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EXECUTIVE SUMVARY

This annual progress report details the research conducted in the project "Padiation Dose
Estimates and Hazard Evaluations for Inhaled Airborne Radionuclides." The report is composed of
a series of research papers, each presenting the status of specific areas of the total researcn
effort. An attempt has been made to includa substantial detail in each paper to indicate clearly
the state of the research and to provide interpretations of the results where possible. The
reader is advised that in meny cases these interpretations are preliminary; and final, more
complete interpretations and comparison must await the completion of individual research projects.

The objective of this project is to conduct confimatory research oa aerosol characteristics
which may aodify the biological fate, patterns of radiation dose and predicted health consequences
of airborne radioactivity which may be released in normal operations or under accident conditions
in the nuclear fuel cycle. It involves physical, chemical and biological characterization of
aerosols actually present in different segments of the nuclear fuel cycle. Since it involves
actual aerosols produced in industrial operations, this work provides a key link between studies
with idealized, laboratory-produced aerosols and derived radiation protectior standards and
hazard analyses. Industrially-collected aerosol materials are re-aerosolized in the laboratory
to determine the patterns of deposition, retention and translocation in laboratory animals as a
function of time after an inhalation exposure. The aerosols used for these studies are characterized
using a number of physical and chemical techniques to determine possible differences between the
aerosol and the corresponding bulk material which might help to explain the observed patterns
seen in the animals after exposure. Multiple species (rats, dogs and monkeys) are being used to
strengthen the eventual extrapolation to man. Although current studies are concentrated on the
biological characterization of mixed (UO , pug ) fuel elements, later studies may utilize materialsg p

from other sources of industrial operations involving the handling of nuclear fuel material as
well as from the pilot processes involved in fabrication of processing of advanced fuel foms.

This progress report begins with a presentation on an improved technique for the aerosolization
of dry powders of industrial uranium and plutonium mixed-oxide powders for use in animal inhalation
exposures. The system used represents an evolution of the system previously employed but repre-
sents a significant improvement in the maintenance of a unifom activity concentration for periods
of up to 20 minutes. Unifom activity concentration is important in the conduct of inhalation
exposure of animals in that it provides less variation in the activity deposited in the respiratory
tract of animals making the attainment of specified initial lung burden more precise.

The next presentation details one aspect of our continuing effort to characterize the
aerosols productd during nomal mixed-oxide fuel fabrication. This characterization, using
infrared spectral analysis, is specifically intended to complement X-ray diffraction techniques
in order to detect, identify and quantify the relative quantities of amorphous chemical foms of
uranium or plutonium which would not be characterized by X-ray diffraction technioues alone. The
results of these efforts have shown the presence of the surface of aerosol particles of absorbed
H O and C0 The major significance of the presence of an oxidized or hydrated surface layer

2 3
.

on these aerosols lies in the probable effect these forms can have on the in vivo solubility of
the material. The potential impact of these modifier surface characteristics is pursued in the
next presentation in which the in vitro solubility studies being conducted are described. The
studies show that dissolution occurs initially at a rapid rate which is probably related to the

1
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chemical fom of the U and Pu at'the surface followed by a substantially slower dissolution at
longer times. These studies have also shown that U dissolves core rapidly than Pu for the mixed ;

oxide treated at 750*C, whercas the mixed oxide treated at 1750'C results in the fomation of a
;

solid solution of U and Pu which dissolves at a modified rate for both U and Pu. The presentation
discusses the potential effect on the redistion dose to lung which these different solubility rates

-may have, as well as the impact and importance of these rates on bloassay procedures designed to
elucidate the burden of such materialt following inhalation.

1 The next presentation in this report is the first of three which specifically address the ;

biological studies underway. In these studies, conducted under identical experimental protocols,*

~

inhalation exposures of rats, dogs and monkeys were accomplished to one of three aerosol materials
i collected at industrial facilities. These radiation dose pattern studies can best be denoted by [

the temperature of treatment employed in the fuel fabrication process from wnich samples of the |
aerosul created in the safety enclosures were drawn. Since these studies were initiated at differ-4

,

ent times, the comparisons and conclusions drawn from the results to date represent preliminary;.
; analyses of the data.
1

The first study utilized an aerosol of mixed U and Pu oxides treated at 750'C. The results
from this study indicate that the in viro solubility of both U and Pu was relatively low in all ;

three species. However, the retantion of this material in lung is different for the three species

: of animal; the Beagle dog cleared about 80% of the initial lung burden with a half-time of about
,

; 1700 days, whereas the Cynomolgus monkey and Fischer-344 rat cleared 66 and 25% of the initial lung
burden, respectively, with a half-time of about 340 days. In addit.on, the rate of lung clearance

3

i of Am' appears to have been more rapid than the rate for Pu in all three species indicating greater
solubility of Am in this aerosol. The report describes in detail comparisons of the retention,

l ' distribution and excretion of Pu and Am detemined in this work with similar data following inhala-

| ' tion of Pu0 by researchers in other laboratories.
2

The second presentation in this series ou biological studies details the status of the radia-
tion dose pattern study in which inhalation exposures were conducted using an aerosol of mixed U-Pu

,

{ oxides treated at 1750*C. This material is a solid solution of U-Pu as shown by X-ray diffraction.

| Lung clearance of this material is different for dogs'and monkeys, being more rapid for the latter.
Interestingly, the rates of lung clearance for Pu and An do not appear different in any single

I species for this material.

I The last of the three presentatiens for the radiation dose pattern studics details the re-
1 treated at 850*C. This study, conducted using Pu0suits to date following inhalation of Pu0p 2

prior to mixing with UO in the fuel fabrication process, provides a key link between inhalation.

2
; studies conducted at this Institute and at other laboratories using laboratory-produced, idealized

,

-aerosols of Pu0 and the studies carried out in this project using aerosols as they exist in tne
2

I 1rdustrial environment. Since this study, initiated as the last in the sequence of thret;, it has
: not reached sufficient maturity to allow more than very preliminary comparisons, fgain, the rate

of lung clearance appears different for dogs compared to monkrys and the overall solubilization of
Pu in lung is low.,

1

j The next presentation was prepared to draw comparisons among.the three radiation dose pattern
t uses on the similarities andj studies at comon times after inhalation exposure. The comparist

three studies. The similariticsdifferences in lung retention and tissue distribution of Pu amone '

and differences highlighted in the presentation clearly. indicate the need for coherent structure of
,

a biomathematical'model to be applied to the final results from these studies. This effort repre-
, sents' the next major stage in this project.

4
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The final presentation summarizes the biological e'fects which have appeared in the Fischer-344
rats as a result of inhalation of these materials. The high incidence of lung tumors in rats with
initial lung burdens ranging from 67 to 230 nCi is contrasted to published reports of lung tumor
incidence data in rats following inhalation of Pu and Cf. None of these latter studies reported
incidences as high as 87% at comparable radiation dose to lung. An interesting feature of the
histological types of lung tumors found in rats in these studies was the occurrence of three cases
of malignant mesothelioma, an unusual tumor type in rats and usually associated with implantation
or inhalation of fibers or polycyclic hydrocarbons. It is difficult to fully evaluate the signif-
icance of the high tumor incidence and the several tumor types observed in these studies due to the
relatively few numbers of animals involved. Additional studies are being planned to address the
specific dose response relationships in Fischer-344 rats to assist in resolution of this question.

This report concludes with summary tables listing the status of all animals in the three
radiation dose pattern studies.

I

3
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AN IMPROVED TECHNIQUE FOR AEROSOLIZATION OF DRY POWDERS OF INDUSTRIAL

U_RANIUM AND PLUTONIUM MIXED-0XIDE NUCLEAR FUEL MATERIALS

ABSTEACT

The interpretation of reautte of inhalation

studies of industrial mixed-oxide nuatear fuel PRINCIPAL I|.WSTICATCP
aerosole using labomtory animte requires %t

A. F. Ndaansufficient concentrations of aerosole be genented
for e.tyosures lasting fron 5-30 minutes. An aerosol generator system incorpcmting a rodified
DeVilbies pouder blouer ar.d a nochanical shaker we tested on various poudere including UO , U o ,g gg
amonium diurinate, Fe o , fibrous glace and nethylene blue. Eceutta of thcee teste indicated %tgg
the eyeten genented concentmtione of aerceole ranging fmm 0.1 to 2 vg per en# of genemtor air
for periode up to 20 minutes. Aerosole of UO vere generated with particle size distributione ing
the respirable range.

To assess the poteritial biological hazard to humans following inhalation of aerosols containing
mixed oxides of uranium and plutonium, a prime requisite is the conduct of inhalation studies in
animals to define the radiation dose to specific organs and tissues. The applicability of results
from such studies is enhanced if the aerosol characteristics closely approximate, in both physical
ar.d chemical form, the actual aerosols produced by the industrial process. It was, therefore,
necessary to develop a method to generate aerosols from bulk material that duplicated the physical
characteristics of aerosols sampled on site.

A generator system suitable for extensive animal studies must generate an aerosol with the
desired particle size distribution characteristics for a period of time useful for conducting the
inhalation exposures. Typically, this is 5 to 30 minutes. Further, these characteristics must be
reproducible to allow data to he compared within a multi-animal study. Another desirable charac-
teristic is that the system generate a relatively uniform aerosol concentration 50 that total
activity delivered to the animal can be conveniently related to total inhalation exposure time.

lThe generator system described in an earlier Annual Report has been modified and employed to
generate aerosols of uranium dioxide. The major modification was the incorporation of a lower
frequency (= 50 Hz) shaker into the system to replace the sonic egitator used previously. The
modified generator was tested on various powders including U0 , m nium diuranate, U 0 Fe 0 ,2 38 23
fibrous glass and methylere blue. Results of these tests indicated that the modified system
genereted higher concentrations of aerosols with particle size distributions in respirable range.
Further, the modified generator operated with improved reproducibility for longer periods of time
and will be used in future exposures.

MATERIALS AND METHODS

The aerosol generator assen,bly is shown in Figure 1. It consists of a Devilbiss powder blower
which has been modified to allcw the aerosol to escape from the generator bottle without undergoing

- a right-angle bend.1 This modified powder blower has been attached to a Vortex-Genie shaker which

includes a rubber collar on an eccentric shaf t as shown in Figure 1. This shaker provides a shaking
frequency range from 4ii.5 to 54.5 Hz. In a typical aerosol generation, the powder blower bottle is
filled with 300 to 700 mg of dry powder and fimly attached to the rubber collar on the shaker.
Dry metered air is introduced as shown in the drawing and the aerosol output is delivered to the

,.
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sampling system through flexible tubing. The ;

*
shaking frequency is measured using a stroboscopic
light. . A schematic diagram of the test apparatus 7g

used to develop this generator system is shown'in
'

Figure 2. In this system, the output aerosol
Ebfrom the powder blower wa's passed through a Kr

discharger into a sampling chamber. The sampling
chamber was the balance point for the entire sys-
tem in which air flows were adjusted such that no g

;

net pressure existed in the chamber. This as- di

sured that the sampling devices actually sampled ,

a steady stLte acrosol concentration. Aerosols
} ,

were passed into the sampling chamber and sampled
2 Powderby membrane filters, seven-stage Mercer style i

cascade impactors and a point-to-plane electro. -Rubber Collar
i

static precipitator (ESP) as described by Morrow \O \ EccentSc Shaf t
and Mercer.3 1

Tne majority of the testing of this gen- g ;

erator was performed with uranium compounds.

[These tests were conducted to provide a set of I

operating conditions that would be applicable to
animal inhalation exposures of mixed uranium
dioxide and plutonium dioxide aerosols or to aero-
sols of amonium diuranate a-d U 0 compounds3g
found in refined uranium ores produced by uranium
mills. A few tests were conducted using other

Figure 1. Generator used for the production ofmaterials which served to define the range of particulate aerosols from dry powders based on a
application of this generator. Ferric oxide and modified DeViliss dry powder blower and a Vortex-
fibrous glass were chosen as representative f'r Sj io

9 frequency was variable
.

environmental samples and methylene blue was

chosen as a representative and conveniently used

organic material.

The procedure for quantitative analysis of Fe2 3 deposited on membrane filters and cascade0

impactor stages included dissolving the sample in 1 ml of concentrated hcl with warming and dilution
to 20 ml with distilled H 0. Five ml of this sample were then mixed with 0.5 ml of 3M kH SCN. The

2 4
concentration of the iron complex was then determined by absorbance at the 475 nm peak.

The specimen containing methylene blue was dissolved in distilled water ard the concentration
determined by the absorbance at the 655 nm absorption peak. The amount of fiberglass prepared
according to the method of Pickrell et al. was detemined gravimetrically as deposited on filtvs.

Powders used in'these studies were obtained from commercial sources. Comercial orade U 03g
was obtained from the Matheson, Colemanwas obtained from K&K Laboratories, Plainview NY; Fe 023

' and Bell Company and methylene blue was obtainec. . m Eastman Chemical Company. Amonium diuranate

was prepared in the laboratory from uranyl nitrate obtained from the Fisher Scientific Company. A

weighed amount of UO (NO )2 6 H O was dissolved in 20 ml of distilled water and amonium diuranate2 3 2

was precipitated by adjusting the pH_ to 7.0 to 7.5 with 15% NH 0H with stirring at room temperature.4
The resulting yellow precipitate was allowed to stir at room temperature for 16 hours, filtered,
washed with 15% amonium hydroxide, alcohol and air' dried.

6
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Figure 2. Simplified diagram of test system used in the development of the modified dry powder
aerosol generator.

All generation runs were conducted using 300 to 700 mg of material except for the generation
of fiberglass aerosols. Since gravimetry was used for determination of the characteristics of the
fiberglass aerosols, larger amounts,10 to 20 grams, were placed in the aerosol generator.

RESULTS AND DISCUS $10N

Results of studies to describe the aerosol output versus generator input air flow rate are
~ hown in Figure 3. The aerosol generation concentration was linear with generator input air flows

rate. This was true for aerosols generated between 0 and 5 minutes after initiation of the run and
it was also true for aerosols generated over an entire 20 minute run. It was noted that deviation
from linearity occurred at an input air flow rate of 2.51/ min for generations lasting 20 minutes.
This was attributed to depletion of respirable material loaded into the generator bottle after
operation at this relatively high. flow rate before the end of a 20 minute pericd. The shaking
frequency was maintained at a constant 51.5 Hz for these studies.

Results of studies to determine the aerosol output as a function of shaking frequency are
shown in Figure 4 The aerosol concentration was found to vary linearly with shaking frequency at
generation air flow rates of 1.01/ min or greater; but was found to be independent of shaking frequency

'at airflow rates of 0.51/ min or less. Uranium dioxide aerosol concentrations may be achieved in the
30.1.to 0.9 pg/cm range by procer selection of generator operating conditions.

Variations in particle size distribution for uranium dioxide aerosols generated using this
system are shown in Figure 5. It is shown in the figure that some slight variability can be achieved
in a predictible linear manner in the particle size distribution of uranium dioxide aerosols gen-
erated from dry powders. Tne results of aerosol generation experiments using powders other than

*
,
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Table 1

Aerosol Concentrations of Powders Generated Using the Powder Generator

With the 45.5-54.5 Hz Shaker

Generation Generation Concentration
Flow Rate Frequency Time (pg/cm3

Powder (1/ min) (Hz) (min) generation air)

Anrnonium Diuranate 2.0 50.0 0- 5 0.147
2.0 50.0 5-10 0.153
2.0 50.0 10-15 0.123
2.0 50.0 15-20 0.117

Y = 0.14 0.02 SD
2.0 50.0 0-20 0.106

U0 2.0 50.0 0- 5 0.33038
2.0 50.0 5-10 0.275
2.0 50.0 10-15 0.196
2.0 50.0 15-20 0.177

Y = 0.24 0.07 SD
2.0 50.0 0-20 0.250

Fe 0 2.0 50.0 0-20 0.16623
2.0 50.0 0-20 0.198
3.0 50.0 0-20 0.327
3.0 50.0 0-20 0.351
4.0 50.0 0-20 1.04

Fibrous Glass 10.0 50.0 0-10 0.538
10.0 50.0 10-20 0.390
10.0 50.0 20-30 0.258

Y = 0.4 1 0.1 SD
Methylene Blue 1.0 50.0 0- 5 0.034

2.0 50.0 0- 5 0.128
3.0 50.0 0- 5 0.187

9
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U0 are summariztd in Table 1, for a range of aerosol generstion flow rates, shaking frequencies |g
and total generation times. Aerosol particle size distribution characteristics for these other
powders were not detemined.

Results sumarized in Table 1 indicate that the aerosol concentrations produced by the generator
within a 20 to 30 minute generation time at constant flow rate and shaking conditions varied within
15 to 30% for a given material, particularly for uranium compounds. Similar reproducibility was

and fiberglass. Results for gen-found for aerosols generated over a 20 minute period using Fe 023
eration of methylene blue aerosols do not indicate linearity between aerosol flow rate and aerosol
concentration. Particle size distribution characteristics of UO aerosols were constant at constant2

flow rates and shaking frequencies. The mass median aerodynamic diameter (MMAD) was constant within
aerosols were gen-! 1 um and the geometric standard deviation was constant within 10.5 when U02

erated at different shaking frequencies and different flow rates.

To date aerosol particle size distributions have not been determined for aerosols of all mate-
rials but the deteminations have been made for uranium dioxide aerosols which is most relevant to
mixed-oxide nuclear fuel aerosol generations, it has not been detemined that aerosols generated
from fibzrglass indeed were distributed as single particles rather than chain or clumped aggregates.
This matt r will not be persued in this project.

CONCLUSIONS

The combined results showed that concentrations of respirable uranium dioxide aerosols changed

linearly witn flow rate up to = 1/ min, for generation times of up to 20 minutes. This modified
generator has been shown to be an improvement over previous designs for the purpose of generating
aerosols of mixed oxide nuclear fuel materials. In addition, a variety of types of powders have
been generated. The advantages of this improved design include: relatively small size providing
optimal conditions for use in glove box enclosures, the simplicity of design and the low cost of
the system. The primary disadvantage of this system is its size which limits its applicability for
long-tem exposures of laboratory animals. Future work in the development of this generator will
include determination of particle size distribution characteristics of other uranium compounds and
particle size infomation related to a wider range of operating conditions.
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INFRARED SPECTRA 0F INDUSTRIAL URANIUM AND PLUTONIUM MIXED-0XIDE NUCL EAR FUEL MATERIALS
I-

/BSTRACT '

Mixed umnium and plutonium oxide jhet pellets have
been rude for the Fast Flux Test Facility (FFTF)

FRINCIFAL IATESTICATOR
located near Richland, WA. Fouders and aerosols

A F. Eidsonwhich are representative of four of the fuel pellet
fabrication steps have been studied by inf>ared

spectroscopy. It cae found that the surfaces of aerosol particles had adeorbed corremly occurring
atmospheric moleculce or their ions, e.g., H o and CO{. Evidence suggesting that the surfaces ofg

particles included a partially hydrolized form of plutonium dioxide oca found, along uith evidence
suggesting that aerosole produced from pooder ground from autatoichiometric fuel pellets vere
oxidized at the surface of the particles. The implications of these observations for interpreta-
tion of reaults of in vitro solubility end biological experiments are dieeussed.

Mixed uranium and plutonium oxide powders are processed to produce fuel pellets of uniform
size, density and oxygen-to-metal ratio to conform to design specifications of the Fast Flux Test
Facility (FFTF) near Richland, WA. The primary purpose of the studies described here is to
delineate physical and chemical factors which might be of importance in determining the biological
fate of these mixed-oxide powders if they are inhaled in the event of an accidental release. The
characterization scheme uses a variety of analytical methods including a number of solid state,
non-destructive technir,ues which have been selected to minimize extensive sample preparation or
chemical interconversion, thus allowing the material to be studied in its original form. Results
of studies related to isotopic composition, elemental composition, chemical form and crystalline
properties have been reported in the previous Annual progress Report. This paper reports progress
of infrared spectroscopic analysis.

It is probable that industrial nuclear fuel materials contain amorphous chemical forms of
uranium or plutonium which cannot be detected by X-ray diffraction techniques. Infrared spectra of
these materials have been measured to detect, identify and detemine the relative quantities of
these amorphous foms. The approach used in the infrared spectroscopic analysis involved intercom-
parisons of spectra of industrial nuclear fael materials collected at selected process stages to
detemine any differences which could be related to the process stage. Further, comparisons were
made between the spectra of each bulk powder and the corresponding aerosols generated from the bulk
powder and collected during the inhalation exposure of laboratory animals. The purpose of these
comparisons was to determine if the aerosols generated from powders were representative of the bulk
powdeas in chemical form.

PATERIALS

Materialr which were analyzed in these studies are shown in Table 1. A detailed description
of the materials selected for study was given in the last Annual Progress Report.2,3 A brief
sumary of that description will be given here to aid in this discussion.

i

r
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Table 1.

Industrial Mixed Uranium-Plutonium 0xide Fuel Materials Collected for Laboratory Studies

Selected for. InhalationTemperature History Study or Dissolution Study' Chemical
a of Pu0Sampling Site Composition. 2 Process Step In Vitm *

bB&W . Pu0 850*C Steving ' NO
2

B&W - Pu0 850'C V-Blending Multi-species Inhalation and
2 In Vitm Dissolution Studies

C 750*C Steving NoHEDL 002.+ Pu02-
f HEDL U02 + pup 750*C Ball Milling. Multi-species Inhalation and
;

- 2- In Vitm Dissolution Studies
-

850*C Pellet Pressing Pilot Study in Rats and| ~ B&W U02 + Pu02 In Vitm Dissolution Studies
+ Binders

.

