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1 
N I T R I C  A C I D  LEACHING OF RADIUM AND OTHER SIGNIFICANT RADIONUCLIDES 

FROM URANIUM ORES AND TAILINGS 

A. D. Ryon, F. J. Hurs t ,  and F. G. See l ey  

ABSTRACT 

N i t r i c  a c i d  l e a c h i n g  of r e p r e s e n t a t i v e  uranium o r e s  and 
m i l l  t a i l i n g s  from t h e  wes te rn  U.S.  mining d i s t r i c t s  removes 
up t o  98% of t h e  226Ra and 230Th, y i e l d i n g  a r e s i d u e  con- 
t a i n i n g  1 7  t o  60 pCi of radium p e r  gram. A t  b e s t ,  t h i s  is  
a n  o r d e r  of magni tude g r e a t e r  t h a n  t h a t  i n  su r round ing  s o i l s ,  
bu t  abou t  t h e  same leve l  as a s t a n d a r d  proposed f o r  b u i l d i n g  
materials i n  t h e  United Kingdom. Data are  a l s o  p re sen ted  on 
t h e  water p e n e t r a t i o n  and l e a c h i n g  of t a i l i n g s ,  t h e  s o l u b i l i t y  
of BaS04, and radon emanat ion c o e f f i c i e n t s  of o r e s ,  t a i l i n g s ,  
and n i t r i c  ac id- leached  r e s i d u e s .  

1. INTRODUCTION 

Uranium is u s u a l l y  e x t r a c t e d  from o r e  by l e a c h i n g  w i t h  e i t h e r  s u l f u r i c  f 
': a c i d  o r  sodium c a r b o n a t e .  These r e a g e n t s  y i e l d  g r e a t e r  t h a n  90% recove ry  

a 
i of uranium w i t h o u t  d i s s o l v i n g  s i g n i f i c a n t  q u a n t i t i e s  of radium o r  o t h e r  

d a u g h t e r s  i n  t h e  decay  c h a i n  of uranium, which c o n s i s t s  of 1 4  r a d i o n u c l i d e s .  ! 

e -  

Disposa l  of t h e  leached  uranium o r e  r e s i d u e s  ( t a i l i n g s )  which c o n t a i n  t h e s e  

r a d i o n u c l i d e s  p r e s e n t s  a problem. A t  p r e s e n t ,  m i l l i o n s  of t o n s  of t a i l i n g s  

e x i s t  a t  22 abandoned si tes where uranium m i l l s  w e r e  ope ra t ed  d u r i n g  t h e  

p e r i o d  1948-1970. F i f t e e n  m i l l s  a r e  c u r r e n t l y  i n  o p e r a t i o n  w i t h  a t o t a l  

d a i l y  c a p a c i t y  of 28,000 t o n s  of o r e .  The major  r a d i a t i o n  haza rds  of 

t a i l i n g s  are from R a  t h a t  may be i n  water s u p p l i e s  t o  t h e  food c h a i n  

(MPC is 5.5 p C i / l i t e r ) l  and from i t s  d a u g h t e r ,  222Rn, whose d a u g h t e r s  i n  

a i r  p r e s e n t  a h e a l t h  haza rd  t o  t h e  lungs .  Other  r a d i o n u c l i d e s  of impor- 

t a n c e  a r e  230Th (which i s  t h e  p a r e n t  of 226Ra),  210Pb, and 210Po. 

l a t t e r  two a re  r e l a t i v e l y  s h o r t - l i v e d  and would soon decay i f  t h e i r  long- 

l i v e d  p a r e n t  R a  w e r e  removed. 

226 

The 

226 

An e n g i n e e r i n g  a n a l y s i s  of methods f o r  t r e a t i n g  m i l l i n g  wastes, in -  

c l u d i n g  t a i l i n g s  from a uranium m i l l ,  w a s  made i n  1973 a t  ORNL.2 The 
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s t u d y  e v a l u a t e d  s e v e r a l  d i f f e r e n t  methods of t r e a t m e n t  of t a i l i n g s  t o  

de t e rmine  t h e  c o s t  v s  b e n e f i t  a s  measured by t h e  reduced r a d i a t i o n  dose  

t o  man and envi ronment .  

cons ide red  w a s  t h e  u s e  of n i t r i c  a c i d  t o  l e a c h  out  most of t h e  r a d i o -  

n u c l i d e s  of i n t e r e s t ,  such  a s  radium, thor ium,  l e a d ,  and polonium, i n  

a d d i t i o n  t o  t h e  uranium. 

One of t h e  advanced and more s p e c u l a t i v e  methods 

The p r o c e s s  w a s  based on encouraging  d a t a  
3 ob ta ined  i n  a few s c o u t i n g  tests. Subsequen t ly ,  a few more tests were 

made us ing  h y d r o c h l o r i c  a c i d .  4 

The major  purpose  of t h e  p r e s e n t  s t u d y  was t o  measure t h e  e f f e c t i v e -  

n e s s  of n i t r i c  a c i d  f o r  l each ing  radium, thor ium,  l e a d ,  polonium, and 

uranium from r e p r e s e n t a t i v e  samples  of uranium o r e s  and t a i l i n g s  from 

t h e  major  mining d i s t r i c t s  of t h e  Uni ted  S t a t e s .  Secondary o b j e c t i v e s  

were: (1)  t o  de t e rmine  t h e  radon emanat ion from o r e s ,  t a i l i n g s ,  and 

n i t r i c  a c i d  r e s i d u e s ;  ( 2 )  t o  e l u c i d a t e  t h e  p o s s i b l e  chemica l  s t a t e  of 

radium i n  o r e s ;  ( 3 )  t o  s i m u l a t e  t h e  c o n d i t i o n s  of an  a r i d  climate i n  o r d e r  

t o  s t u d y  t h e  p o s s i b i l i t y  of l each ing  radium from t a i l i n g s  by r a i n w a t e r .  

2 .  SUMMARY AND RECOMMENDATIONS 

Samples of r e p r e s e n t a t i v e  uranium o r e  and m i l l  t a i l i n g s  from New Mexico, 

t h e  Colorado P l a t e a u ,  and Wyoming were c o l l e c t e d  and p repa red  f o r  a n a l y s i s  

and l e a c h i n g  tests.  The r e s u l t s  of l e a c h i n g  tes ts  w i t h  n i t r i c  a c i d  show 

3' t h a t  up t o  98% of t h e  radium i s  leached  i n  two s t a g e s  w i t h  h o t  3 - M HNO 

The f r a c t i o n  of thor ium leached  w a s  g e n e r a l l y  g r e a t e r  t h a n  t h a t  of radium, 

w h i l e  t h e  f r a c t i o n s  of polonium and l ead  w e r e  l ess .  The c o n c e n t r a t i o n  of 

radium remain ing  i n  t h e  r e s i d u e  a f t e r  l e a c h i n g  ranged from 1 7  t o  60 pCi/g 

f o r  d i f f e r e n t  o r e  and t a i l i n g s  samples .  V i r t u a l l y  no  d i f f e r e n c e  w a s  

observed between o r e  and t a i l i n g s  from e i t h e r  s u l f u r i c  a c i d  o r  c a r b o n a t e  

l e a c h  m i l l  p r o c e s s e s .  The lowest v a l u e  i s  abou t  an  o r d e r  of magni tude 

above t h a t  i n  t h e  s o i l s  i n  t h e  wes te rn  U.S. mining d i s t r i c t s .  I t  i s  abou t  

t h e  same as t h e  l e v e l  proposed a s  a s t a n d a r d  f o r  b u i l d i n g  materials i n  t h e  

United Kingdom. The sand f r a c t i o n  (+140 mesh) of t h e  r e s i d u e s  a f t e r  n i t r i c  

a c i d  l e a c h i n g  ranged from 3 3  t o  88 w t  % and c o n t a i n e d  40 t o  70% of t h e  

radium a t  approx ima te ly  one-half  of t h e  c o n c e n t r a t i o n  of t h a t  i n  t h e  s l i m e  

c 
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I 
f r a c t i o n .  A f e w  s c o u t i n g  tests have shown t h a t  t h e  r e s i d u a l  radium i s  

n o t  d i s s o l v e d  w i t h  a d d i t i o n a l  l each ing  w i t h  a c i d ,  complexing a g e n t s ,  o r  

r o a s t i n g ,  which i n d i c a t e s  t h a t  t h e  radium i s  p robab ly  i n  t h e  form of some 

r e f r a c t o r y  m i n e r a l  and n o t  p r e s e n t  as s u l f a t e  o r  ca rbona te .  The s o l u b i l i t y  

of BaSO i n  n i t r i c  a c i d  w a s  measured t o  a i d  i n  i n t e r p r e t a t i o n  of t h e  

l e a c h i n g  d a t a .  Radium w a s  l eached  from s u l f a t e  t a i l i n g s  by d i s t i l l e d  water 

t o  produce s o l u t i o n s  c o n t a i n i n g  radium a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  an  

o r d e r  of magni tude above t h e  MPC f o r  d r i n k i n g  water. R e s u l t s  of tests i n  

which t h e  p e n e t r a t i o n  of water i n t o  t a i l i n g s  w a s  s i m u l a t e d  f o r  a n  a r i d  

climate showed t h a t  p e n e t r a t i o n  may b e  l i m i t e d  by t h e  e v a p o r a t i o n  t h a t  

occu r s  between i n f r e q u e n t  r a i n  o r  snow. The radon emanat ion c o e f f i c i e n t s  

of samples  of o r e ,  t a i l i n g s ,  and n i t r i c  a c i d - l e a c h e d  r e s i d u e s  were measured. 

Although t h e s e  c o e f f i c i e n t s  v a r i e d  from 8 t o  4 5 % ,  no c o n s i s t e n t  t r e n d  w a s  

observed.  The r a t e  of radon emanat ion from n i t r i c  a c i d  r e s i d u e s  w a s  on ly  

2 t o  10% of t h a t  f o r  m i l l  t a i l i n g s .  T h i s  w a s  a r e s u l t  of t h e  lower radium 

c o n t e n t  r a t h e r  t h a n  any s i g n i f i c a n t  change i n  radon emanat ion c o e f f i c i e n t .  

4 

It is recommended t h a t  l e a c h i n g  s t u d i e s  b e  extended i n  a n  e f f o r t  t o  

i d e n t i f y  t h e  form i n  which t h e  more r e f r a c t o r y  radium e x i s t s  i n  t h e  

t a i l i n g s ,  t h a t  i s ,  whether  i t  i s  c o n c e n t r a t e d  i n  some m i n e r a l s  as i n d i c a t e d  

by t h e  h o t  sand g r a i n s  o r  merely adsorbed  on t h e  l a r g e  s u r f a c e  areas of 

t h e  sand and c l a y  m i n e r a l s .  Methods f o r  r e c o v e r i n g  t h e  uranium, thor ium,  

radium, polonium, and l e a d  from t h e  l e a c h  l i q u o r  need t o  be  t e s t e d  t o  

deve lop  t h e  n i t r i c  a c i d  p r o c e s s  f lowshee t .  So lven t  e x t r a c t i o n  w i t h  a 

s o l v e n t  such  as t r i b u t y l  phosphate  could  p robab ly  be  used f o r  uranium and 

thorium; however, t h e  o t h e r  r a d i o n u c l i d e s  would p robab ly  have t o  be  

recovered  by o t h e r  methods such  as p r e c i p i t a t i o n .  The water p e n e t r a t i o n  

and l e a c h i n g  s t u d i e s  shou ld  be  extended t o  de t e rmine  t h e  i o n  exchange 

p r o p e r t i e s  ( w i t h  r e s p e c t  t o  radium i n  p a r t i c u l a r )  of  t y p i c a l  s o i l s  on which 

t a i l i n g s  may be  d e p o s i t e d  e i t h e r  f o r  new m i l l s  o r  f o r  r e l o c a t i o n  of t h e  

abandoned t a i l i n g s  t h a t  c o n s t i t u t e  a problem i n  t h e i r  p r e s e n t  l o c a t i o n .  



