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PART I: INTRODUCTION

1.1  Purposeand Scope

In response to veterans' concerns, the Department of Defense (DOD) established atask forcein
June 1995 to investigate all possible causes of physical symptoms being experienced by Gulf
War veterans. The Investigation and Analysis Directorate of the Office of the Special Assistant
for Gulf War Illnesses (OSAGWI), now known as the Office of the Special Assistant to the
Secretary of Defense for Gulf War llInesses, Medical Readiness and Military Deployments,
assumed responsibility for these investigations on 12 November 1996 and has continued to
investigate probable causes of Gulf War illnesses. I1n January 1998, OSAGWI directed the U.S.
Army Center for Health Promotion and Preventive Medicine (USACHPPM) to conduct a human
exposure assessment and health risk characterization for military personnel potentially exposed
to depleted uranium (DU) during service in Southwest Asia (see Memorandum, OSAGWI, 30
January 1998, subject: Request for Assistance with Depleted Uranium (DU) Risk Assessment).
Published DOD DU munitions test data were reviewed to determine adequacy for use to
complete this human exposure assessment and health risk characterization for chemical and
radiological exposuresto DU. Thisreview was also a preliminary assessment of future research

needs and recommendations for future data collection studies.

The USACHPPM provided interim Level | human exposure assessments and health risk
characterization that comprised one component of the OSAGWI Interim Environmental

Exposure Report (4 August 1998)* which was prepared for review by veterans of the Gulf War
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and Congressiona personnel, as well as the general public. Aspart of the effort to keep the
public aware of the progress of this effort, DOD published accounts related to possible causes of
illnesses among Gulf War veterans, along with whatever documentary evidence or personal

testimony was used in compiling the accounts.

1.2 Document Overview

Part I, Introduction, includes the Purpose and Scope of this report, the organization of this report,
the data quality objectives (DQOs) for this report, the methods used in estimating DU intake,
Levels of Exposure, background information on DU and the Army, and the Overall Conclusions.
Part 11, Human Exposure Assessment and Health Risk Characterization, includes a discussion of
the assessment process and what methodology was used to conduct the human exposure
assessments and health risk characterizations for military and civilian personnel potentially
exposed to DU during their service in Southwest Asia. Part |11, Technical Literature Review,
provides a summary of the experimental data used to determine the human exposure assessments
and health risk characterizations and the Data Gaps that exist in the current data and areas for
dataimprovement. Part IV provides a detailed assessment of the OSAGWI Level | Scenarios.
Part V provides a detailed assessment of the OSAGWI Levels|l and |11 Scenarios. The Camp
Dohareport isincluded in Appendix C. Thisreport concludes with a glossary containing
technical terms, abbreviations, and acronyms, plus appendices, endnotes, and alist of references

used in preparing this report.
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The USACHPPM recognizes that reporting radiation quantities in International System of Units
[grays (Gy), sieverts (Sv), and bequerels (Bq)] is currently the standard in the scientific
community. However, we also understand that the lay reader or Gulf War veteran may be more
familiar with the traditional units (rad, rem, and curies). Therefore, USACHPPM will use the
traditional units when presenting the results in this assessment. Also, when small radiation doses
are reported they will not be reported as exponential values for example, 0.000008 rem, not

8 x 10° rem).

1.3  Data Quality Objectives

Exposure Assessments and Health Risk Characterizations

Data Quality Objectives are qualitative and quantitative statements derived from the DQO

process that:

Establish and clarify the project’s objectives.

Define the appropriate type of data.

Specify the tolerable levels of potentia uncertainties.

Provide an understanding of the limitations of data to be used as the basis for establishing

the quality, quantity, and defensible data needed to support conclusions or decisions.
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Thefirst step in the DQO processisto state the problem. In this case, the question was, “ Were
the exposures and intakes of DU by veterans of the Gulf War the cause of their adverse health

effects?’

The following are the DQOs used for this DU human exposure assessment, intake estimation,

and health risk characterization:

Review published munitions developers' test data on the behavior of DU during impacts
and perforations of armor and during fires that involve DU munitions.

Evaluate the usefulness and appropriateness of the munitions developers test datain
modeling the amount of DU a soldier might take in (internalize) through inhalation, ingestion
(indirect, direct and secondary), or wound contamination.

Peer review draft (unpublished) munitions developers' test data on the behavior of DU
during impacts and perforations of armor and during fires that involve DU.

| dentify data gaps regarding data required for dose modeling and exposure assessment.

Perform estimates of the radiological and chemical intake and dose ranges (lower and
upper bounds) for each of the 13 OSAGWI scenarios involving DU exposure.

Perform a human exposure and health risk characterization by estimating the range
(lower and upper bounds) of DU intakes, which may have been internalized for each of the

13 OSAGWI scenarios.
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The limitations of this DU human exposure assessment and health risk characterization are as

follows:

Used data not intended for estimating DU exposures.

Did not address the human body’ s susceptibility to other kinds of potential toxic
exposures on the battlefield or how DU may ater the metabolism of other compounds that
may have been potentially internalized by the veterans.

Cannot be used as a dose reconstruction.

Did not address the issue of smoking and how it may have altered any potential uptake of
DU and associated health effects.

Did not address the direct ingestion of foodstuff, soil, or water that may have been
contaminated, because data were not available to estimate the intake.

Did not address multiple exposures (that is, repeated exposure and accumulation of other
contaminants for any single individual), because data were not available to estimate the
intakes.

Lacked an actual database of potentially exposed personnel obtained at the time of the

event.

There is a possibility that longer-term, lower level effects other than carcinogenicity and kidney
toxicity from these DU exposures could occur; therefore, there is a medical follow-up program
being conducted by the Department of Veterans Affairs (VA). Because there was no immediate

medical evaluation after exposure on the battlefield, determination that acute temporary renal
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tubular affectsthat occurred as aresult of the internalization of DU by Gulf War personnel is not

possible.

1.4 M ethods

To perform the human exposure assessment and health risk characterization requested by
OSAGWI, USACHPPM assembled a team of health physicists, toxicologists, industrial
hygienists, occupationa health physicians, health professionals, and other technical subject
matter expertsto review the technical and scientific documents concerning DU. The OSAGWI
DU Levd 1, 11, and I11 exposure scenarios were used as the basis for the assessments and
characterizations. The potential source term of DU for internalization, the potential routes of
exposure, the exposure duration, the frequency of exposure, and the individuals at risk were
some factors considered. This information was used to characterize the potential for both the
chemical and radiological effects associated with Gulf War exposure scenarios involving DU.
Information presented is based on published DOD DU munitions test data reports. Some

consderations in this analysis follow:

DOD published test reports and other scientific literature related to the subject were reviewed
and evaluated. Characteristics of DU oxides such as chemical composition, particle-size
distributions, isotopic composition, equilibrium with progeny, and solubility of particlesin lung
fluid were extracted from the reviewed data. Test data were evaluated for usefulnessin
modeling of atmospheric transport, environmental dispersion, and the intake of DU by

potentially exposed individuals.
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The quality of an exposure assessment depends upon the value of the input data and
associated assumptions. Test data on the formation of DU oxides and resulting respiratory tract
solubility characteristics documented that fires involving DU munitions produce DU oxides that
are predominantly insoluble. DU perforations of armor increase the percentage of soluble oxide
compounds. Computation of exposure was based on the source term being either entirely soluble
or entirely insoluble (an extremely conservative estimation); however, the data from the
munitions developers' reports indicated that this approach was not realistic. Also, the data from
their field tests substituted for atmospheric modeling only under very similar exposure
circumstances. Uncertainties with the data came from difficulties of sampling airborne
particulate matter in an explosive environment. Uncertainties also exist in sampling airborne

concentrations that are dispersed at distances from the source.

Data from published reports were used to estimate potential exposure and intake of DU by
personnel in, on, or near (within 50 meters) Abrams tanks or Bradley Fighting Vehicles (BFV's)
from asingle DU perforation into the Crew Compartment and to recovery personnel from
residual DU aerosol concentrations and resuspension of settled DU particles. The radiation dose
was calculated using estimated intakes of DU from airborne concentrations and surface DU
contamination levels. The available data were then used in internationally and nationally
recognized internal dosimetry modeling programs to calculate the radiation dose to organs and

whole body and the chemical concentration in the kidney.

Measurements of the percentage of the DU round aerosolized during perforation were

collected but varied widely. Also, the measurements were collected outside the vehicle. To
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calculate aDU intake, assumptions about the DU airborne concentrations inside the vehicle and
exposure duration had to be made. The test data used as a basis for these assumptions were
taken from Fliszar et al., (1989), and they provided estimated lower- and upper-bound airborne
concentrations of DU. These data were not originally collected for the purpose of conducting

human exposure assessment and health risk characterizations.

The uncertainties associated with the chemical and physical form of the DU residue, DU
particle-size distribution, its solubility in lung fluid, dissolution rate, and resuspension were
increased due to sampling difficulties and sSite and target specific factors. In previously
conducted tests, material could have dispersed before sample collection commenced, which
could have resulted in dust loading and possible underestimation of the fine particle fraction
[< 1-micrometer (mm) aerodynamic equivalent diameter (AED)]. Exposure and intake estimates
could be affected if alarge fraction of material aerosolizes but finer particles are not collected.
Future efforts in measuring such parameters should be directed to reduce uncertainty in the

above factors.

The existing field measurement data could only provide estimates for exposure and dose
assessments. More precise measurements of DU aerosol characteristics and aerosol resuspension
data would lead to more robust values for use in human exposure assessments and health risk
characterizations. DU penetrator impact/perforation data for aerosol concentration and

subsequent resuspension inside the BFV are non-existent.
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15 Characteristics of Uranium and DU

Uranium, a common radioactive element, is very dense in its metallic form. It occursin naturein
awide variety of compounds. It readily combines with other elements to form uranium oxides,
slicates, carbonates and hydroxides. These compounds range from being highly mobile to being
relatively immobile in the environment and soluble to insoluble in the human body. Severd
conditions affect the formation of these compounds:. the relative amounts of oxygen, moisture,
and the hydrogen ion concentration (pH); the presence of other metals alloyed with uranium; and
the temperature history of the uranium solid, Erikson et al., (1993). The resultant uranium
compound also depends on the original form of the uranium (alloy and mineral phase) and its
interaction with environmental media (soil, air, surface and ground water, and biota). Uranium

compounds, much like other heavy metals, dissolve and migrate at different rates.

Uranium metal aloys are readily machinable and have metallurgical properties similar to those
of many high strength steels, Magness, (1985). Small particles of uranium metal and some
uranium alloys are pyrophoric — they can ignite spontaneoudly in air, as a function of surface to

volume ratio, and they burn rapidly at very high temperatures, Stokinger, (1981)>.

Natural uranium (Ung) contains a mixture of uranium isotopes, including U-234, U-235, and U-
238. Naturally occurring uranium nominally contains 99.2830 percent by weight U-238, 0.7110
percent U-235, and 0.0054 percent U-234. Uranium ore is mined, milled, and refined for usein
nuclear reactors and nuclear weapons. To enable use in reactors and weapons, uranium is

enriched, a process that increases the weight percentage of the U-235 isotope from about the 0.7
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percent found in nature to a content ranging from 2 percent to more than 90 percent. During the
enrichment process, the weight percent of U-234 is also increased. Depleted uraniumisa
byproduct of the uranium enrichment process and is chemically identical to Unsz. However, DU
is about 40 percent less radioactive than naturally occurring uranium (for the same weight of

material).

The isotope U-238, which makes up about 99.8 weight percent of DU, is an alpha and a weak
gamma emitter. Uranium-238 hasa T, of 4.5 x 10° years. Uranium-238 decays into short-lived
progeny: thorium (Th)-234, with a T, of 24.1 days, protactinium (Pr)-234m, which hasa T, of
1.2 minutes; and Pr-234, which hasa T, of 6.7 hours. All three of these progeny are beta and
weak gamma emitters. Protactinium-234m and Pr-234 both decay to U-234. The isotope U-234
makes up about 0.0006 weight percent of DU and hasa T, of 2.4 x 10° years. Uranium-234 is an
alpha and aweak gamma emitter. Uranium-234 decays into Th-230 having a T, of 7.7 x 10"
years. Because of thislong “in-growth” half-life, the build-up of alpha activity from Th-230 is
negligible and therefore not present in DU munitions. The isotope U-235, which makes up about
0.2 weight percent of DU, hasa T, of 7.0 x 10° years. Uranium-235 is an alpha and a weak
gamma emitter and decays into Th-231 with a Ty, of 25.5 hours. Thorium-231 isa beta and a

weak gamma emitter.

There may be impuritiesin DU that are the result of reprocessing nuclear fuel. The isotope
U-236 is not a naturally occurring uranium isotope but is sometimes present as an “impurity” or
byproduct from reprocessed nuclear fuel. 1t makes up about 0.0003 weight percent in DU and

hasa Ty of 2.3 x 10 years. Uranium-236 is an alpha emitter. Some other impurities may be

10



HRA CONSULTATION NO. 26-MF-7555-O0D September 2000

trace quantities of plutonium (Pu)-238, Pu-239, Pu-240, americium-241, neptunium-237, and
technetium-99. It is estimated that these impurities add less than 1 percent to the dose and are,
therefore, inconsequential from a radiological or chemical toxicity standpoint. (See

Memorandum For Record, 7 August 2000.)

The radioactive decay chains of U-235 and U-238 are broken (that is, the progeny nuclides are
removed as impurities) during the processing of DU metal. To determine the time required to
reach equilibrium in the partial decay chains, the assumption is made that the DU metal contains
only the parent, not the progeny. However, the progeny of U-235 and U-238 that reach secular

equilibrium with their parent isotope in about six months are included in the dose estimates.

Depleted uranium cannot sustain a nuclear reaction or be used as the fuel for nuclear weapons,
but its high density and metallurgical properties make it useful in kinetic energy weapons and
armor systems. Table 1 provides an example of the uranium isotopic composition of DOD DU
munitions. The activity listed does not include any activity from progeny of the uranium

isotopes.

Table 1. Isotopic Composition of DOD DU Munitions

| sotope Percentage By Weight | sotopic Activity
[microcuries per gram (nCi/g) of
DU]
U-234 0.0006 % 3.7E-2*
U-235 0.2 % 4.3 E-3
U-236 0.0003 % 20E-14
U-238 99.8 % 34E-1

Total DU Specific Activity: 3.8 E-1 nCi/g

*Note: 3.7 E-2 nCi/g = 3.7 x 102 nCi/g

11
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Table 2 provides a summary of the specific activities and densities for DOD DU and the oxides

of DU.
Table 2. Specific Activity and Density for DU and DU Oxides
Compound Chemical Formula Specific Activity Density
(mCi/g) [grams per cubic
centimeter (g/cn’)]

Depleted Uranium DU 0.38 18.95

DU Dioxide DUO, 0.33 ~10.97

DU Trioxide DUO; 0.31 ~7.30
Tri DU Octaoxide DU30s 0.32 ~8.30

Reference: Agency for Toxic Substances and Disease Registry, 1999, p. 237

1.6 Military Usesof DU

Depleted uranium has been used in armor to increase resistance to enemy projectilesand in

munitions to increase penetrating power. The favorable characteristics of DU as a munition are

its density, adiabatic shearing (self-sharpening), and pyrophoric nature. The density of DU is

about 1.7 times the density of lead (18.95 g/cm® compared to 11.35 g/cm®). Adiabatic shearing

means that as the DU penetrator perforates a hard target, it self-sharpens flaking off particles that

may burn (oxidize) if sufficient oxygen is present. Burning particles, as well as the heat

generated upon perforation of atarget, may ignite fuel, ammunition or other combustible

material. Adiabatic shearing is less prevalent against lighter targets or more thinly armored

vehicles such as BFVs.

For U.S. Army munitions, DU is aloyed with 0.75 percent by weight titanium. This allows for

high acceleration of the penetrator without breaking up during flight. The Army DU munitions

12
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are identified as Armor-Piercing Fin Stabilized Discarding Sabot with Tracer (APFSDS-T).
Table 3 identifies Army munitions that contain DU*. The mass listed in Table 3 is the average

value, in grams of DU.

Table 3. Army DU Munitions

Munition Caliber Type Mass

Cartridge 25 millimeter (mm) APFSDS-T 90g

Cartridge 105mm APFSDS-T 2,200 g
Cartridge 105mm APFSDS-T 3,300 g
Cartridge 105mm APFSDS-T 3,600 g
Cartridge 105mm APFSDS-T 3,600 g
Cartridge 120mm APFSDS-T 3,100 g
Cartridge 120mm APFSDS-T 3,800 g
Cartridge 120mm APFSDS-T 4,700 g

During the Gulf War, DU helped U.S. forces fight more effectively and defend themselves more
confidently. American tankers and A-10 pilots destroyed thousands of Iragi combat vehicles

without the loss of asingle U.S. tank to enemy fire.

During Operation Desert Storm, the U.S. Army fired the following DU tank rounds: M 829,
M829A1, and M900. The 120mm DU rounds were called “silver bullets’ by tankers due to the
tremendous lethal advantage these rounds provided against enemy tanks. The M919 round was
not fielded until 1996. The U.S. Air Force used the GAU-8 (PGU-14) 30mm round, which
contained approximately 300 g of DU. The GAU-8 isfired from the A-10 Thunderbolt 11,

(* Warthog” or “Tankbuster”) aircraft. The U.S. Marine Corps used the GAU-12 (PGU-20),
25mm round, which contained approximately 150 g of DU. The PGU-20 isfired from AV-8B

Harrier aircraft.

13
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1.7  Potential Health Implicationsfor the OSAGW!I Exposure Levelsand Scenarios

Depleted uranium’s combat debut showed the metal’s clear superiority for both armor
penetration and armor protection. However, its chemical properties, common to all forms of DU,
as well as many other heavy metals, and its low-level radiological properties give rise to consider

possible combat and non-combat health risks associated with DU use.

Depleted uranium can enter the human body by inhalation, ingestion, fragment implantation, and
wound contamination. Inhalation is one of the major routes of entry of material into the human

body.

For DU to be inhaled, the particles must be airborne and of appropriate size. Once DU particles
are deposited ether in the vehicle or in the environment, they may become resuspended into the
air and be inhaled and ingested. Resuspension may be caused by various mechanisms, some

natural and some by human interaction.

The OSAGWI Interim Environmental Exposure Report, 4 August 1998', examined a variety of
exposures that occurred during and after the Gulf War. The OSAGWI classified possible DU
exposures into three levels, encompassing 13 separate scenarios. The three levels and 13 specific
scenarios are summarized below in Table 4. These exposure levels are initial estimates about the
extent of the exposures. Each level provides a description of the activity and the personal

protective equipment (PPE) used, if any.

14
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During the Gulf War, U.S. tanks mistakenly fired DU armor-piercing rounds into other U.S.
combat vehicles, exposing surviving crewmen in those vehicles to wounds from DU fragments
and/or inhalation and ingestion of DU particles. During these fratricide or “friendly fire”
incidents, personnel rushing to evacuate and rescue soldiers from damaged vehicles may have

also been exposed to DU. These types of exposures constitute the OSAGWI Level | scenarios.

A second category of exposure to DU occurred after combat during recovery and maintenance
operations in, on, and near vehicles damaged from fratricide incidents and fires involving DU
munitions. Also classified with this group were the personnel involved in cleanup and recovery
operations in the North Compound of Camp Doha, Kuwait, following the motor pool firein
which DU munitions detonated and burned. Another group of personnel include intelligence
investigators inspecting DU-damaged Iragi vehicles. These types of exposures constitute the

OSAGWI Levd Il scenarios.

A third category of DU exposure, OSAGWI Level |11, defines personnel whose exposure to DU
was short-term and generally very low. These exposures may have occurred as personnel passed
through and inhaled smoke from burning DU, casually handled spent DU penetrators, or briefly

entered DU-contaminated vehicles on the battlefield or in salvage yards.

15
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Table4. OSAGWI Incident Summary

Leve |

Soldiersin, on or near avehicle at the time it was penetrated by aDU
munition.

None

Soldiers who entered U.S. vehicles immediately after fratricide incidents
to rescue occupants (First Responders).

None

Level Il

Explosive Ordnance Disposal (EOD) and unit maintenance personnel
who downloaded equipment and munitions from DU-contaminated
vehicles to remove munitions. Received DU training.

None

Unit maintenance, service, and supply (salvage) personnel who worked
in and on damaged or destroyed vehicles being processed for repair or
disposal.

None

Logistics Assistance Representatives (LARS) who inspected DU-
contaminated systems to determine reparability. Received DU training.

Some wore PPE***

Battle Damage Assessment Team (BDAT) members who examined U.S.
combat vehicles damaged and destroyed by DU penetrators. Received
DU training.

Most wore PPE

144™ Service and Supply Company personnel who processed damaged
equipment, including some with DU contamination.

None

Radiation Control (RADCON) team members who worked in and on the
damaged or destroyed vehicles. Received DU training.

PPE

Personnel exposed to DU contamination during cleanup operations at
Camp Doha.

None

Level 111

Personnel exposed to smoke from burning DU rounds at Camp Doha.

None

Personnel exposed to smoke from burning Abrams Main Battle tanks.

None

16
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Table4. OSAGWI Incident Summary (con't.)

Personnd who entered DU-contaminated equipment. None

Personnel exposed to airborne concentrations of DU downwind of a
vehicle perforated by a DU round, which includes personnel exposed to None
smoke from DU-impacted Iragi vehicles.

*** PPE includes surgical masks, coveralls, boots, and gloves.

*Reference : OSAGWI Interim Environmental Exposure Report, 1998.

1.8 Overall Conclusions

The estimated exposures and intakes of DU for individualsin Levels|, I, and 111 scenarios
during and immediately following the 1991 Gulf War were below established Federal radiation
safety standards; however, some of the exposures did exceed chemical guidelinesthat are
intended to be protective. Because they are meant to be protective, if the guidelines are not
exceeded, it can usually be stated with confidence that adverse health effects are not expected to
occur. However, because safety factors are built into the guidelines to ensure protection of the
most senditive individuals, exceeding a guideline does not necessarily imply that adverse health
effects will result nor can the degree of a potential effect be accurately predicted. When an
exposure has occurred and a guideline has been exceeded, the health of the exposed individual is
monitored, asis being done in the case of Gulf War veterans with the greatest potential for DU

exposure (embedded DU fragment patients being followed by the VA).

The ionizing radiation (any mention of radiation risk will involve ionizing radiation risk)

exposures and intakes of DU by veterans during the Gulf War are below the current Nuclear

17
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Regulatory Commission (NRC) and the Occupational Safety and Health Administration (OSHA)
radiation safety standard of 5 rem in any year, based on two DU munition perforations into the
Crew Compartment. However, a potential exists for exceeding the safety standard for personnel
in, on, or near (within 50 meters) avehicle at the time of perforation depending on the number of
large caliber DU munition penetrations and exposure durations. Since there are no test data for
multiple penetrations, simply multiplying the single penetration data by the number of
penetrations may not be appropriate. Many factors will influence the actual DU aerosol
concentration including resuspension, the time between perforations, munition type, vehicle type,
armor type, perforation angle, as well as perforation location. Since no appropriate test data are
available, it has been assumed, based solely on professional judgment, that the intake via
inhalation and indirect ingestion of DU for two penetrations may be a factor from 1.5 to 3 times

greater than a single perforation. These factors need to be validated in future tests.

19  Specific Conclusions

Based on this assessment of the potential exposures and qualitative characterization of health risk
to military personnel potentially exposed to DU during service in Southwest Asia, USACHPPM

makes the following conclusions concerning the three exposure levels established by OSAGWI:

Level |. These personnd internalized DU through various potential routes of exposure:
inhalation, ingestion, and wound contamination and embedded fragments. Some of these
personnel may have internalized DU through multiple routes. The potential exists that they may

have internalized DU in excess of the annua occupational radiation and chemical exposure

18
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standards. Based upon medical evidence to date, the amounts internalized by these personnel
were not sufficient to adversely affect their present health. However, the amounts estimated are
high enough that continued medical follow-up of these individuals is warranted. The DOD
originally partnered with the VA in establishing a voluntary, medical follow-up program for Gulf
War veterans at the Baltimore VA Medical Center in 1993. This medical follow-up program

continues to this day.

LevelsIl and I11. Exposure estimatesto Levels|l and 111 personnel are at least an order of
magnitude below the annual occupational radiation and chemical exposure standards. These
personnel internalized DU primarily through inhalation and ingestion. Based upon medical
evidence to date, the amounts internalized by these personnel were not sufficient to affect either

their present or future health.

19
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PART I1: HUMAN EXPOSURE ASSESSMENT AND HEALTH RISK
CHARACTERIZATION

2.1  Health Risk

A health risk is generally thought of as something that may endanger health. Scientists consider
health risk to be the statistical probability or mathematical chance that personal injury, illness, or
death may result from some action. Most people do not think about health risks in terms of
mathematics. Instead, most people consider the hedlth risk of a particular action in terms of

whether they believe that particular action will, or will not, cause them some harm.

2.2 Health Risk Characterization

A health risk characterization can be quantitative or qualitative. A quantitative risk
characterization is expressed either as the probability of a health effect per unit of dose received
or astheratio of the expected exposures to acceptable exposures. A quadlitative risk
characterization is defined in general rather than mathematical terms. This document contains a

gualitative health risk characterization and is not a dose reconstruction.

In addition to being quantitative or qualitative, health risk characterizations can be retrospective
or prospective. Retrospective analysis typically involves past exposures to individuals who were
exposed to radionuclides, as in the case of the Chernobyl reactor incident, while prospective

analysis involves scenarios that have not yet occurred.
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When assessing chemical or radiological risk, prospective risk characterizations can be
gualitative and/or quantitative. However, chemical risk is not generally quantitatively
characterized retrospectively. Thisis because the necessary toxicity benchmark values and
methodology do not exist to retrospectively quantify chemical risk following a battlefield
exposure. Additionally, the methodology currently in place for quantitative risk characterization
is not intended for retrospective studies following a chemical exposure. Thisis because the
guidelines used for the process, as well as occupational exposure guidelines, are intended to be
protective. Because they are meant to be protective, if the guidelines are not exceeded, it can
usually be stated with confidence that adverse health effects are not expected to occur. However,
exceeding a guideline does not necessarily imply that adverse health effects will result, nor can
the degree of a potential effect be accurately predicted. When an exposure has occurred and a
guideline has been exceeded, the health of the exposed individual should be monitored. The
estimated chemical exposures and radiological doses may have exceeded peacetime guidelines
(Appendix K) for some of the OSAGWI Level | individuals. Therefore, the health of the Gulf

War veterans with the greatest potential for DU exposure is being monitored through the VA.

2.3  Human Exposure Assessment and Health Risk Characterization Process

The human exposure assessment and health risk characterization process involves evauation,
integration, and analysis of hazard identification data; estimation of the source term; estimation
of exposure; and intake of a contaminant (upper and lower boundary). Then the upper-bound
value is used to estimate the nature and likelihood of adverse human health effects as a result of

exposure and intake of the contaminant. The degree of health risk due to inhalation, ingestion, or

21
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injection (wound) of DU particles depends upon numerous and varying exposure factors. The
amount of DU residue transported, transferred, or resuspended depends on several parameters
including the amount of material deposited, the nature of the deposition surface, the time since
deposition, the chemical properties of the deposited material, and the manner of the physical

disturbance.

24  Methodology

Depleted uranium is a heavy metal that is slightly radioactive. Therefore, when DU is
internalized, it is a potential chemical and radiological hedlth hazard. The fate of internalized
DU in the human body depends on the particle size, morphology, chemical form, physical form,

and solubility in lung fluid.

Depleted uranium present in a battlefield situation is expected to primarily consist of DU metd

and its oxides: DUO,, DUO3 and DU3Og which will be discussed in this section.

All uranium isotopes of a particular chemical compound have identical chemical properties and
will exert the same chemical effects on the human body. However, the solubility of the inhaled
DU residue determines how rapidly it is cleared from the respiratory tract. The International
Commission on Radiological Protection Publication No. 30 (ICRP-30) has established
respiratory tract clearance classifications for inhaled material that are based on a contaminant’s
solubility in lung fluid and relates its clearance pathway from various compartments of the

modeled respiratory tract (ICRP-30)°. Three solubility classes are used to describe the

22



HRA CONSULTATION NO. 26-MF-7555-O0D September 2000

respiratory tract clearance classification: Class Y (years), Class W (weeks), and Class D (days)®.

(See Appendix J.)

In 1993, ICRP adopted the new respiratory tract model for radiological protection in |CRP-66'.
In this publication, the term dissolution or absorption rate replaced the term respiratory tract
clearance rate. The human body will absorb most soluble compounds from the respiratory tract
within hours or days (Type F for fast absorption, formerly caled Class D). The human body will
solubilize and absorb moderately soluble compounds in weeks (Type M for moderate absorption,
formerly called Class W). These compounds include non-oxide compounds as well as Uranium
Trioxide (UO3). The human body will solubilize and absorb relatively insoluble compounds in
years (Type S for slow absorption, formerly caled Class Y). These compounds include Uranium
Dioxide (UO,) and Tri-Uranium Octaoxide (UsOg) (ICRP-71)%. This assessment uses these
solubility characteristics for the DU oxides that are formed during impact, perforations, or fires.

The DUO; is formed after time and weathering in the environment. (See Appendix J.)

Information gathered during the process of identifying health hazards is used to estimate the
exposure and intake for specific scenariosinvolving DU. The exposure rate from the source of
DU, the potential routes of exposure, the exposure duration, the frequency of exposure, and the

individuals at risk are all factors for consideration.

The technical aspects of a health risk characterization involve several steps’:
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Source term analysis

Pathway analysis

Exposure, intake, and dose assessment
Human health risk characterization

Uncertainty and sensitivity analysis

2.4.1 SourceTerm Analysis

Source term analysis consists of estimating the amount of material, for example, in grams or
curies (Ci), released to the environment. The initial source term is the amount of materia driven
airborne at the incident source. The inhaable fraction of the source term is the amount of

material driven airborne at the source that can reach the respiratory tract (see Appendix J).

The airborne pathways (inhalation and indirect ingestion) are of primary interest for scenarios
involving DU exposures™. The main factors that influence the degree of the health hazard from
airborne particlesare: (1) the amount internalized, (2) the site of particle deposition in the

respiratory tract, and (3) the fate of the particles in the respiratory tract and the human body.

The deposition site within the respiratory tract depends on the particle size of the inhaled

aerosol.
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The fate of the particles within the human body depends primarily on their physical and
chemical properties and the physiological conditions of the lungs (for example, asthma or effects

of smoking).

See Appendix D for adiscussion on inhalability and respirability of airborne particles and

adjusting the Annual Limit on Intake (ALI) for various particle-size distributions.

See Appendix F for a discussion of calculational methodologies.

See Appendix K for a discussion of the exposure limits for uranium.

See Appendix Jfor adiscussion on the respiratory tract models, intakes, and DU transport

through the kidney.

The ingestion of material is the next most important exposure pathway following inhalation.

The ingestion pathway is composed of indirect, direct, and secondary routes of entry. Indirect
ingestion includes those particles that have been deposited in the respiratory tract and removed
by mucoecilliary clearances and transported to the gastrointestinal (Gl) tract. Direct ingestion is
the consumption of contaminated water, soil, or foodstuffs. Data were not available pertaining to
the potential contamination of water, soil, and foodstuffs. Therefore, the direct ingestion route of
exposure is not considered in any portion of this exposure assessment/risk characterization.

Secondary ingestion includes the hand-to-mouth transfer of a contaminant to the GI tract.
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The ICRP has established Gl tract transfer coefficients for many radionuclides based on their
respiratory tract clearance classification. These transfer factors for uranium are published in
ICRP-69 ™ and Appendix J. The material that is not transferred to the blood, about 82 percent to

99 percent, is excreted in the feces.

The DU oxides that are formed, DUO, and DU3Og, are considered insoluble or Class Y [or
Type S (dow)]. However, DUQO; is considered Class D [or Type F (fast)], since time and
weathering may have occurred in the environment. The ICRP considers UOs to be Class W [or
Type M (medium or moderate)]. In thisreport, the lung solubility of DUOs used is Classes D or
W (or Type F and Type M, respectively), because data have been taken from published
munitions developerstest data. Because many of the targets (or target areas) were involved in
several DU penetrator tests, over a period of time, it is possible that there was a mixing of
different oxidation states of the DU residue. Therefore, the solubility studies or dissolution rate
studies done for these tests may have a greater uncertainty associated with the measurement

results than is normally expected.

The exposure from the inhalation pathway will dominate the intake or internalization of DU,
excluding any exposure from embedded DU fragments. The airborne source term may be
estimated by the following five-component linear equation™? [see Appendix E and the

Department of Energy (DOE) Handbook-3010-94]:

<- Initial Source Term ->

Source Term= MAR * DR* ARF* RF* LPF

<Initial Respirable Source Term>»
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Where:
MAR = Material-at-Risk (Ci or grams)
DR = Damage Ratio
ARF = Airborne Release Fraction (or Airborne Release Rate for continuous release)
RF = Respirable Fraction
LPF = Leakpath Factor

Theinitial source term and initial respirable source term are products of the first three factors and
first four factors, respectively. A reduced source term after a subsequent stage of deposition or
filtration is a product of the initial source term multiplied by the LPF of the specific stage. There
can be several LPFsin an armored vehicle [for example, environmental control (EC)/nuclear,
biological, and chemical (NBC) System in operation, some or al of the hatches open, or the
vehicle being penetrated]. Where multiple leakpaths exist, their cumulative effect is often

expressed as one value, that is the product of all leakpath multiples.

The ARF and RF values are assessed separately for sources of airborne material generated during
perforation, fire or explosion of DU munitions, and surface contamination. All of the above
factors may need to be determined for particulate releases. Furthermore, the solubility of the

airborne material in the respiratory tract may be influenced by the particle-size distribution.
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DU-Aerosol Characteristics. Depleted uranium metal does not readily produce particlesin the
Size range that can be transported long distances and that can be inhaled into the respiratory tract.

The predominant mechanism to form smaller particles from DU metal is oxidation.

