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NOTICE
-

This report was prepared as an account of work sponsored by an agency of the United States*

Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

Availability of Reference Materials Cited in NRC Publications

Most documents cited in N RC publications will be available from one of the following sources:

1. Tha NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

4

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC <:orrespondence and ir.ternal NRC memoranda: NRC Office of Inspection

{
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;

j Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: forma; NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides. NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic4

Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

|
Documents available from pubhc and special technical libraries include all open literature items,

' such as books, journal ar'd periodical articles, and transactions. Federal Register notices, federal and
state legislaeon, and congressional reports can usually be obtained from these libraries.

Documents such as theses. dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Sing!e copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control. U S. Nuclear Regulatory Commission Washington, DC
20555

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute.1430 Broadway, New York, NY 10018.
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_ ABSTRACT

The objective of this project is to conduct confirmatory research on aerosol charactkistics
and the re' alting radiation dose distributici in animals following inhalation and to provides

| prediction nf health coasequences in humans due to airborne radioactivity which might be released
in normal operations or under accident conditions during production of nuclear fuel composed of
mixed oxides of U and Pu. Four resetrch reports summarlie the results of specific areas of
research conducted.

'
The first paper, presented in three parts, details the development of a new

|' method for determination of the specific surface area of very small samples of partlCles of
hazardous materials, the comparison of this method with two other methods of specific surface area
determinstion and the application of the new method to measurement of the specific surface area of

mixed oxide or pure Pu02 particles used in the animal inhalation studies in this project.
The second paper details the extension of the biomathematical model previously used to

describe the retention, distribution and excretion of Pu from these mixed oxide aerosols to
include a des:ription of the Am and U components of the mixed oxides in dogs, monkeys and rats.
This extended model uses to the new information developed from specific surface area measurement
of the particulates. The third paper sumarizes the biological responses observed in the three
radiation dose pattern studies in which dogs, monkeys and rats received inhalation exposures to
either 750*C heat-treated UO2+ Pu0 , 750*C heat-treated (U,Pu)0 r 850*C heat-treated2 2
" pure" Pu0 . The dose-response studies in which rats were exposed to (U. Pu)0 # "E"'2 2
Pu0 are the subject of the fourth paper in this report. This paper updates earlier reports and2

sumarizes the status of animals in these studies through approximately 650 days after inhalation.
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EXECUTIVE SUMMARY

This annual progress report details the resea ch conducted in the project, " Radiation Dose
Estimates and Hazard Evaluations for Inhaled Airborne Radionuclides." The report is composed of a
series of four research papers, each presenting the status of specific areM of the total research
effort. An attempt has been made to include substantial detail in each paper to indicate clearly
the state of the research and to provide interpretation of the results where possible. The reader
is advised that in many 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 confirmatory research on aerosol characteristics
which may modify the biological fate, patterns of radiation dos? 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
aerosol 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 protection standards and hazard

' analyses. Industrially-collected aerosol materials are reaerosolized in the laoratory 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 observedi

patterns seen in the animals af ter 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 , Pu0 ) fuel elements, later studies may

2 2

utilize materials from other sources of industrial operations involving the handling of nuclear
fuel material as well r. from the pilot processes involved in fabrication or processing advanced
fuel forms.

The research repf ts begin with a paper, presented in three parts, which provides complete
details regarding the development of a method for determination of the specific surface area of
small samples of highly radioactive particulates. The first part of the three-part paper
describes the development of an apparatus, housed within a glove box, in which the particulate
sample is first outgassed under vacuum and heating to s 280*C to remove adsorbed water from the

85 85surface, then Kr is admitted to the sample holding container and the Kr adsorbs to the
surface of the particulates in a monolayer. The final stage in the determination is quantifying

Obthe amount of Kr adsorbed on the particulates using gamma ray counting. The second part of
the three-part paper details the results of two intercomparisons; a comparison of the results
obtained using three different methods of quantifying the amount of gas adsorbed onto particle
surfaces and a second comparison of three different particulate materials to determine their
respective suitability for use as specific surface area standards. These comparisons were made to
provide essential quality assurance information. The results of these intercomparisont clearly,

i

| indicate that while all three methods provide results differing only within experimental error,
L 85only the Kr method provides simultaneously the ability to safely contain highly radioactive
i particulate samples and to characterize reliably samples as small as s 2 mg. Comparisor, of the

standard powder samples indicated that the Al 0 was most suitable since the measured specificp3
surface area was not effected by outgassing temperatures up to 250*C. The third part of this

three-part paper describes the acquisition of specific surface area data for particles of UO2*
Pu0 treated at 750'C, two samples of (U,Pu)0 treated at 1750'C, and " pure" Pu0 treated at2 2 2

|



850*C, These particulate samples were recovered from membrane filter samples taken during the
inhalation exposure of rats, dogs and monkeys in the eadiation dose pattern or dose-response
studies conducted in this proiect. Replicate determin. cions on each sample produced consistent

2results for two of the samples; specific surface area of * 3 m /gm for one (U.Pu)0 sample
2

and s 20 n8/gm for " pure" Pu0 . For two other materials, UO2+ Pu0 and one (0,Pu)0
2 2 2

sample, the specific surface area increased for several determinations made successively on the i
'

same sample. Potential causes for this phenomenon are discussed.
The second paper in this report discusses the application of a biomathematical model to

describe retention, distribution and excretion of Pu, Am and V in ratt, dogs and monkeys following

inhalation of UO2+ Pu0 , (U Pu)0 or " pure" Pu0 . The model, which uses the specific
2 2 2

surface area of the inhaled particulates in the formulation of a function to describe the rates of
dissolution of these elements, provides good agreement with the observed retention and
distribution data for Pu for all thre* species studied. Results of these modeling efforts
indicate that for a given element, slight differences in the retention, distribution and excretion
of that element for a given species can be accounted for by the differences in the physical
chemical characteristics of the aerosol. For a given aerosol, significant differences in
retention, distribution and excretion were noted among the three animal species. Also, for each
species, differences were found in the retention, distribution and excretion of the elements Pu,
Am, and U (when present) for each aerosol.

The third paper in this report summarizes the biological effects (response) observed in rats,
(U.Pu)0 UIdogs and monkeys held for long periods after inhalation exposure to UO2 + Pu02 2

" pure" Pu. These effects include lung tumors induced in both rats and dogs experiencing lung
doses from 190 to 16,000 rads in rats and from 2,500 to 4,800 rads in dogs. None of the three
monkeys sacrificed at four years af ter inhalation had developed tumors with lung doses ranging
from 2,S30 to 4,700 rads. A full discussion of the tumor types observed in rats and dogs is
presented.

The fourth paper in this report provides an interim report on the dose-response studies being
conducted in Fischer-344 rats exposed to aerosols of (V,Pu)0 or " pure" Pu0 . In these

2 2

ongoing studies, groups of rats were exposed to three graded levels of initial lung burden to
achieve total doses to lung of 25,125 and 625 rads to 950 days af ter exposure. Relatively few
rats have succumbed to radiation related lesions to date as expected. A few pulmonary tumors have

been observed in the high dose groups. Data on the retention and distribution of these materials
through 1.5 years are presented as a summary of the histopathological responses seen to date.
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1 SURFACE AREA MEASUREMENTS

P ART A. MEASUREMENT OF SPECIFIC SURFACE AREAS OF SMALL POWDER

SAlfLES USING Kr AS ADSORBATE

Abstract - An apparatus is described which has
been successfully employed for measurement of PRINCIPAL INVESTIGATORS

the specific surface area of particulate samples S. J. Rothenberg

weighing between 20 and 50 mg. Comparison of D. K. Flynn
data obtained for 50 mg samples by the new A. F. Eidson

,

method with data obtained for the same samples by G. J. Newton
other methods is made in Part B. A ratio test J. A. Mewhinney

| was employed to demonstrate that the method gives
I 2 2

self-consistent data for samples less than 10 mg. The blank correction is 20 cm i 10 cm ,

the uncertainty in weighing samples is t 0.05 mg. Sample tubes are suitable for containrent of
radioactive material. Application of the methods to 2.0 and 10 mg mixed Pu0 /UO samples

2 2
obtained from gloveboxes in a nuclear fuel fabrication facility is presented in Part C.

f Important factors determining the rate of dissolution of a particle deposited in the lung are
' the chemical composition of the particle, the crystalline structure and the amount of surface

interacting with body fluids. This paper describes work designed to allow measurements of
specific surface area for extremely small samples of radioactive particles. Several commercial
methods are available for determination of specific surface area of particles, but these 6. e *

| limited to sample sizes exceeding 10 mg (Ref. 1). Particulate samples from filters, cascade
impactors or the Lovelace Aerosol Particle Separator (LAPS) (Ref. 2) are normally available in
quantities between 0.1 mg and 10 mg, and thus development of a method suitable for such small
samples was necessary.

This paper describes the adaptation of a method for measurement of the specific surface area;

described by Chenebault and Schurenkamper (Ref. 3) for powder samples. Comparison of the method
with other methods of measure.nent of specific surface area is described in Part B, and application
of this new method to measurement cf specific surface area of particulates of mixed U and Pu

oxides of industrial origin is described in Part C.

. MATERIALS
l

| Samples of titanium dioxide and aluminum oxide of uniform composition and known specific
surface area were obtained from Duke Standards Co., Palo Alto, California. Nominal specific
surface areas of each batch, as supplied, were checked using a vacuum micro-balance for
gravimetric determination of adsorption of nitrogen, and the method of calculation of Brunauer,
Emmett and Teller (six-point 8.E.T. plot) (Ref. 4). The gravimetric method has been discussed
elsewhere (Ref. 5) and the apparatus described in detail (Ref. 6). Uranium dioxide (Merck
analytical standard) was used without further purification. Fused aluminosilicate particles (FAP) ;

were produced from montmorillon1te clay (Ref. 7) and separated into size-selected samples using a i

Lovelace Aerosol Particle Separator (LAPS). Samples of mixed oxides of U and Pu were obtained )
from two different fuel fabrication facilities (Ref. 8, 9, 10). )

The apparatus consisted of a vacuum manifold to which adsorption cells and a reservoir of
685Kr were attached and a pumping assembly capable of procu:ing a vacuum of 17 Torr. A

|
1
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schematic diagram of the apparatus is shown in Figure 1-1. Ancillary equipment included heating
assemblies, heater control units and pressure gauges, and adsorption cells. A capacitance

85manometer (MS type HSIA) was used to measure the pressure of Kr.

Valve
/Vacuum Figure 1-1. Schematic diagram of 85 r adsorptionK

Pump apparatus. A sample and a standard powder of known
specific surface area are attached to the vacuum

b b 2 manifold. The system is evacuated to 10-5 Torr
and the sample and standard powder heated to 250'C

g g g for s 16 hours. Krypton-85 is then admitted from
the res evoir and the sample and standard powders
adsorb gS r when cooledK in liquid nitrogen. TapsSample-
to sample and standard powder cells are closed andStandard the ils removed to a counting station to quantify
thegKradsorbed.

''Kr Reservoir

Three types of adsorption cells were employed. The sir.plest consisted (Fig.1-2a, type I
cell) of a plain tube, approximately 6" long, internal diameter = 1/2", ending in a 14/35 standard
taper ground glass male joint which was inserted into a 14/35 female joint attached to a stop-cock
(and thus sealed once a sample was placed in it). The entire sealed assembly was then transferred
from the glove box used for sample storage to the glove-box housing the surface area measurement
apparatus, and attached to the vacuum manifold. Type I cells were inexpensive and easy to load,
but were suitable only for large (s 50 mg) samples because of the large blank correction whose
value depends on the level of liquid nitrogen cooling the adsorption cell and its contents.

A cell not suffering from this disadvantage, which is a variant on the design of Chenebault,
(Ref. 3) is shown in Figure 1-2b (type !! cell). A partially evacuated envelope was joined to the
cell (Ref.1) that allowed the liquid nitrogen level to vary between points A and B (Fig.1-2b)
but maintained constant cooling below pcint B such that the blank correction was almost constant.
This cell was also eay to load and seal, had a much lower blank correction and gave good results

2 -1for samples as small as * 5 mg and specific surface area of at least 1m9 The type !!

cell weighed * 6 g, which was just outside the range of several commercially available digital
readout balances weighing to i I pg. However, a type 11 cell could be made which weighed less
than 4 g without the stop-cock. Using a balance in a controlled area (e.g. glove-box), the
contents of such a cell could be weighed open to i I pg, a fiftyfold improvement in weighing
precision to that reported below (see Results).

The dead-space correction for a type !! cell was determined by the total volume enclosed with
85the stop-cock shut. The dead-space correction was significant using Kr as adsorbate. Thus,

reduction in both cell diameter and length improved precision of the method. It was difficult to
load powder samples into cells with less than 2 nun inside diameter. Type !! cells were at least 5
1/2" long. This was because it was necessary to leave s 1" between the barrel of the stop-cock i

and the ground glass joint, and because the joint itself was s 1" long.
The type III cell design eliminated the ground glass joint (Fig.1-2c). The total cell length

was s 3". The bore of the stop-cock was carefully widened out to facilitate sample loading with
a special mini-spatula. Such cells were difficult to make and to load, but were used to obtain
reproducible data for samples as small as 2.0 mg (S > 1 m 92 -1),

_
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Both Kr and Xe are standard adsorbates used in surface area determinations (Ref. 5,11). Both
radionuclides are easily determined radiometrically, having distinct gamma ray energies. The

85
half-life of Kr is about 10 years, whereas that of Xe is only about 5 days.

A vacuum apparatus can be easily assembled from standard components and quick disconnect
i

0-ring seals which provide. a pressure of 10~6-10~7 Torr (for outgassing) and an overall
leak-rate of less than 10-3 Torr min ~I This specification is adequate if Kr is used as {

85
.

85an adsorbate, since the working pressure range for Kr adsorption studies at 77'K is

s 0.1-0.S Torr. It also ensures that at the end of an adsorption experiment (s I hour) less
than 2% of the pressure measured is caused by extraneous air, and that the background pressure at

85 133the start of an experiment is less than 0.1% of the Kr admitted. With Xe as adsorbate,
10^ Torr at 77'K, a better ultimate vacuumand a working pressure range of $

(* 10-8 Torr) and lower leak rate ($ 10-8 Torr min ^) would be essential. Other

precautions, such as vacuum bake-out of all components to minimize outgassing, are necessary, as
discussed by Chenebault (Ref. 3).

The dead-space correction previously mentioned was determined by the product of cell volume
and working gas pressure. A type !! cell would be acceptable for submilligram samples

2 133(S 3. I m g-1) 47 Xe was used as adsorbate with working gas pressure of
10-4 Torr. An " ultra-high" vacuum system then becomes essential, but this advantage mights

be outweighed by the convenience of using type Il pils. Because of the short half-life of
I3 85Xe and the need for an ultra-high vacuum system, we usad Kr as the adsorbate in this work.

METHODS

As much of each sample as could be removed from each sampling filter, cascade impactor stage
or LAPS foil segment was placed in a preweighed sample tube (Fig.1-2). An approximately equal !

weight of titanium or aluminum oxide standard powder was placed in a second preweighed sample
tube. Both tubes were reweighed on a Mettler type H51 balance. Sample, standard and an identical
clean empty sample tube (blank) were transferred into the glove box and attached to the vacuum

85manifold (Fig.1-1). A reservoir of Kr was also attached to the vacuum manifold, and the-
apparatus slowly pumped down to 10-6 Torr. Throttling valves (not shown) were employed to
ensure that the powder samples were not aerosolized when the pumps were switched on. These

procedures have been discussed in detail elsewhere (Ref.1.12). Samples, standard and blank were
heated overnight at 250*C and 10-6 Torr. Temperature was controlled to 15'C by proportioning
controllers and monitored to il*C by a fast-response thermocouple (Type J, 1/8" o.d.) placed
next to the sample tube.

