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CONSIDERATIONS I N  THE LONG-TERM MANAGEMENT 
~~ ~ 

OF HIGH-LEVEL RADIOACTIVE WASTES 

.. 

. 

Fer rucc io  Gera* and D. G. Jacobs 

ABSTRACT 

High-level  r a d i o a c t i v e  wastes  genera ted  by the  
reprocess ing  of spent  f u e l  elements i n  the  p ro jec t ed  
nuc lear  power i n d u s t r y  r e q u i r e  t h e  development of an 
organic  waste management scheme. The presence i n  
these  wastes of long- l ived  t r a n s u r a n i c s  r e q u i r e s  as- 
surance of waste containment f o r  a t ime per iod  of t he  
order  of s e v e r a l  hundreds of thousands of years .  
For such long time per iods  only deep geologic  forma- 
t i o n s  o f f e r  t h e  s t a b i l i t y  r equ i r ed  f o r  preserv ing  
t h e  necessary  degree of containment. 

P ro jec t ions  a r e  made of t h e  amounts of rad ioac-  
t i v e  wastes  accumulated t o  t h e  year  2020. Important  
r ad ionuc l ides  i n  t h e  waste a r e  compared on the  b a s i s  
of t h e i r  p o t e n t i a l  hazard t o  mankind over t h e i r  en- 
t i r e  phys i ca l  l i f e t i m e .  On the  b a s i s  of t h e s e  con- 
s i d e r a t i o n s ,  it seems t h a t  t h e  most prudent scheme 
of management of t h e s e  wastes involves  s o l i d i f i c a t i o n  
wi th  f i n a l  d i s p o s a l  i n t o  a s u i t a b l e  deep geologic  f o r -  
mation i n  such a manner t h a t  f u r t h e r  handl ing w i l l  be 
m i  n i  m i  z e d . 

The c h a r a c t e r i s t i c s  of products  from var ious  sug- 
ges t ed  s o l i d i f i c a t i o n  processes  a r e  compared. The con- 
d i t i o n s  of i n t e r i m  s to rage  of h igh- leve l  s o l i d  waste 
a r e  reviewed, and poss ib l e  mechanisms of a c t i v i t y  r e -  
l e a s e  from t h e  s to rage  f a c i l i t y  are considered.  

I n  order  t o  i n s u r e  s a f e  containment of t h e  waste 
f o r  hundreds of thousands of y e a r s ,  t h e  poss ib l e  r a t e  
of s e v e r a l  geologic  processes  capable of a f f e c t i n g  
t h e  d i sposa l  formation mdst be es t imated .  

Poss ib l e  mechanisms of a c t i v i t y  r e l e a s e  from t h e  
deep geologic  formation a r e  descr ibed.  

. *Vis i t i ng  s c i e n t i s t  on leave from I t a l i a n  Na t iona l  Committee f o r  
Nuclear Energy. 
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1. INTRODUCTION 

The nuc lear  i n d u s t r y  i s  expected t o  expand r a p i d l y  during t h e  next  

few decades, and t h e  process ing  of r e a c t o r  f u e l s  w i l l  r e s u l t  i n  accumula- 

t i o n  of much l a r g e r  volumes of h igh ly  r a d i o a c t i v e  waste than  have been 

generated t o  da te .  I t  seems reasonable  t o  assume t h a t  t h e  o v e r a l l  scheme 

of management w i l l  inc lude  a number of s t e p s :  

1. I n t e r i m  s to rage  as l i q u i d .  

2. Conversion t o  s o l i d .  

3. I n t e r i m  s to rage  as s o l i d .  

4. Transpor t a t ion  t o  an  u l t ima te  d i s p o s a l  s i t e .  

5. Ul t imate  d i sposa l  i n  a geologic  formation.  

I n  order  t o  provide t h e  b a s i s  f o r  t he  development of a r a t i o n a l  

p o l i c y  f o r  t he  management of t h e s e  wastes ,  i t  i s  necessary  t o  make pro- 

j e c t i o n s  concerning t h e  q u a n t i t i e s  and c h a r a c t e r i s t i c s  of t h e  wastes 

t h a t  w i l l  be  produced and t o  make an  eva lua t ion  of t h e  r a d i o l o g i c a l  

s a f e t y  a s p e c t s  of each of t h e  s t e p s  enumerated above. Rad io log ica l  

s a f e t y  eva lua t ions  f o r  t h e  f i r s t  f o u r  s t e p s  do not  d i f f e r  apprec i ab ly  

from those  encountered i n  most nuc lear  opera t ions .  However, because 

of t h e  i n c r e a s i n g  amounts of long- l ived  t r a n s u r a n i c s  expected t o  be 

present  i n  f u t u r e  wastes and because of t h e i r  p o t e n t i a l  r a d i o l o g i c a l  

hazards ,  t h e  r a d i o l o g i c a l  s a f e t y  eva lua t ion  f o r  u l t i m a t e  d i sposa l  i n  

geologic: formations must consider extremely long time spans.  Required 

containment t imes a r e  on t h e  order  of hundreds of thousands of yea r s ,  

which i s  much longer  than  recorded human experience.  Based on geologic  
evidence,  g l o b a l  c l i m a t i c  condi t ions  may undergo ex tens ive  changes dur- 

i n g  such t ime per iods .  Local  geologic  condi t ions  might a l s o  be a l t e r e d  

s i  gni  f i cant  l y  . 
No at tempt  i s  made i n  t h i s  r e p o r t  t o  e s t a b l i s h  c r i t e r i a  for t h e  

lorlg-term management of h igh - l eve l  r a d i o a c t i v e  waste.  Rather ,  t h e  i n -  

teri t  i s  t o  e l a b o r a t e  on some of t he  many f a c t o r s  t h a t  must be considered 

i n  the  development of s u i t a b l e  c r i t e r i a  and t o  i l l u s t r a t e  how s e v e r a l  

of  t he  environmental  f a c t o r s  may be considered i n  determining t h e i r  po- 

t e r l t i a l  impact ; ~ p o n  a f a c i l i t y  or  upon t h e  consequences of an a c t i v i t y  

r e l e a s e .  If t h e  consequences of a p a r t i c u l a r  acc ident  r e s u l t  i n  a c t i v i t y  
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r e l e a s e s  t h a t  cannot be t o l e r a t e d ,  then  t h e  mechanisms r e spons ib l e  for 

such a r e l e a s e  must be eva lua ted  t o  determine t h e  l i k e l i h o o d  of t h e i r  

occurrence and t h e  type of engineered safeguards t h a t  must be employed 

t o  minimize t h e  impact or reduce t h e  a c t i v i t y  r e l e a s e  t o  an accep tab le  

leve  1. 
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2. PR03'ECTED WASTE PROBLEM 

With t h e  development of t h e  nuc lear  i n d u s t r y  assumed i n  Phase 3, 
2 . 1  Case 42, of t h e  Systems Analysis  Task Force,  t h e  amounts of waste 

shown i n  Tables  2 . 1  and 2.2 w i l l  be accumulated i n  t h e  United S t a t e s  

through t h e  year  2020. These p r o j e c t i o n s  a r e  based on a nuc lear  power 

economy having both  l i g h t  water r e a c t o r s  and l i q u i d  metal  fast  breeder  

r e a c t o r s .  Other advanced r e a c t o r  types ,  such as molten sa l t  r e a c t o r s ,  

may r e q u i r e  d i f f e r e n t  waste management schemes. 

The amount of transuranium i s o t o p e s ,  e s p e c i a l l y  239Pu, t h a t  w i l l  

be present  i n  t h e  wastes seems t o  d i c t a t e  containment t imes f a r  exceed- 

i n g  t h e  1000-year per iod  t h a t  would be necessary  f o r  t h e  decay of 'OS, 

and 137Cs, which have o f t e n  been considered t h e  rad ionucl ides  of major 

hazard p o t e n t i a l  i n  long-term waste management. 

e s t i m a t e s  of t h e  amounts of t ransuranium i s o t o p e s  t h a t  a r e  expected i n  

t h e  spent  f u e l  of t y p i c a l  l i g h t  water r e a c t o r s  (LWR's) and l i q u i d  metal  

fast  breeder  r e a c t o r s  (LMFBR's] of the  f u t u r e .  I n  Table 2 .5  a r e  shown 

t h e  t o t a l  q u a n t i t i e s  of a c t i v i t y  produced throilgh the  year  2020 f o r  t h e  

radion-dclides t h a t  a p p a r e n t l y  c o n t r o l  t h e  long-term management of rad io-  
a c t i v e  wastes.  The t a b l e  shows t h a t  t h e  amounts of t r a n s u r a n i c s  cannot 

be neglected.  

t he  s o l i d  waste from reprocess ing  of LWR f u e l  would conta in  18 pCi/cm 

of 239Pu and 55 pCi/cm3 of 240Pu, assuming t h a t  0.5% of the  plutonium 

present  i n  t h e  sperit f u e l  i s  not recovered and f i n d s  i t s  way i n t o  t h e  

waste stream. These concent ra t ions  of plutonium correspond t o  450 and 

1375 maximum permiss ib le  body burdens (MF'BB) per  cubic  cent imeter  of 

s o l i d  waste.  With t h e  same recovery of plutonium from LMFBR f u e l ,  t h e  

s o l i d  waste would conta in  190 pCi/cm3 of 239F-~ (4700 MPBB/cm ) and 235 

pCi/cm3 of 24i)P~ (5900 MF'BB/cm3). 

Tables  2 . 3  and 2.4 l i s t  

With the  assumptions used i n  compiling Tables 2 . 1  and 2.2,  
3 

3 

? 
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Table  2.1. E s t i m a t e d  Wastes from L i g h t  Water R e a c t o r s  i n  t h e  USA 

(Modif ied  from ORNL-4451, 19702'2) 

Calendar  Year 

2020 1980 1990 2000 

I n s t a l l e d  c a p a c i t y ,  LO3 MW(e)a 
F u e l  p rocessed ,  10 3 tons/yearb" 

d Volume of waste  gene ra t ed ,  as l i q u i d  
3 3  Annual ly ,  10 m 

Accumulated, 10 m 3 3  

Volume of waste  gene ra t ed ,  as s o l i d e  
3 Annual ly ,  m 

Accumulated, m 3 
f Accumulated r a d i o i s o t o p e s  

T o t a l  weight ,  t o n s  

T o t a l  a c t i v i t y ,  megacuries  

T o t a l  h e a t - g e n e r a t i o n  r a t e ,  10 c a l / s e c  

'OS,, megacuries  

'3'7~s, megacuries  
2 3 8 ~ ,  megacuries  62 

*3%, mega c u r i e  s g  

2 4 0 ~ ,  megacuriesg 

2 4 1 ~ ,  megacuriesg 

241Am, mega c u r i e  sg 
2 4 3 ~ ,  me g a c u r i e  s g  

24 *Cm, mega c u r i  e s g 

cm, rnegacuriesg 

6 

24 4 

153 
2.95 

3.67 
16.5 

275 
124 5 

451 
18,900 
19.5 
962 
1280 

1.20 

0.022 

0.0409 
6.63 
2.31 
0.232 

43.2 
29.9 

223 
6.01 

7.49 
81. o 

560 
6060 

2 180 
54 , 500 
54 
4340 
5800 
6.3 
0.107 
0.239 
27.7 
11.3 
1.13 
90 
130 

209 
4.77 

5.98 
148.4 

44 5 
11,100 

4000 
62,550 
58 
7085 
9530 
11.6 
0.196 
0.53 
40.3 
20.8 

2.07 

72 
200 

54 1 
14.1 

179 5 
330.8 

13 10 
24,800 

8960 

136 
13 , 900 
18,900 

142,700 

24.5 
0.438 
I* 37 
74.1 
46.6 
4.62 
211 

379 

a 2 . 1  Data from Phase 3, Case 42, Systems Ana lys i s  T a s k  Force  ( A p r i l  11, 1.968) 
bBased on an  average  exposure of 33,000 MWd/ton and a de l ay  of 2 y e a r s  be-  

tween power g e n e r a t i o n  and f u e l  p rocess ing :  aqueous p rocess ing .  
C Throughout t h i s  r e p o r t  m e t r i c  t o n s  a r e  used  (1000 kg o r  2205 l b ) .  

f u e l  

dAssumes 1250 

fAssumes f u e l  
p r o c e s s i n g  90 
'Assumes 0.5% 

eAssumes 1 m 3 
l i t e r s  of l i q u i d  waste  pe r  t o n  of f u e l .  

of s o l i d  waste pe r  10.7 t o n s  of f i l e l .  

con t inuous ly  i r r a d i a t e d  a t  30 MW/ton t o  33,000 MWd/tori and 
days a f t e r  d i scha rge  from r e a c t o r .  

of plutonium and 10% of americium and curi;lm i n  waste.  



Tab le  2.2. E s t i m a t e d  Wastes from L i q u i d  Meta l  F a s t  Breeder  R e a c t o r s  i n  t h e  USA 

(Modif ied  from OWL-4451, 19702*2) 

Calendar  Year 

1985 1990 2000 2020 

I n s t a l l e d  c a p a c i t y ,  lo3 MW(e)a 
3 b F u e l  p rocessed ,  10 tons /yea r  

Volume of waste  gene ra t ed ,  as l i q u i d '  

3 3  
3 3  Annual ly ,  10 m 

Accumulated, 10 rn 
d 

Volume of waste gene ra t ed ,  as s o l i d  
3 Annual ly ,  m 

Accumulated, m 3 
e Accumulated r a d i o i s o t o p e s  

T o t a l  weight ,  t o n s  

T o t a l  a c t i v i t y ,  megacuries  
r 
b T o t a l  h e a t - g e n e r a t i o n  r a t e ,  10 c a l / s e c  

'OS,, megacuries  

'37cs, megacuries  

238h, megacuri e s 

2 3 9 ~ ,  megacuries  

*40~, megacuries  

241h, me g a c u r i  e s 
24 'Am, megacur i e s 

243~m, megacuri e s 

242~m, me gacur  i e s  

244,m, megacuries  

f 

f 

f 

f 

f 

f 

f 

f 

28 
0.36 

0.447 
0.939 

33 
70 

25 

4388 
4.2 
31.8 

78.3 
0.18 
0.013 

0.0161. 
2.12 
1.18 

9.037 
14.5 
0.73 

14 5 
2.15 

2.69 

9.1 

201 

680 

260 
30, ooo 
28 

300 
74 0 
1.98 

0.156 

19.5 

0.36 
95 
7 

0.128 

11.4 

546 1669 
9.23 27.6 

11.4 34.4 

79 570 

855 2570 
5920 42,590 

2200 

146,450 

134 
2465 
6070 

9.1 
1.114 
1.38 

150.7 

100 

3.12 

415 
55 

15,640 
523 , 300 
466 

15,500 

38,600 

8.01 
10.0 

835 

141* 5 

716 
22.4 
1279 
32 1 

a 2.1 
Data f r o n  Phase 3, Case 42, Systems Ana lys i s  T a s k  Force  ( A p r i l  11, 1968). 

bBased on an  average  exposure of 33,000 MWdIton, and a de l ay  of 2 y e a r s  be- 
tween power g e n e r a t i o n  and f u e l  p rocess ing :  aqueous p rocess ing .  

