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ENVIRONMENTAL ASSESSMENT OF ALTERNATE FBR FUELS: KADIQLOGICAZ 
ASSESSMENT OF AIRBORNE RELEASES FROM THORIUM MINING AND MILLING* 

V. J .  Tennery? 
E. S.   oma art 
W. D .  Bond* 
L. E.  Morse* 

H. R. Meyer 5 
J .  E. Till5“ 
M. G.  Yalc in tasg  

ABSTRACT 

A r a d i o l o g i c a l  environmental  assessment  w a s  performed f o r  
a i r b o r n e  releases from a thorium mining and m i l l i n g  f a c i l i t y  
based on s i te-specif ic  ana lyses  f o r  known vein- type U.S. thoriuni 
o r e  d e p o s i t s ,  u s ing  proximate m e t e r o l o g i c a l  d a t a  f o r  t h e  geo- 
g r a p h i c a l  r e g i o n  where t h e s e  d s p o s i t s  are l o c a t e d .  The assess- 
ment was done f o r  a concep tua l  open-pi t  thorium mine p l u s  a m i l l  
having a throughput  rate of 1 . 6  G g  (1600 metric tons /day) .  The 
thorium o r e  w a s  assumed t o  have an  average  Tho2 e q u i v a l e n t  con ten t  
of 0.5%. The m i l l  f a c i l i t y  c o n s i s t e d  of a m i l l  and r e f i n e r y  
whose product  w a s  reac tor -grade  thorium n i t r a t e  t e t r a h y d r a t e .  
Several assumptions were necessa ry  i n  o r d e r  t o  conduct t h i s  
a n a l y s i s  due t o  s c a r c i t y  of d a t a  s p e c i f i c  t o  e r o s i o n  and d u s t i n g  
of thorium o r e  s t o r a g e  p i l e s  and a thorium mi l l -de r ived  t a i l i n g s  
beach. 

Rad io log ica l  dose commitments were c a l c u l a t e d  f o r  a i r b o r n e  
e f f l u e n t s  from t h e  mine and m i l l  f a c i l i t y ,  u s ing  t h e  AIRDOS-I1 
code. 
i n d i v i d u a l  and t o  t h e  popula t ion ,  as shown by t h e  1970 census,  
l i v i n g  w i t h i n  50 m i l e s  of t h e  o p e r a t i o n  s i t e  w a s  e s t ima ted  f o r  
bo th  Lemhi P a s s ,  Idaho, and W e t  Flountains, Colorado, sites. 
P r i n c i p a l  a i r b o r n e  r a d i o n u c l i d e s  which c o n t r i b u t e  t o  t h e  popu- 
l a t i o n  dose  commitment f o r  e i t h e r  s i t e  are 228Ra and 220Rn  p l u s  
t h e  daugh te r s  of 220Rn. 
maximally exposed i n d i v i d u a l  f o r  one yea r  of f a c i l i t y  o p e r a t i o n  
f o r  t h e  Lemhi P a s s  and Wet Mountains sites are %2.4 and ~ 3 . 5  
m i l l i r e m s  r e s p e c t i v e l y .  Popula t ion  dose commitments t o  t o t a l  
body f o r  t h e  Lemhi Pass  and Wet Mountains si tes are 0.05 and 0.3 
man-rem r e s p e c t i v e l y .  
commitment, i n h a l a t i o n  and i n g e s t i o n  are t h e  l a r g e s t  pathway con- 
t r i b u t o r s  t o  t h e  dose.  Seve ra l  o p e r a t i o n s  f o r  thorium o r e  mining 
and m i l l i n g  were i d e n t i f i e d  du r ing  t h i s  assessment  f o r  which t h e  
d a t a  base  r e q u i r e d  f o r  r a d i o n u c l i d e  sou rce  term gene ra t ion  w a s  

The 50-year dose commitment t o  t h e  maximally exposed 

Total-body dose  commitments t o  t h e  

Tar both  sites and both  types  of dose 

* 
Work performed under DOE/RRT 189a OH107/1488, “Environmental 

Assessment of Advanced FBR Fuels .”  

‘Metals and Ceramics Div i s ion .  

*Chemical Technology Divis ion .  

’Health and S a f e t y  Research Div is ion .  
I1 

Consul tan t .  



2 

e i t h e r  s m a l l  o r  nonex i s t en t ,  For ope ra t ions  where t h e  d a t a  
base  w a s  judged i n s u f f i c i e n t  f o r  gene ra t ion  of a t  least a 
f i r s t -approximat ion  source  term, d a t a  a p p r o p r i a t e  t o  t h e  
s i m i l a r  ope ra t ion  f o r  uranium mining or m i l l i n g  were used as 
t h e  b a s i s  f o r  t h e  source  term. Areas where d a t a  needs are 
g r e a t e s t  i nc lude  (1) q u a n t i t a t i v e  values of emanation f a c t o r s  
and d i f f u s i o n  c o e f f i c i e n t s  f o r  220Rn  f o r  thorium o r e  materials, 
( 2 )  f u g i t i v e  dus t  gene ra t ion  rates from mine a c t i v i t i e s  and 
thorium o r e  p i l e s ,  (3)  release rates of 220Rn from thorium 
o r e s  under var ious  s t o r a g e  cond i t ions ,  ( 4 )  release rates of 
220R, from thorium ores f o r  va r ious  m i l l i n g  process  treat-  
ments, ( 5 )  p r o p e r t i e s  of s o i l s  i n  mountainous l o c a t i o n s  of 
vein- type thorium d e p o s i t s  t o  determine t h e i r  s u i t a b i l i t y  f o r  
c o n s t r u c t i o n  of t a i l i n g s  ponds and r e t e n t i o n  of r a d i o a c t i v e  
s p e c i e s  conta ined  i n  t h e  m i l l  t a i l i n g s ,  and (6) s i t e - s p e c i f i c  
meteorology a p p r o p r i a t e  t o  prime candida te  s i tes  f o r  thorium 
mines and m i l l s .  

1. INTRBDUCT ION 

The thorium-uranium nuc lea r  f u e l  cyc lc  i s  be ing  s t u d i e d  i n  s e v e r a l  

programs i n  t h e  United States i n  o rde r  t o  b e t t e r  i d e n t i f y  t h e  nuc lea r  

weapons p r o l - i f e r a t i o n  r e s i s t a n c e  of t h i s  cyc le  compared wi th  t h a t  of 

t h e  uranium-plutonium cycle .  Another important  f e a t u r e  o f  any f u e l  

cyc le  considered f o r  commercial izat ion i s  t h e  r a d i o l o g i c a l  impact of the  

c y c l e  on t h e  populat ion.  The impact d e r i v e s  from s e v e r a l  sou rces ,  

i nc lud ing  c o n t r i b u t i o n s  from o r e  mining and m i l l i n g ,  f u e l  f a b r i c a t i o n ,  

r e a c t o r  ope ra t ion ,  t r a n s p o r t a t i o n ,  f u e l  r ep rocess ing ,  and f u e l  r e f a b r i -  

ca t ion .  

This  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of a r a d i o l o g i c a l  a n a l y s i s  of t h e  

impact of thorium o r e  mining and m i l l i n g  from v e i n  d e p o s i t s  a t  two 

specif ic  s i tes ,  one i n  t h e  k m h i  P a s s  d i s t r i c t  of Idaho and Montana and 

t h e  o t h e r  i n  t h e  Wet Mountains of Colorado. Mining of vein- type d e p o s i t s  

w a s  analyzed because they are of t h e  h i g h e s t  g rade ,  and i t  i s  e s t ima ted  

t h a t  as much as 40% of United States  t-horium r e s e r v e s  r e s i d e  i n  such 

d e p o s i t s  

Compositional d a t a  f o r  t h e  known vcin- type thorium o r e  d e p o s i t s  p l u s  

t h e  l o c a l  topography of t h e  reg ion  w e r e  employed i n  e s t a b l i s h i n g  d e t a i l s  
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of a model mine capable  of p rov id ing  1.6 Gg (1600 metric tons )  of o r e  

p e r  day p l u s  a m i l l  of e q u i v a l e n t  throughput  capac i ty .  This  p l a n t  is  

cons idered  t o  b e  of r easonab le  s i z e  f o r  such a mining endeavor.  

This  a n a l y s i s  d i f f e r s  i n  c e r t a i n  r e s p e c t s  from a r e l a t e d  and r e c e n t l y  

publ i shed  s tudy  of thorium mining and m i l l i n g  r epor t ed  i n  ERDA 1541 con- 

ce rn ing  t h e  Light-Water Breeder Reactor  Program. In  t h e  c u r r e n t  work, 

r e c e n t l y  improved assessment  codes w e r e  employed and two s i t e - s p e c i f i c  

cases w e r e  analyzed. The e n t i r e  mining o p e r a t i o n  w a s  cons idered  t o  be 

open-pit  t ype  based on t h e  geology of t h e  known o r e  d e p o s i t s  at t h e  si tes.  

Source t e r m s  are inc luded  based on d u s t  from t h e  mining, movement of o r e  

a t  t h e  mine and m i l l ,  and o r e  c rush ing ,  p l u s  t h e  release of 220Rn from 

t h e  mine, o r e  p i l e ,  m i l l ,  and t a i l i n g s  pond. 

TIie a p p r o p r i a t e  sou rce  terms w e r e  used a long  w i t h  popu la t ion  

d e n s i t y  and me teo ro log ica l  d a t a  f o r  the sites t o  estimate t h e  popu la t ion  

dose  commitment a s s o c i a t e d  wi th  t h e  e x t r a c t i o n  and p rocess ing  of t h e  

thorium ore .  
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2. FACILITY SITING, METEOROLOGY, AND POPUTATION CHAIt4CTERISTICS 
PERTAINING TO THORIUM ORE DEPOSITS 

2,1. U.S. Thorium Depos i t s  

For  t h e  purposes  o f  t h i s  r e p o r t ,  i t  is  assumed t h a t  t h e  sources  of 

thorium t o  b e  cons idered  are w i t h i n  t h e  c o n t i n e n t a l  United States. 

Thorium is  found i n  s e v e r a l  t ypes  of d e p o s i t s  i n  t h i s  count ry ,  i nc lud ing  

(I) v e i n s ,  (2)  stream and beach p l a c e r  d e p o s i t s  o r  p l a c e r  d e p o s i t s  

incorpora ted  i n  sedimentary rock,  and (3) concen t r a t ions  i n  igneous o r  

metamorphic rocks.  

form of v e i n  o r  p l a c e r  d e p o s i t s .  

United States  a v a i l a b l e  a t  a c o s t  of $11 t o  $22 p e r  kg ( $ 4  t o  $10 per  

pound, 1969 d o l l a r s )  are placed a t  approximately 600 Gg (600,000 m e t r i c  

tons) .  1 

The l a r g e s t  r ecove rab le  thorium r e s e r v e s  are  i n  t h e  

'Thorium d iox ide  r e sources  i n  t h e  

Monazite sands ,  which are  p r i m a r i l y  phosphates  of t h e  r a r e - e a r t h  

e lements ,  are formed as a r e s u l t  of t h e  weather ing of rocks such as 

g r a n i t e s .  Running water c a r r i e s  t h e  sands  t o  l o c a t i o n s  remote from t h e  

o r i g i n a l  rock format ions  t o  p l aces  where cond i t ions  permit  t h e  heav ie r  

minera ls  t o  se t t le ;  t h i s  may occur  i n  a r i v e r ,  or the  sands may be 

c a r r i e d  t o  t h e  ocean and c o a s t a l  l o c a t i o n s .  Wave a c t i o n  has  r e s u l t e d  i n  

p l a c e r  d e p o s i t s  of heavy mine ra l s ,  such as i l m e n i t e  and monazite,  a long 

some beaches on t h e  A t l a n t i c  Coast of t h e  United States ,  A few of t h e s e  

d e p o s i t s  have been worked commercially t o  recover  t i tanium-bearing 

mine ra l s  with monazite as a secondary product .  Large-scale  working of 

beach d e p o s i t s  i n  t h e  f u t u r e  i s  u n l i k e l y ,  however, because of t h e  high 

popula t ion  d e n s i t y  of t h e  c o a s t a l  reg ion .  

F igu re  2 . 1  and Tables 2 , l ( a )  and 2 . l ( b )  p re sen t  a v a i l a b l e  informat ion  

concerning s i g n i f i c a n t  thorium resource  sites i n  t h e  cont iguous United 

States. Table 2 . l ( a )  g ives  t h e  l o c a t i o n s ,  e x t e n t  of sampling and observed 

thorium c o n t e n t ,  p h y s i c a l  dimension, and nearby popula t ions  f o r  vein-  

type  d e p o s i t s  o f  thorium i n  t h e  United S t a t e s e 1 - l 2  

i d e n t i f i e s  d e p o s i t s  of other types  b u t  which are predominately monazite 

ores.13-1'7,31-34 

of monazite sands:  

Table 2.1(b) 

I t e m s  A and B g ive  t h e  l o c a t i o n s  of placer d e p o s i t s  

t h e  thorium con ten t  of t h e s e  d e p o s i t s  a t  J a c k s o n v i l l e ,  
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F i g .  2 .1 .  Thorium resources i n  the  United States.  



T a b l e  2 . l ( a j .  Vein t h o r i u m  d e p o s i t s  - U n i t e d  States 

Max 
Max v e i n  Thorium P o p u l a t i o n  

L o c a t i o n  County,  s t a t e  L a t i t u d e  L o n g i t u d e  Numter of v e i n  l e n g t h  t h i c k n e s s  c o n t e n t  w i t h i n  80 km Ref .  
( s e e  map) ( O N )  (OW) samples  (d (m) (7:) (1970) 

1. Lenihi P a s s  

2.  Diainond 
Creek  

3 .  H a l l  M t .  

4. Powderhorn 

5. Wet M t s .  

6. L a u g h l i n  
Pk. 

7. Capi ta r i  
M t s  e 

8. Gold H i 1 1  

9. Quartzizs 

13. Cottonwood 

11. Xonroe 
Canyon 

12 .  Mountain 
P a s s  

13. Wausau 

Lemhi, ID 
Beaver ,  MT 

Lemhi, I3 

Boundary, I D  

Gunnison, CO 

Cuscer, GO 

Col fax ,  NM 

L i n c o l n ,  NM 

G r a n t ,  NM 

Yuma, AZ 

Yavapai ,  A2 

S e i v e r ,  UT 

San B e r n a r d i n o  
CA 

Marathon, WI 

44.93 

45 

48.99 

38.25 

35.25 

36.75 

33.5 

33 

33.75 

34.75 

38.53 

35.46 

45 

113.5 

114 

116 .38  

10 7 

105 .35  

104.25 

105.78 

109 

114.25 

112 

112 

115.5 

89.5 

zoo+ 

9 

1 4  

zoo+ 
400+ 

1G 

12 

2 

2 

7 - 
1 

18 

20 

1 . 2  i o 3  

1 . 7  x l o 2  

2 . 1  x 102 

1.1 i o 3  
1 . 5  103 

2 .4  x l o 2  

46 

1 2  

15 

30 

7.6 

4.9 x 102 

4.6 x l o 2  

5 

7.5  

4 

5.5 

1 5  

6 . 1  

2.4 

2 .4  

18 

1 5  

3 

0 .5  

0.001-16.3 

0.02-1.71 

0.01-21 

0.01-4.3 

0.02-12.5 

0.05-0.82 

0.01-1.12 

0.05-0.72 

0.027-0.27 

0.013-3.51 

0. IE-0.29 

0.02-4.9 

1 4 , 2 4 2  

7 ,364  

15 ,359  

32,192 

252,144 

27,615 

47,668 

39,900 

22,613 

64,769 

19 ,868  

30 ,321  

338,408 

2-5 

3 

6 

7 

8 , 9  

2 m 

10 

2 

2 

2 

2 

11 

12 



Table 2 . l ( b ) .  Other thorium deposits -United States 

Population 
Location County, state Latitude Longitude Thorium content within 80 km Ref. 
(see map) ( O N )  ( O W )  (wm) (19 70) 

1 4 .  

15 .  

16.  

17 .  

18 .  

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

26. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

A. 

B. 

C. 

D. 

Conway 

Mineville 

Palmer 

O w l  Creek 

Rowlins uplift 

Wind River 

Wind River 

Seminoe 

Deer Creek 

Blue Mt. 

Dos Cabesas 

Mineral Hill 

Diamond Rim 

Little Big Horn 

Bear Lodge 

ldaho 

McCullough M t .  

Black Mts. 

S .  Peacock Mts. 

Big Maria Mts. 

Marble Mts. 

St. Francois Mts. 

Idaho Batholith 

Gallinas 

Worcester 

Georgia 

Florida 

California 

Piedmont District 

Conway, NH 

Essex, NY 

Marquette, MI 

Hot Spring, WY 

Carbon, WY 

Fremont, WY 

Fremant, WY 

Natrona, WY 

MT 

Greenlee, AZ 

Cochise, AZ 

Lemhi, ID 

Gila, AZ 

Big Horn, M 

Crook, WY 

Idaho, ID 

Clark, hi 

Mohave, AZ 

Mohave, AZ 

Riverside, CA 

Sail Bernardino, CA 

St. Francois, MO 

Boise, ID 

Lincoln, NM 

Worcester, MA 

Charlton, GA 

Nassau, FL 

San Bernardino, CA 

VA, NC, SC, AL 

44.00 

44.16 

46.5 

43.48 

41.78 

43.5 

43 .5  

4 2 - 4 7  

45.2 

32.55 

32.2 

45.6 

34.25 

44.66 

44.5 

46 

36 

35.5 

35 

33.5 

35 

37.5 

44.0 

34.15 

42.25 

32 

30.2 

36 

32-38 

71.16 

73.58 

87.5 

105.50 

107.13 

109.5 

109.6 

106.75 

112 .5  

109.20 

109.42 

114.9 

111.08 

106.95 

104.33 

115 

116 

114.5 

114 

116 

116 

90 

115.90 

105 .63  

71.75 

81.6 

81 .3  

117  

78-87 

64 

100-3800 

50,000 

134 

146 

366 

66 

194-273 

40 

19 

24 

400-2500 

200 

55-283 

180-25 3 

37-153 

29-146 

75-148 

47 

100 

300 

e1000 

<loo0 

200-5000 

[5 .67%] 

30,292 

1 3 , 2 0 1  

31 ,648  

3 1 , 6 4 8  

5 1 , 9 9 5  

3 0 , 4 8 1  

3 0 , 0 9 8  

10 ,416  

145,059 

1 3 7 , 9 5 8  

137,958 

136 470 

136,470 

320,378 

29 

30 

31 

1 3 , 1 4  

1 3 , 1 4  

1 3 , 1 4  

13 , 1 4  

1 3 , 1 4  

30 

1 3 , 1 5  

1 3 , 1 5  

1 3  , 15 

1 3 , 1 5  

30 

32 

1 3 , 1 5  

13,15 

1 3 , 1 5  

13,15 

1 3 , 1 5  

13 ,17  

32 

33 

30 

34 

34 

30 

30 



F l o r i d a ;  Fol.kston, Georgia;  and on H i l t o n  Head Tsland,  South Carol ina;35 

w a s  es t imated  a t  14 Gg (15,600 t o n s ) .  The Folkston d e p o s i t  h a s  been 

r e p o r t e d  more r e c e n t l y ,  however, t o  have been exhausted,  36  

d e p o s i t s  are be ing  mined a t  Mountain Pass ,  C a l i f o r n i a  ( i tem C ) .  Two 

e x t e n s i v e  d e p o s i t s  are i d e n t i f i e d  as i t e m  D. The wes tern  b e l t  extends 

f o r  1 Mru (600 m i l e s )  from e a s t e r n  V i r g i n i a  southwest t o  Alabama. It 

ranges from 0.02 t o  0.8 Mm ( l o  t o  50 m i l e s )  wide w i t h  an average width 

of about 0.03 Mm (20 m i l e s ) .  The e a s t e r n  b e l t  o r i g i n a t e s  n e a r  Predericks-  

burg,  V i r g i n i a ,  and cont inues  f o r  about 200 m i l e s  i n t o  North C a r o l i n a  

w i t h  an average width of about 0.01, Mm (5 m i l e s ) .  

Basnaes i te  

2 . 2  S i t e s  S e l e c t e d  f o r  Analysis  

The most promising thorium d e p o s i t s  f o r  l a r g e - s c a l e  e x p l o i t a t i o n  

are  t h o r i t e - h e a r i n g  v e i n s  such as t h o s e  l o c a t e d  i n  Colorado, Idaho, 

and Montana. As much as 40% of U.S. thorium reserves occur as v e i n  

d e p o s i t s . 1 8  

Tho2 at $22  p e r  kg ($10 p e r  pound) o r  l e s s  (1969 d o l l a r s )  are e s t i m a t e d  

t o  b e  a v a i l a b l e  i n  t h e  Lemhi P a s s  d i s t r i c t  of Idaho and Montana, which 

l i e s  a s t r i d e  t h e  C o n t i n e n t a l  Divide about 16 km (10 m i l e s )  east of Tendoy, 

Idaho. The Lemhi Pass  is  shown on t h e  re l ief  map19 i.n Fig.  2 . 2  between 

t h e  ver t ica l  coord ina tes  UEO-UE1 and t h e  h o r i z o n t a l  c o o r d i n a t e s  8-9. 

'The thorium resources  of t h e  Lemhi Pass  d i s t r i c t  could supply t h e  

requirements  of a very l a r g e  number of FBRs f u e l e d  w i t h  (Thy U)C and 

ThC,  s i n c e  c a l c u l a t i o n s  by Caspersson e t  a1.20 show a c o r e  b l a n k e t  

requirement of 83 t o  1 1 7  Mg (83 t o  1 1 7  metric t o n s )  of thorium c a r b i d e  

e q u i v a l e n t  p e r  1200-MW(e) core ,  depending on t h e  c o r e  and b l a n k e t  

conf igura t ion .  Addi t iona l  v e i n  d e p o s i t s  have been found i n  t h e  Powder- 

horn and Wet Mountains d i s t r i c t s  of Colorado. 

Reserves e q u a l  t o  about  100 Gg (100,000 metric t o n s )  of 

The w i n t e r s  i n  t h e  Lemhi Pass  d i s t r i c t  are descr ibed  as moderate,  

and some o:E t h e  d e p o s i t s  a t  t h e  lower e l e v a t i o n s  can be  worked y e a r  

round, I n  severe w i n t e r s ,  o p e r a t i o n s  may, however, be  s h u t  down f o r  

several months. 
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Fig. 2.2.  Topographical map of Le&i Pass distr ic t  of Idaho and 
Montana. 
Montana, -12-7, and Dtlbois, Idaho, NL12-10; Hubbard Co., Northbrook, 
I l l ino i s  60062.) 

(Photograph of selected portions of re l ie f  maps t i t l ed  Dillon, 



2.3 C h a r a c t e r i s t i c s  of Depos i t s  i n  t h e  Lemhi Pass  Dis t r ic t  

Informat ion  on t h e  topography, g e n e r a l  geology, and t h e  n a t u r e  

of t h e  thorium-bearing d e p o s i t s  i n  t h e  Lemhi Pass  area is  g iven  i n  

Atomic Energy Commission r e p o r t s  by Sharp and Hetland and by Aus t in  

i s s u e d  i n  1968.2 1* 22 

p e c t s  a long  a 110-km (70-mile) t r e n d  p a r a l l e l i n g  t h e  Idaho-Montana 

border  from Leadore, Idaho,  t o  North Fork, Idaho. E leva t ions  i n  t h i s  

r eg ion  range  from 1.5 km (5000 f e e t )  above sea level a long  t h e  Lemhi 

River up t o  2.7 km (9000 f e e t )  a t  t h e  Con t inen ta l  Divide.  The o r e  

mine ra l s  i nc lude  phosphat ic  t h o r i t e ,  monazi te ,  and r a r e - e a r t h  concen- 

t r a t i o n s .  Rare-ear th  phosphates  such as xenotime (YPO4) form an isomor- 

phous series wi th  t h o r i t e  (ThSiO4) t o  y i e l d  t h e  mine ra l  a u e r a l i t e .  The 

r a t i o  of rare e a r t h  t o  thorium i n  t h e s e  d e p o s i t s  varies from 1 O : l  t o  

1:5. Addi t iona l  in format ion  w a s  r e p o r t e d  by Ross and George23 on 

m e t a l l u r g i c a l  amenabi l i ty  tests and composi t ions of Idaho-Montana 

thorium ores .  Spec t rographic  ana lyses  show t h a t  t h e s e  o r e s  con ta in  

unde tec t ab le  amounts of uranium (<0.0001 t o  0.001%). 

Over 200 samples were taken  from about  100 pros- 

The thorium-bearing v e i n s  are, i n  g e n e r a l ,  no t  exposed b u t  are 

covered by a t h i c k  l a y e r  of s o i l .  The presence  of t h e  v e i n s  can o f t e n  

b e  d e t e c t e d  by surveying  t h e  s o i l  cover  f o r  r a d i o a c t i v i t y  w i t h  s e n s i t i v e  

in s t rumen t s .  De tec t ion  is p o s s i b l e  due t o  a degree  of mixing of mine ra l s  

from t h e  v e i n s  wi th  t h e  s o i l .  Bul ldozing is  necessary  t o  expose t h e  

ve ins .  The v e i n  d e p o s i t s  show a nor thwes te r ly  t r e n d  p a r a l l e l i n g  t h e  

Con t inen ta l  Divide from t h e  v i c i n i t y  of Leadore,  Idaho,  a t  t h e  sou the rn  

end, and a l l  are found i n  an area about 110 km (70 mi l e s )  long and 13 km 

(8 m i l e s )  wide. 

major f a u l t s .  It is es t ima ted  t h a t  60% of t h e  v e i n s  d i p  a t  ang le s  of 45 

t o  60' and 40% d i p  a t  >60". The f l a t t e r - d i p p i n g  v e i n s  are from 0.9 t o  

4.6 m ( 3  t o  15 f t )  wide,  wh i l e  t h e  s t e e p e r  v e i n s  measure 0.15 t o  1.5 m 

(0.5 t o  5 f t )  wide. 

mined by open-cut methods, p o s s i b l y  t o  9 1  t o  122 m (300 t o  400 f t )  below 

t h e  outcrop.  Underground methods would e v e n t u a l l y  have t o  b e  used t o  

recover  a major p o r t i o n  of t h e  thorium. This  s tudy  does n o t ,  however, 

cons ide r  t h e  r a d i o l o g i c a l  hazards  of underground thorium mines. 

The i n c l i n a t i o n  of t h e  v e i n s  varies, p a r t i c u l a r l y  nea r  

F la t -d ipping  v e i n s  p a r a l l e l i n g  canyon w a l l s  can b e  
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Borrowman and Rosenbaum2’ demonstrated t h e  recovery of t h e  thorium 

content  of t h o r i t e  samples by a c i d  d i s s o l u t i o n .  These samples w e r e  

t aken  from v e i n  d e p o s i t s  i n  t h e  Lemhi Pass  d i s t r i c t  of Idaho-Montana and 

t h e  Powderhorn and W e t  Mountains d i s t r i c t s  of Colorado. The samples 

ranged i n  con ten t  from 0 .2  t o  3.9 w t  % thorium d iox ide  e q u i v a l e n t .  

2.4  Popu la t ion  D i s t r i b u t i o n  

Popu la t ion  d a t a  s p e c i f i c  t o  t h e  thorium resource  si tes under s tudy  

i n  t h i s  r e p o r t  w e r e  ob ta ined  v ia  t h e  “Reactor S i t e  Popula t ion  Analysis”  

computer code a v a i l a b l e  a t  ORNL. Output from t h i s  code i s  based 011 

U.S. 1970 census informat ion .  Approximation of f u t u r e  popu la t ion  d a t a  

w a s  no t  deemed necessary  f o r  t h e  purposes  of t h i s  r e p o r t ,  s i n c e  thorium 

mining and m i l l i n g  popu la t ion  doses were found t o  b e  low, and popula t ion  

c e n t e r s  w i t h  t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  growth are l o c a t e d  a t  d i s -  

t a n c e s  i n  excess  of 32 km (20 mi l e s )  from e i t h e r  t h e  Lemhi Pass o r  Wet 

Mountains si tes,  a cond i t ion  which r ende r s  t h e  dose e s t i m a t i o n  procedure 

r e l a t i v e l y  i n s e n s i t i v e  t o  moderate nopula t ion  i n c r e a s e s .  Tables  2.2 and 

2 . 3  p r e s e n t  popula t ion  d a t a  breakdowns as inpu t  t o  t h e  A I R D O S - I 1  dose 

e s t i m a t i o n  code. 

