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Chapter 1. SUMMARY OF THE PHYSICAL CHEMICAL ANALYSES OF MIXED OXIDE

NUCLEAR FUEL AS THEY MIGHT INFLUENCE BIOLOGICAL BEHAVIOR
AND_INTERNAL DOSE

Abstract -~ Twelve representative materials that

might be accidentally released during the fabri- PRINCIPAL INVESTIGATORS

cation of mixed-oxide nuclear fuel pellets were

studied using X-ray diffraction, infrared spec- A. F. Eidson

troscopy, energy dispersive X~ray fluorescence, J. A, Mewhinney

alpha spectroscopy and in vitro dissolution

methods., The results are related to a postulated exposure accident and to inhalation experiments

using laboratory animals,

INTRODUCT ION

Many of the steps in the mixed-oxide fuel fabrication process require manual handling of
powders 1in gloveboxes. In the event of an accident, aerosols of uranium and plu .nium might
escape from the enclosure and be inhaled by a worker. The wide variety of materials with
different chemical forms used in the fuel fabrication process precludes study of all potential
exposure atmospheres in laboratory animals. Physical and chemical analysis, however, can be
applied to a greater number of materials and can identify materials with unique properties that
might influence the biological behavior of the materiels. Representative powders that might be
released 1in significant quantities were collected from gloveboxes following normal fuel
fabrication operations. Aerosols were generated from four of these powders for use in inhalation
exposures of laboratory animals as required for the biological phase of the project.

The purpose of this report is to summarize the results of physical and chemical analyses of
the industrial materials collected and to relate the results to a postulated worker exposure.
Analyticel methods were: (1) X-ray diffraction tc identify the chemical forms of crystalline
phases of the material, (2) infrared spectroscopy to investigate noncrystalline forms, (3) alpha
spectroscopy to determine the relative amounts of alpha 1isotopes present, (4) liguid

of 2‘1Pu and 241

scintillation counting to determine the amounts Am present, (5) X-ray
fluorescence of single particles to investigate the feasibility of single particle analysis, (6)
in yitro dissolution tests to determine the rates of loss of plutonium and americium from

particles.



MATERIALS AND METHODS

Materials
The powders obtained (Table 1.1) represent progressive fabrication steps toward the

finished fuel pellet, The Pqu powders were prepared at the Hanford Engineering Development
Laboratory (HEDL) by calcining plutonium oxalate at 750°C. The process used at the Babcock &
Wilcox Facility (B & W) included further calcining at B850°C to ensure uniformity of PuOZ
feedstocks., The calcined Pu0, Tots were screened and blended (Semples 1 and 2) and then blended
with U0, (Samples 3 and 4), The blended Pu02 and UOZ powders were milled to comminute the
powders (Samples 5 and 6). The powders were reblended, pressed into slugs and the slugs were
granulated. Carbowax and Sterotex organic binders were blended with the powders and the mixture
is pressed 1into pellets (Sample 10). The pressed pellets were sintered at 1750°C in a reducing
atmosphere (8% Hy + 92% Ar) to produce a substoichiometric solid solution of (U.Pu)OZ. The
pellets were finally ground to design specifications using a centerless grinder (Samples 11 and

12).

Aeroso! Generation

Aerosols were generated from powders to provide exposure atmospheres for inhalation
toxicity studies 1in laboratory animals (Ref. 1.1). A powder blower (DeVilbiss Co.) containing
500-700 mg of powder was placed in a water bath in a sonic agitator and aerosols were generated
at airflow rates of approximately 2 Lpm. Aerosols were passed through a 85Kr discharger and
delivered to the animals. Samples of aerosol particles were collected on 47 mm membrane filters
of 0.8 um pore size (Millipore Corp.). Aerosol particle size distributions were determined using
cascade impactors, Aerosol particles for electron microscopy were also collected using a point-

to-plane electrostatic precipitator,

Isotopic Analysis

Mixed-oxide aerosol particles collected during animal exposures were dissolved in 2 M HNO3
for further analysis. Plutonium was separated from the 2 M HNO3 solutions by 1ion exchange and
then electroplated onto stainless steel planchettes. Alpha spectra were measured using a silicon
surface-barrier detector at twelve percent efficiency (Amersham standard source) and 30 keV
resolution, The recovery of 236Pu tracer was 76 % 1%, Americium-241 was separated from
plutonium in 2 M HNO3 solutions by 1liquid extraction and measured using a Packard liquid

247

scintillation counter at 987 efficiency determined using a standard
241

Am source (Amersham). The

Pu beta activity was counted at 31% efficiency relative to standard 3H-to?uene (Packard).



Table 1.1
Industrii] mixed-oxide fuel materials collected for characterization
prior to selectien for study in laboratory animals

Temperature Inhalation Studies
Sample Process Chemical History of Dose Dose
Number Step Source _Composition Pul, Pattern Response
1 Screen BEW Pu0, 850°C - -
4 Blend B&W Pu0, 850°C rats, dogs, re '
monkeys
3 Blend B&W Pu02+002 850°C - —
4, Blend HEDL Pu02+U02 750°C - -
8, Comminution  HEDL Pu02+U02 750°C rats, dogs, -
(ball mill) monkeys
6. Comminution  B&W P002+UOZ 850°C — -
(jet mill)
; Blending B&W Pu02+UOZ 850°C — -—
8. Slug pressing B&W Pu02+U02 850°C - -
9, Slug B&W Pu0?+U02 850°C - —

granulation

10, Pellet B&W Pu02+U02 850°C rats -
pressing + binders

1. Pellet HEDL (U.Pu)O2 1750°C rats, dogs, —
grinding monkeys

b Pellet B&W (U.Pu)02 1750°C rats rats
grinding

X-ray Diffraction

A Philips APD-3501 X-ray diffractometer was used to measure crystalline mixed-oxide
specimens that were collected on silver membrane filters and covered with Ducoy cement dissolved
in acetone. Unit cell dimensions were determined using Cu Ka radiation ( 1 = 1,54056 Angstroms).

Silver served as an internal calibration standard.



Infrared Spectroscopy

Desiccated KBr suspensions of powders were analyzed using a Perkin-Llmer Model 621
infrared spectrometer. Aerosols collected on filters were scraped from the filter and mixed with
KBr. A correction for the infrared absorption of removed filter material was made using a

mixture of pure filter material and KBr,

Energy Dispersive X-ray Fluorescence Analysis

Formvar-coated copper grids conteining aerosol particles were removed ‘rom the point-to-
plane electrostatic precipitator and placer on a carbon substrate for analysis using a JEOL Model
§M-35 scanning electron microscope equipped with a Kevex energy dispersive X-ray fluorescence
detector. The energy of the analyzing electron beam was 25 keV, Analysis of single particles
was achieved by focusing the electron beam (approximate diameter 200 Angstroms) on a single
particle, The La X-ray lines of uranium and plutonium were observed at 13.6 keV and 14.3 keV,
respectively. Atom fractions of wuranium to plutonium 1in a particle or agglomerate were

determined from the integrated intensity of the areas of the two emission lines (Ref. 1.2).

In vitro Solubility

A segment was cut from a filter used to collect particles during animal exposures, placid
in a filter sandwich assembly (Ref., 1.3, 1.4) and submerged in 200 mL of solvent. The solvent
was not stirred, The system retained particles between the two filters, but permitted free
diffusion of solvent and solute. The 200 mL volume of solvent was changed every hour for the
first day, daily for two weeks and weekly during the remainder of the 30-day experiments. Three
solvents were used: 2 M HN03. 0.1 M HC1 and a simulant of blood serum ultrafiltrate (SUF) (Table
1.2). A chelating agent, diethylenetriamirepentaacetic acid (DTPA) was wdded to prevent
precipitation of dissolved plutonium 4dons in the experimental apparatus. A1l chemicals were
reagent grade,

Plutonium was separated from americium in the 2 M HN03 solvent and both actinides were
analyzed in a Packard Tri-Carb 1iquid scintillation counter, Aliquots of 0.1 M HC1 solutions
were adjusted to 2 M HN03 with nitric acid prior to analysis. The 200 mL SUF 4 DTPA solutions
were evaporated to dryness, dry ashed and wet ashed. Filter sandwiches containing the
undissolved fraction of aerosols were dry ashed at 500°C for 8 hours and wet ashed with
concentrated HN03. 307% H202 and HF, The resulting solution was adjusted to 2 M HNO3 for analysis
as above. Total uranium was determined by fluorometry after fusion of an aliquot of the 2 M NNO3
solution in a 2 wt % LiF + 98 wt % Naf salt mixture. Fluorescence intensity was measured using a
Jarrel-Ash Model 2600 reflectence fluorometer calibrated with standard solutions of U308 (New

Brunswick Laboratory) dissolved in 2 M HN03.
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Table 1,2
Composition of simulated serum ultrafiltrate used to study

the dissolution of industrial mixed uranium and plutonium oxides

Molar
Salt Concentration

NaC1 0.116
NH,CI 0.010
NaHCO4 0.027
Glycine 0.005
No3 Citrate 0.0002
CaCl, 0.0002
L~Cysteine 0.001
H,50, 0.0005
NaH2P04 0.0012
DTPA® 0.0002
agoc® 50 ppm

°Diethy1enetriam1nepentaacetic acid, not present in blood serum,

bA]kylbenzyldimethy]ammonium chloride added as an antibacterial agent.

The initial micrograms of uranium and nanocuries of plutonium and americium on the filter
segment were determined by summing the total amount of each actinide in each solvent sample and
the quantity that remained undissolved at the conclusion of the study. The undissolved fraction
was expressed as a percentage of the initial quantity and plotted versus time. Two-component
exponential equations, equation 1.1, were fitted to these data:

% undissolved = A1t , 1= 1,2 (Eq. 1.1)
where: Ai = percentages of the total sample dissolved, Ay ® the corresponding dissolution rate
constants (hr'1). and t = elapsed time (hr). Rate curves were fitted to the data points by a

nonlinear least squares technique and plotted with the data points,

RESULTS AND DISCUSSION

Particle Size

Particle size distribution parameters of aerosols regenerated in the laborutory were
similar to those of aerosols sampled during routine fuel fabrication operations (Ref., 1.5, 1.6)
(Table 1.3). The deposition efficiency of inhaled particles in the pulmonary region of the

respiratory tract is relatively independent of particle size in this range (Ref. 1.7). Thus,

i1



aerosols regenerated in the laboratory were judged to be suitable simulators of accidentally

released industrial aerosols.

Table 1.3
Characteristics of industrially mixed uranium and plutonium

oxide fuel aerosols studied

Temperature Aerosol Characteristics®
Sample Process Chemical History of Laboratory Industrial
Number Step  Source® Composition PyO, amap®  6sp  amAD  GSD
2 Blend  B&M® PuO, 850°C L8 AN A

0,08 20,06 20.3 20,06'

5 Ball  HEDLY U0,+Pu0, 750°C 2.8 L3 19 AL
Mil $0.2  £0.04 0.4 40,08

10 Pellet B&MW U0,+Pu0, ' 850°C LY S R L
Press $0.6 0.7 #0.3 20,04

n Pellet HEDL (U, Pu)O, 1750°C T GUNGHE N | AR T G
Press £0.1  20.09 20.3 0.1

®Mean * standard deviation.

bSamph‘ng site, Al Pqu was prepared at HEDL prior to shipment to B & W for further
processing,

“Activity median aerodynamic diameter in um,

dGeometr1c standard deviation,

®Babcock and Wilcox Fuel Fabrication Facility, Park Township, PA.

fReference R

anford Engineering and Development Laboratory, Richland, WA,

PReference 6,

'Sterotexv and Carbowax binders added to facilitate pellet pressing.
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Alpha Radioactivity

The observed alpha radiocactivity of industrial powders and aerosols was from ‘41Am. 238

Pu
and 239, 2409u (Table 1.4)., Beta activity of 241Pu was observed in differing amounts. There was
generally good agreement among the isotopic compositions measured in powders and aerosols
generated from them. The Pqu aerosol from the blending process (Sample 2, Table 1.2) contained
more 2389u and less 241Am than the powder. The differences were minor compared to the total
plutonium radicactivity and may be related to the nature of the blending process. In this
process stage, Pqu lots with slightly variable histories and compositions can be blendeu. The
particle size distribution of each Pqu lot was retained prior to the particle comminution step.
An aserosol generated from a blend that included a Pqu lot composed of smaller particles with a
relatively large percentage of 238Pu would tend to have increased alpha radicactivity., The
opposite might occur for a different Pu02 blend. Differences between powder and aerosol

compositions were reduced in process stages following powder comminution,

Table 1.4
Elemental and isotopic composition of nuclear fuel powders
and aerosols studied

