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DEPARTMENT OF THE AIR FORCE

HEADQUARTERS-UNITED-STATES-AIR-FORCE
WASHINGTON DC

5 July 2005

MEMORANDUM FOR NRC HEADQUARTERS
ATTN: PATRICIA HOLAHAN

FROM: AFMSA/SGPR
110 Luke Avenue, Room 405
Bolling AFB, DC 20032-7050

SUBJECT: Receipt of 10 CFR 2.206 Petition (Your Memo, 10 Jun 2005)

The US Air Force (USAF) manages Atomic Energy Act-regulated radioactive material in
accordance with its NRC issued Master Material License (MML) # 42-23539-01 AF, docket #
030-28641. Pursuant to that license, the USAF has issued six permits to receive, store and
distribute Depleted Uranium (DU) munitions. These permits allow only the handling of intact
DU rounds. Most DU round handling is conducted through forklift or Automatic Loading and
Unloading Systems, and workers never come into direct contact with DU due to munition
cladding and casing (0.8 mm aluminum as a minimum).

In addition to the six permits mentioned above, the USAF has issued two permits under
its MML to receive, store, distfibute, and test DU munitions. Both permits impose strict =~
operating procedures and radiation safety requirements, including environmental surveillance,
intended to prevent human exposure to DU munition residue. Range testing is performed in
either geographical remote area or enclosed ranges where no personnel are permitted during
testing.

The petitioner expressed specific concerns about the alleged release of uranyl nitrate or
UO; resulting from the combustion of DU during target impact. The USAF, however, has no
data to support the allegation that uranyl nitrate or UO; is produced during target interactions. In
addition, the U.S. Army has performed extensive research on DU munitions testing and this
research does not indicate uranyl nitrate or UOj3 to be a significant combustion product.
Environmental sampling generally indicates production of either metallic uranium or oxidized
uranium particulates. The attached paper “DU Dust from Fired Munitions” (Health Physics,
87(1): 57-67; 2004) states that the combustion products of DU are U305 (47%), U3Og (44%) and
UO; (9%) and makes no mention of uranyl nitrate or UOs3, as claimed by the petitioner.

In summary, management of DU by the Air Force is fully compliant with the Air Force’s
MML and with all applicable NRC regulations. Air Force use of DU munitions does not pose
any significant exposure hazard to either its members or to members of the general public. We
strongly disagree with the petitioner’s claims that uranyl nitrate is a significant product of
munition use or that it poses a serious héalth risk. - - '

\\rammis\rammis\SGZR\NRC\PETITION \00200507050
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If you have any questions or need further input, please contact Dr. Ram Bhat at 202-767-
4306 or e-mail at ramachandra.bhat @pentagon.af.mil. Our telefax is 202-404-8089.

et
MARK WROBEL Lt Col. USAF, Ph. D., CHP
Chief, Radiation Protection Division
Secretariat, Air Force Radioisotope Committee
Air Force Medical Support Agency
Office of the Surgeon General

Attachment: Health Phys 87(1): 57-67; 2004

CC: NRC Region IV (Mr. Gaines)
NRC Region IV (Ms. Browder) -
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Paper

DEPLETED URANIUM DUST FROM FIRED MUNITIONS:
PHYSICAL, CHEMICAL AND BIOLOGICAL PROPERTIES

R E. J. Mitchel and S. Sunder*

Abstract—This paper reports phydul, themml sud biological
analyses of samples of dust resulti jtions contain-
ing depleted urantom (DU) that had heen live-fired and had
impacted an armored target. Mass spectroscopic analysis
indicated that the average atom% of ¥
consistent with depleted uranlum. Other major elements
present were [ron, sluminum, and silicon, About 47% of the
total mass was particles with diameters <300 um, of which
about 14% was <10 um. X-ray diffraction analysis judicated
that the uranium was present in the ‘sample as uraniom

oxides—maicly’ U,0, (47%), U,0; (44%) and UO, (9%).

Depleted nranium dust, instilled fnto the lungs or Implanted
into the muscle of rats, d a rapidly solubl
component and 3 more slowly soluble uranium componest.
The fraction that underwent dissolution fn 7 d declined
exponentially with incressing initia) burden, At the Jower lung
burdens tested (<15 pg DU dustlung) about 14% of the
uranjum appeared in urine within 7 d. At the higher Jung
burdens tested (~80-200 pg DU dustlung) about 5% of the

DU appeared In urine within 7 d. In both cases about 50% of

that total appesred in urine within the first day, DU implanted
in muscle similarly thowed that about balf of the total excreted
within 7 d appesred in the first day. At the Jower muscle
burdens tested (<15 pg DU dustin]ection site) about 9% was

solubilized within 7 d. At muscle burdens >35 pg DU dast/ .

injection site saboat 2% appeared fn urine within 7 d. Natural

uranium (NU) ore duast was Instllled {nto rat luogs for com-’

parison. The fraction dissolving In lung showed a pattern of
exponential decline with Increasing Initial burden similar to

DU. Bowever, the decline was less steep, with about 14% .
sppearing in urine for lung burdens up to sbout 200 ug NU

dustlung and 5% at lung burdeas >1,100 pg NU dustlung.
NU also showed both a fast and's more slowly dissolving
component, At the higher Jung burdens of both DU and NU
that showed Jowered urine excretion rates, histological evi-
dence of kidney damage was seen. Kidney damage was not seen
with the muscle burdens tested. DU dust produced kdney
damage atlower lang burdens 20d lower urine urariom levels
than NU dust, suggesting that other toxic metals in DU dust
may cootribute fo the damage.
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INTRODUCTION

Dereeren uranum (DU) contains reduced amourts of the

isotope U and is about 60% less radicactive than

natural uranium. While the health effects of irkaled DU

are controversial (Abu-Qare and Abou-Domia 2002),

many reports (¢.g., Bolton and Foster 2002) suggest that
the risk to military and civilizn persormel is very low.