2 .5  Meteoro logica l  Data 

S ince  v a r i a t i o n s  i n  meteorology have t h e  p o t e n t i a l  f o r  s i g n i f i c a n t l y  

modifying both  i n d i v i d u a l  and popu la t ion  doses  c a l c u l a t e d  v i a  methodologies 

us ing  wind and s t a b i l i t y  category-dependent r ad ionuc l ide  d i s p e r s a l  models, 

u s e  of l o c a l  r a t h e r  than g e n e r i c  me teo ro log ica l  d a t a  w a s  deemed necessary  

i n  t h i s  s tudy .  R e s t  a v a i l a b l e  me teo ro log ica l  d a t a  f o r  both  t h e  Lemhi 

P a s s  and t h e  W e t  Mountains r e source  sites w e r e  ob ta ined  from f i r s t - o r d e r  

weather  s t a t i o n s  loca t ed  nea r  each si te.  Two sets of d a t a  w e r e  ob ta ined  

f o r  each r e source  s i te ,  s i n c e  no f i r s t - o r d e r  weather  s t a t i o n  i s  l o c a t e d  

i n  t h e  immediate v i c i n i t y  of e i t h e r  Lemhi Pass  o r  Wet Mountains. These 

d a t a  w e r e  ob ta ined  through the cour t e sy  of t h e  Na t iona l  Oceanic and 

Atmospheric Admin i s t r a t ion  o f f i c e s  l o c a t e d  a t  t h e  Na t iona l  C l i m a t i c  

Center  (NCC) i n  Ashev i l l e ,  North Caro l ina ,  and were provided i n  t h e  form 
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Table 2.2. Popula t ion  d a t a  f o r  Lemhi Pass  thorium resource  
s i t e  reg ion  - 1970 census informat ion  _. .. . . .. .... .- 

Popula t ion  d i s t r i b u t i o n u  

0-8.0b 8.0-16 16-32 32-48 4%-64 64-80 

.....___ Compass d i r e c t i o n  - 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

s sw 
SW 

wsw 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

412 

0 

0 

0 C l 8  2 1 1  

0 0 0 

0 0 557 

245 0 0 

0 0 129 

0 0 0 

0 0 0 

111 0 70 

0 0 0 

0 0 4 

0 0 277 

0 181 0 

0 

0 

0 

5,897 

0 

5 89 

0 

0 

0 

0 

784 

0 

W 0 0 0 0 0 0 

WNW 0 0 0 825 0 0 

NW 0 0 337 2,910 534 168 

0 0 0 0 NNW 

0 412 693 3,916 1,782 7.438 
0 __ __ 0 .- - 

. ... . . ... .l..ll___ 

‘Il’otal. popula t ion  = 14,241. 

bDistance x m ( a p p l i c a b l e  t o  each heading) .  

Table 2.3. Popula t ion  d a t a  f o r  Wet Mountains thorium resource  
s i t e  reg ion  .- 1970 census informat ion  

. . . . . 
Popula t ion  d is t r ibu t ion‘  

Compass d i r e c t i o n  ...... .. . . .. . . -. .. . 
0-8.0b 8.0-16 16-32 32-48 48-64 64-80 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

ssw 
sw 
wsw 
w 
WNW 

NW 

NNW 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

..~ 

0 

264 

0 

0 

0 

0 

318 

0 

0 

126 

0 

0 

0 

0 

0 

0 

708 
- 

0 

12,264 

6,662 

713 

0 

0 

0 

0 

164 

0 

512 

0 

0 

377 

0 

0 

20,692 

0 

70 

1,246 

0 

884 

0 

0 

0 

0 

0 

34 

0 

350 

0 

0 

346 

2,930 

0 

79 1 

0 

753 

65,014 

0 

1,563 

170 

36 3 

20 

0 

9% 

0 

2,164 

0 

24 

70,960 

835 

18,910 

93,790 

0 

46,808 

106 

404 

0 

0 

741 

859 

642 

10 

3,567 

0 

182 

166,854 

‘Total popula t ion  = 262,144. 

bDistance x m ( a p p l i c a b l e  t o  each heading) .  
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of monthly o r  s easona l  summaries of wind speed and P a s q u i l l  s t a b i l i t y  

ca tegory  d a t a  based on extended obse rva t ion  pe r iods .  The d a t a  w e r e  

condensed i n t o  AIRDOS-I1 format via ORNL IBM-360/91 computer manipulat ion 

and are p resen ted  i n  t h i s  condensed format i n  Appendix 1 of t h i s  r e p o r t .  

A s  no ted  i n  Sec t .  2.2, it i s  a n t i c i p a t e d  t h a t  s e v e r e  weather  i n  t h e  

Lemhi P a s s  r eg ion  may s h u t  down mining (but  no t  m i l l i n g )  o p e r a t i o n s  f o r  

t h e  w i n t e r  months, s i n c e  tempera ture ,  wind, and snowfa l l  h i n d e r  outdoor 

ope ra t ions .  This  r e p o r t  t h e r e f o r e  assumes t h e  e s t ab l i shmen t  of an o r e  

p i l e  ad jacen t  t o  t h e  m i l l  of a s i z e  s u f f i c i e n t  t o  cont inue  m i l l i n g  

o p e r a t i o n s  un in te r rup ted  dur ing  t h e  pe r iod  December through February.  It 

i s  concur ren t ly  assumed t h a t  mine-generated source  terms are reduced t o  

nea r  zero  du r ing  t h e  w i n t e r  season  a t  t h e  Lemhi P a s s  s i t e .  For t h i s  

reason  t h e  appended AIRDOS-I1 meteoro log ica l  summaries (But te  and Mullan 

Pass  meteoro logies )  u t i l i z e d  i n  thorium mining AIRDOS-I1  dose e s t i m a t i o n s  

w e r e  composed from d a t a  exc luding  t h e  w i n t e r  season.  Dose c a l c u l a t i o n s  

f o r  t h e  Lemhi mill, o r e  p i l e ,  and t a i l i n g s  beach u t i l i z e  four-season 

me teo ro log ica l  summaries, as do a l l  c a l c u l a t i o n s  f o r  t h e  Wet Mountains 

s i t e ,  where t h e  w i n t e r  climate i s  less severe. 

The o r i g i n a l  STAR program meteo ro log ica l  summaries are on f i l e  a t  

ORNL and a t  NCC-Asheville and are a c c e s s i b l e  under NCC I . D .  as fo l lows:  

Thorium resource  s i t e  B e s t  a v a i l a b l e  meteorology S t a t i o n  No. STAR r-us 

W e t  Mountains Alamosa, Colorado 23061 12/13/77 

Wet Mountains Pueblo,  Color ado 93058 1/23/75 

Lemhi Pass Mullan P a s s ,  Idaho 24154 1 1 / 2 1 / 7 7  

Lemhi Pass Bu t t e ,  Montana 24135 3/22/72 

Because no r e l i a b l e  method is  a v a i l a b l e  t o  determine which of t h e  

s u b s t i t u t e  meteoro logies  b e s t  r e p r e s e n t s  exac t  cond i t ions  a t  t h e  thorium 

r e s o u r c e  s i t e  under cons ide ra t ion ,  dose estimates i n  t h i s  s tudy  w e r e  

c a l c u l a t e d  f o r  a l l  f o u r  sets of me teo ro log ica l  d a t a ,  and d i s c u s s i o n  

emphasizes those  meteoro logies  found t o  maximize r a d i o l o g i c a l  dose,  a 

c o n s e r v a t i v e  procedure.  
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D e t a i l e d  long-term s tudy  of wind speed and s t a b i l i t y  c l a s s  v a r i a -  

t i o n s  a t  r e p r e s e n t a t i v e  thorium r e s o u r c e  s i tes  is necessary  b e i o r e  less 

conse rva t ive  r a d i o l o g i c a l  s t u d i e s  can be  performed f o r  t h e s e  sites. 

'To assist the r eade r  i n  v i s u a l i z a t i o n  of c l i m a t o l o g i c a l  c o n d i t i o n s  

a t  t h e  two r e source  sites, n a r r a t i v e  c l i m a t o l o g i c a l  summaries have been 

a b s t r a c t e d  from t h e  STAR program d a t a  as obta ined  from NCC,  and from 

o t h e r  sources2  5-27 and are preseii ted i n  t h e  f oS.lowing pages. 

NARRATIVE CLIMATOLOGICAL SlMMARY 

Lemhi P a s s  Area 

The thorium d e p o s i t s  i n  t h e  Lemhi P a s s  area are cen te red  approxi- 

m a t e l y  1 6  km (10 mi l e s )  east of Tendoy, Idaho, over an area of about 

260 k,n7 (100 squa re  m i l e s ) ,  a s t r i d e  t h e  Con t inen ta l  Div ide ,  which forms 

t h e  Idaho-Montana border .  The area i s  mountainous b u t  n o t  rugged and is  

c h a r a c t e r i z e d  by rounded r i d g e s  r i s i n g  s t e e p l y  from t h e  v a l l e y  f l o o r s ,  

p rovid ing  sha rp  r e l i e f  of as muc-h as 0.91 km (3000 f t ) .  The a l t i t i u d e  

ranges  from 1.5 km (4800 E t )  above mean sea l e v e l  i n  t h e  TAemhi Val ley  

t o  2 . 4  km (9000 f t )  a t  t h e  P a s s .  North-facing s l o p e s  i n  t h e  h i g h e r  

e l e v a t i o n s  are well timbered wi th  p ine ,  f i r ,  and hemhck.  Nontimbered 

areas are covered p r i m a r i l y  w i t h  bunchgrass and sagebrush. 

Predominant wind d i r e c t i o n  i n  t h e  area is  from t h e  west wi th  l i t t l e  

s e a s o n a l  v a r i a t i o n  i n  d i r e c t i o n .  Wind v e l o c i t i e s  average  between 3.1 

and 4.0 m/sec ( 7  t o  9 mph) throughout t h e  

January i s  t h e  c o l d e s t  m o n t h ,  w i th  an average  tempera ture  of - 1 2 ° C  

( 1 0 ° F )  I Ju ly  and August bo th  r eco rd  approximately 16°C (60°F) mean 

tempera tures  as t h e  w a r m e s t  months of t h e  yea r .  Mean tempera tures  i n  

s p r i n g  through f a l l  p rog res s  in an o r d e r l y  f a sh ion  from c o o l  t o  w a r m  t o  

COOS., wi thout  secondary maxima o r  minima. The pe r iod  between t h e  last  

f r e e z e  of s p r i n g  ( l a t e  June) and t h e  f i rs t  f r e e z e  of f a l l  ( l a t e  August) 

averages  about 60 days, The mean annual  number of days f o r  which t h e  

dai-ly minimum temperature i s  below f r e e z i n g  is  248. An average  of two 

days each yea r  exceed a temperature of 32°C (90°F) .  The average  d a i l y  

tempera ture  range i s  1 8  C" (32-5  FO), wi th  t h e  g r e a t e s t  range (22 C " ,  

40 F") occur r ing  i n  J u l y ,  August:, and September. 



1 5  

T o t a l  annual  p r e c i p i t a t i o n  f o r  t h e  Lemhi area averages  0.4 m 

( 2 4  i n . ) ,  evenly  d i s t r i b u t e d  throughout  t h e  yea r .  The mean annual  

number of days w i t h  measurable p r e c i p i t a t i o n  is  120. Mean annual  snow- 

f a l l  i s  2.5 m (100 in . ) .28 

NARRA'L'IVE CLIMATOLOGICAL SUMMARY 

W e t  Mountains Area 

The Wet Mountains are l o c a t e d  about  80 km (50 m i l e s )  southwest of 

Colorado Spr ings  and about  60 km (35 m i l e s )  west-southwest of Pueblo on 

t h e  east s i d e  of t h e  Sangre d e  C r i s t o  Mountains and t h e  San I s a b e l  

N a t i o n a l  F o r e s t .  These mountains are  o r i e n t e d  northwest-southeast  w i t h  

peak a l t i t u d e s  of about  4 km (13,000 f t ) ,  and t h e  t e r r a i n  s l o p e s  down- 

ward t o  t h e  east  and n o r t h e a s t  a long  t h e  v a l l e y  of t h e  Arkansas River. 

The v e g e t a t i o n  around Pueblo i s  s p a r s e ,  and t h e  r e g i o n  i s  l a r g e l y  tree- 

less. Along t h e  s k i r t s  of t h e  Sangre de C r i s t o  Mountains t h e  San Luis  

Val ley  l i e s  from northwest  t o  s o u t h e a s t ,  w i t h  t h e  Great Sand Dunes 

N a t i o n a l  Monument l o c a t e d  a t  t h e  southwest  ex t remi ty  of t h e  Sangre d e  

C r i s t o s .  The town of Alamosa i s  l o c a t e d  about  40 lan ( 2 5  m i l e s )  south-  

w e s t  of t h e  Great Sand Dunes N a t i o n a l  Monument withir i  t h e  San Luis  Val ley .  

The wind d i r e c t i o n s  i n  Alamosa are u s u a l l y  from south-southwest,  

southwest ,  and west-southwest w i t h  8.5 t o  11 m/sec (19 t o  24  mph) 

maximum and 5 . 4  t o  5.8 m/sec ( 1 2  t o  13 mph) mean v e l o c i t i e s .  I n  Pueblo 

t h e  wind i s  u s u a l l y  from t h e  nor thwes t  o r  w e s t ,  except  i n  May and June,  

when i t  blows from t h e  w e s t  o r  southwest .  Seasonal  mean wind v e l o c i t i e s  

range  from 3 .1  t o  5.4 m/sec ( 7  t o  1.2 mpb). Maximum wind v e l o c i t i e s  dur ing  

December through J u l y  occur  d u r i n g  t h e  a f t e r n o o n  hours  and r e a c h  8 .5  t o  11 

m/sec (19 t o  24 mph). Between August and November, maximum v e l o c i t i e s  

r e a c h  5.8 t o  8.0 m/sec (13 t o  18 mph). 29,30 

The c o l d e s t  month i s  normally December (-7OC, 20°F mean tempera ture) ,  

b u t  d i f f e r e n c e s  between t h e  mean tempera tures  of December, January,  and 

February are s m a l l .  August is u s u a l l y  t h e  w a r m e s t  month, b u t  d i f f e r e n c e s  

between t h e  mean tempera ture  of June, J u l y ,  and August a re  a l s o  r e l a t i v e l y  

s m a l l .  Mean tempera tures  of t h e  s p r i n g  and f a l l  months p r o g r e s s  i n  a n  

o r d e r l y  f a s h i o n  from c o o l  t o  w a r m  t o  c o o l  wi thout  secondary maxima or 
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minima. Thr average per iod  between t h e  l a s t  f r e e z e  of s p r i n g  (May 30) and 

t h e  f i r s t  f r e e z e  of f a l l  (August 15 t o  August 30) i s  82 days.  Annual 

occur rence  of d a i l y  minimum temperature  O°C (32OF) o r  below is  210 days.  

Temperatures of  3 2 O C  (90°F) or  above occur  a n  average of 11 days annual ly .  

The average d a i l y  temperature  range is  about  18 Co (32.5 Fo). 

Normal annual. t o t a l  p r e c i p i t a t i o n  i s  between 0.4 and 0.6 m (16 and 

24 i n . ) .  Summer i s  t h e  season of  h e a v i e s t  p r e c i p i t a t i o n ,  w i t h  t h e  

monthly maximum normally o c c u r r i n g  i n  J u l y  (0.08 m, 3 i n . )  o r  August 

(0.05 t o  0.10 m, 2 t o  4 i n . ) .  A mean of 92 days a n n u a l l y  receives 

measurable (0.25 mm, 0 .01  i n .  o r  more) p r e c i p i t a t i o n .  Annual snowfa l l  

i s  1 . 5  t o  2.5 rn (60 t o  100 in.).27 
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3 .  DESCRIPTION OF MODEL MINE AND MILL 

3 .1  F a c i l - i t y  Descr ip t ion  

The c h a r a c t e r i s t i c s  of t h e  mine and m i l l  considered h e r e  are s imilar  

t o  t h o s e  descr ibed  i n  t h e  environmental  sta%ement f o r  t h e  Light-Water 

Breeder  Reactor  Program. Mine and m i l l .  c h a r a c t e r i s t i c s  are l i s t e d  i n  

Table  3 . 1 .  Ac-tuall.y, t h e  o r e  may or iginal-e  from concurren t  mining of 

several. v e i n s  a t  different- .  l o c a t i o n s .  I n  a s tudy  of p o s s i b l e  mining 

methods and c o s t s  a p p l i c a b l e  t o  t h e  Lemhi Pass area, Peck and i3irch 

reported '  s e l e c t i o n  o f  a m i l l  si l :e where power, water, ant1 an area 

s u i t a b l e  f o r  a t a i l i n g s  pond can b e  provided.  This  s i t e  would l o c a t e  

t h e  m i l l  a t  an average d i s t a n c e  of 7 m i l e s  from t h e  m a j o r i t y  of t h e  

d e p o s i t s .  The d i s t r i b u t i o n  o.E lihese d e p o s i t s  i n  t h e  v i c i n i t y  of t h e  

Lemhi Pass  and t h e  towns of Tendoy and Lemhi, Idaho, is shown i n  

Fig.  3.1. Locat ion of t h e  v e i n s  w a s  i d e n t i f i e d  from a reconnaissance  

map obta ined  from t h e  Grand J u n c t i o n  O f f i c e  of t h e  Department of Energye3  

LoeaCiuns of t h e  vei.ns are i n d i c a t e d  on t h e  r e l i e f  map copy, Fig.  2 .2 .  

F l a t  o r  mi.J.dly dipping v e i n s  n e a r  t h e  s u r f a c e  would h e  mined f i r s t  

u s i n g  open-cut methods s i n c e  t h i s  i s  least  c o s t l y .  The r a d i o l o g i c a l  

e f f e c t s  on t h e  environment of open p i t  vs underground mining should be  

sirnil-ar. F igure  3 .2  shows the. p r i n c i p a l  f e a t u r e s  of an open-pit mine, 

which i n c l u d e  overburden s t o r a g e ,  sur face-dra inage  d i v e r s i o n ,  and haul-  

road access. The a c t u a l  appearance of t h e  mine would depend on t h e  I.oca.1 

terrain. and t h e  c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a r  v e i n  be ing  mined. The 

1.ocation of SOIIICL vei-ns will a l low n a t u r a l  d ra inage  r a t h e r  than  pumping 

from a sump. 

water t o  provide f o r  removal of suspended s o l i d s  by s e t t l i n g .  If c l o s e  

enough t o  t h e  m i l l ,  t h i s  water can be  used as p a r t  of t h e  mil l -process  

requirements .  Otherwise,  i t  w i l l  b e  disposed of by evapora t ion  OK 

n a t u r a l  seepage t o  groundwater. 

Not shown b u t  r e q u i r e d  is  a hold ing  pond f o r  mine dra inage  

The mill.  complex w i l l  b e  composed of an o r e  s t o r a g e  area, a t a i l i n g s  

pond, and b u i l d i n g s  t o  enc lose  o r e  process ing  and thorium n i t r a t e  tetra- 

h y d r a t e  (ThNT) product  r e f i n i n g  equipment. While i t  is  p o s s i b l e  t h a t  
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Table  3.1. C h a r a c t e r i s t i c s  of t h e  open-pit  thorium mine 
and t h e  model thorium m i l l  and r e f i n e r y  

Mine 

Approximate t o t a l  area (m2) 
Exposed thorium-bearing v e i n ( s )  (m2) 
Ore p roduc t ion  (Mg/day) 
Average thorium c o n t e n t  (% Tho2 e q u i v a l e n t )  
Water d r a i n a g e  (m3/day) 
Average dep th  (m) 

MiZl and Ref inery  

O r e  c a p a c i t y  (Mg/day) 
Days of o p e r a t i o n  annua l ly  
Thorium recovery  e f f i c i e n c y  (%) 

M i l l  
Re f ine ry  

Th(N03) 4 * 4 H 2 0  p roduc t ion  (Gglyear) 
Water r e q u i r e d  (m3/day) 
Ore p i l e  (m) 

(Gg) 

4 .  9Eha 
1.2E4 
1600 
0.5 
6.8E2 
23 

1600 
300 

9 1% 
99.5% 
4.5  
2.4E3 
100 x 32 x 15 
96 

T a i l i n g s  impoundment 
Montana Colorado 

Average area dur ing  20-year m i l l  
l i f e  (m2) 

Dry beach 41.: 3 3633 
Pond 5734 49E4 

Average area exposed du r ing  pos t -mi l l  
l i f e  (m2) 

Dry beach 4E 3 4E 3 
Pond 38E4 2 7 E 4  

11 .3  A i r  d i s c h a r g e  from complex (m3 / s e c )  

F i l t e r  l o s s e s  (%) 
Crusher d u s t  
Th(N03)4’4W20 product  l i n e  

(bags p l u s  HEPA) 

0.7 
0.05 

4 . 9 ~ 4  = 4.9 x io4 .  a 

a thorium r e f i n e r y  may b e  l o c a t e d  e l sewhere ,  perhaps c e n t r a l  t o  s e v e r a l  

thorium mine and m i l l  o p e r a t i o n s  i n  several states,  t h e  purposes of t h i s  

s tudy  are b e s t  se rved  by ana lyz ing  t h e  impact of a l o c a l  r e f i n e r y ,  as 

well as  mine and m i l l  impacts .  The thorium ore  p i l e  w i l l  c o n t a i n  a 

60-day reserve t o  a l low o p e r a t i o n  of t h e  m i l l  d u r i n g  p e r i o d s  when w i n t e r  
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c- --. 

Fig. 3 .1 .  
of the Lemhi Pass. 
Dubois, Idaho, NL12-10, Hubbard Co., Northbrook, I l l ino i s  60062.) Deposit 
locations identified by (o-+o). 

Identified vein deposits of thorium ore i n  the vicinity 
(Photograph of selected portion of re l ie f  map t i t l e d  

:*, T 

I ,  . >  

-. n 
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U - , 
ORNL-DWG 78-1 5184 

A 

Fig. 3.2. Typical features of 
Valley Authority F b a l  Environmental Statement 

7 ,  
, I  - I  

‘ I  

(Takc from Tennessee 
Iorton Ranch Uranium M h e . )  
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weather s t o p s  mining a c t i v i t i e s  a t  t h e  h ighe r  e l e v a t i o n s .  

r e n d i t i o n  of a t y p i c a l  m i l l  complex i s  shown i n  Fig.  3.3.  The o r e  w i l l  

probably b e  s t o r e d  i n  two o r  more p i l e s  based on thorium con ten t .  

Selective b lending  w i l l  p rovide  a more c o n s i s t e n t  thorium con ten t  of 

f eed  t o  t h e  a c i d  l each ing  s t e p  i n  t h e  m i l l  p rocess .  

An a r t i s t ' s  

ORNL-DWG 78-12804 

. ... -- 

_._ .- .. ..e 

-_ 

Fig.  3 .3 .  Artist 's  r e n d i t i o n  of ore- t rea tment  m i l l .  (Taken from 
U.S. Nuclear Regulatory Commission, F i n a l  Environmental  Statement  Bear 
Creek P r o j e c t ,  NUREG-0129, Docket No. 40-8452, June 1977.) 

3 .2  Thorium Mining 

The overburden i s  f i r s t  removed by b u l l d o z e r s  o r  o t h e r  earth-moving 

equipment and t r a n s f e r r e d  t o  a s t o r a g e  p i l e .  

thorium-bearing o r e  i s  broken up by b u l l d o z e r s ,  doze r - r ippe r s ,  o r  

s e l e c t i v e  b l a s t i n g  as r e q u i r e d .  Spot ana lyses  are made of t h e  thorium 

con ten t  of t h e  o r e ,  and t h e  r e s u l t s  are used t o  c l a s s i f y  t h e  o r e  f o r  

subsequent b lending .  Front-end l o a d e r s  of about  5 .4  Mg (5.4 m e t r i c  tons)  

c a p a c i t y  t r a n s f e r  t h e  o r e  t o  35-Mg-capacity (35-metric ton)  t r u c k s  t o  

h a u l  t h e  o r e  t o  t h e  m i l l .  Generat ion of d u s t  a t  t h e  mine w i l l  be  mini- 

mized by f r equen t  s p r i n k l i n g  of t h e  s u r f a c e  w i t h  water. 

The exposed v e i n ( s )  of 

3.3 Thorium M i l l i n g  and Ref in ing  

3 .3 .1  I n t r o d u c t i o n  

The model p l a n t  chosen f o r  i d e n t i f i c a t i o n  of a i r b o r n e  e f f l u e n t s  

produces reac tor -grade  ThNT. The o r e  p rocess ing  ra te  w a s  1 . 6  Gg of 
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ORE 
STOCK FROM 

MINE PI L E  

t h o r i t e  o r e  pe r  day c o n t a i n i n g  0.5% Tho2 and 300-day annual  o p e r a t i o n s .  

A 91% recovery  of thorium w a s  assumed. This  is  t h e  s a m e  p rocess ing  ra te  

as repor t ed  i n  a previous  s tudy.’  

end product  s i n c e  i t  is  a convenient  s t a r t i n g  p o i n t  f o r  t h e  d e n i t r a t i o n ,  

so l -ge l ,  o r  c o p r e c i p i t a t i o n  r o u t e s  t o  p r e p a r a t i o n  of metal oxides .  

The n i t r a t e  s a l t  w a s  chosen as t h e  

Because t h e r e  i s  a t  p r e s e n t  no i n d u s t r y  i n  t h e  United S t a t e s  which 

produces thorium as a primary product ,  t h e  model p l a n t  f o r  t h e  m i l l i n g  

and r e f i n i n g  of thorium o r e  w a s  pa t t e rned  a f t e r  t hose  r epor t ed  f o r  

uranium ore.‘) The model p l a n t  s e l e c t e d  f o r  thorium o r e  c o n s i s t s  of a 

m i l l i n g  and a r e f i n i n g  o p e r a t i o n  (F igs .  3.4 and 3.5).  The conceptual. 

f lowshee t  f o r  t h e  m i l l  w a s  de r ived  from chemical f l owshee t s  r epor t ed  

by the U.S. Bureau of Mines, 5 9  whereas t h e  conceptua l  f lowsheet  f o r  

t h e  r e f i n e r y  w a s  de r ived  from a f lowsheet  developed f o r  t h e  r ep rocess ing  

of i r r a d i a t e d   tho^.^ 
key p rocess  streams i n  t h e  conceptua l  f l owshee t s  i n  Table  3.2.  

Mass and t h e  vo lumet r i c  f l o w  rates are given f o r  

GROUND WET 
ORE , SIZE 

STORAGE 
BIN 

DRY 

REDUCTION 
SIZE , 

RE DUCT I ON 

ORNL-DWG 78-196 

- 
AMI NE. KEROSENE (NH4)2C03 
ALCOHOL SOL’N. 

H2S04 

COUNTER AMINE 
e CURRENT - ACID - SOLVENT __C 

EXTRACTION DECANTATION LEACHERS 
.. 

STRIPPING - 

STEAM 
DlSTl LLATION 
U 

r 
FILTRATION Th(C03)Z X H20 -TO REFINERY 
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ORML-QWG 78-195 

TO RECYCLE E. ....... 

RAFFINATES 

TO ACID RECOVERY 
AND WASTE CONC'N. 

CRYSTALLIZER Th(N03)4,4H20 
PRODUCT 

MOTHER LIQUOR4 1 
TO RECYCLE 

Fig., 3.5. Conceptual thorium r e f i n i n g .  Flow diagram. 