4 

3. DESCRIPTION OF ORE AND TAILINGS SAMPLES 

R e p r e s e n t a t i v e  samples  of uranium o r e  and m i l l  t a i l i n g s  were s u p p l i e d  

by f i v e  o p e r a t i n g  m i l l s  i n  New Mexico, Utah, and Wyoming; t a i l i n g s  were 

a l s o  o b t a i n e d  from a n  abandoned s i t e  i n  S a l t  Lake C i t y ,  Utah. Three  of 

t h e  o p e r a t i n g  m i l l s  u s e  s u l f u r i c  a c i d  l e a c h i n g ,  and two of them u s e  

sodium c a r b o n a t e  l each ing .  Samples of o r e  and co r re spond ing  t a i l i n g s  

which were r e p r e s e n t a t i v e  of t h e  materials and p r o c e s s e s  i n  u s e  d u r i n g  

t h e  sample p e r i o d  (March-May 1976) were ob ta ined  f o r  t h e  tes ts .  The o r e  

samples  were t aken  from t h e  f eed  t o  t h e  l e a c h  c i r c u i t ;  consequen t ly ,  t h e  

p a r t i c l e  s i z e  w a s  less t h a n  4 mesh, and most of t h e  material  w a s  less t h a n  

20 mesh. Approximately 100 l b  of d r y  sample material w a s  blended and 

d i v i d e d  by q u a r t e r i n g  and r i f f l i n g  t o  o b t a i n  m u l t i p l e  f r a c t i o n s  f o r  t h e  

l each ing  tests.  

A n a l y t i c a l  r e s u l t s  f o r  t h e  o r e  and t a i l i n g s  samples  are shown i n  

Table  1. To e n s u r e  r e p r e s e n t a t i v e  samples ,  100 g of each  sample w a s  ground 

t o  less t h a n  100 mesh and blended t o  p r o v i d e  1- t o  2-g p o r t i o n s  f o r  

a n a l y s i s .  The c o n s t i t u e n t s  t h a t  may re la te  t o  t h e  d i s s o l u t i o n  of radium 

are  bar ium, ca l c ium,  and s u l f a t e .  The bar ium c o n c e n t r a t i o n s  ranged from 

0.06 t o  0 .15%, t h e  h i g h e s t  be ing  found i n  No. 1 t a i l i n g s .  Very l i t t l e  

d i f f e r e n c e  w a s  no ted  between p a i r s  of o r e  and t a i l i n g s  samples .  The con- 

c e n t r a t i o n s  of ca l c ium ranged from 0.5 t o  6 .1%,  w i t h  t h e  h i g h e r  v a l u e s  

be ing  a s s o c i a t e d  w i t h  t h o s e  o r e s  p rocessed  by sodium c a r b o n a t e  l e a c h i n g .  

The c o n c e n t r a t i o n s  of s u l f a t e  ranged from 0 . 2  t o  4.9%,  t h e  h i g h e s t  be ing  

p r e s e n t  i n  No. 1 t a i l i n g s ;  t h e  t a i l i n g s  from t h e  a c i d  l e a c h  p r o c e s s e s  

were h i g h e r  t h a n  t h o s e  from c a r b o n a t e  l e a c h e s .  One o r e  c o n t a i n e d  a 

s i g n i f i c a n t l y  h i g h e r  t o t a l  s u l f u r  c o n t e n t ,  p robab ly  a s  p y r i t e ,  which may 

be  ox id ized  t o  s u l f a t e  by n i t r i c  a c i d .  The uranium c o n c e n t r a t i o n s  of t h e  

o r e s  ranged from 0.10 t o  0 . 3 2 % ,  and t h e  

g e n e r a l l y  show t h a t  t h e y  are i n  s e c u l a r  e q u i l i b r i u m  w i t h  t h e  uranium. 

230Th c o n c e n t r a t i o n  i n  t h e  t a i l i n g s  from m i l l s  u s i n g  t h e  s u l f u r i c  a c i d  

p r o c e s s  w a s  s i g n i f i c a n t l y  lower as t h e  r e s u l t  of l e a c h i n g  by t h e  s u l f u r i c  

a c i d ;  as expec ted ,  e s s e n t i a l l y  no  thor ium l each ing  occur red  i n  t h e  a l k a -  

l i n e  l e a c h .  

and 230Th c o n c e n t r a t i o n s  

The 

. 
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T a b l e  1. A n a l y s e s  of s a m p l e s  of o r e s  and t a i l i n g s  

No. 1 No. 2 No. 3 No. 4 N o .  5 No. 6 
Component T a i l i n g s  Ore T a i l i n g s  O r e  T a i l i n g s  Ore T a i l i n g s  Ore T a i l i n g s  O r e  T a i l i n g s  

226& 

30Th 

loPo 

U 

Ba 

Ca 

M g  
N a  

Fe 

A 1  

R2°3 

c03 
O r g a n i c  C 

4 

O4 
T o t a l  S 

9 10 

322 

395 

0 . 0 1 5  

0 . 1 5  

2 . 5  

0 . 4 0  

0 . 7 0  

1 . 4  

3 . 9  

11.8 

0 . 2 7  

0 . 2 3  

0 . 1 7  

4 . 8 9  

2 . 6  

575 

6 35 

187 

0 . 2 1  

0 . 0 6 1  

1.8 

0 . 2 1  

1 . 3  

0 . 9 6  

3 .3  

9 .7  

2 . 0  

0.074 

0 .064  

0 . 3 4  

0 . 4 5  

668 760 

88 1020 

2 38 219 

0.0056 

0 .073  

1.8 

0 .12  

0 . 8 5  

0 . 5 0  

3 . 3  

8 . 1  

0 . 1 8  

0 .088  

0 .025  

3 . 7 3  

2 . 1  

0 . 2 8  

0 .067  

0 . 7 0  

0 . 1 3  

2 . 0  

2 . 3  

6 . 2  

1 7 . 1  

0 . 5 5  

0 .11 

0 . 1 2  

0 . 3 9  

2 .6  

A n a l y s i s ,  i n  p c i / g  

609 

414 

2 48 

A n a l y s i s ,  

0 . 0 1 6  

0 . 0 7 3  

0 . 5 2  

0.12 

1 . 9  

2 . 3  

6 .2  

1 7 . 8  

0 .017  

0 .19  

0 . 0 7 9  

1 . 1 9  

3.3 

768 

9 9 1  

206 

i n  w t  % 

0 . 2 3  

0 . 0 9 1  

1 . 2  

0 .32  

1 . 4  

1 . 3  

5 . 7  

1 4 . 8  

0 . 7 0  

0 .049  

0 . 0 7 4  

0 . 3 8  

0 . 9 3  

7 1 6  267 

1 3 3  346 

1 7 6  1 0 6  

0 . 0 0 6 5  

0.10 

0 . 7 3  

0 . 2 0  

1 .7  

0.87 

5 . 2  

1 3 . 0  

0 . 3 1  

0.050 

0 .030  

0 . 9 9  

1.1 

0.10 

0 .072  

1.8 

0 . 1 5  

1.1 

0.92  

3 . 6  

9 . 3  

1 . 2  

0 . 0 6 1  

0 . 0 6 6  

0 .22  

0 . 8 1  

2 37 1070 

32 4 1 1 2 0  

1 0 0  275 

0 . 0 0 8 3  0 . 3 2  

0 . 1 0  0 . 1 0  

2 . 5  5 . 5  

0 . 1 6  1 .0  

2 . 3  0 . 7 7  

1 .0  1 . 7  

3 . 4  3 . 2  

10.1 1 3 . 9  

2 . 1  3 . 4  

0 . 0 6 7  0 . 2 0  

0 . 0 6 6  0 .18  

0 . 6 2  0 .27  

0 .87  0 . 3 8  

667 

604 

1 9 4  

0 . 0 2 9  

0 . 1 0  

6 . 1  

1.1 

1 . 4  

1 . 6  

2 . 5  

1 3 . 2  

2 . 4  

0 . 1 9  

0 . 1 7  

0 . 7 0  

0 . 3 0  

cn 
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4. N I T R I C  A C I D  LEACHING TESTS 

4 .1  Procedure  

N i t r i c  a c i d  l e a c h i n g  tests were performed on 100-g samples  of each  

o r e  and t a i l i n g s  as r e c e i v e d .  Most of t h e s e  tests were made a t  33% s o l i d s ,  

u s ing  t h e  f o l l o w i n g  p rocedure :  The s i n g l e - s t a g e  l e a c h i n g  tests c o n s i s t e d  

of s t i r r i n g  a 100-g sample w i t h  200 m l  of H N 0 3  ( 1  

70 '0 ,  f i l t e r i n g ,  washing w i t h  80 m l  of 0 . l M  HN03, r e p u l p i n g  w i t h  200 m l  

of 0 .1  - M HN03, s t i r r i n g  o v e r n i g h t  (%16 h r ) ,  f i l t e r i n g ,  and washing w i t h  

80 m l  of 0.1 - M HN03. The f i l t e r  cake  w a s  a i r - d r i e d ,  weighed, and s e a l e d  

i n a n  8-cm-diam x 3.5-cm-high p l a s t i c  P e t r i  d i s h  f o r  radium d e t e r m i n a t i o n  

v i a  gamma coun t ing .  The f i l t r a t e  w a s  ana lyzed  f o r  f r e e  a c i d ,  bar ium, and 

s u l f a t e .  

a f t e r  t h e  f i r s t  r e p u l p  wash w i t h  200 m l  of f r e s h  H N 0 3  ( 1  g o r  3 - M f o r  

5 h r  a t  7OoC), fo l lowed by f i l t e r i n g ,  r e p u l p  washing,  f i l t e r i n g ,  and 

washing. 

o r  3 g f o r  5 h r  a t  

Two-stage l e a c h i n g  tests were made by c o n t a c t i n g  t h e  r e s i d u e  

226 The c o n c e n t r a t i o n  of Ra i n  t h e  s o l i d  f e e d s  and n i t r i c  a c i d  r e s i d u e s  

was measured by c o u n t i n g  t h e  gamma a c t i v i t y  (295, 352, and 609 keV) of 

214Pb and 214Bi g randdaugh te r s  i n  e q u i l i b r i u m  w i t h  t h e  

w a s  s t o r e d  f o r  a t  least  2 weeks i n  a p l a s t i c  P e t r i  d i s h  which w a s  s e a l e d  

by a p p l y i n g  t h r e e  l a y e r s  of p o l y e t h y l e n e  t a p e  t o  t h e  s l i p  j o i n t  of t h e  

d i s h .  The c o u n t i n g  was done w i t h  a h i g h - r e s o l u t i o n  Ge(Li) d e t e c t o r  

coupled  t o  a 4096-channel a n a l y z e r .  

uranium o r e  samples  (uranium a n a l y s e s  c e r t i f i e d )  t h a t  were s t o r e d  and 

counted i n  t h e  same manner as t h e  t es t  samples .  Other  c o n s t i t u e n t s  i n  

t h e  n i t r i c  a c i d  r e s i d u e s  were de termined  a f t e r  g r i n d i n g  ( i n  a p o r c e l a i n  

mor t a r )  t h e  r e s i d u e  from 100 g of s t a r t i n g  material t o  -100 mesh t o  

e n s u r e  t h a t  1- t o  2-g samples  would be  r e p r e s e n t a t i v e .  

