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Preface

Depleted uranium (DU) has been used in medical and industrial applications for decades
but only sinceits usein military conflictsin the Gulf and the Balkans has public concern
been raised about potential health consequences from exposure to it. Concerns have been
particularly for peacekeeping forces, humanitarian workers and local populationsliving and
working in areas contaminated by DU following conflict.

There has been alarge amount of research on the health consequences to workersin the
mining and milling of uranium, and on its use in nuclear power, that enables areasonable
assessment of itsimpact on human health®. Since DU acts chemically in the same way as
uranium, and the radiological toxicity is somewhat |ess than uranium, this research can be
used to evaluate health risks from ingestion, inhalation and contact with DU.

In late 1999, the WHO Department on the Protection of the Human Environment (PHE)
recognized the need for an independent review of the scientific literature from which health
risks could be assessed from various DU exposure situations. Professor Barry Smith from
the British Geological Survey, UK, was contracted to prepare the draft from the literature
that would be subject to rigorous scientific review. The format of the review was to be
modelled on monographs in the WHO environmental health criteria series.

An ad hoc review and oversight group of WHO staff members was formed and coordinated
by Dr Michael Repacholi. Participants and contributors to the review included: Drs
AlaAlwan, Antero Aitio, Jamie Bartram, Keith Baverstock, Elisabeth Cardis,
CarlosCorvaan, Marilyn Fingerhut, Y ashikazu Hayashi, Richard Helmer, Jenny Pronczuk,
Colin Roy, Dieter Schwela, Gennadi Souchkevich and Maged Y ounes,

The National Radiological Protection Board (NRPB) in the United Kingdom, a WHO
Collaborating Centre on ionizing and non-ionizing radiation, provided many contributions
relating to the radiological toxicity of DU. These contributions were provided by
Dr Neil Stradling and other staff identified below.

The National Institute of Occupational Safety and Health (NIOSH) of the Center for
Disease Control (CDC) inthe USA, aWHO Collaborating Centre on occupational health,
provided contributions mainly related to DU occupational health and safety requirements,
protective measures and health monitoring. These contributions were provided by
DrJim Neton and other staff identified below. The Centre for Health Promotion and
Preventative Medicine (CHPPM) in the USA, provided contributions relating mainly to DU
applications, radiological toxicity and medical care of people exposed to DU. These
contributions were provided by Dr Mark Melanson and other staff identified below.

The International Atomic Energy Agency (IAEA) provided contributions on the effects of
ionizing radiation and internationally recognized standards. These contributions were
provided by Dr Carol Robinson and Dr Tiberio Cabianca.

Included in these reviewers and contributors are members of the International Commission
on Radiological Protection (ICRP) an NGO in formal relations with WHO.

! The Government of Iraq has reported increases in cancers, congenital abnormalities and other diseases
following the Gulf war in 1991, but there are no published results for review. WHO is working with the
Government of Iraq to prepare studies to investigate this situation.
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There have been a large number of contributors to this monograph, and it has been
reviewed widely. In addition to the internal WHO review group, contributors and reviewers
are listed below in alphabetical order:

AC-Laboratorium Spiez, Switzerland: Dr Ernst Schmid

ATSDR, USA: Dr Sam Keith

Batelle Pacific Northwest Laboratoies, USA: Dr Tom Tenforde

CHPPM, USA: DrsDave Alberth, Marianne Cloeren, Richard Kramp,

Gordon Lodde, Mark Melanson, Laurie Roszell, Colleen Weese

Electric Power Research Institute, USA: Dr Leeka Kheifets

Hopital Cantonal Universitaire, Division de médecine nucléaire, Geneva:

Dr Albert Donath

IAEA: Drs Tiberio Cabianca, Carol Robinson

Karolinska Institute, Sweden: Dr Lennart Dock

NIOSH, USA: Drs Heinz Ahlers, Bonnie Malit, Jim Neton, Michael Ottlinger,

Paul Schulte, Rosemary Sokas

NRPB, UK: Drs Mike Bailey, George Etherington, Alan Hodgson, Colin Muirhead,
Alan Phipps, Ed Rance, Jennifer Smith, Neil Stradling

SCK-CEN Studiecentrum voor Kernenergie Centre d'étude de I'Energie Nucléaire,
Belgian Nuclear Research Centre : Dr Christian Hurtgen

Swedish Radiation Protection Institute, Stockholm: Drs Gustav Akerblom,
Jan Olof Snihs

UNEP, Bakans Unit: Mr Henrik Slotte

The monograph was technically edited by Professor Barry Smith and language edited by
Audrey Jackson, both from the British Geological Survey, UK. WHO acknowledges, with
sincere gratitude, the contributions of all the authors and reviewers of this important
monograph. In addition, WHO also acknowledges with thanks the photographs related to
DU provided by IAEA, NIOSH and ATSDR.

WHO has and will continue to work with the United Nations Environment Programme
(UNEP), the International Atomic Energy Agency (IAEA) and other UN agencies,
Collaborating Centres and NGOs to advance our knowledge about exposure to DU and
other environmental risk factors that could have consequences for health. Such programmes
areamed at providing essentia information to member states and assisting national health
servicesto deal with chemical, physical and biological risk factorsin their environment.



Executive Summary

This scientific review on depleted uranium is part of the World Health Organization's
(WHO's) ongoing process of assessment of possible health effects of exposure to chemical,
physical and biological agents. Concerns about possible health consequences to populations
residing in conflict areas where depleted uranium munitions were used have raised many
important environmental health questions that are addressed in this monograph.

Pur pose and scope

The main purpose of the monograph is to examine health risks that could arise from
exposure to depleted uranium. The monograph isintended to be a desk reference providing
useful information and recommendations to WHO Member States so that they may deal
appropriately with the issue of depleted uranium and human health.

Information is given on sources of depleted uranium exposure, the likely routes of acute
and chronic intake, the potential health risks from both the radiological and chemical
toxicity standpoints and future research needs. Several ways of uptake of compounds with
widely different solubility characteristics are also considered.

Information about uranium is used extensively because it behavesin the body the same way
as depleted uranium.

Uranium and depleted uranium

Uraniumisanaturally occurring, ubiquitous, heavy metal found in various chemical forms
in al soils, rocks, seas and oceans. It is also present in drinking water and food. On
average, approximately 90 pg (micrograms) of uranium exist in the human body from
normal intakes of water, food and air; approximately 66% is found in the skeleton, 16% in
the liver, 8% in the kidneys and 10% in other tissues.

Natural uranium consists of a mixture of three radioactive isotopes which are identified by
the mass numbers 22U (99.27% by mass), 2°U(0.72%) and 2*U(0.0054%).

Uranium isused primarily in nuclear power plants; most reactors require uranium in which
the 2*U content is enriched from 0.72% to about 3%. The uranium remaining after removal
of the enriched fraction is referred to as depleted uranium. Depleted uranium typically
contains about 99.8% **U, 0.2% **U and 0.0006% #**U by mass.

For the same mass, depleted uranium has about 60% of the radioactivity of uranium.

Depleted uranium may also result from the reprocessing of spent nuclear reactor fuel.
Under these conditions another uranium isotope, 2°U may be present together with very
small amounts of the transuranic elements plutonium, americium and neptunium and the
fission product technetium-99. The increase in the radiation dose from the trace amounts
of these additional elements is less than 1%. This is insignificant with respect to both
chemical and radiological toxicity.



Uses of depleted uranium

Depleted uranium has a number of peaceful applications: counterweights or ballast in
aircraft, radiation shieldsin medical equipment used for radiation therapy and containers
for the transport of radioactive materials.

Due to its high density, which is about twice that of lead, and other physical properties,
depleted uranium is used in munitions designed to penetrate armour plate. It also reinforces
military vehicles, such astanks.

Exposureand exposure pathways

Individuals can be exposed to depleted uranium in the same way they are routinely exposed
to natural uranium, i.e. by inhalation, ingestion and dermal contact (including injury by
embedded fragments).

Inhalation is the most likely route of intake during or following the use of depleted
uranium munitions in conflict or when depleted uranium in the environment is re-
suspended in the atmosphere by wind or other forms of disturbance. Accidental inhalation
may also occur as a consequence of afirein adepleted uranium storage facility, an aircraft
crash or the decontamination of vehicles from within or near conflict areas.

I ngestion could occur in large sections of the population if their drinking water or food
became contaminated with depleted uranium. In addition, the ingestion of soil by children
isalso considered a potentially important pathway.

Dermal contact is considered arelatively unimportant type of exposure since little of the
depleted uranium will pass across the skin into the blood. However, depleted uranium could
enter the systemic circulation through open wounds or from embedded depleted uranium
fragments.

Body retention

Most (>95%) uranium entering the body is not absorbed, but is eliminated viathe faeces.
Of the uranium that is absorbed into the blood, approximately 67% will be filtered by the
kidney and excreted in the urine in 24 hours.

Typically between 0.2 and 2% of the uranium in food and water is absorbed by the
gastrointestinal tract. Soluble uranium compounds are more readily absorbed than those
which areinsoluble.

Health effects

Potentially depleted uranium has both chemical and radiological toxicity with the two
important target organs being the kidneys and the lungs. Health consequences are
determined by the physical and chemical nature of the depleted uranium to which an
individual is exposed, and to the level and duration of exposure.

Long-term studies of workers exposed to uranium have reported some impairment of
kidney function depending on the level of exposure. However, thereis also some evidence
that thisimpairment may be transient and that kidney function returns to normal once the
source of excessive uranium exposure has been removed.
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Insoluble inhaled uranium particles, 1-10 um in size, tend to be retained in the lung and
may lead to irradiation damage of the lung and even lung cancer if a high enough radiation
dose results over a prolonged period.

Direct contact of depleted uranium metal with the skin, even for several weeks, isunlikely
to produce radiation-induced erythema (superficial inflammation of the skin) or other short
term effects. Follow-up studies of veterans with embedded fragments in the tissue have
shown detectable levels of depleted uranium in the urine, but without apparent health
consequences. The radiation dose to military personnel within an armoured vehicleisvery
unlikely to exceed the average annual external dose from natural background radiation
from all sources.

Guidance on chemical toxicity and radiological dose

The monograph gives for the different types of exposure the tolerable intake, an estimate
of the intake of a substance that can occur over alifetime without appreciable health risk.
These tolerable intakes are applicable to long term exposure. Single and short term
exposures to higher levels may be tolerated without adverse effects but quantitative
information is not available to assess how much the long term tolerabl e intake values may
be temporarily exceeded without risk.

The general public’s ingestion of soluble uranium compounds should not exceed the
tolerable intake of 0.5 g per kg of body weight per day. Insoluble uranium compounds are
markedly less toxic to the kidneys, and atolerable intake of 5 g per kg of body weight per
day isapplicable.

Inhalation of soluble or insoluble depleted uranium compounds by the public should not
exceed 1 ug/m® in the respirable fraction. This limit is derived from renal toxicity for
soluble uranium compounds, and from radiation exposure for insoluble uranium
compounds.

Excessive worker exposure to depleted uranium via ingestion is unlikely in workplaces
where occupational health measures arein place.

Occupational exposure to soluble and insoluble uranium compounds, as an 8-hour time
weighted average should not exceed 0.05 mg/m?. This limit is also based both on chemical
effects and radiation exposure.

Radiation dose limits
Radiation dose limits are prescribed for exposures above natural background levels.

For occupational exposure, the effective dose should not exceed 20 millisieverts (mSv) per
year averaged over five consecutive years, or an effective dose of 50 mSv in any single
year. The equivalent dose to the extremities (hands and feet) or the skin should not exceed
500 mSv in ayear.

For exposure of the general public the effective dose should not exceed 1 mSv in a year;
in special circumstances, the effective dose can be limited to 5 mSv in a single year
provided that the average dose over five consecutive years does not exceed 1 mSv per year.
The equivalent dose to the skin should not exceed 50 mSv in ayear.
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Assessment of intake and treatment

For the general population it is unlikely that the exposure to depleted uranium will
significantly exceed the normal background uranium levels. When there is agood reason
to believe that an exceptional exposure has taken place, the best way to verify thisisto
measure uranium in the urine.

The intake of depleted uranium can be determined from the amounts excreted daily in
urine. depleted uranium levels are determined using sensitive mass spectrometric
techniques; in such circumstances it should be possible to assess doses at themSv level.

Faecal monitoring can give useful information on intake if samples are collected soon after
exposure.

External radiation monitoring of the chest is of limited application because it requires the
use of specialist facilities, and measurements need to be made soon after exposure for the
purpose of dose assessment. Even under optimal conditions the minimum doses that can
be assessed are in the tens of mSv.

There is no suitable treatment for highly exposed individuals that can be used to
appreciably reduce the systemic content of depleted uranium when the time between
exposure and treatment exceeds a few hours. Patients should be treated based on the
symptoms observed.

Conclusions: Environment

Only military use of depleted uranium is likely to have any significant impact on
environmental levels. Measurements of depleted uranium at sites where depleted uranium
munitions were used indicate only localized (within afew tens of metres of the impact site)
contamination at the ground surface. However, in some instances the levels of
contamination in food and ground water could rise after some years and should be
monitored and appropriate measures taken where there is a reasonable possibility of
significant quantities of depleted uranium entering the food chain. The WHO guidelines
for drinking-water quality, 2 pg of uranium per litre, would apply to depleted uranium.

Where possible clean-up operations in conflict impact zones should be undertaken where
there are substantial numbers of radioactive particles remaining and depleted uranium
contamination levels are deemed unacceptable by qualified experts. Areas with very high
concentrations of depleted uranium may need to be cordoned off until they are cleaned up

Since depleted uranium is a mildly radioactive metal, restrictions are needed on the
disposal of depleted uranium. There is the possibility that depleted uranium scrap metal
could be added to other scrap metals for use in refabricated products. Disposal should
conform to appropriate recommendations for use of radioactive materials.

Conclusions: Exposed populations

Limitation on human intake of soluble depleted uranium compounds should be based on
atolerable intake value of 0.5 pg per kg of body weight per day, and that the intake of
insoluble depleted uranium compounds should be based on both chemical effects and the
radiation dose limits prescribed in the International Basic Safety Standards (BSS) on
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radiation protection. Exposure to depleted uranium should be controlled to the levels
recommended for protection against radiological and chemical toxicity outlined in the
monograph for both soluble and insoluble depleted uranium compounds.

General screening or monitoring for possible depleted uranium-related health effects in
populations living in conflict areas where depleted uranium has been used isnot necessary.
Individuals who believe they have been exposed to excessive amounts of depleted uranium
should consult their medical practitioner for examination, appropriate treatment of any
symptoms and follow-up.

Y oung children could receive greater depleted uranium exposure when playing within a
conflict zone because of hand-to-mouth activity that could result in high depleted uranium
ingestion from contaminated soil. This type of exposure needs to be monitored and
necessary preventative measures taken.

Conclusions; Research

Gaps in knowledge exist and further research is recommended in key areas that would
allow better health risk assessments to be made. In particular, studies are needed to clarify
our understanding of the extent, reversibility and possible existence of thresholds for
kidney damage in people exposed to depleted uranium. Important information could come
from studies of populations exposed to naturally elevated concentrations of uranium in
drinking water.
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1 Introduction

WHO commissions reviews and undertakes health risk assessments associated with
exposure to potentially hazardous physical, chemical and biological agents in the home,
work place and environment. This monograph on the chemical and radiological hazards
associated with exposure to depleted uranium is one such assessment.

The purpose of this monograph is to provide generic information on any risks to health
from depleted uranium from all avenues of exposure to the body and from any activity
where human exposure could likely occur. Such activities include those involved with
fabrication and use of DU productsin industrial, commercial and military settings.

While this monograph is primarily on DU, reference is a'so made to the health effects
and behaviour of uranium, since uranium acts on body organs and tissues in the same
way as DU and the results and conclusions from uranium studies are considered to be
broadly applicable to DU. However, in the case of effects due to ionizing radiation, DU
is less radioactive than uranium.

This review is structured as broadly indicated in Figure 1.1, with individual chapters
focussing on the identification of environmental and man-made sources of uranium and
DU, exposure pathways and scenarios, likely chemical and radiological hazards and
where data is available commenting on exposure-response rel ationships.

HAZARD
- PROPERTIES IDENTIFICATION
PHYSICAL
CHEMICAL
BIOLOGICAL
DOSE RESPONSE RISK
EVALUATION CHARACTERISATION
BACKGROUND
EXPOSURE
LEVELS
N EXPOSURE
ASSESSMENT

Figure 1.1 Schematic diagram, depicting areas covered by this monograph.

It is expected that the monograph could be used as a reference for health risk
assessments in any application where DU is used and human exposure or contact could
result. Information is provided that should also be applicable to exposure of people
during or following military conflict. Details are provided on the characteristics of
uranium and DU, historical and current applications, behaviour in the environment,
factors that influence human exposure, how it acts on the body, chemical and
radiological toxicity, health and medical monitoring, protective measures and public
health standards.



Gaps in knowledge have been identified that require further research which will
improve future health risk assessments. Scientists world wide are encouraged to take up
the challenge to undertake this research in order that a more complete picture of the
health effects of DU will result.
Readers who will benefit most from this monograph are:

scientists involved in the assessment of health risks and environmental protection.

clinicians needing to assess situations where people may be exposed excessively to
DU and may be considering medical monitoring or follow-up.

national authorities developing programmes to deal with human exposure and
environmental contamination following conflicts where DU weapons were used.

A glossary of key terms and unitsis provided.



2 Propertiesof uranium and depleted uranium

2.1 Uranium

Uranium is a silver-white, lustrous, dense, natural and commonly occurring weakly
radioactive element. It is ubiquitous throughout the natural environment, being found in
varying but small amounts in rocks, soils, water, air, plants, animals and in all human
beings.

Elemental uranium has an atomic number of 92 and an atomic weight of
238.0289 g/mol and is a member of the actinide series of the periodic table. Metallic
uranium has a high density of 19 g/lem®, dlightly less than tungsten but significantly
greater than lead with a density of 11.3 g/lem®. The metal tarnishes in air and is ductile,
malleable and capable of being highly polished.

Natural uranium contains three radioactive isotopes (or radio-isotopes) 2*U, **U and
8. The percentage of each radio-isotope by weight is about 0.0054% 23*U, 0.72%
25 and 99.27% #*°U. About 48.9% of the radioactivity is associated with 2*U, 2.2%
with 2*°U and 48.9% with >*8U. The half-lives (time for the radioactivity to decay to half
its original value) of the uranium radio-isotopes are very long, 244 000 years for *U,
710 million years for 2**U and 4500 million years for 2**U. The longer the half-life the
less radioactive is a given mass of material. Uranium decays into many other radio-
isotopes, called progeny, until it finally ends up as stable (nonradioactive) isotopes of
lead. Due to its long radioactive half-life in comparison to the age of the solar system,
uranium is considered to be a naturally occurring primordial radio-element.

When findly divided in air, uranium metal is combustible and ignites readily, a property
known as pyrophoricity which is also typical of other metals such as aluminium (Al)
and iron (Fe). Thus when used in military armour or projectiles, or when present in an
air crash or fire in which significant heat is generated, uranium may form fine dust
containing a mixture of uranium oxides.

All isotopes of uranium undergo the same chemical reactions in nature and possess
amost identical physical characteristics, such as melting point, boiling point and
volatility. The radioactive properties (half-life, specific activity, decay mode etc.) of all
uranium isotopes are however different.

In their pure form, natural uranium, enriched uranium and DU vary only according to
their isotopic composition and are therefore almost chemically identical, undergoing
identical chemical reactions in the environment and exerting the same chemical,
biochemical and biological effects on the human body. Where small differences in
chemical behaviour exist these will be due to the small mass difference between various
uranium isotopes.

Uranium compounds These differ substantially in their chemical and physiological
properties and in the toxicological effects they exert. For example, compounds such as
uranium trioxide (UOs3), uranyl chloride, uranyl nitrate and uranyl ethanoate are
relatively soluble, whereas uranium dioxide (UO) and triuranium octaoxide (UsOs) are
considered to be relatively insoluble. Many publications have been devoted to the
aqueous chemistry, mineralogy and properties of uranium, and numerous reviews are
available (e.g. Burnsand Finch, 1999; ATSDR, 1999, DeVivo et a., 1984).
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Units Units of concentration used to describe the abundance of uranium are diverse,
and often complicate, rather than facilitate a comparison of data from differing sources.
The concentrations of individual isotopes of uranium are generally recorded as the
radiochemical activity present in a unit volume of a substance, e.g. picocuries per litre
(pCi/l) or bequerels per litre (Bg/l), picocuries per kilogram (pCi/kg) or bequerels per
kilogram (Bg/kg). The use of picocuries is still common in the literature even though
this has been superseded by the bequerel as the Sl unit for radioactivity. One Bq is
defined as one nuclear transformation per second. One Bq is equal to approximately
27 pCi.

It is equally common practice to measure and report natural uranium content or
concentration in mass units (i.e. pg/l, pg/kg or moleskg). These units are used
throughout this work for consistency. Concentrations of uranium may also be quoted in
terms of molar concentrations, 1 pmole of uranium being equivalent to 0.000 238 g of
31 and correspondingly 1 pg of 33U = 0.0042 umole.

Radio-isotope properties In most situations the natural uranium isotopes occur with
the relative mass abundances given in Table 2.1. However, in some circumstances such
as in the natural nuclear reactor at Oklo in Gabon (e.g. Burns and Finch, 1999) and in
natural waters (e.g. Ivanovich and Harmon, 1982), soils and atmospheric dusts (US
EPA, 1994), these ratios may be influenced by natural nuclear and chemical processes
that have lead to the enrichment or depletion of *°U and/or U relative to U. It is
therefore important when using isotopic ratios to forensically identify exposure to DU
that the potential for changesin natural isotopic ratios are taken into account.

Table2.1 Relative mass abundances and isotopic ratios for natural uranium isotopes
(Steiger and Jager, 1977; Kaye and Laby, 1993).

| sotope Abundance
= - 99.2745%
=Y - 0.7200%
2y - 0.0054%
YRy 0.00725
(VUi 0.0000554

* Range from 0.000 05 to 0.0004 in atmospheric dusts (US EPA, 1994) and 0.000 03t0 0.0014 in
natural waters (Ivanovich and Harmon, 1982).

In nature, uranium occurs in conjunction with its radioactive decay products (Tables 2.2
and 2.3). However, when purified for chemica or nuclear purposes, uranium is
generally separated from its decay products and is therefore less radioactive than
origina impure ore containing a similar weight of uranium.



Table2.2 U decay series (Kaye and Laby, 1993).

| sotope Half-life Principal
decay mode

=Yy 45 10%y apha
Th 24d beta
Zipgh 1.17m beta
Zipg 6.8h beta
Yy 2.4 10°y apha
20T 7.3 10%y alpha
2Ra 1.6 10%y apha
22Rn 3.8d apha
218pg 31m apha
2B t 2s apha
2pp 27m beta
24j 20m beta
2ipg 160 us apha
2107 1.3m beta
20ph 2y beta
20B; 50d beta
20pg 138d apha
2067 42m beta
206pp Stable —

Table2.3 2*U decay series (Kaye and Laby, 1993).

| sotope Half-life Principal
decay mode

2y 7.0 108y apha
BITh 26 h beta
#lpa 3.3 10%y apha
Zipc 22y beta
ZITh 19d alpha
BEy 21.8m apha
ZRa 11.4d alpha
29Rn 40s alpha
po 1.8ms alpha
Z5At 1 10%s apha
2pp 36.1m beta
g 22m apha
2pg 05s apha
2 4.8 m beta
27pp Stable —




2.2 Depleted uranium

DU, as a by-product of uranium enrichment (see Annex 1) required for the nuclear
industry, has only been available since about 1940. As such it can only contain very low
levels of many of the naturally occurring radioactive decay products of uranium listed in
Tables2.2 and 2.3.

Uranium is classed as DU when the abundances of 2°U and 2*U are reduced relative to
31, Depleted uranium typically has around 0.3% to 0.2% 2*°U by mass, athough the
Nuclear Regulatory Commission in the US defines DU as uranium in which the
percentage of ?°U is less than 0.711% (NRC, 2000). Consequently, DU has a
marginaly higher percentage of 2*U (99.8%) than naturally occurring uranium
(99.3%). The isotopic composition of DU typically used by the US Department of
Defence as quoted in CHPPM (2000) is ?*U = 0.0006%, 2*°U = 0.2%, **°U = 0.0003%
and *®U = 99.8%.

Some preparations of DU may also contain transuranic elements and fission products
(e.g. Rich, 1988; CHPPM, 2000). This occurs because the same enrichment plants are
used for both natural uranium and for reprocessing spent uranium nuclear fuel rods.
The latter can cause contamination of the enrichment plant with reactor-made isotopes
that will subsequently contaminate the DU from natural uranium enrichment. Such DU
may consequently be very dlightly more radioactive than DU derived from mined
uranium ore. Typical trace isotopes identified as being present in DU used in munitions
and armour manufacture include 8Py, 2Py, *°pu, **Am, ®'Np and *Tc. These
impurities typicaly add less than 1% to the dose from DU and are therefore
inconsequential from a radiological or chemical toxicity standpoint (CHPPM, 2000).
This has been verified from aradiological standpoint based on available data regarding
the concentrations of these isotopesin DU stocks from the USA (see Annex 2).

A recent survey of DU in Kosovo by the United National Environment Programme
provided an analysis of penetrators found in conflict areas (UNEP, 2001). The activity
concentration of transuranic elements in these penetrators indicated that there was up to
12 Bg/kg of plutonium isotopes and for 2*°U the activity was up to 61 kBg/kg. This
compared to an activity concentration of 12 700 kBg/kg for 2.

28 has a longer half-life than either ?*°U or 2*U and it is present in a much greater
abundance in natural and DU than U or ?*U. The number of apha particles produced
per year in one milligram of natural uranium from the decay of 22U, 2°U and %*U may
be calculated to be 3.9 10™, 1.7 10™ and 3.9° 10™, respectively.

Specific activities and data related to isotopes commonly found in DU are given in
Table 2.4.

As well as decay through the emission of alpha particles, atoms of *3*U may also decay
through spontaneous fission, an energetic process that releases approximately 40 times
more energy per nuclear decay. The spontaneous fission half-life for 2°U is estimated to
be 8.5 10" years (De Carvalho et al., 1982) which, although much longer than its alpha
decay half-life, results in approximately two atoms of ®U in every milligram of
uranium decaying by this process each year. Similarly rates of spontaneous fission from
other natural and anthropogenic (human produced) isotopes of actinides associated with
DU arelow compared to the rates of other decay modes (e.g. apha).



DU has a specific activity of 14.8 Bg/mg which is approximately 60% that of natural
uranium (25.4 Bg/mg) due to the partial removal of 2**U. In practice, not al U is
removed in the separation process and the exact concentration remaining in DU depends
on separation plant characteristics and required yields.

Following chemical separation of uranium, radioactive progeny (or ‘ daughter products’)
are produced by the radioactive decay of uranium ‘ingrow’ (for an extensive discussion
of radioactive ingrowth, radioactive equilibrium, secular equilibrium, radioactive decay
series and their effect on isotopic composition the reader is referred to Faure, 1986).
During the first year, the activity of immediate progeny (the beta decaying isotopes
Z4Th, #™pg and 2*!Th) reach secular equilibrium. Following this initial ingrowth
period the activity of isotopes remains approximately constant for over 1000 years
(Figure 2.2a and 2.2b), although *'Pa (***U decay chain) will begin to ingrow during
this period (Figure 2.2b)

Table2.4  Specific activities of uranium and other radionuclides associated with DU
(Lederer et a., 1978; Kaye and Laby, 1993).

Radionuclide Half-life | (per second) Atomicweight Specific activity as
(Decay Modes)  (million years) (MW) Bg/mg
Natural U - - - 25.4
U (@) + (Sfrae) 4470 491" 1018 238 12.4
U (a) 23.42 0.38 10-16 236 2390
U (a and g 704 312 1017 235 80
U (a) 0.245 8.96 1014 234 2.31° 105
U (a) 0.000072 305 10-10 232 792 108
#'Pa(a and g 3.28 102 6,70 10-13 231 1.75 106
2pel" (b) 229 10-12 959 10-3 234 2.47 1016
ZTh(band g 291" 109 754 106 231 1.97 1013
2™ (b and g 6.06 108 3.33 107 234 857 1011

Sfrare indicates decay through spontaneous fission with a half-life much greater than that of other major
decay modes.

Note: 2°U does not occur naturally athough it may be present in DU derived from the nuclear industry.

The short half-lives, chemical nature and decay mode of many of the decay products of
28y and #°U significantly increase the radiological hazard of natural uranium
mineralisation and uranium ore. These radioactive progeny are removed during the
preliminary stages of uranium ore purification, making the processed chemically pure
uranium significantly less radiologically toxic than equivalent amounts of the original
ore.

On a weight-by-weight basis the reduced proportion of U and Z*U, and the absence
of radioactive progeny such as radium in DU, means that DU poses less of a
radiological hazard than either pure processed uranium or naturally occurring uranium
ores, respectively. Figures 2.2a and 2.2b show the ingrowth of 2°U and ®U progeny,
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and consequent increase in total activity over timein freshly prepared DU. Oneresult is
amarked increase in beta and gamma radiation levels as times passes, athough the level
of alpha decay continues to be the principal concern in respect of internal dose

estimation.

- {a] 234
@ 30
EE
o
s 20
=
=
g 10
ZEBU
1]
0.01 0.1 1 10 100
Years of "ingrowth”
b I | 23pg
(b) 2
o
o
=
o
k=)
P
=
501
235y
0
0.01 0.1 1 10 100

Years of “ingrowth”

Figure2.2a 2®U decay and Figure 2.2b U decay. Variation in activity (kBg/g) of
uranium and uranium decay products for the first 1000 years following chemical
separation of asample of DU containing 0.2% 2°U and a typical amount of 2*U. Note
the numerical dominance in activity due to the 233U decay series and the beginning
‘ingrowth’ of Z!Pa (*°U decay series) after approximately 500 years.

2.3 Summary

Natural uranium consists of three different isotopes. by mass the composition is
(0.0054%), *°U (0.72%) and 28U (99.2746%). It is present to some extent in all
environmental materials (e.g. soils, surface waters, groundwaters, foodstuffs, air, etc.).

234U

Uranium is classed as depleted uranium (DU) when the abundance of its isotopes 23U

and %*U are reduced relative to 28U. Depleted uranium has typically about 60% of the
radioactivity found in natural uranium with only an infinitesimal change in mass.

Both uranium and DU and their immediate decay products (e.g. 2*Th, 2**™Pa and Th)
emit alpha and beta particles with a very small amount of gamma radiation. Alpha and



beta radiations are not very penetrating and are easily absorbed in the air and the skin.
The half-life of DU, or the time for the radiation dose to decay to half its original value
ismany millions of years.

Natural uranium and DU are considered to be weakly radioactive. In the event that DU
is produced by enrichment of spent reactor fuel rods, the additional radio-isotopesin the
DU increase the overall radiation dose of the DU by less than 1%. This additional
radiation dose is considered to produce no additional radiological consequence.
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3 Uraniumin theenvironment

Uranium occurs in rocks, sea and fresh water and in the human body (see Table 3.1).
Uranium (U) is a naturally occurring element with an average abundance in the Earth’s
crust of about 2 mg per kg (range 0.1 to 20 mg per kg). It is more abundant than silver
or gold. For example Alloway, (1995) has quoted an average concentration and rangein
typical crustal rocks of 2.5mg/kgand 0.05mg/kgto 5mg/kg, respectively, although
higher concentrations commonly exist in some mineralized environments.

Table3.1 Concentrations of uranium in various environmental systems and materials
(Kaye and Laby, 1993).

Physical Entity ~ Abundance (mg/kg)

Crustal rocks 1.800*
Sea water 0.0033
Stream water 0.00004
Human 0.001

* Note different value from that quoted by Alloway (1995) emphasising the variability of such gross
compositional estimates, which is also the case for many other elementsin crustal rocks.

During natural geological processes such as the partial melting and fractional
crystallisation of the Earth’s mantle, uranium becomes preferentially concentrated in the
liquid phase and consequently becomes incorporated into the more silica-rich products.
Because of this, igneous rocks such as granites are typically enhanced in uranium
compared with rocks of basaltic or ultramafic composition. Uranium released into the
terrestrial environment from the weathering of igneous rocks has also become
redistributed and concentrated over geological time into many sedimentary rocks such
as siltstones and mudstones. In these rocks it is commonly associated with organic
matter and phosphates (particularly in marine environments due to the relatively high
concentration of uranium in seawater). Further enrichment due to geochemical
processes leads to the formation of primary and secondary ores (i.e. 0.1% to 5 % U;
1000 to 50 000 mg/kg) and an elevated abundance in certain geological materials such
as phosphorite (i.e. 0.01% to 1% U; 100 to 10 000 mg/kg). Uranium is also present at
relatively high concentrations in sea water and has a wide abundance in natural waters,
often being more abundant in groundwater than surface water due to contact with
underlying rock structures and weathering of surface rocks.

Uranium mineralisation occurs in many parts of the world (see Annex 3) and in a
variety of mineral deposits (Plant et a., 1999; De Vivo et a., 1984). Relatively high-
grade ores found in Canada and West Africa contain percentage levels of uranium in the
form of pitchblende (uranium dioxide) and uraninite (mixed UO2.U3Os). Low-grade
sources such as uranium-bearing phosphorites, lignites, and shales are widespread but
contain less than 0.01% U. However, the concentration of uranium in such low-grade
sources still often exceeds the concentrations observed in granites by up to two orders of
magnitude. Similarly uranium may also be found in association with other
metalliferrous and non-metalliferrous mineralisation. Examples of this include
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phosphates and other commercial sources of phosphorus such as some deposits of clays,
guano, sedimentary molybdenum deposits and coal. In nature, uranium forms chemical
compounds in three ionic states, U*, U°* and U®*, although U®" exists only under
oxidising conditions.

Table3.2 Concentration of uranium in rocks (De Vivo et a., 1984).

Rock Type Uranium Concentration (mg/kg)
Basdts (tholeitic and plateau, andesitic and 0.1-1.0

akali)

Carbonate rocks (of North America and the 2

Russian platform)

Tertiary rocks (of the Texas Gulf Coast) 2-4
North American and Russian platform (average) 3.7
Granites (of USA. Russia and France) 2-15
Alkaineintrusives (Russia) 3-20

This chapter discusses the abundance and spatial variability of uranium in the
environment. In the context of studies of DU, such data are also essential in order to
compare exposure due to natural baseline concentrations of uranium with that due to
anthropogenically introduced DU.

Without the presence of uranium, Earth would be a rather different planet as heat
produced by the radioactive decay of uranium is partly responsible, in addition to other
naturally occurring radionuclides such as #2Th and “K, for keeping the Earth’s core
and mantle hot enough for convective flow to occur (Plant et a., 1999). Similarly, it is
also important to realize that uranium may become depleted (or enriched) in some of its
isotopes due to purely naturally occurring processes such as chemical weathering.

When considering radiation toxicity of DU in a given area, it is also important to know
the levels of radioactivity existing in the environment prior to the DU being deposited.
In this context, radioactivity due to previous man-made events such as the Chernobyl
reactor accident and weapons testing need to be taken into account to determine the true
background levels.

3.1 Air

Reported background levels of uranium in air vary widely. For example, WHO (1998b)
quotes values in ambient air from 0.02 ng/m® to 0.076ng/m*, while in the USA, the
NCRP quotes a background concentration of 0.30 ng/m* (NCRP, 1975) and the US EPA
arange of 0.15 to 0.40ng/m® in 51 urban and rural areas across the USA (US EPA,
1986). During these surveys it has also been established that 2*U/*®U ratios vary
widely in dust samples (range 0.000 05 to 0.000 40 as mass abundance or 1 to 7 as an
activity ratio, indicating the presence of excess 2*U). It was considered that this
enrichment was due to natural processes such as apharecoil (e.g. Faure, 1986) and that
atmospheric levels of uranium were principaly derived from suspension of soils
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(ATSDR, 1999). This observation is also consistent with such dusts containing absorbed
weathered uranium, as alpha recoil would lead to depletion of primary uranium phases
in soils, due to the preferential leaching of >**U. Bou-Rabee (1995) measured uranium
concentrations and isotopic ratios in 8 air samples collected following the Gulf-War
(sampled in 1993-1994). The observed concentrations varied between 0.22 and
0.42 ng/m? with 2°U/?U ratios ranging between 0.005 and 0.007.

When undertaking local measurements of DU in air, it is essential to take into account
the levels of natural uranium in that air, especially in dusty environments. Also, it may
be necessary in some cases to take into consideration the short and long range transport
of natural and anthropogenically produced atmospheric particulates. Particularly as the
transport of other airborne particul ates has been observed to occur over large distances
(UN, 1991).

In addition to other carcinogens, tobacco smoke contains significant quantities of
uranium and #°Po. Smoking two packs of cigarettes produces in the region of 50 ng of
uranium in a form that may subsequently be inhaled (WHO, 1998b). Elevated levels of
uranium in air (e.g. 3ng/m°) have also been found down wind of coal fired power
stations associated with their discharges (NCRP, 1975).

Many of the data relating to uranium concentrations in air come from the mining of
uranium and from industries such as the fertilizer industry in which uranium rich dusts
may be produced. These data have not been collated in this chapter because these levels
represent extremes of conditions unlikely to be replicated outside the mining and
chemical industries.

Concentrations of various dusts in uranium mining have progressively decreased over
the years complicating the use of such data in epidemiological studies. For example,
potential dust exposure in the underground mines of Wismut Ltd during the late 1940s
and early 1950s were estimated (Bauer, 1997) to be in the order of 33.7 mg/m® (total
weight of airborne particulates). However, the same author noted that exposure to dust
was reduced to less than 3% of this level after the adoption, of water rather than air
flush, drilling in the 1960s.

Levels of uranium in air surrounding nuclear facilities in which uranium is handled in
the preparation and fabrication of fuel assemblies are commonly sampled to monitor
discharge released from such sites. Data from measurements in the United Kingdom
indicate annual atmospheric discharges from such sites to be in the range of less than
0.005 to 130kg (MAFF, 1999). Similar releases are documented elsewhere. For
example, it has been estimated that airborne releases of uranium at one U.S. Department
of Energy facility amounted to 310 000 kg between 1951 and 1988 (equivalent to arate
of approximately 8000 kg per annum). This produced an estimated offsite inventory of
21306140 kg of excess uranium in the top 5cm of soil in the vicinity of the facility
(Meyer et al. 1996).

Other data from the USA and Canada have also shown elevated uranium levels in and
around milling and processing facilities, measured values ranging from 3 to 200 ng/m®
at distances of up to 2 km from site boundaries (ATSDR, 1990; 1999).

3.2 Water

Uranium is aways present in surface water and groundwater. There is an extremely
wide range of concentrations from below 0.01 pg/l to in excess of 1500 pg/l water. Its
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natural abundance in water is variable and reflects the concentration of uranium in
surrounding rocks and soils through and/or over which water may pass (e.g. see Figure
3.1), and the mobility of various forms of uranium in the prevailing aqueous
environment (Figure 3.2). Concentrations of uranium in rainfall are low and variable
(e.g. range 0.018 to 0.17 pg/l for the USA during March—-May 1993; ASTDR, 1999)

Various anthropogenic activities involving the processing or use of materials rich in
uranium may modify the natural abundance of uranium in water. These activities
include the use of phosphate fertilizers, various mining activities (uranium, silver, and
other mineral mines) and the industrial processing of uranium for the manufacture of
nuclear fuel and other products, including DU for various uses. Although the isotopic
ratio of 2°U to 28U generally remains constant in waters some fractionation occurs in
the relative isotopic abundance of **U compared to 22U and Z°U due to disequilibrium
phenomena. Additionally, variations in ?°U to *®U ratios have been measured in the
vicinity of Oklo, Gabon in a natural uranium deposit which has been shown to have
reached nuclear criticality approximately 2000 million years ago as a result of natural
processes (e.g. Burns and Finch, 1999).

Figure3.1 Map showing areas (in light grey) of the United Kingdom in which the
measured concentration of uranium in surface stream waters exceeds 2 ug/l. The total
number of samplesin the sampled area (dark grey) exceeds 100 000. The mean uranium
concentration in these surface waters has been determined to be 0.65 pg/l with a
maximum observed concentration of 233 ug/l. The spatial distribution of elevated
concentrations of uranium in stream water were observed to reflect areas of high
uranium mobility rather than the abundance of uranium in bedrock, and also to reflect
areas of anthropogenic input such as nuclear facilities handling the purification and
production of fissile uranium (British Geological Survey, 1992; 1997). Thisfigure has
been compiled from data collected during the Geochemical Baseline Survey of the
Environment (G-BASE), British Geological Survey.

14



Uranium acetates, sulphates, carbonates, chlorides and nitrates readily dissolve in water
and their chemical form in typical groundwaters and surface waters is generaly
dominated by the presence of carbonate species, although sulphate and phosphate may
also form important species in other circumstances (e.g. Bernhard et al., 1998; Smith et
al., 2000). These carbonate complexes may be either negatively charged or neutral and,
as such, are highly mobile in most soils despite the presence of cation exchangers such
as clays (Abdelouas et al., 1998; Duff and Amrhein, 1996; Elless and Lee, 1998). This
makes uranium particularly mobile in soils and infiltrating groundwater in arid and
semi-arid regions, such as those typified by Mediterranean environments. Under weakly
acidic conditions typical of soils and infiltrating groundwaters found in wetter climes,
the chemical speciation of uranium may become dominated by the formation of stable
complexes with soil organic matter. This commonly results in the retention and
accumulation of uranium in peat deposits, although in situations where a significant
proportion of the organic matter is in the dissolved form this may assist in the
dissolution and mobilisation of soil-bound uranium (Ebbs et al., 1998; Benes et 4.,
1998). In addition to transport in the dissolved phase, labile uranium may also be
redistributed from soils and sediments into watercourses and surface water reservoirs as,
or sorbed onto, particulate matter during storms and other modes of physical erosion
(Batson et ., 1996; Zielinski et al., 1997; Porcelli et al., 1997).

Drinking water: Many studies have been undertaken on the concentrations of uranium in
drinking water. These have included surveys of treated water, surface water,
groundwater and bottled water. However, significant improvements in the precision and
accuracy of analytical methods used to determine uranium content over the past twenty
years raises doubts as to the reliability of some of the data collected prior to the 1980s.
A summary of typical studies and surveys performed prior to 1980 on the concentration
and isotopic signature of uranium in water is given in Ivanovich and Harmon, (1982). A
selection of data from studies performed since 1980 are given in Annex 3

From this selection of studies and those quoted elsewhere (i.e. WHO, 1998a, 1998b) it
can be concluded that the concentration of uranium determined in drinking water covers
a very wide range. It is generally affected not only by the presence of significant
concentrations of uranium in the local geological or surface environment, but also by
the weatherability of the media containing uranium and its mobility in solution. This
wide range of concentration, together with significant regional and local variations (due
to local scale variability in geological structure), makes it impossible to estimate typical
exposures to the presence of natural uranium from drinking water and by inference the
likely importance of additional sources such as DU. However, it is clear from these
studies that the probability of a drinking water source containing uranium at a
concentration of about 2 ug/l is relatively high, getting progressively smaller over the
range 5 to 10 pg/l and becoming very small above 10 ug/l. Such data indicates that
many countries are likely to have drinking water supplies in which the current WHO
guideline for uranium in drinking water (2 pg/l; WHO, 1998a) is likely to be exceeded.

3.3 Soil

There are few systematic studies in which uranium has been measured over larger areas
with high resolution. A selection of more recent generalized studies in which significant
attention has been paid to define baseline or benchmark data are presented in Annex 3.
Additionally the advent of high sensitivity, high resolution airborne and seabed gamma
spectrometry has enabled uranium to be routinely determined at baseline levels across
relatively large areas.
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The concentration of uranium in soil varies widely. This reflects the abundance of
uranium in the parent geological materials from which the soils were formed, the soil
development processes (for example uranium may become concentrated in organic-rich
horizons) or leaching, and the addition of uranium from anthropogenic activities such as
fertilizer application or military conflicts/training.

Levels of uranium in soils generally not associated with known sources of
anthropogenic contamination or obvious areas of mineralisation indicate median
concentrations in the order of 1 to 2 mg/kg. However, variations can be very spatialy
dependent and may reflect not only geologically derived sources of elevated uranium
but aso dispersion zones associated with the transport of river sediments.
Concentrations as high as 4mg/kg are often found in soils away from any obvious
anthropogenic activity and have been suggested to represent the upper baseline level for
uranium. However, even higher concentrations of uranium can be found in soils
associated with mineralized environments such as those found in the vicinity of deposits
of phosphate or in superficia uranium ore deposits. Such deposits are common
throughout the world. For example measured levels of uranium in surface soils
associated with phosphorite in North Africa and the Middle East, may reach that of the
primary phosphate, i.e. approximately 200 mg/kg. In industrialized environments,
uranium may also be found associated with uranium processing plants (e.g. British
Geological Survey, 1992), mine tailings and process waste streams (e.g. Ledvina et a.,
1996; McConnell et al., 1998), and agricultural environments in which uranium-rich
phosphate fertilizers have been used (e.g. Zielinski et al., 1997).

3.4 Mohbility of uranium in soil and water

The dissolution and mobility of dissolved uranium and hence DU, in soils (e.g. during
the infiltration of rainwater and plant uptake) is strongly controlled by the proximity of
groundwater to the soil environment, soil and water pH, soil organic carbon content and
the presence and abundance of cation exchange sites such as those found in clays (e.g.
Ribera et al., 1996; Burns and Finch, 1999 and US EPA, 1999; 2000b). Unlike many
heavy metals, such as lead, the mobility of uranium increases under neutral to alkaline
conditions, due to the formation of stable negative complexes (oxy-anions) with oxygen
and carbon (Figure 3.2). For example, uranium sorption values were found to be very
low in soils rich in montmorillinite and low in organic carbon, such as those found in
west Anatolia and other semi-arid Mediterranean type environments (e.g. Akcay, 1998;
Zidinski et al., 1997).

More accurate insights into the mobility and chemical form of uranium in soils and
groundwater require the use of geochemica modelling codes such as PHREEQC
(Parkhurst and Appello, 1999) or coupled chemical transport codes in which predictions
concerning the physical migration of uranium are coupled to chemical processes that
may retard such migration.
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Figure3.2 Eh-pH diagram showing stability fields for uranium under various Eh and
pH conditions. Eh is an indicator of oxidation potential that may be related to the
presence of dissolved oxygen. pH isan indicator of acidity. Note the wide stability
fields (i.e. the regions bounded by lines) over environmental conditions (moderate Eh
and pH) of the dissolved, highly soluble neutral and negatively charged anionic species
UO,CO3, UO; (COs),* and UO, (CO3)s* compared to that of the positively charged,
strongly sorbed cation UO,?* and insoluble UO; (s). The diagram has been constructed
for aU-C-O-H system adapted from Brookins, (1988) and may be used as afirst
approximation to predict the chemical form and mobility of uranium speciesin soils and
groundwaters in which Eh and pH have been determined.
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Figure 3.3 Example of a linear Freundlich isotherm illustrating the derivation of the
Kgaterm.

One important indicator of migration potential commonly used in the assessment of
pollutant mobility is the soil water distribution coefficient (Kg) (see Figure 3.3). The Kq4
represents a special case ‘linear’ Freundlich isotherm (an X,Y plot of the concentration
of contaminants such as uranium sorbed onto the soil verses the equilibrium
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concentration of the contaminant in associated soil water, where the slope of the
resultant lineis equal to the Kq), (Domenico and Schwartz, 1990).

Values of the K4 of uranium for various soil pH values are given in Table 3.3. It should
be noted that the organic carbon content of a soil also strongly influences pH and the Kqy
for uranium (soils high in organic carbon having a larger Kg). There should be no
differences between the values of Ky for DU and uranium because of their chemical
similarity, athough the value of the K4 does change with the chemical form of uranium
present.

Table3.3 Vauesof Kdfor various soil pHs (US EPA, 1999). Higher values indicate
greater sorption and hence greater retardation. Typical Northern and Central European
soils have apH range of 5 to 7 while those in Mediterranean environments and formed
over limestones typically exhibit pH ranges from 7 to 9. Additions of various soil
conditioners and fertilizers such as peat, lime or phosphate may significantly effect the
behaviour of uranium in soils.

Soil pH  Kgml/g
3 <1
04

25

100

63
04

<1

10 <1

© 00 N oo O b

35 Food

As a component of the natural environment uranium is likely to be present as a trace
constituent in al foodstuffs. It may become incorporated into the bulk of the food or
may alternatively adhere to the surface of foodstuffs as particulate contamination, with
root vegetables often containing higher levels. ATSDR (1999) cites a review of the oral
intake of uranium in the US with atypical range of 0.9 to 1.5 pg per day in food and the
same range for drinking water, for atotal intake of 1.8 to 3.0 ug per day. Harley (1998)
cites areview of naturally occurring sources of radioactive contamination undertaken in
several European countries and estimates dietary intakes of uranium to range between
0.5 and 2 pg per day. These compare with 0.5 to 3 g per day in Japan and 0.5 to 0.9 ug
per day in the UK which were aso cited in Harley (1998). On the basis of this
information these authors suggest a worldwide average daily dietary intake of 4 pug
although they state that it is often unclear if drinking water exposure has been included
in the reviewed dietary assessments. Spencer et a. (1990) measured the total dietary
intake of uranium (excluding water and milk) in the strictly controlled diet of four
patients partaking in a survey of uranium intake and excretion to be 2 ug/day. Thisis
similar to that quoted by Hamilton (1972) and US Department of Health and Human
Services (1990) of 1 to 2 pg/day.

The determination of uranium in a variety of foodstuffs from the USA and UK

(Annex-3) indicates that the highest recorded concentrations have been found in
shellfish, molluscs and winkles (9.5 to 31 pg/kg), presumably due to the relatively high
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concentrations of uranium in seawater. Typical concentrations in staple foods such as
bread and fresh vegetables were approximately two orders of magnitude lower (i.e.
2 pg/kg) whereas uranium concentrations in other foods such as rice and meat were in
the range of 0.1 to 0.2 pg/kg in meat products.

Concentrations of uranium observed in a variety of tropical staple foods including
cassava, matooke, maize and sweet-potato ranged from less than 1 to 11 pg/kg
(unpublished data for carefully peeled foods, British Geological Survey). The unusually
high phytate (or fibre) content of such diets potentialy affects the uptake of uranium
from the human gut in a similar manner to the uptake of other minerals (Gibson, 1994).
Additionally soil is known to adhere to vegetables, particularly root crops, and the
efficiency of washing is a factor that can significantly bias results (particularly as it is
not often described in conjunction with the analytical results).

The mean concentration in nine different prepared beverages, including tea and coffee,
was found to be 0.98 g/l (range 0.26t0 1.65 pg/l) and in a series of mineral waters was
9.20 ug/l (Cheng et al., 1993). A survey or 56 randomly sampled bottled mineral waters
from Europe by Misund et al. (1999) observed uranium concentrations to range from
0.0104 to 9.45 pg/l.

Like many trace metals, the bioavailability (i.e. gut uptake) of uranium in food may be
influenced by the food’s phytate (or fibre) content (Gibson, 1994; Golden and Golden,
1981) and the presence of low molecular weight ligands, such as citrate, that may
promote uptake.

The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR, 2000) has estimated that the total annual intake into the human body by
adultsis 460 pg by ingestion of food and water and 0.59 pg from inhalation.

3.6 Other sourcesin the human diet

Other sources of uranium in the human diet include dusts and soils both inadvertently
and deliberately eaten and uranium derived from cooking and serving wares.

3.6.1 Cooking and serving containers

Landa and Councell (1992) performed leaching studies on the release of uranium from
33 glass items and two ceramic items in which uranium had been used as a colouring
agent. The uranium-bearing glasses released a maximum of 30 pg/l uranium.
Experiments also showed that when a glazed ceramic plate was kept in contact with a
4% acetic acid solution for 24 hours, the concentration of uranium in the leachate was
3.1 mg/l (Landa and Councell, 1992).

Fortunately, the use of uranium in glazes by artists and potters is now rare, although, as
described earlier, uranium powder is still employed in some specialist glazes used
principaly in the jewellery industry, and this may introduce uranium into the diet
through habitual placing of the object into the mouth.

3.6.2 Uranium in dust and soil

Levels of uranium in dust and soil to which individuals and populations may be exposed
to through ingestion are varied, and levels depend greatly on the existence of potentially
elevated sources. For example baseline levels may be dominated by soil and dust in the
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range of less than 1 to 4 mg/kg, as discussed in Chapter 3.4, while levels of uraniumin
soil and dust intimately associated with areas of man-made contamination or
mineralisation may be considerably higher.