After heating overnight, samples were allowed to cool to room temperature at 10-6 Torr,
85 850.5 Torr of Kr was admitted to the apparatus from the Kr reservoir, and sample, standard

85and blank were simultaneously cooled in liquid nitrogen, to adsorb the Kr. When adsorption
was complete, as indicated by constant pressure readings (M.K.S. Type 222 baratron) the taps to
the sample cells were shut 85Kr in the manifold was returned to the reservoir. The reservoir
was removed to a shielded well in a second glove-box to reduce background for later measurement.
Sample, standard and blank cells were placed, in turn, in a counting station. The amount of
85

Kr adsorbed by sample, standard and blank were determined by counting the 0.514 MeV ganna ray
using a 1" hal(TI) crystal detector and a Ludlum model 2200A scaler attached to an automatic
printing unit. The mean of four 2-minute counts was obtained for each cell, and the cell was
removed and reolaced in the counting unit two more times to check that counting geometry was
reproducible. The specific surface area of the sample was then determined by the equation:

6
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SWjj Mean Net Countsj

S "O Mean Net Counts0 0

where S and W are the specific surface area and weight of the sample, 5 and W thej j 0 O'
specific surface area and weight of the standard. Net Countsj and Net Counts are the counts0
obtained for sample and standard. Correction was made for both detector background and blank cell,

counts, and care taken to ensure that reproducible counting geometry was obtained.
The same procedures were followed in a cross-check on the method using the vacuum

j micro-balance. The specific surface area of each sample was first determined on the vacuum
microbalance by gravimetric methods (Ref. 6) and the samole then transferred from the vacuum
micro-balance pan to the weighed sample tube. Depleted uranium dioxide was used in these studies,
as the vacuum microbalance was not modified for containment of radioactive samples. This
cross-check employed large samples (50 mg) to obtain reliable results by the gravimetric method.

To ensure that a single sample gave consistent rtsults af ter repeated outgassing periods,
three repeated measurements were made on monodisperse fused aluminosilicate particulates (FAP), a
material known to be heat stable at 250*C. This test procedure was repeated at intervals.

85In a further cross-check on the Kr method, sample and standard cells were filled with

different weights of titanium dioxide taken from the same batch. Except that both cells contained
samples of the same kind, the procedures followed were identical to those used for mixed oxide
determinations.

RESULTS

Comparisons of sample weight ratios to Kr gamma-count ratios for TiO samples are shown
2

in Table 1-1 Comparison of specific surface areas obtained using the vacuum micro-balance and by
85Kr adsorption for uranium dioxide samples are shown in Table 1-2. The specific surface areas

for twc different particle sized monodisperse samples of FAP af ter three successive outgassing
pdriods are shown in Table 1-3.

.

1

DISCUSSION

If the samples obtained from Duke Standards are homogenous with respect to surface area, then
equation (1-1) reduces to:

W Countsj j
7- " Counts (Eq.1-2)

2 2

Two pairs of T10 samples were compared: (1) 50 mg and 25 mg samples (Pair A) and (2) 10 mgp

and 5 mg samples (Pair 8). If the correction for adsorption by the sample tubes (blank

correction) is omitted, then the weight ratios and gamma-count ratios agree to within 10% for

| Pairs A and B. When blank corrections are included in the calculation, agreement to within 5% is
'

obtained, which is within the expected precision of the method.(Ref.1,5) As discussed by Lowell
et al., (Ref.13) who examined the minimum sample size for the flowing gas method, an apparatus
which gives self-consistent data for large samples may show a systematic trend in data as sample

! size is reduced. The data in Table 1-1 demonstrate that, provided the blank correction is
85applied, the Kr method is self-consistent for TiO samples as small as 5 mg. Additional

2

measurements of U and Pu oxides demonstrated that the method was satisfactory for samples as small
as s 2 mg (this report, pp.16 to 20).

!
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85
Table 1-1. Comparison of the Ratio of Adsorbed Kr (Gama ray Counts) to the

Ratio of Sample Weights for Two Pairs of Standard TiO2 Powders

Counts (cpm)

Counts (cpm) (With Blank j
'

Weight (mg) (No Blank Correction) Correction)
Pair A

Sample A-1 50 157000 137000

Sample A-2 25 87100 67400

Ratio 2.0:1 1.8:1 2.0:1

1

Pair B

Sample B-1 10.84 22700 21100

Sample B-2 5.88 13600 12000

Ratio 1.84:1 1.67:1 1.76:1

I

|
2 |Table 1-2. Comparison of Specific Surface Area (m fg)

85Obtained by Kr Adsorption and
Microbalance Methods for Two Sarrples of UO

2

85 c

Sample Kr Microbalance
8

1 3.3 3.56
b3.6

2 4f 3.64

Mean 3.7 3.60

a first determination
b Second determination
CMean of determinations from adsorption and desorption

isotherms

Table 1-3. Replicate Determination of the Specific Surface Area (m /g) of Monodisperse
Fused Aluminosilicate Particulates of Two Sizes Using.85Kr Adsorption Method

.

Particle Size Sample Weight Determination

(u ) (og) 1 2 3 Mean 1 SDm

1.3 7.42 2.67 2.54 2.67 2.63 t 0.08
0.9 5.00 2.59 2.79 2.57 2.65 0.12

8
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Yhe specific surface area of replicate uranium dioxide samples determined on the vacuum
3.6 2 0.1 nIg*I, whereas a value of 3.7 2 0.6 m g-1micro-balance (Table 1-2) was 2

,33
85determined using adsorption of Kr and a plain tube cell (Fig. 1-2a) able to hold 50 mg

samples. These results indicated that the method gave results agreeing within the limits of
detection. The manufacturer's specification for this sample did not include homogeneity with
respect to either particle size or specific surface area. Thus it was not intnediately clear
whether the apparent difference between the two UO samples was real, or represented scatter in

2
the data.

Subsequent work showed that the uncertainty in blank correction for type I cells was as great
85as the difference between the Kr and the vacuum microbalance data for UO samples. To

2
obtain reliable results in such a cross-check it is essential to transfer over 30% of the sample
from the micro-balance pan to the sample tube. In addition, it was noted that as the UO

2
samples were heated through the temperature range 100"C-200"C (at 10-5 Torr), an irreversible
weight gain occurred. This was presumably caused by partial oxidation of U0 to U 0 , which

2 38
has been observed by others (Ref. 14). The weight gain implied that the material chosen (UO )

2
would not necessarily be in the same physical state at the end of a series of experiments as at
the start, and that the differences in data might reflect a real change in the sample. Further

Obcross-checks were deferred until the precision of the Kr method had been improved, and
85experience gained in use of the

Kr method before the data for aluminum oxide (Part B) was
obtained.

The method gave reproducible results when a heat-stable sample and a type III cell was used.
When roughness factors were calculated from the specific surface areas and the sizes of the FAP
particles (determined by transmission electron microscopy), values for successive batches of FAP
ranged from 1.1 to 1.75 with a mean of 1.4 The appearance of the particles is one of smooth
spheres. The range reported is somewhat wider than that summarized by Gregg and Sing (Ref. 5) for
smooth surfaces. Gregg and Sing reviewed the literature and found a range 1.05 to 1.4. The

departure from a value of 1.0 was attributed to small surface irregularities, such as lattice
steps, lack of short-range order in crystallites or lattice defects. If a " correct" value for FAP
of = 1.2 is assumed, then the data indicate a systematic error of = 20%, and random errors of
1 30%. Thus, the method had been found to be self-consistent, free from gross systematic error,
and to give reproducible results. We were therefore encouraged to proceed to a more detailed
evaluation of standards and comparison with other methods as described in Part B, and to apply the
method to mixed oxide samples as described in Part C.

I

SUPHARY

An apparatus suitable for the determination of the specific surface area characterization of
small masses of particulates requiring containment has been constructed. The method gives
self-consistent data for samples between 2 and 50 mg. The method has also been tested against

i

other methods (Part B) and applied to (Pu/U) oxide samples (Part C).
i
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i 1. SURFACE AREA MEASUREMENTS

Part B. A COWARISON OF THREE METHODS OF DETERMINING SPECIFIC SURFACE AREA

AND A C0WARISON OF THREE MATERIALS FOR SURFACE AREA STANDARDS

Abstract - Specific surface areas of three

standard particulate samples were measured PRINCIPAL INVESTIGATORS

by vacuum micro-balance, flowing gas S. J. Rothenberg
85thermal conductimetric method and Kr ad- J. A. Mewhinney

sorption techniques. Values obtained were A. F. Eidson
found to be independent of the method D. K. Flynn
employed, or of the operator using the
equipment, but to be influenced by the temperature at which samples were heated (outgassed) prior
to determination of adsorption properties. Implications for comparison of data for environmental
samples characterized in different laboratories are discussed, and the suitability of the

materials tested as surface area standards evaluated.

During our studies of the surface properties of respirable particles from different sources we
have sought to compare our results to data obtained for similar samples studied at other

laboratories (Ref. 1, 2, 3, 4). Data for chemical composition show considerable particle to
particle variation (Ref. 4, 5, 6, 7), but few major discrepancies between data from different
laboratories, and therefore will not be further discussed. The situation for adsorption studies
is somewhat less satisfactory (Ref. 1, 2, 3). Frequently, systematic differences in data obtained
at different laboratories can be explained by intentional differences in sampling method or
experimental approach. Gregg and Sing (Ref. 8) recommend heating samples to constant weight at
temperatures in excess of 200*C (to remove adsorbed surface impurities, or " outgas" the sample)
before studying adsorption properties. This approach is excellent for heat-stable samples such as
well-characterized oxide catalysts. For ambient air samples, which may include heat-labile
particles, there are compelling reasons for studying samples as collected, without preliminary
outgassing (Ref. 3). If sufficient samples are available, it is desirable to use both

experimental approaches, but data obtained by the two methods cannot readily be compared nor
expected to be concordant. In addition, different laboratories may use apparati based on

different measurement principles,
in this paper, we compare three different methods of determining specific surface area of

particulate samples, all of which employ gas adsorption techniques, but use verv different methods
of determining the amount of gas adsorbed. To minimize effects of differences in sample
preparation (outgassing) we have outgassed non-heat-labile samples overnight at 250*C. The

,

methods compared are gravimetric (vacuum micro-balance), thermal conductimetric flowing gas |
85technique (Ref. 9) (Quantasorb) and a radiometric technique employing Kr adsorption. The

85Kr adsorption method, described in Part A, is the only method which gives reliable data, if
the total sample mass available is less than 2 mg, and provides convenient containment of
radioactive samples. However, as presently employed, it provides a single point determination in
which the method of calculation of Brunauer, Emett and Teller is used (BET method) (Ref 10) for
two samples a day. The flowing gas thermal conductimetric method is very useful for samples
weight at least 20 mg as five-point B.E.T. plots for four samples can be obtained in a single
day. In addition, the latter system can be used to determine hysteresis loops and pore size
distributions (Ref. 11). The gravimetric technique can be used to study weight loss curves (Ref.
3), rates of adsorption and desorption (P.ef. 2, 3) (or sorption kinetics), and isoteric heats of

11
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adsorption as well as for the routine B.E.T. determination of specific surface area (Ref.1, 3).
Thus, the gravimetric technique is particularly useful for the in-depth study of a few samples.

|
The advantages and disadvantages of each method have been recently reviewed (Ref.12). Since we i

wish to use the most appropriate technicpJe for each sample and yet be able to compare surface area
data from different samples, we carried out a comparison of the three methods. In addition, since

'85the Kr method depends on the use of a standard sample, we have compared two materials
(Al 0 and TiO ) available as specific surface area standards.23 2

As reported below, we found A1 0 somewhat more satisfactory than T10 as a specific23 2

surface area standard material, since the values obtained were almost independent of the heat
treatment used during sample outgassing. Differences in data obtained by the three methods
usually were greater than 2 5% but less than 2 10%. This means that data obtained by

different laboratories using the same method P sample preparation but different measurement
techniques should be directly comparable.

EXPERIMENTAL DESIGN
1

Three samples of alumina oxide of widely differing specific surface areas were ordered from
Duke Standards, Palo Alto, California. A staff member not involved in the hands-on experimental
work divided each bottle into two aliquots, labeled them B, B, etc., gave outA, A,j 2 j 2

the samples for determinction of specific surface area by each method, and recorded the results
handed back to him. The original experimental design was a " triple blind" experiment, but as a

85result of changes in personnel, most of the experiments by Kr adsorption and by Quantasorb
were carried out by a single individual. |

IAs a check on sample inhomogeneities of the type previously reported (Ref.1), two different
subsamples of Al 0 were determined using the vacuum micro-balance. This was also done for23
T10 samples, since it is necessary to establish that a sample is homogenous with respect to

2
specific surface area if it is to be used as a standard.

yTERIALS AND METHODS

Samples of Al 0 and TiO were obtained from Duke Standards, Palo Alto, California. A23 2
vacuum microbalance (Cahn RG2000) was used for gravimetric determination of adsorption of research
grade nitrogen (Mattheson). The apparatus and experimental precautions used have been previously
described in detail (Ref.1). A standard Quantasorb instrument was employed in accordance with
the manufacturers instructions, using 1%, 5% and 10% research grade nitrogen in helium mixtures
(Scientific Gas Co.) and research grade nitrogen (Mattheson Gas Co.). Desorption peak areas were

used in all determinations, as reconsnended by Nelson and Eggertsen (Ref. 9) and by the
manufacturer. The standard method of calculation (on data sheets supplied with the instrument)
was correctu for the altitude at Albuquerque (barometric pressures ranging from 615-635 nunHg).

85The Kr adsorption technique has been described in detail in Part A.

Duplicate micro-balance determinations were made on each sample, and both adsorption and
,

|desorption isotherms measured. Thus, the values tabulated are the mean of four determinations.
85

Quantasorb and Kr adsorption experiments were performed in triplicate. To study the effects
of heat treatment of samples, successive determinations were made after heating samples overnight

85at 100*C, 200'C, 250'C, 300*C for Quantasorb and Kr and additionally at 450'C for the

micro-balance, which has heat resistant (quartz or ceramic) components.

12 l
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RESULTS

i

h 85values obtained af ter heat treatment at 250*C by vacuum micro-balance, Quantasorb and Kr,

as well as the specification for each sample supplied by the manufacturer, are shown in
Table 1-4 Figure 1-3 shows the dependence of the measured specific surface area on outgassing
temperature. For comparison with the standard, materials data previously published for diesel
exhaust particles and for coal combustion fly ash are also reproduced in Figure 1-3.

Table 1-4 Specific Surface Area Values For Standard Powders

Determined by Three Different Methods
2 -1Specific Surface Area, m g

aKr Manufacturer's
Sample Micro-balance Quantasorb Adsorption Specifications

D3.04 0.25
CAl 0 , A 2.6 2.53 3.23 3.09 2 0.2423

Al 0 , B 81.9 76.0 90 81.423
Al 0 , C 13.0 12.6 12.6 14.023
TiO 8.85 8.95 10.3

2

TiO used as a standard with value 8.9 m 9'I at 250'C .
2a

2
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Figure 1-3 Variation of specific surface area with temperature
at which samples were heat-treated overnight.
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DISCUSSION

The values in Table 1-4 demonstrate good agreement between the three methods. The apparent
85

precision of the Kr adsorption method is somewhat less satisfactory ( 10%) than that of the
other two methods (t 5%). This is expected when comparing single point B.E.T. determinations

85with multi-point B.E.T. determinations. There is no evidence of systematic error in the Kr

adsorption method. Since the Kr adsorption of samples as sm311 as one mg ($ > I m g"I)85
,

can readily be determined, this makes it the method of choice for small samples.
A test of the type described herein requires homogenous samples. This is the reason why we

used pure laboratory standards, rather than " realistic" filter samples from exposure aerosols.
0Table 1-2 (Part A), obtained early in the development of the Kr method, illustrates this. At

85the time the Kr data were obtained, we had no real way of ascertaining whether the differences
in data for the UO samples represented a real difference in subsamples, or greater scatter in

2
85

data for the Kr method than for the vacuum micro-balance method. Subsequer.t work established
that the blank correction was greatly reduced by using Chenebault's sample tube design (Ref.12,

85
13). This improved the precision of the Kr data. To test the homogeneity of one of the

A1 0 samples, we measured the specific surface area of two aliquots by vacuum micro-balance,23
2 2 -1 2 2 -1and obtained values of 80 m g-1 22m9 and 82 m g-I 22m9 Thus, within the limits of de-

tection of the method used, the sample appeared ta be homogenous with respect to surface area. In
2 -1a similar check on two aliquots of the TiO standard, values of 8.7 and 9.1 mg were

2
obtained. A single curve has been drawn through these data points in Fig. 1-3.