'Assumes 1250 l i t e r s  of l i q u i d  waste  per  t on  of f u e l .  

dAssumes 1 m3 of s o l i d  waste pe r  10.7 t o n s  of f u e l .  
e Assurnes core  c o n t i n u o j s l y  i r r a d i a t e d  a t  148 MW/ton t o  8O,i?OO MWd/ton, 

a x i a l  b l a n k e t  t o  2500 IWdjton a t  4.6 MW/ton, r a d i a l  b l a n k e t  t o  5100 MWd/ton 
a t  8.4 MW/tOn, and f u e l  p r o c e s s i n g  30 days a f t e r  d i scha rge  from r e a c t o r .  

fAssumes 0.5% of plutonium and 10% of americium and curium i c  was te .  
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a 

* 

Table 2.3. Amounts of Some Transuranium I so topes  
i n  Light  Water Reactor  F u e l  

(Burnup = 33,000 MWd/ton; S p e c i f i c  Power = 30 MW/ton; 
90 days a f t e r  discharge from r e a c t o r )  

~ 

S p e c i f i c  
Content A c t i v i t y  A c t i v i t y  Half - l i f e  

I so tope  (kg/ton) ( C i / d  (Ci / ton)  (Years) 

23Bh 

239Pu 
240, 
24 lp,, 

243*rn 
242cm 

244cnl 

242h 

24 ‘Am 

0.16 

5.38 
2.11 
1.10 

0.36 
0.050 

0.087 
0.006 
0.031 

17.2 
0.0613 
0.227 

0.00382 
3.44 

105 

0.200 

3,320 
81.1 

2,780 
330 
478 

115,800 
1.36 

172 
17.4 

19,300 
2,500 

88 
24,413 

6,580 

3.869 x 10 

432 
7,340 

18 

14 
5 

0.45 

2.1 P o t e n t i a l  Hazard Index 

We have a t tempted  t o  compare t h e  p o t e n t i a l  hazards for mankind r e -  

s d t i n g  from t h e  presence i n  h igh - l eve l  waste of s e v e r a l  nuc l ides  hav- 

ir,g long h a l f  - l i v e s .  2’3’ 2 e 4  I n  order  t o  make t h i s  comparison, we 
in t roduce  t h e  PHI ( P o t e n t i a l  Hazard Index) ,  def ined  as: 

i T Qi PHIi = P - 
i M P I ~  

where 

Qi = t o t a l  a c t i v i t y  of nuc l ide  i ( D C i ) ,  - 
MPIi = Maximam Permiss ib le  Annual In t ake  of nuc l ide  L ( p C i ) ,  and 

T .  = phys ica l  h a l f - l i f e  of nuc l ide  i ( y e a r s ) .  
1 - 

P.  i s  a f a c t o r  dependent on t h e  b i o l o g i c a l  a v a i l a b i l i t y  of rad ionucl ide  

i once i t  i s  d ispersed  into t h e  environment and on t h e  r e l i a b i l i t y  of 
1 

- 
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Table 2 .5 .  P o t e n t i a l  Hazard Index of Several  S i g n i f i c a n t  R a d i o n u c l i d e s  
Accilmulated i n  High-Level S o l i d  Waste by t h e  Year 2020 

9's r 

137cs 
23BPJb 

239p* 
24OPuc 
24 lAmd 

243Am 

MPI'S i n  Wastea P o t e n t i a l  Hazard Index 
Quan t i ty  

NLIC li de ( c i >  Inges t ion  I n h a l a t i o n  I n g e s t i o n  I n h a l a t i o n  

10 

10 

8 

2 . 9  x 10 

5.7 x 10 

1.7 x i o  
b 8.4 x 10 

1.3 lo7 
8 7 .9  x 10 
7 2.7 x 10 

1.6 lo7 
7 5.7 x 10 

1.6 x io7 
6 8 .4  x 10 
7 1.3 x i o  

5.0 x 10 

2.7 x 10 7 

A t  Year 2020 

16 

16 
15 

9.0 x i o  l5 

4.2  x io12 

1.0 x 10 

3.6 x 10 
3.4 x 10 

2.3 x i o  2 . 1  x 10 

3 .6  x 10 

14 4 .7  x 10 l4 

3.2 x 10 15 

1.9 x 10 1-5 

16 2.6  x i o  l3 5.3 x 10 

7.7 x 10 

17 
16 

3 .6  x 10 
2.0 x 10 

5.3 x 10 

8.1 x i o  
3.4 x 10 

1.6 x i o  
8.2 x i o  

14 
15 
15 

16 
1-5 

17 
16 
18 
19 
19 
19 
19 

4 . 0  x 10 
1.5 x 10 

4 . 3  x 10 

7.4 x 10 

3.1 x 10 

3.3 x 10 

2.0 x 10 

A f t e r  300 Years Decay 

5.0 x i o  12 5.5 x 1d2 2.0 x 10 14 
4 . 7  x 10 11 3.6 x d1 2 . 0  x 10 13 
4 . 0  x 10 11 3.2 x l O I 5  5 .1  x 10 1.3 
2.3 x io 2 . 1  8.1 10 15 

3.6 x i o  11 3 .2  10~5 3.4 10 15 

1.7 x 10 3.3 x 10 l6 1.1 x 10 

7 .7  x 10 1 . 9  x 8.2 x 10 15 

16 

14 
13 1 . 5  x i o  
17 4 . 1  x 10 
1-9 7.4 x 10 
1-9 
1-9 
19 

2.2 x 10 

3.1 x 10 

2 . 1  x 10 

2.0 x 10 

%PI i s  t h e  Maximam Permissible  AnniLal In t ake .  

bAssilmes a l l  242Crn decayed t o  238P~. 

Assumes a l l  244Cm decayed t o  240P~.  

Assumes a l l  241P7~ decayed t o  241Am. 

c 

ii 
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waste containment,  and r e p r e s e n t s  t h e  p r o b a b i l i t y  of t h e  nuc l ide  l eav ing  

t,he d i s p o s a l  s i t e  and reaching  man. P resen t ly ,  we a r e  not  a b l e  t o  give 

the  p r o b a b i l i t y  of exposure, and t h e r e f o r e  i n  Table 2 .5 ,  P i s  taken  equal  

i s  t h e  number of Maximum Permiss ib le  Qi 
'(Mm)i t o  1 f o r  a l l  r ad ionuc l ides .  

Annual I n t a k e s  of nuc l ide  present  i n  t h e  waste,  and t h e  hazard i s  con- 

s i d e r e d  t o  be p ropor t iona l  t o  t h i s  vali le.  The MPI was chosen i n s t e a d  of 

t h e  Maximum Permiss ib le  Organ Burden Equiva len t  (a Maximum Permiss ib le  

Organ Burden Equiva len t  i s  t h e  q u a n t i t y  of a r ad ionuc l ide  t h a t  must be 

in t roddeed  i n t o  t h e  body t o  r e s u l t  i n  t h e  r e t e n t i o n  of a Maximum Permis- 

s i b l e  Organ Burden i n  t h e  c r i t i c a l  o rgan) ,  because equ iva len t  dose com- 

mitments a r e  considered the  most s a t i s f a c t o r y  express ion  of equ iva len t  

r i s k s .  

The mean l i f e  (Ti/0.693) i s  a measure of t h e  t ime span during which 

t h e  rad ionucl ide  w i l l  e x i s t  and i s  important  i n  determining t h e  p o t e n t i a l  

g l o b a l  hazard.  Normally, when one i s  concerned wi th  r a d i o l o g i c a l  hazards  

t ,o i n d i v i d u a l s ,  t h e  exposure per iod  of concern i s  l i m i t e d  t o  70 years .  

However, when exposure of mankind i s  considered,  t h e  p o t e n t i a l  hazard 

can be considered t o  last  f o r  t h e  phys ica l  mean l i f e  of t h e  radionucl ide*.  

Two PHI values  a r e  ab ta ined ,  one f o r  i n g e s t i o n  and one f o r  i n h a l a t i o n ;  

these  two va lues  can d i f f e r  by as much as f o u r  o rde r s  of magnitude. 

2.2 P o t e n t i a l  Hazard from Plutoni-dm I so topes  

Ir, the case of i n h a l a t i o n ,  t h e  P o t e n t i a l  Hazard Indexes for s e v e r a l  

t r ansu rmium i s o t o p e s  a r e  g r e a t e r  than  those  f o r  cesium and s t ront ium.  

I n  r e l a t , i m  t o  t h e  hazard from i n h a l a t i o n  of plutonium, s e v e r a l  au tho r s  

have argued t h a t  t h e  MPC and the  MPI p r e s e n t l y  used a r e  t o o  high. Ap- 

p a r e c t l y ,  i n  t h e  case of i n h a l a t i o n  of i n s o l u b l e  plutonium, t h e  h ighes t  

dose i s  absorbed by t h e  t racheo-bronchia l  lymph nodes. There i s  a l s o  

*For t h e  sake of s i m p l i c i t y ,  the  c o n t r i b u t i o n  t o  t h e  p o t e n t i a l  haz- 
a r d  from t h e  da-Jghter nuc l ides  has been neglec ted .  However, when t h e  
decay cha in  of a nucl ide  inc ludes  hazardous daughters ,  t h e  FBI should be 
modified t o  cons ider  t h e  a d d i t i o n a l  p o t e n t i a l  hazard.  

. 
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evidence t h a t  s u b s t a n t i a l l y  l e s s  plutonium reaches t h e  ske le ton  than  i s  

assumed i n  ICRP Pub l i ca t ion  2. 2*5 According t o  Voilleque), Sh le i en ,  and 
o t h e r s ,  t h e  dose t o  t h e  t racheo-bronchia l  lymph nodes i s  o rde r s  of magni- 

tude h igher  than  t h e  dose t o  o t h e r  organs.  2*6-2'8 
l i s t e d  50-year dose commitments t o  var ious  organs for t h e  i n t a k e  of 1 

pCi of 239,02, as c a l c u l a t e d  by V o i l l e q d .  With t h e  assumptions and 

cons tan ts  used, an  i n t a k e  equal  t o  t h e  present  Maximum Permiss ib le  Annual 

I n t a k e  (occupa t iona l  = 0.0043 P C i )  would r e s u l t  i n  a 50-year dose commit- 

ment t o  bone of 1.1 t o  2.0 rem, depending on t h e  value assumed for t h e  

I n  Table 2 .6  a r e  

Table 2.6 Fif ty-Year  Dose Commitments Resu l t ing  
From t h e  I n h a l a t i o n  of 1 pCi of 239h02 

(Data from Voil lequJ,  l 9 6 O 2 O 6 )  

50-Year Dose Commitment ( i n  rem) f o r  A c t i v i t y  Median 
Aerodynamic Diameter (AMAD) o f :  

~ -- 

Lymph nodes 260,000 221,000 132,000 
L-mgs 1,160 980 588 
L ive r  4 97 424 277 
Bone 471 402 262 
Kidney 97.5 83.2 54.3 

a c t i v i t y  medium aerodynamic diameter (AMAD). The same in t ake  wo1Ald r e -  

sult i n  a dose convnitment of 570 t o  L120 rem t o  the  lymph nodes and from 

2.5 t o  5 rem t o  t h e  lungs.  

for i n h a l a t i o n  of pl-Jtonium should be r e c a l c u l a t e d  wi th  t h e  lymph nodes 

as t h e  c r i t i c a l  organ. With a MPD t o  lymph lrodes of 15 rem/year (which 

i s  t h e  MPC for unspec i f i ed  body organs) ,  t h e  MPC would be lowered t o  

If t h e s e  cons ide ra t ions  a r e  v a l i d ,  t he  MPC 

pCi/cm 3 , with an  equ iva len t  MPI of 7 x pCi ( c a l c u l a t e d  for an  
M D  of 0 .1  p ) .  

Indexes i n  Table 2 .5  for i n h a l a t i o n  of plutoniilm i so topes  woilld be ifi- 

creased  about two o rde r s  of magnitude. The whole ques t ion  of dose to 

With t h e  reduced va lue  f o r  the MPI, t h e  P o t e n t i a l  Hazard 
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r e s p i r a t o r y  lymph nodes and of r e c a l c u l a t i o n  of MPC f o r  i n h a l a t i o n  of 

plutonium i s  r a t h e r  c o n t r o v e r s i a l  and has  been reviewed r e c e n t l y  by  t h e  

ICRP.2'9 The main p o i n t s  of t h e  problem a r e  b r i e f l y  summarized as f o l -  

lows. The mechanism of c learance  from t h e  lungs r e s u l t s  i n  accumulation 

of p a r t i c l e s  of i n s o l u b l e  plutonium i n  t h e  r e s p i r a t o r y  lymph nodes. The 

c learance  from t h e  lymph nodes i s  nonexis ten t  o r  extremely slow; t h e r e -  

f o r e ,  t he  lymph nodes can be considered as a "sink."  The t o t a l  mass of 

t h e  lymph nodes i n  ques t ion  i s  about 10 g, and t h i s  g ives  r i s e  t o  t h e  

ve ry  h igh  l o c a l  doses repor ted .  

t o t a l  mass of t h e  complete lymphatic system (about  TOO g ) ,  t he  average 

dose t o  t h e  lymph system would be almost two o rde r s  of magnitude lower. 

This  procedure might be j u s t i f i e d  i n  cons ide ra t ion  of  t h e  lymph c i r c u l a -  

t ior i ,  bu t  t h e  nonc i r cu la t ing  t i s s u e s  of t h e  lymph nodes w i l l  r ece ive  

mach higher  exposure. 

i n d i c a t e  t h a t  r e s p i r a t o r y  lymph nodes a r e  not  s o  s e n s i t i v e  t o  r a d i a t i o n  

as t o  r e q u i r e  l i m i t a t i o n  t o  an annual  MPD of 15 rems. The Task Group 

on S p a t i a l  D i s t r i b u t i o n  of Radia t ion  Dose of Committee I ,  I n t e r n a t i o n a l  

Commission on Rad io log ica l  P ro tec t ion ,  has  r e c e n t l y  commented on t h i s  

problem and expressed t h e  opinion t h a t  a change i n  t h e  dose l i m i t  f o r  

plutonium on t h e  b a s i s  of r i s k  t o  t h e  lymphoid t i s s u e  i s  no t  warranted 

a t  t h e  present  t ime. 

I f  t h e  exposure were averaged over t h e  

Perhaps f u r t h e r  long-term experimentat ion will 

2 . 9  

2.3 Comparison of  I n h a l a t i o n  and I n g e s t i o n  Hazards 

Going back t o  t h e  P o t e n t i a l  Hazard Index,  we r e a l i z e  t h a t  two val-Jes 

f o r  each rad ionucl ide  have l i t t l e  meaning and t h a t  they  should be combined 

t o  give a t o t a l  Hazard Index. T h e o r e t i c a l l y ,  each should be weighted by 

a f a c t o r  r e p r e s e n t i n g  t h e  p r o b a b i l i t y  t h a t  t h e  dose w i l l  be de l ive red  

t o  man through i n g e s t i o n  o r  i n h a l a t i o n .  Unfor tuna te ly ,  t h e  s t a t i s t i c a l l y  

v a l i d  da ta  on t h e  long-term behavior  and d i s t r i b u t i o n  of t he  s i g n i f i c a n t  

r ad ionuc l ides  i n  the  environment t h a t  would be necessary  f o r  a meaningful 

comparison of i n g e s t i o n  and i n h a l a t i o n  hazards a r e  not  a v a i l a b l e .  

The only informat ion  on g loba l  behavior  of r ad ionuc l ides  i s  der ived  

from f a l l m t  da ta .  However, the  use fu lness  of f a l l o u t  da ta  t o  eval-date 

t h e  poss ib l e  behavior  of r ad ionuc l ides  o r i g i n a l l y  present  i n  s o l i d  waste 



i s  somewhat l imi t ed .  The main problem i s  t h a t  f a l l o u t  r a d i o a c t i v i t y  i s  

i n i t i a l l y  r e l e a s e d  t o  t h e  atmosphere i n  f i n e l y  d iv ided  p a r t i c l e s ;  t h e r e -  

f o r e ,  t he  importance of i n h a l a t i o n  i s  g r e a t l y  s t r e s s e d .  From t h e  da t a  

a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  however, it can be concluded t h a t  even i n  

t h i s  s i t u a t i o n  only  a small f r a c t i o n  of t h e  t o t a l  i n t a k e  i s  from inha l -  
a t i o n .  2010-2*12 

chain i s  25 t o  50 t imes h igher  than  t h e  amount inhaled.  

hundred t imes more 137Cs i s  inges t ed  than  inha led .  

and 240Pu by i n g e s t i o n  i s  only two t o  f o u r  t imes higher  than  t h e  i n t a k e  

The amount of 'OS, taken i n t o  man through t h e  food 
F i f t y  t o  one 

239, The in t ake  of 

by i n h a l a t i o n .  

i n h a l a t i o n  i s  a d i r e c t  pathway w i t h  arl i n t a k e  p ropor t iona l  t o  t h e  quan- 

t i t y  of rad ionucl ide  present  i n  the  atmosphere. 

the  d i f f e r e n t  r a t i o s  of i n g e s t i o n  t o  i n h a l a t i o n  can be used t o  i n d i c a t e  

r e l a t i v e  t r a n s f e r  c o e f f i c i e n t s  of t h e  va r ious  r ad ionuc l ides  a long  t h e  

I n  t h e  case of f a l l o u t ,  i t  i s  poss ib l e  t o  assume t h a t  

With t h i s  assumption, 

food cha ins .  Transfer  c o e f f i c i e n t s  f o r  s t ron t ium and plutonium w i l l  be  

0.5 and 0.04, r e s p e c t i v e l y ,  of t h a t  f o r  cesium. These r e l a t i v e  t r a n s f e r  

c o e f f i c i e n t s  a r e  dependent on depos i t i on  and suggest  f o l i a r  i n t e r c e p t i o n  

as a primary mechanism of e n t r y  i n t o  t h e  food chains .  

t i o n  of t h e  a c t i v i t y  reached t h e  ground, one would expect  t h e  t r a n s f e r  

c o e f f i c i e n t s  t o  be  much d i f f e r e n t .  Cesium, f o r  example, i s  normally 

q u i t e  e f f i c i e n t l y  r e s t r i c t e d  i n  i t s  t r a n s f e r  t o  crops because of i t s  

I f  t h e  major f r a c -  

s e l e c t i v e  abso rp t ion  onto s o i l  minera ls ,  bu t  it i s  qu i t e  mobile i n  b io-  

l o g i c a l  systems. 2.13 

A t  t h i s  time t h e  problem of in t roduc ing  f a c t o r s  t o  weight t h e  con- 

t r i b - J t i o n s  t o  t o t a l  hazard r e l a t e d  t o  i n g e s t i o n  and i n h a l a t i o n  seems 

exceedingly complex. However, even cons ider ing  t h e  low mobi l i t y  of plu-  

tonium and americium through food chains ,  i t  seems t h a t  t h e i r  conten t  

i1-i h igh - l eve l  waste i s  siJch t h a t  exc lus ion  from t h e  b iosphere  w i l l  be 

r equ i r ed  f o r  t imes g r e a t l y  i n  excess  of t h e  t ime per iod  necessary  f o r  

decay of cesium and s t ront ium.  A decay per iod  of a qua r t e r  of a m i l l i o n  

yea r s  w i l l  reduce t h e  amount of 239Pu by only  t h r e e  orders  of magnitude. 