Additionally it is important to consider that levels of uranium determined in root crops
and drinking water may include contamination from uranium present in soil and dust
unless considerable care is taken during sample preparation. Where such material is
likely to be present in prepared foods it should be included in the calculation of
exposure to uranium.

As discussed later in Chapter 5, three distinct categories of soil/dust ingestion can be
defined, and levels of uranium relevant to each category are discussed below.

(1) Inadvertent ingestion of small quantities of soil and dust. The high density of
uranium and its chemical reactivity may lead to concentration within different particle
size/density ranges. This may result in considerably elevated concentrations of uranium
with the fine/dense fractions of dusts and soils with adirect impact on levels of uranium
ingested as aresult of inadvertent exposure.

(2) Occasional deliberate consumption of soil and dust. Many young children indulge
in this type of exploratory behaviour for a relatively short time. However, unlike
inadvertent ingestion, it is generally considered that deliberate consumption is likely to
result in ingestion of the bulk soil or dust rather than any particularly mobile size or
density fraction (see Figure 3.4).

\

Figure3.4 Picture of child eating dirt
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(3) Geophagia. This term refers to the persistent and purposeful consumption of soil
and/or dust, often in relatively large quantities. Historically, it has been recognized as a
worldwide phenomena although its prevalence now tends to be associated with
traditional communities (both rural and urban) and the poorly nourished. Where
geophagia is practised, large quantities of soil (often from a preferred source such as
soils associated with termitaria (termite mounds)) may be consumed by children, young
adults and pregnant women on a regular basis (Geisser et a., 1997). It is therefore
important to determine the concentrations of uranium within preferred sources of soil in
such circumstances and any methods or pre-treatment or preparation that might affect
levels used in subsequent assessments of exposure.

Toxic metals and uranium in soils are generally considered to be much less bioavailable
than similar substances present in food and water. It is therefore important when
describing levels of uranium in soils that may be ingested to consider its potential
biocavailability in the context of inadvertent and deliberate consumption. The percentage
of uranium ingested in soils that might be bioavailable for uptake into the systemic
circulation depends upon the physiochemical form of the uranium and the mode by
which the soil is ingested. For example, if soil is eaten with foods, particularly those
rich in fibre, the bioavailability of uranium may be reduced as a result of sorption by
phytate present in such foods. There are also a number of other physiological
parameters such as stomach pH, food consumption and stomach/intestinal residence
time, which indicate that kinetic constraints of the dissolution of uranium-bearing
phases within ingested soil and dust aso provide an important control on metal
bioavailability. A number of physiologicaly based extraction tests (e.g. Ruby et al.,
1996) have been developed to study the bioavailability of lead and arsenic from mine
wastes and other polluted soils; and these methodologies may be extrapolated, with
appropriate validation, to investigate the solubility of uranium in contaminated soils.

3.7 Summary

Uranium (U) is a naturally occurring element with an average abundance in the Earth’s
crust of about 2 mg per kg (range 0.1 to 20 mg per kg). It is more abundant than silver
or gold. Typical concentrations in air are low ranging from less than 0.01 to 0.2 ng/m°.
Concentration in air may be influenced by smoking cigarettes and the presence of a
range of industrial processes such as mining of uranium ore, gas releases from coal-fired
power stations and nuclear fuel manufacturing facilities. Concentrations of uranium in
water, food and soil are variable (typically 0.1 to 5 pg/l in water; 0.1 to 2 mg/kg in soil
and 0.01 to 2ug/kg in food) and depend largely on the presence of uranium in
associated parent materials (i.e. rocks) or proximity of industries that may introduce
uranium into the environment. In all cases, extreme concentrations (up to a factor of
about 100 times the typical ranges quoted above) may quite naturally be found in
suitable geological environments. Levels in both surface and groundwaters, as well as
many bottled mineral waters commonly exceed current WHO drinking water guidelines
in many countries.

The ‘natural’ isotopic ratio of 2*U/*U may be perturbed by a variety of environmental
processes, while the ratio of 2*°U/?®U remains largely constant.
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4 Industrial, commercial and military applications

Whereas the mining of uranium has taken place since the Middle Agesit isonly in the
last 100 years, and particularly the last 50 years, that mining has taken place on alarge
scale. Estimated total production of metallic uranium since recording began in 1920 is
estimated at 1.5 million tonnes (British Geological Survey, 2000) athough thisisonly a
small fraction of the 10'* tonnes estimated to be present in the lithosphere. Recent
production figures for arange of acknowledged producers are given in Annex 3.

Uranium by itself has relatively few industrial uses and is commonly removed from raw
materials such as fertilizers containing phosphate as a waste product during processing,
or because of environmental concerns where it is often removed with other heavy
metal s such as cadmium.

4.1 Historical uses

Glassware and ceramics Prior to the discovery of radioactivity, uranium was
principally used in the colouring of ceramics and glass. Sodium and ammonium
diuranates were used as a yellow glaze, although they could also be used at increased
concentrations to produce cream, orange, brown, green or black glazes (Chu and Chu,
1975; Conrad, 1973). In glass, uranium is used typically at concentrations in the range
of 0.1% to 2% by mass; it produces a fluorescent yellow or light green glow making it
possible to easily identify this type of glass. Production of glass containing uranium
continued until the middle of the 20" century and was caled by various names
depending on its colour. For example popular German names include ‘Annagelb’ for
yellow glass and * Annagruen’ for green glass, whereas in the UK and the US such glass
is usualy referred to as ‘Vaseline glass . Depleted uranium has been and is potentially
still used as the basis of ayellow enamel powder used in the manufacture of badges and
jewellery (NUREG, 1999).

Dentistry Until the early 1980s uranium and DU were also used in the production of
dental porcelains to obtain a natural colour and fluorescence (Sairenji et al., 1982 Noél
et a., 1988 and NUREG, 1999). Uranium concentrations of 170 to 13300 mg/kg were
found in 15 types of porcelain powders from one manufacturer (Noél et al., 1988) while
Sairenji et al. (1982) determined uranium concentrations of 0.5-24.7mg/kg in eight
types of porcelain powders marketed in Sweden. The US Nationa Regulatory
Commission (NRC) standard for uranium in denturesis 500 mg/kg (NUREG, 1999).

Chemical catalysts Uranium has also occasionally been used as a catalyst in certain
specialized chemical reactions and in photographic films. For example the oil and gas
industry continue to use nickel-U material (10%—65% DU) in relatively large quantities
as a catalyst. The nuclear industry has also used small quantities of DU to chemically
absorb gaseous tritium for the purposes of transportation, and in the production of
plutonium. In the period between the discovery of radioactivity and nuclear fission,
uranium ore (typicaly as pitchblende) was mined principally for the extraction of
radium (a decay product of uranium) which was used for medical purposes and the
preparation of luminous paints.

Nuclear weapons and power production From 1938, when nuclear fission was first
identified, uranium mining expanded due to the need for enriched uranium as afuel for
use in nuclear power stations and for nuclear weapons.
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The first step in the process is mining; historically, this has involved subterranean or
open-pit ore rock remova and now aso involves liquid in-situ leaching of
unconsolidated deposits (the latter method has been used extensively in the Czech
Republic and the former East Germany). The next steps in the production of uranium
fuel, aimed at concentrating the uranium, are usually carried out near the mine to save
on transportation costs. Methods used depend on the nature of the ore, and may involve
mechanical procedures such as crushing, screening and flotation, followed by acid or
alkaline leaching, solvent extraction, or ion exchange and eventual precipitation. The
product of these concentration steps contains perhaps 40%—70% uranium by weight and
is generally shipped to a central processing plant to be further refined. This purification
is either by digestion with nitric acid and extraction of the resulting uranyl nitrate into
an organic solvent, or by conversion to UFg and fractional distillation of that volatile
compound. At this stage, al naturally occurring radioactive progeny have been removed
from the uranium which is considered to be chemically pure. However, due to the
inherent radioactive nature of uranium, following this purification step the presence of
other radioactive elements within the uranium decay chains will start to increase.

Figure4.1 Nuclear fuel rods being loaded.

Whilst some nuclear reactor types such as the CANDU and Magnox use natural
uranium as fuel, others require enriched uranium (see Figures 4.1 and 4.2). If such Z°U
enrichment is required, the purified uranium in an appropriate chemical form is
transferred to an isotope separation plant (see Annex 1). | sotope separation of 28U, 2°U
and ®*U may be achieved by a number of processes including gaseous diffusion,
centrifugal or laser enrichment. The enriched uranium is then processed and fabricated
into appropriate forms for use in nuclear reactors. The by-product of this enrichment
processis DU, often in the form of UFs, as has been discussed above.
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Figure4.2 Uranium fuel assembly used in a pressurized water type of nuclear reactor.

4.2 Current applications

The four maor uses of DU a the present time include radiation shielding,
counterbalance weights and military armour and ammunition.

Radiation Shielding The density of DU makes it a suitable material for the shielding
of gamma radiation. For this reason, uranium has been used extensively in the medical,
research and transport sectors (NUREG, 1999) as radiation beam collimators and
containers to transport nuclear sources. Thus, DU has often been used as a shield for
radioactive sources in tele-therapy units (figure 4.3) used in the treatment of cancer and
in linear accelerators. Typical quantities of DU used in such equipment range from tens
to hundreds of kilograms.

Figure4.3 Cobalt-60 tele-therapy unit

Current developments in waste management have aso employed DU as a shielding
material. For example, casks used for holding spent fuel in the nuclear power industry
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have been constructed by combining DU with concrete (eg. DUCRETE™
(www.starmet.com, 2001)). This achieves a significant increase in gamma-radiation
shielding with thinner shield walls and much lighter weight casks than traditional
storage casks. Appreciable quantities (i.e. thousands of kilograms) of DU have been
used as shielding material in casks used for the transport of radioactive sources such as
those used in the medical and engineering industries.

Counterbalance weights and ballast Vessels and equipment, such as boats and
satellites require a large amount of weight to be carried in the form of ballast. The high
density and relative availability of DU make it a potentially suitable material for this use
by fulfilling the weight requirements while minimising the amount of space taken up by
the ballast material.

Industries in which the use of DU has been cited for these purposes include the aircraft
industry, military aerospace industry, and the oil and gas exploration and production
industry (NUREG, 1999). It has also been suggested that it has been used in the
manufacture of keelsfor yachts (Priest, 2001).

Wide-bodied aircraft such as the McDonnell-Douglas DC-10, Lockheed L-1011 and
Boeing B—747 require heavy counterweights on control surfaces (usualy, but not
exclusively, the aileron) to enable proper flight control. These areas often have low
surface clearance with insufficient space available for low density materials. Depleted
uranium, lead and tungsten have all been used for counterweights due to their high
density. A typical wide-bodied aeroplane such as the Boeing 747 (‘jumbo jet’) requires
up to 1500 kg of counterweights (NUREG 1999). Not all of this material is DU
however, and DU is now being replaced retrospectively with tungsten.

The plane which crashed into a block of flats in Amsterdam in 1992 carried 282 kg of
DU counterweights and the Korean Boeing—747 which crashed near Stansted airport in
England in January 2000 was estimated to be carrying approximately 425 kg of DU
counterweights (Uijt de Haag et al., 2000). When used in aircraft DU is usually either
plated (Ni and/or Cd) and painted or sheathed in an aluminium alloy. No data appears to
have been generally issued on DU released from other civilian or military air crashes.

The Nuclear Regulatory Commission’s report (NUREG, 1999) comments that ‘It is
unknown how many DU counterweights are currently installed in aircraft. It is
estimated that approximately 15,000 weights may be associated with the Boeing—747
fleet (based on 550, Boeing—747 aircraft produced between 1968 and 1981 and spare
parts) (Gallacher, 1994). However, the number of aircraft that contain DU
counterweights is rapidly decreasing. Rather than refurbishing the DU (during
mai ntenance operations), tungsten counterwei ghts are used as a replacement.’

Similarly DU may be used as weights for geophysical exploration tools, as rotor tipsin
military helicopters (AEPI, 1995) and experimentally in many different forms of
engineering applications such as counterweights in various engines (particularly during
the 1980s when its commercial use was seen as a way of reducing stockpiles of such
material). There is little evidence that the use of DU has continued into the production
of any of these experimental applications, although the pressure to find appropriate
commercia outlets for DU is undoubtedly still present.
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Military Uses Depleted uranium (and associated uranium-titanium aloys [typically
0.75 wt % Ti]) have been employed by the military as a component of heavy tank
armour and armour-piercing munitions (e.g. AEPI, 1995; Rao and Balakrishna Bhat,
1997). The high density and high melting point of DU make it an extremely effective
material for neutralising anti-tank weapons. The DU is inserted into a sleeve attached to
the regular steel armour, thus isolating the DU from the tank crew and those in contact
with the external surfaces of the tank while utilising its protective characteristics.

The high density of DU and its various alloys al'so makes it suitable material for use in
armour piercing munitions and to penetrate hardened targets. Depleted uranium also has
advantages over similarly dense aternative materials, such astungsten, inthat it is:

® relatively inexpensive.
® non-brittle unlike tungsten.

® at the high temperatures and pressures involved during the impact of such weapons
DU has been found to adiabatically shear (e.g. self sharpen) giving increased
penetration.

There are four main types of DU munitions acknowledged as being currently in
circulation, the 25 mm, 30 mm, 105 mm and 120 mm anti-tank rounds, although small
amounts of DU have been used in the manufacture of other munitions (AEPI, 1995). A
30 mm round fired from ground attack aircraft contains a0.27 kg DU penetrator. Heavy
tanks fire 120 mm rounds containing a4.85 kg DU penetrator. A 30 mm cannon as used
in a ground attack aircraft can fire up to 4200 rounds per minute (although such
munitions are typically only fired in relatively short bursts of say 120 to 195 rounds or
two to three second bursts (CHPPM, 2000)) and a considerable mass of DU could be
distributed in an attack zone, particularly if the attack is performed by a number of
aircraft. Some of this DU may be released as particles should the penetrator impact on a
sufficiently hard target, but the entire round may stay intact with only surface scaring
even when impacting with relatively hard targets such as concrete.

DU counterweights may also be used in missiles (AEPI, 1995), warheads and military
aircraft. For example some land-attack cruise missiles (Zgjic, 1999; personal web site)
and other strategic missile systems, such as the trident ballistic missile system, have
been reported as using DU as counterweights, although this has not been substantiated
by official sources. One use of DU within missile warheads might be to aid ground
penetration. For example the now obsolete Pershing D—38 earth-penetrating missile
carried an 80 |b (36.3 kg) DU penetrator. In one case recorded at a missile testing range,
the warhead used in this type of missile penetrated the earth to a depth of approximately
200 ft (61 m) (Van Etten and Purtymun, 1994).

Data relating to the use of DU in awide range of weapons systems produced outside of
the USA and NATO are generally lacking, although DU weapons are widely available.
For example they are thought to be in the possession of at |east nine countries (Harley et
al., 1999b). Numerical estimates of the relative proportion of DU munitions amongst
arsenals of various countries are equally difficult to obtain, although it has been reported
in AEPI, (1995) that US contractors had produced more than 55 million DU penetrators
for small-calibre munitions (principally of the 30 mm type) and 1.6 million penetrators
for tank ammunition. The potential use of DU in other forms of armaments to enhance
hard target penetration is briefly reviewed with respect to the recent conflict in Serbia
by Liolios, (2000).
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Depleted uranium weapons are regarded as conventional weapons by NATO and are not
subject to restriction. However, the extent of their use has, in the past, been unclear. It is
now accepted and acknowledged that DU weaponry was employed by US forcesin the
Gulf War. A letter from Lord Robertson, Secretary General of NATO to the Secretary
General of the United Nations, Mr Kofi Annan dated 7" February 2000 also confirmed
the use of DU munitions during the Kosovo conflict. The use of DU weapons at various
firing ranges associated with the development and proving of munitions and armour
(e.g. at the Yuma and Aberdeen proving grounds in the USA (AEPI, 1995)) has also
been widely acknowledged.

4.3 Summary

Depleted uranium is used in a variety of products. It magor uses include radiation
shielding, counterbalance weights and ballast, military munitions and armour. The use
of DU has been acknowledged in a number of military conflicts including the Gulf War,
Bosnia and Kosovo and in various military firing ranges. Use in such conflicts has
clearly demonstrated the military benefits of DU.
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5 Factorsinfluencing routes of intake and exposure
5.1 Introduction

Exposure to uranium occurs primarily by inhalation, ingestion or external irradiation,
while secondary exposure may result from dermal absorption of particularly mobile
forms of uranium. This is the case with many chemicals naturally present in our
environment. Because of the identical chemical and biological behaviour of naturaly
occurring uranium and DU, it is possible to draw on our knowledge of exposure to other
naturally occurring heavy metals (e.g. lead, arsenic etc.) in attempting to define the
relative importance of exposure pathways.

HAZARD Uranium dust
! !
EXPOSURE Ingestion of food
' }

RECEPTOR Human

Figure5.1 Example of asimplified pollutant linkage, for human exposure to uranium.
In practice, however, such alinkage only represents one of a much larger number of
potential linkages whose relative importance within a specific incident may have to be
investigated (Ferguson et al., 1998).

Risk assessment models in which the potential health detriment associated with
exposure to a given chemical is calculated are reliant on the definition of a ‘pollutant
linkage' such as that shown in Figure 5.1. Several different such linkages may occur at
any one site associated with the presence of various hazards, environmental pathways
and receptors such as humans, animals, groundwater, and buildings.

Exposure by external irradiation is not explicitly dealt with in this chapter, but is
discussed in the following chapters where health risks associated with radiological
issues are reviewed.

Studies on exposure to uranium have focussed on those chemical forms and modes of
exposure of direct relevance to the nuclear industry. In comparison relatively few
studies have been conducted on DU. It should be recognized that the extensive database
on uranium will be of value in assessing, in many cases, the implications of exposure to
DU since they have the same chemical and biological behaviour.

Scenarios used in previous studies on exposure of humans to DU in military situations
have focussed on the likely form of compounds and exposure routes by which personnel
or the local population may be exposed in the hours or days immediately following the
use of DU in munitions and armour. In order to undertake longer term assessments a
more in-depth analysis is required of the physiochemical transformations that control

29



the weathering and transport of uranium through various environmental pathways and
compartments by which human exposure may occur. This more detailed analysis should
be structured to evaluate the speciation and bioavailability of uranium under the
prevailing local environmental conditions. It is well established that the total metal
concentration in an environmental medium is an unreliable guide to hazard
guantification, as different forms of a meta can have substantially different
bioavailabilities (Thornton, 1996; Plant et al., 1996; Elless et al, 1997).

It is noted that regional or local exposure scenarios are often structured to estimate the
risk of two different types of health detriment:

) popul ation detriment.
(i) maximum individual detriment.

Population detriment is a traditional public health measure that estimates the number of
cases of a particular outcome or disease in an exposed population attributable to a
specific source of contamination. The maximum individual detriment relates to the
individual who suffers the largest incremental risk due to a particular scenario. The
relative importance of different sources and pathways is likely to differ depending on
whether population detriment or maximum individual detriment is being calculated. In
the case of population detriment it is particularly important that not only is the average
exposure estimated, but also that its spatial distribution, and the relative importance of
various exposure routes amongst the local population are defined.

Children are not small adults and their exposure may differ from an adult in many ways.
Unfortunately, despite their obvious importance little definitive data exists concerning
how their uranium exposure differs from that of adults (ATSDR, 1999).

Examples that follow in this chapter illustrate the relative importance of various
exposure routes when assessing exposure within the context of population and
maximum individual detriment and suggests factors that need to be considered when
undertaking more site-specific studies. Such treatment is important in understanding the
relative proportion of total exposure that may be allocated to a specific pathway during
the assessment of human health risks (WHO, 1994), particularly where substance
exposure pathways may exist.

The potential relationships between exposure to uranium and DU and specific forms of
health detriment are discussed in Chapters 8 and 9.

5.2 Exposureviainhalation

The pyrophoric nature of uranium is considered to be of specia relevance to the
assessment of human exposure due to the production of dust containing mixed oxides of
uranium. This scenario is especialy likely to occur immediately following the use of
DU munitions or where DU may be accidentally or deliberately heated (e.g. in the
welding of reclaimed battlefield scrap). Its relevance to aviation accidents remains a
subject of debate.

The oxides considered to be of principal concern are uranium dioxide (UOy), uranium
trioxide (UOs3) and triuranium octaoxide (UsOg) (Harley et a., 1999b; CHPPM, 2000).
The size distribution, morphology and exact chemical composition of each particle
released during the use of penetrators and armour is highly variable (e.g. Patrick and
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Cornette, 1977). Moreover, they may be chemically and mineralogically atered by
weathering either following the impact with the target, or their initial release into the
environment (e.g. uranium oxides may become hydrated, chemically reacting with other
elements and species present in the soil and/or target such as silica, iron, phosphate and
vanadium; Patrick and Cornette, 1977 Ebinger et al., 1990). The relative absorption
behaviour (lung to blood) for uranium after the inhalation of different chemical formsis
givenin Table 5.1.

Table5.1 Absorption types for uranium compounds (ICRP-71, 1995b). Note. Some
preparations of UsOg may also be considered as Type S.

Type Typical compounds

F UFe, UOZF, UOz(NOg)z
M UO3, UF,, UCI,, UsOg

S uo,

F fast; M moderate; S slow

The biological solubility and bioavailability of the oxides UsOg and UO; are relatively
low (Type M and S), compared to other forms of uranium to which workers in the
nuclear industry may be exposed (e.g. UOsz). This has been reported by Jette (1990)
through lung-solubility anaysis of particles (< 10 pm in diameter) produced
immediately following the impact of DU munitions. Some of these particles may,
however, be removed by mucociliary transport into the gastro-intestinal (Gl) tract, and
reach the intestine where appropriate gut uptake factors need to be considered. For more
information on deposition and clearance from the respiratory tract the reader is referred
to Annex 4.

There is a lack of detailed mineralogical and chemica analysis of material liberated
under battlefield conditions (or other conditions in which uranium dust has been
liberated following combustion) and subsequently weathered. This limits the accuracy
of exposure assessment. The availability of material specific information would
inevitably increase the confidence of such assessments. The lack of such data has also
highlighted a significant knowledge gap in performing detailed exposure assessments
for scenarios involving military personnel (CHPPM, 2000).

The level of human exposure to dusts and aerosols derived from the impact of possible
uncontrolled oxidation of DU is a function of the proximity of the human subject to the
source of contamination, the degree to which uranium has become physically and
chemically dispersed into the local environment and the particle sizes and density of the
dusts produced.

Dust particles with a diameter less than 10 um activity mean aerodynamic diameter
(AMAD) are generally assumed to be respirable, larger particles being trapped in the
upper extra-thoracic part of the respiratory tract from where they are either expectorated
or swallowed. In the case of radiological exposure the respiratory tract is both a target
organ and a route of entry to the systemic circulation. There are two lung models in
current use; the ICRP Publication 30 lung model (ICRP-30, 1979) and the ICRP
Publication 66 Human Respiratory Tract Model (ICRP-66, 1994a). The latter is used
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internationally and is embodied in European Legislation and the Basic Safety Standards
(1996). The principals underpinning these models are discussed in more detail in Annex
4. While these models are generally used for radiological exposure, their more detailed
treatment of exposure via inhaation offers considerable scope in improving the
assessment of chemical exposure via this potentially important route (e.g. CHPPM,
2000).

For the purposes of generalized environmental exposure modelling, approximately 73%
of the dust in air is considered to be respirable and the concentration of contaminantsin
the dust is assumed to be equal to the concentrations in the soil (Muir et al., 1995).
Local variations in such factors are high and locally determined factors should, if
possible, be used during more extended assessments. The ICRP Human Respiratory
Tract Model (ICRP-66, 1994a) offers a more comprehensive treatment in this respect,
calculating deposition throughout the entire respiratory tract for a given particle size
distribution.

The US EPA estimates that a typical exposure to uranium in air results in a total
uranium intake estimated to be from 2 to 20 nanograms *®U/day (US EPA, 2000).

Individuals likely to suffer enhanced exposure to uranium via inhalation are mainly
those living or working in close proximity to primary sources of uranium dust such as
mine tailings or areas in which DU has been used for various industrial or military
activities. Agricultural workers, particularly those involved in cultivation practices such
as vines that require the operators nose and mouth to be in close proximity to the soil’s
surface, or those working with heavy dust-generating machinery, are also likely to be
exposed to enhanced levels of uranium containing re-suspended dusts. Limited data are
available describing possible re-suspension of DU particles once deposited on soil. Data
presented in CHPPM (2000) and cited to have been compiled in a short letter based
report by Beyeler, suggests re-suspension factors for DU oxides to range from 3.3x10®
(no mechanical disturbance) to 1.9° 10 (vigorous work activity).

5.3 Exposureviaingestion

The impact on health after ingestion depends on the amount of bioavailable uranium
compounds present in ingested material, which in turn is dependent on the concentration
of bioavailable uranium in the environment. In most scenarios in which uranium has
been released into the environment, it is assumed that it could contaminate the soil, or
migrate to surface or groundwater. Using these as sources for drinking water,
agricultural land and recreational purposes can lead to human exposure either directly or
through the food chain. Therefore, information on the possible concentrations of soluble
uranium compounds in these media, in the days and years following the contamination
incident is essential. In this context, DU and even anthropogenically redistributed
uranium has entered the environment only relatively recently. This, together with alack
of reliable field data where DU has been used for military purposes, significantly limits
our knowledge of how, and on what time scale, such materials may become
incorporated into the human food chain. This places a high degree of importance on the
extrapolation of studies of uranium in natural systems. However, during any such
extrapolation it is important to consider likely differences in the bioavailability of the
specific chemical forms of DU encountered, compared with those of substances from
which extrapolations are to be made.
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Because of the diversity of the human food chain it is impossible to suggest a suitably
generic dietary balance to cover al populations, scenarios and cultures. WHO has,
however, suggested a typical diet to aid in the comparison of exposure; these data are
identified in Annex 3.

Like many trace metals the bioavailability of uranium in food, water and soils, affects
uptake into the body through the gastrointestinal tract. For example a high-phytate
content in the diet may reduce uptake (Gibson, 1994; Golden and Golden, 1981)
whereas the presence of lower molecular weight ligands, such as citrate, may promote
absorption. However, under the near-neutral conditions of the upper intestine uranium,
unlike many heavy metals, is likely to form relatively stable oxy-anion complexes (e.g.
Brookins, 1988) that inhibit complexation with organic chelators. Therefore, although
the bioavailability of uranium from foodstuffs is an important variable in the exposure
assessment process, its extrapolation from the results of other studies on other heavy
metals such as Zn, Pb, etc should be avoided. Although unable to determine uptake
factors, Spencer et a., (1990) investigated intake and excretion patterns of naturally
occurring uranium and calcium in humans. These studies confirmed the similar
behaviour of uranium isotopes in the body and confirmed significant elimination of the
total dietary intake via faecal excretion (urinary excretion being approximately 2% of
total excretion (e.g. Leggett and Harrison, 1995).

ATSDR (1999) considers ingestion to be the major source of environmental exposure to
uranium. Typical world-wide dietary intake is estimated at between 0.9 and 4.5 ug/day
with an average of 1.5 pg/day (Linsalata, 1994). This is consistent with dietary intakes
estimated from the excretion of uranium in urine amongst a group of 12 subjects from
Utah (Singh et al, 1990). However, ATSDR (1999) cites a paper describing dietary
intake as high as 2.9 to 4.5 mg/day for individuas living near a uranium mine
(Yamamoto et al, 1971).

Various gut uptake factors and bioavailabilities have been suggested for ingested
uranium and these are discussed in more detail in Chapter 7 with specific reference to
the ingestion of water, foodstuff and soil/dust.

53.1 Staplefoods

There are few data on the concentration of uranium in staple foods from an environment
that could be considered to be contaminated with DU. Whereas within the context of the
nuclear industry extensive compilations of concentration factors (CF) and concentration
ratios (CR) exist in the literature (e.g. ICRP-29, 1978); IAEA, 1982, 1994; see
Table-5.2). These have been extensively used in radiological assessments to estimate
the likely concentration of a given radionuclide (such as uranium) in a foodstuff from
the concentration of that radionuclide in a given substrate (eg. water, food or soil) to
which the organism is exposed. In addition to data presented for generalized
environments, a significant amount of data has aso been collected for more varied local
diets such as the Aboriginal homelands of northern Australia (Martin et al., 1998)

Cereals, root vegetablesand fruits

Studies with grasses and wheat have shown that in broad terms the majority of uranium
appears to be accumulated firstly by the roots, shoot and then seeds (Jain and Aery,
1997). This observation is consistent with observations in other plants that form the
basis of some phyto-remediation methods for the removal of uranium from polluted
waters and in studies of sites of uranium mineralisation (Basham et al., 1989). In plants
used for the purposes of phyto-remediation it has been found that accumulation into
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shoots and seeds can be minimized through harvesting during specific periods of growth
(Dushenkov et a., 1997).

Consideration of the effects of DU on ecosystem function at military proving grounds
highlighted a paucity of data on the impact of DU on the function of non-arable plants.
Meyer and McLendon (1997) carried out studies of three species of grasses, Buchloe
dactyloids (buffalograss), Schizachyrium scoparium (little bluestem) and Aristida
puprurea (purple threeawn). These species were considered to be typical of the
vegetation present in the arid and semi-arid conditions of most areas where DU has been
tested and deployed. The study concluded that DU was relatively nontoxic to these
grasses with no observed toxicity occurring at soil concentrations below
25000mg/kg-U. In contrast, Jain and Aery (1997) reported that contamination of
agricultural land with uranium may have a detrimental effect on the productivity of
wheat. (There is a marked reduction in a number of growth parameters, that included a
decrease in seedhead number (spikes), seed number and seed weight (no seed head
being produced at an additive level of 625 pg/l U in irrigation water).

Table5.2 Examplesof typical concentration factors for uranium (ICRP-29, 1978;
|IAEA, 1982, 1994).

Concentration Factor

L eafy Vegetables* Root Vegetables* Fruits*
Minimum Maximum Minimum Maximum minimum maximum
1.2 10* 10102 20 10* 3.0 10? 4.0 10* 4
Grainsand
Cereals**

Minimum Maximum
20 10* 1.3 10°

*  AsBag/g wet plant/Bg/g dry soil
**  AsBg/g dry plant and soil
Note:  Such factors vary with soil pH, organic carbon content, uranium content etc. (ATSDR, 1999)
and site specific data should be applied where possible

To facilitate the assessment of exposure from the ingestion of foodstuffs WHO and
various other international and national authorities have compiled a set of typical food
consumption patterns. Examples of typical patterns are given in Annex 3. It is
emphasized that these data reflect average consumption and that it is important during
the assessment of dietary exposure that specific loca consumption practices are
investigated. Such practices may include the fermentation of food and an unusually
strong dietary dependence on one or two specific foods.

Animal products

Like many other heavy metals uranium may become incorporated into the human food
chain. The majority of bioaccumulation studies to date have been performed on natural
rather than DU. Thisis an important consideration as the kinetics of bioaccumulation of
DU into the food chain will be subject to a lag period, the magnitude of which will be
governed by the weatherability and bioavailability of metallic uranium and any mixed
oxides. Thomas and Gates (1999) investigated the presence of radionuclides including
uranium in the lichen-caribou-human food chain. The observed concentration of
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uranium in Caribou muscle were observed to range from 1% to 16% of that observed in
lichen from the same environment.

Clulow et al. (1998) investigated and determined the concentration of uranium in water,
sediments and fish from lakes near the uranium mining and milling operations at Elliot
Lake, Ontario and from control lakes in adjacent non-industrialized watersheds. Bio-
concentration of uranium was observed to occur from water, to gut material, to bonein
lake trout and white fish. A systematic relationship was not established between
sediment levels and those observed in fish tissues. The authors calculated a potential
intake of uranium (from fish derived from industrialized areas) of 2.3 mg/annum.

Data on the concentrations of uranium and DU in exposed or unexposed farm animals
are scarce. In relation to the assessment of exposure to contamination from
anthropogenic sources, such as armed conflict, deposition of mostly insoluble uranium
compounds is probably most relevant where it occurs on the soil or on vegetation and is
taken up by grazing animals. However, it may also be necessary to investigate the
potential for uptake from plants and other sources of animal feed as these uranium
oxides become weathered and enter the soil pore water.

Table5.3 Examplesof bioconcentration factors for uranium transfer into animal
products (ICRP-29, 1978; IAEA, 1982). Note: Such factors vary with
environmental pH, uranium content etc. (ATSDR, 1999) and site-specific
data should be applied where possible).

a) uptake from water into fish tissue

Environment Biota Concentration Range

Factor
Ba/kg wet weight fish per Bg/l water
Fresh water Fish 05 0.3t050

b) soil to plant transfer factors for al types of pasture, grass, browse and forage
vegetation

Concentration Factors
(Bg/kg dry plant per Bg/kg dry soil)
Minimum Maximum

1.0 10° 0.2

c) feed to milk transfer factors, fraction of daily intake taken into milk
Transfer Coefficient
Minimum Maximum
7.3 10° 6.1 10"

Typica soil ingestion values for cattle are estimated to be about 500 g soil per animal
per day. Assuming a body weight of 400 kg this corresponds to about 1.25 g/kg of body
weight per day. Data on soil intake for sheep and pigs are extremely limited (VHI,
1997) although values of 60 g and 500 g/day for these animals, respectively, have been
extrapolated on a basis of body weight. Soil ingestion by goats can be considered to be
negligible, asthey are very selective grazers typically concentrating on the tops of grass
leaves (although ingestion of dust deposited on these leaves could be considered). The
uranium content measured in tissues of cattle herds grazing in pastures next to the
Rocky Flats Plant in Colorado USA were dlightly higher than in other cattle, reflecting
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possible contamination from this source (Smith and Black, 1975). Concentrations of
uranium in muscle from cattle exposed to elevated levels of forage (440 pg/kg) were
similar to controls. Elevated levels of uranium were observed in liver (47 ), kidney (47)
and bone (femur 12" ) during studies based in New Mexico (Lapham et al, 1989). These
results were interpreted as indicating that in cattle the muscle does not concentrate
uranium (Lapham et al., 1989).

WHO (1998c) suggests an estimated average daily meat consumption of about 150 g
per person per day, although, of course, this may be modified according to local dietary
habits and socio-economic factors. For example higher values could be appropriate if a
critical group approach were adopted in exposure assessment (see Annex 3).

5.3.2 Drinking water

As discussed earlier in Chapter 3 drinking water can contain naturally occurring
uranium over a wide range of concentrations. The potential for additional exposure to
uranium through the ingestion of drinking water in environments that are affected by the
presence of DU is controlled by a variety of physical, chemica and hydrogeological
factors similar to those that control exposure to other sources of chemical
contamination. These include the proximity of the DU contamination to potential water
resources (that may be currently used or developed in the future), the nature of the water
resource (e.g. piped, blended, treated supply versus private water supply; groundwater
versus surface water), the local geochemical environment that may promote or inhibit
the weathering and transport of DU, physical dispersion during fluid migration and the
magnitude of contamination by DU. Due to the complexity of these factors, it is
important to undertake a site-specific assessment of the likelihood of DU entering
drinking water where such contamination is known to be present.

By necessity, such an assessment is likely to be undertaken in an iterative manner
modified in terms of scale and rigour as the actual likelihood and potential impacts of
exposure to DU in, or from, the affected drinking-water resource is established. Similar
investigations may also be required in areas in which potentially contaminated soils and
machinery may be disposed of, or stockpiled. It may also be necessary, under such
circumstances, to undertake a review of which water resources are currently used by
members of the local population and the potential of water development activities
changing this pattern in the future.

The first step in assessing exposure to uranium through drinking water must be the
chemical determination of its concentration in water consumed by individuals. This may
include monitoring the point of public/household supply, or private supply, or from
potential sources such as springs used during camping excursions. It is essential during
the collection of samples to be aware of various practices associated with the operation
of the supply, such as the amount of water typically run-off prior to consumption, and
the use of private water supplies.

The WHO recommends an average water consumption of two litres/day to be used in
calculating human exposure to contaminants in drinking water. In practice this
consumption rate may vary depending upon age, activity level and the consumption of
water in the form of beverages and soft drinks. Where exposure through drinking water
is suspected as being an important route of exposure it is recommended that these
factors be carefully investigated.
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It is unlikely that significant amounts of the more insoluble tetravalent species of
uranium will be present in potable water supplies, except where it is carried on
particulate material. In such cases the amount of material likely to be ingested should be
estimated by sequential filtration procedures and included in subsequent exposure
calculations using the appropriate gut uptake factor.

While it is not the objective of this report to specifically review potential remedial
scenarios, it should be noted that many treatment methodol ogies exist for the removal of
uranium from water (e.g. Varani et al., 1987) although few have been used to produce
potable water.

5.3.3 Soil and dust

How much soil isingested is a deceptively ssmple but highly relevant question that has
led to a substantial discussion in the literature (e.g. Simon, 1998). Some studies
considered to be influential (e.g. Kimborough et al., 1984) have been criticized for using
ultraconservative soil ingestion rates with little empirical support (Paustenbach et al.,
1986; Gough, 1991). Recent research has been dominated by mass-balance studies of
‘conservative tracer elements’, i.e. chemical elements that are present in soil but which
are not significantly absorbed by passage through the gut (van Wijnen et al., 1990;
Calabrese, 1989; Davies, 1990).

The ingestion of soil and/or dust occurs both within and outside the household
environment and it is important to establish, where possible, the concentration of
uranium in both environments. Alternatively, a genera relationship between indoor dust
and outdoor soil contaminant concentrations may have to be assumed.

For example, Keenan et al. (1989) and Murphy et a. (1989) have reported the
proportion of locally derived soil particles in indoor dust to be in the order of 75% to
100%. This estimate was based mainly on a study of land contamination around a series
of smelters. However, some studies such as those by Franzen et al. (1988) and Steele et
al. (1990) indicated that in mining communities the proportion was much less than this
(typicaly indoor concentrations were 14% to 15% of soil concentrations). This
difference was considered to be due to the surface properties and moisture content of
smelter particles which allowed them to adhere readily to shoes, clothing and pets, and
thus to be tracked indoors more easily than other particles.

For uranium and DU, which may be derived from a variety of sources, it is impossible
to suggest one value for the proportion of outdoor-derived dust in the indoor
environment. Given the large range of observations and the lack of relevant information,
the recommendation of a value of 75% (Keenan et al. 1989) would seem appropriate,
even though thisis almost certainly cautious in many cases.

Three distinct categories of soil ingestion may be considered, and these are discussed
below along with suggested quantities of ingested material. From these examples it can
be clearly seen that the amount of soil and/or dust ingested varies greatly, and that it is
essential that the likely magnitude of geophagic activity be assessed in potentialy
exposed populations. During surveys of geophagic behaviour, it is essential that great
care is exercised to prevent false negative results being obtained due to cultural taboos
associated with this practice (e.g. being considered to be improper or of lower social
status).
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1. Inadvertent ingestion of small quantities of soil and dust.

It is likely that all members of an exposed population will have intakes by this
route although exposure is likely to be greatest for children under seven years old.
Sources of soil and dust are likely to be derived from both outdoors and indoors
and the relative magnitude of exposure will depend greatly on the habits and
behaviour of an individual. Despite the wide number of studies considerable
uncertainties still exist in data relating to this activity (e.g. Simon, 1998). Thisisin
part due to the difficulty in the methodological use of tracers to estimate such
guantities, and also the highly individualistic nature of exposure. Inadvertent soil
ingestion rates for studies performed in the USA are given in Tables 5.4 and 5.5
and illustrate the uncertainties and typical values determined in such studies. It
should be noted that these values are generally slightly higher than those suggested
by WHO (20 mg/day, Annex 3). The use of data based on mass consumed may be
inappropriate for such a dense material as DU and its oxides and correction factors
accounting for differences in density may need to be applied.

Table5.4 Examples of soil ingestion estimates for children in the USA (mg/day)
derived from tracer studies (note: negative values indicate error in mass

balance).
(Davies, 1990) (Calabrese, 1989)
Tracer N =101 N=64
Element Mean Median Range Mean Median Range
Al 39 25 -279t0 904 153 29 -75 to 6837
Si 82 59 -404t0535 154 40 -53t0 5549
Ti 246 81 -5821 to 218 55 -3069 to
6182 6707

Table5.5 Soil ingestion rates for adults (mg/day) derived from tracer experiments (N
= 6) (Calabrese et al., 1990).

Tracer Al Si Ti

Mean 77 5 377
StDev 65 55 517
Median 57 0.5 211

2. Occasional deliberate consumption of soil and dust.

Most young children indulge in this type of exploratory behaviour for a relatively
short time, although there is hardly any quantitative information on the amount of
soil deliberately ingested during these activities. Thisis due in part to the difficulty
in separating the occasional consumption of soil from the habitual practice of
geophagy. For the group of 64 US children studied by Calabrese et al. (1991) the
median soil ingestion rate ranged from 9 to 96 mg/day according to tracer, but one
child (a three and a haf year old girl) ingested much greater quantities (up to
13.6 g/day). Earlier estimates of the amount of soil deliberately ingested as 5g/day
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(US EPA, 1984) and 10 g/day (US EPA, 1989) have generally been based purely
on ‘judgement’.

3. Geophagia.

The term geophagia refers to the persistent and purposeful consumption of soil
and/or dust, often in relatively large quantities. It is typically associated with
children and pregnant females who are commonly subject to nutrient deficiencies.
Geophagia should be considered as being distinct from pica, which also relates to
the mouthing or eating of unusual objects, and should not be considered as only
occurring in rura environments. Geophagia has been studied in both the United
Kingdom and North America within the wider context of pica (e.g. Cooper, 1957;
Bicknell, 1975; Barltrop, 1966; Morgan et al., 1988). However as Lacey (1990)
comments ‘ The body of literature on picais so fragmented that it is difficult to find
a precise summary of the knowns and unknowns about the condition. There is little
consistency in defining pica, classifying substances ingested, identifying key
characteristics of practitioners, recommending treatment or projecting outcomes'.
The fragmentary nature of this information therefore makes it extremely difficult to
calculate exposure of populations or individuals via this route. The situation
elsewhere is even more complicated, particularly in tribal cultures where geophagy
is commonly practised. For example studies by Geissler et a. (1998) indicated that
a large proportion of male and female children in Kenya practise geophagy up to
the age of 16, with an average soil consumption rate of 25 g/day.

5.4 Dermal contact

Exposure to uranium through dermal contact in non-occupationally exposed populations
is poorly studied. Thisis principally due to the relatively low abundance of uraniumin
the natural environment compared to the concentrations encountered in the workpl ace.

However, some uranium compounds (e.g. uranyl nitrate, uranyl fluoride, uranium
trioxide) have been demonstrated to be chemically toxic to animals through dermal
exposure (e.g. Orcutt, 1949, DeRey et a., 1983, Ubios et a., 1997 and Lopez et al.,
2000), whereas the radiation dose received through dermal contact is minimal (AEP!,
1995). Potential health effects associated with such exposure are discussed in more
detail in Chapter 8.

In the natural environment, dermal exposure to the more soluble forms of uranium is
significantly less likely than in an occupational context, as uranium from these
compounds is likely to have become translocated and dispersed from soils and
sediments into surface waters and groundwater. For less soluble compounds, such as
uranium phosphates associated with fertilizers and uranium oxides associated with DU,
exposure through dermal contact is likely to result in a greater degree of hand to mouth
transfer (seeingestion of soil above).

Human exposure through dermal contact can also result in contaminants and poisons
entering the systemic circulation by physical transport following traumatic damage to
the skin such as can be encountered in military situations in which DU has entered the
body, or perhaps through abrasion of the skin, as has been suggested by the studies of
Podoconiosis (Price, 1990) and endemic Kaposi’s sarcoma (Ziegler, 1993). In general,
dermal contact as a route of uptake of uranium into the body is considered to be
unimportant.
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55 Workplace exposure

Conditions in the workplace where humans are potentially exposed are extremely
variable and depend on the prevailing ‘health and safety’ culture. The potential hazards
also depend on the type and chemical form of uranium containing materials handled
within the workplace. Six major groups of workers can be identified.

1.

2.

Those primarily involved in the mining and milling of uranium ores.
Those involved in nuclear fuel fabrication and reprocessing

Those concerned with the handling and machining of metallic uranium (see
Figure-5.2) and associated compounds during its industrial processing
(e.g.-armaments and chemical industries).

Those involved in the handling of prefabricated components made of metallic
uranium and associated compounds and alloys during assembly and manufacturing
of industrial components (e.g. the aircraft industry and medical/research sectors).

Those involved in industries in which uranium is present as a contaminant or by-
product. For example, in the extraction of other ores containing elevated levels of
uranium (e.g. phosporities), in the processing and agricultural application of
phosphate fertilizers, or as a worker decommissioning and scrapping military
vehicles.

Those involved in emergency services in the aftermath of accidents or incidents
involving DU (e.g. factory fires, aircraft accidents) or following a plane crash or fire
in auranium storage facility.

Figure5.2 Workshop for the machining of uranium.

In the second case, there is the potential for contact with pure uranium or uranium
compounds such as UFg which is extremely toxic due to the release of HF when in
contact with water. To date at least one case of attempted acute poisoning (non-fatal)
has been recorded in which the subject, a uranium processing worker, deliberately
consumed processed uranium (Pavlakis et al., 1996).
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Occupational exposure to DU may involve exposure to a number of different physical
and chemical forms of uranium. During the production process the solubility of uranium
compounds changes dramatically. Uranium can exist in biologically soluble forms such
as uranium hexafluoride (UFs), uranyl nitrate (UO2(NOs),) and uranium trioxide (UOs3),
and relatively insoluble forms such as uranium dioxide (UO;) and triuranium octoxide
(U3Os). Asdiscussed in Chapters 8 & 9, the severity of health effects may be associated
with chemical or radiological toxicity and hence the exposure limits are controlled from
the standpoint of both (ACGIH, 2000; ICRP, 1991; BSS, 1996; NIOSH, 1994).

The presence of high concentrations of ‘available’ uranium compounds in workplaces
associated with cases 3 to 6 above is much less likely, although uranium concentrations
as high as400 mg/kg may be reached in ore and dusts associated with phosphate rocks
and phosphogypsum. Elevated levels of uranium may also be inadvertently encountered
in fly-ash from coal combustion, zircon sands used in the ceramics industry, ores and
precipitates used in the production of titanium dioxide pigments and in the metal
recycling industry (van der Steen, 1999). In the context of the metal recycling industry,
out of atotal of 3500 eventsin which radioactivity was detected in shipments of metals
for recycling in the USA, 44 events (1.24%) were ascribed to the presence of uranium
and/or DU (Yusko, 1999). These events included the melting of a shipment of recycled
zinc containing DU at the Southern Zinc plant in Georgia, USA.

A contaminating incident (involving DU chips and dust) was also reported to have
occurred when hammers and chisels were used to remove DU counterweights from an
aircraft. Such occurrences highlight the need for promoting awareness of the presence
and handling of such materialsin the workplace.

5.6 Summary

Exposure to uranium and DU may take place through a wide variety of pathways.
Environmental exposure may be due to inhalation and ingestion of food, drinking water
and dust/sail. In the workplace exposure is more likely to be the result of dermal contact
or inhalation.

In general, it is considered that ingestion of food and drinking water dominate
background exposure to uranium. However, this is only likely to occur in the case of
DU if it has become well mixed in the food chain and/or contaminated a source of
drinking water. Thisis unlikely to occur in the short term and consequently exposure to
DU will be dominated by ingestion and inhalation of any dust derived from the use of
DU (exposure by handling metallic DU, for example by picking up penetrators from the
battlefield, is dealt with in more detail in Chapter 9).

Data regarding bio-uptake of uranium into plants and animas indicates that
bioaccumulation factors, while not being high may be in some cases significant over the
longer term, particularly where local consumption patterns indicate a preference for
foodstuffs shown to potentially bioaccumulate uranium (i.e. the kidneys of cattle).

In the absence of specific data on the solubility and bioavailability of DU related
compounds and mixtures extrapolation from the behaviour of uranium may not always
be valid. Similarly natural variations in parameters governing the bioavailability and
mobility of uranium and DU are often highly variable indicating the need to collect site
specific aswell as material specific data.
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6 Casestudiesand exposure scenarios

The aim of this chapter is to outline the factors which determine potential exposure
routes for a range of receptors to DU. This is based on an understanding of potential
linkages between sources of DU via pathways to environmental receptors, including
humans. This chapter describes generic exposure scenarios that may be used to identify
the principal exposure pathways for arange of environments and receptors.

6.1 Casestudies
6.1.1 Potential exposurefrom air crashes

Under normal circumstances external radiation exposure of aircrew from intact DU
balance weights during flight is insignificant when compared to the additional dose of
ionizing radiation received because of exposure to cosmic rays during normal air travel
(NUREG, 1999). However, workers may be exposed to DU used in aircraft during
routine servicing of components in the immediate vicinity of any DU counterweights or
to workers and members of the public as a result of an air crash. Levels of uranium
introduced into the environment as aresult of such an air crash depend on awide variety
of factors. To date, studies at the two most intensively investigated sites (Amsterdam
and Stansted) have indicated that:

® whilst some DU may be released into the environment during air crashes, a large
proportion of balance weights may be recovered from such crashes in a near intact
condition.

® the varying quantities of DU balance weights used in aircraft, and the potentia for
production of small fragments and particles make it difficult to estimate the total
percentage recovered or accounted for following an air crash.

As discussed in Chapter 4, DU is used as a material for balance weights (typically in
rudders, elevators and ailerons) in some commercial aircraft (in weights of between 0.23
and 77 kg). While intact in the aircraft, the DU is either plated (cadmium and/or nickel)
and painted or encased in a thin skin of aluminium alloy. Persons most likely to be
exposed to DU in these conditions are those working in the manufacture of the
components, in which case the conditions are as those discussed in Chapter 5, Section
5.3.5. Aircraft service personnel while unlikely to be directly exposed to DU may be
exposed to beta and some weak gamma activity during service of components in the
immediate vicinity of control surfaces and during replacement of counterweights (see
also Chapter 9). The only environmental exposure route to DU from this source is when
it is released as the result of an air crash, or when existing balance weights are
inappropriately stored or scrapped. For example the presence of DU in a consignment of
53.5 metric tonnes of aluminium ingots sourced from ‘recycled airplane parts has
recently been reported to have occurred (www.nrc.gov/OPA/pn/pn301006.html).




Figure6.1 Schematic diagram of a Boeing—747 showing locations of DU
counterweights (From US Federal Aviation Authority Document (FAA),
CAS (2001)). Note this diagram does not acknowledge the use of DU
counterweightsin the Boeings wings that have been described elsewhere
(e.0. NUREG, 1999).

Studies by Elder and Tinkle (1980), on the combustion of DU penetrators, concluded
that oxide particles in the respirable size range could be formed when DU meta is
exposed to temperatures greater than 500°C for burn times of longer than 30 minutes.
Similarly, studies of the corrosion of metallic uranium in air and water vapour have
established that corrosion was significantly more rapid in moist air (Haschke, 1998).
While it may be that the casing or plating on DU counterweights protects it from fire
and exposure to atmospheric corrosion, it is known that such protection degrades with
time and that replating can be required. Results of burn tests and the questions raised in
relation to the likely fate of DU in air accidents have also been highlighted in the media
and in the scientific press (e.g. Parker, 1988, Uijt de Haag et al., 2000).

In the case of the 1992 Amsterdam plane crash (awide bodied Boeing 747-258F), it has
been reported in the press that only 130 kg of the initially estimated 282 kg of DU was
recovered by clean-up teams, and that the Dutch commission of enquiry concluded that
some of the 'missing’' DU may had been released in the form of oxide particles (Kirby,
2000). Data presented in other recent studies such as Haag (2000) confirm that
approximately 152 kg of the DU from the crashed plane remained unaccounted for
amost eight years after the actual crash. This does not necessarily mean that this
guantity entered the local environment, as some of this material could have been
removed from the site during general clean-up operations that included the removal of
significant quantities of top soil (Haag, 2000).

Using the limited data available Uijt de Haag et al. (2000) calculated potential
radiological exposuresto bystanders (for a 1 hour exposure) from the crash based on a
‘worst case scenario’ that all of the missing 152kg of DU were oxidized into an
insoluble respirable fraction, and a ‘best estimate scenario’ in which only 46 kg of the
152 kg were oxidized during the fire and that only 1% of this was in the respirable
fraction. Modelling of airborne dispersion based on these cases resulted in atmospheric
levels in the area in which bystanders were present of 3 pg/m® (best-estimate) and
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2000 pg/m? (worst case estimate). From the results of their calculations they concluded
that ‘it is therefore highly improbable that exposure of bystanders to uranium would
result in the health complaints reported’.

