from internalized DU. However,
the dose contribution is very small for low-energy gamma rays originating outside the
body (e.g., from nearby penetrator round) because very few low-energy gammas will
escape the source and penetrate the body.
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Figure 4. Specific activity of depleted uranium isotopes

as a function of time after processing [1]

Table 4. U-238 and daughter products Th-234 and Pa-234m radiation
characteristics [8]

Nuclide Decay a B 4
Probability Energy | Energy (MeV) Energy
(%) Type | (MeV) | Max/Average (MeV)
U-238 79 a 4.20 - -
20.9 a,y 4.15 — 0.05
0.078 a, y 4.04 - 0.11
0.00005 | Fission — - -
Th-234 | 703 By _ 0.20/0.05 0.18 (2%)*
26.8 b7 _ 0.10/0.03 0.09
0.02 By _ 0.09/0.02 0.10
2.9 B 7 _ 0.0870.02 0.11
Pa-234m 98.20 yij - 2.29/0.82 -
0.69 By _ 1.49/0.50 0.80
1.01 By ) 1.25/0.40 1.04

* For this decay mode, only 2% of the decays will result in gamma emissions. Thus, the probability for these
gamma emissions is 70.3% x 0.02 =1.4%.
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2.2 Military Use of DU

Until fairly recently, tungsten alloys were used by the U.S. military as armor-
piercing penetrators. However, DU has now become the U.S. material of choice for
armor-piercing military rounds and is also being used for armor in military vehicles. For
hyper-velocity-penetrator impact (~2 km/s), the penetration depth depends primarily on
the length of the penetrator and the relative densities of the penetrator and target [7]. As a
consequence, the high density of uranium (18.9 g/cm®, nearly twice the density of lead)
provides a significant advantage both as a penetrator and as armor. The second advantage
of DU relates to its self-sharpening characteristics. Self-sharpening refers to the continual
shearing away of the mushrooming penetrator end formed by impact. Without this
shearing-away process, the penetrator tip will blunt and penetration will be inhibited. In
addition, because of the pyrophoric nature of DU, impact-generated particulate ignites
explosively on impact with an enemy vehicle. The resultant fire and explosive energy can

kill or disable the crew and ignite munitions within the vehicle.

2.2.1 DU Weapons Used

During the 1991 Gulf War, U.S. M1AL1 tanks (Figure 5) used 120 mm DU cannon
rounds (Figure 6). The British Challenger tank also used 120 mm DU rounds. U.S. Army
M1 tanks and marine M60 tanks employed 105 mm DU rounds. The turret of the M1A1
heavy armor variant of the M1A1 tank is fitted with DU armor, as shown in Figure 7. The
most extensive use of DU weapons was by the U.S. Air Force A-10 aircraft (Figure 8).
The A-10s fired 30 mm DU rounds from their GAU-8 Gatling guns. Thirty mm DU
rounds were used to a limited extent with A-16 aircraft (modified F-16s). The marine
AV-8B Harrier jets employed 25 mm DU rounds with their GAU-12 Gatling guns [6].
The DU mass for 120 mm and 30 mm shells are about 4700 g (about 10 pounds) and
280 g (about 0.6 pound), respectively.
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Figure 5. M1A1 tanks [6] Figure 6. 120 mm round with DU penetrator [6]

Location of DU Armor

Figure 7. M1A1 with DU armor [6]
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2.2.2 Quantity and Locations of DU Weapons Use

The principal battle locations involving DU munitions are presented in Figure 9,
and a summary of DU munitions usage in the 1991 Gulf War is presented in Table 5. A
total of about 286,000 kg (629,000 pounds or about 315 tons) of DU were used during the
Gulf War. Although most of the DU munitions were 30 mm rounds fired from A-10
aircraft, only about 10% of the A-10 DU rounds struck their targets [6]. Furthermore, the
DU mass in a 30 mm round is only about 6% of the mass of a 120 mm tank round.

Approximate An Nosiriyeh
area of DU
strafing

 Sites of major
. battles using
' DU rounds ¢

_________________

Figure 9. Principal location of DU munitions use in Iraq and Kuwait [9]

Table 5. DU munitions used in the 1991 Gulf War [10]

Branch Weapon Platform | Ammo Size | Rounds | DU Mass (kg)

U.S. Army M1 tank 105 mm 504 1,930

M1AL1 tank 120 mm 9,048 37,293

USAF A-10 aircraft 30 mm 782,514 236,319

A-16 aircraft 30 mm 1,000 302

U.S. Marine Corps | AV-8B aircraft* 25 mm 67,436 9,881
M60A3, M1A1l 105, 120 mm ? ?