If such lorig decay t imes a r e  necessary ,  t h e r e  i s  no man-made s t r u c t u r e  

t h a t  car! be gxaranteed t o  provide s a f e  containment. 

se r iousr iess  of t h e  p o t e n t i a l  hazard from plutonium due t o  i n h a l a t i o n  i s  
s o  mach g r e a t e r  than  t h a t  due t o  i n g e s t i o n ,  we b e l i e v e  t h a t  t he  most 

Because t h e  r e l a t i v e  
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pradent  scheme of management would be t o  dispose of t he  wastes  i n  a s u i t -  

a b l e  geologic  formation i n  such a way t h a t  f u r t h e r  handl ing  w i l l  be  mini- 

mized. I t  a l s o  seems c e r t a i n  t h a t  t h e  waste t o  be disposed of w i l l  be  

i n  s o l i d  form and t h a t  every  a t t e n t i o n  w i l l  be  given t o  us ing  as l i t t l e  

space as poss ib l e  i n  t h e  geologic  formation chosen f o r  u l t i m a t e  d i sposa l .  

2.4 S teps  i n  High-Level Waste Management 

The cons ide ra t ions  d iscussed  i n  t h e  previous s e c t i o n  imply t h a t  t h e  

management of h igh - l eve l  r a d i o a c t i v e  waste w i l l  inc lude  t h e  fo l lowing  

s t e p s ,  s t a r t i n g  a t  t h e  e x i t  of t h e  f u e l  process ing  p l a n t .  2.2 

1. I n t e r i m  Storage  as Liquid.  L iqu id  s to rage  be fo re  s o l i d i f i c a t i o n  

w i l l  be necessary  t o  a l low t h e  decay of very  s h o r t - l i v e d  r ad ionuc l ides .  

This  s to rage  w i l l  be on the  s i t e  of t he  r ep rocess ing  p l a n t  i n  underground 

tanks .  The a l t e r n a t i v e  s o l u t i o n  of s t o r i n g  i r r a d i a t e d  f d e l  f o r  a s u i t -  

a b l e  per iod  be fo re  reprocess ing  would r e s u l t  i n  i nc reased  f u e l  c o s t ,  b u t  

i t  sho1Jld be eva lua ted  i n  r e l a t i o n  t o  t h e  poss ib l e  r educ t ion  i n  r i s k .  

2 ,  Conversion of Waste t o  S o l i d s .  A t  t h e  p re sen t  t ime i t  seems 

t h a t  h igh - l eve l  wastes  produced a t  r e a c t o r  f u e l  r ep rocess ing  p l a n t s  w i l l  

have t o  be converted i n t o  s o l i d s .  S o l i d i f i c a t i o n  processes  a r e  be ing  

s t - id i ed  i n  many coun t r i e s  and should even tua l ly  become common p r a c t i c e .  

S o l i d i f i c a t i o n  i s  be l i eved  t o  reduce apprec i ab ly  t h e  r i s k  a s s o c i a t e d  wi th  

the  s to rage  of waste and i s  r equ i r ed  f o r  s a f e  t r a n s p o r t  of waste.  The 

Savannah River  proposa l  of d i spos ing  of h igh - l eve l  l i q u i d  waste i n  a 
vai i l t  excavated i n  c r y s t a l l i n e  bedrock a t  the  depth of about  450 m may 

be f e a s i b l e  f o r  t h e i r  p resent  h igh - l eve l  wastes  i n  t h e  p a r t i c u l a r  

geologic  s i t1Jat ion of t he  Savannah River  p l a n t .  2e14 

scheme would riot be acceptab le  f o r  t h e  l a r g e  amounts of waste t h a t  w i l l  

be  produced by t h e  nuc lear  i n d u s t r y  of the  f d t u r e .  

However, such a 

3. I n t e r i m  Storage  as So l id .  This  s t e p  i s  not  very  we l l  def ined;  

s e v e r a l  t echnologies  have been proposed, such as s to rage  i n  w a t e r - f i l l e d  

cana ls  or  b a s i n s ,  i n  a i r - coo led  annular  b i n s ,  i n  a i r - coo led  concre te  

v a x l t s ,  o r  i n  a i r - coo led  wel l s .  Undoubtedly, o the r  management schemes 

a r e  poss ib l e  and w i l l  be proposed. I n t e r i m  s to rage  as s o l i d  i s  necessary  

t o  a l low r a d i o a c t i v e  decay of most a c t i v i t y  of r ad ionuc l ides  wi th  s h o r t  
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and in te rmedia te  h a l f - l i v e s .  A f t e r  some s t o r a g e  per iod  the  wastes w i l l  

have a reduced hea t  genera t ion  s o  t h a t  e f f i c i e n t  u t i l i z a t i o n  of space i n  

the  u l t i m a t e  d i s p o s a l  formation w i l l  be  p o s s i b l e .  **I5  The i n t e r i m  s t o r -  

age of s o l i d  wastes w i l l  probably be on t h e  s i t e  of t h e  reprocess ing  

p l a n t .  

4. T r a n s p o r t a t i o n  of Waste t o  t h e  S i t e  of Ultimate Disposal.  Trans- 

p o r t a t i o n  of wastes through u n r e s t r i c t e d  a r e a s  could be avoided only i f  

t h e  processing p l a n t  were l o c a t e d  on t h e  s i t e  of t h e  d i s p o s a l  formation. 

However, t h e  number of r e a c t o r  f u e l  reprocess ing  p l a n t s  w i l l  l i k e l y  ex- 

ceed t h e  number of u l t i m a t e  d i s p o s a l  f a c i l i t i e s ,  and i t  appears  t h a t  i n  

most ca ses  t r a n s p o r t a t i o n  of s o l i d i f i e d  waste w i l l  be requi red .  

5. Ult imate  Disposal  i n  a Geologic Formation. A t  t h e  present  time 

t h e  most reasonable  approach t o  t h e  problem of u l t i m a t e  d i s p o s a l  i s  t o  

s t o r e  s o l i d i f i e d  wastes deep i n  t h e  t e r r e s t r i a l  environment t o  ensure 

t h a t  t h e y  a r e  no t  reached by  c i r c u l a t i n g  groundwater during t h e  time r e -  

qu i red  f o r  decay of t h e i r  r a d i o a c t i v i t y  t o  innocuous l e v e l s .  Nuclear 

t ransmuta t ion  and e x t r a - t e r r e s t r i a l  d i s p o s a l  a r e  t h e o r e t i c a l l y  p o s s i b l e ,  

b u t  n e i t h e r  seems t o  o f f e r  a p r a c t i c a l  s o l u t i o n  t o  t h e  was te-d isposa l  

problem a t  t h i s  time. 

2.5 Evalua t ion  of R i s k s  Assoc ia ted  wi th  Waste Management 

The f i n a l  dec is ions  on t h e  r e l a t i v e  lengths  of t he  i n t e r i m  s t o r a g e  

per iods  as l i q u i d s  and as s o l i d s  and on t h e  s i t i n g  of reprocess ing  p l a n t s  

w i l l  be c o n t r o l l e d  by a balance between minimizing r i s k  and minimizing 

cos t .  I n  comparison with r i s k  e v a l u a t i o n s ,  c o s t  e v a l u a t i o n s  a r e  much 

e a s i e r ,  and they  provide q u a n t i t a t i v e  answers. R i s k  e v a l u a t i o n s ,  on t h e  

o t h e r  hand, a r e  of ter i  based on s u b j e c t i v e  elements.  

The t o t a l  r i s k  a s s o c i a t e d  w i t h  r a d i o a c t i v e  waste management w i l l  

be t h e  s-dm of r i s k s  enco-intered i n  each of t h e  f i v e  s t e p s  mentioned 

above. I t  i s  c l e a r  t h a t  t h e  main g o a l  of r a d i o a c t i v e  waste management 

most be t o  reduce t h i s  cumulative r i s k  t o  t h e  lowest p r a c t i c a b l e  l e v e l .  

The f i v e  s t e p s  c o n t r i b u t e  t o  t h e  t o t a l  r i s k  d i f f e r e n t l y ,  ar,d t h e  evalu-  

a t i o n s  of t h e  f i v e  con t r ib*J t ions  t o  r i s k  do no t  present  t h e  same degree 

of d i f f i c - J l t y .  The r i s k s  a s s o c i a t e d  wi th  tank  s t o r a g e ,  s o l i d i f i c a t i o n ,  
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and t r a n s p o r t a t i o n  have been eva lua ted  i n  some d e t a i l  or t h e i r  e v a l u a t i o n  

seems t o  present  minor d i f f i c u l t i e s .  2.2 

L i t t l e  information i s  a v a i l a b l e  t o  permit an adequate eva lua t ion  of 

t h e  risks a s s o c i a t e d  wi th  the  i n t e r i m  s to rage  as s o l i d ,  s i n c e  no such 

f a c i l i t y  i s  i n  ex i s t ence  a t  t h e  p re sen t  t ime. The r i s k s  r e l a t e d  t o  t h e  

u l t i m a t e  d i s p o s a l  i n  a geologic  formation a r e  much more d i f f i c u l t  t o  

a s s e s s .  L a t e r ,  we w i l l  t r y  t o  i n d i c a t e  some of t h e  geologic  ques t ions  

t h a t  must be answered be fo re  a geologic  formation can be cons idered  

s u i t a b l e  as t h e  u l t i m a t e  r e c i p i e n t  of h igh - l eve l  waste.  So far,  most of 

t he  r e sea rch  work done i n  r e l a t i o n  t o  t h e  u l t i m a t e  d i s p o s a l  of h igh - l eve l  

waste has been involved wi th  rock s a l t .  

2 .6  Advantages of Disposal  i n  S a l t  Formations 

Oak Ridge Nat iona l  Laboratory has completed a s u c c e s s f u l  demonstra- 

t i o n  a t  t h e  Lyons sa l t  mine i n  Kansas of t h e  f e a s i b i l i t y  of d i s p o s a l  of 

h igh ly  ra d i  oa c t i v e  was t e s . 2 * " J  2 o  l7 The advantageous c h a r a c t e r i s t i c s  

of sa l t  have been d iscussed  i n  d e t a i l  by many au tho r s ;  however, we w i l l  

r e p e a t  here  some of t h e  main po in t s :  

1. S a l t  i s  p l a s t i c  and, t h e r e f o r e ,  a l l  c a v i t i e s ,  openings,  and 

f r a c t u r e s  a r e  s e l f - s e a l i n g .  

2. S a l t  has  good thermal  conduct iv i ty .  

3. S a l t  i s  cheap t o  mine and i s  geographica l ly  widespread. Be- 

s i d e s ,  t h e r e  a r e  many abandoned sa l t  mines t h a t  may be s u i t a b l e  

f o r  t he  d i s p o s a l  of h igh - l eve l  s o l i d  waste.  2 .18 

The s o l u b i l i t y  of s a l t ,  which i n  i t s e l f  i s  not  an advantageous 

f ea t i l r e ,  does permit t o  demonstrate t h a t  c i r c u l a t i n g  groundwater has 

never reached the  l e v e l s  where sa l t  has been preserved f o r  m i l l i o n s  of 

yea r s .  

A t  t h e  p re sen t  l e v e l  of technology, d i s p o s a l  of  h igh - l eve l  s o l i d  

waste i n  bedded sal t  formations seems t o  be t h e  s a f e s t  a v a i l a b l e  so lu-  

t i o n .  However, we f e e l  t h a t  one of t h e  s t e p s  i n  the  r e a l i z a t i o n  of an  

a c t u a l  d i sposa l  f a c i l i t y  i n  s a l t  should be a review of geologic  parame- 

t e r s  r e l e v a n t  t o  t h e  problem of waste containment for a time pe r iod  of 

s e v e r a l  hundred thousand years .  SiJch a review i s  planned f o r  t he  pro- 
posed prototype f a c i l i t y  i n  bedded sal t .  

I 
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d 

t 

If a s a l t  formation has been thoroaghly i n v e s t i g a t e d  and found s u i t -  

a b l e  f o r  t h e  d i s p o s a l  of r a d i o a c t i v e  waste,  it i s  implied t h a t  a l l  geo- 

l o g i c  da ta  i n d i c a t e  t h a t  no change capable of impair ing waste containment 

i s  fo re seeab le  i n  a t ime per iod  of s e v e r a l  hundred thousand yea r s .  Under 

these  condi t ions ,  we consider  i t  unnecessary t o  cons ider  r e t r i e v a l  of t h e  

waste. C e r t a i n l y  r e t r i e v a b i l i t y  from sal t  i s  poss ib l e ,  bu t  i t  might be 

a r a t h e r  complex opera t ion .  S t e e l  con ta ine r s  have a very l i m i t e d  l i f e  i n  

s a l t ;  s t a i n l e s s  s t e e l  con ta ine r s  a r e  expected t o  las t  about 6 months, 

while mild s t e e l  i n  t h a t  p a r t i c u l a r  environment should las t  a few years .  

However, a t  t h e  time of r e t r i e v a l ,  con ta ine r s  would probably have l o s t  

t h e i r  i n t e g r i t y  and t h e  waste would have t o  be mined out .  We f e e l  t h a t  

t h i s  ope ra t ion  would pose a d d i t i o n a l  r a d i o l o g i c a l  problems and would be 

expensive.  Disposal  i n  s a l t  should r e a l l y  be considered as "u l t imate .  

If the  v a s t e  management scheme must inc lude  r e t r i e v a b i l i t y  as a necessary  

condi t ion ,  some a l t e r n a t i v e  t o  s a l t  d i s p o s a l  should be i n v e s t i g a t e d .  For 

example, a deep, dry mine i n  a geologic  m a t e r i a l  d i f f e r e n t  from s a l t  i n  

a geo log ica l ly  s t a b l e  a r e a  might be a d e s i r a b l e  s o l u t i o n  i f  long-term 

i n t e g r i t y  o f .  waste con ta ine r s  needs t o  be assured .  

2.8 References 

2.1.  Phase 3, Case 42, Systems Analys is  T a s k  Force ( A p r i l  11, 1968). 
2 .2 .  ORNL, S t a f f ,  S i t i n g  of Fue l  Reprocessing P lan t s  and Waste Manage- 

ment F a c i l i t i e s ,  ORNL-4451 (1970). 
2.3 .  K. Z .  Morgan, W. S .  Snyder, and M. R .  Ford,  "Rela t ive  Hazard of 

the  Vario-Js Radioact ive Mate r i a l s , "  Heal th  Phys. - 10, 151-168 (1964). 
2 .4 .  R .  A. H i l l i a r ,  Re la t ive  I n h a l a t i o n  Hazards from Nuclides Present  

i n  Fresh  I r r a d i a t e d  Fuel ,  RD/B/N-1143  (1968). 
2.5. P. J. Magrius, P. E .  Kauffman, and B.  Sh le i en ,  "Plutonium i n  En- 

vironmental  and B i o l o g i c a l  Media," Heal th  Phys. 13, 1325-1330 - 
( 1967) 



18 

2.6. 

2.7.  

2.8.  

2.9.  

2.10. 

2.11. 

2.12. 

2.13. 

2.14. 

2.15. 

2.16. 

P. G. Voi l lequ6,  Ca lcu la t ion  of Organ and Tissue  Burdens and Doses 

Resu l t ing  from an Acute Exposure t o  a Radioac t ive  Aerosol  Using the  

ICRP Task Group Report  on t h e  Human Resp i r a to ry  T r a c t ,  IDO-12067 

(1968) 
B. V. Anderson and I .  C .  Nelson, "Measurement of Plutonium Aerosol  

Parameters f o r  Appl ica t ion  t o  Resp i r a to ry  T r a c t  Models," Symposium 

on t h e  Assessment of Airborne R a d i o a c t i v i t y  i n  Nuclear Operat ions,  

IAEA, Vienna, 3-7 J u l y  1967. 
B. Sh le i en ,  "An Evalua t ion  of I n t e r n a l  Rad ia t ion  Exposure Based on 

Dose Commitments from Radionucl ides  i n  Milk, Food, and A i r , "  

Hea l th  Phys. - 18, 267-275 (1970) .  
I n t e r n a t i o n a l  Commission on Rad io log ica l  P ro tec t ion ,  Radiosensi-  

t i v i t y  and S p a t i a l  D i s t r i b u t i o n  of Dose, ICRP Pub l i ca t ion  14, 
Pergamon Press ,  London, 1969. 
U .  S.  Department of Heal th ,  Educat ion,  and Welfare,  Rad io log ica l  

Heal th  Data and Reports ,  Volumes 1 t o  11, 1960-1970. 
Report  of t he  United Nations S c i e n t i f i c  Committee on t h e  E f f e c t s  

of Atomic Radia t ion  (UNSCEAR) , General Assembly: 1 7 t h  Sess ion ,  

Supplement No. 16 ~ / 5 2 1 6 ;  19 th  Sess ion ,  Supplement No. 14 Z/5814; 
21st Sess ion ,  Supplement No. 14 A/6314. 
C 1 .  S t i g v e n a r t  and E .  Van Der S t r i c h t ,  L '6vo lu t ion  de l a  rad ioac-  
t i v i t e /  ambiante a u  caurs  des annges 1962 & 1966 e t  s e s  cor,s&q-Jences 

pour l a  contamination raCiioactive de l a  chaPne a l i m e n t a i r e ,  E J R  --- ~ - -  - 

4212 (1968:. 

K. Z .  Morgan -- e t  a l . ,  Heal th  Phys. Div. Ann. Progr.  Rept.  J u l y  31, 
- 1969, ORNL-4446, pp. 76-1-11. 
J. F. Proc tor  and I .  W .  Marine, "Geologic, Hydrologic,  and S a f e t y  

Cons idera t ions  i n  the S torage  of Radioact ive Wastes i n  a Vaul t  

Excavated i n  C r y s t a l l i n e  Rock," Nuclear Science and Engineer ing E, 
I 

350-365 (1965) 
F. Bi rch ,  Thermal Cons idera t ions  i n  Deep Disposal  of Radioac t ive  

Waste, NAS-NRC Pub l i ca t ion  558 (1.958) 
R .  L. Bradshaw, J. J. Perona, J .  0. Blomeke, and W. J. Boegly, J r . ,  

Eva lua t ion  of Ult imate  Disposal  Methods f o r  Liquid  and S o l i d  Ra- 

d ioac t ive  Wastes: V I .  Disposal  of S o l i d  Wastes i n  S a l t  Formation, 

L 

.? 