In their calculations, Uijt de Haag et a. (2000) only considered exposure to bystanders
present at the crash site for a relatively short period of time, that respirable uranium
represented the greatest source of exposure to inhabitants because levels of uranium
measured in soils were shown to be consistent with the natural background in the
vicinity of the crash site and that 98% of any ingested uranium would be excreted
within a few days. Such considerations would be less applicable for the assessment of
longer term impacts where contaminated soils have not been removed from the site,
although, obviously, levels of DU present in air and dust would have been significantly
reduced due to fallout over the short to medium term.

6.1.2 Military uses

The mobility and behaviour of uranium in the environment has been, and continues to
be, extensively researched as a result of concerns related to the safe disposal of
radioactive nuclear materials derived from power generation, from environmental
pollution and regulations associated with the mining of uranium, and from studies
assessing the exposure of populations to background levels of radioactivity and heavy
metals. Despite this level of research, relatively few studies have been undertaken solely
on the presence and environmental mobility of DU released into the environment
through actual military conflict.

During the 1990s, the use of DU in test firings, military campaigns (i.e. operation Desert
Storm, during the Gulf War, and operation Allied Force, during the Kosovo conflict)
was the focus of much attention. This was principally, but not exclusively, due to a
suggested or postulated link between exposure of military personnel, who had been in
close contact with vehicles and installations that had either been attacked by armour-
piercing munitions or had been protected by armour containing DU, and illnesses found
in veterans from the Gulf War.

In the Gulf War it has been estimated that approximately 300 tons of DU was used
sporadically over a total area in excess of 10 000 km? (Fetter and von Hippel, 1999)
although another estimate based on data reported in CHPPM (2000) suggests that a total
of 338tons were used. The latter figure comprised 68tons of large-calibre tank
munitions, 260 tons of 30 mm armour-piercing munitions by US Air Force aviators and
11 tons of 25 mm armour-piercing munitions by US Marine aviators. During the air
strikes in Kosovo, NATO fired about 10tons of 30 mm armour-piercing munitions.
NATO air operations in Bosnia-Herzegovina fired about 2tons of 30 mm DU
munitions.

The likelihood of exposure to DU and abundance of uranium in the environment
following military activities was considered to be related to:

® the type of munitions used (for example single tank rounds with a high probability of
impact (80% to 90%) versus strafing runs by ground-attack aircraft with arelatively
lower probability of direct impacts).

® thedensity of munition use.



® the presence of aerosols and dust containing mixed oxides of DU.

® the presence of pieces of residual metallic DU.

Figure6.2 DU munition used by an A-10 Warthog aircraft and the Gatling gun from
which itisfired.

It was considered during these studies that the pyrophoric nature of uranium was of
specia relevance to the potential health effects and environmental redistribution of
uranium resulting from DU use in munitions and armour. Studies of the use of DU
munitions have indicated that up to 70% of the DU in a given projectile may be
converted to dust and aerosols on impact (AEPI, 1995). Other studies (CHPPM, 2000)
indicate alower estimate of 10% to 37%, depending upon the exact nature of the impact
(i.e. with armour or other material such as concrete surrounding the target). This large
discrepancy in reported conversion efficiencies may be due to variations in the hardness
of the target, the velocity of impact and the angle of impact. The lower conversion
figure agrees with information from the Pacific Northwest National Laboratory
(formerly Batelle Pacific Northwest Laboratory) and indicates that when DU penetrators
were heated under controlled environments (at about 1200°C) about 30% of the uranium
was oxidized. In this case, over 99% of the formed uranium-oxide particles were greater
than 20 um AMAD (Mishima et al., 1985) and could therefore be considered as being
non-respirable.

It has been observed that, in some cases, the DU projectile went completely through the
target without oxidising or producing significant quantities of dust and aerosols,
resulting in relatively large pieces of metallic DU entering the environment. Similarly it
is likely that projectiles impacting into soft soil, surrounding hardened targets, may
penetrate into the ground with minimal production of DU dust.

The percentage of such buried projectiles depends on engagement angles and ranges,
soil types and terrain (AEPI, 1995) and is therefore extremely variable. For example
during atypical strafing run against a single target, three planes may fire approximately
50 to 100 DU rounds each over an area of about 500 m? (10 meters wide by 50 meters
long). In US airforce tests prior to the Gulf War a ‘typical’ A10 Thunderbolt strafing
attack scenario against a T-62 tank resulted in a 90% miss and 10% hit rate (CHPPM,
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2000). This indicates that a substantial mass of DU might become buried in a rural
environment and lead to subsequent dispersion in the soil and leaching into groundwater
as aresult of chemical weathering. Little firm data appears to have been published on
the potential penetration depth of projectiles into soils beyond observations that intact
30 mm and 25 mm penetrators have been found at a depth of 30 cm in soft soils typical
of the Persian Gulf or Serbia (CHPPM, 2000). This is presumably because of the
difficulty of detecting the beta or gamma radiation from buried DU projectiles.
Projectiles that miss the target may also ricochet, skipping across the ground with
minimal production of dust and aerosols. AEPI (1995) quote that such projectiles
usually land within 2 to 4 km of the target.

During military conflict, particulate materials may also be produced during ammunition
fires, such as may occur in ammunition depots or factories manufacturing and storing
DU components. Elder and Tinkle (1980) have investigated the effects of simulated
fires involving penetrators in storage or during transport. Experiments involved the
initiation of semi-controlled conditions exposing the penetrators to high temperatures,
an oxidising atmosphere and an intermediate wind speed of 2.23 m/s (5mph). It was
observed that penetrators did not tend towards self-sustained burning; this only occurs
when finely divided uranium is oxidized. Depleted uranium aerosols were found to
disperse in all forced draft oxidation experiments at temperatures in the range 500 to
1000°C. In an outdoor burning experiment with temperatures up to 1100°C, 42 to 47%
of the penetrator by weight was oxidized in a three-hour burn. Outdoor burning also
produced greater quantities of aerosols in the respirable range (<10 pum AMAD) with
62% of aerosol mass being in this size range compared to a maximum of 14% in the
laboratory experiments. In general, DU aerosols in the respirable range are produced
when penetrators are exposed to temperatures greater than 500°C for burn times of
longer than 30 minutes. Some experiments have also indicated the presence of an ultra-
fine particulate fraction (< 0.1 um) often adhered to larger particles.

Asaresult of the high temperatures that are created during impact, uranium is converted
to a series of oxides which include the relatively insoluble triuranium octaoxide (UsOs),
uranium dioxide (UO-), and relatively soluble uranium trioxide (UOs3) (Harley et a.,
1999h). It has been stated that the relative insolubility of some of these oxides delays
the rapid infiltration of dissolved uranium through the soil zone and into groundwater
reserves. However, it does not preclude the physical migration and contamination of
surface water resources with particulate uranium, or conversion into more, or less,
soluble forms through interaction with other components of the target or soil (Patrick
and Cornette, 1977). The exact chemical composition and crystalline structure of
particulates and aerosols produced during the impact of DU projectiles also depend
upon the composition of target material. For example, studies by Patrick and Cornette
(1977) and summary text from CHPPM, (2000) indicate that complex spherical porous
particlesrich in iron and tungsten can be produced through high velocity collisions with
armour. The same authors also state that similarly shaped, complex particles, may be
formed by alloying with clay and sand (i.e. containing aluminium, potassium, silicon) as
a result of direct impact with soil, or when hot, reactive, secondary particles from the
initial impact interact with the soil environment.

Corrosion rates of any remaining metallic DU material in soils have been cited in AEPI
(1995) to be in the order of 0.05cm to 0.10 cm/year. Based on a 1 cm diameter by
15 cm long penetrator (e.g. about the same as a 30 mm round) this equates with the
release of approximately 90 g/year. For the larger projectile typical of 120 mm
munitions (3 cm” 32 cm) this equates with a release of approximately 500 g of DU/year.
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Based on these corrosion rates, the remains of such projectiles will only remain as
metallic DU for between 5 and 10 years. In areas of low water infiltration it is therefore
likely that the rate of migration of DU from the corroding projectile will be controlled
by the solubility of secondary corrosion products (i.e. the high concentrations of
uranium produced by corrosion in migrating fluids will exceed the solubility of many
secondary uranium minerals, thereby promoting precipitation of secondary minerals
rather than migration).

Concentrations of uranium in soils associated with the release of DU from military
conflict are less well known and are likely to be less predictable than releases measured
under more controlled ‘proving ground’ conditions. However, tests conducted by the
US ballistics research laboratory, have shown that, although DU particles thrown into
the air can travel downwind, the largest amounts of DU dust created on impact come to
rest inside a penetrated vehicle, with significant amounts on the outside surface and
within 10 m of the target (SAIC, 1990). Further information citing tests on hard targets
at the Nellis Air Force Range in the US, indicates that DU dust from the impact of a 30
mm munition strike was deposited within 100 m of the target. Similar tests with a
120 mm penetrator that perforated atank resulted in 90% of the airborne DU outside the
tank remaining within 50 m of the tank. These dispersal patterns remained typical even
after afire began in atest tank and continued for over 12 hours (AEPI, 1995).

In their calculations based on data from available studies (shown below) CHPPM
(2000) used the following data with respect to exposure to DU particulates in and
around the immediate vicinity of, atarget hit by a DU round:
- arborne Release Fraction  10%-37%.
respirable Fraction 60%—96%.
chemical Form UO,, U30g, UOs.
particle Size 1to 10 um.
solubility characteristics in Lung Fluid 1%-83% Class Y (S); 1%-20% Class
W(M); 19%-43% Class D(F).

Note that the values in brackets refer to ICRP-66 (1994a) absorption types (Annex 4).
Classes D,W and Y reflect retention half time of day (D), week (W) or year (Y) (ICRP-
30, 1979). Also the more soluble a particulate the less radiological hazard and the
greater the chemical hazard (see Chapters 7, 8 and 9).

A number of authors have used various theoretical scenarios to assess the likely hazards
posed by the use of DU munitions in conflict (e.g. Fetter and von Hippel, 1999; Liolios,
2000; UNEP/UNCHS, 1999; CHPPM, 2000; SSI, 2000). Results of these studies
indicate that the people at most risk of exposure to DU munitions are the occupants of
vehicles actually attacked and penetrated by DU munitions. Members of the general
population including those downwind of battlefields were not considered by these
authors to be at risk of significant exposure provided that vehicles struck by DU
munitions were made inaccessible to curious civilians (or soldiers).

These studies currently lack validation due to lack of data, and rely on relatively
simplistic scenarios, complex modelling or low-resolution broad-scale modelling.
However, later studies such as those undertaken by CHPPM (2000) use more recent
data and realistic scenarios. As is the case with all such scenarios, they are subject to
inaccuracies when considering site-specific issues that may enhance the potential of
exposure to DU (i.e. the heavy use of DU munitions in close proximity to important
localized water resources or areas of market gardens).
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Whilst some authors have suggested that the use of DU munitions are unlikely to add
significantly to environmental baseline levels of uranium in soils, it is important to
consider that:

uranium derived from the fragmentation of munitions may be more bioavailable,
and possibly mobile, than residual uranium present in weathered soils (as for
example demonstrated during investigations of soils contaminated by uranium from
the Fernald site by Elless et a. (1997) and at military firing ranges by Becker and
Vanta (1995).

the relative importance of additional anthropogenically derived uranium is
dependent upon the degree and rate of mixing, and the depth to which such material
isincorporated and redistributed amongst the upper soil horizons.
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Figure6.3 Kosovar Albanian children playing on military equipment following the
Kosovo conflict. Such activities may lead to significantly increased
probabilities of exposure to DU. (photo used with the permission of
National Gulf War Resource Center, see www.ngwrc.org ).

For example if DU from the impact of a 4.85 kg penetrator (50% volatilized) were
evenly dispersed over aradius of 10 m to a depth of 10 cm it would produce a uranium
concentration in soils of approximately 96 mg/kg. This value is above that observed in
most natural soils and similar to that observed in dusts in the Amman area of Jordan in
which phosphorite has been mined (Smith et al., 1995). However, if a similar release of
uranium was restricted to the upper 1cm of soil, as might be expected from the
deposition of atmospheric particulates onto uniform soils of a high clay content, then the
resultant concentration, assuming even airborne dispersal, would be in excess of
960 mg/kg. While the presence of elevated concentrations in the near surface region of
soil profilesislikely to reduce transfer to plants, it is more likely to facilitate inadvertent
exposure to uranium in dusts and other re-suspended forms.

The most extensively researched releases of DU into the environment have occurred in
areas used by the military to test munitions (proving grounds). For example, an
investigation at the US Department of Energy’s Los Alamos National Laboratory,
conducted for the US Army, suggested that up to 100 metric tonnes of DU may have
been expended. It was estimated that a small canyon with an area of 3.1 square miles
had a DU inventory in the region of 35 000kg (Becker and Vanta, 1995). Similar
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quantities of DU were also used at military proving grounds in Yuma, Aberdeen and
Jefferson in the USA (Ebinger et al., 1996; Ebinger and Oxenburg, 1997).

The United National Environment Programme in their post-conflict environmental
assessment of DU in Kosovo (UNEP, 2001) concluded that:
There was no detectable, widespread contamination of the ground surface by DU.
The corresponding radiological and toxicological risks were considered insignificant
or non-existent.
Detectable ground surface contamination was limited to areas within afew metres of
penetrators or penetrator impact.
There was no significant risk related to these contamination points in terms of
possible contamination of air, water or plants. The only risk would be through
direct hand contact or the ingestion of contaminated soil. Based on reasonable
assumptions on intake of soil the radiological risk would be insignificant while from
atoxicological point of view the possible intake might exceed the health limit.

Although studies at such sites are useful for establishing the distribution of uranium
immediately following dispersal, they provide little if any information about the longer
term mobilisation and distribution of uranium. The most practical way to undertake
such studies is to investigate the dispersal at natural sites of uranium mineralisation. A
wide range of such ‘analogue’ studies have been undertaken in support of the nuclear
waste disposal industry. They have clearly demonstrated that oxides of uranium,
including uraninite and pitchblende (UO-), may be readily weathered (by oxidation and
complexation with inorganic and organic ligands) and converted into more mobile
soluble, forms of uranium that become incorporated into local surface waters,
groundwaters, micro-organisms and plants (e.g. Basham et al., 1989; Hooker et a.,
1989; Burns and Finch, 1999). Currently, there is alack of comparison between data
produced from these studies and that derived from DU alloys and associated particul ates
and aerosols. However, it should also be noted that weathering rates of particulate dusts
produced during the combustion of DU weapons are likely to be enhanced over those of
residual metallic uranium (Patrick and Cornette, 1977; Becker and Vanta, 1995) due to
their inherently smaller particle size and correspondingly high specific surface area (i.e.
area/unit mass of substance)

Military exposure

Modelling of various exposure scenarios has been undertaken as part of environmental
monitoring and decommissioning programmes carried out at US Army proving grounds
that have become contaminated with DU. The Jefferson Proving Ground
decommissioning programme modelled exposure scenarios, which have been
documented in several published reports, (Oxenberg et al., 1999; Ebinger, 1998;
Ebinger and Oxenburg, 1997; AEPI, 1995; Ebinger and Hansen, 1994). It should be
noted that these studies only form examples of the results that may be obtained during
case studies and should not be extrapolated to other sites, such as the Balkans and the
Gulf, without careful consideration and justification. Three exposure scenarios were
generally modelled in these studies in order to consider suitable uses for the site
following decommissioning:

i) An occasional user of the site visiting for 4 to 6 weeks of the year to
hunt. All food and water would be brought onto the site by the user.
Game animals would be consumed by the hunter.



i) A subsistence farmer consuming vegetables, dairy products and meat
from crops and livestock produced on the site. Drinking water would be
obtained from uncontaminated off-site sources. A fraction of the
drinking water for livestock would be from contaminated groundwater,
but the remainder would be from uncontaminated surface water.

iit) As for scenario (ii) except that al drinking water would be obtained
from contaminated groundwater.

This modelling exercise concluded that no risk to humans occurred from occasional use
of the site, the largest exposure to DU in this scenario being from exposure to
contaminated dust.

The farming scenarios showed some risk of exposure due to inhalation of contaminated
dust, but by far the largest exposure resulted from the use of contaminated groundwater
as drinking water, either by livestock or by humans. The overall conclusions of the
modelling exercises were that subsistence farming presented a greater risk of DU
exposure than did occasional use. However, in this particular study farming scenarios
were not pursued in greater detail, because farming and permanent occupation were
considered to be inappropriate end uses due to the presence of unexploded ordnance on
both proving grounds.

There are, of course, many cases worldwide where exposure to mines has not prevented
the continuation or resumption of farming activities. In such circumstances, it may be
desirable to compare the potential risks associated with exposure to uranium with those
associated with farming in close proximity to such obvious risks.

The work carried out by Ebinger et al. (1990; 1996) at the Aberdeen and Y uma proving
grounds considered exposure to all components of the ecosystem. Depleted uranium
was found in amost al samples and was present in most of the ecosystem
compartments at Yuma (the semi-arid site) but not so much at Aberdeen. Measurable
uranium concentrations were also found in aquatic endpoints (biota) a Yuma and in
deer tissues at Aberdeen. Radiological effects were found to be insignificant at both
sites, but there was some tentative evidence of toxicological effects. Erosion at Yuma
was the primary mechanism of DU transport; wind deposition being of secondary and
minor importance. At the wetter Aberdeen site, the main migration pathways were
considered to be transport of suspended detritus in surface waters.

Concentrations of uranium in ecosystem components showed kidney content to be
below threshold values in all species except for Kangaroo rats at Yuma in which
histopathology indicated possible damage to kidney tissue (Ebinger et al., 1996). The
consumption of dust, which had become adhered to foliage, was the most important
exposure pathway for animals living in these sites.

Model projections of exposure over the next 1000 years at these sites (Ebinger et al.,
1996; Ebinger and Oxenburg, 1997) indicate a gradual decline of the importance of
particulate exposure together with a gradua increase in exposure to groundwater
contamination over the next 100 years, before reaching a reasonably steady state
condition between 100 and 1000 years (i.e. uranium particles become weathered
releasing dissolved uranium into the water table or are physically removed from the
area). Obviously such rates are extremely dependent on mineralogy of the source of
uranium, local soil type and hydrological conditions.
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Ellesset a. (1997) and Elless and Lee (1998) undertook the characterisation of uranium
contaminated soils at various US sites. Uranium was found to be associated with the silt
and clay size fractions of soil samples analysed in these studies. In addition,
mineralogical analysis indicated that the predominant form of uranium contaminant in
these soils was an autunite-like phase (e.g. hydrated calcium U(VI) phosphate). In
addition to this, major phase uranium minerals such as uraninite (UO2, U(1V) oxide) and
coffinite (U(1V) silicate, USIO4) were also present (IV and VI refers to the ionic charge
on the uranium atom). While uraninite and coffinite are generally considered to be
insoluble (<0.01 mg/l), autunite the dominant mineral is only dlightly soluble (0.1 to
0.2 mg/l) (Langmuir, 1978).

During these studies (Elless et a., 1997 and Elless and Lee, 1998) uranium solubility
was determined before and after remedial treatment in support of performing a health-
based risk assessment. Solubility of uranium was determined in carbonate-rich soils
associated with the contaminated sites, and in background soils, using 75 and 300 day
extraction tests performed with rain and groundwater. The results indicate the
importance of anionic uranium carbonate complexes in controlling mobility, and that
the magjor factor influencing uranium mobility was solubility control by primary
mineralogical phases rather than sorption. The results also indicated that contamination
of groundwater resources by DU derived from munitions was possible at the Fernald
site, and that this contamination was promoted by the use of carbonate-based erosion
control and road building materials.

Risk caculations and biokinetic modelling based on the resultant solubility
measurements indicated that the risks were greatest from the soil ingestion pathway and
the direct consumption of infiltrating groundwater. Interestingly, the lowest risk in this
class was attributed to the inhalation of soil-derived dusts.

From the perspective of kidney toxicity, the greatest source of risk was derived from
exposure due to the direct ingestion of infiltrating, contaminated groundwater. In all
cases, the calculated level of risk was extremely sensitive to the solubility of uranium
and it was recommend by the authors that this parameter must not be overlooked when
assessing potential risks associated with exposure to uranium from the environment. It
should be noted that whereas a 75 day extraction test may be applicable to the leaching
of uranium during infiltration of rainwater, it is inappropriate in assessing solubility
within the human gastrointestinal tract, where residence times are in the order of hours
(Ruby et al., 1996). Similarly, the use of acid stomach simulants do not adequately
account for dissolution of uranium in the neutral environment of the upper intestinal
tract.

Short-term leach testing of residues from DU munitions at the Elgin test site, which had
been used for test firing of DU munitions for over 20 years, indicated remobilization of
uranium from soils and to a more limited extent in drainage sediments over atime scale
of 0 to 20 days (Becker and Vanta, 1995). It was hypothesized by these authors that this
comparatively rapid leaching of uranium was due to the abundance of small particles
released from munitions during the combustion process (the majority of DU particles
being associated with the fine clay and silt fractions despite the sandy nature of the soil).
Analysis of cores showed transport of DU into the soil profile with baseline
composition being reached at a depth of approximately 100 cm.

The longer term durability of relatively insoluble U(1V) oxides has been investigated
during studies of the mobilisation of uranium dioxide stored in geological media with
particular reference to the direct disposal of spent nuclear fuels (e.g. Cachoir et al.,
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1996; Gallien et al., 1996). Under oxidising conditions, a two-step process was defined
in the alteration mechanism.

) Incorporation of oxygen and hydrogen correlated to a reduction in the
volumetric uranium content (kinetic control).

() Formation and dissolution of schoepite (UO3 2H,0) (thermodynamic control).

Under reducing conditions, preliminary experimental results suggested an alternative
mechanism. Gallien et al. (1996) measured the concentration of uranium under reducing
conditions to be as low as 10 molar. Other investigations, again undertaken during
studies pertinent to the disposal of nuclear waste, have investigated the occurrence and
weatherability of uranium oxides under natural conditions (so called ‘natural analogue’
studies). Such studies (e.g. Miller et a., 2000; Basham et al., 1989; Hooker et al., 1989)
have shown that even reduced uranium oxides may become mobilized into ecosystems
and the local environment over a period of tens, hundreds and thousands of years. These
are time scales which are impracticable for studies in the laboratory and at proving
grounds.

Case studies performed to date emphasize the wide variability in the behaviour of
uranium and the comparatively small range of potential end-use scenarios that have
been investigated. This is particularly relevant where uranium and/or DU has been
released into an environment from which the exclusion of human beings is not a
practicable option.

6.2 Environmental exposure scenarios

Factors to be considered for assessing environmental exposures include variables related
to soil composition and chemistry, climate, hydrogeology, land use and the mode and
magnitude of exposure.

6.2.1 Sail

A range of soil functions may influence, or be influenced by DU contamination (Note
that in the context of this work contamination does not imply harm to any given
endpoint; see glossary). These are:

® control of substance and energy cycles as compartment of ecosystems.

® basisfor thelife of plants, animals and humans.

® carrier of genetic reservoir.

® basisfor the production of agricultural products.

® Duffer inhibiting movement of water, contaminants or other agents into
groundwater.

Scenarios associated with some of these functions are discussed in the sections that
follow on plants, animals and groundwaters.

Clearly the potential for DU to contaminate soil depends upon the magnitude and nature
of exposure. For example, large-bore munitions with a high probability of hitting
hardened targets and fires involving DU munitions will potentially introduce more
particulate DU and DU-oxides into soils than situations where small-bore DU munitions
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have been used in strafing attacks. On the other hand, the amount of metallic DU
introduced deeper into the soil profileis likely to be greater for typical strafing attacks,
particularly in rural environments.

It is important to consider the influence of scale when considering scenarios. For
example, it must be decided whether to consider a battle as a single diffuse source of
contamination or as a series of point-source contamination incidents. Such a decision is
site-specific, and to a certain extent depends on the proximity, distribution and
sensitivity of various receptors.

Whilst the wesathering rate of both DU-oxides and metalic DU is low, it is ill a
relatively rapid process compared with that of many natural soil minerals. However, the
mobility of weathered DU in the soil profile is dependent upon sorption and mass
transport properties of the soil (i.e. Kd and the water infiltration rate, see Chapter 3).
Depleted uranium has been shown to be mobile in environments subject to high surface
erosion and low infiltration rates, such as deserts. The variation in Kd of uranium with
organic carbon content and soil pH (as described in Chapter 3) indicates that mobility is
likely to be greater in semi-arid cal careous environments, or calcareous environmentsin
which neutral to alkaline soil pH combines with a low organic carbon content. While
mobility is greater in semi-arid calcareous soils, low net infiltration may significantly
reduce the dispersal and mixing of DU.

Both point and diffuse sources of DU will weather and slowly become homogenized
with uranium naturally present in the soil environment. Any increased weathering and
mobility associated with specific forms of DU can be viewed favourably, due to the
reduction of high levels of point-source contamination (i.e. dilute and disperse). Thus
the exposure of receptors in the surface environment may be reduced. This implies that
the level of contamination in a number of receptors, such as groundwater, and risks
associated with any harmful, non-threshold effects, may be increased. Similarly,
dispersal may significantly decrease the cost-effectiveness and technical feasibility of
clean-up.

To date, difficulties in identifying DU penetrators that have missed their target and
become embedded in the soil profile has limited the development of scenarios relating
to the exposure of soil to DU from munitions. The collection of data on the depths to
which various DU munitions penetrate in generic soil units would greatly assist any
such developments and the design of suitable sampling strategies.

6.2.2 Water

When firing of DU munitions occurs over land, DU contamination of water is likely to
be dominated by transfer from direct soil deposition, due to the small surface area that
freshwater generally covers. The transfer of uranium from the soil, or regolith, will be
controlled by physical and chemical processes, which will in themselves be regulated by
the climatic and geologic environment in which the contamination occurs.

The nature of DU entry onto the soil surface (e.g. fragmentation from impact with a
target) or within the soil profile (e.g. near intact burial) will affect the rate and mode of
transfer of uranium to the soil-water, surface-water and ground water environments.
Fragmentation will increase the surface area, of any one projectile available to chemical
and physical weathering. Small particles may be entrained in the near-ground
atmosphere during dry (dusty) conditions. Overland water flow, from rainfall or snow
thaw, will cause the physical movement of particulates to surface watercourses, and
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ultimately into estuaries and near-shore environments. Physical translocation of
particulate material into groundwater may occur through the regolith and within
aquifers that have secondary fracture flow mechanisms. The entire buria of DU
weapons, from a ‘soft” impact with soil, will lead to little fragmentation, but potentially
contaminate groundwater resources through dissol ution and migration into aquifers.

The mobility of DU in the near-surface environment will be controlled by factors such
as the pH of soil minerals and water, and the sorption potential of soil minerals
(Chapter-3). Thus where soil strongly binds the uranium in secondary phases or on
surfaces (e.g. iron oxides, clay minerals or organic carbon), its release into soil water,
and translocation to groundwater, should be minimal. In deeper environments mobility
and attenuation are controlled by the composition of fracture coatings and water
chemistry. Where uranium is highly mobile, water resources may be more vulnerable to
contamination.

The vulnerability of water to uranium contamination will be controlled by the
geological, soil conditions and mobility encountered. The primary factors affecting
vulnerability, assuming that uranium is mobile, are the depth of the unsaturated zone
(i.e. proximity of the contamination to the water table) and the infiltration rate of
recharge. For example, vulnerability of water resources hosted in river gravels may be
high due their proximity to the surface. Whilst, the vulnerability of those obtained from
deeper, possibly confined, aquifers will be lower.

6.2.3 Plants

Plants, while generally considered to be poor accumulators of uranium, may be affected
by the presence of elevated uranium concentrations in the environment. Exposure to
uranium can occur through water (soil pore water, irrigation water or rainfal), from the
atmosphere (i.e. wet and dry deposition to foliage), from leaching of soil by root
exudates or from the direct incorporation of particulate matter. During studies at the
Yuma proving ground, the association of uranium and DU with vegetation and plant
litter was clearly established, athough the majority of determined uranium was
considered to be associated with particulate contamination of samples that was easily
removed by washing.

Any scenario exposure to plants occurs primarily through:

1) Atmospheric fallout of particulate material. This mode of contamination would
therefore be more likely where conversion efficiencies of metallic DU into
particulates and aerosols are high (i.e. tank attack onto armoured targets) or
following an intense fire in which DU is present. There is clear evidence that such
contamination may be minimized through thorough washing of vegetables, greens
and fruit.

2) Uptake of contaminated water. The mobility of uranium in the soil zone (see 6.2.1
above) and the proximity of uranium to the root zones of plants principally control
this mode of contamination. The relative importance of infiltrating uranium being
carried in from the dissolution of surface particulates compared to that derived from
the weathering of buried DU penetrators is therefore dependent upon the depth of
penetration. Although uptake into the plant may be minimal, it is possible that
uranium may become concentrated into the skin of vegetables and tubers during the
exclusion process (this has been demonstrated in some non-food plants; e.g. Basham
et a., 1989). Exposure may therefore again be reduced by careful peeling and
washing.
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6.2.4 Animals

Animals (domestic or undomesticated) may become exposed to DU through similar
routes to humans. Domestic animals are more likely to be given fodder grown outside
the affected area than wild stock, lessening their exposure. Animal exposure is likely to
be greater than that of humans, due to their often monotonous and less spatially diverse
diet. Herbivores typically ingest considerable quantities of soil while browsing and may
be particularly vulnerable to particulate DU present in soils and adhered to vegetation
surfaces. Carnivores may be affected by bio-accumulation from species |lower down the
food chain.

6.3 Human exposure scenarios

When considering human exposure to uranium in the environment, it is important to
consider the relative importance of the various exposure routes outlined above and in
the previous chapter. An awareness of the most significant exposure pathway in any
given circumstance allows the prioritisation of hazard assessment and control. For
example, if it isrecognized that the most important exposure route in a given scenario is
posed by the inhalation of dust, immediate measures can be taken to prevent inhalation
by suitable respiratory protection, exclusion from the area or by minimising wind-blown
dust through irrigation. If, however, the greatest probability of exposure is posed by
ingestion of contaminated food, measures can be taken to obtain aternative food
sources.

The first six scenarios consider exposure routes associated with the use of DU
munitions. Scenarios 7 and 8 represent exposure as a result of an air accident involving
an aeroplane carrying DU counterweights. Scenario 9 considers exposure in the
controlled environments of the uranium mining and processing industries.

Scenario 1; Person in attack zone

A person isin an area where the active use of DU munitions is occurring. The potential
for dermal contact is high and this may even take the form of wounding with fragments
of DU. The likelihood of exposure to DU aerosols and fine particulates as the result of
impacts is high. Amounts of ingestion are considered low and would be principally
associated with particles adhered to food.

Scenario 2; Relief worker in a war zone

A relief worker is entering a war zone to attend injured persons and assist with the
clearing of associated debris. The exposure potential is similar to that in Scenario 1; the
difference is that dermal contact is slightly reduced, and there is no risk posed by flying
fragments of DU munitions or armour. There is likely to be greater contact with dust
and soil, as people and debris are moved as part of the relief work. It has been suggested
that levels of DU in re-suspended dusts are much lower than those encountered
immediately after a high-energy impact asin Scenario 1 (CHPPM, 2000).

Scenario 3; Metal reclamation

Damaged armoured vehicles are decommissioned after military operations. Vehicles
have often been transported and stood in the open air for periods of time. Unused
munitions are removed, and in some cases vehicle parts may be salvaged for re-use. It is
also possible that local inhabitants may take metal parts for their own use. This may
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include armour containing DU. In this scenario welding and cutting equipment may be
used (note this exposure scenario has been quoted in AEPI (1995) as potentially
producing unacceptable levels of particulate DU). Dermal contact directly with DU
metal and dust represents a potentially significant mode of exposure. Secondary
mobilisation of dust may lead to inhalation, and welding, and cutting activities may
result in the formation of fumes or aerosols, which may also be inhaled.

Scenario 4: Local inhabitant

Following the cessation of military activities in an area, subsistence and commercial
farming may recommence. A farmer/plot holder and family will cultivate the soil and
consequently be exposed to fine particles contaminated with uranium that may be
inhaled or ingested. Contaminated soils may also be ingested as a result of hand to
mouth activities. There is some potential of dermal exposure to metal fragments and
dust. A subsistence farmer and his family will also rely on food and water that may be
contaminated with uranium. The time scale of this will vary and be dependent on the
bioavailability and mobility of the uranium in the environment. This will need to be
assessed on a site-specific or regionaly specific basis. Current estimates indicate that
DU munitions and armour degrade and chemically weather over a period of 100 to
1000-years (Erickson, 1990), although this is highly dependent on the particle size or
composition of any metalic uranium or uranium aloy; conceivably in some
environments this could be considerably less. Certain traditional farming methods
involve close contact with the soil and a stooping position that may encourage the
inhalation of dust. Other more mechanized methods may result in the enhanced
mobilisation and thus exposure by inhalation. Potential exposure to young children
accompanying adults may be high.

An inhabitant in an urban area where a plane crash has occurred or has been subjected
to bombardment may obtain some food from a vegetable patch or allotment garden
tended by themselves. The key differences from arura situation are that drinking water
and dairy products are likely to be obtained from uncontaminated sources.

Scenario 5: Children playing

The return to normal activities in an area where DU munitions have been deployed will
include children playing. This may be in areas where derelict military equipment
remains. The hand to mouth and inquisitive activities of children may lead to significant
dermal contact with metal fragments and dust. Ingestion of contaminated dust and soil
will be likely and ingestion of contaminated food and water may also occur. Secondary
mobilisation of fine contaminated particles may also increase potential exposure from
inhalation. This scenario will be of much greater importance in regions in which
geophagiais practised.

Scenario 6: Villager

Again this considers exposure following the cessation of military activities. People
returning to villages in areas which have been affected by military activities may be
exposed to DU in this environment (e.g. through the resuspension of dust or presence of
metallic penetrators). The most important exposure routes are those related to the
ingestion of drinking water and soil and dust, which are likely to be of greater
importance than foodstuffs. It islikely that in most cases foodstuffs will be derived from
avariety of local sources (or possibly from even wider afield). Drinking water and soil
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are probably more consistent factors controlling exposure although contamination of
drinking water supplieswill vary according to source and method of supply etc.

Scenario 7: Relief worker at an aircraft accident

A relief or salvage worker, or possibly an investigation team, will work in the area in
and around an aircraft crash site. Exposure routes are generally similar to those
associated with relief workers in war zones. The magnitude of exposure is likely to be
reduced because of the nature of the DU involved. Counterweights are large pieces of
encased metal, whereas munitions consist of uncased metal which is designed to impact,
and penetrate tank armour. Therefore, volatilisation and fragmentation are less likely
and the relative importance of associated exposure pathways should be reduced. In the
case of food and water ingestion, relief workers will be obtaining sustenance from
external sources, and eating and drinking are likely to take place in areas removed from
the crash site.

Scenario 8: Local inhabitant near a plane crash

An inhabitant of an area where a plane crash has occurred is assumed to obtain some
food from a vegetable patch or allotment garden tended by themselves. Thisisasimilar
scenario to that of a subsistence farmer in awar zone. The key differences are that in the
air crash zone drinking water and dairy products are likely to be obtained from
uncontaminated sources.

Scenario 9: Industrial exposure

The potential exposure of workers would be expected to be controlled through national
legidlation and international recommendations which are designed to limit exposure.
The greatest potential source of intake is likely to be by the inhalation of dust and
fumes, although uptake through contaminated wounds, ingestion and dermal absorption
cannot be excluded. Any contamination of food and drinking water will result from the
inadvertent presence of dust while at work; or aternatively from off-site transport of
dusts or waste products to the household environment. Because of the specific nature of
these industrial processes, appropriate monitoring of the working environment and of
the individual may be necessary. A guide on the assessment of exposure to uranium
from mining and associated activitiesis available from the IAEA (1989a) which, despite
ignoring the chemical toxicity of uranium, represents a useful approach in calculating
and minimising exposure. Advice on individual monitoring procedures is given in
|CRP-78 (1997).

Scenario 10: Background exposure

Background exposure illustrates the relative potential importance of various exposure
pathways in an area unaffected by man-made sources of uranium or DU.

Scenario summary The above scenarios give an indication of the most likely
exposure routes in a given situation. However, the specific conditions in an actual
situation may have a major influence on these assessments and must be considered. For
example, the potential magnitude of exposure posed by inhalation and ingestion of dust
and aerosols in scenarios 1, 2 and 7 above would be greatly reduced if the events took
place at a time of heavy rain. All exposure assessment and subsequent risk assessment
exercises require the consideration of material and site-specific factors.



There are several key factors that can be noted from the scenarios:
® Exposureislikely to be greater under uncontrolled conditions.

® The potential for exposure during military conflict in which DU munitions and
armour is used is more significant than that posed by the release of DU through air
accidents.

® The relative importance of a variety of exposure routes in a war zone situation is
similar for a range of scenarios. The actual health risk may however be of a very
different magnitude, depending on concentrations in air, water etc. and pattern of
exposure (e.g. acute or chronic).

® Qutside of direct exposure to DU in active warfare, those with a large potential for
exposure to DU are children returning to normal activities within a war zone. The
hand to mouth action and inquisitive play of children mean that they are the most
likely to be exposed in awide variety of exposure pathways.

6.4 Summary

Humans and animals may become exposed to uranium by inhalation, ingestion, dermal
sorption or injury (e.g. embedded fragments). The relative importance of each of these
exposure routes depends on the physical and chemical nature of the uranium to which
individuals may be exposed. For example exposure to uranium in a typical baseline
environment away from anthropogenic or geological sources is likely to be dominated
by ingestion of drinking water. In some cases, exposure may be dominated by the
deliberate consumption of soil where geophagy is practised. Alternatively, for coastal
populations, exposure may be dominated by the ingestion of shellfish. Estimates of
baseline exposure to uranium range from 0.0005 to 0.001 mg/day.

The pyrophoric nature of uranium means that when DU munitions are used in warfare
or training, a quantity of dust composed of mixed uranium oxides may be liberated in
the immediate vicinity of any impact. Such dust may be inhaled, or enter the food chain
either directly through the ingestion of dust on food or by plant uptake from surface
water, via the deliberate or inadvertent ingestion of soil by young children, via the use
of surface water for drinking or following migration of uranium into local groundwaters
which may be used for drinking water or crop irrigation. While the ingestion of foods or
soil and dust are likely to lead to exposure immediately following a period of conflict
incorporation and migration to groundwater may occur over a time span of tens,
hundreds of thousands of years.

During or after amilitary conflict exposure is also likely to be controlled by the type of
engagement and the type of DU munitions used. For example strafing attacks may
produce markedly different exposures than those likely to occur as a result of tank
battles.

Due to the wide variation in potential exposure scenarios to uranium from natural and
anthropogenic sources, it is recommended that exposure assessments are performed in a
tiered manner (Tier 1: desk assessment and review; Tier 2: field study and analysis; Tier
3: detailed site-specific exposure assessment/validation) prior to any decisions being
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made on the use of remedial measures or likelihood of potential health outcomes.

Current gaps in knowledge include:
- Weathering of DU combustion products and bioavailability (long-term and short-
term, appropriate climatic scenarios).
Relative importance of soil ingestion (regional dependence).
Validation of actual exposure (natural and following conflict).
Ecological cycling (food stuffs and plant uptake).



7 Behaviour of uranium in the body
7.1 Introduction

Although ubiquitous in the environment, uranium has no known metabolic function in
humans and animals and has been generaly regarded as a nonessential element.
However, as in the case of many heavy metals, the search for health effects related to
short-term and long-term exposure to uranium has an extended history. The first
recorded reference to studies on uranium exposure dates back to 1824, only 40 years
after its discovery. Later in the same century, studies on human subjects showed that
uranium could be administered as a therapeutic agent for diabetes as it had been shown
to increase glucose excretion (Hodge et al., 1973). During the final decades of the
20"M-century, research into the occurrence and toxicity of natural uranium continued to
be undertaken, with increasing emphasis being placed on understanding natural and
baseline exposure to uranium and uranium-series radionuclides, on the toxicity of short-
lived decay products such as radon and its progeny, and on the effects of chronic long-
term exposure to natural uranium. These developments occurred in paralel with the
development of increasingly sensitive and robust analytical techniques for the
determination of uranium in soil, water and stream sediments primarily developed for
application in the exploration and exploitation of uranium resources. Such techniques
have also proved of great value in improving our understanding of how uranium
behaves in the body.

As has been indicated in numerous scientific and general interest publications over the
past decade, very little health-related research has been undertaken specifically on DU.
The major reason for this is the extensive research undertaken on natural and enriched
uranium, both of which pose a greater radiological hazard and an identical toxicological
chemical hazard to depleted uranium. However, it is aso important to realize that any
resultant health effects from exposure to depleted uranium, due to radioactive decay or
chemical interactions, do not necessarily occur in isolation. For example, although no
direct information appears to be available on this subject, ATSDR (1999) points out that
co-exposure to other nephrotoxins (e.g. lead and cadmium) could have an additive
effect. Similarly, little reliable data exists on synergistic effects that may lead to
enhanced uptake or excretion of uranium compounds.

7.2 Biodistribution and toxico-kinetics

Although uranium has no known metabolic function, its strong affinity for many
physiological compounds suggest that it is unlikely to exist, except transiently, as free
ions. For example, given the near-neutral pH of blood and many body fluids, it is
generally accepted that the most important species controlling uranium mobility in the
systemic circulation are the carbonate, bicarbonate species and citrate complexes of
U(VI) (Cooper et al., 1982). For example, about half of the U(V1) circulating in blood is
present as carbonate complexes (e.g. UO,COs and UO,(COs),%) (Durbin, 1984) or
associated with bicarbonate and citrate complexes (Cooper et a., 1982). However, at
dlightly lower pH, in the range 5 to 6, uranium is aso known to complex strongly with a
wide range of organic ligands and these might be expected to impact on the assimilation
of uranium into body tissues from the systemic circulation. In urine, uranium is present
predominantly as the bicarbonate complex (Cooper et al., 1982)
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Uranium has been shown to form strong complexes in-vitro with biological molecules
containing phosphate (e.g. glucose phosphate, phospholipids and nucleic acids and for
glucosamine, acetylglucosamine and related polymers) (Guibal et al., 1996; Wedeen,
1992), although the presence of some of these compounds has yet to be established in-
vivo.

The ICRP biokinetic models for predicting the behaviour of uranium in the body are
described in more detail in Annex 4. Other toxico-kinetic models covering the systemic
behaviour of uranium include those proposed by Sontag (1986), Fisher et al. (1991) and
Wrenn et al. (1988).

7.3 I ngestion

Absorption of uranium from the gastrointestinal tract (GIT) depends on the bio-
solubility of the uranium compound, previous food consumption and concomitant
exposure to oxidising agents. Wrenn et al. (1985) quoted a value of 1% to 2% average
human gastrointestinal absorption. This has gained general acceptance and the currently
recommended generic average human gastrointestinal absorption value for uranium is
considered to be about 2% (WHO, 1998b; Leggett and Harrison, 1995; ICRP-72, 1996).
Studies of GIT uptake factors in animals showed variance with quantities of uranium
administered, age, dietary stress such as iron deficiency, and fasting. For example,
various studies cited in ATSDR (1990) indicate factors of 3 to 4 times enhancement
under these conditions compared to values obtained during studies on well-nourished
adult animals. Uptake factors for specific modes of ingestion are discussed below.

Drinking Water: Uranium dissolved in water is almost exclusively present as the
hexavalent species, and hence uptake factors for this form should generally be applied
during the calculation of uptake from the human gut. For example the IAEA (1989a)
suggested a gut uptake factor for uranium in water of 5% for most hexavalent
compounds and a factor of 0.2 % for UO2, U3Og and most tetravalent compounds. More
recent data from Harduin et a. (1994) suggest that 5% may be a conservative estimate
and that a lower uptake factor of 2% for soluble components in water should be
adopted.

Food: Wrenn et al. (1985) reviewed uranium uptake factors across a range of average
diets and suggested an uptake factor of 2% to 3%. However, these authors report that
values as high as 20 % have been quoted in the literature. It should be noted that these
authors also report a significantly greater uptake factor in rats than other species, and
suggest that rats should not be used to determine uptake factors for man.

Soil: The bioavailability of uranium in soils depends on the physical—chemical form in
which the uranium is present. It is therefore impossible to suggest a single value or
range of values associated with soils, particularly as the diversity of potential chemical
forms of uranium and soil types is large. Characterisation and solubility measurements
of uranium contaminated soils undertaken by Elless et al., (1997) confirm these general
points and emphasize the wide variability in solubility (and inferred bioavailability) of
uranium from various sources. However, given our current knowledge of conditionsin
the human gut and the aqueous chemistry and mineralogy of U, it is reasonable to
hypothesize that uranium mobility (and thence bioavailability) is likely to be higher in
the neutral conditions of the upper intestine, than in the acid conditions of the gut. This
may be influenced by the formation of stable oxy-anion complexes. Consequently, the
use of acidic leachates to assess solubility as described in Elless (1997) may yield
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different results from those obtained using other forms of physiologicaly based
extraction tests (e.g. Ruby et al., 1996)

7.4 Inhalation

Clinical postmortem studies of an occupationally exposed worker indicate that
significant amounts of uranium are present in lung tissues (Kathren et al., 1989). This
indicates inhalation has been an important source of accumulation.

The amount of particulate material deposited in the respiratory tract will depend on
several factors, which include particle size and shape, breathing rates etc. These factors
have been described in detail in the ICRP Human Respiratory Tract Model (HRTM)
(ICRP-66, 1994a), see also Annex 4. Absorption of inhaled uranium into the systemic
circulation will depend on the rate at which particles dissolve in the lungs and on their
interactions with the ligands present in lung fluid.

Generic absorption parameters for soluble (Type F), moderately soluble (Type M) and
poorly soluble (Type S) compounds have been published by ICRP. These are also
summarized in Annex 4, along with factors influencing lung retention.

Table7.1 Absorption types for uranium compounds (ICRP-71, 1995b).

Type Typica Compounds
F UFe, UO2F, UO(NO3),
M UQO;3, UF,4, UCI,, UsOg
S UO,,

F Fast;M Modeate S Slow

Note some preparations of UzOg can be assigned to Type M while for others their behaviour lies between
Type M and Type S.

The behaviour of al the compounds formed in the nuclear fuel cycle has been studied
extensively. Recently, much of this work has been reviewed and material-specific
values have been reported in terms of HRTM parameters (Hodgson et al., 2000;
Ansoborlo et a., 2001). When sound experimental data are available ICRP has
recommend for many years that these should be used instead of the default given in the
HRTM model. Material-specific biokinetics and toxico-kinetics of uranium oxides are
discussed further in Chapters 10 and 12.

In the absence of material-specific in-vivo data, in-vitro dissolution studies (Edison,
1994) can provide much useful information which can be of use in assessing the
implications to exposure.

It is recognized that there is a paucity of data on the dissolution and absorption
characteristics of aerosols formed as a consequence of the combustion and thermal
oxidation of DU. In this context, in-vitro studies and an improvement in our
understanding of the mineralogical nature of these particles will provide rapid and cost-
effective information given the physical—chemical variability of such materials resulting
from different scenarios and outcomes.



In-vitro solubility analysis of particles (< 10um AED in diameter) produced
immediately following the impact of DU munitions found that between 24% and 43%
of the total particulate load dissolved rapidly. The remainder of the particles were
relatively insoluble with a predicted lung retention half time of longer than 100 days
(Jette, 1990). While these data may be used to estimate the radiological dose received
from inhalation of such particles immediately following impact, further study is
required to assess the impact of weathering on particle solubility class.

7.5 Injury, insult and dermal sorption

Increased concentrations of urinary uranium (up to 150 times compared to those
observed in control groups without fragments) have been observed in soldiers with
retained DU fragments (Hooper et al., 1999). These studies also revealed a slow
continuing release of uranium from individuals with fragments over one year later,
suggesting a slow controlled release of DU. Paralel studies undertaken on rats have
reported increased concentrations of DU in the kidneys and bone, although detectable
amounts were also observed in the brain, testicles and lymph nodes of exposed animals
(Pellmar et al., 1999a) (see Chapter 8 for further details). Further validation and
research into the implications of this data are required.

It has been demonstrated in animal studies that soluble uranium compounds such as
nitrate can be absorbed through the skin (Orcutt, 1949; DeRey et al., 1983, 1984). In
studies with rabbits, death due to renal failure was observed to occur via this mode of
exposure with a lowest LDsg value of 28mg uranium per kg as uranyl nitrate in an
ethereal solution (Orcutt, 1949). Rats and guinea pigs were observed to be significantly
less sensitive. More recent studies of sub-acute dermal exposure to uranyl nitrate
(typical applied concentrations 0.6 g/ml uranyl hexahydrate to skin areas of between 0.5
and 16 cm?) by Lopez et al. (2000) confirm the observations of earlier studies of acute
exposure citing histological aterations of the kidney that increased in severity with the
magnitude of exposure. Parameters describing dermal absorption coefficients for
various compounds have not been reported although studies indicating changes in skin
permeability with exposure to uranium (thereby favouring the entry of uranium into the
body) were cited by Lopez et a. (2000).

7.6 Excretion and elimination

Given the relatively low uptake of uranium from the gut it follows that most ingested
non-absorbed uranium is excreted in faeces. Experimental evidence has shown, that
once uranium enters the systemic circulation (i.e. passes through the gut wall and enters
the blood) about 90% of it will be excreted through the kidneys as urine over a period of
a few days. The exact proportion of uranium excreted depends upon its chemical
speciation in blood. Retention of uranium in the kidney has been attributed to the
creation of complexes with proteins and phospholipids in the proximal tubule (Wedeen,
1992). Faecal excretion typically accounts for less than 1% of the uranium absorbed
from the gut ICRP-69, (1995a).

Clearance from the skeleton is considerably slower; half-lives of 300 and 5000 days
have been estimated, based on a two-compartment model (WHO, 1998b; Kathren et al.,
1989). A more in-depth discussion of the kinetics of retention following uptake into the
systemic circulation is given in ICRP-69, (1995a) and/or ATSDR, (1999) to which the
reader is referred.
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Because of its rapid and substantial urinary excretion the concentration of uranium in
urine can form the basis of assessing intake (e.g. Hooper et al., 1999; ICRP-78, 1997).
Once measurements in urine have been made, biokinetic models may then be used to
calculate intake. However, for inhalation, lack of information on the temporal pattern of
exposure and chemical form and variation in natural excretion (e.g. Dang et al., 1992)
reported urine concentrations of 0.0128 g/l as an average for ‘unexposed individuals
whereas Medley et al. (1994) observed values of 0.004 to 0.057 ug/l) can result in
appreciable errors in such estimates (e.g. Stradling et al., 1998). For the specific case of
DU, it may be possible to utilize differences in isotopic ratio to evaluate the upper limit
of intake that corresponds to doses at the mSv level (Roth et a., 2001). Similar
considerations should also apply for assessing the upper limits of DU in other tissues.
These issues are discussed further in Chapters 10, 11 and 12.

For military veterans containing embedded DU, urine excretion levels of between 10
and 20 pg/l have been reported (Hooper et a. 1999). Negative finding regarding renal
injury have been reported amongst such individuals (McDiarmid et al, 2000). This
issue is discussed later in the following chapter. Gulf war veterans exposed to DU from
inhalation, ingestion and wounds, showed average urinary excretion, 7 years post
exposure, of 0.08 pg U/g creatinine, with the highest rates around 30 pg U/g
(McDiarmid et al., 2000). Normal excretion of creatinine is considered to be 1.7 g/day
(Jackson, 1966).

The occupational exposure decision level used for uranium workers at one facility in the
United States is 0.8 pg/l of uranium in urine (FEMP, 1997). This value assumes an
acute inhalation intake of moderately soluble uranium and a 60-day urine sampling
frequency. For investigational purposes a value of 4 pg/l of urine is used for UK
workers (information from Dr M Bailey, UK NRPB).

7.7 Accumulation

In autopsies of chronically exposed individuals, uranium has been observed in the
skeleton, liver and kidneys in the average ratio of 63:2.8:1 (Kathren et al., 1989).
Variations in this ratio are common and are dependent on the pattern and nature of
exposure (Fisenne, 1993; ATSDR, 1999). The ratios are consistent with studies
performed on mine workers and members of the public (Wrenn et al., 1985) and reflect
the affinity of uranium for phosphate, which is abundant in bone. A similar distribution
would be expected for DU and uranium provided the patterns of intake are comparable
and the delay between cessation of exposure and autopsy are similar.

