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ABSTRACT 

Measurements t o  determine the s o l u b i l i t y  o f  yellowcake i n  the h u -  

man lung have been performed with workers who have incurred uninten- 

t ional  acute  exposure to  yellowcake a t  uranium mi l l s  and volunteer fo r  

examination a t  Ba t t e l l e .  Evaluation of t h e i r  exposure includes sequen- 

t i a l  measurements of uranium i n  excreta a n d  i n  the  resp i ra tory  system 

to  iden t i fy  the t ranslocat ion and metabolic proper t ies  of the inhaled 

substance a n d ,  i n  turn, t o  determine i t s  s o l u b i l i t y .  

O u r  experience ind ica tes  t h a t ,  although most acute  inha la t ion  ex- 

posure t o  yellowcake is  followed by rapid excret ion o f  uranium, we have 

observed examples which demonstrate t h a t  some'.yellowcake i s  s i g n i f i -  

can t ly  l e s s  soluble  i n  the lung than expected. These cases  o f  yellow- 

cake exposure s u p p o r t  f indings from other  s o l u b i l i t y  s tud ie s  conducted 

-- i n  v i t r o  which demonstrate t h a t  yellowcake does n o t  exh ib i t  a generical ly  

unique sol u b i 1  i t y  c l a s s i f i c a t i o n .  

This presentat ion wil l  i l l u s t r a t e  the methodology employed i n  th is  

program a n d  wil l  e s t ab l i sh  a range of s o l u b i l i t y  f o r  yellowcake based 

upon occ u pa t i o na 1 exposure ex per i enc e. 

"Pacif ic  Northwest Laboratory i s  operated for the U.S. Department o f  
Energy by Ba t t e l l e  Memorial I n s t i t u t e .  This work was sponsored by 
the Nuclear Regulatory Cornmissio?. 



MEASUREMEtJTS TO DETERMINE THE SOLUBILITY OF URANIUM 
YELLORCAKE I.:ATERIALS IN T H E  LUNGS OF b1ILLWOPKERS 

FOLLOWING ACUTE EXPOSURE 

Henry B. Spitz and Eob Robinson  

INTRODUCTION 

An ongoing investigation of yellowcake solubility i s  being per- 

formed by examination of uranium millworkers who have become uninten- 

tionally exposed in an acute manner to yellowcake resulting from an 

accident at work. Recent data has led t o  speculation that specific 

chemical forms o f  yellowcake may have a greater solubility than that 

of class Y in the lung, shifting the mode o f  toxicity and the critical 

organ of concern from radiotoxicity in the lung to chemical toxicity 

in the kidney (Ei80; Ka79). 

c 

Heretofore, yellowcake has been assumed to be primarily a n  in- 

soluble class Y compound. 

cated that yellowcake does not exhibit a generically unique solubility 

(Ei80). Supporting evidence from measurements',of uranium -- in vivo and 

with excreta obtained from exposed workers examined in this study will 

However, o.ther studies -- in vitro have indi- 

be cited to demonstrate that yellowcake shculd be considered a mixture 

of uranium compounds, each with varying solubility characteristics. 

Although this is an ongoing project, three typical cases will be 

described to support the conclusion regarding the need to classify 

ye1 lowcake sol ubi 1 i ty as a mixture o f  several components. 

should also be useful for the regulatory agenci:es t o  consider for in- 

The results 

suring radiological health and safety wherever yellowcake i s  produced. 



KETHCDOLOGY 

Several u r a n i u m  mi l l s  i n  Wyoming, Washington, a n d  U t a h  have chosen 

t o  volbntar i ly  pa r t i c ipa t e  i n  t h i s  program so t h a t  we may e v a l u a t e  the 

acute  uranium intake w i t h  millworkers who may, un in ten t iona l ly ,  become 

I 

exposed a t  the mi l l .  

includes any unusual incident where a yellowcake worker i s  exposed t o  

uranium concentrations exceeding the MPC ( v i z ,  0 .2  mg/M3 o r  1 x 10''' 

An acute intake deemed of i n t e r e s t  t o  th i s  study 

0 

pCi/ml. ) (Co80). 

a l s o  s ign i fy  a n  e a r l i e r  intake of  yellowcake (IAEA76). 

Urinary excretion exceeding 60 ugm/day of uranium may 

Following no t i f i ca t ion ,  we arrange t o  t ranspor t  the  exposed worker 

t o  our laboratory t o  eliminate any potent ia l  f o r  f u r t h e r  exposure t o  

uranium which would complicate evaluation o f  the  acute intake.  

ur ine and feces  excreted by the exposed worker a r e  col lected f o r  the  

duration of our evaluation a n d  analyzed f o r  uranium content by standard 

fluorometric techniques following chemical d i sso lu t ion  o f  the sample. 