Oze report (Bleise et al. 2003) suggests that except for-
crews of rydlitary vehicles hit by DU penetrators, observ-

able tealth effects are not expected and residual eancer
risk estimates appear to be a fraction of those expcmd
. from patural radiation.

Any bealth effects will depend cxitically on the
particle size and chemical zature of the inhaled asrosol
During military operatioas, both military and civilian
populatiors may be exposed to DU dust resulting from
exploded munitions, and the conceatration, chemicel
composition, and particle sizes of DU particles in soil
from thesz azeas kave been investigated (Uyttznhove et
&l 2002; Desideri et al. 2002; Salbu et al. 2003; Danesi
et 2l 2003). As poirted out by Salbu et al (2003),

“samples from soil are subject to weathering effects on

. .— both particle size and chemical composition. Some anal- ..

yses of human uzine from potentially exposed military
persorne] kave been reported. One study reported that
analyses of samples from about kalf of the people tested
indicated a uranium isotopic ratio consisteat with DU
(Horan et al. 2002), while axother report found that the
uranium isotopic ratios in all samples were coosistent
with patural uranium (Ough et al. 2002).

In the cument study, we kave investigated the
physical properties, the chemical composition, and the
biological effects of “fired” DU dust, i.e., dost from DU
" containing munitions that have been ﬁrcd and have
impacted an armored target. Such material may be 2
more accurats representation of potential military and

. civilian exposure at times shortly after the firisg of such .
weapons and before any weathering effects can take
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place. The purpose of this study was twofold: to chem-
ically and physically charactesize the fired DU ard o
compare the DU to natural wranitm (NU) for toxic
properties at similar body levels of dissolved uranium.
Thbe physical and chemical aralyses describe particle size
distdbution, elemental composition (by mass spectros-
copy), and oxidaton state. The chemical state of the
‘uranium in the sample was investigated using x-ray
diffraction (XRD). The use of XRD to determine the
nature of differeat uranium oxides has been discussed by
sevezal authors (e.g., Choi et al 1996; Sunder and Miller
1995, 1996; Tnylor et al. 1980; and references therein),
To develop 2r in vivo understanding of the propertiesof ¢

the live-fired DU dust in lung, the dust was instilled into
the lungs of rats (Henderson et al. 1995; Houpert et al.
1999) whose respiratory system closely mimics humans®,
However, sirce the DU was instilled, not inkaled by the
rats, the results are not meant to predict the Iung
distributioa and dissoluSon bekavior of ichaled DU. The
belavior of DU in subcutancous or intramuscular loca-
tiors was tested by injection irto leg muscle to mimic
dust impact or contaminated wourds. Such wound cor-
tamination may contribute to wranium body burdens
particularly where the wound is not severe, does not
bleed copiously and may ot receive prompt or acy

Jaly 2004, Volume 87, Number 1

instillatior into the rat lungs and the 50-300 pm fraction
for injection into rat muscle.

Natural uracivm (NU)

+ . The NU ore sample has been previously described
(Mitchel et al. 1999). Briefly, the sample was obtained
from the Cluff Lake SK mire. It cortained 44% uranium
and was milled to a reean mass physical diameter of 1.85
pm (mean mass 2erodynamic diameter of 3.15 pm,
maximum diameter <15 pm) with about 75% of the
mass <5 pm. The carcinogenic properties of this mate-
rial ichaled in rats (Mitche] et al. 1999), its retention and
dissolution in rat hmg, and the trazsfer of uranium and jts
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decay products to bone iz rats have been dcsaﬂ:ed
(Dewit et al. 2001).

Elemental composition analysis of DU

Two sub-samyples of ~1 g each were taken from the
total sarple. A two-step dissolution was performed or
each sample: tte first step was to heat in concentrated
nitric acid and the second step was to fuse the residue
followed by more vigorous acid attack. These fractions
were analyzed separately by inductively coupled plasma-
mass spectroscopy (ICP-MS). Sodium peroxide was used
for the fusion. Nitric acid was added, along with 2 small

"medical attention. The effects of wourd cortamiration
with dust kave not previously been described, unlike the
effects of DU metal in shrapnel wounds (McClain et al.
2001, 2002; McDiarmid 2002). The ratz of DU dust
dissolution was assessed by measuring nranium in wrine,
and toxicology was assessed by histological examination

““of various tissues. The rate of dissolution of NU ore dust ~

in hng was also examined for comparison to the previ-
ous work on the carcinogenic potential of inhaled patural
wranium ore dust (Mitchel et al. 1999) and the' transfer of
wranjum aad its decay pmducts from lung to bone (Dewit
et al. 2001).