We decided to study the dependence of the measured specific surface area on method of helt
treatment, since our data for diesel exhaust particles and fly ash had demonstrated a marked
change of specific surface area with outgassing temperature (Fig.1-3). The data for aluminum
oxidt snow an almost constant value over the temperature range 200'C-450'C, as previously reported
by Peri (Ref. 14). This, and the sample homogeneity make the material highly satisfactory as a

85surface area standard for the Kr adsorption method. In contrast, the data for TiO shows a
2

measurable increase in specific surface area over the range 200*C-450*C, so that the temperature
of outgassing and the specific surface area of the sample must be specified if TiO is used as a

2

standard.
The data in Table 1-4 demonstrate both the agreement between the methods, and the intrinsic

85scatter in the data. In particular, these data demonstrate that the Kr adsorption technique
is free from major system < tic error.

CONCLUSIONS

Each of the methods tested appears satisfactory, although each has different advantages.
Where sufficient sample is available, the micro-balance appears to give the most reliable results,
but this may reflect our greater experience in using this method. No systematic differences in
data obtained by the three methods were noted, which implies t54t data obtained at laboratories

85using any one of these methods can be directly compared. Only the Kr adsorption method
provides simultaneously the ability to safely contain highly radioactive samples and to

Characterize reliably samples as small as s 2 mg in size. An illustration of the application of
the method to samples of mixed U and Pu oxides is given in Part C.

14
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1. SURFACE AREA MEASUREMENTS

P ART C. SPECIFIC SURFACE AREA DETERMINATIONS OF MIXED U AND Pu OXIDE PARTICULATES

Abstract - Specific surface area determinations
were accomplished on samples of mixed U and Pu PRINCIPAL INVESTIGATORS

85oxides using an Kr adsorption technique. The J. A. Mewhinney

particulate samples were obtained on filters S. J. Rothenberg

during the inhalation exposure of animals to A. F. Eidse
G. J. Newtontreated at 750*C, (U,Pu)02either UO2 + Pu02

treated at 1750*C, or " pure" Pu0 treated at
2

850*C. Replicate determinations produced consistent results for two of the materials studied, q
one (U,Pu)0 sample and + 20 n[/g for " pure" ;with specific surface areas of s 3 nE/g for

2
sample, the specific surfacePu0 . For two other materials. UO2+ Pu0 and one (U,Pu)022 2

area increased for several determinations made successively on the same sample. Results of these
determinations were used in determining the specific constant of solubility and these values used,
in turn, in a simulation model of the retention, distribution and excretion of these particles
following deposition in the lungs of animals.

85
The Kr adsorption technique, described in Parts A and B of this paper, was used to

determine the specific surface area of small samples (2-5 mg) of particles obtained during |
Iinhalation exposures of animals in studies designed to elucidate the retention, distribution and

excretion of the inhaled material, in these studies, dogs, monkeys and rats were exposed to
treated at 750*C, (U,Pu)0 treated at 1750*C, or " pure" Pu0aerosols of either UO2 + Pu02 2 2

treated at 850*C. Analyses of tissue and excreted samples collected at selected times through 4
years after exposure includes separate analyses for Pu, Am, and U (where appropriate). To
facilitate analyses and syntheses of these data sets, a biomathematical model was formulated to
allow determination of differences and similarities. This model used the theory of Mercer !

(Ref.1) on the role of dissolution cf particulates deposited in lung to describe the rate of
dissolution of Pu, Am, or U from these materials. The function describing dissolution is:

S(t) = F(8, og) (Eq.1-3)
a kt

s
where s= (Eq.1-4).a Dv m

The surf ace shape f actor, a is the variable that can be determined using specific surface
s,

area measurements, k is the specific constant of solubility determined from ,i_n, vitro solubilityn

studies (Ref. 2), t is time, D, is the mass median diameter calculated from the aerodynamic
diameter measured by cascade impactor and a, is the volume shape factor (set equal to unity).
The ratio of the surface shape factor and the volume shape factor were calculated from the
equation:

(Eq.1-5)=

"v m/ph I

where s is the surface area, O is the particle diameter, a is the mass and e is the d'ensity.
Since 3 = S " "h''' S is the measured specific surface area in units of a /g the equation

b b

\'
reduces to:

.*=S Ib (Eq.1-6) |

;;-- b
v
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METH005 AND MATERIALS
I

The particles used in the animal inhalation exposure were collected on membrane filters from
the main exhaust vacuum manifold. For surface area determinations, small samples of the particles
were transferred to the sample cell by brushing or carefully scraping material from the filter.
These samples were attached to the vacuum manifold of the Kr adsorption apparatus and the

surface area was determined as described in Part A of this report. The samples were uniformly
heated to 250*C for all determinations. Outgassing time was 16 hours fcr each sample run. The

specific surface area of each sample was determined at least 3 times or until a consistent value
was obtained, where possible.

Detailed procedures for sample handling, operation of the vacuum system and outgassing, and
the quantification of Kr adsorbed onto the particulates were presented in Part A of this paper.i

RESULTS

The results of specific surface area determinations on several particulate samples of mixed U
and Pu oxides and of Pu0 are shown in Table 1-5.2

DISCUSSION

The column labeled HEDL 1750 in Table 1-5 represents three replicate determinations on two
different samples of particles collected at the Hanford Engineering and Development Laboratory
(HEDL) during centerless grinding of (U,Pu)0 fuel pellets. These pellets had been heat-treated

2

at 1750'C for ::veral hours prior to the finish grinding of the pellet to exact dimensions
(Ref. 3). As can be noted from these data, the specific surface area measured for each sample did
not change significantly with each repeat determination. The mean values of the two sets of three
determinations did not differ significantly.

The sample of " pure" Pu0 collected at the Babcock and Wilcox (B&W) mixed oxide fuel2

fabrication facility prior ta mixing the Pu0 and UO powders also showed consistent results
2 2

(Ref. 4, 5). The first 16-hour period of outgassing was accomplished without heating of the
sample and resulted in a value near 9 r8/g whereas the second 16 hour period of outgassing,
accomplished with heating at 250'C, produced a value two times greater in surface area (s 19

2m /g). Subsequently, two additional 16-hour outgassing runs with heating at 250'C produced
2values consistent with the second run (19 and 20 m /g). Heating the sample removes adsorbed

water, but may also transform a sample, changing its composition or morphology, as previously
reported for fly ash and diesel exhaust particles (Ref. 6, 7, 8). The consistent values obtained
af ter successive 250*C outgassing show that the sample is stable at 250*C, as expected.

Both the electron microscopy and the density values previously reported (Ref. 3, 4, 5) had led
to the conclusion that this sample was porous. The density data indicate a pore volume over 25%;
samples whose pore volume exceeds 5% usually have specific surface areas greater than 5 m g-12

(Ref 9). Thus, the high specific surface areas determined af ter outgassing at 25'C or 250'C are
expected.

Particles deposited in lung have not been outgassed at all, and it might therefore appear that
the data obtained af ter outgassing at room temperature were most relevant to a dissolution model.
Surface sites on which moisture is adsorbed are not available for krypton or nitrogen adsorption
(Ref. 7, 9). However, such sites are readily accessible for attack by the body fluids, since once
a particle enters the lungs (100% relative humidity) most of the surface becomes covered by

17
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Table 1-5. Specific Surface Area of Particulate Samples of Materials Used in Fabrication of
iU and Pu Mixed Oxide Nuclear Fuels

750*C B&W (U,Pu)0 1750*C B&W ' Pure Pu0 850'CHEDL (U.Pu)0 1750*C HEDL UOp + Pu02 2 22

Specific Specific Specific Specific

Cumulative Surface Cumulative Surface Cumulative surface Cumulative Surface

Outgassing Area Outgassing Area Outgassing Area Outgassing Area
2 2

Time (hr) (m /g) Time (hr) (m /g) Time (hr) (m /g) Time (hr) (m /g)
D

16 2.78 16 2.82 16 3.76 16 8.98 {
a

32 2.90 32 3.35 32 8.44 32 19.1

48 2.66 48 4.79 48 15.9 48 19.0
(

Sample wt = 2.55 mg 64 5.82 64 20.9 64 20.3

80 12.7 80 24.1 Sample wt = 1.99 mg

Sample wt = 8.07 mg 96 28.3
C

16 3.06 112 47.1

32 3.08
d

48 2.97 16 40.0

Sample wt = 1.94 mg Sample wt = 0.76 mg

aMean value i 1 SD = 2.78 i 0.12
bSample was not heated during initial outgassing period,

icMean value i 1 SD = 3.04 t 0.06
dAf ter 112 hours of outgassing, sample was returned to normal atmospheric pressure and room

I

temperature for 10 day period, then rerun.

|

adsorbed water. Thus, the specific surface area obtained after removing adsorbed moisture
(19 n g'I) appears more relevant to dissolution studies than that obtained when part of .the
surface is covered by adsorbed moisture.

Two samples, one collected at HEDL representing mechanically mixed powders of Pu02 and UO2 )
treated at 750*C and the second collected at B&W representing particulate,s produced by centerless )

grinding of (U,Pu)0 treated at 1750*C, show anomolous results. With each succeeding 16-hour
2

outgassing period, the specific surface area determined increased substantially over the previous
run. The HEDL 750*C sample determination was repeated five times for a total outgassing time of
80 hours and the B&W 1750*C sample was repeated seven times accumulating 112 hours of outgassing
time. Neither of these samples showed any indication of approaching a consistent value. The B&W
1750*C sample was removed from the vacuum manifold and allowed to stand at room temperature and
pressure for a period of 10 days before a replicate determination was made. Both Gregg and Sing
(Ref. 9) and Furedi-Milhofer (Ref.10) have reported that samples containing micro-pores may lose j

moisture from within these pores very slowly, taking days or weeks of heat treatment to attain a z

reproducible outgassed state. We have reported data on fly ash samples which required a minimum f
of 16 hours outgassing (Ref. 7). The density data for these samples previously reported by ]
Newton, Stanley, Raabe (Ref 3, 4, 5) demonstrate that the samples are porous. Thus, it appeared
possible that the phenomenon observed was the result of the slow emptying of micro-pores, with

85consequent increase in surface available for adsorption of Kr. The value obtained after ten
days exposure to ambient air and a single night's outgassing demonstrated that some irreversible
transformation occurred, since recontamination of the sample by moisture would have restored the

18
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sample to its original state. The value determined af ter this interval was substantially greater
2I than the original starting value (3.76 vs. 39.8 m /g) and intermediate between the values

? determined af ter 96 and 112 hours of outgassing. To check on whether some systematic undetected
deterioration of the equipment was causing the anamolous trend in values, each series of

experiments was followed by a repeat determination of FAP surface area. As reported in Part A,
within experimental error (110%) no trend in the data for FAP was found. Table 1-3, Part A,
shows data for two such experiments, similar self-consistent data were found in all cases. Thus,
the trend reported for these samples appears to be real, rather than an instrumental artifact.

Tne cause of the increased specific surface area measured in these latter two particle samples
is not known. It seems obvious that a transformation was taking place, perhaps due to micropore
formation during heating and outgassing. Schaner, (Ref. 11) in a metallographic study of

)
UO/U0 phase diagram, observed that prolonged annealing caused separat'on of the denser2 49
U0 from the UO with voids (or pores) formed at the grain boundary. Phase

i 49 2n,
transformations caused by annealing might explain the systematic change in sample properties withi

outgassing (annealing) time. However, this response was not observed for the (U,Pu)0
2

particulates collected at HEDL which had identical physical chemical characteristics and thermal
history.

)
For purposes of applying these specific surface area determinations for use in the

biomathematical model, values for three materials pertinent to the animal studies were taken as;
2

particulates as the mean of the first two determinations (3.1 m /g), 2)1) for UO2 + Pu02
2for (U,Pu)0 the mean of the six determinations on two separate samples (2.9 m /g) and 3) for

2
" pure" Pu0 the mean of the three replicate runs where heating at 250*C was accomplished

2
2(19.5 m /g). The calculation of the surface shape factor using Equation 1-6 results in a

3

values of 19.3, 22.0 and 108.0 for the UO2+ Pu0 treated at 750'C, (U,Pu)0 treated at; 2 2
1750*C, and the " pure" Pu0 treated at 850*C. The results of the use of these values in the

2
biomathematical model are detailed on pp. 21 to 32 of this report.
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2. MODELS OF RETENTION, DISTRIBUTION AND EXCRETICN OF PU, AM AND U
BY BEAGLE DOGS, CYNOMOLGUS MONKEYS AND FISCHER-344 RATS

FOLLOWING INHALATION OF INDUSTRIAL AEROSOLS

Abstract - Beagle dogs, Cynomolgus monkeys and

Fischer-344 rats received inhalation exposure to one PRINCIPAL INVESTIGATORS

of three aerosols derived from industrial production
'

of mixed U, Pu axide nuclear fuels. Sacrifice of 2 J. A. Mewhinney
dogs, 1 monkey and 5 rats at times up to 4 years A. F. Eidson
after inhalation resulted in information on lung

retention, tissue distribution and modes of excretion. Biomathematical models have been
formulated to synthesize these data sets for each element of interest; Pu, Am and U. Physical
chemical characterization of the aerosols allowed use in the models of an equation to describe the
rate of dissolution of particles deposited in lung. Results of these efforts indicate that for a
given element, slight differences in the retention, distribution and excretion of that element for
a given species can be accounted for by the differences in the physical chemical characteristics
of the aerosol. For a given aercsol, significant differences in retention, distribution and
excretion were found among the three animal species. Also, for each species, differences were
found in the retention, distribution and excretion of the elements of Pu, Am and for U (when
present) for each aerosol.

Three radiation dose distribution studies have been conducted to provide information eegarding
the biological f ate, associated distribution of radiation dose to tissue, and the implications for
potential health consequences of an inhalation exposure involving nuclear fuel materials. Three
different materials were studied using the same experimental protocol. In each study, Beagle

| dogs, Cynomolgus monkeys and Fischer-344 rats were exposed by inhalation to one of three aerosols:

750*C treated U0p+ Pu0 , 1750*C treated (U,Pu)0 r 850*C treated " pure" Pu0 * l'"92 2 2
retention, tissue distribution and mode of excretion of 238-240 241Pu, Am und U (where present)
have been quantified by analysis of tissue and excreta samples from animals sacrificed at selected

[ times through four years after inhalation exposure,

f To synthesize these data, bicmathematical models have been formulated to provide good

f descriptions of each data set. A fundamental precept of the modeling process was to use common
! rate constants wherever possible for each element and species for each aerosol thus providing a
! structure within which to compare and contrast data from these studies. To simplify these

comparisons, subsequent sections of this report will be sub-divided into parts based on the
element being quantified.

,

|

METHODS

l
The inhalation exposure procedures and the physical chemical characteristics of the three

aerosols have been described (Ref.1, 2) as has the g vitro solubility of Pu, Am and U in these
materials in several solvents (Ref. 3). A preliminary report regarding the model applied to Pu
retention, distribution and excretion in dogs exposed to those aerosols has been presented
(Ref. 4).

The models formulated to describe the retention, distribution and excretion of Pu, Am and U
(where appropriate) contained in these aerosols use, in common, the mathematical expression
derived by Mercer (Ref. 5) for description of the process of dissolution of particulates deposited
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in lung. Specifically. dissolution is rescribed as a function of the physical chemical

characteristics M the deposited particles as given in the following equations:

S(t) = F(s , og) (Eq. 2-1)
,

and a kt
3

aj (Eq. 2-2)a

where o is tre geometric standard deviation ' of the aerosal size distribution, o is the
g g

surface shape factor, k is the dinolution rne of the element of interest for the particle, o

is the density of the particle, D, h @e En geo W C d a M er M N paWe ad a
v

is the volume shape factor.
The et, del used to describe the data sets from these studies was adapted from a model found

useful 4 describing skilar data from a s tudy in which dogs were exposed by inhalation to
241aerosols of Am02 ,(Ref. 6 ) .