All 

We a l s o  attempt t o  obtain samples of  excreta co l lec ted  a t  the mill s i t e  

immediately following intake acknowledging t h 6  high probabi l i ty  for  

extraneous contamination from uranium not excreted by the worker. 

. -  

Analysis o f  excreta samples from millworkers f requent ly  ind ica tes  

the presence of microgram quan t i t i e s  of uranium which, presumably, o r i -  

g ina te  from low l eve l ,  chronic exposure a t  the  mi l l .  

o f  u r e n i u m  t h a t  i s  soluble  i n  t he  resp i ra tory  system or g u t  will  become 

Any acute intake 

evident as  an  increase i n  the  urinary concentrqtion o f  uranium. 

ble compounds o f  uranium deposited i n  the  nasopharyngeal o r  tracheo- 

Insolu- 

bronchial region of the respiratory system wi l l  be cleared by the muco- 

.2 
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c i l i a r y  ac t ion  a n d  t ranslocated t o  the g u t  where i t  wi l l  eventually be 

excreted i n  feces  ( R a 7 9 ) .  

The ICRP lung model (ICRP78) pred ic t s  the f a t e  of inhaled p a r t i c l e s  

a f t e r  they deposit  in the resp i ra tory  system. Used a s  a general guide, 

the r e l a t i v e  s o l u b i l i t y  of an inhaled material  ( i - e . ,  u ran ium yellow- 

cake) can be determined by examining the r e l a t i v e  temporal appearance 

of uranium in  ur ine a n d  fecal  samples co l lec ted  following acute  intake.  

The r a t i o  o f  a c t i v i t y  appearing i n  urine and feces a t  various times f o l -  

lowing acute  intake i s  a l so  useful i n  determining s o l u b i l i t y  as pre- 

d ic ted  by the  ICRP lung model. 

L 

The workers a r e  also examined for  the  presence of yellowcake i n  the  

l u n g  by measurement i n  vivo f o r  u ran ium using two special  dual-crystal  

[NaI(TI,)/CsI (TI,)] s c i n t i l l a t i b n  de tec tors  positioned on  the an te r io r  

thorax. Ileasurements -- i n  vivo a r e  performed da i ly  f o r  the dur.ation o f  

the evaluation as  a means t o  observe t rans loca t ion  o f  uranium from the 

lung. 

from 2 3 4 T h  a t  63 keV a n d  93 keV ( ~ 4 %  abundance) and 2 3 5 U  a t  186 keV 

Yellowcake i s  determined ind i r ec t ly  by measurement of photons 

(54% abundance). We consider yellowcake t o  be s imi la r  i n  form t o  t h a t  

conventionally assumed f o r  natural  uranium, i . e . ,  0.7% 235U. 

The dual-crystal  "Laurer" de tec tors  are employed i n  a unique manner 

t o  simultaneously measure 2 3 4 T h ,  235U, and  the'L-Xrays ( ~ 1 6  keV) (La68; 

Co77; Co78a; Sh74) .  The 1-Xrays from uranium, protactinium, and thorium 

a r e  present i n  the measured energy spectrum whenever surface contamina- 

t i o n  from uranium i s  suspect on the worker being examined. I n  this man- 

ner, surface contamination can be dist inguished from t h a t  uranium 



a c t i v i t y  ac tua l ly  deposited in l u n g  t i s s u e .  

Cal ibrat ion nieasurenients a r e  performed w i t h  a thorax phantom struc-  

t u re  klhich has natural  uranium deposited uniformly in  simulated lung 

t i s s u e  (Wa70; Pa76). 

spectrum t o  the counts i n  the 2 3 4 T h  region i s  calculated and r e s u l t s  

represent i n t e rna l ly  deposited uranium a c t i v i t y .  This r a t i o  i s  t h e n  

compared t o  the r a t i o  calculated from an actual measurement fi v i v o  

o f  an exposed worker. I n  th is  manner, the presence of surface uranium 

Contamination can be quant i f ied so t h a t  the actual in te rna l  deposit ion 

can be calculated (C078b) .  