MATERIALS AND METHODS

Fired DU sample

Approximately 100 g of the sample was received as
2 dry powder from Defence Research and Development
Canada. The sample originated from live-fired DU~
containing muritions that bad -impactsd an armored
target. The dust was therefore expected to contzin &

mixture of other materials in addition to vranium. Some

of the original sample was passed through 2 300-pum
sieve to divide it into samples >300 pm and <300 pm
(Hanson et al. 1974). The <300 pum sample was used for
particle size 2nalysis or was-furtker sieved into samples

that were particles of <50 um diameter and 50-300 pm. -

TI}: samples with diameters <50 pm were used for

amount of kydrofluoric asid. The acids were evaporated
to rear dryness, followed by two more additions of ritric

acid with evaporation. A small amount of gel remained

undissolved and was rot part of the analysis results
reported, This residual material is hypothesized to be

silica. The addition of HF followed by beating would -
“have ‘caused some loss of silicon ‘and boron as volatile -

fluorides. In Table 1, this is indicated by reparting the
results for these elements as greater than or equal to ().
A semi-quantitative full-mass scan analysis by ICP-MS
was performed, in duplicats, in addition to the quantita-
tive aralysis of selectsd elements. Analytical uncertain-
ties are given.

Particle size analysis of DU
The original saraple cortained a considerable fn.c-
tion of material that was w0 large to measure using &
particle size analyzer. The <300 pm material was
snbjectcd to particle size analysis using 2 Horiba LA-500
particle size analyzer (Horiba Ltd,, Kyoto, Japar). The
sample was dispersed in water with the aid of an

ultrasonic bath to break up soft agglomerates in the

sample. The analysis was performed while the ultrasoric
bath was operating.

. X-ray diﬂ‘mcﬁon a{nalysix of DU

The sieved sample with particles of diameter <300
pm was used for XRD analysis. The XRD pattern was

T R P NP S
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Table 1. Elemental composition of the fired DU dust individually caged and acclimatized over a pesiod of § to
Mean Uncerinty (g 3™") 7.4 to their new swroundings 2nd bousing (Thoren
Blemen?  (ugg™) 95% canfidence wist ventilated rat shoeboxes). Prior to treatment, cack rat was
Ag 105 66 om acclimatized in the post treatment metabolic cage, which
gu 3322 1 tggg was fitted with a black “hood” to provide 2 less open
Ba 21 12 Y5} environment. Acclimatization was for 5 to 7 d, or until
g ﬁg ‘:_’, gﬁ the original body weight was maintained or increased
Cr 2415 137 038 over three consecutive days. The rats were fad ad libitem. .
Cu 1.030 $59 018 After acclimatizatior, the rats were treated with either,
;‘x azg:ggg L o sakine solution or a suspeasion of either depleted uranium .
Mn 4,700 €2 or or natural vranjum i saline solution. All housing and -
;‘i“ l:gg ‘95 ols experimental manipulations were approved by the CRL -
P 188 i o Animal Care Committee prior to begirzing the experi-
Si 231,285 4243 2447 mesnt.
St 264 151 o
T 5900 3387 052
] 273% 15,887 3538
v 1215 70 019 Instillation/injection. Different amouxts of fired
§;‘ Z‘}g mg‘{ :'3; depleted uraniur powder with a particulate diameter less -
T than 50 pm or natural wranium ore dust with a particle
Oty e Memsfed nins 1P M o ) e et e 512¢ less than 15 pum (Mitchel et al 1999) were sus-

We% calcclation, e.g., oxygea and hydrogea are not included in this pended in salize solution (100 pL) and instilled into the
caleutadian, . lungs of male Spragus Dawley rats. Differert amounts of
depleted uranium with 8 particulate diameter range from
50 to 300 pum were also suspended in saline solution (100

recorded usicg 8 ctometer coasisting of 8 Rig #L) and injected intramuscularly, The samples of DU or

--==- == o= oo oo -— - —RU-200BH -generator,-Rigaku CN2155DS5 -goziometer ——
witk specimen rotation, ard a copper arode (Rigaku
International Corp., Tokyo, Japan). The powder sample
used for XRD analysis was suspeaded in white petro-

NU were prepared and sonicated the day of the treatment .
(izstillation or injection) &s a suspension in sterile iso- -
tonic saline solution (100 mg mL™, pH 6~7). Control
: . rats were instilled or injectsd intremuscularly with the
:i‘:icm J;:rly' acd :.hcg s;:? me‘mD w&ﬁ?i&;{ﬁ saline solution. The rats were anassthetdized \Yith isoflu-
excited using coppes Kal x rays with A = 0154056 o, ___ 7236 Djected with butorphazol 2 mg kg™, spproxd-
The pattern was recorded for 2-theta values between 10° mately 100 pL) in the lumbar muscles ‘acd then re-
and 120° using a step scan with 2 step size of 0.02°, anazsthetized with fsoftwrane. An otoscope an.d 2 Tom

: Cat catheter (Kendall Sovereign Tyco Interpatioral Co,

. Crystalline phases present in the samples were . .
- . 3 Mansfield, MA) on a 1 mL syringe were used to deposit
ideatified by comparing the cbserved patiom with the the uranium s.xspm:sxon into the lower one third of the

literature XRD patterns of the cryswmliine phases vsing 2 1
searck and match program (Sund=r and Miller 2000). To nz'chmin'rh- . mfinﬁk:;: an “‘Eﬁm post .1;:1' fo:hi
use the program, information about the elements presext i Whre recovering aaaesthetic 1o ald in
in the sample was required and the results given in Table progression of the soluum:. farther down ﬂ}e airways. The
1 were used. The lit XRD patterns used i the injected rats did not receive an anassthetic or butorpha-
scarch 2nd ma'ch program are ﬁ'ompthz Powder Diffrac- ol injection but instead were restrained in a rat restrainer
tion Files (1995). The patterrs of the phases selected by~ 10F 3060 8 during irjection of the 100 L, suspension
the co were visually compared with the observed into tke muscle of tke hind leg using & 23-gauge needle,
- to; v de“ ine the phases present ir the sample .- Preliminary experiments were conducted to deter-
- Rl ST -mire the upper limit of lucg DU instillation, Severe
R toxicity from wranium occurred 2t a dose double the
- . higkest Jevel used here, with the rat being eutharized 6 d
Animals. Pathogen-free male Sprague Dawley rats, ~ post treatment due to loss of 24% body weight.*
obtained from Charles River Canada (St. Corstant QC, * . The animals were not exterpally contaminated dur-
Canada), were treated at 14-17 weeks of age, wnh body ing the instillation or injection procedures. After treat-
weights of approximately 361 to 558 g. The ratis were  ment, the ms were placed in metabolic cages for a period .
divided into 5 treatment groups with 3 or 6 treated rats of 7 d pror to cutharization. Lung, kxdn:y, and liver
plus 2 untz;ax:d control rats per group. These rats were wcre exammcd at necropsy and taken for histological