Percent of Alpha Activity * Sp®

Baw® HEDLS B&W HEDL
Pu02 U02+Pu02 U02+Pu02+8inders (U, Pu)02
850°C 750°C 850°C 1750°¢
Blend . _Ball Mill Pellet Press Pellet Press
Isotope Powder Aerosol wder Aerosol Powder Aerosol Powder Aerosol
239,240, 94 69 73 7 82 80 40 43
238p,, 6.120.4 17 n n 7.240.3 8.820.4 37 35
24y, 20 15 16 15 12 " 23 22
241p, d 2.3 12.0 12.1 13.1 12.5 13.5 20.7  24.9

85D 1s the standard deviation: #1% unless specified.
bBebcock and Wilcox Fuel Fabrication Facility, Park Township, PA,
“Hanford Engineering and Development Laboratory, Richland, WA,

d0.021 MeV beta radiation, values are the beta/tota)l alpha activity ratio * 5%



X-ray Diffraction

X-ray diffraction (Table 1.5) showed that both powders and aerosols had the face-centered
cubic structure of actinide dioxides with unit cel)l dimensions within & 0,01 Angstrom of the
literature values (Ref. 1.8). Because unit cell dimension differences between powder and aerosol
forms were within £ U,01 Angstrom or less, analysis of the bulk powders serves to characterize
the respirable fraction as well, Mixed 002 and Pqu powders consisted of discrete UOz and Pqu
phases, but the (U.Pu)Oz contained a single solid solution (Ref. 1.9)., X-ray diffraction can
then be used to identify the sources of & complex mixture of aerosols that might be released from

more than one fabrication step.

Infrared Spectroscopy

Infrared spectra of all powders included broad, intense absorption maxima in the 300-600
cm" region that were assigned to the metal-oxygen stretching frequencies of UOZ and Pqu (Ref.
1.10). Spectra of the pellet pressing powder (Sample 10, Table 1.1) included additional peaks in
the 1000-1500 cm™' and 2600-3000 en”) regions that were assigned to binders added to the mixed-
oxide powders to facilitate pellet pressing.

The spectrum of the (U.Pu)Oz aerosol (Sample 11, Table 1,1) showed absorption bands at
916, 1100, 1170, 1400, 1530 and 1640 cn|"| (Figure 1.1), Similar bands were observed within ¢ 10

em'1 in the spectra from all materials in Table 1 except that the spectrum of UOZ - Puoz. 750°C

! band, The 1100, 1170, 1530 and 1640 en™! bands were assigned to

material lacked a 1170 cm™
surface carbonate species (Ref., 1,11, 1,12) and indicate that the particle surfaces were
different from the interiors. The 916 cm'1 band was assigned to UO3 or UO;2 (Ref. 1,13) and
indicated a partial reversal at the surface of the reduction that occurred during sintering, The
broad band at 1400 cm;| included a KBr contribution that was detected at the higher instrument
sensitivity used and was not assigned. The greater intensity of surface species peaks in spectra

of aerosols than powders was assumed to result from the greater specific surface ares of the

aserosol particles,

-
i
1la
[ 4
-
Figure 1.1, Infrared spectra of 1750°C heat-
treated (U,Pu)0, from the pellet grinding 3
operation. (A) Powder, (B) aerojol. Ordinate
scale expanded 5X. The 1601 cm polystyrene {
absorption peak 1s shown separately for cali- 4 Ly £
bration purposes. 1800 1600 1300 1000 700

WAVENUMBER (em™)
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Table 1.5
Unit cell dimensions of industrial mixed uranium

and plutonium dioxide fuel powders and aerosols studied

Unit Cell Dimensions of Face~Centered Cubic
Structures
a
gv>$ SE* _(A)

vo, Pu0,
Material Process Step
and and
Sanple Source Tempersture = 5.4683 A° g = 5.390 A° (U, Pu)0,
1 Pqu Screen 5.407 ¢ 0.002
B&Y 850°C
2 Pu0, Ball MiN 5.405 ¢ 0,002°
B&W 850°C (5.402 ¢ 0,002)¢
3 PUOR+UO, Blend 5.471 ¢ 0.001 5.413 ¢ 0,005
BAW 850°C
4 Pu0,#U0, Blend 5,472 ¢ 0,004 5.413 ¢ 0,005
HEDL 750°C
2 PuO,#U0,  Ball Mill  5.464 ¢ 0.002°  5.404 ¢ 0,007°
HEDL 750°C (5.459 ¢ 0,001)¢ (5.397 ¢ 0,003)°
6 PuO,#U0,  Jet Mill 5.471 ¢ 0,002 5.412 ¢ 0,001
B&W 850°C
7 Pu0,+U0, Blend 5,466 % 0,002 5.411 ¢ 0,003
B&W 850°C
¢ Pu0,4U0,  Slug 5,462 ¢ 0,002 5,412 ¢ 0,001
Pressing
B&W 850°C
9 Pu0,#U0,  Slug 5,472 ¢ 0,002 5,396 ¢ 0,001
Granulation
B&W 850°C
10 PuO,#U0, Pellet 5.464 + 0,003 5,400 # 0,003°
Pressing
B&W 850°C (5.466 ¢ 0,005)% (5.405 £ 0,007)3
1M (UPu)O, Pellet 5.455 + 0,004°
Grinding
HEDL 1750°C (5,451 ¢ 0,001)°
12 (U.Pu)O2 Pellet 5,457 + 0,001
Grinding
B&W 1750°C
4Standard error,
bJo1nt Committee on Powder Diffraction Standards (JCPDS80) values for the cubic unit cell
dimension, 2, U02. Card No. 5-055-; Pu02. Card No. 6-0360,
Cpowder value.
dAeroso\ value,







In vitro Dissolution

Comparisons of dissolution rates for different materials (Tabies 1.€ and 1.7) can only be

made it the precision of each value is considered., Because the sampling frequency during the

first day of the experiment was one change of solvent per hour, the 1imit of precision for the

rapid dissolution half-time was estimated to be # 0.1 day. The precision of calculated
Table 1.6

n vitro dissolution of industrial mixed uranium and plutonium

oxide fuel materials in synthetic serum ultrafiltrate solution
Containing DTPA®

Dissolution Componentb

Process Step, I 11
c d
Temperature Powder A1 T1/210.1 A2 T1/2
History Form Nuclide (%) days (%) (days)
Blending PO, Py 0 . 100 =017 20,000 ¢+ 9,000f
850°C Am e 0 99.6 + 0,2f 6,000 + 900f
Ball MiN U0,+Pu0, Pu 0.4 2.0 99,6 15,000
750°C Admi xture Am 2.0 1.7 98.6 20,000
u 37.3 2.3 62.7 400
Pellet U0,+Pu0, Py 0.1 1.2 99,9 21,000
Press Admixture Am 0.6 1.0 99,4 5,400
850°C + Binders® U 25.5 2.4 74,5 300
Pellet (U, Pu)O, Py 4,6 2.2 95,4 29,000
Grind Solid Am 6.7 1.1 93,3 8, 300
1750°C Solution 1 25.7 1.2 74,3 11, 000

‘Diethylenetriam1nepentaacetic acid, not present in blood serum

bTwo~component exponential dissolution equation of the form % Undissolved =
A1e°A1t + Aee')‘Zt

“Limit of greatest precision based on sampling frequency.

dEstimated precision of half-times: 10 to 100 days, ¢ 25% and >1000 days, *50%.

eOnly single component observed,

fMean + standard deviation of values from duplicate experiments.

Mixture of Sterotex and Carbowax added to facilitate pellet pressing.




Table 1.7

In yvitro dissolution of industrial mixed uranium and

plutonium oxide fuel materials in 0.1M HCI

Dissolution Componont‘
11

I

Process Step,

Temperature Powder A1 T1/220.1b A2 T1/2c
History Form _ Nuclide (%) _(days) _ (%) (days)
Blending Pqu Pu 0.1 0.2 99.9 12,000

850°C
Am [ SRR 99.6 5,100
Ball Mill U0, + Pu0, Pu 0.4 0.8 99.6 1,300
750°C Admixture Am 4.0 .1 96.0 2,800
U 10.0 0,1 90.0 85
Pellet
Press U02 - Pqu Pu 0.3 0.2 99,7 6,700
850°C Admixture Am 0.8 0.8 99.2 6,100
+ U 23,0 0.3 77.0 130
d

Binders

Pellet

Grind Solid Sol. Pu 3.2#0.3° 0.3£0.1° 98.820.1° 880£90°
1750°C (U,Pu)0,  Am 4,840.3% 0,2£0.3°% 95,240,3° 770460®
U9 #0.5° 0.2¢0.0° 91 #1* 360£90%

°Two-component exponential cdissolution equation of the form
% Undissolved = A1e'x1t + Aze'xl’t
bLimit of greatest precision based on sampling frequency.
“Estimated precision of half-times: 10 to 1000 days, % 25% and > 1000 days, *50%.
dMixture of Sterotex and Carborwax added to facilitate pellet pressing.

®Mean * standard deviation of values from duplicate experiments,



dissolution half-times greater than 1000 days based on measurements from a 30-day experiment was

low, as expected, because accumulated errors were propagated beyond the duration of the

experiment, Duplicate plutonium and americium dissolution studies in SUF + DTPA and 0.1 M HCI

indicated that the precision of half-times greater than 1000 days was approximately 50% and
+ 257 for wvalues in the 10-1000 day range. These values are similar to the precision of
previously recorded dissolution half-times for similar materials (Ref. 1.6),

Diesolution curves showed biphasic rate profiles with half-times for the rapid initial

rates of less than 3 days followed by slower rates with half-times of 100 to 10,000 days. The
one exception was the dissolution of Pqu. 850°C, blender particles in SUF + DTPA, that showed
only one rate with a half-time of 20,000 = 9,000 days. This material showed biphasic
disssolution in 0,1 M HC1, however.

The relative dissolution rates of plutonium, americium and uranium from mixed oxides
obtained from fabrication steps prior to sintering at 1750°C (Table 1.6) indicated that UOZ
dissolved rapidly and independently of the Pqu-AmO2 matrix, The long-term dissolution rates of
plutonium and americium in 0.1 M HCl were similar within the limits of experimental precision
(Table 1.7). They were not generally similar in SUF + DTPA, however. Plutonium and americium
dissolved from all four materials studied in SUF + DTPA with second component half-times greater
than 5000 days.

Uranium was the most readily soluble of the three actinides in the (U.Pu)Oz. 1750°C,
pellet grinding aerosol (Figure 1.2, Tables 1.6 and 1.7). The wuranium dissolution half-times
during the first phase were not appreciably different from other aerosols, but the half-times for
the slower phase were increased in both solvents. Percentages of plutonium and americium
dissolved during the early phase were greater than from other aerosols in SUF + DTPA. The same
was true for plutonium dissolution in 0.1 M HC1, but the americium percentage was similar to the
002 + Pqu. 750°C, ball mill aeroscl value.

Dissolution rates of plutonium from the four industrial aerosols in common solvents were
compared. The (U.Pu)02. solid solution material dissolved differently during the first 100 hours
in SUF + DTPA than for the other materials (Figure 1,3), but rates were more similar for all four
materials at later times. Plutonium dissolution from the (U.Pu)O2 solid solution was also
increased in 0,1 M HC1 (Figure 1.4), particularly during the early phase (Table 1.7).

The temperature history of industrial PuO2 could not be reliably reiated to plutonium
dissolution properties. The fraction of plutonium dissolved from laboratory-produced 2399u02 in
0.1 M HCY within 2 hours decreased with incres.ing aerosol preparation temperature (Ref. 1.3). No
such trend was observed for the industrial aerosols (Table 1.8). The difference between the B &
W, B850°C, blending Pu02 and leboratory-produced, 900°C Pqu. suggests a strong temperature

dependence., No similar difference was observed for HEDL, 750°C, PuOZ . U02 and B & W, 850°C,



Figure 1.2. Dissolution of plutonium,
americium, and uranium from (U.Pu)OZ.
1750°C, pellet grinding aerosol in 0.1°M
HCL. Mean and range of measurements from
duplicate experiments are indicated,

plutonium
of four

Comparison of
from aerosol samples
industrial fuel materials in a serum
simulant solution ontaining DTPA, Pu0,,
850°C, blender (@), U0, + Pu0, + bindef,
850°C, pellet press (8). UOZ + Pu02. 750°C,
ball mill (&), (U,Pu)0 2 1750°CS pellet
grinding @).