For each oxide generated, the conditions of the oxidation process influence both the DU particle-
Size distribution and the potential solubility in the interstitial lung fluid of an exposed individual.
Once DU particles are deposited either in the vehicle or in the environment, they may again
become resuspended into the air and be inhaled and ingested. Resuspension may be caused by
various mechanisms, both natural and man-made. The amount of DU that is resuspended will
depend on several parameters, including the nature of the deposition surface, length of time after
deposition, chemical and physical properties of the deposited material, and the manner of the

physical disturbance.

A wide variety of deposition surfaces may be encountered when evaluating DU resuspension.
For “interior” deposition such as inside a vehicle or building, the deposition surfaces tend to be
smooth, and deposited particles are less likely to become firmly attached, except for oily and
dirty surfaces. For “exterior” or environmental deposition, many types of surfaces such as grass,
sand, open fields, and streambeds may be involved. Due to the variety of surfaces that may be
encountered and the type of stresses that may be applied, estimating the resuspension factor is
complex. Given the complexity of the interaction among the various factors influencing
resuspension, there is a wide range of uncertainty in developmental test results for DU
munitions. Therefore, the results of such previous studies should be considered qualitative, and

the data must be used with discretion.
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Military Scenarios I nvolving DU Aerosol Production. Inamilitary action or maneuver, the
following situations represent the most logical initiating circumstances in which DU could

conceivably become aerosolized, Parkhurst et al., (1995b):

Fires

In atank containing DU munitions

In atank containing DU armor (this is unlikely given the design of the Abrams Tank)

In atank containing both DU armor and munitions

In avehicle or other structure hit by DU munitions

In an ammunition storage area (that is, bunker, munitions trailer, or open pallet storage)

involving DU munitions

| mpact/Perforation by DU

At an armored target
Breaching atarget containing DU munitions or armor
At or otherwise disturbing with force a DU penetrator or armor on the ground

(for example, driving a vehicle over a spent penetrator)

Explosions

Perforations into a vehicle carrying DU munitions that explode and set off the propellant

in the munitions, similar to afire.
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Exploding munitions (DU or other type) in a disabled vehicle that has DU residue
present.
Explosion in an ammunition storage area (that is, bunker, munitions trailer, or open-

pallet storage) involving DU munitions.

In any of these scenarios, the resulting DU components are likely to be in the form of DU metd
or DU fragments, intact or fused with other metals, or DU oxide powder. The DU oxide (for
example, DUO, or DU30Og) is the portion that may become aerosolized under certain conditions
and is most likely to be formed when the metal is exposed to open flames and when impacted
againgt hard targets. The DUO3will be formed if DU is alowed to corrode in the environment,

Parkhurst et al., (1995b).

Environmental oxidation or corrosion of metallic fragments may contribute to DU-aerosol
production. DU fragments solubilize at the rate of about 1 percent per year when exposed to
environmental conditions*®. The rate of solubilization is dependent upon climatic conditions.
The potential DU inhalation hazard is from the DU residue (oxides) formed by the fire or impact

or perforation. The amount of DU oxidized depends on the circumstances.

Factorsthat affect the DU-aerosol generation during a fire include the type of fuel, the number of
rounds, the type of munitions, and the type of structure housing the munitions. Some of the

factors that affect the aerosol generation during impact include type of munitions, velocity of the
penetrator, hardness/thickness of the target, angle at which penetrator strikes target, and whether

perforation of the target occurs.
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Based on areview of field test data, only a small percentage of particles generated during afire
are small enough to be entrained in the plume by the convective flow induced by the heat of
reaction in the metal. Asaresult, only afraction of the generated-DU oxides can be suspended
without violent explosions. The solubility in lung fluid of this fraction of DU oxide is usually
low, which means that many of the particles remain in the respiratory tract for more than 100

days, Parkhurst et al., (1995b).

After DU oxide particles have been deposited on the interior surfaces of a vehicle, they could be
resuspended and released from openings such as opened hatches. Resuspension of DU oxide
particles could occur by the entry of personnel into the vehicle causing air displacement, by
moving or lifting personnel or equipment, as well as by stepping in DU residue, Parkhurst et al.,
(1995h). Also, damaged vehicles recovered from the battlefield may undergo inspection or
repair. Repair activities such as cleaning, welding, cutting, or grinding may generate or suspend

DU oxide.

The data contained in Parkhurst et al., (1995b) reported that in afire, the onset of oxidationis
typically limited to areas with sustained fire temperatures. Once started, oxidation of the DU
continues for some time even after the intensity of the heat source subsides, until the DU returns
to ambient temperatures. However, as oxygen becomes deficient and temperatures fall,
oxidation may cease on itsown. DU oxides formed by fire are typicaly a dull, charcoal-colored
powder. DU fragments embedded in atarget or laying loose on other surfaces could be engulfed
in afire, producing black ash or powder. In theory, oxidation may aso occur in a much shorter

timeframe at the surface of the DU penetrator that becomes “scorched” by the fire. The resulting
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surface scale-like oxide appears to be more firmly attached and less likely to be dispersed than
the oxide powder, Parkhurst et al., (1995b). Oxide produced in afire is more likely to be
dispersed by explosions of undetonated ordnance rather than from fire. The plume may carry off
some DU oxide if the fire lasts along time and is sufficiently strong. Explosions from afire may
propel intact DU components away from the high temperatures, reducing the opportunity for

oxidation, Parkhurst et al., (1995b).

In an impact and perforating event with atarget dense enough to slow down or stop the
projectile, DU metal alloy can fragment and produce spall that, if sufficiently heated, can oxidize
quickly generating particulate matter. In certain instances, all of this material may remain
“captive’ within the target until dispersed by outside forces. In cases where the projectile
penetrates the target partially or completely intact, spall and DU alloys are the most likely

remnants left behind at the target's entrance and exit holes, Parkhurst et al., (1995b).

If DU oxide is dispersed outside vehicles in the open air of a battlefield from an assortment of
circumstances, resuspension of deposited material is likely if there is vehicle and foot traffic in
the area. Entering perforated or burned vehiclesis a more direct way to encounter aerosolized
DU. Personnel entering a vehicle or handling equipment with oxide residues may disturb

particulate material thus causing resuspension.

Both specific incidents and general combat activities could generate conditions where DU could
be internalized by inhalation and ingestion. For combat activities, DU oxides may be present in

the form of residual aerosol or surface contamination in armored vehicles that have been
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perforated by DU penetrators or DU-armored vehicles penetrated by other projectiles. Vehicles
that have experienced fires that ignited DU munitions in the vehicle may have some residual
DU-oxide airborne and as surface contamination. Personnel entering these vehicles for rescue or
inspection activities could be subject to some level of airborne particles of DU oxide. The
resuspension of surface contamination or powder residue could result from the entry activities
alone. Inspection or repair activities such as cleaning, welding, cutting, or grinding may generate
or suspend particles, Parkhurst et al., (1995b). The following specific scenarios (extracted from
Parkhurst et al., 1995b) offer more detail on credible DU aerosol generation, dispersion, and

resuspension making DU oxide available for inhalation and indirect ingestion.

Fires. Firesin vehicles uploaded with DU munitions (and within storage buildings) can oxidize
the DU metal. The munitions will be “cooked-off”, thus exposing the metal surface at high
temperatures to the atmosphere in the interior of the vehicle. Burning of the propellant in the
munitions does not consume atmospheric oxygen, since the propellant supplies its own oxygen,
and combustion of the propellant occurs so rapidly that it resultsin little, if any, oxidation of the
DU metal. If other combustible materials (for example, oils, grease, fuel, cloth, paper,
cardboard, or wiring insulation) are ignited, the exposed-DU alloy may oxidize if adequate
oxygen is available. The reactions (burning of combustible materials and oxidation of DU
metal) compete for the available oxygen. Flaming combustion requires oxygen concentrationsin
excess of 15 percent, but smoldering combustion can continue at very low oxygen
concentrations. Oxidation of DU metal can consume all the oxygen available, but the rate is

greatly reduced as oxygen ions within close range of the DU metal are reduced.
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The results of field tests show that few of the particles generated by fire are small enough to be
entrained by the convective flow induced by the heat of reaction in the metal. Asaresult, only a
limited fraction of the generated DU oxides can be suspended without violent explosions. The
solubility of the oxide formed by fire is typically low, generally about 93 percent to 100 percent
ClassY (or Type S) and 0 to 7 percent Class W (or Type M). Airborne particles would tend to
be carried to the cooled surfaces, such as the sides of armored vehicles. These large metal
surface areas lose heat to the atmosphere by convection and radiative transfer, by thermophoresis
(heat flux to cooler surface), and by diffusiophoresis [mass flux of vapors (for example, water,
unburned pyrolysates) to the cooler surfaces]. With the large surface-to-volume ratios in such
vehicles, the heat loss to the atmosphere by these processes may be substantial during some
phases of the fire. The deposition of fire combustion products (for example, soot, cracked but
unburned organic materials, and water) will make deposited DU oxide particles adhere to
surfaces by providing a “sticky” surface and by sealing the particles to the surface by subsequent
deposition, Parkhurst et al., (1995b). After loss of particlesto the interior surface of the vehicle,
aerosols could be released from openings such as perforations and opened hatches. The plume

would be buoyant but partialy cooled by the heat transferred to the walls.

Without the driving force of afire and fire products, agglomeration will occur at a slower rate,

Parkhust et al., (1995h).

Vehicles Perforated by Projectiles. Heavily armored vehicles, such as tanks perforated by DU
munitions or vehicles containing DU armor, may generate aerosols by the oxidation of DU metd

during or following passage of the penetrator through the armor. Because armor thickness and
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design vary on the vehicle, the location of the impact will affect the amount of interaction
between the penetrator, the armor, and the production of DU residue and aerosols. The more
resistant the armor, the more aerosol is generated. Thisin-turn will affect the amount of DU
deposited in the vehicle' sinterior provided perforation occurs. The solubility of the DU oxides
formed by impact with a hard target is generally in the range of Class D/W (or Type F/M)

(17 percent to 43 percent) and Class Y (or Type S) (57 percent to 83 percent). The highest
radiological dose would be estimated based on 83 percent insoluble oxide (Class Y or dow
absorption) and 17 percent soluble oxide (Class D/W or fast/moderate absorption), and the
highest chemical exposure would be based on 43 percent soluble oxide and 57 percent insoluble
oxide. However, the DOD DU munitions test data that produced the 43 percent soluble

(Class D/W or fast/moderate absorption) and 57 percent insoluble oxide data (Class Y or Sow
absorption) are not believed to be representative of the OSAGWI Gulf War scenarios, since
multiple DU penetrator tests over an unspecified time period were performed on the same target
(or target area). The DU oxides formed during the earlier tests would continue to oxidize and
become more soluble in addition to being co-mingled with the oxides formed during the latter
tests. Therefore, the 43 percent soluble oxide value is not used in any DU exposure and intake

estimates.

Unpublished data™ were presented at a Depleted Uranium Working Group Meeting at the U.S.
Army Armament Research, Development and Engineering Center (ARDEC) in July 1997
concerning solubility and particle-size distribution of DU. A study initiated by the U.S. Army
Aberdeen Test Center generated these data. Studies of hard-target impacts indicated the

percentages for the three solubility classes as being the following: Class D 17 percent, Class W
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9 percent, and Class Y 74 percent. The chemical form and specific dissolution rates were not

presented. The particle size range studied extended from < 1 mmto 10 nm AED.

Greater potential for aerosol resuspension will occur if the penetrator fragments and DU residue
remain in the vehicle' sinterior. Generated aerosols could be released to the ambient atmosphere
through openings such as hatches and perforations(s), thereby, reducing the airborne
concentration within the vehicle. Deposition and surface adsorption will occur if the aerosol is
not released. Thiswill result in changes of the particle-size distribution and mass over time,

Parkhurst et al., (1995b).

Lightly armored vehicles may not present a sufficiently hard target to result in alarge amount of
shearing of the penetrator’ s surface and the production of airborne particles. Asaresult, aerosol

production with this type and softer targets would be limited, Parkhurst et al., (1995b).

Entry into Contaminated Vehicles. Personnel entering a vehicle involved in afire or perforated
by DU munitions for rescue operations, equipment recovery, and/or curiosity or souvenir
collection could potentially resuspend DU particles from residue of oxide powder. These
activities could cause air turbulence that could suspend powder deposited on surfaces, especialy
on the floor or horizontal surfaces. Examples of these activities may include the opening of
hatches that may create positive or negative pressures within the vehicle, the entering of
personnel resulting in air displacement, the moving or lifting of personnel or equipment, and the

stepping into residue of powder resulting in mechanical entrainment, Parkhurst et al., (1995b).
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I nspection and Repair Activities on Contaminated Vehicles. Damaged vehicles recovered from
the battlefield may undergo inspection and/or repair. Cleaning techniques such as abrading,
grinding, or smply dry wiping could suspend surface contamination on the area being cleaned.
Suspension viadry wiping is relatively small compared to abrading or grinding. Repair
techniques such as cutting and welding in which atorch is used to melt the materials may
suspend surface contamination by entrainment in the fume flow (the melting temperature of

DUO, is1,132° Centigrade (C), Parkhurst et al., (1995h).

Routine Combat Activities. The DU penetrators that perforate an armored vehicle but do not
penetrate the DU armor may be heated by friction as the metal is deformed by the perforation. If
the temperature is adequate and the penetrator is quickly buried in soil, the DU metal may
continue to oxidize for some period of time after burning due to the insulating effect of the soil.
To date, no observations of this behavior on any Army test ranges have been made. Subsequent
activities over the soil location such as movement of tracked and wheeled vehicles (for example,
tanks, infantry fighting vehicles, and artillery) and digging may expose the oxide to the ambient
atmosphere. Troops closely following or passengers in vehicles behind the initial vehicles could

be exposed to resuspended oxide powder for varied time periods, Parkhurst et al., (1995b).

2.4.2 Pathway Analysis

Pathway analysis (or modes of human exposure) examines the method by which an individual is

exposed to material. The individual can be exposed externally (to penetrating radiation) or
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internally to DU or both. Inhalation of DU and embedded fragments in wounds are the most

important modes of internal exposure. The principal routes of entry into the body are:

Inhalation

Indirect ingestion (swallowed sputum with inhaled, larger particles)
Secondary ingestion (hand-to-mouth)

Direct ingestion by consumption of contaminated foodstuffs, soil, and water
Embedded DU-fragments (injections)

Wound contamination

Depleted uranium is a heavy metal. Unlike the radiological characteristics of an element, the
chemical characteristics of a heavy metal are independent of itsisotopic form. All isotopes of a
particular uranium compound exhibit the same chemical behavior and possess the same physical
characteristics, however, the radiological properties are different. Both the impact of the DU
penetrator on a hard target and the burning of DU produce DU dusts or aerosols. The DU metd
oxidizes to a series of complex oxides. The uranium compounds present in a military

environment include DU metal and its oxides: DUsOg, DUO, and DUOQ:..

The solubility of DU in lung or body fluids depends on the chemical form. The inhaled DU
oxides, DU30g and DUQ,, are typically classed as insoluble or respiratory tract clearance
ClassY (or Type S). This meansthat the particlesreside in the lungs for years. However, DOD
studies suggest that DU30g and DUO, when formed during impact events and fires may be more

soluble than reported in the technical literature. Inhaled DUQOs is soluble or moderately soluble
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and is clearance Class D/W (or Type F/M). Based on the differences of solubility, the chemical

and radiological properties of DU have been considered during the health risk characterization.

2.4.3 Exposureand Intake Assessment

The exposure assessment and intake of DU and the resultant health risk characterization use
available data on the perforation of hard targets and fires involving DU munitions; the concept of
aerosol generation; and the knowledge of biological and pharmacokinetic behavior of DU inthe

body to determine the likelihood of adverse health effects in an exposed individual.

The exposure and intake of a radionuclide by inhalation and ingestion as well as the chemical
intake are calculated in the same manner. The only difference is that the exposure and intake of
aradionuclide is not divided by body weight or averaging time. For radionuclides, the dose
conversion factors (DCFs) already have a reference body weight [70 kilograms (kg)] included

alowing the dose to be expressed in energy deposited per gram of tissue.

The intake in milligrams (mg) or nCi of an airborne contaminant by inhalation and indirect
ingestion is the product of the airborne concentration in milligrams per cubic meter (mg/m?) or
nCi/m®, breathing rate (or ventilation rate) (1.2 m¥/hr, 1.668 m/hr, or 3 m*/hr), the exposure
duration (hr), and exposure frequency. Multiply the intake (nCi or mg) by the DCF (remVnCi or
rem/mg) to calculate the internal dose from thisintake. Because systemically incorporated

radionuclides can remain within the body for long periods of time, the integrated internal dose is
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best expressed in terms of the committed effective dose equivalent (CEDE) over the 50-year
period following the intake of the contaminant. (See Appendix J.) The result of this calculation
isthe CEDE in units of rem. Appendix F provides a discussion of the dose calculational

methodology.

The practical methods or models for calculating the intake of DU (resulting from inhalation and
ingestion) are discussed in Appendix F. The four modes of intake considered (either alone or in

combination) are—

Intake of the material that is airborne in the vehicle at the time of tank compartment
perforation.

Intake from resuspension of surface contamination due to personnel movement and
mechanical action within the vehicle.

Intake from resuspension of surface contamination due to personnel or vehicular
movements outside the vehicle.

One or more intakes by the ingestion of DU particles from hand-to-mouth transfer and

from contaminated foodstuffs, soil, and water (see Appendix F).

Appendix G provides the organ or tissue weighting factors. Appendix H provides the radiation
Quiality Factors (Q) and the radiation Weighting Factors (Wg). Appendix | discusses the
resuspension calculational models. Appendix J discusses the respiratory tract models, computer

dosimetry models, and transport of DU through the kidney.
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PART I1l1: TECHNICAL LITERATURE REVIEW

3.1 Summary of Reviewed Experimental Data

The aim in evaluating DOD published DU-aerosol test data was to determine if there were
adequate data to estimate the exposure and intake of DU by soldiersin, on, or near vehicles that
had been damaged by DU penetrators through fires or projectile impacts or perforations and for
the First Responders to these vehicles. This section summarizes the reviewed experimental data
of DU oxide particulate characteristics, especially those documented in reports prepared by the
Pacific Northwest National Laboratory (PNNL) and Los Alamos National Laboratory in support
of DOD initiatives. An emphasisis placed on defining a range based on experimenta data
gathered to date and factors that could cause a parameter to be outside thisrange. An evaluation
was made of the quality of the data for modeling use and areas were identified in which more
information is needed for each of the three main causes (fire, impact or perforation, and

explosion) of DU aerosol production.

Data from the Fliszar et a., (1989) report form the basis for making assumptions and estimating
the exposures and intakes of DU. These intakes were used to calculate radiation dose to the

organs and whole body and chemical concentration in the kidney.
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3.1.1 VariableFactors

Meteorology. The weather used for transport modeling may either be based on actual
meteorological data, onsite observations, or default values. With the exception of an accident at
awell-characterized testing facility, most accident situations will not occur where there are
convenient meteorologic data for the time of the incident or for the time since the incident.
Modelers may choose input parameters that best describe the general weather conditions as well

as some weather extremes.

In many cases, the conservative estimate uses the diffusion Pasquill Stability Class F or G to
simulate minimum dispersion and maximum deposition of material within 50 meters of the
target. In other cases, the downwind dispersion is most critical to the analysis. An unstable or
windy condition may be used instead to assess the possibility of offsite populations receiving
substantial exposure to the aerosol plume. Surface terrain has an effect on meteorology,
deposition, and resuspension and again may be modeled based on site knowledge using standard
defaults or extremes. Selection of these factorsisleft up to the modelers and is not addressed

further.

A munition impact on DU armor, a perforation by a DU penetrator, or an explosion involving

oxidized DU will result in an instantaneous release in the form of a puff. The instantaneous puff
release will result in acloud of DU at an elevated temperature. Because of the formation of this
cloud, the Gaussian puff trajectory model is more appropriate than the plume model to describe

movement of DU and other material downwind asit spreads from the point of origin. The
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instantaneous puff release will be followed by a much slower release rate, which will depend on

the conditions of the debris following DU penetrator impact, Parkhurst et al., (1995b).

For the impact, perforation, or explosion scenarios, the transport model should be the Gaussian

puff trajectory model. For fire scenarios, the transport model should be the Gaussian plume.

Airborne Release Fraction (ARF)

Fire ARF. Unless more redistic information is known from observations and measurements, the
total quantity released, or source term, may be calculated as the total inventory involved in the
incident multiplied by the probable fraction oxidized and suspended or by the fraction

aerosolized.

The following studies, mostly involving palletized munitions, evaluated the generation of

aerosols produced by fires:

Gray (1978)

Mishimaet al., (1985)
Haggard et dl., (1986)
Mishimaet a., (1986)

Hliszar et d., (1989)
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Parkhurst et al., (1990)

Parkhurst et al., (1999)

In Parkhurst et al., (1999), a BFV uploaded with a complement of 25mm cartridges was set on
fire to evaluate the consequences of DU oxidation and environmental dispersion during a
catastrophic fire. Thistest provided information to better understand recovery procedures
following such anincident. A non-functional and non-armored but structurally sound vehicle
hull was used. No fire suppression equipment was used in this study. For safety reasons,
training rounds were used instead of high explosive cartridges, and the missiles present were
defused or inert. Asaresult of these actions, the test could not fully smulate an actual burnina
fully loaded condition. However, it did maximize the potential for DU oxidation and
environmental dispersion of the oxide (Parkhurst et al., 1995b; Parkhurst et a., 1999). Air
monitors and deposition trays were set up at various distances from the vehicle to intercept DU

in the fire plume.

The fire fully engulfed the BFV and cooked off the cartridge propellant and rocket motors, which
were responsible for some explosions. Trace amounts of DU (maximum of 5.5 x 10*°nCi/cm®

or 1.4 x 10° mg/m®) were found in several of the air samplers most directly in the path of
prevailing winds. The deposition trays [100 square centimeters (cm?)] directly adjacent to the
vehicle showed the most DU with a maximum of 1.65 mg. Other deposition trays in the path of
the dominant wind direction aso collected some DU with the largest amount, 0.0012 mg,

collected at 100 meters. It appeared that the explosions, rather than the fire, were responsible for
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suspending oxide in the wind plume and that the suspended material deposited rather quickly

(within a short distance).

Table 5 summarizes data related to palletized fires involving DU munitions.

Table 5. Aerosols from Palletized Fire Tests

Solubility &
DU Oxide Dissolution | Particle Size Airborne Sampling Analysis Reference
Composition | Half-Time Fraction Methods Methods
(Tys) Class
Mostly UsOg | 96% - 98% | = 0.2% <20 Worst case: | Air samples, Gamma spectro-
Class Y, mm AED:; 0.6% not Mass recovery; analysis, PNL-
2% — 4% =0.07% <10 | recovered monitoring x-ray diffraction, | 5gog:
ClassD mm AED and may meteprological _solubi I_it_y in Hagg'ard et
have become | conditions interstitial lung a
. A ., (1986)
airborne fluid; sieves,
liquid
sedimentation,
and particle
Good’ Good’ Good' Somewhat morphology
uncertain’
Not 96% - 98% | =0.2% <20 =0.2% small | Visua Deduction based
determined, | ClassY; :m AED:; enough to be | observationand | on similaritiesto | PNL-
but assumed | 2% — 4% =0.07% <10 | suspended repeat of testson 120mm | 6084;
to be U30g ClassD mm AED conditions from Mishima
120mm tests et al.,
(1986)
Good' Good' Good*
35% DU 93% Class 0.1%-0.2% | Not Air sampling and | Mass balance,
oxidized, all | Y : oxide had an | measured deposition trays | sonic sieve, x-ray | PNL-
oxide U3Og Ti =240 AED <10 nm, to collect diffraction, 7232;
days 5% < 20 nm:; airborne oxides solubility in Parkhurst,
nonspherical from external simulated lung et al.,
7% ClassW | and ammunition fire | fluid. (1990)
crystalline Same as above.
Fair to
Good’ Good’ Good'

* Represents subjective assessment by the authors of this report.

In the Parkhurst et al., (1999) BFV Burn study, more than half of the DU penetrator inventory

was recovered fully or nearly intact. Some of the remaining penetrators were buried in the pools
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of moltened auminum. Instrument readings and visual observations clearly showed that oxide
had also been formed. Some oxide even coated the aluminum-covered BFV treads. Most of the
remaining oxide was probably mixed with the ash. One nearly pure pile of oxide was analyzed
and found to be DU30Og. The particle size analysis determined that 6.5 percent of the DU was

£ 3.3 nm AED and the RF was 33 percent (£ 10 nm AED). The AED refersto an individual
particle, and the activity median aerodynamic diameter (AMAD) refersto the entire particle
distribution. The AMAD was 13.3 nm. The DU residue was entirely insoluble in Class 'Y (or

Type S), with a dissolution half time greater than 100 days.

During the recovery portion of the test, explosive demolition of the hull was used to split it into
smaller parts for disposal. Each explosion briefly suspended DU oxide/ash mixture. Air
monitors and deposition trays set around the vehicle collected particulates during these events.

Tables 6, 7, and 8 summarize test data from Parkhurst et al., (1999).

Table 6. BFV Burn Test

DU Oxide Solubility, Ty, Particle Size Sampling Analysis Methods
Composition Dissolution Rate Methods
~35% DU oxidized, ClassY > 99% 6.5% £ 3.3 Mm AED; | Air monitors, | X-ray diffraction,
all oxide DU304 Class D < 1% 33% £ 10 nm AED; deposition scanning microscopy,
Ty,>100days | AMAD =133mm | IS ISSr']Lébf'l'l'%'” simulated

Air monitoring was conducted using stationary and portable high-volume air samplers and

deposition trays.
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Table 7. BFV Air Monitoring
Mass of DU Caollected on Filters [Micrograms (ng)] at Various Distances

Collectors £100 m 100 m 200m 300m 400 m
Air monitors 34 to 50 0.76to0 13 0.35t0 2.4 0.23t0 0.95 0.10t0 0.32
Deposition trays 0.0001 to 0.36 0.002to0 1.2 0.001to 0.04 NA NA
NA: Not Available
Table 8. BFV Air Sampling Results
Mass (mg) and Airborne Concentration (mCi/cm®) at Various Distances
Location Mass Activity
Monitor Mass (ng) Concentration Concentration
Meter Degree (a5 Upa) (mg/m®) (nCi/cm?)
AP-3 30 315 49.9 14E-5 55E-15
S1-9 100 330 12.6 4.7 E-6 1.8E-15
S1-23 100 75 9.81 29E-6 1.1E-15
S2-8 200 295 2.37 8.4 E-7 3.2E-16
S35 300 300 0.95 3.2E-7 1.2E-16

The above results (Tables 7 and 8) are uncorrected for uranium in the background, which
averages about 1.6 x 10™° nCi/em® or 2.4 x 107 mg/m®. Because of the long sampling time

(29 hours), the sampling results probably underestimate the maximum airborne concentration
which would have occurred at the time of greatest dispersion and probably overestimate the
concentration for the rest of the time. These results are below the calculated occupational limit
from the U-234, U-235, U-236, and U-238 NRC derived air concentrations for Class Y (Type S)
(insoluble) airborne DU of 2.0 x 10™* nCi/em® or 5.3 x 102 mg/m®. The above airborne
concentrations are also less than 6 x 10 nCi/em® or 1.6 x 10 mg/m®, which if inhaled
continuously over ayear (365 days), would result in a CEDE of 0.05 rem. A DU airborne

concentration of 1.2 x 10™ nCi/cm® or 3.2 x 10°® mg/m? will result in a CEDE of
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0.001 rem for continuous inhalation of that airborne concentration for ayear. Therefore, an
exposure to the highest airborne concentration in Table 8 for a year would result in atotal
effective dose equivalent (TEDE) of 0.005 rem, Parkhurst et al., (1999). For perspective, this
value of 0.005 rem for a year could be compared to the total average annual dose of 0.1 rem
received by members of the U.S. population from naturally occurring radiation, excluding radon.
The TEDE to individual members of the public is limited to not more than 0.1 rem per year

excluding background and radiation from any medical administration'®.

In addition to NRC limits, workplace exposure limits (40 hours per week) have been established.
The OSHA permissible exposure limits (PELS) for inhalation of insoluble Class Y (or Type S)
uranium compounds are 0.25 mg/m® and soluble Class D (or Type F) are 0.05 mg/m°®. The
American Conference of Governmental Industrial Hygienists Threshold Limit Values (TLVSO)
Time-Weighted Average (TWA) airborne concentration of soluble uranium Class D (or Type F)
and insoluble uranium Class Y (or Type S) is 0.2 mg/m®. Therefore, the NRC DU mass
concentration of 5.3 x 10? mg/m?® is below the PEL of 0.25 mg/m® and TLV-TWA of 0.2 mg/m®.
(See Appendix K for adiscussion of exposure limits for uranium and their relevance for a

retrospective evaluation of exposures and intake of a contaminant for a battlefield situation).

Table 9 summarizes field results for DU munitions fire incidents.

TLVCisa registered trademark of the American Conference of Governmental Industria
Hygienists, Cincinnati, Ohio.
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Table 9. Aerosolsfrom DU Munition Fires

DU Source Oxidized Chemical Particle Size Solubility & Reference
Fraction Composition Dissolution T4, Class
105mm None DU metal Penetrators intact -- PNL-2670;
Gilchrest,
et al.,
(1978)
120mm, About 84% | DU oxide—form | No measurable levels > 99% Class Y PNL-4459;
wc_Jod_en undetermined of airborne DU Hooker. et
shipping case Good* al., (1983a)
120mm, wood About 85% Predominately 0.2 wt% to 0.65 wt% Ty > 100 days>99% | PNL-5415;
U;Og <10 nm AED Class Y Mishim
< 0.1 wt% respirable (Iat ;I.'a,
120mm, metal | About 9.5% Predominately 0.2% < 20 nm AED,; 96% —98% Class Y; | PNL-6084;
cae Uz0s 0.07% < 10 nm AED 206—4% ClassD | Mishimaet
al., (1986)
ggSSGmm, metal Particles non-spherical
and crystalline PNL-5928;
Haggard et
Good* Good* Good* alag(g 1986)
About 35% 100% U3Oq 0.1% - 0.2% < 10 nm >99% Class Y PNL-7232;
25mm AED; 5% < 20 nm (Tyo = 240 days) ; Parkhurst
AED; ~17%in . etal.,
respirable range 7% Class W (1990)
Good* Good* Good*
25mm/BFV < 35% oxide > half of 6.5% £ 3.3 nm AED,; 100% Class Y PNNL-
and inventory 33% £ 10 nm AED; 12079;
penetrators |\ overed intact: 13.3mm = AMAD Parkhurst
buried in oxide sample eta.,
: 1999
et | ol -
0,
with ash 100% U3Oq
d d Good*
Good* Good Good

* Represents the author’ s subjective assessment of the quality of data.

In the Parkhurst et al., (1995b) study, firesinvolved munitions only. In these fires, the oxidized

percent ranged from O to 94 percent. The percentage depended on whether DU remained in the

fire or was gjected by the propellant or other explosives. The quantity of oxidized DU, that was
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suspendable for a significant period of time, was likely to be 5 percent or less, Parkhurst et al.,
(1995h). In oneinstance, where oxidizing material was trapped within a vehicle hull, the particle
size of the oxide generated was finer than other examples and suggests the possibility in limited
circumstances of generating well over 33 percent of potentially suspendable material, Parkhurst

et al., (1999).

In the Fliszar et a., (1989) study involving both DU munitions and armor, afire ensued in an
uploaded Abrams heavy tank during impact, Test 6B. Resultant downwind exposure data were
collected. It was estimated that approximately 10 percent of the mass of the penetrators
uploaded within the vehicle oxidized as aresult of the fire. Six high-volume air samplers
collected DU down range specifically from the fire at distances of 28 metersto 100 meters from
the burning vehicle. The airborne concentrations measured at those distances range from

5 x 10™*® nCi/em?® to 3.5 x 102 nCilem® (1.3 x 10° mg/m® to 9.2 x 10 mg/m®). The sampling

took place approximately over a four-hour period after the fire started.

Based on field tests, the following input [Qu.v is the most likely value of the source term (Q)
and Qrange IS the range of the source term] values are suggested by Parkhurst et al., (1995b) for

firesinvolving DU:

QumLv: 10 percent oxidized * 1 percent aerosolized = 0.1 percent of involved inventory.

Qrange: 0t0 (85 percent * 50 percent) = 0 to 43 percent of involved inventory.
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Mishimaet al., (1985) concluded that during afire or burning about 0.6 percent by weight of the
DU oxide had a respirable fraction that could become airborne. The percent of the DU oxide that
was less than 10 mm AED was between 0.2 percent and 0.65 percent. According to Parkhurst et
al., (1995b), the oxide formed from burning DU is only 2 percent to 4 percent soluble in lung

fluid.

During the incidents that involved fires initiated by DU munitions perforation, it is believed that
an undetermined quantity of DU may have been removed from the ambient air in the tank after
the Halon fire suppression system activated. Data are insufficient to draw conclusions except
that the DU airborne concentration would be reduced. The MLV for the percent of DU airborne

concentration from fires was about 0.1 percent.

Table 10 summarizes the fire suppression equipment and method of activation. However, when
activated, the effect of the fire suppression equipment on the airborne concentration of

contaminants in the vehicle is not known.

Table 10. U.S. Armored Vehicle Organic Fire Suppression
On-Board Equipment

Vehicle Fire Suppression Equipment Method of Activation Remarks
M1 Abrams | 1ea 7 Ib. Halon Bottle Automatic Crew Compartment
2 ea. 7 |b. Halon Bottles Automatic Engine Compartment
2 ea 2 ¥ Ib. Hand-Held Halon Bottles Manual Crew Compartment
M2 BFV 1 ea. 51b. Halon Bottle Automatic Driver Compartment
1 ea 51b. Halon Bottle Automatic Troop Compartment
1 ea 7 Ib. Halon Bottle Automatic Engine Compartment
2 ea 2 ¥ Ib. Hand-Held Halon Bottles Manual Crew Compartment

Reference: ARDEC, May 1998, p 4-11.
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Hard-Target ARF. The following studies have evaluated the generation of aerosols produced by

hard-target impact or perforation:

Glissmeyer et d., (1979)

Chamberset a., (1982)

Wilsey and Bloore (1989); Fliszar et d., (1989)

Parkhurst et al., (1990); Jette et al., (1990); Parkhurst et al., (1994b)

Parkhurst et ., (1995b); Gilchrist et al., (1999)

In the Glissmeyer et a, (1979) study, one of the first impact tests was performed. They
concluded that up to 70 percent of the DU penetrator’s mass was aerosolized when it hit but did
not penetrate a hard target. This value was back calculated from observed cloud data, and
according to the authors, may be an overestimation due to the method used to estimate the
aerosolized fraction. A number of other testsindicate that aerosol levels produced when
perforation occurs are considerably lower. In atest conducted by Jette et al., (1990) and reported
in Parkhurst et al., (1995b), it was postulated that less than 18 percent of the penetrator was
aerosolized and that 24 percent to 43 percent of the respirable dust was soluble in lung fluid.