UK Army Challenger tank 120 mm 88 408

Totals : Tanks 9,640 39,631

Aircraft 850,950 246,602

*Harrier jet All 860,590 286,233
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2.3 Exposure Pathways

Possible DU exposure pathways are illustrated schematically in Figures 10 and 11
for military and civilian populations, respectively. Radiological exposure to DU used in
warfare can result from external exposure to radiation emitted from intact munitions or
munitions fragments. However, DU particulate generated by hard-target impact can be
inhaled or ingested, resulting in more significant exposure than from external DU
radiation. Veteran exposures differ from civilian exposures in that some of the veterans
inhaled large quantities of DU particulate over short periods of time, and some veterans
were wounded by DU shrapnel that remained embedded in their bodies. Iraqi civilians
did not inhale large quantities of DU during the time of battle and did not sustain DU
shrapnel in their bodies. Nonetheless, some civilians may have experienced prolonged
exposure to DU remaining in the environment, and some may have ingested DU-

contaminated food and water over a period of years.

Normal crew operations L .
e Direct radiation i : . Nearby plume exposure
Friendly fire crew/rescuers ? "+ e Inhaled particles
e Inhaled particles ﬁ, e Ingested particles

e Ingested particles

e Embedded fragments
Resuspended DU in environment
Post-battle teams entry

e Inhaled particles e~ o Inhaled particles
e Ingested particles i e Ingested particles

Figure 10. Possible DU exposure pathways for military personnel
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2.4. Chemical Health Effects of DU

Uranium is known to exhibit heavy metal toxicity effects. Once DU is dissolved
in body fluids, the uranyl ion UO;" is the most common and bioavailable chemical form
of uranium. The uranyl ion shares chemical properties with the alkaline earth ions;
consequently, some of the absorbed uranium is deposited on the bone. Uranium is also
deposited in the kidney, liver, lymph nodes, and other organs in small quantities.
Information on the chemical toxicity effects of uranium on humans has been obtained to a
large extent by extrapolations from animal testing. Animal test results are buttressed by
medical data for uranium workers and by the scarce data available from medical records

for workers who accidentally internalized significant quantities of uranium.

The effect of uranium chemical toxicity on the kidney has been clearly identified
and is generally considered to be the principal health issue resulting from internalization
of significant quantities of uranium. Nephrotoxic effects range from microscopic lesions
in the tubular epithelium (for low concentrations) to tubular necrosis (for high
concentrations). Symptoms of slight effects on the kidney have been reported for kidney
DU concentrations as low as 0.1 ug U/g of kidney for chronic exposures and as low as
1.0 ug U/g of kidney for acute exposures. Protracted kidney damage has been observed
for uranium concentrations between 3 and 10 ug U/g of kidney [11: Appendix 1, p. 37].
The traditional (implicit) guideline for limiting uranium intake is a maximum kidney
burden of 3 pg of uranium per gram of kidney. The lethal dose to 50% of exposed
humans (LD/50) for internalized uranium is estimated at about 50 ug of uranium per
gram of kidney [12]. Table 6 provides a summary of the guidelines for internalized
uranium health effects on the kidney for acute intake (~ few days or less) and chronic
intake (over many days to years).

Table 6. Kidney guidelines for acute uranium intake

ug U/g kidney
Acute Chronic
No Effect <1 <0.1
Permitted <3 <3
LD/50* 50 -

* Without medical intervention
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Less conclusive evidence has been reported for other chemical effects associated
with uranium internalization. These potential chemical effects include neurocognitive
effects, effects on the reproductive system, and chemically induced cancers. Lemercier et
al. [13] have shown, using experiments with rats, that internalized uranium can cross the
blood-brain barrier. Studies by Benson on female rats with DU implants [14] showed that
uranium can cross the placental barrier; however, physical maturation features and reflex

behavior of newborn pups did not differ from the control group.