2.17. W. C. McClain and R. L. Bradshaw, "Status of Investigations of 

Salt Formations for Disposal of Highly Radioactive Power-Reactor 

Wastes," Nuclear Safety - 11, 130-141 (1970) 

Committee on Waste Disposal of the Division of Earth Sciences, 

The Disposal of Radioactive Waste on Land, National Academy of 

Sciences-National Research Council, Publication 519 (1957). 

- 
2.18. 



20 

3. CHARACTERISTICS OF SOLIDIFIED HIGH L;EVEL WASTES 

There a r e  s e v e r a l  l a b o r a t o r i e s  where t h e  s o l i d i f i c a t i o n  of h igh - l eve l  

waste has  been or i s  be ing  i n v e s t i g a t e d .  S i x  s o l i d i f i c a t i o n  processes ,  
and even more s o l i d  compositions,  have been proposed. 301J  3 * 2  

bed c a l c i n a t i o n  has  been s u c c e s s f u l l y  demonstrated i n  a c t u a l  ope ra t ion  i n  

t h e  Waste Calc in ing  F a c i l i t y  (WCF) a t  NRTS, Idaho. 3'3 
l i d i f i c a t i o n  P lan t  began ope ra t ions  i n  1969 and i s  even tua l ly  expected t o  

convert  t o  s o l i d s  a l l  h igh - l eve l  l i q u i d  waste s t o r e d  a t  t h a t  s i t e .  A t  

Hanford i n  t h e  Waste S o l i d i f i c a t i o n  Engineer ing Pro to types  f o u r  d i f f e r e n t  

s o l i d i f i c a t i o n  processes  and t h e  s o l i d s  obta ined  have been eva lua ted .  

However, a t  t h e  present  t ime, no t  a l l  r e s u l t s  of t he  so l id-was te  evalu-  

a t i o n  t e s t s  a r e  i n  comparable form, and no t  enough da ta  a r e  a v a i l a b l e  f o r  

s o l i d s  made from a c t u a l  waste. 

F l u i d i z e d  

The Marcoule So- 

3.2 

The s o l i d i f i e d  waste c h a r a c t e r i s t i c s  t h a t  can be of importance f o r  

the s a f e t y  of s to rage  a r e :  

1. l e a c h a b i l i t y  (by  water ,  a i r ,  or vapor) ,  

2. thermal  conduct iv i ty ,  and 

3. chemical s t a b i l i t y  and r e s i s t a n c e  t o  r a d i a t i o n .  

L e a c h a b i l i t y  c o n t r o l s  t h e  r a t e  wi th  which t h e  a c t i v i t y  coritained i n  t h e  

s o l i d s  becomes a v a i l a b l e  f o r  t r a n s p o r t  by t h e  leaching  mediun, i f  f a i l u r e  

of t h e  o t h e r  containment systems should occur.  Thermal conduc t iv i ty  de- 

termines t h e  hea t  product ion t h a t  can be t o l e r a t e d  i n  s o l i d s  wnen t h e  

maximinm cen te r  l i n e  temperature  and the  dimensions of con ta ine r s  have 

been def ined.  Thermal conddc t iv i ty  c o n t r o l s  t h e  thermal  h i s t o r y  of t h e  

s o l i d s  and, t h e r e f o r e ,  a f f e c t s  t h e i r  l e a c h a b i l i t y .  Chemical s t a b i l i t y  

and r e s i s t a n c e  t o  r a d i a t i o n  should be such t h a t  no gas i s  genera ted  dur- 

i n g  s to rage  and t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  s o l i d s  remain f a i r l y  

cons tan t .  Res i s t ance  and mechanical s t r e n g t h  a r e  of importance during 

handl ing ,  t r a n s p o r t a t i o n ,  and t h e  i n i t i a l  pe r iod  of s to rage .  

I n  normal opera t ions  t h e  waste w i l l  be  t r a n s p o r t e d  t o  the  u l t i m a t e  

d i s p o s a l  s i t e  while the  conta iner  i s  s t i l l  i n t a c t ,  s o  t h a t  u u i r i g  in t ,e r im 

s to rage  no a c t i v i t y  w i l l  be  leached r e g a r d l e s s  of t h e  l e a c h a b i l i t y  of t he  

s o l i d s .  I t  i s  poss ib l e  t o  imagine a c c i d e n t a l  f a i l u r e  of a con ta ine r  due 

t o  inc reased  cor ros ion  r a t e  or t o  l ack  o f  i n t e r v e n t i o n  a t  t h e  r i g h t  t ime. 
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I n  t h e  event  of con ta ine r  f a i l u r e ,  waste mobi l iza t ion ,  i f  i t  i s  poss ib l e ,  

w i l l  be  c o n t r o l l e d  by  the  l e a c h a b i l i t y  or by the  heat  product ion r a t e  t o  

such a high degree t h a t  t he  o t h e r  waste c h a r a c t e r i s t i c s  can be neglec ted .  

Known phys ica l  and chemical c h a r a c t e r i s t i c s  of t he  s o l i d s  obta ined  

by s o l i d i f i c a t i o n  processes  proposed s o  f a r  a r e  shown i n  Table 3.1. 
cause of  t h e  d i f f i c u l t y  of comparing da ta  obta ined  by d i f f e r e n t  labora-  
t o r i e s  with nonuniform experimental  procedures and occas iona l ly  with 

con t r ad ic to ry  r e s u l t s ,  t h e  f i g u r e s  i n  the  t a b l e  should be  considered only 

as i n d i c a t i v e  of r e l a t i v e  o rde r s  of magnitude, and even more s o  consider-  

i n g  t h a t  ve ry  l i t t l e  information i s  a v a i l a b l e  about a c t u a l  waste s o l i d s  

and t h a t  t h e  experimental  procedures reproduce ve ry  poorly t h e  expected 

d i sposa l  condi t ions .  

Be- 

3.1 Leachab i l i t y  

The a v a i l a b l e  l each  r a t e s  were a l l  determined wi th  water ,  and most 

of them were measured a t  room temperature.  These leach  r a t e s  a r e  in tended  

t o  be r e p r e s e n t a t i v e  of long-term leaching ,  and t h e r e f o r e  they  a r e  the  

r a t e s  reached a f t e r  some time, d i s r ega rd ing  t h e  high leach  r a t e s  observed 

i n  the  i n i t i a l  l eaching  per iod.  3.4-3.6 

S o l i d s  produced by c a l c i n a t i o n  show ve ry  high s o l u b i l i t y ;  spray  melt  
s o l i d s  a r e  in t e rmed ia t e ;  and g l a s s e s  have t h e  lowest leach  r a t e s .  How- 

ever ,  even wi th  g l a s s ,  s e r i 0 . x  problems of water  contamination coald 

a r i s e .  For example, i f  a g l a s s  cy l inde r ,  30 cm i n  diameter and 183 ern 

long, were exposed d a i l y  t o  l each ing  over i t s  e n t i r e  s - u f a c e  by a volume 
of water equa l  t o  t h e  volume of g l a s s  and i f  t h e  i n i t i a l  l e v e l  of f i s s i o n  

prod-Jct a c t i v i t y  contained i n  t h e  cy l inde r  were a few m i l l i o n  c u r i e s ,  

a f t e r  50 yea r s  o f  s to rage  t h e  a c t i v i t y  i n  leach  water would s t i l l  be w e l l  
above permiss ib le  l e v e l s  for dr inking  water.  3.8 

The l e a c h a b i l i t y  of g l a s s  i s  a f f e c t e d  by a number of f a c t o r s .  The 

p o r o s i t y  and t h e  presence of f r a c t u r e s  a f f e c t  t h e  t o t a l  l each  r a t e  from 

the  s o l i d  by i n c r e a s i n g  t h e  t o t a l  a r e a  exposed t o  leaching .  

r a t e  of t h e  s o l i d s  a f f e c t s  t h e i r  l e a c h a b i l i t y ;  slow-cooled g l a s s e s  a r e  

more so lub le  than  f a s t - coo led  ones. The g l a s s e s  produced from a c t u a l  

The cool ing  

waste probably w i l l  be cooled f a s t e r  than  l"C/min a t  t h e  su r face ,  bu t  t h e  

i n t e r i o r  of g l a s s  cy l inde r s  w i l l  cool  ve ry  slowly because of cont inuing  



Table 3.1. Character is t ics  of Sol id i f ied  High-Level Waste 

4 5 6 7 
Fingal and 

1 2 3 
Pot Phosphate 

Marc ou l e  Chalk River Calcination Fluid Bed Spray Melt Glass Others Process 

Silico-boro- Nepheline- 
Phosphate Boro- s i l i  cate phos pho-molyb- syeni te  

,Glass Glass d i e  Glass Glass 
Ceramic or 

Product Calcine Granule s Glass 

Thermal Conductivity 
( 10-3 cal/sec/cm/°C) 0.84 - 3.0 (25OC) - 3.0 (25OC) 

2.87 (65'~) 
0.41 (lOO°C) - 2.4 ( 1 0 0 O C )  3.06 (ioooc) 

0.48 (50OOC) 3.66 (500'~) 

2.39 (200OC) 
0.58 (3OOOC) 3-33 ( 3 0 0 O C )  

4.08 (7OO0C) 0.97 (70O0C) 
3.0 (8OOOC) - 3.2 (8OOOC) 

0.62 t o  1.03 0.41 t o  1.03 1.65 t o  3.31 2.07 t o  4.13 ( range ) 

Maximum Heat 
Product i on 
(lom2 cal/sec/cm 3 ) 2.0 1.7 4.8 5.3 

Bulk Density 
(g / cd ,  1.1 t o  1 . 5  1.0 t o  1.7 2.7 t o  3.2 2.7 t o  3 

Leachabili ty by 
Water 

10-1 1 to 5 5 x lo-6 1 x 5 x 10-1 
f to 5 1015 
1 t o  5 x 10 4al- 

5 x 
( g / c m 2 / w  
25 t o  3OoC 

go t o  l0O0C 
L 

%he leachabi l i ty  of phosphate glass  i s  strongly dependent on storage temperature. Samples s tored  a t  6oo0c, and therefore de- 
v i t r i f i e d ,  show much higher leach rates .3-7 

1 1  



hea t  genera t ion  due t o  r a d i o a c t i v e  decay. Therefore ,  t he  s o l i d  w i l l  

grade i n  s o l u b i l i t y  (and poss ib ly  i n  composition) between t h e  r a p i d l y  

cooled g l a s s  next  t o  t h e  conta iner  w a l l  and t h e  slowly cooled g l a s s  i n  

t h e  center .  The chemical composition of t he  g l a s s  a l s o  a f f e c t s  t h e  solu- 

b i l i t y ;  t h e  h igher  t h e  a l k a l i  conten t ,  t he  h igher  t h e  s o l u b i l i t y .  

The temperature  of leaching  i s  a major f a c t o r ;  t h e  leach  r a t e  i n -  

c r eases  by a f a c t o r  ranging from about 10 t o  more than  100 i f  the  tem- 

pe ra tu re  i s  inc reased  from 25 C t o  t h e  range 95 t o  100°C. 

it seems t h a t  a t  high temperature t h e  leach  r a t e  remains cons tan t  w i t h  

0 Besides t h i s ,  

t ime, while a t  room temperature  t h e r e  i s  an i n i t i a l  high l each  r a t e  t h a t  

decreases  f o r  as long as a year  be fo re  i t  reaches a s t eady  value.  309 
age of t h e  g l a s s  a t  t h e  beginning of leaching  and t h e  s to rage  condi t ions  

have some e f f e c t  on t h e  leach  r a t e .  Older g l a s s  leaches a t  a h igher  

r a t e .  

l e a c h a b i l i t y  than  g l a s s e s  kept i n  dry a i r  o r  under water.  3010 
of t h e  l each ing  s o l u t i o n  composition i s  no t  c l e a r ;  experiments made a t  

P a c i f i c  Northwest Laboratory show higher  l each  r a t e s  i n  we l l  water  than 

The 

Glasses  s t o r e d  i n  a i r  a t  10% r e l a t i v e  humidity show much h igher  

The e f f e c t  

i n  d i s t i l l e d  water.  On t h e  o t h e r  hand, leach  experiments conducted a t  

Karwell  w i th  d i s t i l l e d  water  and s imula ted  seawater f a i l e d  t o  show any 

apprec iab le  d i f f e rence  between t h e  two. 3.11, 3.12 

Dif fe ren t  elements can be expected t o  be leached from t h e  g l a s s  a t  

d i f f e r e n t  r a t e s ,  a t  l e a s t  a t  room temperature .  There i s  evidence t h a t  

cesixm i s  more leachable  than  s t ront ium,  and both  these  elements a r e  mdch 

more leachable  thar, cerium. No da ta  a r e  a v a i l a b l e  f o r  p lu toniun  leach  

rates. However, a t  high temperature all d i f f e r e n c e s  i n  l each  r a t e s  among 

elements t end  t o  disappear ,  because t h e  leaching  process  becomes con- 

t r o l l e d  by t h e  inc reased  r a t e  of g l a s s  cor ros ion .  

3.2 Heat Generation Rate 

The cons ide ra t ions  t h a t  fo l low assume t h a t  t h e  waste a f t e r  s o l i d i f i -  

c a t i o n  i s  ir, t h e  form of g l a s s  and i s  contained i n  s t a i n l e s s  or  m i l d  s t e e l  

cy l inde r s .  The dimensions of t h e  cy l inde r s  a r e  c o n t r o l l e d  by t h e  hea t -  

genera t ion  r a t e  and by  t h e  thermal  conduc t iv i ty  of t h e  g l a s s .  The hea-t- 

generatior1 r a t e  i n  any amount of waste a t  any t ime i s  a func t ion  of t h e  

i n i t i a l  c h a r a c t e r i s t i c s  and of t h e  age of t h e  waste ,  
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I n  Table 3 .2  a r e  shown some t y p i c a l  chemical compositions of t h e  

i n e r t  m a t e r i a l s  i n  h igh- leve l  l i q u i d  wastes .  

f o r  f a i r l y  d i r t y  wastes ( t h a t  i s ,  they  con ta in  s u b s t a n t i a l  amounts of 

i n e r t  m a t e r i a l s ) ;  composition 3 i s  f o r  a c l ean  waste t h a t  can be expected 

t o  be r e p r e s e n t a t i v e  of t he  waste produced i n  the  near  f u t u r e .  

3.3 a r e  shown t h e  amounts of major m a t e r i a l s  from nuclear  f i s s i o n  f o r  
d i f f e r e n t  f u e l  exposures i n  LWR's. Let  us cons ider  now the  g l a s s  formed 

by the  s o l i d i f i c a t i o n  of these  wastes .  A t  t h e  moment i t  seems t h a t  a 

phosphate g l a s s  of good q u a l i t y  cannot conta in  more than  20 t o  25% by 

weight of waste oxides ,  and we w i l l  assume t h a t  t h i s  holds  f o r  o the r  g l a s s  

types as we l l .  

meter of s o l i d  waste w i l l  be  produced f o r  every  10.7 t ons  of f u e l .  

Compositions 1 and 2 a r e  

I n  Table 

With the  assumptions used t o  assemble Table 2 .1 ,  a cubic  

I n  t h e  case or' LWR f u e l  exposed t o  33,000 MWd/ton a t  the  power l e v e l  

of 30 Nbl/ton, we o b t a i n  r e s p e c t i v e l y  730 and 440 kg of waste oxides  per  

c--ibic meter of g l a s s  f o r  compositions 1 and 3 of Table 3.2. 

the  b-Jlk dens i ty  of t h e  g l a s s  t o  be 2.8,  we o b t a i n  a waste oxide conten t ,  

i n  the  two cases ,  of 26% and 16% by weight.  

come as c lean  as the  one i n  column 3 of Table 3 .2 ,  a cubic  meter of g l a s s  

- d i l l  be a b l e  t o  accommodate waste from more than  10.7 tons of f u e l .  I n  

s-Jclh case the  per iod  of i n t e r i m  s to rage  as l i q u i d  w i l l  need t o  be propor- 

t i o n a l l y  l o r g e r ,  i f  a hea t -genera t ion  r a t e  of 5 x 10 cal/sec/cm3 i s  not  

t o  be exceeded i n  the s o l i d i f i e d  waste.  This  hea t -genera t ion  r a t e  has  
been assurned f o r  c a l c d a t i o r ;  of s to rage  con ta ine r  dimensiofis f o r  i n t e r i m  

s to rage .  3'13 
i n  waste from t h e  reprocess ing  of 1 ton of LWR f u e l  and 1 ton of LMFBR 

3.14 fixe 1, r e s p e c t i v e l y .  