This postulation was based on data from real-time continuous monitors. The percent aerosolized
from hard-target impacts ranges from 10 percent to 37 percent. The MLV is 18 percent, which is
the value used in this report for the OSAGWI Level | scenarios. For soft-target impacts, the

percent aerosolized ranges from <1 percent to 10 percent.
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In the Hiszar et al., (1989) study, hard impacts of DU armor in an Abrams heavy armor tank by
various munitions were performed. Air samplers were used to measure the amount of airborne
DU inthe turret compartment and downwind. The personal air samplersin the tank
automatically shut off anywhere from the time of impact up to afew minutes after perforation of
the Crew Compartment in Test 5A, thus causing uncertainties in the data (see Part 1V). Table 11
summarizes DU collected by air monitoring for all seven of the Fliszar et a., (1989) tests
involving the same Abrams heavy tank. Test 5A involved a 120mm DU penetrator that
penetrated the DU armor into the Crew Compartment. Test 5B involved a 120mm tungsten
penetrator that penetrated the DU armor into the Crew Compartment. Test 6B involved afirein

the uploaded Abrams heavy tank following impact. All the tests involved the same Abrams tank.

Table 11. DU Caollected by Air Monitors (mg)

5-100 m 5-100 m
(outside plume (inside plume
path) path)

1 11 2-21 950 (5 m) 0.6 0.4 - 81 -100

2 6.3 0.2-45 23-320 13 0.2 18 ND* - 69

3 2.0 4-70 240 — 14,000 4.6 0.5 0.4 76 - 84

4 0.07 18-7 10-62 12 0.4 0.1 57 -94
5A 3700 ND* — 10 77 — 3300 2.3 0.3 0.4 29-100
5B 4600 05-21 44 — 2000 27 4.3 14 76 - 100
6B - - 44 — 1400 2.4 2.8 0.6 88 - 89

*ND: None Detected
Reference: Fliszar et al., (1989) and Parkhurst et al., (1995b)

Munson et a., (1990) (draft)™ summarized reported data from impact tests of a DU penetrator

with a hard-target (plate). The tests would have resulted in aerosol production of 12 percent to
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37 percent of the penetrator. There would have been oxidized DU and DU fragments both inside

and outside the vehicle. This document also provided guidance for entry and cleanup operations.

When a DU munition impacts or perforates a hard target, it forms DU dust of which
approximately 10 percent to 37 percent is suspended in air, and approximately 60 percent to
96 percent is respirable according to Parkhust et al., (1995). The DU dust formed on impact is
17 percent to 43 percent soluble Class D (or Type F) in lung fluid and 57 percent to 83 percent
insoluble Class Y (or Type S) inlung fluid. Table 12 contains the estimated airborne fractions
from impact or perforation tests conducted by Glissmeyer et d., (1979) and Wilsey and Bloore
(1989). Theresultsin Table 12 show an oxidized fraction range between negligible and 35
percent with the percent of suspendable oxide between 0.2 percent and 70 percent. Wilsey and
Bloore (1989) estimated that 42 percent to 92 percent may be aerosolized. Tables 12 and 13

summarize aerosol data from hard-target DU impact tests.

With such variability, estimating a Qu.v or providing a reasonable range is difficult.

Chemical Form. Uranium chemistry is complex and the exact composition of the oxide may be

uncertain. Uranium and DU are reactive metals that will react with most of the nonmetallic
elements and form inter-metallic compounds. DU metal will oxidize becoming UO; at 20° C to
25°C. Initialy, the metal has a shiny platinum-like surface. After the metal has been exposed to

20° Cto 25° C air for three or four days, the metal surface becomes black. Therefore, the metal
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Table 12. Aerosols From Hard-Target Impact Tests and Analysis Methods

DU Oxide Solubility and Particle Size Airborne Fraction Sampling Analysis References
Composttion | pjssolution _and Methods Methods
Tuo Distribution
Distribution
= 75% U3O0g= | 43% solublein | Geometric Respirable Tota Gamma
25% UO, 7 days mean size: 2.5 fractions = 50% particulate air spectro- PNL-2944;
: £ 3.3 nm AED): samplers, high- | analysis, alpha .
ClassD to3m AED; | (£ ED): 1 Volume cascade counting, Glissmeyer
DU collection did not consider ) et al.
57% S ticle § impactor, fluorometry, !
per firing: = particie size Lundaren or (1979)
Class Y 360 grams between 3.3 nm -undg &
Y d 10 rm: impactor, fluorescence,
within 50 ft of g'r:borne : depositiontrays | x-ray
targets particulate = 70% glrrggccgr?rq N
of total back eaning
calculated from ;
doud microscope
Good* Good* Reasonable* Uncertain*
Not 24% - 43% | 61% - 96% of Measured 0.2% — | Sequential air | Chemical
de'ttﬁ_rmslt nead in ClassD aerosol 0.5% of original wmpll_ers (fsta%e separationof | pNL-7452;
S sampling for ranium,
R 57((;/;’ - 73% <10 nm AED; mess, up to 18% hourp r;ogt shot) gcintlruex UA-3 | tteetd.,
s depending on cascade Uranium (1990)
cartridge type impactor, and a | Analyzer
cyclone
Good* Reasonable* Reasonable*
Not I nsufficient Avg. approx. Max: 0.0014 Air samplers, Laser PNL-9741,
determined in material 14 ngon mg/m® impact fluorometry Parkhurst et
this study collected for | impact coupons coupons, al., (1994b)
analysis deposition trays

* Represents the author’ s subjective assessment of t

he quality of the data.

surface has oxidized and has become DUO,. DUQ:; is hyperstoichiometric as a result of surface

oxidation. Finely divided DU metal is reactive (sometimes called pyrophoric), oxidizing to

DU30g in air. The chemical form of the pure uranium oxide is DUOs; when formed at
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1 atmosphere oxygen (O,) pressure and below 500°C. DU30Osg is the stable phase when formed
above 500°C. In limited oxygen environments or as an intermediate, DUO; is formed, Parkhurst

et al., (1995h).

As weathering takes place, DUO, further oxidizes and hydrates, and nonstoichiometric
combinations of uranium and oxygen are formed. In situations where cleanup is delayed long
enough for severe environmental weathering to occur, vegetation may play a significant role in
forming complexes to assist uptake of minerals. This environmental weathering depends on
humidity, temperature, and soil chemistry. Knowledge of the chemical formis useful in
estimating the weathering time (tw). The chemical form is required to assess the chemical and
the radiological dose and resulting health effects. The chemical form most likely to be
encountered in battlefield situations is DU3Og, athough oxides from DUO, and DUO3; and

related forms may also be present, Parkhurst et al., (1995b).

Depleted uranium penetrators or DU fragments that are not recovered from test ranges or the
battlefield are subject to environmental oxidation and corrosion. The extent of this

environmental oxidation and corrosion depends on a variety of factors, some of which include
moisture, soil composition, length of time in the environment, the extent of damage to the
penetrator, and whether the penetrator or fragment came to rest above or beneath the soil or plant

surface.
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Table 13. Aerosols from Hard-Target Impact Tests and Sampling Methods

Solubility &
Dissolution T
Class
105mm | =75% UsOg= | Respirablefraction=50% | Geometric meanof | Respirable Total particulate
25% U0, £ 3.3 nm AED, airborne 25to3nmAED | fractionsfrom | samplers; high-
particulate = 70% of each Q"Fr)]?)?(ters 43% ?’rﬁlplg‘t%fgscade
penetrﬁtor .(calcula;tle.d); solublein 7 Lundgren’ PNL-2944;
DU co ectlon.pe.r iring days; total impactor, Glissmeyer
~360 grams within 50 ft particulates: deposition trays etal
of target 15% soluble in (1979)
7 days;
remainder
insoluble
Good* Good* Good*
105mm Not determined 17% - 28% 2.1nm AED using | Not determined | High- and low-
high-volume vol ulmeI total
impactors; 5.8 nm particulate i )
using low-volume samplers; high- g’ﬁ“c_hﬁgtgét
impactors and IovG\!/- volume ., (1999)
impactors
Good* Good*
med to be 0.3% - 2.0% measured; Very fine, AMAD 17% ClassD; | Total particulate
25mm Assumed to recommends estimating of 0.1-1.1 rm 83%ClassY | samplersand
UsOs <10% airborne using sample | high-volume PNL-7232:
fraction<lnm | cascade Parkhurst et
AED Impactors al., (1990)
Reasonable* Good* Good* Good*
120mm 0.02% - 0.04% of original 91% - 96% of Respirable Sequentia
mass; possibly up to 18% | aerosol <1 niAED | fraction: 24% - | samplersfor total
if real-time monitor ratio 43% ClassD; | Particulates,
is used; 15% - 25% value ClassY 579%- | cascadeimpactor, .
recommended 76% cyclone, building | PNL-7452;
Not identified 0 real-time aerosol | Jetteet al.,
monitor (1990)
Good* Good* Good*
105mm 0.2% - 0.5% of original 61-89% of aerosol | Respirable Sequential
meass; up to 18% if real- <10-nm AED fraction: 22% - | samplersfor total
time monitor ratio is used; 48% Class D; particulates,
o 15% - 25% value Class Y 52% - Ccascadydon:”g‘&f‘gitﬁér PNL-7452;
Not identified recommended 78% real-time aerosol Jet(tleggto?l.,
monitor
Good* Good* Good*
105mm 14 ny collected on Not determined Not determined | High-volume air
experi- coupons samplers, impact PNL-9741;
mental; Not identified coupons, Parkhurst et
field test deposition trays al., (1994)

* Represents author’ s subjective assessment of the quality of the data.
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Unpublished data™ concerning solubility and particle-size distribution of DU were presented at a
DU Working Group Mesting at the ARDEC in July 1997. A study initiated by the U.S. Army
Aberdeen Test Center generated the data. Studies of DU collected from DU firing ranges
indicate the solubility percentages for the three classes as being: Class D 64 percent, Class W

7 percent, and Class Y 29 percent. The chemical form and specific dissolution rates were not

presented. The particle size ranges from< 1 mmto 10 mnm AED.

Extreme environmental conditions could possibly promote coagulation or agglomeration of small
particles by increasing the particle size. Environmental conditions might increase the AED with
time as coagulation proceeds and might also decrease the median diameter of the particles
remaining in the air after an additional time owing to the settling of the larger agglomerates that

form continuoudly.

Parkhurst et a., (1995b) found that assuming a predominance of DU30Og is reasonable for most

battlefield situations when assessing short-term conditions.

Particle Size. Particle size will affect the initial suspendability of the oxidized materia and the
fraction deposited in the different regions of the respiratory tract. Immediately following an
impact or perforation, the DU aerosol puff will be a mixture of dusts, fumes, and smokes. Asthe

puff cools, DU will agglomerate into particles with sizes ranging from very small to very large.
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Because of this evolution, particle sizes are difficult to predict. However, most of the data
accumulated in field tests show that a portion of the oxide produced falls within the respirable

size range (<10 nm AED).

Aerosols generated by mechanical processes (impacts or perforations) should be considered
separately from those generated during combustion or fire. This has been proven to be very
useful. Inthe Glissmeyer et d., (1979) study, the particle sizes that have been reported in one
impact study are 2.5 mmto 3 mm AED, for aerosols generated from hard targets. In Jette et al.,
(1990) where hard targets were also used, the fraction of the aerosol with an AED less than

10 nm was between 21 percent and 96 percent. The residue generated from field tests has been
collected from DU powder during test recovery. The various DU shots on targets were
conducted in the DU containment facility “ Superbox” at Aberdeen Proving Ground, MD.
Uranium concentration over time using average sequential sampler data indicated a reduction in
concentration of over two orders of magnitude within approximately 8 minutes after the peak
uranium concentration at time O was measured. These data do not indicate to what extent the air
handling/filtration system within the “ Superbox” contributed to particle settling and removal.
Although Jette et al., (1990) demonstrates a reduction in the uranium concentration over time,
the data were not used in the OSAGWI exposure scenarios, because the “ Superbox” ventilation
system was on during this run and contributed to the reduction of the DU airborne concentration
by some undetermined amount. Table 14 summarizes the particle-size distribution for respirable
particles (< 10 nm AED) from hard-target impact and perforation studies. The particle-size

distributions presented in Table 14 do not consider the mass percent of aerosolized DU above
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10 mm AED. The denominator for these fractions was the total mass of particles with an AED

less than 10 nm. The particle-size distribution appears to agree between the studies with respect

to the mass percent below 10 mm AED. Because of the lack of particle size information above

10 nm AED and total DU airborne concentration in these studies, the weighted mass percent was

not used in the OSAGWI exposure scenarios.

Of these nonaerosolized powder particles, 0.07 percent (Haggard et al., 1986; Mishimaet al.,

1986) to 33 percent of the total residual oxide sampled was £ 10 nm AED.

In an unpublished study conducted by ARDEC personnel, a BMP-2 was challenged with a
120mm DU munition (Test 5). Air sampling from resuspension was conducted on the BMP-2

hull well after the 120mm DU round impact. Particle-size distribution was determined only at a

one-timeinterval for Test 5. Because of this, the particle-size distribution for the single-time

interval was used in conjunction with a stirred settling model, which predicted the DU particle-

Size distribution over time in a closed chamber. Severa limitations were identified with using a
stirred settling model for Test 5:

Table 14. Mass Percentage of DU Aerosol Particles (< 10 mnm AED) within

Particle Diameter Ranges for Hard-Target perforations

Particle Size Studies Weighted Mass Percent (%)
Range (mm) + Standard Error of Mean
BRL-TR-02435; | BRL-TR-3068; PNL-7232; PNL-7452;
Chamberset al., Fliszar et al., Parkhurst et al., Jette
(1982) (1989) (1990) et a., (1990)
>7.0 281+19 8.6+59 153+ 117 18.3+ 6.2 254+1.7
3.3t07.0 11.3+0.9 12.1+13.9 9.3:+5.3 86+18 10.8+0.7
2.0t03.3 7205 13.2+ 8.0 74+43 8.8:+0.3 8.4+0.3
1.0t0 2.0 9.3:12 17.8+ 175 6.5+ 3.6 9.6+:04 9.6:0.1
£1.0 442+19 525+ 16.7 61.5+21.1 548+ 7.4 453+ 1.7
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Particle-size distribution only determined at one-time interval.

Particle-size distribution was determined in a BMP-2 hull as opposed to aBFV, aT-72,
or an Abrams tank.

Particle density may differ under other circumstances and would vary according to
porosity, occlusions, or agglomerated structures.

The chamber used to model particle settling and mixing was considered a closed system,
whereby particles do not enter or exit.

The BMP-2 hulk was in a severely compromised state (structural damage resulting in
numerous holes in the hulk).

Diffusion and resuspension of settled particles and particle deposition were considered in

the particle-settling model but not included in the calculation.

Keeping in mind the limitations, the model predicted a reduction in the aerosol concentration by

50 percent after 10 minutes when using the particle-size distributions determined from Test 5.

The DU aerosol concentration in Test 5 appeared to change with respect to time after applying
the stirred settling model. Data from the modeling indicate that the total DU airborne
concentration drops to 50 percent of the original concentration within 10 minutes, 25 percent
within 50 minutes, and 12.5 percent within 34 minutes. The overall DU airborne concentration
drops very quickly in the time sequence due to gravitational settling of the larger particles but not
as quickly as time goes on, since the smaller more respirable particles take much longer to settle

out, Fliszar, R.W., personal communication, (2000).
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In amore recent test involving DU munitions against an armored vehicle, unpublished data from
sequential air sampling over a period of 35 minutes indicate a significant reduction in the initial
mass of DU collected onfilters. Thisindicates the DU-airborne concentration would have
behaved similarly. Personal air samplers were positioned in the armored vehicle prior to a DU
impact and turned on after impact. The samplers were programmed to collect DU on filtersin an
atmosphere with aerosolized DU by sampling in five-minute intervals. Only four sets of air

samplers were used in this sequence, and the sampling time after impact was as follows:

0 to 5 minutes after impact: #1 air sampler ran

5-10 minutes after impact: time interval not sampled
10-15 minutes after impact: #2 air sampler ran

15-20 minutes after impact: time interval not sampled
20-25 minutes after impact: #3 air sampler ran

25-30 minutes after impact: time interval not sampled

30-35 minutes after impact: #4 air sampler ran

The unpublished data indicate that after the #2 set of air samplers ran (10-15 minutes after
impact), the mass collected on the filter was nearly 10 times less than the mass collected on the
#1 set of air samplers for the 0-5 minute sampling time. The DU-airborne concentration sampled
in the armored vehicle was the result of a glancing blow, not atrue perforation, Parkhurst, M.A.,

personal communication, (2000) and Fliszar, R.W., personal communication, (2000).
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The unpublished data do, however, support the theory that the DU-airborne concentration
decreases over time due to gravitational settling but to what extent for the OSAGWI exposure
scenarios is not known. As part of the upcoming live-fire tests to simulate Gulf War fratricide
incidents, time integrated DU-airborne concentrations and particle-size distributions will be
included in the test development plan. Time integrated DU-airborne concentrations and particle-
size distributions will better address Level | First Responder exposures, intakes, radiation doses,

and kidney concentrations.

Table 15 summarizes the particle-size distribution from fires that involve DU munitions

asreported in Parkhurst et al., (1990).

Table 15. Mass Percentage of DU Aerosol Particles Within
Particle Diameter Ranges for Fires

Particle Size Range Mass Percent

(nm) (%)

>210 29.7
210-105 215
105-37 314
37-20 12.5

20-10 4.4

<10 0.5

Due to its pyrophoric nature, many of the DU metal fragments and particles that are formed
during and following impact or perforation will spontaneously ignite, resulting in a shift of

particle size probability distribution function (PDF) to a smaller mean diameter. These shifts are
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aresult of physical differences between DU and its oxides. The oxide particles tend to crumble
under relatively weak mechanical forces, further shifting the particle size to an even lower mean

diameter.

The chemistry and, in particular, the solubility of the DU fragments and their oxides in the

natural environment define, in part, the possibility of transport from the spent DU munition to

soil, plants, water, animals, and eventually to the human.

Non-Radiological Contaminants. Patrick and Cornette, (1979) determined the elemental

composition of individual DU particles from hard-target perforations. Depleted uranium
particles frequently contained iron, aluminum, silicon, calcium, magnesium, potassium, titanium
and tungsten as a result of contamination during impaction or perforation. These contaminants
are inconsequential from a dose and chemical toxicity standpoint, but they may influence the

solubility of the DU compounds.

Environmental Deposition.

Dry deposition of DU particles results from gravitational settling and impaction of surfaces
exposed to turbulent atmospheric flow. The rate of dry deposition is dependent upon particle-

Size distribution, particle shape, particle density, chemical form, and degree of air turbulence.

Dry deposition of airborne contaminants may be calculated from the ratio of the deposition flux

to the airborne concentration. The airborne concentration is calculated from the transport
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models, and the deposition flux is estimated from the local weather conditions and the aerosol
parameters. The aerosol parameters that are needed to estimate the deposition flux are size
distribution and concentration. These are dependent upon the details of the DU incident and
cannot be estimated reliably a priori. The review of deposition and resuspension data gives
values of the deposition velocity as afunction of particle size. It has abroad minimum around

10°® meter/sec to 10™ meter/sec for particles between 0.1 mm and 1.0 mm AED and a maximum

above 0.1 meter/sec for sizes greater than 10 nm AED, Parkhurst et al., (1995b).

Generalizations for the deposition of DU particles in non-turbulent air with an AED of 10 nmiis
about 0.3 cnV/sec for afriction velocity of 30 cm/sec to 100 crmv/sec, and for particles of 1 nm, it
is about 0.003 crv/sec.  Particles £ 20 nm AED are generaly small enough to remain suspended
or to be carried downwind a significant distance, Parkhurst et al., (1995b). The larger DU
particles settle according to Stokes Law (see Appendix E). These larger particles settle rapidly
and travel short distances through the air because of their higher density. The smaller particles

deposit by impaction and diffusion, Parkhurst et al., (1995b).

The variation in deposition with time is large, and its estimation is based on measurements of
long-term averages. The day-to-day variability could be as high as five orders of magnitude,

Parkhurst et al., (1995b).
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In wet deposition of airborne contaminants, rain, seet, snow, and other forms of moisture wash
DU from the atmosphere. The rate of wet deposition depends on particle-size distribution,

particle shape, and solubility (chemical form).

Wet deposition of an airborne contaminant can be estimated within a factor of two if the droplet
size and frequency are known but will vary by orders of magnitude during an incident. Washout
of airborne particles only affects the downwind concentration if it is raining during the period of
transport. With the complexity of the phenomenon, washout is generally ignored for a

conservative estimate of the downwind hazard, Parkhurst et al., (1995b).

During the Gulf War, rain and thunderstorms occurred during the ground campaign, which
affected the deposition of DU particles, the resuspension of deposited DU particles, and their

penetration in the sand.*®

Dry and wet deposition are “integrating pathways.” Both dry and wet deposition depend on the
physical and chemical form of the contaminant. The real amount of deposited material is
proportiona to the time integral of the airborne concentration of the contaminant. Such
processes can lead to localized areas of elevated ground deposition or “hot spots’ of the

contaminant.

Resuspension. During battle and during cleanup following battle, vehicles damaged by DU fires
and DU munitions, impacts, or perforations can be sources of DU particles that can be

mechanically resuspended within vehicles or outside vehicles. Resuspension can be a concern to
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responders entering poorly ventilated structures containing DU fragments or particulates that

become resuspended during life saving, reconnaissance, or cleanup activities.

For any resuspension to occur, a threshold mechanical stress must be exceeded. This threshold
stressis primarily a function of two parameters. Particle size and deposition surface properties.
Particle size determines the quantity of material suspended for a given stress. Surface properties
determine how firmly the DU particles are fixed in place following deposition; therefore, they
also determine the magnitude of stress necessary to cause resuspension. Given the complexity of
the interaction between the various factors influencing aerodynamic resuspension, a wide range
of uncertainty in the results exists which should be considered qualitative in most cases.
Resuspension is measured as a factor, K, which isthe ratio of airborne concentration to surface
contamination. Generalized values of resuspension due to wind range from 9 x 10™*/meter to
3x 10*/meter. Resuspension from mechanical disturbance usually ranges from 1 x 10™%meter
to 4 x 10%/meter. Ranges for sandy soil are from 2 x 10”/meter to 5 x 10°°/meter, with an
average of 2.5 x 10°/meter. Resuspension from vehicular traffic ranges from 1 x 10%/meter to

1 x 10”%/meter with an average of 5 x 10°*/meter, Parkhurst et al., (1995b).

Oily surfaces will reduce the amount of DU residue that can be resuspended in a vehicle because

of the adhesion of the DU particles with the oily surface, when compared to a clean surface.

Resuspension from the mechanical disturbance by light vehicles on an asphalt road has been
measured (Sehmel, 1980)*" with values ranging from 10°°/meter up to 10°%/meter per passage; the

resuspension factor increased with vehicle speed. Resuspension is also measured as arate of the
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fraction suspended from the soil per second. In Parkhurst et al., (1995b), annual rates for soil
resuspension due to aerodynamic forces were found to range from about 1 x 10™%sec to
1 x 10®/sec. For wind resuspension, the values range from 2 x 10*%/sec to 1 x 10®/sec, and for

mechanical disturbance, the values range from 3 x 10°%/sec to 1 x 10%/sec.®®

Variation in resuspension rates is a mgjor uncertainty in modeling aerosol concentrations. Time
since deposition is a major factor in resuspension, since resuspension drops off dramatically
shortly after deposition. Several methods of quantifying this parameter exist. The initial factor,
K(0), has a measured range of 10”"/meter to 10%/meter for mechanically caused resuspension and
10"/meter to 10°3/meter for wind-caused resuspension. Most measured values of mechanically
caused resuspension are below 10%/meter. Parkhurst et al., (1995b) reported the weathering half
time as being between 35 and 70 days for the first few weeks. A resuspension factor at longer

times, up to 20 years after deposition, is usually underestimated™.

Table 16 summarizes surface resuspension factors (K) determined under various conditions as

compiled by Beyeler et al., (1998)".

Table 16. Resuspension Factors

No mechanical disturbance 3.3E-8
Light work activity 9.4E-6
Walking (14 steps/min) 9.1E-6
Walking (36 steps/min) 6.9E-6
Vigorous walking 3.9E-5
Vigorous work activity 19E-4

Reference: Beyeler et al., (1998).
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A resuspension factor of 8.5 x 10%/meter represents an average of the experimental data for light
activity from Table 16. Under conditions of moderate activity, the above factor should be

increased tenfold to 1 x 10°/meter. For heavy activity, the value of 1 x 10°%/meter is reasonable.

The DU particlesthat are resuspended in a vehicle are probably large particulates or
agglomeration of particulates than that initially formed during perforation. The larger particles
may be less soluble because of the surface-to-volume ratio of the particles, Parkhurst et al.,

(1995h).

Resuspension rates for respirable particles (<10 nm AED) vary from 2.2 x 10"/sec for the

1.3 meter/sec to 3.6 meter/sec surface wind-speed intervals to 2 x 10®/sec for the 5.8 meter/sec
to 20.1 meter/sec surface wind-speed interval. Thisis an increase of two orders of magnitude.
The overall increase in resuspension rates is a non-linear function of surface wind-speed. For
surface wind-speeds greater than 3.6 meter/sec, resuspension rates increase with surface wind-

speed to the 6.5 power®.

Although there are some apparent relationships between resuspension rates and resuspension
factors, insufficient data exist on DU resuspension to draw general conclusions. At most, the
conclusion is that resuspension factors between 1 x 10™%/meter and 1 x 10%/meter are

comparable to resuspension rates between 1 x 10™%sec and 1 x 10®/sec.

The following are some of the variables that influence the resuspension of DU particles:
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Particle properties — size, shape, reactivity, density, and surface roughness.
Soil properties — moisture content, soil size and distribution of soil particles, soil depth,
specific gravity, and texture.

Particle-soil interactions — attractive forces, molecular forces, electrostatic forces, and

chemical forces.

Surface properties — surface moisture, oily surfaces, binding action of materials,
temperature, and cohesiveness of particles.

Topography — crop fields or desert, valleys, or hills.

Meteorological — humidity, air, dendity, air turbulence, temperature, stabilizing, and

pressure.

Table 17 provides a summary of the resuspension rates compiled by Parkhurst et al., (1995b),

from heterogeneous surfaces.

Table 17. Resuspension Rates from Heterogeneous Surfaces®

Nominal velocity
miles per hour  meter/sec
Stainless Steel Wind tunnel 235 105 8E-7 Mishima and
Schwendiman (1973)
Concrete Wind tunnel 145 6.5 1E-6 Nicholson and
Branson (1992)
Teflon® — coated Wind tunnel 4.0 18 <1E-5 Wu et al., (1992)
Al 2.7 12
Kraft Paper Field/static <0.9 <04 <1E-10 Pond and Jones (1967)
Field/activity - <4E-9
Polyvinyl Chloride | Field/static -- -- <2E-14 Pond and Jones (1967)
(PVC) Field/activity - <1E8
Waxed and polished | Field/static -- -- <1E-12 Pond and Jones (1967)
linoleum Field/activity - <IE-12
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Table 17. Resuspension Rates from Heterogeneous Surfaces* (con't)

Nominal velocity

miles per hour  meter/sec
Linoleum Field/static Not detectable Pond and Jones (1967)
Field/activity <6E-8
Concrete Field/static 3E-7to 2E-5 Glauberman et al.,
(1967)
Mown grass Field/wind tunnel 45t017.9 2t08 1.3E-8 Shinn et al., (undated)
Silt, loam soil Field/wind tunnel 45t017.9 2t08 2.3E-8 Shinn et al., (Undated)
Medium coarse Field/wind tunnel 45t017.9 2t08 5.6E-8 Shinn et al., (Undated)

gravel

*Reference: Parkhurst et al., (1995b), p. 4.51

Control of al the variables that influence the resuspension of DU particles is impossible.

Therefore, uncertainty in the measurement may exist which results in a wide range of values for

agiven condition.

Studies by Milford and Davidson and other studies by Shinn** have found that resuspended

particles were between 2 mm to 6 mm AED with a geometric standard deviation of about 5.

Particles of about 15 mm AED have been found when soil was disturbed or when strong winds,

~ 20 meter/sec occured?.

Teflon is aregistered trademark of DuPont, 2000 E.I. Du Pont de Nemours and Company,

Wilmington, DE.
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The use of resuspension factors or resuspension rates is of limited value in developing
generalized resuspension models. Resuspension factors do not indicate how rapidly a
contaminant is removed from the surface and transported to the receptor. When using the mass
loading method to calculate resuspension for soil, the contaminant must be uniformly mixed

within the top 1 cm or more of soil.

The surface wind speeds during the Gulf War Ground Campaign varied from 5 to 36 knots

(2.6 meter/sec to 18.5 meter/sec)™®. With these wind speeds dust and sandstorms occurred. This
range would result in atwo order of magnitude change in the resuspension rate or resuspension
factor. Recent review of resuspension is given in Garland and Pomeroy (1994)%, Gavrilov et al.,

(1995)%, and Nair et d., (1997)%*.
When the airborne concentration of a contaminant has been measured for a given scenario, the
use of the measured data is preferred for estimating the intake of the contaminant via inhalation

and indirect ingestion.

Appendix | discusses the resuspension calculational models that can be used when measurement

data are not available.

Possible I nput Parameters. Most of the data clearly show that large variations exist for

amost every factor. Meteorological data may have alarge effect on the results, and this
factor, in particular, may have been inadequately documented. However, standard

defaults used by atmospheric transport modelers in scenario simulations in which relative

72



HRA CONSULTATION NO. 26-MF-7555-O0D September 2000

information is to be derived do exist. These may be sufficient for situations suggesting
low risk. The amount of source-term material that becomes oxidized varies by
circumstance and is highest with fires in which DU was heated for several hours or
longer and for impacts or perforations of athick armor. Explosive force may suspend
any oxide particle size and small fragments of DU metal, but sustained aerosol
production requires small particle sizesthat are not quickly deposited. The quantity of
the oxidized fraction that may be made airborne varies with type of incident and
circumstances surrounding its oxidation and suspension. The chemistry of the oxide and
how the oxide isformed (that is, hard impact or fire) may also vary but is most likely to
be predominately aform that is very ow to dissolve in lung fluid. General input to the

analysis for fire and impact or perforation incidents include the following:

Fire

Chemical composition: Primarily DU3sOgand smaller amounts of DUO,

Oxidized fraction: 10 percent to 84 percent

Particle sizerange: 0.1 percent to 33 percent £ 10 nm AED; usually relatively coarse
Lung solubility: 0.0 percent to 7 percent Class D/W 93 percent to 100 percent Class Y
Fraction airborne: 0.1 percent MLV with range of O to 43 percent with lessthan 1

percent respirable
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| mpact/Perforation

Chemical composition: DU3Og and DUO,

Oxidized fraction: 10 percent to 37 percent

Particle sizerange: £ 1 mmto 10 nm AMAD; about 50 percent to 74 percent are £ 1 mm,
relatively fine

Lung solubility: 17 percent to 43 percent Class D/W; 57 percent to 83 percent

ClassY

Fraction airborne: 10 percent to 37 percent with 60 percent to 96 percent respirable

The deposition velocity depends largely on the particle-size distribution. Particles of 10 nm
AED are deposited with a velocity of about 0.3 crm/sec depending on friction and other factors.
Resuspension from surfaces within a vehicle will vary greatly from resuspension of surface
particulates from soil and road surfaces due to foot or vehicle traffic. Genera ranges are

provided, but the variability is very large and changes with time and depletion of the source.

Table 18 summarizes data compiled by Parkhurst et al., (1995b), as modified by USACHPPM,
and provides the parameters to calculate DU intake. Suggested generalized factors are provided
as possible but are not inclusive. When using these factors for transport analysis, consider site-
specific caveats. An*“X” inthe*“C” column means the parameter isaconstant. An“x” intheV
column means the parameter is a variable, and then an MLV and a range of values are given.

Blanksin the MLV or Range columns indicate insufficient information.
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Table 18. Parametersto Calculate DU Intake*

Parameter | C | \% | MLV Range | References and Notes
Source Term
Airborne Driven by type of munition and type of target
Jette et al., (1990) and Parkhurst et al., (1995b)
Airborne Fraction
Release height X zero Specify Depends on temperature and momentum
Chemical form X U300 U30g, UO, Depends on temperature, initiating circumstances
Particle size X 5mm 0.1 mm-100 mm Depends on initiating parameters
Air Dispersion (Gaussian)
Wind speed X Minimize 0-50 kilometer per | Probability obtained from the site meteorology if
(1-2 hour as desired or available; from observations
meter/sec) or as observed
maximize
Wind direction X Observation Probability obtained from the site “windrose” or
observations
Stahility class X C A-G Probability of Pasgual’ s stability classes obtained
from the site records or observations
Deposition
X (dry) X Depends on atmospheric transport output
Fqy(dry) X ~ 0.3 cm/sec ~0.003 cnV/sec at Deposition velocity is a function of particle size
at 10 nm AED 1 nm AED: ~25
cm/sec at 100 nm
AED
Xo(wet) X Depends on atmospheric transport output
W (wet) X Can be calculated from the rainfall or derived
from an experimentally determined rain spectra
Resuspension
K o(m™) X 1E-4 1E-7to 1E-3 Time-independent factor
activity and surface dependent
tw(days) X 50 35-70 Large variahility; used in resuspension rates
Lung Deposition and Transport
Age and sex X Adult Male Specify Reference Man values given in ICRP-23 and
|CRP-66
Breathing (or X 3.0 m¥hr 1.2 m¥/hr to Depends on activity; see Table 6 in ICRP-66
ventilation) rate 3.0 m¥hr
Respirable X 0.96 0.001-0.96 Strong dependence on particle size; see Table 28
fraction and Figure 43 in ICRP-66
Solubility X Y (9 D,W, Y (F,M,S) | TypeW (M) recommended when uranium form
type(s) D (F) not known (ICRP-66)

*Reference: Parkhurst et a., (1995b), as modified, p. 5.8.
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3.1.2 Summary of Parameters Contributing to Dose Estimations

Table 19 summarizes the parameters considered to calculate DU doses for OSAGWI Leve |
scenarios within this report. The blanks in the reference column indicate that the source of the

range of parameter isin Parts 11 and IV of this report.