Although the effects identified in this section are usually associated with heavy
metal toxicity, research suggests that some of these effects are enhanced by low-level
radiological exposure from uranium alpha-particle emission. When both radiological and
chemical mechanisms are expected to contribute to a specific health effect, this study did
not attempt to identify the relative contributions of each mechanism for most health
issues. Some discussion is provided, however, regarding the possibility of a radiological
contribution to potential neurocognitive effects typically associated with heavy metal

neurotoxicity.

2.5 Radiological Health Effects of DU

Although Gulf War veterans’ exposure to DU was over fairly short time periods,
internalized DU generally represents a long-term radiological exposure at very low dose
rates. Exposure of Iraqi civilians also falls into the category of long-term radiological
exposures at low-dose rates. Consequently, in this report, the focus for radiological
considerations will be on potential health effects resulting from chronic low-level
radiation exposures (i.e., on the potential for cancers and birth defects). Possible health
effects from radiation exposure depend on the type of radiation, on the radiation energy,

on whether the exposure is external or internal, and on other factors.

2.5.1 External vs. Internal Exposure

DU radiological exposure may result from radiation sources external to the body
or from radioactivity internalized within the body. Alpha particles from an external
source are unable to penetrate the outermost layer of skin (consisting of dead cells);
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consequently, alpha particles do not present an external radiation hazard. Beta radiation
can penetrate the skin, and for very high beta exposures, burns and skin cancer induction
are possible. As for alpha particles, beta particles cannot reach internal organs from
external sources. Gamma rays can penetrate the human body and cause cell damage in
internal organs; however, for DU, gamma rays are infrequent and are relatively low
energy. Given these considerations, health risks from DU external radiation should be
very small.

Internal exposure to DU radiation can result from inhalation of DU dust, from
ingestion of DU particulate, from DU fragments embedded in the body, and from DU
contamination of wounds. The effects of internal radiation will depend on the path of
entry into the body, on the chemical form of the uranium compound, and on a number of
other considerations. Although human skin protects internal organs from external sources
of alpha radiation, the soft tissues of the lungs and other internal organs are not protected
from internal sources of alpha radiation. In fact, for internalized DU, alpha particle
radiation is the dominant contributor to radiation dose.

2.5.2 Cancers

Cancers can result from a variety of causes, including ionizing radiation (ionizing
radiation is discussed in Appendix A). Radiation damage to the cells of living organisms
is primarily associated with damage to DNA molecules. Radiation-induced DNA damage
can result from the direct effect of radiation ionization of the DNA molecule or from
indirect effects resulting from the production of reactive chemicals that can interact with
organic molecules within the cell. DNA damage that is not properly repaired or that does
not result in cell death can result in the induction of cancer. A subsequent sequence of events
is required, however, for a mutation to develop into cancer. Although the induction of
cancers in humans from low radiation doses has not been clearly demonstrated, there
does not appear to be a general threshold radiation dose below which the risk of any
induced cancers would be zero. For low-level radiation exposure, the standard correlation
for the lifetime risk of fatal cancers is 0.04 per person-Sv (whole body dose) for an adult
radiation worker and 0.05 per person-Sv for the average population. The risk coefficient is

higher for the average population because the average population includes children who are
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generally more radiation sensitive than adults. Radiation-induced lung cancer may be
possible if significant quantities of insoluble uranium are inhaled and deposited in the
lungs. A fraction of the internalized DU will be absorbed by the blood and deposited in
other body organs. Because uranium is a bone seeker, leukemia could be considered as a
possible health effect from DU exposure. However, the very low specific activity of DU
significantly reduces the likelihood of induced leukemia.

2.5.3 Birth Defects

Birth defects can result from mutations in germ cells (spermatozoa or egg) that
are passed on to progeny; hence, radiation damage to germ cell DNA may result in
genetic effects passed on to the children of an individual receiving germ cell radiation
damage. Although in utero effects on the fetus (such as mental impairment) have been
found to be statistically significant when pregnant women receive high radiation doses,
no clear evidence of radiation-induced genetic birth defects has been observed in humans
at any radiation exposure level. The probable reason radiation-induced genetic birth
defects have not been observed in humans is that any increase in birth defects from
radiation is too small to be detected relative to the spontaneous induction of birth defects.
Thus, observation of genetic birth defects from DU exposure is extremely unlikely. The
equilibrium genetic risk from radiation exposure is obtained using the risk correlation of
0.008 per person-Sv for workers and 0.013 per person-Sv for the general population.