HEDL (U.Pu)0 .96 1750*C Pellet Grinding Multi-speices Inhalation and
1 .In Vitm Dissolution Studies

;

.'
t

.B&W (U,Pu)0.96 1750'C Pellet Grinding No
1

'
HEDL i(U,Pu)0 .96 1750*C Whole Sintered No

1 Ceramic Pellets

a ll Pu0 was prepared at HEDL prior to shipment to B&W for further processing.! A
2

b'
. Babcock and Wilcox Fuel Fabrication Facility, Apollo, PA.
c

j. Hanford Engineering and Development Laboratory, Richland, WA.

i The material listed in Table 1 as BaW, Pu0 , 850*C V-blending is Pu02 p wder prepared at HEDL&
2

; - .by calcination of the plutonium oxalate salt in air at 750*C. This powder was transported to the
! B&W facility, heated to 850*C and mixed with othr lots using a V-blender. - This material will be

! referred to as "B&W Pu0 " for simplicity in this report.
2

The material listed as HEDL, UO2 + Pu0,, 750'C, ball milling is a powder composed of Pu0p

| prepared as described above without subsequent heating to 850*C. The Pu0 was mixed with UO2 2
I powder, sieved, then milled in a ball mill. This material will be referred to as "HEDL 750*".

The powder listed as B&W, U02 + Pu0, + Binders, 850'C consists of mixed-oxide powders that
have been mixed with organic binders at B&W and prior to fuel pellet pressing. This material will

.be referred to as."B&W mixed-oxides with binders".
'

The powder listed as (U,Pul0 .96 1750*C pellet grinding was produced by the centerless grinding1

of pressed and sintered fuel pellets. The pellets were sintered at 1750'C in a reducing atmosphere
to fann the substoichiometric oxide shown. This material will be referred to as "HEDL 1750*." The

particle size distribution characteristics of each aerosol generated from these powders were similar
- to those measured at the industrial sites. A discussion of this similarity in aerosol particle'

|
size distributions and the relationship to lung deposition patterns was given in the previous Annual

g-
. Progress Report.4

4
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METHODS

A mixture of 250 mg desiccated KBr and 0.2 mg mixed-oxide bulk powder was made by grinding in
a mortar and pestle in a glove box. Specimens of aerosolized materials were prepared in a similar

The particulates which had been deposited on membrane filters during animal inhalationmanner.

exposures were scraped from the filter material using a glass slide. A correction for the contribu-
tion of removed filter material to the infrared spectrum was made using the spectrum of pure filter
material. Infrared spectra were measured using a Perkin-Elmer Model 621 grating spectrophotometer.
Samples were stored with desiccant in sealed jars.

RESULTS AND DISCUSSION

Representative infrared spectra of the bulk materials analyzed are shown in Figures 1 and 2.
The spectrum of a specimen taken from the bulk powder of the B&W mixed-oxides with binders is
shown in Figure 1. The broad, intense absorption in the 300-600 cm-1 region was assigned to the

, metal-oxygen (M-0) stretching frequencies of UO2 and Pu0 . The weak absorption bands at 920 cm-I
2

and 1380 cm'1 were assigned to species on the surface of the particles as will be discussed. All
remaining bands in the spectrum were assigned to the Steratex* and Carbowax# binders added to the

mixed-oxide powders to facilitate the pellet pressing operation by comparisons with spectra of pure
binders. The spectrum shown in Figure 2 is representative of all bulk materials listed in Table I
which consist of mixed UO and Pu02 powders without binder material. The spectra are featureless2

in the region corresponding to the organic binder absorption. The spectra of all bulk powders
contained no bands related to metal oxides other than those mentioned above.

Figure 2 shows the spectrum of the specimen of the HEDL 1750' powders. The most noteworthy
difference between this spectrum and Figure 1 is the resolution of the M-0 stretching band into two
broad bands centered at - 360 cm-1 and = 550 cm-1 These bands have been assigned to the transverse
optical and longitudinal optical resonances associated with the M-0 stretching mode observed for
both UO and Pu0 . ' The band at 1380 cm-1 was observed for this material as well as for the2 2
material shown in Figure 1. The spectrum of the HEDL 1750' was similar to that observed for the
same type of powder obtained from the B&W facility.
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Figure 1. Infrared absorption spectrum of a bulk powder sample of Pu02 heat-treated
at 850*C and mixed with UO2 and organic binders. Material was obtained from the
pellet pressing operation at the Babcock and Wilcox Fuel Fabrication Facility,
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Figure 2. Infrared spectrum of powdered (U,PU)0x produced by centerless grind-
ing of fuel pellets which had been sintered at 1750*C in a reducing atmosphere.
Material was obtained from the Hanford Engineering and Development Laboratory,
Richland, WA.

Figure 3 shows the spectrum from particulates collected from an aerosol generated from the
HEDL 750' powder. This spectrum also contains the broad, intense band of the M-0 stretching frequency.
Additional bands were observed at 845cm-1, 920 cm'I 1380 cm-1, 1550 cm-1, and 1650 cm'1 The

broad band centered near 3400 cm-I is connonly associated with water absorbed from the atmosphere

by KBr. However, this absorption band was more intense in the spectra of the bulk powders than in
the spectrum of pure KBr. This band has, therefore, been assigned to H O associated with a polymeric

2

form of plutonium of the general fom [(H0)n-1 Pu-0-Pu(OH)n-1] The other bands in Figure 3
were assigned to either C0f or H O adsorbed on the surface of the aerosol particles by comparisons2

of the spectrum with those of the polymeric species and the spectra of other metal-carbonate surface
species.8,9

The spectrum shown in Figure 3 is representative of spectra of other aerosolized particulates
studied. However, comparison of these spectra revealed slight variations in the positions and rela-
tive intensities of the bands. In general, the bands in other spectra between 800 and 1000 cm-I
were of the same frequency but were less intense. The bands between 1300 and 1800 cm-1 and in the
3500 cm-1 region were observed at approximately the same frequencies (within 30 cm-1) with similar

or lesser intensities. The reduced intensities of bands observed for some other samples were the
result of the small misses of sample collected. Generation of more concentrated aerosols nf
industrial powders for further infrared studies is in progress.
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Figure 3. Infrared absorption spectrum of an aerosol of mixed Pu02 and UO2 powders used
in the inhalation exposure of laboratory animals. Aerosol was generated from a powder of
750*C heat-treated Pu02 mixed with UO2 and ball milled at the Hanford Engineering and
Development Laboratory, Richland, WA.
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The most notable result of the infrared analysis of these industrial materials was obtained by
comparisons of the spectra of bulk powders and of particles collected from aerosols generated from
the same powder. In addition to the low energy M-0 stretching bands observed in the spectra of

aerosol particulates, additional bands were found which were assigned to resonances of H O and C0f2
species adsorbed on the surface of the particles. These bands were of variable intensity for each
material. The bands assigned to surface adsorbed species in the spectra of aercsol particulates
were also observed in some spectra of bulk powders as weak bands.

The greater intensity of these adsorbed molecules in the spectra of aerosol particles was
probably a result of the greater specific surface area of the more finely divided particles. The
absorption band at 845 cm'I correspondstotheout-of-planebending(v2)mdeoftheC0fion. The

d and 1550 cm'I are assigned to the doubly degenerate asymmetric stretching (v3)bands at 1380 cm

mode of C0f, which was split upon surface adsorption. The degree of splitting of the degeneracy is
2related to the degree of covalency of 1% bond between the adsorbed CO and the substrate. Accord-

ingly, the infrared band at 1650 cm-I was assigned to the same vibrational mode of a more strongly
absorbed carbonate species. The infrared bands observed in the 1300 to 1650 cm'I region shown in

Figure 3 are consistent with either bidentate structure for chemisorbed C0f shown in Figure 4.
Absorption bands observed at = 1050 and = 1200 cm-I in spectra of other aerosols suggest the presence
of a monodentate species in addition to these bidentate forms.

I I

' N- x

\ / i

Figure 4. TwopossiblemodesofbindingforbidentateC0fchemisorbedonthe
surface of a metal oxide particle.

The bands shown in Figure 3 at 1600 and 830 cm-1 could not be assigned unambiguously. These

bands were within the range of values observed for the bidentate carbonate species shown in Figure

However, the bending vibration mode (vp) of H O that occurs at 1595 cm'I has been observed in4.
2

the polymeric form of Pu(OH)n discussed above.8 This band could be due to H O being chemisorbed
2

onto the surface of the mixed-oxide industrial particulates. Since the broad band in the 3400 cm-I,

h region has been assigned to absorbed or occluded H 0, the 1600 cm-1 band must include a contribution
p

of absorbed H O inc'ependent of any contribution of C0f to the same band. The most prominant and2
well resolved example of the 830 cm'I band observed at 830 cm-1 in the spectra of all aerosol

particulates (Figure 3) might have been assigned to an ionic or very weakly covalent monodentate
fom of absorbed C0 However, the band at 920 cm-1 indicates the presence of UO or UO n the+

3 3 2
2 particles in the mixture.10 The intensity of this band suggests the formation of a uranylUO

carbonate species similar to the UO (C0 )2 ion that absorbs at 856 cm-1102 3

The partially hydrated surface layer containing absorbed carbonates of the general fom shown
in Figure 4 and the possibility of a surface layer of UO on the mixed oxide particles were not

3
detected by X-ray diffraction measurements. This was probably the result of several contributing
factors; (1) the mass of the surface layer was probably less than the detection limit (= 0.5%) for

15 )
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one crystalline phase in the presence of another by X-ray diffraction. (2) the close similarity in
8and the most probable surface species and (3) the amorphousthe crystallographic properties of Pu02

nature of the surface UO3 which has been observed on U02 particles stored in air at 25'C.II

The profile of the low frequency M-0 stretching band in the 300 to 600 cm-1 region could not
be correlated with the process stage of the powders with certainty. The apparent resolution of the
M-0 stretching band in the spectra of powders produced by the centerless grinding of fuel pellets
was not sufficient to identify the powder as a product of the centerless grinding process. The
assigment of the two components of the M-0 stretching band to the transverse optical and longitudinal

and the resolution of the band has been related tooptical components has been made for pure UO2
to U 0 . The greatest resolution wasthe stoichiometry of uranium compounds ranging from U02 38

observed for UO , the compound with the smallest oxygen-to-metal ratio.
2

An hypothesis based on an extrapolation of this trend to the M0 .96 stoichior'etry of sintered1
0fuel pellets cannot be supported, however. It was noted that the assignment of these bands accord-

ing to this theoretical model is uncertain when the specimen under study is a fine powder con-
taining particles similar in size to the wavelength of the incident radiation (= 20 pm for this
absorptionband). The effect of particle size and shape was observed to cause a broadening of the
absorption band profile. All bulk powders listed in Table 1 could contain particles in the 20 pm
size range, except those obtained from the ball milling and pellet pressing steps. These powders
had been subjected to powder cominution steps to reduce the maximum particle size to 2 to 5 pm.

d to 600 cm-I region do not allnw theComparisons of the spectra of all bulk powders in the 300 cm
identification of these two powders as unique with respect to particle size. Thus, the interpreta-
tion of the intense low energy infrared band should be limited to the confirmation of the presence
of metal oxides in the specimen.

A detemination of the relative amounts of organic binders and mixed actinide oxides in the
bulk powder obtained from the pellet pressing operation was attempted. The spectrum shown in
Figure 2 was compared with spectra of known mixtures of UO , Sterotex, and Carbowax. It was found2
that the binders contained primarily Sterotex. The mass of Carbowax was relatively small, making a
quantitative analysis by infrared spectroscopy uncertain. The relative intensities of the M-0 band
at 300 to 600 cm'I and the Sterotex bands near 2900 cm'I were used to estimate the amount of
Steratex present. This estimation proved to be highly uncertain as a result of the unknown effect

of the particle size distribution of the comercial UO2 powder used on the width of the U-0 band
and the possible contribution of a broad Sterotex absorption band centered at 600 cm*I which over-
lapped the M-0 band.

CONCLUSIONS

The primary conclusion made from these infrared studies is that the surfaces of particulates in
aerosols that might be inhaled by a worker in a fuel fabrication fccility contained adsorbed H O and

2

C0f and probably exist in chemical- foms representative of partial oxidation and hydrolysis of the
metal oxides. The precise nature and geometry of binding of the surface species were not clear from
the results available. The major significance of the presence of an oxidized or hydrated surf' ace
layer lies in the solubility of the inhaled particles. The rapid initial dissolution phase of
aerosol particulates observed in vitro (to be discussed in the following paper) might be the
result of solvation of the partly hydrolyzed forms of Pu0 and UO . It is probable that this rapid

2 2
initial dissolution would also occur in lung fluid.

A further conclusion based on these results relates to the chemical fom of particulates in
aerosols of the HEDL 1750' material generated from substoichiometric sintered fuel pellets.
Although the fuel pellets and presumably powders ground frcm them consist of a solid solution of

.
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(U.Pu)0 .96, tha prestnce of a partly hydrolyzed surface layer and the solubility of oxygen in1

6uranium oxides suggest that the surfaces of aerosol' particles probably consist of a partly hydrolyzed
solid solution of (U,Pu)0 - .This would indicate partial or complete reversal of the reduction that

2
I

_

occurred during the pellet sintering step.
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J# VTTRO SOLUBILITY OF AEROSOLS OF INDUSTRIAL URANIUM AND

PLUTONIUM MIXED-0XIDE NUCLEAR FUEL MATERIALS

ABSTRACT

In vivo colubility is an important property of
mixed-oxide nuclear fuela for prediation of

PRINCIPAL INVESTIGATOR
biological behavior of inhaled aerssola. Studies

^* ^ "of the diaaolution of Pu, Am and U from four
nuclear fuel materiata in 0.1 M hcl, 2 M HNO and

3

a aerum simulant solution are described. The combined results of these studies shoued that: (1)
dissolution occurred at a mpid mte initially and sloved at longer times, (2) greater percentages

| of U diacolved than Pu or Am, (3) the U diaaolution ute frcm all materials except that produced by
| pellet grinding was faster than the Pu dicaolution ute and (4) the dissolution rates of U and Pu

generally reflected the physical composition of the UO -Puo matrix. The implications of theseg g
| resul'ta for interpretation of the biological behavior of inhaled cized-oxide aerosols are discussed.
|

| INTRODUCTION

j In vivo solubility is an important physical property of mixed 'J0 and Pu0 fuel materials in
2 2

I determining the biological fate of inhaled aerosols. Insoluble particles generally are cleared
from the lung by mechanical clearance mechanisms and excreted via the gastrointestinal tract. Some
insoluble particles are also cleared from lung to the tracheobronchial lymph nodes. Solubilization
of particles remaining in lung determines the quantities of uranium or plutonium available for
deposition in liver and bone tissue or for chelation therapy.

One objective of the in vitro solubility studies described here is to provide data from studies
lasting 30 to 60 days which might be used to predict the biological fate of inhaled actinide oxides
over a longer period of time. Another objective is to allow a correlation of solubility with re-
sults of other physical and chemical analyses discussed earlier in this report and in the previous
Annual Progress Report.1 These solublity studies, then, represent a key step of the entire project;
that of predicting the biological fate of inhaled industrial aerosols based on their physical
properties.

To achieve these objectives, a series of in vitro solubility experiments were conducted concur-
rently with inhalation experiments using rats, dogs and monkeys described later in this report.
Aerosols collected during the inhalation exposure of laboratory animals were subjected to dissolu-
tion in three solvents. The three solvents used in these dissolution studies were 2 M HNO , 0.1 M

3
hcl and a salt solution designed to simulate blood serum ultrafiltrate (SUF). The SUF formulation
was designed to simulate the ccmposition of blood serum and to provide a comparison with studies of
a plutonium aerosol released under accident conditions.2 A chelating agent, diethylenetriamine-
pentaacetic acid (DTPA) was added to prevent precipitation of dissolved plutonium ions in the
experimental apparatus. Nitric acid was used as a solvent since the actinide dioxides under consid-
eration are known to be quite insoluble. The nitric acid was able to cause appreciable amounts of
each actinide to be dissolved in a short period of time. The use of 0.1 M hcl provides a comparison

3in a common solvent between the dissolution rate of industrial mixed oxides and those produced in
the laboratory.
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MATERIALS AND METHODS Table 1

The mixed oxides studied were the same as Composition of Simulated Serum

[ those described in detail in the previous paper Ultrafiltrate (SUF) Used to Study
in this report (pp. 11-18). The mineral acids the Dissolution of Industrial
used were ACS grade reagents obtained from the Mixed Uranium, Plutonium Oxides i

Fischer Scientific Company. No further prepara- (pH = 7.C)
tion was performed. The composition of the SUF

Molar
solvent is detailed in Table 1. All constituents Salt Concentration
were reagent orade.

Nacl 0.116

Particulates of esch aerosol used in the NH Cl 0.0104
exposure of laboratory animals were collected by NaHCO 0.273
a membrane filter. A segment of this filter was Glycine 0.005

ocut and placed on a Millipore membrane filter Na Citrate 0.0002-
3

(0.1 um pore size) and a second filter of CaCl 0.0002
2

identical type was placed over the sample. The L-cysteine 0.001
filter sandwich containing the specimen was H 50 0.00052 4

| secured by compression of an 0-ring near the Na HPO 0.0012 |2 4
aperiphery by a circular teflon clamp. This DTPA 0.0002

assembly was then placed in 200 ml of solvent.3 ABAC 5 x 10b

This in vitro system allowed for retention of
particulates between the two filters while allow aDiethyltnetriaminepentaacetic acid, not present
ing free diffusion of the solvent and solute.

b
! The same assembly was used for all studies except Alkylbenzyldimethylammonium chloride added asan antibacterial agent.,

those using SUF as a solvent in which the aerosol
0specimen was sandwiched between two Nucieopore

membrane filters of 0.1 um pore size.'

The solvent was changed every hour for the first 6 hours. Beyond this time, the solvent was
changed periodically throughout the experiment. The duration of experiments using 0.1 M hcl and SUF

'

as solvents was 30 days. The experiments in 2 M HNO lasted 60 days.
3

' Radiochemical Analysia

, The 200 ml portions of each solvent collected during the experiments were analyzed for Pu, Am
i

and U. Solutions of 2 M HNO were used directly for analysis without pretreatment. Aliquots of 0.13
; M hcl solutions were adjusted to 2 M with nitric acid and used for further analysis. Pretreatment

of SUF solutions was found to be necessary as a result of the interference of DTPA and other salts
in the solution with the separation of Pu and Am by solvent extraction. The analytical prt,cedures
used were similar to those developed for the analysis of Pu, Am and U in biological samples.4
Since these procedures have been described in detail, only a brief description will be given here.

The 200 mi SUF solution was evaporated to dryness at 90*C in an oven. The residue was heated

to 500*C in a muffle furnace for 8 hours, wet-ashed with concentrated HNO and 30% H 0 and evapo-
3 22

rated to dryness. The residue was again heated in a muffle furnace at 500*C for 8 hours, removed
from the furnace and allowed to cool to room temperature. Twenty-five ml of 3 M HF in concentrated
HNO was added and the mixture was heated to dryness on a heating plate at 180*C. Two ml of an3

aqueous solution of 0.2 M H B0 was addea to the residue along with 100 ml 2 M HNO . The solution3 3 3
was heated at 180*C until clear. The solution was allowed to cool and the volume was adjusted to
120 ml with 2 H HNO . This procedure was also used to analyze the filter sandwich containing the3
undissolved fraction of the particulates.
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Uranium Deceminc9fon

An aliquot of the sample in dissolved nitric acid was used directly for the determination of
total uranium by fluorimetry. No separation of U from Pu or Am was necessary since Pu is not
fluorescent in any oxidation state and Am is known to be present in negligible amounts by mass.I

Analysis for total uranium content of each solvent sample and the undissolved material re-
maining in the filter sandwich was accomplished by fluorimetry after fusion of an aliquot in a 2%
LiF-98% NaF salt mixture.5 Fluorescence intensity was measured using a Jarrel-Ash Model 2600

refle ;ance fluorimeter calibrated with a standard solution of U 0 . Appropriate standard solutions38
and blank samples were employed to ensure the accuracy and precision of the uranium determinations.

Plutonium and Anericium Alpha Activity Detemination

Separation of Pu and Am was achieved by extraction of an aliquot of the nitric acid solution
with an extractant scintillation solution.5 The D EHPA in the cocktail specifically extracts > 99%

2
of the Pu (IV) and U into the organic phase upon shaking.6

Plutonium and americium activities were determined by liquid scintillation. The Pu and U
dissolved in the organic extractant phase was counted in a Packard Tri-Carb liquid scintillation
counter, using the total Pu alpha activity counting mode with a counting efficiency of 98%. The
average blank background observed for Pu was 22.0 t 0.1 cpm. The alpha activity of U was insignifi-
cant in comparison to that of Pu, although the mass of U was known to be greater than that of Pu.I
This was the result of the fact that only natural or depleted uranium was used in these mixed oxides
designed for use in breeder reactors.

America alpha activity was determined in a manner similar to that used for plutonium. An
aliquot of the aqueous phase from which Pu had been extracted quantitatively was shaken with AquasolO

241in a liquid scintillation counting vial until a gel was obtair-d The Am activity was determined
241using the same liquid scintillation counter adjusted for optiv.q , Stection of Am. The counting

efficiency was 98%. The average blank background observed for " wis 36.9 0.3 cpm.

Calculations

The initial quantity of Pu, Am and U present on the filter segment was determined by suming
the total amount of each isotope in each solvent sample plus the quantity measured in the filter
sandwich at the conclusion of the study according to equation (1).

n

Ag=Af+ A) (1)

The initial amount of actinide is A ; A is the amount of actinide determined in each solventg j

sample in the same units. A is the amount of actinide in the filter sandwich at the conclusion off

the experiment and n is the total number of times the solvent was changed during the experiment.
Quantities of A were expressed as nC1 alpna activity for 238,239,240 241 1Pu and Am isotopes or as pg U.
The observed fraction undissolved (Fobs) was expressed as a percentage of the initial quantity, A ,

g
and was calculated by equation (2).

n

g- [ A)A

%F x 100 (2)
=

obs
J i

21

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ., - _ _ -
-- - - - . .