The r a t i o  o f  counts i n  the L-Xray region o f  the  

c 

CASE A 

Worker A b r i e f ly  entered a yellowcake packaging room which was 

f i l l e d  w i t h  b l a c k  yellowcake dust. 

the worker exited the a rea ,  donned a r e s p i r a t o r ,  a n d  re-entered the room 

t o  cap the drum which was being ove r f i l l ed  with yellowcake. 

of the worker's breathing zone a i r  sampler indicated a concentration o f  

Immediately recognizing the hazard, 

Analysis 

7.3 x 

the maximum permissible amount. 

exposure t o  yellowcake d u s t  without resp i ra tory  protect ion was deter-  

mined t o  be b r i e f ,  i t  was apparently s u f f i c i e n t  t o  produce an acute i n -  

take o f  yellowcake mater ia l .  

pCi/ml. o f  natural  uranium which i s ' . s ign i f icant ly  g rea t e r  t h a n  

Although the durat ion o f  th i s  worker's 

Although the potent ia l  f o r  a s ign i f i can t  uranium inta.;e was known 

immediately following ana lys i s  of  the a i r  sampker f i l t e r  a t  the end o f  

the work s h i f t ,  no excreta samples could  be obtained from Worker A since 

he had already departed and was on a planned vacation. Immediately 

.4 
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upon re turning t o  work, a spot urine sample was co l lec ted  from Worker 

A and  analyzed a t  the mi l l .  

which i s  s ign i f i can t ly  grea te r  t h a n  normal f o r  workers a t  the rr:ill who 

The u ran ium concentration was 32 pgm/l. 

have been off  work f o r  several days. 

Worker A was examined a t  Ba t t e l l e  on days 7 through 10 post intake; 

however, no ana lys i s  of the rapidly soluble  component of th i s  material 

i n  the body could be performed under cont ro l lea  laboratory conditions 

because o f  the worker's vacation' immediately following the intake.  

* 

The 

r e s u l t s  of uranium analysis  w i t h  ur ine and fecal  samples col lected from 

Worker A a r e  given on Table 1. 

The t o t a l  amount of uranium eliminated in  feces  decreased da i ly .  

T h e  source o f  uranium i n  the  body was probably a small deposi t  i n  the 

lung which was being cleared by mechanical means ( i  .e. , c i l i a r y  ac t ion ) .  

However, the uranium concentration i n  u r ine ,  representing the soluble 

f r a c t i o n ,  remained r e l a t i v e l y  constant ( ~ 1 2  pgmlday) demonstrating t h a t  

a s l i g h t l y  soluble  source of uranium was present somewhere i n  the  body,  

presumably the lung. 

from a source which h a s  a s o l u b i l i t y  f a s t e r  t h a n  t h a t  o f  c l a s s  Y i n  the  

T h e  uranium being eliminated via ur ine must be 

l u n g  ( i . e . ,  500 days). 

The yellowcake produced a t  th i s  mill  i s  a f i n e ,  very black powder 

and i s  dr ied a t  approximately 800OC. These c h a r a c t e r i s t i c s  usually 

i n d i c a t e  a n  insoluble compound according t o  informal industry c r i t e r i a .  

However, the continuous excret ion o f  approximately 1 2  pgm of uranium 

per day d u r i n g  the week following intake supports the presence o f  some 

s l i g h t l y  soluble  ( i  . e . ,  c l a s s  W )  component i n  th is  uranium yellowcake 



material produced a t  t h i s  mil l .  A diminishing excretion of uranium i n  

. .  

feces d u r i n g  the observation period represents  clearance o f  par t i c l e s  

from t h e  upper respiratory system where c i l i a  a n d  mucosal t ransport  

can remove pa r t i c l e s  so t h a t  they can be swallowed. However,measure- 

ments i n  v ivo  t o  de tec t  uranium in the l u n g  were below the detect ion 

level ( i . e . ,  2 mg) which implies t h a t  the  source of  uranium i s  small. 

CASE B 
c 

c 

Worker B was h i t  by a large ' lunp of yellowcake which f e l l  from 

the d r i e r  above his  head a n d  completely dislodged his r e sp i r a to r  while 

B was performing maintenance in the yellowcake d r i e r .  He was completely 

covered w i t h  d a r k  black yellowcake including inside h is  m o u t h  and  nose. 

Immediately following decontamination, urine samples were col lected and 

analyzed by t h e  mil l .  Analysis continued a t  Ba t t e l l e  o n  day 6 post 

intake.  Aliquots o f  these urine samples co l lec ted  a t  the mill were re- 

analyzed for u ran ium a t  Ba t t e l l e  as well as  a l l  new urine a n d  fecal  

samples col lected from Worker B during his  v i s i t  t o  PNL.  The r e s u l t s  

of a l l  the analyses f o r  uranium i n  excreta are 'given on Table 2 .  