Consider ing 

Very l i k e l y  when wastes  be- 

-2 

I n  Tables  3.4 ar-d 3.5 a r e  shown the  hea t -genera t ion  r a t e s  

I n  Table 3.6 and Fig.  3.1 a r e  shown the  hea t -genera t ion  r a t e s  i n  

s o l i d  wastes ,  der ived  from d i f f e r e n t  f u e l s ,  a t  va r ious  t imes a f t e r  r e -  

processing.  
-2 

,4ssumir?,g a l i m i t  ir,  hea t -genera t ion  r a t e  of 5 x 10 
3 cal/sec/cm , f o r  t h e  waste of Table 3.6, column 2 ,  s o l i d i f i c a t i o n  would 

be poss ib l e  between 5 and 6 months a f t e r  d i scharge  from t h e  r e a c t o r ;  f o r  

the  wastes of colurnns 3 and 4 s o l i d i f i c a t i o n  would be poss ib l e  about 8 
months a f t e r  discharge from the  r e a c t o r .  

I f  we f u r t h e r  ass-dme t h a t  t he  average thermal  conduc t iv i ty  of t h e  

g l a s s  i s  5 x 

(- 5 . 5  x 10-1 cal/cm /OC), we can e s t ima te  the  thermal  condi t ions  of the  

cal/sec/cm/°C and t h e  s p e c i f i c  hea t  i s  2 x 10-1 cal/g/'C 
3 

9 

. 
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Table 3.2.  Range of Chemical Compositions of High-Level L iqu id  Waste 

(Modified from Schneider ,  19683'2) 

Concentrat ion,  Molar i ty  @ 378 l i t e r s / t o l i  

C ons t it  gent  No. 1 No. 2 No. 3 

Na 
Fe 
A1 

s04 

General Chemical Composition of I n e r t  Ma te r i a l s  

Low 
High 

0 
0 

High 
Medium 

0 
0 

f i c tua l  Chemical Composition of I n e r t  Mater i  Is 

H 3.7 3.93 
Fe 0- 93 0.445 

0.012 0.024 C r  
N i  0.005 0.010 
A1 0.001 0.001 
Na 0.138 0.93 
U 0.010 0.010 
Hg < 0.001 < 0.001 

7.5 5.37 
---- 0.87 

NO 

0.003 0.006 
0.010 0.010 S i 0  

F < 0.001 < 0.001 

3 
s04 
p04 

c PIfa 3.03 

3 
- 

2.48 

Kg oxide/tor:  28. lb 

Low 
Low 

0 
0 

6.29 
0.05 
0.012 
o. 008 
0.001 
0.10 
0.010 

< 0.001 
6.66 
---- 
0.003 

0.010 

< 0.001 

0.365 
4.6 

i s  metal  equ iva len t s ,  o r  normal i ty  of metal  ions (does not 

If  s u l f a t e  is not  v o l a t i l i z e d ,  
iriclude a c i d ) .  

approximately 27 kgjtor,  of a d d i t i o n a l  oxides  a r e  formed. 
bDoes c o t  i s c l u d e  the  s -d l fa te .  



Table  3.3. Chemical Composition of Major M a t e r i a l s  from Nuclear  F i s s i o n  
(Modified from Schneider ,  196830~) 

Fuel  Exposure i n  Thermal Reac to r s  

20,000 MWd/ t on 33,000 MWd/t on 45,000 MWd/ton 
C o n s t i t u e n t  15 MW/ton 30 MW/ton 30 MW/ton 

Mo 
Tc 
Sr 

c s  
B3 

Rb 
Y + ma 
Z r  
Ru 
Rh 
Pd 

Cd 
Te 

Ag 

0.065 
0.014 
0.0155 
0.0195 
0.035 
0.007 
0.12 
0.0063 7, 
0.032 
0.0074 
0.017 
0.0008 
0.0008 
o 0064 

0.095 
0.023 
0.026 
0.030 
0- 057 
0.010 
0.201 
0.105 
0.06 
0.009 
0.031 
0.0012 
0.0018 
0.010 

0.130 
0.031 
0.036 

0.078 
0.041 

0.014 
0.274 
0.143 
0.082 
0.013 

0.0016 
0.0005 

0.043 

0.014 
b 

f P 
C Mf 

kg oxide/ ton 

~~ 

0.91 

22 

1.27 

36 

?RE i s  r a r e  e a r t h  e lements .  

bM+ i s  meta l  e q u i v a l e n t s ,  or norma l i ty  of me ta l  i o n s  (does n o t  
i n c l u d e  a c i d ) .  



Table 3.4. Heat Generat ion Rate  i n  t h e  Waste from t h e  Reprocessing 
of 1 Ton of  LWR Spent  F u e l  (ca l / sec / ton)  

~ 

F u e l  Exposure 
~- 

Time After  33,000 MWd/ton; 30 MW/ton 45,000 MWd/ton; 30 MW/ton 
Discharge from a a Reactor  F i s s i o n  Products Ac t in ides  Total. F i s s i o n  Products  Act in idesb  T o t a l  

90 days 

129 days 

150 days 

180 days 

1 year 

3 y e a r s  

10 y e a r s  

30 y e a r s  

100 y e a r s  

300 y e a r s  

1000 y e a r s  

6260 

5310 

4610 
4060 

2390 
8 10 
246 

135 
24.9 
0.26 

< 0.01 

193 
172 
154 
1-39 
75 
24 

17 

9 
2.4 
1.28 
0.54 

64 50 
54 80 
'+770 
4200 
2460 

834 
263 
144 

27.3 
1.53 
0.54 

8540 
7240 
6290 

5540 
3260 
1100 

33 5 
184 

33.9 
0.35 

< 0.01 

263 
234 

189 
102 

33 
23 

210 

12 

3.3 
1.74 
0.74 

8800 

7470 
6500 

5730 
3360 

358 
196 

1140 

3% 2 
2.09 
0.74 

a 

bBased on 0.5% of plutonium and 100% of o t h e r  a c t i n i d e s  i n  waste ( f u e l  processed 90 days a f t e r  

T o t a l  f i s s i o n  product power l e s s  noble  gases  and i o d i n e .  

d i scharge  from r e a c t o r ) .  
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Table 3.5. Heat Generation Rate i n  t h e  l a s t e  from t h e  Reprocessing 
of 1 Ton of LMFBR Spent Fue l  ( ca l / s ec / ton )  

~ ~ __ 
a F u e l  Exposure 

~- - 

Time A f t e r  
Discharge from 

33,000 MWd/ton; 58 MW/ton 

Reactor  F i s s i o n  Products  Act inides '  T o t a l  

30 days 19, loo 77 19,200 

60 days 13,200 65 13,200 

150 days 7,240 50 7,290 
1 yea r  3,300 30 3,330 
3 years  860 17.5 878 

18 1 16.6 198 
30 yea r s  105 15.8 12 1 

100 yea r s  20.5 13.4 33.9 
300 yea r s  0.36 9.30 9.66 

0.01 3-30 3.31- 

90 days 10,300 60 10,400 

10 yea r s  

1000 yea r s  

v u e 1  i s  mixture  of core  + b lanke t .  

bTota l  f i s s i o n  product power l e s s  noble gases  

%ased  on 0.5% of plutonium and 100% of o the r  
waste (fuel processed 30 days a f t e r  discharge from 

and iodine .  

a c t i n i d e s  i n  
r e a c t o r ) .  

? 

V 

. 
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cy l inde r s .  The cy l inde r s  a r e  3 m long and, even when f u l l  of waste w i t h  

the  h ighes t  hea t -genera t ion  r a t e ,  t h e i r  c e n t e r  l i n e  temperature  must no t  

exceed 900°C. 3014, 3*15 
can be up t o  28 cm i f  they  a r e  cooled by water o r  up t o  2 1  em i f  they  

a r e  cooled by a i r .  I n  both  cases  t h e  cy l inde r s  would be f i l l e d  with 

waste only f o r  75% of t h e i r  volume. 

would be 138 and 78 l i t e r s ,  r e spec t ive ly .  

l a t i o n s  of some of t h e  thermal  c h a r a c t e r i s t i c s  of waste cy l inde r s .  

With t h e s e  assumptions,  t h e  cy l inde r  diameter 

Therefore ,  t h e i r  e f f e c t i v e  c a p a c i t y  

Tables  3.7 and 3.8 a r e  tabu-  

The i n i t i a l  hea t -genera t ion  r a t e s  i n  t h e  cy l inde r s  would be  6900 
ca l / s ec  and 3900 ca l / s ec  accord ing  t o  t h e  s i z e .  This  i s  equ iva len t  t o  

hea t  f l u x e s  through t h e  cy l inde r  su r faces  of 0.33 cal/sec/cm2 and 0.25 

cal/sec/cm , r e spec t ive ly .  2 If t h e  c y l i n d e r s  were s t and ing  i n  a i r  i n  an 

k 

m 
c 

c 

environment a t  a cons tan t  temperature  of 2TUC, hea t  removal could be 

achieved by n a t u r a l  convect ion and r a d i a t i o n  wi th  t h e  c y l i n d e r s '  su r f ace  

a t  a temperature  between 400 and 500°C. 

vec t ion  from a v e r t i c a l  su r f ace  a t  42OoC t o  a i r  a t  27OC i s  about 0.09 

cal/sec/cm . 
a m a t e r i a l  wi th  a su r face  e m i s s i v i t y  of 0.5 i s  about 0.16 cal/sec/cm 

The sum of t h e  f l u x e s  i s  equa l  t o  t h e  thermal  f l u x  through t h e  su r face  

of t h e  small cy l inde r s .  3'14' 3015 For the  l a r g e  cy l inde r s  a thermal  

f l u x  of 0.33 cal/sec/cm2 would be reached wi th  a su r face  temperature  

c lose  t o  500°C. 

The hea t  f lux by n a t u r a l  con- 

2 For t h e  same condi t ions  t h e  heat  f lux due t o  r a d i a t i o n  from 
2 

Under a c t u a l  s to rage  cond i t ions  a cool ing system would 

be necessary f o r  bo th  cy l inde r  s i z e s .  

I f  a d i f f e r e n t  s o l i d i f i c a t i o n  process  were used, d i f f e r e n t  parame- 

t e r s  wo?uld be necessary  f o r  t he  c a l c u l a t i o n s ,  b u t  t h e  f i n a l  r e s u l t  would 

be similar. I n  case of g ranu la r  s o l i d s  produced by t h e  f l u i d  bed process ,  

s e v e r a l  advantages and disadvantages should be considered. The advantages 

a r e :  (1) no glass-forming m a t e r i a l s  need be added; (2) the  energy r e -  

q1Jirements f o r  process ing  a r e  lower due t o  t h e  lower temperatures  needed; 

(3) t h e  f i n a l  product i s  l i g h t e r ;  and ( 4 )  a g r e a t e r  volume reduc t ion  i s  

achieved. On t h e  o the r  hand, t h e  disadvantages a r e  t h a t :  

p rodxct  has  a much h igher  l e a c h a b i l i t y  and (2 )  t h e  product has a v e r y  low 

thermal conduct iv i ty ,  r e q u i r i n g  t h e  use of smal le r  con ta ine r s  or  t h e  ex- 

t ens ion  of s to rage  i n  l i q u i d  form. 

i n  a reduced cos t  f o r  t h e  t h r e e  s t e p s :  (1) s o l i d i f i c a t i o n ,  (2) i n t e r i m  

(1) t h e  f i n a l  

F l u i d  bed s o l i d i f i c a t i o n  could r e s u l t  
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s t o r a g e  as s o l i d ,  and (3) t r a n s p o r t a t i o n  t o  t h e  u l t i m a t e  d i sposa l  s i t e .  

This  sav ing  would be  balanced by a poss ib l e  inc rease  i n  r i s k .  

a l s o  be an a d d i t i o n a l  cos t  due t o  t h e  longer  s to rage  per iod  as l i q u i d .  

S imi l a r  cons ide ra t ions  would be poss ib l e  f o r  every  o the r  s o l i d i f i c a t i o n  

There would 

process .  
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4. INTERIM STORAGE OF SOLID WASTE 

8 

. 

A t  t h i s  time no i n d u s t r i a l  f a c i l i t y  f o r  the  i n t e r i m  s to rage  of 

s o l i d  waste i s  i n  ex i s t ence ;  t he re fo re  the  design and t h e  technology of 

f u t u r e  s to rage  f a c i l i t i e s  are s t i l l  i n  an undefined s t age .  Conceptual 

designs and cos t  e s t ima tes  are a v a i l a b l e  f o r  s to rage  of s o l i d i f i e d  

wastes f o r  per iods  ranging from s e v e r a l  years  t o  unl imi ted  dura t ion .  

Proposals  e x i s t  f o r  s to rage  i n  w a t e r - f i l l e d  cana ls ,  i n  w a t e r - f i l l e d  

bas ins ,  i n  a i r - coo led  annular  b i n s ,  i n  a i r - coo led  concrete  v a u l t s ,  and 

i n  a i r - coo led  concrete  wel l s .  4.1, 4.2 

The annular-bin concept has been developed f o r  granular  s o l i d s  

produced by t h e  f l u i d i z e d  bed process .  These s o l i d s  can be t r anspor t ed  

pneumatical ly  t o  t h e  b i n s .  However, t h i s  s to rage  method does not  seem 

s u i t a b l e  f o r  wastes t h a t  must be removed a f t e r  a few yea r s  and t r a n s -  

por ted  t o  a d i f f e r e n t  u l t ima te  d i sposa l  s i t e .  Therefore ,  only s to rage  

f a c i l i t i e s  f o r  waste cy l inde r s  t h a t  can be t r a n s p o r t e d  without  a d d i t i o n a l  

process ing  w i l l  be considered i n  t h i s  r e p o r t .  

Most of a i r - coo led  f a c i l i t i e s  considered assume t h a t  cool ing  i s  by 

n a t u r a l  convection. For example, t h e  B r i t i s h  proposal  f o r  s t o r i n g  g l a s s  

prepared by the  F i n g a l  process  i s  t o  use a i r - coo led  v a u l t s  us ing  n a t u r a l  

convection; t h e  w a r m  a i r  escapes through a chimney, and a i r  c i r c u l a t i o n  

i s  maintained by t h e  thermal  g rad ien t  produced by decay hea t .  

Such a concept h a s  been proposed f o r  t h e  f i n a l  d i sposa l  of s o l i d i f i e d  

waste. 

4 .3  

4.3,  4.4 

T h i s  system i s  not  s u i t a b l e  f o r  waste conta in ing  la rge  amounts of 

t r a n s u r a n i c s ,  because t h e  i r , t e g r i t y  of t he  concrete  v a u l t s  and chimneys 

coi;ild not  be  guaranteed f o r  t h e  extremely long containment t imes r e -  
quired.  Furthermore,  cool ing  by n a t u r a l  convection impl ies  t h a t  t he  

hea t -genera t ion  r a t e  i n  the  waste i s  low. T h i s  means t h a t  a long per iod  

of' i n t e r i m  s to rage  as l i q u i d  would be requi red .  

waste of such low hea t -genera t ion  r a t e  would be shipped d i r e c t l y  f o r  u l -  

t imate  d i sposa l  i n  a deep geologic  formation without  f u r t h e r  i n t e r i m  

s to rage  on s i t e .  An a i r - coo led  f a c i l i t y  f o r  t h e  i n t e r i m  s torage  of 

h igh- leve l  s o l i d  waste should be s u i t a b l e  f o r  waste w i t h  r a t h e r  high 

hea t -genera t ion  r a t e s ,  and t h e r e f o r e  a fo rced  cool ing  system would be 

I n  our assumptions a 

necessary.  



With e i t h e r  water  or a i r  cool ing,  t he  waste would be s t o r e d  i n  rows 

of v e r t i c a l  cy l inde r s .  The d i s t ance  between cy l inde r s  would be c o n t r o l l e d  

by t h e  hea t -genera t ion  r a t e  of t h e  waste and by t h e  heat-removal c a p a c i t y  

of t h e  cool ing  system. An a i r - coo led  f a c i l i t y ,  because of  t h e  sma l l e r  

diameter of t h e  cy l inde r s  and of t h e  lower cool ing  e f f i c i e n c y  of a i r  i n  

comparison wi th  water ,  would r e q u i r e  more space t o  accommodate a u n i t  

amount of waste. 

For t h e  case of under-water s to rage ,  i t  i s  b e l i e v e d  t h a t  much tech-  

nology could be common wi th  present-day pools  f o r  t h e  s t o r a g e  of irra- 
d i a t e d  f u e l  elements.  Water would provide bo th  cool ing  and s h i e l d i n g ,  

and the  handl ing of cy l inde r s  would be much s impler  than  i n  an  a i r - coo led  

f a c i l i t y .  

4.1 Routine Operat ion of  I n t e r i m  Storage  F a c i l i t y  

I n  order  t o  de f ine  the  r e fe rence  dimensions of t h e  f a c i l i t y ,  we as- 
sume an i n t e r i m  s to rage  f a c i l i t y  a s s o c i a t e d  wi th  a r ep rocess ing  p l a n t  

having a capac i ty  of 7 .5  tons/day (2250 tons /year ) .  

t h a t  t h e  waste i s  s o l i d i f i e d  by a glass-forming process  and t h a t  t h e  

s o l i d  waste has t h e  c h a r a c t e r i s t i c s  descr ibed  i n  t h e  preceding chapter .  