226R, . Each sample 

The c o u n t e r  w a s  c a l i b r a t e d  by s t a n d a r d  

4.2 Radium-226 Leaching 

The r e s u l t s  of t h e  l e a c h i n g  tests are summarized i n  Tab le  2. These 

d a t a  show t h a t  most of t h e  radium can  b e  leached  w i t h  n i t r i c  a c i d ,  a l t h o u g h  

some samples  r e q u i r e  more v igo rous  t r e a t m e n t  t h a n  o t h e r s .  A s i n g l e - s t a g e  
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l e a c h  w i t h  1 M o r  3 M HNO 

Nos. 2 and 5 .  An a d d i t i o n a l  s t a g e  o f  l e a c h i n g  a t  33% s o l i d s  w i t h  3 

proved e f f e c t i v e  f o r  a l l  samples .  A s i n g l e - s t a g e  l e a c h  made w i t h  a more 

d i l u t e  s l u r r y  (14% s o l i d s )  w a s  as e f f e c t i v e  as two s t a g e s  a t  33% s o l i d s  . 
f o r  a l l  o f  t h e  o r e  samples  ( t a i l i n g s  were n o t  t e s t e d ) .  Three s t a g e s  a t  

1 7 %  s o l i d s  showed a s l i g h t  f u r t h e r  improvement, t h e  maximum change b e i n g  

an  a d d i t i o n a l  3% of t h e  i n i t i a l  radium l e a c h e d  (No. 6). The radium con- 

c e n t r a t i o n  i n  t h e  r e s i d u e  a f t e r  t h r e e - s t a g e  l e a c h i n g  ranged from 15 t o  

54 pCi /g ,  which co r re sponds  t o  a range  o f  88 t o  99% removal by l e a c h i n g .  

Greater t h a n  94% of  t h e  radium w a s  l e a c h e d  from each  o r e  excep t  t h e  No. 5 

sample ,  which o r i g i n a l l y  c o n t a i n e d  on ly  abou t  one - th i rd  as much radium 

as t h e  o t h e r  samples .  The r e s u l t s  from t h e  two-stage l e a c h i n g  tests show 

n e a r l y  e q u a l  l e a c h i n g  from s u l f u r i c  a c i d  t a i l i n g s  and o r e  sample p a i r s  

(No. 2-4); however,  l e a c h i n g  w a s  more e f f e c t i v e  from a l k a l i n e  t a i l i n g s  

than  t h e  co r re spond ing  o r e s  (Nos. 5 and 6). 

a t  33% s o l i d s  is  e f f e c t i v e  f o r  o n l y  two o r e s ,  3 - - 
a HN03 

The r e s u l t s  o f  " s t anda rd"  l e a c h i n g  tes ts  made w i t h  3 HN03 a t  33% 

s o l i d s  f o r  5 h r  a t  70°C are summarized i n  Tab le  3 ,  where t h e  f r a c t i o n s  

of  radium l eached  are shown f o r  one-, two-, and t h r e e - s t a g e  o p e r a t i o n s .  

I n  a d d i t i o n ,  t h e  f r a c t i o n s  of  bar ium, calcium, and  t o t a l  s u l f u r  l eached  

are t a b u l a t e d .  The most s t r i k i n g  r e s u l t  i s  t h a t  ve ry  l i t t l e  bar ium 

(<5%) w a s  l eached  i n  one s t a g e ,  w h i l e  up t o  94% of  t h e  radium w a s  l e a c h e d ;  

and with the exception of the No. 6 samples, less t h a n  30% of t h e  bar ium 

w a s  l e a c h e d  i n  two s t a g e s .  This  is  s t r o n g  ev idence  t h a t  most of t h e  

radium w a s  n o t  a s s o c i a t e d  w i t h  t h e  bar ium e x c e p t  p o s s i b l y  i n  t h e  case o f  

No. 6 o r e  and t a i l i n g s  and ,  t o  some e x t e n t ,  No. 1 t a i l i n g s  where b o t h  

radium and bar ium l e a c h i n g s  i n c r e a s e d  s h a r p l y  i n  t h e  second s t a g e .  

l e a c h i n g  of  ca l c ium w a s  much more complete  t h a n  t h a t  f o r  bar ium, r a n g i n g  

from 67  t o  99% i n  two s t a g e s ;  t h e r e  w a s  no a p p a r e n t  c o r r e l a t i o n  w i t h  radium. 

The l e a c h i n g  o f  t o t a l  s u l f u r ,  which i n c l u d e s  any s u l f i d e s  t h a t  would b e  

o x i d i z e d  t o  s u l f a t e  by t h e  h o t  n i t r i c  a c i d ,  w a s  v i r t u a l l y  complete  i n  a 

s i n g l e  s t a g e .  Such e f f e c t i v e  removal of s u l f a t e  i n  t h e  f i r s t  s t a g e  

probably  caused  t h e  i n c r e a s e d  l e a c h i n g  o f  bar ium i n  t h e  second s t a g e .  

However, t h e  c o n c e n t r a t i o n  o f  bar ium i n  t h e  l e a c h  f i l t r a t e s  was, i n  g e n e r a l ,  

s i g n i f i c a n t l y  lower t h a n  t h e  s o l u b i l i t y  o f  BaSOk i n  n i t r i c  a c i d  o f  t h e  

The 



L ' .  

Table 3. Comparison of leaching r e s u l t s  f o r  radium wi th  those f o r  barium, calcium, and s u l f u r  

( 3  H N 0 3  a t  33% s o l i d s  f o r  5 h r  a t  70°C) 

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 
Ta i l ings  Ore Ta i l ings  O r e  Ta i l i ngs  Ore Ta i l ings  O r e  Ta i l i ngs  Ore Tai l ings  

One s t a g e  
Two s t a g e s  
Three s t a g e s  b 

One s t a g e  
Two s t ages  

Two s t a g e s  

One s t a g e  
Two s t a g e s  

F i r s t - s t age  f i l t r a t e  
Second-stage f i l t r a t e  

F i r s t - s t age  f i l t r a t e  
Second-stage f i l t r a t e  

F i r s t - s t age  f i l t r a t e  
Second-stage f i l t r a t e  

3 la 
9 5a 
97 

la 
30a 

92a 

92a 
97a 

13a 
0. 60a 

2.9a  
109a 

53 a 
65 a 

94 
94 
95 

4 
5 

96 

93 
94 

4 . 1  
0.04 

9.3 
2.9 

38 
52 

226Ra, % leached 

92 76 52 86 78 
95 93 92 98 98 

94 98 - 
Barium, % leached 

- - 

1 1 1 1 1 
3 8 3 3 - 

Calcium, % leached 
95 8 1  73 77 67 

To ta l  su l fu r ,  % leached 

99 93 93 94 94 
100 94 94 95 96 

S o  concent ra t ion ,  g / l i t e r  4 
16 21 24 6.4 7 . 1  

0.11 0.13 0.28 0.07 0 .12  

B a  concent ra t ion ,  m g / l i t e r  
2.3 1 .4  0.82 2.7 3.0 
5.5 - 15 6.9 6.5 

B a S O  so lub i l i t y '  i n  HN03, mg(Ba) / l i t e r  4 
50 31 31 38 53 
52 53 53 53 50 

69 
85 
88 

1 
10 

94 

92 
94 

5.8 
0.10 

3.0 
29 

3 1  
53 

68 
90 - 

1 
18 

91 

94 
97 

6 . 1  
0.17 

4.3  
53 

31 
53 

36 36 
97 97 
99 - 

4 2 
67 85 

99 99 

\o 

86 92 
91  96 

3.0 2.3 
0.15 0.10 

16 7.4 
230 320 

5.2 3.8 
53 53 

3'  aLeached a t  25% s o l i d s  with 3.2 g HNO 

bLeached a t  1 7 %  s o l i d s .  
'Solubi l i ty  of BaS04 a t  n i t r i c  ac id  concent ra t ion  e x i s t i n g  a t  end of leaching  opera t ion  ( see  Fig.  1). 
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c o n c e n t r a t i o n  e x i s t i n g  a t  t h e  c o n c l u s i o n  of t h e  l e a c h .  No tab le  e x c e p t i o n s  

were t h e  second-s tage  f i l t r a t e s  from No. 6 o r e  and t a i l i n g s  and No. 1 

t a i l i n g s ,  where t h e  bar ium c o n c e n t r a t i o n  w a s  a s  much as s i x  times t h e  

s o l u b i l i t y  of BaSO i n d i c a t i n g  t h a t  t h e  barium w a s  p robab ly  p r e s e n t  as 

some o t h e r  compound i n  t h e s e  samples .  S i n c e  t h e  No. 6 o r e  and t a i l i n g s  

c o n t a i n  s i g n i f i c a n t  c a r b o n a t e ,  i t  is  p o s s i b l e  t h a t  t h e  bar ium e x i s t s  i n  

t h e  o r e  as a c a r b o n a t e .  I n  some of t h e  s p e c i a l  l e a c h  tests of No. 1 

t a i l i n g s ,  such  as t h o s e  made w i t h  3 - M H N 0 3  a t  3% s o l i d s ,  on ly  70% of bar ium 

w a s  l eached  even though t h e  s o l u b i l i t y  d a t a  would p r e d i c t  t h a t  a l l  of t h e  

bar ium shou ld  have d i s s o l v e d  i f  i t  were p r e s e n t  as BaSO 

4 . 2 . 1  Sand-slime f r a c t i o n s  

4' 

4 '  

The d i s t r i b u t i o n  of mass and radium between sand and s l i m e  f r a c t i o n s  

of No. 1 t a i l i n g s  and Nos. 2-6 o r e  samples  a f t e r  a two-stage l e a c h  w i t h  

3 M HNO i s  shown i n  Tab le  4 .  The s o l i d s  were s e p a r a t e d  by w e t  s c r e e n i n g  

on 140 mesh U.S. s t a n d a r d  s i e v e .  Each f r a c t i o n  w a s  a i r - d r i e d  and weighed, 

and t h e  radium c o n t e n t  w a s  de te rmined  by gamma coun t ing  of d a u g h t e r s .  

The sand f r a c t i o n  (+140 mesh) ranged from 33 t o  88 w t  %; i t  w a s  g r e a t e r  

t h a n  50 w t  % i n  e v e r y  case excep t  No. 6 o r e .  The c o n c e n t r a t i o n  of radium 

i n  t h e  s l i m e  f r a c t i o n  averaged  abou t  t w i c e  t h a t  i n  t h e  sands .  The f r a c -  

t i o n  of t o t a l  radium t h a t  w a s  i n  t h e  sand f r a c t i o n  ranged from 40 t o  71%, 

ave rag ing  55%. 
s l i m e  f r a c t i o n s  of  n i t r i c  a c i d  r e s i d u e s  i s  markedly d i f f e r e n t  from s u l f u r i c  

a c i d  t a i l i n g s ,  where t h e  s l i m e  f r a c t i o n  c o n t a i n s  most of t h e  radium, 

p robab ly  a s s o c i a t e d  w i t h  a ca lc ium s u l f a t e  p r e c i p i t a t e .  

- 3  

Th i s  n e a r l y  e q u a l  d i s t r i b u t i o n  of radium i n  t h e  sand and 

R e l a t i v e l y  "hot"  sand  g r a i n s  were i s o l a t e d  from f r a c t i o n a t e d ,  + lo0  

mesh n i t r i c  ac id - l eached  r e s i d u e s  of s e v e r a l  d i f f e r e n t  o r e s ,  i n d i c a t i n g  

t h a t  t h e  r e s i d u a l  radium i s  n o t  un i formly  d i s t r i b u t e d .  S i n g l e  g r a i n s  

were e s t i m a t e d  t o  c o n t a i n  more than  50 x 10 pCi of radium p e r  gram. 

U n f o r t u n a t e l y ,  t i m e  d i d  n o t  permi t  i d e n t i f i c a t i o n  of t h e  m i n e r a l  assemblage  

of t h e s e  g r a i n s .  Th i s  i n f o r m a t i o n ,  of c o u r s e ,  could  b e  ex t r eme ly  impor t an t  

i n  de t e rmin ing  t h e  p o t e n t i a l  haza rd ,  i f  any ,  of t h e  r e s i d u a l  radium and 

i n  a s s e s s i n g  t h e  p r o s p e c t s  f o r  i t s  removal.  