3.2  Gapsin Existing Data and Knowledge

A preliminary assessment of additional data needs and recommendations for future data needs

after reviewing DOD published data follows:

Airborne Fraction or airborne concentration: DU airborne concentration within the
vehicle immediately following a perforation as well as over atime period of at least 1 hour
and the contribution of aerosol production of the DU armor to the airborne concentration.
Resuspension of material by individuals entering vehicle (internal and external to the
vehicle).

Quantity, particle size variation, particle shape, chemical form, morphology, lung
solubility of airborne DU inside vehicle, and surface contamination levels (internal and
external to the vehicle).

Effect of other metal contaminants from DU munitions and armor on DU oxide
solubility.

Adsorption of airborne particulate materials to oily surfaces.

Adsorption of airborne particulate materials to combustion products from afire.
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Characteristics of DU oxides generated by heated and buried DU penetrators (impact but

no perforation).

Secondary ingestion (hand-to-mouth) transfer of residual DU from damaged military

vehicles.

Table 19. Parameters Considered to Calculate DU Doses for OSAGWI Level | Scenariost

Parameter Range of Parameter References
Type of DU munitions 120mm (DU munition) and Abrams tank BRL-TR-3068
Fliszar et al.,
(1989)
Air Volume, Abrams Tank 7.6 m® (air volume) BRL-TR-3068
Air Volume, BFV 9.8 m® (air volume)
Air Exchange Exhaust Velocity (Abrams 0.092 m*/sec BRL-TR-3068
Tank)
Turret Blower Exhaust Velocity 0.014 m*/sec BRL-TR-3068
ARF 10% - 37% (70% worst case) PNL-7452; Jette
At Hard-target impact 18% et al., (1990)
PNL-10903
Parkhurst et al.,
(1995b)
Exposure Duration 2 minutes
Solubility of DU aerosolized (lung) 17% - 43% Class D; 57% - 83% Class Y PNL-10903
Solubility of DU aerosolized (kidney) 17% Class W; 83% Class Y
Respirable Fraction 60% - 96% PNL-10903
Particle Size(s) 0.05 nmto 10 nm (5 nm nominal) ICRP-66
Chemical Form DUO,, DU;04 PNL-10903
Heavy Exercise 100% |CRP-66
Individual (Mouth Breathers) Use ICRP-66 particle deposition rates |CRP-66
Lung Deposition Rates
Heavy Breathing Rate (Mouth Breather) 3mhr ICRP-66
Hand-to-Mouth (Secondary Ingestion) Rate | 1E-5 m%hr to 1E-3 m%/hr NUREG/CR-
(Average 1E-4 m?/hr) 5512 (1992)
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Table 19. Parameters Considered to Calculate DU Doses for OSAGWI Level | Scenariost

(con't)

Parameter Range of Parameter References
Deposition Rate
(for 0.01 mmto <1.0 nrm AMAD) 1E-5 cm/sec to 1E-3 cm/sec PNL-10903
(for 1 mm AMAD) 0.003 cnv/sec
(for 10 nm AMAD) 0.3 cm/sec
(for > 10 mm AMAD) 0.25 m/sec
(for 100 mm AMAD)
Resuspension Factor (sandy soil) 2E-7/meter to S5E-5/meter, (Average 2.5E-5/meter)
Resuspension Factor (in vehicle) 1E-8 to 1E-2/meter, (Average 5E-3/meter)
Resuspension Rate 6E-9/sec to 1E-8/sec (Average 8E-9/sec)
Airborne Release Rate 4E-6/hr to 4E-5/hr (Average 2.2E/5 hr) D%%llg%aK-

The DU particle-size distributions generated from fires (DU oxide contributions as a

result of fire conditions).

Effects of both the BFV fire suppression system and the Abrams environmental control/

nuclear biological control (EC/NBC) System and fire suppression system on the

characteristics of DU airborne concentrations, including particle size fraction, elemental

composition, solubility, and dissolution rates of DU oxides in simulated lung fluid.

Human factors information (OSAGWI interview data obtained from Gulf War veterans).

The contribution of the DU armor from perforation by a DU round (DU on DU) and a

non-DU round to the airborne concentration of DU inside the vehicle.

The airborne concentration of DU inside a BFV when penetrated by a DU round.
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PART IV: OSAGWI LEVEL | EXPOSURE SCENARIOS

4.1 Overview

The objective of this analysisis to estimate the amount of DU internalized by OSAGWI Levdl |
personnel. Level | were those personnel who were in, on or near (less than 50 meters) an
armored vehicle at the time their vehicle was perforated by 120mm DU munitions and the First
Responders who entered damaged vehicles after the DU perforation to evacuate personnel. This
effort focuses on estimating the amount of DU internalized by inhalation and ingestion pathways
for these personnel. The intake for all Level | personnel will be modeled asiif in the perforated
vehicle at the time of perforation. The intake for personnel on or near the vehicle will be less,

because they were not in an enclosed space.

To calculate intake, it is essential to have dataon DU aerosolization. While there are a number
of DOD reports that address aerosols generated after hard-target impacts, there is only one that
provides data that may be used for Crew Compartment or enclosed space intake estimates,
Hliszar et d., (1989). The other hard-target tests were not against enclosed targets. Testing
reported in Fliszar et a., (1989) was performed in conjunction with a survivability test of the
Abrams tank outfitted with armor containing DU. Severa munitions types were used including
DU and tungsten kinetic energy penetrators. Two shotsin thistest involved the purposeful
overmatching of the DU armor to ensure that both the DU (Test 5A) and tungsten (Test 5B)
munitions breached the Crew Compartment. Battery-operated personnel lapel air-sampling

devices were placed in the Crew Compartment to measure the aerosols generated.
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For thisreport, datafrom Test 5A were used. Test 5B data were considered but were not used
because the test shot involved DU armor perforation by atungsten munition. It was impossible
to model the differences caused by the use of tungsten versus DU, because the penetration

mechanisms of tungsten and DU are different.

It isimportant to understand the limitations of the data from Test SA. Thefirst limitation to
using the data isthat the test scenario does not match what occurred in the Gulf. In Test 5A,
120mm DU penetrator perforated the DU armor on an Abramstank. There is no record of any
incident of DU on DU during the Gulf War. The DU armor on the Abrams is heavier and harder
to penetrate and could possibly provide additional aerosolized DU within the tank’s interior. It
can be assumed that the amount of aerosolized DU within an Abrams will be higher because of
these characteristics. During the Gulf War, Abrams and BFV s were involved in fratricide
incidents. The BFV does not contain DU armor, but the armor that the BFV has is much lighter
and easier to penetrate than Abrams armor. These characteristics can lead to the assumption that
the amount of aerosolized DU within the BFV will be lower than that within the Abrams.
Because no known incidents of DU-on-DU occurred during the Gulf War, an over-estimation of
the intakes by the crewmembers may have been made in thisreport. With further test data, the

intake estimation can be better quantified.

The second limitation to using the data from Test 5A is the uncertainties in the air-sampler data
inside the vehicle. There was uncertainty in the time the air samplers ran after perforation. In

addition, the post-impact condition of the air samplers and damage to some of the filter paper
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also contributed to additional uncertainty and probable reductions in collection efficiency. See

Tables 20 and 21 of Section 4.3.2.1.

Other data collected during this performance test were used to estimate the time so that the
condition of the air samplers (Crew Compartment and Driver’s Compartment) and other
uncertainties associated with the measured time were avoided. This approach uses Monte Carlo
simulations and is described in Section 4.5. The inputs for this Monte Carlo anaysis are
estimated probability distributions for each input parameter. The end product of this analysisis
probability distributions for DU airborne concentration, intake, radiation dose, and DU kidney

concentrations. (See Appendix O for a discussion of the analysis of the end product.)

There are severa points that need to be kept in mind while reading thisreport. First, the
techniques used were designed to estimate the average airborne concentration of DU in the Crew
Compartment. Films of hard target penetrations make it clear that in the first few milliseconds
after penetration, the debris from the perforation is spraying into the Crew Compartment in afan
of adefinite width. This fan contains remnants of the original penetrator behind armor debris
and burning DU. Crewmembers whose breathing zones are in this initial fan will be subjected to
much higher mass concentrations for a very brief period of time and, more than likely will be
wounded and have both embedded fragments and wound contamination. Level | crewmembers
are being followed medically in a voluntary program being conducted by the VA. The objective
of thisreport isto estimate the intake for personnel who do not have contaminated wounds or

embedded fragments.
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The second point to remember isthat this report provides an upper-bound estimate that is
actually a range of upper-bound estimates. It does not provide a “best-estimate’ of the intakes
for OSAGWI Level | personnel. The development of a single “best-estimate” requires further

testing. A test isalready funded, and the test plan peer review is underway.

4.2  Summary of Methodology for Exposure and I ntake Assessment

The following provides a quick overview of the equations used and which aspects come from

literature, test data, or assumptions.

In order to assess human radiation risk, we must first define the CEDE (rem). The CEDE isthe
radiation dose received over 50 years following an intake of DU. The following equation was

used to estimate the range of CEDEs.

CEDE (rem) =1 (mg) * DCF (rem/mg)

Where:

= Intake whichis calculated through the use of computer models
and test data (mg).

DCF = Dose conversion factor which is derived from technical literature data
in rem/mg.
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The committed dose equivalent (CDE) (rem) for the lung is defined by the following equation.
The CEDE was previoudy defined. The organ or tissue weighting factor (Wr) isthe fraction in

the CEDE attributable to the lung.

CD E|ung = CED E/WT

The estimate of kidney concentration is required to characterize the chemical risk. The

following equations were used to estimate the range of kidney concentrations.

D,W,Y
Ky = | * 7 (fb*fk)
Class
Where:

Ky = Amount of DU reaching the kidneys (mg)
I = Intake (mg)
fo = Fraction transferred to blood (see Appendix J)
fi = Fraction transferred to kidney (see Appendix J).

mg tokidney” (1000ng/ mg)

Midney

Kidney Concentration (nmg DU/g of kidney) =

Where: Miidney = Mass of kidneys (310 g)
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The next equation describes how much of the DU airborne mass concentration was taken into the

body or the intake (1).

| (Mg) = C* BR* tep* RF

Where:

C = Concentration which is obtained from test data in mg/n.

BR = Breathing rate of the exposed personnel in m*/hr (or liter per minute
(L/min). It is obtained from the literature and a review of the accounts of
what actually occurred in the Gulf War from Gulf War veterans.

tep = Exposuretime in minutes or hours based on the accounts of what actually
occurred in the Gulf War from Gulf War veterans.

RF = Respirable fraction which is obtained from test data

The airborne mass concentrations of DU (C) were derived from air sampler data and

calculations. These concentrations are in terms of amass (mg) of DU per volume (m?°) of air.

C (mg/m’) = Mca/ (FR* t) * 1/FCE

Where:

Mco = Mass collected by the air sampler obtained from test data

FR

Flow rate of air sampler obtained from test data.
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t = Air sampler run time obtained from test data and calculations.

FCE Filter collection efficiency obtained from manufacturer and test data.

4.3 Available Data for the OSAGW!I Level | Scenarios

The review of test reports indicated no specific data on impact studies involving DU munitions
and the BFV. The best data available to estimate the bounds of DU that may have been

internalized by a soldier during the Gulf War was obtained from the Fliszar et al., (1989) report.

The following briefly describes tests reported in Fliszar et al., (1989), which included using a
120mm DU penetrator against a heavy armor Abrams Tank. The report states, "Test 5A was
designed to have the DU penetrator (120mm) enter the Crew Compartment through the DU
armor of the Abrams tank to radioactively contaminate the target interior.” 1t should be noted
that the DU penetrator was fired into a DU-armor plate, which had been hit but not perforated on
two previous occasions in prior test shots (Tests 1 and 2). The cover plates for those previous
impact holes had been removed for thistest. For Test 5A, the NBC System was operating, and
all hatches were closed prior to thistest. The Loader’s hatch opened dightly following impact.
There was a 20-hour time period between the time of armor perforation in Test 5A and reentry
into the vehicle because of safety reasons. The reason for such along delay in entry was because

the Abrams tank was uploaded with live munitions.

For Test 5A, there was an estimated change of about 70 percent of the air volume in the tank per

minute due to the operation of the NBC System. The air volume of the Crew Compartment is
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7.1 m® and the Driver compartment is 0.5 m® (total air volume of the tank is 7.6 m®). When
adjustments are made for the crewmembers and their persona equipment, the total air volume of
the tank is about 7.2 m*. The operation of the NBC System, along with the slight opening of the
Loader’ s hatch with impact, may have contributed to the reduction in the airborne concentration
of DU in the tank for the sampled time period. However, data are not available to estimate the
magnitude or the rate of the reduction in the airborne concentration of DU in the tank due to

these factors.

4.3.1 Air InddeaTank

The air exchange velocity in an Abrams tank is 0.092 m?/sec and in an M1 tank (with turret
blower) is 0.014 m*/sec. The M1A1 Abrams tank has an Environmental Control/Nuclear,
Biological, Chemical (EC/NBC) System that filters externa air through an EC and two High-
Efficiency Particulate Air (HEPA) filters. The M1 Abrams tank does not have an EC/NBC
System. The EC cools heated air, and the HEPA filters remove particles greater than 0.3 nm
AED. The NBC System also has two activated charcoal membranes as part of the overall
filtration system. The EC/NBC System serves two functions: the filtration of inlet air and the
creation of an overpressure. This overpressure specifically servesto create a positive pressure
inside the tank. This prevents unwanted NBC material from entering the tank. The driver and
the four crewmembersin an M1A1 Abrams tank are supplied air that has passed through the
EC/NBC System and is delivered via masks. In addition to providing filtered air to the
individual occupants of the M1A1 Abrams, the EC/NBC System also delivers a bulk dump of

filtered air creating an overpressure situation. Only personal respirators are available to filter
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airborne contaminants from the interior of the tank. The M1 Abrams tank also has a blower in
the turret to vent gases at arate of 0.014 m’/sec after firing. Because of these varying system
designs, it is difficult to postulate how much greater the estimated DU intake would be for a
situation similar to Test 5A but without the EC/NBC System (M1A1) or turret blower (M1) in

operation.
4.3.2 Air Sampling

Personal air samplers, which sampled an average FR of 5 L/min, were placed inside the tank
during all tests described in the Fliszar et al., (1989) report. The filter cassettes (Millipore AA&)
used were made of cellulose ester with a pore size of 0.8 nm. The filter efficiency was

98 percent (or the correction factor was 1.02). The relatively low volume of air pulled through
these filters prior to atest impact should not have significantly reduced the FR of these air
samplers. One was placed at each of the four crewmember stations. Three samplers were placed
in the Crew Compartment (air volume 7.1 m®) and one in the Driver’s Compartment (air volume
0.5 m°). Each at the crew stations was affixed to mannequins with the sampler cassettes located
at the appropriate breathing zone level. Four additional samplers were also placed in the Crew
Compartment: one inside the ammunition-stowage ready-rack compartment; one connected to
an inlet probe on the downstream side of the NBC System; one placed above the gun breech; and

one located on the ledge behind the commander/loader position. Once the air samplers shut off,

a Millippore AA is aregistered trademark of Millippore Corporation 80 Ashby Road, Bedford, MA 01730.
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there would be some undefined additional amount of contaminant collected on the filter because

of the residual vacuum on the filter at the time the vacuum pump shut off.

The accurate measurement of sampler FR and sampling time or sample volume is important,
since aerosol mass concentration is determined by the ratio of sampled mass (or quantity) to the
sampled volume and is corrected for dust loading and FCE. Most flow meters are calibrated at
some atmospheric pressure, and many flow meters require pressure corrections when used at

other pressures.

4.3.2.1 Air Sampling Insdethe Tank

Air sampling results from inside the Abrams heavy armored tank Crew Compartment following

an impact test were obtained from the Fliszar et al., (1989) report.

In atest when the round did not perforate the Crew Compartment, the highest estimated intake
inside the turret Crew Compartment was 0.042 mg of DU (average of 0.021 mg of DU). This
value is based on a BR (or ventilation rate) of 30 L/min or 1.8 m¥/hr (this BR is equivalent to
6.3 hours of light exercise and 1.7 hours of heavy exercise). This measurement was made with

the turret hatches open and the EC/NBC System operating.

Test 5A was the first impact in which heavy armor was perforated (aDU on DU event). The

amount or quantity of DU that was collected on the filter from the air samplers following Crew
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Compartment perforation is presented in Table 20. Table 20 also summarizes personal air

sampler datafrom Test 5A of Fliszar et al., (1989).

Table 20. Uranium Activity at the Target, Estimated from
Personal Air Sampler Filters, Test 5A, 1334 Hours*

Time Pump Sampling How Amount of DU | DU Intake
Location Was Time Rate on Filter
Inside® On (hrs) | Off (hrs) (min) L/min ny ny
Commander 1005 b,c 210 4.98 3,000° 21,000
Wall behind 1005 1338° 213 5.02 <11.7
Commander &
Loader
Same, D + 1 days 1617 b 80 5.06 <11.7
Loader 1005 b,c 210 5.02 e e
Above gun breech 1005 1742° 457 5.02 642 4,400
Same, D + 2 days 0855 1059
1220 1608 352' 5.06 642° 2,500"
Gunner 1005 b, c b 5.00 3,700° 26,000
Driver 1007 1336° 209 5.02 2,673 19,000
Ammo. 1005 b, ¢ b 3.51 0.63"
Compartment
Behind NBC filter 1007 b 1 5.02 <11.7
Background 0753 1005 132 5.02 <11.7
Outside
Left front 1012 1408° 236 5.02 72.6 430
Left rear 1012 b, c b 4.98 <11.7
Right front 1012 b, c 480 5.02 <11.7
Right rear 1012 b, c b 5.03 <11.7
Background 0754 0904 70 5.02 <117
Initial entry b b b 5.00 <11.7
Welder b b 20 5.00 <11.7
Notes:
a. All hatches were closed for this test; only the Loader’ s hatch opened dlightly.
b. Not recorded.

c. The battery that powered the vacuum pump was discharged by reentry time.

d. Analyzed by fluorometry, with a detection limit of 0.03 g of uranium. Other samples were analyzed by
beta counting, with a detection limit of 11.7 ny.

e. Sample not analyzed.

f. Total of two sampling periodson D + 2 days.

g. Thisvalue is based on a moderate BR of 20 (not 30) L/min.

h. The equivalent airborne concentration: 360 ng/m® or 1.3 x 10°*° microcuries per milliliter (nCi/ml).

* Reference: Fliszar et al., (1989), p. 155 (as modified by the senior author).
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The Fliszar et al., (1989) report does not document resuspension data for reentry following Test
5A which involved a 120mm DU penetrator. The DU deposited on the filters was from DU
particles due solely to the perforation event. However, there are resuspension data available for
reentry after Test 5B that involved a tungsten penetrator and Test 6B that involved an anti-tank
guided missile (ATGM). Test 5B was conducted approximately 2 weeks after Test 5A. Test 6B

resulted in afire in the tank while uploaded with DU munitions. All three of these tests involved

the same Abrams tank.

Table 21 summarizes the conditions of the personal air sampler equipment after Test 5A.

Table 21. Conditions of the Personal Air Sampler Equipment After Test 5A

Inside

Commander

Charred flame damage over filter surface. Air enters at tube connection at cassette
bottom.

Between Commander &
Loader

Tube collapsed and burned.

Loader

Waxy coating on filter. Tube “kinked” near pump. Cassette damaged in back.
Qil in vicinity.

Ammo. Door Behind Loader

Waxy coating and burned area on filter, heat and fragment damage to filter and
cassette. Fragment in cassette.

Gunner

Heavy sample on filter. Perhaps minor heat damage.

Driver

Heavy, dark sample over entire filter.

Ammo. Compartment

(Timer had been set to run for 50 mins.)

Outside

Left Front Located 11 feet from front left corner of target. Slight deposit on filter.

Left Rear Located 21 feet in front of left front edge of target. No visible sample on filter.

Right Front Located 12 ¥ feet in front of right front edge of target. No visible sample on
filter.

Right Rear Located 32 inches from target. Slight indication of sample on filter.
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4.3.2.2 Air Sampling Outside the Tank

The primary task of Fliszar et al., (1989) was to obtain air-sampling results outside the Abrams
tank. The air samples were obtained from an impact puff and from a plume of smoke from a
tank fire. The highest estimated DU inhalation intake (0.079 mg) from Test 5A data, a
perforation event, occurred at 22 meters from the tank. The intake of 0.079 mg would result in a
0.0016 rem dose (CEDE). At distances lessthan 100 meters, the average DU inhalation intake
was 0.020 mg. This 0.020 mg intake would result in a CEDE of 0.0004 rem dose (CEDE). For
200 meter and 300-meter arcs, DU intakes were 0.0006 mg and 0.00003 mg, respectively.
Studies have shown that up to 90 percent of the DU that was aerosolized remains within 50

meters of the hard target®™.

4.3.3 Surface Contamination Insidethe Tank

In the DU used in military applications, there are approximately 1.79 beta particles emitted for
every alpha particle (see Table 27, Section 4.5.4, for derivation). The beta activity reported in
Fliszar et al., (1989) was adjusted to give total DU activity per unit area. Radioactive
contamination levels in and on the tank obtained from the Fliszar et al., (1989) Test 5A are

provided in Table 22.
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Table 22. Smear Survey of Target Contamination,

Test 5A, 21 May 1987

Location Total DU activity Area
disintegrations per (cm?)
minute (dpm)/100 cm?)
Loader’s hatch cover, outside 53 4,098
Loader’s hatch cover, inside 263 2,640
Loader’s hatch, outside 50 3,081
Side of hatch opening, loader 525 557
Side of hatch opening, commander 978 2,710
Commander’s hatch, outside 30 10,685
Commander’s hatch cover, outside 45 1,920
Commander’s hatch cover, inside 414 14,155
Machine gun ring mount 129 -
Machine gun mount 23 -
Vents - -
Turret front - 1,830
Turret back 18 1,830
Turret right front - -
Turret right top - -
Turret right side - -
Turret left side 179 7,050
Turret left top 240 4,000
Hull front 13 73,800
Hull back - 89,600
Hull right side 17 48,500
Hull left side 27 48,500
Hull left side, 1/3 back 112 15,587
Hull top - -
Hull top below perforation 106 -
Hull top by left fuel cap 42 -
Fuel cap - -
Fuel cover, left front 26 -
Fuel handles - -
Air pre-cleaner exhaust 26 -
Air cleaner intake - -
Crankcase oil vent intake - -
Sest, driver 56 2,265
Seat, commander 1,543 696
Sest, loader 436 862
Seat, gunner 922 2,529
Headrest, commander 1,096 840
Headrest, loader 492 990
Headrest, gunner 827 990
Control handles, commander 615 250
Control handles, gunner 571 541
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Table 22. Smear Survey of Target Contamination,
Test 5A, 21 May 1987* (con't)

Crew Compartment, gun breech 827 4,213
Crew Compartment, box area of perforation 503 -
Front wall inside by point of perforation 917 -
Driver’'s hatch - 3,846
Outside of Driver’s hatch 32 7,045
Driver’sfloor 34 1,944
Dummy driver 47 -
Dummy commander 755 -
Dummy gunner 352 -
Dummy loader 307 -
Floor of turret 1,817 13,548
Inside of breech 201 -
Inside front end of barrel - -
Gun tube by impact, left side - -
Old perforation 50 -
Outside of ammo door 1,588 -
Sides of ammo on impact side 92 -
Round 14 52 5,120
Round 24 56 5,120
Round 25 56 5,120
Round 29 42 5,120
Round 29, after wipe down 29 5,120
Round 32 (Position 6) 37 5,120
Round 33 (Position 7) 48 5,120
Round 34 (Position 16) 32 5,120
Round 35 (Position 17) 48 5,120
Round 36 (Position 5) 45 5,120
Round 37 (Position 4) 92 5,120
Round 37, after wipe down 43 5,120
Round 39, (Position 2) 46 5,120
Round 39, after wipe down 44 5,120
40 rounds, average of swipes 37 204,620
16 ammo. sleeves, average 41 -
Ready rack, left side 112 4,697
Ready rack, floor 111 1,859
Ready rack, right side 41 4,697
Ready rack, back 41.93 -
Ammo box 2 59 -
Ammo box 4 61.5 -
Inlet to cascade impactor on pad ND -
Pad — 15 feet from impact ND -
Northwest corner of pad 30 -
Southeast corner of pad ND -
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Table 22. Smear Survey of Target Contamination,
Test 5A, 21 May 1987* (con't)
Southwest corner of pad ND -
Driver’s floor 1,813 1,944
Breech 200 -
Ready compartment door 588 4,697
Ready compartment wall - -
Ammunition rack - -
Commander’s area 492 4,800
Commander’s floor - ~4,000
Commander’s hatch - -
Loader's area 4,815 5,550
Wall near loader - -
Gunner’s area 3,026 13,520
Gunner’s area floor - 5,828
Bilge pump outlet - -

* Swipes were counted on an Eberlined gas flow proportional counter at the Reynolds Electrical and Engineering Compand

Rad Safe Trailer. ND — Non-detectable; NT — Sample not taken
Reference: Fliszar et al., (1989), pp. 197-200.

All Abrams series tanks have the same internal dimensions. Figures 1 through 4 identify mgjor

areas within the tanks and the estimated surface areas.

a Eberline is aregistered trademark of Eberline Instrument Corporation, 5-4 Airport Road, Santa Fe, NM 87505.
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Figure 1. Gunner’'s Area Within the Abrams Tank
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Gunner’s seat: 2,529 cn?
Gunner's floor space: 5,828 cm?
Gunner’s left

(includes the right side of the breech and gun area): 1,620 crm?
Gunner’ s right [includes lower wire mesh panel

(visible in the picture) and upper wall panel]: 11,900 cm?
Control handles: 541 cm?
Headrest: 990 cn?
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Figure 2. Loader’s Area Within the Abrams Tank

Loader’ s floor space: 5,550 cm’
Loader’s hatch (outside): 3,081 cn?
Loader’s hatch cover (outside): 4,098 cm?
Loader’s hatch (inside): 2,640 cn?
Side of hatch opening: 557 cn?
Set: 862 cnt
Headrest: 990 cn?
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Figure 3. Driver’s Area Within the Abrams Tank
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Figure 4. Miscellaneous Measurements of the Abrams Tank

Turret, floor:

Turret, front:

Turret, front (right or left side):
Turret, back:

Turret, left, top:

Ready rack, left side:

Ready rack, right side:

Ready rack, floor:

Ready compartment door:

Hull, front:

Hull, back:

Hull, left side, 1/3 back:

Hull (left or right side):

Crew Compartment gun breech:

13,548 cm?
1,830 cm?
7,050 cm??
1,830 cm?
4,000 cm??
4,697 cm?
4,697 cm?
1,859 cm?
4,697 cm?
73,800 cnm?
89,600 cm?
15,587 cm?’
48,500 cm?’
4,213 cm?
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4.4  Air Sampler Run-Time Controversy

The personal air samplers used to measure DU airborne concentrations inside the vehicle had an
elapsed-time feature that recorded the amount of time (in whole minutes) the air sampler was on.
This run-time is used in the calculation of the concentration the air-sampler was measuring.
Under normal conditions, the air-sampler isturned on at the beginning of the sampling period of
interest and turned off at the end. For thistest shot (Test 5A), the time period of interest started
at the moment of perforation and ended when the air samplers shut off some time after the
perforation. However, the air samplers had to be turned on before perforation, because remote
activation was not possible. This meant that the time recorded on the air sampler timer would be
the total run-time, while the time required for estimating intake was the actual time the air-

sampler ran after perforation.

Estimating the run-time after perforation was done by recording the time the air sampler was
started and then by recording the time of the shot. (The time of perforation was assumed to be
the time of the shot.) The time interval between air-sampler start-up and perforation was the
time interval the air sampler ran prior to perforation. Thisinterval could then be subtracted from
the time recorded by the air sampler to yield the time the air sampler was on after perforation
until the sampler shut off. Discussions with the senior author of Fliszar et a., (1989) indicated

that the sampler on time and the time of the shot were recorded using the same digital watch.

The General Accounting Office (GAO) review of the 3 August 1998 version of USACHPPM's

Interim report found that “the dose estimates for servicemembersin, on, or near vehicles when
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struck by DU munitions are unreliable because of questionable assumptions used in the analysis.
USACHPPM relied extensively on a single test conducted in 1987, which involved DU

munitions striking an Abrams M1A1 tank equipped with DU armor. The conditions present
during the 1987 test and those present during the Gulf War for the friendly-fire incidents differed
significantly, which could result in higher or lower dose estimates than the center’s 1998 dose
assessment.” (GAO, 2000). During areview of Test S5A data, it was determined that some of the
sample times and air-sampler run-times may have been incorrectly recorded in the Fliszar et al.,
(1989) report. The senior author of Fliszar et al., (1989) reviewed the original datasheetsto find
the actual recorded times and run-times. The Gunner’s position sampler did not have a sampler
run-time recorded. The air sampler run-time data for the Crew and Driver’s Compartments are

listed in Table 23.

Table 23. Sampler Run-Time Data as Recorded on the Test Data Sheets for all Air Samplersin
the Crew and Driver's Compartments’

Sampler Elapsed Time Between Tota Elapsed Time between
Start Starting the Sampler and  |Sampler Shot and Sampler Stop
Sampler Position |Time Shot Time |Shot (mins) Run Time |Time (mins)
Commander® 1005 1334 209 210° 1
Driver” 1007 1334 207 209 2
Loader 1005 1334 209 210 1
Wall Behind
Commander and 1005 1334 209 213 4
Loader
Above Gun Breech | 1005 1334 209 457 248

#Times were verified by the senior author’s review of the datasheets.

®|ndicates air samplers used in the dose evaluation. The remainder was not used for reasons discussed below.

“In Fliszar et al., (1989), thistime was incorrectly reported as 212 minutes. The senior author provided the corrected
value.
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Although the GAO has raised questions about USACHPPM’s 3 August 1998 Interim Report, the
best indicator of the medical significance of the Gulf War DU exposures is the actual health of
the individual soldiers. To date, the Baltimore VA medical follow-up program has demonstrated
that those individuals in vehicles perforated by DU munitions during the Gulf War have
experienced no detectable clinical kidney outcomes since their initial traumatic injuries

(McDiarmid et al., 1999 and McDiarmid et al., 2000).

4.4.1. Discussion of the Controversy

The GAO review of USACHPPM’ s August 1998 Interim report brought to the surface a
controversy over the interpretation of the air-sampler run-time data. The primary question was
why, with the exception of the air-sampler above the breech of the gun, did all of the air samplers
shut off so soon after perforation. Thisissue was not resolved at the time of the test. Two
explanations surfaced that resulted in two distinct air-sampler run-time estimates. When this
controversy first arose, al of the Crew Compartment air samplers, with the exception of the
sampler above the breech and the Driver’s Compartment, had calculated post-perforation run
times of zero minutes (less than aminute). Since the air-sampler timer measured only whole
minutes, it was initially thought that the run time for these samplers was a time period less than
59 seconds but greater than O seconds. The post-perforation run-time was greater than zero,
because each sampler had measurable amounts of DU. The controversy was generated by two

different but legitimate approaches for estimating the run-time for these air samplers.
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The first approach assumed that the perforation event itself caused the air-samplers to stop either
through the generation of an “Electromagnetic Pulse (EMP)-like” pulse at some point in the
perforation or some other “immediate” phenomenon such as, ballistic shock. Past testing
experience indicated that these events would occur on the order of 1 to 2 seconds. However, this
approach could not explain why the breech air sampler continued to run for so long after the
perforation event. It did, however, provide an explanation for why the air samplers that shut off

stopped so quickly. The batteries were charged and designed to run for 480 minutes (8 hours).

The second approach for estimating run-time assumed that these samplers were not damaged by
an immediate “EMP-like” pulse and shut off in time periods closer to 59 seconds. Thiswas
supported by the consistency of the total amount of DU collected on each of the filters and the
long run-time for the air sampler on the breech. In this approach, the Driver’s Compartment air-
sampler time was used to estimate intake. This approach was further bolstered when the senior
author of the Fliszar et a., (1989) report reviewed the data sheets and found a transcription error
with the Commander’ s air-sampler time that resulted in a post-perforation run-time of one
minute; which because the timer measured only in minutes, could be anywhere from 1 minute

and 00 seconds to 1 minute and 59 seconds or almost 2 minutes. However, this approach still did

not provide an explanation for the rapid shut off.

4.4.2 Detailed Analysisof Air-Sampler Post-Perforation Run-Time Uncertainties

The underlying assumption in both approaches is that the arithmetically derived post-perforation

run-times were, in fact, exact. An uncertainty analysis of the procedures used to derive post-
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perforation run times showed that this assumption was not true. In fact, the actual post-

perforation run-times could be the same in both the Crew and Driver’s Compartments.

As already mentioned, the time resolution on the air-sampler timer was whole minutes. The
samplers would have registered a 1-minute run time for actual run times ranging from 1 minute
and 00 seconds to arun time of 1 minute and 59 seconds. Using a digital watch to record the
time an event occurred has the same uncertainty. Recording the time of an event as 1500 hours
could represent an actual time that ranges from 1500 hours and 00 seconds to 1500 hours and

59 seconds. Discussions with the senior author of Fliszar et al., (1989) indicated that he recorded
event times (the time of day the sampler was turned on, the time of day the shot was fired) using
the hour and minute shown on the digital watch. The seconds were not recorded nor was the
time rounded to the nearest minute. A time of 1500 hours 20 seconds was recorded as

1500 hours. A time of 1500 hours 45 seconds was also recorded as 1500 hours.