2.5.4 Guidelines

The International Commission on Radiological Protection (ICRP) and other
international and national organizations have established the radiological protection
guidance given in Table 7. U.S. guidelines are identical to ICRP guidelines, except that
the U.S. five-year average exposure guideline for workers is only 10 mSv/yr, rather than

20 mSvl/yr.
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Table 7. ICRP annual radiological exposure guidance (mSv/yr) [15]

Occupational Public
5-year average 20 1
Any single year 50 5
Any organ, skin 500
Lens of eye 150

2.6 Iraqi Population and Environment

To facilitate an understanding of possible effects of DU on Iraqi civilians and the
local environment, a brief background discussion is provided here on the Iraqi
population, terrain, sources of water and food, prevailing weather patterns, and factors

potentially affecting veteran and civilian health as a result of the 1991 Gulf War.

2.6.1 Population and Terrain

The total population of Iraq was given as 22,300,000 in a 1997 census. The
population distribution of Iraq is shown in Figure 12. About 75% of the population is
concentrated in urban areas. The most populous cities are Baghdad (5,605,000), Mosul
(1,739,000), Basrah (1,337,000), and Irbil (839,000).

Irag is often described in terms of four geographic zones: a desert plateau, the
northern highlands, the uplands region, and an alluvial plain. These four zones are
identified in Figure 13. The desert plateau is part of the Syrian Desert west and southwest
of the Euphrates River. The desert plateau covers about 40% of Iraq and is sparsely
populated by pastoral nomads. The territory consists of extensive stony plains with
scattered sandy areas. Seasonal watercourses flow from the western boundary to the
Euphrates River. The desert plateau provides most of Irag’s rangeland grazing and
dryland cultivation. The northern highlands are a mountainous region extending to Iran
and Turkey. The uplands region is a transition zone between the highlands and the desert
plateau. The combined deltas of the Tigris and Euphrates rivers form an alluvial plain.
The alluvial plain covers about 30% of Iraq and is the principal region for irrigated
agriculture. Large-scale drainage by Irag and damming and diversion of the Euphrates by

Turkey and Syria have severely damaged the once extensive wetlands of this region.

38



IRAQ
Population Density

o Irbil

As
Sulaymaniyah
Karkiik o (=]

Ar Ramadi ,

An Najaf® EAnare

A
Ni$i"i'vah

o
Al Bagrah

POPULATED PLACES

® 4,649,000 © 244,000-650,000
e 125,000-244,000

City data based on 1985 unofficial estimates.

Persons per square kilometer

0 25 50 75 175 5,238

[ ] ==

0 65 129 194 453 13,566

Persons per square mile

Based on 1987 census data, by
first-level administrative division.

Figure 12. Population densities for regions of Iraq [16]

2.6.2 Water and Food Sources

Much of the Iragi landscape is barren or very sparsely vegetated, especially in the

desert plateau where DU munitions were used during the Gulf War [17]. Only 12% of

Irag is arable land, and prior to the Gulf War, Irag imported roughly 70% of its food.

Agriculture in Irag became more important after the Gulf War; nonetheless, as of 2003,
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60% of Iraqgis were fully dependent upon government-distributed food rations. The water

for about half of Irag’s land area is supplied by the Tigris and Euphrates rivers. Ground

water is the principal water source for the remaining (primarily rural) area. Ground water

is typically brackish or saline with high mineral concentrations. New watercourses have

been constructed in the south.
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2.6.3 Prevailing Weather

Most of Iraq has a desert climate with mild winters and hot, dry, cloudless
summers. About 90% of the annual rainfall occurs between November and April, mostly
between December and March. In the southern and western areas, the average annual
rainfall is between 10 and 17 cm. Two prevailing wind patterns are identified for Iraqg.
The shari are southern and southeasterly dry and dusty winds with gusts reaching 80
km/hr. The shari occur between April and June and from late September through
November. These dusty windstorms can last from one day to several days. The prevailing

shamai winds are from the north and northwest from mid-June through mid-September.

2.6.4 Gulf War Aftermath

After a war has ended, the resulting devastation may continue to impact the
environment and its population. The conduct and environment of warfare may also have
unexpected health effects for veterans after hostilities have ended. To provide the proper
context for assessing the potential effects of DU on veterans and Iraqi civilians, other

factors with potential health consequences must be considered.