In the studies performed by Pellmar et al. (1999a) rats were surgically implanted with
sterilized DU and/or tantalum pellets within the gastrocnemius muscle. As early as one
month after pellet implantation and at subsequent sample times (six months), brain
concentrations of uranium were statistically elevated in DU-implanted rats compared to
controls implanted with tantalum (e.g. less than 2 to approximately 120ng U/g tissue
after six months implantation with 20 DU 1" 2 mm pellets). The authors also observed
that levels of uranium were statistically elevated in the testes of exposed animals when
compared to those in the control group (e.g. less than 50 to approximately 600ng U/g
tissue after 18 months implantation with 20 DU 1" 2 mm pellets). Levels of uranium in
both testes and brain tissues were observed to be positively correlated with exposure
(number of implanted pellets). Significant amounts of uranium were excreted in urine
throughout the study (e.g. 1010+ 87 ng uranium per ml urine in high-dose rats at
12-months exposure). The study suggests that in arat model, uranium can accumulate
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within the central nervous system and testicles. The accumulation of uranium in brain
tissues has also been observed by Ozmen and Y urekli (1998).

No treatment-related effects (brain lesions) were identified during histopathological
analysis of brains from animal studies performed by Gilman et al., (1998a, 1998b,
1998c).

7.8 Summary

Uranium may enter the body through the skin, lungs or gut. Once it has entered the
systemic circulation it is distributed throughout the body, where it may become
absorbed onto the surface of bone, accumulate or most likely be excreted through the
kidneys.

Absorption via the inhalation route depends upon the size and chemical composition of
the inhaled particulates and their biological solubility. While absorption through the gut
and skin largely depend upon the bioavailability of the various DU compounds to which
an individual has been exposed. Typical gut absorption factors for uranium in food and
water are in the order of 2% for U(VI) compounds and less for the generaly more
insoluble compounds of U(1V). Soluble uranium and DU compounds may be absorbed
through the skin.

A number of biokinetic models exist that describe and model the biokinetics of uranium
and hence DU in the body. The most recent are the ICRP models for the lung, systemic
circulation and gut (all summarized in Annex 4). Whilst these models describe the
distribution of uranium amongst major organs, they tend to be orientated to radiological
protection issues and have not addressed more recent data relating to the distribution of
uranium into testes and brain.

Current gaps in knowledge include:

- Distribution (modelled and experimentally determined) of uranium at minor
concentrations and in minor organs.
Validation of animal datato man on biodistribution into brain, liver and gonads.
Uranium distributions at a cellular level; bio-uptake of uranium derived from DU
munitions throughout all exposure pathways in comparison with typical non-
munition derived uranium and DU.
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8 Thechemical toxicity of uranium

8.1 Introduction

The chemical toxicity of agiven elemental compound is related to the interaction of the
compound with the biochemical processes of the human body. Some of these
interactions may be beneficial or even essential, whereas others may be detrimental. For
example, metal ions may interact in a positive or negative way with important
functional sites of enzymes. Others may compete with essential metals for uptake or
incorporation into proteins. Often the mechanisms of these effects are poorly understood
particularly where different species of the same metal are likely to exist in different
environments within the body across a wide variety of spatia and temporal scales. The
chemical action of all isotopes and isotopic mixtures of uranium are identical, and
independent of the specific activity, because chemical action depends only on chemical
properties. Thus the chemical toxicity of natural, depleted, and enriched uranium are
identical (ATSDR, 1999). The health effects from exposure to uranium have been
recently reviewed (WHO, 1998a and b; ATSDR, 1999; Fulco et al., 2000, Durakovic,
1999).

In the 1990s, the subjective symptoms and signs of disease among Gulf War veterans
have been extensively studied, and the role of exposure to uranium as a possible
underlying causative agent has been explored (Fulco et al., 2000; Harley et al., 1999b;
CHPPM, 2000; Durakovic’, 1999).

The health risks caused by chemical effects of uranium exposure, that is effects not
related to ionizing radiation, can be assessed using the IPCS guidelines for derivation of
guidance values for health-based exposure limits (WHO, 1994), which are the basis of
the risk estimates in the IPCS Environmental Health Criteria Document and Concise
International Chemical Assessment Document series.

Tolerable intake (TI: usually expressed as mg/kg of body weight per day) in these
guidelinesis defined as ‘ an estimate of the intake of a substance which can occur over a
lifetime without appreciable health risk’. For chemicals like uranium, for which it is
likely that a threshold below which no adverse health effect will occur, the approach
used is based on a perceived No Observed Adverse Effect Level (NOAEL) or Lowest
Observed no Adverse Effect Level (LOAEL) and uncertainty factors (UF).

The NOAEL is defined (WHO, 1994) ‘as the greatest concentration or amount of a
substance, which causes no detectable adverse alteration of morphology, functional
capacity, growth, development or life span of the target organism under defined
conditions of exposure. Alterations of morphology, functional capacity, growth,
development or life span of the target may be detected which are judged not to be
adverse'.

In order to derive a tolerable intake from a NOAEL, the NOAEL is divided by an
uncertainty factor, which is (WHO, 1994) ‘a product of several single factors by which
the NOAEL or LOAEL of the critical effect is divided to derive a Tl. These factors
account for adequacy of the pivotal study, interspecies extrapolation, inter-individual
variability in humans, adequacy of the overall database, and nature of toxicity’.

Components of the applied total uncertainty factor are based on ‘best judgement’ from
available data; when no adequate data exist for a specific factor, a default value is used.
For example, for the extrapolation between species, the default uncertainty factor is 10,
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which is composed of factors of 4.0 for toxico-kinetic and 2.5 for toxico-dynamic
uncertainties. Similarly in the assessment of uncertainties associated with extrapolation
between various human sub-populations (comprising all age groups, and healthy as well
as sick people) a default inter-individual human uncertainty factor of 10 has been
recommended (WHO, 1994). Combination of these factors leads to a total default
uncertainty factor of 100. Other uncertainty factors may be applied to account for
inadequacies in the database and/or critical study (WHO, 1994).

The consideration of uncertainty factors described above relates primarily to exposure
of ageneral population. While similar principals may be used to estimate tolerable daily
intakes for occupational exposure this has not gained general acceptance (WHO, 1994).
Two reasonsfor this are:

) that the more vulnerable members of the human population (children, the sick
and the elderly) do not form part of the generally exposed occupational
population.

(i) that workplace exposures can be controlled and monitored.

Methodologies for deriving occupational exposure limits for uranium and DU are
presented separately in Chapter 10 and in Annex 5.

8.2 Toxicity in experimental animalsand humans
8.21 Experimental animals

Inhalation

The dose response behaviour of a specific inhaled substance is highly dependent on the
particle size distribution and chemical nature of a given inhalation experiment. While
some useful data in this respect is given in the early literature, in aimost al cases a
significant amount of such contextual data relating to the conditions of the exposure are
lacking. Because of these factors it is difficult in the case of inhalation to interpret
LOAEL and NOAEL data solely from the quantities and chemical form of inhaled
material. Because of this, supplementary data giving concentrations for a specific target
organ is especialy useful when deriving a LOAEL or NOAEL for that particular organ.
Such datais tabulated later in this Chapter for the kidney in animal experiments.

Pulmonary toxicity of uranium varies among species and is dependent on the chemical
form of uranium (Tannenbaum et al., 1951). Mortality can be induced in rats and guinea
pigs at high concentrations of uranium hexafluoride (about 26 to 35 mg U/m°). The
cause of acute death is apparently irritative damage to the respiratory tract and this is
probably due not to uranium but to hydrofluoric acid, a hydrolysis product of uranium
hexafluoride (Spiegel, 1949; Leach et al., 1984) although mortality may be due to
kidney effects. Pulmonary edema, haemorrhages, inflammation and emphysema were
also observed in rats, mice and guinea pigs after 30 days exposure to 13 mg U/m® as
uranium hexafluoride (Spiegel, 1949).

Slight degenerative changes in lung histology were observed in rats and dogs exposed to
uranium trioxide and dogs exposed to uranyl nitrate hexahydrate at exposure levels of
approx. 10 mg U/m?® for 4 to 5 weeks, but not after similar exposure to uranium dioxide
or triuranium octaoxide (Roberts 1949; Rothstein 1949; Dygert 1949).
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Rabbits are sensitive to uranium-induced pulmonary damage: pulmonary edema and
haemorrhages were reported after exposure to ammonium diuranate, uranium peroxide,
uranium trioxide, and carnotite, but not after exposure to uranium dioxide (Dygert,
1949; Rothstein, 1949; Pozzani, 1949).

In long-term studies, with exposure up to one year with several animal species (rats,
rabbits, guinea pigs, hamsters and dogs) and various uranium compounds (soluble and
insoluble), no signs of pulmonary changes were observed in a concentration range of
0.05 to 10mg U/m® (Cross et al., 1981a, 1981b). Chronic exposure of rats, dogs and
monkeys to 5 mg U/m® for 1 to 5 years, as uranium dioxide did not reveal histological
changes in the lung nor damage to the kidneys. A post-exposure follow-up study
showed dlight interstitial and vascular fibrosis in dogs and some pulmonary fibrosis in
monkeys (Leach et al., 1970, 1973). However, investigators stated that radiation rather
than chemical toxicity was believed to have caused the injuries noted.

Renal effects can be produced in animals after acute-duration and intermediate-duration
inhalation exposures to uranium. A 10-minute exposure to 675 mg U/m® as uranium
hexafluoride produced severe degeneration of the cortical tubules 5to 8 days later in
rats (Spiegel, 1949). These same effects were observed in dogs 1to 3 days after a 1-
hour exposure to 250 mg U/m® as urany! fluoride (Morrow et al., 1982). Proteinuria and
glucosuria were aso observed in rats after 2 to 10-minute exposures to uranium
hexafluoride (Leach et al., 1984).

In intermediate-duration studies with guinea pigs, mice, rats, cats, rabbits, and dogs,
inhalation exposures to a variety of uranium compounds were damaging to the kidneys.
The effects were compound-dependent and concentration-dependent and ranged from
minimal microscopic lesions in tubular epithelium (for low concentrations) to severe
necrosis of the tubular epithelium (for high concentrations) in several species (Dygert,
1949; Pozzani, 1949; Roberts, 1949; Rothermel, 1949; Spiegel, 1949; Stokinger et al.,
1953). In one of these studies, mice were exposed to uranium tetrachloride dust for
30-days. The exposure resulted in severe degeneration and necrosis of the renal-cortical
tubular epithelium, and mortality, in the 11 mg U/m? group by the third day. At the end
of the study, moderate tubular degeneration was observed in the 2.1 mg U/m? group and
minimal degeneration in the 0.1 mg U/m? group.

The nephrotoxic effects of uranium in animals may include damage to the glomerulus as
evidenced by histopathological signs in the kidneys of rats and rabbits exposed to
15.4mg U/m* as uranium dioxide for 23 days (Dygert, 1949) and dogs exposed to
15mg U/m? as uranyl fluoride for five weeks and to 16 mg U/m® as uranium trioxide
for four weeks (Rothstein, 1949).

In long-term inhalation studies with rats and dogs, soluble and insoluble uranium
exposures as low as 0.05mg U/m® and as high as 10 mg U/m® for 1to 5 years were
damaging to the kidneys. Nephrotoxic effects found in these animals ranged from
minimal microscopic lesion in tubular epithelium (for low concentrations) to acute
tubular necrosis (for high concentrations) (Leach et al., 1970; Stokinger et al., 1953).
For further comments on issues regarding inhalation toxicity, its incorporation into
| CRP methodol ogies and occupational exposure standards see Annex 5.

Oral

The derivation of dose response data from ingestion is less dependent on experimental
conditions and toxio-kinetics than that derived from inhaation. Making the commonly
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used derivation of TDI values directly from concentrations of ingested material less
subject to uncertainty.

The oral toxicity of uranium compounds has been evaluated in several animal species.
Oral LDsp (dose producing 50% mortality rate) values of 114 and 136 mg U/kg have
been estimated for rats and mice, respectively, following single gavage administrations
of uranyl acetate dihydrate (Domingo et a., 1987).

Rats exposed to a single average dose of 5.6 mg U/kg suffered slight renal dysfunction
and minimal microscopic lesions in the tubular epithelium (Domingo et al., 1987,
1989a). In intermediate-duration animal studies, exposure to uranium (uranyl fluoride,
triuranium octaoxide, uranyl nitrate hexahydrate, uranium tetrachloride, uranium
peroxide, ammonium diuranate) at oral doses as low as 0.05 mg U/kg/day and as high as
7858 mg U/kg/day for 30 days were damaging to the kidneys. Nephrotoxic effects
found in these animals ranged from minima microscopic lesions in the tubular
epithelium (for low doses) to extensive necrosis in the tubular epithelium (for high
doses of soluble compounds) (Maynard and Hodge, 1949).

Rats exposed to uranium as uranyl nitrate in drinking water for 91 days were found to
have renal lesions of the tubules, glomeruli, and interstitium observed in the lowest
exposure groups (males 0.06 mg U/kg/day; females 0.09 mg U/kg/day) (Gilman et
al., 1998a). The studies by McDonad-Taylor et a. (1992, 1997) produced similar renal
lesions (thickened glomelular basement membrane) in rabbits.

For various endpoints and animal species ATSDR reported minimal effect levelsin the
range of 1 to 10 mg/kg of body weight per day (ATSDR, 1999). For example Ortega,
(1989) observed adverse effects with rats at exposure levels, viaingestion, of 1.1 mg/kg
per day. For cattle and sheep Puls (1990) reported that minimal effects are associated
with a daily uranium intake of 400 or 50 mg U, respectively (corresponding to 1mg
U/kg of body weight for both species).

For rabbits exposed to uranium as uranyl nitrate in drinking water for 91 days, dose-
dependent histopathological changes were primarily limited to the kidney. Dose-
dependent differences consisted of histopathological changes limited primarily to
kidney; changes were more pronounced in male rabbits (Gilman et al., 1998b). In
another study, male New Zealand rabbits were exposed to uranium as uranyl nitrate in
drinking water for 91 days, and were then allowed to recover for several weeks (Gilman
et al., 1998c). The lowest-observed-adverse-effect-levels (LOAELS) in these studies
were 0.05mg U/kg/day for non-Pasteurella free rabbits and 0.49mg U/kg/day for
Pasteurella free rabbits. While not being essential for deriving a tolerable intake, data
relating to the concentration of uranium in kidney and bone is useful for linking
LOAELSs to organ-specific data produced from biokinetic models, commonly used for
assessing radiological and chemical effects in radiological protection (e.g. Spoor and
Hursh, 1973; also see Chapters 10, 12 and Annex 5). This data is summarized from the
recent studies by Gilman et al. (1998a, 1998b, 1998c) in Table 8.1.
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Table8.1 Kidney and bone concentrations observed in experiments performed by
Gilman et al., during the 1990s.

Study SEX/Type LOAEL Kidney Bone
mg U/kg body Ha/g Ha/g
wt / day

1 M Rat 0.060 <0.2 <1.78
F Rat 0.090 <0.2 <1.78

2 M Rabbit 0.050 0.04 +0.03 0.09 + 0.05

F Rabbit 0.490 0.019+ 0.01 0.053 + 0.004
3 M Rabbit <1.360 0.18 +0.13 0.20 + 0.05
F Rabbit <1.360 0.18 +0.13 0.20 + 0.05

1 Gilmanetal. (19983) 91 day experiment Sprague-Dawley Rat

2 Gilmanetal. (1998b) 91 day experiment New Zealand White Rabbits
(Specific Pathogen Free (SPF) derived)

3 Gilmanetal. (1998c) 91 day experiment New Zealand White Rabbits (SPF)

The pathogenesis of the kidney damage in animals indicates that regeneration of tubular
epithelium occurs in survivors upon discontinuation of exposure to uranium (Bentley et
al., 1985; Dygert, 1949; Maynard and Hodge, 1949; Pozzani, 1949; Rothemel, 1949;
Rothstein, 1949; Spiegel, 1949; Stokinger et al., 1953).

Leggett (1989) cites that tolerance may develop following repeated exposure to
uranium, but this tolerance does not prevent chronic damage to the kidney, as the
regenerated cells are quite different. Persistent changes in the proximal tubules of
rabbits have been reported to be associated with the kidney’s ability to store uranium
(McDonald-Taylor et a., 1997). In another study Gilman et al. (1998c) describes a
recovery study performed on New Zealand White Rabbits exposed to uranium nitrate
(24 or 600 mg/l corresponding to 1.4mgU/kg body wt/day and 41 mgU/kg body
wt/day respectively) for 91 days. Rena tubular injury with degenerative nuclear
changes, cytoplasmic vacuolation, and tubular dilation were seen in the high dose group
without consistent resolution even after 91 days. Kidney concentrations observed in the
high exposure group decreased from 3.48 + 1.54 to 0.02 + 0.01 pg/g over the 91 day
recovery period in an exponential manner.

Reproductive and developmental toxicity In severa studies with mice given soluble
uranium compounds (uranyl nitrate hexahydrate, uranyl acetate dihydrate), the
teratogenic, embryotoxic and reproductive effects of uranium have been studied
(Domingo, 1989a,1989b). Exposure-related fetotoxicity, reduced fetal body weights,
external and internal malformations, increased incidence of developmental variations,
and decreased fertility were observed. In rats, unspecified degenerative changes in the
testes have been reported following chronic administration of uranyl nitrate hexahydrate
and uranyl fluoride in the diet (Maynard and Hodge, 1949; Maynard et al., 1953;
Malenchenko et a., 1978).

Carcinogenicity Although bone cancer has been induced in experimental animals by
injection or inhalation of soluble compounds of high-specific-activity uranium isotopes
or mixtures of uranium isotopes, no carcinogenic effects have been reported in animals
ingesting soluble or insoluble uranium compounds (Wrenn et al., 1985). However,
given the nature of ionizing radiation damage to DNA, retention of any radioactive
material in the body will have associated an increase in the probability of cancer; albeit
small and depending on the radiation dose.
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8.2.2 Implanted depleted uranium fragments

The chronic long-term health consequences of exposure to depleted uranium (DU)
fragments have been addressed by Benson and Schnieder (1998) and Pellmar et al.
(1999a).

Pellmar et a. (1999a) undertook studies in rats surgically implanted with sterilized DU
and/or Tantalum pellets (see Chapter 7). The results of these studies concluded that in a
rat animal model, uranium could accumulate within the central nervous system and
testicles. A follow-up study by the same group (Pellmar et al., 1999b) assessed the
potential for electrophysiological changes in the hippocampus of rats implanted with
DU fragments. At 12 months, the amplitudes of synaptic potentials were significantly
greater in tissues derived from high-dose DU-implanted rats compared with controls.
But, in the same anima model, uranium did not affect locomotive activity,
discrimination learning, or the results of a battery of general functional measures
(Pellmar et al., 1997), which makes it difficult to interpret the significance of uranium
accumulation in the brain. No nephrotoxicity was observed in these animals or in
studies of kidney function performed in female rats implanted with depleted uranium
pellets for a period of 84 days (Benson and Schneider, 1998). These observations are
markedly inconsistent with observations made on rats and other mammals in which
exposure to uranium occurred through ora ingestion (e.g. those discussed in 8.2.1
above).

8.2.3 Dermal absorption

Soluble uranium compounds such as nitrate can be absorbed through the skin (Orcutt,
1949; DeRey et al., 1983, 1984). In studies with rabbits, death due to renal failure was
observed to occur viathis mode of exposure with alowest LDsp value of 28 mg U/kg as
uranyl nitrate in an ethereal solution (Orcutt, 1949). Rats and guinea pigs were observed
to be significantly less sensitive. In the specific case of acute exposure of animals to
uranyl nitrate, penetration into the intracellular space between the granular and horny
layers of the skin was observed to occur within a period of 15 minutes; after 48 hours no
residual uranium was observed in the skin (DeRey et al., 1983). These authors
considered this to be due to absorption of uranium into the systemic circulation resulting
in weight loss and, in severe cases, death. More recent studies of sub-acute dermal
exposure to uranyl nitrate (typical applied concentrations 0.6 g/ml uranyl hexahydrate to
skin areas of between 0.5 and 16 cm?) by Lopez et a. (2000) confirm the observations
of earlier studies of acute exposure. In these studies histological alterations of the
kidney that increased in severity with the magnitude of exposure were noted along with
a dose-dependent reduction in bone volume and bone alteration. Parameters describing
dermal absorption coefficients for various compounds have not been reported although
studies indicating changes in skin permeability with exposure to uranium (thereby
favouring the entry of uranium into the body) have been reported. For example Ubios et
al. (1997) have determined that application of acute levels of soluble uranium
compounds (i.e. 0.012 g U/day) to the skin can significantly reduce the thickness of the
epidermis (41 + 14 to 21 + 10 um). Such thinning of the epidermis was also observed to
be present 60 days after the cessation of a 31 day, daily application regime. Results of
these tests were considered by the authors to be due to the chemical rather than
radiological effects of U.
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8.24 Humans

Inhalation

Inhalation of dusts of various uranium compounds will have different chemical toxicity
depending mainly on the biological solubility and chemical reactiveness with body
tissues.

Despite evidence indicating lethal effects of uranium to various animals (including
rabbits, which appear to be particularly sensitive to the toxic effects of uranium),
epidemiological studies indicate that routine exposure to airborne uranium is not
associated with increased mortality (ASTDR, 1999). Brief accidental exposure to high
concentrations of uranium hexafluoride has caused acute respiratory illness, which may
be fatal. However, this is most likely to be due to the hydrogen fluoride liberated from
uranium hexafluoride upon hydrolysis.

In studies on uranium miners and those mining other ores (e.g. tin and iron), an
increased risk of lung cancer has been attributed mainly to exposure to radon decay
products (see Chapter 9.4). Studies of these underground miners indicate that risks of a
few other types of cancer and of chronic respiratory disease might be increased,
although not due to radon (Darby et al., 1995; NRC, 1999; Fulco et al., 2000). However,
it isunclear which out of the other toxicants in mines (including engine exhausts, silica,
nickel oxide, cobalt oxide, vanadium pentaoxide, inhalable dust particles and uranium)
might be relevant to the aetiology of these diseases

Studies of uranium workers other than miners while reducing the importance of these
confounders may also be sensitive to other data inadequacies and/or confounders. For
example the largest exposures are likely to have occurred in the 1940s and 1950s at a
time when safety requirements were less stringent, record keeping by employers was
poorer and testing was less commonplace. Similar deficiencies exist in the accuracy by
which various health outcomes (i.e. nephritis) are codified and/or recorded, although
generally thisis less of a problem for cancer than for other diseases. In over 10 studies
on such workers no excess of respiratory cancer or non-malignant respiratory disease
has been established in relation to uranium exposure. (ATSDR, 1999 studies also cited
and reviewed in Fulco et al., 2000). However, the statistical power of these studies was
generally low. In particular, Fulco et a. (2000) concluded that there was
limited/suggestive evidence of no association between exposure to uranium and lung
cancer for cumulative internal doses below 200mSv, but that there was
inadequate/insufficient evidence to determine whether or not there is an association at
higher doses. Fulco et a. (2000) also concluded that there was inadequate/insufficient
evidence to determine whether or not there is an association between uranium and either
lymphatic cancer or bone cancer.

Several epidemiologica studies have found no increased mortality in uranium workers
due to renal disease (Archer et al., 1973a, 1973b; Brown and Bloom, 1987; Checkoway
et al., 1988; Polednak and Frome, 1981). Also, case studies showed that workers
accidentally exposed to high levels of uranium did not suffer renal damage, even up to
38 years post-exposure (Eisenbud and Quigley, 1956; Kathren and Moore, 1986),
although the tests for rena damage used in these studies were not very sensitive. A
recent comparison of kidney tissue obtained at autopsy from seven uranium workers and
six control subjects with no known exposure to uranium showed that the groups were
indistinguishable by pathologists experienced in uranium-induced renal pathology
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(Russell et al., 1996). One study on the kidney function of uranium mill workers
chronically exposed to insoluble uranium (uranium dioxide) revealed renal tubular
dysfunction as manifested by mild proteinuria, aminoaciduria, and a concentration-
related clearance of $,-microglobulin relative to that of creatinine when compared to a
reference group of cement workers. The incidence and severity of these nephrotoxic
signs correlated with the length of time that the uranium workers had spent in the area
where insoluble uranium oxide yellowcake was dried and packaged (Saccomanno,
1982; Thun et al., 1985). The data from this study are indicative of reduced re-
absorption in the proximal renal tubules.

Delayed renal effects were observed after a male worker at a uranium enrichment plant
was accidentally exposed to a high concentration of uranium tetrafluoride powder for
about five minutes in a closed room (Lu and Zhao, 1990). Renal effects were not
observed in another accidental exposure (Fisher et a., 1990) in which 24 of 31 workers
were followed for two years. However, an increased standardized mortality rate has
been observed for chronic nephritis amongst a 2514-strong cohort of uranium
processing workers, although this was based on just six deaths and was not statistically
significant (Dupree-Ellis et al., 2000).

Oral

Few data are available that adequately describe the dose-response toxicity of uranium
after an oral exposure in humans. Although the negative findings regarding renal injury
among workers exposed over medium to long time periods to insoluble compounds
(McDiarmid et al., 2000 and Eisenbud and Quigley, 1956) and shorter periods of
exposure to relatively soluble uranium compounds (Kathren and Moore, 1986) are
particularly significant in view of the high levels of exposure reported in these studies.

A recent review of human toxicity undertaken by Fulco et a. (2000) covering both
epidemiological and experimental studies concludes that ‘although uranium is a heavy
metal that causes transient renal dysfunction, the preponderance of evidence indicates
little or no clinically important renal effects of exposure to uranium’. However, at least
two studies have shown changes in renal function (e.g. Lu and Zhao, 1990 and Zamora
et a., 1998). Whilst, Dupree-Ellis et al. (2000) have recently reported an increased rate
of chronic nephritis and a dose-response relationship between external radiation and
kidney cancer amongst a cohort of 2514 uranium processing workers, these findings are
based on small numbers of deaths and neither increase is statistically significant. As
pointed out by Dupree-Ellis et al. (2000) potential inaccuraciesin data, even amongst a
relatively large cohort, can lead to a significant degree of uncertainty in the
interpretation of epidemiological data.

In the study by Lu and Zhao (1990) delayed renal effects were observed after a male
worker at a uranium enrichment plant was accidentally exposed to a high concentration
of uranium tetrafluoride powder for about five minutes in a closed room. A trend
towards increasing excretion of urinary $,-microglobulin, as indicator for an early
tubular defect, and increasing concentration of uranium in well-water was observed
during clinical studies performed in Canada by Moss et al. (1983). Although it was
suggested that the suspected tubular defect might well be rapidly reversible. Elevated
levels of protein and $,-microglobulin have also been observed in the urine of uranium
mill workers (study of 39 exposed individuals to 36 unexposed controls) and presented
data was considered to be consistent with uranium nephrotoxicity (Thun et al., 1985). In
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a further study, a statistically significant association (p = 0.03) was observed between
increasing but normal levels of urine albumin and the uranium cumulative index (Mao,
1995).

In the study of Zamora et al. (1998) two groups of biomarkers were used as indicators
of kidney function and cellular toxicity between two communities. One community (the
control) was supplied with well-mixed mains water containing typically less than 1ug
U/l, wheresas the other community represented exposed individuals whose water supply
contained between 2 and 780 pg U/I. The total number of individuals partaking from
each community was 20 and 30, respectively. Estimated total intakes of uranium in each
group (including uranium from drinking water) were 0.3 to 20 and 3 to 570 pg/day.
Urinary glucose was found to be significantly different and correlates positively with
uranium intake for males, females, and pooled data. Increases in alkaline phosphatase
and $,-microglobulin were also observed to be correlated with uranium intake for
pooled data. In contrast, the indicators for glomerular injury, creatinine and protein were
not significantly different between the two groups nor was their urinary excretion
correlated to uranium intake. Because of the uncertainty of the clinical significance and
possible reversibility of the observed changes, their clinical significance has been
guestioned (e.g. Harley et al., 1999b; Fulco et a., 2000). In addition, a possible role of
confounding factors such as other compounds in drinking water has not been clarified.

Embedded DU fragments

Dipino et al. (1998) compared five measurements of premorbid intellectual functioning
amongst a group of patients injured by DU munitions during the Gulf War.
Unfortunately only inter-group comparisons were made and it was considered
impossible to compare scores with those suffering from injuries not associated with
depleted uranium.

McDiarmid et a. (2000) studied a cohort of Gulf War veterans who had fragments of
depleted uranium in their soft tissues. Results from a battery of computer-based
neurocognitive tests suggest a statistical relationship between elevated urinary uranium
levels and ‘problematic performance on automated tests assessing performance
efficiency and accuracy’ (McDiarmid et al., 2000). Traditional tests of neurocognitive
function (pen-and-pencil tests) did not show any statistical difference in performance
between the veteran cohort and a control group. However, as discussed by the
Committee on Health Effects Associated with Exposure During the Gulf War (Fulco et
al., 2000), because of methodological problems, it is difficult to draw firm conclusions
from this study. Kidney function was normal in Gulf War veterans with embedded DU
fragments, years after exposure, despite urinary uranium concentration up to
30.7 ug U/g creatinine (McDiarmid et al., 2000).

8.3 In-vitro studies

In-vitro studies on human osteoblast cells have indicated that they may be transformed
to the tumorigenic phenotype (i.e. exhibiting morphological changes, anchorage
independent growth in soft agar, induction of tumours when implanted into nude mice,
and differences in ras oncogene expresson and pRb phosphorylation) by DU
administered as uranyl chloride (Miller et al., 1998a). The authors considered this
transformation to be primarily due to chemical rather than radiological effects; such as
the interaction of uranium with phosphorus-containing groups in DNA, and consider the
magnitude of activity to be similar to that observed for nickel sulphate and lead acetate
(both known transforming metals).

75



Uranyl nitrate was cytotoxic and genotoxic in Chinese hamster ovary cells. There was a
dose-related decrease in the viability of the cells, a decrease in cell cycle kinetics, and
increased frequencies of micronuclei, sister chromatid exchanges and chromosomal
aberrations (Lin et al., 1993). The genotoxic effects in this study were thought to have
occurred through the binding of the uranyl nitrate to the phosphate groups of DNA. It
was suggested that these results provide a possible mechanism for the observed
teratogenic effects (WHO, 1998b). Miller et al. (1998b) also observed mutagenic
activity (Ames Salmonella reversion assay) in the urine of rats implanted with DU
pellets (in muscle tissue), although no significant mutagenicity was observed in serum.

In-vivo and in-vitro testing on the clam Corbicula fluminea, the worm Eisenia fetida
andrei and the teleost fish Brachydanio rerio by (Labrot et al., 1996) was used to
determine if changes in the activities of various biomarkers (lipid peroxidation,
acetylcholinesterase, catalase and glutathione peroxidase) and other postmitochondrial
fractions could be identified. Results of these studies indicated that exposure to uranium
resulted in an increase in malondialdehyde (an indicator of oxidative stress) whereas no
increase in lipid peroxidation was observed in-vivo. With some exceptions exposure to
uranium was also observed to result in decreased activities of acetylcholinesterase,
catalase and glutathione peroxidase in all three species. However acute toxicity was
only observed in the case of Eisenia fetida andrei and Brachydanio rerio.

8.4 Derivation of atolerableintakefor uranium

The renal toxicity of various uranium species given in repeated oral doses is given in
Table 8.2 and in repeated inhalation isgiven in Table 8.3 (from ATSDR, 1999).

8.4.1 Solubleuranium compounds (group F: UO2(NOs3),, uranium car bonates)

Oral A LOAEL has been established as 50 pg/kg in male rabbits in 91-day studies
(Table 8.2) with the end point being slight microscopical changes in the kidney. From
this, a Tl can be derived using a 100 fold total uncertainty factor (3for LOAEL to
NOAEL, 3for toxico-dynamic and toxico-kinetic differences between species
(comparative data from animals and humans indicate that the absorption in humans is
no greater than in animals; therefore a full 10 interspecies uncertainty factor is not
applied), and 10 for intraspecies variation. As uranium seems to have a biological half
life (time for half the material to be eliminated from the body) of approximately
15-days, steady state already having been reached in the 91 day study, and no
adjustment for subchronic to chronic studies is required (WHO, 1998a). Thus the Tl is
0.5 pg/kg bw/d.

Inhalation A NOAEL can be approximated as 0.1 mg/m® from several medium- and
long-term studies (Table 8.3). Adjusting this to the exposure difference in the
experimental studies and general population exposure (24 hour exposure rather than 5 to
6; 7 day/week rather than 5.5 to 6 day/week), this gives an effective air concentration of
20 ug/m®. As the inhalation volume of rat is 0.1 1/min, i.e., 150 1/d, this means an
inhalation dose of 15 pg/d, which, using 250 g as an average weight of a rat, translates
to 60 pg/kg/d. Using the default uncertainty factor of 100 (10 for interspecies and 10 for
intraspecies variation) as no information is available for inhalation exposure that would
allow use of a specific uncertainty factor, this means a Tl of 0.6 pg/kg/d, which isin
good agreement with the figure derived from the oral studies above.
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Table8.2. Rena toxicity (chemical) of uranium species in repeated doses —oral
(ATSDR, 1999)

Reference Chemicd Fecies  Exposure NOAEL LOAEL Reference

Fom /duretion (mgkgdey) (mgkgday)
ffrequency
F UO2(NO3)2-6H20 Rat 28dwW 3HB3M 400F Gilmanetd.1998a
F UO2(NO3)2-6H20 Rat 30dF 33 166 Maynard & Hodge 1949
F UO2(NO3)2-6H20 Rat AdwW 0.06M, 009F Gilmanetd. 1998a
F UO2(NO3)2-6H20 Rat F 166 33 Maynard & Hodge 1949,
Mayrad e d. 1953
F UO2(NO3)2-6H20 Rabhit 30dF 28 Maynard & Hodge 1949
F UO2(NO3)2-6H20 Rabhit AdwW 0.05M, 049F Gilmanetd. 1998b
F UO2(NO3)2-6H20 Rabhit AdwW 136M  Gilmanetd.1998c
F UO2(NO3)2-6H20 Rabhit Adw 0983M  McDondd Taylor et d. 1992, 1997
F UO2(NO3)2-6H20 Dog 138dF 47 %b Maynard & Hodge 1949
F UO2(NO3)2-6H20 Dog IyF 47 % Maynard & Hodge 1949
F UoR2 Rat 30dF 54 27 Maynard & Hodge 1949
F uoz2 Mouse(C3+ 48w adlibF 42M  Tanenbaum & Sivaergone 1951
F uoz2 Mouse(DBy 48w adlib F 42M  Tanenbaum & Sivaegone1951
F UOZR2 Dag 30d 6diw F 77 154  Mayrad& Hodge 1949
F UoR2 Dog IyF 8 Maynard & Hodge 1949,
Maynad e d. 1953
M UC4 Rat 30dF 88 43 Maynard & Hodge 1949
M Ud4 Dog 30d 6dw F 63 313 Mayrard & Hodge 1949
M UC4 Dog IyF 6.3 31 Maynard & Hodge 1949,
Mayrad et d. 1953
M UM Dog 30d 6diw F 370 Maynard & Hodge 1949
M UM Rat NF 1061 10611  Maynard & Hodge 1949,
Mayrad e d. 1953
M UGB Rat 30dF 11650M Maynard & Hodge 1949
M UGB Dog 30d 6diw F 83 Maynad & Hodoe 1949
S Ux»s Dog 30d 6dw F 5653 Mayrard & Hodge 1949
S ux Rat 30dF 12342 Maynard & Hodge 1949
S u® Dag 30d 60w F 176 41 Mayrad& Hodge1949
S ux Rat F 12341 Maynard & Hodge 1949,
Maynade d. 1953
(NH42U207 Dog 30d 6diw F 3B Maynard & Hodge 1949
Ne2U207 Dog 30d 6diw F 37 Maynard & Hodge 1949
UO2(C2H302)2*2H20 Rat 30dF 786 M 7858M  Maynad & Hodge 1949
UO2(C2H302)2*2H20 Rat avW 11M  Ortegaetd. 198%
uc Rat 30dF 55 138 Maynard & Hodge 1949
uc Dog 30d 6diw F 154 Maynard & Hodge 1949

Type Thisreflects the absorption rate of uranium compoundsin thelung. F (fast)=rgpid, dmost totd, aosorption
into the blood usudly within 10 minutes, M (moderate)=about 70% of deposited materid reechesblood
eventudly, S (dow)=about 10% reaches blood eventudly (ICRP 66, 1994)

Exposurelduration/frequency: y=year(s), w=week(s), d=day(s), h=hour(s), ad lib=ad libitum, F=food, W=water
NOAEL=no-obsaved-adverse-effect levd, LOAEL =lowest-obsarved-advarseefect levd, M=mde, F=femde
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Table83. Rena toxicity (chemical) of uranium species in repeated doses —
inhalation (ATSDR, 1999)

Type Reference Species Exposure/duration/ NOAEL LOAEL Reference
Chemical Form /frequency (mg U/m3) (mg U/m3)

F UF6 Rat 30d 6h/d 0.2 Spiegel 1949

F UF6 Rat ly 5.5d/w 6h/d 0.05 0.2 Stokinger et al. 1953

F UF6 Mouse 30d 6h/d 2 13 Spiegel 1949

F UF6 Gn Pig 30d 6h/d 2 13 Spiegel 1949

F UF6 Gn Pig 36w 5.5d/w 6h/d 0.2 Stokinger et al. 1953

F UF6 Rabbit 36w 5.5d/w 6h/d 0.25 Stokinger et al. 1953

F UF6 Dog ly 5.5d/w 6h/d 0.05 Stokinger et al. 1953

F UO2(NO3)2*6H20 Rat 30d Cont. 0.13 Roberts 1949

F UO2(NO3)2*6H20 Rat ly 5.5d/w 6h/d 0.15 0.25 Stokinger et al. 1953

F UO2(NO3)2*6H20 Rat 2y 5.5d/w 6h/d 2 Stokinger et al. 1953

F UO2(NO3)2*6H20 Gn Pig 26w 5.5d/w 6h/d 2M Stokinger et al. 1953

F UO2(NO3)2*6H20 Rabbit 30d Cont. 0.13 Roberts 1949

F UO2(NO3)2*6H20 Rabbit 26w 5.5d/w 6h/d 0.25 Stokinger et al. 1953

F UO2(NO3)2*6H20 Dog 30d Cont. 0.13 Roberts 1949

F UO2(NO3)2*6H20 Dog ly 5.5d/w 6h/d 0.15 0.25 Stokinger et al. 1953

F UO2(NO3)2*6H20 Dog ly 5.5d/w 6h/d 0.15 0.25 Stokinger et al. 1953

F UO2(NO3)2*6H20 Dog 2y 5.5d/w 6h/d 2 Stokinger et al. 1953

F UO2F2 Rat 5w 6d/w 6h/d 0.5 2.2 Rothstein 1949a

F UO2F2 Gn Pig 5w 6d/w 6h/d 2.2 9.2 Rothstein 1949a

F UO2F2 Cat 5w 6d/w 6h/d 2.2 9.2 Rothstein 1949a

F UO2F2 Dog S5w_6d/w_6h/d 0.15 Rothstein 1949a

M ucl4 Rat ly 5.5d/w 6h/d 0.2 Stokinger et al. 1953

M ucl4 Gn Pig 30w 5.5d/w 6h/d 0.2 Stokinger et al. 1953

M ucl4 Dog ly 5.5d/w 6h/d 0.05 0.2 Stokinger et al. 1953

M UF4 Rat 30d 6h/d 4 18 Dygert 1949a

M UF4 Rat ly 5.5d/w 6h/d 0.5 Stokinger et al. 1953

M UF4 Gn Pig 30d 6h/d 4 18 Dygert 1949a

M UF4 Gn Pig 34w 5.5d/w 6h/d 3 Stokinger et al. 1953

M UF4 Dog 30d 6h/d 0.5 3 Dygert 1949a

M UF4 Rabbit 30d 6h/d 0.4 Dygert 1949a

M UF4 Rabbit 34w 5.5d/w 6h/d 2 Stokinger et al. 1953

M UF4 Cat 30d 6h/d 18 Dygert 1949a

M uo3 Rat 4w 6d/w 6h/d 16 Rothstein 1949c

M uo3 Rabbit 4w 6d/w 6h/d 16 Rothstein 1949c

M uUuo3 Cat 4w 6d/w 6h/d 16 Rothstein 1949c

M Uuo3 Dog 4w_6d/w_6h/d 16 Rothstein 1949c

S U308 Rat 26d 4-6h/d 4.8 Dygert 1949c

S Uuo2 Rat ly 5.5d/w 6h/d 1 10 Stokinger et al. 1953

S uUo2 Mouse 5w 6d/w 19.4 Rothstein 1949b

S uUo2 Gn Pig 28w 5.5d/w 6h/d 10 Stokinger et al. 1953

S uUo2 Rabbit 5w 6d/w 9.2 19 Rothstein 1949b

S Uuo2 Rabbit 30w 5.5d/w 6h/d 1 Stokinger et al. 1953

S uo2 Dog 5w 6d/w 1.1 8.2 Rothstein 1949b

S uo2 Dog 1-5y 5d/w 5.4h/d 5.1 Leach et al. 1970

S uo2 Dog 1-5y 5d/w 5.4h/d 5.1 Leach et al. 1973

S uo2 Monkey b5y 5d/w 5.4h/d 5.1 Leach et al. 1970

S Uo2 Monkev 1-5v_5d/w _5.4h/d 2.1 Leachetal 1073
(NH4)2U207 Rat 30d 6h/d 6.8 Dygert 1949b
(NH4)2U207 Rabbit 30d 6h/d 6.8 Dygert 1949b
Carnotite U ore Mouse 30d 4.4-6h/d 2.9 Pozzani 1949
Carnotite U ore Gn Pig 30d 4.4-6h/d 0.8 2.9 Pozzani 1949
Carnotite U ore Dog 30d 4.46h/d 0.8 Pozzani 1949
Carnotite U ore Rabbit 30d 4.4-6h/d 0.8 2.9 Pozzani 1949
Na2U207 Rat 5w 5.5d/w 6h/d 15 Rothstein 1949d
Na2uU207 Rabbit 5w 5.5d/w 6h/d 15 Rothstein 1949d
uo4 Rabbit 23d 5d/w 5h/d 15.4 Dygert 1949d
uo4 Cat 23d 5d/w 5h/d 15.4 Dygert 1949d

Type: This reflects the absorption rate of uranium compounds in the lung. F (fast)=rapid, almost total,
absorption into the blood usually within 10 minutes, M (moderate)=about 70% of deposited material
reaches blood eventually, S (slow)=about 10% reaches blood eventually (ICRP 66, 1994)

Exposure/duration/frequency: y=year(s), w=week(s), d=day(s), h=hour(s), ad lib=ad libitum

F=food,W=water. M=male, F=female
NOAEL=no-observed-adverse-effect level, LOAEL=lowest-observed-adverse-effect level.
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8.4.2 Uranium compoundswith limited solubility (Type M: UOs, UF4, UCl,)

The database is rather limited, and it is not apparent that there is a justification for the
generation of this type: differences within the group are large, and not much different
from those between this group and the other two types, notably when the exposure is by
inhalation. Thisis, however, in part, due to the fact that there is amajor differencein the
toxic potency observed in the early studies, and more recent studies: the recent studies
observe effects at levels that are generally lower than those where effects are reported in
the old studies. For the Type M uranium species, no recent studies are available. It does
not seem justified to derive a separate Tl for the Type M; rather, the TI derived for Type
F should be used.

8.4.3 Uranium typespractically insolublein water (Type S: UO,, U3Og)

Again, the database is limited, and only old studies are available. However, it would
seem that both in inhalation and oral studies, the doses that induce effects are higher
than in the case of the Types F or M. This difference is especially marked for oral
exposure. For oral exposure, however, only one study, using two species and two
uranium compounds is available. For inhalation exposure, the database is somewhat
more extensive, and it may be estimated that the toxicity of the group S uranium species
is approximately one tenth that of the group F. This would lead to a Tl of 5 pg/kg/d.
Note UsOg may also have Type M absorption behaviour (see Chapter 7).

8.4.4 Other uranium compounds

Limited information on the different chemicals in this group (e.g., UO4, UO,(C;H305)2,
(NH4)2U207, N&U,0O7, Carnotite ore) and apparent variation between the different
chemicals of this group make it impossible to give a separate Tl vaue for ether this
group, or any uranium species in this group. It would be prudent to use the Tl of the
group F, 0.5 pg/kg for all uranium species other than thosein group S.

8.5 Uncertainties of chemical risk assessment

The studies in humans cannot be used in quantitative risk estimation, as the information
of exposure, both qualitatively and quantitatively, isinadequate.

The database on the toxicity of uranium is limited; most of the studies are old, meaning
that not all present methods available to assess renal toxicity were available at the time
of these studies. Information, especially on long-term effects of different uranium
species, is based on studies from a limited number of researchers. Information is very
limited for many uranium species, especially those with limited water solubility. The
different studies tend to give rather different results vis a vis the quantitative risk
estimates. In many studies, dose-response and dose-effect relationships cannot be
assessed because of limited dose levels studied. In inhalation studies, the physical—
chemical characteristics of the aerosols are often not well characterized, and are likely
to be different for different uranium species. There appear to be differences in the
sensitivity of different species to uranium toxicity, but no general picture seems to
emerge.

The tolerable intake derived is applicable to long-term exposure, intakes lower than the
tolerable intake should not lead to adverse health effects. It is apparent that single or
short-term exposures lower than the tolerable intake similarly do not adversely affect
health. It is likely that in single exposures and short-term exposures, even higher
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exposure levels will be well tolerated. However, quantitative information to assess, how
much the long-term tolerable intake values may be temporarily exceeded without risk, is
not available.

In the extrapolation from experimental animals to humans, comparative information on
the toxico-dynamics is not avallable. Similarly, for inhalation exposure, reliable
comparative information is not available on the toxico-kinetics. Thus for these
parameters, default values for the extrapolation (10) have to be used. On the other hand,
available information would tend to indicate that the oral absorption in humans is not
greater than that in experimental animals and the default value for toxico-kineticsin this
setting can be replaced by unity. Very limited information is available on the inter-
individual variation in uranium toxicity within the human species, and thus the default
uncertainty factor for the general population, 10, has to be applied.

8.6 Summary

The primary routes of exposure to uranium for humans are through ingestion or
inhalation. The effects of embedded shell fragments containing depleted uranium
(among other things) have also been studied (e.g. Fulco et a., 2000).

The target organ to be considered for uranium toxicity is the kidney (also considered to
be the primary target organ for ingested uranium in WHO (1998b).

Uranium hexafluoride induces irritative effects at high doses; some uranium compounds
may cause pulmonary effects at relatively high inhalation exposures. However, long-
term exposure to lower concentrations (generally less than 10 mg/m®) has usually not
resulted in pulmonary toxicity. Carnotite mineral dust causes haemorrhages in dog
lungs. Other factors such as diverse inorganic inhalable dust particles, radium, or radon
progeny may contribute to these effects. No increase in malignant or nonmalignant
respiratory disease mortality has been established in cohorts exposed to uranium in
uranium processing. However, the available epidemiological data are generally limited
by low statistical power, uncertainties in the assessment of uranium exposure, and/or the
paucity of data on exposures to other agents.

In the kidney, proximal tubules are considered to be the main target (ATSDR, 1990,
1999). Currently, uranium is regarded as a less potent nephrotoxin than the classical
nephrotoxic metals (cadmium, lead, mercury) (Goodman, 1985). No kidney toxicity
related to urinary uranium concentrations was observed in people with embedded DU
fragments.

Tolerable intakes for soluble (F and M type) and insoluble (S type) compounds can be
derived for inhalation and ingestion. The Tl for soluble uranium compounds is
0.5-pg/kg of bw/day and is 5.0 pg/kg of bw/day for insoluble compounds.



9 Health effects dueto the presence of radioactivity
9.1 Mechanismsand background

Study of the toxicological and medical effects of radiation on human beings, and the
control of exposure to radiation is generally undertaken under the broad disciplines
known as radiobiology and health physics. In such studies, it is generally assumed that
any resulting health detriment (e.g. cancer, cellular damage etc.) is brought about by
exposure to a radioactive substance, and is primarily afunction of the amount of energy
(as ionizing radiation) absorbed per unit mass of tissue through which it passes. The
detailed mechanisms by which radiation interacts with biological materials are the
subject of continuing research. However, it is thought that one of the ways in which the
energy deposited by radiation may damage cells is by causing changes to occur in
deoxyribonucleic acid (DNA), a biologicaly important molecule that controls cell
structure and function, and which is found mainly in cell nuclei. The type of change and
the likelihood of error-proof repair depend upon the amount of energy (or dose)
deposited. Thus biologically significant effects that lead to the development of cancers
or inherited genetic defects may result.

Based on these fundamental principles the assessment of the effects of exposure to
radioactive substances has developed in a somewhat different, although often paralldl,
manner to those commonly used in the assessment of chemical toxicity. The primary
concept in radiation protection is that of radiation dose (energy absorbed from ionizing
radiation per unit mass by atarget organ or tissue). For further information on the usage
of terms related to radioactivity and radiological protection the reader is directed to
BSS, (1996), ICRP-67 (1993) and ICRP-60 (1991b) onwards or to the RASANET home

page at www.iaea.org.

lonizing radiation emitted by different radionuclides differ in their ability to penetrate
matter depending both on the type of radiation emitted and its energy. Alpha particles
are hardly able to penetrate the outer layer of skin and do not constitute a hazard when
emitted outside the body. Beta particles are able to penetrate the outer layers of skin and
can give rise to a localized dose to the skin when in contact. Gamma radiation is
potentially more penetrating and can deposit energy to internal organs when outside the
body, the magnitude of which depends on the energy of the gamma radiation emitted.
Thus, exposures from radionuclides may be both external and internal to the body and
the relative importance of these exposure pathways depends upon the type of radiation
and the radionuclides involved.

The amount of energy deposited per unit mass of material, such as human tissue, is
called the absorbed dose and is given the unit gray, symbol Gy (1 Gy is equivalent to
1 Jkg). However, since different types of ionizing radiation differ in the ways in which
they interact with biological materials, equal amounts of energy may not result in the
same level of biological effects. For example, when apha-particles are emitted within
the body, they deposit energy more densely than either beta particles or gamma
radiation, with the result that 1 Gy of apha radiation is more harmful than 1 Gy of
gamma radiation. This potential for causing harm is taken into account in the quantity
equivalent dose, called sievert and given the symbol Sv ( by using a weighting factor of
20 for alpha particles, and 1 for beta and gamma radiation). Another quantity that is
commonly referred to in radiological protection is effective dose, which is also given in
sieverts (or often mSv which is one thousandth of a sievert). In calculating this quantity
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the equivalent doses to organs are multiplied by tissue weighting factors that relate to
the relative risk of cancer associated with each organ or tissue. This quantity has the
advantage that it gives a general indication of the level of risk implied by a given dose,
and alows internal and external exposures and uniform and non-uniform irradiation to
be quantified on the same basis.

The effective dose, while useful in providing a measure of the health detriment implied
by aradioactive substance, is not a directly measurable quantity. A detailed explanation
of the dose quantities for measurement purposes is beyond the scope of this report. In
this context it is sufficient to note that effective doses are often calculated on the basis
of measured dose rates (e.g. in Gy/h) and activity concentrations (e.g. in Bg/kg).
Activity is given the name becquerel (symbol Bq) and is equivalent to the number of
disintegrations per second. To calculate external dose, it is possible to use dose rate
information or calculated coefficients that relate activity to effective or equivalent dose
to the skin (e.g. in Sv/Bg/m?). Internal doses are generally calculated from standardized
tables of coefficients that give the effective (or equivalent organ doses) arising from a
unit intake of activity (Sv/Bq). These coefficients are included in the BSS (1996).
Coefficients are given separately for inhalation and ingestion and for different age
groups. They take account of the biokinetics and the forms of emission, of both the
principal radionuclide and its decay products.

Explanation of the basis behind the calculation of radiation dose is out of the scope of
this document and the reader is guided to various publications of the International
Commission for Radiological Protection (ICRP) and the International Atomic Energy
Agency (IAEA) (for example see ICRP-66 (1994a), ICRP-60 (1991b) and IAEA
(1989a) and the principals laid out and described in the Basic Safety Standards for
protection against lonizing Radiation and for the Safety of Radiation Sources
(commonly referred to as the BSS) which was jointly agreed by the FAO, IAEA, ILO,
NEA, PAHO, and WHO (BSS, 1996). The BSS have been designed to be fully
applicable to the occurrence of any isotopic combinations of radionuclides, including
DU.