Biological studies
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analysis. Urine was collected daily. Lung, muscle, and
urine were collected for uranivm analysis. .
During the preliminary experiments, it was found
that mzintaining a wmiform suspension of eitber the DU -
or NU dwring the time needed for lung instillation or ~
muscle injection was not possible. Because of this
difficulty in injecting or instilling reproducible amounts
of sample, each rat hung or muscle was analyzed for total
urerium after the end of the 7-d experimental period. For
the analysis of the rates of dissolution data shown in Figs.
5-7, the amount described as the total amount of uranfum
instilled or injected was calculated to be the surn of the

plus the total amount excreted in urine over that time. -

The assurption that this was the total burden was likely .

to be true for the uranium injected into muscle, but not -
for the uranium instilled into hmgs. Because the hmg
material was not instilled directly into the deep lung
lobes, 2 substantial but urkrowr amourt would likely be
cleared from the upper airways itto the gastrointestinal
tract where it either would dissolve or be excreted via the
feces. The emount in feces was not measured. Solubili- «
zation and absorption of this material from the gastroin-
testinal tract would have contibuted to the overall

mimic 2 human exposure resulting from inhalation of
particulate DU with a wide size range. :

Urine, Urine samples were collected daily from
cach rat housed scpanately in 2 metabolic cage. Each
. fresh sample was tested using Chemstrips (Rocke Diag-
rostics, Laval QC, Canada) for specific gravity, pH, and
protein. To assess kidney damage, microscopic exami-

patioz of fresh urine for presence of blood and casts was ~_

carried out. The average volume of all the daily uxine
volumes collected was 14.25 mL, with 2 rarge of 5-27
ml. Non-uranivm analysis required 2 maximum 0.5 mL
sample, which represents 3.5% of the total average trine.
The avalyses of vranium ‘appearing ir urine may there-
fore underestimate the true average value by about 3.5%
(range 1.9-10%).

Biological samples for uranium analysis

Tre daily urine samples were measured and evapo-

rated to dryness vnder infrared heat lamps on preweighed
Norton Bytas plastic (Labcon, Concord ON, Canada). -
The plastic and dried samples were placed in 7-mL vials
(Becquerel Laboratories Inc., Mississauga, ON, Canada)
for uranium analysis. - : Lo
The lung and muscle tissue were also placed in”
preweigked Becquerel 7-mL vials for analysis of ura-
rium. Lungs from two control rats in each treatmert
group were subjectzed to both uranium ard histological

total amount remaining in the lmg-or muscle.after 7.d___ug, 20% 2t 1 pg, and 100% at the detection limit,
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analysis (approximately 0.2 g, 7% of the total, was

removed for histology). Tke vials containing the wet

tissue were prefrozen by flash freezing in liquid ritrogen.
Tke tissues were lyophilized using a Freeze Dry-5 freeze
drier (Labconeo, Kansas City MO) for at least 24 b or
until the vials were at room temperature.

"+ Uranium levels in tissue and urine samples (25 240)

- were analyzed by Becquerel Laboratories Inc. (Missis-

sauga ON, Canada) using neutron activation followed by
Delayed Neutron Counting (DNC). The detection limit
was 0.09 pg."The uncertainties in the measurements are
estimated at $% for uranium content >100 ug, 10% at 10

Rl B It Pt AR SR FUN

Histology. Each rat was necropsied after evthaniza-

. tion using standard gross pathology methods. Gross

pathology for each rat was cross-referenced with histo-
pakology to identify ary differences in the findings.
Histological samples of hmg, kidaey, and Liver were
fixed in 10% buffered neutral formalin. Five sections of
lung (one from each lobe), ore section of liver, and two
sections of kidnzy (one from eack kidrey) were pro-
cessed for histopathology interpretation 2and grading by
Dean Percy (pathologist, Ontario Veterinazian College,

rom e woeo——uraniun excreted i urice.This stuation s likely £0___ Gyeiph ON).-Samples of tissues.in paraffin-embedded.

blocks were sectioned and stained by haematoxylin and
eosin. Since the whole lung was required for uranium
analysis from each test animal that was followed for
uranium excretion over 7 d, histological sarmples of hmg
from these animals were not available. To estimate the

potential for the DU or NU to cause lung lesions, three

additional animals were instilled with high but unmea-

~ sured amounts in each case. These emounts were chosen

to be similar to the three kighest measured amounts that
were instilled in each case. -

Statistics ' .
Differsnces in histological observations were com-
pared for significance using the non-parametric Maan-
Whitney test. Slopes of lines were tested for differences
from zero using the 2 test,

Particle size analysls . . ]
-~ The original sample was fractiopated by passing

through a 300-pm sieve. The material <300 pm repre-
-sented 46.7% of the total mass. Particle size analysis was