Table  3.2, Xass m d  volume f low rates fo r  p r i n c i p a l  process  streams 
of t h e  model m i l l  and r e f i n e r y  

I__ .......... s___ ................... 
M i l l  Ref inery 

_I_ .............. .......... 
Feed" Product T a i l i n g s  Feed ThNT Aqueous 

product  w a s t e s  . ............ 
Thorium 

kglsec  8.14E-2b 7.41E-2 7.33E-3 7.41E-2 7.37E-2 3.70E-3 
(kglday) (7.03E+3) (6.40E-1.3) (6.33E+2) ( 6.40E-t.3) ( 6.37E+3) (3.20E+2) 

 volume^ 
m31sec 3.47E-2 d 3.47E-2 4.06E-4 d 
( f  t3 /day)  (1.06E+5) d ( l.O6E+5) (1.24E+3) d 

3.llE-3 
(9.50E+3) 

___-I.. . ............... 
aFeed ra te  of o r e  is 18.5 kg/sec (1.6 Gg/day). 

bRead as 8.14 x 

' Includes both  process  l i q u i d s  and s o l i d s .  

dNot detennined.  
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The m i l l  employs s u l f u r i c  a c i d  l each ing  of t h e  ground o r e  t o  so lu-  

b i l i z e  t h e  thorium, which i s  t hen  p u r i f i e d  and concen t r a t ed  by an amine 

e x t r a c t i o n  p rocess  t o  produce a crude  thorium product .  

i s  subsequent ly  r e f i n e d  by TBP ( t r i b u t y l  phosphate) s o l v e n t  e x t r a c t i o n  

t o  y i e l d  reac tor -grade  ThNT. 

The crude  product  

It  should b e  emphasized h e r e  t h a t  t h e  chemical f l owshee t s  u t i l i z e d  

are  conceptua l  i n  n a t u r e  and have n o t  been demonstrated on a p i l o t  s c a l e  

wi th  a l l  of t h e  p rocess  s t e p s  o p e r a t i n g  i n  tandem. W e  assumed t h a t  t he  

m i l l  and r e f i n e r y  would b e  co loca ted  f o r  t h e  purposes  of t h i s  s tudy .  It 

is  r e a l i z e d  t h a t  t h e  r e f i n e r y  could be  geograph ica l ly  sepa ra t ed  from t h e  

m i l l  i f  o v e r a l l  economics, a v a i l a b i l i t y  of s k i l l e d  l a b o r ,  o r  material 

r e sources  d i c t a t e  i t .  It w a s  no t  t h e  a i m  of t h i s  s tudy  t o  determine t h e  

best o v e r a l l  p rocess  and equipment c o n f i g u r a t i o n s .  

3 . 3 . 2  The o r e  s t o r a g e  p i l e  

An outdoor  s t o r a g e  p i l e  c o n t a i n i n g  a 60-day supply  (96  Gg)  of o r e  

is  assumed t o  b e  l o c a t e d  about  60 m from t h e  m i l l  (Fig.  IX.G.3-2, r e f .  1). 

The s t o c k p i l e  w i l l  have t h e  form of a r e c t a n g u l a r  p a r a l l e l e p i p e d  wi th  a 

b a s e  100 x 32  m and a h e i g h t  of 15 m. The o r e  w i l l  b e  t r a n s p o r t e d  from 

t h e  s t o c k p i l e  t o  t h e  o r e  c rushe r  by front-end l o a d e r s .  Due t o  thorium 

decay,  220Rn w i l l  e scape  from t h e  s t o c k p i l e .  

by t h e  t r a n s p o r t a t i o n  a s s o c i a t e d  w i t h  t h e  s t o c k p i l e .  

Ore d u s t s  w i l l  be  generated 

3 . 3 . 3  O r e  p r e p a r a t i o n  

Ore cond i t ion ing  c o n s i s t s  of a series of dry  c rush ing  and wet g r ind ing  

opera t - ions  p repa ra to ry  t o  a c i d  l each ing .  A gaseous r a d i o a c t i v e  e f f l u e n t  

(stream 3 ,  Fig .  3 . 4 )  r e s u l t s  from t h e  release of a l l  t h e  220Rn inventory  

i n  t h e  o r e ,  which is assumed t o  occur  i n  t h e  d r y  c rush ing  opera t ion’  and 

du r ing  i t s  r e s i d e n c e  i n  t h e  o r e  b i n s .  A i r  from t h e  d r y  c rush ing  and t h e  

o r e  s t o r a g e  b i n s  i s  assumed t o  c o n t a i n  e n t r a i n e d  r a d i o a c t i v e  p a r t i c u l a t e  

matter which i s  removed by bag Eilters ( s t r e a m . 4 ,  F i g .  3 . 4 )  b e f o r e  be ing  

r e l e a s e d  t o  t h e  s t a c k .  3 

3 . 3 . 4  S u l f u r i c  a c i d  l each ing  

The w e t  ground o r e  i s  Leached wi th  s u l f u r i c  a c i d  i n  o rde r  t o  so lu-  

b i l i z e  t h e  thorium va lues .  7 Radon-220 i s  r e l e a s e d  from t h e  l e a c h e r s  
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as a consequence of t h e  decay c h a i n  774Ra  ( 3 . 1 4  x l o 5  s e c )  -+ 2 2 0 R n  

( 5 5 . 0  s e c ) .  The l e a c h e r  of f -gases  are scrubbed b e f o r e  be ing  r e l e a s e d  

t o  the s t ack .  Mechanical s t i r r i n g  r a t h e r  than a i r  sparg ing  i s  assumed 

t o  be employed i n  t h e  l e a c h e r s  t o  minimize entrainment  of l i q u i d  d r o p l e t s  

which c o n t a i n  s o l u b l e  r a d i o n u c l i d e s .  

3 . 3 . 5  Countercur ren t  d e c a n t a t i o n  

The s l u r r y  f r o m  the l e a c h e r s  is  passed through a l i q u i d - s o l i d  

s e p a r a t i o n  t o  recover  t h e  s o l u b i l i z e d  thorium v a l u e s ,  The s o l u b i l i z e d  

thorium i s  t r a n s f e r r e d  t o  t h e  s o l v e n t  e x t r a c t i o n  u n i t .  The washed 

r e s i d u a l  s o l i d s  are pumped t o  a t a i l i n g s  pond f o r  s t o r a g e .  The t a i l i n g s  

pond, which c o n t a i n s  232Th daughters  from Lhe r e s i d u a l  s o l i d s  as wel l  

as a small amount of unrecovered thorium, is a source  of  r a d i o a c t i v e  

e f f l u e n t s  and i s  d i s c u s s e d  i n  Sect. 3.3.11. 

3 . 3 . 6  Amine s o l v e n t  e x t r a c t i o n  
__I------ 

The leached thorium v a l u e s  are p u r i f i e d  and concent ra ted  by s o l v e n t  

e x t r a c t i o n .  T h i s  i s  done u t i l i z i n g  a primary amine i n  a hydrocarbon 

d i l u e n t  wi th  a n  a l c o h o l  add i t i -ve  t o  o b t a i n  d e s i r a b l e  p h y s i c a l  p r o p e r t i e s  

f o r  t h e  e x t r a c t a n t .  9 5,  Recycling t h e  aqueous r a f f i n a t e  i s  employed 

t o  reduce t h e  process  requirements  f o r  water and m i t i g a t e  t h e  problem 

u.E dispos ing  of a r a d i o a c t i v e  l i q u i d  e f f l u e n t  from t h e  m i l l .  About 

5.7 x 
by t h e  amine e x t r a c t i o n  (Fig.  3 . 4 ) .  I n  our conceptua l  f lowshee t ,  about 

95% of t h e  flow of t h i s  stream i s  assumed t o  b e  recyc led  t o  t h e  counter-  

c u r r e n t  leaching  and washing o p e r a t i o n s ,  Assumption of 95% r e c y c l e  of 

t h i s  stream may be o p t i m i s t i c  and r e q u i r e s  exper imenta l  v e r i f i c a t i o n .  

There is  n o t  enough informat ion  a v a i l a b l e  t o  determine whether r e c y c l e  

is  s e v e r e l y  hampered by bui ldup  of d e l e t e r i o u s  i m p u r i t i e s .  

m3/sec ( 1 . 7  x l o 5  f t 3 / d a y )  of aqueous r a f f i n a t e  i s  produced 

3.3.7 S t r i p p i n g  

Thorium is  s t r i p p e d  from t h e  loaded o r g a n i c  e x t r a c t a n t  by an aqueous 

( N H L + ) ~ C O ~  s o l u t i o n . 6  

s t r i p p i n g ;  5 9  

Other aqueous salt s o l u t i o n s  may he  used f o r  

however, t lw p o t e n t i a l  advantages of ( N H L + ) ~ C O ~  will become 
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apparent  i n  t h e  d i s c u s s i o n  of subsequent ope ra t ions .  

o rgan ic  is  recyc led  a f t e r  washing. 

The s t r i p p e d  

3.3.8 Steam d i s t i l l a t i o n  

The aqueous s t r i p  s o l u t i o n  is  decomposed by steam d i s t i l l a t i o n  t o  

y i e l d  a crude thorium s o l i d  product ,  and NH3 and CO2 are recovered and 

recycled. '  

of t h e  N H 3  and CO2 t h a t  may b e  r ecyc led  and t o  demonstrate  f e a s i b i l i t y .  

Experimental  work is  needed t o  determine t h e  percentages  

3 . 3 . 9  F i l t r a t i o n  

The crude  Th(C03)2 product  of t h e  m i l l i n g  o p e r a t i o n  i s  f i l t e r e d  and 

washed t o  remove t h e  ( N H L + ) ~ S O L + ,  which i s  t r e a t e d  w i t h  Ca(OH)2 and steam- 

d i s t i l l e d  t o  recover  t h e  NH3. Thorium carbonate  undergoes f u r t h e r  

p u r i f i c a t i o n  i n  t h e  r e f i n e r y  t o  produce reac tor -grade  Th(N03)4*4H20. 

a l l  recovery  of thorium through the  m i l l i n g  p rocess  is es t imated  a t  

91%. 

Over- 

3.3.10 Thorium r e f i n i n g  

The Th(C03)2 m i l l  p roduct  ( s t ream 7 ,  Fig.  3.4) is  d i s so lved  i n  HNO3 

and s u b j e c t e d  t o  a s o l v e n t  e x t r a c t i o n  c y c l e  us ing  30% TBP i n  normal paraf -  

f i n  hydrocarbon d i l u e n t  as t h e  ex t r ac t an t .  (Fig.  3 . 5 ) .  Thorium i s  obta ined  

from a s t r i p p i n g  column as a d i l u t e  HNO3 s o l u t i o n  which i s  concent ra ted  

and c r y s t a l l i z e d  t o  o b t a i n  reac tor -grade  Th(N03)1+*4H20. 

e x t r a c t a n t  phase will b e  r ecyc led  i n  t h i s  ope ra t ion .  

ThNT would g e n e r a t e  a i r b o r n e  r a d i o a c t i v e  p a r t i c u l a t e  matter. Before a i r  

from t h i s  o p e r a t i o n  is  r e l e a s e d  t o  t h e  s t a c k ,  i t  is  passed through a bag 

f i l t e r  and then  through an HEPA f i l t e r .  

c y c l e  is es t ima ted  t o  be  99.5%.' 

The o rgan ic  

Packaging of t h e  

Thorium recovery  f o r  t h e  r e f i n i n g  

Aqueous s o l u t i o n s  of n i t r a t e  wastes ( s t reams 2 and 3 ,  Fig .  3.5) 

are produced i n  t h e  r e f i n e r y  and a re  impounded s e p a r a t e l y  Erom t h e  m i l l  

t a i l i n g s .  The best method f o r  impoundment has  n o t  y e t  been determined;  

b u t  an example of an a c c e p t a b l e  methodg m a y  be  a n e u t r a l i z a t i o n  of t h e  

combined w a s t e  streams t o  immobilize any s o l u b l e  r a d i o n u c l i d e s  and sub- 

sequent  impoundment of t h e  wastes in a b a r r i e r - l i n e d  evapora t ion  pond. 

Although t h e  p r e s e n t  s tudy  does no t  dea l  w i th  l i q u i d  w a s t e s ,  t hose  f u t u r e  
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i n v e s t i g a t i o n s  which do should t a k e  cognizance t h a t  exper imenta l  i n f o r -  

mat ion i s  needed i n  r e g a r d  t o  (1) t h e  r a d i o n u c l i d e  and chemical  composi-- 

t i o n  of t h e  aqueous n i t r a t e  wastes and (2) t h e  p o s s i b l e  process  o p t i o n s  

f o r  r e c y c l e  of n i t r i c  a c i d  and water, and t h e  percentages  of r e c y c l e  of 

t h e s e  w a s L e  components t h a t  a re  l i k e l y  t o  b e  a t t a i n e d  u s i n g  t h e s e  o p t i o n s .  

I n  t h e  conceptua l  f lowshee t  f o r  t h e  r e f i n e r y  (F ig .  3 .4 ) ,  i t  w a s  assumed 

t h a t  s i g n i f i c a n t  amounts of t h e  n i t r i c  a c i d  and w a t e r  could b e  evaporated 

o r  d i s t i l l e d  and recyc led .  However, i t  i s  n o t  known whether d e l e t e r i o u s  

i m p u r i t i e s  might be in t roduced  i n t o  process  streams by t h i s  r e c y c l e  m e t l d  

3.3.11 -The . . . t a i l i n g s  pond 

Large q u a n t i t i e s  of l i q u i d  and s o l i d  wastes are produced i n  t h e  

m i l l i n g  of thorium ores, About 1 kg of s o l i d s  and 1.5 kg of l i q u i d s  will 

b e  produced per  1 kg of thorium o r e  processed.  T h i s  w a s t e  is  impounded 

i n  a t a i l i n g s  pond w i t h i n  t h e  r e s t r i c t e d  m i l l  area where the s o l i d s  s e p a r a t e  

out  and are eventual- ly  allowed i o  dry .  The r e s i d u a l  d r y  s o l i d s  are  per- 

manently impounded on t h i s  s i t e .  S i n c e  approximately 1 .6  Gg/day of s o l i d s  

c o n t a i n s  about  0.23 TBq (6.3 Ci)  of r a d i o a c t i v i t y  from t h e  decay of 

232Th, a t  the t i m e  of d i s c h a r g e  t h e  amount of a c t i v i t y  a v a i l a b l e  over  t h e  

assumed 20-year l i f e  of t h e  m i l l  o p e r a t i o n  i s  a p p r e c i a b l e .  The t a i l i n g s  

pond i s  a p o t e n t i a l  source  o f  a i r b o r n e  r a d i o a c t i v e  e f f l u e n t s  due t o  

(1) 
t h e  d r y  s o l i d s .  There i s  a l s o  a p o s s i b i l i t y  of o t h e r  types  of radio-  

n u c l i d e  source  terms because of t h e  p o t e n t i a l  f o r  seepage of l i q u i d s  

c o n t a i n i n g  s o l u b l e  r a d i o n u c l i d e s  from t h e  t a i l i n g s  pond i n t o  t h e  s u r -  

rounding t e r r a i n .  S o l u b l e  r a d i o n u c l i d e s  may a l s o  b e  p r e s e n t  i n  t h e  

l i q u i d  phase of t h e  m i l l  wastes. 

and 210Pb i n  l i q u i d  wastes from uranium m i l l s "  are assumed t o  b e  r e p r e -  

s e n t a t i v e  of t h e  s o l u b i l i t i e s  of t h e  corresponding r a d i o n u c l i d e s  i n  t h e  

thorium m i . 1 1  waste l i q u i d s ,  t h e  a p p r o p r i a t e  v a l u e s  f o r  t h i s  case are:  

4.11 MBq/m3 f o r  232Th,  41  Bq/m3 f o r  228Th, 70 MKq/m3 f o r  2 2 4 R a ,  5.14  

MBq/m3 f o r  2 2 8 R a ,  and 290 MRq/m3 f o r  212Pb. 

t o  determine whether t h e  analogy w i t h  t h e  pond l i q u o r  f o r  uranium m i l l s  

i s  c o r r e c t .  The absence of c e r t a i n  e lements  such as barium i n  thorium o r e s  

could a p p r e c i a b l y  i n c r e a s e  t h e  s o l u b i l i t y  of radium. Recommended practi.c:es 

t h e  release of 2220Rn and ( 2 )  wind-generated r a d i o a c t i v e  d u s t s  f rom 

I f  t h e  s o l u b i l i t i e s  of 232Th, 2 2 6 R a ,  

Experimental  d a t a  a re  needed 
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i n  t h e  s i t i n g ,  c o n s t r u c t i o n ,  and management of t a i l i n g s  ponds t o  minimize 

release of r a d i o a c t i v e  e f f l e u n t s  have been d e s c r i b e d  previous ly ,194  , 9 9 1 0  

and t h e s e  have been u t i l i z e d  i n  des igning  t h e  pond d e s c r i b e d  he re .  It 

w a s  o u t s i d e  t h e  scope of t h i s  s tudy  t o  determine r a d i o n u c l i d e  source  t e r m s  

r e s u l t i n g  from seepage of l i q u i d s .  

The impoundment i s  formed by c o n s t r u c t i n g  a dam on t e r r a i n  w i t h  

f a v o r a b l e  topographica l  and g e o l o g i c a l  f e a t u r e s  t o  minimize t h e  p o t e n t i a l  

f o r  seepage.  A t  normal l i q u i d  d i s c h a r g e  ra tes  of n i i l l s  i n  t h e  e a r l y  s t a g e s  

of t h e  o p e r a t i o n ,  t h e  t a i l i n g s  s o l i d s  w i l l  be covered by l i q u i d .  The 

combined e f f e c t  of i n c r e a s i n g  t a i l i n g s  volume and water e v a p o r a t i o n  w i l l  

e v e n t u a l l y  expose t h e  t a i l i n g s  s o l i d s .  During m i l l  l i f e ,  measures are 

taken  t o  prevent  t h e  s o l i d s  from completely d r y i n g  and becoming s u b j e c t  

t o  wind e r o s i o n .  During t h e  t i m e  l i q u i d  w a s t e  is  p r e s e n t  i n  t h e  t a i l i n g s  

pond, a p o t e n t i a l  e x i s t s  f o r  t h e  seepage of s o l u b l e  r a d i o n u c l i d e s  i n t o  

t h e  sur rounding  t e r r a i n .  I f  t h i s  seepage r e a c h e s  t h e  l o c a l  a q u i f e r s ,  i t  

becomes a r a d i o a c t i v e  l i q u i d  e f f l u e n t .  C a r e f u l  s i t i n g  and c o n s t r u c t i o n  

of t h e  t a i l i n g s  pond w i l l  minimize seepage.  Monitor ing f o r  r a d i o a c t i v e  

seepage w i t h  p r o v i s i o n  f o r  i t s  c o l l e c t i o n  and r e t u r n  t o  t h e  t a i l i n g s  

pond i s  employed i n  t h e  d e s i g n  and i s  used as a c o n t r o l  measure. Again 

i t  is  emphasized t h a t  t h i s  s t u d y  does n o t  d e a l  w i t h  t h e  p o t e n t i a l  f o r  

l i q u i d  waste releases and i t s  s i t e - s p e c i f i c  aspects ,  p a r t i c u l a r l y  t h e  

p o t e n t i a l  f o r  seepage through t h e  bottom of t h e  t a i l i n g s  p i l e  and f o r  

h o r i z o n t a l  movements t h a t  might r e a c h  s u r f a c e  streams. 

A t  t h e  end of t h e  m i l l  o p e r a t i o n ,  t h e  t a i l i n g s  pond i s  permi t ted  t o  

d r y  i n  a c o n t r o l l e d  manner so  t h a t  o n l y  a r e l a t i v e l y  s m a l l  area of d r y  

t a i l i n g s  i s  exposed t o  t h e  atmosphere a t  any t i m e  and i s  t h u s  s u b j e c t  

t o  wind e r o s i o n .  A f t e r  d r y i n g  i s  completed, t h e  a c t i v e  r e s i d u e  i s  

covered w i t h  a l a y e r  of p r o t e c t i v e  material  s u f f i c i e n t  t o  s u b s t a n t i a l l y  

reduce  t h e  escape  of 220Rn t o  t h e  atmosphere and t o  immobilize t h e  d r y  

t a i l i n g s  w i t h  r e s p e c t  t o  wind e r o s i o n .  Because of t h e  r e l a t i v e l y  s h o r t  

h a l f - l i f e  of 220Rn (55 .6  s e c ) ,  o n l y  about  0.30 m ($1 f t )  of e a r t h  cover 

i s  r e q u i r e d  t o  reduce  i t s  emission by a f a c t o r  of ~ 5 E 7 .  The s t a b i l i t y  

of t h e  d r y  t a i l i n g s  p i l e  and i t s  cover ing  w i t h  r e s p e c t  t o  g e o l o g i c a l  

and c l i m a t o l o g i c a l  f a c t o r s  i s  beyond t h e  scope of t h i s  s tudy .  
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4. GENERATION OF SOURCE TEKMS 

4 . 1  Mining 

4 . 1 . 1  Radon-220 

Release of 220Rn from a thorium mine w i l l  depend on s e v e r a l  phys i ca l  

and chemical c h a r a c t e r i s t i c s  of t h e  o r e  p l u s  t h e  amount of exposed o r e  

i n  t h e  mine. 

thorium-bearing o r e  con ta in ing  t h e  equ iva len t  of 0.5% Tho2 a re  exposed 

i n  one o r  more p i t s  be ing  worked t o  supply 1 .6  Gg/day (1600 m e t r i c  

tons /day)  of o r e  t o  t h e  m i l l .  There appears  t o  b e  no informat ion  i n  

t h e  t e c h n i c a l  l i t e r a t u r e  r e l a t i n g  t o  t h e  measurement of 22nRn release 

from ve in- type  o r e  d e p o s i t s .  

w a s  c a l c u l a t e d  by assuming t h a t  t h e  c h a r a c t e r i s t i c s  which c o n t r o l  t h e  

release from thorium o r e  are  t h e  same as those  of a sands tone  uranium 

o r e  from Ambrose Lake, New Mexico.’ 

s t o n e  w a s  r e p o r t e d  a t  2.16 mBq/cm2*sec (0.0583 pCi/cm2*sec) by Schroeder 

and Evans. 

and c o r r e c t i n g  f o r  d i f f e r e n c e s  of 222Rn and 2-20Rn h a l f - l i v e s  and of t h e  

c o n c e n t r a t i o n  of t h e i r  radium p a r e n t s  i n  t h e  o r e s ,  a f l u x  r a t e  w a s  c a l -  

c u l a t e d  f o r  220Rn of 1.32 kBq/m2*sec (3.56 x l o 4  pCi/m2*sec) ,  o r  a 

t o t a l  of 16 MBq/sec (4.32 x l o 8  pCi /sec)  from 3 a c r e s  of exposed o r e  i n  

t h e  open-pi t  mine. Add i t iona l  d e t a i l s  of t h e  c a l c u l a t i o n  of 220Rn f l u x  

from t h e  mine are shown i n  Appendixes 2 and 3 .  

It i s  assumed h e r e ,  as i n  ERDA-1541,l t h a t  3 a c r e s  of 

Radon-220 release as r e p o r t e d  i n  EKDA-1541 

Radon-222 release from t h i s  sand- 

Using an expres s ion  developed by Culot  and Schaiger1y2 

4.1.2 F u g i t i v e  d u s t  

A number of a c t i v i t i e s  a t  t h e  n i n e  s i t e  w i l l  c o n t r i b u t e  t o  e n t r a i n -  

ment of d u s t  i n  t h e  a i r .  I n  most environmental  s t a t emen t s ,  d u s t  format ion  

and c o n t r o l  i s  t r e a t e d  on ly  i n  a q u a l i t a t i v e  manner by s t a t i n g  t h a t  

a p p r o p r i a t e  measures w i l l  be  taken  t o  m e e t  f e d e r a l  and s t a t e  a i r  q u a l i t y  

s t anda rds  wi th  t h e  e x p e c t a t i o n  t h a t  t h e  o f f - s i t e  e f f e c t s  w i l l  b e  n e g l i -  

g i b l e .  Informat ion  upon which t o  make a q u a n t i t a t i v e  de t e rmina t ion  of 

t h e  amount of f u g i t i v e  d u s t  which w i l l  be  genera ted  i s  l i m i t e d ,  and a t  

b e s t  a number of assumptions must be  employed. However, i n  s p i t e  of 

t h e  r e q u i r e d  assumptions,  a source  term f o r  f u g i t i v e  d u s t  gene ra t ion  a t  
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the mine s i t e  i s  c a l c u l a t e d  as p a r t  of t h i s  a n a l y s i s .  Movement of  heavy 

equipment , dril . l . ing,  and b l a s t i n g  w i l l  c o n t r i b u t e  t o  g e n e r a t i o n  of 

f u g i t i v e  d u s t  a t  t h e  mine. 

come from movement of f ront-end 1-oaders and o re  h a u l e r s .  Front-end 

l o a d e r s  of 3 m3 ( 4  yd3) c a p a c i t y  would make 296 

t o  about  18 Icm (11 m i l e s )  t o  move 1 . 6  Gg (1600 metric tons )  of o r e .  

Concurrent ly ,  35 Mg-capacity (35-metric ton)  o r e  t r u c k s  would make 46 

t r i p s  amounting t o  27  km ( 1 7  m i l e s ) .  A s  shown i n  Appendix 4 ,  t h e  amount 

o f  d u s t  r a i s e d  by v e h i c u l a r  t r a f f i c  can b e  es t imated  from t h e  speed and 

d i s t a n c e  t ravel-ed.  

about  450 g (1 l b )  of d u s t  w i l l  b e  i n j e c t e d  i n t o  the air f o r  each m i l e  

t r a v e l e d  i f  t h e  s u r f a c e  is  d r y ,  r e s u l t i n g  i n  g e n e r a t i o n  of about 13 kg 

(29  l b )  of d u s t  p e r  day. Other a c t i v i t i e s  a t  t h e  n i n e  w i l l  double  this 

t o  about 26 kg/day (58 l b  /day) .  The expected dampness of t h e  o r e  pl.11~ 

r o u t i n e  s p r i n k l i n g  of t h e  mine area w i t h  water should reduce t h e  rate of 

d u s t  g e n e r a t i o n  by about  .50%.3 The c o n c e n t r a t i o n  of t h o r i u m  i n  t h e  a i r -  

borne d u s t  w i l l  b e  f u r t h e r  reduced t o  about  h a l f  that of t h e  o r e  by 

d i l u t i o n  wi th  rock  c o n t a i n i n g  no thorium. An estimate o f  t h e  c o n t r i b u t i o n  

of t h e  mine dus t  t o  a i r b o r n e  a c t i v i t y  is given in Table 4.1. For l a c k  

of t h e  necessary informat ion ,  no a t tempt  was made t o  estimate wind-blown 

l o s s  of o r e  d u s t  from t r u c k s  i n  t r a n s i t  t o  the m i l l .  