Two categories of heath effect have been shown to result from exposure to ionizing
radiation; deterministic and stochastic effects. Deterministic effects are those that occur
at high doses and dose rates. These effects occur at dose levels far higher than those
encountered from the use of, or exposure to, radioactive materials under normal
environmental conditions and exposures to the general public. Erythema, or reddening
of the skin, is a form of deterministic effect that may result from skin exposure (at
instantaneous absorbed doses of 5 Gy or more). Above the dose threshold, the likely
severity of such effectsis affected by the dose received.

The primary stochastic effect associated with radiation exposure is cancer induction.
Most of the information relating radiation doses to an increased risk of cancer is derived
from situations in which people have been exposed at higher doses and dose rates than
normally encountered (e.g. Nagasaki and Hiroshima bomb survivors). At lower levels of
dose and dose rate, it is difficult to demonstrate an increased cancer incidence from
radiation exposure because of the high natural incidence of cancer, which is a major
confounding factor in epidemiological studies, particularly at low doses and dose rates.
Information about the way in which radiation interacts with cells, however, supports
what has become known as the linear no-threshold hypothesis. Thus, for radiation
protection purposes, it is assumed that there is no level of dose below which there is no
risk of a radiation-induced cancer and that the probability (and not the severity) of
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cancer increases in proportion with an increase in radiation dose. This assumption has
the implication that different sources of radiation can be considered separately, and that
limits, or other action levels set for protection purposes, are not based on a borderline
between what is safe and unsafe, but on a balance of risk and benefit. As a result,
different dose limits or action levels are used for different protection situations.

Dose limits have been recommended by the ICRP-60 (1991b) for controlling the
additional radiation doses that arise from normal operations. These limits are based on
studies of the ‘acceptability of risk’ and represent the upper bound on the additional
level of risk which may tolerated on a continuing basis from practices involving
deliberate application of ionizing radiation. These limits have been incorporated into
international and national standards, including the International Basic Safety Standards
(BSS, 1996).

9.2 DoseLimits

The International Basic Safety Standards for Protection against lonizing Radiation and
for Safety of Radiation Sources (BSS,1996) require that:

the occupational exposure of any adult worker shall be so controlled that the
following limits are not exceeded

a. an effective dose of 20 mSv per year averaged over five consecutive years

b. an effective dose of 50 mSv in any single year.

the estimated average doses to the relevant critical groups of members of the public

that are attributable to practices shall not exceed the following limits

a. an effective dose of 1 mSv in ayear

b. in specia circumstances, an effective dose of up to 5mSv in a single year
provided that the average dose over five consecutive years does not exceed
1 mSv per year; the special circumstances are not defined.

These limits are based on the 1990 recommendations of the International Commission
on Radiological Protection (ICRP-60, 1991b) and are aso embodied in European
Legislation (OJEC, 1996). For a detailed explanation of the models, the reader is
referred to the original publications but brief synopses are given in Annex 4.

These limits apply to additional doses from normal planned operations, where the
additional level of dose received can be controlled at source; they are not applicable to
situations, for example when there is pre-existing contamination, when the decision
about whether it is necessary to apply measures to reduce doses are based on the
balance between the risk and benefit implied by the intervention measure (and not the
source). The recently published ICRP-82 (1999b), includes dose levels above which
intervention would be justified to reduce prolonged exposures to members of the public
from, for example, radionuclides present in the environment. These recommendations
imply that intervention measures are unlikely to be justified at annual doses below than
10 mSv and almost always likely to be justified at annual doses exceeding 100 mSv. An
additional annua dose level of 1 mSv is recommended for derivation of intervention
exemption levels for commodities (e.g. building materials).



9.3 External radiation exposure

In addition to exposure to anthropogenically introduced substances such as DU, al life
on earth is exposed to the presence of external irradiation through a wide range of
radiation sources outside the body. Recently processed DU or chemically pure
unenriched uranium, consisting solely of naturally occurring uranium isotopes,
principally decays through the emission of apha particles. However, as discussed in
Chapter 2 relatively rapid ingrowth of beta- and gamma- emitting progeny occursin the
months following chemical and isotopic separation. Any potential for external exposure
is generally considered to be limited to a localized dose to the skin from direct physical
contact with DU mainly due to beta emissions of 2**™Pa, a progeny of 22U and gamma
radiation (AEPI, 1995; Danesi, 1990). This may either occur to the hands when
physically handling DU metal or through physical contact with dust derived from the
oxidation of DU. AEPI, (1995) states that all DU weapons systems used by the USA
army are shielded to control beta radiation emitted to DU when handled by military
personnel prior to firing.

The most obvious target for external radiation exposure from DU deposited on the body
is the skin. The outermost layer of skin is composed of a layer of dead cells described
collectively as the epidermis, while the lower and basal layers are composed of living
cells and are therefore susceptible to the effects of ionizing radiation. The average
thickness of the epidermis, measured in males of between 26 and 30 yearsis considered
to be around 50 pm with athickness range between 20 and 100 pm ICRP-23 (1974) and
ICRP-59 (1991a). This compares to a typical range in tissue for an alpha particle from
28 of 28 y, and, therefore, provided that redistribution or sorption of uranium into the
epidermis does not occur, alpha particles cannot penetrate to the sensitive lower or basal
layers. However, DU greater than 24 days old has quantities of 2**™Pa which emits a
2.29 MeV average energy beta that is capable of irradiating the basal layers of the skin.
Effects of acute dermal exposure to DU are unlikely but could result in erythema
(redness of the skin) or epilation (loss of hair) (Upton, 1992).

Case studies confirm this observation, generally indicating that exposure to basal cells
even during prolonged, often aggressive, physical contact does not occur to a significant
degree. For example, skin cancer was only rarely observed during the study of
11-cohorts of underground uranium mine workers (Sevcova, 1978). Where skin cancer
was observed in these workers, it was considered more likely that this was caused by the
presence of arsenic in ores mined from Czechoslovakia and China. In addition there
have been no recorded incidents of skin cancers being observed in nuclear workers
whose skin has been exposed to occasional hot spots of apha-emitting radioactive
materials (Harley et al., 1999a). During studies undertaken by the US Army it has been
established that US occupational exposure standards (NRC-10 CFR 20.1201) covering
radioactive exposure of skin (in this case due to exposure to a combination of alpha,
beta and gamma radiation) would only be exceeded by holding an unshielded DU
projectile in the hand for a period in excess of 250 hours (AEPI, 1995).

It has been estimated that the maximum radiation dose rate from DU armour and DU
munitions received by a tank commander, gunner and/or loader working in a fully
loaded Mark 1 Abrams battle tank is 0.1 to 0.2 uSv/h (AEPI, 1995). Because of the
configuration of the tank and its armour, the driver of the tank may receive a slightly
higher dose (1.3 to 0.3 uSv/h). The skin dose rate received when handling a bare
penetrator is estimated to be 2 mSv/h (200 mrem/hr; AEPI, 1995).



Penetrator, bullet and armour are contained in a protective coating and adsorption
through the skin can therefore be considered to be negligible in these cases. The
potential external dose received in the vicinity of a target following attack by DU
munitions has been theoretically estimated to be in the order of 4 uSv/year
(UNEP/UNCHS, 1999) based on gamma ray exposure. Such doses are small when
compared to recommended guidelines for human exposure to ionizing radiation
(20 mSv/annum for a worker for penetrating whole body radiation or 500 mSv/year for
skin (BSS, 1996).

The radiation doses received from handling other uranium products, which are not made
of depleted or chemically pure uranium, may be higher than those described above,
particularly where the material also contains progeny of uranium, such as radium. It is
impossible to quantify the dose received unless the composition of the material is
known and hence both chemical and radiochemical determinations are required in such
circumstances, prior to calculation of any potential radiation dose.

9.4 Internal exposure

Internal exposure to ionizing radiation is a function of the route of a given nuclide
through the body and its residence time amongst various organs. Doses are therefore
calculated, based on the use of biokinetic models that describe the passage and kinetics
of various given radionuclides throughout the body. A brief overview of biokinetic
models currently employed to calculate dose coefficients in radiation protection is given
in Annex 4, and output from these models that may be applied to exposure to DU and
uranium in an occupational and public context are described in the following
Chapters-10, 11 and 12.

Current epidemiological evidence concerning the carcinogenicity of uranium, both
natural and enriched, comes from studies of uranium miners and studies of nuclear
workersin fuel enrichment and production facilities.

Among uranium miners, epidemiological studies provide consistent and convincing
evidence of excess lung cancer, but not of leukaemia. The information comes from
numerous mortality studies of miner cohorts in Australia, Canada, China, Europe and
the USA (IARC, 1988; NRC 1999). The lung cancer risk is associated with apha
particle exposure from ??Rn and its decay products, which arise in uranium mines from
the decay of ®U. In these studies, the quality of the information on the level of
exposure to radon varies across cohorts and over time, from afew air measurements of
radon gas and radon decay products in the early years, or re-creation of early mining
conditions, to real time individua exposure estimates (taking into account ventilation
patterns, ore characteristics, mining methodology, weekly surveys of gamma radiation,
radon and dust levels and location and duration of work of individual miners), and even
to individual estimates from personal apha dosimeters in more recent years in France
(Tirmarche et al., 1993). The risk of lung cancer appears to be proportional to the
radiation dose received. Critical reviews of these studies can be found in IARC (1988)
and NRC (1999). There are also a number of epidemiological studies of other alpha
emitting radionuclides (e.g. radium, thorium) that also show very clear increases of
cancer risk in specific organs (IARC, 2001; NRC, 1999). On the basis of the 1988
review, IARC has classified radon and its decay products as carcinogenic to humans.
IARC, in its most recent review of ionizing radiation, has aso classified “Internally
deposited radionuclides that emit a particles’ as carcinogenic to humans (Group 1)
(IARC, 2001).
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Studies of cancer risk among nuclear workersin nuclear fuel enrichment and production
facilities are fewer, athough the body of literature is increasing rapidly (Fulco et a,
2000; Cardis and Richardson, 2000). At uranium fuel production facilities, inhalation
of airborne uranium dust may represent an important potential source of radiation
exposure. Workers in these facilities therefore have two main possible sources of
radiological exposure to tissues of the whole body; external gamma-ray exposure which
results in a fairly uniform distribution of dose and internal depositions that deliver
radiation doses (mainly from alpha-particles) primarily to the lung and lymphatic
system. If the uranium dust is solubilized, exposure may also result in other tissues such
asthe liver, the kidney and the bone. Tumours occurring in these organs are therefore, a
priori, of particular interest in epidemiological studies of workers at uranium production
facilities.

Comparison of findings between uranium processing facilities is, however, complicated
by the fact that processes and historical periods of operation have differed between
facilities, leading to differences in exposure conditions and follow-up between cohorts.
Further, assessment of past internal uranium exposure of nuclear workers is complicated
by methodological difficulties of internal dosimetry, as well as by inadequate historical
information with which to accurately quantify internal radiation doses. These exposure
measurement problems pose significant problems for epidemiology: the inability to
accurately classify workers by level of internal radiation exposure may lead to
confounding of the analyses of radiation-cancer associations, since workers with
significant dose from internal contamination are often persons with substantial external
exposure.

Lung cancer has been the primary outcome of interest in studies of workers in fuel
enrichment and production facilities. Lung cancer mortality was found to be
significantly elevated, compared to national rates, among workers in nuclear fuel
processing facilities (Loomis and Wolf, 1997; Checkoway et al., 1988; Frome et al.,
1990), but not in others (Dupree et al., 1995; Polednak and Frome, 1981; Hadjimichael
et a., 1983; Waxweiler et al., 1983; Stayner et al., 1985; Brown and Bloom, 1987; Ritz,
1999; Dupree et a., 1987). An association between external radiation dose and lung
cancer mortality was observed in two cohorts in the US (Ritz, 1999; Checkoway et al.,
1988) and an association with lung cancer incidence and radiation dose (using a 20 year
lag) in one study in the UK (McGeoghegan and Binks, 2000a). No association was
found in other studies on US (Ritz et a., 2000; Hadjimichael et al., 1983;) and UK
(McGeoghegan and Binks, 2000b) cohorts where this was studied. An association with
estimated dose from internal contamination was observed by Checkoway et al.(1988)
but not in another US cohort (Ritz et al., 2000). In contrast, a US multi-facility case
control study of lung cancer among workers exposed to uranium dust found no such
association, however, there was a suggestion of positive associations among workers
hired at ages over 45 years (Dupree et al., 1995). Future research with these cohorts
may help to understand the role of uranium dust exposure in cancer risk.
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10 Biokineticsfor uranium after internal exposure

10.1 Introduction

The aims of this Chapter are to:

- calculate intakes of natural uranium and DU that correspond to dose limits that
apply to occupational and public exposure (20 mSv and 1 mSv, respectively) both in
terms of radioactivity and mass.
ascertain whether intakes should be restricted by radiation dose or mass.
describe the biokinetics of uranium (DU will be identical) in man after inhalation
using the generic models recommended by ICRP for soluble (Type F), moderately
soluble (Type M) and relatively insoluble (Type S) compounds after deposition in
the respiratory tract; emphasis is placed on chest retention, and urinary and faecal
excretion rates which are the parameters normally used to assessintake and dose.
describe the biokinetics of inhaled uranium octoxide (UsOg), uranium dioxide
(UOy), uranium trioxide (UOs3) and mixed uranium oxides in man using material-
specific parameters derived experimentally; these oxides are the ones of immediate
concern during the testing and use of DU munitions.
comment on the limits on annual intake by ingestion for members of the public.

For ease and consistency of presentation, it is emphasized that the biokinetic data are
presented in terms of either unit intake (acute exposure), or unit intake per day (chronic
exposure). Hence, in principle, the data can be scaled to the intake of choice, or
conversely chest retention or excretion rates can be scaled for the purpose of predicting
the intake. However, both approaches should be treated with caution if the temporal
pattern of intake is unknown, or the contribution to the excretion rates is influenced by
extraneous and variable sources such as uranium present in the diet. Dose limits are
expressed in terms of the annual intake limit by mass. However it should be emphasized
that these should be reduced asfar asis practicable (see Chapter 9).

Compliance, or otherwise, with the limits for internal contamination can be achieved by
assessing intakes and doses using the following procedures:

combining measurements of DU in the environment (airborne concentrations,
aerosol size, bioavailability, concentrations in contaminated food and drink etc.)
with the suite of biokinetic models recommended by ICRP, namely, the Human
Respiratory Tract Model (ICRP-66, 19944), the systemic model for uranium (ICRP-
69 1995a), and the model for uptake viathe gastrointestinal tract (ICRP-30, 1979).

using these biokinetic models to interpret external measurements of uranium in the
chest or in excreta.

10.2 Inhalation dose coefficients and annual intake limits

For the purpose of recommending dose coefficients, or dose per unit intake for
radionuclides, ICRP considered three types of compounds (ICRP-66, 1994a) in which
the absorption rates from the lungs to blood are deemed to be fast (Type F), moderate
(Type M) or dlow (Type S). The default absorption parameter values are given in Table
10.1.
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Table10.1 Default absorption parametersfor Type F, M and S materials

ICRP -66 absorption type F (fast) M (mod.) S (dow)

Model parameters:

Fraction dissolved rapidly, f; 1 0.1 0.001
Dissolution rate:
Rapid (per d), s 100 100 100
Slow (per d), s - 0.005 0.0001
Notes

F (fast) materialsthat are readily absorbed into blood (corresponding to ‘Class D’). There is significant
absorption from ET, and BB; (see Annex 4), but some material in these regions will remain in solution in
mucus and be swallowed, rather than be absorbed through the epithelium. Hence the default for such
materialsis $=100 per d (t 1, ~ 10 min).

M (moderate) materials with intermediate rates of absorption (corresponding to ‘Class W’). For such
materials the percentage absorbed rapidly is on the order of 10%, and the slow-phase retention time of the
order of 100 d. Thisisrepresented by f, = 0.1%; s = 100 per d; and ;= 0.005 per d.

S (dow) relatively insoluble materias (corresponding to ‘Class Y'). It is assumed that for most of the
material the rate of absorption to blood is 0.0001 per d. This equals the particle transport rate from the
most slowly cleared Al compartment. However, it is characteristic of even very insoluble materials that
some rapid uptake to blood occurs immediately after inhalation. As a default it is assumed that 0.1% of
the deposited material is rapidly absorbed. While the effect of this on doses is likely to be negligible, it
may significantly affect the interpretation of measurement of activity in urine. Thisis represented by f, =
0.001; s = 100 per d; and ss = 0.0001 per d.

Based on a considerable amount of published biokinetic data (ICRP-71 1995b, ASTDR,
1999, Scripsick et al. 1985a, 1985b) obtained primarily from animal studies, uranium
compounds were assigned to one of these types. The biokinetics of UO3; are mostly
consistent with assignment to Type M compounds and UO, to Type S compounds. For
U30sg, some studies indicate Type M behaviour and others Type S (ICRP-71, 1995b).

Based on the human respiratory tract, systemic and gastrointestinal tract models referred
to above, ICRP-68 (1994b), ICRP-72 (1996) and BSS (1996) have recommended dose
coefficients, or dose per unit intake, expressed as Sv/Bq for all the important isotopes of
uranium. These dose coefficients take account of several age groups within the
population, but only those for adults and isotopes appropriate for natural and DU are
listed here (Table 10.2).

The values for individual isotopes can be used to derive the dose coefficients for any
isotopic composition of uranium. The Annua Intake Limits (AIL) for uranium and DU
for adults, which correspond to dose limits of 20 mSv and 1 mSv, expressed as Bq, and
calculated by dividing the dose limit (Sv) by the dose coefficient (Sv/Bq) are given in
Table 10.3. Also included in the table are the equivalent masses of uranium and DU
based on the isotopic composition and specific activities given with Table 10.3. These
comparisons are important since they can be used for assessing whether exposure
criteria for radiotoxicity or chemical toxicity will be more important for different
chemical forms of uranium and DU.



Table10.2 Dose coefficients, Sv/Bq, for uranium isotopes: public and occupational

exposure ( OJEC, 1996; BSS, 1996; |CRP-68, 1994b)

Type/l sotope® AMAD AMAD
1um (Public) 5um (Occupational.)
TypeF 107 107
Uranium-234 5.6 6.4
Uranium-235° 5.2 6.0
Uranium-238° 5.0 5.8
TypeM 10° 10°
Uranium-234 35 2.1
Uranium-235° 31 1.8
Uranium-238° 2.9 1.6
TypeS 10° 10°
Uranium-234 9.4 6.8
Uranium-235° 85 6.1
Uranium-238° 8.0 5.7

Notes

a Uranium-236 is not considered, asit contributes less than 0.0003% of total activity. Other transuranics
excluded as contributing less than 1% of dose (CHPPM, 2000; Annex 2)
b Includes contribution from short-lived progeny

Table10.3 Dose coefficients® and AIL for natural uranium and DU: occupational and
public exposure (rounded values).

| sotopic composition Worker Public
(5 pm, dose limit 20 mSv) (1 pm, dose limit 1 mSv)
U-nat DU U-nat DU
ICRP Type F compound
Dose coefficient (Sv/Bq) 1077 6.15 5.92 5.26 5.06
Intake limit (Bq) 10° 325 338 1.90 1.98
Intake limit (mg U) 1290 2270 75 133
ICRP Type M compound
Dose coefficient (Sv/Bq) 1077 185 16.8 316 29.6
Intake limit (Bq) 10° 10.8 119 0.32 0.34
Intake limit (mg U) 430 800 13 23
ICRP Type S compound
Dose coefficient (Sv/Bq) 107 629 59.2 87.1 82.6
Intake limit (Bq) 10° 318 3.38 0.12 0.12
Intake limit (mg U) 130 230 4.5 8.1
Note
a Includes contribution from short lived progeny
Composition by mass (%) By activity (%) Specific activity
of mixture
234U 235U 238U 234U 235U 238U Bq /mg
a U-nat 0510% 072 993 489 22 48.9 25.2
b: DU 1.010° 2010' 998 155 11 83.4 14.8
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Chemica toxicity is discussed further in Chapter 8 and Annex 5. However it is
important to recognize at this juncture that based on an occupational exposure limit of
0.2 mg/m? for soluble and insoluble forms of uranium (ACGIH, 2000; NIOSH, 2000;
FRA, 1988; HSE, 2000), equivalent to 2 mg/d. It can be deduced from Table 10.3 (see
also Stradling et al., 1997, Stradling et al., 1998, ICRP-78, 1997) that:

daily intakes of Type F and Type M compounds will aways be limited by chemical
toxicity; daily intakes of Type M compounds will aways be limited by chemical
toxicity; annual intakes of Type M compounds will be limited by consideration of
radiation dose

daily intakes of Type S compounds will be limited by chemical toxicity while
annual intakes will be limited by radiation dose

On the basis of the OSHA (1989) limit for soluble uranium of 0.05 mg/m®, annual
intakes of Type M compounds would also be restricted by chemical toxicity. Similar
considerations should apply to exposure of the public using the appropriate
recommendations for airborne dust and dose limit.

10.3 Biokinetics of Type F, M and S compounds of uranium after
inhalation.

Because uranium and DU are identical chemically, their biokinetic behaviour will be the
same. For workers, the predicted time-dependent retention in the chest and systemic
tissues, and excretion, can be modeled using the default absorption parameters
(Table-10.1) with other default parameter values for particle size, density, aerosol
deposition in the respiratory tract and exercise levels (ICRP-66 1994a). These are given
in Table 10.4.

The default absorption parameters, and density, are also used for members of the public.
The other default parameter values, also given in Table 10.4 are different.

Table10.4 Deposition of inhaled aerosols in the human respiratory tract: occupational
and public exposure.

Region® Worker? Adult male®
(%) (%)

ET, 339 14.2

ET, 39.9 179

BB 1.8 (33%in BBy) 1.1 (47%in BBy)
Bb 1.1 (33%in bby) 2.1 (49% in bby)
Al 53 11.9

Total deposit 82.0 47.3

a Occupational exposure 5pm AMAD (s4 = 2.5), 3.5 um AMTD, density 3.0 g/cm®, shape factor
1.5 (see Chapter 5); fraction breathed through nose is 1.31% sitting and 69% light exercise; mean

ventilation rateis 1.2 m*h. (ICRP-66, 1994a).

b Environmental exposure 1um AMAD (sg = 2.47), 0.69 pm AMTD, density 3.0 g/em®, shape
factor 1.5; fraction breathed through nose is 1.55% ventilation rate is 0.78 m*/h. 33.3% sleeping, 25%
sitting, 40.6% light exercise and 1.0% heavy exercise.

¢ The extrathoracic airways consist of the anterior nasal passages (ET;) and posterior nasal and ora
passages, pharynx and larynx (ET»).
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The thoracic regions are bronchial (BB and bb) and alveolar-interstitial (Al). For the
purposes of external monitoring, the retention in the chest would be the activity retained

in the thoracic regions.

10.3.1 Acuteexposure

Asillustrative examples, the chest retention for workers and members of the public after
unit intake (radioactivity or mass) are shown in Figure 10.1. The figure emphasizes the
difference in retention in the chest due to different particle size, breathing pattern and
exercise level. The chest retention of Type F compounds within afew hours of exposure
isnegligible, and henceis not included in the figure.
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Figure10.1 Fractiona retention of inhaled uranium in the chest after acute inhalation
of Type M and S compounds:. occupational and public exposure.

The predicted urinary excretion rates for occupational exposure is given in Figure 10.2
and for public exposurein Figure 10.3.
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Figure10.2 Fractional urinary excretion rate of inhaled uranium after acute inhalation
of Type F, M and S compounds: occupational exposure.
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Figure10.3 Fractional urinary excretion rate of inhaled uranium after acute inhalation
of Type F, M and S compounds: public exposure.

The predicted faecal excretion rates for occupational exposure is given in Figure 10.4
and for public exposurein Figure 10.5.
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Figure10.4 Fractiona faecal excretion rate of inhaled uranium after acute inhalation
of Type F, M and S compounds: occupational exposure.
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Figure10.5 Fractiona faecal excretion rate of inhaled uranium after acute inhalation
of Type F, M and S compounds: public exposure.

Figure 10.2 shows that while there are large differences in the fractional excretion rates
at early times after exposure, the rates beyond about 700 d are closely similar for the
three absorption types. A comparison of Figures 10.2 and 10.3 shows that the fractional
rate for occupational exposure is always higher than for public exposure. However, the
curves in Figure 10.3, like those in Figure 10.2, converge at about 700d. It is
noteworthy that the faecal excretion curves for Type M and Type S compounds in
Figure 10.4 are almost coincident up to about 100 d after exposure. Figures 10.4 and
10.5 demonstrate that the faecal rates after occupational and public exposure exhibit the
same trends. However, in the latter case, the rates for Type M and S compounds are
slightly higher beyond about one week after exposure. The rates for Type F compounds
after public exposure are slightly lower than after occupational exposure during the first
week; thereafter the curves are coincident.

In principle, assessments of intake and dose can be extrapolated from measurable
amounts of uranium and DU in the chest or in urine or faeces a long time after intake.
This approach should be treated with caution since the actual pattern of intake and
airborne concentrations are unlikely to be known with certainty, and normal dietary
intakes of natural uranium, could substantially distort the assessment. For example, a
urinary excretion rate of say 1 pg/d of uranium observed several years after an assumed
occupational intake of DU, a value which could be accounted for by a small and recent
intake of a soluble form of uranium from the normal diet, would suggest that the
original intake may have been about 1 g.

On the other hand, the urinary excretion curve could be used with advantage if very low
levels of DU can be detected. For example, if the excretion of DU in urine several years
after an assumed occupational exposure was 10 ng/day, then the maximum predicted
intake would be only about 10 mg. This amount equates to a committed effective dose
of only about 1 mSv for a Type S compound. (see Table 10.3).
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10.3.2 Chronicintake

In this chapter, consideration is given only to members of the public. The biokinetics of
uranium after chronic intake have been based on unit intake per day, say 1Bq or 1 ng.
The data may be interpolated for any other intake rate if warranted. For example, in
some cases it may be appropriate to consider chronic intake rate corresponding to the
annual intake limit (see Table 10.3) i.e. at arate of (annual intake limit) / 365 per day.
While it is impossible to consider all the alternative exposure scenarios for continued
exposure, this model is perfectly acceptable for illustrative purposes, and is consistent
with one of the approaches used by |CRP-78 (1997)
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Figure10.6 Chest retention of inhaled uranium after chronic inhalation of Type F, M
and S compounds: public exposure.
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Figure10.7 Fractiona excretion rate of inhaled uranium in urine after chronic
inhalation of Type F, M and S compounds:. public exposure.
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Figure10.8 Fractional excretion rate of uranium in faeces after chronic inhalation of
TypeF, M and S compounds:. public exposure.

Figure 10.6 shows that the amounts present in the chest after the inhalation of Type M
and S compounds are closely similar up to about 100d after the commencement of
exposure. The data in Figure 10.7 show that the urinary excretion rates differ by about
an order of magnitude over the first 100 or so after the commencement of exposure
before slowly converging. Figure 10.8 shows that the faecal excretion rates are much
closer than those for urinary excretion; indeed they only differ overall by about three-
fold after 10000 d. However it should be borne in mind that the curves represent
idealized intake and excretion rates.

10.4 Material specific biokinetic behaviour of inhaled uranium oxides

Biokinetic studies have been conducted on all natural uranium compounds present in the
nuclear fuel cycle (e.g. Hodgson et al., 2000, Ansoborlo et al., 2001; ICRP-71, 1995b).
In comparison, very few studies have been conducted with DU. However since uranium
and DU are identical chemically, the database on the former is relevant for the
biokinetics of DU. However the discussion here is limited to the oxides which are
reported to be present in the air in the aftermath of the use of DU munitions, or after a
uranium fire. For DU used in warfare, UsOg and to a lesser extent UO, and UO; are the
compounds of most immediate interest. In addition, consideration is aso given to the
biokinetics of mixed uranium-iron (U/Fe) oxides, which may also be present.

Whilst many studies on the biokinetics of uranium oxides have been reported, very few
of them have been designed to assess the absorption parameters of uranium as defined
in the human respiratory tract model (ICRP-66, 1994a). For the purpose of this
monograph, the values used have been obtained for materials formed during the
fabrication of nuclear fuelsin the UK (Hodgson et al., 2000), although similar data have
been derived for similar compounds in the French nuclear industry (Ansoborlo et al.,
2001). This latter publication also provides extensive dissolution data. The absorption
parameters for reprocessed UO3 (Moody et al., 1997) are similar to those obtained for
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the compound formed in nuclear fuel fabrication (Hodgson et al., 2000). Information on
mixed uranium-iron oxides has been obtained from an industrial source (Ansoborlo et
al., 1998).

The values obtained from these studies are used here for illustrative purposes. For more
detailed information on the application of the ICRP respiratory tract model, the reader is
referred to aforthcoming technical document (ICRP, 2001)

It should be noted that the material specific absorption parameters are quite different
from the default values (Table 10.1), which is not unexpected. Indeed, ICRP have
continually acknowledged the importance of such data, and these results support this
recommendation. In calculating these data it has been assumed that the absorption
parameters in animals are the same as those in man. The evidence available at present
suggests that this assumption isjustifiable, since in other studies the observed biokinetic
behaviour of UszOg and UO, in workers is closely similar to that predicted by
extrapolation from animal studies (Stradling et al., 1989, Bertelli et al., 1998).

The material specific absorption parameter values (Table 10.5) have been used with the
other default parameter values for members of the public (Table 10.4) to calculate
exposure limits (Table 10.6).

Table10.5 Absorption parameter values for uranium oxides and DU default

material.
Material fr S, perd | s, perd fy
Inhaled | Ingested

UsOs 0.044 0.49 3.5 10% 0.002 0.002
uo, 0.011 095 6.1 10 0.002 0.002
UO; 0.92 14 3.6 103 0.02 0.02
U/Fe oxide® 0.12 1.45 26 10° 0.02 0.02
DU default® 0.2 1 1.0 10 002 0.002

Notes

a mixture of UO,, U30g, UOs, FeO, Fe,U

b best judgement values. The value for f; is based on DU with a large soluble fraction as determined
from in-vitro studies (Scripsick, 1985a, 1985b ); the value for s is based on the results of severd
experimental studies with uranium oxides and other compounds (Hodgson et a., 2000, Ansoborlo et al.,
2001); ss is representative of values obtained from several experimental studies with UsOg (Hodgson et
al., 2000, Ansoborlo et al., 2001). A material density of 9 is assumed since this is considered more
appropriate than the ICRP default value of 3. The high value for f, may be due to the presence of ultrafine
metal or oxide particles; this has been demonstrated for other aerosols ( Ansoborlo et a 1998)
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Table 10.6 Dose coefficients" and annua intake limits for industrial uranium
compounds and DU with default parameter values® occupationa and
public exposure (rounded values).

| sotopic composition Worker (5 pm, dose limit Public (1 pm, dose limit
20 mSv) 1 mSv)
U-nat DU U-nat DU
UO;
Dose coefficient (Sv/Bq) 1077 3.88 3.63 6.60 6.25
Intake limit (Bq) 10° 51.6 55.0 151 1.60
Intake limit (mg U) 2040 3700 60 110
uo,
Dose coefficient (Sv/Bg) 10”7 439 410 59.0 55.6
Intake limit (Bq) 10° 456 4.88 0.17 0.18
Intake limit (mg U) 180 330 6.7 121
U30s
Dose coefficient (Sv/Bg) 10”7 485 455 65.3 61.6
Intake limit (Bq) 10° 412 4.40 0.15 0.16
Intake limit (mg U) 160 300 6.1 109
U/Fe Oxide
Dose coefficient (Sv/Bg) 10”7 257 238 36.6 343
Intake limit (Bq) 10° 7.77 8.40 0.27 0.29
Intake limit (mg U) 310 560 10.8 196
DU default®
Dose coefficient (Sv/Bg) 10”7 35.7 33.2 55.6 52.3
Intake limit (Bq) 10° 5.60 6.03 0.18 0.19
Intake limit (mg U) 220 410 71 12.8
Notes

a includes contribution from short lived progeny
b seeTable 10.5 for absorption parameters

It is noteworthy that the exposure limits for uranium and DU in Table 10.6 for UsOg and
UO: lie between those of Type M and S compounds, and those for UO3 between Type F
and M compounds. The retention kinetics of uranium in the chest and excretion ratesin
urine have also been predicted using the material-specific absorption parameters in
Table 10.5.

10.4.1 Acuteexposure

The retention kinetics of uranium in the chest after unit intake for workers is shown in
Figure 10.9 and for members of the public in Figure 10.10.
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Figure10.9 Fractional retention of inhaled uranium in the chest after acute inhalation
of uranium oxides and the DU default: occupational exposure.
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Figure10.10 Fractiona retention of inhaled uranium in the chest after acute inhalation
of uranium oxides and the DU default: public exposure.

Figure 10.9 shows that apart from UOj the retention in the chest is similar for all the
materials up to about 100 d after exposure. For the oxides, the chest retention kinetics
lie between those for Type M and Type S compounds (Figure 10.1). The chest retention
kinetics for each materia after public exposure, shown in Figure 10.10, are closely
similar to those after occupational exposure, reflecting the fact that most of the
clearance from the respiratory tract occurs by particle transport to the gastrointestinal

tract.
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The fractional urinary excretion rates for uranium oxides after acute occupational and
public exposure to uranium oxides and default DU are shown in Figures 10.11 and

10.12 respectively.
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Figure10.11 Fractional urinary excretion rate of inhaled uranium after acute
inhalation of uranium oxides and the DU default: occupational exposure.
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Figure10.12 Fractional urinary excretion rate of inhaled uranium after acute
inhalation of uranium oxides and the DU default: public exposure.

Figure 10.11 shows that up to 100 d after exposure, the urinary excretion rates for the
various oxides can differ by an order of magnitude or more. It is noteworthy that, as for
Type F, M and S compounds (Figure 10.2), the rates at about 1000 d are closely similar.
However, it should be noted that for the oxides, the excretion rates are higher than for
their assigned absorption type, due probably to a higher value of f, (see 10.4). This
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should facilitate interpolations from excretion data in so far that lower values on the
assessment of intake should be possible.

Figure 10.12 shows that the urinary excretion rates are similar to those predicted after
occupational exposure. From two days onwards, the rate for public exposure is always
between 1.5 to 2.5 faster than for occupational exposure when the same material is

inhaled.

The fractional faecal excretion rates for uranium oxides after acute occupational and
public exposure to uranium oxides and default DU are shown in Figures 10.13 and

10.14 respectively.
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Figure 10.13 shows that, other than for UO3, the faecal excretion rates are the same for
the first week after exposure and then closely similar up to several hundred days. The
faecal excretion rates after public exposure, shown in Figure 10.14 are closely similar to
those obtained after occupational exposure.

This Chapter has shown that the differences in biokinetic behaviour when using default
or material specific values may be important for optimising the assessment of intake
from chest monitoring or the assay of excreta. This subject is discussed in later in
Chapter 11.

10.4.2 Chronic exposure

The fractiona retention of the uranium oxides and default DU after continuous chronic
intake by adult members of the public is shown in Figure 10.15.
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Figure10.15 Fractional retention of inhaled uranium in the chest after chronic
inhalation of uranium oxides and the DU default: public exposure.

Figure 10.15 shows that, apart from UOs3, the retention of uranium in the chest is closely
similar for all materials up to about 600 d after the commencement of exposure. The
fractional urinary and faecal excretion rates after chronic exposure are shown in Figures
10.16 and 10.17.
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Figure10.16 Fractional urinary excretion rate of inhaled uranium after chronic
inhalation of uranium oxides and the DU default: public exposure.
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Figure10.17 Fractional faecal excretion rate of inhaled uranium after chronic
inhalation of uranium oxides and the DU default: public exposure.

Figure 10.16 shows that differences in the urinary excretion rate of an order of
magnitude or more occur up to 100 d after the commencement of exposure, the curves
slowly converging thereafter. The data for the faecal excretion rate in Figure 10.17
show that they are closely similar up to 10 000 d after exposure.

It should be emphasized that usualy, there is less certainty about the chemical form of
the uranium and DU inhaled by the public than during occupational exposure. In such
circumstances, and until further information becomes available, it may be prudent to
assume that for the purpose of radiological dose assessment the dust is assigned to
inhalation Type S. It is also emphasized that from a toxicological standpoint, the dust
should be assigned to inhalation Type F if a conservative assessment is required.

102



10.5 Ingestion coefficients and annual intake limits for adult
member s of the public

This Chapter concerns uptake from the gastrointestinal tract by adult members of the
public from food and drink. As for inhalation, ICRP-72 (1996) and IAEA 1996) have
recommended dose coefficients, or dose per unit intake, expressed as Sv/Bq for all the
isotopes of uranium. For this purpose, the model of the gastrointestina tract,
summarized in Annex 4, is coupled to the systemic model for uranium (ICRP-69,
1995a). The generic values for natural uranium and DU are given in Table 10.7. In
general, there is less certainty about the chemica form of the uranium and DU after
ingestion rather than after inhalation. In such circumstances it may be prudent to assume
that the dust is of inhalation TypeF.

Table10.7 Dose coefficients and annual intake limits for Type F compounds of
natural uranium and DU after ingestion (f1=0.02)

| sotopic composition U-nat DU
TypeF

Dose coefficient (Sv/Bg) 10 4.82 477
Intake limit (Bq) 10° 20.7 21.0
Intake limit (mg U) 820 1400

10.6 Wound contamination.

At present, there is no appropriate biokinetic model, which describes the behaviour of
radionuclides after entry into the body from superficial or deep-seated wounds, or from
embedded DU fragments. However in such cases estimates of the systemic tissue
content can be made by extrapolating from the urinary excretion rate using the ICRP
systemic model for uranium (ICRP-69, 1995a).

10.7 Summary

In order to make the amount of data manageable for the reader, this chapter has been
limited to intakes and doses for only two generic potentially exposed groups of people,
namely workers and adult members of the public as defined by ICRP. It is concluded
that:
- chemical toxicity and radiotoxicity should be considered carefully in assessing the
risk to the individual since either could dominate under different exposure scenarios.
the likely exposure pattern should be identified as far as possible since this will
substantially affect body retention and excretion parameters, and hence assessment
of intake and dose.

the chemical forms of uranium or DU, and their proportions, in the aerosol should
be identified as far as possible since this will considerably improve assessments of
intake and dose.

material-specific data should be used whenever possible for predicting the
biokinetics of uranium and DU; while much of this information has yet to emerge,
the known behaviour of the likely constituents of the aerosol will make a substantial
contribution towards realistic assessments of intake and dose.

until more information on the chemical form of uranium and DU in the environment
is obtained, it would be prudent to assume that it isin asoluble form (ICRP Type F).
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the lack of an appropriate wound model should not prejudice estimates of the
uranium content of systemic tissues, notably the kidneys (See Chapter 12).

Currently there are gapsin knowledge in the following areas:
Biokinetic data on DU aerosols with emphasis on the effect of variable physical-
chemical composition resulting from the use of munitions.
Bioavailability of uranium after dispersion and re-suspension of DU dusts and
aerosols.
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11 Monitoring for internal exposureto depleted uranium

In principle, the deposition of DU in the respiratory tract after inhalation and its
subsequent uptake to organs in the body can be assessed from:

external radiation measurements of DU in the chest
the assay of DU excreted in urine
the assay of DU excreted in faeces

The introduction of DU into the body via ingestion can be assessed using similar
techniques for urine and faecal assessment. The specific case of DU ingestion is
described in more detail in Chapter 12.

For wounds, DU can be measured directly at wound sites, and uptake can be assessed
by excretion measurements.

The choice and efficacy of each procedure is dictated by the route of intake, the pattern
of exposure, the physical and chemical form of the uranium, the time between intake
and measurement, and the limit of detection of the analytical procedure used. The use of
bio-indicators for assessing nephrotoxicogical effects in the kidneys is discussed in
Chapter 8.

11.1 External monitoring of the chest

Measurements can be made of DU in the respiratory tract by external radiation
counting. Such monitoring is sometimes referred to as ‘“Whole Body Monitoring'. To
make a positive identification of DU (rather than natural uranium), it is necessary to
measure both the **U and *®U lung contents. The main gamma-emissions for these two
radionuclides are at 186 keV (?*°U), 63 keV and 93 keV (**8U). The last two are actually
from the 2*Th daughter of 2*U, which will, in practice, always be present. All are low
intensity emissions. the gamma-emission for ?*U is relatively high yield, but the
activity fraction of 2°U in DU is low (~ 1.1%), while the gamma-emissions for 22U are
both low yield. The low intensities, taken together with the relatively low gamma
energies, mean that specialized counting systems (for example using germanium (Ge)
semiconductor detectors) are required.

Under optimum conditions, the minimum detectable amount of natural uranium in the
chest may be aslow as 2 to 3mg (Lane et al., 1985, Palmer and Rieksts, 1985, Pomroy
and Malm, 1985; Toohey et a., 1991). For DU, the value is in practice likely to be
rather higher, at about 8 mg for a 45 minute measurement (see Table 11.3). Chest
monitoring using Ge detectors is feasible if measurements can be made soon after the
exposure took place. However, for exposures taking place years previously, only a small
fraction of the amount initially deposited remains in the lung. Significant intakes may
then result in lung activities that are below the limit of detection for chest monitoring,
and so in these circumstances chest monitoring may not be useful.

Amounts remaining in the respiratory tract at various times following inhalation have
been calculated under two separate conditions, broadly characterized as occupational
exposure (Table 11.1) and public exposure (Table 11.2). The occupational exposure
case is appropriate for military personnel who may have been exposed to DU as a result
of asingle incident on the battlefield (i.e. ‘acute’ exposure) or remediation. The public
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exposure case is appropriate for the general population who may have been exposed
over a protracted period, up to the time of measurement, to DU in the form of general
environmental contamination (i.e. ‘chronic’ exposure). Calculations were performed
using the ICRP-recommended default model parameters for occupational or public
exposure, and default absorption parameters for moderately soluble (Type M) and
insoluble (Type S) materials; and also using estimates of the most appropriate model
parameters for DU (Tables 10.1, 10.4, 10.5). The time-dependent retention for Type M
and Type S materials in the lungs after acute or chronic exposure are shown in Figures
10.1 and 10.6.

A measure of the sensitivity of the measurement technique is the minimum detectable
intake of DU. This depends not only on the minimum detectable amount (MDA) in the
respiratory tract, but also on the time between intake and measurement. Tables 11.3 and
11.4 give the minimum detectable intakes for lung measurements made at the times
givenin Table 11.1, for an acute occupational exposure and for chronic public exposure.

Table11.1 Uranium lung retention after an acute intake by inhalation: occupational

exposure.
Time after intake Lung retention ©

(d) (% of intake)
TypeM @ TypeS? DU "
1 5.76 6.43 5.98
7 5.18 5.95 5.03
30 3.84 494 4.02
365 0.40 2.65 1.56
3650 ~0 0.33 0.01

a For TypeM and Type S, ICRP-recommended default model parameter values for occupational
exposure were used (see Tables 10.1 and 10.4 for values)

b For DU, estimates for the most appropriate model parameter values for occupational exposure were
used (see Table 10.4 and 10.5 for values)

¢ Retentionin the tracheo-bronchia airways and thoracic lymph nodes isincluded

Table11.2 Uranium lung retention after a chronic intake by inhalation: public

exposure.
Time after start of Lung retention ©
intake (% of daily intake)
(d) TypeM ? TypeS? DU®
1 12.2 13.6 15.8
7 79.2 89.4 92.3
30 292 348 346
365 1260 2710 2340
3650 1410 9430 4670

a For TypeM and Type S, ICRP-recommended default model parameter values for public exposure
were used (see Tables 10.1 and 10.4 for values)

b For DU, estimates for the most appropriate model parameter values for public exposure were used
(see Table 10.4 and 10.5 for values)

¢ Retentionin the tracheo-bronchia airways and thoracic lymph nodes isincluded
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Table11.3 Minimum detectable acute intakes for DU by lung counting: occupational

exposure.
Time Minimum detectable intake (mg)
after Based on detection of 28U 2 Based on detection of 2°U °
intake  TypeM Type S DU TypeM Type S DU
(d)
1 140 130 130 380 340 370
7 160 140 160 420 370 440
30 210 160 200 570 440 550
365 2000 300 520 5500 830 1400
3650 2 10t 2400 79 000 4 101 6600 210 000

a MDA for 22U inlung isestimated to be 100 Bq (~ 8.0 mg DU), based on counting statistics
b MDA for #°U inlung is estimated to be 3.5 Bq (~ 22 mg DU), based on counting statistics

Table11.4 Minimum detectable chronic intakes for DU by lung counting: public exposure.

Time Minimum detectableintake (mg) #
after Based on detection of 28U ° Based on detection of 2°U ©
startof TypeM TypeS DU TypeM TypeS DU
intake
(d)
1 66 59 51 180 160 140
7 71 63 61 190 170 170
30 82 69 70 230 190 190
365 230 110 130 640 300 340
3650 2100 310 630 5700 850 1700

a Sum of daily intakes
b MDA for %U in lung estimated to be 100Bq (~ 8.0 mg DU), based on counting statistics
¢ MDA for #°U in lung estimated to be 3.5 Bq (~ 22 mg DU) , based on counting statistics

As indicated in Table 10.6, for the acute occupational exposure case, an intake of
410 mg DU would result in a committed effective dose equal to the annual dose limit of
20mSv. Thus, if a positive identification of 2°U is required, it can be seen that the
sensitivity of chest monitoring is barely adequate even if monitoring takes place within
the first few days. However, if the assessment of intake can be based on the
measurement of *®U only, chest monitoring could be usefully employed for a few
months after the exposure. This would be the case where the exposure to DU could have
been the only inadvertent exposure to uranium; note that exposure to natural sources of
uranium would be extremely unlikely to result in amounts in the chest approaching the
MDA.

It should be noted, however, that even under optimum conditions, the minimum
detectable intake corresponds to a dose that is a significant fraction of the annual dose
limit for occupational exposure. Furthermore, it should be noted that chest monitoring
would have inadequate sensitivity whatever the time of measurement if the material
were to be more soluble than has been assumed here. This would be the case if alarge
fraction of the DU wasin the form of UQs, rather than UO, and U3O:s.

For the chronic public exposure case, chest monitoring does not have sufficient
sensitivity to detect intakes that would result in a committed effective dose of 1 mSv.
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11.2 Urineand faecal monitoring

In principle, the assay of uranium in urine can be used for dose assessment after the
uptake of any chemical form of uranium after inhalation and ingestion, or from wounds.
However, the use of faecal assay is confined to intakes by inhalation of relatively
insoluble forms such as UO, and U3Og.

Measurement of uranium excreted in urine at known times after the exposure is
potentially a more sensitive method than chest monitoring for determining the amount
of DU inhaled. However, uncertainties in the assessed intake can be quite large, because
many assumptions concerning the aerosol size, solubility, and rates of movement
around the body must be made. Another problem is that natural uranium is present in
urine because of the ingestion of natural uranium in food and drink. Typicaly, an
individual may excrete between 10 and 400 ng of natural uranium in urine each day, but
levels can be much higher (ICRP-23, 1975, Roth et al., 2001). Differentiating between
uranium that is excreted as a result of dietary intake of natural uranium, and uranium,
that is excreted as a result of exposure to DU is a significant problem for any
measurement technique.

The amounts of DU present in urine following a DU exposure may well be similar to, or
even less than, the naturally occurring amount. For instance, an intake of 100 mg of DU
by inhalation would give rise to about 25 ng DU in a 24-hour urine sample taken ten
years after the exposure (based on default model parameters for occupational exposure
to DU, Table 10.5). It is therefore necessary to measure the >°U : 28U isotopic ratio to
determine the fraction of the measured uranium in urine that arises from a DU intake.
Tables 11.5 and 11.6 give the excretion rates of uranium at various times following
inhalation, as a percentage of the intake, for an acute occupational exposure and for
chronic public exposure. The time-dependent excretion of DU after acute occupational
exposure is shown in Figures 10.2 and 10.11, and after chronic exposure of the publicin
Figures 10.7 and 10.16.

Table11.5 Urinary and faecal excretion rates of uranium after an acute intake by
inhalation: occupational exposure.

Time Urine Faeces

after (% / day) (% / day)

intake TypeM? TypeS? DU® TypeM?  TypeS? DU®
(d)
1 232 10° 7.04 102 109 10° 10.7 11.4 11.2
7 650102 193 10° 367 102 226 10 247 10' 235 10%

30 265 102 7.70010% 987 10° 272°10% 350°10° 3.04 10?2
365 281°10° 26410 161°10° 345 10% 221°10° 129 10°
3650 221°10° 356 10° 246 10° 146 107 816 10° 262 10°

a For TypeM and Type S, ICRP-recommended default model parameter values for occupational
exposure were used (see Tables 10.1 and 10.4 for values)

b For DU, estimates for the most appropriate model parameter values for occupational exposure were
used (see Table 10.4 and 10.5 for values)
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Table11.6  Urinary and faecal excretion rates of uranium after a chronic intake by
inhalation: public exposure.

Time Urine Faeces
after (% of daily intake / day) (% of daily intake / day)
startof TypeM? TypeS? DU P TypeM?®  TypeS? DU P
intake
(d)
1 1.42 284 10° 7.80 10* 171 1.82 1.81
7 2.32 545 102 2.82 195 21.0 20.9
30 361 8.78 10? 3.60 21.2 23.1 23.0
365 8.70 3.29' 10* 5.93 23.7 27.6 27.0
3650 9.67 1.00 8.40 238 32.0 28.7

a For TypeM and Type S, ICRP-recommended default model parameter values for public
exposure were used (see Tables 10.1 and 10.4 for values)

b For DU, estimates for the most appropriate model parameter values for public exposure
were used (see Table 10.4 and 10.5 for values)

The main techniques available for measurement of uranium in urine are fluorimetry,
alpha spectrometry and mass spectrometry. The capabilities of these techniques for DU
monitoring are discussed below.

11.2.1 Fluorimetry

The minimum detectable amount for fluorimetry, based on empirical formulae, isin the
range 1.5 to 7ng of total uranium in a 24-hour urine sample, using the Kinetic
Phosphorescence Analysis method. However fluorimetry cannot provide isotopic
analysis, and so cannot differentiate between DU and natural uranium in urine. One
possible use would be to screen samples for unusually high levels of uranium; the
isotopic composition of samples above a screening level could then be measured using
another technique. However, caution would need to be exercised, because the
potentially large range of natural uranium urine levels could mean that screening levels
would have to be set so high that significant levels of DU in urine could be missed.

11.2.2 Alpha spectrometry

The minimum detectable amount for alpha spectrometry, based on counting statistics, is
approximately 0.1 mBq of 2*U, 2°U or U in a 24-hour urine sample. Count times of
approximately one week are required to achieve this sensitivity. For natural uranium, a
measurement of 0.1 mBq of either **U or Z®U would correspond to about 8 ng of total
uranium. Thus, naturally occurring levels of uranium in urine could be detected,
although not with high precision. A sample containing natural uranium would need to
contain about 200 ng of uranium before **U could be detected, because of this isotope's
low activity fraction.

For DU, measurement of the 22U activity would again allow the detection of about 8 ng
total uranium. However, to make a positive identification of DU, either the 3*U or #°U
activities would have to be measured. The minimum masses of DU necessary to detect
24U or #°U are about 40ng and 600 ng, respectively. If the uranium present was
predominantly DU rather than natural, it should be possible to make a positive
identification of DU at these levels. However, if a significant fraction of the uranium
were natural, higher levels would be needed in order to determine the amount of DU
present. The amount of DU that could be detected d%pends on the content of natural
uranium and the accuracy of the determination of the 2°U (or 2*U) and U levels.
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Because of the relatively poor sensitivity of alpha spectrometry to U in either natural
uranium or DU, the determination of the fraction of the uranium in urine that is DU
would normally be done on the basis of the measured 2*U : #*®U ratio. However, a
problem arises because this ratio measured in urine can vary from 1:1 up to 3:1
(Hurtgen, 2001). The increase in this ratio above its expected value of 1:1 arises because
of the influence of geochemical processes on uranium in groundwater. In order to use
the technique, it would be necessary to establish the isotopic ratio of natural uranium in
urine for each potentially contaminated individual measured, perhaps by the use of
control measurements on uncontaminated individuas living at the same location. It is
necessary to take a sufficiently large number of baseline measurements so that the
background distribution can be reasonably established. For an occupational monitoring
program, the measured distribution (typically log-normal) can be used to establish a
confidence interval above which exposures are considered to be occupationally derived.
The frequency of sample collection can then be adjusted accordingly.