_

' As a starting point in the modeling of Pu retention, distribution and excretion in the dogs
for these studies, all rate constants for internal organ compartments which communicate with the

238blood compartment were set identical to the rate con: ants used in a model of Pu retention,
238

distribution and excetion over a four-year period following inhalation of Pu0 by dogs
7

(Ref. 7). Similarly, for modeling of Am in these studies, these same rate constants were set
24Iequal to values from the model of Am retention, distribution and excretion following

24Ii inhalation of Am0 by dogs (Ref. 6).
2

Mucociliary clearance of these materials from lung is described in the model using;

Mit) = t,)e +be +b (Eq.2-3)
2 3

where b and i 'are empirically determit.ed in the iterative fitting process. The valuesg j
wsed for variables in the 5:Quations which descrite ' solv 5111zation of Pu, Am or U from the aerosols
(Eq. 2-i, 2-2) used in these stums were calculat9d from physical chemical characterization+

information determined from several types of meagrements madc on samples of the aerosol obtained,

during animal inhalation exposures. The geontric diameter (Om) and geometric standard deviation
ag) of the aerosols were determiryd fron data obtained by cascade impactor. Density (p) was
determined from x-ray diffraction measurements of the crystal lattice unit cell dimension.

Surface shape f actor (as) was determined as given separately in this report (pp. 16 to 20 ) .
The constant of solubility (k) was determined from p vitro solubility studies (Ref. 3) conducted
on aerosol samples using a synthetic serum ultrafiltrate (SUF).

241 238One departure from techniques used previously in the models of Am0 and Pu0
2 2

retention, distribution and excretion cited above was the insertion in these models of a small

fraction of the initial lung buyen of the element of interest directly into the blood compartment

at time zero in the simulation. These fractions, listed in Table 2-1, represent those fractions

,0f ' the aerosol which undergo' very - rapid dissolution with halftimes of less than 2.2 days'

' (Ref. 3), inese'rspid dissolution fractims are in contrast with the majority fraction of these
_ elements which exh@lt dWuNtion Mlf times of several hundred to thousands of days.

The model .gs implemanted using a simulation language GASP IV, programmed in FORTRAN IV
(Pef. 8) un_4 PDP VAX/780 computer. Ti s simulations were run iteratively and the results plotted
to judge coniordJnce with the data. '

~

RthULQ

ytonium. - A schematic diagram of the model with the rate constants derived for the retention,P

distribution and exce stion of Pu for the dog, mortey and rat is shown in Figure 2-1. Where a

particular rate cynitant differs among the three species, the appropriate values are suffixed with
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Table 2-1. Measured Values for variable in Equation Describing Solubilization
of Particles Depusited in Lungs of Dogs, Monkeys and Rats.

Specific !'

Particle Geometric Constant of Surface |
Radio- Density Diameter Standard Solubility Shape

3 2) nuclide Species Aerosol (9/cm ) (x10~4cm) Deviation (q/cm / day) Factor F'
\ ~

Plutonium Dog 00 * Pu0 11.5 0.59 1.8 1.3 x 10-10 19.3 0.47 2
(U,Pu)0 11.5 0.66 1.8 7.1 x 10-10 22.0 4.62
" pure" Pu0 11.5 0.47 1.7 1.5 x 10-10 108 0.1

t

2
11.5 0.34 1.6 8.1 x 10-10 19.3 0.4Monkey UO2 + Pu02

) (U,Pu)0 1.5 0.61 1.7 6.6 x 10-10 22.0 4.62'

" pure" Pu0 11.5 0.56 1.8 1.8 x 10-10 108 0.12

11.5 0.59 1.8 1.4 x 10-9 19.3 0.4Rat
U02 + Pu02

) (0,Pu)0 11.5 0.59 1.7 S.4 x 10-10 22.0 4.62
" pure" Pu0 11.5 0.56 2.0 1.8 x 10-10 108 0.12

11.5 0.59 1.8 9.7 x 10~9 19.3 2.0Americum Dog
UO2 + Pu02
(U,Pu)0 11.5 0.66 1.8 2.5 x 10-9 22.0 6.72
" pure" Pu0 11.5 0.47 1.7 5.1 x 10- 0 108 0.12

11.5 0.34 1.6 6.1 x 10-10 19.3 2.0Monkey UO2 + Pu0p
I (U.Pu)0 11.5 0.61 1.7 2.3 x 10'9 22.0 6.72

" pure" Pu0 1.5 0.56 1.6 6.0 x 10-10 108 0.12
11.5 0.59 1.8 1.1 x 10'' 19.3 2.0Rat

UO2 + Pu02
(U,Pu)0 11.5 0.59 1.7 2.2 x 10-9 22.0 6.72
" pure" Pu0 11.5 0.56 2.0 6.0 x 10-10 108 0.12

Uranium Dog 002 + Pu02 11.5 0.59 1.8 4.8 x 10~ 19.3 37.
(U,Pu)0 11.5 0.66 1.8 1.9 x 10~9 22.0 26.2

11.5 0.34 1.6 3.0 x 10-8 19.3 37Monkey U0p + Pu07
(U,Pu)0 11.5 0.61 1.7 1.7 x 10~9 22.0 26.2

Rat
U02 + Pu02
(U,Pu)0

2

a
F= Percentage of initial lung burden dissolving with halftimes less than s 2 days

.

!
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D for dog M for monkey and R for rat. The rate constants shown in each case apply to all three
aerosol forms, i.e. UO2+ Pu0 , (U,Pu)0 and Pu0 , in each animal species. Table 2-1

2 2 2

lists the values for variables in the equations (Equations 2-1, ?-2) used to describe
solubilitation of Pu from the three aerosol forms for each species. The adequacy of the model
description of these data sets may be judged from Figures 2-2 (dog), 2-3 (monkey) and 2-4 (rat).
In these latter three figures the data pofnts represent individual animals and the curves
represent the model description.
Americium. The schematic diagram with the appropriate rate constants derived for the retention,
distribution and excretion of Am for the dog, monkey and rat are shown in Figures 2-5. As was the

cne for Pu. these rate constants for Am apply to all three aerosol forms for each species.

Table 2-1 lists the ' values for variables in the equations (Equations 2-1, 2-2) used to describe
solubilization of Am for the three aerosol forms for each species. The adequacy of the model

descriptions of these data may be judged from Figures 2-6 (dog), 2-7 (monkey) and 2-8 (rat).
Uranium. As discussed nreviously for Pu and Am the schematic diagram with appropriate rate
constants derived fo,' retention, distribution and excretion of U for the dog and monkey is shown
in F igure 2-9. In this case, these constants apply for the UO2+ Pu0 and the (U,Pu)02 2
aerosols. Table 2-1 lists the values for variables in Equations 2-1, 2-2 for the two aerosols

containing uranium for each species. The adequacy of the descriptions of these data may be judged
from Figures 2-10 (dogs) and 2-11 (monkeys).

i

DISCUSSION

I
The biomathematical model idapted from previous work at this Institute was found to be

applicable to these data sets. A single departure from previous uses was the insertion of a small
f raction of the initial lung burden into the blood compartment at zero time in the simulation.
This das done in recognition of situations found for several laboratory-produced actinide oxide I

aerosol materials, as well as these industrially derin d aerosols, wherein a small fraction of the
deposited material dissolves quite rapidly with half-time of about 2 days. This phenomenon has
been documented from in vitro solubility studies (Ref. 3).

Self-imposed constraints in application of the model simulation procedure included use of a j

single mechanical-clearance function M(t) for each species and each aerosol without regard to the
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individual element under study. This constraint is consistent with the premise that the elemental j

components of these particulate materials are intimately associated in each single particle. A

second constraint was to modify only those rate constants in the model which deal with solubulized
;

material (i.e., ionic form) as it relates to distribution and excretion of the given element.

While complete data were available from these studies on Pu and Am in all tissues of each

species, the data for U sre incomplete. Due to relatively high natural U content in tissues and

excreta of rats, only data for lung retention and tracheobronchial lymph node uptake and retention
of U are presented for dogs and monkeys.
Plutonium. The agreement between model generated curves and the lung retention, tracheobronchial
lymph node and liver uptake and retention data for dogs are quite good (Fig. 2-2). Only slight
differences in li ng retention of Pu were noted among the three aerosol forms. These differences
appear to be related entirely to small changes in the variables in tha solubility function. A <

large dif ference in specific surface area was measured for the " pure" Pu0 aer s 1 resulting in
2

a surf ace shape factor approximately 5 times greater than for the two mixed oxide aerosols. Fven
in this case the much larger surface area does not predict significantly more Pu being dissolved
due to the inherently low dissolution rate for Pu0 '

2

This model of Pu retention, distribution and excretion was tested on the results of a study

underway at this Institute in which dogs are sacrificed at selected intervals af ter inhalation
239exposures to laboratory-produced aerosols of Pu0 (Ref. 9). Good agreement between the

2
data from that study and model generated Curves were apparent.

The model predictions of lung retention, tracheobronchial lymph node and liver uptake and
retention of Pu for monkeys following inhalation of each of the three aerosols may be judged from
Figure 2-3 as showing quite good agreement with the data. Only a few changes in rate constants
were necessary to convert the dog Pu model to provide good descriptions of the monkey data (see
F ig. 2-l' The time varying mechanical clearance rate, M(t), was altered to provide adequate
description of the fecal excretion of Pu from monkey. The rate constant describing the rate of
transfer from the seccnd liver subcompartment to the small intestine was increased as was the rate
constant describing urinary excretion of Pu from the blood compartment. The rate constant

describing intake of Pu from blood to skeleton was reduced for monkeys.
For modeling of Pu retention, distribution and excretion in rats, the dog model was again

modified. The results of these modifications provide good agreement between the model generated
curves and the data for rats (Fig. 2-6). The changes necessary to adapt the model to rats include
changes in the time varying rate of mechanical clearance, the rate for transfer from the second
subcompartment of liver to small intestine and the rate of urinary excretion (see Fig. 2-1).

The results cf these efforts indicate that when the Pu component of the three aerosols is

compared for any one of the three species slight differences in the Pu retention, distribution and
'excretion can be ascribed to the known differences in the physical chemical characteristics of the

aerosol. This may be related to the relatively insoluble nature of all the particles. Thus, even
/

thougn the surface shape f actor is a factor of 5 times larger for the " pure" Pu particles compared
to ettber of the mixed U and Pu oxides, the inherently low solubility of the Pu component does not
allow expression of this difference.

A different type of conclusion is valid when comparisons are made of the role of animal

species in determining retention, distribution and excretion of the Pu component of the three
aerosols. The differences in retention, distribution and excretion observed in comparison of raw

fdata from these studies are highlighted when the model simulations are accomplished. To achieve
good agreement between the model generated curves and the data for each species selected rate I

constants must be Adjusted. As noted above, these adjustments included rates of mechanical

clearance, urinary excretion, uptake to skeleton and rates of loss from liver via the biliary

30
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route. Thus, lung retention half times for the Pu component from the aerosols is species dependent
and is largely controlled by different rates of mechanical clearance. These differences are in'

accord with observations previously reported for dogs and rats for several inhaled, relatively
insoluble materials (Ref. 9-10). Differences among these three species for liver retention of
alpha emitting radioactive materials have also been previously reported (Ref. 9-10).
Americium. The modeling of retention, distribution and excretion of the Am component of these
aerosols in each species proceeded by the same methods as for Pu. A self-imposed restriction for

modeling the Am component was to use the identical expressions for the time-varying rate of
mechanical clearance for each species as bad been found satisfactory for the Pu component. This

20
restriction was imposed simply due to the fact that the Am present was due to decay of Pu

present in the particles rather than the presence of separate particles of Am0 . Just as for
2

Pu, the rate constants for all compartments communicating with blood were taken from an identical
24Imodel used in describing the retention, distribution and excretion of Am following inhalation

2of Am02 (Ref. 6).
The simulation modeling accomplished for the Am component of these aerosols did not result in

completely satisfactory description of the data for the three species. In all cases the model

slightly overpredicts lung retention. Repeated attempts to improve the description of lung
retention were unsuccessful within the constraint nentioned above and of total materials balance.
In depth analyses of the cause for this discrepancy indicated that it may be related to a

phenomenon of early, relatively rapid, dissolution of Am present on the surface of particles

followed by much slower dissolution of Am from particles as the predominant elemental composition
and chemic31 form of the particle matrix dissolves at a slower rate. This is a consistent

explanation that is supported by the 3 vitro solubility studies (Ref. 3) which show that at times
greater than a few days af ter immersion in solvent the Am component of the particules dissolves

241much slower (k 3, s 1 x 10-9) than for 2 particles (k = 1.5 x 10-6),Am0

As can be seen in Figures 2-6, 2-7 and 2-8 the lung retention is overestimated. However,
tissue distribution and excretion rates are relatively well described. Thus, while the Am model
did not provide completely adequate descriptions the fact that the Am content of these

particulates is relatively small, and contribute relatively small increments of radiation dose to
tissue, use of these predicticns would lead to only a slight over-estimate of total radiation dose
to lung.

Uranium. The lung retention of U for dogs and monkey exposed to the UO2 + Pu02 and the (U.
' Pu)0 aer s is was modeled using the same time varying rate of mechanical clearance (M(t)) as

2
was used for the N and Am components of these materials for these two species. As may be seen in

Figure 2-10 (dogs) and Figure 2-11 (monkeys), the model prediction for the U02 + Pu02 aerosol
agrees with the data. For the (U,Pu)0 aerosol, however, lung retention is overestimated

2
substantially by the model. It appears that the U component of the (U, Pu)0 aerosol is more

2
soluble in dogs and monkeys than would be expected from h vitro solubility studies using the SUF
solvent. This is in contradiction to the results for the Pu and Am components of this aerosol.

CONCLUSIONS

I The results of these modeling efforts indicate that the Pu component of these materials can be
\ adequately described using the theory of Mercer to describe the rate of dissolution. Physical

chemical determinations of specific surface area, density, particle size and size distribution and
the rate of dissolution of the particulates were used in the equations of Mercer to show that for

a single species of animal, the lung retention of the Pu component was not different for the three
aerosols studied.
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Specific differences in lung retention, tissue distribution and rates of excretion were
discernable among the three animal soecies for each aerosol. These differences were attributable
to differing rates of mechanical clearance, rate of transfer of Pu from liver to the
gastrointestinal tract via the biliary route and the fraction of Pu in the blood compartment
excreted rapidly through the kidney to urine.

REFERENCES

1. Eidson, A. F., " Generation of Aerosols of Mixed Uranium-Plutonium 0xides from Dry Powders for

Animal Inhalation Exposures," in Radiation Exposure and Risk Estimates for Inhaled Airborne
Radioactive Pollutants including Hot Particles - Annual Report for Period 1 July 1976 to 30
June 1977, NUREG/CR-0010, 1978.*

2. Eidson, A. F., " Physical Chemical Analysis of Industrial Mixed Uranium, Plutonium Oxide
Fuels," in Radiation Exposure and Risk Estimates for Inhaled Airborne Radioactive Pollutants
Including Hot Particles - Annual Report for Period 1 July 1977 to 30 June 1978, NUREG/CR-0673,

1979.*

3. Eidson, A. F. and J. A. Mewhinney, "M Vitro Dissolution of Respirable Aerosols of Industrial
'

Uranium and Plutonium Mixed-Oxide Nuclear Fuels," U.S. Nuclear Regulatory Commission Report,

NUREG/CR-2171, LMF-79,1981.*

4 Mewhinney, J. A., A. F. Eidson, J. A. Stanley and R. A. Guilmette, " Radiation Dose Patterns in
Rats, Dogs and Monkeys Following Inhalation of Industrial Aerosols Formed in Fabrication of
Mixed Oxide Nuclear Fuel," in Radiation Dose Estimate and Hazard Evaluations for Airborne
Radionuclides - Annual Report for Period July 1980 to June 1981, NUREG/CR-2512,1981.*

5. Mercer, T. T., "On the Role of Particle Size in the Dissolution of Lung Burdens," Health Phys.

13,: 1211-1221,1967.

6. Mewhinney, J. A. and W. C. Griffith, "Models of Am Metabolism in Beagles and Humans," Health

Phys. A :l 629-644, 1982.

238
7. Mewninney, J. A. and J. H. Diel " Retention of Inhaled Pu0 in Beagles: A Mechanistic |

Approach to Description," Health Phys. (in press) 1983.