. .

The valuis cf 1F were plottid virsus-time. -A nigativa exponintial equation was fitted
cbs

L to the data using a non-lidear. least squares technique. The fitted curve was of the form

%Fcalc * "1 ' I "2 ' 2 + " * "n * " I3)

|

| where F ,je- is the calculated fraction undissolved at elapsed time (t) in hours. The percentagese

of the total sample dissolved, ag, and the corresponding dissolution rate constants. A , associatedg

i with each component of the fitted curves were obtained. The fitted curves (Eq. 3) A were evaluated
l

at a t = 0 hours to check the predicted initial percentages versus the true value (100%). The meant
| of the predicted initial percentage for all curves was 98.8 1 1.2%.
| ..

Representative graphs of the rate of Pu and Am dissolution in 0.1M hcl from an aerosol generated
! during the grinding of fuel pellets are shown in Figure I to illustrate the interpretation of the

|- results of these calculations. The two component fitted function calculated fcr Pu dissolution
according to equations (1)-(3) was' *

%Fcalc = 3e
t , g7c-3.3 x 10-St (4)

d-2.0 x 10

The precision of the data is indicated by the range of values from duplicate experiments. The
exponents shown in equation (4) correspond to dissolution half-times of 3.5 hours and 880 days. I

[ Therefore, the curve represents the dissolution of 3% of the Pu initially present with a half-time
of 3.5 hours followed by the dissolution of 97% with a half-time of 880 days.
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Figure 1. Dissolution of Pu (*) and Am (o) from aerosol samples of 1750*C heat-treated mixed '

uranium-plutonium oxides in 0.1 M HC1. Mean and range of measurements from duplicate experiments
are indicated.
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RESULTS AND DISCUSSION

Results of calculations using equations (1) to (3) from studies conducted in three solvents;
the serum simulant solution (SUF), 0.1 M hcl and 2 M HNO are' summarized in Tables 2 to 4. The3

- precision of calculated values was determined from duplicate experiments conducted in both 0.1 M hcl
and SUF. The precision of values reported from 2 M HNO studies was derived from four replicate3
experiments. The precision was found to be lowest for very rapid and very slow dissolution. This-

- is illustrated by Figure 1 and the tables. The precision of Pu and bn measurements as reflected by-
the range of values shown in the figure limits the precision of the fitted. slope. The precisions of

~

calculated half-times of the very rapid dissolution which occurred within the first 6 hours of the
study were determined to be 0.01 day in 0.1 M hcl and 0.3 day in 2 M HNO . Such high precision

3
was artifactual and the 0.3 day value shown in the table is the more reliable one, as estimated from
the frequency of measurement. . Since the sampling frequency during this portion of the exp?timent
was one change of solvent per hour, the lower limit of precision for the dissolution half-t.ime is
0.1 day (2.4 hour). At this sampling frequency, 2.4 measurements per half-time of 0.1' day can be

~

obtained. In the case of more rapid dissolution, where two or fewer measurements per half-time were
obtained (Table.3). greater' precision was not warranted. Thus. the lim?t of precision of dissolution
half-time values in these experiments was Lstimated to be 0.1 day.

Table 2

Dissolution In Ficro of Industrial Mixed Uranium and Plutonium Oxide Fuel Materials
ain Synthetic Serum Ultrafiltrate Solution Containing DTPA

Composition, Dissolution Component
gTemperature History.

"1 T
1/2 "2 TProcess Step.

~

1%)_ (days) (%) (days)
1/2.

Source Nuclide

dPu0 , 850*C Pu e e 100 2 0.1 20000 i 90002
dV-Blending, Am e e 99.6 2 0.2 6100 1 900

c
B&W

Pu02 + U0 , Pu 0.3 1.4 99.6 150002
750'C, Am . 1. 7 1.2 98.0 20000
Ball Milling, U. 33 1.6 62.7 400

I
HEDL

Pu0 .+ UO2+ Pu 0.1 0.0 99.9 210002
Binders, 850'C Am 0.3 0.7. 99.4 5400
Pellet Pressing, U 22 1.7 74.5 300

C
B&W

(Pu.U)0 , 1750 C - Pu 4.6 1.5 95.4 29000x
Pellet Grinding, Am 5.4 0.8 93.3 8300

I
HEDL U 23 0.8 74.3 11000
aDiethylenetriaminepentaacetic acid, not present in blood serum. -

~

bTwo component exponential dissolution equation of the form

-% Undissolved = al "it+
-A te 2

CBabcock & Wilcox Fuel Fabrication Facility. Apollo, PA.
d
Mean i standard deviation of values from duplicate experiments.

'Only single component observed.

Hanford Engineering and Development Laboratory, Richland, WA.,

_
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Tabla 3

Dissolution In vitro of Industrial Mixed Uranium and Plutonium Oxide Fuel Materials in 0.1 M hcl
a

Composition, Dissolution Component
;Temperature History,

Process Step. "I T 2 0.3 a T1/2 2 1/2
Source Nuclide (%) (days) (%) (days)

Pu0 , 850*C, Pu 0.1 0.1 99.9 120002
V-Blending, Am 0.1 0.2 99.6 5100

b
B&W

Pu02 + UO , Pu 0.5 0.1 99.6 13002
750*C, Am 0.5 0.1 96.0 2800
Ball Milling, U 6.3 0.1 90 85

c
HEDL

Pu02 + U02+ Pu 0.2 0.2 99.7 6700
Binders, 850*C, Arc 0.4 0.1 99.2 6100
Pellet Pressing, U 24 0.2 77 130

b
B&W

i

d
(Pu.U)0,,1750*C, Pu 1.9 = 0.3 0.1 0.1 96.8 0.1 880 1 90
Pellet Grinding. Am 1.5 * 0.3 0.1 1 0.3 95.2 1 0.3 770 60

C dHEDL U 3.4 0.3 0.2 0.1 91 11 360 90
aTwo component exponential dissolution equation of the form

-A t + "2
t% Undissolved = a e l e 2y

bBabcock & Wilcox Fuel Fabrication Facility, Apollo, PA.
c
Hanford Engineering and Development Laboratory, Richland, WA.

dMean i standard deviation of values from duplicate experiments.

In the case of extremely slow dissolution, the precision of calculated half-times was determined
by the detection limit and precision of the analytical method for the particular element. As shown
in Figure 1, the variability in the fitted line would become greater as the slope approaches zero.
Thus, the precision of a dissolution half-time of greater than 1000 days based on measurements
during a 30 to 60 day period would be expected to be low. Results of duplicate studies of dissolu-
tion of Pu and Am from Pu0 in SUF (Table 3) indicate that the precision of dissolution half-times2
greater than 1000 days was approximately 50%. The precision of calculated half-time values in the
10 to 1000 day range was approximately 15% (Tables 3 and 4) and in the 1 to 10 day range was found
to be approximately 20% (Table 4). A statistical treatment of these data has been designed to
provide more refined estimates of the relationships between the frequency and precision of measure-
ment on the calculated dissolution half-times is in progress. The results of this statistical
treatment will be discussed when they are completed.

|
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Yable 4

Dissolution In vicro of Industrial Mixed Uranium and Plutonium 0xide Fuel Materials in 2 M HNO
3

Composition, " "
Temperature History. g gg

T TProcess Step, 1 1/2 1 1/2Source Nuclide (%) (days) (%) (days)
Pu0 , 850*C, Pu 0.5 1.4 99 26002
V-Blending, Am 1.2 1.4 99 2500b
B&W

Pu02 + UO , Pu 1 0.5 98 95j

750*C, Am 4 1.4 95 130
dBall Milling, U 46 e 54 26

C
HEDL

Pu02 + U0 , + Pu 1 1.0 99 4202
Binders, 850*C, Am 1 1.7 98 660 |dPellet Pressing, U 22 0.1 81 25b
B&W

f(Pu,U)0 , 1750*C, Pu 13 1 1.6 1 0.3 80 1 2 72 1 72
fPellet Grindir.g. Am 23 2 1.8 i 0.3 72 1 2 70 1 10c U ,f 18 1 1 0.2 i 0.3 84 3 25 1 3

dHEDL

'Two-component exponential dissolution equation of the form

-A t -A tg 2% Undissolved = a e +a2*y
b
Babcock & Wilcox Fuel Fabrication Facility. Apollo, PA. '

C
Hanford Engineering & Development Laboratory Richland, WA.

d
uranium dissolution did nct exhib*.c exponential dissolution during entire study, values estimated
* rom data obtained during first I.00 hours of the study. j*

'Very rapid, estimated to be < 0.02 days. {
'

I

Mean i standard deviations of values calculated from four replicated experiments.

The origin of the rapid initial dissolution phase is probably related to several properties of
(1) particle size distribution; (2) specific surface area and (3) surface composition.the aerosol:

Polydisperse aerosols which contained a fraction of small particles would be expected to dissolve
more rapidly initially until the smaller particles were completely dissolved. This factor was
probably not a major one, since similar rapid initial dissolution rates have been observed for mono-

239disperse Pu0 aerosols as well. Similarly, an aerosol composed of particulates having a rough2

surface would be expected to dissolve rapidly until the surfaces of the particles were smoothed.
The third and possibly most important factor, was discussed in the previous paper in this report in
relation to the infrared and surface analysis results which suggested the presence of a partially
hydrated surface layer fonned by the adsorption of atmospheric water and carbon dioxide on the
wfaccs of particulates.

The relative dissolution properties of Pu, Am and U for one material are illustrated in Figure
2. The major fraction of Pu and Am (Table 3) dissolved with a half-time of 6000 to 7000 days while
77% of the U dissolved with a half-time of 130 days. The similarity in Pu and Am dissolution rates
reflects the fact that Pu and Am are incorporated within the same crystalline matrix.I The mass
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~

contribution of Am0 to this matrix in all materials studied was 0.1% to 0.5%. Under these condi-2
tions, the dissolution rate of Am0 was governed by the dissolution rate of Pu0 as the major

. 2 2
constituent in the crystalline phase. This similarity in long term dissolutien rates of Pu and Am
was found to hold true in general within the limits of precision discussed above. The major excep-
tions to this observation were the relative Pu and Am dissolution rates observed for both the B&W
pug and the B&W mixed oxides with binders in the serum simulant solution (Table 2). A discussion

2
.

of these exceptions must await a more refined statistical treatment of the significance of dissolu-
tion half-times greater than 10,000 days.

The dissolution behavior of uranium was found to be dependent on the nature of the mixed-oxide
materials in all'three solvents. A much greater percentage of uranium than plutonium or americium
dissolved from the HEDL 1750' materials in the early dissolution component in all these solvents.
Approximately 9% to 30% of the U dissolved during this time while only approximately 1 to 4% Pu and
Am dissolved during the same time as shown in Tables 2 and 4 and Figure 2. During the slower dissolu-
tion phase, uranium dissolved much more rapidly than plutonium or americium in both 0.1M hcl and the
serum simulant solution. The dissoluticn of uranium in 2 M HNO at later times did not follow the

3
exponential behavior shown in other solvents, particularly after nearly complete dissolution. This
will be discussed separately. The dissolution behavior of Pu, Am and U in mixed oxides which were
obtained from fabrication steps prior to sintering at 1750*C indicate that the UO dissolved inde-

2
'pendently of the Fu0 -Am0 matrix. This behavior is in agreement with the results of X-ray dif-

2 2
fraction studies showing '. hat these powders and aerosols consisted of admixtures of Pu0 and U0 '1

2 2
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Figure 2. Comparison of rates of Pu, Am and U dissolution from aerosol samples of. mixed Pu0 and
200 containing organic binders in 0.1 M hcl. Pu (*), Am (o). U (a).2
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The HEDL 1750* material which had been sintered to form a solid solution of UO and Pu02 2
exhibited unique dissolution properties in 'all three solvents. The effect of this solid solution
was to modify the' dissolution behavior of both Pu0 and U0 . . Greater percentages of Pu and An in

2 2
this material were dissolved in the early dissolution component in all three solvents relative to
values observed for other materials. Results indicate that, for the sicwer dissolution component,
the dissolution rates for Pu and Am were unchanged in the serum simulant solution while that of U

was decreased. The dissolution rates of Pu and Am were increased in.0.1 M hcl and 2 M HNO while3
the U dissolution rate was decreased. These results indicate that in the solid solution, in which
UO2 represents 87% of-the mass, the rate of Pu and Am dissolution in the slower component was
governed by the more rapid dissolution of U0 from the matrix. At the same time, the dissolution

2
.ra 3 of 00 was modified by the more sicwly dissolving Pu0 constituent. The one exception to this2 2

obscrvation was observed in 2 M HNO3 (Table 4) in which the dissolution half-time of uranium was the
same for ali materials within the precision of the measurements. These results support the hypothesis

~ that the major component of the matrix (by mass) modified the dissolution rate of all other components
with the rate of the major compcnent slightly modified in turn.

One major objective of the use of-three solvents in these in viero studies was to provide data
which could be used to predict the biological fate of the inhaled actinides. The dissolution rate
curves of Pu and U contained in the industrial i.erosols studied in the three solvents were compared.
Plutonium and uranium were chosen for the comparison as a result of their quite different dissolu-

tion rates. Since the dissolution behavior or ^m was shown to be similar to that of Pu and since
the radiochemical analysis for Pu was more precise than that for Aa, the dissolution rate of Pu was
taken to be representative of both Pu and la for these comparisons. j

Figures 3 to 5 show the relative dissolution rates of Pu from the four fuel materials in
connon solvents. As shown in Figure 3, the HEDL 1750' material dissolved differently than the other

-materials in serum simulant solution. The early dissolution of this material was the primary cause
of the unique behavior of this material in this solvent. Plutonium dissolved at similar rates from
all four materials at later times within the precision of the measurements as discussed above. The

three materials which consisted of Pu0 without UO or in an admixture with UO dissolved similarly2 2 2
in this solvent. The slight difference in the profile of the 750 C heat-treated ball milled mater-
f al'noted in the figure represented only 0.2% difference in comparison to the percentage'of Pu
dissolved from the B&W materials during the same time. This difference is not expected to be
biologically significant.

When 0.1 M hcl was used as a solvent, differences in dissolution behavior among the four
materials were more apparent as shown in Figure 4. The Pu dissolution from acrosols of the solid
solution of pug and UO2 (HEDL 1750') was again unique, particularly within the first 24 hours. At

{2

later times, the dissolution rate was slightly faster than tnat of the HEDL 750' material. Figure 1

5 shows the Pu dissolution curves measured for the four materials in 2 M HNO . The dissolution rate3
constants of the materials were different within the first 200 hours of the experiment, while after
200 hours the dissolution rates nf Pu from the HEDL 750* material and the HEDL 1750* material were
similar. The use of both 0.1 M hcl and 2 M HNO3 provides insights related to the correlation of
material properties of one aerosol to relative Pu dissolution rates. However, the prediction of
possible radiation dose patterns or modes of' retention and translocation in laboratory animals or
humans based on dissolution studies conducted in these solvents alone should not be made.
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Iigures 6 to 8 show the dissolution behavior of uranium from the three materials which contained

UO . The plutonium and uranium dissolution profiles in SUF, shown in Figures 3 and 6, respectively,2
illustrate that larger percentages of U than Pu dissolved using this solvent. The rates observed

after 200 hours for these materials illustrate that the dissolution of U from the solid solution
matrix (HEDL 1750') was retarded with respect to the two materials composed of mixed pug and UO

2 2
powders. The relative pe.rcentages and corresponding U dissolution rates of these mixed powders were

similar. This observation supports the hypothesis that when Pu0 a'id UO were present as a single
2 2

crystalline phase, the dissolution rate of U was changed from the dissolution rate of U in the pure
U02 phase.

A similar observation may be made for the U dissolution curves determined in 0.1 M hcl as shown
in Figure 7. Comparison of the dissolution rates at later times shows that the U dissolved from the
two mixed-oxide materials at the same rate within the precision of the experiment and the rate was
slightly retarded in the sample of the HEDL 1750* solid solution. Again, the Pu and U clearly
dissolved independently in the Pu0 and UO adnixtures (Figure 4 and Table 3) while the U and Pu2 2

dissolution rates were more consistent when dissolved from a solid solution.

The dissolution behavior of U in 2 M HNO did not follow the exponential rate as described by3
equation (3) observed in other solvents during the course of the study. The profile of the curve
did show a two-component exponential dissolution curve during the first 600 hours of t'he experiment.
As the percentage of U remaining undissolved approached 40%, the dissolution rate accelerated such
that uranium <ilssolution was nearly complete by 1400 hours. The values reported in Table 4 for the
U dissolution rates from all materials were estimated using data from the first 200 hours of the
experiment only. Calculations using equation (3) based on these estimated values, indicated that

approximately 16% of the initial uranium would have remained undissolved at 1400 t.ours if dissolu-
tion followed an exponential rate law.

j
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!

f The cbservation of accelerated disso!ution rates is significant both in interpretation of
| biological implications of inhaled mixed oxides and the mechanism of particulate dissolution. The

acceleration in dissolution rates of polydisperse aerosol particles has been predicted and the
behavior at later times shown in Figure 9 may be interpreted according to this theory. At early
times af ter dissolution, the rapid dissolution was probably the result of the (1) dissolution of ai

partly hydrolyzed and oxidized surface layer as discussed above, (2) rapid dissolution of material
from the highly irregular surfaces of the particle and (3) dissolution of very small particles.
These factors may have contributed singly or in concert to the rapid dissolution rate observed.
After the first 24 hours, the dissolution rate slowed and corresponded to the predicted dissolution
profile of_ a monodisperse aerosol.7 -These industrial aerosols would not be expected to approach
true monodispersity. However, the trend toward the creation of smoothed particles of more uniform
and larger size would be expected as the fraction dissolved increased. As dissolution continued,
the remaining particles decreased in size to the point where the specific surface area of the
particles became the controlling factor in the dissolution rate. Mercer's theory predicts this
point to occur it approximately 45% dissolved for a monodisperse aerosol. It is notaworthy that
this necurred for U and not Pu in all samples, suggesting that in the HEDL 1750* material, Pu also
dissolved nearly completely also but remained in a less soluble form. The experiment using HEDL |

750* material was terminated at 892 hours as a result of a leak of particles from the filter assembly.

Biologica Irplicatior.o

Some indications of potential biological behavior were suggested by results of these % vitro
studies. The utility and significance of the rapid early dissolution component must be practica ly
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li:1ted ta the determinatirn cf the fraction cf sach actinide which cight be dissolved within a few
days after inhalation. For example, the dissolution behavior of Pu, Am and U contained in B&W
mixed oxides with binders in 0.1 M hcl (Table 3) shows that Pu and Am dissolve very rapidly with a
Half-time of 2 to 4 hours. |However, only 0.2 to 0.4% of the initial amotnt dissolved at this rate
while the remaining ) 99% dissolved much more slowly c shown in F11ure 2. This observation was.
made for this material in all solvents. The biological implications of the behavior of this material
are that rapid initial dissolution would probably contribute to a very minor degree in clearance of
Pu and Am from the lung if inhaled resulting in correspondingly small transiccation to other
tissues such as liver and bone and therefore, little likelihood for a successful chelation therapy
approach.

The dissolution behavior of uranium from this same material on the other hand, shows that 24%
of the initial uranium present dissolved with a half-time of 4 hours and the remaining 77% dissolved
much more rapidly than Pu or Am. One would predict on the basis of these in vitro results, that if
this material were deposited in lung', significant quantities of uranium would be cleared from lung
via solubilization followed by tissue deposition and urinary excretion while only minute quantities
of soluble Pu and Am would be cleared from lung. In general, the fraction of any Pu or Am that
dissolved shortly after deposition could be amenable to a chelation therapy approach.

The slower dissolution component could be useful'in the prediction of accumulated radiation
dose to lung. The variability in the estimates of dissolution half-time values described above

4does not reduce the utility of the estimate, since values > 10 days are much greater than the lung
3retention half-time of approximately 10 days in Beagle dogs (xposed to industrial materials (this

report, pp.61 -65). As such, slowly dissolving Pu and Am isotopes can be considered insoluble for
the purpose of predicting the metabolism of material deposited in lung.

s

The dissolution behavior of uranium in 2 M HNO suggests that if an aerosol of a more soluble
3

form of mixed-oxide fuel were deposited in lung, the uranium dissolution rate could be expected to
increase at some time after deposition when the fraction remaining undissolved approached approxi-
mately 40%. Although such a change is dissolution rate has yet to be demonstrated in animals,
predictions of the biological behavior in humans based on animal studies should consider this
possibility for more soluble forms of inhaled actinides.

These in vitro dissolution studies further indicate that the dissolution of Pu02 and UC, u. cur
independently in the materials composed of mixed powders, but that their dissolution rates were
modified when the two compounds were in a solid solution (HEDL 1750' material). The Pu dissolution
rate was unchanged or increased while the U dissolution rate was unchanged or slightly decreased.
If similar differences in the solubilities of Pu0 and U0 are confirmed by animal studies, an

2 2
interpretation of bioassay results to estimate che initial lung burden of an accidentally exposed
worker should include data that reflects Pu Am and U excretion rates if a valid estimate is to be .
made.