11.2.3 Massspectrometry

Specialized mass spectrometric techniques (such as Multi Collector Inductively
Coupled Plasma MS, MC-ICP-MS; High Resolution Inductively Coupled Plasma MS,
HR-ICP-MS; or Thermal lonization MS, TIMS) can provide isotopic analysis at levels
lower than can be achieved by alpha spectrometry. Depending on the technique,
amounts of total uranium in a 24-hour urine sample in the range 1 fg to 5 pg can be
detected. However, larger amounts are required to detect the change in isotopic ratio
that would indicate the presence of DU. Again, the amount of DU that could be detected
depends on the content of natural uranium and the accuracy of the determination of the
25U and ?®U levels. On current information, it appears that the minimum detectable
reduction in Z°U/%®U ratio from its natural value is approximately 10% (Harwell,
2001). For typical levels of natural uranium, amounts of DU in a 24-hour urine sample
as low as about 10ng (perhaps lower than this in some cases) could therefore be
detected. Caution is needed since further development of their methods is needed to
alow a satisfactory determination of the **U/?*®U ratio in urine samples that contain
natural uranium levelstypical of healthy subjects (Roth et al., 2001).

On the assumption that 10 ng of DU in a 24-hour sample can be detected, Tables 11.7
and 11.8 give the corresponding minimum detectable intakes for measurements of 24-
hour urine and faecal excretion made at the times given in Table 11.5, for an acute
occupational exposure and for chronic public exposure.

Table11.7  Minimum detectable acute intake for DU by bioassay/mass spectrometry:
occupational exposure.

Time Minimum detectable intake (mg)
i?{;ire Urine excretion Faecal excretion
(d) TypeM Type S DU TypeM Type S DU
1 0.00043 0.014 0.00092 0.000093 0.000088 0.000089
7 0.015 0.52 0.027 0.0044 0.0040 0.0043
30 0.038 1.3 0.10 0.037 0.029 0.033
365 0.36 3.8 0.62 29 0.45 0.78
3650 45 28 41 6800 12 380

Minimum detectable amount of DU assumed to be 10 ng in a 24-hour sample
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Table11.8 Minimum detectable chronic intake for DU by bioassay/mass
spectrometry: public exposure.

Time Minimum detectableintake (mg) #
stac}:'?:)f Urine excretion Faecal excretion
intake TypeM Type S DU TypeM Type S DU
(d)
1 0.00070 0.035 0.0013 0.00058 0.00055 0.00055
7 0.0030 0.13 0.0025 0.00036 0.00033 0.00033
30 0.0083 0.34 0.0083 0.0014 0.0013 0.0013
365 0.042 11 0.062 0.015 0.013 0.014
3650 0.38 3.7 0.43 0.15 0.11 0.13

a Sum of daily intakes
Minimum detectable amount of DU assumed to be 10 ng in a 24-hour sample

For the acute occupational exposure case, it can be seen that mass spectrometric
measurements of DU in urine can detect intakes as low as about 40 mg DU, ten years
after the exposure. Such an intake would give rise to a committed effective dose of
about one tenth of the annual dose limit for occupational exposure.

For the chronic public exposure case in which the intake is spread uniformly over a
period of exposure of up to ten years and continues up to the time of measurement, mass
spectrometric measurements of DU in urine can detect intakes as low as 0.43 mg. In
practice, the exposure pattern is unlikely to be so well characterized, but sensitivity
should be adequate to determine an intake resulting in a committed effective dose of
1 mSv.

The data given in Table 11.7 and 11.8 for DU indicate that faecal monitoring has
comparable sensitivity to urine monitoring, and furthermore that if the material were
more insoluble than expected, would actually have significantly greater sensitivity.
However, faecal monitoring has some significant disadvantages. Firstly, the natural
variability in the amount of uranium ingested results in a large day-to-day variability in
faecal excretion, which would present additional problems for the determination of the
amount of DU. Secondly, the difficulty in obtaining samples in most cases would
probably mean that its potential advantages could not be exploited, except where a
special investigation was being carried out.

11.3 Wound monitoring

DU fragments present in the body as a consequence of wounds have been identified by
clinical examination using X-rays (Hooper et al., 1999; McDiarmid et a., 1999). The
results suggest that small fragments can penetrate deep into soft tissue without clear
evidence of a superficial wound. Some fragments about 20 mm in diameter could be
identified by this procedure, but most were less than 1mm. In some cases, elevated
urinary excretion of uranium was observed, athough DU fragments could not be
identified by this procedure. Hence, X-ray techniques should not be regarded as
definitive, and at best can provide only a semi-quantitative indication of internal
contamination.

Following the Gulf War, probes have been developed for the specific purpose of
assessing wound contamination with DU (Chandler, 2000). Tissue equivalent wound

111



phantoms containing various amounts of DU meta embedded at various depths
(0.97cm, 3.91cm, 7.73cm) were used to compare the efficiencies of bismuth
germinate (BGO) and sodium iodide (Nal(Tl)) detectors. The results showed that the
lowest minimum detectable activities for the shallow, medium and largest depth
phantoms were 5.8 kBq, 3.5 kBg and 10 kBq respectively.

11.4 Monitoring for individuals potentially exposed to DU aer osols

The data presented in Tables 11.1 to 11.8 demonstrate the importance of carrying out
monitoring as soon as possible after a potential acute exposure. In the case of chest
monitoring, useful results are obtainable for a few months after an intake, although
sensitivity greater than that which is presently achievable would be desirable. For urine
monitoring with isotopic analysis by mass spectrometry, adequate sensitivity is
probably achievable for samples taken ten years or more after a potential acute
exposure, but uncertainties in assessed intakes are likely to be quite large. With the
present state of knowledge of long-term uranium excretion, it is difficult to quantify
uncertainties, but errors of up to a factor of 10 are possible. Uncertainties would be
significantly reduced if monitoring were to take place soon after a potential exposure.

For retrospective assessment of potential exposures taking place more than one year
previously, measurements of DU in urine using high sensitivity mass spectrometry (e.g.
High Resolution Inductively Coupled Plasma Mass Spectrometry, HR-ICP-MS; Multi-
Collector Inductively Coupled Plasma Mass Spectrometry, MC-ICP-MS; or Thermal
lonization Mass Spectrometry, TIMS are recommended. However, there remains
considerable uncertainty about the capabilities of these techniques for this particular
application, and it will be important for methods to be validated and performance-tested
before they are used as part of a screening programme.

Initial screening using lower cost, lower sensitivity methods (e.g. Quadrupole ICP-MS)
could be considered, but it would be necessary to confirm that such methods have the
capability to detect the presence of (if not to quantify) significant levels of DU in urine.
If DU is detected in urine in significant amounts, chest monitoring could provide
additional useful information for intakes that could have taken place up to afew months
previously. However, for potential exposures occurring approximately ten years before
ameasurement, chest measurements are unlikely to provide useful information.

11.5 Monitoring for those with health effects attributed to exposure
to depleted uranium

All of the monitoring techniques available for retrospective assessment of intake have
large inherent uncertainties. For the small number of people for whom it has been
suggested that observed health effects are a result of exposure to DU, all possible
monitoring methods should be considered.

For in vivo (body) monitoring, chest monitoring should be performed; consideration
should also be given to the measurement of skeletal activity, although there appears to
be no publications on this matter at present. Assessment of activity in tracheo-bronchial
and broncho-pulmonary lymph nodes should also be considered (although it is
recognized these would be difficult measurements to perform and interpret).

For bioassay monitoring, assessments of DU urine and faecal excretion rates using high
sensitivity mass spectrometry technigues should be performed.
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11.6 Summary

Monitoring for internal exposure to DU, particularly where single intakes may have
occurred more than about one year previoudy, presents significant difficulties. High
sensitivity mass spectrometric measurement of uranium isotopes excreted in urine is
recommended as the main monitoring method. However, the capabilities of these
techniques for the measurement of DU in urine should be confirmed before they are
used as part of a screening programme. Body monitoring, to determine the amount of
any uranium contamination in the lungs, may also be of some use for the assessment of
occupational exposure during the first few months following an intake.
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12 Biokinetics of uranium species from the standpoint of
nephrotoxicty

The behaviour of uranium in the body predicted using ICRP biokinetic models, in
association with default absorption parameter values for Type F, M and S compounds,
and material-specific absorption parameter values for the oxides have been described in
Chapter 10. In this Chapter, the focus is on the potential nephrotoxicity of uranium after
inhalation of these materials, or after ingestion of soluble forms of the element.

12.1 Inhalation of uranium

Using the same default parameter values for uranium Type F, M and S compounds as
given in Table 10.1, the time-dependent retention of uranium in the kidneys after an
acute unit intake (Bq or pg) by occupationaly exposed workers and chronic intake
(Bg/d or pg/d) by members of the public are given in Figures 12.1 and 12.2. For
comparison, the predicted kidney retention kinetics after the inhalation of U;Og, UO»,
UsOg, mixed U/Fe oxide and DU default using the same absorption parameters as given
in Table 10.5 are shown in Figures 12.3 and 12.4.
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Figure12.1 Fractiona retention of inhaled uranium in the kidneys after acute
inhalation of Type F, M and S compounds. occupational exposure.

After acute intake by workers, the maximum concentration of uranium in the kidneys
occurs about one day after exposure. The intake that will result in a specified amount, or
concentration in the kidneys (assuming that the mass of the organ is 310 g), can be
deduced from Figures 12.1 and 12.3. The intake values given in Table 12.1 refer to the
usually accepted kidney limit of 3 pug/g; the intake for any other specified concentration
e.g. 0.3 ug/g of kidney will of course be proportional. Table 12.1 shows that for
workers, the permissible concentration of uranium in the kidneys for UsOg and UO3 in
particular are most unlikely to be exceeded in any exposure scenario. Similar
conclusions may apply for members of the public, even if the acceptable concentrations
in the kidneys were reduced by an order of magnitude to 0.3 ng/g.
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Figure12.2 Fractiona retention of inhaled uranium in the kidneys after chronic
inhalation of Type F, M and S compounds:. public exposure.
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Figure12.3 Fractiona retention of inhaled uranium in the kidneys after acute
inhalation of uranium oxides and the DU default: occupational exposure.
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Figure12.4 Fractiona retention of inhaled uranium in the kidneys after chronic
inhalation of uranium oxides and the DU default: public exposure.

Table12.1 Inhalation intakes of uranium which result in a maximum concentration
of 3 ng/g in the kidneys: occupational and public exposure.

Compound Intake (mQ)
Occupational (5um) Public (1pum)

Type S 7400 12510

TypeM 230 290

TypeF 30 35

U3Os 4010 3050

Uo, 6060 5920

UO; 140 85

UFe oxide 540 490

DU default 460 325

Interestingly, workers whose intakes have exceeded the daily intake limit for
moderately soluble (Type M) compounds of uranium (2 mg) by about five-fold have
shown no evidence of nephrotoxicity or kidney malfunction (Boback, 1975). This
would appear to support the choice of 3ng/g as a ‘safe’ limit for the uranium
concentration in the kidneys. However, the information given in Table 12.1 indicates
that, using the current ICRP models, the amounts deposited in the kidneys as a
consequence of intakesin excess of 10 mg or so would have been considerably less than
those estimated using the historical model on which the occupational exposure standard
was based (see Annex 5).

After chronic intake by members of the public, the concentration in the kidneys will
increase progressively with time (Figures 12.2, 12.4). For an assumed intake of 1 mg/d
of uranium it can be deduced from Figure 12.2, that the concentration in the kidneys
will exceed 0.3 ng/g (93 ny total) after about four days for a Type F compound and
about 100 days for a Type M compound. In both cases a concentration of 3 ng/g
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(930-ng total) would not be exceeded until after 10 000 days. Values for the oxides can
be calculated from Figure 12.4. Clearly material-specific information is vital for
assessing the potential nephrotoxicity of uranium.

12.2 Ingestion of uranium in drinking water and foods

The information given in Figure 12.5 shows the amount of uranium present in the
kidneys after a continuous chronic intake of a unit amount, say 1 ng/day. For
comparison, the amounts present in the skeleton and excreted daily in urine are
included. The calculations are based on the ICRP systemic model for uranium,
assuming that the fractional uptake from the gastrointestina tract is 0.02 (ICRP-69,
1995a). Figure 12.5 shows that at equilibrium the fractional amount present in the
kidneys is 0.067. In other words, a continuous daily intake of 4 ng/d (the current WHO
recommended guideline, Chapter 14) would result in a kidney content of 0.27 ng, and a
kidney concentration of 0.0009 ng/g. This value is substantially below what is generally
regarded as a safe value.
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Figure12.5 Fractional retention of ingested uranium in the kidneys and skeleton, and
urine excretion rate after chronic ingestion of a Type F compound.

Whilst the discussion here has been concerned with drinking water, similar
considerations would apply to the total dietary intake of uranium.

12.3 Relationship between kidney content and urinary excretion

The relationship between contemporary kidney content and urinary excretion after the
acute and chronic inhalation of Type F and M compounds, using the HRTM (ICRP-66,
1994a) and systemic model for uranium (ICRP-69, 1995a) is shown in Figures 12.6 and
12.7.
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Figure12.6 Kidney to urineratio of uranium in the kidneys after acute inhalation of
Type F and M compounds: occupational exposure.
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Figure12.7 Kidney to urine ratio of uranium in the kidneys after chronic inhalation of
Type F and M compounds: public exposure.

It is noteworthy that the ratios for Type F and M compounds up to 100 days after acute
intake and up to 10 000 days after chronic exposure are closely similar.

It can be deduced from Figures 12.6 and 12.7 that between 7 days and 100 days the
kidney to urine ratio is reasonably independent of the chemical form of intake, particle
size of the aerosol or pattern of exposure. The variation in ratio during this interval is
from about 1:1 to about 5:1. An assumed average value of 2.5:1 would appear to be a
useful compromise. Thus, judgements on the health status of the individual could be
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readily made by comparing the calculated kidney content with that obtained using the
threshold value of 3 ng/g or an acceptable fraction of it, say 0.3 ng/g (see Annex 5) .

Similar calculations have been made after direct intravenous injection of uranium into
the blood, simulating absorption from a contaminated wound. The values for the
kidney:urine ratios are similar to those obtained after inhalation (information from A
Phipps, UK-NRPB 2001).

It is concluded therefore that the kidney:urine ratio could be used with advantage in
some circumstances for assessing the likelihood of potential nephrotoxic effects.
However, it should be recognized that excessive concentrations in the kidneys may
suppress the kidney:urine ratios. Studies with rats have indicated that this is less than
two fold even when the kidney concentration is 3 ng/g (Hodgson et al., 2000).

12.4 Modelled kidney concentrations resulting from WHO standards

Uranium concentrations in the human kidney ranges from 0.000 33 to 0.0055 ny/kg
with a median of 0.0022ng Ul/kg kidney (converted from Bg/kg as 2**U from
UNSCEAR, 2000). The results of the modelling of derived WHO tolerable intakes are
(see Chapter 8 and WHO, 1998b) described in the following sections.

12.4.1 Oral consumption at the Tl (soluble compounds)

In Chapter 8 WHO derives a tolerable daily intake of 0.5 to 0.6 ng/kg/d. For a 60 kg
adult this corresponds to a daily intake of 36 ng/day (13.14 mg/annum). Based on a
fractional intake at biokinetic equilibrium for the kidney of 0.067 (Figure 12.5) this
would result in a kidney content of 2.41ng and a resulting kidney concentration
(assuming a kidney weight of 310 g) of 0.008 ng/g.

Estimated radiological dose (to kidney or whole body) resulting from the ingestion of
13.14 mgly of DU to an adult member of the public and based on ICRP biokinetic
modelsis 9.4 10 mSv/year.

12.4.2 Ingestion at the WHO drinking water guideline value

The current WHO recommended drinking water guideline (for natural uranium, Chapter
14) is 2ng/l which is considered to be protective, and is based on the assumption that
allows 10% of the Tl intake of uranium to come from uranium derived from drinking
water (at a drinking water consumption of 2 I/day, 60 kg adult). Consumption at the
guideline level gives a daily uranium intake of 4 ng (1.46 mg/y). Based on a fractional
intake at equilibrium for the kidney of 0.067 (Figure 12.5) this would result in a kidney
content of 0.268 ng and a resulting kidney concentration (assuming a kidney weight of
310 g) of 0.0009 ng/g. This value is substantially below what is generally regarded as a
safe value within the occupational context. However, it is recognized that this standard
is not applied universaly and is significantly lower than that suggested in other
countries (see Chapter 14).

Estimated radiological dose (to kidney or total body) resulting from the ingestion of
1.46 mgly of DU by an adult member of the publicis 1" 10 mSv/year.

Consumption of drinking water containing natural uranium at levels significantly above
thisis possible in a number of countries (See Annex 3 and Chapter 3). This could result
in significantly greater kidney concentrations (at which changesin kidney function, that
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might be considered to be detrimental, may be observed e.g. Zamora et al., 1998). For
example exposure to uranium in drinking water at non atypical vales (20 ng/l) and
maximum concentrations (1600 ny/l) of U observed in studies cited in Annex 3 would
result in kidney concentrations of 0.009 ng/g and 0.72 ng/g respectively.

Estimated radiological dose to an adult member of the public resulting from the
ingestion of drinking water containing 20 g/l and 1600 g/l of DU is 1" 102 and
0.8 mSv/year respectively.

12.4.3 Inhalation at the Tl for Type F (soluble)

The recommended TI for inhalation for Type F compounds in Chapter 8.4
(0.6 ny/kg/day) is equivalent to an intake of 36 ng/day (13.14 mgly, DU Type F,
Table-10.3). Using the information from Figure 12.2, for chronic exposure, it can be
deduced that the kidney content at equilibrium will be 36 ng, and the concentration
0.12 ng/gof U. Thisis reasonably consistent with the suggested value of about 0.3 ng/g
(Annex 5).

Estimated radiological dose resulting from the inhalation of 13.14 mg/ly of DU by a
member of the publicis9.9" 102 mSv/year.

12.4.4 Inhalation at the Tl for Type M (moderately soluble) compounds

The recommended TI for inhalation of Type M compounds in Chapter 8.4
(0.6 ny/kg/day) is equivalent to an intake of 36 ng/day (13.14 mgly), DU Type M,
Table 10.3). Using the information from Figure 12.2, for chronic exposure, it can be
deduced that the kidney content at equilibrium will be 30 g, and the concentration

0.10 nmy/g.

Estimated radiological dose resulting from the inhalation of 13.14 mg/y DU (Type M)
by an adult member of the public is 0.58 mSv/year.

12.45 Inhalation at the Tl for Type S (insoluble) compounds

The TI for inhalation of Type S compounds in Chapter 8.4 (5 ng/kg/day) is equivalent
to an intake of 300 ng/day (110 mgly, DU Type S, Table 10.3). Using the information
from Figure 12.2, for chronic exposure, it can be deduced that the kidney content at
equilibrium will be 21ny, and the concentration 0.12ny/g. This is reasonably
consistent with the suggested value of 0.07 ng/g (Annex 5).

Estimated radiological dose resulting from the inhalation of 110 mg/y of DU by an adult
member of the public = 13.4 mSv/year. (Note whilst unacceptable for a member of the
public this dose may be acceptable for aworker (see Chapter 9 and Annex 5).

125 Summary

The time-related retention of uranium in the kidneys has been discussed after acute and
chronic inhalation of compounds with widely different solubility characteristics by
workers and adult members of the public. The chronic ingestion of soluble uranium in
drinking water has also been addressed. It is concluded that:
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the likely exposure pattern should be identified since thiswill substantially affect the
time-related amounts retained in the kidneys, and hence judgements on
nephrotoxicity.

nephrotoxicity after intakes of Type S compounds, and uranium octoxide and
dioxide is considered most unlikely in view of the considerable amounts that would
need to be inhaled; even the inhalation of other materials such as mixed U/Fe, and a
DU mixed oxide with a highly soluble component (20%) would need to be
appreciable.

in certain circumstances effective judgements on the likely nephrotoxicity of
uranium can be deduced from kidney content extrapolated from the urinary
excretion rate; the kidney to urine ratio is reasonably independent of the chemical
form and exposure pattern from afew days to severa months

upper values for the kidney content of uranium can be deduced from consideration
of its concentration in drinking water and daily intake.

Our current knowledge gaps include:

Chemical composition and solubility of the aerosol inhaled.
Chemical forms and solubility of uranium in drinking water.
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13 Protective measures, health monitoring, and medical management

This chapter is intended for medical officers and health physicists who are not familiar
with the detailed health and radiological protection issues associated with DU, but who
need guidance on these matters. Hence, it is anticipated that it may be consulted in
isolation. Inevitably there will be some repetition of material contained in other
chapters, and the reader is referred to them when more information is required.

This chapter addresses practical questions concerning:

background information useful for considering the nature and extent of
contamination and response actions

protective measures needed to prevent possible health effects from DU exposure

health monitoring or medical surveillance of people living or working in areas
where DU has been or is being used

medical management of persons contaminated internally with DU

Protective measures, health assessment, and medical monitoring and management of
public and occupational exposures are considered.

13.1 Background information

13.1.1 Public exposure

Area of contamination The area and levels of DU contamination in the environment
should be determined. DU munitions produce fragments and dust of uranium metal and
oxides, the extent of which depends on the magnitude of the impact, heat generated and
explosive force. Heavier fragments and dust settle close to the site of impact while finer
dust is carried further afield. Consequently, contamination levels decrease rapidly with
distance. Finer dust produced on impact may be carried tens to hundreds of metres from
the impact site. However, with increasing distance from the impact site, the DU dust
concentrations will decrease rapidly. DU can aso be released into the air from
production and processing facilities. DU released to water through factory effluent,
direct fallout, or erosion may settle onto silt or dissolve and be transported into
groundwater. (For further information see Chapter 6).

Routes of exposure and magnitude of intake Assessment of the levels of intake of
uranium and DU provide a basis for determining the potential for adverse health effects
since every person exposed to DU is aso exposed to uranium in air, food, and water.
When civilians inhabit areas that contain DU, exposure could occur by inhalation of
airborne contamination or resuspended dust, or ingestion of drinking water,
contaminated food or soil, or by dermal contact. The human body contains about 90 ngy
of uranium from the normal intake of food, air and water. About 66% is present in the
skeleton, 16% in the liver, 8% in the kidneys and 10% in other tissues. For further
information on routes of exposure see Chapters 3, 5 and 6, and for the assessment of
levels of intake see Chapters 10, 11 and 12.
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13.1.2 Occupational exposure

In occupational situations the primary principle is to identify potential hazards and then
control them with engineering and administrative measures supported by environmental
monitoring and, if necessary, biological monitoring.

Hazard identification A hazard identification and control program should be
established for workplaces when DU exposures are likely to occur. Occupational
exposure to DU can occur during the production and handling of DU containing
materials (shells, armour, ballast, shielding), and in the remediation and reclamation of
contaminated areas. Additionally, people working in previously contaminated sites in
occupations such as construction, farming, and other dust-producing activities may also
be at increased risk of exposure to DU. Military personnel in combat situations are
clearly at potential risk of DU exposure

Any operation or activity that handles or processes un-encapsulated DU should consider
measures to protect workers from the potential chemical and radiological hazards. The
level of protection to be used and the extent of the required monitoring program will
depend on:

the quantities of material being handled or processed.

the physical and chemical properties of the material (e.g. chemical form and particle
sze).

the nature of the operations being conducted.

Under normal circumstances, appropriate occupational health standards (see Chapter 14
and Annex 5) will apply to workers in both production facilities and environmental
remediation activities.

Inhalation The most likely route of exposure at the workplace is the inhalation of
uranium or DU. As indicated in Table 14.4, exposure limits exist for the control of
uranium inhaation (HSE, 2000; ACGIH, 1993; NIOSH, 1994; ICRP, 1994a; NRC
1991). To verify that contamination control measures are effective, and to confirm that
worker exposure is maintained within the appropriate limits, routine measurements of
the levels of airborne DU should be conducted. Depending on the nature of the
exposure, these measurements may need to be supplemented with urine sampling, faecal
sampling and/or in vivo monitoring of the lungs for uranium.

The following sections highlight some of the major elements of an adegquate monitoring
program. Since a number of guidance documents exist for implementing such
monitoring programs (ANSI, 1995; ICRP-54, 1988; ICRP-78, 1997; Rich, 1988;
Stather, 1994), the reader is referred to these documents for further discussion, and other
relevant chaptersin this monograph.

13.2 Protective measures

Identifying appropriate protective measures for exposed individuals first involves
establishing a framework for decision making by defining the range of protection
measures and then identifying relevant protective actions.
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Measures to protect the public from DU exposure are divided into the broad categories
of locality-based, environment-based and medical-based actions, as described below, in
response to a perceived, potential, or actual health threat. The initial response may be
generic in nature, with actions becoming more focused and appropriate as data are
collected and assessed as to level, chemical and physical form, and solubility relative to
prescribed standards.

13.2.1 Locality-based protective measures

Locality-based protective measures are taken when data on which to base decisions are
insufficient to determine if individuals are being exposed to DU, and that the situation
indicates a reasonable probability of exposure. This could occur following the military
or civilian use of DU, when aDU processing facility is suspected of releasing quantities
of DU above allowable limits, when environmental monitoring results indicate new or
elevated levels in any medium e.g. drinking water, or when medical symptoms may
suggest an over exposure.

Precautionary actions include general advice published or reported by national or
international organisations to reach as wide a cross-section of the population as
possible. These should be coordinated with environmental and medical monitoring
activities and be subject to constant assessment and revision following any specific
environmental or medical investigations of the situation.

13.2.2 Environment-based protective measures

Environment-based protective measures are taken when sampling and survey results
demonstrate the presence of excessive levels in a specified environmental medium to
which the public is or may be exposed, or when a direct exposure pathway has been
established. This occurs when levels measured in air, food, or water exceed regulatory
limits or guideline levels (see Chapter 14 for more detail) or are likely to do so based on
the anticipated spread of known contamination. Environmental response actions include
[imiting human and animal exposure to the contamination, or providing access to
alternative clean or less contaminated supplies. These actions will need to be revised as
further information becomes available.

13.2.3 Medical-based protective measures

Medical-based protective measures are taken when medical results confirm that an
individual's health is being, or likely to be, compromised by exposure to DU. This could
include measurements of uranium in the chest, biological samples (generally urine)
along with assessment of renal proximal tubule damage (see Chapters 11, 12). Since no
biomarker is specific to DU, and it is often impossible to quantify the measured value
and potentially toxic effect, acombination of laboratory tests may be useful (Chapter 8).
Care should be taken not to overlook other potential causes of adverse health effects,
such as other toxicants or stressful conditions.

Screening for DU-associated disease in asymptomatic individuals or populations is

generally not recommended. In individuals with high levels of uranium in urine,
medical assessment should be undertaken.
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13.2.4 Occupational measures

Control of DU exposure in an occupational environment also requires management
directives on organizational and individual worker practices, such as restricting eating,
drinking, or smoking in areas where DU exposures could occur, restriction of
admittance to various work areas, training, record keeping, and hazard communication.
The choice of appropriate monitoring programmes will be essential for adequate
protection of the worker. These include:

Air monitoring Workplace air monitoring is the primary means available to
demonstrate that the airborne levels of DU in afacility or project are within the desired
exposure limits. When it is believed that air concentrations have the potential to exceed
a pre-established fraction of the applicable exposure limits, a general area air-sampling
program should be in place. The fraction of the regulatory limit a which monitoring is
required will vary depending on local regulatory requirements. In the absence of local
regulatory guidance, avaue of 10% is commonly used.

For work practices that are difficult to cover using a fixed sampling location, such as
remediation/clean-up activities, consideration should be given to the use of a personal
air sampling device. These portable units have sampling heads that can be attached
directly to a worker's collar, thereby providing a more accurate estimate of exposure
than is possible with afixed head unit. However sampling rates are low, typically 2| per
minute, and results can be biased unless a centripeter device is used to remove non-
respirable particles.

Internal exposure monitoring (biological monitoring) The worker protection
program should include measurements that are capable of evaluating the extent to which
workers are internally exposed to uranium. These measurements, which include urine
sampling, faecal sampling and other in vivo examinations such as external monitoring of
the chest, are referred to as bioassay measurements. When used in conjunction with
appropriate metabolic models (ICRP-54 1988, ICRP-78 1997), and ideally, material-
specific data on particle size and absorption parameter values for absorption to blood,
these bioassay samples can be used to evaluate the extent of a worker's internal
exposure to DU (see Chapters 10,11). It isimportant that measurements are undertaken,
and assessments of exposure are undertaken by organisations validated to do so. As part
of the bioassay program, action levels should be clearly defined. The intent of these
action levelsisto ensure that acute effects due to chemical toxicity do not occur and that
a worker’s radiological exposure is minimized. A number of guidance documents on
establishing a bioassay program (with associated recommendations for chemical and
radiological action levels) have been published (Rich, 1988; Stather, 1994 (see
comments above); ANSI, 1995; ICRP-54, 1988; ICRP-78, 1997).

The choice of bioassay sample type and monitoring frequency is dependent on the
solubility of the material being evaluated (see Chapter 11). For highly soluble uranium
compounds, such as UFg, urine samples will need to be collected as soon as possible
after known or potential acute exposures. For routine monitoring purposes, and when
exposures are likely to be significant, sampling intervals of about one week may be
necessary. On the other hand, assessment of intake of poorly soluble forms such as UO»,
might be better evaluated using faecal sampling. In either situation, it may be desirable
to supplement urine and/or faecal monitoring with external measurements of the chest.
Being a direct measurement of the lungs, it ensures that any large intakes of uranium are
not missed. Chest monitoring can be used to assess the contemporary lung content (limit
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of detection about 8 mg) but if measurements are made soon after exposure, doses of a
few tens of mSv can be identified (see Chapter 11).

Because uranium is naturally present in both urine and faecal samples, care should be
exercised in the interpretation of positive results. All positive bioassay results should be
interpreted in the light of the natura distribution of uranium present in the worker
population. Prior to the initiation of work in a contaminated area, al workers should be
required to submit a baseline bioassay sample. All bioassay results should be provided
to workers with an explanation and counselling about their meaning and implications.

In some cases, it may be determined that bioassay monitoring is insufficient to evaluate
a worker’s exposure. This can be the case for facilities that handle highly insoluble
forms of DU. In this situation, the use of supplemental breathing zone air samplers
(BZAs or personal air samplers) should be considered. Many commercially available
BZAs are capable of sustained flow-rates of up to five litres per minute. If one assumes
a worker's breathing rate of 20 litres per minute, the BZA can be considered as a
surrogate bioassay sample, which measures 25% of aworker’ sintake.

External exposure monitoring While the primary hazard from working with un-
encapsulated DU is from internal exposure, as discussed in Chapter 9, large quantities
of DU may present an external radiation hazard. In particular, exposures to the whole
body (by gamma radiation from uranium and the progeny) and to the skin (from 2>*™Pa,
a beta-emitting member of the uranium decay series) can be significant. When large
guantities of uranium are stored, there is also a potential for penetrating whole body
exposure from DU which can reach a surface dose rate of 0.1 mSv/hr

If an environmental characterization indicates that there is a potential for workers to
receive external doses or dose rates that exceed those identified in relevant regulations,
then workers should be provided with personal dosimeters. These limits may vary with
the regulatory agency. Dosimeters should be selected so that their energy response
characteristics are appropriate for the radiation field being evaluated. Guidance
documents for the implementation of an external dosimetry monitoring program are
available (e.g. NCRP, 1999; Rich, 1988).

13.3 Preventative actions

This section covers a range of preventative actions available to communities and
individuals for protection against DU over exposure, which may be achieved through
changesto habits and activities.

13.3.1 Air

When the public have been advised that DU levelsin air exceed regulatory or guidance
values (such as may occur during military activities in which DU is used or released
from a DU facility) some level of protection may be offered by closing windows and
doors, securing ventilation, wearing a filtered respirator or mask or breathing through a
damp cloth. Resuspension of DU dusts through wind erosion and both foot and vehicle
traffic may be a source of continued low-level exposure. Exposure in these situations
may be reduced through minimizing activities likely to resuspend dusts (e.g. removal of
surface materials, fixation of the contamination, or watering and tilling to dilute the
surface material available for resuspension or limiting access)
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13.3.2 Children

Children should not play in areas where DU has been used or transported until the soil is
acceptably clean. Two reasons for concern are that children exhibit hand-to-mouth
activities leading to soil ingestion (especially geophagic children who can eat large
amounts) and military activities may contaminate surface soil and dust accessible to
children.

13.3.3 Concerned individuals

Individuals concerned about potential over exposure to uranium should consult a
physician.

13.3.4 Contaminated items

Outer clothing and shoes that have possibly become contaminated should be removed
outdoors. Before washing, segregate gently to minimize airborne levels, then wash
groups of these clothes in succession, double-washing the most soiled, and including a
clothes-free cycle to prepare the washer for uncontaminated clothing. Contaminated
tools and vehicles, including the underside of vehicles and tires, should be washed in
designated areas, where particulate contamination is removed in a suitable trap and
disposed of appropriately.

13.3.5 Drinking water

Consumption of contaminated drinking water should be limited or avoided when total
uranium (natural and DU) exceeds established limits or guidelines (see Chapter 14).
This may be resolved by using appropriate filters, changing to bottled water that is
known to contain acceptably low levels of uranium, or collectively on a community
basis through mixing and blending with other uncontaminated water sources.

13.3.6 Exposed skin

If work or play occurs on contaminated soil, carefully wash hands, face and other
exposed skin areas (e.g. the soles of the feet) thoroughly and again before eating or
drinking.

13.3.7 Food

Food grown in DU contaminated areas may contain DU primarily attached to the
surface of roots or leaves. Much of the DU should be removable by thoroughly washing
or peeling al edible surfaces and removing any rough outer membrane. The drying of
foods on potentially contaminated soils should be avoided. Governmental advice should
be sought on levels of contamination that may restrict food consumption (Chapter 14).

13.3.8 Impacted areas

Where practicable, areas where significant DU contamination actually or potentially
exists should be cordoned off until a survey has determined that it is safe for habitation.
If levels warrant a clean-up of the area, the cordons should be retained and appropriately
adjusted for actual conditions until results of afinal status survey show the areais safe
for unrestricted access.

13.3.9 Metal fragments, depleted uranium munitions, scrap metal and souvenirs

In all locations where DU has been used militarily, it is recommended that the public do
not handle remnants of armaments (not least because of other more immediate hazards
associated with unexploded ordinance). While the radioactivity of DU is low, large
pieces of DU are capable of delivering significant doses to the skin (see Chapter 9).
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Thus collecting of intact or fragmented DU penetrators, unexploded munitions/armour
or other equipment containing DU for souvenirs or fabrication into other products
should be actively discouraged (see Chapter 4).

13.4 Environmental monitoring

Environmental monitoring includes conducting radiation-level surveys and chemical-
contamination surveys with portable equipment, and virtually aways will include the
collection of samples of environmental media (see Chapter 6 and Annex 6).

13.4.1 Radiation surveys

Surveys for DU may typicaly involve the use of hand-held monitors (such as an
Nal(T1) type scintillation detector) with determinations being performed on a regular
grid or being undertaken based on a local knowledge of areas of particular concern or
vulnerability. Samples may also be taken from the field for more accurate chemical and
radiochemical analysis in the laboratory (see below). Alternatively more complex
surveys may be undertaken from the air or in specially equipped vehicles. In general,
radiation surveys must only be undertaken by qualified professional bodies or persons
who can demonstrate both professional competence in the detection of DU and have
appropriate quality assurance and quality control in place.

13.4.2 Chemical contamination surveys

Contamination surveys for DU typically involve the removal of representative samples
of material (water, soil, food, vegetation, dust, airborne dust etc.) from various locations
of interest and transferring the samples in sealed containers back to a laboratory for
detailed characterisation. The 3-dimensional location (ideally a recognized spatia grid
coordinate and sample depth) being accurately recorded and selected based on the
likelihood of including contamination or the vulnerability of a particular media to
contamination (e.g. water sources used by many people). Sampling for DU could
include air samples up- and down-wind of the impact or discharge point, surface soil
samples for recent fallout or thicker samples for aged falout, occasional core soil
samples (for uranium and DU depth profiles and uranium reference levels for that area),
river sediment and water up- and down-stream of any air plume or water discharge point
(for accessibility to potable water for humans, food animals, and food crops), surface
drinking water supplies, and locally produced food. Groundwater can also be collected,
but its contamination from any source of DU is less likely; however, it is more likely
than surface water to contain high levels of natural uranium and its decay products (see
Chapter 3). Surveys of chemical contamination may be complex and if inappropriately
conducted may lead to misleading positive and/or negative results. For this reason such
studies are best undertaken by qualified professional bodies or persons which can
demonstrate both professional competence in environmental sampling techniques and
the chemical analysis of DU, and have appropriate quality assurance and quality
controls in place. Some methods appropriate for the determination of DU and uranium
in environmental media are described in Annex 6.

13.5 Health assessment

To determine if a health assessment program might be beneficial, an investigation
should assess whether realistic circumstances exist for DU exposure. For example could
a person, during the course of their activities, have ingested, inhaled or come into
contact with significant amounts of DU? In such an appraisal it may be appropriate to
reference international standards and guidelines (Chapter 14), provided that information
relating to levels of actual exposure are available.
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The conclusions presented in this report indicate that consideration should be given to
both the radiological toxicity and chemical toxicity of DU. Dose limits for limiting
effects due to ionizing radiation are given in Chapter 9 and their implications to various
levels of DU exposure are described in Chapters 10 and 11. While the question of
chemical toxicity is discussed in Chapters 8, 12 and Annex 5.

Health assessments may be conducted on overexposed individuals immediately
following releases of DU through military operations or from processing plants or
storage areas etc. It is also implemented in a phased manner on other individuals based
on their potential for overexposure to DU from any source. This potential can be
assessed, based on environmental monitoring results and medical monitoring of patients
who present with symptoms that relate to DU over exposure, which can be further
assessed through biological sampling. In essence, environmental and biological samples
are analysed, the results used to assess exposure, which provides feedback to the
sampling programs, ultimately ending in arisk assessment for individuals or population
groups as a function of estimated exposure and potential health endpoint.

The sections below address the diagnosis, monitoring and treatment of medical
conditions associated with exposure to DU or U.

13.5.1 Medical diagnosis

Pathophysiology

The pathophysiology of uranium and DU are discussed briefly below and in more detail
in Chapters 7, 10 and 12.

Inhalation

Under various circumstances DU and uranium may become liberated in the form of dust
and aerosols. Particles typicaly less than 10 um AMAD will enter the deep lung, while
the larger ones will be trapped by the upper respiratory tract and then either
expectorated or swallowed. The amount of uranium or DU entering the blood and the
rate of absoprtion will depend upon the particle size and chemical form (the smaller,
more biologicaly soluble, particles tending to enter more efficiently and quickly).
Elimination from the blood occurs primarily through the kidneys. During the first 24
hours after incorporation, up to 60% will be excreted and about 90% in the following
few days. Most of the remainder will be deposited in the skeleton (see Chapters7, 9, 10,
11 and 12)

I ngestion

Absorption from the intestinal tract may vary from a few per cent to less than 0.2%
depending on its chemical form. The remainder is excreted in faeca material. About
90% of the absorbed part will be eliminated by the kidneys, while the remaining part
will mainly accumulate in the skeleton, with a biological half-life of about 300 days (see
Chapter 7, 10, 11 and 12)

In the kidneys, uranium accumulates mainly in the proximal tubules. At elevated levels

uranium is considered as nephrotoxic and can cause glucosuria and an albuminuria (see
Chapters 8 and 12).
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Dermal contact and uranium in wounds

Prolonged and direct contact with uranium may cause skin erythema, but at DU
exposure levels it is not considered likely to reach a significant level of toxicity (see
Chapter 8).

Embedded fragments

Soldiers with retained DU fragments typically demonstrate an enhanced level of urinary
excretion of uranium than control groups. This finding may still be present seven years
after exposure, suggesting a slow controlled release from the disintegrating fragments
(see Chapter 12).

L ong term pathophysiology

Below a certain concentration, kidney damage may be transitory (see Chapter 8). The
only known human pathology due to the chemotoxicity of uranium is the destruction of
renal tubules, without clinical manifestation, but causing a diminution of the kidney
reserve function.

Theoretically, exposure to DU or uranium may lead to effects associated with ionizing
radiation. Considering the amount of radioactivity involved, deterministic acute effects
are excluded. Long term effects are represented by the increased probability of
developing a cancer, athough this risk remains extremely low (see Chapter 8).
Modelling of exposure in extreme conditions (inhalation of dust shortly after the impact
of projectiles) suggests that a calculated radiation dose of 10 mSv would occur,
representing half of the maximum yearly dose limit for workers.

Diagnosis
Persons exposed to uranium normally show no specific clinical sign, apart from those
non-specific symptoms associated with exposure to many other heavy metals.

If it is strongly suspected or known that a person has either inhaled or ingested large
amounts of uranium dust, a presumption of uranium exposure can be gained by a
thorough anamnesis. Details such as the time of the exposure, the exact location of the
person, the distance from the impact etc, need to be determined to properly assess the
extent of exposure. If the exposure extends over a long period of time and occurred
mainly through ingestion, alimentary habits must be checked.

If the physician is convinced that there has been an exposure to uranium, the following
routine laboratory tests should be performed:

routine urine analysis (especially checking for albumin and glucose).

blood urea and creatinine for kidney function.

acomplete blood count for anaemia.

chest X-ray in case of a possible inhalation exposure to exclude lung damage.

In cases of severe exposure, the kidney may be the critical organ. Signs indicating a
tubulopathy should be looked for. If the tubules are damaged, there will be many low
molecular weight proteins that appear in the urine, among which the b,-microglobulin is
the most commonly assessed. Therefore the diagnostic procedure should be:

determine the dosage of b,-microglobulin in a 24-hours urine collection. Most major
hospitals and medical laboratories are able to perform this analysis. The patients
should be informed how to correctly collect the 24 hours urine sample. It should be
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remembered that this protein is unstable in acid urine, so that it isimportant that the
collection of the urineis performed according to the instructions of the laboratory

if the result of this determination is pathologic, the amount of uranium excreted in
urine in 24 hours should be determined. However, as only few laboratories are
equipped for the determination of uranium in the urine, it is absolutely necessary to
contact such alaboratory before collecting the urine and to follow their instructions.
A spot urine analysis is of considerably less value, even when coupled with a
creatinine determination. These factors are discussed in detail in Chapter 11, Annex
6 and the following sections.

Prognosis

So far only very few cases of acute uranium overdose have been reported in the
literature. They are characterized by an acute rena failure, which may lead to a
complete anuria and need temporary dialysis. An incomplete Fanconi syndrome, in the
form of a rena tubular acidosis, may persist more than six months after exposure,
requiring adaily supplement of sodium bicarbonate (Pavlakis et al., 1996).

For chronic exposure at low uranium levels no permanent damage has been reported.
Occupational exposure of uranium mine workers is not known to have been detrimental
to their health; only a few have developed transitory anaemia. Soldiers who have
incorporated uranium fragments have not shown any renal problems. The radiological
hazard is likely to be very small. No increase in leukaemia or other cancers has been
established following exposure to uranium or DU (see Chapter 8).

13.5.2 Medical monitoring

Medical monitoring may include examination by a physician and the collection and
analysis of biological samples for DU and indicators of potential health problems. At
low levels of exposure to DU, no links to disease have been identified from pathology
but there are data that subclinical indicators of renal function may be altered. Thereisa
low risk of cancer from any radioactive material but no clear link has been established
between exposure to DU and any specific type of cancer (See Chapter 8).

As discussed in Chapter 11 medical monitoring for exposure to DU viainhalation or via
ingestion can be achieved by determining the presence of DU in the chest, urine or
faecal material. Sampling and analysis methods should be appropriate to the task, and
these may be different for assessing total uranium content relative to threshold levels
and actual DU present in any medium. Kinetic phosphorescence analysis (KPA) is the
standard, low-cost method to determine total uranium, and is preferred if total uranium
content relative to alimiting concentration is sufficient. DU analysis, however, requires
more sophisticated equipment and techniques that are capable of determining isotope
composition and proportions. Accurate measurement of these proportions enables the
calculation of the DU portion of total uranium present in each environmental and
biological sample.

Results should be high quality, demonstrating adequate quality assurance and quality
control and provide suitably low detection limits along with total analytical uncertainty.
Appropriate reference background samples (free of DU but with typical levels of natural
uranium) should be analysed so that the excess due to DU is determinable for each
sample analysed. The selection of appropriate techniques is discussed in more detail in
Chapter 11 and Annex 6.
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13.5.3 Treatment of human contamination

Once uranium or DU has entered the body there is little that can be done to remove it or
increase the excretion rate. The patient can only be treated symptomatically.

Acute exposure When acute intake of DU or uranium has occurred various
methodologies have been tried to remove the contaminant from the human body.
Sodium bicarbonate has been recommended, and other substances such as Ca-ETDA
and Zn-DTPA have been suggested, for enhancing the elimination of uranium from the
body (Bhattacharyya et al., 1992). While temporary increases in urinary excretion are
likely to occur after their administration, there appears to be no evidence that they cause
amarked reduction in the content of the kidney or skeleton.

Animal experiments have shown that some phosphonates are able to reduce the uranium
content in the kidneys to about 10% of those in controls when treatment commences
within a few minutes of uranium administration; however under realistic conditions,
when treatment is delayed for several hours, or longer, these substances are ineffective
(Henge-Napoli et al., 2000)

Inhalation Lung lavage is a recognized procedure for the treatment of obstructive
lung diseases. However, for reducing the radiation risk from inhaled insoluble
compounds of uranium, it is unlikely to have much impact. In these circumstances, lung
lavage is not normally advised unless the lung dose is likely to exceed 5 Sv over afew
weeks (Henge-Napoli et al., 2000) or the intake is in excess of 100 times the annual
limit (Battaacharyya et a., 1992). The information given in Chapter 10 (Table 10.3) for
Type S compounds of DU shows that the mass inhaled would need to exceed 23 g, a
most improbable scenario. On the other hand, the use of lung lavage may be justifiable
if lower intakes of DU are likely to seriously impair lung function.

Long-term follow up If significant incorporation of uranium has been diagnosed,
clinical follow up over subsequent years for early detection of any cancer may be
recommended. Patients however should be told that the probability that they would
develop a cancer due to irradiation through uranium is extremely low, based on current
knowledge.

Of greatest value is the psychological therapeutic approach. Patients should be told that
the only established consequence of uranium exposure is damage to the kidneys, and
that at anticipated levels of exposure this would most likely be transitory and not even
clinically detectable. To relate the patient’'s problems to uranium contamination,
especially the presence of any malignancy, is highly improbable and would be
contradictory to current medical knowledge.
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14 Health standards, guidelines and recommendations

This chapter summarizes available information on public health standards, guidelines
and recommendations relating to exposure to uranium and DU. Analytical methods that
may be used to determine the concentration of uranium in environmental materias,
prior to applying these standards, are summarized in Annex 6.

From available biological and health effects data, some countries and organisations,
such as WHO, have adopted a tolerable intake (T1) approach to derive a guideline value
for the chemical toxicity of uranium. Others have proposed minimal risk levels or
suggested acceptable intakes based on chemical toxicological and radiological studies.
It should be noted that, in all of the cases described below, the health-related exposure
standards, guidelines and recommendations have incorporated uncertainty factors into
the TI to alow for unknowns.

141 Geneic

The generic standards, guidelines and recommendations given in Table 14.1 apply to the
total intake from all sources and are commonly used together with a knowledge of the
relative importance of various exposure routes as a basis for defining specific guidelines
for the individual exposure routes.

In constructing many of the generic standards, guidelines and recommendations given
below, it was assumed that chemical toxicity effects outweigh potential radiological
effects. It should also be noted that exposure to soluble uranium via lung uptake should
be included as a component of ingested uranium when applying these standards,
guidelines and recommendations.
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Table14.1 Generic standards, guidelines and recommendations for total intake from
all sources.

WHO—Chemical* For oral exposure, a Tolerable Intake (TI) for
uranium of 0.0006 mg per kg of body weight per d
was established by the WHO (1998a, b) based on
the adverse effects observed by Gilman, (1998a). In
this report this has been dightly modified to
0.0005 mg per kg of body weight per day. The
uncertainty factors used in this calculation were:
three for LOAEL to NOAEL, three for extrapolation
from animals to humans and ten for human
variability. Giving a total uncertainty factor of

ninety.

USNRC ** Occupational annua intake limit of 14.8g natural
uranium (CFR 20, 1991)

US—Agency for Toxic | A minima risk level for intermediate-duration
Substances and Disease Registry | ingestion has been proposed by ATSDR of
(ATSDR, 1999) 0.002 mg per kg of body weight per day based on
the study of rats by Gilman et a. (1998a). This
minimum risk level is aso considered to be
protective for chronic exposures. The uncertainty
factors used in this calculation were: three for use of
a minimum LOAEL, one for extrapolation from
animals to humans and ten for human variability.
Giving atotal uncertainty factor of thirty.

United States Environmental | US EPA have defined a reference dose (RfD) For
Protection Agency uranium (soluble salts) of 0.003 mg per kg of body
weight per day based on a ‘critical effect’ of losses
in initial body weight and moderate nephrotoxicity.
The EPA considers that intake of this amount or less
over alifetime is unlikely to result in the occurrence
of chronic non-cancer effects. EPA considers that
there is insufficient knowledge to suggest guidelines
based on reproductive or developmental effects,
while also acknowledging that animal studies have
reported foetal toxicity and degenerative changes in
the testes from oral exposure to uranium.

Germany Jacob et a. (1997) proposed a TDI of 0.0007 mg per
kg of body weight per day based on effects observed
by McDonald-Taylor et a. (1997)

*  Based on derivation of water guideline value by WHO (1998a; 1998b) and this work.

**  Qccupational limit
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14.2 Drinking water

For drinking water guidelines WHO (1998a, b) using an earlier study on rats as the
basis, in which the NOAEL was 60 pg/kg bw/d, derived a provisiona Tl value of

0.6 pg/kg.

Standards, guidelines and recommendations for water quality (Table 14.2) are generally
derived from generic standards based on total ingestion by apportioning a specific
fraction of the total exposure that may be alowed to originate from the ingestion of
drinking water. Radiologically based guidelines for the level of uranium in drinking
water may be derived in a similar manner or alternatively through the application of
separate regulations based on the gross alpha and beta activity in water.

Table14.2 Standards, guidelines and recommendations for water.

WHO Radiologica (Member of | Pure natural uranium = 0.16 mg per |

the Public, excess dose
0.1 mSv/year)* DU = 0.28 mg per |
WHO—Chemical The WHO has derived a provisional** guideline for

drinking-water quality of 0.002 mg/l. This vaue is
considered to be protective for subclinical renal
effects reported in epidemiological studies (WHO,
1998a).

US EPA—Chemica Based on the Clean Water Act, US EPA has proposed
a drinking water standard for naturaly occurring
uranium of 0.020 mg/l (US EPA, 1990). This standard
is currently under review (56 FR 33050) and may be
set at a practicable level of 0.030 mg/l. See dso US

EPA (19953).

Canada—Chemicd

Canadian limit 0.020 mg/l.

US EPA Groundwater standards
for remedial actions at inactive

Maximum combined limit for U and 22U of
111 Bg/l (US EPA, 1995b). This is equivalent to

uranium processing sites 0.044 mg/l assuming secular equilibrium between 22U
and 2.

Austraia National Hedth and Medica Research Council
(NHRMC) guideline value = 0.020 mg/l (1996).

Russia Maximum allowable concentration in bottled mineral

water = 1.7 mg/l (Misund et al., 1999).

* Cadculated for an adult using ICRP-72 (1996) and WHO guidelines, which states that excess
radiological dose dueto radioactivity in drinking water should be limited to 0.1 mSv (WHO, 1993).

**  Thisterm is used for congtituents for which there is some evidence of a potential hazard, but where
the available information on health effectsis limited; or where an uncertainty factor of greater than 1000
has been used in the derivation of the tolerable daily intake (TDI). Other guideline values for inorganic
water quality parameters listed as being provisional by (WHO, 1998a) include, boron, copper, nickel and
chronic exposure to nitrite.
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14.3 Food

Health standards for the quality of food may be derived in a similar way to that
suggested for drinking water (i.e. derived from generic standards based on total
ingestion by apportioning a specific fraction of the total exposure that may be allowed
to originate from the ingestion of the given food). Radiological quality may be derived
inasimilar manner or aternatively through the application of separate regulations based
on the gross alpha and beta activity of foods.