A major p o r t i o n  of d u s t  from v e h i c l e s  w i l l  

per  day,  amounting 

A t  an es t imated  average speed of 8 .9  m/sec ( 2 0  mph) , 

Table 4.1. Radioactivity contained in dust generated 
by mining operations 

Radioactivity,  B q  (pCi) 
.................. Isotope 

Per g of o re  Per 1 3  kg (29 l b )  dusta/day 

232Th  18 (4.8E2)b 1.2E5 (3.286) 

228R.3 18 (4.8E2) 1.2E5 (3.2E6) 

"'Ac 18 (4.8E2) 1.2E5 (3.2E6) 

'*'Th 18 (4.8E2) 1.2E5 (3.2E6) 

224b 18 (4.8E2) 1.285 (3.2E6) 

220Rn 18 (4.882) 1.2E5 (3.2E6) 

2'6Po 18 (4.8E2) 1.2E5 (3.2E6) 

'12Pb 18 (4.882) 1.2E5 (3.2E6) 

18 (4.8E2) 1.285 (3.286) 

212PO 11 (3.1E2) 7.5E4 (2.086) 

"@Tl 6 ( 1 . 7 E 2 )  4.2E4 (1.1E6) 

2 1 ZBi 

............................................. - I__ 

aConcfntration of Th in fug i t ive  dust I s  di lu ted  by dust 

b4.8E2 = 4 . 8  x l o 2 .  
containing no Th t o  about half t h a t  of the  ore. 
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4 . 2  M i l l i n g  

4 . 2 . 1  I n t r o d u c t i o n  

Methods o f  c a l c u l a t i o n s  and c a l c u l a t e d  values of t h e  a i r b o r n e  rad io-  

active source  terms from t h e  model m i l l  and r e f i n e r y  are  presented  i n  

t h i s  s e c t i o n .  Because t h e r e  were no exper imenta l  d a t a  a v a i l a b l e  f o r  

making source  tern c a l c u l a t i o n s  on thorium m i l l i n g  and r e f i n i n g ,  w e  

made t h e  assumption t h a t  t h e  d i s t r i b u t i o n  of r ad ionuc l ides  throughout  

t h e  l i q u i d  o r  s o l i d  process  streams w a s  e s s e n t i a l l y  i d e n t i c a l  w i th  

t h a t  of a uranium m i l l  and r e f i n e r y . 4  

r ad ionuc l ide  220Rn, we  assumed it  had t h e  same escape  p o t e n t i a l  from 

t h e  o r e  and t a i l i n g s  as does 222Rn ( a f t e r  c o r r e c t i n g  f o r  h a l f - l i f e  

d i f f e r e n c e )  i n  t h e  process ing  of sands tone  o r e s  of uranium. 

t i o n  regard ing  2 2 0 R n  emission may l e a d  t o  an over ly  conse rva t ive  estima- 

t i o n  o f  t h e  sou rce  t e r m ,  s i n c e  t h e  escape  f a c t o r s  from d i f f e r e n t  types  of 

mine ra l s  va ry  g r e a t l y .  C l e a r l y ,  exper imenta l  d a t a  are needed f o r  many 

of t h e  ope ra t ions  i n  t h e  thorium m i l l i n g  and r e f i n i n g  f lowshee t .  Areas 

r e q u i r i n g  exper imenta l  d a t a  w i l l  be  po in t ed  ou t  i n  t h e  subsequent 

d i scuss ions .  

I n  t h e  case of t h e  gaseous 

This assump- 

Even wi th  t h e  u n c e r t a i n t i e s  of t h e  assumptions used i n  e s t i m a t i n g  

source  t e r m s  f o r  thorium m i l l i n g  and mining, w e  b e l i e v e  our  s tudy  shows 

t h a t  t h e  a i r b o r n e  r ad ionuc l ide  releases f o r  a thorium m i l l  and r e f i n e r y  

are comparable t o  t h a t  of a uranium m i l l  and r e f i n e r y  of equ iva len t  o r e  

c a p a c i t y  and design. I n  o rde r  t o  determine t h e  v a l u e s  oE source  t e r m s  

w i t h  a reasonable  degree of confidence,  exper imenta l  d a t a  are needed 

r ega rd ing  t h e  escape of "ORn and t h e  d i s t r i b u t i o n  of a l l  members of t h e  

thorium decay cha in  throughout t h e  p rocess  streams. 

Source t e r m s  e s t ima ted  f o r  t h e  o r e  s t o r a g e  p i l e ,  t h e  m i l l  and 

r e f i n e r y ,  t h e  t a i l i n g s  beach and pond dur ing  20-year o p e r a t i o n  of t h e  

m i l l ,  and t h e  covering of t h e  dry  t a i l i n g s  a t  the end of m i l l  l i f e  are 

shown i n  Table  4.2. Concent ra t ion  of t h e  r ad ionuc l ides  i n  t h e  o r e  and 

t a i l i n g s  as used i n  source  t e r m  e s t i m a t i o n s  w e r e  c a l c u l a t e d  by t h e  ORIGEN 

code6 and are g iven  i n  Appendix 4.  

given  i n  Tab le 4 . 3 .  

A summary of t h e s e  concen t r a t ions  i s  
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Table 4.2. Estimated source  terms f o r  o p e r a t i o n  
and c l o s i n g  of t h e  model m i l l  

Source terma (Bq/sec) 
.............. .- _I-. 

T a i l i n g s  beach Covering dry 
and pond t a i l i n g s  

-- ____ 
M i l l  

O r e  -t 
Nuclide handl ing r e f i n e r y  Montana Colorado Montana Colorado 

232Th 0.52 0.18 0.037 0.33 

"'Ra 0.52 0.18 0.33 3.0 

' A c  0.52 0.18 0.33 3.0 

"'Th 0.52 0.18 0.26 2.2 

2 2 4 R a  0.52 0.18 0.26 2.2 

216Po 0.52 0.18 0.26 2 . 2  

2 1 2 B i  0.52 0.18 0.26 2.2 

'Pb 0.52 0.18 0.26 2.2 

212Po 0.33 0.11 0.18 1 .4  

'08T1 0.18 0.07 0.09 0.8 

22 'Rn 1.5E7b 3.6E7 1.2E7 1.6E7 
._I.. ... -I_ 

al Bq/sec = 27 pCi/sec. 

b1.5E7 = 1.5 x 10'. 

0.37 

3 . 3  

3.3 

2.4 

2.4 

2.4 

2.4 

2.4 

0.8 

1.6 

1.1E7 

0.37 

3.3 

3 .3  

2.4 

2.4 

2.4 

2.4 

2.4 

0.8 

1.6 

9.3E6 

Table  4.3. Values of concent ra t ions  of rad ionucl ides  i n  t h o r i t e  
o r e  and i n  dry  m i l l  t a i l i n g s  t h a t  w e r e  employed i n  

c a l c u l a t i o n  f o r  20-year m i l l  opera t ion  

Concent ra t ion  (kBq/kg) 
I __I.. .............. 

Bulk T a i l i n g s  (<BO urn 
t a i l  i ngs  p a r t i c l e  s ize) '  

Nuclide 
Ore 

..... _. 
1 7 . 7  1.6 4.0 2 3 2 f i  

='Ti, 17.7 10.5 b 26.Bb 

'Ac 17. 7 17.7 45.1 

'Ra 17. 7 17.7 45.1 

17.7 17.7 45.1 

17.7 17.7 45.1 

2 2 ItRa 

2 2 0 h  

216Po 17.7 17. 7 45.1 

212Po 17.7 17.7 45.1 

"Bi 17. 7 17.7 45.1 

212Po 11.4 11.4 29.0 

208T1 6.3 6.3 16 .1  

'Assumes nuc l ides  are of a concent ra t ion  t h a t  is 2.55 t i m e s  

bI%ximum 228Th concent ra t ion  i n  aged t a i l i n g s  (10.5 kBq/k ) 

g r e a t e r  than  t h e  average in t h e  b u l k  t a i l i n g s  ( r e f .  4). 

occurs approximately t h r e e  y e a r s  a f t e r  d i scharge  because of 2f2Th 
decay. In c a l c u l a t i n g  source  terms, a c o r r e c t i o n  f a c t o r  a l lowing  
f o r  t h e  age of t h e  t a i l i n g s  w a s  u t i l i z e d .  Maximuin concent ra t ion  
of o t h e r  n u c l i d e s  i s  a t  discharge.  



37 

4.2.2 The o r e  s t o c k p i l e  

The o r e  s t o c k p i l e  is assumed t o  con ta in  96 Gg of o r e ,  which i s  

equ iva len t  t o  a 60-day supply f o r  t h e  model m i l l  and i s  assumed t o  b e  

i n  t h e  form of a r e c t a n g u l a r  p a r a l l e l e p i p e d  wi th  a base  100 x 32 m and 

a h e i g h t  of 15 m. 

a sou rce  of a i r b o r n e  e f f l u e n t s  due t o  r a d i o a c t i v e  o r e  d u s t s  and t h e  

Its s u r f a c e  area is  7160 m2. The o r e  s t o c k p i l e  i s  

emission of 22(3Rn. No model w a s  a v a i l a b l e  f o r  c a l c u l a t i o n  of a source  

t e r m  r e s u l t i n g  from t h e  a c t i o n  of winds on t h e  o r e  p i l e .  The only 

source  t e r m s  c a l c u l a t e d  were those  of 220Rn emission and p a r t i c u l a t e s  

r e s u l t i n g  from t h e  movement of o r e  t o  and from t h e  si te.  

4.2.2.1 Radon-220 emission.  The 220Rn emission from t h e  o r e  

s t o c k p i l e  w a s  c a l c u l a t e d  i n  t h e  fo l lowing  manner, us ing  Eq. (5) developed 

i n  Appendix 2. 

g iven  by 

The 220Rn f l u x  from t h e  s u r f a c e  of t h e  o r e  s t o c k p i l e  i s  

Jo = 4 5 5 p ( k ~ - ~ ) ’ / ~  , 

where 

(kp-l)  = 5E-6 m2/sec 

( a  term r e l a t e d  t o  t h e  d i f f u s i o n  of 220Rn i n  t h e  porous medium; w e  

assumed t h e  va lue  f o r  coa r se  sand‘), 

p = bulk d e n s i t y  of t h e  o r e  s t o c k p i l e ,  2E3 kg/m3 . 

S u b s t i t u t i o n  of t h e s e  va lues  i n t o  E9q. (1) gives  

J = 2.04 kBq/m2*sec . 
0 

The emission of 220Rn  from t h e  7140-m2 s u r f a c e  is  

2 2 0 R n  = 7160 x 2.04 = 14.6 MBq/sec (3.94E8 pCi l sec )  
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4 .2 .2 .2  Ore movements .- __.I a t  t h e  m i l l  s i t e .  O r e  i s  t r a n s p o r t e d  from 

t h e  s t o c k p i l e  t o  t h e  m i l l  by front-end l o a d e r s ,  and i t  is reasonable  

t o  assume t h a t  some s p i l l a g e  will occur.  The s p i l l e d  o r e  w i l l  b e  f u r t h e r  

pu lver ized  by t h e  road t r a f f i c  and impacted i n t o  t h e  unpaved road.  Dust 

subsequent ly  r a i s e d  by t r a f f i c  on t h i s  road w i l l  c o n s t i t u t e  a source  

of a i r b o r n e  r a d i o a c t i v i t y .  The c a l c u l a t i o n  of t h i s  source  t e r m  i s  made 

i n  a similar  matmer t o  t h a t  f o r  movement of o r e  a t  t h e  mine s i t e .  

A f ront-end loader  t r a n s p o r t i n g  5.4 Mg of o r e  p e r  load  w i l l  r e q u i r e  

296 " t r i p s "  t o  move 1.6 Gg of o r e  p e r  day from t h e  s t o c k p i l e  t o  t h e  m i l l ,  

an  assumed d i s t a n c e  of 60 m one way or a round t r i p  of 120 m. This  is  

e q u i v a l e n t  t o  an average speed of 0 .41  m / s e c .  

t r a n s p o r t e r  i s  assumed t o  b e  8.9 m/sec. 

The road speed of t h e  

The d u s t  generated by t h i s  t r a f f i c 3  as a f u n c t i o n  of v e h i c l e  speed 

i s  given by express ion  (2): 

E = 76(1.158)" , ( 2 )  

where 

s = v e h i c l e  speed i n  m/sec 

S u b s t i t u t i o n  f o r  s g i v e s  E = 280 ng/m of t r a f f i c ,  and t h e  m a s s  of d u s t  W 

generated per  day is given by 

W = E(d) , 

where 

d = t o t a l  d i s t a n c e  t r a v e l e d  p e r  day. 

( 3 )  

S u b s t i t u t i o n  i h t o  ( 3 )  g i v e s  115  mg/sec (22 lb /day)  f o r  a dry  s u r f a c e .  

Wetting t h e  unpaved road is  assumed t o  reduce d u s t i n g  by 50%, t h a t  i s ,  

t o  58 mg/sec. 'The road d u s t  generated i n  t h i s  manner i s  assumed t o  have 

a thorium content  approximately 50% of t h a t  of the ore.  The source  term 
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f o r  232Th is  c a l c u l a t e d  t o  be  520 mBq/sec. 

of t h e  o t h e r  r a d i o n u c l i d e s  from o r e  movements are shown i n  Table 4.2. 

Source terms f o r  t h e  release 

4.2.3 Dry crushing  and s i z i n g  

A l l  of t h e  220Rn inven to ry  is assumed t o  be  r e l e a s e d  dur ing  t h e  

c rush ing  ope ra t ion .  O r e  p a r t i c u l a t e  releases w e r e  c a l c u l a t e d  assuming 

t h a t  0.008% of t h e  o r e  was r e l e a s e d  as a dus t1  t o  bag f i l ters  which 

o p e r a t e  a t  99.3% e f f i c i e n c y . ‘  

d u s t  e n t e r i n g  t h e  f i l t e r s  w a s  r e l e a s e d  t o  t h e  atmosphere; t h u s  t h e  

f r a c t i o n  of o r e  t h a t  i s  a i r b o r n e  i s  5.6 x The source  term w a s  

c a l c u l a t e d  t o  be  

This  assumption impl i e s  t h a t  0 .7% of t h e  

220Rn = 1 7 .  7 kBq/kg o r e  x 18.5 kg / sec  

= 328 kBq/sec (8.936 pCi /sec)  . 

An example c a l c u l a t i o n  of t h e  p a r t i c d a t e  sou rce  t e r m s  i s  as fo l lows:  

332Th = 328 kBq/sec x 5.6E-7 = 0.18 Bq/sec (5.0 pCi /sec)  . 
The f i l t e r  burden of o r e  d u s t  f o r  t h i s  o p e r a t i o n  i s  about 1.5 g / sec .  

4.2.4 Acid l each ing  of o r e  

Radon-220 produced by t h e  decay of 2 2 4 R a  dur ing  t h e  12-hr l each ing  

p e r i o d  i s  cons idered  t o  b e  t h e  only r a d i o a c t i v e  emiss ion  from th’is opera- 

t i o n ,  

t o  reat ta in  s e c u l a r  e q u i l i b r i u m  after i t  i s  r e l e a s e d .  The re fo re ,  it w a s  

assumed t h a t  process  holdup i n  b i n  s t o r a g e  allowed s u f f i c i e n t  t i m e  f o r  

220Kn t o  r e a t t a i n  s e c u l a r  equ i l ib r ium.  

p r e s e n t  i n  uranium o r e  r e q u i r e s  abaut  40 days t o  r e a t t a i n  s e c u l a r  

equ i l ib r ium.  

I t  r e q u i r e s  only about 10 min f o r  t h e  220Rn ( t 1 / ~  = 55.6 s e c )  

For purposes o€ c o n t r a s t ,  222Rn 

The s o u r c e  term € o r  220R, w a s  c a l c u l a t e d  by t h e  fo l lowing  equat ion:  
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where 

= s e c u l a r  equi- l ibr ium c o n c e n t r a t i o n  of 220Rn, 17.7 kBq/kg o r e  
cRJl 

~ 2 2 0  = decay cons tan t  f o r  2 2 0 ~ i ,  0.0125/sec,  

t = l eaching  time, 4.32 x l o 4  sec, 

w = m a s s  of o r e  processed p e r  day, 1.6 Gg, (18.5 k g / s e c ) ,  

f = 0.2. 

The f a c t o r  f c o r r e c t s  f o r  t h e  decay of 220Rn i n  t h e  t i m e  p e r i o d  between 

i t s  genera t ion  and release. Using Eq. ( 4 ) ,  t h e  c a l c u l a t e d  v a l u e  of t h e  

220Rn source  t e r m  is 35.3 MBq/sec. 

t h e  holdup ( f a c t o r  f )  s o  t h a t  t h e  220Rn  release i s  n e g l i g i b l e ,  prov-tded 

d e t a i l e d  c o s t - b e n e f i t  ana lyses  j u s t i f y  i t .  However, i t  w a s  o u t s i d e  t h e  

scope of t h e  p r e s e n t  s tudy  t o  make th i s  assessment.  

Technology i s  a v a i l a b l e  f o r  i n c r e a s i n g  

4.2.5 Other m i l l  o p e r a t i o n s  

The remaining m i l 1  o p e r a t i o n s  , i n c l u d i n g  amine s o l v e n t  e x t r a c t i o n  

s t r i p p i n g ,  steam d i s t i l l a t i o n ,  and f i l t r a t i o n  are not regarded as sources  

of a i r b o r n e  r a d i o a c t i v e  emissions.  

4.2.6 'Thorium r e f i n i n g  

The f r a c t i o n  of Th(N03)4*41120 d i s p e r s e d  as d u s t  is  assumed t o  b e  

t h e  same as t h e  f r a c t i o n  of yel low cake d i s p e r s e d  as d u s t  i n  a uranium 

m i l l i n g  opera t ion .  This  q u a n t i t y ,  1.25% of t h e  product ,  becomes a i r b o r n e  

t o  t h e  f i l t e r s . ' +  

e q u i v a l e n t  t o  a product  l o s s  of 0.7%. An e f f i c i e n c y  of 99.952 w a s  

assumed for t h e  HEPA f i l t e r  l o c a t e d  downstream of t h e  bag f i l t e r .  

Thorium recovery through r e f i n i n g  b u t  n o t  i n c l u d i n g  packaging is  assumed 

t o  be  99.5%. 

The bag f i l t e r s  o p e r a t e  a t  99.3% e f f i c i e n c y ,  which i s  

The source  t e r m  f o r  232Th was c a l c u l a t e d  us ing  Eq.  ( 5 ) :  

232Th = (W) (R)  (D)  (L) (232Th) (H) , (5) 

where 

W = weight of Th i n  r e f i n e r y  f e e d ,  7 .4  x l om2  kglsec,  

R = Th recovery i n  r e f i n i n g ,  99.5%,  
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D = suspended f r a c t i o n  of Th-bearing d u s t s ,  which i s  1.25% of t h e  

r e f i n e d  product ,  

L = Th lo s s  through bag f i l t e r s ,  0.7%, 

H = f r a c t i o n  of p a r t i c u l a t e s  pas s ing  through t h e  HEPA f i l t e r ,  

5 10-4, 

(232Th) = thorium a c t i v i t y  = t .03  EBq/kg. 

The r e s u l t i n g  source  term f o r  232Th o r  228Th is 13.0 mBq 

(35.0E-2 pCi / sec) .  

Due t o  l a c k  of d a t a  on d u s t i n g  c h a r a c t e r i s t i c s  of Th(N03) 4*4H20, 

i t  w a s  assumed t h a t  they  are similar t o  those  of uranium yel low cake 

powder. I f  t h i s  assumption is n o t  suppor ted  by l a t e r  exper imenta l  d a t a ,  

t h e  c a l c u l a t i o n  of a more real is t ic  source  t e r m  can he  made easi1.y. 

4.2.7 Source terms f o r  t h e  t a i l i n g s  impoundment 

4 .2 .7 .1 In t roduc t ion .  The t a i l i n g s  impoundment i s  a source  of 

220Rn and a i r b o r n e  p a r t i c u l a t e s  dur ing  both  m i l l  ope ra t ion  and f i n a l  

cover ing  of t h e  dry t a i l i n g s  a f t e r  t h e  m i l l  ope ra t ions  have ceased. 

A 2201tn source  t e r m  r e s u l t s  from a f l u x  genera ted  a t  t h e  s u r f a c e  of 

bo th  the exposed dry t a i l i n g s  and t h e  pond. 

l i q u o r  is  r e s p o n s i b l e  f o r  t h e  f l u x  a t  t h e  s u r f a c e  of t h e  pond. We 

assumed t h e r e  would be  a n e g l i g i b l e  220Rn f l u x  r e s u l t i n g  from wet t a i l i n g s  

underneath t h e  pond. 

( t 1 / 2  

t h i s  sou rce  would b e  n e g l i g i b l e  i n  comparison t o  those  from t h e  dry  

t a i l i n g s  beach and from t h e  pond s u r f a c e  due t o  t h e  2 2 4 R a  dissolved i n  

t h e  pond l i q u i d .  The p a r t i c u l a t e  sou rce  terms r e s u l t e d  from a f l u x  t e r m  

genera ted  by t h e  p r e v a i l i n g  winds a t  t h e  s p e c i f i c  s i te .  The f l u x  term 

f o r  220Rn w a s  c a l c u l a t e d  by t h e  d i f f u s i o n  model p rev ious ly  desc r ibed  

(Sec t .  4 . 1  and Appendix 21 ,  whereas t h e  p a r t i c u l a t e  f l u x  term w a s  cal- 

c u l a t e d  from t h e  s a l t a t i o n  model.7 S ince  t h e  sou rce  t e r m s  are a product  

of a f l u x  t e r m  and an area t e r m ,  i t  w a s  necessary  t o  develop a model f o r  

de t e rmina t ion  of t h e  average s u r f a c e  area of t h e  dry t a i l i n g s  beach and 

of t h e  pond dur ing  m i l l  ope ra t ions  and dur ing  f i n a l  covering of t h e  

t a i l i n g s  p i l e .  

Soluble 224Ra i n  the  pond 

The r e l a x a t i o n  l e n g t h  f o r  d i f f u s i o n  of 220Rn 

= 55.6 s e c )  i n  water i s  about 300 um. The f l u x  r e s u l t i n g  from 
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The g e n e r a l  f e a t u r e s  of t h e  t a i l i n g s  impoundment b a s i n  w e r e  p rev ious ly  

desc r ibed  i n  Sec t .  3.3.11. Details of t h e  development of t h e  c a l c u l a t i o n a l  

models f o r  t h e  e s t i m a t i o n  of t h e  average  s u r f a c e  area of dry  t a i l i n g s  

beach and t h e  pond are given i n  Appendixes 6 ,  7 ,  and 8. The ra te  of 

exposure of dry  t a i l i n g s  and t h e  growth of t h e  s u r f a c e  area of t h e  pond 

are a f u n c t i o n  of t h e  evapora t ion  rate and t h e  geometric c o n f i g u r a t i o n  

of t h e  t a i l i n g s  impoundment. 

Colorado sites w e r e  e s t ima ted  t o  be  19  and 29 nm/sec r e s p e c t i v e l y .  

The combined e f f e c t s  of i n c r e a s i n g  t a i l i n g s  volume and w a t e r  evapora t ion  

eventual-ly expose t h e  t a i l i n g s  (Table 4 . 4 )  dur ing  m i l l  o p e r a t i o n s .  Af t e r  

m i l l  ope ra t ions  have ceased, n a t u r a l  evapora t ion  i s  u t i l i z e d  t o  dry up 

t h e  pond s o  t h a t  covering of t h e  r e s i d u a l  t a i l i n g s  can be  accomplished 

(Table 4 . 5 ) .  

opera t ions  have ceased. 

t h i s  s tudy  never reaches  a "s teady-s ta te"  s u r f a c e  area dur ing  m i l l  

Evaporation rates8 a t  t h e  Montana and 

Covering may beg in  b e f o r e  t he  end of m i l l  l i f e  QT a f t e r  m i l l  

No te  t h a t  t h e  model t a i l i n g s  pond employed i n  

ope ra t ions .  9 

Table 4.4.  Estimation of areas of the dry tailings 
beach and pond during mill operation for the 
hypothetical Montana and Colorado locations 

.......-- I_ _... ~ 

Dry beach area (m2 x E3) Pond area (mZ x E 4 )  

Time (years) Montana Colorado Montana Colorado 
._____ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 4  

1 5  

16 

17 

18 

19 

20 

Average 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 

8 

12 

16 

21  

26 

4 

- 

0 

0 

0 

0 

0 

0 

gb 

7 

18 

25 

32 

39 

47 

54 

6 1  

68 

76 

8 3  

9 1  

98 

36 

- 

2 3a 

3 1  

37 

42  

46 

49 

52 

55 

57 

59 

6 2  

64 

6 5  

67 

6 8  

7 0  

71 

7 2  

73 

7 4  

51 
I 

22 

29 

34 

38 

4 1  

44 

46 

48 

50 

5 1  

53 

54 

55  

56 

57 

57 

58 

59 

59 

60 

49 

aRead as 230,000 m*. 

bilead as 5000 m'. 
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Table 4 . 5 .  Estimation of areas of dry beach and pond as a funcLion 
of time a f t e r  closing down mill operations at t he  hypothetical 

Montana and Colorado locations 

Dry beach a r e a  (in2 x E 4 )  Pond area (m’ x E4)  

Time (years) Montana Colorado Montana Colorado 

_____._______I 

1 9* 2 4  62 3 1  

2 16 33 50 13 

3 23 40 38 0 

4 30 40 25 0 

5 36 40 13 0 

6 40 40 0 0 

a 
__.. __ 

Read a s  90,000 m2. 

During m i l l  o p e r a t i n g  l i f e ,  i t  w a s  assumed t h a t  chemical sp rays  and/or  

w e t t i n g  were u t i l i z e d  t o  reduce t h e  amount of a i r b o r n e  p a r t i c u l a t e s  and 

t h a t  covering would commence nea r  t h e  end of m i l l  l i f e .  This  procedure 

w a s  assumed t o  reduce t h e  average e f f e c t i v e  dry t a i l i n g s  area by about  

90%. For t h e  Montana and Colorado sites t h e  reduced areas were 4.OE2 and 

36E2 m2 r e s p e c t i v e l y .  

on t h e  average ,  about  4.OE3 m2 of dry  beach s u r f a c e  was exposed p e r  year  

dur ing  t h e  t a i l i n g s  covering p rocess  a t  each si te.  W e  assumed t h a t  

whenever 4.OE3 m2 of d ry  beach ( 9  x 440 m) w a s  exposed by evapora t ion ,  

cover ing  of t h e  t a i l i n g s  p i l e  commenced and w a s  c a r r i e d  ou t  a t  a rate 

commensurate w i t h  t h e  rate of gene ra t ion  of an a d d i t i o n a l  4.0 x l o 3  m2 

of f r e s h  t a i l i n g s  su r face .  

A f t e r  t h e  end of m i l l  l i f e ,  i t  w a s  assumed t h a t ,  

4.2.7.2 Source terms f o r  t h e  e m i s s i o n  of 220Rn. The f l u x  t e r m s  

f o r  220Rn f o r  t h e  s u r f a c e  of t h e  dry t a i l i n g s  and t h e  pond w e r e  c a l c u l a t e d  

us ing  t h e  d i f f u s i o n  equa t ion  p rev ious ly  descr ibed .  The c a l c u l a t e d  f l u x  

t e r m s  w e r e  

Jo ( t a i l i n g s )  = 1.67 kBq/m2*sec , 

J (pond) = 19 .3  Bq/m2=sec . 
0 

Deta i l s  of t h e  f l u x  c a l c u l a t i o n s  are g iven  in Appendix 9. The c a l c u l a t e d  

source  terms f o r  t h e  20-year m i l l  o p e r a t i o n  and cover ing  of t h e  t a i l i n g s  

p i l e  a t  t h e  end of m i l l  l i f e  f o r  t h e  h y p o t h e t i c a l  Montana and Colorado 

m i l l s  are given i n  Table  4 . 6 ,  
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Table 4 . 6 .  Source terms €or  220Rn dur ing  n i l 1  opera t ing  l i f e  and during f i n a l  
evaporat ion of t h e  pond and covering of t h e  dry t a i l i n g s  a f t e r  t h e  m i l l  is c losed  

........ - 
Area of A r e a  of Source term (Bq/sec x E5) 

-. ___I............____--. ___ Hypothet ical  l o c a t i o n  dry t a i l i n g s  pond 
(m2 x EZ) (m2 x E 4 )  Dry t a i l i n g s  Pond Tot a1 

Montana 

M i l l  opera t ing  I . ife 4a 

Evaporation of pond and 40  
covering o f  t a i l i n g s  

57 7 110 1 1 7  

38 4 Ob 7 3  1 1 3  

Colorado 

Mill opcra t ing  l i f e  36 49 60 95 155 

Evaporation of pond and 40  27 40b 52 92  
covering of t a i l i n g s  - ___.____ _. . . . . . _ _  

%ead a s  4 x 1 0 2  n2." 

bA f a c t o r  of 0.6 vas  used t o  c o r r e c t  f o r  decay of 224Ra parent .  