It must be noted that'the above discussion of the relationships between the chemical forms of
mixed-oxide fuels and their dissolution properties includes information obtained from experiments
using three different solvents. No single experiment yielded information that adequately described
the general dissolution behavior and as a result, the discussion became more complete through the
use of all three solvents. The results discussed in this report will be compared with data from
concurrent radiation dose pattern studies using laboratory animals. The results of these conpari-
sons will be used to evaluate the three solvent systems for the purpose of defining an in vitro

- solvent system that can serve as the best model of in vivo solubility of inhaled mixed-oxide aerosols.
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CONCLUSIONS

The combined results of these in vitm dissolution studies using three solvents allow general
conclusions to be made regarding the solubility of industrial nuclear fuel materials that might be
released accidentally during fuel fabrication: (1) dissolution occurred at a rapid rate initially
and slowed at longer times (2) greater percentages of U dissolved than Pu or Am, (3) the U dissolu-
tion rate from all materials, except the HEDL 1750" material, was faster than the Pu dissolutioit
rate, (4) the dissolution rates of U and Pu generally reflected the physical composition of the
UO -Pu0 matrix. The utility of in vicm solubility tests in the prediction of in vivo behavior of2 2

inhaled industrial mixed-oxide aerosols must be demonstrated through the correlation of these data
discussed in this report with results of studies under way in which rats, dogs cnd monkeys were
exposed by inhalation to aerosols of the same materials. A selection of an optimal in vitro test
system also must be based on these same data frca animal studies.
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DEPOSITION, RETENTION AND DOSIMETRY OF INHALED MIXED URAN!UM PLUTG'i!UM OXIDES

JHEAT-TREATED AT 750'C) IN FISCHER - 344 RATS, BEAGLE D0GS AND CYNOMOLGUS MONKEYS

ABSTRACT

A study vaa con &;cted to provide infom2 tion
regarding th3 patterna of ra&*.ation doses and

PRINCIPAL INVT.STICATORS
their implications vith respect to possible
health consequences of an inhalation exposure fA f}p
to one fom of U and Pu oride aerceole found J. A. Machinney

R. A. Gu%tein the industrial vorkplace, ne material used
vaa a mixture of UO and 750*C heat-treated Pu0g g

obtained from the bait rtitiing operation at the Hanford Engineering and Development Laboratorj.
De alpha apacific activity of this mixed-oxide vaa 23 mci /g. Fischer-344 rats, Beagle doga and
Cynomatgus monkeys received inhalation ?xposures to aerocots generated from dry cr:xed-oxide pouders.
The particle air.e distribution characteristice of the aercaols ranged j%m 1. to 2.3 ~ctivity

mdia': aerodynamic diameter and from 1.6 to 1.8 in geometric standard deviation. Based on con-
parisona of these values with those of acruolc avgled at the industrial site, these aerosols were
j'dged to be cuitable simulatora of aerosola uhich could be released in this fust fabrication step.

Plutonium from this UOg + PuOg abtixture was seen to behave biologically in doga like PuO fromg

Laboratorg produced aerocota in tema of its rate of clearaace from the lung and its reaulting
distribution in other ticaues. The mteriat uas relatively insoluble in the lunge of att species,
although nonkeye and rata appeared to clear plutonium from their lunge much faster than dogs. Tis-
cue diatribution data euggest that most of the plutonium and americium left the lunga by nachanical
means. The faster clearance of plutonium from the lunga of monkeys and mte and the lesser twndency
for plutonium particles to accumtate in their Lynph nodes as comared to dcga suggeste that reliance
on dog data alone my tend to overestimte the risk of radiation-induced ir. jury in human inhalaticn
cases.

l The primary objective of this study is to provide information regarding the biological fate,
associated patterns of radiation dose and their implications with respect to possible health conse-
r,uences of an inhalation exposure to one form of mixed uranium and plutonium oxide aerosol found in
the industrial workplace. Results of this study will be integrated with results of similar studies

I using other materials found in the industrial mix ~' u, u oxide fuel fabrication process as outlinedr

in an earlier report.1 The material used for these 'nhalation studies was a mixture of UO and
2

750*C heat-treated Pu0 btained from the ball millh 7 operation at danford Engbeering and Develop-
2

ment Laboratory (HEDL}. .This mixture has been found to consist of an admixture of 22% PuC and
2

.7E% UO by weight. The UO contained depleted uranium and the pug included different amounts of
2 2 2

238 241 241 2'Iisotopes ranging from Pu to Pu with Am present as a decay daughter of Pu. The specific
activity of the mixed oxides with regard to alpha radiation was found to be 23 eCi/g and for beta
radiation,' 180 mci /g. This material was considered to be representative of the materials handled
in fabrication steps after mixing of Pu0 with UO and preceeding the addition of organic binders

2 2
for the pellet pressing and grinding steps. A detailed description of the fuel fabrication process
may be found in an earlier report. The X-ray diffraction analyses have shown that the mixedi

oxides present in the V-blending and ball milling steps have the same crystal properties. Therefore,
I the results of the inhalation exposure studies described for this one material will be taken as
!
L

L
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typical for cll aerosols cf materials in a si:11tr stage cf proc;ssing unlIss another material is
found to be unique in some property which would warrant biolog? cal study.

Results of radiochemical analyses of selected tissue and excreta samples for Pu content are
now complete for this 2 year study. They are presented and intercompared in the report that follows.
Analysis of uranium data from tissues and excreta is not complete for this study and will be pre-
sented in a later report.

MATERIALS AND METHODS

Aemsot Genention and Chameterization

Aerosols were generated for the inhalation exposure of laboratory animals using the dry powder
aerosol generation system described in a previous report.3 Briefly, the system included a Devilbiss
dry powder blower containing the mixed-oxide powder which was subjected to sonic agitation. The

85aerosol was generated by a moving air stream, passed through a Kr detonizer to reduce particle
agglomeration and then through a tube to the exposure chamber. Each exposure aerssol was character-
ized in regard to concentration and particle size distribution using membrane filters, cascade
inpactors and a point-to-plane electrostatic precipitator. The alpha activity on the membrane
filters and on each impactor stage was determined by Zns scintillation counting methods. A lognormal
distribution function was fitted to each set of impactor data by a least squares method and the
activity median aerodynamic diameter (AMAD) in microns and the geometric standard deviation of the
distribution (o ) were determined. The point-to-plane electrostatic precipitator (ESP) samplesg
were analyzed by transadssion electron microscopy and electron diffraction techniques.

Experinentat Protocols

General descriptions of the inhalation exposure procedures, schedules for excreta collections
and animal sacrifice procedure; a e described in model protocols for these studies given in a
previous Annual Report.# Thr tocols also include the lists of tissues to be taken at
necropsy for radiochemical a autoradiographic and histopathologic examination. A briefa,

suninary is included here.
f

Thirty-six Fischer-344 rats,18 male and 18 female, 8 to 9 weeks of age, were exposed via

inhalation to aerosols generated from the industrial mixed UO and Pu02 powder to achieve a desired2
initial lung burden of 50 nci. The value of the desired initial lung burden was chosen to provide

239a conparison with concurrent longevity studies involving inhalation of Pu0 aerosols by Syrian2
hamsters.5 Fifteen animals were included in the study as unexposed controls.

Eighteen purebred Beagles from the ITRI colony, nine male and nine female, 15 to 40 months of
age, received individual inhalation exposures to aerosols generated from a dry powder ta achieve a
desired initial lung burden of 0.07 pCi/kg body weight. This initial lung burden was chosen to

239correspond with concurrent longevity studies using Pu0 "
2

Nine subhuman primates were exposed to aerosols generated in the same way to achieve the same
initial lung burden, 0.07 pCi/kg, desired for Beagle dog exposures. The exposed population included
three Rhesus monkeys and six Cynomolgus monkeys. All monkeys were male with the exception of one

female Cynomoigus monkey. Ages of monkeys were more difficult to detennine since they were caught
in the wild. However, ages were estimated based on body weight at the time of exposure. All
monkeys were 2 to 4.5 years at the time of exposure except two Rhesus monkeys which were 5 to 7
years old. These two animals were sacrificed at 4 hours and 4 days af ter Inhalation exposure. The
remaining Rhesus monkey is being held in reserve as described below.

Rats were exposed collectively by placing individual animals into plastic exposure tubes through
which their noses projected and then inserting these tubes into a multi-port exposure manifold which
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formed the end cf the aemsol generation trai]t. This resulted in a nose end head exposure f r thes2
antamis. Dogs and monkeys were exposed individually and by nose only. This was accomp11shed by
placing a latex exposure mask over the individual's mJzzle and allowing its nose to project into an
exposure chamber which formed the end of the aerosol production train. As was the case in the other
radiation dose pattern studies of mixed-oxide fuel materials, additional animals were included in
each exposure group without being assigned to a particular sacrifice group. These animals are being
held in reserve for substitution into a particular sacrifice group in the event of the death of ani-
mais prior to the assigned sacrifice date and to provide a small group for the observation of any
biological effects produced at times later than 2 years after inhalation exposure.

Excreta collections including feces, urine and cage wash samples were made on a routine basis
for all species. For rats cosmosite urine, feces and cage wash samples were collected every 3
days from three animals in the 64-day sacrifice group. Composite collections were also made every
3 days from three animals in the 2-year sacrifice group through 64 days after exposure followed by
3 day composite collections at 12,18 and 24 weeks and at 6-month intervals thereafter. Daily col-
1ections were made on all dogs and monkeys through 21 days after exposure followed by 3 day com-
posite collections at 12,13 and 24 weeks and at 6-month intervals thereafter. Animals to be
collected were maintained in individual metabolism cages for the duration of the collections. Rats
and monkeys not being collected were maintained individually in cages and dogs were returned to
their kennels between composite 3-day collections.-

Animals were randomly scheduled for sacrifice at 4 hours 4 days. 64 days and 1.1.5 and 2
years after inhalation exposure. Animals were sacrificed in groups of five rats, two dogs (one
male and one female) and one monkey at each scheduled sacrifice time. Rats were sacrificed with an

intraperitoneal injection of sodium pentabarbital, weighed prior to necropsy and individual organs
weighed at necropsy. Dogs and monkeys were sacrificed by exsanguination performed under sodium
pentabarbital anesthesia and a complete postmortem examination was performed on each animal.

Tissues subject to radiochemical analysis and to histopathologic and autoradiographic study are
detailed in a previous report.4 Tissue samples were obtained at necropsy according to the.model
protocol with the modification that gonad adrenal and thyroid tissues of anlanis sacrificed at 1
year and later after exposure were analyzed using low d evel radiochemical analysis techniques.

Radiochenical, Histological and Automdiogmphia Analyses

Precedures used for radiochemical analysis af tissue and excreta samples collected during
these studies are described in detail in a previous Annual Progress Report. Briefly, these pro-
cedures involved alternate dry and wet ashing to obtain a clear acid digest solution. Plutonium
was separated from americium by extraction from the aqueous solution with an extractant cocktail
containing (2-ethylhexyl) phosphoric acid dissolved in toluene. The activities of Pu and Am were
measured separately by liquid scintillation counting techniques. Standard procedures were used
for histologic and autoradiographic analysis of tissue samples.

_RESULTS AND DISCUSSION

Analysis of Exposun Aerosols

Results of analyses of the exposure aerosols are described in detail in a previous Annual
0Progress Report and are summarized in Table 1. As shown, the particle size distribution charac-

'

teristics. AMAD and o . of the exposure aerosols agree with those of aerosols sampled during ag
normal ball milling operation at HEDL. F@re I shows the range of all AMAD and o values observed

g
for industrial mixed-oxide aerosols generated in the laboratory in relation to the ICRP lung deposi-
tion model proposed by the ICRP Task Group on Lung Dynamics.9.10

37

, - - - - - - ,



_ _ .

Table 1

Particle Size Distributien of Aerosols of 750'C Heat-Treated Mixed Uranium and
Plutenium 0xides Sampled During the Call Milling Operation at

HEDL and Inhalation Exposures of Laboratory Antrnals

Species or AMAD

Process 3te L (um) #g

Rat 2.3 1.7
a a

Dog 2.2 i 0.3 1.8 r 0.2
0 b

Monkey 1.5 ! 0.3 1.6 2 0.3
c d d

Ball Milling 1.9 2 0.4 1.5 0.07

aj Mean 2 standard error of 21 measurements,

bean 2 standard error of nine neasurements.
Raabe, O. G. , G. J. Newton, C. J. Wilkinson, S. V. Teague and R. C. Smith,C

"Plutenium Aerosol Characterizatien Inside Safety Enclosures at a
Demonstration Nixed-0xide Fuel Fabrication Facility," Health Phys. , 3_5: 649,5

1378,
d! dean i standard error of six measurements.
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A com.parison of the values given in Table 1 with Figure 1 shows that the aerosols regenerated
in the laboratory from industrial powders and aerosols sampled at the industrial site had particle,

,

! size distribution characteristi:s such that similar pulmonary deposition fractions would be expected
when inhaled. Based on this comparison, the aerosols inhaled by laboratory animals were judged to
be suitable simulators of aerosols of dry powders which could be accidentally released in this fuel

i
' fabrication step. This conclusion holds for the 750'O heat-treated mixed oxides discussed here as

well as for the aerosolized materials described in the following two sections of this report.
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Datendnatk of Initi.18 M.; 2ndan 'atues

Future assessment of potential biological effects that may result from mixed-oxide inhalation
; will be based on nathematical models of radiation dose absorbed by critical organs. These mathe-

matical models require the use of accurate values of initial lung burdens and the related retention
functions for lung and other critical organs. Therefore, methods used to determine the initial
lung burdens and retention functions for the three species of laboratory animals will be described
in detail. Subsequent reports on these studies will describe the mathematical methods to be used
in the final interpretation of the results currently being collected.

In the context of these studies, the initial lung burden represents the amount of inhaled
material that was deposited initially in the pulmonary region. In accord with the lung model pro-
posed by the ICRP Task Group on Lung Dynamics, the pulmonary region is considered to be the non-
ciliated portion of the respiratory tract beyond the terminal bronchioles.8 Relatively insoluble
materials deposited above this region in the nasopharyngeal or tracheobronchial regions are cleared
rapidly by mucociliary activity during the first three to five days after exposure, swallowed,
passed unabsorbed through the gastrointestinal tract and excreted in the feces.

The initial lung burden of a relatively insoluble material, having been deposited in the non-
ciliated parenchyinal areas of the lung, is retained for a much longer period of time. Since the
industrial mixed-oxide materials being studied in this project are relatively insoluble in body
fluids, they are retained in the lung for prolonged periods of time and provide both a source of
irradiation to the adjacent pulmonary tissues ar,d a reservoir for the slow absorption of these
radionuclides into the systemic circulation and subsequent deposition in other organs.

The initial lung burdens for dogs and subhuman primates were calculated for individual animals
based en the results of radiochemical analyses of tissues obtained at necropsy and of excreta sam-

! ples obtained from each animal between the inhalation exposure and sacrifice.

| The general strategy for calculating initial lung burdens fecm these tissue and excreta analyses
. involved several assumptions based on the known behavior of inhaled, relatively insoluble particler

) described above. The first was that all of the activity in the excreta collected during the first
4. days came from the clearance of the nasepharyngeal and tracheobronchial regions. A second assump-
tien was that negligible absorption from the pulmonary region occurred during this time period. Any
radionuclide found in body tissues other than the lung at times greater than 4 days after the inhala-
tion exposure was assumed to have originated from the pulmonary region. Likewise, any radionuclide
excreted in the urine or feces after day 4 was also assumed to have originated from the pulmonary,

region.

On these bases, the lung burden at 4 days after exposure was reconstructed by sumiing the
radionuclide burden found at death in all body organs (the sacrifice body burden) and all urine and

f feces excreted from day 4 to death using the following equatient
|

dLB(4) = SBB + 1.2 / EX(t) dt (1)i. 4

where LB(4) = lung burden at 4 days in nC1, SBS = sacrifice body burden in nCi, EX(t) = total excre-
tory rate of urine and feces expressed as nCi per day for each radionuclide being studied as a

function of time, t, after the inhalation exposure and td = time of death expressed as days after
the inhalation exposure. The factor of 1.2 is included to take into account the ncreted activity

I
contained in cage wash. Provicus studies performed at ITRI of the deposition, retention and excre-

238 24tion of Pu02 and Am0 aerosols in the Beagle dog indicated that the amount of activity found2
in the cage washes of these animals was equal to approximately 20% of the activity excreted in
urine plus feces for any given time period.

6-
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The total cxcretory rate function, EX(t), used in equation (2) was cf the f2110 wing general
fom:

EX(t) = A e'A t + A e 2t+Ae4tl 3 (2)g 2 3

in day"I. This equationwhere Ag = amount of activity in nCi excreted with the rate constant Ag
was fitted to individual sets of data using a nonlinear least squares technique. Some sets of
data required equations of less than three components for adequate fits to the data.

For the calculations presented here, the initial lung burden and the 4 day lung burden were
considered to be equal. Since lung burden in this context dealt only with material deposited ini-
tially in the non-ciliated pulmonary region, this appeared to be a reasonable approximation since
relatively insoluble materials are retained with biological half times of several hundred days in
this region.

Initial lung burden values for all dogs and monkeys sacrificed and analyzed to date in these
studies are sumarized in Table 2. The initial lung burden values for animals sacrificed at 4
hours or 4 days after exposure were assumed to be equivalent to the lung burdens measured at

Table 2

Initial Lung Burden Values of Fischer-344 Rats, Beagle Dogs and
Subhuman Primates Exposed by Iahalation to

Aerosols of UO2 + Pu02 Heat Treated at 750*C
aObtained From the Ball Milling Process at HEDL

Initial Lung Burden (nC1)
Species Animal Number Pu Am Total

Fischer-344 Rats 217E 59 (1.9-380)b c --

Beagle Dog 871D 490 56 550

Beag'e Dog 219C 589 190 1800

Beagle Dog 635B 660 68 650

Beagle Dog 817T 2100 240 2300

Beagle Dog 804A. 1200 150 1400

Beagle Dog 799B 780 260 1000

Beagle Dog 826T 630 170 800

Beagle Dog 802D 1700 480 2200

Beagle Dog 821T 330 310 640

Beagle Dog 811A 2200 430 2600

Beagle Dog 8255 1200 220 1400

Rhesus Monkey 917 440 33 480

Rhesus Monkey 918 310 33 340

Cynomoigus Monkey 21 560 79 640

Cynomoigus Monkey 26 2 s0 96 350

Cynomoigus Monkey 22 93 66 160

Cynomolgus Monkey 24 160 67 230

Cynomolgus Monkey 27 310 190 500

"See tables in Appendix C of this report.
hdian(range).
CNot available at this time.
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d:ath. For animals sacrificed within 4 hours after exposure, radionuclides deposited on the
ciliated bronchial regions of the lung may have contributed to the sacrifice lung burden. To
minimize this error, each lung lobe was excised at the point where each lobar bronchus joined the
right or left main bronchus. In the animals sacrificed at 4 days after exposure, clearance of the
bronchial region should have been essentiall/ complete and the sacrifice lung burden should have
provided an accurate measure of the initial lung burden. All other initial lung burdens were
calculated using equation (1).

Initial lung burdens of the ten rats sacrificed at 4 hours and 4 days after exposure were
assumed to be equivalent to the lung burdens measured at sacrifice. For the remaining 26 rats,
the approach used was similar to that described above for the dogs and monkeys. However, excreta
collections were only made for six of these rats, three that were sacrificed at 64 days and three
that were sacrificed at 2 years. Ynitial lung burdens for these six rats were determined using
their individual sacrifice body burdens and excreta data. Initial lung burdens for the remaining
20 rats were determined as follows: Excretion rate functions of the form shown in equation (2)
were fitted to the excreta data for each of the six rats for which excreta collections were made
and individual 4-day lung burdens were calculated. The corresponding whole-body retention functions
were calculated according to the following relationship:

dLB(4)-I EX(t)dt
BB(t) = (3)

where BB(t) = whole body retention as a fraction of the 4-day lung burden. LB(4) = lung burden at
4 days after exposure, EX(t) = excretory rate function described in equation (2) above, and
td = days after the inhalation exposure.

The whole-body retention functions computed in this way were averaged to obtain the following
equation:

M(t) = 0.74e-0.013t + 0.26e-0.001t (4)

This average retention function was used to estimate the initial lung burdens of the animals
for which axcreta collections were not made. These lung burdens were estimated frou the following
relationship:

SBB
ILB = LB(4) = (5)

M(t)

The median and range of initial lung burden values calculated for individuai animals is given in
Table 2.

Lung retention of plutonium for this material in dogs, monkeys and rats is shown in Figure 2.
The retention curves represent the percentage of the initial lung burden remaining in lun; as a
function of time after inhalation exposure throughout the 2 years of the study. The letters repre-
sent individual data points in the case of the monkeys and the mean of two points in the case of the

4t+Ae4tdogs. Two component exponential functions of the form A e 1 2 were fit to each set ofy 2
data utilizing a nonlinear least squares method and the resulting regression lines superimposed on
the data points. No data points are shown in the case of the rats, as this curve represents a
co@osite retention function determined as explained above.

.
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There is an obvious difference in the clearance of plutonium from the lungs of dogs as compared

to monkeys and rats which seem to clear the material in a similar manner. The slopes of the long-
term components of these curves indicate that dogs cleared 80% of the initially deposited plutonium
from their lungs with a half-time of about 1700 days while monkeys cleared 66% with a half-time of
330 days and rats cleared 26% with a half-time of 350 days.

Table 3 shows the retention and translocation of alveolar deposited plutonium and americium
from this material in the dogs and monkeys for lung, tracheobronchial lymph nodes, liver and skele-
ton. All numbers in the table represent the percentage of the initial lung burden present in the
particular organ at that time.

At 2 years after inhalation exposure, the dogs had about 60% of their initial lung burden re-
maining in lung. This is in excellent agreement with data from a study in which Beagle dogs were

239
exposed by inhalation to polyd:sperse aerosols of laboratory produced Pu0 . Initial alveolar

2
deposition of plutonium in the Batteile dogs vanged from 9.2-3.3 pCi as compared with 0.6-2.2 pCi
for the dogs in this study. Also, comparing americium and plutonium in lung for both dogs and
monkeys, it appears that americium left the lurg more rapidly than plutonium in both species.