8. Pritsker, A. A. B., The GASP IV Simulation Language, New York, Wiley and Sons,1974.

9. Batr, W. J., J. E. Ballou, J. F. Park and C. L. Sanders, " Plutonium in Soft Tissue with
Emphasis on the Respiratory Tract", in Uranium, Plutonium and the Transplutonic elements,
Handbook of Experimental Pharmacology, Springer-Verlag, New York,1973. (

I
10. Durbin, P. W. " Metabolism and Biological Effects of the Transplutonium Elements" in Uranium,

Plutonium and the Transplutonium Elements, Handbook of Experimental Pharmacology, (

Springer-Verlag, New York, 1973.

*Available for purchase from the NRC/GPO Sales Program. U.S. Nuclear Regulatory Commission,

' Washington, DC 20555 and/or from the National Technical Information Services, Springfield,

VA 22161

32

.- - . .

. __.



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

.

!

k 3. BIOLOGIC EFFECTS IN RATS, BEAGLE D0GS AND MONKEYS AFTER INHALATION

OF INDUSTRIAL MIXED OXIDES OR Pu02

Abstract - Rats, dogs and monkeys were expsed,
nose-only, to aerosols of mixed oxides of U and Pu PRINCIPAL INVESTIGATORS
or " pure" Pu0 from nuclear fuel fabrication facil- F. F. Hahn2
ities. In animals held for long periods, biologic J. A. Mewhinney
effects were noted. Lung tumors were induced in
both rats and dogs with doses to lung ranging from 190 to 16,000 rads in rats and 2,500-4,800 rads
in dogs. None of the 3 monkeys held for long-term study and sacrificed four years after exposure
developed tumors with lung doses ranging from 2.870 to 4,720 rads.

}

The purpose of this project does not primarily involve study of the biologic effects due to
1 absorbed radiation dose. Such effects however, have been observed in animals that died during the

holding period for study of long-term radionuclide retention and distribution patterns. The
observation and reporting of these effects is an important link between studies done using

. laboratory-produced aerosols and studies using aerosols as actually found in nuclear fuel.

facilities. It also allows the comparison of responses among different species.

METHODS
F

t
'

Methods used to obtain initial lung burden values and lung retention functions for these
i

studies have been previously reported (Ref. 1, 2). The retention information and initial lung
/ burdens used for dose calculations have been updated from thesa reports.

Radiation dose in rads was calculated from the equation:

t- gA
d(t)dt (Eq. 3-1)f cumulative dose (rads) =

.

Bg
o

where: 51.2 = conversion factor, E = energy per disintegration in MEV, f = absorbed fraction of
energy, . g = fractional yield of emission, A = initial lung burden i n p C1, 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. The dose to lung was calculated separately for Am and Pu and the
two . values summed to arrive at total dose to lung for each animal that died. Results of the
calculations are shown in Table 3-1 for rats, Table 3-2 for dogs and Table 3-3 for monkeys where

f sufficient data are available.
Animals that died cr were euthanized were given detailed postmortem examinations that included

j
observation of all m an systems. Tissue sections of all major organs and grossly. visible lesions
were made for histologic evaluation. Sections were routinely stained with hematoxylin and eosin.

)

RESULTS AND DISCUSSION

A large number of rats died with lung tumors (Table 3-1). Two general morphologic types of
primary lung tumors were found in the rats, adenocarcinoma and squamous cell tumors. The

adenocarcinomas w?re characterized by large, anaplastic, cuboidal cells with basilar nuclei which
formed small tub.lar or acinar structures. In some tumors, the acini were occasionally lined by
keratinized 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,
|
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Table 3-1. Rats Exposed to Mixed-Oxide Aerosols that Died Before Scheduled Sacrifice Times

Cumulative

Lung Dose

Animal Exposure Survival ILBa To Death

Number Aerosol (DPE)b (nCi) (rads) Significant Lesions

1933 20 UO2 + Pu02 491 180 10,000 Squamous cell carcinoma, squamous
+ Binder cell papilloma, lung

453 130 5,800 Squamous cell papilloma, lung1933 21 "

819 109 4,100 Adenocarcinoma, lung1933 23 "

636 156 5,600 Squamous cell carcinoma, lung1933 E3 "

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

histologically)

216 74 1,900 Adenocarcinoma, lung1933 31 "

501 120 7,500 Squamous cell carcinoma, lung1933 32 "

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

493 67 2,300 Squamous cell carcinoma, lung2086 5 "

207 80 1,500 Fibrosarcoma, subcutis2086 8 "

627 169 8,300 Adenocarcinoma, lung2086 19 "

284 385 14,000 Radiation pneumonitis, pulmonary2086 24 "

fibrosis

212 321 9,900 Radiation pneumonitis, pulmonary2086 25 "

fibrosis

497 298 16,000 Squamous cell papillomas, lung2086 26 "

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

542 138 6,400 Pulmonary fibrosis2086 29 "

663 157 7,300 Squamous cell carcinoma, lung2086 31 "

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

438 7.2 190 Adenocarcinoma, lung2086 34 "

711 230 9,800 Squamous cell carcinoma, lung2086 39 "

100 15 (U,Pu)02 427 f - Adenocarcinoma, lung
577 f - Squamous cell carcinoma, lung2100 17 "

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

malignant mesothelioma

2100 23 564 f - Lymphocytic leukemia"

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

malignant mesothelioma !

415 f - Adenocarcinoma, lung2100 32 "

2l00 36 527 f - Squamous cell carcinoma, lung"

517 f - Squamoas cell carcinoma, lung;2100 38 "

bemangiosarcoma, lung

'
520 f - Squamous cell carcinoma, lung2100 39 "

2217 1 Pu02 598 f - Squamous cell carcinoma, lung;9
adenocarcinoma, lung

528 f - Squamous cell papilloma2217 4 "

700 f - Squamous cell carcinoma, lung2217 14 "
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Table 3-1 (Continued) j

Cumulative

Lung Dose

Animal Exposure Survival ILBa To Death I

Number Aerosol (DPE) (nC1) (rads) Significant Lesions |

2217 15 511 f - Squamous cell carcinoma, lung; 1
"

adenocarcinoma, lung

2217 18 692 f - Squamous cell carcinoma, lung;
'|

"

adenocarcinoma, lung

395 f - Hemangiosarcoma, lung2217 29 " '

589 f - Hemangiosarcoma, lung2217 30 "

1

522 f - Hemangiosarcoma, pleura j2217 31 "

597 f - Squamous cell carcinoma, lung2217 39 "
;

404 f - Fibrosarcoma, pleura2217 49 "

aInitial lung burden of Pu and Am combined, calculated for each animal using sacrifice lung burden
and standard retention curve for each radionuclide,

bDays after exposure. ;

cpu 02 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.

dPu02 calcined at 750*C before mixing with UO , powder obtained from the ball milling operation at| 2
the Hanford Engineering and Developpnt Laboratory,'

eUO2 and Pu02 beat-treated at 1750*C in a reducing atmosphere to produce substoichiometric solid
solution, powder obtained from the centerless grinding operation at the Hanford Engineering and
Development Laboratory.

f
| Determination of retention functions not completed for determination of initial lung burdens or

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

|

9
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Table 3-2. Dogs Exposed to Mixed (U,Pu) Oxide Aerosols that Died Before Their Scheduled Sacrifice Tir s

Cumulative Dose

Dog Survival ILBb to Lung to Primary Cause

Number Aerosol Exposure (OPE)a uC1/Kg Death (rads) of Death Other Findings

857W pug 1183 1.45 2500 Radiation pneumonitis Pulmonary fibrosis
2

90lT Pu02 1034 1.11 1800 Radiation pneumonitis Pulmonary fibrosis
d

803A UO2 + Pu02 1217 1.45 2700 Radiation pneumonitis Pulmonary adeno-
carcinoma

1044 0.36 4800 Pulmonary fibrosis Pulmonary adenoma
8235 UO2 + Pu02

476 1.10 8600 Radiation pneumonitis Pulmonary fibrosis
853T UO2 + Pu02

1825 0.64 2500 Pulmonary fibrosis Pulmonary adeno-g 828T UO2 + Pu02 carcinoma

8885 (U.Pu)0 797 0.46 5100 Radiation pneumonitis Pulmonary fibrosis
2

aDays after exposure,
b nitial lung burden of Pu and Am combined, calculated for each animal using initial lung burden and body weight at expo-!
sure.

| Pu0 heat-treated at 850*C. Powder was obtained from the pellet processing operation at the Babcock and Wilcox plant.' C

2
d u02 calcined at 750*C before mixing with UO . Powder was obtained from the ball milling operation at the Hanford Engi-P 2

neering and Development Laboratories.
heat-treated at 1750*C in a reducing atmosphere to produce substoichiometric solid solution. Powder was

eUO2 and Pu02obtained from the centerless grinding operation at the Hanford Engineering and Development Laboratories.

1
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Table 3-3. Monkeys Exposed to Mixed (U,Pu) Oxide Aerosols

.

and Sacrificed Longer Than One Year After Exposure

'

Cumulative Dose

Monkey Sacrificed ILB to Lung to
aNumber Aerosol Exposure DPE uCi/Kg Death (rads) Lesions

547 0.036 680 No significant lesionsM24 UO2 + pug 2

d
M39 (U,Pu)0 546 0.098 1750 Alveolar septal fibrosis,

2
mild

[

M883 pug 550 0.058 1190 Alveolar septal fibrosis,
2

mild

729 0.051 1170 No significant lesionsM27 002 + Pu02
M38 (U,Pu)0 732 0.095 1850 Alveolar septal fibrosis,

2

moderate

M40 Pu0 730 0.188 4300 Alveolar septal fibrosis,
2

i moderate

1470 0.084 2870 Alveolar septal fibrosis,M25 U0p + Pu0p
moderate

M34 (U,Pu)0 1486 0.135 4720 Alveolar septal fibrosis,
2

focal
M37 Pu0 1460 0.099 3410 Alveolar septal fibrosis,

2
severe, widespread

8Days after exposure.
b nitial lung burden of Pu and Am combined, calculated for each animal 'Ising initial lung burdenI
and body weight at exposure. |

cpu 02 calcined at 750'C before mixing with UO . Powder was obtained from the ball milling opera- |
2

tion at the Hanford Engineering and Development Laboratories,
du02 and Pu07 heat-treated at 1750*C in a reducing atmosphere to produce substoichiometric solid
solution. Powder was obtair.ed from the centerless grinding operation at the Hanford Engineering
and Development Laboratories. |

ePu02 heat-treated at 850'C. Powder was obtained from the pellet processing operation at the Bab- |
cock and Wilcox plant.

1

1
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the tumor cells obliterateu normal 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 squamcus cell tumors.

The squamous cell tumors were either benign or malignant. The benign tumors were solitary
masses which, on occasion, achieved 2 cm in 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 (Ref. 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

Itumors 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

and one was a fibrosarcoma of the pleura. Malignant mesotheliomas were found in threa cases,
always in association with squamous cell carcinoma of the lung. Mesotheliomas are uncorTnon tumors
in the rat and are associated with the implantation or inhalation of fibers or polycyclic

bydrocarbons. Inhalation of radioactive materials has only once been reported to cause
2Omesothelioma and that was with inhalation of Pu(NO I (Ref. 4). This finding leaves the34

possibility that other nonradioactive carcinogens may be present in the mixed-oxide powders
,

obtained from industrial facilities.
Seven dogs ditd before their scheduled sacrifice times due to radiation-induced lesions

(Table 3-2). The initial lung burdens of Pu expressed in units of uC1/kg body weight are

presented in Table 3-2 as are the cumulative absorbed alpha doses in rads to lung to death.
Considering the initial lung burdens and the times from inhalation exposure to death, th e

results from these seven dogs are not unique. The initial lung burdens and times to death fall
239into the ranges observed for dogs exposed to laboratory-produced idealized aerosols of Pu02

at this Institute.

The primary cause of death in all seven cases was radiation pneumonitis and pulmonary
fibrosis. The radiation pneumonitis was the predominant factor in all but two cases. The

inflammatory lesions were similar to others induced by aerosols of laboratory-produced alpha
emitters such as Pu0 . They were characterized by an alveolar accumulation of macrophages and

2

neutrophils, hypertrophy of alveolar lining cells, increased septal thickness due to cellular

proliferation and fibrosis, and large parenchymal scars. Most of thest lesions were focal but

widely spread through the lung.
Al though all dogs died of inflamatory lesions, three also had pulmonary tumors (Table 3-2).

In the lef t diaphragmatic lobe of dog 8235, a firm subpleural nodule 0.5 x 0.4 x 0.3 cm, was
found. Thick fibrotic scars were found throughout the lung but were prominent under the pleura.
Histologically, the nodule was classified as a pulmonary adenoma. It consisted of hypertrophic
alveolar lining cells that were proliferating on a fine stroma. The border of the nodule was a
sharp distinction from the normal alveolar structure. Numrous tumor cells were present in the
alveolar lumens. The individual cells of the tumor were well differentiated cuboidal and columnar
cells that, in some foci, were piled upon one another. '

In dog 803A, lung tcmors were not noted grossly since pulmonary edema, radiation pneumonitis
and pulmonary fibrosis were wide spread and severe, in histologic sections of the right apical
and lef t diephragmatic lung lobes, widespread radiation pneumonitis and pulmonary fibrosis were

38
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prominent. Around some scars, alveolar lining cells were hypertrophic. In two sections, there
were small (about 5 ui diameter) foci where there was dysplasia of the hypertrophic cells. There
,vas a disparity of cell size and maturation and mitoses were frequent. Although they were sniall
foci, the cells filled the alveoli and encroached on surrounding tissues giving the appearance of
a pulmonary adenocarcinoma. Metastasis was not found.

Dog 828T was euthanized with severe dyspnea. The lung was small and contracted due to
fibrosis. Five small nodules 0.5 to 1 cm in diameter were palpated in the lung. Histologically

these were small adenocarcinomas of the lung, bronchioloalveolar pattern, that were associated wih
pulmonary scars; no metastasis was found.

238The lung tumors seen in these dogs were similar to those seen in dogs exposed to Pu0
2

239or Fu02 (Ref. 5).
No monkeys have died due to radiation related causes in these studies. Animals sacrificed at

times greater than 18 months after exposure were examined for histologic lesions. Table 3-3 shows
the radiation doses and lesions found in these monkeys. f ocal alveolar sental fibrosis was found
in most. This ranged in severity and extent from barely perceptible to many small,1-mm diameter
scars. Some alveolar macrophages were associated with the scars but there was no significant
inflammatory reaction. In only one instance were alveolar epithelial lining cells hyperplastic.
This occurred in one focus over alveolar septa greatly thicked with fibrous tissue.

A comparison of the biologic responses in monkeys and dogs is of interest. Figure 3-1
illustrates the relative lack of response in monkeys compared to dogs. The three monkeys

sacrificed at about 1,470 days af ter exposure had alveolar septal fibrosis that was severe in one
case. In contrast, three dogs with survival times and lung doses that ' bracketed those of the
monkeys died with radiation pneumonitis and pulmonary fibrosis. In addition, these three dogs had
lung tumors. These findings seem to indicate that monkeys are less sensitive than dogs to inhaled
mixed oxides.
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Figure 3-1. Comparison of dogs that died of radiation pneumonitis and pulmonary fibrosis and
monkeys sacrificed after inhalation of mixed oxide aerosols. Symbols are M = monkey
sacrificed. D = dog died.
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4 DOSE RESPONSE STUDIES IN FISCHER-344 RATS

Abstract - Two studies are urderway in which groups of
Fischer-344 rats have received inhalation exposure to PRINCIPAL INVESTIGATORS

e ither 1750*C-treated (U,Pu)0 r 850*C treated " pure" J. A. Mewhinney
2239

Pu0 aerosols to determine the relationship of A. F. Eidson2

radiation dose to biological response. In each study, F. F. Hahn
groups of rats were exposed to achieve one of 3 initial
lung burdens to produce lung doses of 25, 125, or 625 rads to lung to the median life span.
Additional groups of rats are being maintained as controls. This report describes the

histopathology observed through 1.75 years af ter exposure of these groups. Lung retention and
tissue distribution of Pc and Am from these aerosols is described for groups of rats sacrificed
through 1.5 years after exposure.