Figure 1.3,
dissolution

Figure 1.4, Comparison of plutonium
dissolution from aerosol samples of four
industrial fuel materials in 0,1 M HCI

Pu0,, 850°C, blender (@), U0 +Pu0
bhinfers, 850°C, pellet press, <;). uo

Pu0,,  750°C, ball mill (A). (v, puioz.
1758°C, pellet grinding (O).
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Table 1.8
Comparison of dissolution of plutonium from laboratory and industrial

produced aerosol particles in 0,1 M HCI

Composition, Fraction Pu

Industrial Source of Pu02 Temp Dissolved In

Process Step _Aerosol  History _First 2 Hr AMAD® (um) aspP
PuO, Industrial  850°C 7.0 x 1074 1.90 £ 0.2 1,68 £ 0,01
Blend
U0,+Pu0, Industrial  750°C 1.8 x 1072 2.14 £ 0,05 1,71 % 0.05
Ball Mill
U0, +Pu0, Industrial  850°C 1.9 x 1073 1,70 & 0.6 2.6 £ 0,7

Pellet Press

(U, Pu)0, Industrial 1750°C 2.0 x 10_2c 2.5 ¢ 0.1 1.8
Pellet Grind + 2.0 x 107

239Pu02 “ Laboratory  600°C 1.2 x 107 1.9 e
B0, ¢ Laboratory ~ 900°C HER p i b e
239Pu02 d Laboratory 1300°C 7.8 x 107° 1.6 e

aAct1v1ty median aerodynamic of aerosol generated from dry powder
exposures of laboratory animals,

bGeometric standard deviation,

®Mean and standard deviation of duplicate studies.

Table 3 (Ref. 1.3). Produced by nebulization of colloidal Pu(OH) .

®Not given in (Ref. 1.3).
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Pqu + UOZ' despite the 100°C difference in the Pqu temperature history. The presence of UO2
probably did not cause these differences because the 900°C laboratory Pu02 and industrial 850°C
Pu02 . UOZ showed similar dissolution fractions (Table 1.7). No clear trend in initial
dissolution rates with temperature was evident in SUF 4 DTPA (Table 1.6). These results indicate
that, in this range, temperature history was a minor factor,

Industrially produced aerosols have greater specific surface area to volume ratios than
aerosols of spherical laboratory-produced particles (Ref. 1.3) and would be expected to dissolve
differently (Ref. 1.16). The overall plutonium dissolution rate profile of the UOZ 4 Pqu.
750°C, ball mill aerosol (Figure 1.4, Table 1,7) showed slightly increased dissolution in 0,1 M
HC1 when compared with material heated at 850°C, even though the plutonium fraction dissolved
within 2 hours did not correlate with temperature history (Table 1.8). The shorter half-time for
the second component of Pqu in the ball milling aerosol compared to the blending and pellet
pressing aerosols was not the result of differences in particle size distribution (Table 1.1
but was probably the result of differences in specific surface area,

A slightly increased plutonium dissolution from the same aerosol in SUF + DTPA was
apparent during the first component, but slower dissolution rates were similar to other aerosols
within experimental precision., Slight differences in profiles of the three other materials
represented only 0,3% of the initial plutonium present and are not expected to be biologically
significant,

Independent dissolution of 002 and Pqu from industrial mixed oxides containing Pqu
heuted at 750 to B850°C was observed in both solvents and agreed with the results of X-ray
diffraction studies showing the aerosols to be admixtures of Pu02 and UOZ. The major effect of
the higher heat treatment on dissolution of industrial mixed-oxide fuels was increased (not
decreased) plutonium dissolution caused by sintering at 1750°C, The different dissolution
properties of (U.PU)02. 1750°C, pellet grinding aerosols were attributed to solid solution
formation with uranium dioxide,

Greater percentages of plutonium and americium were dissolved from the solid solution in
the early phase in both 0.1 M HC) and SUF + DTPA relative to mixed U0, and Pu0, aerosols.
Dissolution rates of plutonium and americium were increased in 0.1 M HC1 (Table 1.7) and the
uranium dissolution was decreased. These results indicate that the major mass component of the
solid solution metrix (uranium) modified the dissolution rate of other components in 0.1 M HC)
with its rate slightly modified in turn. The major difference in plutonium dissolution from the
solid solution aerosol 1in SUF + DTPA was the greater percentage (4.6%) dissolved in the first
component, The increased plutonium solubility from the solid solution matrix was clearly seen

when all results were compared at 30 days (Figure 1.5),
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Figure 1,5, Summary of plutonium, americium, and wuranium dissolution fractions from four
materials in two solvents compared at 30 days after beginning of the experiments,
(A) Pqu. 8§0°C. blender; (B) U02 + Pul,, 750°C; ball mill; (C) U02 + Pqu +
binders, “850°C, pellet press; (D) “(U,Pu) 2 1750°C, pellet grinding.

The cause of the rapid initial dissolution phase can be related to two properties of the
aerosol particles: specific surface area (Ref, 1,16) and surface composition. Industrial mixed-
oxide aerosols are polydisperse and include small particles with rough surfaces that are expected
to have high specific surface area and rapid dissolution rate. Further, plutonium and uranium
oxides produced in the laboratory (Ref., 1,12) and in industry adsorb atmospheric C02 and H20 that
alter the chemical composition at the surface., Formation of a chemically altered surface of a
solid results in physical properties different from the interior (Ref. 1.,17) and dissolution
rates are changed (Ref. 1.18)., Thus, the rapid dissolution component of industrial mixed-oxide
aerosols can be the result of preferential dissolution of: (1) smaller particles with high
specific surface area or (2) an altered surface compositien, or both,

Experiments designed to investigate the contribution of surface composition to the initial
dissolution rate of mixed actinide oxides showed that specimens that were dried and reintroduced
into fresh solvent dissolved 10-38 times faster than their rates prior to drying. The mean
plutonium dissolution rate (excluding the first day) from the U02 + Pqu. 750°C, ball mil
material in 0,1 M HC1 was 1,2 ¢ 0,6 nCi/hr. The plutonium dissolution rate from the same filter
assembly that was dried for 7 days and reintroduced into fresh solvent was 45 nCi/hr,
representing an initial rate increase by a factor of 38, When the experiment was repeated with
the same filter assembly, dried for one day, the plutonium dissolution rate was 12 nCi/hr, a
factor of 10 increase. A second experiment using a different filter sandwich assembly showed a

plutonium dissolution rate increase by a factor of 10,
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A collection of particles exposed to 0.1 M HC) for 30 days and dried in air would be

expected to readsorb atmospheric molecules, but would not be expected to have the higher
predissolution specific surface ares restored., Drying a particle wetted with HC) solution in air
would not reproduce exactly the same surface composition formed by exposure to air alone,
however, restoration of the rapid initial dissilution rate indicated that differences between the
particle surface and interior were important factors in the initial dissolution process in
addition to specific surface area effects. The above results qualitatively agree with similar
137

experiments using fused aluminosilicate spheres labeled with

(Ref, 1,19),

Cs and 0,15 M NaCl as the solvent

Biological Implications

Valuable information related to the potential risk to a worker's lealth from an accidental
release can be obtained by analysis of the aerosol involved in an accident. Physical and
chemical analysis can identify materials with unique properties that can be related to the
biological consequences of an exposure. It is extremely difficult, however, to sample an aerosol
that has been released, because such accidents are rare and cannot be anticipated. Powders that
might accidentally be released as aerosols may, however, be collected from the enclosure in bulk
form after an accident and be analyzed. Other specimens may be obtained from area filter samples,
and from surface swipe samples, although they might not be as representative of the inhaled
materials., It must be shown whether properties of powders collected from a glove box where an
accident occurred are similar to those of the respirable particles in the powder.

X-ray diffraction (Table 1.3) showed that both powders and aerosols have the face-centered
cubic structure of actinide dioxides with unit cell dimensions within ¢ 0,01 Angstrom of
Titerature values (Ref, 1.8), Differences of ¢+ 0,01 Angstrom or less between powder and aeroso)
forms were not expected to affect toxicity, Mixed U02 and Pqu powders consisted of discrete U02
and Pu02 phases, but the (U.Pu)02 contained a single solid solution (Ref. 1.9). X-ray
diffraction can, then, be used to identify the sources of a complex mixture of aerosols that
might be accidentally released from more than une fabrication step.

Isotopic distributions in powders and aerosols showed that information important for
radiation dose to tissue calculations or Pu lung burden estimates can be obtained by analysis of
powders., While isotopic analysis of Pqu powder from the blending step (Sample 2) might be
adequate, analysis of respirable aerosols of this material, and others from steps prior to powder

comminution, would be preferred.
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If only a few particles of a mixed-oxide aerosol was involved in an accidental exposure of

a worker are available, the results of energy dispersive X-ray fluorescence analysis as single
particles shows that estimation of the composition of the aerosol is feasible if at least 20 to
200 particles are analyzed.

Results of in vitro dissolution studies can be used to predict the potential biological
behavior of inhaled mixed-oxide fuel aerosols. Both 0.1 M HC1 and SUF + DTPA solvenis showed
independent U02 and PuOZ dissolution from admixtures and increased plutonium dissolution from the
solid solution matrix by approximately 3% to 54. The true role of dissolution 1in clearance of
inhaled industrial plutonium aerosols and selection of a preferred in vitro solvent system can be
based on results of kinetic modeling of retention and e retion of retention and excretion of
radioactivity by laboratory animals. Details of the application of in vitro dissolution
measurements, surface area measurements, and particle density measurements based on X-ray
diffraction studies to retention and excretion in vivo are discussed later in this report (pp 60
to 88). Table 1.9 summarizes rate constants for dissolution of plutonium from mixed-oxide fuel

aerosols that were used in the biokinetic modeling studies (this report, pp 29 to 59).

Table 1.9
Rate constants for dissolution of plutonium

from mixed oxide fuel aerosol particles in vitro

Dissolution
Mass Median Dissolution Rate
Sample Material Temperature Diameter Density° Half Time Constant
Number Source Process (em) ;1/cm_2 (days) (g um°2day'1)
2 PO, 850°C 4.7 x 1070 11.4 2 x0* 2.5 x 10~?
B&W Blend
° -5 4 -9
5 U02+Pu02 750°C 5.4 x 10 1.6 1.5 10 4.1 x 10
HEDL Ball Mill
1 (UPu)O,  1750°C 6.6 x 07 M 2.9 x 10° 2.7 x 1077
HEDOL Pellet
Grind

8calculated from X-ray diffraction measurements,
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CONCLUSIONS

Results of analyses of representative powders selected from the mixed-oxide fuel
fabrication steps showed that a variety of analytical methods might be used to characterize a
complex aerosol that might be inhaled by a worker. Although there were differences among
materials t.at could be related to a particular process step, no material or process step was
identified as wuniquely hazardous, The results summarized here are related to results of
inhalation experiments using laboratory animals (this report, pp 29 to 59). None of the materials
discussed in this paper had any unique properties that indicate a need for further studies in

animals in addition to those completed.
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Chapter 2, DISTRIBUTION OF RADIATION DOSE_AFTER INHALATION OF AEROSOLS

ERIVCD FROM FABRICATION OF MIXED OXIDE NUCLEAR FUELS

Abstract -~ The spatial and temporal distribu-
tion of radiation dose to tissues of three spe- PRINCIPAL INVESTIGATORS

cies of animals was defined following inhalation

of one of three particulate materials represen- J. A, Mewhinney
tative of aerosols produced in the manufacture of A. F. Eidson
mixed uranium and plutonium oxide nuclear fuel. B. B. Boecker

Rats, dogs and monkeys received & single inhala-

tion exposure to one of three materials and groups of five rats, two dogs ¢~ one monkey were
sacrificed at selected times up to four years after exposure. The three aerosol materials used
were a mixture of UOZ and Pu0, powders treated at 750°C, a solid solution of (U,Pu)0, treated at
1750°C, and Pqu treated at 850°C. The data defining retention, distribution and excretion of
plutonfum and americium present 1in these materials were compared using a biokinetic model to
highlight similarities and differences. Lung retention of the plutonium component of these
particulates for any one of the three species was not different. In contrast, lung retention of
the plutunium component was dependant on the species of animal, apparently due to differences in
the rate of mucociliary clearance. The synthesis of information from each aerosol and each
species studied indicated that radiation dose distribution in tissue was essentially the same as
that measured in animals exposed by inhalation to laboratory-produced aerosols of Pqu. There was
no indication that the hazard to humans exposed to these industrial materials would be
appreciably different than has been estimated for laboratory-produced aerosols of PuOZ.