Measurements i n  v i v o  f o r  uranium w i t h  Worker B detected ex terna l ly  

deposited surface contamination on h is  skin and  espec ia l ly  i n  his h a i r .  

However, no in te rna l ly  deposited uranium above  the detect ion level 

(t=2 mg) was found in the thorax  o r  kidney region of Worker B. 

Worker B apparently ingested a l a rge  quant i ty  o f  yellowcake follow- 

i n g  the occurrence and  probably had a quan t i ty ,o f  the la rge  pa r t i c l e s  

o f  yellowcake deposited in the nasopharyngeal (NP)  and tracheobronchial 

I 2 b  l O b b  



urine sample could be due t o  contamination or rapidly soluble  ( c l a s s  D )  

material from the lung or g u t .  

t i o n  of uranium following t h i s  occurrence suggests t h a t  the material 

was probably very soluble.  

The rapid decrease i n  the urinary excre- 

The concentration of  uranium i n  feces was,approximately a f a c t o r  

o f  ten g rea t e r  t h a n  the concentration in urine-on days 5 and  7 pos t  

intake.  This fecal  excretion i s  probably due t o  t ranslocat ion o f  large 

or insoluble p a r t i c l e s  o f  yellowcake from the tracheobronchial region 

o f  the respiratory system t o  the g u t .  Although t h i s  yellowcake has the 

cha rac t e r i s t i c  appearance of an insoluble  compound, i t  i s  apparently 

very soluble i n  the body ( i . e . ,  c l a s s  D ) .  

CASE C 

A sample of urine col lected from Worker C indicated t h a t  he had 

been exposed t o  uranium sometime following his  l a s t  routine sample 

col lected ten days e a r l i e r .  No unique source of exposure could be 

i den t i f i ed  by t h i s  worker s ince ,  as a new employee, he was unfamiliar 

with most rout ine procedures a t  the m i l l ,  

from other men working with C were a l l  w i t h i n  normal range f o r  uranium. 

Evidently, Worker C was involved i n  an i so la ted  exposure event s ince he 

was the only yellowcake worker a t  the mill t o  have s ign i f i can t ly  posi- 

t i v e  amounts o f  uranium i n  urine.  Routine survei l lance o f  the mill w i t h  

h i g h  volume a i r  samplers and  ca lcu la t ion  of t h o  time-weighted a i r  con- 

cent ra t ion  of uranium ex i s t ing  a t  various locat ions v i s i t ed  by Worker C 

Urine samples col lected 

. '  

I .  

._. .i d i d  not i den t i fy  any unusual a i rborne uranium contamination source. 

t '  ' ' 7  
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Table 3 l i s t s  

lected from Worker 

his  v i s i t  t o  Batte 

sampling, Worker C 

uranium intake was 

Had Worker C n o t  been required t o  provide urine samples bimonthly, h i s  

intake would have probably been undetected. 

the r e su l t s  o f  analyses for  uranium i n  excreta col-  

C .  All urine samples, except those o b t a i n e d  during 

l e  on days 3 4 -  36, represent s ing le  voids. 

was r e s t r i c t e d  to  areas  o f  the mill where additional 

unlikely.  

During 

0 

From day 20 t o  d$y 35, average uranium 

excretion was 8.0 f 1 . 7  pgm/l. w-hich probably represents  elimination of  

s l i g h t l y  soluble  (c lass  b!) uranium remaining i n  the lung. Assuming 

t h a t  the ICRP lung model can be applied t o  t h i s  in take ,  t h e  uranium 

present in feces on day 35 a r i s e s  from t h a t  material mechanically cleared 

from the c i l i a t e d  region o f  the tracheobronchial region o f  the respira-  

tory system a n d  subsequently swallowed. 

from the s l i g h t l y  soluble ( c l a s s  W )  f r ac t ion  deposited i n  lung. 

Uranium excreted i n  urine a r i s e s  

Approximately 1 9  pgm of u ran ium was excreted i n  feces on day 35, 

whereas l e s s  t h a n  half t h a t  amount ( v i z ,  7.1 pgm) was ex,creted in 

urine.  

contr ibut ion t o  urinary excretion s ince ,  according t o  ICRP 30, the ab -  

sorption f r ac t ion  i s  only 0.05 f o r  water-soluble compounds o f  uranium. 

Therefore, a f t e r  other  deposition s i t e s  ( g u t ,  bone) and entry routes 

(wound; ingest ion)  were eliminated, i t  was determined t h a t  the uranium 

detected in  excreta a r i s e s  from a deposit ion in the resp i ra tory  system. 