" - conducted o this <300 pm fraction. The results, shown
"in Fig. 1, give the individual particle mass frequency and

the cumulative mass frequency. The data indicate that

“about 14% of the <300 pm fraction was <10 pm.
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Elemental analysis

Table 1 gives the elemental composition of the fired
DU sample nsed in the present study. The ICP-MS
method was used for all elements except silicoz, ixor,
ard manganese, obtained using ICP-AES. The isotopic .
composition of the urarium in the duplicate samples was

closely reproducible, measured as 0.196 = 0.010 atom%
T T 30d 0,200 =70.010 260w % PUUL T

X-ray diffraction analysis of DU :

'Fig. 2A shows tte XRD pattem of the powder
sameple for 2-theta values between 10° and 120°. Fig. 2B
compares the observed XRD pattern with the patterns of

———'l » LI - - i-mg L] - . - "~ -
Fig. 2. XRD pattern of a powder sample from the debris created
following fmpact of the DU am:nitions on an amored target. Fanel
A_Observed pattern. Pane! B, Compesison of the observed patem
(top) with the literawre patterns of the possible phases in tbe
sample. The nimbers with the literature patterns refer to the file

. mambers in Powder Diffraction Files (1995). )

the phases selected, usicg the “search-match™ program ™~

(Suader and Miller 2000). This comparison suggests that
the sample may contain four uracivrm compownds (U,0,,
U0, U,0,,'azd CrJ,0,,.,) 20d 10 non-uranium phases.
The results suggest that in addition to the’ vranium
phases, quartz (Si0y), magnetite (FeFe,0,), and scorza-
Tite [(Fe, MR)AL (PO J,(OH),] phases make significant
contributions to the observed pattern.’ .

Fig. 3 compares, on an expanded scale, the selectsd
sections of the observed XRD patters with the literature
patterns of the vranfum-containing phases. The XRD
results indicated that the uranium pkases present in the
sample were U,0,, U,0,, and UQ,. - . .

The relative fractions of U,0, and UO,/U,0, in-
the sample were determined from the relative intensi-
ties of their characteristic features (Choi et al. 1996;

Sunder and Miller 1995, 1996). Using this procedure,”

it was estimated that the relative amounts of U;0, and
UO,/U,0, phases in the sample were ebout 44.2 = 2.5
2ad 55.8 % 32, respectively. A procedure based on the
work of Taylor et al (1980) was used to estimate the
relative amounts of UQ, and U,0; in the sample. This

- gaalysis indicated that the relative amounts of UO, and
U,0, were sbout 16 * B.S and 84 = 8.4, respectively. Here
U0, includes U,0, and UO,,,, with x <0.25, ie., phases
with cubiz lattice end umit-cell size close to UO,. (It is not
pessible to distinguish between the UO,, U,Q,, 20d UO,,,

_phases using the XRD technique used here.) Combining this
result with the result for the fraction of U, Oy in the sample,
the relative amounts of UO,, U,0,, and U,0, phzses were
abott § = 5%, 47 = 5%, and 44 * 3%, respectively.

Bioléglul analyses -
Fraction of uriﬂlux_n appéuixig in urine

. DUlin lung. Depleted wranfum dust was instilled into
the lungs of 6 individual rats at total sample mass amounts
(exchuding that amount cleared via the gastrointestinal tract)

_ between about 12 and 200 pg. The percentage of the total
that appeared in urine is shown in Fig. 4A. The data show
that the fraction of depleted uranium that dissolved and
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Fig. 4. Relatiorship between DU dissolution and kmg burden. Panel A Percentage of DU appearing in trine within 7d
- of DU hng instillation. Panel B. Percentage of DU appeasing in urine within 7 d of DU implantation in muscle, Panel .. ..
C. Perceatzge of NU appearing in urine withiz 7 d of instillation of NU into hmgs.

appearzd in wine in the first 7 d afer exposure decliced

" exponertially with increasss in the tota! amount originally

present (p < 0.05). Regression analysis indicated that st the
lowest hmg burdens about 13.2% dissolved in 7 @, deckring
to about 40% of that amount when the DU lmg burden
increased to about 200 ug.

. DU in muscle. The total mass sample amounts of
DU implanted into the muscle of 6 individual rats, and
the percentage that appeared in urine within 7 d is plotted
in Fig. 4B. As was the case for DU in hmpg, the total

amount of DU that appeared in urice within 7 d was .
-exponettially dependent on the original amount im- .
_planted into muscle and decreased with increasing DU -
burden. (p < 0.05). At the Jowest muscle burdens, -

regression acalysis indicated that the fraction of DU
dissolving (8.8%) was less thax that for DU in hung (Fig.

. 4A, 13.2%) and that the fraction of muscle DU dissolv-

ing also declined with increasing burden at 2 much

- greater rate than for DU in Jung.