INTRODUCT ION

Operation of an industrial facility devoted to fabrication of mixed uranium and plutonium
oxides involves a complex series of process steps. A11 operations are carried out within glovebox
enclosures to prevent release of these hazardous materials into the working environment. Great
care is also taken to prevent release of the materials to the general environment,

A1l process stages involve the manipulation of dry powders of uranium and plutonium in the
oxide form. These processes result in substantial airborne contamination within the glovebox
enclosures. The immediate concern for protection of workers is accidental loss of containment,
The greatest potential for relesse to the working environment involves rupture of the rubber
gloves used to gain working access to the glovebox. In such case, the radiological hazard for
workers 1s the inhalation of aerosols of the oxides of uranium and plutonium, A complete
description of the process stages and a characterization of the aerosols produced within the

gloveboxes during routine operation have been presented (Ref, 2.1, 2.2).
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Tn compare end contrast the results from the nine inhalation studies reported here, a
biokinetic mode! was formulated. Specific rate constants describing interchange of material among
compartments representing specific tissues or organs were initielly set to velues determined in
previous inhalation studies (Ref. 2.10, 2.11). Specific rate constants were then changed to
provide predictions of the time course of upteke and retention of plutonium, americium or uranium

contained in these particles,

METHODS AND MATERIALS

peroso) Generation and Characterization

Aerosols used for the animal inhalation exposures were generated from bulk samples of dry
powders collected from floors and wa-ls of gloveboxes immediately fellowing & day of routine
processing. The inhalation exposure system included & DeVilbiss dry powder blower (Model 175, The

DeVilbiss Co., Somerset, PA) containing the powder which was subjected to ultrasound agitation.

85

The aerosol was generated by a moving airstream, possed through a = Kr discharger to reduce

particle agglomeration and then through a tube to the exposure chamber. The entire exposure
system was enclosed in @ glove-box line to ensure containment of the exposure materials. Each
exposure seroso]l was characterized with regard to concentration, particle size and size
distribution, and morphology using membrane filters, a cascade impactor (Ref. 2.12) and a point-~
to-plane electrostatic precipitator (Ref. 2.13), respectively. Alpha radioactivity on the
membrane filters and the individual cascade impactor stages was quantified by ZnS scintillation
counting methods. A lognormal distribution function was fitted to each set of impactor date by @
least squares method and the activity median aerodynamic diameter (AMAD) and geometric standard
deviation (oo) of the distribution were determined. Point-to-plane electrostatic precipitator

(ESP) samples were analyzed by transmission electron microscopy.

Animals
Animals were exposed to each of the three aerosol materials as follows. Forty Fischer-344

rats, 20 male and 20 female, born end resred in the Institute's barrier maintained colony and
aged B to 9 weeks at time of exposure, received their inhalation exposure as @ single group using
an 80-port chamber (Ref, 2.14), Eighteen purebred Beagles, 9 males and 9 females born and reared
in the Institute's colony and aged from 15 to 40 months st exposure, were exposed individually
using an exposure apparatus previously described (Ref. 2.15)., Nine monkeys (3 Rhesus and 6
Cynomolgus), all males, caught from the wild, received their exposure in the same apparatus used
for dogs. The ages of the monkeys, es estimated from body size and dentition, were from 2 to 7

years of age at the time of inhalation exposure.
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Rats were exposed to obtain an initial lung burden (ILB) of approximately 50 nCi of alpha
activity per animel, The dogs and monkeys were exposed to sttain an ILB of approximately 0,07 uCj

per kg body weight,

Animal Care and Handling

Rats wers housed in pairs in polycarbonate shoe-box cages (25 x 25 x 48 ¢m) with aspen

wood shaving bedding and filter caps. Food and water were provided ad 1ibitum. Rooms housing rats
were maintained at 21 ¢ 2°C with a relative humidity between 20 and 50% and a 12-hour light: 12~
hour dark cycle starting at 0600 hours. Water bottles were changed twice weekly and bedding
material wac changed weekly, Selected rats were periodically housed individually in stainless
steel metabolism cages for periods of five days for collection of urine and fuoces.

Dogs were housed singly for 21 days after inhalation exposure in metabolism cages designed
for separate collection of urine and feces, and then transferred to standard indoor/outdoor
kennel runs, except for periodic S-day intervals during which additional excreta were collected.
Dogs were fed a daily ration of 12 oz. dry kibble food (A111ed Mills, Chicago, IL) and water was
provided ad libitum, Monkeys were housed singly in metabolism cages for the duration of the
study, Each monkey received 8 oz, of dry monkey chow (Relston Purina Co., St. Louis, MO) and one-
half a fruit per day with water provided ad 1ibitum,

Composite 3-day excreta collections were obtained for three of the five rats assigned for
sacrifice at 64 days after exposure, Similarly, daily excreta collections from th:ee of the five
rats assigned to sacrifice at 2 years after exposure were obtained for the first 64 days after
exposure and additionally for three days periods at 12, 18 and 24 weeks and at 6-month intervals
thereafter. Daily collections were made for dogs and monkeys for 21 days after exposure and for
three-day periods at 12, 18 and 24 weeks and at 6-month intervals thereafter,

Animals were randomly assigned to sacrifice groups at 4 hours, 4 deys, 64 days and 1, 1.5,
2, and 4 years after exposure. Animals were sacrificed in groups of five rats, two dogs and one
monkey at each sacrifice time. Animals not assigned to specific sacrifice times were meintained
es reserves for substitution into sacrifice groups as might be required by death of animals prior
to their scheduled sacrifice. After the four-year sacrifices of dogs and monkeys were completed,
the remaining reserve animals were kept on study with semiannual excreta collections obtained. At
times ranging up to 2079 days (dogs) and 1947 days (monkeys) after inhalation, these reserve
enimals were sacrificed, This report includes analysis of the data obtaimed from these reserve
animals,

Rats were sacrificed by intraperitoneal injection of T-61 Euthanasia solution (Taylor
Pharmacal Co., Decatur IL). Dogs and monkeys were sacrificed by exsanguination performed under

sodium pentabarbital anesthesia. A complete postmortem examination was performed on each animal,
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RSS9 - ERSS,
‘m-isp

fFa (Eq. 2.2)
tR5S q

n = mp

where RSS9 = the residual sum of squares of the function fitted
to the grouped data,
tRSS1 = the sum of the residual sums of squares of the
function fitted separately to each subset of data,
m = number of subsets of data in group,
n = total number of data points in grouped data set,

p = number of parameters in the fitting function,

The test of the null hypothesis that the data subsets were from a single population (and
therefore not different) is based on the tabulated F statistic. At the stated level of
confidence, the null hypothesis cannot be rejected when the calculated F value is less than the

appropriate tabulated F value,

Biokinetic Modeling
A second method for highlighting similarities and differences in the retention,
distribution and excretion of the plutoniun, americium and uranium content in these aerosol
materiels for each species involved use of a mess balance biokinetic model. The model used
represents a synthesis of two previous models found useful for description of similar data from
inhalation studies in the Beagle dog involving exposure to aerosols of 2"Am()z or 238Pu02 (Ref.
.10, 2.11), The model included the mathematical expression derived by Mercer (Ref, 2.21) to
describe the dissolution of particles deposited in the lung, Specifically, dissolution is
described as a function of the physical characteristics of the deposited particles as given in
the following equations:
S(t) = F(B.og) (Eq. 2.4)

and

e kt

f o= (Eq. 2.5)

a, P Dm
where °q is the geometric standard deviation of the aerosol size distribution, a is the surface
shape factor, &k 15 the dissolution rate for the chemical form of interest, t is time in days, a,

is the volume shape factor, p is the density of the particles, and Dm is the mean geometric

diameter of the particles,
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A schematic representation of the model is shown in Figure 2.1, As a starting point in the

modeling of plutonium retention, distribution and excretion in dogs exposed to these industrial
serosols, all rate constants for internal organ compartments which communicate with the blood
compartment were set identical to the values for these same rate constants used in the model of
238Pu retention, distribution and excretion in dogs over a four-year period following inhalation
exposure to 238Pu02 (Ref, 2.11), Similarly, for modeling the 241Am component of these industrial

241

serosols, these rate constants were set equal to values from the model of Am retention,

distribution and excretion following inhalation of 2Ml\moz by dogs (Ref. 2.10)
Mucociliary clearance of these materials from lung was described in the model using;

M(t) = B, ™ . % B, o2t 48 (Eq. 2.6)

where 61 and A, are empirically determined in the iterative fitting process.

SCHEMATIC DIAGRAM
OF BIOKINETIC MODEL
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Figure 2.1, Schamatic diagram of the biokinetic mode! used to describe the retention, distribu
tion and excretion of Pu and Am in animals following inhalation of (U,PU)0, or Pul,.
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The velues used for variables in the equations that describe dissolution of Pu or Am from
the serosols (Eq. 2.4, 2.5) were calculated from several types of physical chemical measurements
mede on samples of the aerosol obtained during animal inhalation exposures, The geometric
diameter (Dm) and the geometric standard deviation (og) of the exposure aerosols were determined
from cascade impactor data. Density (p) was calculated from X-ray diffraction measurements of the
crystal lattice unit cell dimensions, Surface shape factor (as) and volume shape factor (°v) were
estimated from measurements of the specific surface area using an 85 Kr adsorption technique
(Ref, 2,22, 2,23). The dissolution rate constant, (k), was estimated from the results of in vitro
dissolution studies of aerosol samples using a serum ultrafiltrate (Ref. 2.24).

A departure from the kinetic modeling technique used previously (Ref. 2.10, 2.11) was the
insertion of a small fraction of the initial lung burden directly into the blood compartment at
time zero in the simulation. For the plutunium component, this fraction amounted to 0.4%7 of the
ILB for the uo, + Pu0, material, 4.6% of the ILB far the (U.Pu)02 material and 0.1% of the ILB
for the Pu02 material, These values represent the perce-tages of the aerosol which undergoes very
rapid dissolution with half-times of less than 2.2 days as determined from in vitro dissolution
studies (this report, pp 7 to 29). These small percentages of the ILB undergoing rapid dissolu-
tion are in contrast to the vast majority of the deposited mass which undergoes very slow disso-
Tution with half-times typically measured in many hundreds of days,

Self-imposed constraints in application of the model simulation procedure included use of
a single mechanical-clearance function (Eq. 2.6) for each element (plutonium, americium and ura~-
nium) in all three aeroso)l materials for each species, This constraint recognizes that the ele-
mental components of these aerosols were contained in a single matrix. A second constraint was to
modify only those rate constants associated with transport of dissolved material (ie, ionic
forms) as the model was extended from consideration of one species to the next for any given ele-
ment of interest, Thus, the rate of dissolution was considered to be invariant for all animals.

One additional restriction for the modeling of the americium present in these aerosols was
to use the identical expression for the rate of mechanical clearance for each species as had been
found satisfactory for the plutonium model. This restriction was imposed simply because the am-

241

erictium present was due to the decay of Pu present in the particles rather than the presence
of seperate particles of Asz. Just as for plutonium, the rate constants for all compartments
communicating with blood were taken from an identical model used in describing the retention,
distribution and excretion of ?41Am following inhalation of ?41Am0? (Ref. 2,15).