Although no ana lys i s  of the rapidly soluble  (class D )  uranium material 

was possible ,  i t  i s  apparent t h a t  there  i s  a measurable class W cornpo- 

nent f o r  this uranium material i n  the l u n g .  

Uranium s o l u b i l i t y  i n  the g u t  would n o t  make a n  appreciable 

4 
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All rrieasurenients -- i n  vivo performed with Worker C were negative. 

No u ran ium above t h e  detect ion l i m i t  ( v i z , = Z  mg) was found i n  the 

a n t e r i o r  t h o r a x  ( lung) .  

whether any uranium could be detected in the head ( s k u l l )  or kidney 

Likewise, measurements i n  v i v o  t o  determine 

were a l so  negative. 

t i v e ,  the excretion of uranium in urine and  feces * two weeks post in- 

take supports the presence of a .small burden of uranium in the respira-  

tory system. 

Al though  uranium measurements in  vivo were nega- 

c 

CONCLUSIONS 

These three ( a n d  o ther )  exposure cases demonstrate t h a t  yellow- 

cake exhib i t s  various s o l u b i l i t y  c l a s s i f i c a t i o n s  i n  body f l u i d s .  Early, 

rapid clearance of uranium in ur ine can or ig ina te  from a soluble yellow- 

cake component i n  the l u n g  or g u t .  

uranium i n  urine following acute  intake predominantly a r i s e s  from solu- 

However, delayed excretion o f  

ble  components in the lung s ince rapid clearance and  a small soluble 

f r ac t ion  (0.05) o f  uranium in the gut canpot adequately support ob-  

served r e su l t s .  A small uranium s t o r e  in bone may be ava i lab le  f o l -  

lowing t ranslocat ion of the i n i t i a l  soluble f r ac t ion  in l u n g  and  g u t .  

However, the magnitude o f  the delayed uranium excretion cannot  be cre-  

d i ted  so l e ly  t o  skeleton. 

exis tence o f  a continuing l u n g  burden, some o f  which may be soluble  

and ac t ing  as the source o f  the  uranium i n  urine.  

s h o u l d  be considered as a combination of c la s s  .p, c l a s s  W ,  and c l a s s  Y 

soluble  components. 

Delayed uranium excretion in feces  supports 

Therefore, yellowcake 

. .  . .  . _  . ,  

* .  



T A G L E  1 

CASE A 

(1  1 U R A N I U I I 1  IN E X C R E T A  FROM E X P O S E D  M I L L  b!ORKER L K  

Days Post 
Intake 

Urine: 7 
a 

- 
9 ( 2 )  

IO 

Feces : 7 
9 

70 

Total Uranium 
Excretion 

14*P9 

7 P 9  
14  Pg 

i i  p g  

1 .  Worker o f f - s h i f t  a n d  on vacation f o r  seven 

2 .  Total co l lec t ion  of excreta  incomplete for 
d a y s  p r io r  t o  sampl i n g .  

t h i s  day. 



TABLE 2 

CASE B 

.. 

URANIUM IN E X C R E T A  FROM E X P O S E D  M I L L  W O R K E R  SS") 

Days Post 
Intake 

Urine: ( -1)  ( 2 )  - 
0 
1 
2 
3 
4 

5 
6 
7 *  
8* 

1.  All samples (except *) represent a s ing le  ( i  . e . ,  spot )  
sample of  excreta.  The * r e s u l t s  were determined from 
analys is  of  a t o t a l  co l lec t ion  o f  excreta  fo r  24 hours. 

2 .  This sample was a routine spot sample obtained a t  the 
mill one day pr ior  t o  the occurrence. 

3.  The systematic e r r o r  associated with the analyt ical  
procedure t o  determine uranium i n  urine i s  l e s s  t h a n  
- + 20% a s  determined w i t h  standard and  blank samples. 

11 
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T A B L E  3 

CASE C - 
URANIUi4 IN EXCRETA FROM EXPOSED M I L L W O R K E R  TS 

(1 1 Days Post 
Intake 

Urine: (-10) 
1 

- 
7 

13 
14 
3 3 )  
21 
22 
23 
24 
25 
26 
2 7  
28 

Urani urn ( 2 )  Concentration 

7 .  
2. 
3. 

4. 
5. 
6. 

Exact occurrence date  unknown.  
Overall systematic e r r o r  i s  5 20%. 
Worker on vacation f i v e  days a n d  r e s t r i c t e d  the rea f t e r  
t o  avoid additional intake of uranium.  
Samples co l lec ted  a t  PNL. 
Analysis of 24-hour excreta  sample. 
Worker returned t o  j o b  a t  mill .  
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