NU in luog. Nateral vranitm ore dust wes also
iostilled into the hmgs of 6 individual rezs at total mass
sample amoucts between sbout 27 and 2,700 pg. The
percentage of the tota] that appeared in wrine in the first 7¢

after exposure is shown in Fig. 4C. The data for NU shows - -

a result qualitatively similar to that observed for DU in hrag.
The amount appearing in urine also declired exponeatially

.with increases in the total lung burden (p < 0.05). At the

lowest lung burdens, the fraction of NU dissolving (14.1%)
was not different from the faction of DU dissolving (Fig.
4A, 13.2%). However, campared to equal amounts of DU in
lung, the fraction of NU dissolving within 7 d was muck
greater, remzining st 12~15% with hng burdens up to 200
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T TTTTFig U SITiReE course of DU dissolstion i hizg: Panel A~ THE pércéntage of heap DU galubilized #nd excreted gack day
over a seven-day period after instillation. The figure shows the pereentage of DU lung burden that appeared in urine as
uranjum each day. The legend shows the toial mass of the DU sarple instilled ir the hung of each animal. Pazel B.
Cumnlative sppearance of U in vrine after DU Irstillation iato hng. The figre shows the camulative daily percentage
of uranium appearing in urine, as & fraction of the total mass amount of DU instilled in the hmgs. The Iegend shows
the tota] c.muh:xvcmassofUthazdusolvcdmdappumd in the urine of each rat over the 7-d period. Panel C. Daily
appearance of U in wine after DU inssllation into Jung. The figure shows the dally exnnlative percentage of uranfum, .
as 2 fraction of the total amomt of uraniumn that appeared over 7 d in the wrine of rats with DU instilled in their hungs.
The legend shows the comulative mass of U that dissolved and appeared in the urire of each rat. Exch mimal is

represented by the same symbol in 2l pacels.,

pg whils the facion of DU dissolving at similar huig
burdens kad fallen to about 5%.

corstant n tke znimals with the three higher muscle
burdens, but at the lower burdens there may be 2

Rates of uranfum dissolution

DU in lung. The percentage of the total DU sample

raass instilled in each hung that appeared 2s urarium in urice *

each day for 7 4 is shown in Fig. SA. Fig. SB shows that

- perceatage on a cumulative basis. Fig. 5C stows the data as -

2 daily fraction relative to the total curmnulative smount of
DU that appeared in urine over tke 7 d_ There gppear to be
two wanium componeats with differsnt rates of solubiliza-
tior. The figures show that about kalf of the total DU that
appeared in urine over the 7-d period after hng instillatior
appeared in the first day, On days 27, the amourt eppear-
ing dally remained relatively constzat at the three higker
levels of DU instllation but appearsd to be completely
nmovedbyday4mth:mmahvn.hlwcrhmgbuxdcns

DU 'lu muscle. Tke percentage of the total DU
samwple mass thauppwedzs\xanhminu:ine each day
after izjection into rat muscle is shown in Fig. 6A. Fig.

6B shows that percentage on a cumulative basis. Fig. 6C - .

skows the data as a daily fraction relative to the curmu-

Tative total of DU that appeared fa urine over the 7d. As -
in hung, there appear to be two urazium components with

different solubilities. The Figures show that about half of
tbe total DU that appeared in urine over the 7-d period
afier muscle injection appeared in the first day. Or days

2-7, the amornt sppearing daily remained relatively .

data from one animal suggests complete removal in 5 d

NU In lung. The percentage of the total NU samplc
massms:iu-dmeachhmgzhztappcaredasummmm
urine each day is shown in Fig. 7A. Fig. 7B shows that

" percentage on a curnulative basis. Fig.7C shows the data -

2s a daily fraction relative to the total curnulative NU that
appeaced in urine over the 7 d. Tke solubilization of NU

- gppeared to be more complex than DU, As with DU

about half of the NU that appeared in wrine within 7 d
'a.pbeamd in the first day. However, NU appearance in
urine on days 2-7 eppeared not to be constant with time,
or ‘'was completsly removed within 4-5 & as was seen
with differert burdens of DU. The rates of solubilization
appeared to decrease with increasicg time, and this was
indcpcndznt of initial burden.

. Histology - -

Thceﬁ‘actsonmhdncyandhvcrofth:matmal
dissolved frem the DU azd NU sarples, as assessed by
h:smlogm] mdpaﬁo]ogwal obsexvmons,ammaazed

' mTabch

DU fn lung. The two mimalsexposed to DU lumg
‘burdens above about 170 pg/hmg (~9-10 pg U excreted/7
d) showed blood in urine 2nd moderate 1o scvere Kdney

" "damage, but po visible liver damage. Arimals with hng

Telatively faster removal of the slgwer comporent,end T
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Fig. €. Time courss of DU dissolution in mmuscle. Panzl A. The percentage of muscle DU solubilized and excreted daily
over a 7-¢ period after injection. The figure shows the percentage of DU muscle burden that appeared in urine as
wraniam each day. The legend shows the total mass ofDUsamp‘e injected into the muscle of each snimal, Panel B.

Curmulative appearaice of U in vrine after DU implantation into muscle, The figere shows the cumulative daily
pereentage of tranium appearing in urine, as a fraction of the tota! amownt of DU installed in the muscle. The legend
shows the total cumulative meass ofDUmxdisalvedhlbsumdzmdlppexedhmewine of each rat over the 7-d
pesiod. Panel C. Diily gppezrance of DU in wrine after DU instillation into muscle. The figure shows the daily
curmlative percentage of wranicm s a fraction of the total xnount of tranium that appeared over 7 d in the urine of
rats with DU injected in their muscle. The legend showt the cumulative reass of U that dissolved in the muscle and
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Fig. 7. Tirve course of NU dissolution in hing. Pane] A. The percentage of hmg NU solubilized and excreted daily over
2 7-d period after instillation. The figure shows the e of NU ing burden that sppeared in rine each day. The
legezd shows the total mass of NU instilled into the Jung of each animal. Pazel B, Curplative sppeatance of Uin urine
afier NU instillation into lung. The figure shows the curnilative daily percentage of traniura in urine, as a fraction of
the tptal amount of NU instilled in the lengs. The legend shows the total cumlative mass of U that dissolved and
:ppearedhth.umeof:achmuvuth:7-dpmod.?melC.Dax'lynppea.mofUmnnneaﬁerNUmsﬁlhncnlnm
kg, The figars shows the daily curmlative p jum, as a fraction of the total amount of uranium that
lppmedoveﬂdmt!:emofmswnh'NUmsn‘n:dinthn:hmgs.‘lhelcgmd:hmth:cmm.!anvemuxofUthu
dissalved and appeared in the urine of each rat. Each animal is represented by the same symbol in all panels.