We f u r t h e r  assume 

With t h e s e  assumptions,  the  s o l i d  waste product ion i s  210 m 3 per  year  

i n  1520 28-em-diam wast.e cy l inde r s ;  for an  a i r - c o o l e d  f a c i l i t y  s e rv ing  t h e  

same rep rocess ing  p l a n t ,  t he  product ion would be 2700 21-em-diam cy l in -  

ders  per year .  If t h e  s to rage  t ime as s o l i d  i s  about 9 yea r s ,  t h e  fa- 

c i l i t y  must evef l tual ly  have a capac i ty  of 13,700 cy l inde r s .  I f  t h e  

cy l inde r s  a r e  a r ranged  i n  p a r a l l e l  rows and i f  each cy l inde r  i s  allowed 

a space 1 . 5  t imes i t s  diameter i n  one d i r e c t i o n  and twice i t s  diameter 
2 i n  t h e  o t h e r ,  t he  a r e a  per cy l inde r  of 28-cm diameter i s  2350 ern . Add- 

i n g  t o  t h i s  a 25% allowance f o r  s e r v i c e  a r e a s ,  we ob ta in  an a r e a  of 2940 

ern per cy l inde r .  The t o t a l  a r e a  r equ i r ed  for 13,700 cy l inde r s  would be 

4000 m 

2 

2 With a depth of water of 12 rn, t he  volume of water  i n  t h e  fa- 
c i l i t y  would be 48,000 m 3 , p13us the  water present  i n  the  hea t  exchanger 

and deminera l iza t ion  systems. 
A t  c apac i ty ,  t h e  s to rage  f a c i l i t y  can accommodate 1900 m 5 of s o l i d  

waste which may have a t o t a l  hea t -genera t ion  r a t e  from 17 x 10 6 ca l / s ec  
. 
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t o  23 x lo6 ca l / sec .  

hea t  r e j e c t i o n  w i l l  be equ iva len t  t o  t h a t  of a 30 t o  50 MW(e) nuc lear  

Therefore ,  t h e  p o t e n t i a l  thermal  impact of maximum 

power r e a c t o r .  

With t h e  preceding assumptions,  t h e  r a t i o  between volume of waste 

and volume of water i s  about 1/25, and d iv id ing  t h e  volume of t he  waste 

by t h e  f l o o r  a r e a  of t h e  s to rage  f a c i l i t y ,  we o b t a i n  47 em3 of waste for 

every square cent imeter  of f l o o r  a rea .  I t  seems l i k e l y  t h a t  cana ls  or 

b a s i n s  w i l l  be covered by a b u i l d i n g  and t h a t  t h e  v e n t i l a t i o n  system w i l l  

inc lude  a condenser t o  r e c i r c u l a t e  t h e  water evaporated by t h e  decay h e a t .  

Under ope ra t ing  cond i t ions ,  t h e  average temperature  of t h e  cool ing  water 

i n  t h e  f a c i l i t y  i s  assumed t o  be about 50°C. 

s igned i n  such a way t h a t  f a u l t y  con ta ine r s  can be loca ted  and r e p a i r e d  

or  reencapsula t  e d. 

The f a c i l i t y  w i l l  be  de- 

4 .2  S i t i n g  Cons idera t ions  

If we accept  t h e  appa ren t ly  reasonable  assumption t h a t  t h e  s to rage  

f a c i l i t y  for h igh- l eve l  s o l i d  waste w i l l  be loca t ed  near  t h e  reprocess ing  

p l a n t ,  z i t e  s e l e c t i o n  w i l l  be mainly c o n t r o l l e d  by the  requirements  of 

t he  fuel.  r ep rocess ing  p l an t .  The problem of t h e  s i t i n g  of a f u e l  repro-  

ces s ing  p l a n t  has been t r e a t e d  i n  d e t a i l  i n  t h e  O W L  Fuel  Reprocessing 

Plan t  S i t i n g  Report .  4*5 
l o c a t i o n  i n  r e l a t i o n  t o  f u e l  so lxces ,  ( 2 )  acceptab le  populat ion d i s t r i b u -  

t i o n ,  (3) low s e i s m i c i t y ,  ( 4 )  a v a i l a b i l i t y  of  water ,  and ( 5 )  acceptab le  

meteoro logica l  condi t ions .  I n  r e l a t i o n  t o  t h e  meteoro logica l  r equ i r e -  

mer-ts, i t  rnust be noted t h a t  a r ep rocess ing  p l a n t  w i th  t h e  c a p a c i t y  of 

7 .5  tons  per day would produce d a i l y  from 80,000 t o  100,000 C i  of 8 5 K r ,  

and some system of d i s p o s a l  o the r  than  r e l e a s e  t o  t h e  atmosphere may be  

necessary.  The d i s p o s a l  of gaseous e f f l u e n t s  by deep w e l l  i n j e c t i o n  or 

t h e  s e p a r a t i o n  of 85Kr  and i t s  shipment t o  a s?;litable d i sposa l  s i t e  as 

compressed gas i n  gas  cy l inde r s  or  as d i spe r s ion  i n  a g l a s s y  mat r ix  would 

reduce t h e  importance of t h e  meteoro logica l  c h a r a c t e r i s t i c s  of t h e  s i t e .  

The main s i t i n g  c r i t e r i a  w i l l  be:  (1) r a t i o n a l  

The s to rage  f a c i l i t y  f o r  h igh - l eve l  s o l i d  waste w i l l  add l i t t l e  t o  

t h e  s i t e  requirements .  I n  t h e  case of a water-cooled f a c i l i t y  an adequate 

source of cool ing  water would be necessary.  



Negl ig ib l e  amounts of a c t i v i t y  would be  expected t o  be  r e l e a s e d  

r o u t i n e l y  t o  t h e  environment from the  s to rage  f a c i l i t y .  Both i n  a water-  

cooled and i n  an a i r - c o o l e d  f a c i l i t y  t h e  waste would be s t o r e d  a t  some 

depth below the  ground su r face .  The hydrologic  c h a r a c t e r i s t i c s  of t h e  

a rea ,  i nc lud ing  i o n  exchange c a p a c i t y  of t h e  geologic  m a t e r i a l s ,  t h e  r a t e  

and d i r e c t i o n  of groundwater movement, and r e g i o n a l  water u t i l i z a t i o n ,  

For a l l  o t h e r  ope ra t ions  t h a t  might would need t o  be i n v e s t i g a t e d .  

r e s u l t  i n  s p i l l i n g  and l eak ing  of contaminated s o l u t i o n s ,  a r a t h e r  deep 

water t a b l e  and good i o n  exchange capac i ty  of t h e  geologic  m a t e r i a l s  

a r e  d e s i r a b l e  f e a t u r e s .  A low permeabi l i ty  and high i o n  exchange ca- 

p a c i t y  of t h e  surrounding geologic  m a t e r i a l s  would be a d e s i r a b l e  n a t u r a l  

b a r r i e r  t o  prevent  widespread contamination of t h e  environment by t h e  

nonvo la t i l e  r ad ionuc l ides  and t o  provide time f o r  remedial  measures ir, 

case of  d i s a s t e r .  

4.6 

4.3  Poss ib l e  Mechanisms of A c t i v i t y  Release 
During I n t e r i m  Storage  

A l l  i n d - d s t r i a l  p l a n t s  present  a c e r t a i n  r i s k  f o r  man; i n  every  com- 

p lex  p l an t  many acc iden t s  a r e  poss ib l e  and, t h e r e f o r e ,  many r i s k s  must be 

considered. A s  Farmer has  observed, 'I... t h e r e  i s  no l o g i c a l  way of d i f -  

All acc iden t  f e r e n t i a t i n g  between c r e d i b l e  and i n c r e d i b l e  acc iden t s .  114.7 

eva lua t ions  should a i m  t o  a c p a n t i t a t i v e  e s t ima te  of t h e  p r o b a b i l i t y  of 

t h e  a c c i d e n t a l  s i t u a t i o n .  One should bea r  i n  mind t h a t  t h e  p r o b a b i l i t y  

of an acc iden t  w i l l  l i k e l y  inc rease  wi th  time due t o  progress ive  wear and 

d e t e r i o r a t i o n  of  t h e  p l an t .  The r i s k  a s s o c i a t e d  wi th  an  acc iden t  can be 

eqLiated as t h e  product of t h e  p r o b a b i l i t y  t imes the  conseqluences. For 

t h e  r i s k  t o  be accep tab le  e i t h e r  t he  p r o b a b i l i t y  must be low or t h e  con- 

seq-Jences must not  be s e r i o u s .  If t h e  consequences of a p a r t i c u l a r  

acc iden t  a r e  considered ca t a s t roph ic ,  i t  w i l l  be the  r e s p o n s i b i l i t y  of 

t he  engineers  t o  design t h e  p l a n t  wi th  appropr i a t e  sa feguards  t o  reduce 

the p r o b a b i l i t y  t o  the  low l e v e l  necessary  t o  make t h e  r i s k  acceptab le .  

The q u a n t i t a t i v e  eva lua t ion  of t he  p r o b a b i l i t y  of acc iden t s  i s  ve ry  d i f -  

f i c u l t ,  e s p e c i a l l y  i n  t h e  nuc lear  i n d u s t r y  which mer i to r ious ly  has  v e r y  

i n s u f f i c i e n t  s t a t i s t i c s .  However, the  p r o b a b i l i s t i c  approach seems t o  be 

t h e  only s c i e n t i f i c a l l y  v a l i d  one f o r  t h e  p l a n t s  of t h e  f iJ ture .  
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The only  acc iden t  t o  t h e  s to rage  f a c i l i t y  wi th  p o s s i b i l i t y  of ve ry  
s e r i o u s  consequences i s  a long o r  permanent loss of cool ing.  For a design 

t o  be considered acceptab le ,  t h e  p r o b a b i l i t y  of such acc iden t  must be 

van i sh ing ly  small. A s  far  as t h e  l o s s  of cool ing  acc iden t  i s  concerned, 

it seems t h a t  t h e  c r i t i c a l  s i t u a t i o n  would be t h e  r e l e a s e  t o  t h e  atmos- 

phere of cesium and ruthenium upon mel t ing  of t h e  waste.  

The eva lua t ion  of consequences of poss ib l e  acc iden t s  t o  t h e  s o l i d  

waste s to rage  f a c i l i t y  r e q u i r e s  assumptions about s p e c i f i c  s i t e  cond i t ions ;  

t h e r e f o r e ,  f o r  d i d a c t i c  purposes, we assume a s to rage  f a c i l i t y  l o c a t e d  i n  

t h e  Oak Ridge Reserva t ion  i n  an  outcrop of Conasauga sha le .  S ince  evalu-  

a t i o n s  of t h e  consequences of an  acc ident  t o  a h igh- leve l  l i q u i d  waste 

tank  loca ted  i n  a hypo the t i ca l  t ank  farm i n  t h e  same l o c a t i o n  a r e  a v a i l -  

a b l e ,  t h i s  choice w i l l  permit some u s e f u l  comparisons. 

For l i q u i d  waste tanks ,  i t  i s  considered t h a t  r e l e a s e s  of a c t i v i t y  

could be caused by one of t h e  fol lowing:  (1) tank  cor ros ion ,  (2 )  loss of 

cool ing,  (3) hydrogen explosion,  or  ( 4 )  e x t e r n a l  causes (ear thquake ,  war- 
f a r e ,  sabotage,  f l ood ,  e t c . ) .  408 So f a r  tank  cor ros ion  has been t h e  only 

cause of t a c k  f a i l u r e s .  Seve ra l  t anks  i n  t h e  United S t a t e s  have developed 

l eaks  i n  the  course of t ime, and occas iona l ly  h igh - l eve l  waste has been 

l o s t  t o  t h e  ground. For example, a t  Savannah River  one of t h e  tanks  has 

lost t o  t h e  ground about 1000 g a l  of h igh - l eve l  waste wi th  an es t imated  
3000 C i  of f i s s i o n  products .  4'9 A t  Hanford 11 tanks  have developed l eaks  

t o  da te .  I n  a t  l e a s t  one of t hese  cases  s e v e r a l  thousand c u r i e s  of f i s -  

s i o n  products  have been l o s t  i n t o  t h e  ground. 

have s i g n i f i c a n t  l e v e l s  of r a d i o a c t i v i t y  been observed t o  have migrated 

f a r  from t h e  po in t  of r e l e a s e .  S t i l l  t h i s  r e l a t i v e l y  high number of tank  

f a i l u r e s  demonstrates t h a t  t h e  p r o b a b i l i t y  of r e l e a s e  of r ad ionuc l ides  

when wastes  a r e  s t o r e d  is l i q u i d  form i s  f i n i t e .  I t  i s  be l i eved  t h a t  t h e  

engineers  who w i l l  design a s o l i d  waste s to rage  f a c i l i t y  w i l l  have t h e  

oppor tuni ty  of s u b s t a n t i a l l y  inc reas ing  t h e  i n t r i n s i c  s a f e t y  of t h e  s t o r -  

age. Every h igh - l eve l  s o l i d  waste s to rage  system w i l l  provide f o r  double 

containment;  every primary con ta ine r  f o r  s o l i d  waste ( e . g . ,  t h e  waste 

c y l i n d e r )  w i l l  conta in  a very  small f r a c t i o n  of t h e  a c t i v i t y  contained i n  

one l iqclid waste tank .  Waste cy l inde r s  w i l l  be e a s i l y  a c c e s s i b l e  and easy  

t o  in spec t .  If we compare t h e  poss ib l e  causes of tank  f a i l u r e  l i s t e d  

I n  none of t hese  cases  4.10 



above wi th  poss ib l e  causes of acc iden t s  t o  s o l i d  waste,  i t  i s  ev ident  

t h a t  i n  t h e  l a t t e r  case ,  no r a d i o l y t i c  hydrogen formation i s  poss ib l e  

i n s i d e  t h e  con ta ine r s ;  buit conta iner  f a i l u r e ,  loss of cool ing ,  and ex- 

t e r n a l  causes  s t i l l  must be considered. 

The p r o b a b i l i t y  of con ta ine r  f a i l u r e ,  i n  any kind of s to rage  fa- 

c i l i t y ,  i s  f i n i t e .  A leakage of a c t i v i t y  from t h e  con ta ine r  could be 

caused by a de fec t ive  s e a l i n g ,  by a r e l e a s e  of overpressure  b u i l t  up 

i n s i d e  t h e  con ta ine r ,  or by an abnormally h igh  cor ros ion  rake.  Under 

normal condi t ions  none of t hese  events  should cause any undue hazard.  

The cool ing  f l u i d  monitors would r e v e a l  t h e  leakage,  and remedial  a c t i o n  

could be taken.  

I n  case of a w a t e r - f i l l e d  s to rage  f a c i l i t y ,  t h e  l o s s  of coo l ing  

can take  two forms: a f a i l u r e  of t he  water  c i r c u l a t i o n  and cool ing  

system, or a loss of water .  For t h e  average hea t -genera t ion  r a t e  i n  

the  s to rage  f a c i l i t y ,  we w i l l  consider  t h e  t h r e e  poss ib l e  waste types  

of Table 3.6. I n  a l l  t h r e e  cases  t h e  i n i t i a l  hea t -genera t ion  r a t e  i s  

assumed t o  be 5 x 10 

t h e  r e a c t o r  t h e  hea t  genera t ion  i s  reduced t o  2.8 x LOe3, 3.8 x lom3, 
and 2 . 1  x cal/sec/cm , r e s p e c t i v e l y ,  f o r  LWR waste (33,000 MWd/ton), 

LWR waste (45,000 MWd/ton), and LMFBR waste. The average hea t -genera t ion  

r a t e  i n  t h e  s to rage  f a c i l i t y ,  accord ing  t o  t h e  type  of waste t h a t  i s  con- 

s ide red ,  i s  9 x 

cal/sec/cm3 r e s p e c t i v e l y .  

T h e o r e t i c a l l y ,  1/23 of t h e  average hea t  genera ted  per  u n i t  volume 

-2 cal/sec/cm3; about 10 yea r s  a f t e r  d i scharge  from 

3 

3 3 -2 cal/sec/cm , 1.2 x LOe2 cal/sec/cm , or 1.1 x 10 

of waste i s  a v a i l a b l e  per u n i t  volume of water .  With t h e  assumed average 

water temperature  of 50 C before  t h e  l o s s  of cool ing ,  t h e  time r equ i r ed  

for t h e  water t o  reach  b o i l i n g  i s  about 38 h r  for t h e  minimum hea t -  

genera t ion  r a t e  and 29 h r  f o r  t h e  maximum. If no water i s  added, i n  17 
and 13 more days, r e s p e c t i v e l y ,  a l l  t h e  water  present  i n  t h e  f a c i l i t y  

would be evaporated,  i f  t h e  i n i t i a l  r a t e  of h e a t i n g  i s  maintained. 

i s  a ve ry  approximate c a l c u l a t i o n ;  a l l  e f f e c t s  of progress ive  r educ t ion  

of depth of water on t ransmiss ion  of energy from waste t o  water a r e  ne- 

g l ec t ed .  The design of t he  i n t e r i m  s to rage  f a c i l i t y  w i l l  iriclude pro- 

v i s i o n s  f o r  the  condensation and r e c y c l i n g  of evaporated water ,  and t h i s  

wo;Jld prolong t h e  time r equ i r ed  for evapora t ion  t o  dryness . )  Therefore ,  

0 

( T h i s  
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a 

a f t e r  l o s s  of cool ing ,  i f  no remedial  a c t i o n  can be taken,  t h e  water 

would be heated t o  100°C and e v e n t u a l l y  b o i l e d  away. 

for as long as water  covers t h e  t o p  of t h e  waste cy l inde r s ,  t h e i r  w a l l  

temperature  w i l l  not  exceed 100 C and no damage of con ta ine r s  i s  l i k e l y .  

Therefore ,  wi th  waste s t o r e d  i n  water t h e r e  would be a c e r t a i n  amount 

of time, a f t e r  t h e  occurrence of an acc iden t ,  during which remedial  ac- 

t i o n  could be taken  t o  prevent  ex tens ive  damage. 