Accumulation of plutonium in tracheobronchial lymph nodes of dogs increased with time, reaching
-levels of 7-9% of +he initial lung burden at 1.5-2 years after evposure. The results of Park at al.
show about 10% at this timo. - Comparable amounts of americium were also translocated to dog tracheo-

bronchial lynph nodes; however, the accumulation of both plutonium and americium in the lymph nodes
of tonkeys was u1uch smaller.

..~

=
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At 2 yIars after cxposura,1-2% of th2 initial lung burden of plutonium and americium was found
in the liver of dogs, but very little of either isotope was found in the liver of monkeys. That
monkeys and dogs differ with respect to hepatic retention of plutonium and americium has been demon-

strated in the literature. Stover shows a hepatic retention half-time of about 3800 days for Beagles
239injected with Pu citrate at dose levels up to 0.096 pC1/kg.12 Similarly, Lloyd has demonstrated

241a retention half-time of 3500 days for Am citrate in the Beagle dog.13 The primate liver, 9
the other hand, appears to clear these two isotopes much more rapidly. A study in which Cyne:.agus

241monkeys were injected either intramuscularly or intravenously with Am citrate yielded a retention
half-time in the liver of 70 days Durbin et aZ.14 while 28 days was the value demonstrated by
Guilmette et aI.1 for intravenout injection of baboons with Am citrate. In a study using adult24I

238macaques injected at a dose level of 0.3 pC1/kg of Pu(IV) citrate, Durbin se al.16 has demon-
38strated that Pu clears from the simian liver at a rate comparable to that of 2M Am. With such

rapid hepatic clearance, it is not surprising that we do not see as much of a buildup of these
isotopes in the liver of primates as in the liver of dogs.

The 2 year skeletal values show that only very small amounts of either isotope were translocated
in the case of both dogs and monkeys. Park et a!. reported similar values at 2 years after expoture:
Liver: < 1% ILB; Skeleton: - 11 ILB. Skeletal burdens of dogs and monkeys were estimated from
activity levels found in one femur and one humerus according to the equation:

S = K(F + H) (6)

where S = total skeletal burden of an isotope in nC1, K = a constant relating the activity in nCi
deposited in one femur (F) plus one humerus (H) to the total skeletal burden. The value of K for

plutonium isotopes, as determined from the analyses of totai skeletons of 35 Beagle dogs containing
238

Pu, was found to be 12 i 1 nCi in one femur plus one humerus. The same value was determined from
241the skeletons of 52 Beagle dogs which contained Am. The values shown in Table 3 for skeleton

suggest that americium was deposited in bone to a greater extent than plutonium for both dogs and
monkeys. This is consistent with the apparent greater rate at which americium left the lung over
plutonium in both these species.

Table 3 shows that very little translocation of solubilzied material from the lung to other
organs occurred. This suggests that most of this material was cleared via mechanical means. The
tracheobronchial lymph nodes of the dog were the only organs that accumulated substantial amounts

of plutonium or americium and this is due mostly to accunulation of particles by these lymph nodes.

Table 4 gives the distribution of plutonium in terms of percent of initial lung burden for
these same tissues for rats. Rats, like dogs and monkeys, showed very little translocation of sol-

.ubilized plutonium to liver and skeleton. The skeletal values in this table were constructed by
surmling the activity in the skull, femur, humerus and remaining carcass. The skeletal value for 4
days after exposure was omitted from the table as it was unrealistically high due to some residual
contamination in the skull at this early time after exposure. Rats also showed very little accumula-
tion of plutonium in the tracheobronchial lymph nodes even at 2 years after inhalation exposure.

Data from James et al.I7 in which rats and hamsters were exposed via inhalation to mixed uranium

and plutonium oxide aerosols from an industrial nuclear fuel fabrication facility showed a slightly'
faster clearance of plutonium from the lungs of rats. Their data show that 3 bout 5% of the fritially
deposited plutonium remained in the lung at 2 years after inhalation exposure as compared to 10%
shown in Table 4. HowcVer, it must be noted that they arrived at their long-term retention equations

24by the external counting of the 60 kev gars;a from the Am present in the mixed-oxide on the
assumption (based on their data) that americium and plutonium leave the lung at the same rate.

,,.

|

43 |
;

,

! 1
u

_ - _ _ _ - _ _ _ _ _ ______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



!

Table 3

Organ Content of Plutonium and Americium Expressed as a Percent of Initial Lung Burden in
Dogs and Monkeys Exposed to 750*C Heat-Treated Mixed UO and Pu0 Aerosols

2 2
Obtained From the Ball Milling Operation at HEOL

% Initial Lung Burden
Time After ~" Beagle Doga Subhuman PrimateD

Organ Exposure Pu Am Pu Am

Lung 4 days 100 100 100 100

64 days 80 56 65 52

1 year 70 29 36 11

1.5 years 64 31 24 8.8
2 years 60 46 15 3.6

Tracheobronchial Lymph Nodes 4 days 0.11 0.04 0.01 < 0.01
64 days 0.65 0.59 0.22 0.20 |

1 year 7.4 2.7 3.8 1.5
1.5 years 7.1 7.2 c c
2 years 9. l, 6.6 1.6 0.39

Liver 4 days 0.03 0.77 < 0.01 0.25
''

64 days 0.07 0.30 0.02 0.26
1 year 0.12 0.07 0.06 0.01
1.5 years 0.06 0.13 0.03 < 0.01
2 years 1.4 1.3 0.04 0.01

., Skeleten 64 days 0.21 7.5 0.05 0.84
1 year 0.16 0.91 0.27 1.9
1.5 years 0.15 0.36 0.11 0.60
2 years 0.12 0.65 < 0.01 0.87

aValues represent mean of two dogs at each sacrifice time.
baluesrepresentasingleanimalateachsacrificetime.
C0ata not available.
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Table 4 Data shown in Table 3 for dogs and monkeys indi- 1

Organ Content of Plutonium in Rats Exposed cate that americium might be leaving the lung
to 750"C Sleat Treated Mixed UO and Pu0 faster than plutonium in these species and the2 2

.Aer*zols Obtained From the same may be true for rats. This question will
Ball Milling Operation at HEDL be explored more thoroughly in a later report!

Time After upon completion of analysis of americium content
| Organ iExposure % ILB Pu" in rat tissue and excreta samples. The initial

b plutonium lung burdens of the rats used in theLung 4 days 100
experiment by James et al. was about 32 nCi as63 days 50 2 12
compared to the value of 59 nCi shown in Tablej- 1 year '18 1 1.0
2, also, James found less than 1% of the initial

| 1.5 years 14 * 1.0
lung burden of the plutonium deposited in these2 years 10 2 1.0
rats in liver or skeleton at 180 days aftar expo-

C sure which is in agreement with the conclusionsTBLN 4 days 1.9 i 2.2
drawn here (Table 4) that very little of the63 days < 0.01

1 year 0.24 1 0.23 plutonium from this inhaled material is trans-
1 cated to other organs of the body.1.5 years 0.05 i 0.06

,

2 years < 0.01 These results demonstrate, among other
thirgs, the importance of using data from more

Liver 4 days 0.40 1 0.39 tha . one species of animal when attempting to
63 days 0.02 1 0.01 determine the potential risk to humans from these
1 year 0.03 1 0.01 inhaled materials. In this case, the faster
1.5 years 0.12 1 0.11 clearance of plutonium from the lungs of monkeys
2 years < 0.01 and rats and the lesser tendency of plutonium

particles to accumulate in their lymph nodes
Skeleton 4 days 0.31 i 0.41 suggests that reliance on dog data alone may tend

1 year 0.63 2 0.29 to overestimate the risk of radiation-induced
1.5 years 0.13 1 0.10 injury in human inhalation cases.
2 years 0.87 i 1.1

aMean i 1 standard deviation,

bExactly 100% by definition.
cTracheobronchial lymph nodes.
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DEPOSITION, RETENTION AND DOSIMETRY OF INHALED MIXED URANIUM-PLUT0NIUM OXIDES

(HEAT-TREATED AT 1750*C) IN FISCHER- 344 RATS, BEAGLE D0GS AND CYNOMOLGUS MONKEYS

ABSTRACT

Fischer=344 rate, Beagle dogs and Cynomigue

monkeys were expoacd by inhalation to aerosole TRINCITAL INVESTICAXPS
produced during the centerless grinding of
industrially produced nuclear fuel pellete heat ', A* '}p
treated at 1?E0*C. In mte, 91% of the sacri- J. A. Nevhinney

fice body burden of plutonium and C3% of the
sacrifice body burden of americium vae found in the lunge at 2 years after inhalation exposure.
Lung retention curves determined for doge and mnkeye ehcced that both americium and plutonium are
cleared much more rap'dly from the mnkey lung than from the dog lung. For example, the lung
retention half-time of inhaled industrial plutonium in doge uce determined to be abcut 700 days,
chile for monkeys, it vae cnly 400 days. Ibge tended to accumulate larger amounts of plutcnium and
americ %m in their tracheobronchlat lymph nodes than did mnkeye and they also shoved an accumula-
tion of theec isotcpes in liver which monkeys did not exhibit. These cbvious differences in which
plutonium and americium are distributed and retained in different species of animte have an impor-
tant impact on our use of animal data to estimte potential risk to humns from these industrial
fuel mteriale.

Aerosols produced during the centerless grinding of industrially produced mixed uranium and
plutonium oxide nuclear fuel pellets were chosen for extended radiation dose pattern studies for
two reasons. The centerless grinding process was shown to te a dusty operation with gross alpha
activity aerosol concentrations reaching as high as 1700 pC1/1 inside glove box enclosures where
this operation was performed. Therefore, this operation poses a potentially significant hazard to
nearby workers in the event of a loss of glove box integrity. Also, this material has a different
temperature history than the other aerosols sampled in that the pellets were sintered at 1750'C
before beginning the grinding process. It was hypothesized that the higher temperature treatment
might make a significant difference in the biological behavior of this material as opposed to the
other materials which had temperature histories of 750 to 850'C. The actual industrial fabrication
process and the results of the on-site sampling efforts during which this material was obtained are
discussed elsewhere.l.2

MATERIALS AND METHODS

Three species of animals were exposed once, by inhalation, to aerosols fomed in the centerless
. grinding process. The species were the Fischer-344 rat (40 animals exposed), the Beagle dog (18
animals exposed) and the Cynomolgus monkey (7 animals exposed). Two Rhesus monkeys already on hand
at the Institute completed the desired total of 9 monkeys. Since these Rhesus were older than the
Cynomolgus monkeys, they were sacrificed at early times (4 hours and 4 days after exposure).

The rats, dogs and monkeys used in this study were similar in age, weight and sex to those
used in parallel studies and described earlier in this report, pp.35 46 Animals were exposed via

3inhalation to aerosols of this material using a dry powder aerosol generation technique to achieve
a desired initial. lung burden of 50 nCi per animal for rats and 0.07 uCi per kilogram body weight
for dogs and monkeys. The values of the desired initial lung burdens were chosen to provide data
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|

239for comparison with concurrent longevity studies involving inhalation of Pu0 aerosols by Syrian
2

hamsters,4 dogs and monkeys.5 Individual monkeys and dogs were exposed, nose-only, to the aerosol
| by means of a latex exposure mask which allowed the animal's nose to project into a chamber located

at the end of the aerosol generation train. Rats were exposed as a group of 40 animals through the
use of an exposure manifold into which exposure tubes containing the individual animals were inserted.

| Animals were sacrificed at 4 hours, 4 days, 64 days,1,1.5 and 2 years af ter exposure. .There were

| five rats, two dogs and one monkey in each sacrifice group, with the remaining ar.imals held in
reserve to replace animals that died prior to the scheduled sacrifice date and also to provide
infomation on possible long-tem biological effects. A more complete explanation of the exposure
of rats, dogs and monkeys detailing the exposure apparatus, post-exposure excreta collections and
tissues collected for radiochemical and histopathological analysis may be found in the appendices

|
of a previous Annual Report.6

i RESULTS AND DISCUSSION Table 1

Results of the characterization of aerosols Particle Size Distribution of Aerosols
inhaled by the animals are shown in Table 1. The of 1750'C Heat Treated, Mixed Uranium and,

! table shows the activity median aerodynamic diam- Plutonium Oxides Obtained from HEDL and Used in
eter (AMAD) and the geometric standard deviation the Inhalation Exposures of Fischer-344
(o ) of the aerosol to which each species was Rats, Beagle Dogs and Monkeysg

! exposed. For dogs and monkeys, these represent
AMAD

#the mean of the values observed individually for Species (um) 9

all animals of that species. These parameters
Rat 2.3 1.7

were detemined for actual exposure aerosols by a aDog 2.5 1 0.4 1.8 0.2
measuring the alpha activity on successive stages b bFonkey 2.4 1 0.2 1.7 2 0.4
of a cascade impactor and fitting a lognonnal

adistribution to the results. In general, the Mean and standard error based on 21 measurements.
bassumption that the aerosol particle sizes were Mean and standard error based on 9 measurements.

distributed lognonnally proved to be a good one
as no bimodal distributions or other departures
from lognonnality were encountered.

In each case, these aerosols were found to have similar particle size characteristics to those
obtained during actual sampling runs at the industrial facility and thus similar pulmonary deposi-
tion fractions would be expected when inhaled. An explanaticn of the criteria used to make this
judgment can be found elsewhere in this report, pp. 35-46. This was an important finding, as one
of the pre-requisites for cunducting these experiments was the regeneration of aerosols from the

|_ bulk powders which closely resembled those generated during the production process.

| Initial lung burdens received by dogs and monkeys were calculated as the sum of the total body.

) burden of the isotope at death and the total excretory output of the animal from 4 days after
i inhalation exposure to death as shown in equation (1).

d
LB(4) = ILB = SBB + 1.2 / EX(t)dt (1)

4

| In this equation. LB(4) is the alveolar burden on day 4 after exposure which is assumed to be equal
to the initial lung burden (ILB), SBB is the sacrifice body burden or body burden at death and
Ex(t) is a total excretory function of the form:

-1 t -1 t
IEX(t) = A e +A' I2)y 2
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g o amount of activity in nCi excreted with the rate constant Ay in days-I. It is assumed,where A

based en previous experience, that by day 4 af ter exposure, clearance of material initially deposited
in the upper airways which is not considered a part of the deep lung burden, is essentially complete.
Values of Ex(t) were determined for individual animals using equation (2). The functions were
fitted to the excreta data from individual animals using a nonlinear least squares technique. The

'

factor of 1.2 in equation (1) is included to take into account the excreted activity recovered when
washing the cages. Previous studies perfonned at the ITRI of the deposiiton, retention and excre-

238 241tion of Pu0 and Am0 aerosols in the Beagle dog indicated that the activity of these two2 2

isotopes found in the cage washes of these animals was equal to approximately 20% of the activity
excreted in urine plus feces for any given time period.

Table 2 sumarizes initial lung burdens of plutonium and americium deposited in rats, dogs and
monkeys as calculated by equation 1. Values given for rats are the median and range of the radio-
chemically detennined lung burdens of animals sacrificed at 4 hours and 4 days after exposure.
These values may be compared with the desired initial lung burdens of 50 nCi in rats and 0.07
pCi/kg body weight in dogs and monkeys if one remembers that the weight of the average dog was 10
kg and that of the average monkey 4 kg.

Table 2

Initial Lung Burden Values of Fischer-344 Rats, Beagle Dogs and Nonhuman Primates
Exposed by Inhalation to Aerosols of 1750'C Heat-Treated Mixed Uranium and Plutonium 0xides

Obtained From the Centerless Grinding Operation at HEDL
,

Animal Initial Lung Burden (nci)
Species Ntsnber Pu Am Total

43(12-84)a 7.8(2.1-15)a 51Rat --

Beagle Dog 65 2400 6300 8700
Beagle Dog 643A 1380 460 1800
Beagle Dog 777D 1500 320 1800
Beagle Dog 6405 940 300 1200
Beagle Dog 6415 4000 1300 5300
Beagle Dog 7965 1500 370 1900
Beagle Dog 7838 870 390 1300
Beagle Dog 789A 850 260 1100
Beagle Dog 961B 870 220 1100
Beagle Dog 7975 1550 360 1900
Beagle Dog 798T 2700 820 3500
Beagle Dog 820U 1200 540 1700
Cynomoigus 36 190 73 260

Monkey

Rhesus 900 2000 95 2100
Monkey

Cynomolgus 35 300 83 380
Monkey

Cynomoigus- 39 290 97 390-
Monkey

Rhesus 914 180 24 200
Monkey

aMedian (range).
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Th2 distribution of americium and plutonium among the organs known to accumulate appreciable
levels of activity in the rat is presented in Table 3. Only data expressed as a percentage of
sacrifice body burden is available at this time for rats. Upon completion of analyses of excreta
samples for plutonium and americium, initial lung burdens in individual rats will be calculated in
a manner similar to that described for dogs and monkeys with the resulting expression of tissue
distribution in terms of percentage of initial lung burden. The data suggest very low solubility
of the plutonium from this material in the lung, with greater than 90% of the body burden at two
years after exposure residing in the luno. Americium appeared to be somewhat more soluble, with
69% of the sacrifice body burden in the lung at two years after exposure. This difference in
solublity is also reflected in the relative amounts of each isotope translocated to liver and
skeleton, #

Table 3

Organ Content of Pu and Am Expressed as Percent of Sacrifice Body Burden for
Rats Exposed to Aerosols of 1750'C Heat-Treated, Pixed Uranium and Plutonium

0xides Obtained from the Pellet Grinding Process at HEDL

Time
After % SBB Pu % SBB Am

Organ Exposure (nC1)a (nci)a

Lung 4 hr 28 21 24 1 26

4 da 81 9.3 78 9.2
64 da 93 5.4 82 1 7.9

1 yr 91 5.3 68 14

1.5 yr 95 2.0 69 t 18

| 2 yr 91 2.5 b

c
TBLN 4 da 0.08 i 0.08 d

| 64 da d d

1 yr 1.2' d

I 1.5 yr 1.4 1.5 1 0.89
8

2 yr 2.4 1 0.91 b

i

Liver 4 da 0.04 0.03 0.44 i 0.24

| 64 da 0.20 1 0.24 0.98 * 0.67
j 1 yr 0.34 2 0.17 2.7 0.71

| 1.5 yr 0.19 0.04 2.1 1.5
! 2 yr 0.72 b

8

Skeleton 4 da 10 * 6.4 17 i 8.3i

64 da 5.6 5.5 16 i 7.1

| 1 yr 6.1 2 3.0 25 i 9.0

! 1.5 yr 3.4 i 1.2 23 1 14

2 yr 5.9 i 3.0 b

aMean i 1 standard deviation.
|' bData not available at this time.

C
|- Tracheobronchial lymph nodes.

d< 0.01% of sacrifice body burden.
'One observation only.
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Tabla 4 giv:s the tissun distribution of plutonium and americitsn in the dog and monkey at
various times after inhalation exposure. Values are expressed as percentages of the initial lung
burden. Two important conclusions can be drawn from this table. First, the magnitude of the
buildup of plutonium and americium in the tracheobronchial lymph nodes (TBLN) of dogs may be
compared with that of the unkey. Even though data are not yet available for the monkeys sacri-
ficed at 2 years after exposure, the values at I and 1.5 years suggest that the accumulation of
both plutonium and americium in TBLN of monkeys is much less than for dogs during these times. In
the case of liver, there was a gradual increase with time of the plutonium and americium burdens in
the dog. This trend was absent in the monkeys, since there appeared to be a decrease with time.
This is in agreement with the present knowledge regarding the rather rapid clearance of certain
actinides from the liver of monkeys as compared with that of dogs (this report, pages 42 45).