Because of the diversity of foods and their importance to human nutrition it is assumed
that levels of uranium derived from all food should not exceed the total generic intakes
described in 14.1 above.

The WHO has recently derived intervention levels for radionuclides in food to be used
following nuclear accidents (WHO, 1998d). The calculated values (Table 14.3) are, of
necessity, based on an effective dose of 5mSv for each nuclide in isolation in a single
food category, since it is not possible to generalize regarding which nuclides will be
most important in each food category after an accident. Similar generic guidance
following emergency situationsis given in BSS (1996)

Table14.3 Guideline valuesfor radioactivity in food following a nuclear emergency
in Bg/kg (WHO, 1998d). Note uranium isotopes present in DU fall
between high and low dose unit intake factors, in the classifications (see
Table 5.2). For comparison 1 ppm depleted uranium (1 mg/kg ) is
approximately equivalent to 14.8 Bg/kg.

Rootsand

Class of radionuclide Cereals | '\ o | Vegetables | Fruit
High dose( fce))% g\/i/tBig;ake factor 35 50 80 70
Low dose( :[.L)g_rslgj ;[égt)ake factor 3500 5000 8000 7000

Class of Radionuclide M eat Milk Fish Drinking

Water
High dose( fce):rG Lg\/l/tBlg;ake factor 100 45 350 7
Low dose per unit intake factor 10 000 4500 35000 700

(10 Sv/Bq)

144 Soil

Soil and dust derived from soil may either be readily ingested or inhaled and as such
may be required to meet both a chemically and radiologically defined quality.

In the case of ingestion the presence of soluble compounds of uranium maximize both
the radiological and chemical hazards. The opposite is true when dust containing
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uranium is inhaled, as soluble uranium is more readily excreted and not stored in the
lungs.

There are currently no generally accepted guideline concentration values relating to the
quality of soils or dustsin respect of contamination from DU.

145 Air

Table14.4 Standards, guidelines and recommendations for air.

United Kingdom Occupational United Kingdom Occupationa exposure standards
exposure standards, EHE/40, for soluble natural uranium compounds (HSE,
HSE, (2000) 2000);

Long term—0.2 mg/m?®

Short term—0.6 mg/m?®

Agency for Toxic Substances | ATSDR derived a Minima Risk Level (MRL*) for
and Disease Registry chronic inhalation exposure of 0.008 mg/m® and
0.0004 mg/m?® for intermediate duration inhalation
of insoluble and soluble uranium respectively
(ATSDR, 1999). For chronic inhalation of soluble
uranium the MRL is 0.0003 mg/m®. The uncertainty
factors used in this calculation were: three for
extrapolation from animals to humans and ten for
human variability. Giving a total uncertainty factor
of thirty.

Germany Jacob et a. (1997) proposed a tolerable air
concentration of 0.000 07 mg/m? of uranium, based
on studies of exposure of ratsto uranium.

Currently in Germany 0.25 mg/m? for insoluble
uranium compounds (Roth et al., 2000)

American Conference of | ACGIH adopted the maximum permissible
Governmental Industrial concentration of 0.2mg/m® for medium term
Hygienists ** exposure to soluble and insoluble natural uraniumin
air, and a short-term exposure limit of 0.6 mg/m?
(ACGIH, 1993)

US Occupational Safety and | OSHA recommends a limit of 0.25mg/m® for
Health Administration (OSHA) insoluble uranium and 0.05mg/m*® for soluble
uranium based on an 8-hour working day.

National Institute for NIOSH recommends a limit of 0.2mg/m® for
Occupational Safety and Health | insoluble uranium (time-weighted average) for
*x chronic occupational exposure, and a short-term
exposure limit of 0.6 mg/m?® in air. For soluble
uranium the corresponding levels are 0.5 mg/m? and
10 mg/m?® respectively, (NIOSH, 1994).

* MRL isan estimate of the daily human exposure to a hazardous substance that is likely to be without
appreciable risk of adverse non-cancer health effects over a specified duration of exposure. These
substance-specific estimates, which are intended to serve as screening levels, are used by ATSDR health
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assessors and other responders to identify contaminants and potential health effects that may be of
concern at hazardous waste sites.

**  Note, based on occupational exposure corresponding levels for population exposure after correction
for a 24 hour, 7 day per week are 0.069 and 0.21 mg/m® for short-term exposure and long-term exposure
(based on insoluble compounds as might be encountered immediately following combustion of uranium).
This correction from occupational exposure is based on that suggested by the US EPA where:

Levelpu = Level o (Mg/m®)” VENO/VER Lo/ Lpub

Where: Levelyy, = public exposure level; Leveloe = occupational exposure level; VEho = human
occupational default respiration rate (9.6 m® per day); VEh = human ambient default respiration rate
(20 m® per day); Loee = length of a standard working week (5 days) and Ly, = length of standard week
(7-days)

Chemica hedlth risks are considered to be negligible when exposure levels in air are below these
exposure limits (Table 14.4). It is difficult to assess the potential health risk for humans at higher levels of
exposure because information describing dose response relationships for potential deleterious effects in
humans is lacking. However, animal studies point to concentrations showing no or minimal effects
(particularly kidney damage) following short to chronic inhalation exposure in the range of 0.15 mg/m®.
Assuming that humans are equally sensitive, this indicates that levels above 0.15 mg/m® would be
required to induce clinically significant toxic effectsin humans.
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15 Summary, Conclusions and Resear ch Needs

15.1 Summary

Objectives

The principal objective of this monograph is to assess any health impacts of exposure to
DU using existing knowledge about uranium and DU, and to provide a framework for
identifying the likely consequences of public and occupational exposure to DU.

To achieve this objective, information is given on situations where exposures might
arise, the likely routes of intake, the potential risks from radiological and chemical
toxicity, and future research needs. Background data and scenarios are also provided
from which numerical estimates may be constructed from knowledge of local exposure.

Uranium and depleted uranium

Uranium is a naturally occurring heavy metal found in various chemical formsin all
soils and rocks, seas and oceans, and in drinking water and food.

Natural uranium consists of a mixture of three radioactive isotopes 22U (99.27% by
mass), 2°U (0.72%) and 2*U (0.0054%). All these isotopes were present when the
Earth’s crust was formed.

Uranium is used primarily in nuclear power plants. However, most reactors require
uranium in which the 2*U content is enriched from 0.72% to about 3%.

The uranium remaining after removal of the enriched fraction contains about 0.25%
of U, 99.8% *®U and 0.001% 2**U by mass; this is referred to as depleted
uranium or DU.

The behaviour of uranium and DU in the body is identical. However for the same
mass, the radiation dose from DU is about 60% of that from uranium (without
daughters).

Spent uranium fuel and other forms of uranium from nuclear reactors are
reprocessed by placing them in the same enrichment plants as is used for natural
uranium enrichment. This can cause some reactor-created radioisotopes to
contaminate the reprocessing equipment. These reactor-created radioisotopes can
then contaminate the DU from natural uranium enrichment. Under these conditions
another uranium isotope, 2*°U, may be present together with very small amounts of
the transuranic elements plutonium, americium and neptunium, and the fission
product technetium-99. However, the increase in radiation dose following uptake
into the human body of these additional radioisotopesin DU will be less than 1%.
As a radioactive element, freshly produced DU emits mainly apha @) radiation.
DU produces progeny or daughter radio-isotopes that emit beta (b) and only a small
amount of gamma (g radiations. Because a and b radiations are not very
penetrating, external radiation exposure resulting from DU is mainly limited to the
skin. However, a radiation is most important for internal exposures.

As a consequence of using DU munitions, the predominant chemical forms of
uranium present in the atmosphere are likely to be uranium trioxide (UO3), uranium
octoxide (UsOg) and uranium dioxide (UOy), athough the presence of aerosols
containing mixtures of metals with uranium has been established. In the general
environment, uranium trioxide (UO3), and soluble forms such as carbonates, are
most likely to predominate in due course.
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Applications of depleted uranium

The main civilian uses of DU include counter weights in aircraft, radiation
shields in medical radiation therapy machines and containers for the transport of
radioactive materials.

Due to its high density, which is about twice that of lead, and other properties,
DU is used in munitions designed to penetrate armour plate and in other forms
of armour plate for protection of military vehicles such as tanks.

DU exposure and exposur e pathways

Exposureto DU

On average, approximately 90 pg of uranium exists in the human body from normal
intakes of food, water; and air; approximately 66% is found in the skeleton, 16% in the
liver, 8% in the kidneys and 10% in other tissues. The average annual intake of uranium
by adults has been estimated to be 460 ng from ingestion and 0.59 ng from inhalation.

Smoking two packets of cigarettes per day may allow inhalation of up to 50 ng of
uranium per day. Coal fired power stations have been reported to produce 3ng/m® of
uranium downwind from their discharges.

Until recently, the public was not exposed to DU. With the use of DU counterweightsin
aircraft, there is a possibility that people near an aircraft crash may be exposed to DU
dusts if the counterweights were to combust on impact. Significant exposure to people
in this situation is unlikely. Exposure of clean-up and emergency workers following
aircraft accidents is possible but normal occupational protection measures should
prevent any significant exposure occurring.

Since 1991, when DU weapons were first used in conflict, exposure may occur to
people working or living in areas where DU munitions were used and where they hit
targets and formed various uranium compounds, predominantly oxides A recent UNEP
report giving field measurements taken around selected impact sites in Kosovo found
that contamination by DU in the environment was localised to a few tens of metres
around impact sites. Contamination by DU dusts to local vegetation and water supplies
was found to be extremely low. Thus the possibility of significant exposure to the local
populations was found, at |east where measurements were made, to be very low.

DU exposure pathways

Individuals can be exposed to DU in the same way they are exposed to natural uranium
i.e. by inhalation, ingestion, dermal contact or injury (e.g. embedded fragments). The
relative contribution from each of these pathways to the total DU uptake into the body
depends on the physical and chemical nature of the DU as well as the level and duration
of exposure. Each of these exposure situations needs to be assessed to determine any
potential health consequence.

Most (>95%) uranium entering the body entering the body via inhalation or ingestion is
not absorbed, but is eliminated via the faeces. Of the uranium that is absorbed into the
blood, approximately 67% will be filtered by the kidney and excreted in the urine within
24 hours and about 90% in a few days. Typical gastrointestinal (Gl) tract absorption
rates for uranium in food and water are about 2% for soluble uranium compounds and
down to 0.2% for insoluble uranium compounds.
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I ntake by ingestion isimportant for populations having their drinking water or food
contaminated by DU. In addition, the ingestion of soil by children via geophagia or
hand-to-mouth activitiesis also potentially important.

Intake by inhalation can be important following the use of DU munitions during or
immediately following conflict or when DU deposits in the environment are re-
suspended in the atmosphere by wind or other forms of disturbance. Accidental
inhalation may also occur as a consequence of afirein aDU store, an aircraft crash,
or the decontamination of vehicles from within or close to conflict aress.

I ntake through intact skin is very low and considered to be relatively unimportant.
Intake from wound contamination or embedded fragments in skin tissues allows
DU to enter the systemic circulation.

Behaviour of DU in the body

In this monograph, consideration is given to occupational and public exposure, short-
and long-term intakes and uptake by inhalation and ingestion of compounds with widely
different solubility characteristics. The behaviour of uranium in the body has been
described using both reference and material specific absorption parameters for the
uranium compounds likely to be present in DU aerosols; calculations have also been
performed for areference DU aerosol. Emphasis has been placed on lung retention, and
urinary and faecal excretion rates, since assessments of intake are usually based on such
measurements.

The amounts and concentrations of uranium in the kidneys after exposure have also
been derived from information on the known nephrotoxicity of uranium. In certain
circumstances effective judgements on the likely nephrotoxicity of uranium can be
deduced from kidney content extrapolated from the urinary excretion rate; the kidney to
urine ratio is reasonably independent of the chemical form and exposure pattern from a
few daysto severa months.

|CRP Models

The models recommended by the International Commission on Radiological Protection

(ICRP) are embodied in the internationally recommended Basic Safety Standards for

radiation protection and in the legislation of many countries, including those in the

European Union. In the context of this report, the appropriate generic models are those

for the human respiratory tract (not specific for uranium), the systemic behaviour of

uranium and uptake from the Gl tract.

- These ICRP models can be combined to calculate the radiation dose from intakes of
uranium and DU, and for a given intake to predict the retention of DU in the
important organs of the body e.g. lungs, bone, kidneys, and urinary and faecal
excretion rates.

The models consider materials assigned to one of three types that describe
absorption from the lungs to the blood, or uptake from the Gl tract to blood. These
materials are referred to as Type F (fast absorption), Type M (moderate absorption)
and Type S (slow or poor absorption). In broad terms UO- is considered a Type S
compound, UO3; a Type M compound and uranyl carbonate a Type F compound.
The absorption characteristics of UsOg can vary between those for Type M and S
compounds.

The human respiratory tract model has reference values assigned for deposition and
particle transport to the Gl tract. Reference values for uptake of uranium from the
Gl tract are given for Type F, M, or S compounds.
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The ICRP has recommended that material specific values for aerosol parameters
such as size and density, absorption parameter values from the lungs to blood,
together with appropriate exercise levels and breathing patterns should be used
whenever possible. Most of these factors are considered in the monograph.

Health effects

DU has both chemical and radiological toxicity with the two important target organs
being the kidneys and the lungs.

Kidney

Retention of uranium in the kidney has been attributed to the creation of complexes with
proteins and phospholipids in the proximal tubules; considered to be the main site of
kidney damage. Animal studies have shown that long-term exposure to uranium causes
nephrotoxic effects that ranged from minimal microscopic lesion in the tubular
epithelium (low concentrations) to tubular necrosis (high concentrations).

Long-term studies of workers chronically exposed to uranium have reported impairment
of the kidneys (proximal tubular epithelium) that depended on the level of exposure.
Studies of members of the public chronically exposed to uranium in drinking water have
also shown similar signs of impairment of kidney function. There is some evidence that
kidney function returns to normal once the source of excessive uranium exposure has
been removed.

Lung

Pulmonary toxicity of uranium varies depending on the animal species studied and the
chemical form of the uranium. Some early studies on animals reported pulmonary
oedema and haemorrhage following exposure to some uranium compounds (e.g.
uranium peroxide, uranium trioxide) but not others (uranium dioxide). However, more
recent long-term studies using arange of animals inhaling various uranium compounds,
both soluble and insoluble, did not reveal any histological damage to the lungs.

In a number of studies on uranium miners, an increased risk of lung cancer has been
demonstrated but this has been attributed to exposure from radon decay products. There
is a possibility of lung tissue damage leading to a risk of lung cancer if a high enough
radiation dose results from insoluble DU compounds remaining in the lungs over a
prolonged period (many years).

Skin

Erythema or other effects on the skin should not occur even if DU is held against the
skin for prolonged periods (weeks). There are no established data to suggest that skin
cancer occurs from skin contact with uranium dusts.

Liver and skeleton

Autopsies of individuals chronically exposed to uranium have found that the average
ratios of the amount of uranium in the skeleton, liver and kidney was 63:2.8:1. The
uranium content in the skeleton may reflect its affinity for phosphate which is abundant
in the bone. No consistent or confirmed adverse effects have been reported for the
skeleton or liver. However, few studies have been conducted.
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Reproductive and devel opmental effects

Reproductive and developmental effects have been reported in rodent studies ingesting
or being exposed via derma contact to extremely high levels of soluble uranium
compounds. No such effects have been reported in humans; however very few studies
are available. Further studies are needed to clarify if these effects occur in other animals
and whether they are likely to occur in humans.

Central nervous system

Although uranium released from embedded fragments may accumulate in CNS tissue,
and some animal and human studies are suggestive of effects on CNS function, it is
difficult to draw firm conclusions from the results available. Better designed and
focussed studies are needed to clarify if any effects on CNS occur from exposure to
uranium.

International limitsfor radiological exposure

This monograph uses the radiation dose" limits published in the International Basic
Safety Standards (BSS) for Protection against lonizing Radiation and for the Safety of
Radiation Sources. The following doses are in addition to those from normal
background exposures. They should not be exceeded:

Public exposure
an effective dose of 1 mSv in ayear
in special circumstances, an effective dose of up to 5 mSv in asingle year provided
that the average dose over five consecutive years does not exceed 1 mSv per year
an equivalent dose to the skin of 50 mSv in ayear

Occupational exposure

- an effective dose of 20 mSv per year averaged over five consecutive years
an effective dose of 50 mSv in any single year
an equivalent dose to the extremities (hands and feet) or the skin of 500 mSv in a
year

Guidance on exposur e based on chemical and radiological toxicity

Chemical toxicity of a given material is related to its detrimental interaction with
biochemical processes in the human body. WHO has guidelines for determining the
values of health-based exposure limits or tolerable intakes for chemical substances.
Tolerable intake (TI) is an estimate of the intake of a substance that can occur over a
lifetime without appreciable health risk. The Tl is usually expressed as mg per kg of
body weight per day.

! The amount of energy deposited per unit mass is called the absorbed dose and is measured in gray
where 1 Gy is equivalent to one joule per kilogram. Since alpha particles can deposit more energy in
tissue than gamma or beta radiation, they have a greater ability to do more damage. Thus, a weighting
factor isgiven to al radiations (20 for alphaand 1 for beta and gamma radiations) and is multiplied by the
absorbed dose to give the equivalent dose. The unit of equivalent dose is the sievert (Sv). Another
quantity used in radiation protection is the effective dose. It is calculated by multiplying the equivalent
dose by tissue weighting factors that relate to the relative risk of cancer associated with each organ or
tissue. Thus the effective dose, also in Sv, gives a general indication of the level of risk implied by the
dose; a measure of health detriment. The collective dose is an expression for the total radiation dose
incurred by a population and is expressed in man-sieverts (man.Sv).
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The effect observed at the lowest exposure level is used to determine the Tl value. This
is usually due to chemical toxicity when intake is by ingestion or inhalation of Type F
or M uranium compounds and due to radiological toxicity for Type S uranium
compounds after exposure by inhalation. These are discussed below for both public and
occupational exposure. The Tls derived are applicable to long-term exposure. In single
and short-term exposures, higher exposure levels can be tolerated without adverse
effects. However, quantitative information is not available to assess how much the TI
values may be temporarily exceeded without risk. Limits derived for uranium
compounds are equally applicableto DU.

Public exposure by ingestion

- Based on medium-term and long term toxicity studiesin experimental animals, a Tl
of 0.5 ug per kg of body weight per day (i.e. about 11 mg/y for an average adult)
was derived for Type F uranium compounds.
The same Tl should be used for Type M uranium compounds as the data available
do not consistently demonstrate lower nephrotoxicity for these compounds.
The value of the TI would, on the basis of the ICRP biokinetic models, result in an
effective dose of about 10 pSv.
Uranium compounds with low absorption (Type S) are markedly less nephrotoxic,
and atolerable intake of 5 g per kg of body weight per day is applicable.
When the solubility characteristics of the uranium species are not known, which is
often the case in exposure to DU, it would be prudent to apply the more stringent
tolerable intakes, i.e., 0.5 pg per kg of body weight per day for oral exposure.

Public exposure by inhalation

- The data on the nephrotoxicity of Type F and M uranium compounds are consi stent
with a Tl for oral exposure of 0.5ug per kg of body weight per day; this translates
to an airborne concentration of uranium of about 1.5 pg/m*, or approximately
1-pug/m? (in the respirable fraction).
For Type S compounds, exposure corresponding to a daily intake of 5 ug per kg of
body weight (as derived for the exposure by ingestion above) would lead to a total
radiation dose of about 13 mSv per year. As the accepted upper limit for radiation
exposure to the general public is 1 mSv/year, it would be appropriate to reduce the
Tl to 0.5 pg per kg of body weight per day, equivalent to a tolerable concentration
in ambient air of 1 ug/m?® (respirable fraction).

Occupational exposure by inhalation

- The ICRP model indicates that an effective radiation dose limit for workers of
20-mSv per year, averaged over five consecutive years, leads to an 8-hour time-
weighted average (TWA) inhalation limit of 0.05 mg/m® for Type S uranium
compounds.
As consideration of chemical toxicity led to an inhalation exposure limit for the
more soluble uranium compounds that is identical to that derived for Type S
compounds based on radiological toxicity for the general population (see above), it
seems appropriate to apply an 8-hour TWA inhalation exposure limit of 0.05 mg/m®
for exposures from Type F and M uranium compounds.

Monitoring and treatment of exposed individuals

For the general population, neither civilian or military use of DU is likely to produce
exposures to DU much above normal background levels produced by uranium. Thusan
exposure assessment for DU will not normally be required.
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When an individual is suspected of being exposed to DU at a level significantly above
the normal background, an assessment may be required. In principle this assessment
may be undertaken by extrapolation from the amounts of DU excreted in urine and
faeces and by external radiation monitoring of the chest.

Urine measurement: Provided that the dietary concentrations of uranium are low,
assessment of DU exposure is best achieved by analysis of daily urine excretion.
The amount of DU in the urine is determined from the **U:*®U ratio, obtained
using sensitive mass spectrometric techniques. Assessment of DU intake is then
determined by back extrapolation using appropriate graphs and information in this
monograph. In such circumstances it should be possible to assess doses from DU
intake at the mg per day or mSv level.

Faecal measurement can give useful information on intake if samples are collected
soon after exposure (afew days).

External radiation measurements over the chest, using a whole-body radiation
monitor for determining the amount of DU in the lungs, has limited application
since it requires specialist facilities and can only assess relatively large amounts of
DU in the lungs.

Treatment of overexposure

There are no specific means to decrease the absorption of uranium from the
gastrointestinal tract or lungs, or increase its excretion. Thus general methods
appropriate to heavy metal poisoning could be applied. Similarly there is no specific
treatment for uranium poisoning and the patient should be treated based on the
symptoms observed. Dialysis may be helpful in extreme cases of kidney damage.

15.2 Conclusions

Thisreview concludes that:
Limitation on public intake of soluble DU compounds (Type F and M) should be
based on a Tl value of 0.5 ug per kg of body weight per day and for insoluble
(Type-S) DU compounds on 5 ug per kg of body weight per day.
The Tl value of 0.5 ug per kg of body weight per day leads to alimitation on public
inhalation of soluble DU compounds to 1 pg/m® DU in air; the same guideline air
concentration for insoluble DU compounds comes from the radiation limit dose of
1-mSviyear.
The 8-hour time-weighted average (TWA) limitation on worker inhalation of
soluble and insoluble DU compounds is 50 ug/m® DU in air.
Under most circumstances, use of DU will make a negligible contribution to the
overall natural background levels of uranium in the environment. However, levels
of DU may be significantly raised over background levels in close proximity to DU
contaminating events. Over the days and years following such an event the
contamination will become dispersed into the wider natural environment.
The greatest potential for DU exposure will follow conflict where DU munitions are
used and people living or working in these areas inhale dusts and consume
contaminated food and drinking water. Measurements of DU in conflict areas
indicate only localised (within afew tens of metres from impact sites) contamination
at the ground surface. However, levels of contamination in food and drinking water
could rise after some years and should be monitored where it is considered that there
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is a reasonable possibility of significant quantities of DU entering the ground water
or food chain.

Where possible, clean up operations in impact zones should be undertaken where
there are substantial numbers of radioactive projectiles remaining and DU
contamination levels are deemed unacceptable by qualified experts. If very high
concentrations of DU dust or metal fragments are present, then areas may need to be
cordoned off until removal can be accomplished.

Guidance on the necessity for clean up of radioactive materials has been provided
by the ICRP (1999b). Similar methodologies employed during the cleanup of land
contaminated with heavy metals resulting from industrial activity are aso
appropriate, particularly as radiation dose levels of DU in conflict areas would not
normally exceed those recommended for clean up by the ICRP.

Y oung children could receive greater exposure to DU when playing in or near DU
impact sites. Typical hand-to-mouth activity could lead to high DU ingestion from
contaminated soil. Necessary preventative measures should be undertaken.

General screening or monitoring for possible DU related health effects in
populations living in conflict areas where DU was used is not recommended. Rather
individuals who believe they have had excessive intakes of DU should consult their
medical practitioner for an examination and treatment of any symptoms.

Since DU is a radioactive metal, restrictions are needed on the disposal of DU.
Thereisthe possibility that DU scrap metal could be added to other scrap metals for
use in refabricated products. DU is a pyrophoric metal that can produce oxides that
can be inhaled when heated (welded). Disposal of DU should normally come under
appropriate national or international (IAEA) recommendations for use of radioactive
materials.

15.3 Research needs

Priorities for research that would significantly enhance knowledge and lead to better

assessments of health risks from exposure to DU are given below.

- Studies are needed to clarify our understanding of the extent, reversibility and
possible existence of thresholds for kidney damage in people exposed to DU.
Important information could come from studies of populations exposed to naturally
elevated concentrations of uranium in drinking water.

WHO, through its International Agency for Research on Cancer (IARC), continues
to study the effects of low-level exposure to ionizing radiation in order to improve
the scientific base for health risk assessment and radiation protection. The utility and
feasibility of studies to assess whether there has been an increased rate of cancer
amongst military personnel who served in the Gulf or Bakans conflicts, and to
evaluate the possible role of DU if an increase is found, should be investigated.
Studies are needed that will allow better exposure assessments of children. Thisis
particularly important given their unique exposure scenarios such as geophagia and
hand-to-mouth activities.
Studies are required to validate transfer coefficients for DU compounds entering the
human food chain. For example, this is important given the amount of soil ingested
by many livestock during browsing.
Thereisalack of information about the possible biological action of uranium or DU
in the following areas:
- Neurotoxicity: Other heavy metals, e.g. lead and mercury are known
neurotoxins, but only a few inconsistent studies have been conducted on
uranium. Focused studies are needed to determine if DU is neurotoxic.
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- Reproductive and developmental effects have been reported in single animal
studies but no studies have been conducted to determine if they can be
confirmed or that they occur in humans.

- Haematological effects: Studies are needed to determine if uptake of DU into
the bone has consequences for the bone marrow or blood forming cells.

- Genotoxicity: Some in vitro studies suggest genotoxic effects occur via the
binding of uranium compounds to DNA. This and other mechanisms causing
possi ble genotoxicity should be further investigated.

Investigations are needed on the chemical and physical form, physiological

behaviour, leaching and subsequent environmental cycling of specific forms of

uranium from various industrial and military sources (e.g. depleted uranium alloys,
phosphate by-products). Particular attention should be paid to where the bulk of DU

finally goes.
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Annex 1 Process of uranium enrichment

After mineral extraction, processed uranium ore (or more exceptionaly uranium
generated from the recycling of nuclear fuel or reactor materials) undergoes a variety of
chemical processes leading to enhancement with respect to both the total concentration
and chemical purity of the produced uranium compounds. Following this chemical
treatment, the purified uranium may be isotopically enriched, if required, by a number
of processes including gaseous diffusion, centrifugation or laser excitation (e.g. Weigel,
1983). Such enrichment is now amost exclusively for the nuclear power industry.
Depleted uranium is produced in various forms as a by-product of the isotopic
enrichment of uranium (Figure A1.1). In the most common isotopic enrichment process
(gaseous diffusion) uranium is required in the form of uranium hexafluoride (UFg)
which may be produced viathe following chemical reactions:

Us05 + 2H, = 3UO; + 2H,0; UO; + 4HF = UF4 + 2H,0; UFs + F> = UFg

At atmospheric pressure, UFg exists as a gas above 57°C, and as a solid below this
temperature. It sublimes, as does carbon dioxide without passing through aliquid state.

Chemically, UFs is highly reactive with water forming water soluble hydrofluoric acid
(HF) and uranyl fluoride (UO2F,), the former of which is considered to be highly toxic.
For this reason DU, produced as a by-product of the enrichment processes in the form
of UFs, is often re-converted to less hazardous forms. These include uranium oxides
(UO2 or UsOg) which are more chemically stable and suitable for long-term storage or
disposal, or to U metal (AEPI, 1995).
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FigureAl.l Schematic diagram showing various manufacturing routes leading to the
production and use of enriched and DU. Note (a) DU is often stored as
UFs and typically converted to metallic DU prior to the production of
fuel, weapons, counterweights etc. (b) yellowcake is a generic term and
is often used to describe other uranium compounds such as diuranate or
mixtures of diuranate and oxides, (C) reprocessed uranium may enter the
process at the enrichment stage.
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Annex 2 Radiological dose dueto other nuclides

The OSAGWI report has stated that the trace levels of transuranics and fission products
in DU contribute less than 1% of the total dose. A simple assessment has been carried
out based on measurements of the specific activity of **Tc, 22’Np, Z8pu, 29%°py and
2Am given by TACOM (Bhat, 2000). TACOM analysed 60 samples of DU from
three different sources, in this assessment the highest measured value is used for each
radionuclide, even though these values did not usually occur in the same sample.
Committed effective doses were calculated on the basis of the default dose coefficients
given in ICRP-68 (1994b), assuming Type M solubility and an aerosol of 5m AMAD.
It is found that the dose from transuranics and fission products is about 0.1% of the
dose from DU itself, thus confirming the OSAGWI assertion. Although ®Tc has by far
the highest specific activity (as high as 500 pCi/g DU compared to less than 3 pCi/g DU
for °Pu), its lower dose coefficient means that it is not asimportant as the transuranics.
Each of the transuranic radionuclides given above contributes roughly equal partsto the
total dose from transuranics.

Table A2.1 Radioactive dose from transuranics and fission product contaminantsin
DU (for inhalation by worker of 5 um; Type M particles)

Nuclide pCi/g* Bag/mg e(50)** E/mg DU
Z1Am 19 7.03 10* 270 10° 1.90" 108
Z'Np 3.7 137 10* 150 10° 2.05" 10
“py 2 740°10°  3.00 10° 2.22° 10°
2920py 2.7 999 10° 320 10° 3.20° 10°
Tc 540 200102  3.20°10° 6.39° 10"
Total 2.62 108
% of DU dose 0.11%

DU 14.8 1.68 10° 249 10°

* highest of highest values of the 3 billets (R K Bhat, Encl. 1; Bhat, 2000)

** |CRP-68, Inhalation, Type M, 5um AMAD

Note: % of total DU dose for (a) worker 1um particle Type M = 0.13% and (b)member of the
publiclum particle, Type M = 0.09%
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Annex 3 Uranium in the environment, food and refer ence data.

A3.1 Uranium production

Table A3.1 Uranium production in 1998 (British Geologica Survey, 2000)

Country Tonnes
Argentina 35
Austraia 4901
Canada 11 041
China 500
Czech Republic 611
France 508
Gabon 731
India 200
Kazakhstan 1250
Namibia 2778
Niger 3713
Pakistan 23
Portugal 19
Romania 100
Russia 2 000
South Africa 965
Spain 255
Ukraine 500
USA 1872
Uzbekistan 1930
World Total 33900

A3.2 Uranium levelsin the environment
Table A3.2 A selection of typical data on uranium concentrations determined in

groundwaters, surface waters and drinking waters post-1980.

Country

Comments

Argentina

Bomben et al. (1996) determined the uranium concentrations in bottled mineral waters from
Argentinato lie in the rage 0.04 to 11ug/l with amean of 1.3ug/l.

Brazil

DeCamargo and Mazzilli (1996) determined the concentrations of uranium in mineral waters
from a high background region in Brazil to be 0.08 to 2.0 pg/l.

USA

Fisenne et ., (1987) determined the mean concentration of uranium in drinking water from
New York City, USA, to range from 0.03 to 0.08 pg/l. A mean uranium concentration of

2.55 pg/l was reported in drinking water from 978 sitesin the USA surveyed during the 1980s
(USEPA, 1990; 1991). In Sdlt Lake City, USA the mean intake of uranium per day from
drinking water has been estimated to be 1.5 ug (Singh, 1990).

Canada

Inasurvey of 130 sitesin Ontario Canada conducted between 1990 and 1995, the mean of the
average uranium concentrations in treated drinking water was 0.40 pg/l with arange of 0.05 to
4.2 ug/l (OMEE, 1996). In other areas of Canada private water supplies have been found with
concentrations of up to 700 pg/l (Mosset a., 1983 and Moss, 1985). On the basis of the results
from the OMEE survey of Ontario in 1996 the average daily intake of uranium from drinking
water in Canada was estimated to be 0.8 g (i.e. that based on the consumption of two litres of
drinking water per day).

Himalayas

Virk, (1997) determined uranium concentrations in waters (springs, groundwaters and surface
streams) from the western Himalayas to range from 0.89 to 63.4 ug/l.
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Country

Comments

India

Singh et al (1995) Measured uranium in drinking waters from Punjab (Bathindaand Amritsar).
Observed concentrations ranged from 11 to 113 pg/l.

Singh et a, (1996) Measured uranium concentrationsin 24 water samples collected from
various important sources of drinking water in Upper Pradesh. Concentrationswere found to lie
between 0.87 and 11 pg/l.

Finland

The daily intake of uranium from watersin Finland, that are often sourced from fractured
aquifersin granitic rocks or overlying sediments, has been estimated to be 2.1 pg (Kahlosand
Asikainen, 1980). Salonen (1988) measured natural radionuclides in groundwaters in Finland
and recorded an arithmetic mean concentration of uranium of 166 pg/l, a geometric mean of
26 pg/l and a maximum of 2900 pg/l amongst 58 water samples derived from wells drilled into
bedrock.

Norway

A survey of groundwater derived from 28 private water suppliesin Norway yielded uranium
concentrationsin the range <0.02 to 170 pg/l (Bankset a., 1995) An investigation of 145 hard-
rock groundwater samples collected from private drinking water wellsin the area of Oslo and
Bergen yielded a median uranium concentration of 3.514 pug/l. The median values for the Odo
and Bergen areas were 3.378 ug/l and 3.720 pg/l respectively (Reimann et al., 1996).

Japan

In five Japanese cities, a mean uranium concentration of 0.009 g/l was determined in potable
drinking water supplies (Nozaki, 1970).

Jordan

Studies by Gedeon et al. (1994) and Smith et a. (2000) of 168 drinking water supply boreholes,
principally in karstic limestone aquifers, gave a mean uranium concentration in drinking water
supply wells of 2.4 pg/l with awide range of <0.04 to 1400 pg/l. Average intakeswere
considered to be inappropriate because of the supply system in which supply to one areawas
often fed directly from alimited number of wells.

Cyprus

Studies undertaken in Cyprusin avariety of underground aquifers hosted in limestone,
sandstone and alluvial deposits indicated an average uranium concentration in 215 drinking
water and agricultural supply wells of 0.86 pg/l with arange of <0.005 to 38 ug/l Smith et a.
(2000).

Kuwait

Studies by Bou-Rabee (1995) measured uranium concentrationsin six drinking waters
following the Gulf War (1991). Concentrations ranged from 0.02 to 2.48 pg/l and all samples
had a2*°U/?*U ratio of 0.007 (typical for natural uranium = 0.007 25).

UK

Surveys of 35 groundwaters and spring watersin the United Kingdom (Edmunds et al., 1989)
showed uranium concentrationsin the range <0.1 to 10 pg/l across avariety of aquifers
including those developed in sandstones, millstone grits, chalk, limestone and greensand. A
high degree of variation was observed in most aquifers. Analysis of spring-waters from
Derbyshire and closely associated millstone grits have shown ranges of <2 to 13 pg/l (Banks et
al., 1997). The mean uranium concentration in over 100 000 surface waters throughout the UK
has been determined to be 0.65 pg/l with a maximum observed concentration of 233 pg/l.

Pakistan

In the analysis of 16 groundwaters from Pakistan, an average uranium concentration of 1.6 ug/|
was measured with arange of <0.05to 5 pg/l (British Geological Survey, unpublished data)

Sea Water

Uranium is present in seawater at concentrations of about 3.3 pg/l (Kaye and Laby, 1993). In
estuaries concentrations are generally positively correlated with salinity and in open Oceans
range from 3.0 to 3.6 pg/l (Ivanovich and Harmon, 1982). Experimentation has shown it may be
removed by a number of techniques such asion exchange, ultra-filtration and reverse osmosis
(Pramauro et al., 1996; Raff and Wilken, 1999).

Spain

Herranz et al. (1997, 1999) determined the mean uranium content of drinking water at four
treatment plants serving municipalitiesin northern Spain to be 0.11 pg/l. The same authors
observed a 60% drop in the uranium content of sewage effluent during the treatment process,
indicating an increased uranium content in the sewage sludge.

Syria

Othman and Y assine (1996) measured uranium in drinking waters from 48 sitesin Southern and
Middle Syria. Highest observed values (approximately 14 pg/l) were observed in the vicinity of
phosphate mines.

Uganda

Analysis of water samples collected from 139 drinking water supplies, mainly sited in highly
weathered terrains overlying undifferentiated granitic basement rocks during studies of water
quality in Uganda (Smith et al., 1996; Smith et a., 1998) indicate a range of uranium
concentrations <0.05 to 17 pg/l with a mean of 0.59 pg/l (British Geological Survey,
unpublished data).

Europe
(Bottled
Waters)

In asurvey of 56 randomly selected bottled mineral waters Misund et al. (1999) observed
uranium concentrations to range from 0.0104 to 9.45 pg/l.
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Table A3.3

Concentrations of uranium observed in soils during recent studies.

Country

Comments

Czech
Republic

Ledvinaet a. (1996) undertook an analysis of uranium within soilsin the former state
farm of Trebon in Southern Bohemia which was felt to be potentially contaminated with
uranium from a uranium processing plant and from naturally mineralized soils.
Concentrations in the range of 14 to 50 mg/kg were observed in the most contaminated
soils with an apparent baseline concentration of 2 to 4 mg/kg.

Brazil

Perez et al. (1998) determined the total uranium concentration in the A and B horizons of
15 Braxzilian soils and found positive correlation between uranium concentration and the
proportion of clay and iron oxides. A range of 0.001 to 2.115 mg/kg and 0.003 to

2.298 mg/kg were observed for A and B horizon soils respectively.

India

Singh et a. (1998) determined the uranium concentration in arange of contaminated soils
(due to releases from fertilizer and thermal power plants) and soils from background areas
of Uttar Pradesh, Rgjastan and Kerala (India). Their resultsindicated levels of between
0.24 and 9.20 mg/kg with the most el evated level s being recorded in the proximity of a
coal-fired power plant.

Centrd
Barents
Region

Reimann et a. (1998) collected a suite of geochemical samples from 617 catchment areas
132 in Norway, 191 in Finland and 294 in Russia. Topsoil concentrations (0-5cm) werein
the range of <0.5 to 30 mg/kg with a median of lessthan 0.5 mg/kg.

Lithuania

A geochemical survey of Lithuania by Kadunas et al. (1999), analysed 2700 topsoil
samples which indicated levels across the country of between 0.7 and 5.0 mg/kg with a
median of 1.7 mg/kg.

Kuwait

Bou-Rabee (1995) measured uranium in 12 soil samples collected following the gulf war.
Uranium concentrations ranged from 0.30 to 1.85 mg/kg and had 2°U/>®U isotopic ratios
in the range 0.006 to 0.007. Samples of dry deposition and oil fly-ash were also measured.
In these samples concentrations of uranium ranged between 0.19 and 0.25 mg/kg in the
fly-ash samples and 0.95 to 1.79 mg/kg in the dry deposition samples **U/?®U ratios
ranged between 0.006 and 0.007 (typical natural uranium = 0.007 25).

Slovenia

Brajnik et a., (1988) measured natural radioactivity at a number of locationsin Slovenia.
Sites studied included soils associated with the underground uranium mine at Zirovski

vrh, natural radioactivity associated with the coal-fired power stations at Ljubljana,
Trbovlje and Sostanj and natura radioactivity (U, Raand Rn) associated with phospho-
gypsum wastes. The latter source was found to dominate with respect to the
contamination of sediment and water of the river Sava even in comparison with the impact
of the uranium mine.

United
Kingdom

Uranium concentrations in rural topsoils and profile soils have been determined as part of
the British Geological Surveys G-BASE programme. Concentrations of uranium ranged
from 0.05 to 76 mg/kg in profile soils over central and eastern England. Urban soils
sampled in 5 major UK cities ranged from 0.25 to 5.50 mg/kg in topsoils and 0.25 to

9.2 mg/kg in profile soils (e.g. British Geologica Survey, 1997)
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A3.3 Uranium levelsin food

Table A3.4 Average concentrations of uranium in various foodstuffs from New Y ork
City, adapted from (*Fisenne et a., 1987; °NCRP, 1984; 2US EPA, 1985).

Food Stuff

Concentration U

(ng/kg)

Fresh vegetables 1900
520-920°

Canned vegetables 340*
00-180°

Root vegetables 620"
940-1200

Potatoes 72!
266029207

15 000-18 000°

Dry Beans 2200
1500-3670°

Fresh fruit 160?
710-1290°

Canned fruit 81t
180-290?

Fruit juice 49
40-120°

Bakery products 1900"
1320-1500°

12000°

Flour 390!
250-680°

Whole grain products 1400
1450°

M acaroni 300!
400-630°

Rice 240"
1430-60007

15000°

Mest 190*
580-1320°

200003

Poultry 64
140-420?

Eggs 150"
230?

9600°

Fresh fish 110*
430-8502

11 000°

Shellfish 160 000*
9500-31 000

Dairy products 59!
80-310°

Tea 5000°
Coffee 6000°
Drinking Water 49
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TableA3.5 Typical concentrations of uranium in various foodstuffs and animal feed
(wet weight) sampled in the United Kingdom, adapted from MAFF
(1999). Where possible data, with the exception of grass and silage,

refers to sampling sites remote from nuclear facilities.

Food Stuff Concentration U

(ng/kg)
Milk* < 291 (max = 433)
L ettuce? 5500
Potatoes’ <1300
Strawberries? <670
Cabbage? <790 - 5500

Grass® (Drigg soil mean [U] = 1380000)
Grass® (Capenhurst soil mean [U] = 1575000)
Grass® (Springfields soil mean [U] = 3900000)
Silage® (Capenhurst)

Silage® (Springfields)

Sea Fish?

Crustaceans’

Crabs’

L obsters’

Molluscs’

Winkles®

3000 (max = 3250)
7100 (max = 18 500)
78 700 (max = 300 000)
5100 (max = 8700)

95 000 (max = 283 000)
150

1400

1800

1400

35000

35000

YFrom MAFF (1999, table 11.7)
2From MAFF (1999, table 11.8)
From MAFF (1999, tables 4.10, 4.15 and 4.16)
“From MAFF (1999, table A6.1)

A3.4 Dietary information for exposur e assessment

Table A3.6 Typical per capitafood consumption levels (Muir et a., 1995), based on
North American families as used in US EPA risk assessment calculations. For
information on regional diets and associated variations the reader should consult WHO
(1997) — Food consumption and exposure assessment of chemicals) and WHO (1998c)
— GEMS/FOOD Regional Diets.

Foodstuff Consumer Group Consumption (kgly)
V egetabl es (spring mix) Average American Family 96
V egetables (summer mix) Average American Family 160
V egetables (autumn mix) Average American Family 430
V egetables (winter mix) Average American Family 160
Fruit (spring mix) Average American Family 66
Fruit (summer mix) Average American Family 170
Fruit (autumn mix) Average American Family 95
Fruit (winter mix) Average American Family 73
Total milk Average Infant (age under 8) 180
Total milk Average Adult (age 19-64) 110
Total meat Average Infant (age under 8) 40
Total meat Average Adult (age 19-64) 86
Total poultry Average Infant (age under 8) 51
Total poultry Average Adult (age 19-64) 10
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Table A3.7 Consumption rates for terrestrial foods in the United Kingdom based on
national statistics (MAFF, 1999) For more detailed information on regional diets and
associated variations see WHO (1997) — Food consumption and exposure assessment of
chemicals) and WHO (1998c) — GEM S/FOOD Regional Diets.

Foodstuff Average/ Above Aver age Consumption rates (kgly)
(Above Average = 97.5" per centile across all
consumers)
Adult Infant

Beef 15/ 45 3/10
Cereds 50 / 100 157 30
Eggs 851/ 25 5/ 15
Fruit 20/ 75 9/ 35
Game 6/ 15 081/ 21
Green vegetables 157 45 35710
Honey 251795 2175
Lamb 8/ 25 081/ 3
Legumes 20 / 50 3/ 10
Milk 95 / 240 130 / 320
Mushrooms 3/10 06/ 15
Nuts 3/10 1/2
Offal 55720 1/55
Pork 15/ 40 15/ 55
Potatoes 50 / 120 10/ 35
Poultry 10/ 30 2155
Root crops 10 / 40 5715
Wild fruit 7125 1/2
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Table A3.8 Body weights and volumes for intake for 'reference man' to be used when
site specific datais unavailable as described in WHO (1994). Note: these data are based
on ICRP-23, (1974) unless otherwise indicated.

Body weight, kg: Adult male = 70; Adult Female = 58; Average = 64a

Daily fluid intake (milk, tap water, other beverages), ml/day

Normal conditions:

Adults = 1000-2400, representative figure = 1900° (excluding milk: 1400°)
Adult male =1950

Adult female = 1400

Child (10 years) = 1400

High average temperature (32° C):

Adults = 2840-3410

Moder ate activity:

Adults = 3700

Respiratory volumes
8-h respiratory volume, m?

Resting Light/non-occupationa activity:
Adult man = 3.6 Adult man = 9.6

Adult woman = 2.9 Adult woman = 9.1
Child (10 years) = 2.3 Child (10 years) = 6.24

Daily inhalation volume,

(8-hresting, 16— light/non-occupationa activity)
Adult male = 23

Adult female = 21

Child (10 years) = 15

Average adult = 22

Proportion of time spent indoors” = 20 h/day

Amount of soil ingested”: 20 mg/day

Dietary intake®

Cereals = 323 g/day (flour and milled rice)

Starchy roots = 225 g/day (sweet potatoes, cassava and other)

Sugar = 72 g/day (includes raw sugar, excludes syrups and honey)

Pulses and nuts = 33 g/day (includes cocoa beans)

V egetables and fruits = 325 g/day (fresh equivalent)

Meat = 125 g/day (includes offal, poultry and game in terms of carcass weight)
Eggs = 19 g/day (fresh equivalent)

Fish = 23 g/day (landed weight)

Milk = 360 g/day (excludes butter; includes milk products as milk equivalent)
Fats and oils = 31 g/day (pure fat content)

Footnotes:

aWHO uses 60 kg for calculation of acceptable daily intakes and water quality guidelines (WHO, 1987,
1993).

® WHO uses a daily per capita drinking-water consumption of two litres in calculating water quality
guidelines (WHO, 1993)

¢ from Health and Welfare Canada (1992)

9 pased on average of estimates for seven geographical regions (ICRP, 1974)
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A3.5 Uranium chemistry

Table A3.9 Detailsof some selected uranium and uranium compounds.

Compound CAS NIOSH/ UN Molecular ~ Molecular Solubility Solubility
RTECS formula weight *in cold class**
water

Uranium 7440-61-1 YR3490000 2979 U 238 i Insoluble

Uranium 1344-57-6 uo, 270 i Moderately

dioxide soluble

Uranium 7783-81-5 YR4720000 2977 UFg 352 s Highly soluble

hexafluoride

Uranium 19525-15-9 UO, 302 - Moderately

peroxide soluble

Triuranium  1317-99-3 Y R3400000 U30g 842 i -

octaoxide

Uranium 10026-10-5 Y R4025000 UCl, 380 - -

tetrachloride

Uranium 10049-14-6 Y R4710000 UF, 314 - Highly to

tetrafluoride moderately
soluble

Uranium 1344-58-7 UQ; 286 i Moderately

trioxide soluble

Uranyl acetate 541-09-3 YR3675000 9180 UO,(C,H30,) 388 8 Moderately
soluble

Uranyl 7791-26-6 ' YR420000 2981 UO.CI, 341 320 Moderately

chloride soluble

Uranyl nitrate 10102-06-4 Y R3805000 UO,(NO3), 394 119 Highly soluble

Uranyl 1314-64-3 UO,0, 366 19 Slightly soluble

sulphate

Uranium UO,COs 330 - Highly soluble

carbonate

i =insoluble

s=soluble

* The solubility (S) are expressed as 100 times the mass of anhydrous compound soluble in a unit mass of
water at a temperature between 13 and 20 °C (data from Kaye and Laby, 1986). Note the solubility in

biological fluids may differ significantly from those observed in pure water.
** These solubility classes are taken from Mirto et a., (1999).
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Annex 4 |ICRP biokinetic models

A4.1 TheHuman Respiratory Tract Model (HRTM)

The ICRP Publication 66 Human Respiratory Tract Model for Radiological Protection
(HRTM) (ICRP-66, 1994a) has been applied with the new generation of systemic
models (ICRP-67, 1993; ICRP-69, 1995a) to calculate general-purpose dose
coefficients. The effective dose coefficients for workers and the public given in ICRP-
68, (1994) and ICRP-72 (1996) were adopted in the International Basic Safety
Standards (BSS, 1996) and in the Euratom Directive (EC, 1996).

The HRTM is described in detail in ICRP-66 (1994a). Summaries are given in the ICRP
Publications in which it is applied (ICRP-68b, 1994; ICRP-71, 1995b; ICRP-72, 1996;
ICRP-78, 1997), and elsewhere (Bailey, 1993, 1994). Only an outline is given here. The
main functions of the HRTM are to provide:

® a qualitative and quantitative description of the respiratory tract as a route for
radionuclides to enter the body

® amethod to calculate radiation doses to the respiratory tract for any exposure

® amethod to calculate the transfer of radionuclides to other tissues

The HRTM is comprehensive. It appliesto:

® assessing doses from exposures, and assessing intakes from bioassay measurements

® radionuclides associated with particles (aerosols) of al sizes of practical interest
(0.0006—100 mm) and to gases and vapours

¢ al members of the population, giving reference values for children aged 3 months,
1, 5, 10 and 15 years, and adults. Guidance is provided for taking into account the
effects of factors such as smoking, diseases and pollutants

A4.1.1 Morphometry

In the HRTM the respiratory tract is represented by five regions, based on differencesin
radio-sensitivity, deposition and clearance. The extrathoracic (head and neck) airways
(ET) are divided into ET;, the anterior nasal passage, and ET,, which consists of the
posterior nasal and oral passages, the pharynx and larynx. The thoracic regions (the
lungs) are Bronchia (BB, airway generations 1-8), Bronchiolar (bb), and Alveolar-
Interstitial (Al, the gas exchange region). Lymph nodes are associated with the
extrathoracic and thoracic airways (LNgtr and LNty respectively). Target cells are
identified in each region: for example the basal cells of the epithelium in both ET
regions; basal and secretory cells in the bronchial epithelium. Reference values of
dimensions are given which define the mass of tissue containing target cells in each
region for dose calculations. They are assumed to be independent of age and sex.

A4.1.2 Physiology

The breathing rate (frequency and volume) is the main factor in the model that depends
on age and physical activity. Thisis also one aspect for which there are comprehensive
data relating to women and children. Reference values of important parameters are
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recommended for the population groups noted above, for four levels of exercise: sleep,
sitting, light and heavy exercise, and taking account of both nose- and mouth-breathing.
These have been combined with habit survey datato give the reference volumes inhaled
per working shift or per day. Thus light work is a combination of light exercise and
gitting. These parameters determine intakes per unit exposure (time-integrated air
concentration) but are also used with the deposition model to determine regional
deposition.

A4.1.3 Deposition of particles

The deposition model evaluates the fraction of activity in the inhaled air that is
deposited in each region. Deposition in the ET regions was determined mainly from
experimental data. For the lungs, a theoretical model was used to calculate particle
deposition in each region, and to quantify the effects of the subject’s lung size and
breathing rate. For particles larger than 1 nm, the ‘aerodynamic’ mechanisms of
gravitational settling (sedimentation) and inertial impaction, which increase with
particle size and density, dominate. For particles smaller than 0.1 nmm, the
‘thermodynamic’ mechanism of diffusion, which increases with decreasing particle size,
dominates. In the range 0.1-1 nm al are important. The aerodynamic equivalent
diameter of a particle (dz) is the diameter of a unit density sphere with the same
sedimentation velocity as the particle. The thermodynamic equivalent diameter of a
particle (di) is the diameter of a sphere with the same diffusion coefficient as the
particle.

Regional deposition for each age group and exercise level was calculated for aerosols
with lognormal particle size distributions, and tabulated as a function of the median
size. This may be the activity median aerodynamic or thermodynamic diameter,
AMAD or AMTD. (50% of the activity in an aerosol is associated with particles with
dz greater than the AMAD, or with particles with di, greater than the AMTD). AMAD
is used when deposition depends on sedimentation and inertial impaction, typically
when AMAD less than 0.5 nm. AMTD is used when deposition depends on diffusion,
typicaly when AMAD greater than 0.5 mm. In general, values of regiona deposition
are lower than corresponding values using the ICRP-30 model (ICRP-30, 1979), and do
not vary markedly with age.