burdens less than about 86 pg/hmg (<~6 pg U excreted/7
d)showedmvxs’blchdn:ylesxons,butBofth:4mmals )
showedbloodmmnc,mgg:snngtha.alowlcvc]of

damage may bave existed, below the limit of histological-

datection. Ir. those ra‘s with lurgs instilled with DU butnot *

analyzed for uranium, kistologically detectable presence of

N S LI S

e Sl etutai

vranfur particulates in 3 urquthmglobawasaccém-
panied by histologica! indications of kidrey dzmage.

" DU In muscle. None of the animals (maximum
muscle burden about 65 pug/muscle, <~1.8 pg U ex-

- ereted/7 d) showed histological evidence of lddney or

(R DM Heh

D e Y L AT L
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Table 2. Histologica! and puhologxa] scrmary of the tode
effects of DU and NU.

H‘u.olopml Histological  Blood in
liver damage  kidney damage wrine
# Positive 4 Positive # Positive

# Animals # Animals

Source burdea
excreed/7 d

DU in lung

<38 pgung o4 [+'2] s
<~6 pg Uexcrewed

DUinlang

>170 pglung or 22 n
=910 up U excreed

DU io muscle

<68 pg/muscle [ ot

<18 U d

# Animals

here were heavily biased towards the particles of smaller
diameter. Smaller diameter pa-ticles are more prone to

the asrosolization, ard their dissolutior is mainly con- -

trolled by the chemistry of the outer layers of the
particles. Therefore, the results obtained here about the
wranium oxidation state are relevant to the investigations
an the biological effects of the DU sample.

Solubility end dissolutor rate of s uranium oxide
increase with an increase in the oxidation state of
urarium (Sunder and Shoesmith 1991). In particular, the
dissolution ratz of a pranjum oxide increases signifi-
cantly if the uranium oxidation goes beyond the UO,

~ NUln luog
<200 pglung o3 o3 n
<32 pg U exarzed
NU in ung
>1200 pglung m n an
>63 pug U excreted -

liver damage. Blood was present in the urine of 2 of the
6 animals tested, 2nd these two animals wers among the

3 arpimals with the highest urine ou'put of wranium, -
suggesting that these levels may be approaching the point

of kidney damage.

(U,0,) stage (Sunder.ct 2l 1981). The XRD results_ on

T DL AN I S I ST N e T et T 8 2, e YA £ s e ey e St e Y. ¢

B

the oxidation stete of uranivm in the DU sample suggest
that about 44% of uranium in the DU dust, present as
U,0, (U0, would dissolve more rapidly in aqueous
media than the rest of mumm [present as UO, and U,0O,
U0,

B:ologi’czl studies with DU

Live fired depleted vranivm dust showed a fast
dissolving cortponent that appeared in urine within the
first day after fastillatior acd constituted about 50% of

the sample that was solubilized withie 7 d. Atthe Jower

NU in lung. All thres animals with lurg burdens

zbove about 1,200 uglung (>60 pg U excreted/7 d) |

showed blood in urine, severe kidney lesions including
casts in the tubules, and two showed liver atropky. The
animals with burdens less than about 200 uglung (<32

- pug U excreted/? d) showed no significant kidney or liver . .
damage. The lack of kidney damage in these animals was -

sigaificactly different (p < 0.05) from the result ob-
served in animals exposed to DU lung burdecs sbove
abou 170 pgMung (~9-10 pg U excreted/7 4, Table 2).

However, positive results for blood in the urine of all .

three of these latter gaimals suggests a low level of
kdney damags wmay have existsd, below the Imm of
histological detection.

DISCUSSION

Oxidation state of wranium in DU |
Oxidation of uranium m:tal in air bas been mvun—
_gated by several groups (e.g., Colemenares 1984; Elder

and Tinkle 1980; Hayward et al. 1992), Tke pr:scncc of -

U,0, in the debris suggests that the DU metal in the

munitions experienced temperatures higher than 275°C

during their firing against armor steel—~—a very plznsible
condition during the encounter of armor pxm:mg muni-
tions with a target.

The XRD technique used bere probes a sample only

10 a depth of about 2 pm. Therefore, the results obtained

lung burdens, the total maximum smount dissolved was
about 14%. This indicated, therefare, that the DU (< 50
pm size class) instilled into lungs contained a maximum
of 6=7% uranium that was rapidly soluble (within 1 d)
aad about another 6-7% that was soluble within an
. additional 6 d. Since 44% of the urazium was present as
the more soluble U, 0y, it is likely thatthis oXide formed
the major component of the fast dissolvizg component,
These amounts do rot reflect any DU cleared from the
lung and solubilized or excreted via the gastrointestinal
(GI) tact. Dissolution and sbsorption from the GI tract
would have contxibuted to the total excreted wanjum.
Other m:chamcal clearance routss were assumed to be
constant.