In addition to the use of DU, potential toxins, carcinogens, and teratogenic agents were
released into the environment. Demolition of chemical weapons stores released chemical
agents such as sarin and mustard gas. Oil well fires and oil spills had a significant
environmental impact and may have resulted in adverse health effects for both veterans
and civilians. In addition, U.S. veterans were given prophylactic drugs, such as
pyridostigmine bromide (pb), as well as other medications and vaccines [18]. The
possible health effects of these agents, individually and in combination, need to be
examined. Before the Gulf War, Iraq had a high standard of living with high levels of
education, access to potable water and sanitation, and low infant mortality rates. The
standard of living dropped dramatically following the war and the imposition of
economic sanctions. Access to food, water, health care, and education deteriorated to
substandard levels. Poor post-war sanitation may have contributed to the spread of

disease. Chronic malnutrition among children reached 30% by the year 2000.
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Malnutrition declined somewhat after 2000 [17]. This drastic change in living conditions
must be considered when assessing post-war health effects for Iraqi civilians.
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3.0. DU Source Terms and Internalized Mass

To compute organ doses for DU-exposed individuals, it is necessary to determine
the DU mass internalized (taken into the body) as a result of particulate inhalation,
particulate ingestion, and embedded fragments. This section summarizes the basic
methodologies used to estimate internalized DU mass. This section also presents the

predicted internalized DU mass for all pathways for both veterans and civilians.

3.1 Types of Exposures and Methodologies

Internalized DU mass was estimated for both veterans and Iraqi civilians. Level |
veterans were exposed to potentially high concentrations of aerosolized DU, and some
received wounds resulting in embedded DU fragments. Level Il and 111 veterans were not
wounded by DU fragments, and their DU-inhalation exposure was generally much lower
than that of Level | veterans. A number of veterans also ingested DU particulate by hand-

to-mouth contact or by consuming contaminated food.

Civilian DU exposures include civilians downwind of the battle zone and children
playing in and around destroyed vehicles following the Gulf War. Although children at
play in the battlefield may also live downwind from the battle zone, the exposure of a
child at play is much greater than that experienced by downwind civilians. To estimate
inhaled DU masses for a child at play, some assumptions were required for the duration
of play in the battle zone. Because the durations are difficult to estimate, the exposure
times were selected as arbitrary high values. For both the nominal and maximally
exposed child, a total of 1000 hours of play is assumed as a conservative best estimate.
The in-vehicle exposure time is assumed to be about 1/3 of the total exposure time in the
battlefield (i.e., 300 hours of play within the vehicle). Downwind civilians were assumed

to spend their entire lives downwind of the battlefield.

A variety of methods can be used to compute the internalized DU mass. The
quantity of inhaled DU particulate is typically determined by first computing the

aerosolized mass at the time and location of exposure. The aerosolized DU particulate
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mass, as well the physical and chemical form of the particulate, is called the source term.
The source term data can be used with expected inhalation rates to estimate the time-
dependent internalized DU mass. Alternatively, the source term calculation can be
skipped, and the inhaled DU mass can be inferred from measured DU concentrations in
the urine (assuming urine data are available). Also, measured DU concentrations in urine
can be used to determine DU fragment dissolution rates.

To make use of the most reliable data, a variety of methods were utilized in this
study to compute the internalized DU mass. Five basic types of methodologies, numbered
1 through 5, were used to compute internalized DU mass for all veteran and civilian
exposure scenarios. The methodology type for the cases studied are identified in Table 8,
and a brief description of each methodology is provided in Table 9. A more detailed

discussion of the source-term analysis is presented in Appendix B.

Table 8. Method type used to determine internalized DU mass

Method Type Identification Number
In-vehicle Ex-vehicle (Downwind)
Exposure Case | During Battle | Post-battle | During Battle | Post-Battle
Veterans I 1
11 2
I 2 3 4
Civilians 2 3 4,5
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Table 9. Methods used to determine internalized DU mass for civilians

Method Pathway Data/Method Used
1 Inhalation Inferred inhaled mass from measured DU in urine
Fragments Inferred fragment dissolution rate from measured DU in urine
Ingestion Typical hand-to-mouth ingestion rates used
2 Inhalation PNNL post-shot resuspension data, typical inhalation rates used
Ingestion Typical hand-to-mouth ingestion rates used
3 Inhalation PNNL aerosolization data, puff dispersion calculations for DU

air concentrations, typical inhalation rates used

4 Inhalation PNNL aerosolization data, puff DU-deposition and resuspension
calculations, typical inhalation rates used

5 Ingestion DU monitoring for civilians (urine, hair, etc.) and environmental
(food, water) | data (showing no significant effect)