While complete deta were available for plutonium and americium in all tissues of each
species, the data for uranium were incomplete. Because of the relatively high natural uranium
content 1in tissues and excreta, only data for lung retention and tracheobronchial 1ymph node up-

take and retention of uranium in dogs and monkeys are presented,
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The biokinetic model was implemented using a computer simulation language, GASP IV,

pr ogrammed in Fortran IV (Ref. 2.2%) on a VAX computer. The simulations were run iteratively and

the results plotted to judge conformance with the data points,

RESULTS

Aerosol characteristics measured during the inhalation exposure of rats, dogs and monkeys
to each of the three aerosol materials are summarized in Table 2.1. For comparison,
characteristics of the aerosols sampled by cascade impactor during normal operation of the fuel

fabrication facility are also given in Table 2.1,

Table 2.1
Aeroso] characteristics measured during inhalation
exposures of rats, dogs and monkeys, and at the industrial

facility during routine processing,

Species or Material Treatment AMAD og
Process Stage Temperature (um)

(°C)
Rat 002 + Pul, 750 2.3 1.8
Dog 2.2 1.8
Monkey 1.5 1.6
Ball Milling 1.9 1.6
Rat (U.Pu)O2 1750 2.9 R
Dog 2.5 1.8
Monkey 2.4 1.7
Centerless
Grinding 2:3 1.6
Rat Pul, 850 A 2.0
Dog P 1.8
Monkey er 1.8
Blending Bl 1.6
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The lung retention of plutonium, americium or uranium in rats was always much different
than that observed for either dogs or monkeys. Similarly, the uptake and retention of these
elements in liver and skeleton of rats were quite different than was observed for dogs and
monkeys.

Velues obtained for the parameters of the fitted functions describing the plutonium
component of lung retention and liver and skeleton uptake and retention are presented in Tables
2.2, 2.3, and 2.4, respectively, for dogs and monkeys exposed to the three aerosr) materials.
Also shown in these tables are results from an identicel analysis for dogs exposed to laboratory-
produced monodisperse aerosols of 239!’002 (Ref., 2.26). The plutonium lung retention data for dogs
and monkeys were combined for the three aerosols and & seperate fit for the two species obtained,
as 1llustrated in Figure 2,2, Similarly, the 1iver uptake and retention deta for plutonium, along
with the fitted functions are shown in Figure 2.3, and for skeletal uptake and retention of

plutonium in Figure 2.4,
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Figure 2.2, Lung retention of the plutonium component of three industrial serosols in dogs and
monkeys, The curves were obteined by nonlinear least squares fittirg,
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Table 2.2

Summary of results of fitting lung retention data for dogs

and monkeys exposed tc aerosols of 002+ Pqu. (U.Pu)Oz. or Pu02 of

industrial origin or laboratory produced aerosols of Pqu.

The fitted function was LB(t)= A e R

Fitied Parameters Residual Calculated Critical
Data Set Sum of

F
) ' Squares n F (95%)

DOGS

a
Pu0, (LP)

Combined 54 -3,5 x 10 3560 21 1.10 3,06

DOGS AND MONKEYS

b

Combined 72 5.3 x 10 10060 63 12.2 .06

a(LP) refers to data set from dogs exposed to laboratory-produced aerosols of 239Pu0

2
bCombined refers to the grouped data set composed of values for animals exposed to the

U0+ Pu, B3 6.7 x 10 1160 14
(LPu)o, 78  -6.7x1% 80 14
PuO, 86 6.3 x 1074 792 14
Combined® 82  -6.1 x 107 3560 a2 1.27 2.63
Overall® 83 6.4 x 107 4330 51 1.21 2.32
MONKE ¥S
U0+ PuD, 70 <12 x 1070 1220 7
(LPu)O, 49 2,0 x 107 362 7
PuO, 6 A0x10* e 7
-4
\

three industrial aerosols listed just above and excludes data from the LP group.
“Overall refers to the grouped data set composed of all dogs exposed to any of the

three industrial aerosols plus those exposed to the LP aerosol.




Table 2.3

Summary of results of fitting liver uptake and retention

data for dogs and monkeys exposed to aerosols of U02+ PuOZ. (U.Pu)Oz. or

Pqu of industrial origin or laboratory produced aerosols of PuOZ.

The fitted function was LB(t)= A, e 1 oy sahe

Fizted Parameters

e
Data Set (% ILB)
Pu0, (LP)® 0.020
U02+ Pqu 0. 040
(U,Pu)0,  0.39
Pu0, 0.034
Combined® 0,10
Overall® 0,064
U0+ PuO, 0,51
(Uv pu)oz 0.042
Pu0, 0.0058
Combined 0,021
Combined 0,052

il

4.0 x
3.3 x
1.6 x
3.5 %
2.6 x
3.0 x

6.2 x
1.8 x
2.0 x
1.8 x

2.5 x

1072

1073

1073

1073

1073

10™3

~2
DOGS

-10.
- 0.46
~ 1.6
-99,
- 0,23
-99,

MONKEYS

-30,
- 5.4
<A.8
- &8

Residual
Sum of

Squares

0,37
3.0
O &4
3.80
11.9
13.5

0,64
0.83
0.81
3,97

DOGS AND MONKEYS

10

- 1.2

14
14
14
az
50

21

63

Calculated Critical
F

F (95%)
AU 1.43
2.33 1.61
1.49 2.50
14,2 1.5

a(U’) refers to data set from dogs exposed to ‘aboratory-produced aerosols of

239
Pu02.

bCoMb1ned refers to the grouped data set composed of values for animals exposed to
the three industrial aerosols listed just above and excludes data from the LP group.
Coverall refers to the grouped data set composed

three industrial serosols plus those exposed to

41

of all dogs exposed to any of the

the LP aeroscl,



Table 2.4
Summary of results of fitting skeletal uptake and retention
data for dogs and monkeys exposed to aerosols of 002 + Pqu. (U.Pu)Oz. or
Pqu of industrial origin or laboratory produced aerosols of Pu02.

The fitted function was LB(t)= A1 e-X1 t (1 - e'*Z t).

Fitted Parameters Residual Calculated Critical |
A Sum of F

Date Set  (21L8) Ay Ao Squares  _n_ F (95%)

00GS

PuC, (LP)® 0,065 1.3 x T R 0.094 7

U0+ PuD, 0.12 7.5 T T 0.56 14

(U,Pu)O, 0,93 3.0 x 107 9, .38 14

Pu0), 0,028 1.6 x 10" .10, 0.67 14

Combinsd® 0,16 8.2 x 0™ - 3.7 1.1 42 20,5 1.39

overs)1® 0.4  872xW0Y - 3.0 1.6 49 22.3 1.34

MONKEYS

U0,+ PO, 0.061 1.2 x 107 <89, 086 ¥

(U,Pu)0,  0.066 1.0 x 10 . 4B W S

Pu0, 10 BT S B, B T 0.82 7

Combined  0.098 4.7 x 10°% - 3.3 297 &  0.083 2.50

DOGS AND MONKEYS

-4

Combined 0,14 7.0 x 10 - 0.72 15.8 63 2.28 118

ﬂ(LP) refers to data set from dogs exposed to Laboratory Produced aerosols of
239
PuOZ.
bCombmed refers to the grouped data set composed of values for animals exposed to
the three industrial aerosols listed just above and excludes data from the LP group.
“Overall refers to the grouped data set composed of all dogs exposed to any of the

three industrial aerosols plus those exposed to the LP aerosol.




Table 2.5
Measured values for variables in equation describing dissolution

of particles deposited in lungs of dogs, monkeys and rats.

;
|
4
!
|
J
|
Particle Geometric  Constant of Surface J
|

Specific
Radio~ Density Diameter Standard Solubility Shape
nuclide  Species Aerosol gg[gmgl (x10'4cm) Deviation cn’/da Factor g |
Plutonium Dog U0, + Pu0, 1.5 0.59 1.8 1.5x 070 19,3 0.4 }
(U,Pu)O, 1.5 0.66 1.8 2.0.%40°"° a0 4.6 §
Pu0, 1.5 0,47 1.7 1.5 x 10710 108 0.1 i
Monkey U0, + PuD, 11,5 0. 34 1.6 8.1 x 107" 10,3 0.4 |
(U, Pu)O, 1.6 0.61 1.1 5.6 x W0 geo 4.6 i
PO, 1.5 0. 56 1.8 1.8 x 1070 108 0.1 |
Rat U0, + Pu0, 115 0. 59 1.8 1.4 %9070 19,3 0.4 |
(U, Pu)0, 1.5 0.59 1.7 6.4 x 10710 22,0 4.6 1
Pu0, 1.5 0. 56 2.0 1.8 x 10710 108 0.1 |
Americum Dog U0, + Pu0, 11,5 0.59 1.8 9.7 x 1077 19.3 2,0 j
(UPu)O, 1.5 0.66 1.8 2.5 x 1077 2.0 6.7
Pu0, 1.5 0,47 1.9 8.1 x 100 108 0.1 1
Monkey U0, + Pu0, ~ 11.5 0.34 1.8 6.1 x 1070 99,3 2.0 |
(U, Pu)0, .5 0.61 1.7 2.3 x 107" 22,0 6.7
Pu0, 1.5 0.56 1.6 6.0 x 10°'° 108 0.1
Rat U0, + Pu0, 11,5 0.59 1.8 1.1« 077  e.8 2,0
(11, Pu)0, 11,6 0.59 1.1 2.2x 0% 220 6.7
Pu0, 1.5 0. 56 2.0 6.0 x 1070 108 0.1
Uranium Dog U0, + PuD,  11.5 0,59 1.8 2,8 x 108 19,3 37.0
(U, Pu)O, 1.5 0. 66 1.8 1.9 x 1077 22,0 26,0
Monkey U0, + Pu0, 11,5 0. 34 1.6 3.0 x 10" 19,3 37,0
(U, Pu)0, 1.5 0.61 LY 1.7 x 10°% 28,0 26,0

Rat U0, + PuO?b
4
(U.Pu)O?

| ‘p = Percentage of initial lung burden dissolving with halftimes less than = 2 days.

bDate not available,
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2.10 (dog), Figure 2,11 (monkey) and Figure 2,12 (rat).

A schematic diagram of the model showing the rate constants that provided the best overall

simulation of the data describing retention, distribution and excretion of americium for the dog,
monkey and rat is shown in Figure 2.9, As was the case for plutonium , these rate constants for
americium apply to all three aerosol forms for each species. The values for the variables in the
equations describing dissolution of americium from the three aerosol forms for each species are

listed in Table 2.5. The adequacy of the model simulation of these data may be judged from Figure

Figure 2.9 Schematic
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DISCUSSION

For rats exposed to these industrial aerosols, the lung retention and the uptake and
retention 1in liver and skeleton of the plutonium component of these materials agree with data
reported for short-term studies in rats exposed to similar industrial materials (Ref. 2.5, 2.6)

or to laboratory-produced 239Pu02

aerosols (Ref, 2.4). However, rats rapidly excrete actinide
elements initially transported via blood and deposited in liver, whereas dogs do not (Ref, 2,27,
2.28). Further, because the rat skeleton continues to grow throughout the lifespan of rats,
deposition and retention of actinide elements in bone are different for rats compared to dogs and
monkeys., Therefore, uptake and retention in rats was excluded from further comparison to dogs or
monkeys, except by means of the biokinetic model discussed below.

The calculated F statistic for the fit to the combined data set for the plutonium
component of each aerosol inhaled by dogs was less than the tabulated value (Table 2.2). This
result indicates that, for the dog, the differences in the physical chemical form of the
industrial aerosols did not influence the plutonium retention in lung. When the data set for dogs
exposed to laboratory produced aerosols of 239Pu02 was included in the analysis (shown as
"Overall" in Table 2.2), again no difference 1in retention pattern was evident. The came
conclusion was drawn for the plutonium component of the industrial aerosols inhaled by monkeys,
i.e. no difference in plutonium lung retention among the three aerosols,

However, when the grouped data for dogs exposed to the industrial materials were compared
to the grouped data for monkeys, the F statistic indicated that the retention of the plutonium
companent in lung was different for the two species. It appears from inspection of Figure 2.2,
that the difference between the two species was due to differences in the percentages of the ILB
associated with the long~term retention component and the associated half-times of retention. The
half-time of the long-term component of plutonium retention for all three aerosol materials was
approximately 1100 days for dogs and approximately 2000 days for monkeys, A greater percentagc of
the ILB of monkeys was removed in the early phase of lung clearance compared to dogs.