An uncertainty analysis of the impact of this measurement procedure on the shot time and actual

run times for these air samplersis as follows.

4421 Shot Time

The shot time recorded, using the digital watch that recorded al other run times, was 1334 hours.

Therefore, this could have been as early as 1334:00 or as late as 1334:59.
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4.4.2.2 Commander’sPostion Air Sampler

The Commander’ s position air sampler’s on time was recorded as 1005. Therefore, this could
have been as early as 1005:00 or as late as 1005:59. The sampler’ s run-time was initially
reported as 212 minutes and then corrected to 210 minutes (see Table 23). Therefore, the
sampler could have run from 210 minutes and O seconds (3 hours 30 minutes and 0 seconds) to
210 minutes and 59 seconds (3 hours 30 minutes and 59 seconds). Therefore, the earliest time
the sampler could have shut off was 1335:00. Thisisthe minimum sampler run-time (3 hours
30 minutes 0 seconds) added to the earliest sampler on time (1005:00). If this occurred, then the
minimum sampler run-time is 1 second after perforation [1335:00 (earliest sampler off time) —
1334:59 (latest shot time)]. The latest time the sampler could have shut off is 1336:58. Thisis
the maximum sampler run-time (3 hours 30 minutes and 59 seconds) added to the latest sampler
start time (1005:59). Comparing the latest sampler off time (1336:58) to the earliest shot time

(1334:00) results in the maximum sampler run-time of 2 minutes and 58 seconds.

4.4.2.3 Driver’sPogtion Air Sampler

The Driver’s position air sampler’s on time was reported as 1007. Therefore, this could have
been as early as 1007:00 or as late as 1007:59. The sampler’s run-time was reported as

209 minutes. Therefore, the sampler could have run from 209 minutes and O seconds (3 hours
29 minutes and 0 seconds) to 209 minutes and 59 seconds (3 hours 29 minutes and 59 seconds).
Therefore, the earliest time the sampler could have shut off is 1336:00. Thisisthe minimum

sampler run-time (3 hours 29 minutes 0 seconds) added to the earliest sampler on time (1007:00).

104



HRA CONSULTATION NO. 26-MF-7555-O0D September 2000

If this occurred, then the minimum sampler run-time is 1 minute and 1 second after perforation
[1336:00 (earliest sampler off time) — 1334:59 (latest shot time)]. The latest time the sampler
could have shut off is 1338:58. This is the maximum sampler run-time (3 hours 29 minutes and
59 seconds) added to the last sampler start time (1007:59). Comparing the latest sampler off
time (1338:58) to the earliest shot time (1334:00) results in the maximum sampler run-time of

4 minutes and 58 seconds.

As shown in Table 24, each of these assumptions is supported by the calculated post-perforation

run-times. This analysis also highlights that the potential exists that al of these samplers ran for

the same time period post-perforation.

Table 24. Maximum and Minimum Possible Post-Perforation Run-Times

Air Sampler Minimum Maximun
Commander’ s Position 1sec 2 min, 58 secs
Driver’s Position 1 min, 1 sec 4 min, 58 sec

The uncertainties associated with time-keeping and air-sampler timer recording are important for
severa reasons. First, al of the air samplers did not run after the perforation for time periods
that were tens of minuteslong. Asaresult, it can no longer be assumed that the mass of DU
collected by the air-sampler was representative of what crewmembers would internalize.
Consequently, the actual airborne concentration needs to be estimated. Second, the estimated
run-times are short enough that the difference engendered by the time recording methods will

have a substantial impact on the estimated DU airborne concentrations,
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4.5 M ethod for Time Resolution

45.1 Discussion of Basc Assumptions

As stated earlier, no clear rationale exists for a selection of a single run-time estimate

(GAO, 2000). The approach taken to resolve this disparity consists of the following:

Conduct a detailed review of al of the original data from the data sheets for Test 5A with
particular emphasis on the data used to estimate how long the air-samplers ran after perforation.

Conduct an uncertainty analysis of air-sampler run-time after perforation. The short duration
of the run-times coupled with their relative importance in calculating intake made an uncertainty
analysis critical. Up to this point, air sampler run times for this test were considered exact.

Use the Monte Carlo simulation technique to establish a probability distribution of values

rather than singular values for the upper and lower bounds.

As aresult of this methodology, two separate and distinct methods were used to estimate sampler

run-time. We refer to these as Assumption 1 and Assumption 2.

4.5.2 Discussion of Probabilistic Method for Dealing with Uncertainty

The above sections highlight the uncertainties associated with interior airborne data from Test

5A from Fliszar et al., (1989). It was necessary to decide upon a means of systematically dealing

with these uncertainties. Two techniques were considered for dealing with the uncertaintiesin
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the data and the uncertainties for the key parameters required to estimate intake. The first
technique considered, the best-estimate technique, was to develop a best estimate for each
parameter and data point. This technique was used in the August 1998 Interim report. (See
Appendix F for adiscussion.) These best estimates are used to calculate a single estimate of
intake. Estimating uncertainty is relatively simple as long as the data are robust and the numbers
of parameters are small. When uncertainties exist in the data and a large number of parameters
exist, estimating total uncertainty is difficult. Justification of the values selected becomes
impossible if a key parameter may have two discrete, very different, and equally justifiable
values. This technique becomes particularly problematic when attempting to establish upper and
lower bounds for the estimated parameters, because there is no method for excluding estimates
based upon an unrealistic set of parameters. Given this dilemma, the best-estimate technique

was not used in this report.

The second technique considered was to use a Monte Carlo simulation program that will
generate a probabilistic distribution of intakes based upon a defined probability distribution of
potential parameter values. (See Appendix O for adiscussion.) One such computer software
programis Crystd Bal®. The advantage of thistechnique isit provides a scientifically
defensible method for dealing with the uncertainty generated by each parameter. It also provides
a justifiable method for establishing reasonable upper and lower bounds for intake. Thisis

especialy important when there is uncertainty in the actual value of the data-point but relative

Crystal Ball® isaregistered trademark to Decisioneering, Inc., 1515 Arapahoe Suite, 1311, Denver, Colorado

80202.
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certainty in the range of values that contain the actual value. Thisisthe case for the data from
Hliszar et d., (1989) Test 5A; therefore, the Crystal Ball Monte Carlo simulation program was

used in this analysis.

A second issue remains. Estimates of intake are dependent upon the time the air samplersran
after perforation. There are two estimates of air-sampler run-times for Test 5A that are equally
defendable. One estimate was based upon two underlying assumptions. First, the air samplersin
the Crew Compartment stopped “ moments’ after the round impacted. Based upon testing
experience, this typically occurs “seconds’ after impact. Second, the air sampler result in the
Driver’s Compartment may have run for the reported time. However, the Driver’s Compartment
result still could not be used to estimate Crew Compartment exposures, because there may have

been insufficient mixing between these two compartments.

The second estimate had one primary assumption: the mixing of the airborne concentrations
between the Driver's Compartment and the Crew Compartment was sufficient to allow the use of
the Driver’s Compartment data to estimate the intake in the Crew Compartment. The only data
used was actual run-time of the air sampler in the Driver’s Compartment as captured in Fliszar et

a., (1989) of 2 minutes.

The run-time-after-perforation analysis was important. It showed that the uncertainties
associated with the technique used to determine air-sampler run-time were significant, because
the reported run-times were so short. This analysis showed that while the Commander’s

Compartment air-sampler run-time had a reported run-time of 1 minute after perforation, it could
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have run anywhere from 1 second after perforation to 2 minutes 58 seconds. Similarly, while the
Driver’s Compartment air sampler had a reported run-time of 2 minutes after perforation, it
could have actually run anywhere from 1 minute 1 second to 4 minutes 58 seconds. The
uncertainty analysis showed that both time estimates are valid, because they fall within the range

of possible run-times.

The basic problem with the “ moments’ assumption is the need to come up with an independent
estimate or distribution of estimates of the time that could be used to quantify a“ moment.” The
approach chosen in this assessment was to use the removable surface contamination
measurements in the Abrams tank to estimate the internal airborne concentration after
perforation. A limitation to these measurements was the amount of aerosolized DU within the
tank, because two activities occurred during the tests: the EC/NBC System was in operation and
a hatch opened. Both of these pathways alowed airborne DU to escape; the exact amount is not
guantifiable. Once the airborne concentration distribution was estimated, the distribution of air-
sampler run-times could be calculated by estimating the time required for the air sampler to
collect the measured mass of DU on the filter paper. Aswith the other techniques, rather than
using single values for each of the parameters required for this calculation, a distribution of

values was used.

453 Methodsfor Estimating Time for Assumption 1

Estimates of the sampler run-times were generated using the following model under the basic

assumption that the removable contamination on the interior of the tank came primarily from the
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settling of the DU aerosols in the tank. The contamination measurements from the wipe tests
were used to estimate the total DU in the interior of the tank. The measurements of interior
contamination were used to estimate the range of times the air samplers ran using the following

model or equations.

(M Interior/VTank)* FC= MCOll(FR* t) (Equation 1)

M |n'[eri0r: AMAvg* SA/(CE* DF) (Equatlon 2)

To determine time, the first equation was solved for time.

t = Mco/ FR*V1ank/ (Minterior™ FC) (Equation 3)

Substituting equation 2 into equation 3 results in the equation for the time estimate:

t = Mol FR*V1and (AM avg* SA* FC)* (CE* DF) (Equation 4)

Where:

M nierior 1S the total mass of DU in the interior of the tank and is estimated by equation 2.
V isthe total volume of the tank.

FC is the fraction of aerosol mass concentration generated in the vehicle that would be
collected by the sampler.

Mo is the mass collected by the air samplers in the compartment under consideration.
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FR isthe air sampler average flow rate.

t isthe time the air sampler ran to collect the Mcg.

AMayg is the weighted areal mass average of DU per unit surface areain the tank.
SA isthe estimated total surface areain the tank.

CE isthe wipe test collection efficiency and is the ratio of the activity collected on the
wipe versus the removable activity present in the area.

DF is the deposition fraction of the DU mass that was available on the surface at the time
the wipe was taken. The DF was modeled as a triangular distribution for input into the
Crystal Ball. The upper-bound value is 100 percent (1.0) or no DU was resuspended from
the surface at the time of the wipe test sample collection. The lower-bound and MLV was

estimated by professional judgment to be 90 percent (0.9) or 10 percent of the DU had been
resuspended and would not have been collected on the wipe test sample.

4.5.4 Discussion of Input Parameter Ranges and M odeled Distributions

Equation 2 Parameters. The DU mass deposited to the interior of the tank was estimated from

the following parameters using equation 2.

M |n'[eri0r: AMAvg* SA/(CE* DF)

Where: AMayg Or weighted areal mass average in the vehicle.

The following spreadsheet, as shown in Table 25, was used to calculate the AMayg. The
activitiesin Column 3 are taken from Fliszar et a., (1989), pp. 197-200. The USACHPPM
employees measured the wipe test “local areas’ (Column 4). The DU activity (Column 5) was

estimated from the beta particle activity reported. Approximately 1.79 beta particles per minute
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are emitted for each dpm of DU (dpm DU). Therefore, the DU activity in dpm/100 cm? was
estimated by dividing the reported beta activity (dpm/100 cm?) (Column 3) by 1.79. The
calculation of the military DU specific activity (SpA) and the betas per minute per dom DU are
presented in Tables 25 and 26. Column 6 of Table 25, Normalized DU activity (dpm/cm?), was
calculated by dividing the estimated DU activity (dpm/100 cm?) by 100. An assumption was
made that the DU activity measured on the wipe test was representative of the areal activity in
the “local aread’ as measured. Therefore, the weighted area DU activity in dpm (Column 8) was
calculated by multiplying the Normalized DU activity (dpm/cm?) by the “Local Area”
measurement (cm?). The weighted average DU activity (dpm/cm?) was then calculated by
summing the weighted area DU activities and dividing by the total “Local Area’. The minimum,
maximum, average and standard deviation of the Normalized DU activity was also determined
and islisted in Table 25. Note: The record numbersin Table 25 are not consecutive since wipe
tests were performed outside the vehicle. Therefore, these exterior wipe tests were not included

in the estimation of the DU mass deposited in the Crew Compartment.
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The distribution of the AMavg Was modeled as a triangular distribution for input into the Crystal

Ball program. Since the weighted average (14.98 dpnvcm?) was greater than the simple average
(8.53 dpmvcn?), the weighted average was selected asthe MLV. The larger average was selected in
order for the estimate to remain conservative. Two values were considered for the upper-bound of
the triangular distribution — the Maximum DU activity (48.15 dpm/cm?) and the value plus 2
standard deviations from the weighted average (34.38 dpmvcm?). The plus 2 standard deviations
from the weighted mean value was selected, since all measurements, except for 1, the maximum,

are less than this value. Two values were considered for the lower bound of the triangular
distribution — the Minimum DU activity (0.34 dpmvcm?) and the value minus 2 standard deviations
from the weighted average (14.98 —2 * 9.70 = -4.42 dpm/cm®). Since the minus 2 standard

deviations from the mean value are negative, the minimum value (0.34 dpm/cm?) was selected.

Wipe-Test Collection Efficiency (CE). The wipe-test CE was modeled as a triangular distribution
for input into the Crystal Ball program. Since wipe tests were collected from different types of
surfaces inside the vehicle, arange of wipe CEs would be expected. For smooth surfaces, such as
handles, the moderate pressure applied in collecting the wipe test may remove 100 percent of the
activity. Therefore, the upper bound for the triangular distribution was selected as 1.00. However,
from rougher surfaces, such asfloor areasin the tank, the moderate pressure applied in collecting
the wipe test would remove less than 100 percent of the activity. Professional judgment was used to

select the lower bound and MLV for the wipe CE. The lower bound was selected as 10 percent

117



HRA CONSULTATION NO. 26-M G-7555-00D September 2000

(0.10) and isthe “conservative’ value provided in International Organization for Standardization-

7503-1 (1980). The MLV was selected as 25 percent (0.25).

Tank Interior SA. Theinterior SA of the tank was modeled as a triangular distribution for input
into the Crystal Ball program. The volume of the Crew Compartment (7.1 m*) and the volume of
the Driver's Compartment (0.5 m°) as determined by Program Manager (PM)-Abrams had
previously been provided. A rectangular box 1.83 meters by 1.83 meters by 2.13 metershas a
volume of approximately 7.1 m®. The interior SA of this box is approximately 22.3 m? [2 * (1.83 *
1.83) + 4 * (1.83* 2.13) = 22.29m7]. A rectangular box 1.52 meters by 0.914 meters by 0.366
meters has a volume of approximately 0.5 m®. The interior SA of this box is approximately 4.6 m?
[2* (1.52* 0.914) + 2 * (1.52* 0.366) + 2 * (0.914 * 0.366) = 4.561m°]. Therefore, the interior SA
of two boxes that approximate the volume of the Crew and Driver’s Compartment of the Abrams
tank is 26.85 m? (22.29 m? + 4.56 m?). From the interior and exterior measurements of Abrams
SAs measured by USACHPPM, the interior SA was estimated to be 32 m?. The actual interior SA
of the Abrams Crew and Driver’s Compartment would be greater than the interior SA estimated by
the two boxes of equivalent volume, since items and equipment inside the vehicle increase the
interior SA. Therefore, the lower bound of the triangular distribution was selected as 32 m?. The
upper bound was selected as two times this value or 64 m”. This upper-bound value assumed there
was a 100 percent uncertainty in the estimate from the measured areas. The MLV was selected as

the midpoint between 32 m? and 64 m? or 48 n’.
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Deposition Fraction (DF). Thisisthe fraction of the DU mass that was available on the surface at
the time the wipe was taken. The DF was modeled as a triangular distribution for input into the
Crystal Ball program. The upper-bound value is 100 percent (1.0), or no DU was resuspended from
the surface at the time of the wipe test sample collection. The lower-bound and MLV were
estimated by professional judgment to be 90 percent (0.9), or 10 percent of the DU had been

resuspended and would not have been collected on the wipe test sample.

Equation 4 Parameters. The time (t) that the air samplersin the Crew Compartment ran was

estimated from the following parameters using equation 4.

t= Mol FR* Vraid (AMayg* SA* FC)* (CE* DF)

Mco Or the DU mass collected by the air samplersin the Crew Compartment. The mass
collected was modeled as a uniform distribution for input into the Crystal Ball program. The DU
mass values reported for the air samplers in the Commander’ s position (3.0 mg DU) and Gunner’s

position (3.7 mg DU) were used as the lower bound and upper bound values, respectively.

FR or the air sampler average flow rate. The average FR was modeled as a triangular
distribution for input into the Crystal Ball program. The initial sasmpler FRs for the Commander’s
and Gunner’s position samplers were recorded as 4.98 L/min and 5.00 L/minin Fliszar et d.,

(1989), respectively. Post-sampling FRs were not determined. Summaries of pre-and post-
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sampling FRs provided by the senior author of Fliszar et al., (1989) ranged from 3 L/minto 5
L/min. Therefore, the lower-bound value for the triangular distribution was selected to be 3 L/min
(5 x 10° m/sec); the MLV was selected to be 4 L/min (6.67 x 10° m*/sec); and the upper-bound

value was selected to be 5 L/min (8.3 x 10° m®/sec).

V1ank OF the Crew-Compartment and Driver-Compartment volume. The tank volume was
modeled as a triangular distribution for input into the Crystal Ball program. The volume of the
Crew Compartment (7.1 m®) and volume of the Driver’'s Compartment (0.5 m®) as determined by
PM-Abrams had previously been provided. When adjustments are made for the crewmembers and
their personal equipment, the total air volume of the tank is about 7.2 m®. Therefore, the MLV was
selected to be 7.2 m®. A 10 percent measurement uncertainty was assumed on this value to
determine the lower-bound and upper-bound values. Therefore, the lower-bound value was selected

to be 6.48 m®, and the upper-bound value was selected to be 7.92 n°.

AMayg Or weighted areal mass average in the vehicle is described with equation 2 parameters.

(See page 112.)

SA or tank interior surface areais described with equation 2 parameters.

FC or the fraction of aerosol mass concentration collected by the air samplers. The fraction

collected was modeled as a triangular distribution for input into the Crystal Ball program. The
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upper bound of the DU aerosol mass concentration that could be collected by afilter is 100 percent
(1.0). However, al particle sizes (AED) would not enter the sampler. This factor estimates many
unknown factors that would reduce the concentration measured by the sampler when compared to
the actual concentration in the Crew Compartment. Some of these factors include sampler CE,
incomplete aerosol mixing, and venting of the aerosol from the interior of the tank. Professional
judgment was used to estimate the lower-bound value of 50 percent (0.5). This assumesthat the
DU aerosol mass concentration calculated by the air sampler datais only 50 percent of the actual
DU aerosol mass concentration in the Crew Compartment. It isbelieved that thisis a conservative
assumption. The MLV was assumed to be the midpoint between 50 percent and 100 percent or 75

percent (0.75).

CE is described with equation 2 parameters.

DF is described with equation 2 parameters.

Crystal Ball Estimates of Sampler Run-Time. The range of probabilistic run-times for 10,000
trials was from 2.25 seconds to 1,170 seconds with a mean of 30 seconds, a standard deviation of
37 seconds, a median of 21 seconds, and asg of 1.9 seconds. (See Cell D15, Appendix O.) The
Crystal Ball Report, to include a statistical description of the results forecast and a probability

distribution, isincluded in Appendix O.

Assumption 1 input parameters are summarized in Table 28.
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Table 28. Assumption 1 Input Parameters Summary
Parameter Distribution Lower Bound MLV Upper Bound
Type

Mco (mMg) Uniform 3.0 NA 3.7

FR (m°/sec) Triangular 5E-5 6.67E-5 8.3E-7
Viak (M) Triangular 6.48 7.2 7.92

AM a,q (Mg/cm®) Triangular 0.0004 0.01787 0.0410
SA (n7) Triangular 32 48 64

FC (fraction) Triangular 0.50 0.75 1.0

CE (fraction) Triangular 0.10 0.25 1.0

DF (fraction) Triangular 0.90 0.90 1.0

455 Methodology for Determining Sampler Run-Time for Assumption 2

The sampler run-time was modeled from the time analysis performed on the Driver’s position air

sampler. The time distribution was modeled as a triangular distribution with an MLV of 120 sec

(2 minutes), alower-bound of 61 sec (1 minute 1 sec) and an upper-bound of 298 sec (4 minutes

58 sec).

4.6  Methodology for Estimating DU Concentration in the Tank

The two sampler run-time estimates (Assumptions 1 and 2) were used to estimate DU aerosol mass

concentrations (mg/m°). The DU aerosol mass concentrations were assumed to be constant over an

exposure time and intakes of DU (mg) were estimated. From the estimated intakes, the ranges of

CEDE (rem), lung CDEs (rem), and DU kidney concentrations (ug of DU/g of kidney) were

estimated.
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The following equation was used to estimate the range of DU aerosol mass concentrations (C).

C (mg/m°) = Mco/(FR * t) * 1/FCE (Equation 5)

Where:

Mo is the mass collected by the air samplers in the compartment under consideration. For
Assumption 1, a uniform distribution was used for input into Crystal Ball. The lower-bound
value was 3.0 mg (Commander’ s position air filter result), and the upper-bound value was 3.7
mg (Gunner’s position air filter result). For Assumption 2, atriangular distribution was used for
input. The MLV was 2.67 mg (Driver’s position air filter result). The lower bound selected
was 2.40 mg (-10 percent of the MLV), and the upper bound selected was 2.94 mg (+10 percent

of the MLV).

FR isthe air sampler average flow rate. For Assumptions 1 and 2, the FR parameter was
modeled as a triangular distribution with an MLV of 6.67 x 10° m®/sec, a lower-bound of

5.0 x 10° m*/sec, and an upper bound of 8.3 x 10° m®/sec.
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t isthe time the air sampler ran to collect the M¢,. The parameter, t, was estimated by
Assumption 1 and was used as input into the concentration forecast. For Assumption 2, t was
modeled as a triangular distribution with an MLV of 120 sec (2 minutes), alower-bound of

61 sec (1 minute 1 sec), and an upper bound of 298 sec (4 minutes 58 sec).

FCE and was modeled as a constant of 0.98 for input into the Crystal Ball program.

4.7 Methodology for Assessing Intake

The following equation was used to estimate the range of DU intakes (1) in mg.

| (g DU) = C* BR* RF* to (Equation 6)

Where:

C is the DU aerosol mass concentration in mg/m® as estimated from equation 5. The

concentrations calculated from Assumptions 1 and 2 were used as input to determine Intake

Distributions 1 and 2.
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BR isan individual’s breathing rate in m*/sec. The distribution for Assumptions 1 and 2 was
modeled as a triangular distribution with an MLV and upper bound of 8.33 x 10™ m*/sec (3 m*/hr).

The lower bound was selected as 3.33 x 10™ m*/sec (1.2 m*/hr).

RF is the respirable fraction and was modeled as a triangular distribution with an MLV and
upper bound of 0.96. The lower bound was selected as 0.60. These values for the RF were based

on the technical literature review.

teq IS an individual’ s exposure time in seconds. The distribution for Assumptions 1 and 2 was
modeled as a triangular distribution with an MLV of 60 sec. The lower bound was 10 sec, and the
upper bound was 120 sec. These values were provided by OSAGWI personnel.

4.8 Methodology for Estimating CEDE for Inhalation

The CEDE isthe dose received over 50 years following an intake of DU. The following equation

was used to estimate the range of CEDEs.

CEDE (rem) =1 (mg) * DCF ( remymg) (Equation 7)

Where:
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The DCFsfor different lung clearance classes were developed by using the Lung Dose Evaluation
Program (LUDEP) (NRPB-SR-287, 1996) based on the fractional mass amount of DU, that is
U-234, U-235, U-236 and U-238, and on a 1 mg intake of a5 nm AMAD aerosol inhaled by a
mouth breather having a BR (or ventilation rate) of 3 m*/hr (or 50 L/min). (See Appendix Jfor a
discussion of computer models, dose calculations and derivations of the DCFs listed below.) The
Radiological Bioassay and Dosimetry (RBD) program (ORNL/TM-11858, 1993) and the Code of
Internal Dosimetry (CINDY') (PNL-7493, 1992) were used to verify the dose estimates. A
discussion of these three codesis found in Appendix J. The inhalation DCFs used for the dose

calculations are provided in Table 29.

Table 29. Summary of Inhalation DCFs

Clearance Class DCF Appendix J Reference
ClassD 8.52 E-4 rem/mg Table J-18
Class W 1.25E-2rem/mg Table J-17
ClassY 2.18 E-2 rem/mg Table J-16

The Fliszar et al., (1989) report indicates that a range for the ratio of soluble-to-insoluble
aerosolized DU fraction exists. However, Hiszar et al., (1989), did not differentiate between the
soluble and insoluble percentage and the chemical form of the aerosolized DU that had been
collected insde the tank. Therefore, professional judgment based on the technical literature
reviewed assumed that 17 percent Class W (or Type M) would be the moderately soluble fraction
and 83 percent Class Y (or Type S) would be the insoluble fraction. Therefore, the resultant

inhalation DCF is—
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(0.83 * 2.18E-2) + (0.17 * 1.25E-2) = 2.0219E-02 or 2.02E-02 rem/mg

Therefore, the CEDE for an inhalation intake of 79 mg based on the percentages above is—

(79 mg) * (2.02E-2 rem/mg) @1.6 rem

For example, for DU solubility percentages of 60 percent Class Y (or Type S), 20 percent Class W

(or Type M) and 20 percent Class D (or Type F), the inhalation DCF is—

(0.60 * 2.18E-2) + (0.20 * 1.25E-2) + (0.20 * 8.52E-4) = 1.58E-2 rem/mg

Therefore, the CEDE for an inhalation intake of 79 mg based on the percentages above is—

(79 mg) * (1.58E-2 rem/mg) = 1.25 rem or @1.3 rem

Appendix O discusses the uncertainty and sensitivity analysis. The calculation of the intake of DU
and the resultant dose was based on a5 nm AMAD aerosol. See Appendix Jfor adiscussion on

respiratory tract and the inhalation DCFs for both a1 nmand 5 mnm AMAD aerosol.
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49 Methodology for Estimating DU Lung CDE for Inhalation

The following equation was used to estimate the range of DU lung CDEs.

CDEjung (rem) = CEDE (rem) / Wt (Equation 8)

In the adult, it is satisfactory to consider the respiratory tract, which is composed of the trachea,
bronchi, and pulmonary region and associated lymph nodes as one composite organ of mass 1,000 g
to which the CDE is applied (ICRP-23 and ICRP-26). The lifetime risk factor for fatal lung cancer
in 1977 was according to ICRP-26 2 x 10°/rem. The lifetime risk factor for fatal lung cancer in
1990 according to | CRP-60 was 8.5 x 10 /rem. (See Appendix G for a discussion of risk

coefficients.)
The Wr represents the proportion of the stochastic risk resulting from the tissue to the total risk,
when the whole body is irradiated uniformly. The W+ is obtained from ICRP-26 and ICRP-60. The

Wi for the lung is 0.12 or 12 percent of the total risk (see Appendix G).

The CDE for the lung is—
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CDEywng = CEDE/0.12 (Equation 8a)
or

CDElung = CEDE * 8.33 (Equation 8b)

Since the lung is regarded as having a greater sensitivity to radiation than the lymphatic tissue, it is
assumed that the irradiation of the lung is more limiting than the lymphatic tissue in determining the

dose limitation for such inhaled insoluble radioactive particulates.

4.10 Methodology for Estimating the Kidney DU Concentration for Inhalation Exposure

The following equations were used to estimate the range of kidney concentrations. Thisis done by

first calculating the amount of DU reaching the kidney, and then expressing that amount as a

concentration.

D,XV,Y
Ky=1* a (fo* f«) (Equation 9)
Class
Where:
Ky = Amount of DU reaching the kidneys (mg)
I = Intake (mg)
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fo

Fraction transferred to blood (see Appendix J)

fi

Fraction transferred to kidney (see Appendix J)

mg tokidney x (1000 pug/ mg)

M kidney

Kidney Concentration (nmg DU/g of kidney) =

Where: Miidney = Mass of kidneys (310 Q)

Transport of DU to the Kidney. The amount of DU reaching the kidney is related to the AMAD of
the aerosol inhaled and the solubility of the DU. (See Appendix Jfor adiscussion of DU in the
human body and the derivation of the following fractions that reach the kidney.) The fractions that
reach the kidney will do so over varying time intervals. In this kidney concentration analysis, it is

assumed that all DU that reaches the kidney will do so at the same time.

The fraction of DU reaching the kidney for a particle size of 5 mrm AMAD for each respiratory

clearance class (that is, f, * fy) is summarized in Table 30.

Table 30. Fraction of DU Reaching the Kidney

Class Fraction Reaching Kidney
at 5 mm AMAD
D 0.0642
W 0.0174
Y 0.0034
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The amount (mg) of DU reaching the kidney is calculated as follows:

o
Ky=1* a (fo* f«)

Class

Assumptions:
Intake (1) = 25.19 mg
Fraction of Class D = 0.00
Fraction of Class W = 0.17
Fraction of Class Y = 0.83
Fraction of Class 'Y reaching the kidney = 0.0034
Fraction of Class W reaching the kidney = 0.0174
Particle size = 5mm AMAD
Mass of kidneys = 310 g (ICRP-23)

The amount of a5 mm AMAD aerosol reaching the kidney is:

(25.19 * 0.83* 0.0034) + (25.19 *0.17 * 0.0174) = 0.1456 mg

131



HRA CONSULTATION NO. 26-M G-7555-00D September 2000

Therefore, the concentration of DU in the kidney is (0.1456 mg * 1000 ng/mg)/310 g or 0.4 ng

DU/qg of kidney.

4.11 Summary of Inhalation Exposures

Summaries of the input parameters and results from the Crystal Ball Monte Carlo smulations for
Assumption 1 and Assumption 2 are provided below. Additional details are provided in
Appendix O. Also, included in Appendix O are results of the sensitivity analyses from each
simulation. The sengitivity chartsin Appendix O display the influence each input parameter has on

a particular result.

4.11.1 Summary of Input Parametersfor Inhalation Exposures

The input probability distributions for Assumption 1 and Assumption 2 are summarized in Table 31
and Table 32, respectively. The rationale for the various distributions and values was presented in
Sections 4.5.5 through 4.7. Appendix O contains the Crystal Ball input parameters reports for the

two smulations along with charts displaying the input probability distributions.
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Table 31. Assumption 1 Input Parameters

Parameter Distribution Type Minimum Likeliest Maximum Simulation Mean
Areal Mass Triangular 0.40 17.90 41.0 19.77
Average —
ng/cm?

Wipe CE Triangular 0.10 0.25 1.00 0.45
Interior SA —m® | Triangular 32 48 64 47.96
Surface DF Triangular 0.90 0.90 1.00 0.93
Tgnk Volume— | Triangular 6.48 7.20 7.92 7.20
m

Collection Triangular 0.50 0.75 1.00 0.75
Fraction

Sampler FR — Triangular 5.00E-5 6.67E-5 8.37E-5 6.67E-5
m®/sec

Mass Collected — | Uniform 3.0 NA 3.7 3.35
mg

RF Triangular 0.60 0.96 0.96 0.84
BR — m°/sec Triangular 3.33E-4 8.33E-4 8.33E-4 6.66E-4
Crew tep —Sec Triangular 10 60 120 63.18

Table 32. Assumption 2 Input Parameters

Parameter Distribution Type Minimum Likeliest Maximum Simulation Mean
Sampler Run- Triangular 61 120 298 159.87
Time —sec
Sampler FR - Triangular 5.00E-5 6.67E-5 8.37E-5 6.68E-5
m°/sec
Mass Collected — | Triangular 2.40 2.67 2.94 2.67
mg
RF Triangular 0.60 0.96 0.96 0.84
BR — m*/sec Triangular 3.33E-4 8.33E-4 8.33E-4 6.67E-4
Crew tep —Sec Triangular 10 60 120 63.05
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4.11.2 Summary of Probabilistic Results for Inhalation Exposures

A summary of the Assumption 1 and Assumption 2 statistical results from the Crystal Ball Monte
Carlo smulationsis provided in Table 33. The statistics, percentiles, and probability distribution

charts are provided for each value forecast in the Crystal Ball Monte Carlo simulationsin

Appendix O.

Table 33. Summary of Assumption 1 and Assumption 2 Results
Result Assumption 2.5 %tile Median Mean 97.5 %tile

t (sec) 1 5.69 21.23 30.30 112.0
2 NA NA NA NA

C (mg/n) 1 463 2410 2990 8690
2 147 267 286 530

| (mg) 1 11.86 78.56 105.6 366.0
2 2.553 8.871 10.07 24.40

CEDE (rem) 1 0.240 1.59 2.13 7.39
2 0.0516 0.179 0.203 0.493

Lung CDE (rem) |1 2.0 13.2 17.8 61.6
2 0.430 1.49 1.69 411

Kidney 1 0.22 1.46 1.97 6.82

Concentration 2 0.05 0.17 0.19 0.45

(ng DU/g)

4.12 Secondary Ingestion (Hand-to-M outh)

The methodology for this estimate is contained in Appendix F. The upper-bound CEDE is
0.0006 rem for an individual inside an Abrams series tank, following a single-round perforation by

secondary ingestion (hand-to-mouth) of DU surface contamination. The CEDE was calculated
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using atotal secondary ingestion intake of 24 mg [insoluble intake of 20 mg and a soluble intake of
4.0 mg (83 percent low absorption and 17 percent moderate absorption)]. The intake of 24 mg of
DU by secondary ingestion would result in a conservative estimate of 0.12 mg [(4 mg x 0.02) + (20

mg x 0.002)] being absorbed into blood viathe Gl tract.

The lower-bound CEDE is 0.0003 rem for an individual inside an Abrams series tank following a
single-round perforation by secondary ingestion (hand-to-mouth) of DU surface contamination.
The CEDE was calculated using a total secondary ingestion intake of 12 mg [insoluble secondary
ingestion intake of 10 mg and a soluble secondary ingestion intake of 2 mg (83 percent low
absorption and 17 percent moderate absorption)]. Thisintake of 12 mg (~50 percent of the upper
bound) of DU by secondary ingestion would result in a conservative estimate of 0.06 mg

[(10 mg x 0.002) + (2 mg x 0.02)] being absorbed into blood viathe Gl tract.