6 

I 

, 



Table  4 .  S o l i d s  s i z e  f r a c t i o n s  and 2 2 6 F h  c o n c e n t r a t i o n  i n  r e s i d u e  a f t e r  
double  3 M H N 0 3  l e a c h  a t  33% s o l i d s  f o r  5 h r  a t  70°C - 

Weight 22 6~ c o n c e n t r a t i o n  F r a c t i o n  of 
p e r c e n t  ( p c i  /R)  t o t a l  R a  

sand Sand S l i m e  S l i m e  i n  sand 
S our  ce (+140 mesh) (+140 mesh) ( -140 mesh) Sand (a 

N o .  1 t a i l i n g s  53 42  59 1.4 45 

No. 2 o r e  82 3 1  58 1.9 7 1  

N o .  3 o r e  66 39 92 2.4 45 

No.  4 o r e  74  13 3 1  2.4 57 

No. 5 o r e  88 35 10 9 3 .3  7 0  

No. 6 o r e  33  53  39 0.7 40 

Average 66 5 20 36 t 13 66 f 33 2.0 2 0 . 9  55 f 13 

Aver a g  e 7 3  2 14 32 5 11 7 2  f 33 2.3 5 0.7 57 2 13 
( excep t  No. 6 )  
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I 4.2.2 N i t r i c  a c i d  consumption 

The amount of n i t r i c  a c i d  consumed d u r i n g  t h e  l e a c h e s  w a s  c a l c u l a t e d  

from t h e  d i f f e r e n c e  i n  t h e  i n i t i a l  c o n c e n t r a t i o n  and t h e  amount of f ree  

a c i d  remain ing  i n  t h e  l e a c h  s o l u t i o n .  The f r e e  n i t r i c  a c i d  i n  t h e  l e a c h  

s o l u t i o n  i s  shown i n  Tab le  5; t h e  c a l c u l a t e d  a c i d  consumption i s  g i v e n  

i n  Tab le  6.  The n i t r i c  a c i d  consumption ranged from a low of 30 l b  f o r  

t h e  1 
a l k a l i n e  t a i l i n g s .  A s  would b e  expec ted ,  t h e  o r e s  t h a t  are normal ly  

processed  by a sodium c a r b o n a t e  l e a c h ,  such  as Nos. 5 and 6 ,  consumed 

more a c i d  t h a n  t h o s e  l e a c h e d  by s u l f u r i c  a c i d .  

from s u l f u r i c  ac id -p rocessed  o r e  consumed less n i t r i c  a c i d  t h a n  t h e  

co r re spond ing  o r e s .  Normally t h e s e  o r e s  consume 100 t o  200 l b  o f  s u l f u r i c  

a c i d  p e r  t o n .  

HN03 l e a c h  of s u l f a t e  t a i l i n g s  t o  a h i g h  of 620 l b  p e r  t o n  of 

I n  g e n e r a l ,  t h e  t a i l i n g s  

4.2.3 Leaching of o t h e r  r a d i o n u c l i d e s  

210Pb, and uranium. 

c u r s o r  of 226Ra and has  a long  h a l f - l i f e  (80 ,000  y e a r s ) .  

i t  must b e  l eached  and s t o r e d  i n  a manner s imilar  t o  t h a t  used f o r  radium. 

I n  a d d i t i o n  t o  radium, t h e  r a d i o n u c l i d e s  of i n t e r e s t  are 230Th, 210Po, 

Thorium-230 is v e r y  impor t an t  because  i t  is  t h e  pre-  

Consequent ly ,  

Both 210Po and 210Pb have r e l a t i v e l y  s h o r t  h a l f - l i v e s  and decay  soon a f t e r  

t h e  radium i s  removed. They are of i n t e r e s t  on ly  i f  t h e y  are l eached ,  

because  under  such  c i r cums tances  t h e y  would have t o  b e  removed from t h e  

s o l u t i o n  b e f o r e  i t s  d i s c h a r g e  t o  t h e  environment .  Leaching of uranium 

is, of c o u r s e ,  an  impor t an t  p a r t  of t h e  e f f i c i e n c y  of t h e  m i l l i n g  p r o c e s s .  

The d a t a  i n  Tab le  7 show t h e  v a r i o u s  r a d i o n u c l i d e s  ob ta ined  by two 

s t a g e s  of l e a c h i n g  w i t h  3 - M HN03 a t  33% s o l i d s  a t  70°C f o r  5 h r .  

l e a c h i n g  of 230Th w a s  g e n e r a l l y  more e f f e c t i v e  t h a n  t h a t  f o r  226Ba. 

c o n c e n t r a t i o n  of 230Th i n  t h e  r e s i d u e s  ranged from 7 t o  32 pCi /g ,  c o r r e s -  

ponding t o  99 t o  92% leach ing .  

The 

The 

The c o n c e n t r a t i o n  of 210Po i n  t h e  r e s i d u e s  ranged from 1 6  t o  140  

pCi/g,  co r re spond ing  t o  90 t o  49% l e a c h i n g .  The c o n c e n t r a t i o n  of 210Pb 

i n  t h e  r e s i d u e s  ranged from 5 1  t o  120 pCi /g ,  co r re spond ing  t o  83  t o  25% 

l e a c h i n g .  The c o n c e n t r a t i o n  of uranium i n  t h e  r e s i d u e s  ranged from 3 .5  t o  

15 ppm f o r  a l l  samples  excep t  f o r  No. 1 t a i l i n g s ,  which ana lyzed  25 ppm. 

. 



Tab le  5.  C o n c e n t r a t i o n  ( m o l a r i t y )  of n i t r i c  a c i d  a t  end of l e a c h  

Source  
D e s c r i p t i o n  1 2 3 4 5 6 

of l e a c h  T a i l i n g s  Ore T a i l i n g s  Ore T a i l i n g s  O r e  T a i l i n g s  Ore T a i l i n g s  O r e  T a i l i n g s  

F i r s t  s t a g e ,  1 E HN03, 0 .8  0 . 3  0 .9 0.7 0.4 0.6 0 . 8  0.4  0 . 2  0.0 0.0 
2 5 O C ,  18 h r  

F i r s t  s t a g e ,  3 g HN03,  2 .9a 2 . 3  2 .7  2 .0  2 .0  2 . 3  2 . 9  2 . 1  2 . 1  0 .7  0.6 

Second s t a g e ,  3 H N 0 3 ,  3. 2a 2 .8  2 . 8  2 .9  2 .9  2.9 2.7 3 . 3  2 .9  2 . 9  2 . 9  

7O"C, 5 h r  

70°C, 5 h r  

a I n i t i a l  HNO c o n c e n t r a t i o n  w a s  3 .2  E. 3 

T a b l e  6 .  Consumption of n i t r i c  a c i d  

~~ 

Pounds HNO, (100%) p e r  t o n  of s o l i d s  

D e s c r i p t i o n  1 2 3 4 5 6 
of l e a c h  T a i l i n g s  O r e  T a i l i n g s  O r e  T a i l i n g s  Ore T a i l i n g s  Ore T a i l i n g s  Ore T a i l i n g s  

F i r s t  s t a g e ,  1 M  - HN03 75 170 30 90 150 110 60 150 2 10 260 260 

F i r s t  s t a g e ,  3 H N 0 3  140 190 80 260 260 180 20 220 2 30 580 600 

Second s t a g e ,  3 g HN03 0 40 20 40 20 20 20 0 30 20 20 



3 Table  7. Analyses  of r e s i d u e s  a f t e r  two-stage l e a c h  w i t h  3 HNO 
a t  33% solids for 5 hr a t  7OoC 

1 2 3 4 5 6 
T a i l i n g s  Ore T a i l i n g s  O r e  T a i l i n g s  O r e  T a i l i n g s  Ore T a i l i n g s  Ore T a i l i n g s  

A c t i v i t y ,  pCi/g 

226Ra 

230Th 

l0Po 

210Pb 
238,a 

Content ,  ppm 

U 

B a  

C a  

s04 
T o t a l  S 

P e r c e n t  leached  
226b 

230Th 

210P0 
210pbb 

U 

5 1  

22 

76 

69 

8 .1  

25 

940 

2100 

1800 

690 

95 

93 

81 

83 

84 

38 

8 . 3  

34 

71  

2.2 

6.7 

61 0 

7 70 

240 

270 

94 

99 

82 

62 

99.7 

39 

7 .3  

48 

68 

3.0 

9 . 1  

680 

820 

41 

<50 

95 

99 

80 

7 1  

84 

62 

20 

72 

86 

3.2 

9.7 

670 

1300 

2800 

1600 

93 

96 

67 

6 1  

99.7 

51 17 

20 20 

25 35 

94 55 

3.8 2.2 

7.5 6.6 

8801 1100 

1400 2700 

220 290 

1900 480 

92 98 

96 98 

90 86 

62 73 

93 99.7 

1 7  45 

13 18 

22 1 6  

5 1  79 

2 . 1  1 . 6  

6 . 3  4.7 

1100 840 

2 400 1100 

150 <70 

420 490 

98 85  

92 96 

87 85 

71  25 

90 99.6 

29 

1 7  

1 6  

74 

1 .2  

3.5 

880 

2200 

<70 

250 

90 

95 

8 4  

26 

96 

42 

32 

140 

120 

4.9 

15 

7 10 

600 

870 

330 

97 

97 

49 

56 

99.5 

24 

22 

52 

120 

4.0 

12 P c 
530 

550 

<70 

110 

97 

97 

73 

38 

96 

a 

bBased on t h e  assumpt ion  t h a t  t h e  210Pb and 210Po c o n c e n t r a t i o n s  i n  t h e  f e e d  are e q u a l .  

C a l c u l a t e d  from t o t a l  uranium c o n c e n t r a t i o n  (0 .33  U C i  p e r  gram of uranium).  
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. 

The l e a c h i n g  of uranium w a s  g r e a t e r  t h a n  99.5% f o r  t h e  o r e  samples .  

G e n e r a l l y ,  t h e r e  w a s  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  l each ing  of r a d i o -  

n u c l i d e s  from o r e s  o r  from a l k a l i n e  o r  a c i d  t a i l i n g s .  

4.2.4 S p e c i a l  l e a c h i n g  of No. 1 t a i l i n g s  

Because of t h e  s p e c i a l  i n t e r e s t  i n  t r e a t i n g  t h e  No. 1 t a i l i n g s  and 

t h e i r  more r e f r a c t o r y  n a t u r e ,  a d d i t i o n a l  l e a c h i n g  tests were made w i t h  

t h e s e  samples .  The r e s u l t s  are shown i n  Tab le  8. The h i g h  s u l f a t e  con- 

t e n t  (4 .9% SO4) of t h e s e  t a i l i n g s  sugges t ed  t h a t  t h e  poor  (31%) l e a c h i n g  

of radium i n  a s i n g l e - s t a g e  l e a c h  a t  33% s o l i d s  may have been caused  by 

t h e  c o p r e c i p i t a t i o n  of radium w i t h  bar ium o r  ca l c ium s u l f a t e .  T h e r e f o r e ,  

a s i n g l e - s t a g e  l e a c h  could  be e f f e c t i v e  i f  a lower-dens i ty  s l u r r y  were 

used t o  f a c i l i t a t e  d i s s o l u t i o n  of t h e  s l i g h t l y  s o l u b l e  s u l f a t e s .  T h i s  i s  

confirmed by t h e  d a t a  i n  Tab le  8, which show t h a t  t h e  f r a c t i o n  of radium 

leached  i n c r e a s e d  w i t h  dec reased  s o l i d s  c o n t e n t  u n t i l  a t  6% s o l i d s  t h e  

r e s i d u a l  radium w a s  v i r t u a l l y  t h e  same as a f t e r  a two-stage l e a c h  a t  33% 

s o l i d s .  R e s u l t s  f o r  t h r e e - s t a g e  l e a c h i n g  a t  1 7 %  s o l i d s  show t h a t  1.1 M 

HNO 

t o  -140 U.S. mesh i n c r e a s e d  s i n g l e - s t a g e  l e a c h i n g ,  producing  a r e s i d u a l  

radium c o n c e n t r a t i o n  of 3 1  pCi/g as compared w i t h  49 pCi/g f o r  s i n g l e -  

s t a g e  l e a c h i n g  of t h e  sample as r e c e i v e d .  The t a i l i n g s  were p r e t r e a t e d  

by r o a s t i n g  a t  800°C t o  de t e rmine  whether  t h e  r e f r a c t o r y  radium w a s  

bound i n  c l a y  i n  t h e  same manner as aluminum, which i s  known t o  b e  con- 

v e r t e d  t o  a more s o l u b l e  form by r o a s t i n g .  The radium c o n c e n t r a t i o n  i n  

t h e  r e s i d u e  a f t e r  t h e  r o a s t i n g  and l e a c h i n g  t r e a t m e n t  w a s  on ly  s l i g h t l y  

lower,  39 pCi/g v s  49 pCi /g ,  s u g g e s t i n g  t h a t  t h e  q u a n t i t y  of radium 

a s s o c i a t e d  w i t h  aluminum i n  t h e  c l a y  f r a c t i o n  w a s  s m a l l .  