,

Table 4

]
Organ Content of Plutonium and Americium for Dogs and Monkeys Exposed Via Inhalation to Aerosols of
Mixed Uranium and Plutonium 0xides Heat-Treated at 1750*C From the Pellet Grinding Process at HEDL

Time % Initial Lung Burden
After Doqa Monkey

Organ Exposure Pu Am Pu Am

Lung 4 hr 100 100 100 100

4 da 100 100 100 100

64 da 71 65 81 39

1 yr 53 34 44 13

1.5 yr 42 44 38 19

2 yr 38 31 b b

d
i TBLN 4 hr e c c c

4 da 0.39 0.35 0.06 0.36

64 da 0.36 0.30 0.49 0.22

1 yr 4.2 3.3 0.67 0.36

1.5 yr 14 11 2.9 1.5

2 yr 13 16 b b

!
I Liver 4 hr 0.02 0.07

4 da 0.04 0.16 0.11 1.4'

'
64 da 0.18 0.36 0.04 0.10

1 yr 0.63 0.40 0.01 c

1.5 yr 1.2 2.0 0.14 c

2 yr 1.8 1.9 b b

Skeleton - 4- hr c c c c

4 da c c c c

64 da 0.20 1.4 c c

1 yr ".43 e c c

1.5 yr 0.77 1.2 e c

2 yr 0.91 0.89 b c

aMean of two animals.
bData not available at this time.
c< 0.01% ILB.
dTracheobronchial lymph nodes.
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Skelstal values of plutonium and americium Table 5 j
in tLe dog also gradually increased with time

Retention Half-Times of Plutonium and Americium
after exposure, while in the monkey very little

in the Lungs of Dogs and Monkeys
of either isotope can be found at any time. The Exposed to 1750'C Heat-Treated Mixed Uranium and
skeletal burdens in Table 5 were estimated from Plutonium Oxides From the Pellet Grinding
activity levels found in one femur and one

Process at HEDL
humerus according to the equation

Retention
Half-Time

S = K(F + H) Species Isotope Fraction (days)

Beagle Dog Plutonium 0.75 710
where S = total skeletal burden of an isotope in

Beagle Dog Americium 0.66 630
nC1, K = a constant relating the activity in nCi

Monkey Plutonium 0.90 400
deposited in one femur (F) plus one humerus (H)

Monkey Americium 0.43 320
to the total skeletal burden. The value of K
for plutonium isotopes as detemined from the
analyses of total skeletons of 35 Beagle dogs

238containing Pu was found to be 12 2 1 nCi in
one femur plus one humerus. The same value was

determined from the skeletons of 52 Beagle dogs
24Iwhich contained h

Figures 1 and 2 show the retention of plutonium and americium in lung as a function of time
af ter exposure for dogs and monkeys, respectively. Data points represent the mean of two animals
in the case of dogs, or individual animals in the case of the monkeys at each sacrifice time. Data
for dogs is complete through 2 years after exposure; for monkeys data is avilable at the time of
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Figure 1. LungretentionofPu(*)andAm(o) Figure 2. Lung retention of Pu(*) and Am(o)
in Beagle dogs exposed to mixed uranium and in monkeys exposed to aerosols of mixed uranium
plutonium oxides heat-treated at 1750'C. and plutonium oxides heat-treated at 1750*C.
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this report only through 1.5 years. Single component negativa exponential functions tare fitted to
; tha data f rom 64 days after exposure through 2 years and are represented by the straight lines

drawn through the points. Values four days after exposure were assumed to be 100% as described
above and were not included. . Table 5 gives the retention half-times calculated from these curves

' along with the associated fraction of initially deposited material retained with these half-times.
Retention of plutonium and americium in the dog lung appears to be very similar with about 70% of
both isotopes leaving the lung with a half-time of about 700 days. For monkeys, the slopes of the

,

retention curves for plutonium and americium are similar, but there appears to be a significant
difference in the amount of each isotone leaving the lung during the first few days. Overall, the
long-term clearance of these two isotopes appears to be much faster from the monkey lung than from
the dog lung.
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DEPOSITION. RETENTION AND DOSIMETRY OF INHALED PLUTONIUM DIOXIDE (HEAT-TREATED AT 850*C)
IN FISCHER- 344 PATS , BEAGLE DOGS AND CYNOMOLGUS MONKEYS

ABSTRACT

Flecher-344 mte, Beagle dogs and Cynomoigue
mon a vere exposed by inhalation to aerosols

PRINCIPAL INVESTIGATCES
of ' Puo heat-treated at BS0*C producedg

during the V-biending procese stage in the f,A.S f
e

y g;
fabrication of nuclear f%et composed of al. A. Mechinney

mixed oxides of un nium and plutonium.
Informtion available thro:9h1 R years after exposure shove definite differences in the distribu-
tion and retention of this mterial in different species. For enuple, monkeye clear both plutonium
and americium from thle mterial fmm their tunge more quickly than do dogs. Aleo, the tracheobron-
chiat lyrph nodes of dogs accumulate a large percentage of the initially deposited tung |urden of
Pu and Am at longer times after exposure uhereas wnkeys ar.d rate do not. The tack of an appreciable
buildup of plutonium or americlun in the liver of rate and monkeye indicatee that either there le
negligible dissolution of these isotopee in the tung or else they vere cleared from the liver uith
relatively short half-times. The fact that a buildup of both iactopes uae seen in the liver of
dogs along vith the knoun differences in the clearance of plutonium from dog liver as compared uitF
monkey and rat liver suggest the tatter.

A radiation dose pattern study is under way which utilizes Pu0 collected from the V-blending
2

process stage in the fabrication of nuclear fuel composed of mixed oxides of U and Pu. This Pu0
2

represents an early stage of fuel fabrication in which a lot of Pu0 is thoroughly blended with
2

powder from other lots to insure unifomity of feedstocks. After the heat treatment at 250'C and
blending, the Pu0 is mixed and blended with UO to fann input feed for mixed-oxide fuel fabrication.

2 2
This study provides a key link between the other studies in this project that involve mixed oxides
of uranium and plutonium and other on-going studies at this Institute which employ idealized,
spherical, laboratory-produced aerosols of single actinide radionuclides.

MATERIALS AND METHODS

Three animal species were exposed by inhalation to aerosols of this material using dry powder
generation techniques. The three species were the Fischar-344 rat (40 animals), the Beagle dog (18
animals), and the monkey (six Cynomoigus and three Phesus). Animals were scheduled for sacrifice
at 4 hours, 4 days, 64 days and 1,1.5 and 2 years af ter inhalation exposure. Animals were sacri-
iiced in groups of five rats, two dogs and one monkey at each scheduled sacrifice time. The three
Rhesus monkeys included in the study were already or. hand at the Institute. Two of these were
assigned to the earlier sact ifice times (4 hours and 4 days), and one was held in reserve. As was
the case in the other radiation dose pattern studies of mixed-oxide fuel materials, additional ani-
mais were included in each exposure group without being assigned to a particular sacrifice group.
These animalr-are being held in reserve for substitution into a particular sacrifice group in the
event of the death of animals prior to the assigned sacrifice date and to provide a small group for
the observation of any biological effects produced by inhalation of the aerosol at times later than
2 years after exposure. A detailed description of the exposure process, excreta collection necropsy
schedules and a listing of tissues collected for radiochemical and histopathological analysis may
be foud in a previous Annual Report.I
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RESULTS AND O!SCUSSION

A suninary of the results of characterization Table 1
of exposure aerosols for each species of animal

Particle Size Distribution of Aerosols of
'

is given in Table 1. The table shows the activ-
850*C Heat-Treated Pu0 Obtained Fr m B&W andity median aerodynamic diameter (AMAD) and the 2

Used in the Inhalation Exposures of
geometric standard deviation (o ) of the aerosol

g Rats Dogs and Ponkeys
to which each species was exposed. In the case
of the dogs and monkeys, these values represent $p,cg,3 og
the mean of the values observed for each indi-

Rat 2.2vidual animal of that species. Since the rats "

a '

awere exposed as a group rather than individually, Dog i 0.1 1.8 i O.06,

bonly on0 set of values is given. These param- Nnkey 2.2 1 0.2 1.8 1 0.06

eters were determined for actual exposure aero- a
Mean and standard error of 21 measurements.sols by determining the alpha activity on b
Mean and standard error of 9 measurements.

successive stages of a cascade impactor and
fitting a lognormal distribution function to the
resul ts. In general, the assumption that the
aerosol particle size was distributed lognomally proved to be a good one as no multi-modal distri-
butions or other significant departures from legnormality were encountered.

In each case, these aerosol parameters were found to be similar to those determined during
actual sampling runs at the industrial facility as discussed previously in this report (pp.35 -46)
and in a previous Annual Report. This was an important finding, as one of the pre-requisites for
conducting these experiments was to be able to regenerate aerosols from the bulk powders which
closely resembled those generated during the production process. I

Initial lung burdens received by dogs and monkeys were calculated by suming the total body
burden of the isotope at death and the total excretory output of the animal from four dogs after
inhalationexposuretodeathasshowninequation(1).

t
dLB(4) s ILB = SBB + 1.2 / EX(t)dt (1) I

4
|
|In this equation. LB(4) is the alveolar burden on day 4 after exposure which is assumed to be equal

to the initial lung burden (ILB), SBB is the sacrifice body burden or body burden at death and
EX(t) is a total excretory function of the fom:

-A t -A t
1EX(t)=Ae +A' I2Iy 2

where Ay = amount of activny in nCi excreted with the rate constant A in days-1 It is assumed,
7

based on previous experience,' that by day 4 after exposule, clearance of material initially deposited
' n the upper airwcys which is not considered a part of the deep lung burden, is essentially complete.i

|

J Values of EX(t) were detemined for individual animals using equation (2). The functions were
fitted to the excreta data from individual animals using a nonlinear least squares technique. The

;

factor of 1.2 in equation (1) is included to take into account the excreted activity recovered when !
washing the cages. Previous studies performed at ITRI of the deposition, retention and excre-

238 24tion of Pu02 and Am0 aerosols in the Beagle dog indicated that the amount of activity found2

'in the cage washes of these animals was equal to approximately 20% of the activity excreted in
urine-plus-feces for any given time period.
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Table 2 giv:s initial lung burdins of plutonium and americium deposited in dogs and monkeys as
calculated by equation 1. Values given for rats are the median and range of radiochemically
determined lung burdens of animals sacrificed at 4 hours and 4 days after exposure.

The distribution of americium and plutonium among the organs of interest for rats is presented
| in Table 3. The low values for lung at 0 and 4 days after exposure are due to the amounts of these

| isotopes fcund in the gastrointestinal tract and upper airways during the first few days after
exposure. After 4 days, most of the plutonium body burden was found in the lung through 1.5 years
af ter exposure. Little of either isatope was found in the tracheobronchial lymph nodes or liver

[ through 1.5 years. High skeletal burdens of americium throughout are somewbat puzzling and must
'

await the analysis of further data for elucidation. Skeletal burdens are calculated from relevant
bone data as described in this report, page 43.

Figures 1 and 2 show the retention in lung of plutonium and americium from this material in
the dog and the monkey, respectively. The points represent the mean of two animals in the case of,

I dogs and individual animals in the case of monkeys. Single component negative exponential functions
of the form Ae-At were fit to the point sets using a nonlinear least squares technique. The reten-
tion half-times calculated from the slopes of these curves along with the respective fractions of
deposited material retained with these half-times are sunmarized in Table 4 Only the points from
64 days after exposure and beyond were utilized in producing these curves. The 4 hour and 4 day

Table 2

Initial Lung Burden Values of Fischer-344 Rats Beagle Dogs and Nonhuman Prunates
Exposed by Inhalation to Aerosols of 850'C Heat-Treated Pu0

2
aObtained From the V-Blending Process at B&W

Animal Initial Lung Burden (nci)
Species Number Pu An Total

Rat - 75(32-124)b 4.7 (1.8-7.3)b 80
Beagle Dog 2220-01 100 97 1400

Beagle Dog 2224-01 850 160 1000
Beagle Cog 2221-01 190 81 270

Beagle Dog 2224-03 1000 74 1100
Beagle Dog 2218-03 4500 380 4900
Beagle Dog 1220-03 3300 190 3500

Beagle Dog 2218-01 1200 140 1300

. Beagle Dog 2223-02 660 120 780

Beagle Dog 2222-01 1100 120 1200

Beagle Dog 2222-02 2800 280 3100

Monkey 2254-01 E000 250 8300

Monkey 2265-01 500 38 540

Monkey 2254-02 55 9.5 65

Monley 2254-03 150 93 240

Monkey 2253-01 250 160 410

a Babcock and Wilcox Nuclear Fuel Fabrication Facility, Apollo, PA.
bMedian (range).
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Table 3

Organ Content of Pu and Am Expressed as Percent of Sacrifice Body Burden for
Rats Exposed to Aerosols of 850*C Heat-Treated Pu0

2
Obtained From the V-Blending Operation at Bt.W

,

Time
i After

8 aOrgan Expo ure % SBB Pu % SBB Am

Lung 4 hrs 15 i 3.4 25 22

4 days 80 1 5.5 71 7.0

67 days 96 * 2.2 77 i 6.0

1 yr 97 i 0.47 66 i 12
1.5 yr 94 2 7.2 d

cTracheobronchial 4 days b 0.15
lymph nodes 67 days 1.9 2.5 d

1 yr 1.1 1 0.68 1.4 1 0.01
1.5 yr 1.1 0.83 d

cLiver 4 days 0.17 2 0.19 0.43
67 days 0.04 0.03 1.7 i 1.9

1 yr 0.08 0.02 1.6 i 1.0
c1.5 yr 0.11 d

Skeleton 4 days 15 4.7 23 1 5.6

67 days 1.9 2.0 15 * 7.3

1 yr 1.6 1 0.71 ' 29 1 11

1.5 yr 4.0 i 6.0 d I

a Sacrifice body burden,

b< 0.01% SBB.
' CValue for one animal only.

d0ata not available.
i
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Figure 1. Lung retention of plutonium (*) and Figure 2. Lung retention of plutonium (*) and
artericium (o) in Ceagle dogs exposed to americium (o) in monkeys exposed to
aerosols of 850'C heat-treated Pu02 obtained aerosols of 850'C heat-treated Pu0 obtainedfrom the V-blending process at C&W from the V-blending process at B&W2

points were defined to be 100%. Two trends are Table 4
immediately apparent from Figures 1 and 2.

Retention Half-Times of Plutonium and AmericiumFirst, both plutonium and americium lave the
in the Lungs of Dogs and Monkeys

monkey lung much more rapidly than they leave
Exposed by Inhalation to Aerosols of 850.C

the dog lung. Second, it appears as though
Heat-Treated Pu0 Obtained From the

americium was cleared from the lu.1g slightly 2
V-Blending Process at B&W

faster than plutonium in both dogs and monkeys.
I This trend was more pronounced in monkeys than T

1/2
it was in dogs. Species Isotope Fraction (days)

Table 5 gives the distribution of plutonium Dog Pu 0.74 1300

and americium in lung, tracheobronchial lymph Dog Am 0.76 720
l

nodes, liver and skeleton in terms of percentage Monkey Pu 0.93 460

I of initial lung burden for dogs and monkeys. A Monkey Am 0 66 140

careful examination of Table 5 reveals the same
trends that have been observed with the two

mixed. oxide materials that are the subject of the previous two papers in this report. A greater '

accumulation of plutonium and americium was observed in the lymph nodes of the dog than in the lymph
nodes of the monkey. Evidence of a small but increasing liver burden with time was observed in dogs,
although no such trend was seen in monkeys. The skeleton of both dogs and monkeys centained only
traces of both isotopes. Further infonnation is becoming available that will aid in the interpreta-

. tion of these trends.
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Yable 5

Organ Distribution of Pu and Am in Dogs and Monkeys Exposed by inhalation to
Aerosols of 850'C Heat-Treated Pu0 Obtained From the V-Blending Process at B&W

2

Time % Initial Lung Burden
After Beagle Doga Nonhuman PrimateD

Organ Exposure Pu /.m Pu Am

Lung 4 hr 100 100 ICO 100 .

4 days 100 100 100 100

64 days 71 74 '90 49

1 yr 65 46 30 4.3
1.5 yr 53 51 60 15

Tracheobronchial 4 days 0,21 0.14 e c
Lymph Nodes

64 days 0.41 0.48 0.38 c

1 yr 21 20 13 0.87
1.5 yr 19 18 5.3 1.3

Liver 4 days 0.02 0.16 c 0.59
64 days c 0.06 e c

1 yr 0.08 0.18 c c

1.5 yr 0.27 0.28 0.04 c

Skeleton 4 c c c c
64 days c c c c

1 yr 0.51 e c c

1.5 yr c c c c
aMean of two animals.
bValues reported for a single animal per sacrifice group. 5

c< 0.01 %ILB.
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C_0MPARISON OF INHALATION STUDIES USING THREE FORMS OF AEROSOLS PRODUCED
| IN A MIXED (U-Pu) OXIDE FUEL FABRICATION FACILITY

ABSTRACT

A praininary sv: son has been mde

|
of lung retention, tissue distribution and mde

PRINCIPAL INVESTICATOR
of excretion of Pu foltoving inhalation by Beagle
dogs and Cymolque monkeys of three acroeola <l. A. Meuhinney

produced in the fabrication of mixed oxide nuatear

fueta. The aerosota differed in at tecat tuo respects; thermt history and presence or absence of
uraniun. 2Do of the aerosota vere mixed oxidea of U and Pu treated at 760* or 17 0*C and one aerosol
a2a Puo treated at BSO*C. Inhalation emosure of both speeles to these acmsola foltoucd byg

serial aaerifice of animata at 4 and C4 days, 2,1.5 and 2.0 years attawa n,eparate corpitation of
data for each species and each aerosot. The informtion obtained to date indloate specific differ-
ences between the tung retention of daga and mnkeys for at laat one aerosol (7EO C). Tissue

| diatribution, especially accumulation and retention of Pu in liver la different for doga compared
| to nonkeys. Extretion of Pu from both species for att three acrosota is predoninately via the feces
| indicating the relatively inactubte nature of the acroaota.

; Three aerosol forms generated during normal operation of a mixed (U-Pu) oxide nuclear fuel
fabrication facility have been used in 'aparate, but identical. inhalation studies using three
species of laboratory animals. These studies were designed to provide a measure of the lung reten-
tion, tissue distribution and excretion of these materials to permit estimation of the radiation

i dose pattern to specific organs and tissue. The results of these studies can then be employed to
develop risk estimates for conditions in which human inhalation exposure may occur. The key factor

| in these studies is the use of aerosols that closely resemble in all physical and chemical respects
{ the aerosols generated during normal plant operation and therefore the aerosol likely to be released
| in accidents involving human exposure. Throughout this paper the three aerosols (and therefore the

three radiation dose pattern studies) will be referred to as 750*C mixed oxides of U and Pu,1750*C
mixed oxides of U and Pu and 850'C Pu0 "

2

| MATERIALS AND METHOD 3

| The specific details of the materials, methods, experimental design and progress of these
! studies have been presented.i.2 Common to all studies is the inhalation exposure of three animal

species (Fischer-344 rat. Beagle dog and Cynomoigus monkey) with serial sacrifice of animals at,

! preselected times after inhalation exposure to determine the lung retention, tissue distribution
and excretion. Direct comparison of results for a single aerosol form and for a given species is
facilitated by the comonality of experimental protocols.

Since the studies were started at diffe:ent times, not all cnmparisons are complete. For
example, the 850'C study has no data available for the 2-year sacrifice times. Thus, lung retention
comoarisons among the three studies were only possible through 1.5 years after inhalation exposure.
The comparison of lung retention for dogs and monkeys for each aerosol type was accomplished by
fitting a single component negative exponential function to the data for 64 days,1 and 1.5 years
after inhalation. For those studies or parts of studies for which lung retention data were available
at 2.0 years after inhalation, that datum point was added to the earlier data and another curve

i
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fitted to all the data. Statistical comparison of the slopes of the fitted fur.ction was accomplishe1
using a one-way analysis of variance to test whether two slopes were different. The criterion for
difference between slopes was at the 95% confidence level.

RESULTS

The fitted parameters of lung retention for dogs and monkeys through 1.5 years are given in
Table 1. A comparison of tha effect of addition of the datum potet at 2.0 years after inhalation
upon the fitted parameters of lung retention is given in Table 2. Figure 1 illustrates the lung,

retention data from 64 to 547 days af ter inhalation with the fitted single negative exponential
function for dogs and monkeys for each aerosol. For ease of comparison, tne Pu content in selected
tissues of dogs and monkeys is reproduced in Table 3 expressed as the percent of the initial lung
burden (ILB). The mode of excretion of Pu from dog and monkey following inhalation of the three
aerosols is depicted in Table 4 expressed as percentage of the IL8 present in urine or feces.

Table 1

Comparison of Percent of Initial Lung Burden Retained and Slope With Calculated
Half-Time (Days) of Lung Retention for Beagle Dog and Cynomolgus Monkeys for Three

Aerosols From Mixed-Oxide Fuel Fabrication

Dog MonkeyAerosol
T T('C) L A 1/2 L 1 1/2

750 83 0.460 x 10~3 1500 75 2.06 x 10~3 350

1750 76 1.06 x 10-3 650 87 1.61 x 10-3 430

850 75 0.553 x 10~3 1250 79 1.12 x 10~3 619

Table 2

Comparison of the Effect of 2-Years After Inhalation Exposure
Datum Point Being Added to Data Used to

Produce Information in Table 1
Aerosol

T__( * C),,, J_, A 1/2 Cocrnent

Do.g

d
750 83 0.460 x if 1500 w/o 730 datum

3750 82 0.438 x 17 1600 w 730 datum

1750 76 1.05 x 10~3 650 w/o 730 datum
1750 74 0.959 x 10-3 700 w 730 datum

Monkey

750 75 2.06 x 10-3 350 w/o 730 datum,

750 77 2.19 x 10-3 300 w 730 datum
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Table 3

Distribution of Pu in Selected Tissues of the Beagle Dog and Cynomoigus Monkey at Several
Times After Inhalation Exposure. Data Expressed as Percent of Initial Lung Burden.

Temperature Refers to Thermal History of Inhaled Aerosols.

Dog Monkey
DPE 750*C 1750 C 850 C 750 C 1750 C 850 C

TBLN

64 0.65, 0.35 0.41 0.22 0.49 0.38
365 7.4 4.2 21 3.8 0.67 13

547 7.1 14 18 2.9 5.3.

729 9.0 13 1.6

LIVER

64 0.07 0.18 0.02 0.02 0.04 < 0.01
365 0.12 0.63 0.08 0.06 0.01 < 0.01
547 0.06 1.2 0.27 0.03 0.14 < 0.01
730 1.4 1.8 0.04

LIVER

64 0.21 0.39 0.05 0.05. < 0.01 < 0.01
365 0.16 0.43 0.52 0.27 < 0.01 < 0.01
547 0.15 0.77 0.05 0.11 < 0.01 < 0.01-

730 0.12 0.92 < 0.01

i
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; Table 4
l

Excretion of Pu From Beagle Dogs and Cynomolgus Monkey Following Inhalation of
Three Aerosols Containing Pu. Data Expressed as Percent of the Initial Lung Burden

j (mean of two dogs 2 1 SD)
|

750'C 1750*C 850'C'
Dog hor. key Dog Monkey Dog Monkey

DE U F U F U -f U F U F U F

64 0.13 16 0.11 29 0.35 23 0.91 13 0.06 24 2.1 4.6
1 1 2 2 1 1

0.07 3. 2 0.08 9.0 0.01 15

365 0.96 17 6.1 44 0.74 35 2.2- 44 0.56 10 7.1 40
| t t t k i t

0.47 1.9 0.18 4.2 0.33 5.3
541 2. 8 37 2.8 60 0.92 21 2.7 46 0.52 23 7.6 21

2 1 i i i i

3.0 20 0.67 3.0 0.23 1.6

730 1. 5 26 0.34 72 1.3 36
1 1 1 1

0.15 9.9 0.22 11

DISCUSSION

The fraction of the initial lung burden which may be ascribed to long-term retention in lung {
was not different (p < 0.05) for dogs and monkeys which received inhalation exposure to the same ,

aerosol, nor was there a difference among animals of the same species exposed to the three different
aeosols (Table 1). The calculated lung retention half-times for dogs were always greater than for
monkeys exposed to the same aerosol. However. statistical analysis of the slope of the fitted
functions indicate that only for the 750'C aerosol was the dog lung retention different from that of
the monkey. As can be noted in Figure 1. the single negative exponential function provides a good
description of each set of data for lung retention with the single exception of the 850*C aerosol
inhaled by monkeys.' The large scatter of the data.in this latter case negate meaningful comparisons.
The inclusion. where possible, of the additional datum point for lung retention at 2.0 years after
inhalation did not alter the above comparisons and conclusions.