3.2 Method I: During Battle

The inhaled mass of DU by Level | veterans can be estimated using the
aerosolized DU mass released in the vehicle, the vehicle volume, breathing rates,
assumptions for local concentrations, and estimates of exposure times. This approach,
however, required the use of many assumptions and estimated parameters. Another
approach that requires fewer assumptions was used to estimate the inhaled DU mass for
Level I veterans. This alternative approach is based on DU concentrations measured in
the urine of friendly fire veterans and standard biokinetic models. Using this alternative
method, described in Appendix B, the predicted inhaled masses for the nominal and the
maximum-exposure cases are 250 mg (about 0.01 oz) and 4 g (about 0.14 02z),

respectively.

Fragments of DU munitions embedded in the body from friendly fire DU impact
will be mostly unoxidized uranium metal. Uranium metal dissolves very slowly in body
fluids; consequently, DU fragments will remain highly immobile, resulting in an
appreciable radiation dose at the location of the fragment. As the fragment dissolves,
uranium will enter the bloodstream very slowly where it will be reabsorbed by the organs

or quickly eliminated in the urine. Dissolution of the DU metal fragment and absorption
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of uranium by the blood provides a continuing supply of uranium to the blood and
subsequent distribution to the body’s organs. The DU fragment dissolution rates for the
nominal and maximum exposure cases also were inferred from DU urine-concentration
data [19]. As discussed in Appendix B, calculations give the nominal and maximum

blood-dissolution rate for DU fragments as 18 and 100 ug DU per day, respectively.

Based on an assessment by the Royal Society [4], a best estimate hand-to-mouth
transfer rate of 3 mg of particulate/hr was used as the DU-ingestion rate for adults in a
contaminated environment. Assuming that their hands and clothing are covered with DU
powder for several hours, a nominal ingested mass of about 15 mg should be reasonably
conservative. For the Level I maximum ingestion scenario, a different exposure time was
used. For this case, we assume that the vehicle had been hit by a DU penetrator and that
the vehicle remains operational. We also assume that the wvehicle is subsequently
occupied 16 hrs per day for 10 days. Using the hand-to-mouth transfer rate of about 3
mg/hr and 16 hrs x 10 days gives an estimated ingested DU mass of about 0.5 g.

3.3 Method 2: Post Battle

The inhaled mass of DU by Level Il veterans is essentially determined by in-
vehicle DU exposure from resuspended DU. Most of the inhaled DU for a child at play in
the battlefield will also result from in-vehicle DU exposure from resuspended DU. Some

Level Il veterans are also assumed to explore DU-contaminated vehicles.

3.3.1 Level ll Veterans

From Reference [6: 1V, 8], the maximum exposure time for Level Il veterans was
100 hours. A nominal exposure time estimate was not found in Reference [6], however,
reported Level Il exposure times ran from as short as one hour to days. The SNL study
used the nominal exposure duration estimate given by the Royal Society [4: p. 42] of 10
hours. The resuspended DU within a vehicle will depend, among other considerations, on

the type of vehicle and the number and size of DU rounds striking the vehicle.

The recent Capstone test program [5], discussed in Appendix B, yielded a wealth
of excellent data on DU particulate generated by the impact of DU-weapons with
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armored vehicles. Using the Capstone test data, a maximum worker-resuspended DU
mass density of 2 mg/m® was obtained (Appendix B). This DU concentration is
equivalent to a resuspended DU concentration for a tank struck by at least two 120 mm
shells. This maximum DU concentration of 2 mg/m® was used for both the nominal and
maximally exposed Level Il cases. Elevated breathing rates of 2 m*hr and 3 m*hr were
assumed for nominal exposure and maximum exposure, respectively. Thus, the nominal
and maximum inhaled DU masses were 0.04 g and 0.60 g, respectively. As for the Level
| computation, a hand-to-mouth transfer rate of 3 mg/hr was used for estimating the mass
of ingested DU. Using the estimated exposure times, the ingested DU mass for the

nominal and maximum exposure cases are 0.03 and 0.30 g, respectively.