~ As the initial DU lupg burden increased, the frac- -

tioral amount of wranium solubilized and appearing in
urine within 7 d declined expaonsatially. At about 170~

200 g DU/Mung, sbout 5-7% of the total hung sample .
. mass appeared in urine withir: 7 & The slow component

showed ro signs of source depletion since the rate of

excretion remained sbout coastant to 7 d. The fast -
component remaired at about balf of the total amount
“excreted in these high lung burden animals, These higher

total amounts of uranium excretion (~9~-10 pg) for both
the fast and slow component were accomparied by

- histological evidence of kidney damage, but not liver
.damage. Below these higher hmg burden levels, some

pathological observations suggested mild kidney damage



LT S e i s AT S e R ST T S )

&6 . Health Physics

(blood i vrine), but this was not evident on the histo-
Jogical sectiors. These observations suggest that histo-
logically detsctable impaired kidney furction occurs
when weekly excretion levels of uranium from the fired
DU sample in lungs exceed sbout 6 xg. The presence or

abserce of kidney damage should therefors be assessed
on the uranium level apparent in urine and not on the
assumed lung total, which did rot include the material

" cleared via tke GI tract.

When depleted uranium (50-300 pum size class) was
injected into muscle, the total fraction solubilized within -
7 d was somewhat lower thaz in lung. This lower
solubility_could_reflect a wranium_compound _content

Jaly 2004, Volume 87, Number |

Lung levels of DU that resulted in 3.8-5.4 pg of
vrarium excretion on day one, and thereafier about
0.8-1.0 pug ™" resulted in histologically apparent kidney
damage. However, luzg levels of NU that produced
about 8.6-19.3 ug of uranium excretion on the fust day
(about 2-3 fold higker thar DU) and subsequently about

1-2 pg d~! (about 2 fold higher than DU) produced no
histologically apparent kxdn-y damage. Tkis result sug-
gests that kidney damage in the DU exposed animals was
not due solely to blood wracium levels. Chemical analy-
sis of DU debris indicated the presence of other metals in
the sample (Table 1), which may tave contributed to the
higher toxicity. We do not know the particle size distri-

&)

slightly different from the <50 pm size class instilled
into hurg (see sbove comments on the XRD composition
studies), or it could reflect a lower rate of solubilization
in muscle compared to lung. Most likely, bowever, the
difference in solubility may reflect the smaller surface’
area of the larger particles.

At the highest muscle burdens, where thc maximura
7-d excretion was <2 pg, the kidney showed o kisto-
logically apparent lesions. However, even at this low
Jeve), there were indications of kidrey damage (blood in
urine) in two out of six of the animals, This can be

.= —.compared to the results obtained with DU in lung, where, — —-

after 7-d excretion levels of about 6 pg, 3 out of 4
animals showed this level of kidney damage. These
msxdrsmggcstthz.thutypcofdamagecanoccmu
uranium weekly excretion amounts <6 ug, but becomes
less probable as the level decreases.

Natural vranium ore dust instilled into rac lung =
bekaved in a manner quahtatxvcly similar to DU in Jung,
declining exponectially with increasing burden. Lower .
Iung burdens resulted ic about 14% of the NU appearing
in urice within 7 d, and at kigher burdens about 5%, 2
result similar to DU. However, this rate of decline
occurred more slowly with NU than it did with DU, At
NU luog burdeas up to about 200 pg, about 14% of the
material dissolved in 7 d, wkile the rate of dissolution of
DU kad fallen to sbout 5% at these lung burders. Tke
exponential decline of dissolution, seen in all samples,
may suggest that as burden increases, increasing amourts
become locally uravailable for dissolution. :

Like DU, NU also showed & fast uranium compo-
nent'that appeared within 1 d and represented ebout half -
the amount excreted in 7 d for all hrag burdens. However,”
excretion of other uranium components iz the NU sample
_#ppeared more complex, and the appearance in vrine was
curvilinear with time, suggesting more than one corpo-
nent. Histological evidence for kidney damage was
evidert at NU lung burdens over about 1,200 pg/hrag,
but not at burdens up to about 200 pg/lung.

-y
s,

Bution or solubilify of these compounds relatve to DU;
and these factors will influeace the observed differences
in toxicity. At very Ligh levels of uranium excretion
(~30-60 pg urnium on day 1) from kigh NU lurg
burders, both kidney ard iver damage were histologi-
cally apparent. Since the radioactivity of the DU per umit
mass was substantially less than the NU, none of the
increased biological effect of DU seen here could be
stiributed to radiation effects, supporting the idea that
any effects of dust from exploded DU munitiors seen i
hureazs could only be sttributed to chemical toxicity.
Based oz these rat studies, such effects in humans would
likely be ssen only af very high Iing birdénsT —

.CONCLUSION .-

We ‘have examired the physical, chemical, acd
Eiological propesties of samples of dust resulting from

- fired munitions cortainieg depleted uranium (0.198 =

0.10 atom% °U). The uranium oxides were present 2s
U,0, (47%), U,0, (44%), and UO, (9%). DU dust,

. instilled into the lungs or mplantcd into the muscle of

rats, contaized a rapidly soluble vrazjur componert a2d
2 more slowly soluble uranium component. NU in hungs
also showed rapid and slowly dxssolvmg uranium com-
pozents. The fraction of DU dissolvirg in lung showeda
patters: of exponential decline with increasing - initial
burden similar to NU, Athigh hung burdens, both DU and
NU sbowed histological evidence of kidney damage.
Chemical analysis of the DU dust indicated the presence

- of other metals, DU dust prodnced hdney dzmage at

lower Jung burders and lower urire uracium levels than
NU dust, suggesting that other toxic mctals in DU dust
may contszutc to tke dzmage.
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