When retention in dog lungs was considered alone, dogs that inhaled the 1750'C aerosol had
significantly shorter lung retention half-times compared to the 750 or 850'C materials which were not
different from each other. This was true wh' ether the 2-year data were included or excluded.
Comparing the lung retention in monkeys in the same manner showed no significant differences in the
retention half-times areng the three aerosols.

Some trends were noted in the tissue distribution of Pt. in dogs and monkeys. The dogs have
tended to accumulate larger fractions of the initial lung burdens ht tracheobronchial lymph nodes
than have the Cynomoigus monkey (Table 3). As has been reported for tan Cynomolgus monkeys and,

baboons.3 the retention of actinide elements depcsited in liver is substantially shorter than in
'

the Beagle dog. .This pattern is confirmed in these studies, most notably for the 1750*C aerosol
where slightly larger fractions of the initial lung burden were transported from lung to liver and
skeleton. Although the quantity of Pu reaching the skelett.n of both monkeys and dogs was comparable

' for a given aerosol, the quantity found in liver was much lower for monkey than for dogs due to
longer retention times in liver for dogs than for monkeys.

The mode of excretion of Pu from lung may be noted in Table 4 wherein the percent of the
,

initial lung burden present in urine and feces is tabulated. For all three aerosols, fecal excretion
predominated throughout the 2-year experimental period. . Urinary excretion was quite low, indicating

|
r
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the relativ31y insoluble nature of th:se a:rosols. For thi 1750'C arrosol, slightly larger frac-
tions of the initial lung burden were translocated to liver and skeleton but this increased trans-
location did not result in significantly increased urinary excretion.

This preliminary comparison of data from the three radiation dose pattern studies serves two
purposes. While the data are incomplete at this date, these cor.oarisons indicate several trends in
the data which wil! be followed. These comparisons also indicate that while trends or indications
Oxist that the final analysis can best be carried out using computer modeling of the data to provide
conerence of the data within a framework o' total materials balance. With the experimental and
mathematical rigor of modeling, the maximum information can be extracted from these studies.
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SUP91ARY OF BIOLOGICAL' EFFECTS FOLLOWING INHALATION OF INDUSTRIAL

MIXED OXIDES (URANIUM-PLUT0NIUM) OR Pu0 IN RATS
3

ABSTRACT

Tumore have been observed in the lunga of Elechar~
344 rats after inhalation of aerocola composed of PR MCIPE T M RS
mixed oxides of Pu and U or Puo . Radiation dosesg

# hncalautated for the rats exposed to aerosota of ,',' ," tan e,
750 or 850*C heat-treated W,Pul0,, indicate that A. F. Eidsor,

these mixed oxidea are apparently more efficient J. A. Mnney

in producing tung t1onora than laboratory proheed1

| . aingle actinide oxides at the dose tevets studied.

Although the primary purpose of this project is not the determination of the biological effects
of inhaled industrially produced radionuclides, effects have been observed in the lungs of some
rats held for long-term observation. The observation and reportino of these effects is an important =
link between studies done using laboratory produced aerosols and studies using aerosols as actually
found in nuclear fuel fabrication facilities.

METHODS

; Radiation Dose Calculation

Hethods used to obtain initial lung burden values and lung retention functions for these
studies have been previously reported.I'2 The retention information and initial lung burdens used
for dose calculations have been updated from these reports. Sufficient data are not yet available
to determ!ne lung doses for two of the studies.

Radiation dose in rads was calculate.: from the equation:
td

cumulative dose (rads) = 51.2 Y f g A f B(t)dt (1)
W o

where: 51.2 = conversion factor, T = energy per disintegration in MEV, f = absorbed fraction of
energy, g = fractional yield of emission, A = initial lung burden in uC1, W = lung weight in grams,
B(t) = lung retention expressed as a fraction of the initial lung burden as a function of time
after inhalation exposures. Since the lung weights of animals with severe pulmonary radiation -
damage and/or lung tumors may be significantly changed with respect to their prediseased weights,a

the value of W is estimated in the case of these animals as a fraction of their body weight (0.0038,

for males and 0.0051 for females). The values were determined from control animals sacrificedq

between 84 and 500 days of age.

The dose' to lung was calculated separately for Am and Pu and the two values savned to arrive
at total dose to lung for each animal that died. Results of the calculations are shown in Table 1
for each animal where sufficient data are available.

Two rats died at relatively early times after inhalation exposure (212, 284 days) due to
radiation pneumonitis and pulmonary fibrosis. One rat was euthanized 207 days after exposure
because of a large subcutaneous fibrosarcoma. It is unlikely that this tumor resulted from radiation
exposure since the latent. period was very short, no radionuclide was in the subcutaneous tissues
and subcutaneous fibrosarcomas are comon spontaneous tumors in this strain of rat.
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Table 1
)

Rats Exposed to Mixed-Oxide Aerosols that Died Before Scheduled Sacrifice Times I

Cumulative
Lung Oose to

aExposure Survivpl IL5 Death
Animal Number Aerosol (OPE)D (nCf) (rads) Significant Lesions

1933 20 UO Pu0 491 180 10 000 Squamous cell carcinoma, squamous
+2 +inder2

B cell papilloma, lung
1933 21 453 130 5 800 Squamous cell papilloma, lung

"

1933 23 819 109 4 100 Adenocarcinoma, lung
"

1933 25 636 156 5 600 Squamous cell carcinoma, lung
"

1933 29 369 51 1 900 Large lung mass (not examined
"

histologically)
1933 31 216 74 1 900 Adenocarcinoma, lung

"

1933 32 501 120 7 500 Squamous cell carcinoma, lung
"

d2086 4
UO2 + Pu02 415 97 2 600 Malignant mesothelioma, squamous

cell carcinoma, lung
2086 5 493 67 2 300 Squamous cell carcinoma, lung

"

2086 8 207 80 1 500 Fibrosarcoma, subcutis"

2086 19 627 169 8 200 Adenocarcinoma, lung
"

2086 24 284 385 14 000 Radiation pneumonitis, pulmonary
"

fibrosis
2086 25 212 321 9 900 Radiation pneumonitis, pulmonary

"

fibrosis
2086 26 497 298 16 000 Squamous cell papillomas, lung

"

2086 28 553 101 4 400 Squamous cell carcinoma, lung
"

2086 29 542 138 6 400 Pulmonary fibrosis
"

2086 31 663 157 7 300 Squamous cell carcinoma, lung
"

2086 32 499 144 5 800 Squamous cell carcinoma, lung
"

2086 34 438 7.2 190 Adenocarcinoma, lung
"

2065 39 711 230 9 800 Squamous cell carcinoma, lung
"

2100 15 (U,Pu)0 427 f - Adenocarcinoma, lung2
2100 17 577 f - Squamous cell carcinoma, lung

"

2100 20 557 f - Squamous cell carcinoma, lung;
"

malignant mesothelioma
2100 23 564 f - Lymphocytic leukemia

"

2100 27 607 f - Squamous cell carcinoma, lung;
"

malignant mesothelioma
2100 32 415 f - Adenocarcinoma, lung

"

2100 36 527 f - Squamous cell carcinoma, lung
"

2100 38 517 f
"

Squamous cell carcinoma, lung;-

hemangiosarcoma, lung
2100 39 520 f - Squamous cell carcinoma, lung

"

C8
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Table 1 (Continued)

Cumulative
Lung Dose to

aExposure Survival ILB Death
Animal Number Aerosol (DPE)b (nC1) (rads) Significant Lesions

2217. 1- Pu0 9 598 f - Squamous cell carcinoma, lung;2
adenocarcinoma, lung

2217 4 " 528 f - Squamous cell papilloma
2217 14 700 f - Squamous cell carcinoma, lung

"

2217 15 511 f - Squamous cell carcinoma, lung;
"

adenccarcinoma, lung
2217 17 692 f - Squamous cell carcinoma, lung;

"

adenocarcinoma, lung
2217 18 693 f - Squamous cell carcinoma, lung;

"

adenocarcinoma, lung
; 2217 29 395 f - Hemangiosarcoma, lung

"

2217 30 589 f - Hemangiosarcoma, lung
"

2217 31 522 f - Hemangiosarcoma, pleura
"

2217 39 597 f - Squamous cell carcinoma, lung
"

2217 49- 404 f - Fibrosarcoma, pleura"

a
Initial lung burden of Pu and Am combined, calculated for each anit:;.1 using sacrifice lung burden and
standard retention curve for each radionuclide.

bDays after exposure.
C
Pu02 heat-treated at 850*C before mixing with UO2 and organic binder material, powder obtained from the
pellet processing operation at the Babcock and Wilcox plant.

d
2 calcined at 750*C before mixing with UO , powder obtained from the ball milling operation at thePu0 2

Hanford Engineering and Development Laboratory.
'UO2 and Pu02 heat-treated at 1750*C in a reducing atrosphere to pro' duce substoichiometric solid
solution, powder obtained from the centerless grinding operation at the Hanford Er.gines ing and
Development Laboratory.
I
Determination of retention functions not completed for detemination of initial lung burdens or
radiation dose.

9Pu02 heat-treated at 850*C, powder obtained from the V-blending process operation at the Babcock
and Wilcox plant.

69

-



__

Thirty-three rats died with lung tumors at times ranging from 216 to 819 days aftir inhalation
~

1sxposurs. Of thtse animals with calculatId dosts, tha initial lung burdins ranged from 7.2 to 298
nC1 and. lung doses ranged from 190 to 16,000 rads. One of these tumors was not examined
histologically.

Two general morphologic types of primary lung tumors were found, adenocarcinoma and squamous,

' cell tumors. The adenocarcinomas were characterized by large, anaplastic, cuboidal cells with basilar*

nuclei which formed small tubular or acinar structures. In some tumors, the acini were occasionally
lined by keretinized squamous epithelium giving an adeno-squamous appearance. Some tumors had foci
that were papillary, or mucinous in nature or were solid sheets of anaplastic cells. In some cases
the tumor cells obliterated nonnal lung architecture, invading vessels, airways, pleura and the

; thoracic cavity. None of the carcinomas metastasized outside the thoracic cavity. In some cases

{ the adenocarcinomas were found in the same lungs with squamous cell tumors.

The squamous cell tumors were either benign or malignant. The benign tumors were solitary
masses which, on occasion, achieved 2 cm diameter and compressed adjacent lung parenchyma but did
not invade it. Most of the masses were composed of necrotic cells which were sloughed from a thin
border of keratinized squamous epithelium at the periphery of the mass. Although these tumors were
cystic in nature, they would be classified as squamous cell papillomas using the classification
system for rat lung tumors propounded by the International Agency for Research on Cancer.3

The malignant squamous cell tumors were designated squamous cell carcinomas. All were malignant
based on cytologic criteria and, in some cases, invasion of adjacent structures. In no case did
they metastasize outside the thoracic cavity. ' About one-third of the squamous cell tumors of all
types were multiple or found in the lung with other lung tumor types.

Eight rats had sarcomas of the lung or pleura. Four were hemangiosarcomas primary in the lung
I and one was a fibrosarcoma of the pleura. Malignant mesotheliomas were found in three cases,

always in association with squamous cell carcinoma of the lung. Mesotheliomas are unconnon tumors
in the rat and are associated with the implantation or inhalation of fibers or polycyclic hydro-
carbons. Inhalation of radioactive materials has only once been reported to cause mesothelioma and

238Pu(NO )4 4 This finding leaves the possibility that other non-that was with inhalation of
3

radioactive carcinogens may be present in the mixed-oxide powders obtained from industrial facilities.

An important observation in these studies is the apparent relatively high efficiency of inhaled
mixed-oxide aerosols for inducing lung tumors. From Table 1 (Appendix) it can be seen that 13 of 15
rats in the 67 to 230 nCi initial lung burden range had lung tumors. The two animals with higher
initial lung burdens had greatly shortened life spans and died with radiation pneumonitis. Some
of those with lower initial lung burdens also had lung tumors but the range of initial lung burdens
values were scattered and the number of rats few.

4

This lung tumor incidence of 87% was compared with the lower incidence reported in the litera-
ture for groups of rats exposed to various laboratory produced aerosols -7 of plutonium and4

californium (Table 2). The comparison was made among groups of rats with as similar initial lung
burden values as possible. In'no case, regardless of the initial lung burden of the group, was the
incidence of lung tumor as high as 87%. There are numerous possible reasons for the differences

,

lung tumor incidences among these groups. This does indicate, however, that further study is
needed to verify hazard estimates for mixed-oxide aerosols that are based on biologic dose response

; data for single isotope actinide aerosols produced in the laboratory.

J

$

4

70

'

.

- - . - - .



_

Table 2

Comparison of Lung Tumor Incidence in Rats Exposed

to Various Transuranic Radionuclide Aerosols

Amount Deposited Lung Tumor
in Lungs Incidence

Compound (nC1) (%) Reference

244
Cm0 450 i 300 32 52

Pu(NO )4 70 1 27 46 43

239
Pu0 180 1 54 53 62

239 '

Pu(NO I 142 1 47 57 434
238

Pu0 220 97 60 72

Mixed Oxides 130 1 45 87 This report
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750'C Hen Treated Pu0 ., UO ~" HE8L2 2
[ front and back]

' Status of inhalation Studies of Aerosols of Pu0 Heat Treated at 750*C, Nixed With UO and Ball Millea-

2 2
; at HEDL in 8 eagle Dogs. Monkeys and Fischer-344 Rats
,

4
4

t
. Ex sure Projected' . Alive''Enosure Aerosol -

Death DPE'Radiobiology. ge , Wetght . Sacrt fice
Species' Tattoo. ' Number , Sex Date (days) (kg) AMAD (t.m) i 150 "o e 1 SD DPE Date g 6/30f79 , Comments

. Seagla Dog - 8710 1935-01 '. M 76344 708 9.90 2.19 t u.26 1.91 * 0.04 0 76344 0 5
*: '* - 219C ~ 1935-02 M 76344 ~3629 10.05 2.15 t 0.09 1,74 * 0.01 4 76348 4- 5'

'' *
-- 6358 1935-03 -M 76344- 1656 11.35 1.84 e 0.06 1.68 t 0.06 4 76348 ~ 4 -5
i* * "';, 821T 1936-02 .F 76345 884 U.45. -1.58 0.22 1.65 2 0.27 549.- % 165 551 5

5 *' '* :217E .1937 01. , M , 76349 - 3648 8.05 2.41 t 0.01 1.70 2 0.03 0 '76349 0' 5
'

-

i- .* '* 817T - 1937-02' F- 76349 892 8.20 2.04 e 0.05 - 1.74 t 0.03 ' 64' 77047 . 64 5
'* * - 0235 1937-03 . F- .76349 ' 886 7.20 - 2.50 t 0.04 -1.77 2 0.04 928 Long Tern Reserve
'*- *- - 812A . ,1937-04 M 76349 896- 9.25 2.33 * 0.09 1.73 t 0.02 '928. * * *

[; * ; ,803A . 1938-01 M 76350 910 10.5 2.10 * 0.02 1,67 t 0.03 927
*- * * *

( ,

8118 1938-03 M, 76350 . 897 '10.2 2.6720.02 ' 1.62' 927

* * u 810U - 1938-02 F - 76350 901 8.0 2.61 * 0.08 2.38 * 0.08 927 * * *

'' *. ' * -- * * "

+ * . * ' 8044 1938-04 - M '76350. 910 10.9 2.47 t 0 94 ' 1.58 t 0.04 64 77049 65 5
1C* - ,*' 828T 1939-01 F 76351 872 6.95 ' 2.18 1,66 926 . Long Tern Reserve
i ;'' * 811A ' 1939-02 ' M 76351 898 12.8 2.1820.18 1.71 * 0.08 730 78349 729 ;$
j* - * -7998 1939-03 -M .76351 . 929 11.65 2.34 1.73 365 . 77350 364 5
'' * - *- 8255 1940-01 F -76352 889 9.3 2.2220.11 1.73 1 0.08 730 78352' 731 5

|
" * -826T ' 1940-02 F 76352 884 11.0 1.79 i 0.10 1.81 2 0.07 365 17353 367 5'' * * 8020 -1940-03 .M 76352 915 8.3 2.35 t 0.05 ' 1.96 t 0.23 549 78170 549 5

Rhesus Monkey 917 2087-01 M ,77039 5 - 7 -. years 4.85 1.6120.06 1.62 2 0.01 0 77039 0 5. 8j

|| Cynoselgus Monkey ; 25 2087-02 M 77039 3.5- 4.5 years 3.15 1.5320.05 1.53 t 0.05' 872 Long Tere Reserve

|] * . ~ 21 2088-01 M 77040 5 -7 years 4.35 1.1020.42 1.34 2 0.03 . 64 ' 77104 64 5
*

|1 * 26 2088-02 M 77040 3.5- 4.5 years 3.65 1.37 s 0.04 1.56 2 0.08 365 78040 165 5, 8*

({ ' . 24 2008-03- M 77040 '3.5- 4.5 years 3.60 1.2220.02 1.55 s 0.01 549 78222 547 5. 8
*

( Rhesus Monkey , 918 2089-01- M 77041 5 -7 years 4.40 1.61 s 0.01 1.53 2 0.04 4 77045 4 ' $. 8

(|;'CynomoigusMonkey
27 2009-02 M 77041 3.5- 4.5 years 3.35 1.41 * 0.04 1.56 2 0.01 , 730 79040 729 5

* * ' 22 2089-03 F 77041 3.0- 3.5 years 2.45 1.25 t 0.03 1,59 2 0.04 Long Tern Reserve 78056 380 0, 8 Gastric torsion. not radiation related|
Rhesus Monkey 897 2090-01 M 77046 5 -7 . years 4.60 2.13 * 0.04 2.30 t 0.10 78211 530 0. 8 Ffbrinous pleuritis caused by Pasesurw!La sp.* * *

.,
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750"C Heat Treated Pu0 U02 - HEDL (cont'd)
.

2

Es sure >
. Projected . . Alive

"" ' " ' 'Radiobiology Weight Sacrifice Death DPE

$3 Date - (weeks) (kg) ; AMAD (um) * 1 50 "o e 1 SD DPE DaTe E 6 30f]79, CossarntsSpecies Tattoo'. Number E
i

_ Fischer-344 Rats.. . 2086-01 M 77042 9 -10 weeks 2.32 t 0.01 1.77 t 0.01 0 '77042 0 5.
'

'

365 78044 367 '$'* **- *- 2086-02 M -" "-

.' 19017 '705 D
. J2086-03 M- -" " " **

78094 415 - D, MsHgnant esotWome of tWaE aM js*. * 2086-04 ' 'M > -
* * *"

squamous cell carcinoma of lung
"*; -* 2086-05 M '- " * * 78170 493 D, squanmus cell carcinoma of the lung

ez ,= 2086-06 M - " * * * 4 77046 4 S

365 78044 367 52086-07 M .* * * *. "

e- a.' 2086-08 -M -
" " 77249 207 E. Fibrosarcome subcutis not radiation related -= "

2086-09 M * '' '' **- *
730 79043 731 $ ,t

4 77046 4 5, Unexposed control -" " " "* * ' J2086-10 M ,

2086-11 M " "- . * * * 365 78044 367 5-* "

' ' , -' 2086-12 M. 0 77042 0 $* * * *
4-

#
2006-13 M " - " * * O- 77042 0 5* a

" * * * 64 77105 63 $" * 2036-14 M
'" " * * 4 77046 4 $* * 2086-15 - M
" " * * 4 77046 4 5- * , * 2006-16 -M

4 77046 4 5- * -" 2006-17 M ,a * " *

64 77105 63 $* * 2006-18 M. - " " * *

c.e . . 2006-19 M . 78304 627 D ' Adenocarcinoma, lung* " " *
,

64 77105 63 $e.- " 2086-20 M. a = * *

" = " * 547 78223 546 S. . . 2006-21- F'

. 730 ,79043 731* * 2006-22- F " * * "
S

0 77042 0 .S2006-23 - F- " * * ** '"

77326 284 0, Radiation pneumonitis and pulmonary fibrosis .e- = - 2006-24 F = * * *

77254 212 D Radiation pneumonitis and pulmonary fibrosis2086 25 F * * " *e *

78174 497. D, Squamous cell papillomas, lung2086-26 F * * * ** *
,

2006-27- F. - 365 78044 367 5= * " *. *

78230 553 'O Squamous cell carcinoma. Tung2006-28 r ~= * * *. *

2006-29 r 78219- 542 D Pulmonary fibrosisa a " ". "

'' * 2086-30 F 730 79043 731 'S
" * " "

.
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750-C Heat Treated PuC2. 00g - MEDL
(cont'd) [f ront]
1750*C Heat Treated (U. Pu)1.96 - NE%
[ bach)

150*C neat Treated Pu0 . U02 - MEDL (cont'd)2

Projected Aliveis sure
- **'' **I

Radlobiology ge WeI@f Sacrifice Death DPt

Species Tattoo heter Sea Da te jweet s) (kg) AMAD (vo) r 150 *e e 1 50 DPt 5stF7_( 6/ 30/ 79 Consents

itscher-344 Rats 2086 31 F 77042 9 -10 weeks 2.32 a 0.01 1.77 s 0.01 78340 663 D 5evamous cell carcinema long

78176 499 0. Wa--a cell carcinema. Ing* = * *
2086-32 y* *

2086-33 F 547 78223 546 5* * * ** *

78115 438 9. Adenocarcinoma. Jung= * * *
2086-34 F* *

0 77042 0 5 6
^

* * * *
2086-35 F* *

365 78044 367 5= * * *
2086-36 F* *

* * * * 64 77105 63 52086-37 F* *

2086-3P F 64 77105 63 5* * * *
* *

79023 711 0 Squamous cell carcinoma. lung= * * *
2fW9-39 F* *

* * 20ss-40 F * * * * 730 19043 731 s

SMTeate caugTT'in the utid, age estimated from body weight at exposure.
0: Spontaneous death.