3.3.2 Level lll Veterans

It would be very difficult to place a bound on the time spent exploring damaged
vehicles by Level 11l veterans. Consequently, we take the approach of guessing that a
maximally exposed veteran spends about one hour inside DU-contaminated vehicles. If
the DU exposure is small, then the accuracy of the time estimate is of little consequence.
We also assumed that three 120 mm DU shells hit the destroyed vehicle, and the veteran
breathing rate was somewhat elevated at 2 mhr. Using the previously discussed
methodology for in-vehicle resuspension, the inhaled DU mass for in-vehicle activities
was computed to be 0.006 g. Also, for an in-vehicle exposure time of one hour, the
ingested DU mass for the maximum exposure case is 0.003 g.

3.3.3 Child at Play

It is assumed that an Iraqgi child will play within the vehicle intermittently over a
period of 10 years. If a number of vehicles are entered over this period, some of the
vehicles may not have been hit by DU penetrators, some may have been hit by one or
more 30 mm shells, and some may have been hit by one or more 120 mm shells. Thus,
both nominal and maximum in-vehicle particulate mass estimates represent averages over
many vehicles containing different quantities of DU. Using the Capstone data, we assume
that the nominal and maximum DU concentrations in air are 0.5 and 2 mg/m3,

respectively. The nominal-exposure DU air concentration corresponds to an average
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resuspended DU air density (average of all PNNL resuspension test data) for a child
playing in vehicles struck by one 120 mm shell. The maximum-exposure DU air
concentration was obtained by multiplying the maximum resuspended-DU air
concentration per 120 mm shell (1 mg/m®) by two (equivalent to vehicles hit by two 120
mm shells). With a breathing rate of 0.36 m%hr for a child, the in-vehicle inhaled DU
mass was 54 mg and 216 mg for the nominal and maximum-exposure cases, respectively.
For DU ingestion by a child at play, the nominal and maximum hand-to-mouth transfer
rates of 10 and 30 mg/hr were assumed (an order of magnitude higher than for adults [4:
Annex B, p. 9]). Using the estimated in-vehicle exposure time of 300 hours, the ingested
DU mass for the nominal and maximum exposure cases are 3 g and 9 g, respectively.

3.4 Aerosol Generation and Dispersal (1 Target)

For Methods 3 and 4, the masses of DU particulate generated by impact must be
known to quantify the amount of DU suspended in the air external to the vehicle. To
compute DU air concentrations, it is necessary to determine the fraction of aerosolized
DU released internal to the vehicle and the fraction released external to the vehicle. The
possible exposure of individuals downwind from the impact can be assessed by
estimating the wind-dispersed concentrations of DU suspended in air (puff) at various
positions as a function of time after penetrator impact. In addition, calculations must
include the contribution of dispersed DU deposited on the ground and subsequently
resuspended and inhaled many days after hostilities have ceased. This section discusses
aerosol generation, dispersal, resuspension, and inhalation for a single target vehicle.

3.4.1 DU Particulate Masses Generated

Appendix B provides the method used to estimate the quantity of DU aerosolized
by impact of a 120 mm round with an armored vehicle. The estimated DU aerosol masses
released within and external to the target vehicle are presented in Table 10, which also
provides estimates of the total percentage of DU that is aerosolized during impact. As
explained in Appendix B, the mass of DU released external to the vehicle is assumed to

approximately equal to the DU mass released internal to the vehicle. The masses
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presented in Table 10 apply to both U.S. and Iragi vehicles. The light-vehicle
classification includes BFVs.

Table 10. Estimated DU aerosol mass released
external to vehicle per 120 mm round impact

DU Mass (g) Total
A lized
Target Shell (mm) | Internal or Total er(()f/(: )1ze
External
Tank (U.S., Iraqgi) | 105, 120 100 200 4.3
Light Vehicle 120 30 60 1.3
(BFV, etc.)

3.4.2 Atmospheric Dispersal

Here we examine the dispersal of DU following the impact of a 120 mm DU shell
against a single tank. From Table 10, the mass released external to the vehicle is
approximately 100 g (about 0.22 pound or 3.5 0z). The basic geometry is illustrated in
Figure 14. Although lofting of particulate can result in an effective source height greater
than the release height, the location of the source is assumed to equal the penetrator exit
height (= impact height = #'~ 2 m = 6.56 ft). The decision to set the source height equal
to the impact height is discussed in Appendix B.