4.13 External (Gamma) Radiation Deep Dose

During the Gulf War, veterans in Abrams series tanks uploaded with DU munitions were potentially

exposed to external gamma radiation. The following provide generic dose rates in the tank:

The average deep-dose rate for the driver of an Abrams tank is 0.00013 remvhr with the bustle

fully loaded with DU ammunition pointing forward and with the Driver’s hatch open. When the
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gun tube is pointed forward in a non-DU-armored vehicle, the average dose rate is 0.00003 remvhr.

In a DU-armored vehicle, the average dose rate is 0.0001 remv/hr.

The average deep-dose rate is 0.00002 rem/hr for the gunner, loader, and commander of an

Abrams series tank, with a DU combat load.

The maximum deep-dose rate directly on the front surface of the turret outside an M1AI DU

armored tank is about 0.0003 rem/hr.

Appendix L provides the dose rates to crewmembers of an Abrams series tank uploaded with

DU munitions.

Based on anecdota information, a tanker may have spent up to three months “ pretty much
continuously” in his Abrams seriestank. The highest external dose for this period would be

approximately 0.3 rem (deep-dose).

An external radiation deep dose will not be calculated for any individual who may have
occupied an Abrams series tank uploaded with DU munitions during the Gulf War because of
unknown exposure durations. However, by using the datain this report and knowing the exposure

time, estimates of an individual’s dose may be calculated.

For example, if the driver of anon-DU armored Abrams series tank drove with the bustle fully

loaded with DU ammunition pointed forward and with the driver’s hatch open for 20 hours, his
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estimated deep dose would be 0.003 rem (20 hrs x 0.00013 remvhr). |If the driver drove for 40 hours
with the gun pointed forward, his estimated deep dose would be 0.0012 rem (0.00003 remvhr x

40 hrs).

4.14 Other Exposure Scenarios

4.14.1 Insdea Struck Vehicle, Armor not Perforated

Table 34 summarizes the intake and the 50-year CEDE to individuals inside the Abrams series tanks
when the DU round did not penetrate the Crew Compartment. From Fliszar et a., (1989), the
highest estimated intake inside the turret Crew Compartment was 0.042 mg of DU when perforation

did not occur. These data assume:

An intake of 0.042 mg of DU

A 2-minute exposure duration (a conservative assumption)
The isotopic composition

A 5nm AMAD aerosol

Solubility of the DU oxide (17 percent moderate absorption and 83 percent slow
absorption)
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Table 34. Estimated DU Intake of 0.042 mg and CEDE to Individuals Inside the Abrams Series
Tanks During the Time When a DU Round Did Not Perforate the Crew Compartment

(5 rm AMAD Aerosol)

0.035 mg 0.007 mg 0.035 mg 83% 0.007 mg 0.024 mg 57% | 0.018 mg 43%
83% Class Y 17% Class D Class Y 17% Class W ClassY ClassD
Solubility or Solubility or Solubility or Solubility or Solubility or Solubility or

dow fast absorption, dow moderate dow fast absorption,
absorption, DUO;, absorption, absorption, absorption, DUO,
DUO,, DU;04 DUO,, DU;04 DUO, DUO,, DU;04
Intake | Dose | Intake | Dose | Intake | Dose | Intake | Dose | Intake | Dose | Intake | Dose
(mg) |(rem) | (mg) |(rem) | (mg) |(rem) | (mg) | (rem) | (mg) | (rem) | (mg) | (rem)
0.035 | 0.001 | 0.007 0 0.035 | 0.001 | 0.007 0 0.024 | 0.001 | 0.018 0

4.14.2 Intake from Embedded DU Fragments and Wound Contamination

Asdiscussed in McDiarmid et. al., (1999), some Level | Gulf War Veteransinvolved in DU

friendly fire incidents had wounds contaminated with DU and retained embedded fragments. The

dose assessment models required to estimate the radiation doses and chemical intakes from these

exposures are not available at thistime. The National Council on Radiation Protection and

Measurements is in the process of developing the models required for this assessment.

There are limited data available for radiation dose estimates. The VA has been monitoring a subset

of these veterans in a voluntary program initiated in the 1993-94 timeframe. Those veterans with

embedded fragments have had constant, elevated urine DU levels throughout the monitoring period

with the highest on the order of 31 ng of uranium per gram of creatinine. McDiarmid et. a., (2000)

developed a method for estimating the radiation dose based upon the results of in vivo and in vitro
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measurements. This technique yielded CEDE dose estimates ranging from 0.01 remto 0.1 rem per
year from this constant excretion. The reliability of this novel technique used to estimate these

doses has not as of yet been verified.

4.14.3 Intake of Contaminated Foodstuffs, Soil, and Water

The intake of contaminated foodstuffs, soil, and water are modes of direct ingestion. Data are not

available to estimate the intake of DU from these media. See Appendix F for adiscussion of the

calculational methodologies for direct ingestion.

4.14.4 Depleted Uranium Contamination of Gun Tubes

Radiological surveys have identified both fixed and removable radioactive contamination in gun

tubes that fired developmental and production DU munitions. These DU-contamination levels were

well below levels that could pose an adverse health effect for individuals who may be potentially

exposed to DU contamination, Parkhurst et €., (19953).

4.14.5 Gun Tube Flareback or Blowback

When an Abrams Tank fires a 120mm DU round there is flareback or blowback of some of the

propellant gases. Radiological surveysindicate that airborne levels of DU near the gun tube breech
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and in the Crew Compartment were indistinquishable from background levels, even when the bore

evacuator was made inoperable, Parkhurst et al., (1995a).

4.15 Health Risk Characterization for OSAGW!I Level | DU Exposures

Both the impact and perforation of a DU penetrator on a hard target and the burning of DU
munitions produce DU dust or aerosol particles. The high temperature created during impact or
perforation and fires act to oxidize the DU metal to a series of complex DU oxides (predominately
DU30g and DUQ»). These are considered to be insoluble and Class Y (or Type S) in the open
literature. However, Army test data have shown that these same oxides, when formed in impact or
perforation events of hard targets, produce a measurable percentage of more soluble DU compounds

(Class D/W or Type F/M).

Since the exposure assessments are not for a specific individual, the anatomical and physiological

characteristics of Reference Man (ICRP-23, ICRP-66 and |CRP-70) are used for the dose estimates.

Appendix M provides a theoretical tank battle scenario for calculating internal dose to soldiers on

the battlefield.

Appendix N provides data input for modeling DU exposure on the battlefield [83 percent insoluble

ClassY (or Type S) and 17 percent moderately soluble Class W (or Type M)].
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Appendix O summarizes the uncertainty and sensitivity analysis for OSAGWI Level | Scenarios.

Appendix P summarizes the data gaps for OSAGWI Level | Scenarios and those extracted from

Shelton et a., (1995)%.

Appendix Q summarizes the sensitive parameters used in the DU assessment of OSAGWI Level |

Scenarios.

4.15.1 Chemical Risk

The toxic effects of uranium vary according to its route of exposure and its chemical form. In
general, ingested uranium is less toxic than inhaled uranium. This s attributable in part to the low
Gl absorption of uranium compounds (0.2 percent to 2 percent). Solubility, which is dependent on
the chemical form, correlates positively with toxicity, with the most soluble compounds being the
most toxic. Regardless of the chemical form which uranium takes, once it isin the bloodstream its
primary target organ is the kidney. While this does not exclude the possibility of the DU inflicting
functional lesionsin other organ systems such as bone and liver, it is believed that the kidney is the
most sensitive target organ to uranium toxicity. Upon entering the bloodstream, approximately

60 percent of the uranium in plasma exists in stable complexes with carbonate or bicarbonate.
These complexes are filtered in the kidney at the glomerulus. As glomerular filtrate passes aong

the proximal tubules, the complexed uranium dissociates with decreasing pH. This liberates the
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reactive uranyl ion, which can interact with and damage components to the proximal tubule

membrane prior to being excreted in the urine.

The necessary toxicity benchmark values, exposure criteria, and methodology do not exist to
retrospectively or quantitatively assess chemical risk following a battlefield exposure. The
methodology currently in place for Health Risk Assessments (HRAS) is not intended to be used for
retrospective studies following a chemical exposure. Rather, HRASs are intended to be prospective
and thus protective. In aquantitative risk characterization and in risk assessments, a predicted
exposure value is compared to an appropriate exposure guideline or reference value. If the ratio of
these values is greater than unity, then steps may be taken to decrease the predicted exposure value.
In aqualitative risk characterization, risk is described with words rather than equations. Neither
guantitative nor qualitative risk characterizations are used to determine whether or not an effect has
occurred. Whether quantitative or qualitative, the reference values used in HRAs are intended to be
protective of al individuals, including sensitive individuals. Occupational exposure guidelines are
also intended to be protective. They represent concentrations that are believed to be safe; however,
they do not generally represent concentrations that are believed to be athreshold for safety.
Because of this, it cannot be concluded that adverse health effects will result if aguidelineis
exceeded, nor can the degree of a potential effect be accurately predicted. When an exposure has
occurred and a guideline has been exceeded, the health of the exposed individual is monitored, asis

being done in the case of Gulf War Veterans with the greatest potential for DU exposure. However,
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because the guidelines are meant to be protective, if the guidelines are not exceeded, it can usually

be stated with confidence that adverse health effects are not expected to occur.

In the present effort, which is a qualitative risk characterization, predicted exposure levels are
presented together with the most appropriate guidelines available. However, for the reasons stated

above, they are only compared descriptively; a quantitative evaluation is not given.

The most applicable guideline values for use in OSAGWI Level | Scenarios are the Short Term
Exposure Limit (STEL) and the Temporary Emergency Exposure Limits (TEELS) (see Appendix
K). The STELSs are derived by the American Conference of Governmental Industrial Hygienists
(ACGIH) and are defined as the 15-minute Time-Weighted Average (TWA) that should not be
exceeded at any time during aworkday. The STEL for inhaled natural uranium, soluble and
insoluble forms, is 0.6 mg/m®. The TEELSs are derived by the Subcommittee on Consequences
Assessment and Protective Actions (SCAPA). They are intended to serve as temporary Emergency
Response Guidelines (ERPGs), mass concentrations below which are not predicted to result in
irreversible or life-threatening health effects following an exposure of up to one hour. The
methodology for deriving TEELS is based on a hierarchy of existing concentration limits for other
standards of exposure, for example, PELs and |mmediately Dangerous to Life or Health (IDLH)
levels. Because many chemicals lack such limits, the methodology was expanded to include use of

published toxicity parameters [for example, dose causing 50 percent lethality (LDsp), lowest
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published lethal dose (LD o), lowest published toxic dose (TD, o), concentration causing 50 percent
lethality (L Cso), lowest published lethal concentration (LCy o), and lowest published lethal toxic
cencentration (TC_o)]. The vaues for soluble and insoluble forms of uranium are 0.05, 0.6, 1.0,
and 10.0 mg/m?® for TEELsO, 1, 2, and 3, respectively. These values were derived from the PEL-

TWA, the STEL, and the IDLH (Craig, persona communication, March 2000).

Guidelines for uranium issued by American National Standards Institute (ANSI) indicate that 40 mg
and 8 mg inhalation intakes of soluble uranium are thresholds for permanent and transient renal
injury, respectively. In addition to being intended for soluble forms of uranium only, these
guidelines are based on a default particle size of 1 um AMAD and 50 percent absorption from the
lungs (National Defense Research Institute, 1999). Based on findings on the chemical toxicity of
uranium, a guideline of 3 g uranium/g of kidney was adopted in 1959 by the |CRP (Spoor and
Hursh, 1973). Datathat have become available since this guideline and were adopted suggest that

this value may need to be re-evaluated and may be lowered. (Leggett, 1989; Zhao and Zhao, 1990).

4.15.2 Radiation Risk

The upper-bound internal radiation dose (CEDE) from inhalation and ingestion (direct, indirect and
secondary) of DU particles for Level | individuals (excluding those with embedded DU fragments)
when a single DU penetrator entered the Crew Compartment is estimated to be 1.6 rem for a 2-

minute exposure. For two perforations, the upper-bound dose will be less than 5 rem
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(1.6 rem x 3), and the lower-bound dose will be lessthan 0.6 rem (0.2 rem* 3). If aDU penetrator

struck atank but did not enter the Crew Compartment, the CEDE will be reduced even further.

The total detriment after low-dose, low dose-rate exposure to ionizing radiation is the sum of the
contributions due to fatal cancer, non-fatal cancer, and severe hereditary disorders weighted for
length of life lost (see Appendix G). Thistotal detriment attributed to stochastic effectsis

7.3 x 10“/rem. The upper-bound risk estimate for the dose estimate of 1.6 rem (CEDE) is 0.001
[that is, (7.3 x 10*/rem) (1.6 rem) = 1.17 x 10 (based on 1.6 rem]. Thisis equivalent to about 1 in
800 estimated lifetime total risk from a 1.6 rem dose®®. For two perforations, the total detriment is

estimated to be 3.5 x 10 or about 1 in 300 for a 4.8 rem CEDE.

Individuals within the U.S. population receive an average annual effective dose equivalent of

0.3 rem or about 0.001 renmvday, from various sources of natural background radiation. Background
radiation includes cosmic, cosmogenic, terrestrial, radon and its total progeny and other
radionuclidesin the body?” %, If the radon is excluded then the average annual effective dose
equivalent is 0.1 rem or about 0.00027 rem/day. The total radiation dose that an individual would
receive from natural background for 50 years would be 15 rem (0.3 rem/yr x 50 yrs). Thisdoseis

equivalent to a 1 in 90 estimated lifetime total risk from a 15-rem dose®’.

Following an acute inhalation intake of insoluble Class Y (or Type S) DU, the mgjor target organ is

the lung®. Theinsoluble ClassY (or Type S) DU is also transferred to the pulmonary lymph nodes
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where it dissolvesinto the blood. The primary hazard from inhaled DU particlesisrelated to the
amount of material taken into the respiratory tract, the chemical form, particle-size distribution, the
solubility of the DU, the rate of transfer of inhaled DU to the blood, and the amount of DU reaching

the kidney. Two factors that influence the health effects are—

The site of deposition of DU particlesin the respiratory tract.

The fate of DU in the respiratory tract, which is dependent on the physical and chemical
form of the particles, such as the solubility, exposed SA, and inter-crystalline forces. A
radiation dose is delivered to the respiratory tract while the DU remains in the respiratory tract.

(See Appendix J.)

All isotopes of a particular uranium compound exhibit the same chemical behavior in the body.
Thus, the chemical toxicities of the same uranium compound whether formed with natural,

depleted, or enriched uranium are identical.

The organs for long-term retention of soluble Class D (or Type F) DU are the bone, liver and
muscle. The sites for long-term retention for the inhaled insoluble Class Y (or Type S) DU are the

deep respiratory tract and pulmonary lymph nodes.
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4.15.3 DU Intakefor Chemical Toxicity Considerations

Review of available data from existing test documents generally supported assumptions that the

inhaled DU particles of concern were those less than 10 nm in diameter (AED). (See Appendix D.)

For individuals inside an Abrams seriestank at the time of impact by a single DU round (excluding
those with embedded DU fragments), the total DU intake by inhalation and indirect ingestion is
estimated to be 79 mg (upper bound) of which 13 mg intake or 17 percent is moderately soluble DU
(see Appendices F and Jfor calculations). The intake of insoluble particlesis estimated (upper
bound) to be 66 mg. The soluble DU intake (13 mg) is below the ANSI standard® threshold for
permanent renal damage (40 mg inhaled soluble uranium); a comparable standard for the intake of

insoluble forms of uranium does not exist.

The upper bound, when individuals were in an Abrams series tank when a single DU penetrator
entered the Crew Compartment, for total DU inhalation and indirect ingestion intake is estimated to
be 79 mg. (See Appendix O.) For two perforations, the intake could be 1.5 to 3 timesasingle
perforation. The total intake by inhalation and indirect ingestion of 237 mg (79 mg * 3) for two
perforationsis estimated to include 40 mg or 17 percent moderately soluble Class W (or Type M)
DU and 197 mg or 83 percent insoluble Class Y (or Type S) DU. The upper-bound estimate of the

kidney concentration (1.37 x 10° ng DU per 310 g) is about 4.4 mg DU/g of kidney. Thisvalueis
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above the | CRP guidelines of 3 ng uranium/g of kidney. However, asis discussed in Section

4.15.1, exceeding a guideline does not imply that adverse health effects will resullt.

The lower bound, when individuals were in an Abrams series tank when a single DU penetrator
entered the Crew Compartment, for the total DU inhalation and indirect ingestion intake is
estimated to be 9 mg. Thetotal intake includes 2 mg or 17 percent moderately soluble Class W (or
Type M) DU and 7 mg or 83 percent insoluble Class Y (or Type S) DU. These values are
considered to be the lower bound for chemical toxicity considerations. The lower-bound estimate
of the kidney concentration (52 ng DU per 310 g) isabout 0.2 ng DU/g of kidney. Thisis below

the ICRP guidelines of 3 ng uranium/g of kidney.

For individuals who were in an Abrams series tank when a single DU penetrator impacted or
perforated the tank but did not enter the Crew Compartment, the total DU inhalation and indirect
ingestion intake is estimated to be 0.042 mg (Fliszar et al., 1989). The total intake includes a
0.007 mg inhalation and indirect ingestion or 17 percent moderately soluble Class W (or Type M)

DU and 0.035 mg inhalation and indirect ingestion or 83 percent insoluble Class Y (or Type S) DU.

Appendix J provides a discussion of the respiratory tract model, the fate of DU in the body, and the

estimated kidney concentrations of DU for those individuals with the highest intake.
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Section 4.6 provides calculations of the estimated airborne concentration of DU, and Section 4.7
provides calculations for the estimated intake of DU for personnel inside the Abrams series tank

from the Fliszar et al., (1989) Test 5A.

416 Discussion

4.16.1. First Responders

A separate dose range was not calculated for the First Responders. They are included in the dose
range for the crew inside the vehicle at the time the vehicle was penetrated by DU munitions. Data
available from Test 5A and in the remainder of the literature were not robust enough to allow
separate estimates of intake for the First Responders. The DU airborne concentration at the time of
entry by First Responders as well as their duration of exposure and level of physical activity will
dictate their DU intake. At the present time, the intake estimates for the crew generated using data

from Test 5A provide an upper bound for the First Responder intakes for the following reasons.

It isimportant to remember that the mechanisms for crew exposures (and the exposures to the air
samplersin Test 5A) are significantly different from the First Responders. Video footage of vehicle
perforations show that at the moment of perforation there is a spray of material into the Crew
Compartment and the amost immediate ignition of small particles of DU which burn rapidly

creating an aerosol which rapidly cools forming larger particles asit cools and coalesces. During
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the penetration process, DU aerosols are being formed by the burning and are removed through
gravitational settling and deposition onto the cooler walls of the vehicle. Once the penetration
process ceases (hundreds of milliseconds), aerosols are no longer being formed and the predominant

mechanisms are gravitational settling and impaction.

With the exception of the Driver’s Compartment, the air samplers used to estimate crew doses were
probably in the spray in Test 5A. Supporting evidence is the damage to the samplers and filter
papers and the locations of the air samplers — across from the point of perforation. All samplers,
including the one in the Driver’s Compartment may have been exposed to the initial high

temperature aerosol.

Particle-size distribution data could not be used to estimate the decay (decrease in particle size), asa
function of time, in the aerosol mass concentrations seen by the sampler’sin Test 5A for two
reasons. First, no usable particle-size distributions are available. Asdiscussed in Part 111, the
particle-size distributions for impact only considered particle sizes less than 10 nm AED and not the
range of particles collected by the air samplersin Test 5A. For al other available particle-size
distributions, the scenarios are substantialy different from the conditionsin Test 5A. Second, the
theory required to model how particle size variesin the spray is not available. Simple gravitational

settling models are not sufficient.
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The only data available showing aerosol decay as afunction of time insde an armored vehicle
immediately after perforation are from unpublished data from an Army test (Parkhurst, persond
communication, July 2000). In this unpublished data, a series of air samplers was remotely
activated at 5-minute intervals after the target vehicle (a foreign tank) was struck by DU munitions.

These data are shown in Figure 5 and show a rapid decline in the measured mass over time.

However, these data in Figure 5 could not be directly used because it could not be determined if the
particle-size distribution of the unpublished data was similar to that in Test 5A. The single DU shot
did not penetrate the Crew Compartment nor directly impacted the vehicle'sarmor. The path for

the DU entering the Crew Compartment was not determined.

Figure 5. Airborne DU as a Function of Time Inside the Crew Compartment of a Tank

Airborne DU as a Function of Time
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4.16.2 Level | BFV Personne with Long Exposure Durations

The after action reports indicated that the exposure durations for at least one BFV crew was
substantially longer than the time periods assumed in our estimate of Level | intakes. Estimates of
intake for these personnel are hampered by the lack of airborne concentration decay data and a lack

of data on how different the initial concentration in the BFV isfrom Test 5A.

The initial concentrations inside these BFV s will be less than for the Abramsin Test 5A, because
the armor is so much lighter than the Abrams armor in Test 5A and because of the presence of DU
armor in Test 5A. How much less cannot be determined without further testing. At the writing of

this report, the tests needed to obtain this data were being planned.

4.16.3 Comparisonsof Estimated Valueswith Gulf War Veteran Health Data

The most appropriate way to assess potential effects in circumstances where chemical guidelines for
uranium have been exceeded is to monitor the health of the exposed individuals. The VA isdoing
this for 29 exposed individuals with embedded DU fragment(s) and 38 non-exposed veterans. From
1993 to today, the VA has not found any clinical evidence that patients with DU-embedded
fragment(s) show kidney injury due to the embedded fragment(s) (Hooper et al., 1999, McDiarmid
et al., 2000). It isconcluded that these individuals also received similar or greater inhalation and

indirect ingestion intakes of soluble and insoluble DU oxides compared to those in the current
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scenarios. Therefore, even though the above calculations indicate that the chemical guidelines for
uranium may have been exceeded, the absence of clinical evidence of kidney injury in individuals
with embedded fragments suggests that there should be a similar lack of kidney injury in those

individuals, without DU fragments, in the OSAGWI Level | scenarios.

The VA DU medical monitoring effort provides some support that our estimates are upper bound
estimates of the inhalation intake for all Gulf War Exposure Scenarios including those with long

exposure durations.

Figure 6 shows the estimated DU concentrations in urine as a function of time after intake under
each of the calculated intakes for Assumption 1 and Assumption 2. Figure 6 is based upon
NUREG/CR-4884 estimates of urine excretion as a function of time for 1 mrm AMAD particle
distribution, that isClass Y (NUREG/CR-4884, 1990). The intake amounts used were the median
amounts estimated for both Assumption 1 (approximately 100 mg) and Assumption 2
(approximately 10 mg). The detection limits for both kinetic phosphorescence analysis

(KPA - 0.06 - 0.02 ng/L) and inductively coupled plasma mass spectroscopy (ICP-MS-0.005 ny/L)
are aso plotted. The KPA plot is also close to the natura level of uranium in the urine

(McDiarmid et al., (2000).
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Figure 6. Estimated Urine DU Excretion Rates
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Figure 6 provides a redlity check to ensure that our upper-bound estimates for inhalation-exposures
arein fact an upper bound. If any of the Gulf War Veterans actually received an exposure equal to
or greater than Assumption 1, the level of uranium in the urine would be above natural levels and

detectable using KPA and would be readily detectable using ICP-MS to aimost 10 years post

exposure.

The VA has been monitoring a group of Level | personnel since 1994. In McDiarmid et al, (2000),
it was found that the highest urine total uranium (which includes natura uranium from the
environment) concentration measured for personnel without retained DU fragments was less than

0.1 ng of uranium per gram of creatinine. The normal urine creatinine range is 1.3 g/24 hrsto

154



HRA CONSULTATION NO. 26-M G-7555-00D September 2000

2.6 9/24 hrs. This measurement was taken in the Spring/Summer of 1997, approximately 6 years
after the Gulf War, and is consistent with the assumption that our estimates for inhalation exposure
for al Level | personnel are upper bounds. The results of the medical surveillance of Level |

veterans by the VA are also consistent with these assessments, McDiarmid et a., (2000).

4.16.4 Uncertainty and Senditivity Analysis

Uncertainty and sensitivity analysis is limited because of the lack of data, but this analysis should
identify the importance of changes in the parameters and values used to estimate confidence
intervals in the overall exposure assessment. The range in the data may be due to alack of verified

data and to gaps in the field data.

To address the uncertainty and sengitivity analysis of the test data parameters used in this exposure
assessment and health risk characterization, a probabilistic analysis, using Crystal Ball Monte Carlo
simulations, was used to obtain a statistical basis for a more robust statement of the assessment

results and conclusions. The use of thistool provides additional information that will help validate

design criteria for future tests.

Three preliminary analyses were performed:
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A probabilistic estimate Crystal Ball Monte Carlo simulation of the DU aerosol mass

concentration in the Abrams tank was determined.

From Hiszar et al., (1989), wipe test data from the interior surfaces of the tank (Test 5A) were
used to determine a Crystal Ball Monte Carlo simulation estimate of sampler run-time for

Assumption 1.

For Assumptions 1 and 2, Crystal Ball Monte Carlo simulations were used to determine DU

intake(s).

Available data and transport modeling can be used to assess potential health effects to personnel and
the general public from many potential accidents and battlefield situations. The exposure and intake
of DU by an individual is based upon the airborne concentration, particle-size distribution, and lung
solubility of the airborne DU and the individua’s physiological characteristics at the time of
exposure [for example, BR (or ventilation rate), tidal volume, and the percentage of mouth
breathing]. Additional routes of exposure that are of lesser concern are secondary ingestion (from
hand-to-mouth) transfer of radioactive contamination from external (environmental) surfaces,
indirect ingestion from swallowing of sputum with inhaled DU particles, and direct ingestion of
contaminated foodstuff, soil, and water. The factors that determine the characteristics of the
airborne DU during and following an accident/battlefield situation, as well as those that may affect
airborne transport have been discussed in previous sections of thisreport. Estimates of the

exposures of an individual within or near a vehicle are assumption-driven in most cases. Even for
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greater distances downwind, precise estimates of the various meteorological parameters are difficult

to obtain in “real world” situations.

How well do the models predict the hazard? The actual exposure of an individual cannot be
accurately predicted because of the complexity of actual “real world” situations on the battlefield
and the lack of precision in determining the actual behavior of all the components leading to an
exposure. The lack of knowledge on the precise sequence of events, the conditions surrounding the
DU scenario, and the actions of the individuals involved forces the use of conservative assumptions.

However, the upper and lower bounds of the exposure can be estimated.

Some areas where additional data seem particularly desirable still exist. One of these is determining
the airborne fraction and concentration within vehicles following perforation and another isthe
resuspension of material from vehicle entry. The quantity and likely variation of airborne DU

inside vehicles following a perforation are in need of further measurements. Closer examination of
the adsorption of airborne particulate materials to oily surfaces inside vehicles or as a consequence
of airborne combustion products may help define boundaries of exposure for personnel entering
vehicles contaminated from fires involving DU. The oxidation of DU penetrators or fragmentsin
the oxygen-depleted atmosphere inside vehicles during a fire could reduce estimates of the source
term from any contamination in vehicles burning as a result of accident or battlefield situations.

The characteristics of the oxides generated by heated and buried DU penetrators may also provide
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additional useful information for the potential source of airborne materials from stray projectiles

that impact but do not penetrate armored vehicles.

Although limited in number, the data currently available on the particle-size distribution and lung
solubility of the oxide generated by penetrators from impact, perforation, or fires provide a
reasonable basis for estimating values for modeling input. The data on dissolution rates are very
limited and need to be determined. For useful results, the values chosen must be selected
judicioudly to reflect the situation analyzed. The particle-size information currently available for
firesis mostly for the oxide generated and not airborne from the particular stress caused by events
considered. For more accuracy in this parameter, the data from the particle-size distributions
generated should be correlated with stresses (for example, aerodynamic stress during specific
stuations), and the airborne release of “transportable, respirable” particles should be determined
from the events (for example, vehicle passage, debris impact on piles of oxide). Data should be
sought that can be used to evaluate the particle-size distribution of the oxides generated and

airborne concentrations of DU as a function of conditions and time following perforation.

The detailed input and results of this preliminary uncertainty and sensitivity analysis of the test data
parameters used in the OSAGWI Level | exposure assessment and human health risk

characterization are provided in Appendix O.
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417 Summary

A critical review and evaluation of DOD available studies conducted over the past 30 years
concludes that studies must be specifically designed to produce requisite data. These data must be
suitable for use in determining the environmental and health and safety risks from aerosols
generated in fires and target impacts, and they should identify and characterize the oxides formed

when penetrators are exposed to the environment. At a minimum, these data should include:

Chemical form

Mass-mean size

Surface-mean size

Particle-size distribution

Particle-shape factor

Particle surface area and volume

Specific gravity by DU oxide

Solubility in lung fluid and dissolution rates

- Preferably the characteristic AMAD(s) and geometric standard deviations (s) of the DU
aerosol

Airborne concentration in the perforated vehicle and the resuspension of DU, both internal and
external to the vehicle, remains a particularly awkward parameter to quantify for the battlefield.

Efforts to better define DU-airborne concentration and resuspension following tests or incidents and
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to reduce uncertainty would contribute effectively to the future selection of appropriate dose

modeling factors.

4.18 Conclusions Resulting From Exposure and I ntake Estimations

Intake estimations for chemical toxicity and radiation dose have been calculated for the Level |
scenarios based on the Fliszar et. al., (1989) Test 5A data. Test 5A was a 120mm DU penetrator
that perforated the DU armor in the Crew Compartment of the Abramstank. The estimated
exposure and intake of DU by individuals in, on and near (less than 50 meters) perforated vehicles
at the time of perforation and for individuals who entered vehicles immediately following asingle
DU round perforation represent the Level | Scenarios. No test data are available to model more
than a single perforation; therefore, the “ worst case” may not be smply doubling the values for two

DU round perforations, because the following must be considered:

Resuspension inside the tank

The time between perforations

The types of munitions

The type of vehicle

The thickness and type of the armor
The location of the perforations

The angle of the perforations
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However, based on professional judgment, the intake viainhalation and indirect ingestion of DU for
two perforations could be 1.5 to 3 times greater than that for a single perforation. The BFV will
offer lessresistance to a DU penetrator than atank (hard target); therefore, less aerosolation of the

DU penetator will occur. Some vehicles in the Gulf War may have received two perforations.

The upper-bound median DU intake viainhalation and CEDE for a single penetration under
Assumption 1 is 79 mg and 1.6 rem for a 2-minute exposure, respectively. Therefore, two
penetrations may result in an intake of 237 mg (79 mg x 3) and a CEDE of lessthan 5 rem

(1.6 rem x 3), respectively. (See Appendix O.) The dose an individual would receive from natural

background in 50 yearsis about 15 rem (50 years x 0.3 rem/year).

419 Conclusons

Estimations of the lower and upper bounds of DU exposures, intakes, radiation doses, and chemical
toxicity for identified exposure scenarios in OSAGWI Level | have been accomplished. Data gaps
have been identified and recommendations for minimizing these gaps have been discussed in
Appendix P. Developers test datain draft reports have been reviewed and evaluated for usefulness

and appropriateness for dose modeling.

This section provides exposure, intake, and dose assessments for Level | personnel who do not have

wound contamination or embedded DU fragments. The inhalation and indirect ingestion routes of
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exposure were the primary routes of entry considered for internalization of DU in this report.
Ingestion by hand-to-mouth was considered to be a less significant route of entry. It is estimated
that the secondary ingestion doses provided are within a factor of 2 to 5 based on professional

judgment.

The intakes and doses of DU by Gulf War veterans are below current NRC and OSHA radiation
safety standards of 5 remin ayear. Under Assumption 1, there is a potential for exceeding
radiation safety standards for internalization of DU by personnel in or on an armored vehicle at the
time the vehicle was perforated by two or more large caliber DU munitions. Under Assumption 2,

it isunlikely that the radiation safety standards will be exceeded.

Estimated airborne concentrations of DU at the time of perforation exceeded all recommended
guidelines used for this characterization. Intakes of soluble DU by veterans of the Gulf War are
below the ANSI guideline of 40 mg soluble acute inhalation intake of soluble uranium as a
threshold for permanent renal damage. Calculated kidney concentrations were below the ICRP
guideline of 3 g uranium per gram of kidney assuming that a vehicle was not penetrated by more

than one DU munition.

Studies for obtaining health and safety data for human HRA are being planned (by

DOD/Department of the Army (DA)) and are designed to produce the requisite data. The studies
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are to be ateam effort. As new data become available, exposure, intake and risk estimates may be

modified.

Table 35 summarizes the range of DU intakes by inhalation, indirect and secondary ingestion for

the OSAGWI Level | Scenarios.

Table 36 summarizes the range of DU exposures for chemical toxicity consideration for the

OSAGWI Levd | Scenarios.
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Table 36. Ranges of DU Exposures for Chemical Toxicity Consideration, Level | Scenarios

Exposure Scenario Total Estimated DU Calculated Kidney Possibility Chemical Estimated Air Possibility Chemical
Intake Range (mg) ina | Concentration Exposure Guideline Concentration® Exposure Guideline
vehicle* (mg DU/g tissue) Exceeded® (mg/m®) Exceeded”

Individual inside atank at time of 9(LB) 02LB No 270

impact or perforation by asingle DU '

round to to Yes

5
79 (UB) 15UB No 2,400

T'No credit for PPE, such as respirators or military protective masks, was given for the calculationsin thistable.
2 Toxicity Guideline: 3.0 g uranium per gram of kidney tissue is the derived guideline (Spoor and Hursh, 1973).

3 Air concentration guidelines used for comparisons are DOE TEELSs (0.5 mg/m — 10 mg/m®) and ACGIH, STELSs (0.60 mg/m®)
(Craig 1998 and ACGIH, 2000).

4 (UB) - Upper Bound of range is Assumption 1 median value; (LB) - Lower Bound of range is Assumption 2 median value for
asingle perforation. For two perforations, the intake and concentrations could increase by afactor of 1.5to 3. The UB and
LB are based on a5 nm AMAD particle size distribution.