The ICRP default values for deposition in the respiratory tract after occupational and
public exposure are shown in Table A4.1.

A4.1.4 Gasesand vapours

Unlike deposition of particles, respiratory tract retention of gases and vapours is
material specific. Virtualy al inhaled gas molecules contact airway surfaces, but are
usually re-esuspended in the air unless they dissolve in, or react with, the surface lining.
The fraction of an inhaled gas or vapour that is retained in, or absorbed from, each
respiratory tract region thus depends on its solubility and reactivity and, except in
simple cases, has to be treated on an individual basis. The model assigns gases and
vapours to three classes:

i)  SR-0. Insoluble and non-reactive. No deposition, or uptake to blood. In most cases
external radiation from the surrounding cloud dominates exposure.
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i) SR-1. Soluble or reactive, some exposure to all airways, and absorption into blood.
They require individual evaluation, but the most important parameter is often the
fraction absorbed into blood.

i) SR-2. Highly soluble and reactive. Complete and instantaneous uptake assumed.

Table A4.1 Deposition of inhaled aerosols after occupational and public exposure

Region® Occupational® (%) Public® (%)

ET, 339 14.2

ET, 39.9 17.9

BB (bronchial) 1.8(33%in BBy) 1.1 (47% in BBy)
bb (bronchiolar) 1.1 (33% in bhy) 2.1 (49% in bby)
Al 5.3 11.9

Total deposit 82.0 47.3

Notes

a Occupational exposure. Worker, 5-pm AMAD (S84 = 2.5), 3.5-um AMTD, density 3.0 g/cm?®, shape
factor 1.5 (see Chapter 5); fraction breathed through noseis 1. 31% siting and 69% light exercise; mean
ventilation rateis 1.2m/h. (See Table 6.)

b Environmental Exposure (indoors at home). Adult male, 1-pm AMAD (54 = 2.47), 0.69-um AMTD.
density 3.0 g/lem?®, shape factor 1.5; fraction breathed through noseis 1. 55% ventilation rate is 0.78 m*/h.
33.3% dleeping, 25% sitting, 40.6% light exercise and 1.0% heavy exercise.

¢ The extrathoracic airways consist of the anterior nasal passages (ET;) and posterior nasal and ora
passages, pharynx and larynx (ET,). The thoracic regions are bronchial and bronchiolar (BB and bb) and
alveolar-interdtitial (Al). For the purposes of external monitoring, the retention in the chest would be the
activity retained in the thoracic region.

A4.15 Clearance

The model describes three clearance pathways (Figure A4.1). Materia deposited in ET;
is removed by nose blowing. In other regions clearance results from a combination of
movement of particles to the gastrointestinal (Gl) tract and lymph nodes (particle
transport), and movement of radionuclides into the blood (absorption). It is assumed
that:

® all clearance rates are independent of age and sex.
® particle transport rates are the same for all materials.

® absorption into blood, which is material specific, occurs at the same rate in all
regions except ET1, where none occurs.

® fractional clearance rates vary with time, but to simplify calculations are represented
by combinations of compartments that clear at constant rates. Since particle
transport rates are the same for all materials, a single compartment model applies to
all, and it was based, so far as possible on human experimental data.
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Figure A4.1 Compartment model to represent time dependent particle transport from
each region of the respiratory tract. The rate constants down beside the
arrows are reference values expressed as d™.

Absorption to blood is a two-stage process (Figure A4.2): dissociation of the particles
into material that can be absorbed into blood (dissolution); and absorption into blood of
soluble material and of material dissociated from particles (uptake). Both stages can be
time-dependent. The simplest representation of time-dependent dissolution is to assume
that afraction (f,) dissolvesrelatively rapidly, at arate s;, and the remaining fraction (1—
fr) dissolves more slowly, a arate ss. Provision is made in the HRTM for two fractions,
to avoid undue complexity. Uptake to body fluids of dissolved material can usually be
treated as instantaneous. In some situations, however, a significant fraction of the
dissolved material is absorbed slowly. To enable this to be taken into account, the
HRTM includes compartments in which activity is retained in each region in a ‘ bound’
state. However, it is assumed by default that uptake is instantaneous, and the ‘ bound’
stateis not used and henceis not included in Figure A4.2.
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Figure A4.2 Model for time dependent absorption into blood.

It is recommended that material-specific rates of absorption should be used for
compounds for which reliable experimental data exist. For other compounds, default
values of parameters are recommended (Table A4.2), according to whether the
absorption is considered to be fast (Type F), moderate (M) or slow (S) (corresponding
broadly to inhalation Classes D, W and Y in the ICRP-30 model).

Table A4.2 Default absorption parameter valuesfor Type F, M and S materials

ICRP Publication 66 absorption type F (fast)® M (moderate)® S (dow)°©

Model parameters:
Fraction dissolved rapidly, f; 1 0.1 0.001

Dissolution rate;

Rapid (per day), s 100 100 100
Slow (per day), ss - 0.005 0.0001
Notes
a) F (fast) — materials that are readily absorbed into blood (corresponding to ‘Class D’). There is
significant absorption from ET, and BB;, but some material in these regions will remain in solution
in mucus and be swallowed, rather than be absorbed through the epithelium. Hence the default for
such materialsis =100 per day (t ¥z approximately 10 minutes).
b) M (moderate) — materials with intermediate rates of absorption (corresponding to ‘Class W’). For

©)

such materials the percentage absorbed rapidly is on the order of 10%, and the slow-phase retention
time of the order of 100 per d. This is represented by f, = 0.1%; s = 100 perday; and s =
0.005 per day

S (dow) — relatively insoluble materials (corresponding to ‘Class Y'). It is assumed that for most of
the material the rate of absorption to blood is 0.0001 per day. This equals the particle transport rate
from the most dowly cleared Al compartment. However, it is characteristic of even very insoluble
materials that some rapid uptake to blood occurs immediately after inhalation. As a default it is
assumed that 0.1% of the deposited materia is rapidly absorbed. While the effect of this on dosesis
likely to be negligible, it may significantly affect the interpretation of measurement of activity in
urine. Thisis represented by f, = 0.001; s = 100 per day; and s; = 0.0001 per day.
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A4.1.6 Dose calculation

In accordance with the general approach taken by ICRP, the dose to each region is given
by the average dose to the target tissue in that region. To take account of differencesin
sensitivity between tissues, the dose to each region i is multiplied by a factor A
representing the region’s sensitivity relative to that of the whole organ. The weighted
sum gives the equivalent dose to the extrathoracic or thoracic airways.

A4.2 Thesystemic model for uranium

The fate of uranium that enters the bloodstream and systemic tissues cannot be observed
or easily measured. Therefore, models are used to represent the movement of material
around the body. These models can be used to calculate radiation doses to tissues and
to predict the retention and excretion of the element.

The model used for uranium (Figure A4.3) is that recommended by ICRP-69 (1995a).
This model describes the deposition of material from the blood into various organs or
regions, the transfer from region to region, the return of material to blood, and the
eventual excretion of the material. In keeping with ICRP’'s move towards physiological
realism in its models, the uranium model includes recycling, i.e. the possibility for
material to pass from region to region via the blood stream (Leggett, 1994). Previous
models were simple catenary, or ‘straight chain’ models; the current uranium model is
thus a marked improvement on earlier models.

The model is based on a number of sources which include data from both animal
experiments (using baboons, dogs and rats) and studies on humans. Clearly human data
isto be preferred, and for uranium, ICRP can draw on alarge database, which is not the
case for many other elements. In particular, there are data from the so-called Boston
Subjects, agroup of terminally ill patients who were injected with uranium in the 1950s.
A brief overview of the human data that support the ICRP model is given in ICRP-69
(1995a). Other reviews are provided by Leggett and Harrison (1995) and Leggett
(1989, 1992).

The principal sites of uranium deposition in the body are the kidneys, the liver and
bones. In addition, some material is deposited in various other tissues generally at
lower concentrations than the main sites of deposition; these are usually referred to as
‘soft tissues'. Of the amount absorbed into the blood stream, the model assigns 30% to
soft tissues (rapid turnover, STO), this represents a pool of activity distributed
throughout the body which exchanges rapidly with the blood stream. The remaining
activity is apportioned as follows, kidneys 12%, liver 2%, bone 15%, red blood cells
1%, soft tissue (intermediate turnover, ST1) 6.7%, soft tissue (slow turnover, ST2)
0.3%, with 63% being promptly excreted in urine viathe bladder.

Some of the material initially deposited in these regions can be returned to the blood
stream while some is transferred to other regions of tissues (Figure A4.3). For example,
material in the soft tissue compartments is returned only to blood while material in liver
can be exchanged with blood or transferred to other regions of the liver (Liver 2 in
Figure A4.3). The bone warrants additional comment. Material isinitially deposited on
the bone surface (either trabecular or cortical), from where it can be transferred to bone
volume (exchangeable) or returned to the blood stream. Material which does reach the
exchangeable bone volume can be buried deeper in the bone volume (non-
exchangeable) or returned to the surface. Material in non-exchangeable volume is
transferred slowly to blood. All the pathways used in the model are illustrated in Figure
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A4.3. Intime, most of the systemic uranium is excreted in urine via the bladder, a small
fraction is also excreted in faeces.

The length of time that material remains in these regions is partly governed by a
removal half-time, i.e. the time that it takes to remove half of the material present. This
time varies from organ to organ, for example the removal half-timefor STO isaslittle as
two hours, while for ST2 it is one hundred years. The net or apparent time that is takes
to halve the amount of material in an organ, however, can be very different from the
removal half-time, since material is continually being re-deposited by the recycling
nature of the model. The net half-time thus results from a combination of removal of
existing material and deposition of new material from the blood stream. It is difficult
to simply state values for net half-times. Table A4.3 complements Figure A4.3. It gives
retention in liver, kidneys, bone (comprising the six skeleton compartments of Figure
A4.1) and the whole body at a number of times after an acute intake directly into the
blood stream. It aso gives the amount of activity excreted in urine and faeces per day.
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Figure A4.3 The biokinetic model for uranium.
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A4.3 Themodel for the gastrointestinal tract.

ICRP recommended in Publication 30 (ICRP-30, 1979) the use of compartmental
models to calculate the distribution of radioactive transformations in the body. Each
organ is modelled as one or more compartments. For purposes of dose calculation,
material is usually taken to be uniformly distributed throughout the organ. Transfers
between compartments are assumed to obey first order kinetics. For the gastrointestinal
(GI) tract the model has four compartments (see Figure A4.4).

Table A4.3 Retention and daily excretion following an acute unit intake (1 Bqg or
1 ng) of DU directly into blood.

Time(days)  Faeces Urine Liver  Kidneys Bone  Softtissues Whole Body

(Ba per day) (Bq per day)

1 1.68"10° 645 10" 1407107 1.12°10* 143 10' 7.06 10° 353 10"
3 947 10*  1.80°10% 120102 948 102 1.31°10' 6.65"10° 3.10"10*
10 373°10° 943°10° 7.21°10° 527 10° 1.04"10' 563 10 222 10*
30 111°10° 239°10° 241°10° 1.08 102 8.08 10° 3.30°10°% 127" 10"
100 230°10° 351°10* 1.36°10° 1.26"10° 561" 10% 7.60°10° 6.63 10°

1000 537°10% 809°10° 1.12°10° 4517 10* 295 102 3.79°10° 3.49 107

10000 541°10° 815 107 213 10“ 1.80°10° 803 10° 3.26°10° 115 107

A4.3.1 Stomach

It is assumed that no absorption takes place from the stomach and that material passes
on to the next compartment with a mean residence time of one hour.

A4.3.2 Small intestine

The mean residence time is taken to be four hours. Thisis the compartment from which
absorption takes place. It is normal to quantify absorption by using the f; value. f; is
the fraction of material reaching body fluids following ingestion.

| g
fi=
lgtlg

| g =rate constant for transfer to body fluids
| g =rate constant for transfer from small intestine to upper large intestine.
It is worth noting that the small intestine is akaline. This means that elements which

hydrolyse, notably the actinides (but not uranium), are usually in an insoluble form and
are not readily absorbed (i.e. have alow f; value).
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A4.3.3 Upper largeintestine

The mean residence time is taken to be 13 hours. In practice water is absorbed from the
gut content in the upper large intestine. However, it is not necessary to model this since
tritiated water istaken to be homogeneously distributed across all soft tissue.

A4.3.4 Lower largeintestine

The mean residence time is taken to be 24 hours. It isimportant to realize that the lower
large intestine may be the most heavily irradiated organ if the gut uptake factor is low.
This will particularly be the case for materials emitting relatively non-penetrating
radiation with a short physical half-life.
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FigureA4.4 Mathematical model used to describe the kinetics of radionuclidesin the
gastrointestinal tract.
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Annex5 Chemical toxicity of uranium: Occupational exposure
standards after inhalation and the impact of ICRP
biokinetic models.

A5.1 Soluble uranium compounds

In order to appreciate the rationale behind the currently recommended exposure limits
for uranium based on chemical toxicity, it is necessary to examine the developments
and changes that have occurred during the past 40 years. (These are summarized in
Table A5.1)

Table A5.1 Changesand developmentsin recommended occupational exposure limits
for uranium based on chemical toxicity.

Y ear Source (MPC),/TLV Daily limit
mg/m® mg
1940s/50s Various 0.02-0.05
1957 ACGIH 0.05
1959 ICRP—2/ NCRP 2 0.2% 15
1964 ICRP-6 0.2° 2.5°
1968 ICRP-10 0.2° 2.5°
1968 ACGIH 0.2 1.5¢
1969 Dept. Employment, UK 0.2 1.5¢
1979 ICRP-=30 N/A N/A®
1980 HSE, UK 0.2 2.0
1980 OJEC 25°
1988 ICRP-54 0.2 2.0
1989 OSHA 0.05 0.5
1994 |CRP-68 N/A® N/A®
1995 ICRP-71 N/A® N/A®
1996 OJEC N/A® N/A®
1996 ACGIH 0.2 2.0
1997 HSE, UK 0.2 2.0
1997 ICRP-78 N/A® N/A®
2000 NIOSH 0.2 2.0

a Value derived from the daily intake assuming a breathing rate of 6.9 m® per 8 h
working day; value correlates with (MPC), of 7 10" pCi/cm? (see Table A5.2)

b Value correlateswith (MPC),of 7”10 pCi/ecm? (see Table A5.2)

¢ Value based on short- term exposurerule

d Not listed but based on an average breathing rate of 6.9 m® per 8 h working day

e Chemical toxicity not addressed

f Value not listed but based on a breathing rate of 9.6 m® per 8 h working day

A5.1.1 Initial recommendations

During the late 1940s and 1950s, various recommendations on exposure limits were
made as a consequence of discussions at international conferences (Spoor and Hursh
1973). The values for maximum airborne concentrations, based on toxicity data from
animal studies conducted at the time, ranged from 25 ng/m® to 50 ny/m* (Spoor and
Hursh, 1973). The latter value referred to as the Threshold Limit Vaue (TLV), was
subsequently endorsed by the American Conference of Governmental Industrial
Hygienists (ACGIH) in 1957 and the recommendations published in 1960 (Spoor and
Hursh, 1973; NCRP, 1959; ACGIH, 1960). The current limits on exposure stem mainly
from discussions between Committees Il of ICRP and NCRP (National Committee on
Radiological Protection) in 1959 (Spoor and Hursh, 1973; NCRP, 1959; ICRP, 1959).
In formulating these limits, it was considered that the renal concentration of uranium
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that could be safely tolerated by man was 3ng/g (Spoor and Hursh 1973). This
concentration was not listed as such by ICRP-2 (1959), but could be derived from three
other listed values. These were, for a dose of 50 mSv/y which was the recommended
[imit at the time, the maximum permissible content of uranium in the total body with the
kidney considered the critical organ (so called q value), namely 5 10°nCi (185 Bq); the
fraction of the uranium in the kidneys relative to that in the total body (so called %
value); and a kidney mass of 300 g (Spoor and Hursh 1973, ICRP 1959). At that time,
the specific activity of natural uranium was considered to be 0.33 nCi/g (12.2 kBg/g)
Spoor and Hursh, 1973; ICRP-2, 1959). Hence the permissible concentration in the
kidney was calculated to be (Spoor and Hursh, 1973)

5 10°° 0.065=3.3 10° g/g= 3.3 ug/g
033 300

However, the evidence available from animal studies showed that mild to moderate
kidney damage occurred in a variety of animal species at concentrations up to an order
of magnitude lower than this. It has been suggested, therefore, that the Committees of
ICRP and NCRP were less influenced in the choice of a safe kidney concentration by
the animal data than by the concern that the calculation reflected the experience of many
years of occupational exposure (Spoor and Hursh, 1973). This experience had shown no
evidence of kidney malfunction in workers even at exposure levels in excess of those
derived using the kidney concentration above. The procedure adopted by NCRP
Committee 11 for deriving the exposure limit issummarized in Table A5.2.

Table A5.2 Derivation of the permissible daily intake and (MPC), for soluble natural
uranium by NCRP Committee Il (Spoor and Hursh, 1973).

Assumption Source

A maximum permissible concentration of 3ug
uranium per gram kidney

An average kidney mass of 300 g

An effective half-life of 15 daysfor uraniumin
thekidney, i.e. 0.0462 " the kidney content is
excreted per day

That 2.8% of the uranium inhaled was deposited
in the kidney (f, as denoted by ICRP-NCRP)

That aworker breathesin an average of 6.9” 10°
cm® air per working day

Animal experiment results; Committee judgement
decision.

Standard Man (ICRP-2, 1950)

Animal experiments: Human data

The lung model (ICRP Publication 2, 1959)
specifies that the 25% deposited in the pulmonary
lung is absorbed into the body for soluble
compounds). The 50% deposited in the upper
respiratory tract istransferred to the gut and
because of the negligible absorption of uranium
can be neglected. Of the systemic uranium, 78%
israpidly excreted and the remaining 22% is
divided equally between bone and kidney. f=
0.25" 0.11=0.028

Standard Man (ICRP-2, 1950)

The caculation of the maximum permissible concentration in air (MPC), for soluble uranium is as

follows:

The maximum permissible daily kidney input equals the daily rate of 1oss from the kidney when the

burden is the maximum permissible = 0.0462" 900 = 41.5 pg.

The corresponding lung daily input = 41.5/0.028 = 1480 pg.

Therefore, the (MPC), = 1480/6.9° 10°=2.1" 10* g/cm®.
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This limit has been expressed (ICRP-2, 1959; ICRP-6, 1962) in terms of uCi per cm? air
using the specia curie unit used for natural uranium, 0.33 puCi/g. Accordingly, 210 pg
natural uranium per m® air convertsto 7 10! pCi/cm?®, which is the value, cited in the
above references.

This corresponded to a daily intake limit of 1.48 mg based on a breathing rate of 6.9 m®
per working day and a maximum permissible concentration in air (MPC,) of
0.21-mg/m°.

A5.1.2 Subsequent developments.

In 1964, ICRP recommended in Publication 6 that the inhalation of soluble uranium of
any isotopic composition should not exceed 2.5 mg in any one day (ICRP-6 1964). This
recommendation was re-affirmed in ICRP-10, (1968). In the same year, the ACGIH
increased the TLV from 0.05mg/m?® to 0.2 mg/m?®, presumably to be consistent with the
earlier recommendation of NCRP and ICRP (ACGIH, 1968). It is noteworthy that in the
UK, the revised value of the TLV was adopted by the Department of Employment in
1969 (DEP, 1969), and has remained in force ever since (HSE, 2000).

The chemical toxicity of uranium was not considered by ICRP-30 (1979), but the
previous recommendation in Publication 10 in 1968 (ICRP-10, 1968) was incorporated
into European legislation in 1980 (OJEC, 1980) with the statement 'In view of the
chemical toxicity of water soluble compounds of uranium inhalation and ingestion
should not exceed 2.5 mg and 150 mg respectively in any one day regardless of isotopic
composition'. In hindsight, the choice of the phrase ‘water soluble' was unfortunate since
some uranium compounds such as the trioxide, tetrafluoride and tributylphosphate
which have low agqueous solubility are rapidly absorbed into the blood after deposition
in the lungs (Stradling et al., 1989; Stradling and Moody, 1995; Pellow et al., 1997,
Ansoborlo et al., 2001).

The chemical solubility of uranium was considered again by ICRP in Publication 54
published in 1988 (ICRP-54, 1988). The advice is unequivocal, and states that 'For
soluble forms of depleted, natural and low enriched uranium, the limit on intake is
determined by consideration of chemical toxicity. Annual Limits on Intake are entirely
inappropriate for such materials. The proposed daily limit of 2mg is based on an
airborne concentration of 0.2 mg/m? and a breathing rate of 1.2 m*h or 9.6 m® for ag8h
working day. These values are mutually incompatible when compared with the original
procedure used for deriving exposure limits (see Table A5.22. In other words, an
increase in the default value for the breathing rate from 6.9m%d to 9.6 m*/d should
decrease the airborne concentration to 0.15 mg/m? whilst the daily limit should remain
unchanged at 1.48 mg. Interestingly, in 1989 (OSHA, 1989), the Occupational Safety
and Health Administration (OSHA) in the United States recommended a Permissible
Exposure Limit (PEL) of 0.05mg/m® for soluble compounds. This is equivalent to
0.5 mg/d on the basis of a breathing rate of 9.6 m®/d.

Despite the pronouncement on chemical toxicity in ICRP Publication 54 (ICRP 1988),
the subject was not addressed in Publication 60 in 1991 (ICRP-60, 1991b), nor
Publication 68 in 1994 (ICRP-68, 1994b) which were intended to give advice on
radiation dose only. As a consequence, advice on exposure limits based on chemical
toxicity has not been included in the latest EURATOM directive (OJEC, 1996) and the
International Basic Standards for Protection Against lonizing Radiation (BSS, 1996).
Nevertheless the dose coefficients (doses per unit intake, Sv/Bq) for different isotopes
included in these documents are invaluable, since workers, particularly in the nuclear
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industries, are potentially exposed to a mixture of radionuclides which require the
committed effective dose to be assessed. However, it remains a matter of concern that
the nephrotoxicity of uranium could be overlooked if the above publications alone were
used to assess the health consequences of exposure to uranium compounds. Fortunately,
this potential difficulty has been discussed more recently in ICRP Publication 78
(ICRP-78, 1997).

At present there is still widespread acceptance that the occupational exposure limit for
soluble uranium compoundsis 0.2 mg/m*® (ACGIH 2000, NIOSH 2000, HSE 2000).

A5.1.3 Thenephrotoxicity of uranium.

It is not the purpose of this section to review the nephrotoxicity of uranium. Thisis dealt
with in Chapter 8. However there are issues relating to the basis of the normally
accepted threshold concentration of uranium in the kidneys that need to be addressed.

If the current definition for the specific activity of uranium (0.68 nCi/g) and dose limit
of 20 mSv/y were used in the original calculations, the permissible kidney concentration
would be 0.6 ng/g, and the daily limit on intake 0.3 mg (see section A4.1). The kidney
concentration would be reduced still further if the amount specified for the initial
deposition in ICRP Publication 69 (ICRP-69, 1995a), 12%, was used instead of the
original value of 6.5%. Together, all these factors suggest that the permissible
concentration in the kidneys should be about 0.3ny/g rather than 3ny/g. It is
noteworthy that a review of the uranium concentrations in the kidneys of animals after
exposure to soluble uranium compounds for up to one year indicated that mild to
moderate damage occurred in the range 0.3-3 ny/g.

The threshold concentration of 3ng/g has also been challenged in two comprehensive
review articlesin which it is also claimed that this value has neither been supported by
unequivocal human data, nor by studies with laboratory animals (Leggett 1989,
Diamond 1998). The authors concluded that it would be prudent to lower this long-
standing guidance level by at least three-fold untii more is known about the
physiological effects of low concentrations of uranium in the kidneys, particularly after
chronic exposure. More recent animal studies would appear to support such a reduction.
Recent studies by Gilman et a (1998a, b, ¢) with rabbits also support a reduction in
kidney concentration. Moreover, it has been noted that the urinary excretion of uranium
isimpaired at kidney concentrations below 1 ng/g (Hodgson et a 2000), presumably as
a consequence of nephro-toxicological effects. In contrast, a recent American National
Standard (ANS, 1996) has re-affirmed the 3ng/g kidney concentration limit as a basis
for designing and interpreting bioassay programs. However, since the biokinetic model
used for assessing this historical value is now obsolete, and the 3ng/g concentration
value has been rigorously challenged, this approach hasto be considered doubtful.

In conclusion, it should be stressed that a reduction in the acceptable kidney
concentration does not imply a similar reduction in the value of the airborne
concentration permitted in the workplace. The current ICRP physiological models show
that substantially greater amounts of uranium need to be inhaled to result in the same
kidney concentration as predicted by the original models (Stradling et al., 1998). The
net effect is that the permitted airborne concentration of 0.2mg/m? will in fact be
conservative. Thisissueis also discussed in Chapter 9.

176



Table A5.3 Uranium concentration in the kidney after exposure of one year to

inhalation of soluble uranium compounds?

(from Spoor and Hursh 1973).

Uranium Compound Dogs Rats Rabbits’
dust

concentration No. po/g No. po/g No. po/g
ug/m®

2000 UO,(NO3)2.6HO 5 17(1.2-23° 24 56(1.911.3) 3 1.4(0.8-2.2)
250 UO,(NO3),.6H,O 15 10(01-19) 23 1.6(0.1-44) 5 0.9 (0.4-1.9)
200 UFs 10 04(0.007 23 27(0.05.8) 0.3(0.0-0.8)
200 UCl, 13 02(0.005 12 04(01-19 10 0.4 (0.2-0.6)
150 UO,(NO3),.6H,O0 11 05(0.2-1.00 23 14(06-3.3 - -

50 UFs 12 03(0.0-05 26 09(0.1-2.0 - -

50 UCl, 15 020905 7 0.4 (0.12-0.9) - -

40 UO,(NO3),.6H,O0 17 04(0.1-1.00 25 04(0.1-2.0) - -

@Data compiled from Hodge et a. (1953)

® Exposure period was 7-9 months

¢ Range of vauesin parenthes
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A5.2 Insoluble uranium compounds.

The methodology for deriving the so-called maximum permissible concentration in air,
MPC,, for insoluble natural uranium is described in more detail elsewhere (Spoor and
Hursh, 1973). This methodology is similar to that described for soluble uranium in that
it is derived from the maximum permissible lung burden (8.9 10" nCi) recommended in
ICRP-2 (1959) for an annual dose limit to this tissue of 15rem, and converts
radioactivity to mass at equilibrium conditions in the lung using a simplistic metabolic
model and the specific activity of the 'special curie' for uranium.

Essentially the calculation proceeded as follows (Spoor and Hursh, 1973),:
Maximum permissible lung burden for annual dose of 15 rem =8.9" 10 nCi.

At equilibrium, the rate of loss from the lungs using a clearance half-time of 120d
(ICRP-2, 1959) will be

0.693/120d° 8.9° 103nCi =5.1" 10° nCi/d

On the assumption that the fraction of the inhaled material which is deposited in the
lungs is 0.125 and the average breathing rate is 6.9° 10 cm®/d (ICRP-2, 1959), the

(MPC,) = 5.1 10 nCi per d/ [6.9" 10°cm®per d” 0.125] = 6" 10! nCi/cm®
Thisisthe value listed in ICRP-2 (1959) for a 40-hour week, 50 week year.

Based on the definition of the special curie (specific activity of natural uranium
0.33-nCi/g), this concentration converts to 0.18 mg/m?, rounded to 0.2 mg/m®. If the
currently accepted breathing rate of 1.2 m*/h were used, then the annual intake based on
a40 hour week, 50 week year would be 480 mg.

Based on current dose limits and biokinetic models, discussed in Chapter 10, and the
annual limits on intake for insoluble uranium listed for natural and depleted uranium in
Table 10.3 of that chapter, it would seem prudent to reduce this value by four-fold and
two-fold respectively.

However, the value of 0.2mg/m? is still used in current recommendations of the
American Conference of Governmental and Industrial Hygienists (ACGIH, 2000), and
the US National Institute for Occupational Health (NIOSH, 2000). The value is aso
legally binding in France (FRA, 1988). In the UK, the Health and Safety Executive
recommend values for soluble uranium compounds only (HSE, 2000).
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Annex6  Methods for chemical and isotopic analysis in support of
public health standards and environmental investigations.

Methods for the determination of uranium in environmental materials such as soils and
drinking water are diverse and over the past 20 years improvements in analytical
techniques have considerably improved our knowledge of environmenta levels (e.g.
Toole et a., 1997). Techniques for the analysis of uranium can be divided into three
distinctive groups.

A6.1 Non-nuclear instrumental techniques

This group of analytica techniques include inductively coupled plasma—mass
spectrometry (ICP-MS), x-ray fluorescence analysis (XRF), thermal ionization mass
spectrometry (TIMS) and electron microprobe analysis (EPMA) (Gill, 1997; Van Loon
and Barefoot, 1989). Of these techniques the most robust and sensitive technique for
the analysis of uranium in awide variety of environmental matricesis ICP-MS. Typical
detection limits for this technique in ideal matrices for uranium are in the order of 1ng
to 5 ng per litre (sample less than 10 cm? in volume) (Taylor et al., 1998). The speed
and versatility of this technique has led the nuclear industry to use it for the analysis of
uranium and plutonium in urine during routine monitoring (Ejnik et a., 2000).

XRF is a useful robust technique particularly in solid matrices such as soils and
foodstuffs where detection limits in the range of 1mg/kg are commonly achievable.
Although XRF cannot be used to differentiate various isotopes of uranium, its portable
derivatives enable the analysis of uranium in the field to a detection limit of 50 mg/kg.
Such methods greatly facilitate the identification and prioritisation of sampling
strategiesin the field.

Until recently TIMS was the preferred method for the determination of uranium isotopic
ratios in environmental samples because of its unrivalled sensitivity, accuracy and
precision. However, it is a particularly slow technique limiting its application to large-
scale environmental surveys. Recently, the advent of magnetic sector and multi-
collector ICP-MS offers similar accuracy and precision to TIMS but considerable
advantages over this technique in terms of sample throughput and ease of use (Halliday
et a., 1998).

For spatial analysis of uranium within samples, EPMA may be used with a resolution of
5um or better. However, the detection limit of this technique is rather poor
(1000 mg/kg) and it is not possible to determine isotopic ratios using this technique. If
high sensitivity spatial analysis of uranium-series isotopes is to be undertaken coupled
techniques such as laser ablation ICP-MS or laser ablation multi-collector - ICP-MS
offer the ability to determine mg/kg levels of uranium at a spatial resolution of 20 um to
100 pm.

A6.2 Nuclear instrumental techniques

Prior to the advent of ICP-MS, nuclear based analytical techniques such as alpha
spectrometry, gamma spectrometry, neutron activation analysis and fission track
analysis (Gill, 1997; lvanovich and Harmon, 1982; IAEA, 1989b) were routinely used

179



for the determination of uranium in a wide range of materials. However, each of these
techniques either requires extensive sample preparation or pre-concentration to
determine uranium at environmental levels, mainly because of the long half-life of 2.
For this reason, the use of these techniques for the quantitative determination of
uranium at environmental concentrations has generally dwindled over the past decadein
favour of other methods. The use of these techniques in the field is practically limited
to gamma ray spectroscopy, although some workers have used various forms of hand
held proportional counters, ionization counters and GM tubes to detect surface
contamination via the emission of beta particles of #**Th, ®*Pa and Z'Th which 'in-
grow' rapidly from pure uranium. The use of alpha and beta detectors in the field is
generaly inhibited by the relatively rapid absorption of apha and beta particles by
environmental media (i.e. soil). Because of this such detectors are best used for
identifying surface contamination or metallic fragments of DU.

With respect to the use of gamma spectroscopy, the lack of a sufficiently high-energy,
high-yield gamma emission by 2®U, the main constituent of DU, significantly reduces
the effectiveness of this technique for the field identification, and survey, of areas
impacted by DU. Gamma ray line intensities for typical samples of DU are reported in
Moss (1985). The most abundant line being associated with the 1.001 MeV gamma ray
from 2**MPawith an absolute abundance of 103.7 photons/second /gram of 2U.

A relatively portable (truck mounted) non-destructive field technique for the
measurement of 22U/%*U in depleted to moderately enriched uranium has been reported
by Balagna and Cowan (1977) by comparing the ratio of the number of fission
fragments produced during thermal and epithermal/fast fission of samples of uranium
ore. Whilst accurate results were obtained, the technique requires a 2**Cf source
(requiring associated radiological protection measures) and relatively high
concentrations of total uranium (Ca. 20% U3Os).

Although time-consuming, fission track analysis does have the advantage of high spatial
resolution (much less than 1 mm) with some degree of sensitivity (a few mg/kg) for
natural uranium. Although the use of this technique for DU may require modification
of irradiation conditions due to the relatively low abundance of °U.

Previous regulations concerning exposure to radioactivity in food and water have
centred upon use of total alpha and total beta activity as a preliminary screening tool.
However, the use of total alpha activity as a screening tool for DU, at levels close to
those present in the natural environment, is severely hindered by the long half-life (and
hence low specific activity) of 23U, coupled to the often high levels of matrix elements
in many, even ashed, foodstuffs and waters, particularly from arid and semi-arid
environments.

A recent report by Haslip et al., (2000) describes a study undertaken to examine the
capabilities of commercial radiation detection equipment for the detection of DU on the
battlefield. The work involved some spectroscopic studies of DU munitions, and
detection trials with a variety of DU sources, from large spheres to low-activity area
sources. It was shown that while commercial equipment can detect alpha, beta, and
gamma emission by uranium sources, beta detection is by far the preferred method to be
used for contamination surveys. For example the sensitivity of the Eberlines ABP-100
apha-beta probe (in beta mode) for DU is approximately 0.5Bg/cm? where the
contamination is over a large area. However, because the attenuation of beta radiation
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by tissue is so great, the efficacy of this detector for detecting shards of DU embedded
in wounds is much poorer. The report concluded that whilst such devices may be
sufficient for detecting DU contamination on vehicles, it is probably insufficient for DU
screening of wounds.

Figure A6.1 Typical hand held alpha-beta detector assembly.

A6.3 Other chemical techniques

Analytical techniques based on the complexation and subsequent spectrometric
determination of uranium, such as fluorescence spectrometry have been employed (Van
Loon and Barefoot, 1989). In particular, these have been used for the determination of
uranium in waters and ores, and for the identification of uranium ore depositsin mineral
exploration programmes. Unfortunately these techniques do not differentiate between
the various isotopes of uranium and therefore cannot be used to infer the presence or
absence of DU. Additionally these techniques are often subject to serious interference
from the presence of other forms of contamination such as copper, molybdenum and
naturally occurring dissolved organic compounds. However, they have been used to
some effect to look at complexation mechanisms of uranium and can be used to provide
information on chemical speciation.
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Glossary

absorbed dose, radiation  The energy absorbed per unit mass. The special nameisthe
Gray (Gy = 1 joule per kilogram). The historical unit is the rad (100 ergs/gram).
The conversion is 100 rad = 1 Gy.

absorption type (F (fast), M (moderate), and S (slow) clearance) A
classification scheme for inhaled material according to its rate of clearance
from the pulmonary region of the lungs to the blood. The practical transport
rates to the gastrointestinal tract and lymph nodes are the same for all three
of the absorption types.

activity The number of nuclear transformations occurring in a given quantity of
material per unit time (see becquerel and curie).

activity median aerodynamic diameter (AMAD) The diameter of a unit-density
sphere with the same terminal settling velocity in air as that of the aerosol
particle whose activity isthe median for the entire aerosol.

alpha particle A positively charged particle gected spontaneously from the nuclei of
some radioactive elements. It is identical to a helium nucleus, but of nuclear
origin. It comprizes two neutrons and two protons and has a mass number of 4
and an electrostatic charge of +2. On capturing two electrons it forms an atom of
helium indistiguishable from any other helium atom.

anamnesis A patient's account of hisor her medical history.
anthropogenic  Man-made or derived from man’s activities.

aquifer Underground body of water, hosted in permeable rocks such as sandstone or
fractured igneous rocks or in unconsolidated sands and gravels.

atom The smallest particle of an element that cannot be divided or broken up by
chemica means. It consists of a central core called the nucleus, which contains

protons and neutrons and one of more outer shells of electrons.

atomic mass (u) The mass of a neutral atom of a nuclide, usually expressed in terms
of ‘atomic mass units.” The ‘atomic mass unit’ is one-twelfth the mass of one
neutral atom of carbon-12; equivalent to 1.6604° 104 g.

atomic number  The number of protons in the nucleus of a neutral atom of a nuclide
(Symbol: 2).

atomic weight The weighted mean of the masses of the neutral atoms of an element
expressed in atomic mass units.

background concentration  The concentration (or level) of a substance characteristic
of a particular medium (e.g. soil, water, rock etc.) in an area or region arising
from both natural sources and non-natural diffuse sources such as atmospheric
deposition. (after definition for background concentration soil, 1SO 11074-
1:1996)
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background radiation The amount of radiation to which a member of the general
population is exposed from natural sources, such as terrestrial radiation from
naturally occurring radionuclides in the soil, cosmic radiation originating from
outer space, and naturally occurring radionuclides deposited in the human body.

becquerel (Bq) The International System of Units unit of activity and equals that
quantity of radioactive material in which one transformation (disintegration)
occurs per second (1 Bq = 1 disintegration per second = 2.7 10 Ci or 27 pCi).

beta particle Charged particle emitted from the nucleus of an atom. A beta particle
has a mass and charge equal in magnitude to that of the electron. The charge
may be either +1 (for a positron; also generically called a beta particle) or —1
(for anegatron).

biological half-life Thetime required for abiological system, such asthat of a human,
to eliminate by natural process half of the amount of a substance (such as a
chemical substance or radioactive material) that has entered it.

carcinogen A chemical or substance capable of inducing cancer.

carcinoma Malignant neoplasm composed of epithelia cells, regardless of their
derivation.

charged particle An ion or an elementary particle carrying a positive or negative
charge.

collective dose The sum of the individual doses received in a given period of time by
a specified population from exposure to a specified source of radiation.

committed effective dose E(t) Following an intake into the body of a radioactive
material there is a period during which the material gives rise to an effective
dose. The committed effective doseis the time interval of the effective dose rate.
If the time interval is not specified it isimplied that the value is 50 or 70 years,
as defined by the regulator or assessor.

committed equivalent dose H(t) Following an intake into the body of a radioactive
material, there is a period of time during which the material gives rise to an
equivalent dose. The committed equivalent dose is the time integral of the
equivalent dose rate, and is applied to the year the radioactive material entered
the body. If the time interval is not specified it is implied that the value is 50 or
70 years as defined by the regulator or assessor.

complex / complexation A compound / process in which molecules or ions form
coordinate bonds to a metal atom or ion.

cosmic rays High-energy particulate and electromagnetic radiation, which originate
outside the Earth’ s atmosphere (e.g. protons, pions, muons, neutrinos etc.).

curie (Ci) A unit of radioactivity. One curie equals that quantity of radioactive
material in which there are 3.7 10™ nuclear transformations per second (1 Ci =
3.7 10" disintegrations per second = 3.7 10*° Bq). The activity of 1 gram of
radium is approximately 1 Ci.
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decay, radioactive Transformation of the nucleus of an unstable nuclide by
spontaneous emission of charged particles and/or photons (see Disintegration).

decay chain or decay series A sequence of radioactive decays (transformations)
beginning with one nucleus. The initial nucleus decays into a secondary nucleus
‘or progeny nucleus that differs from the first by whatever particles were
emitted during the decay. If further decays take place, the subsequent nuclel are
also usually called progeny.

decay product A new isotope formed as a result of radioactive decay. A nuclide
resulting from the radioactive transformation of a radionuclide, formed either
directly or as the result of successive transformations in a radioactive series. A
decay product may be either radioactive or stable.

depleted uranium (DU) Uranium having a percentage of uranium-235 less than the
naturally occurring distribution of U-235 found in natural uranium (less than
0.711 weight per cent U-235).

developmental toxicity The occurrence of adverse effects on the developing
organism that may result from exposure to a chemical or radiation prior to
conception (either parent), during prenatal development, or postnatally to the
time of sexual maturation. Adverse developmental effects may be detected at
any point in the life span of the organism.

disintegration constant The fraction of the number of atoms of a radioactive nuclide
which decay in unit time; ? (Greek lambda; equal to 0.693/radioactive half-life)
is the symbol for the decay constant in the equation N = Noe'!, where N, is the
initial number of atoms present, and N is the number of atoms present after some
time (t) (see Decay Constant).

disintegration, nuclear A spontaneous nuclear transformation (radioactivity)
characterized by the emission of energy and/or mass from the nucleus. When
large numbers of nuclel are involved, the process is characterized by a definite
half-life (see Transformation, Nuclear).

dose assessment An estimate of the radiation dose to an individual or a population
group usually by means of predictive modeling techniques, sometimes
supplemented by the results of measurement.

dose, effective  The equivalent dose (H;) multiplied by a tissue-weighting factor, w,
with the special name sievert (Sv). The tissue-weighting factor represents the
contribution of the organ or tissue to the total cancer detriment due to the effect
resulting from uniform irradiation of the body. E = (w;)(w;)(D), the sum of the
weighted equivalent doses in all the tissues and organs in the body. It is given by
E = W:H; where W is the weighting factor for tissue T.

dose, equivalent (H;) The absorbed dose D multiplied by a radiation-weighting factor
W, to account for the different qualities of radiation (alpha, beta, and gamma) in
terms of potential effect. The special name is the sievert (Sv). The present
weighting factors are as follows: alpha radiation is w = 20; beta and gamma
radiation w, = 1. The dose equivalent expresses all radiation on a common risk
scale. (The unit of equivalent dose is the rem. In Sl units, the equivalent dose is
the sievert, which equals 100 rem.)
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dose, pharmacological A general term denoting the quantity (mass) of a substance
introduced into the body. For special purposesit must be appropriately qualified.

dose, radiation absorbed The energy imparted to matter by ionizing radiation per
unit mass of irradiated material at the place of interest. The unit of absorbed
doseistherad. Onerad equals 100 ergs per gram. In Sl Units, the absorbed dose
isthe gray, whichis 1 Jkg, so 100 rads = 1 Gray (seerad). Absorbed doserateis
the absorbed dose per unit time.

dose, radiation cumulative The total dose resulting from repeated or continuous
exposures to radiation.

doserate Absorbed dose delivered per unit time.

dosimetry Quantification of radiation doses to individuals or populations resulting
from specified exposures.

electron volt A unit of energy equivalent to the energy gained by an electron in
passing through a potential difference of one volt. Larger multiple units of the
electron volt are frequently used: keV for thousand or kilo electron volts, MeV
for million or mega electron volts.

embryotoxicity and fetotoxicity Any toxic effect on the conceptus as a result of
prenatal exposure to a chemical or to radiation; the distinguishing feature
between the two terms is the stage of development during which the insult
occurred. The terms, as used here, include malformations and variations, atered
growth, and in utero death.

enrichment, isotopic  An isotopic separation process by which the relative abundance
of the isotope element of interest is altered, thus producing aform of the element
that has been enriched in one or more isotopes and depleted in others. In
uranium enrichment, the percentage of uranium-235 in natural uranium may be
increased from 0.7% to greater than 90% in a gaseous diffusion, thermal
diffusion, centrifugation, mass spectrometric or laser separation process based
on the different thermal velocities, mass differences or any other suitable
property of the constituents of natural uranium (3*U, U, Z8U).

equilibrium, radioactive In aradioactive series, the state that prevails when the ratios
between the activities of two or more successive members of the series remains
constant.

exposure (chemical) Contact of an organism with a chemical or physical agent.
Exposure is quantified as the amount of the agent available at the exchange
boundaries of the organism (e.g. skin, lungs, gut) and is available for absorption.

exposure (radiation) Being exposed to ionizing radiation or to a radioactive material.
Exposure is quantified as the amount of radioactive material available at the
exchange boundaries of the organism (e.g. the gut, skin, lungs) and available for
absorption, aswell as exposure to penetrating radiation from outside the body.

gamma ray, penetrating Short-wavelength electromagnetic radiation of nuclear
origin.
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genetic effect of radiation or substance Inheritable change, chiefly mutations,
produced by the absorption of ionizing radiation by germ cells.

half-life, radioactive Time required for a radioactive substance to lose 50% of its
activity by decay. Each radionuclide has a unique half-life.

harm Harm to health of living organisms or other interfaces with ecological systems
of which they form part. In the case of humans some definitions include harm to
property. Note that harm is not just a matter of exceeding action or trigger levels,
but is that determined by a structured source-pathway-receptor analysis and the
effects on agiven target (i.e. not just exposure)

immunologic toxicity The occurrence of adverse effects on the immune system that
may result from exposure to environmental agents, such as chemicals.

invitro Isolated from the living organism and artificially maintained, asin atest tube.
invivo Occurring within the living organism.

ion Atomic particle, charged atom, or chemical radical bearing a net electrical charge,
either negative or positive.

ionization The process by which a neutral atom or molecule acquires a positive or
negative charge.

ionization path (Track)--The trail of ion pairs produced by ionizing radiation in its
passage through matter.

ionizing radiation Any radiation capable of displacing electrons from atoms or
molecules, thereby producing ions. Examples: alpha, beta, gamma, X-rays, and
neutrons.

isotopes Nuclides having the same number of protons in their nuclei, and hence the
same atomic number, but differing in the number of neutrons and therefore in
the mass number. Almost identical physical properties exist between isotopes of
aparticular element. The term should not be used as a synonym for nuclide.

land contamination The presence of a substance or component that is not present
naturally that does not necessarily cause harm (1SO 11074-1:1996)

mass numbers (A) The number of nucleons (protons and neutrons) in the nucleus of
an atom.

natural background concentration The concentration or level of a substance that is
derived solely from natural sources (i.e. of geological origin) after 1ISO 11074-
1:1996.

neutron Elementary nuclear particle with no electric charge.

nuclide A species of atom characterized by the constitution of its nucleus. The nuclear
constitution is specified by the number of protons (Z), number of neutrons (N),
and energy content, or, alternatively, by the atomic number (Z), mass number A
= (N+Z), and atomic mass. To be regarded as a distinct nuclide, the atom must
be capable of existing for ameasurable time.
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power, stopping A measure of the ability of a material to absorb energy from an
ionizing particle passing through it; the greater the stopping power, the greater
the energy absorbing ability (see Linear Energy Transfer).

progeny The decay product or products resulting after a radioactive decay or a series
of radioactive decays. The progeny can be stable but can aso be radioactive, and
the chain continues until a stable nuclide is formed.

proton Elementary nuclear particle with apositive electric charge

radiation The emission and propagation of energy through space or through a
material medium in the form of waves (e.g. the emission and propagation of
electromagnetic waves or of sound and elastic waves). The term radiation or
radiant energy, when unqualified, usually refers to electromagnetic radiation.
Such radiation is commonly classified according to frequency, as microwaves,
infrared, visible (light), ultraviolet, X-rays and gamma rays (see Photon) and, by
extension, corpuscular emission, such as alpha and beta radiation, neutrons, or
rays of mixed or unknown type, such as cosmic radiation.

radiation, background See Background Radiation.

radiation, external Radiation from a source outside the body.

radiation, internal  Radiation from a source within the body (as a result of deposition
of radionuclides in body tissues).

radiation, ionizing Any electromagnetic or particulate radiation capable of producing
ions, directly or indirectly, in its passage through matter (see Radiation).

radioactivity Spontaneous nuclear transformations that result in the formation of new
elements. These transformations are accomplished by emission of particles from
the nucleus or by the capture of an orbital electron. Each of these reactions may
or may not be accompanied by a gamma photon.

radioactive decay constant (I ) The fraction of the number of atoms of a radioactive
nuclide that decay in unit time (see Disintegration Constant).

radioactivity, natural The property of radioactivity exhibited by more than 50
naturally occurring radionuclides.

radio-isotopes An unstable isotope of an element that decays or disintegrates
spontaneously, emitting radiation. Approximately 5000 natural and artificial
radio-isotopes have been identified.

radionuclide A radio-isotope or radioactive nuclide characterized by the constitution
of its nucleus.

rem (rem) A non-SlI unit of equivalent dose. The equivalent dose in rem is
numerically equal to the absorbed dose in rad multiplied by the quality factor
(radiation-weighting factor) (1 rem = 0.01 sievert).

reproductive toxicity The occurrence of adverse effects on the reproductive system
that may result from exposure to a chemical or to radiation. The toxicity may be
directed to the reproductive organs and/or the related endocrine system. The
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manifestation of such toxicity may be noted as alterations in sexual behavior,
fertility, pregnancy outcomes, or modifications in other functions that are
dependent on the integrity of this system.

secular equilibrium If the original radionuclide has a very much longer half-life than
its progeny (so there is not appreciable change in its amount in the time interval
required for later products to attain equilibrium) then, after equilibrium is
reached, equal numbers of atoms of all members of the series disintegrate in unit
time. This condition is never exactly attained but is essentially established in
such a case as radium and its series to #°Pb. The half-life of radium is about
1600 years, of radon, approximately 3.82 days, and of each of the subsequent
members, a few minutes. After about a month, essentially the equilibrium
amount of radon is present; then (and for along time) all members of the series
disintegrate the same number of atoms per unit time. At this time, the activity of
the progeny equals the activity of the original radionuclide.

Sl units The International System of Units as defined by the General Conference of
Weights and Measures in 1960. These units are generally based on the
meter/kilogram/second units, with special quantities for radiation including the
becquerel, gray, and sievert.

sievert (Sv) The Sl unit of any of the quantities expressed as equivalent or effective
dose. The equivalent dose in sieverts is equal to the absorbed dose, in grays,
multiplied by the radiation-weighting factor (1 Sv = 100 rem). The effective
doseisthe equivalent dose multiplied by the tissue-weighting factor.

soil  The upper layer of the Earth’ s crust composed of mineral parts, organic substance,
water, air and living matter (1SO 11074-1, 1996).

soil function Soil functions describe the significance of soils to man and the
environment (1SO 11074-1, 1996). Important soil functions include: control of
substance and energy cycles as compartment of ecosystems; basis for the life of
plants, animals and man; carrier of genetic reservoir; basis for the stability of
buildings; basis for the production of agricultural products; buffer inhibiting
movement of water, contaminants or other agents into groundwater; reservoir of
archaeological remains; reservoir of paleoecological remains.

soil pollutant A substance or agent present in the soil which due to its properties,
amount or concentration causes adverse impacts on (i.e. harm to) soil functions
or soil use (1SO 11074-1, 1996).

sorption  Generic terms covering sorbing by physical or chemical processes or both.
The term does not specifically differentiate between absorption or adsorption.

specific-activity Radioactivity per gramme of a radionuclide. It may be calculated
from the formula (Nal /MW). Where Na is the number of atomsin one mole of a
material (Avogadro’s constant, 6.023x10%%), 8 s the radioactive decay constant
and MW is the atomic weight of a given isotope. The specific activity for a
substance containing a mixture of isotopes may be obtained using the equation:

Specific activity of mixture = the sum of Rla | | / MW; F;
Where F; is the fractional abundance (by weight) of the given isotope (i) in the
mixture. Additionally, where an isotope has more than one decay mode the
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specific activity for agiven mode of decay may be obtained by multiplying the
specific activity for all decay modes by the relative fractional abundance of a
given decay mode, B is the radioactive decay constant.

speciation A broad generic term describing the various chemical forms an element can
take (e.g. the bicarbonate ion HCOs' is a species of carbon)

spontaneousfisson A relatively rare radioactive process in which fission (splitting of
the original radionuclide into two radionuclides of approximately equal mass)
occurs spontaneously amongst heavy nuclides such as*2U.

stableisotope A non-radioactive isotope of an element.

stochastic Calculated or modelled according to the laws of probability

teratogen Any chemical or radiation that causes birth defects.

threshold limit value (TLV) The maximum concentration of a substance to which
most workers can be exposed without adverse effect. TLV is a term used
exclusively by the American Conference of Governmental Industrial Hygienists
(ACGIH). Other terms used to express the same concept are the MAC
(maximum allowable concentration) and the OSHA equivalent PEL (permissible
exposure limits).

tolerableintake An estimate of the daily intake of a substance which can occur over a
lifetime without appreciable health risk.

transformation, nuclear The process by which a nuclide is transformed into a
different nuclide by absorbing or emitting a particle.

X-rays Penetrating electromagnetic radiations whose wave lengths are very much
shorter than those of visible light. They are usually produced by bombarding a
metallic target with fast electronsin a high vacuum. X-rays (called characteristic

X-rays) are also produced when an orbital electron falls from a high energy level
to alow energy level.
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