Exit point

Impact point

=~ puff ground
' ' : reflection

Figure 14. Geometry assumed for the analysis of
DU-puff dispersal following penetrator impact

The dispersion of DU particulate following impact was estimated using the
Gaussian puff model described in Appendix B. The dispersal and deposition of DU at the
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battle location will depend on the atmospheric conditions at the time of the battle. Wind
speeds between 2 and 15 m/s and frequent thunderstorms occurred during many of the
battles involving DU munitions [20]. To estimate aerosol densities and surface
depositions from DU impact with hard targets, calculations were performed assuming
both wet and dry deposition, low and high wind speeds, and a range of weather
conditions categorized by atmospheric stability classes A through G (see Appendix B).

Based on the study discussed in Appendix B, the largest integrated air
concentrations and the greatest DU deposition densities resulted from wet deposition for
class E weather conditions and a wind speed u of 2 m/s. For the best estimate prediction,
a mid-range stability class was selected (class C, slightly unstable) at an intermediate
wind speed of 8 m/s. Because the dominant deposition mechanism (wet or dry) was not
identified for all battles, wet deposition was selected as the more conservative assumption
(yields higher DU areal densities). The deposited DU areal density ¢ (g/m?) and the time-
integrated inhaled DU mass m (assuming a breathing rate R, of 1 m*hr) were calculated
for these conditions and are presented in Figure 15 as a function of downwind distance x
at cross-wind distance y = 0 (i.e., along the centerline of the puff). For a single target
vehicle, Figure 15 shows that the inhaled DU mass and deposited DU densities decrease
very rapidly with downwind distance from the vehicle.
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Figure 15. Inhaled DU mass and deposited DU areal density vs. x-distance along
puff-path centerline (single 120 mm round, single tank, class C conditions)
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3.5 Aerosol Generation and Dispersal (Multi-Target)

Although the preceding model is reasonable for estimating dispersion resulting
from impact against a single tank, DU aerosols resulting from multiple-target impacts
will provide multiple source terms. Calculations of DU air concentrations and deposition
densities at larger distances must account for the combined effect of multiple targets.

Two types of multiple targets were assessed in this study:
(1) an array of tanks in a tank battle and

(2) a long column of densely packed, light target vehicles struck by 30 mm DU

rounds.

3.5.1 Tank Battle Array

The analytic model assumes that the battlefield target vehicles are deployed in a
column of regularly spaced vehicles, separated by distance ®. Appendix B provides the
equations used to predict DU deposition for an array of targets. Figure 16 illustrates the
scenario that was used to develop an analytical model for predicting DU dispersion and
deposition during a tank battle. The analysis assumed a separation between tanks © of
20 m, class C weather conditions, a wind speed of 8 m/s, and wet deposition. The 20 m
separation estimate was based on photographs of destroyed Iraqi tanks and discussions
with veterans. The analysis is performed assuming that each target vehicle is struck by a
single 120 mm DU tank round, releasing 100 g of DU aerosols. Thus, the predictions are

made on a per shell impact basis.
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Figure 16. Assumed geometry for the tank-battle scenario

The estimated DU deposition is presented in Figure 17 as a function of transverse
distance (y) for several different downwind distances (x). At distances close to the target
(e.g., at x = 5 m) DU from neighboring vehicles have little effect on the local deposition.
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At 50 m, the effect of DU from neighboring vehicles contributes to the local deposition.
By 200 m, the effect of DU from neighboring vehicles effectively removes the
y-dependence of the deposited DU for locations in front of the column. Figure 17 also
shows that the deposition decreases beyond the edge of the column. For comparison, the
figure also includes the uranium areal density equal to 10% of the natural background

areal density for the top 1 mm of soil (magenta dashed line).
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Figure 17. Wet deposition { vs. y-distance for 20 targets 20 m apart
for a single 120 mm shell Impact per target during a tank battle

The estimated DU deposition is presented in Figure 18 as a function of downwind
distance for a column of 1, 20, and 50 target vehicles. For the column of 20 target
vehicles, the deposition changes very slowly with distance beyond 100 m; however, the
deposited DU density is very low compared to the natural background. Furthermore,
natural uranium in the soil is only a small contribution to the background radiation dose
from all natural radiation sources. Thus, the effects of deposited DU should be very
small. The inhaled mass as a function of downwind distance, assuming a breathing rate of
1 m*/hr, is also prese