® Exceeding a guideline does not imply that adverse health effects will result.
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PART: LEVEL Il AND Il EXPOSURE SCENARIOS

51  Exposure Estimates Under Consideration for OSAGWI Level Il and |11 Scenarios

The individuals identified by occupation in the OSAGWI Level |1 scenarios (comprised of afew
hundred personnel) with the greatest potential to being exposed to DU residue working in, on, or

near DU damaged or destroyed vehicles (OSAGWI 1998) are as follows.

Explosive Ordnance Disposal (EOD) personnel

Radiation Control Teams (RADCON)

Battle Damage Assessment Teams (BDATYS)

Logistics Assistance Representatives (LARS)

Unit maintenance, service, and supply (salvage) personnel

144™ Service and Supply Company

Personnel exposed to DU during cleanup operations at Camp Doha

Representative examples of DU exposure for Level 11 personnel

It is assumed that the EOD, RADCON, BDAT, and LAR personnel received some form of
training and appropriate equipment to carry out their specific missionsin an NBC, aswell asa
DU-contaminated environment. Team members should have known how to properly use PPE

and how to perform personal decontamination procedures.
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On 20 December 1990, the U.S. Army Armaments, Munitions, and Chemical Command
(AMCCOM) sent a message to the LARs advising them on the proper precautions and

assessment, repair, and recovery techniques of DU damaged vehicles (OSAGWI, 1998).

The unit maintenance personnel and other salvage crews may not have had DU training.

In addition to the Level 11 scenarios, potential exposures of the following groupsin Level 111

scenarios (comprised of several thousand personnel) have also been evauated:

Personnel exposed to DU-airborne smoke from burning DU rounds at Camp Doha.

Personnel exposed to DU-airborne smoke from a burning, uploaded Abrams tank, which

includes personnel exposed during entry of the tank following the fire.

Personnel exposed to DU from entering DU-contaminated Iragi vehicles and equipment to

include Cavalry Scouts and souvenir hunters.

Personnel exposed to DU-airborne smoke downwind of a vehicle perforated by a DU round,
which includes personnel exposed to DU-airborne smoke from DU-perforated Iragi vehicles and

personnel who traversed (walking or riding) in a DU-contaminated area.

Level I11 individuals may not have had DU training. The OSAGWI indicated that the Cavalry
Scouts, who checked out enemy vehicles, may not have had DU training before their

assignments to Southwest Asia and the Gulf War, OSAGWI, (1998).
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The primary pathways for DU intake by Level |1 and |11 personnel are by inhalation, indirect
ingestion, secondary ingestion, and wound contamination. The resuspension of DU particlesis a

major contributor to the inhalation pathway.

5.2 Available Data for the OSAGW!I Levelsll and |11 Scenarios

A review of published DOD DU munitions test reports identified data concerning the DU
munitions used in the Gulf War (that is, chemical composition, particle size, isotopic
composition, equilibrium of progeny, and solubility in body fluids). The test data were collected
during various testing conditions including fires involving DU munitions, downwind puffs or
plumes from DU penetrator impacts or perforations and reentry activities involving DU-damaged

vehicles and equipment.

This exposure assessment uses data from atest involving 120mm DU munitions against an
Abrams Heavy (DU armored) tank. This represents the most appropriate set of data available to
model exposure assessments involving DU munitions. Many factors will influence the actual

DU aerosol concentration including resuspension, the time between perforations, munitions type,
vehicle type, armor type, perforation angle, as well as perforation location. If two perforations
occurred, then intakes and dose could possibly be increased. Currently, there are no test data for
multiple perforations; ssimply multiplying the single perforation data by the number of
perforations may not be appropriate. Since no appropriate test data are available, it has been
assumed, based solely on professional judgment, that the intake viainhalation and indirect

ingestion of DU for two perforations may be a factor from 1.5 to 3 times greater than asingle
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perforation considering the uncertainties to include two perforations could possibly increase the

estimated intakes and dose by secondary ingestion by afactor of 2 to 5 times.

Development of the DU Exposure Source Term. Describing the risk (either quantitatively or
gualitatively) from material released into the environment involves several components of a

generic risk assessment equation (see Appendix F) that must be known or assumed.

These include the source term, the environmental transport and fate of the contaminant, and

specific usage factors (characteristics of individuals and the exposure scenario).

Appendix V lists the sensitive parameters and additional assumptions used in this DU
exposure assessment and health risk characterization for soldiers potentially exposed to DU as

described inthe Levels 11 and |11 scenarios.

Real data have been considered, when appropriate and available, for doing the exposure and
health risk characterizations for the Level 11 and |11 scenarios. The degree of uncertainty for
estimating a health risk increases as the number of assumptions that are factored into the

eguation increases.

Fratricide“ Friendly Fire” Incidents During the Gulf War | nvolved the Alrams Tank and the
BFV:

Depleted uranium munitions perforated 6 Abrams tanks and 15 BFV s in fratricide incidents

during the Gulf War.
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The BFV isless armored than the Abrams tank. Battle-damage assessments and interviews
of involved individuals regarding fratricide incidents with these armored vehicles vary in their

accounts of the events.

The Abrams tank offers more resistance to anti-tank munitions than the BFV. This aspect
leads weapons systems developers to conclude that a greater amount of aerosolized DU particles
are generated when a 120mm DU munition penetrates an Abramstank. No perforation tests
involving the BFV and DU munitions have been conducted. There has been one hard target
perforation test involving a single 120mm DU munition against an Abrams Heavy (DU armor)

tank.

Datafrom atest involving a DU munition against an M1A1 Abrams Heavy tank, Fliszar et
al., (1989) were used to estimate the exposure and intake assessments. To date, this represents
the most appropriate set of data available to model a fratricide incident involving DU munitions.
There are no test data for DU penetration of BFVs. However, because of its light armor, the
BFV would offer less resistance to DU penetration, and thus, it is assumed that aerosol

production would not be as great as in the case with a DU penetration of an Abrams tank.

Physical Concept of DU Particles Resuspended into the Air. The resuspension of DU particles
became a concern following Operation Desert Storm. During battle and during cleanup
following battle, vehicles damaged by DU through fires and projectile perforations can become
sources of DU particles that could be mechanically resuspended in, on, or near the vehicles. The

degree of hedlth risk due to inhalation and ingestion of DU particles depends upon numerous and
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varying exposure factors. Appendix V describes the sensitive parameters used in the OSAGWI

Levelsll and |11 Exposure scenarios.

The use of resuspension factors or resuspension rates varies considerably for a given exposure
scenario. In addition, resuspension factors do not indicate how rapidly a contaminant is removed
from the ground surface and transported by the wind. The DU-airborne concentrations used to
estimate the exposure for individuals in the OSAGWI Levels |1 and 111 scenarios are based on air
sampling results from hard target testing involving DU munitions which are measured in the
breathing zone of individuals during reentry, approaching a vehicle, and climbing onto, into, and
out of the vehicle during the Fliszar et a., (1989) Tests 5A, 5B, and 6B. Therefore, this
approach has provided an accurate estimate of the DU intake, because a direct measurement of

the resuspension of DU particles exists.

When using the mass-loading method to calculate resuspension for soil, the contaminant must be

uniformly mixed within the top 1 cm or more layer of soil. This does not always occur.

Resuspension rates for respirable particles (<10 nm AED) vary from 2.2 x 10™%sec for the
1.3-meter/sec to 3.6-meter/sec surface wind-speed interval to 2 x 10®/sec for the 5.8-meter/sec to

20.1-meter/sec surface wind-speed interval. Thisis arange of over two orders of magnitude.

The surface wind speeds during the Gulf War Ground Campaign varied from 5 to 36 knots
(2.6 meter/sec to 18.5 meter/sec). With these wind speeds, dust and sandstorms occurred [U.S.

Air Force-Europe Tactical Air Command (USAFE TAC, 1992)]. Thisrange resultsin atwo
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orders-of-magnitude change in the resuspension rate and complicates any estimation of the DU

intake.

Therefore, using DU-airborne concentrations (mCi/cm®) or mass concentrations (mg/m®),
determined for the given scenarios is the preferred method to estimate the DU intake via
inhalation and indirect ingestion. The DU-airborne concentration is derived from measuring the
amount of DU available from the perforation puff, ground surface soil, and surfaces on and

within a DU-damaged vehicle.
The DU Available for Aerosolization and Resuspension in the Air. Table 37 provides a
summary of environmental soil test data for the highest soil surface DU activity collected on

100 crm? deposition traysin the puff path downwind from the Fliszar et d., (1989) Test 5A.

Table 37. Soil Surface Concentration vs. Distance

From Target for Test 5A
Location Distance (m) Concentration Concentration
(ng/100 cn) (mg/n)
I-1R 5 11,000 1100
H-CL 5 (edge) 9,400 940
I-2R 10 4,300 430
K-4R 23 230 23
K-6R 33 42 4.2
L-12R 63 76 7.6
L-15R 77 10 1.0
AA-46 100 84 8.4
NA* 200 140 14.0
NA* 300 3.3 0.33
NA* 400 0.96 0.096
* Not Available

Reference: Fliszar et al., (1989), with minor editorial addition of mass concentration.
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Based on observed data, Fliszar et a., (1989) from soil samples taken 8 to 10 meters from the
target, the range of valuesis from 1.0 ng to 3.1 ng of DU/g of soil (or 0.4 pCi to 1.2 pCi DU/g of
soil). The values are well below the NRC and DOE guidance of 35 pCi of DU/g of soil (site
release criteria for unrestricted use™). The values are also two orders of magnitude lower than
guidance levels set by the U.S. Environmental Protection Agency (USEPA) for residential areas
(USEPA, 1999). These levels are intended to be protective of sensitive individuals (that is,

children).

Removable DU-Surface Contamination Available for Inhalation and I ngestion (Direct or
Secondary) Exposures. Removable DU-contamination may be found on all interior and exterior
surfaces of armored vehicles and equipment damaged by DU munitions perforation or from fires

involving DU munitions.

The limited space within an armored vehicle when occupied by individuals can result in body
contact with the interior surfaces of the vehicle. Entry into and access to areas inside armored

vehicles can also result in body contact with exterior surfaces as well as:

Body contact with interior and exterior surfaces can increase the possibility of secondary

ingestion of DU particles by way of hand-to-mouth transfer.

Body contact with DU-contaminated equipment and surfaces may aso result in trauma or
injury producing awound. At thistime, dose assessment from a DU-contaminated wound will

not be addressed because of inadequate data.
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Also, any activity causing movement within the armored vehicle by crewmembers increases
the airborne concentration of DU by resuspension, therefore, increasing possible DU intake by

inhalation.

Table 38 summarizes the total DU activity attributed to DU-contamination levels of the exterior
surfaces of a DU-contaminated armored vehicle from the Fliszar et a., (1989) Test 5A. Inthe
DU used in military applications, 1.79 beta particles are emitted for every alpha particle. See
Part 1V, Section 4.5.4, Table 27 for a discussion of the derivation of the value of 1.79 beta

particles for every apha particle.

Table 38. Results of Swipes on Exterior Surfaces
of Armored Vehicle Turret for Test 5A

Surface Total DU Mass/Unit Area
(dpm/100 cm?) (mg/m?)
Turret Left Side 179 21
Machine Gun Mount 129 15
Area Around Test 5A Perforation Hole 17to 36 2t09
Hull Top Below Perforation 106 13
Left Turret Top 240 29

Reference: Hiszar et al., (1989), with minor editorial addition of mass removed per unit area.

Table 39 provides a summary of the total apha activity attributed to DU-contamination levels of

interior surfaces of a DU-contaminated armored vehicle from the Fliszar et al., (1989) Test 5A.

Table 39. Results of Swipes on Interior Surfaces for Test 5A

Surface Total DU Mass/Unit Area
(dpm/100 cm?) (mg/m?)
Dummy L oader 307 37
Loader’s Area 4815 575
Hole at Inside Wall 917 109
Driver’s Compartment 34to0 1813 4t0 216
Ammunition Compartment 32to 112 4to0 13

Reference: Hiszar et al., (1989), with minor editorial addition of mass removed per unit area.
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Table 40 provides a summary of the total apha activity attributed to DU-contamination levels of

the exterior surfaces of a DU-contaminated armored vehicle from the Fliszar et al., (1989)

Test 6B.

Table 40. Results of Swipes on Exterior Surfaces
of Armored Vehicle Turret for Test 6B

Surface Total DU (dpm/100 cnv) Mass/Unit Area
(mg/m?)
Turret Right Side 21 3
Right Turret Front 59 315
Area Around Test 6B Perforation Hole None detected None Detected
Loader’s Machine Gun Ring 628 to 2056 162 to 245

Source: Fliszar et al., (1989), with minor editorial addition of mass removed per unit area.

Table 41 provides a summary of the total alpha activity attributed to DU-contamination levels of

interior surfaces of a DU-contaminated armored vehicle from the Fliszar et al., (1989) Test 6B.

Table 41. Results of Swipes on Interior Surfaces for Test 6B

Surface Total DU Mass/Unit Area
(dpm/100 cm?) (mg/m?)
Crew Compartment 11 to 1565 1to 187
Interior Wall of Test 6B Hole 112 13
Turret Ceiling 22 3
Crew Compartment Floor 1174 140
Loader’s Hatch Opening-Side 100 12
Driver’'s Floor 50 6

Source: Fliszar et al., (1989), with minor editorial addition of mass removed per unit area.

Additional surface-contamination data and information are contained in Part 1V, Section 4.15 of

thisreport. The total alpha activities that exceed 1,000 dprm/100 cm? may exceed allowable

guidelines for removable surface contamination (see Appendix U).
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Airborne Concentrations and Estimations of DU Intakes. Using DU airborne concentration
datafrom Hiszar et d., (1989), the exposure and intake of DU particlesis estimated, for
individuals considered in Levels |1 and 111, by using established national and international
computer models for calculational purposes. The United Kingdom National Radiological
Protection Board LUDEP program is the primary computer code used to estimate internal doses

from DU intakes. (See Appendix Jfor adiscussion of computer programs.)

I ntake of DU particles. Intake isthe amount of material that is internalized into the human
body. The amount of material that is absorbed into the body fluids and deposited in target organs
isreferred to as an uptake. The |CRP models used take into consideration both the intake and

uptake of internalized material:

Intake is usually afunction of the type of breathing (mouth or nose), BR (or ventilation rate),

airborne concentration, particle size, and exposure duration.

The uptake of material is usually a function of the chemical form and the solubility (either in

the Gl or respiratory tract).

Firesinvolving DU munitions tend to produce more insoluble DU oxides versus hard target
impacts involving DU munitions. Studies indicate that the DU particles are not readily soluble in
lung fluid. For firesinvolving DU munitions, about 93 to 100 percent of the DU particles are
insoluble (Class Y), which indicates a transportable half time from the respiratory tract to the

blood stream greater than 100 days. Hard target impacts involving DU munitions produce a
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greater range of DU oxides, with a greater fraction (17 percent) exhibiting Class W/D solubility.

The remaining fraction (83 percent) exhibits Class Y solubility.

When considering secondary ingestion, the Gl transfer coefficients for soluble uranium or DU
for Class D and W (or Types F and M) are 2 percent, and for insoluble Class Y (or Type S), the

Gl transfer coefficient is 0.2 percent (ICRP-69).

Intake values used were either calculated or obtained from Fliszar et al., (1989) DU test data or
other studies listed in Appendix A and Appendix B involving a hard-target perforation and fires

involving DU munitions, Fliszar et al., (1989).

In some cases, intake values were entered into the LUDEP computer program; whereas, other
cases involved the input of airborne concentrations into the LUDEP computer program.
Parameter values, such as, type of breathing, BR, exposure duration, particle size, solubility, and
density of the DU oxide, were also inputted into the LUDEP computer program to calculate an
internal dose. In addition, the calculated doses for all of the uranium isotopes and their progeny
in equilibrium that comprise DU (using the mass percentage of the uranium isotopesin DU)

were calculated.

The intake values, used in the exposure assessment, include lower-bound and upper-bound

values and are calculated from data reported in the reviewed DU test reports.
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Using the estimated DU intake ranges (quantification of exposure), these values are compared
with regulatory standards and toxicity values for chemical and ionizing radiation health effects

(see Section 5.3).

In reviewing the exposure and toxicity assessments for both chemical and ionizing radiation

toxicity, a description of health risk characterization is provided (see Section 5.4).

5.3 OSAGWI Levd Il Scenario Exposure Assessments

Level 11 individuals may have been exposed to a range of DU-airborne concentrations when
reentering vehicles and equipment contaminated with DU: From 8.4 x 10° mg/m® (32 x 10
nCi/cm®) inside atank that had been involved in afireto 2.6 x 10* mg/m® (1 x 10™ nCi/cm?)
for avehicle that had not been involved in afire but had been perforated by a DU munition,

Hliszar et d., (1989). These values were obtained from Table 16 of the Fliszar et al., 1989 report.

Based on the Fliszar et al., (1989) report, individuals who were exposed to the smoke plume
downwind of a burning, uploaded Abrams tank may have been exposed to arange of DU-
airborne concentrations. Thisrange is estimated to be from a maximum airborne DU
concentration of 9.3 x 10 mg/m® (3.5 x 10™*® nCi/cm®) at 40 meters to a concentration of

1.3 x 10° mg/m® (0.005 x 10™*® nCi/cm?®) at 100 meters from the burning vehicle (see Table 42).
In Parkhurst et al., (1990). the particle size distribution of oxide residue collected at the fire site,

from fires involving DU munitions indicated that 99.5 percent of the particles are greater than
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10 mm AED; therefore, only about 0.5 percent of the particles would be within the respirable
range (< 10 nm AED) (see Table 15). Ninety-three to one hundred percent of the DU particles
are Class Y, which indicates that the transportable half time from the respiratory tract to the

blood stream is greater than 100 days.

In amore recent test, a BFV uploaded with 25mm DU rounds was intentionally set on fire. This
represents the first time DU oxides were collected from the surface of the remains of a BFV
armored vehicle. The results of this test match prior stack/pallet burn tests involving DU
munitions with approximately 100 percent Class Y DU oxide being formed. However, a greater
percentage of respirable size particles (33 percent of the oxide less than 10 nm AED) were found
inthis test versus stack/pallet burn tests (lessthan 1 percent), Parkhurst et al., (1999). BFVs
uploaded with 25mm DU munitions were not fielded during the Gulf War. Because of
differences in the armor composition of the BFV and Abrams tanks and because of the larger

surface area of the 25mm rounds present, data from this report were not used.

During the fire after the Fliszar Test 6B, the plume had the characteristic shape of a “trapping
plume’, Fliszar et a., (1989). The plume went toward the ground almost immediately after
leaving the target. Table 42 provides a summary of DU-airborne concentrations in the smoke
from a burning, uploaded Abrams tank versus downwind distance from Test 6B, Fliszar et al.,
(1989). It should be noted that the air samplers were running for three hours before the first DU

munitions “cooked-off” .
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Table 42. DU Airborne Concentration vs. Distance from Target for Test 6B

DU Activity Concentration
(x 10® nCi/cm®)

M-4L 28 5.8 0.022

0O-6R 40 926.9 35

X-CL 75 58.3 0.22

X-6R 80 172.1 0.65

U-96 75 3.4 0.013
AA-21 100 13 0.005

Reference: Fliszar et al., (1989), with minor editorial addition of mass concentrations.

The exposure of personnel during reentry of an uploaded Abrams tank following afire must also
be addressed. According to the Fliszar et al., (1989) report, air samples were taken close to the
target during reentry after each test. A member of the initial reentry team wore a personal air
sampler at the breathing zone level. The data collected by this air sampler represent DU
resuspension at the following locations. the test pad, walking on the outside of the tank, and

climbing inside and out of the fire-damaged tank.

Reentry data reported by Fliszar et a., (1989) indicate that the DU-airborne concentration, within
an Abrams tank that had been perforated by an ATGM, ranged from 1.9 x 10° mg/m®

(7.3 x 10" nCi/em®) to 8.4 x 10° mg/m® (32 x 10™*® nCi/cm?), following a fire in the DU
uploaded Abrams tank. The fire occurred after Test 6B; no fire resulted after Test 5B. The
concentration obtained from Test 5B was used as the lower-bound value and the concentration
obtained from Test 6B was used as the upper-bound value. These data were obtained by analysis

of samples from persona air samplers worn by personnel during reentry of the Abrams tank.
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Table 43 provides a summary of DU-airborne concentrations that were determined from DU
particle resuspension data from personal air samplers worn by personnel during reentry into a

burned, uploaded Abrams tank.

Table 43. DU-Airborne Concentration Following Reentry After Tests 5B and 6B
Test DU Mass DU Activity Target Surface
Concentration Concentration
(x 10° mg/m®) | (x 10" nCi/cm?®)
5B 19 7.2 Right Front Turret
6B 8.4 32 Right Front Turret
Source: Fliszar et al., (1989), with minor editorial addition of mass concentrations.

The Fliszar et al., (1989) report indicated that no personal reentry air samples for analysis were
obtained from Test 5A. Test 5B used a 120mm KE-Tungsten round which penetrated the DU
armor and entered the tank’s Crew Compartment but did not result in afire. A full complement
of twenty-seven DU rounds and thirteen high explosive, anti-tank rounds were stowed in the
Abramstank for Test 6B. Three 120mm DU rounds and three high explosive, anti-tank rounds
were stowed in the hull-stowage compartment; the remaining thirty-four rounds were stowed in
the ready and semi-ready racks. Test 6B used an ATGM, which resulted in afire inside the
target. The fire was caused by an unrelated, malfunctioning experimental setup. The fire began
about 20 minutes after perforation and resulted in a DU munitions “cook-off” three hours later.

Reentry into the tank was not until 4 days after Test 6B.

The OSAGWI Interim Environmental Exposure Report, Tab J, Accidental Tank Fires

(OSAGWI, 1998) documents accidental tank fires.
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Exposure of individuals working in or on contaminated vehicles would depend on the following:

Their physical activity level.

The vehicle-contamination levels, outside as well as inside the vehicle.
The amount of time spent in, on, or near a vehicle.

Their use of any respiratory protection or other PPE.

Personal hygiene (for example, hand washing).

Table 44 provides a summary of DU-airborne concentrations determined from air samplers
placed downwind from the target for the Fliszar et a., (1989) Test 5A. The round used was a

120mm DU penetrator.

Samplers ran for approximately 23 hours and the concentration presented below represents the
averaged concentration that would include the impact puff and any resuspended DU due to wind
action during the sampling period as well as mechanical action from personnel re-entering the
test area. An external cover plate (installed for security reasons to drop over the impact hole)
activated prematurely right after Test 5A impact. It is not known to what degree it had affected

(reduced) exterior airborne concentrations.
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Table 44. Averaged Airborne Concentration vs. Distance from Target for Test 5A
Sample Location Distance from Target (m) DU Mass DU Activity
Concentration Concentration
(x 10° mg/m®) (x 10 nCi/cm®)
MR 22 1.48 56.3
K2L 13 0.002 0.076
KCL 10 0.003 0.115
K2R 13 0.093 3.54
L12R 63 0.036 1.36
M6L 35 0.0005 0.018
HCL 5 0.075 2.85
AA43 100 0.021 0.76

Reference: Fliszar et al., (1989), with minor editorial addition of mass concentrations.

Intake rates, internal dose rates, and kidney concentrations are estimated below. These estimates

are presented as rates since occupancy times and the total number of potentially contaminated

vehicles entered is unknown. Wound contamination and TEDES were considered but not

estimated due to the lack of adequate data.

DU Exposure, Intake, Internal Dose Rates, and Kidney Concentrations from I nhalation and
I ndirect I ngestion.

The estimated lower-bound inhalation and indirect ingestion intake per individual (that is, a
nose breather with a BR of 3.0 m*/hr and 5 nm AMAD aerosol) is 0.00078 mg of DU (0.00065

mg insoluble and 0.00013 mg soluble) for each hour of exposure.

Thisintake estimate considers a DU-airborne concentration of 2.6 x 10 mg/m®
(1 x 10™*® nCi/cm®) where 83 percent of the DU particles are insoluble and 17 percent of the

DU particles are soluble.
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The interna radiation dose estimate (lower-bound CEDE) per individual would be

0.00001 rem.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.00001 mg (0.0000022 mg insoluble and 0.00008 mg soluble). Assuming a kidney weight
of 310 grams, thiswould result in akidney concentration of 0.000032 g DU/g of kidney.

See Appendix J for a more detailed discussion.

The estimated upper-bound inhalation and indirect ingestion intake per individual (that is, a
nose breather with a BR of 3.0 m*/hr and 5 mm AMAD aerosol) is 0.025 mg of DU (0.023 mg

insoluble and 0.002 mg soluble) for each hour of exposure.

Thisintake estimate considers a DU-airborne concentration of 8.4 x 10° mg/m®
(32 x 10™ nCi/cm®) (see Table 43) where 93 percent of the DU particles are insoluble and

7 percent of the DU particles are soluble.

The interna radiation dose estimate (upper-bound CEDE) per individual would be

0.0005 rem.

Using the fraction of 5 mm AMAD DU aerosol that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be

0.00021 mg (0.000078 mg insoluble and 0.00013 mg soluble). Assuming a kidney weight of
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310 grams, thiswould result in a kidney concentration of 0.00067 ug DU/g of kidney. See

Appendix Jfor amore detailed discussion.

DU Exposure, I ntake, and I nternal Dose from Secondary I ngestion. OSAGWI Level 11
personnel may have been exposed to DU by secondary ingestion (hand-to-mouth transfer) from

contact with DU-contaminated surfaces:

The estimated upper-bound intake by secondary ingestion for an individual is 0.057 mg of
DU (0.047 mg insoluble and 0.01 mg soluble) for each hour of exposure. The amount of DU
that passes through the kidney is 0.00029 mg (0.00009 mg insoluble and 0.0002 mg soluble).
Assuming a kidney weight of 310 grams, this would result in a kidney concentration of
0.00095 ug DU/g of kidney per hour spent in avehicle. The interna radiation dose estimate
(CEDE) per individual would be 0.000002 rem for a 1-hour exposure per vehicle or

contaminating event. (See Appendix F for calculation of secondary ingestion intake.)

The estimated lower-bound intake by secondary ingestion for an individual is 0.028 mg of
DU (0.023 mg insoluble and 0.005 mg soluble) for each hour of exposure. The amount of DU
that passes through the kidney is 0.00015 mg (0.000046 mg insoluble and 0.0001 mg soluble).
Assuming a kidney weight of 310 grams, this would result in a kidney concentration of
0.00047 ng DU/g of kidney per hour spent in avehicle. The internal radiation dose estimate
(CEDE) per individual would be 0.000002 rem for a 1-hour exposure per vehicle or

contaminating event. (See Appendix F for calculation of secondary ingestion intake.)
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The upper-bound and lower-bound secondary ingestion intakes were derived from the
surface-contamination results listed in Table 39. (See Appendix F for calculation of secondary
ingestion intake.) Surface-contamination results reported in Table 39 were obtained after a

single DU munition perforated DU armor, Fliszar et a., (1989).

External Radiation Dose. In addition to the above considerations, EOD personnel may have
handled penetrators with their bare hands resulting in an external dose. An estimate of the

potential external dose follows:

Their bare hands may have been exposed externally to beta/lgamma radiation from handling
spent penetrators, and exposed externally to gamma radiation from downloading intact DU
munitions. The contact dose rate to the skin of the hand from an intact DU penetrator is about

0.2 rad/hr, with approximately 90 percent of the dose resulting from beta radiation.

The external dose that an individual could have received would depend on the number of
spent penetrators handled, intact rounds, or projectile remains, the length of exposure per item,
and whether or not they were wearing gloves or using bare hands during the handling of the DU

munitions or remains.

Individuals comprising other Level Il and 111 scenarios, except those that participated in the
cleanup operations at Camp Doha, would not be expected to have experienced external radiation

dose rates similar to EOD individuals.
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5.3.1 EOD Personnd

The EOD individuals primarily downloaded munitions from DU-contaminated vehicles/systems.
Other unit personnel could have assisted EOD with this responsibility. EOD team members, in
entering DU-perforated vehicles or vehicles involved in aDU fire to download munitons, may
have been subjected to DU exposures similar to those for the DU intakes and internal dose rates

estimated in Section 5.3.

5.3.2 RADCON Team Members

In addition to the assigned unit EOD personnel aready in the Gulf region, at least two U.S.
Army Materiel Command (AMC) assets were on temporary duty in theater: RADCON teams of
the U. S. Army Operations Support Command (formerly the USAMCCOM) and the U.S. Army

Communications-Electronics Command.

The AMC deployed these health physics personnel to identify, assess, and respond to

incidents involving DU.

The RADCON teams performed their duties at King Khalid Military City and at Camp Doha,

although they had limited excursions to other locations, OSAGWI, (1998).

The RADCON team members, in entering DU-perforated vehicles or vehiclesinvolved in a

DU fire, may have been subjected to DU exposures, similar to those for the DU intakes and
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internal dose rates estimated in Section 5.3. Appendix C addresses mission work done by

RADCON teams at Camp Doha following the depot fire.

5.3.3 BDAT Members

The BDATSs conducted battle-damage assessments on damaged or destroyed U.S. ground combat
vehicles. The close, in-depth inspections entailed frequent entry into disabled, often DU-
contaminated vehicles. The BDATs when entering DU-perforated vehicles or vehicles involved
ina DU fire may have been subjected to DU exposures, similar to those for the DU intakes and

internal dose rates estimated in Section 5.3.

534 LARs

The LARs were often requested to determine the disposition of damaged or destroyed
equipment, OSAGWI, (1998). The LARs, when entering DU-perforated vehicles or vehicles
involved in a DU fire, may have been subjected to DU exposures, similar to those for the DU

intakes and internal dose rates estimated in Section 5.3.

5.3.5 Unit Maintenance Personnd

Unit maintenance personnel and other salvage crews, that worked in or on DU-damaged or

destroyed vehicles being processed for repair or that worked in processing equipment for

disposal, may have been exposed to a range of airborne DU concentrations.
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The Unit maintenance personnel, when entering DU-perforated vehicles or vehicles involved in a
DU fire, may have been subjected to DU exposures, similar to those for the DU intakes and

internal dose rates estimated in Section 5.3.

In addition to the scenario of individuals working in or on DU-contaminated vehicles, unit
maintenance personnel may have also been involved with the following additional types of

scenarios:

Welding Operations I nvolving DU Armor. The exposure of personnel during the welding of
vehicle (tank) penetrations is a special maintenance operation that is not believed to have
happened in the Gulf region during or following the Gulf War. However, if it did, then the

exposure of individuals during welding operations would depend on the following:

Length of time it took to weld a patch.
Number of patches to be welded on a vehicle.
Number of vehicles that required patching.

Use of any respiratory protection or other PPE.

If an armored vehicle's armor is perforated, either by accident or during combat, the hole
on its surface must be sealed for security reasons and to prevent the spread of DU-
contamination. A steel cover plate would be welded over this hole; however, the DU armor

would not be welded directly.

189



HRA CONSULTATION NO. 26-M F-7555-00D September 2000

Based on datain the Fliszar et al., (1989) report, a persona air sampler was placed on
each welder at the breathing zone level when a cover plate was welded over the perforation
hole following Tests 5B and 6B. The surface around the hole was not decontaminated prior
to the welding operation. See Table 45 for a summary of DU-airborne concentrations during
welding operations. Welding operations were performed both inside and outside the tank, as

well as both outdoors and indoors. The usua patchwork took about 20 to 30 minutes.

Table 45. Airborne Concentration of DU for Welding Operation
Test Action DU Mass DU Activity
Concentration Concentration
(x 10 mg/m®) | (x 10 nCi/cm?®)

5B Inner and outer patches welded to cover holes 4.7 1.8

6B Lids welded on turret hatches and patches welded on 0.5 0.2
outside of perforation hole

Lids burned off 0.05 0.02

Source: Fliszar et al., (1989), with minor editorial addition of mass concentrations.
Note: The scientific notation (x 10! nCi/cm®) = (x 0.00000000001 nCi/cm?®)

Intake and internal dose rate estimates for personnel exposed while welding vehicle (tank)

penetrations are the following:

Intake by inhalation and indirect ingestion. The estimated lower-bound inhalation and
indirect ingestion intake per individual (that is, a mouth breather with a BR of 3.0 m*hr and
5 mm AMAD aerosol) while welding is 0.0015 mg of DU (0.0012 mg insoluble and

0.0003 mg soluble) for each hour of welding.
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Thisintake estimate considers a DU-airborne concentration of 5 x 10* mg/m®
(0.02 x 10™ nCi/cm®) (Table 45) with 83 percent of the DU particles insoluble and

17 percent of the DU particles soluble.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.000024 mg (0.000004 mg insoluble and 0.00002 mg soluble). Assuming a kidney weight
of 310 grams, this would result in a kidney concentration of 0.00008 ug DU/g of kidney per

hour of welding. See Appendix Jfor amore detailed discussion.

The interna radiation dose estimate (lower-bound CEDE) per individual would be

0.00003 rem for a 1-hour exposure in a vehicle.

The estimated upper-bound inhalation and indirect ingestion intake per individua (that is,
amouth breather with a BR of 3.0 m*hr and 5 nm AMAD aerosol) while welding is 0.14 mg

of DU (0.12 mg insoluble and 0.02 mg soluble).

Thisintake estimate considers a DU airborne concentration of 4.7 x 102 mg/m®
(1.8 x 10! nCi/cm®) (Table 45) with 83 percent of the DU particles insoluble and

17 percent of the DU particles soluble.

Using the fraction of 5 mrm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be 0.0017 mg

(0.0004 mg insoluble and 0.0013 mg soluble). Assuming a kidney weight of 310 grams, this
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would result in a kidney concentration of 0.0055 pg DU/g of kidney. See Appendix Jfor a

more detailed discussion.

The interna radiation dose estimate (upper-bound CEDE) per individual would be

0.003 rem for a 1-hour exposure in a vehicle.

DU intake by secondary ingestion. This welder may have been exposed to DU by secondary
ingestion (hand-to-mouth), similar to those for the DU intake and internal dose rate estimates

calculated in Section 5.3.

Removal of the DU Tank Armor. The removal of damaged DU tank armor is a specid
maintenance operation that is not believed to have happened in the Gulf region during or
following the Gulf War. However, since this scenario may happen on future battlefields, an

exposure estimate is provided here.