It is  p o s s i b l e  t o  contour  t h e  s u r f a c e  of t h e  t a i l i n g s  pi.]-e n e a r  t h e  

end of mill. l i f e ,  so  t h a t  t h e  t i m e  r e q u i r e d  t o  dry  o u t  t h e  pond is  

decreased.  However, t h i s  would nor decrease  t h e  source  terms s i g n i f i c a n t l y .  

The equiva len t  area of dry t a i l i n g s  would have t o  b e  exposed dur ing  m i l l  

l i f e  t o  accomplish i t .  There may b e  economic advantages t o  s h o r t e n i n g  

t h e  on-s i te  a c t i v i t i e s  as quick ly  as p o s s i b l e  a f t e r  m i l l  o p e r a t i o n s  

cease. Again, i t  is poin ted  ou t  t h a t  i t  w a s  n o t  t h e  o b j e c t  of t h i s  s tudy  

t o  determine t h e  optimum o p e r a t i o n a l  methods, p r o c e s s e s ,  and equipment 

Eor t h e  thorium m i l l  and r e f i n e r y .  

4 .2 -7 .3  Source t e r m s  f o r  a i r b o r n e  -..I- p a r t i c u l a t e  emissions, The 

source  teruis Eor r a d i o a c t i v e  emissions from t h e  miI.ling waste s o l i d s  

are due t o  wind-borne d u s t s  from t h e  dry t a i l i n g s  beach. During m i l l  

o p e r a t i o n s  the t a i l i n g s  d e p o s i t  is  either k e p t  w e t  o r  t r e a t e d  rhernically 

t o  prevent  dus t ing .  These procedures  may not  b e  completely e f . € e c t i v e ,  

and i t  may b e  expected t h a t  a s m a l l  d ry  beach w i l l  b e  s u b j e c t  t o  wind 

eros ion .  A t  t h e  cl.ose of m i l l  o p e r a t i o n s ,  t h e  t a i l i n g s  impoundment 

is  permi t ted  t o  dry i n  a c o n t r o l l e d  f a s h i o n  and at t h i s  t i m e  may b e  

s u b j e c t  t o  wind eros ion .  

It was assumed t h a t  t h e  p r i n c i p a l  mechanism f o r  t h e  g e n e r a t i o n  of 

d u s t s  is s a l t a t i o n ,  a process whereby the l a r g e r  wind-driven p a r t i c l e s  

w i t h  dia.meters >80 urn impact on t h e  smaller particles and cause t h e i r  

suspension i n  t h e  a i r .  T h e  a p p l i c a t i o n  of s a l t a t i o n  theory  permi ts  t h e  

ca l cu l . a t ion  of t h e  amount of wind-borne d u s t  genera ted  and consequent ly  
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t h e  amount of wind-borne r a d i o a c t i v i t y .  The working equa t ions  f o r  

s a l t a t i o n  c a l c u l a t i o n s  are 

d = 36.22V2 , (6)  t 

Vt = 0.166(ds)0*5 , ( 7 )  

where 

d = t h r e s h o l d  d iameter  of t h e  l a r g e s t  pa r t i c l e  moved by t h e  wind, 
t 

W Y  

V = wind v e l o c i t y  a t  1 m above ground, m/sec, 

d = average diameter  f o r  s a l t a t i o n  f o r  wind v e l o c i t y  V,  u m ,  

V = t h r e s h o l d  wind v e l o c i t y  f o r  d m/sec,  

q = s a l t a t i o n  r a t e  (q = 0 f o r  V < Vt) ,  kg/m=sec,  

Q 

K = 1 x 10-5, m-1. 

S 

t S ’  

= p a r t i c u l a t e  suspens ion  rate, kg/m2 sec, 
S 

The numerical  va lues  used i n  t h e s e  equa t ions  r e s u l t  from v a r i o u s  

exper imenta l  v a l u e s  and estimates. The c a l c u l a t i o n s  are based on 

knowledge of t h e  a p p l i c a b l e  wind v e l o c i t i e s  and t h e  p a r t i c l e  s i z e  d is -  

t r i b u t i o n  f o r  t h e  t a i l i n g s  (Table  4 . 7 ) .  S a l t a t i o n  cannot b e  caused by 

par t ic les  <BO pm i n  d iameter ,  and s i n c e  t h e  t a i l i n g s  have a n e g l i g i b l e  

concen t r a t ion  of p a r t i c l e s  >600 urn i n  d iameter ,  t he  p a r t i c l e  s i z e  range 

l e a d i n g  t o  s a l t a t i o n  of t h e  t a i l i n g s  i s  e s t a b l i s h e d .  F i r s t ,  t h e  

t h r e s h o l d  d iameter ,  d,, f o r  each wind v e l o c i t y  i s  determined [ E q .  ( 6 ) ] ,  

and then  t h e  s a l t a t i o n  d iameter ,  d s ,  is  c a l c u l a t e d  from t h e  weighted 

average  of p a r t i c l e  d iameters  between 80 u m  and d, (Table 4 . 8 ) .  The 

t h r e s h o l d  wind v e l o c i t y ,  V t ,  f o r  each ds is  then  c a l c u l a t e d  by use  of 

Eq.  ( 7 ) .  These v a l u e s  a long  wi th  corresponding wiad v e l o c i t i e s  are used 



Table 4.7. Wind v e l o c i t i e s  and p a r t i c l e  s i z e  d i s t r i b u t i o n  
used i n  s a l t a t i o n  model c a l c u l a t i o n  

Wind v e l o c i t i e s  

Wind 

(mlsec) 
v e l o c i t i e s  1 .85 3.14 4.98 7 . 0 2  9.23 11.08 12.93 

Frequency 22  36 18 5 1.4 0.51 0.18 
(%) 

T a i l i n g s  p a r ' i i c l e  s i z e  d i s t r i b u t i o n  ( r e f .  4 ,  p .  230) 
~~ ~ 

Diameter 4 4  6 1  1 2 5  250 500 840 < l o a  10-80a 
(wd 

% less than 
s t a t e d  s i z e  26.6 27.6 38 .1  65.4 96.8 99.5 10.2 23.2 

...........-..I__ ~. .... 

'Calculated from l i n e a r  r e g r e s s i o n  equat ion  f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  d = 0 . 1 7 1 1 X 1 * 7 5 3 ;  
d = p a r t i c l e  diameter  (pm); X = w t .  % less t h a n  d .  

Table 4.8. Calculated suspension rates as a func t ion  of 
wind v e l o c i t y ,  using t h e  s a l t a t i o n  model 

...... ......................... __ .- 
Threshold 

Wind Threshold S a l t a t i o n  wind Sal  t a t i o n  Suspension 

( d s e c )  ( w )  ( wd (m/sec) (kg/m*sec) (kg/m-sec) 
v e l o c i t y  (v) diam (dt)  d i m  (ds) v e l o c i t y  (V,) rate (9) rate (Q,) 

.......... .- 

1.85 124 102 1.68 4.62E-7' 4.623-12 

3.14 357 197 2.33 6.95E-S 6.95E-10 

4.98 898 270 2.73 1.74E-3 1.74E-8 

1.21E-7 

9.23 3086 270 2.73 4.20E-2 4.20E-7 

11.08 4447 270 2.73 8.91E-2 8.91E-7 

12.93 6055 270 2.73 1.62E-1 1.62E-6 

1.21E-2 7.02 1784 270 2.73 

..-. ............. .................. ............... 
aReod as 4.62 x 

t o  c a l c u l a t e  t h e  salta~ion rate, q ,  w i t h  Eq. ( 8 ) .  F i n a l l y ,  the suspen- 

s i o n  ra te ,  Q s ,  i s  obta ined  us ing  Eq.  ( 9 ) .  These Qs v a l u e s  are weighted 

accord ing  t o  wind veloci.ty f r e q u e n c i e s  appropr ia te  t o  t h e  s p e c i f i c  s i t e  

t o  o b t a i n  an average (Qsw) used i n  t h e  source  term c a l c u l a t i o n s  (Table 

4 . 9 ) .  The average v a l u e  of Qs weighted f o r  wind v e l o c i t y  d i s t r i b u t i o n  

w a s  2 2 . 8  ug/m2-sec. 

v a l u e  of 9,. by t h e  r a d i o n u c l i d e  c o n c e n t r a t i o n  t i m e s  the area a v a i l a b l e  

f o r  s a l t a t i o n ,  acc-ordihg t o  the fo l lowing  equation: 

Source terms are calcu1at:ed by m u l t i p l y i n g  t h e  

source  t e r m  (2.28E-8)  C;As 
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Table 4.9. Suspension rates weighted f o r  wind 
velocity distribution 

Weighted a velocity (v) frequency rate (9,) suspension 

(kg/m2.secr 

Wind Wind Suspension 

(m/ sec) ( X I  (kg/m2. sec) rate (9, 1 

1.85 

3.14 

22 

36 

b 1.02E-12 4.52E-12 

2.50E-10 6.95E-10 

4.98 18 1.74E-8 3.13E-9 

7.02 5 1.21E-7 6.05E-9 

9.23 1.4 4.20E-7 5.88E-9 

11.08 0.51 8.9I.E-7 4.54E-9 

12.93 0.18 1.62E-6 2.97.E-9 

%he average of the values in this column is 22.8 ug/m2-sec. 

bRead as 4.52 x 

where 

C ,  = r a d i o n u c l i d e  concen t r a t ion ,  Bq/kg, 

As = area a v a i l a b l e  f o r  s a l t a t i o n ,  in2. 

Source terms es t ima ted  from t h i s  equa t ion  are shown i n  Table  4 . 2 .  Values 

of C, l i s t e d  i n  Table  4 . 3  f o r  t h e  <80 pm p a r t i c l e  s i z e  f r a c t i o n  w e r e  used 

i n  c a l c u l a t i n g  t h e  sou rce  terms dur ing  t h e  20-year o p e r a t i o n  of t h e  m i l l .  

A l l  of t h e  p a r t i c u l a t e  r ad ionuc l ide  concen t r a t ions  except  232Th w e r e  

reduced because of r a d i o a c t i v e  decay. The r educ t ion  f a c t o r s  u t i l i z e d  

t o  c o r r e c t  t h e  concen t r a t ion  f o r  decay were as follows: 

Nuclides  

228Ra,  228Ac  

Fac to r  

0.8 

Remaining n u c l i d e s  0.6 
(except  232Th, 228TR) 

The r e d u c t i o n  f a c t o r s  and t h e  Cr v a l u e s  f o r  228Th w e r e  e s t ima ted  from 

g r a p h i c a l  p l o t s  of t h e  d a t a  i n  Table  A.5 .2 ,  Appendix 5. Values of A, 

u t i l i z e d  i n  t h e  c a l c u l a t i o n s  w e r e  t h e  fo l lowing:  

20-year m i l l  l i f e  
Pos t -mi l l  l i f e  

Montana Colorado 

4.OE2 m’ 3.6E3 m2 
4.OE3 m2 4.OE3 rn2 
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4 . 2 . 7 . 4  Long-term s t a b i l i z a t i o n  of t h e  dry  t a i l i n g s  p i l e .  -1- A 

source  t e r m  f o r  t h e  covered dry t a i l i n g s  p i l e  aEter t h e  m i l l  o p e r a t i o n s  

have ceased and t h e  r e s i d u a l  pond l i q u i d  has  been evaporated was n o t  

c a l c u l a t e d .  

( t l j 2  = 55.6 s e c )  source  t e r m  can be  reduced by a f a c t o r  of about 5E7 

w i t h  t h e  u s e  of about 0 .3  m ( 1  f t )  of e a r t h  cover ,  Also,  t h e  cover ing  

would reduce t h e  a i r b o r n e  p a r t i c u l a t e  source  term t o  n e a r  ze ro .  Such 

s o u r c e  t e r m s  would b e  n e g l i g i b l e  i n  r e l a t i o n  t o  t h o s e  c a l c u l a t e d  f o r  our  

model plant: during m i l l  o p e r a t i o n  and f i n a l  impoundment o p e r a t i o n s .  

A s  po in ted  o u t  i n  Sect. 3 . 3 . 1 1 ,  i n  p r i n c i p l e  t h e  220Rn 

The s t a b i l i z e d  thorium m i l l  t a i l i n g s  would n o t  p r e s e n t  t h e  p o t e n t i a l  

long-term r a d i o n u c l i d e  s o u r c e  terms as do t h e  uranium m i l l  t a i l i n g s ,  

which c o n t a i n  2 2 6 R a  ( t 1 / 2  = 1622 y e a r s )  and i t s  s e c u l a r  e q u i l i b r i u m  

daug1itc:r 222Kn ( t 1 / 2  = 3.82 days ) .  

232Th decay cha in  is 2 2 8 R a  (t1/2 = 5.75 y e a r s ) .  

of about t e n  h a l f - l i v e s ,  t h e  t a i l i n g s  p i l e  w i l l  b e  e q u i v a l e n t  t o  a thorium 

o r e  body conta in ing  about 0.05% thorium oxide.  

The longes t - l ived  daughter  i n  t h e  

A f t e r  a decay p e r i o d  

4 . 3  References 

1. 

2. 

3. 

4 .  

5. 

Energy Research and Development Adminis t ra t ion ,  F i n a l  Environmental 

Statement ,  Light-Water Breeder Reactor  Program, ERDA-1541, Vol. 4 ,  

Appendix 1 x 4 ,  June 1976. 

M. V. J .  Culoll and K. J .  Schaiger ,  "Radon Progeny Cont ro l  i n  

Bui ldings,"  Colorado State  U n i v e r s i t y ,  F o r t  C o l l i n s ,  0 - 2 2 7 3 - 1  

(May 1073). 

II PeI)C&Environmental S p e c i a l i - s t s ,  Inc . ,  I n v e s t i g a t i o n  of F u g i t i v e  

D u s t  - Sources,  Emissions,  and Cont ro l , "  PB 226 693, C i n c i n n a t i ,  

Ohio, May 1973. 

M. B. Sears, R,  E. Rl.anco, R. G .  Dahlman, G. S. H i l l ,  A .  D .  Ryon, 

and J .  P. Witherspoon, CorreZakion of Radioactive Waste Treatment 

Costs aizd the EnvironmentaZ Impact of Waste EffZuents i n  the 

Nuclear Fuel Cycle for  Use i n  Establishing "as Low as PracticabZt?" 

Guides - M i Z l i n g  of Uranium Opes, OKNL/TM-4903, Vol. 1 (May 1975).  

P .  M. C.  B a r r e t t o ,  R. B. Clark,  and J. A .  S .  Adam, PhysicaZ 

C%aracteristics of Radon-222 Emanation from Hocks, Soi Zs, and 



49 

Minerals: I t s  Relation t o  Temperature and Alpha Dose, the Natural 

Radiation Environment 11, Proceedings of the Second International 

Symposium on the Natural Radiation Environment, August 7-11, 1972, 

Houston, Texas, CONF-720805-Ps, ed. J. A. S. Adams, W. M. Lowdeo, 

and T. F. Gesell. 

6. M. J. Bell, ORIGEJ - The ORJJL Isotope Generat;un and Repletion 

Code, ORNL-4628 (May 1973). 

7. PI. T. Mills, R. C. Dahlmann, and J. S. Olson, Ground Level A i r  

Concentrations of Dust Part ic les  from a Tai l ings Area During a 

Typical b&?d.storrn, ORNL/TM-4375 (September 1974). 

8. Climatic Atlas of the United States, U.S. Department of Commerce 

(C. R. Smith, Secretary), Environmental Science Services Division, 

(Robert M. White, Administrator), Environmental Data Service, 

(Woodrow C. Jacobs, Director), June 1.968, reprinted by the National 

Oceanic and Atmospheric Administration, p. 63, 1974.  

9. Humble Oil and Refining Company, Minerals Dept., Applicant's 

Environmental Report, Highland Uranium Mill, Converse County, 

Wyoming, Docket 40-8102 (July 1971). 



50 

5. RADIOLOGICAL ASSESSMENT METHODOLOGY 

The r a d i o l o g i c a l  impact t o  man r e s u l t i n g  from t h e  o p e r a t i o n  of t h e  

model thorium mining and m i l l i n g  complex i s  a s s e s s e d  by c a l c u l a t i n g  

t h e  dose  t o  t h e  maximally exposed i n d i v i d u a l  and t h e  t o t a l  dose  t o  t h e  

popula t ion  l i v i n g  w i t h i n  a 50-mile r a d i u s  

pathways of exposure t o  man Erom r a d i o a c t i v e  e f f l u e n t s  r e l e a s e d  t o  t h e  

environment. These are i l l u s t r a t e d  sche ina t i ca l ly  i.n F i g .  5.1.  Radio- 

n u c l i d e s  e n t e r  t h e  environinent from a f a c i l i t y  v i a  e i t h e r  l i q u i d  o r  

a tmospheric  t r a n s p o r t  modes. They r e a c h  man through one o r  more co l -  

l e c t o r s  ( a i r  s o i l ,  o r  water )  w i t h  p o s s i b l e  r e c o n c e n t r a t i o n  by animals  

c r o p s ,  o r  a q u a t i c  b i o t a .  Pathways of human exposure i.nclude i n h a l a t i o n ,  

i n g e s t i o n ,  immersion, land  s u r f a c e  contaminat ion,  and submersion. U l t i -  

mately,  energy is  d e p o s i t e d  i n  human t i s s u e  by t h e  r a d i o n u c l i d e s  v ia  

i n t e r n a l  o r  e x t e r n a l  exposure.  

There a re  several p o t e n t i a l  

Radio logica l  impact i s  c a l c u l a t e d  as t h e  50-year dose commitment, 

t o  individua1.s o r  popula t ions ,  i n  u n i t s  of millirems o r  man-rems p e r  

year  of f a c i l i t y  o p e r a t i o n .  The dose  commitment i s  c a l c u l a t e d  f o r  a 

s p e c i f i c  i n t a k e  of r a d i o n u c l i d e  and i s  d e f i n e d  as t h e  t o t a l  dose  t o  

a r e f e r e n c e  organ,  r e s u l t i n g  from a one-year exposure,  which will accrue  

d u r i n g  t h e  remaining l i f e t i m e  of a n  i n d i v i d u a l .  For r a d i o n u c l i d e s  

t h a t  have s h o r t  b i o l o g i c a l  o r  p h y s i c a l  h a l f - l i v e s ,  the  50-year dose  

commitment would b e  approximately t h e  s a m e  as t h e  annual  dose  r a t e .  

For example, a l l  of t h e  dose  commitment f o r  220Rn exposure ( i n c l u d i n g  

radon daughters )  i s  rece ived  d u r i n g  t h e  f i r s t  y e a r .  

O n  t b e  o t h e r  hand, 232Th i s  elimi-nated from t h e  body very  s lowly 

and h a s  a long  h a l f - l i f e  ( 1 . 4  x lo1 '  y e a r s ) ,  s o  t h a t  a n  i n d i v i d u a l  w i l l  

c o n t i n u e  t o  receive a dose from t h e  i n g e s t e d  mater ia l  f o r  many y e a r s  

a f t e r  exposure.  Under these c o n d i t i o n s ,  t h e  approximate dose rece ived  

i n  t h e  y e a r  t h a t  t h e  r a d i o n u c l i d e  e n t e r s  t h e  body i s  obta ined  by 

d i v i d i n g  t h e  dose  commitment by 50. Thus the average  annual  dose ra te  

i s  o n l y  1/50 of t he  dose  Commitment. 

m i l l  e f f l u e n t s  f o r  t h e  20-year o p e r a t i n g  l i f e  of t h e  p l a n t ,  h i s  annual  

dose sate d u r i n g  t h e  t w e n t i e t h  y e a r  I s  about 20 t i m e s  t h e  annual  dose 

ra te  f o r  one year  of exposure,  and h i s  t o t a l  dose commitment i s  t h e  

PE a n  i n d i v i d u a l  i s  exposed t o  
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Fig. 5.1. Exposure pathways t o  man. 

summation of the 50-year dose commitments for each o f  the 20 years. 

These generalized dose estimates are approximately correct for the con- 

ditions cited. However, a detailed calculation must be made to determine 

a more precise value for the actual dose received in a giyen year. 
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The exposed person  i s  assumed t o  be  a n  a d u l t ,  20 y e a r s  of age ,  

having p h y s i o l o g i c a l  parameters  def ined  by t h e  I n t e r n a t i o n a l  Commission 

on R a d i o l o g i c a l  P r o t e c t i o n  (ICW>.2 

commitment" and "dose" are used in te rchangeably ;  each i m p l i e s  a 50-year 

dose commitment. Doses t o  s p e c i f i c  organs can v a r y  cons iderably  f o r  

i n t e r n a l  exposure from i n g e s t e d  o r  i n h a l e d  r a d i o n u c l i d e s  concent ra ted  

i n  c e r t a i n  organs of the body. E s t i m a t e s  of r a d i a t i o n  dose t o  t h e  t o t a l .  

body and t o  major organs  are ,  t h e r e f o r e ,  cons idered  f o r  a l S  pathways 

of i n t e r n a l  exposure and are  based on parameters  a p p l i c a b l e  t o  t h e  

average a d u l t .  R a d i a t i o n  dose t o  t h e  i n t e r n a l  organs of c h i l d r e n  i n  

t h e  popula t ion  may v a r y  from Chose r e c e i v e d  by an a d u l t  because of 

di.ffe?.pmces i n  r ad io i iuc l ide  metabolism, organ s i z e ,  and d i e t .  

I n  our  r e p o r t  t h e  terms "dose 

Popula t ion  total-body dose estimates are the sums of the total-body 

doses  t o  i n d i v i d u a l s  w i t h i n  50 m i l e s  of t h e  nine-mil l  complex. It i s  

assumed f o r  t h e  purposes of t h i s  r e p o r t  t h a t  r a d i a t i o n  dose t o  t h e  total .  

body i s  r e l a t i v e l y  independent of age; t h e r e f o r e ,  man-rem estimates 

are based on t h e  total-body doses  c a l c d a t e d  f o r  a d u l t s .  S i m i l a r l y ,  t h e  

popula t ion  dose  estimates f o r  t h e  v a r i o u s  organs are t h e  sum of  s p e c i f i c  

a d u l t  organ doses  f o r  t h e  i n d i v i d u a l s  w i t h i n  50 m i l e s  of t h e  p l a n t .  The 

man-organ-rem e s t i m a t e s  are a l s o  based on a d u l t  organ doses .  

The AIRDOS-I1 computer code' w a s  used t o  estimate 50-year dose  

commitments from e f f l . uen t s  r e l e a s e d  t o  t h e  atmosphere. The AIKDOS-I1  

code is  a F O R T W - I V  computer code that  calculat-es  t h e  dose conunitment 

t o  i n d i v i d u a l s  and popula t ions  f o r  up t o  36 r a d i o n u c l i d e s  r e l e a s e d  from 

one t o  s i x  s t a c k s .  S i t e - s p e c i f i c  annual  average meteoro logica l ,  popula- 

t i o n ,  beef c a t t l e ,  milk  ca t t l e ,  and crop d a t a  are s u p p l i e d  as i n p u t  t o  

t h e  computer code. Output d a t a  i n c l u d e  ground-level r a d i o n u c l i d e  

c o n c e n t r a t i o n s  i n  a i r  and r a t e  vf d e p o s i t i o n  on ground and w a t e r  s u r f a c e s  

f o r  each r a d i o n u c l i d e  a t  specif:i.ed d i s t a n c e s  and d i r ec t i -ons  from t h e  

release po:int. From t h e s e  v a l u e s ,  doses  t o  man at each d i s t a n c e  and 

d i r e c t i o n  s p e c i f i e d  a re  es t imated  fo r  t o t a l  body, G I  t r a c t ,  bone, 

t h y r o i d ,  l ungs ,  muscle,  kidneys,  l i v e r ,  s p l e e n ,  testes, and o v a r i e s ,  

v i a  each of t h e  f i v e  s i g n i f i c a n t  pa.thways i l l u s t r a t e d  i n  F ig .  5.1. 

Dose c a l c u l a t i o n s  are  made w i t h  t h e  u s e  of dose conversion f a c t o r s  

suppl ied  as i n p u t  d a t a  f o r  each r a d i o n u c l i d e  and exposure mode. Dose 



convers ion  f a c t o r s  f o r  submersion i n  t h e  gas-borne e f f l u e n t ,  exposure 

t o  contaminated ground s u r f a c e ,  and i n t a k e  of r a d i o n u c l i d e s  through 

i n h a l a t i o n  and i n g e s t i o n  are  c a l c u l a t e d  by t h e  u s e  of d o s i m e t r i c  c r i t e r i a  

of t h e  I C R P  and o t h e r  recognized a u t h o r i t i e s .  These f a c t o r s  are  computed 

and summarized i n  two computer codes,  one f o r  e x t e r n a l  exposure,  

EXREN-111, and one f o r  i n t e r n a l  exposure,  INREM-11. Because r e c e n t  

r e v i s i o n s  have been made i n  t h e  INREM-I1  d a t a  b a s e ,  a number of dose 

convers ion  f a c t o r s  used i n  t h i s  s t u d y  are l i s t e d  i n  Table  5.1 and 

supercede t h o s e  l i s t e d  i n  r e f .  7 .  

Radioac t ive  p a r t i c u l a t e s  are removed from t h e  atmosphere and 

d e p o s i t e d  on t h e  ground through mechanisms of d r y  d e p o s i t i o n  and 

scavenging.  Dry d e p o s i t i o n ,  as  used i n  t h i s  a n a l y s i s ,  r e p r e s e n t s  a n  

i n t e g r a t e d  d e p o s i t i o n  of r a d i o a c t i v e  materials by processes  of g r a v i -  

t a t i o n a l  s e t t l i n g ,  a d s o r p t i o n ,  p a r t i c l e  i n t e r c e p t i o n ,  d i f f u s i o n ,  chemical ,  

and e l e c t r o s t a t i c  e f f e c t s .  Depos i t ion  v e l o c i t y  v a l u e s  f o r  p a r t i c u l a t e s  

range  from 0 . 1  t o  6.0 cm/sec.* Based on a n  a n a l y s i s  of t h e  e f f e c t  of 

d e p o s i t i o n  v e l o c i t i e s  on estimates of r a d i o l o g i c a l  impact,  a v a l u e  of 

1 cm/sec i s  used f o r  c a l c u l a t i o n  of ground c o n c e n t r a t i o n s  of r a d i o a c t i v e  

p a r t i c l e s  f o r  t h i s  f a c i l i t y .  Scavenging of r a d i o n u c l i d e s  i n  a plume i s  

a p r o c e s s  through which r a i n  o r  snow washes o u t  p a r t i c l e s  o r  d i s s o l v e s  

g a s e s  and d e p o s i t s  them on t h e  ground o r  w a t e r  s u r f a c e s .  Methods f o r  

e s t i m a t i n g  t h e  scavenging c o e f f i c i e n t  can  b e  found i n  M e t e o r o l o a  - and 

Atomic Energy. 

Table 5.1. Dose conversion factors f o r  total body, bone, and 
lungs f o r  radionuclides in the 232Th decay chain 

... -________-- 
Conversion f ac to r s  (rems/uCi) _-- - .___ 

Total body Bone Lungs 
-_II ________ ___I.- 

Radionuclide Inhalation Ingest ion Inhalation Ingestion Inhalation Inzestion 

7.9  x 10' 

5 . 1  x 10-4 

1 . 4  x 101 

1.6 10-5 

1.2 x 1.0-2 

2.2 10-3 

5.0 

1.4  x IO-' 

2.3 x 

1.4  8.7 x 102 1.8 x lo1 2 . 3  i o 2  1.1 

2 . 7  x -4 2.6 x io-?  1 . 2  x 1 0 - ~  1 . 3  10-1 2.6 10-5 

2 . 8  x lo-' 6.9 x LO1 3.3 3.7 x 102 1.0 x 

2 . 4  x 3 . 8  1.3 x lo1  9.8 2.6 

1.0 x 10-1 1 . 2  x 10-1 1.6 x 10-1 4.5 1.3 x lo-' 
0 0 0 

4 . 2  x 1 0 - ~  6 . 5  io-' 4.6 x IO-' 9.2  x 10-1 5.3 x 

9.0 x l o W 5  8 .0  x 1 . 3  10-4 1 . 4   IO'-^ 1.3 10-5 

1.1 10-3 o 

3 . 2  x lo-' 1.0 x 1.0 x 7.2 x 2.6 x 
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5 . 1  A d d i t i o n a l  Assumptions 

Many of t h e  b a s i c  inc-remental  parameters  used i n  A I R D O S - I I  i n d i -  

v i d u a l  and popula t ion  dose estimates are c o n s e r v a t i v e ;  t h a t  i s ,  v a l u e s  

are chosen t o  maximize hypothesized i n t a k e  by man. Many f a c t o r s  t h a t  

would reduce  t h e  r a d i a t i o n  dose,  such as s h i e l d i n g  provided by dwel l ings  

and t i m e  s p e n t  away from t h e  r e f e r e n c e  l o c a t i o n ,  are n o t  considered.  