When the wuptake and retention of the plutonium component of each aerosol material in the
dog liver were compared, the calculated F statistic was larger than the tabulated value (Table
2.3), 1indicating that the three data sets were not from the same population. Examination of the
data (Figure 2.3) indicated that the doos exposed to the (U.Pu)O2 material had greater initial
uptake of plutonium than was evident for the other two materials, Inclusion of the data set tur
dogs exposed to the laboratory-produced aerosol of 239Pu02 did not appreciably alter the
calculated F value , nor the conclusion of a difference among the aerosols. For monkeys, the F
statistic indicated that no differences among the three aerosols were influencing liver uptake

and retention,
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The fit of the function (Eq. 2.1) to the grouped data for uptake ard retention of

plutonium 1in the liver of dogs is not entirely satisfactory. Examination of the data and fitted
curve in Figure 2,3 shows that at times from 1000 to 1500 days after inhalation, the fitted curve

underestirates the data. Plots of the residuals of the data to the fitted curve show a definite

pattern, indicating the function is not providing an unbiased estimate in this time interval,

fit were not fruitful. Attempts to fit other

Attempts to weight the data to provide an improved

functional forms did not improve the situation,

The uptake and retention of plutonium in the liver of monkeys was less than that measured
in dogs at all times (Fig. 2.3). This difference may be due to two factors. Less Pu was available

for transport from lung to liver in monkeys due tc the greater early clearance of the materials

from lung. Also, the retention half-tjme for actinide elements in the liver of monkeys has been

veported to be shorter than for dogs (Ref. 2.27). The true retention half-times for plutonium in

the liver of either monkeys or dogs cannot be assessed from these studies because uptake of

plutonium is continuing throughout the time span of these studies.

An identical analysis of data describing uptake and retention of plutonium in the skeleton
of dogs and monkeys was accomplished (Table 2.4, Figure 2.4), A similar conclusior was drawn for
the canine skeleton as was concluded for the canine liver, ie. the data for dogs exposed to the

three aeroso)l materials were not from a single population, Again, the data for the (U.Pu)02

material appeared to be different from data for the other two aerosol materials. For monkeys, no

statistically significant differences were discerned in the uptake and retention of plutonium in

the skeleton among the three aerosol materials,

The agreement between the curves generated via the biokinetic model and the lung

retention, tracheobronchial lymph node and liver uptake and retention data for dogs was quite

good (Fig., 2.6). Only slight differences in simulated lung retention of plutonium were noted for

the three aerosol forms despite a very large increase in the surface shape factor (Table 2.5) of
the PuO2 aerosol. This larger surface shape factor for the Pu02 did not appreciably increase the
dissolution rate for this material, probably due to the low inherent solubility of Pu02. As a
check on the adequacy of the model 1in simulating the plutonium retention, distribution and
excretion in dogs, the model was applied to the data set from a study which used laboratory-
produced aerosols of 239Pu02 (Ref. 2.28)., For this case, the specific surface area was assumed to
approximate that of spheres. No other changes were made in any of the model parameters. The
agreement between the model predictions and these data was very good.

The model simulation of lung retention, tracheobronchial lymph node and liver uptake and
retention of plutonium in monkeys for each of the aerosols also showed good agreement with the

data (Fig. 2.7). Few changes in rate constants were necessary to convert the dog plutonium model



to provide good descriptions of the monkey data (see Fig. 2.5). The mechanical clearance rate,
M(t), was altered to provide adequate de.criptions of the fecal excretion of plutonium from
monkeys, The rate constant describing the rate of transfer from the second liver compartment to
the small intestine was increased as was the rate constant describing urinary excretion of
plutonium from the blood compartment. The rate constant describing intake of plutonium from blood
to skeleton was reduced for monkeys compared to the value for dogs.

The dog model was again modified for modeling the plutonium retention, distribution and
excretion in rats., Results of these modifications provided good agreement between the simulation
curves and the data for rats (Fig. 2.8). The changes necessary to adapt the model to rats include
changes in the time varying rate of mechanical clearance, the rate of transfer from the second
subcompartment of liver to small intestine and the rate of urinary clearance (see Fig. 2.5).

These modeling efforts indicate that when the fate of the plutonium component of the three
aerosols 1is compared singly for each species, only very slight differences in lung retention,
distribution and excretion can be ascribed to the physical chemical characteristics of the
aerosols, This is undoubtably a reflection of the relatively insoluble nature of the plutonium
component of these three aerosols. Thus, even though the surface shape factor for the Pu02
material 1is a factor of 5 times greater than for the other two materials, the inherently low
solubility of the Pqu masks expression of this difference. These results tend to confirm the
conclusion drawn from the curve fitting analyses noted above of no difference in the lung
retention of the plutonium component of the three aerosols,

The opposite conclusion can be made with regard to the role of animal species in
determining the retention, distribution and excretion of the plutonium component of the aerosols,
To achieve good agreement between the model~generated curves and the data for each species,
selected rate constants were adjusted, The adjustments involved the rate of mechanical clearance,
urinary excretion, uptake to skeleton and the rate of loss from liver to the small intestine via
the biliary route. Retention half-times for the plutonium component 1in 1lung for these three
aerosols was species dependent and was largely controlled by different rates of mechanical
clearance, This result also confirmed the conclusion made from curve fitting regarding the
differences among species in lung retention of the plutonium component of these aerosols. These
differences were also in accord with opservations previously reported for dogs and rats for
several inhaled, relatively insoluble materials (Ref, 2,26, 2.27). The same type of differences
in uptake and retention of actinide elements in liver of these species have been reported (Ref.
2.6, R.21)

The simulation modeling of the Am component of these aerosols did not result in completely
satisfactory descriptions of the data for the three species. In all cases, the model slightly

overpredicted lung retention, Attempts to improve the description of lung retention within the
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modeling constraints mentioned above were not successful, In-depth analyses of the cause for this
lack of conformity of the model to the data indicated that 1t might be related to the early,
rapid dissolution of the americium from the surface of particles followed by much slower
dissolution of americium from the interior of particles. This explanation is supported by the in
vitro dissolution studies (Ref. 2.24). At times greater than a few days after immersion in
solvent, the americium present in these particles dissolves from the PuO2 matrix much slower

%,

As can be observed from Figures 2,10 (dog), 2.11 (monkey), and 2.12 (rat), lung retention

(k > 1 x 107%) than for 2*An0, particles (k = 1.5 x 107

is slightly overestimated; however, tissue distribution and excretion rates are relatively well
described. Thus, while the americium mode) did not provide completely satisfactory descriptions,
the fact that the americium content of these particulates is relatively low, and contributes
relatively small increments of radiation dose to tissues, use of the model predictions as given
in these figures would contribute only a slight over-estimate of total radiation dose Lo lung of
these three species,

The comparison of the 1lung retention of the plutonium and americium component of these
industrial aercsols, which represent the greatest radiological hazard, showed no difference
relatable to the physical chemical form of the aerosol, Clear differences were observed when lung
retention of plutonium or americium was compared among species for each aerosol, These
differences were largely a function of differences in the mucociliary clearance rates for each
species. The differences in uptake and retention of these elements in liver were relatable to
differences in the half-time of retention in liver. This result agrees with previous reports; the
liver of the rat has a short retention time, the monkey is intermediate while the dog retains
these elements in liver for very long times., The retention times for these elements in skeleton

of these species are al)l quite long,
CONCLUSTONS

The synthesis of information from these studies indicates that the radiation dose
distribution to tissues of animals exposed by inhalation to the industrial aerosols would be
essentially the same as would occur following inhalation of Pu02 aerosols either of industrial or
laboratory origin, Further, there 1is no evidence that the hazard to humans exposed to these
industrial aerosols of these mixed oxides would be appreciably different than has been estimated

for 239Pu02.
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TUDY IN F344 RATS EXPOSED TO (U,P 02 OR Pu0,

Abstract -- The relationship of radiation dose to
Tung end the biological effect observed was inves- PRINCIPAL INVESTIGATORS
tigated following inhalation of two types of plu-

tonfum-containing particulate materials in rats, Mewhinney
Bulk powder samples of the two materials were ob- Eidson
tained from within gloveboxes used in the routine Hahn
manufacture of mixed plutonium and uranium oxide B. R. Scott
nuclear fuel. The materials were a solid solution F. A, Seiler

of uranium and plutonium treated at 1750°C and 2 B. B. Boecker

Pu02 feedstock. Groups of rats received a single

inhalation exposure to a material to achieve one of three levels of initial pulmonary burden.
Rats were maintained for their lifespan to observe the biological effects produced. These effects
were observed in the lungs of rats exposed to either type of particle. The same types of lung
cancer were produced by both particulate materials. The incidences of cancers were also similar
at comparable levels of initial pulmonary burden for the two materials. The crude incidence of
lung cancers for rats exposed to these materials was not different than those reported for
similar studies that used laboratory-produced aerosols of Pqu. Using a linear dose-effect model,
the relative risk of lung cancer for rats exposed to these industrial materials was 2.3 = 1.0
(SE) ot a lung dose of 100 rad. The doubling dose for lung cancers was 78 ¢ 63 rad to lung to

median 1ife span,

INTRODUCT ION

Nuclear fue) for specialized nuclear reactors, especially breeder reactors, may consist of
mixed uranium and plutonium oxides. The potential also exists for use of such fuel in light water
reactors commonly used in electric power production, Little information exists to describe the
potential carcinogenic hazard following inhalation of these materials by workers involved in
fabricotion of mixed oxide fuel, or to the general population in the event of an accidental
release of such materia) from confinement. The highest potential for internal deposition is by
inhalation.

At present, carcinogenic risks for workers or the general population due to internal
deposition of serosolized mixed oxide fuel is likely to be estimated by summing risks for the
individual components of the mixtures. Substantial information 1s available describing the
relotionship between radistion dose and cancer incidence following inhalation of Tlaboratory-

produced PuO2 or U02 in several animal species. However, no such studies have been done using
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mixed oxides of uranium and plutonium. Investigations concerning the fate of inhaled mixed U-Py
oxige or Puoz aerosols of industrial origin by rats, dogs and monkeys were conducted &t this
Institute to define the tissue radiation dose distribution (this report, pp 29 to 59). Results
from these studies indicated a potential for a greater risk of Tung cancer in F344/N rats (Ref.
3.1) compared to previous studies in rats using laboratory-produced aerosols of 239Pu02 (Ref,
3.2).

A primary objective of the research reported here was to determine if the dose~response
relationship after dinhalation of industrial mixed oxides of uranium and piutonium was different
than reiationships reported for rats that inhaled laboratory-produced aerosols of 238Pu02.
239Pu02 or UO2 (Ref, 2.2, 2.3, 2.4, 2.5, 2.6). The second objective was to estimate the potential
health risk to humans represented by inhalation of these materials,

In these studies, rats were exposed by inhalation to achieve three ievels of radiation
dose to lung that was expected to produce significant incidences of lung cancer while having
little or no effect on the median 1ife span of the exposed rats compared to sham-exposed rats.
Two materiels were chosen for study; both were obtained as powder samples from gloveboxes at an
industrial plant devoted to production of mixed oxide nuclear fuel, One powder consisted of a
mixed oxide of uranium and plutonium treated at 1750°C and the second consisted of Pqu powder

treated at 850°C,

METHODS AND MATERIALS

Experimental Desigo

The experimental design for these studies is shown in Table 3.1. F344/N rats (equal
numbers of each gender), reared in the Institute's barrier-maintained colony and 10 to 15 weeks
of age at the time of exposure, were used. The number of rats in each dose group was selected to
allow detection of a 5% increase in lung cancer incidence rate above that measured in previous

studies that wsed laboratory-produced, inhaled 239Pu0

> aercsols (Ref, 3,7). Each group of rats
received a single, brief inhalation exposure to one of the serosols and was maintained for life
span observation, Eight rats were included in each exposec group for sacrifice at seven days
after exposure to estimate the 1initial pulmonary burden for each exposure group. Twenty-four
additional rats were included in the medium level exposure group for serial sacrifice in groups
of 4 rats at selected times during the first two years after exposure to provide estimates of the

¢ 238, 239 241

retention o Pu and Am in lung and other tissues and to allow calculation of radiation

dose in these tissues,
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Animal Housing

Immediately after exposure, pairs of rats were placed in polycarbonate cages (20 by 25 by

48 cm) fitted with filter caps. Bedding material (Astpen wood shavings) was changed weekly. Rats
were housed for the duration of the experiment in rooms maintained at 21 £ 2°C with a relative
humidity between 20 and 507 and a light cycle of 12 hours on (6:00 AM-6:00 PM) and 12 hours off.
Food (Lab-Blox, Allied Mills, Chicago, IL) and tap water were available ad libitum. A1l rats in
the study were observed at least twice daily. Body weights of a randomly selected subset of the
rats exposed to efther of the serosols and of control rats were measured periodically through the
experiment,
Sacrifice and "~cropsy

Scheduled sacrifices of randomly designated rats or euthanasia of moribund rats was
accomplished by intraperitoneal injection of a lethal dose of T-61 euthanasia solution (Taylor
Pharmacal Co., Decatur, IL). Immediately after death, a complete postmortem examination was
accomplished that included examination of all organ systems. Samples of tissues from all major
organs (lung, liver, kidney, spleen) and lesions observed at necropsy were fixed in 10% neutral
buffered formalin. Representative tissue sections were prepared by embedding in paraffin,
sectioning at 5 um and staining with hematoxylin and eosin. The remainder of the major organs and
samples of specific tissues were radiochemically analyzed for plutonium, americium, and uranium

content,

Radiochemical Analysis

Radiochemical analysis of tissues was accomplished by alternate dry and wet ashing to

obtain a clear digest in 2 M nitric acid. An aliquot of each digest was placed in a liquid

238,239

scintillation vial with an extractant cocktail to quantify the Pu content (Ref. 3.16),

Then, an aliquot of the aqueous phase in the vial was carefully withdrawn and placed in a second,
clean scintillation vial with Aquasol (New England Nuclear, Inc., Cambridge, MA) scintillation

241

cocktail for determination of the Am content.