Intake and internal dose rate estimates for personnel exposed during removal of the DU tank

armor are the following:

Intake by inhalation and indirect ingestion. The total estimated inhalation and indirect
ingestion intake (lower-bound) per individual (that is, a mouth breather with a BR of 3.0
m*/hr and 5 mm AMAD aerosol) while removing the tank armor, is 0.0024 mg of DU (0.0022

mg insoluble and 0.0002 mg soluble).
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The results of air sampling during the removal of the armor at the end of the M1A1
Abrams heavy armor tank series of tests, Fliszar et al., (1989) show alower-bound DU air
concentration of 7.9 x 10 mg/m® (0.3 x 10™ nCi/cm®). This intake estimate also considers

93 percent of the DU particlesto be insoluble and 7 percent of the DU particles to be soluble.

Using the fraction of 5 mnmm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be 0.000021
mg (0.0000075 mg insoluble and 0.000013 mg soluble). Assuming a kidney weight of 310
grams, thiswould result in akidney concentration of 0.000007 ug DU/g of kidney. See

Appendix Jfor amore detailed discussion.

The interna radiation dose estimate (lower-bound CEDE) per individual would be 0.00006

rem for a 1-hour exposure in avehicle.

The total estimated inhalation and indirect ingestion intake (upper-bound) per individual
(that is, a mouth breather with a BR of 3.0 m*hr and 5 mm AMAD aerosol) while removing

the tank armor, is 0.56 mg of DU (0.52 mg insoluble and 0.04 mg soluble).

The results of air sampling during the removal of the armor at the end of the M1A1
Abrams heavy armor tank series of tests, Fliszar et a., (1989), show an upper-bound DU air
concentration of 1.9 x 10™ mg/m® (72 x 10*? nCi/cm®). Thisintake estimate also considers

93 percent of the DU particles to be insoluble and 7 percent of the DU particles to be soluble.
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Using the fraction of 5 mrm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be 0.0044 mg
(0.0018 mg insoluble and 0.0026 mg soluble). Assuming a kidney weight of 310 grams, this
would result in a kidney concentration of 0.0014 pg DU/g of kidney. See Appendix Jfor a

more detailed discussion.

The interna radiation dose estimate (upper-bound CEDE) per individual would be 0.01

rem for a 1-hour exposure in a vehicle.

I ntake by Secondary I ngestion. These personnel may be exposed to DU by secondary ingestion
(hand-to-mouth). The DU intakes and internal dose rate estimates from secondary ingestion
would be similar to those for the DU intake and internal dose rate estimates calculated in

Section 5.3.

5.3.6 144" Service and Supply Company

The 144" Service and Supply Company personnel, when entering DU-perforated vehicles or
vehicles involved in aDU fire, may have been subjected to DU exposures similar to those for the

DU intakes and internal dose rates estimated in Section 5.3.

The U.S. Army collected specimens from some of the individuals assigned to the 144" Service

and Supply Company, New Jersey Army National Guard. The DOE’s Environmental
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Measurements L aboratory analyzed the specimens for uranium by using the alpha spectrometry
method. All of the urine results were less than the Lower Limit of Detection (LLD) of
0.01 pCi/L for U-238, which indicates DU was not detected above that level in any of the urine

samples.

5.3.7 Personnel Exposed to DU During Cleanup Operations at Camp Doha

The Camp Doha scenariosin Level 11 and Level |11 are addressed in Appendix C. This PNNL
study estimated the exposures to DU for residents and recovery workers at Camp Doha, Kuwait
following the July 1991 fire. Estimated chemical doses for recovery workers (Level 11) who
spent extensive time in the contaminated areas of the North Compound after the fire range from
3.3 10® ny DU/qg of kidney to 9.5~ 10 ng DU/g of kidney, depending on which type of
activity they were involved in. Estimated doses for recovery workers who spent time in the
contaminated areas of the North Compound after the fire range from 0.001 rem to 0.065 rem,

depending on which type of activity they were involved in.

5.3.8 Representative Examples of DU Exposuresfor Level |1 Personnel

Because the frequency of entry into DU-contaminated vehicles and exposure duration is not well
understood, representative examples of DU exposure, intakes, and internal radiation dose
estimations for OSAGWI Level 11 exposure scenarios from the Gulf War are provided in
Appendix S. The examplesin Appendix S describe how to use the information presented in

Tables 47 and 48 to estimate an exposure, intake, and radiation dose to Level Il individuals.
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Detailed discussions concerning the possible Level 11 scenarios are not included because of the
multitude of permutations that could be factored in representative examples (such as exposure
duration, number of entries made into vehicles, number of vehicles, weather conditions, personal
hygiene, type of mission, or degree of physical activity). Although it may be difficult and
virtually impossible to address al the permutations, Appendix S provides representative

examples.

54  OSAGWI Levd Il Exposure Assessments

Level I11 individuals may have been exposed to DU as a result of the following circumstances:

Exposure to DU-airborne concentrations downwind of a burning Abrams tank, to include

reentry into the vehicle following the fire.

Exposure from entry into DU-contaminated Iragi vehicles and equipment, to include Cavalry

Scouts and souvenir hunters.

Exposure to DU-airborne concentrations downwind from burning DU rounds at Camp Doha.

Exposure to DU-airborne concentrations downwind of a vehicle perforated by a DU round.
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5.4.1 Exposure of Personnel to DU-Airborne Concentrations Downwind of a Burning,
Uploaded Abrams Tank

The DU exposures to individuals would depend on:

How close they were to the burning vehicle(s).
How long they were exposed.
The number of vehicles they entered.

The use of any respiratory protection.

I ntake by I nhalation and I ndirect I ngestion. Based on the Fliszar et al., (1989) report,
individuals who were exposed to the smoke plume downwind from a burning, uploaded Abrams
tank may have been exposed to arange of DU-airborne concentrations. Thisrange is estimated
to be from a maximum airborne DU concentration of 9.3 x 10 mg/m® (3.5 x 102 nCi/cm®) at
40 meters to a concentration of 1.3 x 10° mg/m® (0.005 x 10 nCi/cm?®) at 100 meters from the

burning vehicle (see Table 42).

The estimated lower-bound inhalation and indirect ingestion intake per individual (that is, a
nose breather with a BR of 3.0 m*/hr and 5 nm AMAD aerosol) is 0.0000039 mg of DU

(0.0000036 mg insoluble and 0.0000003 mg soluble) per hour of exposure.

This intake estimate considers 93 percent of the DU particles insoluble and 7 percent of

the DU particles soluble.
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The lower-bound internal dose estimate (CEDE) per individual would be 0.0000001 rem

for a 1-hour exposure in a vehicle.

Using the fraction of 5 mnm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.00000003 mg (0.00000001 mg insoluble and 0.00000002 mg soluble). Assuming a kidney
weight of 310 grams, this would result in a kidney concentration of 0.0000001 ug DU/g of

kidney per hour exposed. (See Appendix Jfor a more detailed discussion.)

The estimated upper-bound inhalation and indirect ingestion intake is 0.0028 mg of DU

(0.0026 mg insoluble and 0.0002 mg soluble) per hour of exposure in avehicle.

This dose estimate considers 93 percent of the DU particles insoluble and 7 percent of the

DU particles soluble.

The upper-bound internal dose estimate (CEDE) per individual would be 0.00007 rem for

a 1-hour exposure in a vehicle.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.000022 mg (0.000009 mg insoluble and 0.000013 mg soluble). Assuming a kidney weight
of 310 grams, this would result in a kidney concentration of 0.00007 ug DU/g of kidney per

hour of exposure. (See Appendix Jfor a more detailed discussion.)
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The USACHPPM analyzed urine specimens collected from individuals shortly after their
exposure to smoke from an Abrams tank that burned on 13 April 1991 using the flurometric
method of analysis*’. Thistank fire is described by OSAGWI in their Interim Environmental
Exposure Report (OSAGWI, 1998). All the urine results were less than 2 ng total uranium/L
urine, the minimum detectable concentration (MDC) for total uranium, which indicates that DU

was not detected above that level in any of the urine specimens.

Two of the reasons for the absence of detectable levels of DU in the urine are the size of the DU
oxide particles available for potential inhalation when generated in a fire and the solubility of the
DU particlesin lung fluid. Thisis demonstrated in a DU munitions developer’s test, with results
reported in Parkhurgt, et a., (1990). Thisreport indicates that 99.5 percent by mass of the DU
particles generated in afire involving uploaded munitions were greater than 10 mnm AED, which
indicates that these particles were not respirable. Firesinvolving DU munitions produce
insoluble DU oxides. Based on the urine specimens that were analyzed for individuals exposed
to smoke from the tank fire on or about 13 April 1991, no urine specimens collected from other
individuals exposed to smoke from tank fires would be expected to result in values greater than

the MDC for total uranium (2 ng total uraniunvyL urine).

Internal dose estimates for personnel exposed during reentry of an uploaded Abrams tank

following afire are the following:
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Intake by inhalation and indirect ingestion. The total estimated inhalation and indirect
ingestion intake (lower-bound) per individual (that is, a nose breather with a BR of 3.0 m*/hr and
5 mm AMAD aerosol) is 0.0057 mg of DU (0.0053 mg insoluble and 0.0004 mg soluble) per

hour of exposure in a vehicle.

This dose estimate considers a DU airborne concentration of 1.9 x 10° mg/m®
(7.2 x 10" nCi/cm®) from a tank fire (Table 43) with uploaded DU munitions with

93 percent of the DU particles insoluble and 7 percent of the DU particles soluble.

The internal dose estimate (lower-bound CEDE) per individual would be 0.0001 rem for

a 1-hour exposure in a vehicle.

Using the fraction of 5 mrm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.000045 mg (0.000018 mg insoluble and 0.000027 mg soluble). Assuming a kidney weight
of 310 grams, this would result in a kidney concentration of 0.000015 g DU/g of kidney.

(See Appendix Jfor a more detailed discussion.)

The total estimated inhalation and indirect ingestion intake (upper bound) per individual is

0.025 mg of DU (0.023 mg insoluble and 0.002 mg soluble).

This dose estimate considers a DU-airborne mass concentration of 8.4 x 10 mg/m®
(32 x 10™® nCi/cm®) with uploaded DU munitions in the tank and with 93 percent of the DU

particles insoluble and 7 percent of the DU particles soluble.
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The internal dose estimate (upper-bound CEDE) per individual would be 0.0004 rem for

a 1-hour exposure in a vehicle.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory
tract to blood, the amount of DU that passes through the kidney is estimated to be
0.00021 mg (0.000078 mg insoluble and 0.00013 mg soluble). Assuming a kidney weight of
310 grams, thiswould result in a kidney concentration of 0.00067 ug DU/g of kidney. (See

Appendix Jfor a more detailed discussion.)

The DU exposures to individuals would depend on their activity level, how long they were

exposed, the number of vehicles they entered, and their use of any respiratory protection.

5.4.2 Exposure of Personnel Who Entered DU-Contaminated Iraqi Vehicles

The largest number of people potentially exposed to DU consisted of those who entered enemy
vehicles out of curiosity or to collect war souvenirs. However, many soldiers, such as Cavalry
Scouts, had legitimate, operational requirements to enter damaged Iragi equipment, such as
checking for personnel and equipment, completing destruction of the equipment, or looking for
items of military intelligence value, OSAGWI, (1998). It isbelieved that the mgority of the
vehicles Level [11 personnel may have entered were damaged by the aerial use of DU munitions.
(See Appendix R for a discussion of the aerial use of DU for OSAGWI-specific scenarios

dealing with the small-caliber DU rounds.)
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These individuals could have aso been exposed to hazardous materials inside damaged Iraqi

vehicles.

Many of the Iragi tanks had asbestos blankets.
The Iragi’s Union of Soviet Socialist Republics Commonwealth of Independent States-built
equipment (tanks, armored personnel carriers, and other vehicles) also had items that contained

radioactive sources in non-dispersible forms.

Some of these items would be radioactive sources contained within chemical agent

detectors, radiation monitors, and check sources for radiation survey instruments.

Many of the dials, switches, and gauges are painted with self-luminous paints containing
radium, tritium, or promethium. These items generally contain small quantities of
radioactive material that would not present a safety concern unless the radioactive sources
were damaged to the extent that radioactive material was released to the environment,
OSAGWI, (1998). Unpublished data from hard-target testing involving a T-72 tank
indicated that some of the glass coverings to radium dials were found to be broken after

testing.

Those individuals who entered DU-perforated Iragi vehicles may have been exposed to arange
of DU-airborne concentrations, from a minimum airborne concentration of 2.6 x 10 mg/m®
(1 x 10™*® nCi/cm®) to a maximum concentration of 1.9 x 10° mg/m® (7.2 x 10™ nCi/cm®)

(Table 43).
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I ntake by Inhalation and I ndirect I ngestion. Intake and internal dose estimates for personnel

exposed while entering DU-contaminated vehicles are the following:

The total estimated inhalation and indirect ingestion intake (lower bound) per individua is

0.00078 mg of DU (0.00065 mg insoluble and 0.00013 mg soluble) per hour of exposure.

Thisintake estimate considers a DU-airborne concentration of 2.6 x 10 mg/m®
(1 x 10™*® nCi/cm®) with 83 percent of the DU particles insoluble and 17 percent of the DU

particles soluble.

The internal dose estimate (lower-bound CEDE) per individual would be 0.00001 rem for a

1-hour exposure in a vehicle.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory tract
to blood, the amount of DU that passes through the kidney is estimated to be 0.00001 mg
(0.0000022 mg insoluble and 0.000008 mg soluble). Assuming a kidney weight of 310 grams,
this would result in a kidney concentration of 0.000032 pg DU/g of kidney. (See Appendix Jfor

amore detailed discussion.)

The total estimated inhalation and indirect ingestion intake (upper bound) per individual is

0.0057 mg of DU (0.0047 mg insoluble and 0.0010 mg soluble) per hour of exposure.
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Thisintake estimate considers a DU-airborne concentration of 1.9 x 10° mg/m®
(7.2 x 10" nCi/cm®) with 83 percent of the DU particles insoluble and 17 percent of the DU
particles soluble. The internal dose estimate (upper-bound CEDE) per individual would be

0.0001 rem for a 1-hour exposure.

Using the fraction of 5 mm AMAD DU particles that are transferred from the respiratory tract to
blood, the amount of DU that passes through the kidney is estimated to be 0.00008 mg
(0.000016 mg insoluble and 0.000064 mg soluble). Assuming a kidney weight of 310 grams,
this would result in a kidney concentration of 0.00026 ug DU/g of kidney. (See Appendix Jfor a

more detailed discussion.)

| ntake by Secondary I ngestion. These personnel may have been exposed to DU by secondary
ingestion (hand-to-mouth). Such exposures would be similar to those discussed for Level |1

personnel.

Exposures of individuals searching enemy equipment would depend on the following:

Their physical activity level.
The DU-contamination levels outside as well as inside the vehicle.
The amount of time spent in a vehicle.

The number of vehicles entered.
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Use of any respiratory protection.

Personal hygiene.

5.4.3 Exposure of Personnel to Airborne Concentrations of DU Downwind of a Vehicle
Perforated by a DU Round.

The exposure of individuals downwind of a vehicle perforated by a 120mm DU round would

depend on the following:

Their physical activity level.

Surface wind speed.

Distance from the perforated vehicle.

The number of vehicles to which they were exposed.

The use of any respiratory protection.

According to the Fliszar et a., (1989) report, high-volume air samplers designed for collecting
suspended DU particles were located at distances of 10 metersto 100 meters from the target for
Test 5A. The air samplers were turned on prior to the event of the hard-target perforation in
which the puff of smoke had passed over a series of air samplers. These samplers captured what
was in the downwind puff and any resuspension of DU from the mechanical action of wind
applied to particles on the ground before the samplers were subsequently shut off. Internal dose
estimates for personnel exposed to airborne concentrations of DU downwind of a vehicle

perforated by a DU round are the following:
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The total estimated inhalation and indirect ingestion intake (lower bound) per person is
0.000063 mg of DU (0.000052 mg insoluble and 0.000011 mg soluble) per hour of exposure.
This intake estimate considers a DU-airborne concentration of 0.021 x 10° mg/m®
(0.079 x 10™*® nCi/cm®) at the 100 meter location (Table 44) with 83 percent of the DU particles

insoluble and 17 percent of the DU particles soluble.

The interna dose estimate (lower-bound CEDE) per individual would be 0.000001 rem for a
1-hour exposure at a distance of 100 meters downwind of the vehicle. Using the fraction of
5 mm AMAD DU particlesthat are transferred from the respiratory tract to blood, the amount of
DU that passes through the kidney is estimated to be 0.00000088 mg (0.000000177 mg insoluble
and 0.00000071 mg soluble). Assuming a kidney weight of 310 grams, thiswould result in a
kidney concentration of 0.000003 pg DU/g of kidney. See Appendix Jfor a more detailed

discussion.

The total estimated inhalation and indirect ingestion intake (upper bound) per personis
0.0044 mg of DU (0.0037 mg insoluble and 0.00075 mg soluble) per hour of exposure. This
intake estimate considers a DU-airborne concentration of 1.48 x 10 mg/m®
(5.63 x 10™ nCi/cm®) at the 22-meter location (Table 44) with 83 percent of the DU particles

insoluble and 17 percent of the DU particles soluble.

The internal dose estimate (upper-bound CEDE) per individual would be 0.00001 rem for a
1-hour exposure per vehicle at a distance of 22 meters downwind of the vehicle. Using the
fraction of 5 nm AMAD DU particlesthat are transferred from the respiratory tract to blood, the

amount of DU that passes through the kidney is estimated to be 0.000061 mg (0.000013 mg
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insoluble and 0.000048 mg soluble). Assuming a kidney weight of 310 grams, this would result
in akidney concentration of 0.0002 ug DU/g of kidney. (See Appendix Jfor amore detailed

discussion.)

5.4.4 Personnel Exposed to DU-Airborne Concentrations From the Camp Doha Fire

The Camp Doha scenariosin Level 111 are addressed in Appendix C. This PNNL study
estimated the exposures to DU for residents and recovery workers at Camp Doha, Kuwait
following the July 1991 fire. People who were exposed to airborne concentrations from the fire
(Leve 111) were estimated to have received negligible chemical doses. The upper-bound
concentration in the kidney was estimated to be 1.8~ 10°® ng DU/g of kidney for people
assembled in the United Nations Compound at the base and about 2.8~ 10 g DU/g of kidney
for a person who was located in the area of highest air concentration. Personnel exposed to
airborne concentrations from the fire were estimated to have received negligible radiation doses:
about 0.000000062 rem for people assembled in the United Nations Compound at the base and
about 0.000003 rem for a person who may have been located in the area of highest air

concentration.

545 Examplesof OSAGW!I Level Il and |11 Exposure Scenarios

Representative Examples of OSAGW Level |1 Exposure Scenarios. Representative examples of

OSAGWI Level 1l scenarios are found in Appendix S. The examples presented in Appendix S

include all the vehicles that were involved in the “friendly fire” incidents as well as those
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involved in the Camp Dohafire. The assumed exposure durations of the Level |1 individuals by

occupation provided by OSAGWI are also included in the representative examples.

Example of an OSAGWI |1 and 111 Combination Exposure Scenario from the Gulf War. In
examining the OSAGWI Leve Il and Level 111 exposure scenarios, a soldier stationed in
Southwest Asia during the Gulf War might indicate that he experienced al of the Level I11
scenarios. A sample exposure scenario combining all of the OSAGWI Level 111 exposure
scenariosis provided in Appendix T to demonstrate how a generalized exposure assessment can

be tailored to a soldier’s own experiences in Southwest Asia.

55  Health Risk Characterizationsfor OSAGW!I Levels|l and |11 Exposure Scenarios

The uranium compounds present in a military environment are DU meta and its oxides: DU3QOsg,
DUOQO;, and DUOs. Both the perforation of a DU penetrator on a hard target and the burning of
DU munitions produce DU dust or aerosol particles. The high temperature created during
perforation and fires acts to oxidize the DU metal to a series of complex oxides, predominately
DU30g and DUQO,, which are considered to be insoluble (Class Y or absorption Type S). DUO;

(Class W or absorption Type M) may form as aresult of weathering in the environment.

DUO, and DU30s collected from Army tests involving DU impacts and fires have demonstrated
increased solubility in smulated lung fluid studies versus what is indicated in the open literature

for these compounds.
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The main routes of DU into the human body, excluding wounds, are inhalation and ingestion

(indirect and secondary).

The primary hazard from inhaled uranium aerosols is related to the extent and the rate of transfer
of inhaled uranium to the blood and the quantity that actually reaches the kidney. Insoluble
compounds, such as DU3Og and DUO,, result in longer residence time in the lung thus causing a

greater dose to the lung.

Two factors influence the degree of hazard: the deposition site in the respiratory tract and the
fate of the DU particlesin the lung. It isthe respirable DU particles that could present a potential

health risk from inhalation of DU particles. (See Appendix Jfor a more detailed discussion.)

Direct or secondary (hand-to-mouth) ingestion is less efficient as a route of DU exposure into the

body compared with inhalation.

The NRC occupational intake limits of insoluble uranium oxides, such as UsOg and UO,, are
based upon their radiation properties, where, the occupational intake limits of soluble uranium
oxides, such as UOs, are based upon their chemical toxicity, National Defense Research Institute,

(1999). Figure 7 shows the distribution of a1 mrm AMAD aerosol that isinhaled.
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Retained
in Lung

25%

Figure 7. Distribution of Inhaled Uranium
(National Defense Research Institute, 1999)

56  Chemical Risk

The chemical toxicity of DU used for military purposes may present a greater potential health

risk than the radiological hazard if the DU residue is highly soluble in lung fluid.

The DU istaken up into the body through the respiratory tract (viainhalation), the GI tract (via
ingestion), and through wound contamination or embedded fragments. The DU slowly

dissolves, presenting arisk of chemical toxicity.

The National Defense Research Institute, RAND, report indicates that through their review of the
scientific literature that relatively short-term exposures to uranium oxide particles at mass
concentrations up to 10 mg/m® of inspired air do not cause renal lesions, National Defense

Research Institute, (1999).
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The toxicologic effects of uranium vary according to its route of exposure and its chemical form.
The toxicologic effects of ingested uranium are less toxic than inhaled uranium. Thisis
attributable in part to the low GI absorption (or Gl tract transfer-coefficient) of uranium
compounds (< 0.2 - 2 percent). Solubility, which is dependent on the chemical form, correlates
positively with toxicity, with the most soluble compounds being the most toxic. Regardless of
the chemical form which uranium takes, research has demonstrated that onceit isin the
bloodstream its primary target organ isthe kidney. While this does not exclude the possibility of
DU inflicting functional lesions in other organ systems, such as bone and liver, the kidney isthe
organ most sensitive to the effects of DU. Once the uranium is solubilized in the blood, the
kidney will excrete about 90 percent of it in urine over approximately 3 days, National Defense
Research Institute, (1999). The chemical toxicity guideline of 3 ng DU/g of kidney for DU in
the kidney (Reference Man, the mass of the kidneys is 310 grams) will not be exceeded if the

DU concentration in the urine is less than 30 ng/L, National Defense Research Institute, (1999).

The necessary toxicity benchmark values, exposure criteria, and methodology do not exist to
retrospectively or quantitatively assess chemical risk following a battlefield exposure. The
methodology currently in place for HRAs is not intended to be used for retrospective studies
following a chemical exposure. Rather, HRAs are intended to be prospective and thus
protective. Inaquantitative risk characterization and in risk assessments, a predicted exposure
value is compared to an appropriate exposure guideline or reference value. If the ratio of these
valuesis greater than unity, then steps may be taken to decrease the predicted exposure value. In
aqualitative risk characterization, risk is described with words rather than equations. Neither

guantitative nor qualitative risk characterizations are used to determine whether or not an effect
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has occurred. Whether quantitative or qualitative, the reference values used in HRAs are
intended to be protective of al individuals, including sengitive individuals. Occupational
exposure guidelines are also intended to be protective. They represent concentrations that are
believed to be safe; however, they do not generally represent concentrations that are believed to
be athreshold for safety. Because of this, it cannot be concluded that adverse health effects will
result if aguideline is exceeded, nor can the degree of a potential effect be accurately predicted.
When an exposure has occurred and a guideline has been exceeded, the health of the exposed
individual is monitored, as is being done in the case of Gulf War Veterans with the greatest
potential for DU exposure. However, because the guidelines are meant to be protective, if the
guidelines are not exceeded, it can usually be stated with confidence that adverse health effects

are not expected to occur.

In the present effort, which is a qualitative risk characterization, predicted exposure levels are
presented together with the most appropriate guidelines available. However, for the reasons

stated above, they are only compared descriptively; a quantitative evaluation is not given.

The most applicable guideline values for use in OSAGWI Level 11 and |11 scenarios are the
TEELSs (see Appendix K). The TEELSs are derived by the SCAPA. They are intended to serve as
temporary ERPGs, concentrations below which are not predicted to result inirreversible or life-
threatening health effects following an exposure of up to one hour. The values for soluble and
insoluble forms of uranium are 0.05, 0.6, 1.0, and 10.0 mg/m?® for TEELS, 0, 1, 2, and 3,

respectively. The TEEL-0 isthe most conservative value and is defined as “the threshold
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concentration below which most people will experience no appreciable risk of health effects,

including mild, transient effects”.

Guidelines for uranium issued by ANSI state that 40 mg and 8 mg acute inhaation intakes of
soluble uranium are thresholds for permanent and transient renal injury, respectively. In addition
to being intended for soluble forms of uranium only, these guidelines are based on a default
particle size distribution of 1 um AMAD and 50 percent absorption from the lungs, Nationd
Defense Research Ingtitute, (1999). Based on findings on the chemical toxicity of uranium, a

guideline of 3 ug DU/g of kidney was adopted in 1959 by the ICRP.

Based on the upper-bound values in the ranges of the estimated intakes of soluble DU for the
Level 11 and Level 111 scenarios discussed above, these estimated intakes are three or more orders
of magnitude below the suggested acute inhalation values of 40 mg for permanent renal injury in
a 70 kg person and 8 mg for transient damage. Air concentrations are one to three orders of
magnitude below the most conservative guidelines available. Predicted kidney burdens are more
than four orders of magnitude below the 3 ng DU/g of kidney. Because these guidelines are
intended to be protective and because levels of DU are so far below these various guidelines, it
can be stated with confidence that adverse health effects due to exposure to DU are not expected

inthe OSAGWI Level Il or Leve 111l scenarios.

To date, the VA has not found any clinical evidence that patients with DU embedded fragment(s)
show kidney injury resulting from the presence of embedded fragment(s)** . Compared to

those in the OSAGWI Levels |l and |11 scenarios, it is predicted that these individuals received
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greater intakes of soluble and insoluble uranium oxides. Therefore, the absence of clinical
evidence of kidney injury in individuals with embedded fragments suggests that there should be

asimilar lack of injury in those individuals in the OSAGWI Level I and 111 Scenarios.

57 Radiation Risk

Following an acute inhalation intake of insoluble DU, the major target organ isthe lung. No
evidence is documented in the scientific literature of any adverse health effect that can be related
to the radiation received from exposure to natural uranium, whether inhaled or ingested, even at

levels far exceeding those likely in the Gulf War, National Defense Research Ingtitute, (1999).

Individuals within the U.S. population receive an average annual effective dose equivalent of

0.3 rem or about 0.001 rem/day, from various sources of natural background radiation®.
Background radiation includes cosmic, cosmogenic, terrestrial, radon and its total progeny and
other radionuclides in the body. The total radiation dose that an individual would receive from
natural background for 50 years would be 15 rem. This dose is equivalent to a1 in 90 estimated
lifetime total risk, National Council on Radiation Protection and Measurements (NCRP) Report

No. 115, (1993).

The internal radiation dose (CEDE) from inhalation and ingestion of DU particles for the
OSAGWI Level Il and Level 111 scenarios discussed is estimated to be lessthan 0.1 rem. This

value isthe NRC’s annual dose limit for members of the general public. Nationa and
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international committees are developing operational guidance for low-level radiation exposure

during military operations®™ %%,

The USACHPPM has modified the radiation risk tables provided to include the risk from
internalization of radioactive material. Using this operational guidance, the risk category for a
radiation exposure of less than 0.1 rem would be “ No Risk” to “ Normal Risk”. Therefore, the
health risk of DU radiation toxicity for the OSAGWI Level Il and Level 111 Exposure scenarios
is considered acceptable. (See Appendix G for a more detailed discussion of risk from exposure

to radiation.)

Based on the upper-bound values in the ranges of the estimated intakes of insoluble DU for the
OSAGWI Level 11 and Level 111 Exposure scenarios discussed above, these estimated intakes are

below any documented adverse health effects.

5.8 Examplesof OSAGW!I Level Il and |11 Exposure Scenarios

Representative Examples of OSAGWI Level |1 Exposure Scenarios. Representative examples
of OSAGWI Level |1 exposure scenarios are found in Appendix S. The examples presented in
this Appendix include all the vehicles that were involved in the “friendly fire” incidents as well
asthose involved in the Camp Dohafire. The assumed exposure durations of the Level |1
individuals by occupation provided by OSAGWI are also included in the representative

examples.
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Example of an OSAGWI Levels |l and |11 Combination Exposure Scenario from the Gulf
War. Inexamining the OSAGWI Level 11 and Level 111 exposure scenarios, a soldier stationed
in Southwest Asia during the Gulf War might indicate that he experienced all of the Level 111
scenarios. A sample exposure scenario combining all of the OSAGWI Level 111 exposure
scenariosis provided in Appendix T to demonstrate how a generalized exposure assessment can

be tailored to a soldier’s own experiences in Southwest Asia.

5.9 Examplesof Other OSAGWI Exposure Scenarios

Appendix R discusses the agerial use of DU during the Gulf War. This Appendix also addresses
an aircraft crash and burning at King Khalid Military City, Saudi Arabiaand a “hot gun” or

“hang-fire” incident during the Gulf War.

510 Conclusions

Using available data on DU-airborne concentrations, potential intakes of DU particles are
estimated for individuals considered in Levels |1 and 111 by using established computer models.
When applying estimated DU intake ranges, these values are compared with regulatory standards
and guidelines for chemical and radiologica health effects. Finally, reviewing the exposure and

toxicity data for chemical and radiation toxicity, a health risk characterization is provided.
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Considering the maximum values in the ranges of the estimated intakes of soluble DU for the
Level 1l and 111 scenarios discussed in this assessment, these estimated intakes are below the

suggested guidance levelsin national and international safety standards.

The total detriment after low-dose and low-dose rate exposure to ionizing radiation is the sum of
the contributions due to fatal cancer, non-fatal cancer, and severe hereditary disorders weighted
for length of life lost (see Appendix J). The total detriment attributed to stochastic effectsis

7.3 x 10*/rem. For the dose estimate of 0.065 rem (CEDE) (see Appendix C, Camp Doha
recovery workers), the risk estimate is 4.75 x 10° [that is, (7.3 x 10™*/rem) (0.065 rem) =

4.75x 10°]. Thisisequivalent to a1 in 21,052 estimated lifetime total risk from a 0.065 rem
dose. These values are afactor of 10 less than the estimated internal dose ranges for the
personnel considered in OSAGWI Level | exposure scenarios. It isimportant to note that given
the uncertainties (high- to low-dose extrapolation) in calculating radiation risks at low doses, the

actual radiation risk may be zero.

Table 46, as an example for demonstrative purposes, provides a summary of intake and internal
radiation dose ranges (inhalation and indirect ingestion) for DU exposures involving 10 vehicles
or events (1-hour exposure per vehicle or event). Such range values indicate that the scenario

exposure estimates are well below guidance limits.
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Table 46. Summary of Intake and Internal Radiation Dose Ranges, Inhalation and Indirect
Ingestion, OSAGWI Levels |l and 111, Assuming 10 Vehicles or Events*

LEVEL Il LEVEL IlI LEVEL IlI LEVEL IlI
(Smoke from Burning (Entry into (Smoke from DU-
Abrams Tank) Vehicles) Perforated Iraqi
V ehicles)
Total DU Intake 0.0078-0.25 0.000039-0.028 0.0078-0.057 0.00063-0.044
(mg)
Soluble DU 0.0013-0.02 0.000003-0.002 0.0013-0.01 0.00011-0.0075
Intake (mg)
Radiation Dose 0.0001-0.004 0.000006-0.0004 0.0001-0.001 0.00001-0.0007
(rem)

*1-hour exposure per vehicle or event

Table 47 isa summary of the ranges of DU intakes by inhalation and indirect ingestion, resultant
ionizing radiation dose, and the chemical toxicity risk due to intake of soluble DU for OSAGWI

Levelsll and I11 exposure scenarios.

Table 48 is a summary of the ranges of DU intakes by inhalation and indirect ingestion and

resultant toxicological implications for OSAGWI Levels |l and |11 exposure scenarios.

Personnel inthe Levels |1 and |11 scenarios may also have been exposed to DU by hand-to-mouth
transfer of removable DU particles from surfaces on or in DU-contaminated vehicles or other
equipment. The total estimated intake by secondary ingestion (upper bound) for an individual is
0.057 mg of DU (0.047 mg insoluble and 0.01 mg soluble) per 1-hour exposure in avehicle. The
internal CEDE dose estimate per individual would be 0.000002 rem per 1-hour exposurein a
vehicle. Thisdose isbased on the average of surface-contamination results asindicated in

Table 39. Surface-contamination results reported in Table 39 were obtained after asingle DU

munition perforated DU armor.
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5.10.1 Radiation Risk of DU Exposure

Review of the exposure assessments and health risk characterization for the OSAGWI Level 11
and Level 111 scenarios discussed herein indicates that the ionizing radiation risk from such
potential DU exposure during and following the 1991 Gulf War is below the suggested guidance
levelsin national and international safety standards. (See Appendix K for a discussion of

airborne exposure safety standards.)

5.10.2 Chemical Risk of DU Exposure

Inhalation. Review of the exposure assessments and health risk characterization for the
OSAGWI Level 1l and I11 scenarios discussed herein indicates that the chemical intake from
potential DU exposure via inhalation during and following the 1991 Gulf War is below the

suggested guidance levelsin national and international safety recommendations.

Secondary I ngestion. Review of the exposure assessments and health risk characterization for
the OSAGWI Level 11 and 111 scenarios discussed herein indicates that the chemical intake from
potential DU exposure via secondary ingestion during and following the 1991 Gulf War is below

the recommended guidance level of 3 ng Uranium/g of kidney.
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