It i s  assumed t h a t  persons remain unshi-elded a t  t h e  r e f e r e n c e  l o c a t i o n  

100% of t h e  t i m e .  Moreover, i n  e s t i m a t i n g  t h e  doses  t o  maximally 

exposed i n d i v i d u a l s  v ia  t h e  i n g e s t i o n  O E  v e g e t a b l e s ,  b e e f ,  and mi.lk, 

a l l  t h e  food consumed by t h i s  i n d i v i d u a l  i s  assurned t o  b e  produced a t  

t h e  r e f e r e n c e  l o c a t i o n  s p e c i f i e d .  Thus t h e  dose es t imated  f o r  the 

maximally exposed indivi.dua1 i n  t h i s  and o t h e r  s t u d i e s  u s i n g  AIRDOS-I1 

i s  l i k e l y  t o  b e  h igher  than  doses  t h a t  would OCCUK i n  a real-world 

s i t u a t i o n .  

A s p e c i a l  case exis ts  i n  t h e  methodology f o r  t h e  c a l c u l a t i o n  of 

For  purposes  of dose  from 220Rn which deserves  f u r t h e r  e l a b o r a t i o n .  

t h i s  r e p o r t ,  220Rn gas  i s  r e l e a s e d  from f o u r  l o c a t i o n s  w i t h i n  t h e  

mine-mill. complex: the m i h e  p roper ,  t h e  o r e  s t o r a g e  p i l e ,  the m i l l -  

r e f i n e r y ,  and t h e  t a i l i n g s  beach. I t  w a s  f u r t h e r  assumed t h a t  t h e  

n e a r e s t  r e s i d e n c e  i s  l o c a t e d  no closer t h a n  1 m i l e  from t h e s e  f a c i l i t i e s ,  

i n  t h e  d i r e c t i o n  of t h e  p r e v a i l i n g  wind. Given t h e  s h o r t  ha1.E-life of 

220Rn (55.6 s e c ) ,  w e  c o n s e r v a t i v e l y  assumed i n  t h i s  s t u d y  t h a t  a1.l 

220Rn decays t o  a i r b o r n e  212Pb p a r t i c u l a t e s  p r i o r  t o  c r o s s i n g  t h e  

1 - m i l e  f a c i l . i t y  boundary. Doses l i s t e d  i n  t h e  r e s u l t s  as due t o  

r ' 220Rn  + D" (220Rn + daughters )  are t h e r e f o r e  a c t u a l l y  t h e  r e s u l t  of 

i n g e s t i o n  and i n h a l a t i o n  of 212Pb, f o r  bo th  t h e  maximally exposed 

i n d i v i d u a l s  and t h e  g e n e r a l  popula t ions .  A s  conf i rmat ion  of t h e  accu- 

r a c y  of t h i s  approximation, doses  were independent ly  c a l c u l a t e d  both  

f o r  220Rn gas  a l o n e  and f o r  212Pb suspended as d u s t  ( r a t h e r  t h a n  c r e a t e d  

by decay of a i r b o r n e  220Rn) from the f o u r  s i t e  o p e r a t i o n s .  Doses calcu-  

l a t e d  f o r  these cases were i n s i g n i f i c a n t  i n  comparison t o  ' l aPb  doses  

generated from a i r b o r n e  220Rn and w e r e  excluded from t h e  t a b u l a t e d  

r e s u l t s  . 
A d d i t i o n a l l y ,  dose commitment t o  t h e  lung ,  as computed f o r  t h i s  

r e p o r t  v i a  the I N R E X - I 1  code7, i s  calcul.ated as dose t o  t h e  e n t i r e  
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l ung ,  commonly i d e n t i f i e d  as t h e  "smeared lung" dose.  Dose t o  t h e  

b r o n c h i a l  e p i t h e l i u m  r e g i o n  of t h e  lung  from '*OR, daughters  may be  

h i g h e r  than  t h a t  t o  t h e  e n t i r e  lung.  A d i s c u s s i o n  of t h i s  r e l a t i o n s h i p  

is  a v a i l a b l e  i n  Dunning e t  a l . ,  V o l .  11. 
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6. ANALYSIS OF RADIOLOGICAL IPIPACT 

6 . 1  Maximum I n d i v i d u a l  Doses 

The maximum i n d i v i d u a l  doses  a t  1 one m i l e  from t h e  p o i n t  of release 

of r a d i o n u c l i d e s  are shown i n  Table  6 .1 .  Data are  l i s t e d  f o r  bo th  t h e  

Lemhi Pass  s i t e  and t h e  Wet Mountains s i t e ;  meteoro logies  f o r  each s i t e  

are a l s o  i n d i c a t e d .  

Table 6 . 1 .  Maximum individual 50-year dose conrmitment to tota l  body and 
various organs from radioactivity released t o  the atmosphere 

during one year of f a c i l i t y  operation 

Dose commitment (millirems) 

Meteorology 
Total body G I  tract Bone Thyroid Lungs Kidneys Liver 

Lemhi Pass site 

Butte 2.4  4 . 1  9 . 5  2 . 4  3 5 . 3  4 . 3  2.9 

2 . 4  3.7 9 . 4  2 . 4  3 2 . 0  3 .9  2.7 Mullan Pass 

Wet Mountains site 

Pueblo 3 . 7  3 . 8  13.1 3.7 33.4 4 . 2  3 . 3  

3.2 3.3 11.2 3 . 2  28.7 3.7 2.8 A1 am0 sa 
I 

For Lemhi Pass ,  t h e  B u t t e ,  Montana, meteorology g ives  doses  t h a t  are 

s l i g h t l y  h ighe r  t han  those  f o r  t h e  Mullan P a s s  meteorology. Therefore ,  

t h e  B u t t e  meteorology w i l l  b e  cons idered  i n  greater depth  i n  t h i s  

a n a l y s i s .  Lung i s  t h e  c r i t i c a l  organ ,  r e c e i v i n g  a dose commitment of 

35.3 m i l l i r e m s ,  wh i l e  9.5 and 2.4 m i l l i r e m s  are d e l i v e r e d  t o  bone and 

t o t a l  body r e s p e c t i v e l y .  A t  t h e  Colorado s i t e ,  t h e  Pueblo meteorology 

g i v e s  t h e  h i g h e s t  doses .  Again, lungs  and bone are t h e  organs r e c e i v i n g  

t h e  h i g h e s t  doses ,  3 3 . 4  and 13.1 m i l l i r e m s  r e s p e c t i v e l y ,  wh i l e  dose t o  

t o t a l  body is  3 . 7  m i l l i r e m s .  

A breakdown of t h e  dose  by r a d i o n u c l i d e s  t o  v a r i o u s  organs is shown 

i n  Table 6 . 2 .  For t h e  Lemhi Pass  s i te ,  220Rn and daughters  are t h e  

primary c o n t r i b u t o r s  t o  a l l  organs .  The second most important  rad io-  

n u c l i d e  i s  2 2 8 R a ,  d e l i v e r i n g  36% of t h e  dose t o  t o t a l  body and thy ro id .  

The r e l a t i v e  d i s t r i b u t i o n  of t h e  dose  from r ad ionuc l ides  a t  t h e  W e t  

Mountains s i t e  i s  s i m i l a r  t o  t h a t  f o r  Lemhi P a s s ,  wi th  t h e  except ion  

t h a t  228Ra i s  t h e  major c o n t r i b u t o r  t o  t o t a l  body (59%) and thy ro id  (59%). 



Table 6.2 .  Radionucl ide c o n t r i b u t o r s  t o  t h e  dose commitment 
t o  v a r i o u s  organs fo r  maximally exposed i n d i v i d u a l  

Cont r ibu t ion  to  dose commitment (%) 
... . .. . . . ___ 

__ ___ 

T o t a l  body G I  t r a c t  Bone Thyroid Lungs Kidneys Liver  Radionucl ide 

232Th 

228Ra 

22aAc 

"Th 

224Ra 

220Rn 3. D" 

'Th 

228Ra 

228Ac 

228Th 

224Ra 

220Rn + D' 

3 

36 

<1 

1 

<1 

59 

4 

59 

<1 

2 

<1 

35 

L e h i  Puss s i t e  (Butte rnzteoroZogy) 

<1 10 4 

2 23 36 

<1 <1 <1 

<1 2 2 

<1 <1 <1 

98 65 58 

Wet Mountains s i t e  (Peublo rndteorologyi 

<1 1 2  4 

4 42 59 

<1 <1 <1 

1 3 2 

<l <1 <1 

94 43 35 

2 

9 

<l 

1 

<1 

87 

1 3  

6 

<1 

3 

<1 

7 8  

18 

1 3  

<1 

5 

<1 
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uCont r ibut ion  of and daughters  of 220Rn. 

The c o n t r i b u t i o n  of v a r i o u s  exposure pathways t o  t h e  dose commit- 

ment t o  t h e  t o t a l  body, bone, and lungs i s  shown i.n Table  6 . 3 .  For 

Lemhi P a s s ,  i n g e s t i o n  i s  t h e  primary mode of exposure f o r  t o t a l  body 

( 4 7 % )  and bone ( 6 1 % ) ,  whi.1.e i n h a l a t i o n  c o n t r i b u t e s  99% of t h e  dose  t o  

the  lungs.  A s i m i l a r  d i s t r i b u t i o n  e x i s t s  f o r  t h e  W e t  Mountains s i t e .  

A d d i t i o n a l  AIRDOS-III computer runs  were made t o  determine t h e  

i n c r e a s e  i.n dose  commitment i f  t h e  s i t e  boundary w e r e  l o c a t e d  a t  0.5 

m i l e  from t h e  p o i n t  of release of r a d i o n u c l i d e s ,  i n s t e a d  of 1 . 0  m i l e  

as assumed i n  t h i s  assessment.  It was determined t h a t  t h e  maximum 

i n d i v i d u a l  dose would i n c r e a s e  by a f a c t o r  of approximately 2 . 3  when 

t h e  d i s t a n c e  t o  t h e  maximally exposed i n d i v i d u a l  i.s reduced by one-half .  

Maximally exposed i n d i v i d u a l  dose  commitments c a l c u l a t e d  i n  t h i s  r e p o r t  

could be  reduced by imposing more s t r i n g e n t  c o n t r o l s  on t h e  hand]-ing of 

o r e  and t a i l i n g s  and/or  more e f f e c t i v e  t rea tment  o f  a i r b o r n e  rad io-  

n u c l i d e s  p r i o r  t o  r d e a s e  a t  t h e  m i l l  s i t e .  

Maximum i n d i v i d u a l  doses  from thorium mining and m i l l i n g  appear  t o  

b e  comparable t o  t h o s e  r e p o r t e d  i n  assessments  on uranium mining and 

m i l l i n g  Gperntions. '  

t i o n s  made i n  t h i s  s tudy  are based on e x t r a p o l a t i o n s  from c u r r e n t  p r a c t i c e s  

However, i t  i s  emphasized t h a t  many of t h e  assump- 
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Table 6.3. Contribution of exposure pathways to dose 
commitment to total body, bone, and lungs 

for maximally exposed individual 

Contribution to dose commitment ( X )  

Pathway Total body Bone Lungs 

Lemhi Pass s i t e  (Buttc meteoroZogyl 

Inhalation 32 

Submersion <1 

Surface 21 

Ingest i on  47 

Swimming <1 

31 

<1 

8 

61 

<1 

Y e t  Mormta-hs s i t e  (Pueblo meteorology) 

Inhalation 20 

Submersion <1 

Surface 15 

Ingestion 64  

Swimming <1 

24 

<1 

6 

69 

<1 

99 

<1 

1 

<1 

<1 

98 

<1 

2 

<1 

<1 

in the uranium mining and milling industry. 

be  exactly correct for thorium mining and milling. 

thorium industry expands to accommodate the demand for thorium as a fertile 

msiterial in nonproliferative fuel cycles, this assessment should be 

extended to include on-site measurements of source terms and meteorological 

and environmental parameters. 

These assumptions may not 

Therefore, as the 

6.2. Population Doses 

Population dose commitments in man-rems for each site and meteorology 

considered are listed in Table 6 . 4 .  Bone, lungs, and kidneys receive 

the highest doses at each site. The dose commitments for the Wet 

Mountains site (hlamosa meteorology) range from five to seven times higher 

than those for the Lemhi Pass site (Butte meteorology). This difference 

is primarily due to the greater population of the Wet Mountains area. 

Table 6.5 lists the contribution of radionuclides to the population- 

organ-dose commitments. 

and its daughters, which deliver 64 to 98% of the dose to the organs 

shown. Radium-228 is the second most important contributor, with the. 

remainder of the dose being given by 232Th and 228Th. 

The most important radionuclides are 220Rn 

I 



Table 6 . 4 .  Populat ion dose  commitment t o  t o t a l  body and v a r i o u s  
organs from r a d i o a c t i v i t y  r e l e a s e d  t o  the atmosphere 

dur ing  one year  of f a c i l i t y  o p e r a t i o n  
.................... .............................. ~ 

Dose commitment (man-rems) 

T o t a l  body G I  t ract  Bone Thyroid Lungs Kidneys Liver  

Lemhi Pass site 

But te  0.05 0.03 0.1 0.05 0.7 0.07 0 .06  

Mullan Pass  0.05 0.03 0.1 0.05 0 . 8  0 . 0 8  0 .06  

Wet :+fountains site 

Pueblo 0.3 0.1  0.7 0.2 2 . 8  0.3 0.3 

Alamosa 0.3 0.2 0.9 0.3 3.7 0.4 0.3 
.................... ............................. ... 

Table 6 . 5 .  Radionucl ide c o n t r i b u t i o n s  t o  t h e  popula t ion  dose 
commitmsnt t o  v a r i o u s  organs 

Cont r ibu t ion  t o  t h e  dose  comnitmcnt (%) 

T o t a l  body G I  t rac t  Bone Thyroid Lungs Kidneys Rad ionuc 1 i d  e 

-- .. ~. - 

2Th 

22*R, 

228Ac 

228Th 

'"Ra 

"OR, i- Da 

3 

2a 

<1 

2 

<1 

67 

3 

48 

<1 

3 

<1 

46 

Lemhi Pass site (But te  meteorology) 

<1 12 3 

7 2 2  2a 

<1 <1 <l 

2 2 2 

<1 <1 <1 

91 64 67 

Wet Mountains s i t e  (Aloinosa ineLeoroloyyl 

<1 1 3  3 

16 40 48 

<1 <l <1 

3 3 3 

<1 <l <1 

81 45 46 

aCont r ibut ion  of and daughters  o f  2 2 0 R n .  

The c o n t r i b u t i o n  of v a r i o u s  exposure pathways t o  the populati-on 

dose  f o r  each s i t e  (But te  and Alamosa meteorology) i s  shown i n  Table  

6.6. 

l a t i o n  (39%),  s u r f a c e  exposure (36%),  and i n g e s t i o n  ( 2 5 % ) .  Dose t o  

bone i s  p r i m a r i l y  by i n h a l a t i o n  (53%),  w h i l e  s u r f a c e  exposure and 

i n g e s t i o n  c o n t r i b u t e  18 and 24% r e s p e c t i v e l y .  Exposure t o  lungs  i s  

almost e n t i r e l y  from i n h a l a t i o n  of p a r t i c u l a t e  matter ( 9 8 % ) .  

The dose  t o  t o t a l  body i s  r a t h e r  uniform1.y d i v i d e d  between inha- 
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Table 6.6. Contribution of exposure pathways to population dose 
commitment to total body, bone, and lungs 

Contribution to population dose commitment (%) 

Total body Bone Lungs Pathway 

Lernhi Pass site (Butte rneteorozogy) 

Inhalation 39 53 98 

Submersion <1 <1 <1 

Surface 36 18 2 

Ingest ion 25 29 <1 

Swimming <1 <1 <l 

V e t  Mountczfns s i t s  (AZmosa meteorology) 

Inhalation 27 4 1  98 

Submersion <1 <1 <1 

Surface 31 15 2 

Ingestion 41 4 3  <1 

Swimming < I  Cl <1 

Popu la t ion  dose  commitments appear  t o  b e  a c c e p t a b l e  i n  t e r m s  of r i s k  

t o  t h e  p u b l i c  when compared w i t h  t h o s e  r e p o r t e d  f o r  mining and m i l l i n g  of 

uranium o r e s .  One f a c t o r  l e a d i n g  t o  r e l a t i v e l y  low popu la t ion  exposures 

from thorium mining and m i l l i n g  i s  t h e  r a p i d  decay of 220Rn (55.6 s e c )  

compared w i t h  t h a t  of 222Rn (3.8 d a y s ) .  T h i s  p r o p e r t y  i m p l i e s  t h a t  t h e  

mean d i s t a n c e  o f  220Rn t r a n s p o r t  from t h e  s i t e  will n o t  b e  g r e a t  b e f o r e  

decay t o  p a r t i c u l a t e  daugh te r s .  

through washout, r a i n o u t ,  o r  g r a v i t a t i o n a l  s e t t l i n g  i s  g r e a t e r  f o r  

p a r t i c u l a t e s  t han  g a s e s ,  daugh te r s  of 220Rn a re  less l i k e l y  t o  r each  

popula ted  areas. 

S ince  t h e  p r o b a b i l i t y  of d e p o s i t i o n  

Again, however, i t  must be  emphasized t h a t  t h e s e  c a l c u l a t i o n s  are 

based on s o u r c e  terms t h a t  have p r i m a r i l y  been deyeloped from assumptions 

and e x t r a p o l a t i o n s  from mining and m i l l i n g  of uranium ore .  E f f o r t  should 

be  made t o  i n c o r p o r a t e  a c t u a l  d a t a  from a l a r g e - s c a l e  thorium o p e r a t i o n  

as i t  becomes a v a i l a b l e .  

6 . 3  Dose Commitments Following P l a n t  Shutdown 

An a n a l y s i s  of maximum i n d i v i d u a l  doses  d u r i n g  t h e  f i r s t  yea r  

fo l lowing  p l a n t  shutdown i n d i c a t e s  t h a t  dose  commitments are s i g n i f i c a n t l y  
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1-ower than  dur ing  f a c i l i t y  o p e r a t i o n  arid would contiriue t o  d e c r e a s e  w i t h  

t i m e .  Typica l  pos t shu tdom dose  commitments a re  shown i n  Tab1.e G . 7 .  

'The lungs  r e c e i v e  t h e  h i g h e s t  dose  (6 .8  mil.lirems) , bone second 

( 6 . 1  m i l l i r e m s )  , and to ta l .  body and thyro id  t h i r d  ( 2  1 m i l l i r e m s )  

Primary c o n t r i b u t o r s  t o  t h e  dose (Table  6.8) a re  228Ra f o r  bone, t o t a l  

body, and thyr0i.d; and 220Rn -t- D f o r  GI tract, l ungs ,  l i v e r ,  and kidneys.  

The only  o t h e r  important  c o n t r i b u t o r s  a re  228'I'h, which d e l i v e r s  1 2 %  of 

t h e  d o s e  t o  l i v e r  and a smaller percentage  t o  o t h e r  organs,  ani1 232Th, 

which d e l i v e r s  11% o f  t h e  d o s e  t o  l i ve r  and 5% of  t h e  dose t o  bone. 

Table  6 .9  shows p o s t o p e r a t i o n a l  exposure v i a  t h e  d i f f e r e n t  path- 

ways. I n g e s t i o n  i s  t h e  dominant pathway f o r  al l .  organs w i t h  t h e  excep- 

t i o n  o f  I.ungs, where inl- la la t ion c o n t r i b u t e s  97% of t h e  dose  due p r i m a r i l y  

t o  a i r b o r n e  212Fb, a daughter  o f  2201<n. 

Table 6.7. Maximum i n d i v i d u a l  50-year dose c o m i t m e n t s  t o  t o t a l  body and v a r i o u s  
organs from r a d i o a c t i v i t y  r e l e a s e d  t o  t h e  atmosphere 

dur ing  t h e  f i r s t  year  a f t e r  f a c i l i t y  shutdown 

Dose commitment (mi l l i rems)  

..................... ......... .................. .- .- 

T o t a l  body G I  t ract  Bone Thyroid Lungs Kidneys Liver  
S i t e  (meteorolhgy) 

Lemhi Pass  (But te)  2 . 1  0.9 6 .1  2 . 1  6.8 1.1 1.0  

Wet Mountalns (Pueblo) 1.5  0 .6  4.4  1.5 4 . 3  0.7 0.7 

Table  6.8. Radionucl ide c o n t r i b u t o r s  t o  t h e  dose commitments t o  v a r i o u s  organs f o r  
i n d i v i d u a l s  exposed dur ing  t h e  f i r s t  year  a f t e r  f a c i l i t y  shutdown 

(Lemhi Pass  s i te ,  But te  meteorologya) 

Cont r ibu t ion  t o  t h e  dose commitment ( X )  

T o t a l  body G I  t r a c t  Bone Thyroid Lungs Kidneys Liver  
Radionucl ide 

................... .................... ..._.........__.I_ 

'Th 1 <1 5 1 < I. 1 11 

228Ra  85 15 7 3  85 2 30 35 

2 2 8 A C  <1 <1 <1 <1 <1 <1 <1 

228Th 2 3 4 2 6 3 1 2  

2 2 4 R a  <1 2 <1 <1 <1 <1 <1 

22"Kn +. D 1 2  80 18 1 2  91 6 6  4 1  

aRadionuclide c o n t r i b u t i o n s  f o r  t h e  Wet Mountains s i t e  were similar t o  those  l i s t e d  here .  
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T a b l e  6.9. C o n t r i b u t i o n  o f  e x p o s u r e  pathways t o  t h e  d o s e  
commitment t o  t o t a l  body,  bone, and l u n g s  f o r  i n d i v i d u a l s  

exposed d u r i n g  t h e  f i r s t  y e a r  a f t e r  f a c i l i t z  shutdown 
(Lemhi P a s s  s i t e ,  B u t t e  me teo ro logy  ) 

C o n t r i b u t i o n  of e x p o s u r e  pathway t o  d o s e  commitment (%) 

T o t a l  body Bone Lungs 
Pathway 

I n h a l a t i o n  8 11 97 

Submersion i n  a i r  <1 <1 <1 

S u r f a c e  10 4 3 

I n g e s t  i on  82 85 <1 

Swimming <1 <1 <1 
-- 

C o n t r i b u t i o n s  of e x p o s u r e  pathways f o r  t h e  W e t  Moun ta ins  s i te 
a 

w e r e  similar t o  t h o s e  l i s t e d  h e r e .  

Popu la t ion  dose commitments f o r  t h e  f i r s t  y e a r  a f t e r  shutdown are  

shown i n  Table  6.10. It i s  ev iden t  from t h e s e  d a t a  t h a t  popu la t ion  

dose  commitments would drop s i g n i f i c a n t l y  a f t e r  t h e  f a c i l i t y  ceases  

o p e r a t i o n  and would con t inue  t o  drop w i t h  t h e  decay of 232Th daughters  

p r e s e n t  i n  t h e  t a i l i n g s .  

Wet Mountains s i t e  (Alamosa meteorology) .  Radionucl ide c o n t r i b u t o r s  

t o  t h e  popu la t ion  dose commitment are l i s t e d  i n  Table  6.11. A s  w i th  

t h e  p o s t o p e r a t i o n a l  i n d i v i d u a l  doses ,  t h e  primary c o n t r i b u t o r s  are  228Ra 

f o r  bone, t o t a l  body, GI t r ac t ,  t h y r o i d ,  and l i v e r ;  and 220Rn -t D f o r  

l ungs  and kidneys.  

The h i g h e s t  postshutdown doses occur  a t  t h e  

F igu re  6 . 1  i l l u s t r a t e s  t h a t  232Th-chain daughter  a c t i v i t i e s  are 

c o n t r o l l e d  by t h e  1 . 3 9  x 1o1O-year h a l f - l i f e  of 232Th  i n  f r e s h  o re .  

91% of t h i s  232Th i s  assumed t o  be  removed dur ing  t h e  m i l l i n g  p focess ,  

S ince  

Table  6.10. Popu la t ion  dose commitments t o  t o t a l  body and v a r i o u s  organs 
from r a d i o a c t i v i t y  r e l e a s e d  t o  t h e  atmosphere dur ing  

t h e  f i r s t  year  a f t e r  f a c i l i t y  shutdown 

Dose commitment (man-rems) 
__ - 

Site (meteorology) T o t a l  body G I  t r a c t  Bone Thyroid Lungs Kidneys Liver  

Lemhi P a s s  (Butte)  0.02 0.007 0.06 0.02 0.11 0.01 0.01 

Wet Mountains (Alamosa) 0.11 0.03 0.28 0.11 0.43 0.06 0.06 
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Table 6.11. Radionuclide contributors to the population dose commitment to various 
organs for exposures during the first year after facility shutdown 

(Wet Mouutdins site, Alamosa population) 

Contribution to the dose commitmenc ( X )  

GI tract Bone Thyroid Lungs Kidneys Liver 
Radionuclide Total body 

232Th 1 <1 5 <1 <1 <1 9 

22*AC <1 <1 <1 <1 <1 <1 <1 

228Th 4 8 4 4 8 4 10 

224Ra <1 1 <1 <1 <1 <1 <1 

228R38 8 1  48  7 6  8 2  4 38 4 1  

+ D 14 4 3  15 14 a7 57 40  

1.39 x 

232 Th 

iO'Oy 

228 RQ 

Fig. 6.1.  

QRNL DWG. 98- 5 I I I 

2218 n 

220 Rn 212 Po 

a3.04~ 

Pb 

r 
412 Pb 

Thorium-232 decay chain. 

IO-'* 
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t h e  t a i l i n g s  beach r a d i o n u c l i d e  c h a i n  a c t i v i t y  would then  be  c o n t r o l l e d  

l a r g e l y  by t h e  5.75-year h a l f - l i f e  of 228Ra.  Thorium-228, a l s o  removed 

i n  t h e  m i l l i n g  p rocess ,  is  assumed *LO a g a i n  approach equ i l ib r ium w i t h  

228Ra a c t i v i t y  i n  t h e  t a i l i n g s  du r ing  t h e  20-year p l a n t  l i f e t i m e .  

( C a l c u l a t i o n  of postshutdown r a d i o n u c l i d e  releases t a k e s  i n t o  account  

t h e  l a y e r i n g  of material i n  t h e  tai .Lings beach, c o r r e c t i n g  f o r  reduced 

228Th a c t i v i t y  i n  r e c e n t l y  r e l e a s e d  t a i l i n g s  m a t e r i a l s . )  

232Th from thorium o r e  thereEore  e f f e c t i v e l y  reduces  t h e  long-term 

t o x i c i t y  of t h e  t a i l i n g s  by approximately an  o r d e r  of magnitude and 

causes  t h e  shor t - te rm t o x i c i t y  of t h e  t a i l i n g s  ( c o n t r o l l e d  by "*.Ra> t o  

b e  maximized du r ing  t h e  pe r iod  immediately fo l lowing  shutdown, decaying 

w i t h  a 5.75-year h a l f - l i f e  toward r e c o n t r o l  by t h e  reduced 232Th c o n t e n t .  