The objective of this experiment is to determine the relationship of radiation dose to
biological response following inhalation of two aerosol forms produced during normal operation of
an industrial f acility fabricating mixej U 239Pu nuclear fuel. One aerosol consists of a mixed
U-Pu oxide heat-treated to 1750*C; the second aerosol consists of Pu0 treated at 850*C.

2
Investigations concerning the fate of inhaled mixed U-Pu cxides have been under way at this

Institute for nearly five years. Three radiation dose pattern studies extending through four
years af ter inhalation have been completed, each using three animal species; Fischer-344 rat,
Beagle dog and Cynomoigus monkey (this report pp. 33-40). In these studies, the incidence of lung

tumors in Fischer-344 rats has been significant (Ref.1) and in excess of the incidence reported
239by Sanders (Ref. 2) following inhalation of ?u0 by rats at comparable levels of radiation

2
dose.

While significant information exists on the biological effects following inhalation of
29

Pu0 r UO by rats, dogs and monkeys (Refs. 2,3,4,5) no information exists on the2 2

dose-response relationships following inhalation of mixed U-Pu oxides. Specifically, the

scientific questions forming the basis for this study are: does the inhalation of aerosols
consisting of mixed (U-Pu) oxides pose a unique carcinogenic hazard to lung compared to chemically

239pure forms of Pu0 and are the hazard assessments for human inhalation of Pu0 adequate2 2
to be extended to the case of mixed U-Pu oxide inhalation in humans?

|
METHODS

The experimental design for these studies is summarized in Table 4-1. Methods used in
statistical design, inhalation exposure, aerosol characterization and determination of the initial
lung for each exposure group have been presented (Ref. 6). Tissue content of Pu was expressed as
percentages of the initial lung burden determined from the mean lung content of eight rats from
each exposure group sacrificed at seven days after exposure (Ref. 6). Lung retention data were
fitted by a nonlinear least squares technique using sums of negative exponential terms.
Cumulative percentage survival af ter exposure was calculated by a life table method (Ref. 7).

RESULTS

The distribution of Pu in tissues of the rat at selected times through 1.5 years after
inhalation exposures is presented in Table 4-2 for the (U Pu)0 aerosol material and in Table

7

41
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Table 4-1. Experimental Design of Dose Response Studies in Fischer-344 Rats
that Inhaled (U,Pu)0 or " Pure" Pu0

2 2

Number of AnimalsILB (uCi)
_ _ _ _

!
Lung Dose (rads) (J,Pu)02 Pu02 (U,Pu)02 Pu02

8
625 0.013 0.020 52 52

125 0.0026 0.005 104(+24 RDP)b 104(+24 RDP)
c

25 0.00052 0.0008 156 156
d I

Control Rats 0 0 80 80

|

aanimal group = 40(DR*) + 8 (7 day sacrifice) + 4 (spares) I
I= 1 exposure per aerosol

banimal group = 80(DR) + 16 (7 day sacrifice) + 8 (spares) |
'

(+ 24 RDP **) = sacrifice animals in RDP study

animal group = 120(DR) + 24 (7 day sacrifice) + 12 (spares)c
= 3 exposure runs per aerosol

d nt;nal group = 80 (control)a
= 2 exposures per aerosol

*DR = dose response animals.

**RDP = radiation dose pattern animals.
Total number of arimals = 832 (3 ILB levels, 2 aerosols, controls).
Total number of exposure runs = 16 (12 for experimental groups, 4 for controls).

Table 4-2. Distribution of Pu in Tissues of Rats Sacrificed at
Selected Times After Inhalation Exposure to (U,Pu)0 '

2

Data expressed as percentages (mean i 1 SD) of the initial lung burden.

Sacrifice Time (Days After Inhalation)

Tissue 32 64 182 365 548

Lung 34 2 24 53 i 91 9.9 t 9.1 1.1 i 1.3 2.4 1 1.7
Liver 3.3 1 6.7 0.45 t 0.90 1.9 t 3.7 ND 0.28 1 0.55

a
Kidney ND ND ND ND ND

Femur ND ND ND ND ND I

TBLN ND ND ND ND 0.3920.45
Carcass ND 0.63 1 1.3 ND ND 1.6 1.2

,

aND = not detectable

|

|

I
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4-3 for the " pure" pug aerosol material. The fitted lung retention functions for Pu for the
2

(U.Pu)0 material and for the " pure" pug material are shown in Figure 4-1. Cumulative
2 2

percentage survival of rats in these dose-response studies is shown in Figure 4-2. A summary of

the status of the rats in each exposure group is shown in Table 4-4. A summary of

histopathological findings in rats exposed to these aerosols and dying before April 1,1982 is
presented in Table 4-5.

Table 4-3. Distribution of Pu in Tissues of Rats Sacrificed at
Selected Times Af ter Inhalation Exposure to " Pure" Pu0 *

2

Data expressed as percentage (mean 2 1 SD) of the initial lung burden.

Sacrifice Time (Days After Inhalation

Tissue 32 64 182 365 548

Lung 81 2 56 27 2 15 4.9 i 5.6 5.2 2 3.8 3.2 1 1.4
a

Liver 0.12 2 0.25 0.34 2 0.58 ND 0.56 t 0.97 0.13 2 0.09

Kidney 0.04 1 0.08 0.29 2 0.14 ND ND ND

Femur 0.06 2 0.12 ND ND ND ND

TBLN 1.322.2 ND ND ND ND

Carcass 0.10 2 0.19 ND ND ND 0.15 t 0.11

aND = not detectable

100
Lung Retention in Rats |_g
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Figure 4-1. Lung retention of (U, Pu)0 r " pure" Pu0
2 2

in rats.
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Table 4-4. Status of Dose Response Studics in Which Fischer-344 Rats Were

Exposed to Graded ILB Levels of Either (U,Pu)02 2
or " Pure" pug

(On June 30,1982)

Projected Days i Animals Number

Dose to After Entered of Number Percent

Aerosol Lung (rad)" Inhalation In Exp. Deaths Surviving Survival

(V,Pu)0 25 650 131 14 117 90
2

125 651 88 10 78 89

625 649 44 10 34 77

Control 649 80 10 70 88

" Pure" Pu 25 611 128 11 117 91

125 610 88 13 75 85

625 435 44 1 43 98

Control 608 80 5 75 94

Over-
exposed 609 44 30 14 32

* Lung dose projected to 900 days after exposure
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fable 4-5. Sumary of Histopathologic Findings in Rats Exposed to Aerosols
cf Mixed Oxides and Dying Before April 1, 1982

bExperiment Animal Death Pu ILB Death

aNo. No. Date DPE (nC1) Type Comment4

2978 031 82033 504 1.38 D Nephrosis Testes- interstitial
t

cell tumor
i

~2978 051 82052 523 1.38 D Lost to followup

l- 2979 094 82086 556 0.302 D Uremia - nephrosis; Testes -
interstitial cell tumor

2980 118 82003 473 1.21 D Pituitary - adenoma
,

j 2980 120 81233 338 1.21 D Lost to followup

i

2980 122 81329 434 1.21 D Mammary gland - adenocarcinoma

2980 140 81312 417 1.21 D Liver degeneration; Pituitary-

,

adenoma
i

2981 204 82053 522 0.587 E Nephrosis; Pituitary - adenoma

2982 267 -82076 545 1.29 D Mononuclear cell leukemia<

I.

,

2983 293 81136 239 19.9 D No lung sample, cannibalized
i

i

2983 326 82083 551 19.9 D Cannibalized
i

$' 2983 327 82061 529 19.9 D Radiation pneumonitis and
*

fibrosis; Lung - adenocarcinoma

i 2984 010 81157 262 SHAM D Nephrosclerosis, severe; Testes -
interstitial cell tumor,

2984 852 81320 423 SHAM E Mammary gland - squamous cell

carcinoma

I.

2984 862 82001 469 SHAM D No significant lesion
!

2985 821 81261 364 SHAM E No significant lesion

i

I 3006 404 82082 511 2.52 D No lung tumor

!

3008 498 81275 - 338 1.21 D Fibrous, histiocytomas - *

;

mediastinum-

|
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Table 4-5. Summary of Histopathologic Findings in Rats Exposed to Aerosols
of Mixed Oxides and Dying Before April 1, 1982 (Continued)

bExperiment Animal Death Pu ILB Death

aNo. No. Date DPE (nC1) Type Comment

3009 003 81036 99 158.5 D Radiation pneumonitis, pulmonary

fibrosis

3009 005 81041 104 158.5 0 Radiation pneumonitis, pulmonary
fibrosis

3009 006 81095 158 158.5 D Radiation pneumonitis and
fibrosis

3009 013 81172 235 158.5 0 Radiation pneumonitis and
fibrosis, Adrenal - pleochromo-
cytoma

3009 021 81092 155 158.5 0 Radiation pneumonitis and
fibrosis

3009 022 81034 97 158.5 D Radiation pneumonitis and
fibrosis

3009 024 81109 172 158.5 D Radiation pneumonitis and
fibrosis

3009 027 81035 98 158.5 D Radiation pneumonitis and

fibrosis

3009 028 81069 132 158.5 0 Radiation pneumonitis and
fibrosis

|

3009 031 81103 166 158.5 D Radiation pneumonitis and
fibrosis

3009 032 81107 170 158.5 0 Lost to followup.

> 3009 043 81138 201 158.5 D Radiation pneumonitis and
fibrosis

.3009 044 81047 110 158.5 D Lost to followup

3009 046 81033 96 158.5 0 . Radiation pneumonitis and

fibrosis
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Table 4-5. Summary of Histopathologic Findings in Rats Exposed to Aerosols
ofMixedOxidesandDyingBeforeApril1,1982(Continued)

|

Experiment Animal Death Pu ILB Death

aNo. No. Date DPE (nCi) Type Comment

3009 047 81172 235 158.5 D Radiation pneumonitis and

fibrosis

3009 048 81028 91 158.5 D Radiation pneumonitis and
fibrosis; nephrosis

3009- 051 81031 94 158.5 D Radiation pneumonitis and
fibrosis

3009 052 81030 93 158.5 0 Radiation pneumonitis and
fibrosis

3009 531 81297 360 158.5 0 Radiation pneumonitis and fibro-
sis; Lung - squamous cell
carcinoma

3009 537 81197 260 158.5 D Radiation pneumonitis and fibro-
sis

3009 535 81245 308 158.5 D Radiation pneumonitis and fibro-
sis

,

3009 539 81201 264 158.5 D Radiation pneumonitis and fibro-
sis<

3009 546 81338 401 158.5 E Pulmonary fibrosis

3009 556 81297 360 158.5 D Radiation pneumonitis and fibro-
sis; Lung - squamous cell
carcinoma

!

3010 688 81352 413 10.0 D Lost to followup

i
3011 722 82020 446 6.94 D Radiation pneumonitis y

-3011~ 735 82060 486 6.94 D Adrenal - ganglioneuroma
1

3011 761 82042 468 6.94 D Lung - adenocarcinoma

aDPE = Days Past Exposure
b

{- D = Died E = Euthanized
I
i

|
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DISCUSSION

The distribution of Pu in tissues of animals sacrificed at times through 1.5 years af ter

exposure clearly indicate the insoluble nature of these two aerosols. Only very smali quantities
of Pu have solubulized in lung and transport to liver or skeleton. Preliminary fitting of the
lung retention data for Pu using two component sums of negative exponentials did not indicate a
significant difference between the two aerosols. There is an indication that mechanical clearance
from the respiratory tract, as estimated by comparing the lung retention half time estimated by
the first component of the retention equation, may occur more rapidly in these rats than for

comparable groups in the radiation dose pattern studies (this report pp. 33-40). This could be
due to the somewhat larger particle size measured during inhalation exposure in these studies,
leading to more rapid clearance rates. More definitive comparisons using the biomathematical
model (this report pp. 21-32) will be made when radiochemical analysis of excreta samples are
complete.

Survival percentages for all experimental groups are not different from the control (sham
exposed) groups through 1.5 years af ter inhalation exposure (Table 4-4 and Fig. 4-2) with the
exception noted below. The survival data indicate that the experimental design criteria are being
met, since at the levels of dose-to-lung used in these studies, no early mortality due to

radiation pneumonitis and pulmonary fibrosis was expected. In the single group of animals which
inadvertantly received an inhalation exposure to " pure" Pu0 much greater than planned,

2
significant early mortality has been observed. This over-exposed group has since been replaced by
a properly exposed group. The primary cause of death in the over-exposed group (projected lung
dose of 5000 rads at 900 days af ter inhalation) has been radiation pneumonitis and pulmonary
fibrosis.

Histopathological evaluations are complete on all animals dying or sacrificed before April 1,
1982. In the sacrificed animals, no lesions attributable to absorbed radiation dose were observed.

Twenty-seven rats died or were euthanized in the dose response studies. Three sham exposed,
control rats died, one with a squamous cell carcinoma of the mamary gland and two with no
significant gross or microscopic lesions in the major organ systems. At 364-469 days after
exposure to either (U, Pu)0 or " pure" Pu0 , three animals were lost to followup because ofp 2

autolysis or cannibalism.
Seven rats from the over-exposed group with a mean lung burden of 158 nCi of Pu died due to

radiation pneumonitis and pulmonary fibrosis, as did one rat with 19.9 nCi ILB. They died from
260 to 529 days after exposure. Four of these eight rats also had lung tumors, two squamous cell
carcinomas, one adenosquamous carcinoma and one squamous cell adenoma. One other lung tumor was
found, an adenocarcinoma, in a rat with 6.94 nCi ILB. The four carcinomas were malignant by
histologic criteria, but there were no distant metastases. The squamous cell adenoma was a large
tumor that was space-occupying but was histologically benign with a large keratinized cystic
center.

The other lesions found could not be directly related to radiation injury. Pituitary
,

'

adenomas, testicular interstitial cell tumors, mononuclear cell leukemia, nephrosis, liver

degeneration and biliary hyperplasia are all common aging lesions in Fischer-344 rats (Refs. 8,9).
Three tumors noted are unusual but cannot be directly related to radiation injury. Fibrous

histiocytomas have been reported in Fischer-344 rats but never from the mediastinum (Ref. 10).
Ganglioneuromas of the adrenals are rare tumors (Ref. 11) as are oligodendrogliomas (Ref. 12).

These preliminary results and analyses indicated that these studies are progressing according
to the initial experimental design. Mortality has been low in the experimental groups as

expected. Critical information to assess the potential risk due to inhalation of (U,Pu)0 and
2

" pure" Pu0 compared to pure forms of actinide elements should become available during the nextp

year.
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STATUS OF INHAL Af t04 STUDIES OF AFPOSOLS OF PUO2 NE AT-TREATED Af 750 C. MINEO
WITH UO2 AND R ALL RILLED AT Mf DL IN BfA6LF C06So R0hKE T S ANO F ISCHE R-344 RATS

F NPOSLRF E E P. AFROSOL PROJ. DE ATH ALIVE
SPECIES N L'RSC R AGE WT. ARAD SIGRA SAC. DATE DPE DRE

1700 RAOIO. SEE DATE (DAYS 9 EKG9 (URD DPE 6-30-82 CORRE h?
SEA 6LE COG 871C 1935-01 R 76344 TOR 9.90 2 89 1.91 0 76344 0 S-
SCAGLL COG 219C 1935-02 R 76344 3629 10 1 2 15 1.74 4 7634R 4 S-
BFAELE COG 6358 19J5-03 R 76344 1656 11.4 1.84 1 68 4 7614R 4 5
BE A EL E COG 8211 1936-02 F 76345 884 A.5 1.68 1.65 549 78169 551 S-
BEAGLE COG 217E 1137-01 R 76349 3648 8.1 2.48 1.70 0 76349 0 S.
RFAGLE COG 817T 19 3 7-02 F 76349 892 82 2 04 1.74 64 77047 64 S.
SEAELE COG 8233 1937-03 F 76349 886 7.2 2 50 1.77 79297 1994 E-LTR
BFAGLE COG 8124 1937-04 R 76349 846 9.3 2.33 1.73 1962 80350 1962 S.
8FAELE COG 803A 1138-01 R 76350 910 10.5 2.te 1.67 80106 1217 O-LTR
8 EAGLE COG 810U 1938-02 F 76350 901 8.0 2.61 2.38 1962 00351 1962 $=
OF A CL E COG 8118 1938-03 R 76350 897 10.2 2.67 1.62 2023 LTR
SEAELE COG 8044 1938-04 R 76350 910 10.9 2 47 1.SR 64 77049 65 S.
OFAGLE COG 828f 1939-01 F 76351 872 6.9 2.18 1.66 81349 182S E-L 7 R
BEAGLC COG 811A 1939-02 M 76351 898 12.8 2.38 1.71 730 TR349 729 S-
SE A GL E COG 7998 1939-03 R 76351 929 11.7 2.34 1.73 365 77350 365 S.
BEAELE COG 8253 1940-01 F 76352 889 9.3 2.22 1.73 730 FR152 731 S-
BE A GLE DOS 826f 1940-02 F 76352 884 11 0 1 79 3.Rt 365 77353 367 S-
BEAGLE 004 8020 1940-43 R 76352 915 R.3 2.35 1 96 549 78170 549 S.
RHESUS RONKEY 917 2087-01 R 77039 5-77RS-8 4.85 1.61 1.62 0 77839 0 S-

CYNOROLGUS RohKEY 25 2087-02 R 77039 3-STRS 3 15 1.53 I.53 1462 81048 1970 S-
C740ROLGUS R0hKEY 21 2088-01 R 77040 5-77RS 4.4 1.10 1.34 64 77104 64 S-

CR CYNCROLGUS Ro4KCT 26 2088-02 R 77040 3-97RS-8 3.7 1.37 1.56 365 78040 36" S-h3 CTh0ROLGUS RogKET 24 2988-03 R 77040 3-57RS-8 3.6 1.22 1.55 549 7R222 547 S=
RHESUS RohEET 9t8 2089-01 R 77041 5-TTRS-8 4.4 1.61 1.53 4 77045 4 S.