Initial Pylmonary Burden

The mean initial pulmonary burdens of plutonium, americium, and uranium for each exposure
group were estimated by analysis of the content of these radionuclides in the lungs of eight rats
(4 of each gender) sacrificed 7 days after exposure. These lung samples consisted of the entire
lung, including the two main bronchi. For all rats that died or were sacrificed at times greater
than 7 days after exposure, the percentages of the initial pulmonary burden for each rat were
determined by dividing its pulmonary content of each element by the mean initial pulmonary burden

for that exposure group.
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Pulmonar tention

Comparisons of data sets describing pulmonary retention of plutonium in rats were
accomplished through use of nonlinear least squares fitting (Ref. 3.17) and subsequent evaluation
of the F statistic. Initially, the data for animals that died or were euthanized in the lifespan
studies were segregated by level of initial pulmonary burden (low, medium, and high) for each
cerosol, A single exponential function was used because no data were available for times less
than 200 days after exposure. Separately, the plutonium pulmonary retention data for animals
sacrificed (medium-level exposure group) were fitted using a two-component exponential function
(both early and late time date available). The two-component function was forced to pass through
1007 retention at seven days after exposure so that the data conformed to the measured pulmonary
burdens of rats sacrificed at that time. For each aerosol the combined life-span and sacrifice
data were grouped and fitted to the two-component exponential. This latter grouping was also used
to compare lung retention of americ’um from the two aerosols and to compare the americium
retention with the plutonium retention in the same animals. Similarly, the 1lung retention of
plutonium was compared for the two genders of rats. A1l comparisons among data sets were made
using the F statistic and a null hypothesis that the subsets of data were from a single

population,

Estimation of Radiation Dose to Lung

The initial pulmonary burden for each rat in these studies could not pe determined
directly because these radionuclides do not emit sufficient penetrating gamma rays for in vivo
counting, nor were excreta collections possible for the large number of rats used in the studies,
Therefore, the initial pulmonary burden for each rat was estimated by extrapolating the pulmonary
burden measured at death back to day 7 after exposure using the common retention function
determined for rats exposed to that aerosol, Cumulative absorbed alpha radietion dose (hereafter
referred to as 'dose") to lung was calculated for each rat from time of exposure to time of
median 1ifespan for control rats of each gender (770 days after exposure for females, 700 days

efter exposure for males) according the equation
t=med

Cumulative dose (rads) = 51,2 € f g Af .g(t)dt. (Eq. 3.1)
t

where 1.2 = proportionality factor, E = alpha particle energy per disintegration in MeV (5.45),
f = absorbed fraction of alpha particle energy absorbed in lung (1.0), g=fractional yield of
alpha emission per disintegration (1.0), A = initial pulmonary burden in uCi, W = lung weight in
grams, B(t) = pulmonary retention expressed as the fraction of the initial pulmonary burden, and

limits of integration are from time of exposure (t=0) to time of median life span (t=med).



Survival and Cancer Incidence Analysis

Survival distributions for rats exposed to the two aerosol forms were analyzed separately
using the Kaplan-Meier product-1imit method (Ref. 3.19). The equality of survival distributions
for different groups was tested using the methods of Mantel and Breslow (Ref. 3.19). Analysis of
the cumulative incidence of fatal lung cancers as a function of time was accomplished using the
Kaplan-tleier method which corrects for competing risks (Ref. 3.79). The potential role of
arbitrarily chosen group sizes upon subsequent analysis of the relationship between dose and
biological effect was investigated by starting from the ordered initial pulmonary burden data and
choosing successive groups of 20, 30 and 40 rats. The Kaplan-Meier method was used to arrive at
the cumulative incidence of fatal or fatal plus contributory cancers versus time after exposure

for each group size.

Dose-Response Relationships
The cumulative incide of fatal lung cancers, A, was fitted as a linear function of

radiation dose, D, to lung at median life span of the rats,

A= 8, + (02 D) (Eq. 3.2)

To estimate the intercept, L and the slope, 8,, an iteratively reweighted least squares fitting
routine was used (Ref. 3,17) based on the assumption that the cumulative incidence at dose, D,
had a binomial distribution. For each iteration, the weights were the inverse of the binomial
variance calculated from the estimated incidence. The slope, LY and its standard error provided
an estimete of the absolute risk per rad and its standard error. To provide an estimate of the
relative risk coefficient and its standard error, equaticn 3,2 was reparameterized as equation

3.3 and the data again fitted using the iteratively reweighted nonlinear least squares.
A= a, + (ao 8y D) = a, (14 oy D) (Eq. 3.3)
The relative risk, R, at dose, D, was then estimated by

Re=14 (ag0) (Eq. 3.4)

Inhalation Exposure

Characteristics of aerosols measured during rat inhalation exposures are summarized in

Table 3,2. Results of X-ray diffraction analysis of samples of the two aerosol materials
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Pulmonary Retention and Radiation Dose Determination

The F statistic calculated for the groups of rats exposed to the (U.Pu)02 aeroso)
indicated that a difference in Pu retention existed related to dose to lung (Table 3.4). However,
the level of significance was only slightly lower than 95%: and the 95% confidence intervals for
both fitted parameters overlapped for all three exposure levels. Therefore, this result was
considered inconclusive and the pulmonary retention data for the three levels were combined for
further comparisons. For rats exposed to Pqu. the F statistic (Table 3.4) indicated no
difference in pulmonary retention of plutonium related to the exposure level, However, when the
plutonium pulmonary retention data combined for the three exposure levels of each aerosol were
fit, the F statistic indicated a significant difference in plutonium retention in lung did exist.
The F statistic indicated no difference in pulmonary retention of Pu related to gender for either
aerosol material (Table 3.4).

Values of the parameters of the two-component negative exponential iunction used to
describe the retention of Pu in the lungs of rats exposed to (U.Pu)02 or Pu02 and sacrificed from
32 to 730 days after exposure are also listed Table 3.4, The generalized F statistic indicated
that the lung retention data sets for these two groups of sacrificed rats exposed to the two
materials could be combined and retention expressed as a single fitted function. However, when
the Pu pulmonary retention data for the sacrificed rats were combined with the corresponding data
for the rats that died or were euthanized for each aerosol, the generalized F statistic (Table
3.4) indicated that the data for the two aerosols were not from a single population.

To determine if the pulmonary retention ot Am was similar to that of Pu, the Am retention
data were subjected to the same type of comparisons. Thz results are presented in Table 3.5,

241Am was not different from that of Pu.

These anclyses indicated that the pulmonary retention of
Therefore, pulmonary retention data for Pu and Am were combined for each aerosol and a final set
of parameters obtained (Table 3.5); these sets of parameters were then used with Equation 3.1 to
calculate dose to lung of each rat in the study. The pulmonary retention data and the fitted
functions are shown in Figure 3.4 for each aerosol material. The 4nitial pulmonary burden for
each rat in the dose-response study was estimated by extrapolating the puimonary burden measured
at death back to day 7 after exposure using these fitted functions. Figure 3.5 1is a bargraph

i1lustrating the distribution of initial pulmonary burdens achieved for each exposure group

segregated by gender (957 confidence interval shown),
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Histopathology

Histopathological examination of tissues (lung, liver, kidney, and spleen) and grossly

visible tumors 1in the rats was done by light microscopy. Categories of primary lung cancers
identified were papillary adenoma, papillary adenocarcinoma, adenosquamous carcinoma, squamous
cell carcinoma, solid adenocarcinoma, bronchicalveolar adenoma, bronchiocalveolar carcinoma, and
hemangiosarcoma. In addition, for each cancer identified, the relationship of the cancer to the
death of the rat (fatal, contributory to fatality, or incidental) was determined. This
categorization was @& judgement based on the size, anaplasia and invasiveness of the tumor, the
presence of metatases, and the occurrence of the lesion in the body. More than one lung cancer
was found 1in five rats, In these cases, the larger or more aggressive cancer was noted and the
second lung cencer was ignored in subsequent analysis. Table 3.6 shows a summary of lung cancers

identified in the dose-response study by aerosol and by cancer type.

Table 3.6
Summary of numbers, categories and types of lung cancers found
in rats in these dose-response studies,

(U.Pu)Oz Pqu

Exposure Level Control Low Med ium High Low Medium High
Total Number of Rats® 160 134 88 43 126 89 44
Total Number of Lung Cancers 3 g 5 21 8 22 e
Crude Incidence (%) 1.9 6.0 R R 6.4 25 18
Cancer Category

Incidental 0 6 2 4 "

Contrivutory 2 Z 4 1 4

fatal 1 1 1 13 3 4
Distribution of Cancer Types

Papillary Adenocarcinoma 3 6 4 3

Adenosquamous carcinoma 1

Squamous carcinoma 1 6 1 '

Adenocarcinoma 2 3 1 5 3 1

Bronchioalveolar carcinoma 2 1 1 1 1

Hemangiosarcoma 1 1

Bronchioalveolar adenoma 3 1 2 4 1

8yumber of rats in each dose group is slightly larger than shown in Table 3.1 due to inclusion of
reserve rats in each exposure group.
bCrude Incidence =(Total Number Lung Cancers/Total Number cf Rats) X 100.




A1l of the epithelial lung tumors appeared to arise from the small airways or alveolar
portions of the lung and thus could be considered bronchoalveolar neoplasms. Even the squamous
cell carcinoma appeared to arise in the periphery of the lung, not the central airways,

The system of 1lung tumor classification used here is a detailed one and may, with the
exception of the squamous cell carcinoma, merely document different phenotypic stages of the same
neoplastic process. For example, all of these adenomas and adenocarcinomas would be classified as
alveolar bronchiolar neoplasms by workers in the National Toxicology Program. Table 3.7 shows the
relationship of histologic tumor type to the cause of death of the rat. It illustrates that the
adenomas were all incidental to the animal's death, as would be expected, In addition, a large
majority (78%) of the bronchiol-alveolar carcinomas were incidental. In contrast, the majority of
the papillary adenocarcinomas (75%) were contributory to death and a majority of the solid
carcinomas were fatal (%8%7). These percentages are consistent with the concept that, as the
bronchiolalveolar carcinomas grow, they enlarge and take on the morphological characteristics of
the papillary or solid carcinomas,

Numerous tumors in organs other than lung were also identified. The nature and incidence of
these tumors in the exposed rats were comparable to the control groups and the histcrical control
rats (Ref. 3.20) and were not considered radiation related. Incidence of tumors 1in potential
target organs other than lung (1liver, bone) were similar to incidences measured in control groups

or nonexistent (nasal cavity, larynx, and tracheobronchial lymph nodes).
Table 3,7
Relationship of histologic lung cancer type anc causes of

death in rats exposed to either (U.Pu)Oz or FuOE of industrial origin,

Total Number Percentage of Total Lung Cancers

of Lung

Lung Cancer Type Cancers Incidental Contributory Fatal
Papillary adenoma 2 100
Papillary adenocarcinoma 12 17 75 8
Adenosquamous carcinoma 3 33 67
Squamous cell carcinoma n 18 9 73
Solid adenocarcinoma 19 5 37 58
Bronchiolalveolar carcinoma 9 78 22
Bronchiolalveolar adencma 16 100
Hemangiosarcoma 1 100
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To determine if the cumula: ive incidence of pulmonary tumors in these rats varies

systemically with radiation dose, the -umulative incidence of tumors was divided by the median
dose to lung for the group and plotted versus the median dose to lung in Figure 3.7. A simple
Tinear function was fitted using the reciprocal of the standard error of the cumulative incidence

per rad as a weight for each data value.