E x t r a c t i o n  of 

6 . 4  Impact of Mine-and Mill-Generated 220Rn on Popu la t ions  
Outs ide  t h e  50-mile r a d i u s  

To i l l u s t r a t e  t h e  re la t ive r a d i o l o g i c a l  i m p a c t  of mine- and m i l l -  

genera ted  220Rn, c a l c u l a t i o n  of t h e  t o t a l  U.S. popu la t ion  dose  due t o  

c r u s t a l  32Th con ten t  fo l lows .  The average  c r u s t a l  abundance of 32Th 

i s  es t imated  t o  be  10.33 ppm,' o r  1 .03 x 

average  s o i l  d e n s i t y  of 2 g/cm3 and a decay ra te  A. f o r  220Rn of 

0.693/55.6 sec = 1 . 2 7  x 1OV2/sec, an e x h a l a t i o n  r a t e  from s o i l  f o r  220Rn 

o f  0.336 pCi/cm2-sec has  been c a l c u l a t e d .  

t h e  area of t h e  cont iguous  U.S.,  8 x 

e x h a l a t i o n  r a t e  f o r  t h e  cont iguous  U.S . ,  2.69 x p C i / s e c .  Eichholz4 

has  e s t ima ted  t h a t  t h e  human lung  receives an annual  a lpha  dose of 

0.6 m i l l i r a d  from daugh te r s  of n a t u r a l l y  emanating 22flRn; o t h e r  organs 

r e c e i v e  lesser doses .  

g Th/g c r u s t .  Using an  

Mul t ip ly ing  t h i s  r a t e  t i m e s  

cm2, g i v e s  t h e  t o t a l  "OR, 

The 220Rn a c t i v i t y  l eav ing  t h e  50-mile-radius c i r c l e  sur rounding  

t h e  h y p o t h e t i c a l  mine and m i l l  s i t e  may b e  c a l c u l a t e d  as fo l lows :  The 

average  sum of t h e  e s t ima ted  220Rn a c t i v i t i e s  genera ted  a t  t h e  mine and 

m i l l  s i t e  (from S e c t .  4.1) i s  2.2 x l o 9  pCi /sec .  

of 220Rn g a s  (2.2 x lo9 pCi) t o  t r a v e l  downwind t o  t h e  50-mile radiums 

boundary a t  1 5  mph (an  a r b i t r a r i l y  chosen wind speed) .  

3 . 3 3  h r  r e q u i r e d  f o r  t r a n s i t  t o  t h e  boundary, t h e  22flRn a c t i v i t y  (A) 

i s  reduced t o  A = A e-Xt , where A = 2 .2  x lo9 p C i ,  X = 1 . 2 7  x 10-2/sec 

Allow a 1-sec increment 

During t h e  

0 0 
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and t = 1 . 2  x l o 4  sec. 

t h e  50-mile diameter  under t h e s e  assumptions i s  2.2 x lo9 pCi x 

(7.6 x = 1 . 7  x pCi, a n  i n s i g n i f i c a n t  a c t i v i t y  when compared 

w i t h  t h e  220Rn e x h a l a t i o n  r a t e  c a l c u l a t e d  i n  t h e  preceding paragraph. 

Therefore ,  t h e  220Rn a c t i v i t y  per  second l e a v i n g  

To complete t h e  a n a l y s i s ,  i t  i s  necessary  t o  cons ider  t h e  impact of 

212Pb, daughter  of 22-0Rn. 

of a n  atom of 220Rn, 212Pb a c t i v i t y  i.s c a l c u l a t e d  by  m u l t i p l y i n g  t h e  

a c t i v i t y  of 220Rn r e l e a s e d  by t h e  rati.0 of t h e  r a d i o n u c l i d e  h a l f - l i v e s  

( s e e  F ig .  6.1.). 

f a c i l i t y  r e s u l t s  i n  t h e  e f f e c t i v e  release of 

Since one atom of 212Pb i s  c r e a t e d  p e r  decay 

Thus, release of 2.2 x l o 9  p C i / s e c  of 220Rn a t  t h e  

Ci”’Pb . 
= 3 . 2  x 106 55 sec 1 h r  

sec 10.6 h r  3.6 x 1.0’ s e c  
X 

sec 
2 . 2  1-09 

The A I K D O S - I I  computer code w a s  used t o  estimate a i r  c o n c e n t r a t i o n s  

of  t h i s  212Pb p a r t i c u l a t e  bo th  a t  t h e  1 - m i l e  f a c i l i t y  boundary ( l o c a t i o n  

o f  t h e  h y p o t h e t i c a l  maximally exposed i n d i v i d u a l )  and a t  t h e  50-mile 

s tudy  area boundary. Meteorology s p e c i f i c  t o  B u t t e ,  Montana, was used 

( s e e  Appendix 1) and parameters  i n c l u d i n g  r a d i o n u c l i d e  decay, d i l u t i o n  

i n  t h e  atmosphere,  d r y  d e p o s i t i o n ,  and scavenging ( s e e  Sec.t. 5) were 

incorpora ted .  Under t h e s e  c o n d i t i o n s ,  maximum a i r  c o n c e n t r a t i o n s  occur  

i n  t h e  n o r t h e a s t e r l y  d i r e c t i o n  from t h e  f a c i l i t y .  The c o n c e n t r a t i o n  i n  

a i r  f o r  ’I2Pb p a r t i c u l a t e s  a t  50 m i l e s  vs 1 m i l e  i s  reduced by a f a c t o r  

o f  about  3 x 103” 

Table 6 . 1  l i s t s  doses  t o  t h e  maximally exposed i n d i v i d u a l  a t  1 mile 

under t h e s e  c o n d i t i o n s ,  and Table  6.2 l i s t s  t h e  percent  c o n t r i b u t i o n  

of 220Rn + D ( e s s e n t i a l l y  212Pb) t o  t h e s e  doses .  

maximally exposed i n d i v i d u a l  a t  50 niiles from the f a c i l i t y  would b e  

roughly p r o p o r t i o n a l  t o  t h e  212Pb a i r  c o n c e n t r a t i o n  (above) and would 

t h e r e f o r e  b e  reduced w i t h  r e s p e c t  t o  t h e  t a b u l a t e d  doses  by approxi- 

mately 2.9 x lo3. 

exposure ( s e e  S e c t .  5 ) ,  doses  due t o  2.20Rn + D (212Pb) release would 

approximate 5 x m i l l i r e m  t o  t o t a l  body, 2 x m i l l i r e m  t:o bone, 

and 1 x 1.0-2 m i l l i r e m  t o  lungs  a t  50 m i l e s  from t h e  f a c i l i t y .  

t o  i n d i v i d u a l s  res idin.g o u t s i d e  t h i s  boundary, and n o t  s u b j e c t  t o  maxi- 

m a l  exposure c o n d i t i o n s ,  would h e  f u r t h e r  reduced and are  judged i n s i g n i f -  

i c a n t  when compared w i t h  n a t u r a l  background 7-20Rn -I- D exposures.  

Doses from 212Pb t o  a 

Under t h e  c o n s e r v a t i v e  c o n d i t i o n s  used f o r  maximal 

Doses 
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6 .5  Discuss ion  

Effect on estimated doses of variation in population size 

One of t h e  g o a l s  of t h i s  s tudy  w a s  t h e  r a d i o l o g i c a l  assessment  of a 

range  of thorium r e s o u r c e  s i tes  t o  estimate a range  f o r  t h e  r a d i o l o g i c a l  

haza rds  a s s o c i a t e d  w i t h  t h e  mining and m i l l i n g  of thorium. Analys is  

of a v a i l a b l e  l i t e r a t u r e  i n d i c a t e d  t h e  l i k e l i h o o d  t h a t ,  i n  t h e  event  of 

wide-spread implementat ion of a thorium-uranium-233 f u e l  c y c l e ,  e x t r a c t i o n  

of l a r g e  q u a n t i t i e s  of thorium would occur  p r i m a r i l y  i n  t h e  v e i n  d e p o s i t s  

of t h e  wes te rn  United States. I n s p e c t i o n  of d a t a  e s t i m a t i n g  thorium 

reserves a t  t h e  v a r i o u s  wes tern  r e s o u r c e  si tes l e d  t o  i d e n t i f i c a t i o n  

of t h e  T,emhi P a s s  and t h e  W e t  Mountains areas as l i k e l y  t o  b e  worked. 

These si tes w e r e  chosen f o r  f u r t h e r  a n a r y s i s  based on d a t a  i n d i c a t i n g  

n e a r l y  20 t i m e s  t h e  popu la t ion  r e s i d i n g  w i t h i n  a 50-mile r a d i u s  of t h e  

Wet Mountains s i t e  as compared w i t h  t h e  Lemhi Pass  s i te .  This  s i z e  

range  i n  p o t e n t i a l l y  impacted popu la t ions  p rov ides  t h e  p r i m a r y  b a s i s  f o r  

t h e  s t u d y ' s  range  of a f a c t o r  of 4 t o  5 (Tables  6.4  and 6.10) i n  

e s t ima ted  r a d i o l o g i c a l  doses  f o r  t h e  two popu la t ions .  

Effect on estimated doses of substitution of meteorologica2 data sets 

A s  noted i n  S e c t .  2 .5 ,  cho ices  of me teo ro log ica l  assumptions have 

t h e  p o t e n t i a l  f o r  s i g n i f i c a n t l y  modifying doses  c a l c u l a t e d  f o r  f u e l  

c y c l e  f a c i l i t i e s .  Table  6 .1  i n d i c a t e s  t h a t ,  f o r  t h e  me teo ro log ica l  

d a t a  sets used i n  t h i s  s tudy  (and desc r ibed  i n  S e c t .  2 and Appendix l), 

lung doses  t o  maximally exposed i n d i v i d u a l s  may va ry  by as much as 10% 

i n  t h e  case of t h e  LemhT Pass  s i t e  and 16% i n  t h e  Wet Mountains case, 

depending upon cho ice  of me teo ro log ica l  d a t a .  Presumably, cho ice  of 

less s i t e - s p e c i f i c  me teo ro log ica l  d a t a ,  i nc lud ing  g e n e r i c  o r  average  

U.S. me teo ro log ica l  summaries, could l e a d  t o  f u r t h e r  u n c e r t a i n t y  i n  

maximum i n d i v i d u a l  dose estimates. 

Popu la t ion  dose  estimates (Table  6 . 4 )  are a l s o  found t o  b e  s e n s i t i v e  

t o  cho ice  of me teo ro log ica l  d a t a ,  w i t h  lung  doses  t o  che g e n e r a l  popula- 

t i o n  va ry ing  by 14% I n  t h e  Lemhi c a s e s  and by 32% i n  t h e  W e t  Mountains 

r e s u l t s .  

I n  g e n e r a l ,  g iven  t h e  l i k e l i h o o d  of complex l o c a l  a i r  f low p a t t e r n s  

over  mountainous t e r r a i n s  such as a re  encountered a t  t h e s e  s tudy  si tes,  



68 

act-ual doses  t o  i n d i v i d u a l s  r e s i d i n g  near  o p e r a t i n g  f a c i l i t i e s  may b e  

g r e a t l y  a f f e c t e d  by l o c a l  topography, o r i e n t a t i o n ,  and s p e c i f i c  di i i rnal  

wind regimes.  Doses i n  t h i s  r e p o r t  are n e c e s s a r i l y  c a l c u l a t e d  wi thout  

access t o  such information and should b e  r e c a l c u l a t e d  when d a t a  becoine 

a v a i l a b l e .  

Cone Zusions 

This  a n a l y s i s  of r a d i o l o g i c a l  impact s u g g e s t s  t h a t  maximum h d i v i d u a l  

dose  cornrnitments a t  1 m i l e  from t h e  p o i n t  of release should b e  s i m i l a r  

t o  t h o s e  encountered i n  uranium operati .ons.  I t  was n o t  p o s s i b l e  t o  

make a d i r e c t  comparison of  t h i s  assessment of tlioriurrr iilining a.nd m i l l i n g  

w i t 1 1  p rev ious  publ ished assessments  d e a l i n g  w i t h  uranium o r e .  'The 

primary reason f o r  t h i s  d i f f i c u l t y  i s  t h a t  t h i s  ana1.ysj.s incorpora ted  

d i f f e ren t ;  sets of meteoro logica l  d a t a ,  s i t e - s p e c i f i c  popula t ion  d a t a ,  

and assumed a 1 - m i l e  (vs  0 .5  n i l e )  di-s tance t o  t h e  f a c i l i t y  boundary. 

A l s o ,  no o p e r a t i o n a l  exper ience  e x i s t e d  on which .to base  t h e  development 

of source  t e r m s .  Therefore ,  u s e  of c o n s e r v a t i v e  assumptions w a s  r e q u i r e d .  

Doses t o  t h e  maximal-ly exposed i n d i v i d u a l  a t  bo th  s i tes  w e r e  s i m i l a r ,  

between 2 and 4 milli t-ems t o  t h e  t o t a l .  body, 9 t o  13  m i l l i r e m s  t o  bone, 

and 29 t o  35 m i l l i r e m s  t o  lungs.  General  popula t ion  doses  were es t imated  

t o  be  h i g h e s t  f o r  t h e  Wet Mountains s i t e ,  a t  0 . 3  man-rem ( to ta l .  body),  

0 .9  man-rem (bone) ,  arid 3.7 man-rems (1-ungs) . Doses c a l c u l a t e d  were 

l a r g e l y  t h e  r e s u l t  of i n g e s t i o n  and i n h a l a t i o n  of 220Rn daughters  f o r  

b o t h  t h e  maximum i n d i v i d u a l  and g e n e r a l  popula t ion  cases. S i g n i f i c a n t  

c o n t r i b u t i o n s  t o  dose  w e r e  a l s o  found f o r  2 2 8 R a g  232Th,  and 228Th i n  o r d e r  

of decreas ing  importance.  Radon-220 and daughter  doses  t o  i n d i v i d u a l s  

o u t s i d e  t h e  50-mile-I-adius s tudy  area w e r e  determined t o  be  i n s i g n i f i c a n t  

when compared wi th  n a t u r a l  background. 

A d i s t i n c t  advantage of thorium mining and m i l l i n g  compared w i t h  

uranium iiiinicig and mill.i.ng may b e  t h a t  t h e  r a d i o l o g i c a l  hazard encountered 

fo l lowing  pS.ant shutdown i s  s i g n i f i c a n t l y  lower and d e c r e a s e s  r a p i d l y  

a f t e r  shutdown. Because r a d i o a c t i v i t y  r e s i d u a l  i n  t h e  thorium t a i l b g s  

p i . l e  w i l l  b e  c o n t r o l l e d  p r i m a r i l y  by t h e  h a l f - l i f e  of 2 2 8 R a  (5.75 y e a r s ) ,  

t h e  need f o r  e x t e n s i v e  maintenance (compared t o  uranium f a c i l i t i e s )  of m i l l  

t a i l i n g s  f o r  long per iods  a f t e r  shutdown w i l l  b e  g r e a t l y  reduced. I n  t h e  
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New Mexico s i t e ,  maximum doses  t o  bone and t o t a l  body a t  0 .5  m i l e  from 

a n  i n t e r i m - t r e a t e d  ( v i a  chemical  dust-reducing spray)  t a i l i n g s  area 

could be as h igh  as 933 and 92 m i l l i r e m s  r e s p e c t i v e l y ,  u s i n g  c o n s e r v a t i v e  

assumptions.  The magnitude of t h e s e  doses  sugges t s  t h a t  e x t e n s i v e  f i n a l  

t r ea tmen t  and long-term maintenance of a uranium t a i l i n g s  area might be  

necessa ry .  I n  comparison, i n  t h i s  s tudy  of thorium mining and m i l l i n g ,  

t h e  t a i l i n g s  p i l e  (assumed t r e a t e d  by chemical  spray)  r e s u l t s  i n  maximum 

i n d i v i d u a l  doses  e s t ima ted  a t  6.8 m i l l i r e m s  t o  l ungs  and 2 . 1  millirems 

t o  t o t a l  body f o r  t h e  Lemhi P a s s  s i t e  immediately a f t e r  shutdown. Doses 

are a l s o  e s t ima ted  t o  be  reduced w i t h  t i m e  fo l lowing  shutdown. The re fo re ,  

i t  is  concluded t h a t  p o s t o p e r a t i o n a l  handl ing  of a thorium mine and m i l l  

f a c i l i t y  may be  s i g n i f i c a n t l y  less complex than  f o r  a uranium f a c i l i t y ,  

and t h a t  t h e  r a d i o l o g i c a l  doses  a s s o c i a t e d  w i t h  t h e  pos t -ope ra t iona l  

thorium f a c i l i t y  might be s i g n i f i c a n t l y  less f o r  a g iven  l e v e l  of t a i l i n g s  

p i l e  t r e a t m e n t .  I t  should  b e  emphasized, however, t h a t  no d i f f i c u l t i e s  

i n  meeting c u r r e n t  o r  proposed r a d i o l o g i c a l  s t a n d a r d s  are a n t i c i p a t e d  

f o r  e i t h e r  t ype  of f a c i l i t y ,  g iven  a p p l i c a t i o n  of a p p r o p r i a t e ,  a v a i l a b l e  

t echno log ie s .  
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RECOMMENDATIONS FOR FUTURE WORK 

During t h e  conduct of t h i s  a n a l y s i s ,  i t  became apparent  t h a t  some 

of t h e  t e c h n i c a l  d a t a  r e q u i r e d  f o r  d e t a i l e d  r a d i o l o g i c a l  environmental  

assessments  o f  thorium min ing  and m i l l i n g  w e r e  n o t  a v a i l a b l e .  

cases a p p r o p r i a t e  d a t a  per t inent :  t o  uranium mining and m i l l i n g  were 

o f t e a  s u b s t i t u t e d  and used i n  t h i s  w ~ r l i .  I n  o r d e r  f o r  more refined 

assessments  of thorium mining and mi.3.1ing to  b e  performed i n  t h e  f u t u r e ,  

daira p e r t a i n i n g  t o  t h e  fo l lowing  areas are  needed: 

I n  t h e s e  

1. Q u a n t i t a t i v e  measurement of emanation f a c t o r s  and d i f f u s i o n  

c o e f f i c i e n t s  f o r  220Rn i n  thorium o r e  materials such as t h o s e  found i n  

v e i n  d e p o s i t s .  

2 .  Determinat ion of f u g i t i v e  d u s t  g e n e r a t i o n  rates and t h e  d u s t  

p r o p e r t i e s  c h a r a c t e r i s t i c  of mine a c t i v i t i e s  and from exposed thorium 

o r e  d e p o s i t s  and o r e  piles. The l a t t e r  should i n c l u d e  s t u d i e s  of wind- 

blown d u s t  from o r e  p i l e s  and involve  q u a n t i t a t i v e  desc r ip t i . ons  of t h e  

s a l t a t i o n  behavior  of t h e  thorium o r e s  when a p p r o p r i a t e -  

3 .  Rates of release of 220Rn from tiiusium ore under v a r i o u s  s t o r a g e  

c o n d i t i o n s  are r e q u i r e d .  E f f e c t s  of w a t e r  s p r a y s  and/or  o t h e r  t rea tments  

i n  reducing d u s t  and 2-20Rn releases from thorium ore s t o r a g e  p i l e s  should 

a lso b e  determined. 

4 .  Determinat ion of t h e  release rate  of 220Rn from thorium o r e s  i s  

r e q u i r e d  f o r  such t y p i c a l  m i l l  t reat inents  as c rushing ,  g r i n d i n g ,  and 

d i s s o l u t i o n .  

5. The c o n c e n t r a t i o n s  and compositions of thorium decay products  

i n  thorium m i l l  waste  l i q u o r s  are r e q u i r e d .  

6 .  S p e c i f i c  p r o p e r t i e s  of s o i l s  from t h e  mountainous l o c a t i o n s  

where vein- type thorium o r e  d e p o s i t s  are l o c a t e d  should be determined 

t o  assess t h e  s o i l s ’  s u i t a b i l i t y  f o r  c o n s t r u c t i o n  of t a i l i n g s  ponds, 

c o n t r o l l i n g  leakage  of waste l i q u o r  frnui the pond, and reduc-tion o f  

migra t ion  of r a d i o n u c l i d e s  from t h e  t a i l i n g s  w a s t e  l i q u o r .  
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SUMMARIES OF METSOROLOGICAL DATA 
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Appendix 2 

DIFFUSION EQUATION USED FOR THE ESTIMATION OF RADON-220 EMISSIONS 

h2-1 





A2-3 

An equa t ion  developed by Culo t  and Schaiger  ( r e f .  2 ,  Sec t .  4 . 3 )  w a s  

used t o  estimate t h e  2 2 0 R n  release from t h e  open-pit  mine, t h e  o r e  p i l e ,  

and t h e  t a i l i n g s  p i l e .  This  equa t ion  w a s  a l s o  used i n  t h e  ERDA-1541 

( r e f .  1, Sect .  4.3)  s tudy .  This  equa t ion ,  which d e s c r i b e s  t h e  s teady-  

s ta te  d i f f u s i o n  of radon from porous,  uniform s o l i d s  con ta in ing  t h e  

radium p a r e n t ,  i s  

tanh(  L, s Jo = 

where 

Jo = radon f l u x  a t  t h e  s u r f a c e  of t h e  s o l i d s ,  Bq/m2*sec, 

S = product ion  rate of radon i n  a u n i t  volume of t h e  s o l i d ,  

Bq /m3 s e c  , 

k = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  of radon i n  t h e  i n t e r p a r t i c l e  

vo id  space ,  m2/sec, 

p = void  f r a c t i o n :  t h e  f r a c t i o n  of t o t a l  volume which i s  no t  

occupied by s o l i d  p a r t i c l e s  ( t h i s  is  o f t e n  c a l l e d  p o r o s i t y  

and should  not b e  confused wi th  t h e  p o r o s i t y  of an i n d i v i d u a l  

p a r t i c l e ) ,  

A = radon decay c o n s t a n t ,  sec-l, 

L = depth  of t h e  s o l i d s  medium, m. 

The term is c a l l e d  t h e  r e l a x a t i o n  l eng th .  I f  t h e  de.pth, L ,  of t h e  

s o l i d s  i s  2 2  o r  3 r e l a x a t i o n  l e g n t h s ,  t hen  t anh  (L )  approaches 1, 

and radon f l u x  from t h e  s o l i d  s u r f a c e  i s  desc r ibed  by 

I n  t h e  p r e s e n t  s tudy  t h e  depth of t h e  o r e  body, t h e  o r e  s t o r a g e  p i l e ,  and 

t h e  t a i l i n g s  p i l e  w a s  s u f f i c i e n t  t o  use  Eq. (2). 
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The product ion  rate of radon, S ,  is  c a l c u l a t e d  by t h e  fol lowing 

equat ion  : 

S = C EpX , 
R a  

( 3 )  

w h e r e  

= c o n c e n t r a t i o n  of radium p a r e n t ,  Bq/kgg 'Ra 

E = eruanation f a c t o r ,  dimensionless  ( t h i s  f a c t o r  r e p r e s e n t s  t h e  

f r a c t i o n  of radon which escapes  from t h e  s o l i d s  p a r t i c l e s  

and reaches  i n t e r p a r t i c l e  vo id  s p a c e ) ,  

p = b u l k  d e n s i t y  of s o l i d s ,  kg/m3, 

X = radon decay c o n s t a n t ,  sec-l. 

By combining Eqs. ( 2 )  and (31, Eq.  ( 4 )  i s  obta ined:  

In a l l  our estimatcs O X  220Rn release, w e  assumed t h a t  t h e  emanation 

f a c t o r ,  E,  w a s  t h e  s a m e  f o r  '?ORn ( t 1 / 2  = 55.6 s e c )  as i t  is  for 222Rn 

(3.30 x l o 5  s e c ) .  

release mechanism O-E 2 2 0 ~ ~ ~  is  p r i m a r i l y  a r e s u l t  of r e c o i l  energy of 

decay, t h i s  may b e  a good assumption. However, i f  t h e  r a t e - c o n t r o l l i n g  

process  is governed by gaseous d i f f u s i o n  through the s o l i d ,  a long g r a i n  

boundaries ,  o r  from i n t r a p a r t i c l e  p o r o s i t y ,  t h e  assumption would make our  

estimates of 220Rn release much too  high.  Reported v a l u e s  of E f o r  222Rn 

range from about 0.01 t o  0 .23 .  W e  used a v a l u e  of 0.23  i n  a l l  of our 

c a l c u l a t i o n s  so  t h a t  a c o n s e r v a t i v e  estimate w a s  obtained.  

measurements of E v a l u e s  f o r  220Rn from thorium--containing s o l i d s  are 

needed e 

Values of E have no t  been measured f o r  220Rn. I f  t h e  

C l e a r l y ,  

In  c a l c u l a t i n g  t h e  radon f l u x  from the mine, ore p i l e ,  and t a i l i n g s ,  

t h e  only va lues  which change f o r  t h e  d i f f e r e n t  media are (kp-l) 1 /7  and p. 

Therefore ,  w e  s u b s t i t u t e d  E = 0 . 2 3 ,  C R ~  = 1 7 . 7  x l o 3  Bq/kg, and t h e  v a l u e  
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f o r  X of 220Rn (0.0125/sec) in Eq. ( 4 )  and obtained Eq. ( 5 ) ,  which w a s  

utilized as the general equation for an estimation of 220Rn release from 

thorium-containing solids: 

J, = 455p(k/p)’I2 . 





Appendix 3 

RADON-220 RELEASE FROM THE OPEN-PIT THORIUM M I N E  
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T h e  f l u x  was estimated us ing  E q .  (5) (Appendtx 2) af te r  

making the assumption that the i n -p l ace  o r e  density was 2,25 x l o 3  kg/m3 
and the v a l u e  of k/p was i d e n t i c a l  with that of 722Rn from the Ambrosia 

Lake d e p o s i t  (1.65 x l omG m2/sec) : 

Therefore ,  f o r  the 1 . 2 1  x 104--m2 (3-acre) mine s u r f a c e  the source 

t e r m  ST is  

ST = 1.32 x 1.21 x l o 4  = 16 MBq/sec . 

The v a l u e  of k/p of 222Rn from the Ambrosia Lake d e p o s i t  w a s  cal- 

c u l a t e d  us ing  Eq. ( 4 )  (Appendix 2) and the following v a l u e s  for the 

constants i n  Eq. (5): 

J, = 19.9 Bq/m2*sec , 

p = 2.25 x l o 3  kg/m3 

= 20.7 kBq/kg 
%a 

E = 0.23 . 
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R A D I O A C T I V I T Y  CONTAINED I N  DUST GENERA'I'ED BY M I N I N G  OPERATIONS 
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The p r i n c i p a l  t r a f f i c  i n  t h e  mine a r e a  w i l l  b e  due t o  front-end 

l o a d e r s  and t h e  o r e  t r u c k s  p l u s  a c t i v i t y  of r i p p e r s  and b u l l d o z e r s .  

Front-End Loaders [ 3  m3 ( 4  yd3) c a p a c i t y ]  

The f r a c t u r e d  o r e  w i l l  have an apparent  d e n s i t y  of about 80% of 

t h e o r e t i c a l  o r  1.8 Mg/m3 (1.8 m e t r i c  tons/m3).  

Capacity of l o a d e r s  = 3 m3 x 1 . 8  mg/m3 

= 5.4 Mg/load 

1.6 Gg/day 
5 . 4  Mg/load 

= 296 loads /day  

"Trips"/day f o r  1 .6  Gg (1600 metric t o n s )  of o r e  = 

Round-trip d i s t a n c e  of f ront -end  l o a d e r  = 30 m x 2 

= 60 m 

Di s t ance  t r a v e l e d / d a y  by f ront -end  l o a d e r s  = 296 t r i p s  x 60 m 

= 18 km 

= 11 miles /day  

O r e  Trucks [35 Mg (35 metric tons) c a p a c i t y ]  

"Trips"/day f o r  1 . 6  Gg (1600 metric t o n s )  of  o r e  = 
1.6  Gg 

35 Mg c a p a c i t y  

= 46 loads /day  

Round t r i p  o u t  of p i t  and r e t u r n  = 300 m x 2 

= 600 m 

(Assumes 10% grade  o u t  of p i t  of average  depth  of 2 3  m p l u s  75 m t ravel  

i n  p i t .  Does n o t  i n c l u d e  travel d i s t a n c e  from mine t o  m i l l . )  
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Dis tance  t rave led /day  by o r e  h a u l e r s  = 600 m x 46 t r i p s  

= 28 km/day 

= 17.4 mi les /day  

J; 
Observat ions made by PEDCO-Environmental S p e c i a l i s t s  Inc.  , show t h e  

ra te  of d u s t  g e n e r a t i o n  re la tes  t o  v e h i c l e  s p e e d  as fo l lows:  

E 5 (76>(1.1.5S>s , 

where 

E = d u s t  emission i n  mg/vehicle-meter from dry  road ,  

s = v e h i c l e  speed,  m/sec. 