CYNOROLGUS RONKEY 27 2089-02 R 77041 3-57RS-8 3.4 1.41 1 56 730 79040 729 S-
CTRCROLGUS R04KET 22 *;8'<-03 F 77041 3-4TR$=8 2.5 1 25 1 59 TR056 3R0 D-GASTRIC TORSIO4

RHESUS 80hKET 897 209A-01 R 77046 5-77R S-8 4.6 2.13 2.30 78211 530 0-FIO.PLEURIf!S
FISCHER-344 RATS 2006-01 M 77042 9WES 2.32 1 77 0 77042 0 S-
FISCHER-344 RaiS 2086-02 R 77042 9WKS 2.32 1.77 365 78044 347 S-
FISCHER-344 RAIS 2046-03 R 77042 9Wds 2.?? 1.77 79017 701 0-
FISCHER-344 Rats 2086-04 M 77042 9WES 2.32 1 77 78094 417 0-RAL.RESO THORAR
FISCHER-344 RATS 2086-05 A 77042 9WKS 2.32 1.77 78870 493 0-$8U. CELL CARC.
FISCHER-144 RATS 2006-06 R 77042 9WE S 2.32 1.77 4 77046 4 5-
FISCHER-344 PATS 2086-07 R 77042 9WES 2.32 1.77 365 79044 367 S-
FISCHER-344 Ref S 2086-08 R 77042 9WKS 2.32 1.77 77249 207 E-FIB. SUS.
FISCHER-344 FS72 2086-09 R 77042 9WES 2.32 f.77 730 79043 731 S-
FIfCHER-344 RATS 2086-10 M 77042 9WFS 2.32 1.77 4 77046 4 S-UNE RP.C ON TR OL
FISCHER-344 RATS 2086-11 M 77942 9WES 2.32 1.77 365 7R044 367 S-
FISCHEf-344 RATS 2086-12 R 77042 9WES 2.32 1 77 0 77442 0 S-
FISCHER-344 RATS 20A6-13 R 77042 9WES 2.32 1.77 0 77042 0 3-
FISCHER-344 R479 2086-14 R 77042 9 WE S 2.32 1.77 64 77105 62 S-
FISCHER-344 RATS 2086-15 m 77042 9WKS 2.32 1.77 4 77046 4 3-

8-PRImaiE CAUGM: IN THE WILO, AGE ESTIMATED FROM 8007 WEIGHT AT EIPOSURE
D-SPomfANCOUS DEATM
E EU1NANIZED
S-SACRIFICE 0
LTR-LORG TERR RESERVE
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STATUS OF INH AL4f10N STUDIES OF AE90$0LS OF PUO2 NEAT-TREATED af 750 C. RIIEn WITH
UO2 AND B ALL MILLED At HCOL IN REAGLE 00GS, PONEETS AND FISCHF A-344 RATS (CONTINUE 09

ENP0ftRE EMP. SEROSCL PROJ. DE ATH ALf9E
SPECIES NURSER AGE WT. APAO SIGRA SAC. DATE OPE OPE

if00 RADIO. SEE DATE (DAYS 3 (RGB (URD DPE 6-30-92 CO RRE N T

FISCHER-344 RATS 2086-16 R 77042 9WMS 2.32 1.77 4 77046 4 S-

FISCHER-344 RATS 2086-17 N 77042 9WMS 2.32 3.77 4 77046 4 $=
FIECHER-344 RATS 2086-1B R 77042 9WKS 2.32 1 77 64 77805 63 S-

FISCHER-344 RATS 2086-19 M 77042 9WKS 2.32 1.77 F8304 427 D- A DE NO .L UN4

FISCHER-344 RAIS 2086-20 R 77042 9WNS 2.32 1.77 64 77805 63 S.

FI!CHER-344 RATS 2006-21 F 77042 9WES 2.32 1.77 947 74223 546 S-

FISCHER-344 RATS 2086-22 F F7042 9WuS 2.42 1.77 730 79043 731 S-

FISCHER-344 RATS 2086-23 F 77042 9WES 2.32 1.77 0 77047 0 S-

Fl*CHER-344 RATS 2086-24 F 77042 9WES 2.32 1.77 7F376 224 D R AD.PNE UR.,PUL.FI R.

FISCHER-344 RaiS 2086-25 F 77042 9WES 2.32 1.77 77214 212 p-RAD.PNEUR.,PUL. FIB.

FISCHER-344 RAIS 2006-26 F 77042 9WES 2.32 1.77 74174 497 D-SOU. CELL PAPlLLOPA
FISCHER-344 RATS 2086-27 F 77042 9WES 2.32 8 77 36% 74044 367 S-

FI!CHER-344 RAIS 20R6-28 F 7F042 9WKS 2.32 1 77 79230 553 0-$00. CELL CARC.
FISCHER-344 RAIS 2086-29 F 77042 9WM S 2.32 1.7F 7R239 S42 0-PUL.F EBROS * S

FIECHER-344 RAIS 2046-30 F 77042 9WKS 2.32 1.77 730 79043 731 S-

FISCHER-344 RATS 2086-31 F 77042 9WE S 2.32 1.77 74340 663 0-38U.CFLL CARC.
FISCHEA-344 RaiS 2006 32 F 77042 9WKS 2 32 1.77 78876 499 D-SOU. CELL CARC.
FISCHER-344 RAIS 2086-33 F 77042 9WES 2.32 1 77 S47 7F223 S46 S-

FISCHER-344 RAIS 2006-34 F 77042 9WKS 2.32 1.77 TRttS 438 O-ADENO. LUNG
CR Fl!CHER-344 RATS 2084-35 F '77042 9WRS 2.32 1.77 0 77042 0 S-
CO FISCHER-344 RATS 2086-36 F 77042 9WES 2.32 1.77 365 78044 367 S-

FISCHER-344 NATS 2086-37 F 77042 9WES 2.32 1.77 64 77105 63 S-

FISCHER-344 RATS 2086-37 F 77042 9WKS 2.32 1.77 64 77105 63 5-

FISCHER-344 RAIS 2006-38 F 77042 9WES 2.32 1.77 79023 Til 0-SOU. CELL CARC.
FISCHER-344 RATS 2086-40 F 77042 9WES 2.32 1 77 730 79043 731 S.

1

8-PRIMATE CAUGHT IN THE WILO, AGE ESitRATED FROM ROOT WEIGHT AT EBPCSURE
O-SPONTA9 ECUS DEATH
E-EUTHANIFE0
S-SACRIFICED
LIR-LONG TERN RESERVE
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STATUS OF IMHALATION STUDIES OF 1750 C HEAT-TREATED (U.PU301 96 AEROSOLS FROM THF
PELLEI GRINDING OPERATICN AT MfDL IN BE ACLE COGS, MONKE TS AND F ISCHE R-344 PATS

ERPOSLRE ERP. AERCSCL PROJ. DFATH ALIVE
SPECIES NURSER AGE WT. ARAD SIGRA SAC. DATE DPE DPE

TTOS RADIO. SE E DATE EDATSD ENGl (URD DPE 6-30-82 CORRENT
Br4GLE DOS 634A 2138-01 R 77083 1761 13.0 2.6 2.4 0 77083 0 S-
SEAGLE DOG 643A 2118-02 R 77083 1725 9.8 2g4 1.7 4 77087 4 S.
BEAGLE DOS 7770 2118-03 R 77083 1867 9.5 2.5 1.6 64 77347 64 S.
RE A ELE DOS 640S 2119-01 F 77084 1745 10 3 2.2 16 0 77084 0 S-
8E A GLE DOS 6415 2119-02 F 77084 1730 II.4 13 17 4 770R8 4 S-
RE A GL E DOS 7965 2119-03 F 77084 1937 10.0 2.6 16 64 77t47 63 S-
Bf46LE DOS 7838 2120-01 R 7F088 1802 87 24 16 365 74089 365 $=
SE A GLE E06 7894 2120-02 M 77088 1969 10 3 23 17 547 78270 547 S-
8'ACLE DOC 883C 2120-03 R 77098 763 9.8 2.4 1.7 82167 1905 E-LTR
RF A ELE 006 9618 2122-01 R 77090 524 12 0 31 1.8 730 79049 729 S-
BEAGLE COG 7975 2822-02 F 77090 1035 8.3 2.7 16 365 74090 365 S-
SE A GLE DOG 7987 2122-03 F '7090 1034 8.6 26 86 547 TR??2 547 S.
OE AGLE DOS 7914 2123-01 M 77091 1063 9.3 24 1.F 1962 81092 1962 S-
SEAGLE DOS 8020 2123-02 F 77091 1920 9.2 2.9 1.8 730 79092 731 S-
8 EAGLE DOG 853T 2124-01 F 77096 900 9.6 2.9 1.9 78207 476 0-LTR
BEAGLE DO S 463C 2tte-02 R 77096 857 10.2 2.8 1.7 1981 LTR
BEA6LE DOS 803S 2124-03 F 77096 1822 9.4 2.6 1.8 1462 81100 1965 S-
SE A GL E DOE 8885 2124-04 F 77096 75 4 8.2 29 1.7 79163 797 O-LTR

CTNOROLGUS MONNEY 36 2256-01 M 77236 3-STRS-B 3.3 20 16 365 78236 365 S-
RHESUS ROLKEY 900 2257-01 M 77237 5-77RS-8 7.5 23 17 0 77237 0 S=

CTNOROLGUS MONRET 35 22*7-02 R 77237 3-ST AS-8 3.7 2.5 8.7 64 77301 64 S.
CR CTROROLGUS RONKET 39 22*7-03 R 77237 3-5743-8 3.1 2.4 1.7 54F 79053 546 3-
Jb CTNOROLGUS MONat? 30 2227=04 R 77237 3-57RS-R 3.2 2.4 1.7 730 79239 732 S.

RHESUS RONNET 914 2258-01 M 77234 5-7TRS-B 7.0 2.3 1.8 4 77242 4 S-
C7NCROLGUS RONaET 34 22!8-02 R 77238 3-5 YRS-8 3.8 2.5 8.7 1962 R1245 1968 S-
CTWCROLGUS MONKEY 31 2254-05 R 77238 3-57RS-R 3.8 2.4 3.7 1769 LTR
CTNOROLGUS RONNET 44 2258-04 R 7F258 5 77RS-8 4.7 2.8 1.7 1769 LTR

FISCHER=344 RAT 2100-01 F 77055 9WES 2.3 1.7 547 74237 547 S-
FISCHER=344 RAT 2100-02 F 77055 9W45 2.3 1.7 0 77055 0 S-
FISCHEA-344 RAT 2100-03 F 77055 9WES 2.3 1.7 730 79058 733 S-
FISCHER-344 RAT 2800-04 F 77055 9WES 2.3 t.7 64 77119 64 S-
FISCHER-344 RAT 2100-05 F 77055 9WES 2.3 1.7 365 78055 365 S-
FISCHER-344 RAT 2100-06 R 77055 9WNS 2.3 1.7 64 77119 64 S-
FISCHER-344 RAT 2100-0F F 77055 9WES 23 17 365 78055 365 S-
FISCHER-344 RAT 2140-08 F 77055 9WES 23 17 64 77119 64 S-
FISCHER-344 RAT 2100-09 F 77055 9WES 2.3 1.7 0 77055 0 S-
FISCHER-344 RAT 2100-10 R 77055 9WKS 2.3 1.7 4 77059 4 S.
FISCHER-344 R AT 2100-11 F 77055 9W43 2.3 1.7 54T 7423F 547 S-
FISCHER-344 RAT 2100-12 F 77055 9WES 2.3 17 730 79058 733 S-
FISCHER-344 RAT 2100-13 F 77055 9WR$ 2.3 17 78198 508 O-
FISCHER-344 RAT 2100-14 F 77055 9WES 2.3 1.7 365 74055 365 S-
FISCHE4*344 RAT 2100-15 F 77055 9 WM S 2.3 1.7 78117 427 O-ADENO.LU4G
FISCHER-344 RET 2800-16 F 77055 9WKS 2.3 1.7 4 78059 4 S.
FISCHER-344 RAT 2100-17 F 77055 9W43 2.3 1.7 7R267 577 D-SOU.CFLL CARC. LUNG

8-PRIM ATE C AUGHT IN THE WILD, AGE ESTIRATED FROR 800T WEIGHT AT E XPOSURE
D.SFOMTAMEOUS DEATH
E-EUTHANITED
S-SACRIFICE 0
LTR-LONG Tro9 RESERVE
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SIATUS OF INHALATION STUDIES OF 1740 C HE AT-TRE ATED (U,PUl03 96 AEROSOLS FRCR TPE PELLET
ERINCING OPERATICN AT HEDL I4 BE AGLE DOGS, RONNE TS AND FISCHER-344 N ATS ICONT! HUE 03

EMPOSURE EIP. AEROSOL PROJ. DCATM ALIVE
SPEttES NURSER AGE WT. ARAD SIERA SAC. DATE Cpl DPE

3I00 R40lO. SE E DATC 60A758 (RG) (URI OPE 6-30-02 CORREnf
FISCHER-344 RAT 2100-10 F 7FOSS 9WKS 2.3 3.7 0 7705S 0 S-
FISCHER-344 RAT 2800-19 F 77055 9WKS 23 1.7 730 79054 733 S-
FISCHER-344 RAT 2100-20 F 7FOSS 9WKS 2.3 3.7 70247 SSF D-SOU. CELL CARC. LUNG
FISCHER-144 RAT 2100-21 R 77055 9WKS 2.3 1.7 64 77119 64 S-
FISCHER-344 Raf 2100-22 R FFOSS 9WES 2.3 1.7 365 TROSS 365 S-
FISCHER*344 RAT 2800-23 R 77055 9WKS 2.3 1.7 74244 564 0-LTRPM.LEUKERIA
F ISCHER-34 4 Rai 2100-24 R 7705S 9WKS 2.3 1.7 0 77054 0 S-
FISCHER-344 RAF 2100-25 R 77055 9WKS 2.3 1.7 0 77054 0 S=
FISCHER-344 RAT 2100-26 R 7FOSS 9 WK S 2.3 1.7 0 77054 0 S-
FISCHER-344 Raf 2100-27 N 7FOSS 9WKS 2.3 37 70297 607 D-SOU. CELL C4RC. LUNG
F ISCHE R-34 4 RAT 2100-20 R 77055 9WKS 2.3 1.7 77055 0 0-00 RING ErPOSURE
FISCHER-344 RAT 2100-29 R 7FOSS 9WK S 2.3 8.7 77044 0 D-0URIRG EXPOSURE
F ISCHE R-344 RAf 2100-30 F 77055 9WES 2.3 1.7 4 TF059 4 S=
F ISCHE R-344 RAT 2300-31 R 7F055 9WKS 2.5 3.7 730 79058 733 S= '