On t h e  o the r  hand, 

0 

If no remedial  a c t i o n  i s  taken o r  i f  t h e  acc iden t  had caused open- 

ings  i n  t h e  bottom of t h e  cana l s  o r  b a s i n s  and t h e  water were l o s t ,  t h e  

waste cy l inde r s  would s ta r t  a progress ive  s e l f - h e a t i n g .  Such a s e r i o u s  

s i t u a t i o n  could only  be caused by c a t a s t r o p h i c  circumstances t h a t  would 

make it  impossible  t o  t ake  t h e  necessary  remedial  ac t ion .  If we assume 

t h a t  t h e  water  has been l o s t  and t h a t  no remedial  a c t i o n  i s  taken,  t h e  

hea t ing  r a t e  of t h e  cy l inde r s  would be c o n t r o l l e d  by t h e i r  age and by t h e  

n a t u r a l l y  occurr ing  hea t  removal mechanisms. 

S e v e r a l  p o s s i b i l i t i e s  must be considered i n  r e l a t i o n  t o  hea t  removal. 

If  t h e  cy l inde r s  were l e f t  s t and ing  on t h e  bottom of empty cana ls  and 

bas ins ,  t h e r e  would be hea t  removal by r a d i a t i o n  and by convection. If 

t h e  cy l inde r s  were t o  f a l l  and l i e  on t h e  bottom, the  amount of hea t  

removed by r a d i a t i o n  and convection would be lower. I f  t h e  cy l inde r s  

were covered by t h e  rubbish  of co l l apsed  b u i l d i n g  and cana l  walls, even 

smal le r  amounts of hea t  would be removed by conduction, and bo th  hea t ing  

r a t e s  and temperatures  a t t a i n e d  would be a t  a maximum. I n  t h i s  las t  case 

some cy l inde r s  co;lld be broken by t h e  co l l apse .  Because of the  many 

u n c e r t a i n t i e s ,  no q u a n t i t a t i v e  assessment of t h e  above f a c t o r s  has been 

a t tempted  a t  t h i s  t ime. For cy l inde r s  i n  a i r ,  i t  seems l i k e l y  t h a t  on ly  

con ta ine r s  f - d l l  of waste wi th  a very  h igh  hea t -genera t ion  r a t e  could 

reach  the  mel t ing  poin t  of s t a i n l e s s  s t e e l .  If cy l inde r s  were b u r i e d  

by a co l l apsed  b u i l d i n g ,  many more would melt .  For cy l inde r s  t h a t  do 

not  mel t ,  biit a r e  hea ted  t o  s u b s t a n t i a l  temperatures ,  i t  woilld be neces- 

s a r y  t o  eval-date t h e  consequences of t h e  overhea t ing ,  i n  relation t o  i n -  

c reased  cor ros ion ,  and i n t e r n a l  p re s su re  bui ldup.  

I f  a con ta ine r  f a i l s ,  t h e  v o l a t i l e  components of t h e  waste could be  

r e l e a s e d  t o  t h e  atmosphere from t h e  molten waste. Because of t h e i r  r e l a -  

t i v e l y  low vapor p r e s s w e s ,  most of t h e  r e l e a s e d  a c t i v i t y  would be due 
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t o  cesium and ruthenium. Cesium could be r e l e a s e d  from molten waste a t  
a r a t e  of 0 .5  t o  1% per  hour. 

t o  a s s e s s ;  t h e  a v a i l a b l e  da t a  i n d i c a t e  a r a t h e r  e r r a t i c  behavior .  Oc- 

c a s i o n a l l y ,  ruthenium r e l e a s e  r a t e s  as high as t h e  ones f o r  cesium have 

been observed. 4011 I n  Table 4.1 a r e  shown t h e  amounts of lo6Ru, 134Cs, 

and 137Cs t h a t  could be  r e l e a s e d  t o  t h e  atmosphere i n  a t ime of t h e  order  

of 100 t o  200 h r  a f t e r  each cy l inde r  melted.  

The r e l e a s e  of ruthenium i s  d i f f i c u l t  

I f  we assume t h a t  on ly  cy l inde r s  t h a t  have been i n  s to rage  l e s s  than  

1 year  w i l l  r e l e a s e  a c t i v i t y  t o  t h e  atmosphere, we can c a l c u l a t e  t h a t  i n  

a few days as much as LO9 C i  of lo6Ru, 5 x 10 C i  of 134Cs, and 2 x 10 7 8 
8 C i  of 137Cs could be r e l e a s e d  i n  case of LMFBR waste,  and 6 x 10 C i  of 

8 8 lo6Rli ,  3 x 10 C i  of '%s, and 2 x 10 C i  of 137Cs i n  case of LWR waste 

(exposure,  33,000 Wd/ ton ) .  

have c a t  as t r o p h i  c conse quence s . 
Releases  of t h i s  order  of magnitude could 
4.8 

If a similar a c c i d e c t  should occur i n  an  a i r - coo led  concre te  v a u l t ,  

t h e  acc iden t  would evolve f a s t e r  because of t h e  absence of any water  t o  

evaporate .  I t  i s  l i k e l y  a l s o  t h a t ,  because of t h e  sma l l e r  waste cy l in -  

ders  and t h e  g r e a t e r  d i s t ance  between them, t h e  atmospheric  r e l e a s e  would 

be somewhat l e s s .  I n  bo th  kinds of s to rage  f a c i l i t i e s ,  however, t h e  non- 

v o l a t i l e  components of t h e  waste would remain i n  s i t u  and be sub jec t ed  

t o  q u i t e  d i f f e r e n t  events .  A t  t h e  high temperatures  reached i n  t h e  

s to rage  f a c i l i t y ,  t h e  concre te  would decompose and e v e n t u a l l y  t h e  waste 
would come i n t o  contac t  w i t h  t he  surrounding geologic  m a t e r i a l s .  I n  t h i s  

condi t ion  waste might be exposed t o  leaching  by water and r ad ionuc l ides  

t r a n s p o r t e d  through t h e  gro-md. A t  t h i s  po in t  two p o s s i b i l i t i e s  must be 

considered. If t h e  waste i s  below t h e  water  t a b l e ,  groundwater would 

seep towards t h e  waste cont inuously.  If t h e  waste i s  above t h e  water  

t a b l e ,  only r a inwa te r  f a l l i n g  d i r e c t l y  on it  or p e r c o l a t i n g  thro-agh t h e  

gro-md would reach  it .  I n  t h e  case of waste above t h e  water t a b l e ,  as- 

s-Aming t h a t  t h e  y e a r l y  r a i n f a l l  i s  1330 mm and t h a t  r a inwa te r  f a l l s  d i -  

r e c t l y  on t h e  waste,  wi th  47 cm3 of waste f o r  each square cec t imeter  of 

r a i n  c o l l e c t i n g  f l o o r  a r e a ,  t he  average hea t  product ion i n  the  waste S'J-f- 

f i c i e n t  t o  evaporate  t h e  r a i n f a l l  completely i s  5.3 x cal/sec/cm 3 . 
We car, see  i n  F ig .  3.1 t h a t  waste w i l l  exceed t h i s  hea t -genera t ion  r a t e  
for a cons iderable  l eng th  of t ime. Consider ing t h a t  t h e  r a i n f a l l  i s  n o t  

8 



Table 4.1. Inventory of V o l a t i l e  Radionucl ides  i n  F r e s h l y  F i l l e d  Cyl inders  
( c u r i e s )  

a a b 
28-em diam 21-cm diamb 28-em diam 21-em diamb 28-em diama 21-cm diam 

4 LMFBR 
8.0 x 10 2.2 x 10 1.5 x 10 waste 1 .2  x 10 7.0 x 10 4.0 x 10 

4 6.1 x io 3.3 x 10 2.5 x 10 1.4 x 10 1 . 5  x 10 8.0 x io LWR d waste 

1.9 x 10 2.0 x 10 1.1 x 10 5 6.9 x LO 3.7 x 10 3.4 x 10 e LWR 
waste 

_ _ _  ~ 

a One cy l inde r  contains  waste from 1.5 t o n  of  f u e l .  

cy l inder  conta ins  waste from 0.8 ton  of f u e l .  
C Fue l  ( co re  and b l anke t )  exposure,  33,000 MWd/ton; 58 MW/ton. 

%ue l  exposure, 33,000 MWd/ton; 30 MW/ton. 
e Fuel  exposure, 45,000 MWd/ton; 30 MM/ton. 
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-uniformly d i s t r i b u t e d  throughout t h e  year ,  it i s  more meaningful t o  c a l -  

c u l a t e  t h e  amount of water  t h a t  might fall on t h e  waste dur ing  a v e r y  

h igh  i n t e n s i t y  storm. Let  u s  assume a s torm wi th  a t o t a l  p r e c i p i t a t i o n  

of 400 mm i n  24 h r .  

average heat-product ion r a t e  of 6 x 
energy t o  evaporate  t h i s  amount of water  i n  24 h r .  Therefore ,  t h e  down- 

ward t r a n s p o r t  of a c t i v i t y  by p e r c o l a t i n g  r a inwa te r  would be prevented 

or s u b s t a n t i a l l y  reduced f o r  r a t h e r  long t imes.  

Although t h i s  would be  an excep t iona l  event ,  an  

cal/sec/cm3 could f u r n i s h  enough 

I n  case of waste l o c a t e d  below t h e  water  t a b l e ,  t h e  amount of ground- 

water t h a t  could come i n  contac t  w i th  t h e  waste would be c o n t r o l l e d  by 

the  seepage r a t e  through t h e  s h a l e  and the  a r e a  through which t h e  seepage 

occurs.  Assuming a seepage r a t e  of 2 cm /cm /day and a seepage a r e a  of 

1 em f o r  110 ern of waste (based on t h e  geometry of t h e  s t o r a g e  c a n a l ) ,  

an average hea t  product ion of 1.3 x cal/sec/cm3 would be enough t o  

completely evaporate  a l l  t h e  groundwater seeping  i n t o  t h e  s to rage  a r e a .  

I f  we assume t h a t  seepage i n t o  t h e  cana l  occurs  from a l l  d i r e c t i o n s  and 

t h a t  t h e  average th i ckness  of seepage i s  7 m (average depth of water  

t a b l e ,  5 m ) ,  we o b t a i n  1 em2 of seepage a r e a  f o r  50 cm3 of waste.  
3 t h e s e  condi t ions ,  an  average hea t  product ion of 3 x 

would be r e q u i r e d  t o  evaporate  t h e  incoming groundwater. 

3 2  

2 3 

Under 

cal/sec/cm 

Even i f  t h e  s h a l e  were a b l e  t o  produce t h i s  f low of water  towards 

t h e  waste, all water  would be evaporated f o r  s e v e r a l  decades. Only a f t e r  

t h e  hea t -product ion  r a t e  has  decreased enough t o  a l low some water  t o  seep  

back i n t o  t h e  formation a f t e r  having been i n  con tac t  wi th  t h e  waste would 

t h e  t r anspor t  of a c t i v i t y  by groundwater begin .  

Loss of v o l a t i l e  r ad ionuc l ides  t o  t h e  atmosphere i n  the  f i r s t  phases 

of t h e  acc iden t  would redace t h e  hea t -product ion  r a t e .  This  heat-  

genera t ion  r educ t ion  i s  l i m i t e d  t o  something between 4 and 13% of t h e  

t o t a l  hea t -genera t ing  capac i ty ,  depending on t h e  type of waste,  and would 

not change t h e  above cons ide ra t ions  s i g n i f i c a n t l y .  

I n  cor;clusion, t h e  l o s s  of cool ing  might r e s u l t  i n  t h e  mel t ing  of 

a f r a c t i o n  of t h e  waste cy l inde r s  and i n  t h e  atmospheric r e l e a s e  of  t h e  

v o l a t i l e  components if remedial  a c t i o n  i s  not  taken .  A t  h igh temperature  

t h e  concre te  of t h e  bottom of cana l s ,  b a s i n s ,  or v a u l t s  would be decom- 

posed. The water reaching  t h e  waste would be evaporated f o r  a f a i r l y  
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long  t ime b u t  even tua l ly  would l each  a c t i v i t y  out of t h e  waste and t r a n s -  

po r t  i t  through t h e  ground. 

4.4 Movement of Radionucl ides  Through t h e  Ground 

For t h e  t r a n s p o r t  of r ad ionuc l ides  through t h e  ground, i t  i s  assumed 

t h a t  t h e  e a r t h  behaves l i k e  a l a r g e  unidimensional  ion  exchange column. 

No l a t e r a l  or v e r t i c a l  migra t ion  o r  d i spe r s ion  i s  considered,  b u t  t h e  

spread  of t h e  s o l u t e  i s  assumed 

by Glueckauf f o r  t h e  e l u t i o n  of 

This  g ives  r i s e  t o  c 0 lumn . 
l e v e l s  of s o i l  loading ,  because 

would r e s u l t  i n  g r e a t e r  amounts 

4.12 

t o  occur i n  t h e  same manner as descr ibed  

a band of s o l u t e  through a chromatographic 

conserva t ive  e s t ima tes  of migra t ion  and 

mult idimensional  movement o r  d i  spe r s ion  

of s o i l  m a t e r i a l  be ing  contac ted  wi th in  

a given l i n e a r  d i s tance .  

can be found i n  Appendix A and a r e  based  on informat ion  obta ined  i n  pub- 

l i s h e d  l i t e r a t u r e  wherever poss ib l e .  

of 90Sr, 137Cs, 239Pu, and 241Am from a v a r i e t y  of phys i ca l  forms of 

s t o r e d  wastes a r e  dep ic t ed  i n  F igs .  4 . 1  t o  4.4.  I n  a l l  cases  it i s  as- 
sumed t h a t  LO remedial  a c t i o n  i s  taken t o  d e t e r  underground movement. 

The r a t e s  of movement of a l l  r ad ionuc l ides  a r e  cons iderably  lower than  
t h a t  of t h e  t r a n s p o r t i n g  s o l u t i o n ,  due t o  t h e  abso rp t ive  p r o p e r t i e s  of 

s o i l  ma te r i a l .  One i n t e r e s t i n g  a spec t  of t hese  c a l c u l a t i o n s  i s  t h a t  t hey  

i n d i c a t e  t h a t  t h e  o r i g i n a l  phys i ca l  form of t h e  waste m a t e r i a l  i s  of 

l i m i t e d  importance i n  r e s t r i c t i n g  t h e  long-term rad ionucl ide  movement. 

The reasons a r e :  

t h e  t imes r equ i r ed  f o r  d i s s o l u t i o n  a r e  s h o r t e r  t han  those  r equ i r ed  for 

r a d i o a c t i v e  decay of t h e  long- l ived  r ad ionuc l ides .  Thus, a l a r g e  f r a c t i o n  

of t h e  t o t a l  a c t i v i t y  of long- l ived  r ad ionuc l ides  would be d i s so lved  - i f  

t h e  waste were exposed t o  t h e  leaching  a c t i o n  of groundwater. (2 )  Most 

anions do not  i n t e r a c t  s t r o n g l y  wi th  minera l  s u r f a c e s ;  so  t h e  inc reased  

e l e c t r o l y t e  conten t  of  gro-mdwater, due t o  l i q u i d  l eaks  o r  t o  d i s s o l u t i o n  

of t h e  more so lub le  s o l i d  m a t e r i a l ,  would be d i s s i p a t e d  more quick ly  than  

t h e  pulse  of r a d i o a c t i v i t y  r e l eased .  

t h e  pulse  of r a d i o a c t i v i t y  would be t r a n s p o r t e d  i n  groundwater of normal 

The d e t a i l s  of t h e  assumptions and c a l c u l a t i o n s  

The r e s u l t s  of some t y p i c a l  c a l c u l a t i o n s  f o r  t h e  e x t e n t  of movement 

(1) Even f o r  t h e  r e l a t i v e l y  in so lub le  s o l i d i f i e d  wastes  

This  means t h a t  f o r  most of t h e  t,ime 
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concent ra t ions  r a t h e r  than  i n  a h ighly  s a l t e d  s o l u t i o n  and t h a t  t h e  r a t e s  
of r ad ionuc l ide  migra t ion  and e x t e n t s  of movement would be  e s s e n t i a l l y  

t h e  same r e g a r d l e s s  of t h e  i n i t i a l  sa l t  concent ra t ion .  I n  the  case of  

137Cs, s e l e c t i v e  adso rp t ion  l i m i t s  i t s  movement ve ry  markedly. This  i s  

d-Ae p r imar i ly  t o  t h e  s t e r i c  f a v o r a b i l i t y  of exchange s i t e s  on most c l a y  

minerals  f o r  i ons  t h e  s i z e  of ~ e s i u m . ~ ’ l ~ ’  4’14 F i e l d  measurements of t h e  

ex ten t  of cesium movement i n  Conasauga s h a l e  due t o  l i q u i d  r e l e a s e s  i n t o  

su r face  p i t s  confirm t h a t  cesium mobi l i t y  i n  t h i s  formation i s  q u i t e  

low. 4 .15  

Strontium-90 would be  expected t o  be  somewhat more mobile t han  137Cs, 

e s p e c i a l l y  i n  cases  where c a u s t i c  i s  not  added t o  f avor  c o p r e c i p i t a t i o n  

wi th  calcium carbonate .  4016 Stront ium would be expected t o  behave s i m i -  

l a r l y  t o  calcium, which i s  t h e  predominant s t a b l e  element on t h e  exchange 

complex of most s o i l s  i n  temperate c l ima tes .  