An e q u i v a l e n t  vehic1.e speed of 8.9 m/sec (20 mph) w a s  s e l e c r e d  f o r  t h e  

m i n e  v e h i c l e s .  This  i s  probably too  h igh  b u t  i s  j u s t i f i e d  on t h e  b a s i s  

t h a t  heavy equipment i s  opera ted  a t  h igh  engine speeds with a n  a t t e n d a n t  

i n c r e a s e  i n  d u s t  from a i r  blown by t h e  engine cool ing  f an .  Therefore ,  

E = 0.285 g/vehicle-meter (1.01 lb /vehic le -mi le )  . 

Dust genera ted  by l o a d e r s  and o r e  t r u c k s  = (17.7 km/day +- 
28  kmf day) ( lo3)  

(0.285 g/vehi.cle- 
meter)  

= 29 l b  d u s t f d a y  

Other mi-ne a c t i v i t i e s  such as r i p p i n g ,  b u l l d o z i n g ,  d r i l l i n g ,  and selective 

b l a s t i n g  w i l l  double this value.  However, r o u t i n e  w e t t i n g  wi th  water 

should reduce d u s t  g e n e r a t i o n  by 50%, r e s u l t i n g  i n  an estimate of 
* 

.- * 
PEI)CO-Environmental S p e c i a l i s t s ,  Lnc. , " I n v e s t i g a t i o n  of  F u g i t i v e  

Dust - Sources,  Emissions,  and Cont ro l , "  PB 226 693, C i n c i n n a t i ,  Ohio, 
May 1973. 
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13 kg/day (29 lb /day )  of f u g i t i v e  d u s t  from mine o p e r a t i o n s .  Although 

thorium-bearing rock  will become sp read  around t h e  p i t ,  i t  i s  assumed 

t h a t  d u s t  con ta in ing  no thorium will d i l u t e  the f u g i t i v e  o r e  d u s t  t o  a 

c o n c e n t r a t i o n  of about  0.25% Th02. 

d u s t  is  g iven  i n  Table  4 . 1  of t h e  r e p o r t  t e x t .  

The i s o t o p i c  c o n t e n t  of t h e  f u g i t i v e  
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Thorium Ore 

The radionuclide concentrations of the ore were computed from 

ORIGEN code calculations of the quantities of a daughter in equilibrium 

with 1 g of thorium (Table A . 5 . 1 ) .  

(Sect. 4 . 2 )  were computed by multiplying the values in Table A . 5 . 1  by 

the factor 4 . 3 9  x which is the weight fraction of Th in a thorium 

ore of 0.5% 7302 content. 

The values listed in Table 4 . 3  

For example, 228Th concentration is 

228Th = 4 .39  x x 4 . 0 3  x l o 3  = 17.7 Bq/kg . 

Table A.5.1.  Calculated values of radionuclide 
a c t i v i t i e s  and masses i n  equilibrium with 1 g 

of thorium (by ORIGEN code) 

Nuclide Act iv i ty  (kBq) Mass ( 9 )  

232Th 4.03 1. OOEOa 

228Th 4.03 1.33E-10 

228Ac 4.03 4 .  a m 1 4  

2 2 4 ~  4.03 6.833-13 

"'Ra 4.33 4.67E-10 

220R, 4.03 1.19E-16 

216Po 4.03  3.14~3-19 

212PO 2 . 5 9  3.95E-25 

2 1 2 B i  4.03 7.473-15 

212Po 4.03 7.84E-14 

'08T1 1 .46  1.353-16 

Read as 1.00 x l o o .  a 

Dry Tailings 

The radionculide concentrations of the tailings were computed from 

ORIGEN code calculations of the quantity of thorium daughters remaining 

after extraction of 1 g of thorium from an ore with a 91% extraction 

efficiency (Table 8.5.2). 

efficiency of 91% from the thorium ore (0.5% Th02;  0 . 4 3 9 %  Th) produces 

about 250 g of tailings. 

Removal of 1 g of thorium with an extraction 

This quantity is calculated as follows: 

mass of tailings per g of Th = 1 4 (0.91 x 4 . 3 9  x = 250 g . 
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Tahle A.5.2. A t t i v i t y  of t a i l i n g s  l e f t  from t h e  e x t r a c t i o n  of 1 g 
of thorium: 91% e x t r a c t i o n  (from ORIGEN code c a l c u l a t i o n s )  

A c t i v i t y  (Bq) 
._.I- 

''uclide Discharge 1 Y r  3 y r  10 y r  100 y r  300 y r  30,000 y r  

4. OOEZa 

4.00E2 

4.44E3 

4.4433 

4.4433 

4.44E3 

4.4433 

2.84E3 

4.4433 

4.4433 

1.60E3 

4.00E2 

1.56E3 

4.03E3 

4.03E3 

1.57E3 

1.57E3 

1.57E3 

1.00E3 

1.57E3 

1.57E3 

5.62E2 

4.00E2 

2.6433 

3.36E3 

3.36E3 

2.64E3 

2.64E3 

2.64E3 

1.69E3 

2.64E3 

2.64E3 

9.51E2 

4.00E2 

2.2633 

1.84E3 

1.8433 

2.26E3 

2.26E3 

2.26E3 

1.44E3 

2.26E3 

2.26E3 

8.14E2 

4.0032 

5.8532 

5.81E2 

5.81E2 

5.85&2 

5.85E2 

5.8582 

3.74E2 

5.85E2 

5.85E2 

2.10E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

4.0032 

2.5632 

4.00E2 

4.00E2 

1.44E2 

4 I 00E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

4.00E2 

2.56E2 

4.00E2 

4.00E2 

1.44E2 

The va lues  f o r  t a i l i n g s  l i s t e d  i n  Table  4 . 3  (Sect .  4 . 2 )  were obta ined  by 

niulr iplying t h e  a p p r o p r i a t e  v a l u e s  l i s t e d  i n  Table  A - 5 . 2  by t h e  f a c t o r  4 .  

A t  d i s c h a r g e ,  of course ,  t h e  daughter  c o n c e n t r a t i o n s  i n  the t a i l i n g s  are 

e q u a l  t o  those  of t h e  o r i g i n a l  o r e .  

Note from Table  A.5 .2  t h a t  a f t e r  about 100 y e a r s ,  t h e  daughter  

a c t i v i t y ,  o r i g i n a l l y  a s s o c i a t e d  w i t h  t h e  s e p a r a t e d  thorium, h a s  about 

completely decayed. I n  comparison w i t h  uranium m i l l  t a i l i n g s ,  which 

c o n t a i n  an 2 2 6 R a  daughter  ( t 1 / 2  = 1622 y e a r s ) ,  t h i s  i s  a r e l a t i v e l y  s h o r t  

t i m e  . 
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The model used f o r  impoundment of t h e  t a i l i n g s  i s  a n a t u r a l  wedge- 

shaped b a s i n  (Fig.  A.6.1). The upstream f a c e  of t h e  dam s l o p e s  27" 

(about 2 : l )  w i t h  t h e  h o r i z o n t a l .  The w a l l s  of t h e  b a s i n  are assumed t o  

be  pe rpend icu la r  t o  t r i a n g l e  ABD i n  Fig.  A.6.1. The t a i l i n g s  s u r f a c e  

s l o p e s  downward 1' w i t h  t h e  h o r i z o n t a l  a long  l i n e  AC, and t h e  bottom of 

t h e  b a s i n  s l o p e s  upward 1" from t h e  upstream f a c e  of t h e  dam a long  l i n e  

BD. 

t a i l i n g s  a t  a f i x e d  dam h e i g h t ,  dh, can r e a d i l y  be c a l c u l a t e d  from t h e  

t r i a n g u l a r  area of t h e  t a i l i n g s  r ep resen ted  by t r i a n g l e  ACD. I n  t h i s  

s tudy  w e  choose t o  l e t  t h e  maximum v a l u e  of dh b e  30.5 m (100 f t ) .  

c r o s s - s e c t i o n a l  area of  t h e  t a i l i n g s  ( t r i a n g l e  ACD) can e a s i l y  b e  cal- 

c u l a t e d  i n  terms of dh, u s ing  a Hewlett-Packard model HP-67 programmable 

c a l c u l a t o r  and t h e  T r i a n g l e s  Program Card (Standard Pac SD-07-07). 

Rela t ionsh ips  of t h e  t r i a n g u l a r  areas t o  dh,  and t h e  r e l a t i o n s h i p s  of 

dh t o  t h e  v a r i o u s  s i d e s  of t h e  t r i a n g l e s  used t o  c a l c u l a t e  t h e  s u r f a c e  

areas of t h e  t a i l i n g s  and t h e  pond, are g iven  i n  Table  A.6.1. The 

c a l c u l a t e d  v a l u e  of dg r e q u i r e d  t o  c o n t a i n  t h e  20-year accumulat ion of 

t a i l i n g s  (5.8636 m3; 207E8 f t 3 )  is  441 m (1450 f t ) .  I n  t h i s  s tudy  t h e  

evapora t ion  rates of water from t h e  pond w e r e  s u f f i c i e n t l y  h igh  t o  permi t  

The l e n g t h  of dam, dg,  necessary  t o  c o n t a i n  a g iven  volume of 

The 

ORNL I M G  78-5028 

B A 

POND AREA 

SOLID TAILINGS AREA 

E 0 

Fig.  A.6.1. Cross s e c t i o n  of t h e  n a t u r a l  wedge-shaped bas in .  
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T a b l e  A.6.1. R e l a t i o n s h i p  of t r i a n g u l a r  areas and s i d e s  
t o  t h e  dam h e i g h t  (d,,) 

Geometr ic  term R e l a t i o n  t o  d , "  

T r i a n g u l a r  areas 

ACD 

ABC 

14.  3057dh2 

15 .  3206dh2 

T r i a n g l e  s i d e s  

AB 59. 2526dh 

AC 29. 6308dh 

BC 29. 6308dh 

CD 27.6679dh 

AD 2.  2027dh 

a 
d = AE ( i n  F i g .  A.6.1). 

h 

t h e  dh and dR v a l u e s  f o r  containment of t h e  t a i l i n g s  t o  also be  s u f f i c i e n t  

t o  c o n t a i n  a l l  of t h e  pond l i q u o r .  S ince  t h i s  c a l c u l a t i o n  i s  only  approx- 

imate, no contingency w a s  al lowed f o r  abnormal weather cond i t ions .  

Once the va lues  of dh and dR have been determined f o r  containment 

of t h e  20-year accumulation of t a i l i n g s ,  i t  i s  a r e l a t i v e l y  s imple  matter 

t o  c a l c u l a t e  t h e  s u r f a c e  area o f  t h e  t a i - l i n g s .  

p re sen ted  by t h e  r e c t a n g u l a r  t op  of t h e  t a i l i n g s  p i l e  i s  p r o p o r t i o n a l  t o  

t h e  one-ha1.f power of the volume of t a i l i n g s ,  V,, i n  t h e  impoundment 

bas  i n  : 

'The s u r f a c e  area, At,  

A = k, V ' I 2  , 
t t 

where 

ko = a cons t an t  t h a t  i s  c a l c u l a t e d  from t h e  geometr ic  c o n s t a n t s  

i n  Table  A.6.1. 

A sample c a l c u l a t i o n  of k, i s  as fo l lows :  

At = dR (AC) , 

AC = 29.631dh . 
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Combining Eqs. ( 2 ) ,  ( 3 ) ,  and ( 4 ) ,  Eq. (5) i s  obta ined:  

At = 1.645 x l o 2  Vt1I2 . (5) 

Therefore ,  k, is  e q u a l  t o  1.645 x LO2 m1I2. 

a d d i t i o n  ra te  of t a i l i n g s  (9.29 x m3/sec) ,  E q .  (5 )  i s  more u s e f u l  

i f  t i m e  is  s u b s t i t u t e d  f o r  V i n  Eq. (5): 

Since t h e r e  i s  a f i x e d  

t 

= 8.906 x l o 4  t1/2 , 

where t h e  u n i t s  of A, are m2 and t h o s e  of t are y e a r s .  

The c a l c u l a t e d  v a l u e s  of At a t  y e a r l y  i n t e r v a l s  of t h e  20-year mill 

o p e r a t i o n  are given i n  Table  A . 6 . 2 .  The v a l u e  of AC i s  a l s o  l i s t e d ,  

s i n c e  i t  is  used i n  Appendix 7 t o  c a l c u l a t e  t h e  area of t a i l i n g s  

covered by pond l i q u o r .  

T a b l e  A.6.2. Characteristics of model tailings pile 

T i m e  (years) Surface area (m2 x E S )  AC (m) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

12  

1 3  

1 4  

15 

1 6  

1 7  

18 

19 

20 

Average 

0.9a 

1.3 

1 . 5  

1 .8  

2.0 

2.2 

2.4 

2 .5  

2.7 

2.8 

3.0 

3 . 1. 
3.2  

3.3 

3.5 

3 .6  

3.7 

3 .8  

3.9 

4.0 

2.8 

202 

286 

350 

404 

4 51 

495 

534 

562 

606 

639 

670 

700 

728 

756 

782 

808 

832 

8 57 

aao 
903 

623 

aRead as  0 .9  x l o 5  mz. 
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C a l c u l a t i o n  of t h e  volume of t h e  pond and i t s  s u r f a c e  area as a 

f u n c t i o n  t i m e  is more complicated than  is  t h e  same c a l c u l a t i o n  f o r  t h e  

t a i l i n g s ,  by v i r t u e  of t h e  f a c t  t h a t  t h e  w a t e r  i s  cont inuous ly  l o s t  by 

evapora t ion  a t  a v a r i a b l e  rate u n t i l  t h e  volume becomes cons t an t  a t  

s t eady  s ta te .  An equa t ion  f o r  c a l c u l a t i n g  t h e  volume of t h e  pond as a 

f u n c t i o n  of t i m e  w a s  de r ived  wi th  the a s s i s t a n c e  of H. W. Godbee of 

OWL. The c a l c u l a t e d  volume i n  t u r n  could be used t o  c a l c u l a t e  t h e  

s u r f a c e  area of t h e  pond. We assumed no l o s s  from t h e  pond by seepage. 

The d e r i v a t i o n  is as fo l lows :  

L e t  

I = i npu t  of l i q u i d  t o  t h e  pond, 

0 = ou tpu t  of l i q u i d  from t h e  pond by evapora t ion ,  

dVp = change i n  volume of pond; 

then  

I - O = d V p .  (1)  

Because t h e r e  i s  a f i x e d  ra te  of a d d i t i o n  of l i q u i d  t o  the pond, R, 

t h e  i n c r e a s e  of I w i t h  t i m e  i s  desc r ibed  by Eq. ( 2 ) :  

I = Rdt . (2) 

Since  i t  w a s  shown i n  Appendix 6 t h a t  s u r f a c e  area of t h e  top  of a 

t r i a n g u l a r  wedge i s  g iven  by 

Ap = k, Vp1/2  , 

where 

Ap = s u r f a c e  area of pond, m2,  

Vp = volume of pond, m 3 ,  

ko = geometr ic  c o n s t a n t ,  m l / * ;  

( 3 )  
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t h e r e f o r e  

where 

k l  = evapora t ion  c o n s t a n t ,  m/sec. 

A f t e r  combining t h e  two c o n s t a n t s ,  Eq .  (5) i s  obta ined:  

By s u b s t i t u t i n g  € o r  1 and 0 i n  Eq .  (l), E q .  (6)  i s  obta ined:  

Rdt - KVP1I2  d t  = dVp . ( 6 )  

I n t e g r a t i o n  of Eq. (6)  y i e l d e d  E q .  ( 7 ) ,  which. was named t h e  Bond-Godbee 

equat ion:  

It i s  r e l a t i v e l y  easy t o  s o l v e  t h i s  equat ion  by " t r i a l  and e r r o r , "  

us ing  a programmable calcul.ator such as t h e  Mewlett-Packard model HP-67. 

Programs w e r e  w r i t t e n  t o  e v a l u a t e  V a t  tiiiie t and € o r  the v a l u e  of R 
P 

necessary  t o  y i e l d  i! given  v a l u e  of V a t  t i m e  t .  Note t h a t  the Bond- 

Godbee equat ion  i s  only v a l i d  f o r  volumes of V 

s ta te .  The s t e a d y - s t a t e  volume i s  given by Eq. (8):  

P 
less than  t h a t  a t  s t e a d y  

P 

(vP> s t e a d y  s t a t e  = R~ K - ~  . (8) 

Values of ko, K ,  and t h e  c a l c u l a t e d  v a l u e  of Vp a t  s t e a d y  s t a t e  are given 

i n  Table  A.7.1 f o r  t h e  water a d d i t i o n  ra te  (1 .94  x 

model t a i l i n g s  impoundments. The c a l c u l a t e d  ra te  o.E a d d i t i o n  of water t o  

keep the tailings completely covered dur ing  t h e  20-year o p e r a t i o n  of the  

m i l l  is  given i-n T a b l e  A.7.2. 

m3/sec) t o  t h e  

For  t h e  evapora t ion  rate of  1.93 x IO-* m / s e c  
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Table A.7 .1 .  Constants used in Bond-Codbee equation and the 
calculated steady-state volume of the tailinas pond 

Evaporation 
Location rate (m/sec) kn(m1/2) K (m3/2/sec) VD at steady state (m3) 

Montana 1. 93E-8a 3.179E2 6.135E-6 9.97E6 
Colorado 2.90E-8 3.179E2 9.21EE-6 4.43E6 

'Read as 1.93 x 

Table A.7.2. Calculated values of the minimum water addition rate 
required to keep tailings under water over the 20-year 

life of mill 

Location Evaporation Minimum rate (m3/sec) Ratio of calculated rate 
rate (m/sec) to the rate for model m i l l  

I 

Montana 1.93E-@ 2.12E-2 1.1 

Colorado 2.90E-8 2.77E-2 I .4 
- 

uRead as 1.93 x 

(2  f t / y e a r ) ,  a 10% i n c r e a s e  i n  t h e  f low rate (obta ined  by adding water  

t o  t h e  m i l l  d i s cha rge )  would keep t h e  t a i l i n g s  covered over  t h e  23-year 

ope ra t ion .  However, a t  an evapora t ion  ra te  of 2.90 x m/sec 

( 3  f t / y e a r )  an  i n c r e a s e  i n  f low rate of about  40% would be  r equ i r ed .  

Ca lcu la t ed  v a l u e s  of t h e  pond volume a t  y e a r l y  i n t e r v a l s  are shown i n  

Table  A.7.3 f o r  t h e  model pond a t  t h e  Hontana and Colorado si tes,  where 

t h e  r e s p e c t i v e  evapora t ion  ra tes  are 1 . 9 3  x l om8  and 2.90 x m/sec. 

A t  an  evapora t ion  rate of 1.93 x lo-* m/sec, t h e  pond volume a f t e r  

20 y e a r s  r eaches  about  55% of i t s  p o t e n t i a l  s t e a d y - s t a t e  va lue ;  whereas 

a t  2.90 x IO-* m / s e c ,  i t  reaches  about  80%. 

s h i p s  (Table  A.6.1, Appendix 6) and t h e  pond volumes (Table  A.7.3), v a l u e s  

of t h e  area of exposed t a i l i n g s ,  t h e  area of t a i l i n g s  covered by t h e  

pond l i q u o r ,  and t h e  t o t a l  s u r f a c e  ilrea sf t h e  pond w e r e  c a l c u l a t e d .  

R e s u l t s  of t h e s e  c a l c u l a t i o n s  are shown i n  Tables  A.7.4 and A.7.5. 

From t h e  geometr ic  r e l a t i o n -  
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Table A.7.3. Change in volume of pond (V ) 
with time as a result of evaporation 

Water input rate (R)  = 1.94E-2 m3/sec 
.. .... . ...__.._I. 

V (m3 x E6) 
Time (years) .E . . .. . . .. . . . . . . . 

Montana Colorado 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

0. 52' 

0.96 

1.36 

1.74 

2.08 

2.40 

2.70 

2.99 

3.26 

3.51 

3.75 

3.98 

4.21 

4.41 

15 4.61 

16 4.80 

17 4.99 

18 5.16 

19 5.33 

20 5.49 

Average 3.41 
. .. . . . . . . . .. . . . . . . 

'Read as 0.52 x lo6 m3. 

0.48 

0.85 

1.17 

1.45 

1.70 

1.92 

2.12 

2.30 

2.46 

2.61 

2.74 

2.87 

2.98 

3.09 

3.19 

3.27 

3.36 

3.h3 

3.50 

3.57 

2.45 

Table A . 7 . h .  Evaporation aurface area of tailings pond ( A  ) and values of AC used to 
P 

calculate area of tailings underneath the pond 

xime (years) 
__ .- . . . . ~ 

1 2 3 4 5 10 15 20 Av' 

A rn2 x E5 
P' 

Montana 2.31b 3.12 3.72 4.17 4.57 5.95 6.84 7.45 5.71 

Colorado 2.19 2.91 3.44 3.84 4.13 5.14 5.67 5.99 4.86 

AC,' m 

Montana 259 354 421 475 521 677 774 844 646 

Colorado 249 332 390 433 469 582 643 680 552 

uAverage of values calculated at yearly intervals f o r  the 20-year operation of the m i l l .  

bRead as 2.13 x l o 5  rnz, 

CArea of tailings covered by pond liquor is equal to AC x d e '  
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Table A . 7 . 5 .  Calcu la t ed  v a l u e s  f o r  t h e  a r e a  of t a i l i n g s  covered 
by water  and of t h e  dry  t a i l i n g s  beach 

Time (years) 

1 2 3 4 5 10 15 20 Av" 
___.___ ________.._ __ 

T a i l i n g s  beach, m' x E3 

Montana 0 0 0 0 0 0 q b  24 4 

Colorado 0 0 0 0 0 20 60 100 40 

T a i l i n g s  under water ,  m2 x E 4  

Montana 9" 1 3  15  18 20 28 34 37 27 

Colorado 9 1 3  15 18 20 26 28 30 24 

nAverage of v a l u e s  ca1c.ulated a t  y e a r l y  i n t e r v a l s  f o r  the  20-year o p e r a t i o n  of t h e  m i l l .  

'Read a s  4 x IO3 mz. 

'Read as 9 x 10' m'. 
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EVAPORATION OF THE T A I L I N G S  POND AFTER M I L L  CLOSING AND EXPOSURE 
OF DRY T A I L I N G S  SURFACE 
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The equat ion  used t o  c a l c u l a t e  t h e  evaporat ion area of t h e  pond as 

a func t ion  of t i m e  w a s  ob ta ined  by i n t e g r a t i n g  Eq. ( 6 ) ,  Appendix 7 ,  wi th  

a w a t e r  i npu t  rate of zero ( i . e . ,  R := 0) :  

where 

Vpi = volume of l i q u i d  i n  t h e  pond a t  m i l l  c l o s i n g ,  m3, 

Vpt = volume of l i q u i d  a f t e r  evapora t ion  t i m e  t ,  m3, 

K = evapora t ion  cons t an t ,  ~ n ~ / ~ / s e c  (va lues  f o r  Colorado and Montana 

sites previous ly  given i n  Table A.7.1, Appendix 7 ) ,  

t = t i m e ,  sec. 

Volumes of t h e  ponds a t  t h e  two l o c a t i o n s  as a func t ion  of e lapsed  

t i m e  are given i n  Table A . 8 . 1 .  From these  volumes, va lues  of t h e  areas 

of t h e  dry  beach and of t h e  pond were c a l c u l a t e d  by t h e  s a m e  method used 

i n  Appendix 7 .  The va lues  obta ined  w e r e  l i s t e d  i n  Table 4.5 (Sect .  4 . 2 ) .  

T a b l e  A.8.1. Volume of l i q u i d  i n  t h e  t a i l i n g s  
pond (V ) a s  a f u n c t i o n  of e l a p s e d  t ime 

a f t e r  c l o s i n g  t h e  thor ium m i l l  
P 

Elapsed  t i m e  
( y e a r s )  

Vp (m3 x E6) 

Mvn t a n a  Colorado  

-11_ 

1 3 .  8E6a 9.7E5 

2 2 I 5E6 1.6E5 

3 1.4E6 gb 
4 6.2E5 0 

5 1.6E5 0 

6 2.8E2 0 

aRead a s  3 . 8  x l o 6  m3.  

b C a l c u l a t i o n  by Eq. (1 )  e s t i m a t e s  t h e  pond is  c o m p l e t e l y  
e v a p o r a t e d  a f t e r  2 . 7  y e a r s .  
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Dry T a i l i n g s  Surface  

The 220Rn f l u x  from t h e  d ry  t a i l i n g s  su r face  during m i l l  ope ra t ions  

was c a l c u l a t e d  us ing  E q .  (5) from Appendix 2 as  fo l lows:  

Jo = 4 4 5 p ( k ~ - ~ ) ’ / ~  , 

J, = 455 x 1.64 x 103 x 1 0 3  x (5  x i0-6)1/2 , 

J, = 1 .67  kBq/m2 sec (or  4 .51 x l o 4  pCi/m2 sec)  . 

The fo l lowing  va lues  of p and kp-l were u t i l i z e d :  

p = 1.64 x l o 3  kg/m3 , 
kp-I = 5 x m2/sec . 

These va lues  w e r e  u t i l i z e d  by previous  i n v e s t i g a t o r s  ( r e f .  4 ,  Sect. 4 . 2 . 8 )  

as being a p p l i c a b l e  t o  uranium m i l l  t a i l i n g s .  

A f a c t o r  of 0.6 w a s  app l i ed  f o r  decay of 224Ra  i n  c a l c u l a t i n g  t h e  

f l u x  a f t e r  shutdown of t h e  m i l l .  This  f a c t o r  w a s  determined from a 

g raph ica l  p l o t  of t h e  d a t a  l i s t e d  i n  Table A.5.2, Appendix 5. 

Sur face  of Pond 

It w a s  assumed t h a t  radium daughters  of t h e  thorium decay cha in  had 

t h e  s a m e  s o l u b i l i t y  as t h a t  observed i n  t h e  pond l i q u o r  of a uranium m i l l .  

Using Eq. (4 ) ,  Appendix 2, t h e  source  term is  as fol lows:  

J, = 5.14 x 103 x 103 x (0.0125)1/2 (1.13 x 10-9)1/2 

Jo = 19.3 Bq/m2 s e c  (o r  522 p C i / m 2  sec)  . 

The fo l lowing  va lues  f o r  C R ~  of 2 2 4 R a ,  p s  and kp-l w e r e  u t i l i z e d :  

C R a  - - 5.14 x l o 3  Bq/kg of 2 2 4 R a  , 

p = 1 x l o 3  kg/rn3 

kp-I = 1.13 x 

A220 = 0.0125/sec . 
m2/sec , 
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T h i s  c a l c u l a t i o n  probably y i e l d s  a s o u r c e  t e r m  that i s  o p t i m i s t i c a l l y  

low. The a c t i o n  of the p r e v a i l i n g  wind on t h e  s u r f a c e  of t h e  pond would 

cause mixing of t h e  upper l i q u i d  layer and hence enhance d i f f u s i o n  of Che 

220Rn. However, w e  were unable  t o  l o c a t e  a model i n  the l i t e r a t u r e  which 

took such a mixing p r o c e s s  i n t o  account .  
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