FISCHER-344 RAT 2100-32 R 7F055 9WES 2.3 3.7 19105 415 0- A DE NO.LU44 |

FISCHER-344 RAT 2300-33 R 770SS 9WKS 2.3 1.7 S47 74237 547 S.
FISCHER-344 RAT 2100-34 R 7705S 9WES 2.3 1.7 64 7F119 64 S-
FISCHER-344 RAT 2l00-35 R 77055 9WKS 2.3 3.7 4 7F059 4 S-'

CR FISCHER-344 RAT 2800-36 R 77055 9WKS 2.3 17 70217 527 0-SOU. CELL C ARC.LU46
GR FISCHER-344 RAI 2100-37 R 7705S 9WES 23 17 4 77059 4 S-

FISCHER-344 Rat 2100-30 R 77055 9 WK S 2.3 17 72207 Sif 0-300.CFLL CARC. LUNG
FISCHER-344 Raf 2300-39 R 7705S 9WKS 23 1.7 70210 S20 D-SOU.CTLL C APC.L UNG
FISCHER-344 RAT 2100-40 M 77055 9WKS 2.3 1.7 547 74237 547 S-

B-PRIRATE CAUGHT IN THE WILC. AGE ESTIMATED FROM BOOT WEIGHT AT EuPOSURE
D-SPONTANEOUS DEATH
E-EUTHAhl2ED
S-S ACR IFICE 0
LTR-LONG TERR RESERWE
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STATUS OF INHA
CPERATIO. LAv10N A=0 WitCO n im BE 46tE DOGS, MO.Kr TS 4.LS F ROM W-BLENDINGSTUDIES OF 850 C HE AT-TPE Auf D PUO2 AEROSO THE

Ai BA. COCK 0 FisCHER-344 .A S

EIPOSLRE EXP. AEROSOL PROJ. DE ATH ALIVE
SPECIES NURSER AGE WT. ARAD $!GRA SAC. DATE DPE CPE

1700 RADIO. SEE DATE EDAYS9 (KGB (UND DPE 6-30-02 comment
SEAGLE DOG 7910 2218-01 M 77193 1166 8.2 2.4 1.9 365 78193 36S S-
BEAGLE COG 902A 2218-02 M 77193 806 8.9 2.3 1.9 1A14 LTR
BE AGLE DOE 974U 2238-03 F 77193 602 7.9 2.4 1.8 64 7F2S7 64 S-
BrAGLE DOG 039S 2219-01 F 77194 10S8 86 21 1.7 77196 2 D-LTR
BE AGLE DOG 037S 2223-01 9 77195 1859 97 2.6 1.7 0 77195 0 S-
BEAGLE DOS 843T 2220-02 F 77195 1055 9.7 2.2 18 730 79194 729 S-
SEASLE DOS 789C 2220-03 M 77195 1876 12.2 2.0 18 64 77259 64 S-
BE AGLE DOS 0385 2221-01 F 7F196 1061 10.6 22 1.R 4 77200 4 S-
SEAGLE 006 8008 2221-02 M 77196 1140 91 2.1 1.8 1A11 LTR
SEAGLE DOS 9124 2221-03 4 77196 762 12 4 2.3 16 1962 81197 3462 S=
BE A GL E DOS 8410 2222-01 F 77200 1061 6.1 2.2 1.8 547 79017 $47 S-
8E AGLE DOG 7928 2222-02 M 77200 1168 13.0 22 1.R S47 79017 S47 S-
BE AGLE DOS 90tf 2222-03 F 77200 817 10 2 20 1.7 80139 1034 D-LTR
BE A GLE DOG 7944 2223-01 P 77201 1863 9.4 2.2 1.8 730 79201 710 S-
DE A GL E 00G 852S 2223-02 F 77201 1017 69 2.2 1.0 365 74206 370 S-
SEAGLE DOG 174W 2223-03 F 77201 610 9.1 2.4 1.8 1806 LTR
RE AGLE COG 6958 2224-01 M 77202 1627 10.6 2.1 1.8 0 77202 0 $=
BEAGLE DOS SS7W 2224-02 F 77202. 985 10.5 23 1.9 80290 llR3 D-LTR
SEAGLE DOS 897A 2224-03 M 77202 833 11.4 2.1 10 4 77206 4 S-
RHESUS MONKET 083 22S3-01 M 77234 5-77RS-8 72 2.0 1.7 547 79054 550 S-

CT40MOLGUS MONKET 37 2253-02 M 77234 3-STRS-B 3.9 2.1 1.s 1462 81233 1460 S-
CR CT40MOLGUS MONKET 90 22*3-03 M 77234 3-STRS-8 3.0 2.1 1.7 730 19234 730 S-
CD RHESUS MONKET 898 2254-01 M 7723S S-77RS-8 43 24 88 0 77235 0 S=

CTh0MOLGUS MomKET 33 22S4-02 M 77235 2-4TRS-8 2.6 2.2 1.R 64 77219 64 S-
CYNOMOLGUS MonRET 41 22*4-03 M 7723S 3-STRS-8 3.7 2.6 19 365 76239 365 S-
CTh0MOLGUS MemKET 45 2254-04 M 77235 $=77RS-R 4.1 23 18 1772 LTR
CTm0ROLGUS MONKET 30 22'S-02 M 77236 3-STRS-8 3.9 2.2 1.7 1771 LTR

RHESUS MONKET 874 2265-01 M 7F238 S-TTRS-8 4.4 2.0 1.7 4 77242 4 S.
FISCHER=344 RATS 2217-01 M 7719S 9WKS 2.2 2.0 79063 598 D-50U.CE LL C ARC. Lum 4
F ISCHE R- 3 44 RAIS 2217-02 M 77195 9WKS 2.2 2.0 0 77195 0 S=
FISCHER-344 RATS 2217-03 M 77195 9WKS 2.2 20 64 77262 67 S-
FISCHER-344 RATS 2217-04 M 77195 9WKS 2.2 2.0 78358 S20 D-SOU. CELL PAP!LLOMA
FISCHER-344 RATS 2217-05 M 77195 9WKS 2.2 2.0 4 77199 4 S-
FISCHER-344 RATS 2217-06 M 77195 9WES 2.2 2.0 547 79015 SSO S-
Fl!CHER-344 RATS 2217*07 M 77195 9WKS 2.2 2.0 369 78195 36S S-
FISCHER-344 RATS 2217-00 M 77195 9WWS 22 2.0 S47 7901S SSO S-
F13CHER-344 RATS 2217-09 M 77195 9WKS 2.2 2.0 64 77262 67 S-
FISCHER=let RAIS 2217-10 m 7719S 9WKS 2.2 2.0 4 77199 4 $=
FISCHER-344 RATS 2217-11 M 7719S 9WKS 2.2 2.0 0 77195 0 S-
FISCHER-344 WAYS 2217-12 M 7719S 9WKS 2.2 2.0 365 78199 36S S=
FISCHER-344 RATS 2217-13 M 77195 9WKS 2.2 2.0 64 7F262 67 S=
FISCHER-344 R ATS 2237-14 M 7789S 9 WK S 2.2 2.0 79165 700 0-SOU. CELL CARC.LUWG
FISCHER-344 RATS 2217-15 M 77195 9WKS 22 2.0 74341 581 0-300. CELL CARC. Lum 4
FISCHER-144 RAIS 2217-16 M 7719S 9WKS 2.2 2.0 7F195 0 0-DURING EEPOSURE
FISCHER-344 RATS 2217-17 M 77195 9WKS 2.2 2.0 79157 692 D-SQU. CELL C A.e ADENO.

B. PRIMATE CAUGHT IN THE WILDe AGE ESTIMATED FROM BODY WEIGHT AT E XPOSURE
0-SPORT A4E003 DE A TH
E-EUTHah!2E0
S-SDCRIFICEO
LTR-LohG TERM RESERVE
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STATUS OF IhMALATION STUDIIS OF 850 C HE AT-TRE A TED PUO2 Af ROSOL S FROR THE V-RLFNDING OPERATION
AT BABCOCK AND WILC0K IN PE A GLE DOGS, RONKE TS AND FISCHE R-34 4 RATS (CONTINUED 9

EkPOSURE EWP. AEROSCL PROJ. DrATH ALIVE
SPECIES NLPOER AGE WT. ARAD SIGRA SAC. DATE OPE CPE

TTOO RADIO. SEE D A TE (DATS9 GKG9 (URD DPE 6-30-82 CORPfhY
FISCHER-344 RATS 2217-14 R 77195 9WKS 2.2 20 7915R 693 0-500. CELL CARC. LUNG
FISCHER-344 RAIS 2217-19 R 77195 9WES 2.2 2.0 547 790 t S 550 S=
FISCHER=344 R ATS 221F-20 M 77195 9WKS 22 20 77195 0 D-OURING EIPOSURE
FISCHER-344 RATS 2217-21 F 77195 9WES 2.2 2.0 365 79191 365 S-

F I SC HE R- 344 RATS 2217-22 F 77195 9WES 2.2 2.0 947 79515 550 S.
FISCHER-344 RA7S 221F-23 F 77195 9WKS 2.2 2.0 730 79197 732 S-
FISCHER-344 RATS 2217-24 F 77195 9WKS 2.2 2.0 64 77262 67 S-
FISCHER-344 RATS 2217-25 F 77195 9WES 2.2 2.0 0 77195 0 $=
FISCHER-344 RAIS 2217-26 F 77195 9WES 22 2.0 64 77262 67 S-
FISCHER-344 RATS 2217-27 F 77194 9WES 22 2.0 363 7419S 365 S-
FISCHER-344 RATS 2217-28 F 77195 9WKS 2.2 20 4 77199 4 S-
FISCHER-344 RATS 2287-29 F 77495 9WKS 2.2 20 74279 395 D-NERANGIOSA4C.LUgG

FISCHER-144 RATS 2217-30 F 77195 9WKS 2.2 2.0 71094 S89 D-MERANGIOSARC. LUNG
FISCHER-344 RATS 2287-31 F 77895 9WES 2.2 2.0 7R352 572 0-MERANGIOSAR*. PLEURA l

FISCHER-344 RATS 2217-12 F 77195 9WKS 2.2 2.0 0 77195 0 5- |
EN FISCHER-344 RATS 2217-33 F 77195 9WKS 2.2 2.0 4 77199 4 S-
'N FISCRER-344 RATS 2217-34 F 77194 9WES 2.2 2.0 730 79197 732 S.

FISCHER-344 RATS 2217-35 F 77195 9WES 22 20 730 79197 732 S-
FI!CHER-344 RATS 2217-36 F 77194 9WES 22 2.0 S47 79015 550 S=a

FISCHER-344 RhTS 2217 37 F 77195 9WKS 2.2 2.0 365 7Rl95 365 S.
FISCHER-344 RAIS 2217-38 F 77195 9 WK S 2.2 2.0 730 79897 F32 5-
FISCHER-344 RATS 2217-39 F 77195 9WES 2.2 2.0 79062 597 0-SOU. CELL CARC. LUNG
FISCHER-144 RATS 2217-40 F 77195 9WKS 2.2 2.0 4 79199 4 S-
FISCHER-344 RATS 2287-46 F 77195 9WKS 2.2 2.0 0 77195 0 S-
FISCHER-344 RATS 2287-49 F 77195 9WKS 2.2 20 74234 404 D-FIOROSARC. PLEURA

B-PRINATE CAUGHT I4 THE WILO, AGE ESTIRA TED FROR 0007 WEIGHT AT ENPOSURE
0-SPONTANEOUS DEATH
E-EUTHANIZIO
$=SARCIFICEO
LTR-LONG TERR RESERVE
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STATUS OF INHAL ATION STuoIES DF 850 C Hf AT-TRE ATED PUC2, MIKED WITH 002 1
|

AND OR6 ANIC SINDER$(PELLET PRESSING AT B ARC 0CK AND WILCOWlt4 FISCHER-344 RSTS |
(PILOT stunt) |

EXPOSURE EXP. AEROSOL PROJ. DEATH ALIVF I

SPECIES NUMME R 46E W1. AmAD SI6pA SAC. DATE OP' CFE

Tf00 RADIO. SEE DATE (DATSS 4K63 (UMt CPF 6-30-22 CongENT

FISCMER-344 RATS 1933-01 m 76348 9WKS 1.7 2.6 8 76348 0 5-

FISCHER-344 RATS 1933-02 R 76348 9WKS 17 2.6 0 76348 0 3-

F I S CHE R-3 4 4 RATS 1933-03 M 76348 9MES 1.7 26 8 76349 0 S-

FISCMER-344 RATS 1933-04 F 76348 9WKS 1.7 26 8 76348 0 S-

FISCHTR-344 R4TS 1933-OS F 76348 9WKS 1.7 2.6 8 76348 0 5-

FISCHER-344 R4TS 1933-06 F 76348 9WKS t.7 26 8 76356 A 3-

FISCMER-344 RATS 1933-07 F 76348 9WKS 1.7 2.6 8 76356- A S-

' F ISCHE R-34 4 RATS 1933-08 F 76348 9WKS 17 2.6 4 76356 8 S-

f FISCHER-344 RATS 1933-89 F 76348 9WKS 17 2.6 8 76356 8 S=

FISCMER-344 daft 1933-10 F 76348 9WKS 1.7 26 8 76356 R $=

FISCHER-344 RATS 1933-11 n 76348 9WKS 1.7 26 16 76364 16 S-

FISCHER-344 RATS 1933-12. m 76348 9WKS 1.7 26 16 76364 16 $=

FISCHER-344 RATS 1933-13 F 16348 9WKS 1.7 2.6 16 76364 16 S-

FISCHER-344 RATS 1933-14 F 76348 9WKS 17 2.6 36 76364 16 S-

FISCHER-344 RATS 1933-15 F 76348 9WKS 3.7 2.6 16 76364 16 S-

FISCHER-144 RATS 1933-16 R 76348 9WKS 1.7 2.6 64 77046 64 S-

FISCHFR-344 R4TS 1933-17 F 76348 9WKS 17 26 64 77846 6e S-

| CD FISCHER-344 R4TS 1933-14 F 76348 9WKS 1.7 2.6 64 7 F0 4 6 64 S-

' OD FISCHER-344 RATS 1933-19 F 76348 9WES 1.7 2.6 32 77914 32 5-

FISCHER-344 RATS 1933-20 F 76348 9WKS 1.7 1.6 78108 493 0-38U. CELL C4.ePAPIL.LU4G

FISCHER-344 RATS 1933-21 F 76348 9WKS 1.7 2.6 78878 453 0-58U. CELL PAPILL0mA

FISCHER-344 RATS 1933-22 M 76348 9WKS 1.7 2.6 64 77446 64 3-

FISCHER-344 R4TS 1933-23 m 76348 9WES 1.7 26 79075 819 C-ADENSCARC. LUNG

FISCHER-344 R4TS 1933-24 R 76348 9WKS 1.7 2.6 32 778t4 32 S-

FISCHER-344 RATS 1933-25 R 76348 9WKS 1.7 26 78243 636 D-SSU. CELL CARC.

FISCHER-344 RATS 1933-26 M 76348 9WKS 17 2.6 32 77014 32 S-

F IS E ME R-144 R4TS 1933-37 m 76348 9WES 17 2.6 64 77646 64 S-

FRSCMER-344 #ATS 1933-28 M 76348 9WKS 1.7 2.6 32 T7014 32 S-

FISCMER-344 RATS 1933-29 R 76348 9WKS 1.7 26 77391 369 D-lap 6T LUh6 MASS

FISCHFR=344 RATS 1933-30 P 76348 9WKS 1.7 2.6 32 77084 32 1-

FISCHER-344 RATS 1933-31 M 76348 9WKS 1.7 2.6 77192 210 D- ADE MOC AR C.L ugG

FISCHER-344 RATS 1932-32 F 76348 9WKS 1.7 2.6 7R118 501 D-SOU.CFLL C ARC.LU4F

D. SPONT ANEOUS DE A f M
S-SACRIFICEO
E-EUTHARI2E0
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