N a C 1 ,  KF, o r  N a  CO p r i o r  t o  n i t r i c  a c i d  l e a c h i n g  d i d  n o t  improve radium 

recove ry .  

depending on t h e  p r e t r e a t m e n t .  The lowes t  r e s i d u a l  radium c o n c e n t r a t i o n  

ob ta ined  from any test w a s  29 pCi/g,  which was ob ta ined  by l e a c h i n g  w i t h  

3 M HNO a t  3% s o l i d s  fo l lowed by l e a c h i n g  w i t h  0 . 5  M EDTA a t  22% s o l i d s .  

- 

is  e s s e n t i a l l y  a s  e f f e c t i v e  as 3.2 - M HN03. Gr inding  t h e  t a i l i n g s  3 

Roas t ing  w i t h  

2 3  
Leaching w i t h  EDTA s o l u t i o n s  y i e l d e d  v a r i a b l e  r e s u l t s ,  

- 3  - 

Second-stage l e a c h i n g  of t h e  r e s i d u e  from t h e  3 M HNO l e a c h  a t  10% - 3  
s o l i d s  w i t h  r e a g e n t s  such  a s  6 H3P04, 0 . 5  - M Ba(N03)2, and HF w a s  n o t  as 



Table 8. Summary of leaching tests on No. 1 t a i l i n g s  

942 
712 
260 
582 
2 96 
135 

R a  i n  
Number of  Percent  HNO 3 Temp. Time r e s i d u e  

s t a g e s  s o l i d s  (E) ("C) ( h r )  (pCi/g) 

49 
5 1  
44 
36 
34 

7 40 
560 

Pretreatment  

1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 

1 
1 
1 

1 
1 
1 
1 

25 
25 
25 
33 
1 7  
10 
9 
6 
3 

33 
25 
1 7  
1 7  
10 
5 
1 
3 
3 
3 
3 
3 

25 
22 

23 
10 
33 

33 
33 
33 
33 

1.0 
3.2 
3.2 
7.5 
3.2 
3.0 
3.2 
3.2 
3.2 
3.0 
3.2 
1.1 
3.2 
0 . 1  + 1 y Ca(N0312 
0 .1  + 1 Ca(N03)~ 
0 . 1  + 1 E Ca(N0312 
3.2 
3.2 
3.2 
3.2 
3.2 

0.5 (Na4EDTA) 
0.5 (Na4EDTA) 

0.5 (Na4EDTA) 
3.0 
7.5 

25 
25 
70 
80 
80 
70 
80 
80 
70 
70 
70 
80 
85 
70 
70 
70 
70 
85 
85 
85 
85 

80 
80 

80 
25 

110 

70 
25 
25 
25 

18 
18 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
3 
3 
3 
3 
5 
5 
5 
5 
5 

5 
5 

5 
168 

24 

5 
16 8 
168 
<1 

None 

A f t e r  gr ind  t o  -140 U.S. mesh 
A f t e r  r o a s t  a t  800°C f o r  3 h r  
A f t e r  r o a s t  a t  800°C f o r  3 h r  wi th  10% N a C l  
A f t e r  r o a s t  a t  800°C f o r  3 h r  wi th  10% KF 
A f t e r  r o a s t  a t  800°C f o r  3 h r  with 10% 
Na2COyK2C03 

A f t e r  r o a s t  a t  800°C f o r  3 h r  wi th  20% Na2C03 
A f t e r  3 E HNO3 leach a t  3% s o l i d s  a t  85°C f o r  

5 h r  ( r e s i d u e  contained 39 pCi Ra/g) 

Af te r  3 E HN03 leach a t  10% s o l i d s  a t  70°C f o r  
5 h r  ( r e s i d u e  contained 296 pCi Ra/g) 

aApproximately 50% of s o l i d  d isso lved .  

' .  . .  
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8 

1 -  

s a t i s f a c t o r y  as w i t h  3 M HNO I n  c o n c l u s i o n ,  t h e  r e s u l t s  of t h e  s p e c i a l  

l e a c h  tests on N o .  1 t a i l i n g s  i n d i c a t e  t h e  p re sence  of a " r e f r a c t o r y "  

f r a c t i o n  of radium t h a t  i s  bound up i n  a d i f f e r e n t  way from t h e  b u l k  of 

t h e  e a s i l y  leached  radium and does  n o t  seem t o  be  a s s o c i a t e d  w i t h  s u l f a t e  

or  c l a y .  The s l i g h t l y  improved r e s u l t s  ob ta ined  by t h r e e - s t a g e  l e a c h i n g  

w i t h  3 M HNO vs two-stage l e a c h i n g  w i t h  a l l  of t h e  o r e  samples  i n d i c a t e  

t h a t  t h e  r e s i d u a l  radium i s  probably  bound d i f f e r e n t l y  from t h e  b u l k  of 

t h e  radium. The f a c t  t h a t  t h e  uranium i s  l eached  t o  a l e v e l  about  one 

o r d e r  of magni tude lower than  observed f o r  radium is  evidence  s u p p o r t i n g  

t h e  assumption t h a t  t h e  r e s i d u a l  radium i s  n o t  a s s o c i a t e d  w i t h  some pr imary  

uranium m i n e r a l  con ta ined  w i t h i n  t h e  sand g r a i n s  (Table  7 ) .  

3' - 

- 3  

4 . 2 . 5  Discuss ion  of l e a c h i n g  d a t a  

It is  d i f f i c u l t  t o  e v a l u a t e  t h e  l e a c h i n g  d a t a  w i t h  r ega rd  t o  t h e i r  

a p p l i c a t i o n  t o  t h e  c o n t r o l  of radium i n  uranium m i l l i n g .  I d e a l l y ,  i t  

would be d e s i r a b l e  t o  remove radium t o  t h e  e x t e n t  t h a t  i t s  c o n c e n t r a t i o n  

i n  t h e  r e s i d u e  would be  t h e  same as o r  lower t h a n  t h a t  n a t u r a l l y  o c c u r r i n g  

i n  t h e  s o i l .  The radium c o n c e n t r a t i o n  i n  s o i l  su r round ing  t h e  uranium 

m i l l i n g  s i tes  is g e n e r a l l y  of t h e  o r d e r  of 1 t o  3 pCi/g ( 4  pCi/g i n  s o i l  

i n  Washington County, Maryland) .5 This  i s  an o r d e r  of magni tude lower 

t h a n  t h a t  o b t a i n e d  by t h e  b e s t  n i t r i c  a c i d  l e a c h  ( 1 5  pCi /g> .  The nex t  

r e a s o n a b l e  g o a l  a p p e a r s  t o  be  one t h a t  i s  be ing  cons idered  i n  t h e  United 

Kingdom, 25 pCi/g f o r  s o i l  and b u i l d i n g   material^.^ The b e s t  r e s u l t s  of 

t h e  m u l t i s t a g e  n i t r i c  a c i d  l e a c h  meet t h i s  g o a l .  A f u r t h e r  c o n s i d e r a t i o n  

making t h i s  l e v e l  of radium a c t i v i t y  a c c e p t a b l e  is t h a t  most of t h e  

uranium o r e  d e p o s i t s  are i n  s p a r s e l y  popu la t ed  areas; hence t h e  p o p u l a t i o n  

dose  i s  r e l a t i v e l y  small. 

groundwater  from d i s p o s a l  of n i t r i c  ac id - l eached  r e s i d u e s  should  be  v e r y  

much lower t h a n  from c o n v e n t i o n a l  t a i l i n g s  because  t h e  radium remain ing  

a f t e r  such  s t r o n g  l e a c h i n g  c o n d i t i o n s  i s  v i r t u a l l y  i n s o l u b l e  i n  water. 

The haza rd  from t h e  radon emanat ing from t h e  n i t r i c  a c i d  r e s i d u e  should  

be  reduced d i r e c t l y  as t h e  radium c o n t e n t  of t h e  r e s i d u e ;  t h u s  i t  would 

be only  2 t o  7% of t h a t  f o r  s u l f u r i c  ac id- leached  t a i l i n g s .  

excep t  t h o s e  i n  which t h e  r e s i d u e  i s  under  o r  i n c o r p o r a t e d  i n  a b u i l d i n g ,  

t h e  dose  from radon and i t s  d a u g h t e r s  would be  n e g l i g i b l e .  

The hazard  a s s o c i a t e d  w i t h  radium s e e p i n g  i n t o  

I n  a l l  cases, 
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The l i m i t e d  r e s u l t s  of l e a c h i n g  230Th show t h a t  i t s  coriccmtrat ion i n  
I 

t h e  r e s i d u e  a f t e r  a two-stage l each  i s  g e n e r a l l y  less t h a n  t h a t  of 226Ra.  

T h i s  is  impor t an t  because  230Th is  t h e  p r e c u r s o r  of 

h a l f - l i f e .  

2 1  y e a r s )  are l eached ;  t h e r e f o r e ,  a n i t r i c  a c i d  p r o c e s s  worild have t o  

p r o v i d e  f o r  t h e i r  r ecove ry  and temporary s t o r a g e  t o  permit  decay.  The 

s m a l l  amounts l e f t  i n  t h e  l e a c h  r e s i d u e  would probably n o t  c a u s e  s e r i o u s  

consequences because  of t h e i r  i n s o l u b i l i t y  and s h o r t  h a l f - L i v e s .  The 

e x c e l l e n t  r e s u l t s  o b t a i n e d  by l e a c h i n g  uranium (>99.5%) from t h e  o r e  

samples  cou ld  p r o v i d e  some economic compensation f o r  t h e  h i g h e r  r e a g e n t  

c o s t  of n i t r i c  a c i d  as compared w i t h  t h e  c o n v e n t i o n a l  u s e  of s u l f u r i c  

a c i d  o r  sodium c a r b o n a t e ,  which g e n e r a l l y  y i e l d s  abou t  92% uranium l e a c h i n g .  

226 Ra and h a s  a long  

Most of t h e  210Po ( h a l f - l i f e  = 138 days)  and *'OPb ( h a l f - l i f e  = 
I 

5 .  SOLUBILITY OF BARIUM SULFATE I N  N I T R I C  A C I D  

L i t e ra tu re  r e f e r e n c e s 6 '  t o  t h e  s o l u b i l i t y  of BaS04 i n  v a r i o u s  con- 

c e n t r a t i o n s  of n i t r i c  a c i d  show c o n s i d e r a b l e  d i s p a r i t y .  For t h i s  r e a s o n ,  

BaSO s o l u b i l i t y  measurements were made by p r e c i p i t a t i n g  BaS04 from 

s o l u t i o n s  w i t h  HNO c o n c e n t r a t i o n s  r a n g i n g  from 0.0 t o  10 E. Each 

s o l u t i o n  w a s  t r a c e d  w i t h  133Ba (%lo 

e q u i l i b r a t e  f o r  24 h r  b e f o r e  p r e c i p i t a t i o n .  