The slope of the curve fittad to these data was not

significantly different from zero indicating that the "effectiveness" of each rad at low dose

levels wes not greater than a rad at higher dose levels.

CUMULATIVE INCIDENCE PER RAD

Figure 3.7,

0.028

0.024

0.020 -

0.016 +

0.012 ~

.
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Cumulative incidence of pulmanary tumors per rad of radiation dose to lung.
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Table 3.8
Slope of the function fitted to the cumulative incidence
of fatal or fata! 4 contributory lung cancers versus the initial
pulmonary burden for three different group sizes for the two aerosols

used in the dose-response studies.

Mumber of 95% C. 1.

Rats Lung Cancer Std. Err (lower (upper
Aerosol  in Group Type Slope of Slope = _limit) limit)
(U, Pu)0, 20 Fatal 0.0114 0.00129 0.0088 0.0140
30 Fatal 0.0143 0.00225 0.0098 0.0188

40 Fatal 0.0160  0.00243 0.00M 0.0209

Pu0, 20 Fatal 0.00445 0,00066 0.0031 0.0058
30 Fatal 0.00417  0.00056 0.0031 0.0053

40 Fatal 0.00331  0.00040 0,0025 0.0041

(UPu)o, 20 FecC® 0,069 0.01400 0,041 0,097
30 F4C 0.0960  0,01920 0.057€ 0.1344

40 F+C 0.0675  0,00787 0.0518 0.0832

Pu0, 20 F+C 0.00458  0,00080 0.0030 0.0062
30 F+C 0.00424  0,00065 0.0029 0.0055

A0 F+C 0.00335 0,00047 0.0024 0.0043

8 4 C is defined as fatal + contributory cancers (see text for explanation).
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Tahle 3.9

Slope of the function fitted to the cumulative incidence
of fatal lung cancers versus the dose (rad) to lung to the median
survival time of control groups. The results for each aeroso)l material

considered separately and for both aerosols combined are shown.

Std. Err
Slope of Slope Calculated Critical

Aerosol (x10%  _(x10%) F F
(U.Pu)Oz 1.0 0.190 |

Pqu 0.507 0.129
Combined 0,706 0.15% 7.8 (p=0.05) 5,99

(p=0,01)13,7
Table 3,10

Summary of health risk estimates derived from the dose-

response studies.

|
Parameter Estimat:
Intercept ag 0.043 =+ 0,029 l
Absolute Risk 2 0,00085 ¢ 0,00014 |
Coefficient ‘
(per rad)
Relative Risk oq 0.0128 = 0.0104
Coefficient
Relative Risk R 2.3 : 1.9
(at 100 rad)
Doubling Dose D 78 % 63
(rad)



Dose~Response Relationships

The values estimated for absolute and relative risk tal lung cancer
to these aerosols are summarized in Table 3.10. Also showr

values for the dose to lung to median lifespan which is sufficient

fatal lung cancers by a factor of two (the doubling dose).

Inhalatior
The aerosol size distribution measured during the rat inhalatior

indicated that the size distributions of the aerosols were comparat

within glovebox enclosures at the mixed oxide fuel fsbricatior facil

(Ref 3.8, 3.9). Analysis of the X-ray diffraction patterns (Figure : clearly

the mixed yranium-plutonium oxide aerosol was a solid so t C yranium and

aeroso) designated Pu0, contained no trace of UQ,. | ghl ular shape

[

in these aerosols can be observed ir gure 3.2 his ¢ le morpt

llected during the rat exposures

mear initial pulmonary burdens measured le 3.2 re somewhat

red pulmonary burdens., However, recognizing that t at i pulmonary

rats the same exposure group was qu

ceived pulmonary burdens witt
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Pulmonary Retention and Radiation Dose Determination

The conclusions to be drawn from the comparisons of the pulmenary retention of Pu in the
various groupings of rats are; 1) no difference in pulmonary retention of the groups of rats
exposed at the three levels of initial lung burden and held for lifespan observation may be
escribed to the differences in absorbed dose to lung for either aerosol material inhaled, 2) a
difference does exist 1in pulmonary retention of Pu when the dose~-response rats exposed to the
(U.Pu)Oz aerosol are compared with those rats exposed to the Pqu aerosol, 3) no difference in
pulmonary retention was discernable when the genders were compared for either aerosol, 4) no
difference in pulmonary retention of Pu was apparent when the two groups of rats that were
exposed to the two materials and sacrificed from 32 to 730 days after exposure were compared, and
5) differences were apparent in pulmonary retention of Pu when data for all sacrificed rats and
those that died or were euthunized were combined for each aerosol. Therefore, the calculation of

dose to lung used different retention function parameters for the two aeroso) materials.

Histopathclogy

No differences between the (U.Pu)Oz- or Pqu-exposed groups of rats were seen in the
histological types and distribution of lung cancers. One primary hemagiosarcoma was found in a
rat exposed to the (U.Pu)02 and none was found in rats exposed to PuOZ. In other studies,

however, inhaled 239

Pu02 has been reported to cause hemagiosarcomas of the lung (Ref. 3.2). Thus,
the types of lung cancers observed in groups of rats exposed to (U.Pu)O2 and Pqu of industrial

origin were similar to those reported previously (Ref, 3.2, 3.3).

Dose-~response Analysis

The incidence of biological effects in organs other than lung were not different in
exposed rats compared to control rats, Litile or no translocation of Pu or Am from lung to other
tissues or or¢ans occured because cf the reiatively insoluble nature of the inhaled particles.
Thus, the dose to organs or tissues other than lung was of such low magnitude that no effects
were expected or observed,

The first order of analysis of lung cancer incidence in these studies was to determine if
the gender influenced the incidence of lung cancers. For each gender, the crude incidence of lung
cancers (number of lung cancers divided by the number of rats in the group) was plotted versus
the initial pulmonary burden for all rats. In all cases, the cancer incidences were not different
for the two genders at comparable initial pulmonary burdens and the incidence data for the two

genders were comtined for all further analyses,
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The secund order analysis involved comparisons of the crude incidence of lung cancers trom
these studies with results from the inhalation of laboratory-produced plutonium aerosols by rats
(Ref, 3.2, 3.3, 3.4). For these comparisons, the crude incidence was calculated for all lung
cancers (fatal, contributory, and incidental) because these designations were not made for the
several published reports (Ref, 3.2, 3.3, 3.4). An approximation of the standard error of the
crude incidence for each dose group was calculated by assuming a binomial distribution and using

the following equation:

Standard error = p (1-p) (Eq. 3.6)

n

where n = number of rats in the group and p = crude incidence of 1lung cancers of the group
(number of 1lung cancer bearing rats/total number of rats in group). These comparisons,

illustrated in Figure 3.8, showed that the crude incidence of lung cancers following inhalation

of 239Pu02 (Ref, 3.2, 3.4) or 238Pu02 (Ref. 3.3) by rats were of the same order as those observed

after inhalation of mixed uranium-plutonium oxides or Puo? of industriel origin. It must be noted
that the calculation of dose to lung in these studies from the literature did not use the same
time span after exposure as was used for the studies reported here. Normalization of the several
studies previously reported was not possible because exact retention functions were not
presented. Nonetheless, Figure 3.8 clearly indicates that even differences of 30Z in the
calculated dose to lung for these several studies would not provide a firm basis for concluding
that differences exist among the studies.

A question *hat often arises with this type of analysis is: "What influence does group
size have on the calculated slope of the linear portion of the dose-effect curve'. The analysis
conducted demonstrated that, for fatal cancers, the size of the group did not significantly
influence the slope of the linear function (Eq. 3.2) for either aerosol within the range of 20,
30 or 40 rats per group (Table 3.8). Additionally, the inclusion of cancers judged to be
contributory to death of the rat, with cancers judged to be fatal, had no major influence on the
slope of the fitted curve.

The slopes of linear functions fitted to the cumulative incidence of fatal 1lung cancers
versus the radiation dose (rad) to lung are presented in Table 3.9, The generalized F statistic
indicates that the two sets of data were different at the 952 level of confidence, but not
different at the 99% level of confidence. However, no consideration was given to uncertainty in
this dose calculation, Prentice (Ref. 3.21) has demonstrated that moderate random errors 1in

dosimetry can appreciably alter dose-effect parameter estimates. Considering the fact that the




slopes of the curves fitted to each data set differ by only a factor of 2.4, it would seem
prudent not to ascribe any real significance to these differences. Therefore, the data for the
two aerosol materials were combined, renrdered by dose to lung, from lowest to highest, and the
same linear function with a 2zero intercept fitted. This result, 1llustrated in Figure 3.9,
indicates that the incidence of fatal lung cancers in rats exposed to either of the aerosol
materials could be represented by a linear function with intercept equal to 0,043 (% 0,029) and a

slope of 0,00055 (£ 0,00014) cancer bearers per rad.

Cancer Risk Estimation

The datum points shown in Figure 3.9 represent the relative risk values caiculated for
each group of rats in these studies and the curve is & theoretical linear curve calculated from
Equation 3,2, The risk coefficients calculated from Equations 3.2, 3.3, and 3.4 are shown in
Table 3.10. Considering the documented differences among animal species in susceptibility to the
induction of lung cancers by radiation and the documented differences in spontaneous or natural
‘ung cancer incidence among laboratory animal species and strains, the absolute risk coefficient
derived from this experiment should not be used directly to estimate the risk in humans. Under
the assumption that the relative risk coefficient is independent of mammalian species, estimation
can then be made of the hazard in humans following inhalation of these industrial materials. The
relative risk estimated in this study and its standard error was 2.3 ¢ 1.9 at a lung dose of 00
rad. This value is in excellant agreement with a relative risk value of 2,2 at an exposure level
of approximately 100 rad to lung estimated from the United States uranium miner data cited by the
Committee on the Biological Effects of lonizing Radiation (BEIR III) (Ref. 3.21). This suggests
that the rat may provide a model useful for estimation of the relative risk for lung cancer
induction in people following inhalation of actinide element in aerosols. The doubling dose

estimated from this study was 78 ¢ 63 rad to lung to median lifespan,
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results from the present studies fa‘ shows the overall résults and (b) represents an
expansion of the dose axis to more clearly illustrate the data at low doses to lung,
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Figure 3.9. Relative risk of fatal lung cancer occurance in rats exposed to aerosols of (U,Pu)0
or Pqu as a linear function of dose to lung to median lifespan of the rats. Uatg
points” are for the same groups as shown in Figure 2.6, and the curve represents a
calzulation from Equation 4,

CONCLUSIONS

Aerosols of mixed uranium and plutonium oxide or Pqu used in these inhalation studies were
representative 1in particle size, morphology and chemical form of aerosols produced during normal
operation of a nuclear fuel fabrication facility. Inhalation exposure of rats in these studies had
no Jemonstrable effect relatable to dose to lung on the rate of body weight gain or the peak
weight attained. A spectrum of lung cancer types occurred in rats exposed to either & mixed oxide
form of wuranium and plutonium or to plutonium dioxide. However, no differences in the cumulative
fncidence of lung cancers between groups exposed to either of the two aerosols was discernable,
The incidences and types ¢f lung cancers were not different from those that have been reported for
rats exposed to laboratory-produced aerosols of Pqu. The relative risk and its standard error for
lung cancers in rats exposed to these industrial serosols was 2,3 2 1,9 at a lung dose of 100 rads

and the doubling dose and its standard error was 78 % 63 rad to lung to median lifespan,



The results from these studies imply that these industrially derived aerosols are not more
carcinogenic in Tlung than 1laboratory-produced aerosols of plutonium of essentially the same
chemical form, The relatively insoluble nature of the aerosols, despite the difference in the
elemental composition, allows little translocation of the Pu or Am component to other internal
organs. The results also indicete that F344/N rats provide a good model for relative risk

estimation for lung cancer induction in people iollowing inhalation of actinide element aerosols.
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