E: Euthantaed
5: Sacrificed.

.
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Status of Inhalation Studies of 1750*C Heat Treated (U.Pu)0 .96 Aerosols fr a the Pellet Grinding
1

Operation at HEDL in 8ea9 e Dogs, Monkeys and Fischer-344 Rats1

Exposure Projected : Alive
I"P S" " A " 5'I

m . Radiobiology Age Weight Sacrifice Death OPE -
Species -Tattoo Nua6er Sem . Oate (days) (kg) AMAD (pm) i 1 SD "g i 1 SD OPE Date DPE 6f.30/_79 Comments

Beagia Dog 634A - 2118-01 M 77083 '1761 12.95 2.6 2.35 0 77083 0 5'

643A 2118-02 M- 77083 1725 9.80 2.37 1 0.01 1.70 t 0.01 4 77087 4 5*- "

7770 - 2118-03 : M ' '77083 1167 9.50 2.51 t 0.01 '1.75 e 0.02 64 77147 64 5
' '

* ~ *

*" - " - 6405 2119-01 F 77084 1745 .10.25 2.24 e 0.02 , 1.62 t 0.01 0 77084 0 5

6415 2119-02 F 77084 1730 11.40 1.27 t 0.01 1.66 2 0.01 4 77088 4 5"' *'

* '" - 7%5 2119-03 F- 77084 ' 1037 10.00 2.62 t 0.08 1.64 1 0.04 64 77147- 63 5

* - * - .7838 2120-01 M 77088 1102 8.65 2.39 t 0.01 1.65 1 0.01 365 78088' 365 5

: 7894 2120-02 M 77088 1069 10.25 2.31 2 0.02 1.70 t 0.01 547 78270 547 5*- "

". " ..883C 2120-03 M 77088 763 9.75 2.35 t 0.00 1.69 2 0.01 823 Long Tern Reserve

9618 2122-01 M 77090 524 12.00 3.06 t 0.04 1.78 * 0.01. 729 79009 729 5*- "

7975-. 2122-02 F 77090 1035 8.30 2.65 t 0.04 1.61 t 0.01. 365 78090 365 5* *

'* * * 798T 2122-03 F- 77090 1034 8.60 2.56 1 0.11 1.65 t 0.07 547 78272 547 5

(* 791A ~ ~ 2123-01 M 77091 ^ 1063 9.30 2.41 * 0.01 1.71 2 0.01 710 Long Tern Reserve*

802U 2123-02 F 77091 1020 9.20 2.86 t 0.08 1.78 t 0.01 729 79092 731 5" "

* * 853T' 2124 01 F 77091 895 9.55 2.93 * 0.02 1.92 * 0.01 78207 431 0. Long Tyre Reser' t, Radiatica Pneumonitis
and Pu monary hbrosis

863C 2124-02 M 77095 856 10.15 2.80 t 0.18 1.67 * 0.06 815 Long Term Reserve" "-

" " "
8035 2124-03 F 77095 .1021 9.35 2.64 t 0.04 1 76 1 0.04 8151* *

i* * 8885 2124-04 F 77095 753 8.20 2.87 * 0.07 1.74 s 0.02 79163 797 0

|CynonVgusMonkey-. 36 .2256-01- M 77236 3.5 4.5 years 3.30 1.96 2 0.01 .1.61 2 0.01 365 78236 365 5, 8

? Rhesus Monkey 900 2257-01 M 77237 5 -7 years 7.45 2.30 2 0.04 1.67 1 0.06 0 77237 0 5, 8

'Cynomoigus Monkey 35 2257-02 M 77237 3.5- 4.5 years 3.70 2.54 t 0.09 1,69 t 0.01 64 77301 64 5, 8

' 39 2257-03 M 77237 3.5- 4.5 years 3.05 2.40 2 0.06 1.72 547 79053 546 5,8'"' "

-}" 38 2257 04 M 77237 3.5- 4.5 years 3.20 2.4010.05 1.70 t 0.04 729 674 8"

!thes;sMonkey 914 -2258-01 M 77238 5 -7 years 6.95 2.33 t 0.03 1.75 t 0.03 4 77242 4 5, 8
'

ICynamoigusMonkey 34 2258-02 M 77238 3.5- 4.5 years 3.75 2.49 1 0.02 1.74 * 0.02 573 0 Long Tern Reserve
31 2258-03 M 77238 3.5- 4.5 years 3.75 2.37 * 0.07 1.68 t 0.04 673 8. " ' "" "

44 2258-04 M 77238 5 -7 years 4.65 2.79 1 0.01 1.73 2 0.01 673 8** * * *

~M
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1750*C Heet Treated (p,c )g,g . HERu
(cont'd) (front and backj

1750*C Heat Treated (U,Pv)3,9, . H[DL (cont'd)

fu sure Projec ted Alive
Radlobiel w ge WeiglI I"E'# '

Sarrifice Death DPE*_5pecies Tattos Emnher Sea Date jueetsL Jt3L AMAD1m) t 150 g t 1 SD DPE DiTeZT 6LFm Comts
iischer 344 Rat 2100-01 F 77055 9 -10 weeks 2.30 t 0.05 1.70 t 0.01 547 78237 547 5
" * 2100-02 F " " " "

0 77055 0 5
* * 2100-03 F * * * * 730 79058 733 5

21b:r 04 F" " " * " "
64 77119 64 5

2100-05 F " " " "" *
365 78055 365 5

" * 2100-06 M " * * * F* 77119 64 5

2100-07 F 145 78055 365 5
* * " * * *

* * 2100-08 F 64 77119 64 5
" * * *

* * 2100-09 F ' * " "
0 77055 0 5

* * 2100-10 M * " " "
4 77059 4 5

* * 2100-11 F " * " *
547 78237 54 7 5

" " 2100-12 F " " * *
7 30 79058 733 5

* * 2100-13 F * * * * 78198 508 0
* * 2100-14 F * * * *

365 78055 36 5 5
* * 2100-15 F " " ' " 78117 427 C. Adenocarcinoms. Tung

* 2100-16 F 4 78059 4 5
" " " "

* * 2100-17 F " * * *
78267 577 0 squamous cell carcinoma. Inng

" * 2100-18 F * * " "
0 77055 0 $

. " 2100-19 F * * * "
730 79058 733 5

Squamous cell cerctnoma. lung;" * 2100-20 F
= ' ,

18247 557 0 meltgnant mesotheltome. * 2100-23 M = = * *
64 77119 64 5

* * 2100-22 M * * * "
365 78055 365 5

* * 2100-23 M = " * *
78254 564 O Lynehocytic leukemie

* * 2100-24 M " " * *
O 77055 0 5

* * 2100-25 M * * * *
0 77055 0 5

* " 2100-26 M * " " "
0 77055 0 5

" * !!00-27 M * " * * 78291 607 D Squamous cell carcinoma. lung; malignant mesothelloma
" " 2100-28 M " * * *

77055 0 0 * Died during esposure
" " 2100-29 M " * * " 77055 0 0 * Ofed during esposure
" " 2100-30 F * * * * 4 77059 4 5

-. g
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1750"C Heat Treated (U.Pu)1.96 - (cont'd)

Exposure Projected Alive*

Radiobiology Age inWh'i fxposure Aerosol Sacrifice Death DPE5pecies Tattoo Number Sex Date (weeks) (kg) AMAD (nm) * 150 ja 1 SD_ DPE ba te DH 6/30/79 Conrents

Fischer-344 Rat 2100-31 M 77055 9 -10 weeks 2.30 s 0.05 1.70 s 0.01 730 79058 733 5
" * 2100-32 M " = . 78105 415 D. Adenocarcinoma. lung
" * 2100-33 M " " " * 547 78237 547 5
* " 2100-34 M * * = = 64 77119 64 5
" * 2100-35 M " " = . 4 77059 4 5
" " 2100-36 M 78217 527 D Squamous cell carcinoma. lung" " = =

* "
2100-37 M " " " * 4 77059 4 5

78207 517 0 Squamous cell carcinoma lung;a " 2100-38 M " " " =
hemangiosarcoma, lung. " 2100-39 M = . . . 78210 $20 0 Squamous cell carcinoma lung

. *
54? 78237 547 52100-40 M . . . .

B: Primate caught In the wild, age estimated from body weight .t exposure.
D: Spontaneous death.

E: Euthanized.
5: Sacrificed.

.
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' 850*C Heat Treated Pw02 * B&W [ front and

bach]

Status of Inhalai .on Studies of 850"C Heat Treated Pu0 Aerosols from the V-81endtag Operation2
At Babcock and titicos in 8 eagle Dogs. Monkeys and Fischer-344 Rats

Eqosure Projected Alive
E 985. '' A" Sacriff te Death DPERadiobiology Ap Weig6T "

5pecies Tattoo Numeer 5es Date (days) 1h ]_ AMA0MJ. t i SD "g * 1 51, DPE RF 5T 6[,30]]7,9, Comunents3
8 eagle Aq 7910 2218-01 M 77193 1166 8.15 2.42 1.91 165 78193 365 5

902A 2218-02 M 77193 806 8.85 2.27 t' O.01 1.90 t 0.06 718 Long Tere Reserve
" *

* * 9740 2218-03 F 77193 602 7.85 219 e 0.08 1.81 t 0.03 64 17757 64 5
* * 8395 2219-01 F 77194 1058 8.85 2.07 0.04 1.7420.06 171 % 2 0. Hyposta induced cardiac arrest
* * 8375 2220-01 7 77195 1059 9.65 2.0110.04 1,73 e 0.02 0 77195 0 5
* * 8437 2220-02 F 77195 1055 9.70 2.1610.06 1.79 e 0.07 729 79194 729 5
* * 789C 2220-03 M 77195 1176 12.15 2.0220.01 1.76 e 0.04 64 77259 64 5
* * 8385 2221-01 F 77196 1061 10.55 2.19 e 0.04 1.7610.04 4 77200 4 5
* * 8008 2221-02 M 77196 1140 9.10 2.10 s 0.01 1.76 0.02 715 Long Tere Reserve
* * 912A 2221-03 M 771 % 762 12.35 2.27 e 0.01 1.75 t 0.01 715 * * *

* * 841U 2222-01 F 77200 1061 6.10 2.24 a 0.05 1.83 e 0.01 547 79017 547 5
* * 7928 2222-02 M 77200 1168 12.95 2.1990.02 1.83 * 0.02 547 19017 54 7 5
* * 90lf 2222-03 F 77200 817 10.20 2.03 1.69 711 Lon9 Tere Reserve
* * 794A 2223-01 M 77201 1163 9.35 2.23 a 0.01 1.7620.02 729 79201 730 5
* * 8525 2223-02 F 77201 1017 6.85 2.20 t 0.06 1.7620.05 365 782L4 370 5
* * 9741 2223-03 F 77201 610 9.10 2.35 t 0.02 1.80 0.02 710 Long Tere Reserve
* * 6958 2224-01 M 77202 1627 10.85 2.12 * 0.04 1.76 * 0.10 0 77202 0 5
* * 857W 2224-02 F 77202 985 10.50 2.29 e 0.01 1.87 e 0.06 709 Long Tere Reserve
* * 8974 2224-03 M 77202 833 11.40 2.14 * 0.04 1.8310.01 4 77206 4 5

Rhesus Monkey 883 2253-01 M 77234 5 -7 years 7.20 2.00 t 0.03 1.70 t 0.04 547 79054 550 5.8
Cynonelgus Montey 37 2253-02 M 77734 3.5 4.5 years 3.90 2.08 0.01 1.77 * 0.03 677 8, Lon9 Tere Reserve
" " 40 2253-03 M 77234 3.5- 4.5 years 3.80 2.13 * 0.01 1.74 e ?.01 729 79234 730 8
Rhesus Monkey 891 2254-01 M 77235 5 -7 years 8.25 2.4320.07 1.82 e 0.05 0 77235 0 8
Cynoamigus Monkey 33 2254-02 M 77235 2.0- 3.5 years 2.55 2.16 e 0.01 1.76 e 0.06 64 772*9 64 8* *

41 2254-03 M 77235 3.5- 4.5 years 3.70 2.59 e 0.04 1.85 t 0.03 365 78235 365 8* * 45 2254-04 M 77235 5 -7 years 4.05 2.2520.02 1.7620.05 6 76 8. Long Tere Reserve* * 30 2255-02 M 77236 3.5 4 5 years 3.90 2.15 e 0.04 1.7220.05 675 8. * * *
Rhesus Monkey 874 2265-01 M 77238 5 -7 years 4.35 2.0120.04 1.66 s 0.06 4 77242 4 5. 8

- ?
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i. B',0*C Heat Treated Pu02 - Babcock and Wilcon (cont $
*

Exposure
Radiobiology . Age Weight Emsum hsol Proje'.ted Alive

Sacrifice Death DPE- Species Tattoo Number ' Sea Date (weeks) (kg) AMAD fum) t 1 50 'o e 1 50 ' DPE EtO .6/30/79 - Coments
Fischer-344 Rats 2217-01 M: 77195 9 -10 weeks .2.21 1 0.12 2.00 t 0.09 79063 598 0 Squamous cell carcinoma. lung;'e' ' * m ,,c ,cy,,,,,y,,,* ' 2217-02 M -" "

" *
0 77195 0 5~*. *= 2217-03 .M * * * *

64 77262 67 5* -"
., 2217-04 M * * * *

'78358 528 D Squamous cell papilloma* * '
2217-05 M " " " "

4 77199 4 5= a 2217-06 M .* * * * 547 ' 79015 550 S
. !"*"-* *

i2217-07 . M = a * *
365 78195 365 5 1* * - 2217-08 M * * * *
547 79015 550- S| * * 2217-09 M * * * *
64 77262 v7 5. .=- 2217-10 M = = " "

4 77199 4 S* = - 221; 11 M a a * *
0 77195 0 $.: .' 221). M ' " * *

365 78195 365 5.' =
2217 13 .M = a ' *

64 77262 67 S.- *
| 2217-14 'M = = * * 79165 700 D . Squamous cell carcinoma. lung.- J* 2217-15. M * = * *

78341 511 0 Squamous cell carcinoma; adenocarcinoma; lung
,

. . *
2217-16 M a a * *

77195 0 0 + Died during exposure -* *
2217-17 M * = * * 79157 692 D Squamous cell carcinoma; adenocarcirena; lung( .' =
2217-18 .M " " * *

! 79158 693 D Squamous cell carcinoma; adenocarcinoma; lung* *
2217-19 M = = * *

547 79015 550 $. *-
2217-20 M = = * *

77195 0 D + Died during exposure !-
,

. .
2217-21 F = = a *

365 78195 365 S |. . 2217-22 F " * * *
547 79015 550 S '

'* - *
2217-23 F " * * * *

730 79197 732 ~$
| - * /"

2217-24 F = a * *
64 77262 67 5* *

2217-25 F = * * *
0 77195 0 S* * '2217-26 F * * * *

64 77262 67 5* *
2217-27 F " * " "

365 78195 365- S
; .

..
2217-28 F * * * *

| 4 I7I99 4 I* * 2217-29 F 365 78225 365 5
. . = *

Hemangiosarcoma lung. .. 2217-30 F - *. . a
79054 589 0 Hamanglosarcoma. Tung* * 2217 31 F 78352 522 D Hemangiosarcoma, pleura.-

. a * *

i

i

I

!
.
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BWC Heat 7reated pug 7 - SW (cont'd}
[rront)
850*C Heat Treated Puoy.1102 and Orgente
Steders (backj

BWC Heat Treated pug 2 - Babcock and Wticos (cont'd)

En sure Pro jec ted Alive
Radiobiology i WefgM IW"T #'*'I $acrifice trath CPE

spec tes Tattoo Muster Sea Date jw eksk JgL AMAD3ml t 1 $0 "q t i SD DPE 5sTe - ~ NT 6430g _ Cowents

Fischer-344 Rats 2217-32 F 77195 9 -10 wee 6 s 2.21 s 0.12 2.0010.09 0 77196 0 $
* * * " 4 77199 4 $* * 2217-33 F

730 79197 732 $* * * *
2217-34 F* *

* * * " 730 79197 732 $2217-35 F" "

54 7 79015 550 $" * * *
2217-36 F* *

365 78195 365 $* * * *
2217-37 F= "

" " " " 730 79197 732 $* * 2217-38 F

2217 39 F 19062 597 D squasmus cell carctnoma. Tung= * " "
. *

. .* 2217-40 F 4 79199 4 5= * * '

0 77195 0 $" * * "
* * 2217-46 F

2217-49 F " " * * 78234 4 04 0 Fibrosarcoma. pleura= "

- e

8: Primate cdught in the wild, age esttested from body weight at exposure.
0: Spontaneous death,

i: tuthan t red.
5: Sac rificed.
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States of inhalation Studits of 850*C kat irsated Pu0 . Mued with U0 and Croanic Binders,

2 2
! (Pellet Pressing at 86bcock, tnd Wilcoa) in Fischer.344 Rats (Pilot Study)

Exposure
ExWsure kroM Projfcted Allee

Radiobiology' Age - Weight Sacrifice Death DPE

|- " Species . Tattoo Number Sex . Date (weeks 1 A L ' AMAD (u ) t 1 SD "o t 1 SD DPE Date_ DF,E 6/30/79- . Comentsm

I ~ Ftscher.344 Rat 1933-01 M 76348 - 9 10 weeks - 1.13 s 0.06 - 2.60 t 0.07 0 76348 0 5
:* - a. ' 1933-02- 'M a * * * 0 76348 0 5
:* -" 1933-03 M * * * a 0 76348 0 $

' *- * 1933-04 F * * * * 0 76348- 0 S
*- a- 1933 05 .F " " a = 0 76348 0. S
= - " " 1933-06 F * " " . " 8 76356 8 5

i' 'e ; .'a 1933 07 F * c* = ' . * 8 ;76356 8 5-
-* = 1933 08 - -F - * * **' 8. 76356 8 5
* a- 1933-09 . F

" * * " 8 76356 8 5
* a .1933-10 F " " a a 8 76356 8 5
= a ' * a ar 1933 11' M' 16 76364 16 S
e a 1933 12 .M .a a * * - 16 76364 16 S'
's p 1933-13 F a a a * - 16 76364 16 5

'

e a. 1933 14 F a a = = 16 76364 16 - 'S
e .= 1933 15 F " = * * 16 76364 16 $ g.

- e ' - 1933-16 M " " a a 64 77046 64 S

- e. ' = 1933 17 F a .a a a 64 77046 64 , S
=. =-

^

1933 18 F . a = a a 64 77046 64 Sl - e .= 1933 19 r a a a " 32 77014 32 S -
,

D. Squamous cell carcinoma, squamous --" a 1933-20 ;r a a a a 78108 491,

cell papilloma, lung'

= 'a 1933 21 F a a a a 78070 453 D. Sq6amous cell papilloma. Iung
* a 1933-22 M a * " " 64 77046 64 S
. * 1933-23 M a a = = 79071 819 E Adenocarcinoma, long

'1933-24 M a a a a.* *
32 77014 32 S

= = 1933 25 M " a a a 78253 636 D Squamous cell carcinoma. lung
e a 1933 26 M "' " " * 32 77014 32 5

,

.. a, - 1933-27 M = a a * 64 77046 64 5
'' " 1933-28 M = = a a 32 77014 32 5
a *

77351 ' 369 D. Large lung mass (not examined histologically)-1933 29 -M = = a a '

* * 1933-30 M = a a a 32 77014 32 S
.. a Ig33 3g. M = a a " 77192 210 D. Adenocarcinoma. Tung

i~ . * 1933-32 -F 78118 501 D. Squamous cell carcinoma, lung= a a "

D: 5pon Lneous death.

. S: Sacrificed.,

*
Et Eithanized

!

'
-

!
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APPENDIX B ' '

Personnel Contributing to the Research

Senior and Associate Staff

J.-A. Mewhinney, PhD Radiobiologist

B. B.'Boecker, PhD Radiobiologist--

A. F. Eidson, PhD' Chemist '

R. A. Gullmette, PhD - Radiobiologist

F. F. Hahn,'DVM, PhD Experimental Pathologist

G. J. Newton, BS Aerosol Scientist

H. C. Redman, DVM, MPVM Research Veterinarian

Technical Staff

B. J. Allmer Laboratory Technician

C. A. Baum Radiochemistry Analyst

S. C. Burt, AS Laboratory Technician

C. D. Esquibel Radiochemistry Analyst

S. A' Gazley Sr. Res. Technologist.

C. J. Headrick Laboratory Technician

R. W. E. Norgon Sr. Res. Technologist.

P.' D. Palmer Laboratory Technician

E. J. Salas Res. Technologist

K. J. Warner Res. Technologist

It should be emphasized that a listing such as this is rarely comprehensive in
acknowledging all the individuals who have made~ important contributions to the research. In the
unnamed category are the many highly skilled animal care, maintenance, shop, administrative and
secretarial personnel whose efforts are essential to the continuation of a productive and mean-

-ingful research project.
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