H2S04, t h e  samples  were shaken f o r  24 h r  on a B u r r e l l  s h a k e r  and t h e n  

al lowed t o  s e t t l e  f o r  24 h r  b e f o r e  b e i n g  sampled. The s o l u t i o n s  were 

sampled a second t i m e  a f t e r  be ing  al lowed t o  s e t t l e  f o r  a n  a d d i t i o n a l  4 

days.  A t h i r d  s a m p l e  w a s  made a f t e r  a n  a d d i t i o n a l  52 days  of s e t t l i n g .  

4 

6 3 
c o u n t s  min-' m1-l) and al lowed t o  

A f t e r  a d d i t i o n  of t h e  d i l u t e  

G e n e r a l l y ,  t h e  c o n c e n t r a t i o n  of  barium i n  t h e  s u p e r n a t a n t  d e c r e a s e d  

w i t h  t i m e ,  w i t h  a r e l a t i v e l y  small change b e i n g  observed between s a m p l e s  

t a k e n  a t  5 days and t h o s e  t a k e n  a t  52 d a y s .  

assumed t o  be  r e p r e s e n t a t i v e  of samples  a t  e q u i l i b r i u m ,  are shown i n  

Fig.  1. 

b i l i t y  of BaS04 i n c r e a s e s  about  1000-fold ove r  t h e  a c i d  c o n c e n t r a t i o n  r a n g e  

of 0.02 t o  10 - N .  

a c i d ,  t h e  H b e i n g  s u p p l i e d  by t h e  s u l f u r i c  a c i d  used t o  p r e c i p i t a t e  t h e  

The l a t t e r  d a t a ,  which a re  

The d a t a  f i t  w e l l  on an e x p o n e n t i a l  c u r v e  showing t h a t  t h e  s o l u -  

The lowest p o i n t  w a s  measured w i t h  no  a d d i t i o n  of n i t r i c  + - .  
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barium. Three  o t h e r  c u r v e s  from d a t a  i n  t h e  l i t e r a t u r e  are  showii; only 

one ( K o l t o f f )  of t h e s e  a g r e e s  w i t h  our d a t a ,  wh i l e  t h e  o t h e r  t w o  show 

s o l u b i l i t i e s  abou t  a n  o r d e r  of magnitude h i g h e r .  

6. LEACHING OF RADIUM FROM NO. 1 TAILINGS W I T H  DISTILLED WATER 

The l e a c h a b i l i t y  of radium from No. 1 t a i l i n g s  by water w a s  s i m u l a t e d  

by s u c c e s s i v e  exposure  of a sample of t h e  t a i l i n g s  t o  f r e s h  p o r t i o n s  o f  

d i s t i l l e d  water. A 100-g sample of N o .  1 t a i l i n g s  w a s  s t i r r e d  w i t h  3 - l i t e r  

p o r t i o n s  of water a t  abou t  25OC f o r  p e r i o d s  v a r y i n g  from 15 t o  90 h r .  

The s o l i d s  were s e p a r a t e d  by f i l t r a t i o n ,  and t h e  radium c o n t e n t  of t h e  

f i l t r a t e  w a s  measured by gamma c o u n t i n g  a ba r ium-ca r r i ed  s u l f a t e  p r e c i p i -  

tate.  (The e f f i c i e n c y  of radium p r e c i p i t a t i o n  w a s  g r e a t e r  t h a n  99% as 

determined w i t h  a s t a n d a r d  radium s o l u t i o n . )  

The r e s u l t s  of t e n  s u c c e s s i v e  l e a c h e s  are  shown i n  F ig .  2 .  W i t h  t h e  

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

abou t  t h r e e  t i m e s  h i g h e r  t han  i n  o t h e r  l e a c h a t e s ,  t h e  radium c o n c e n t r a t i o n  

i n c r e a s e d  w i t h  c o n t a c t  t i m e  u n t i l  a t  90 h r  i t  w a s  app rox ima te ly  t w i c e  

t h a t  a t  20 h r ,  i n d i c a t i n g  slow a t t a i n m e n t  of s o l u t i o n  e q u i l i b r i u m .  The 

radium c o n c e n t r a t i o n  d i d  not change over  t h e  series as shown by comparing 

l e a c h a t e s  ( e . g . ,  t h e  t h i r d  and t h e  n i n t h )  a t  t h e  same c o n t a c t  t i m e ;  t h i s  

i n d i c a t e s  p o s s i b l e  l e a c h i n g  of t h e  s a m e  radium compound o r  complex. The 

lowest  c o n c e n t r a t i o n  w a s  65 p C i  of radium p e r  l i t e r ,  which is about  an 

o r d e r  of magni tude g r e a t e r  t han  t h e  MPC f o r  d r i n k i n g  water ( 5 . 5  p C i / l i t e r ) .  

The t o t a l  amount of radium leached w i t h  a t o t a l  of 300 m l  of water p e r  

gram of t a i l i n g s  w a s  less than  5 % ,  and t h e  c o n c e n t r a t i o n  i n  t h e  l e a c h a t e  

showed no tendency t o  d e c r e a s e  w i t h  s u c c e s s i v e  l e a c h e s .  T h e r e f o r e ,  long- 

term l e a c h i n g  of t h e  t a i l i n g s  by u n l i m i t e d  volumes of water would con- 

s t i t u t e  a c o n t i n u e d  s o u r c e  of radium con tamina t ion  of t h e  e f f l u e n t  water 

a t  l e v e l s  s i g n i f i c a n t l y  above MF'C. 



2
1

 

.. 
.-

 

(u
 

0
 

v
) 

W
 
I
 

0
 

W
 

A
 

L
 
0
 

W
 
0
 
z
 

W
 

13 
0
 

W
 

rn 

a
 

B 0
 
I
 

v
) 

v
) 

Q
: 

w
 

rn 
5
 

13 
z
 

\
O

 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

In
 

0
 

0
 

In
 

m
 

cu 
cu 

-
 

In
 

-
 

0
 
0
 

0
 

m
 

0
 

aD 

0
 

b
 

0
 

rD
 

0
 

In
 

0
 

* 3
 

7
) 

D
 

N
 

3
 

- 3
 

Ja+!l/!3d 'N
O

llV
U

lN
33N

03 9Z
Z

 - O
U

 



22 

7 .  PENETRATION OF WATER INTO NO.  1 TAILINGS 

A l a b o r a t o r y  t es t  s i m u l a t i n g  t h e  a r i d  c l i m a t e  t h a t  p r e v a i l s  a t  most 

uranium m i l l s  w a s  made t o  measure t h e  p e n e t r a t i o n  of water from r a i n  o r  

snow i n t o  t h e  t a i l i n g s .  

of a t a i l i n g s  p i l e  i s  t o  e v a p o r a t e  a n d / o r  p e n e t r a t e  i n t o  t h e  p i l e .  

purpose of t h e  t es t  w a s  t o  de t e rmine  how much p e n e t r a t i o n  occur red  i n  

c o m p e t i t i o n  w i t h  e v a p o r a t i o n .  Water w a s  poured on t h e  s u r f a c e  of a 

column of t a i l i n g s ,  and d r y  a i r  was blown on t h e  s u r f a c e ;  t h e n  f u r t h e r  

a d d i t i o n s  of water were a l t e r n a t e d  w i t h  d r y i n g .  The r e c o r d  of water 

a d d i t i o n  and p e n e t r a t i o n  f o r  145 days i s  shown i n  F ig .  3. 

The f a t e  of p r e c i p i t a t i o n  f a l l i n g  on t h e  s u r f a c e  

The 

A 4-in.-diam x 36-in.-high column w a s  f i l l e d  w i t h  a 60% s o l i d s  s l u r r y  

of No. 1 t a i l i n g s  i n  water. A f t e r  s t a n d i n g  about  2 weeks, d r y  a i r  w a s  

blown a c r o s s  t h e  t o p  t o  promote e v a p o r a t i o n .  Large v e r t i c a l  c r a c k s  

formed as d r y i n g  proceeded and p r o g r e s s e d  downward over  t h e  e n t i r e  l e n g t h  

of t h e  column. Although t h e  t a i l i n g s  were s t i l l  w e t  and p l a s t i c ,  a t t e m p t s  

t o  c l o s e  t h e  c r a c k s  so t h a t  water cou ld  b e  added t o  t h e  s u r f a c e  were n o t  

s u c c e s s f u l ;  t h e r e f o r e ,  t h e  s t u d y  of t h i s  column w a s  abandoned and a new 

column was se t  up w i t h  d r y  t a i l i n g s  t o  avo id  t h i s  problem. 

A 1.5-in.-diam x 36-in.-high g l a s s  column w a s  f i l l e d  w i t h  d r y  No. 1 

t a i l i n g s  and g e n t l y  tamped. The h e i g h t  of t a i l i n g s  w a s  32-318 i n .  and 

t h e  we igh t  w a s  1364 g ,  which gave a b u l k  d e n s i t y  of 1 .45  g/ml. D i s t i l l e d  

water w a s  added d ropwise  (30  m l  over a p e r i o d  of 15 min) t o  s i m u l a t e  

1 i n .  of ra in .  This w a s  r e p e a t e d  u n t i l  a t o t a l  o f  120 m l  o f  water had  

been added ove r  a 2-day p e r i o d .  The w e t  l i n e  i n d i c a t i n g  p e n e t r a t i o n  w a s  

e a s i l y  observed;  a t  t h e  end of 2 d a y s ,  t h e  p e n e t r a t i o n  w a s  1 2  i n .  below 

t h e  t o p  of t h e  t a i l i n g s .  The p o r o s i t y  c a l c u l a t e d  from t h e s e  d a t a  is 35%, 

i n  e x c e l l e n t  agreement w i t h  p u b l i s h e d  d a t a  which i n d i c a t e s  t h a t  t h e  water 

w a s  f i l l i n g  v o i d s  i n  t h e  t a i l i n g s .  A stream of d r y  a i r  was blown a c r o s s  

t h e  s u r f a c e  of t h e  t a i l i n g s  f o r  1 day;  t h e n  30 m l  of water w a s  added and 

t h e  a i r  f l o w  resumed. The weight  l o s s ,  d u r i n g  t h r e e  such  c y c l e s  of water 

a d d i t i o n  fo l lowed  by d r y i n g ,  w a s  e q u i v a l e n t  t o  0 . 4  i n . / d a y ,  which i s  i n  

t h e  e v a p o r a t i o n  rate range  f o r  an a r i d  climate. The d a t a  ( F i g .  3)  show 

. .  
- .  
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t h a t  each  30-ml increment  of water, which i s  e q u i v a l e n t  t o  1 i n .  of r a i n ,  

w a s  evapora t ed ;  t h e  p e n e t r a t i o n  i n t o  t h e  t a i l i n g s  l e v e l e d  o f f  a t  14 i n .  

A series of t h r e e  60-ml a d d i t i o n s  of  water ( each  e q u i v a l e n t  t o  2 i n .  

of r a i n )  fol lowed by a i r  f low showed t h a t  t h e  p e n e t r a t i o n  i n c r e a s e d  each  

t i m e  and abou t  65% of t h e  water w a s  l o s t  by e v a p o r a t i o n .  The p e n e t r a t i o n  

a f t e r  t h e  t h i r d  60-ml a d d i t i o n  was on ly  2 i n .  more t h a n  a f t e r  t h e  second  

a d d i t i o n ,  i n d i c a t i n g  that  t h e  p e n e t r a t i o n  would l e v e l  o f f  even a f t e r  a 

2-in.  r a i n .  The a v e r a g e  m o i s t u r e  c o n t e n t  a t  t h e  end of each  e v a p o r a t i o n  

pe r iod  was o n l y  7%.  

The l a s t  a d d i t i o n  of water amounted t o  a t o t a l  of 119 m l ,  s i m u l a t i n g  

4 i n .  of r a i n ;  a c t u a l l y  i t  would more c l o s e l y  s i m u l a t e  m e l t i n g  snow o r  

a v e r y  prolonged r a i n  because of t h e  time r e q u i r e d  ( 2  d a y s )  f o r  t h e  water 

t o  soak  i n t o  t h e  t a i l i n g s .  T h i s  i n d i c a t e s  t h a t  most of t h e  water from a 

f l a s h  f l o o d  would r u n  o f f .  Again,  t h e  p e n e t r a t i o n  l e v e l e d  o f f ,  t h e  

f i n a l  l i n e  b e i n g  30 i n .  below t h e  t o p .  Of  t h e  t o t a l  of 481 m l  of water 

added, 74% was e v a p o r a t e d .  

8. STUDIES OF RADON EMANATION 

The p e r c e n t a g e  of radon produced by decay of radium t h a t  e s c a p e s  

from t h e  sand g r a i n s  and becomes a v a i l a b l e  f o r  d i f f u s i o n  from t h e  

t a i l i n g s  dump must be  known i n  o r d e r  t o  comple t e ly  assess t h e  h a z a r d s  

of uranium m i l l  t a i l i n g s .  T h i s  r a t i o  of radon e scape  t o  radon p r o d u c t i o n  

h a s  been d e f i n e d  by o t h e r s  a s  t h e  emanat ion c o e f f i c i e n t . 8  

mechanisms t h a t  have t h e  g r e a t e s t  e f f e c t  on t h e  release o r  emanat ion of 

radon atoms from t h e  p r o d u c t i o n  s i t e  are t h e  r e c o i l  energy from a l p h a  

decay and d i f f u s i o n  through c l e a v a g e  p l a n e s  o r  o t h e r  c r y s t a l  d e f e c t s .  

The d i f f u s i o n  r a t e  is  dependent on t h e  c r y s t a l l i n e  p r o p e r t i e s  of t h e  

m i n e r a l s  i nvo lved  as w e l l  as on t h e  g r a i n  s i z e .  For example, t h e  

emanation c o e f f i c i e n t  can v a r y  from less t h a n  1% from z i r c o n s ,  which have 

v e r y  t i g h t  c r y s t a l  l a t t i c e s ,  t o  as much as 70% from c a r n o t i t e s ,  which 

have a n  open l a t t i c e .  With r e s p e c t  t o  g r a i n  s i z e ,  tests have shown t h a t  

emanation ra tes  are g r e a t e s t  i n  t h e  s i z e  r ange  of 50 t o  150 mesh. 

The two 

8 

9 - .  
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8.1 Emanation from Ore Feeds,  S u l f u r i c  Acid T a i l i n g s ,  
and N i t r i c  Acid Res idues  

Emanation c o e f f i c i e n t s  measured f o r  t h e  f i v e  o r e  f eed  samples  (2-6) 

ranged from 9 t o  3 5 % ,  ave rag ing  24% (Tab le  9 ) .  A range  of t h i s  magni tude 

may b e  expec ted  i n  view of t h e  v a r i a t i o n s  i n  p a r t i c l e  s i z e  and m i n e r a l i z a t i o n  

of t h e  v a r i o u s  o r e  f e e d s ,  For example,  mesh s i z e s  ranged from -20 t o  -28 

mesh f o r  t h e  a c i d  m i l l  f e e d s  t o  -200 mesh f o r  t h e  a l k a l i n e  m i l l  f e e d s ,  

w h i l e  m i n e r a l i z a t i o n  ranged from h i g h l y  emanat ing c a r n o t i t e  i n  t h e  ox id ized  

zones t o  lower emanat ing u r a n i n i t e  i n  t h e  deepe r  r educ ing  zones ,  a long  

w i t h  m i x t u r e s  of b o t h  as w e l l  as w i t h  o t h e r  uranium-containing m i n e r a l s  

such  as tyuyamuni te ,  c o f f i n i t e ,  e tc .  These m i n e r a l s  are found as c o a t i n g s  

on i n d i v i d u a l  sand g r a i n s  and as i n t e r s t i t i a l  f i l l i n g s  i n  t h e  sands tone .  

Emanation c o e f f i c i e n t s  from t h e  f o u r  s u l f u r i c  ac id - l eached  t a i l i n g s  

( samples  1-4)  were s i g n i f i c a n t l y  lower and v a r i e d  over  a narrower r ange ,  

9 t o  17% ( a v e r a g i n g  12%) ,  t h a n  t h o s e  ob ta ined  from t h e  o r e  samples .  Th i s  

is n o t  s u r p r i s i n g  s i n c e  most of t h e  d i s s o l v e d  radium i s  thought  t o  p r e c i p i -  

t a te  as radium s u l f a t e  a long  w i t h  t h e  more preponderous  amounts of ca lc ium 

s u l f a t e  (gypsum) and is  found i n  t h e  f i n e  s l i m e  f r a c t i o n .  On t h e  o t h e r  

hand, emanat ion c o e f f i c i e n t s  from t h e  a l k a l i n e - l e a c h e d  t a i l i n g s  (samples  5 

and 6) were h i g h e r  t h a n  t h o s e  ob ta ined  w i t h  t h e  co r re spond ing  o r e s .  T h i s  

could  b e  due t o  t h e  exposure  of more s u r f a c e  area a s  a r e s u l t  of t h e  

f i n e r  g r i n d  used f o r  a l k a l i n e  l e a c h  o r  t h e  s c o u r i n g  a c t i o n  of t h e  l e a c h  

s i n c e  v e r y  l i t t l e  radium is  thought  t o  be  d i s s o l v e d  by t h e  a l k a l i n e  

s o l u  t i o n s .  

Even a f t e r  e s s e n t i a l l y  a l l  of t h e  l e a c h a b l e  radium had been removed 

from t h e  o r e  f e e d  and t a i l i n g s  samples  by t r e a t m e n t  w i t h  n i t r i c  a c i d  as 

d e s c r i b e d  i n  Sect .  4 . 0 ,  t h e  r e s i d u e s  con t inued  t o  emanate radon (Tab le  9 ) .  
Although t h e  emanat ion c o e f f i c i e n t s  v a r i e d  over  a r a t h e r  wide r ange ,  from 

8 t o  4 3 % ,  t h e  ra te  of radon emanat ion i s  r a t h e r  small  (0.02 t o  0 .12 pCi 

p e r  hour  p e r  gram of r e s i d u e )  and  r e p r e s e n t s  a s u b s t a n t i a l  r e d u c t i o n  

(>84%) - from t h a t  emanat ing  from t h e  o r e  o r  t a i l i n g s .  
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8.1.1 Emanation from sand  and s l i m e  f r a c t i o n s  

I n  eve ry  case (Table  l o ) ,  t h e  radon emanat ion c o e f f i c i e n t  f o r  t h e  

sl ime f r a c t i o n  (17 t o  57%, ave rage ,  37%) w a s  g r e a t e r  t h a n  t h a t  f o r  t h e  

sands  ( 5  t o  36%, ave rage  15%) .  However, because  of t h e  wide s p r e a d  i n  

t h e  r a t i o  of s ands  t o  s l i m e s ,  t h e  f r a c t i o n  of t h e  t o t a l  radon emanat ing 

from t h e  n i t r i c  ac id- leached  r e s i d u e s  from t h e  sands  v a r i e d  from 50% 

f o r  sample 2 t o  on ly  15% from sample 3 ( F i g .  4 ) .  It seems u n l i k e l y  t h a t  

any advantage  can  b e  r e a l i z e d  by keeping  t h e  s l imes s e p a r a t e  from t h e  

sands .  

8 .1 .2  E f f e c t  of r o a s t i n g  on radon emanat ion 

When samples  of n i t r i c  ac id- leached  r e s i d u e s  were r o a s t e d  a t  800"C, 

emanat ion c o e f f i c i e n t s  were reduced t o  about  one- th i rd  of t h e  o r i g i n a l  

v a l u e s  (Tab le  1 1 ) .  The emanat ion c o e f f i c i e n t  f o r  a s u l f a t e - l e a c h e d  

t a i l i n g s  sample as r e c e i v e d  (sample 1) was a l s o  reduced s i g n i f i c a n t l y ,  

from 10% t o  3 % ,  by r o a s t i n g  a t  900°C. It i s  w e l l  known t h a t  a n n e a l i n g  

a t  h igh  t empera tu res  can  r e s t o r e  t h e  o r d e r  of t h e  atoms i n  t h e  c r y s t a l  

l a t t i ce s  of many m i n e r a l s  which have been damaged o r  d i s p l a c e d  by 

r a d i a t i o n  from a l p h a  p a r t i c l e s  and r e c o i l i n g  n u c l e i . 8  

t h a t  t h i s  d i s r u p t i o n  of t h e  c r y s t a l  l a t t i c e  a l l o w s  d i f f u s i o n  of t h e  

radon through and ou t  of t h e  dense  o r e  p a r t i c l e s .  

It  i s  thought  

8 

8.2  Emanation C o e f f i c i e n t s  from Misce l laneous  M a t e r i a l s  

Emanation c o e f f i c i e n t s  f o r  two NBS uranium s t a n d a r d s ,  c o n t a i n i n g  

33 and 182 pCi 226Ra/g, w e r e  found t o  b e  10%. 

w a s  p r e s e n t  i n  p i t c h b l e n d e  ( u r a n i n i t e )  mixed w i t h  q u a r t z  sand  (-325 mesh).  

Another NBS s t a n d a r d ,  c o n t a i n i n g  1800 pCi of radium p e r  gram, i n  which 

t h e  u r a n i n i t e  w a s  b lended  w i t h  d u n i t e  a l s o  emanated 10%. Th i s  i n d i c a t e s  

t h a t  t h e  emanat ion is dependent  on t h e  rad ium-conta in ing  m i n e r a l  and 

i s  a f f e c t e d  only s l i g h t l y ,  i f  a t  a l l ,  by t h e  d i l u e n t .  

The radium i n  t h e s e  s t a n d a r d s  

A f i n e l y  ground sample of phosphate  rock  ( a p a t i t e )  f eed  t o  a w e t -  

p r o c e s s  a c i d  p l a n t  c o n t a i n i n g  0.015% uranium and 55 pCi of radium p e r  

gram had a n  emanat ion c o e f f i c i e n t  of on ly  5% b e f o r e  p r o c e s s i n g ,  wh i l e  a 

sample of waste gypsum ob ta ined  from t h e  phosphate  p l a n t  a f t e r  p r o c e s s i n g  



a Table 10. Radon emanation from sand and s l i m e  f r ac t ions  of n i t r i c  ac id  res idues  

No.  1 Tai l ings  No. 2 O r e  No. 3 O r e  No. 4 O r e  No. 5 O r e  No. 6 O r e  
Sand Slime Sand Slime Sand Slime Sand Slime Sand Slime Sand Slime 

W t ,  % 53 47 82 18 66 34 74 26 88 1 2  33 67 

226 N 42 59 31 58 39 92 13 31 35 109 53 39 00 R a ,  pCi/g 

E ,  % 1 4  43 7 1 7  5 24 19 57 10 34 36 48 

Total  226Ra,  % 45 . 5 5  7 1  29 45 55 54 46 70 30 40 60 

Total  222Rn, % 2 1  79 50 50 15 85 30 70 47 53 33 67 

a See Table 4 f o r  information on sand-slime separations.  

. I ,  

? .  I .  , I .  

. I .  

. e 
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1 con ta ined  15 ppm of uranium p l u s  20 pCi of  radium p e r  gram and had an  

emanat ion c o e f f i c i e n t  of 60%.  The lowes t  emanat ion c o e f f i c i e n t  ( 0 . 0 4 % )  

w a s  ob ta ined  w i t h  a sample of z i r c o n  t h a t  con ta ined  107 pCi of radium p e r  

gram. 

8 . 3  E f f e c t  of De-emanation and Aging on Radium Analyses  

226 S i n c e  Ra a n a l y s e s  were made by gamma-ray spec t romet ry  of gamma 

r a y s  t h a t  o r i g i n a t e  from t h e  pos t - radon d a u g h t e r s ,  t h e r e  was some 

concern  over  (1) t h e  p o s s i b l e  l o s s  of radon through t h e  p l a s t i c  sample 

c o n t a i n e r s  used  i n  t h e  radium measurements and ( 2 )  t h e  t i m e  r e q u i r e d  t o  

approach  s u f f i c i e n t l y  c l o s e  t o  e q u i l i b r i u m  t o  o b t a i n  a c c u r a t e  measurements.  

N e i t h e r  of t h e s e  problems proved t o  be  v e r y  s e r i o u s .  For example,  as 

shown i n  Tab le  1 2 ,  e q u i l i b r i u m  radium a n a l y s e s  were e s s e n t i a l l y  t h e  same 

whether  t h e  samples  were s e a l e d  i n  p l a s t i c  o r  metal c o n t a i n e r s .  Also ,  

radium a n a l y s e s  ob ta ined  w i t h i n  2 t o  3 h r  a f t e r  de-emanation were n o t  

s i g n i f i c a n t l y  lower t h a n  t h o s e  ob ta ined  f o r  t h e  samples  a t  e q u i l i b r i u m .  

T h i s  may be  accounted  f o r  by t h e  l o w  emanat ion c o e f f i c i e n t s  f o r  t h e s e  

samples  ( 8  t o  20%) and by t h e  r a p i d  ingrowth  of radon d a u g h t e r s ,  much of 

which o c c u r s  i n  t h e  f i r s t  few hour s  a f t e r  de-emanation. Th i s  r a p i d  

ingrowth  a l s o  a c c o u n t s  f o r  t h e  lower v a l u e s  of t h e  " i n d i c a t e d "  emanat ion 

c o e f f i c i e n t ,  which were on ly  50 t o  65% of t h e  measured v a l u e s .  

8 .4  Unsupported Radon 

A minor b u t  i n t e r e s t i n g  problem encountered  i n  a n a l y z i n g  t h e  low- 

level n i t r i c  ac id - l eached  r e s i d u e s  (and t h e  one t h a t  d i c t a t e d  t h e  w a i t i n g  

p e r i o d  between l e a c h i n g  and radium a n a l y s i s )  w a s  t h e  decay of unsuppor ted  

radon.  To s t u d y  t h i s  problem, a 100-g sample of o r e  w a s  l eached  f o r  1 

h r  a t  7 0 ° C  w i t h  200 m l  of 3 E HN03, f i l t e r e d ,  and washed; t h e  cake  

remain ing  a f t e r  a i r - d r y i n g  w a s  t h e n  submi t t ed  t o  a t ime-decay s t u d y .  

These measurements showed t h a t  t h e  a c t i v i t y  of t h e  sample dec reased  w i t h  

a h a l f - l i f e  of 3.82 days  and i n d i c a t e s  t h a t  t r a p p e d ,  unsupported radon 

w a s  decaying  from t h e  sample.  Th i s  s u g g e s t s  t h a t  t h e  radium p a r e n t  of 



a Table 12. Effect of de-emanation on approach to equilibrium 

226Ra concentrationb (pCi/g) 
Before After de-emanation (days) E (%) 

de-emanation <o. 1 3 9 14 21 Measured' Indicatedd 

897 872 2 16 895 * 4 921 2 6 908 f 8 915 f 6 10 5 

589 535 k 17 597 * 15 594 k 15 601 * 8 603 f 17 20 13 

38 35 f 1 35 f 1 36 f 2 38 * 2 36 f 1 8 5 
u 
N 

a Procedure: 
conditions before analyzing for 226Ra using the gamma method. 
by evacuating the radon, resealed, and counted periodically to measure the approach to equilibrium. 

Samples were sealed in metal containers and aged for 30 days to ensure equilibrium 
The samples were then de-emanated 

bBased on measurement of 295-, 352-, and 609-keV gamma peaks. 

C Lucas cell measurements of radon directly. 

dRa concentration at equilibrium - Ra concentration immediately after de-emanation 
x 100. Ra concentration immediately after de-emanation 
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t h i s  radon had been s e l e c t i v e l y  leached  from t h e  o r e .  The radon had 

e v i d e n t l y  mig ra t ed  through mic roscop ic  f r a c t i o n s  o r  p o r e s  i n t o  a n  imperv ious  

p o r t i o n  of t h e  sand g r a i n s  o r  res is ta te  m i n e r a l s .  

8 . 5  Procedure  f o r  Radon Measurements 

A p rocedure  w a s  developed which w a s  based on r e s u l t s  of p r e v i o u s  

i n v e s t i g a t o r s  . 9’10 Usua l ly  a 100-g sample of o r e  o r  t a i l i n g s  was p l aced  

i n  a de-emanation v e s s e l ,  which w a s  s u b s e q u e n t l y  s e a l e d .  The v e s s e l  w a s  

t h e n  a l t e r n a t e l y  evacua ted  ( u s i n g  an  a s p i r a t o r )  and opened t o  t h e  atmos- 

phe re  t h r e e  times. Fol lowing t h i s  de-emanation p rocedure ,  t h e  s e a l e d  

v e s s e l  w a s  s t o r e d  a t  a tmosphe r i c  p r e s s u r e  f o r  a s p e c i f i e d  p e r i o d  of t i m e ,  

u s u a l l y  16 t o  60 h r ,  t o  a l l o w  t h e  radon t o  grow i n .  Tests showed t h a t  

t h e  t i m e  a l lowed f o r  ingrowth  of radon d i d  n o t  a f f e c t  t h e  accu racy  of 

t h e  measurements.  A t  t h e  end of t h i s  t i m e  p e r i o d ,  t h e  v e s s e l  w a s  connected 

t o  a Lucas-type s c i n t i l l a t i o n  chamber (which had been evacuated  t o  less 

t h a n  10 p)  f o r  2 min t o  allow t h e  accumulated radon t o  e q u i l i b r a t e  between 

t h e  two vessels.  A f t e r  a 4-hr w a i t i n g  p e r i o d  t o  pe rmi t  t h e  s h o r t - l i v e d  

220Rn and 219Rn t o  decay and t o  a l l o w  222Rn and i t s  d a u g h t e r s  t o  a t t a i n  

t r a n s i e n t  e q u i l i b r i u m ,  t h e  chamber w a s  counted f o r  5 min i n  a radon 

a n a l y z e r .  

Two t y p e s  of de-emanation v e s s e l s  were used .  The f i rs t  w a s  a s p e c i a l  

1-in.-deep x 3-in.-diam s t a i n l e s s  s t e e l  d i s h  made f o r  l u n a r  samples .  A 

p i e c e  of 1 /8 - in .  s t a i n l e s s  s t ee l  t u b i n g ,  a semineedle  v a l v e ,  and a 1 2 / 5  

s t a i n l e s s  s t e e l  o u t e r  b a l l  j o i n t  f o r  connec t ing  t o  t h e  Lucas c e l l  w e r e  

s e a l e d  t o  t h e  d i s h .  A f t e r  a sample had been p l aced  i n  t h e  d i s h ,  t h e  top  

w a s  s i l v e r - s o l d e r e d  t o  t h e  bottom t o  comple t e ly  seal  t h e  system. Although 

t h i s  arrangement  worked v e r y  s a t i s f a c t o r i l y ,  t h e  o p e r a t i o n  w a s  t i m e -  

consuming because  i t  r e q u i r e d  t h e  s o l d e r  j o i n t  t o  be  made and broken f o r  

each  tes t .  The second v e s s e l  w a s  made w i t h  a 250-ml Erlenmeyer f l a s k ,  

a g l a s s  s t o p c o c k ,  and a b a l l  j o i n t .  Comparative tests gave t h e  same 

r e s u l t s  and i n d i c a t e d  t h a t  n o  radon was l o s t  th rough t h e  ground-glass  

j o i n t s  o r  adsorbed  by t h e  s topcock  g r e a s e .  The t o t a l  volume of t h e  m e t a l  
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sys tem w a s  115 m l  as compared w i t h  288 m l  f o r  t h e  g l a s s  system. The 

e x c e l l e n t  agreement  between t h e  measurements made w i t h  t h e  two v e s s e l s  

i n c r e a s e d  our  conf idence  i n  t h e  v a l u e s .  

The f o l l o w i n g  e q u a t i o n  was used t o  c a l c u l a t e  t h e  emanat ion c o e f f i c i e n t ,  

E: 

a 
Ca x Ef  x Gf x v x 100,  CF E ,  % = 

where 

a = measured a l p h a  c o u n t s  p e r  minute  (cpm) c a l c u l a t e d  a t  t i m e  0; 

Ca = t o t a l  a l p h a  cpm assuming 100% emanat ion  

= (pCi Ra/g) x (sample we igh t ,  g )  x ( 3  a p a r t i c l e s / d i s )  x 

( 3 . 7  x d i s / sec -pCi )  x (60 s e c / m i n ) ;  

Ef  = 0 .81 ,  t h e  coun t ing  e f f i c i e n c y  o f  t h e  t o t a l  sys tem;  
- X t  G = growth f a c t o r  = 1 - e , where t = t i m e  a f t e r  de-emanation f 

and X i s  t h e  decay  c o n s t a n t  f o r  radon;  

VCF = volume c o r r e l a t i o n  f a c t o r  

= volume of t h e  empty de-emanation 

V = volume of t h e  coun t ing  chamber o r  

P = p o r o s i t y  of t h e  sample,  0 .36;  

p = d e n s i t y  of t h e  sample,  1 . 4 0  g/ml;  

W = sample we igh t ,  g .  

vsc 
C 

v e s s e l ,  m l ;  

Lucas c e l l ,  95 m l ;  

The 81% e f f i c i e n c y  ( E  ) c o r r e c t i o n  of t h e  t o t a l  emanat ion sys tem,  f 
i n c l u d i n g  sample c o l l e c t i o n  and c o u n t i n g  s t a t i s t i c s ,  t h a t  w e  used w a s  

ob ta ined  as f o l l o w s :  Very small volumes (0.05 t o  0 .10 ml) of two d i f f e r e n t  

s t a n d a r d  radium s o l u t i o n s  were t r a n s f e r r e d  t o  t h e  250-ml Erlenmeyer  

f l a s k s  used  i n  t h i s  s t u d y .  A drop  of  w e t t i n g  agen t  w a s  t h e n  added i n  a n  

a t t empt  t o  s p r e a d  t h e  s o l u t i o n  i n  a monomolecular l a y e r  over  t h e  bottom 

of t h e  f l a s k .  The c o n t e n t s  of t h e  f l a s k  were de-emanated and p rocessed  

i n  t h e  manner d e s c r i b e d  p r e v i o u s l y  f o r  de t e rmin ing  radon emanat ion  
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c o e f f i c i e n t s  from t h e  o r e  and t a i l i n g s  samples .  The e f f i c i e n c y  was then  

c a l c u l a t e d ,  assuming t h a t  100% of t h e  radon escaped from t h e  d r i e d  sample 

l a y e r .  Using t h i s  t e c h n i q u e ,  w e  a r r i v e d  a t  an  E of 81% 2 3% (Tab le  1 3 ) .  

Th i s  v a l u e  compares f a v o r a b l y  w i t h  t h e  e s t i m a t e d ,  o r  approximate ,  v a l u e  

of 85% o b t a i n e d  from t h e  measuring equipment vendor  and g i v e s  u s  added 

c o n f i d e n c e  i n  our measurements.  However, w e  f e e l  t h a t  a well-documented 

powdered s t a n d a r d ,  w i t h  a c e r t i f i e d  radium a n a l y s i s  and radon emanat ion 

c o e f f i c i e n t ,  is needed f o r  t h i s  purpose.  

f 

Tab le  13. E f f i c i e n c y  c a l i b r a t i o n  of t h e  
radon emanat ion sys tem 

Standard  226Ra s o l u t i o n  

226Ra 
c o n c e n t r a t i o n  Volume 

( p c i  / m U  (ml) Ef Number 

1 

2 

6000 0.05 0.80 
0.05 0.85 
0.10 0.80 
0 .10  0 .83  

2000 0.10 0 .79  
0.10 0.76 

Average 0.81 

Standard  d e v i a t i o n  0.03 

Standard  e r r o r  0.013 
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