Pl-,-it onium- 2 3 9, p l u t  onium- 24 0, ame r i c ium- 241, an d ame r i c i um- 24 3 wou 1 d 

be expected t o  rnigrate cons iderably  f u r t h e r  t han  e i t h e r  137Cs o r  90Sr, 

pr imar i ly  because of t h e i r  much longer  h a l f - l i v e s .  Even though t h e  r a t e s  

of movement of t h e s e  nuc l ides  a r e  ve ry  low due t o  formation of r ad ioco l -  

l o i d s ,  t h e r e  can be apprec i ab le  t r a n s l o c a t i o n  i f  l each ing  i s  cont inued 

for thousands of yea r s .  These e x t e n t s  of movement a r e  based  on t h e  prop- 

e r t i e s  of Conasauga sha le .  Sha les  g e n e r a l l y  have very  good s o r p t i v e  

p r o p e r t i e s  f o r  r a d i o c a t i o n s  because of t h e i r  high c l ay  conten t  and r e l a -  

t i v e l y  slow r a t e s  of water migrat ion due t o  t h e i r  low permeabi l i ty .  Other 

formatioris nay r e s t r i c t  t he  migrat ion of r ad ionuc l ides  t o  a much l e s s e r  

e x t e n t ,  i f  t h e  waste i s  sub jec t ed  t o  t h e  leaching  a c t i o n  of moving ground- 

water .  If t h e  forrnatiori i s  devoid of -dater,  migra t ion  e o - ~ l d  o c c ’ x  only  as 
the  res-Alt of s-drface d i f f u s i o n  on e a r t h  p a r t i c l e s ;  n i g r a t i o n  i n  systems 

where t h e r e  i s  water t h a t  i s  Lot moving could o c c l r  as su r face  d i f f l a i o n  

and  molecular d i f f u s i o n  i n  t h e  i r i t e r s t i c e s  of t h e  formation.  I n  these  

cases  oce would expect  t h e  r a t e s  of migra t ion  t o  be o rde r s  of magnitude 

l e s s  than  i n  s i t u a t i o n s  where c o m e c t i v e  t r a n s p o r t  by moving groundwater 

occurs.  

Act-dally,  m d e r  t h e  l o c a l  condi t ions  i n  Conasauga sha le ,  t h e  t r a n s -  

p o r t i n g  groundwater would i n t e r c e p t  the  s-drface a f t e r  moving about 60 m. 

IC t h i s  s i t 7 J a t i o n  t h e  i n i t i a l  mob i l i t y  of t h e  waste has  a marked in f luence  

. 

c 



on both  t h e  concent ra t ion  and t o t a l  q u a n t i t y  of r ad ionuc l ides  t h a t  reach  

su r face  waters  (F igs .  4 .5  t o  4.8).  This  i s  e s p e c i a l l y  t r u e  for 137Cs 

which has both  a very  r e s t r i c t e d  r a t e  of movement i n  t h e  ground and a 

s h o r t  h a l f - l i f e  r e l a t i v e  t o  t h e  t r a n s u r a n i c s  239Pu, 240Pu, 241Am, and 
243,m. 

O f  course i t  i s  impossible  t o  a s c e r t a i n  t h a t  a given d i r e c t i o n  and 

r a t e  of groundwater f low w i l l  be maintained for thousands of y e a r s ,  b u t  

if the  assumed condi t ions  a r e  cont inuous ly  maintained, s i g n i f i c a n t  migra- 

t i o n  of each of t hese  r ad ionuc l ides  could occur be fo re  they  had decayed 

t o  innocuous l e v e l s .  During such t ime per iods ,  i t  may a l s o  be an  over- 

s i m p l i f i c a t i o n  t o  assume t h a t  t h e  s o l i d  mat r ix  on which abso rp t ion  occurs  

i s  not  moving. Hence, i t  should be poin ted  out  t h a t  t h e  c a l c u l a t e d  ex- 

t e n t s  of movement of t hese  r ad ionuc l ides  a r e  sub jec t  t o  l a r g e  degrees  of 

e r r o r  and t h a t  t h e  r e s u l t s  a r e  not  t o  be construed as r e a l  p r e d i c t i o n s  

b u t  a r e  t o  be used only  as an  i n d i c a t i o n  of t he  r e l a t i v e  e x t e n t  of move- 

ment t h a t  could be  encountered. 

4 . 5  Conclusions 

It  i s  b e l i e v e d  t h a t  a l o s s  of cool ing  acc iden t  could develop i n t o  

t h e  very  s e r i o u s  s i t u a t i o n  descr ibed  i f  no remedial  a c t i o n  were taken  i n  

time. The l a c k  of remedial  a c t i o n  could be caused only by an e x t e r n a l  

major d i s turbance  t h a t  a t  t h e  same time causes t h e  loss of cool ing  and 

prevents  f u r t h e r  opera t ion  of t he  s to rage  f a c i l i t y .  Such an  e x t e r n a l  

cause can be imagined as n a t u r a l  or caused by human ac t ion .  I n  case of 

n a t u r a l  d i s a s t e r s ,  such as ear thquakes and f loods ,  bo th  t h e  p r o b a b i l i t y  

and t h e  consequences of  an acc iden t  would be minimized by c a r e f u l  design 

and s i t i n g .  
The eva lua t ion  of t h e  p r o b a b i l i t y  of man-caused d i s rup t ion ,  e i t h e r  

because of madness, sabotage,  or warfare ,  cannot be based on c h a r a c t e r i s -  

t i c s  of t h e  s i t e  and w i l l  no t  be d iscussed  here .  However, app ropr i a t e  

s i t i n g  of t h e  f a c i l i t y  and s u i t a b l e  geologic  cond i t ions  a t  the  s i t e  would 

always minimize t h e  g r a v i t y  of t h e  consequences. 
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Fig .  4 .5 .  Cumulative F r a c t i o n  of 'OS, O r i g i n a l l y  Present  i n  Various 
Forms of Waste That Would Reach a Seep 60 Meters from t h e  Source IJnder 
Condi t ions of Continuous Leaching. 
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NOTE THAT WHEN RELATIVELY STABLE SOLIDS ARf 
FORMED THE MIGRATION OF 137Cs IS DELAYED 
ENOUGH TO ALLOW IT TO DECAY BEFORE IT CAN 
REACH THE SURFACE. 
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TIME ( y e a r s )  

104 

Fig.  4.6. Cumulative F r a c t i o n  of 137Cs O r i g i n a l l y  Present  i n  Various 
Forms of Waste That Would Reach a Seep 60 Meters from the Source Under Con- 
d i t i o n s  of Continuous Leaching. 
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Fig.  4.7. Cumulative F r a c t i o n  of 241Am O r i g i n a l l y  Present  i n  Various 
Forms of Waste That Would Reach a Seep 60 Meters from t h e  Source Under Con- 
d i t i o n s  of Continuous Leaching. 
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Fig. 4.8. C-LmJ.lative F r a c t i o n  o f  239Pu Originally P r e s e n t  i n  Vario- is  
F o r m  of Waste Tha t  Wol~ld Reach a Seep 60 Meters from t h e  Source Under Con- 
d i t i o n s  of ContimoTJs Leaching. 
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5. GEOLOGIC PROCESSES RELEVANT TO THE ULTIMATE DISPOSAL 

E a r l y  proposa ls  f o r  long-term management of h igh - l eve l  r a d i o a c t i v e  

waste appa ren t ly  assumed t h a t  a thousand yea r s  containment would be su f -  

f i c i e n t .  

t e r  1, much longer  containment t imes w i l l  be  r equ i r ed  because of t h e  

presence of t r a n s u r a n i c s .  

t h e  long-term hazards t h a t  would r e s u l t  from t h e  presence of plutonium 

i so topes  i n  t h e  environment. 

t h e  hazards  a r e  h igh  and t h a t  t h e  waste w i l l  r e q u i r e  containment f o r  

per iods  of s e v e r a l  hundreds of thousands of yea r s ,  which i s  ve ry  long  

r e l a t i v e  t o  man's w r i t t e n  h i s t o r y  of a few thousand years .  The only  

r e a l i s t i c  s o l u t i o n  t o  such a problem i s  u t i l i z a t i o n  of a r e l a t i v e l y  deep 

geologic  formation which, by i t s  na tu re ,  i s  capable of permanently pre- 

ven t ing  the  waste from e n t e r i n g  t h e  b iosphere .  

a b l e  formation w i l l  r e q u i r e  t h e  c a p a b i l i t y  of making some kind of geologic  

p r e d i c t i o n s  f o r  t h e  t ime per iod  covering t h e  next  m i l l i o n  yea r s .  

However, we b e l i e v e  t h a t ,  i n  view of  t h e  p r o j e c t i o n s  of Chap- 

A r e a l i s t i c  eva lua t ion  needs t o  be made of 

A t  p resent  it seems prudent t o  assume t h a t  

The s e l e c t i o n  of a s u i t -  

It  i s  necessary  t o  cons ider  such f a c t o r s  as change i n  c l imate ,  change 

i n  hydrology, e ros ion  (channel  and h i l l s l o p e  e ros ion ,  g l a c i a l  e ros ion ,  

e t c . ) ,  t ec tonism (orogeny, epeirogeny, subsidence,  e t c .  ) ,  and volcanism. 

A l l  t hese  need t o  be eva lua ted  i n  a d d i t i o n  t o  t h e  shor t - te rm geo log ica l  

cons ide ra t ions  of f a u l t i n g ,  ear thquakes,  groundwater motion, e t c .  , t h a t  

a r e  normally considered i n  t h e  s i t i n g  of nilclear f a c i l i t i e s .  

Geology, up t o  t h e  present  t ime,  has  been a sc i ence  wi th  l i m i t e d  

p r e d i c t i v e  c a p a b i l i t y .  So f a r  no c o n s i s t e n t ,  comprehensive theo ry  capable 

of exp la in ing  t h e  major geologic  f e a t u r e s  of t h e  e a r t h  has been a v a i l a b l e .  

Developments of t h e  last  few years  may even tua l ly  provide e a r t h  s c i e n t i s t s  

with a l o g i c a l  model capable of exp la in ing  t h e  t e c t o n i c  f e a t u r e s  of t h e  

e a r t h .  The r ecen t  demonstration of ocean f l o o r  spreading  has caxsed t h e  

r e b i r t h  and a f f i r m a t i o n  of t h e  once-dead theo ry  of c o n t i n e n t a l  d r i f t .  

From t h i s  r e c e n t  evidence has evolved a new t e c t o n i c  i n t e r p r e t a t i o n  c a l l e d  

p l a t e  tec tonics .5 '1 -5 '3  

oceanic  da ta .  I n  the  fut-dre a c a r e f u l  r eeva lua t ion  of t h e  geologic  iri- 

t e r p r e t a t i o n  of c o n t i n e n t a l  a r e a s  w i l l  be necessary.  The ques t ion  t o  be 

answered i s  i f  t h e  d e t a i l e d  knowledge of c o n t i n e n t a l  geology can be 

The new theory  i s  p r e s e n t l y  based  mainly on 
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r e i n t e r p r e t e d  i n  agreement wi th  t h e  moving p l a t e s  of a dynamic e a r t h .  
If p l a t e  t e c t o n i c s  theo ry  su rv ives  t h i s  t e s t ,  geologic  p r e d i c t i o n s  should 

become f e a s i b l e .  

The p a r t i c u l a r  kind of p r e d i c t i o n s  necessary  f o r  management of r ad io -  

a c t i v e  waste a r e  concerned wi th  small a r e a s  and r e l a t i v e l y  s h o r t  per iods  

of t ime,  g e o l o g i c a l l y  speaking. Therefore  t o  have p r e d i c t i o n s  of p r a c t i -  

c a l  u t i l i t y  i n  r e l a t i o n  t o  t h e  waste management problem, f i n e  d e t a i l s  

f o r  l o c a l  a r e a s  w i l l  need t o  be  inc luded  i n  t h e  gene ra l  model. While it 
seems reasonable  t h a t  even tua l ly  t h i s  w i l l  become poss ib l e ,  i t  i s  pres-  

e n t l y  impossible  t o  e s t ima te  how long it w i l l  t ake .  

A t  t h i s  t ime,  it i s  impossible  t o  make exac t  p r e d i c t i o n s ,  b u t  we cari 

evalidate upper l i m i t s  f o r  t h e  order  of magnitude of geologic  changes ex- 

pec ted  i n  t h e  next  few hundred thousand years .  Such eva lua t ions  a r e  based 

on two kinds of observa t ions :  

1. The p resen t  r a t e  of geologic  processes .  

2.  The magnit-dde of changes t h a t  have occurred i n  t h e  r e c e n t  

geologic  pas t .  

For t h e  second poin t  a s tudy  i s  r equ i r ed  of s e l e c t e d  geologic  events  

of t he  QJa ternary  per iod.  Unfor tuna te ly ,  cursory  review of t h e  l i t e r a t u r e  

about Qxaternary geology b r ings  t o  l i g h t  many d i f f i c u l t i e s :  l i k e  a con- 

f u s i n g  terminology and dura t ion  e s t ima tes  f o r  t h i s  per iod  varyirig from 

7OO,@OO yea r s  t o  more than  3 mill iorl  years .  5'4-5* 
hard t o  b e l i e v e  f o r  t h i s  b e s t  b o - i n  of a l l  geologic  per iods ,  b u t  i t  i s  

a f a c t  t h a t  many c o r r e l a t i o n s  between geographica l ly  sepa ra t ed  Quaternary  

Such disagreement i s  

success ions  a r e  con t rove r s i a l .  The problem i s  complicated by boundaries  

based on s t r a t i g r a p h i c  f e a t u r e s  t h a t  a r e  g e n e r a l l y  time t r ansg res -  
s i v e .  5*10-50 l2 I n  a d d i t i o n  most QJaternary success ions  do no t  conta in  

rocks s u i t a b l e  f o r  r a d i o a c t i v e  da t ing .  However, we can conse rva t ive ly  

assane t h a t  events  r epor t ed  as having occurred d w i n g  t h e  P le i s tocene  o r  

t h e  $-raternary+ evolved i n  a t ime span of about a m i l l i o n  years .  

Whe Quaternary  pe r iod  inc ludes  two epochs: P l e i s tocene  and Holo- 
eerie. The Holocene began 11,000 yea r s  ago; t h e r e f o r e  i t s  duratiofi  i s  
n e g l i g i b l e  i n  comparison wi th  t h e  r e s t  of t h e  Quaternary. 
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A m i l l i o n  yea r s  i s  not  a very  long time from a geologic  po in t  of 
view. A l l  major geo log ica l  f e a t u r e s  of t h e  e a r t h  r e q u i r e d  much longer  

t imes f o r  t h e i r  evolu t ion .  S t i l l ,  it i s  known t h a t  during t h e  P l e i s t o -  

cene t h e  e a r t h ' s  c r u s t  was sub jec t ed  t o  l o c a l  changes of g r e a t  magnitude. 

There i s  evidence t h a t  we a r e  l i v i n g  i n  a g e o l o g i c a l l y  p e c u l i a r  per iod .  

Charac te r ized  by fast  changes, t y p i c a l ,  a t  most, of on ly  a few e a r l i e r  

time spans of comparable length.  5*13 
e p i c o n t i n e n t a l  s eas  have been r e t r e a t i n g  and t h e  average e l e v a t i o n  of 

For  t h e  p a s t  90 m i l l i o n  yea r s  t h e  

con t inen t s  has  been inc reas ing ,  r e s u l t i n g  i n  an  extreme cond i t ion  of 

c o n t i n e n t a l i t y .  This  causes severe  c l i m a t i c  cond i t ions  and high r a t e s  

of e ros ion  and sedimentat ion.  5- 15-50 14 

I n  t h e  P le i s tocene ,  wide a r e a s  have been u p l i f t e d  while  o t h e r s  have 

been covered wi th  hundreds of meters of sediments,  proof of fast  sub- 

s idence.  The c l imate  has  been sub jec t ed  t o  a s e r i e s  of major changes 

t h a t  have r e s u l t e d  i n  repea ted  g l a c i a l  episodes.  Mean sea  l e v e l  has  

beer, r i s i n g  and f a l l i n g  according t o  t h e  amoclnt of water  bound on land 

as i c e .  Rivers  have cu t  deep v a l l e y s  and then  r e f i l l e d  them wi th  sed i -  

ments on ly  t o  cu t  aga in  i n t o  the  sediment.  Seve ra l  e ros ion  cyc les  have 

o c m r r e d ,  as shown by khe remains of t e r r a c e s  a long  many v a l l e y s ,  Gla- 

c i e r s  have l e f t  a t y p i c a l  morphology i n  wide a r e a s  wi th  s t e e p  g l a c i a l  

v a l l e y s ,  l akes ,  moraines,  drumlins,  and e ske r s .  The mel t ing  of t h e  i c e  

caps removed a load  from a r e a s  of t h e  e a r t h  c r u s t  t h a t  had p rev ious ly  
sxbsided under t h e  weight.  

g l a c i a t e d  a r e a s  has been and i s ,  i n  a geo log ica l  sense ,  a very  fast 
movement. The l a s t  maximian i n  t h e  e x t e n t  of g l a c i a t i o n  was only  20,000 

years  B.P. (be fo re  p r e s e n t ) ;  s ince  t h a t  time t h e  sea  l e v e l  has r i s e n  

more than  100 m. 5015 
t h e  phys ica l  cond i t ion  of c e r t a i n  a r e a s  i n  t imes  t h a t  a r e  short even 

compared t o  h i s t o r i c  t imes a r e  f a u l t i n g  and vo lcan ic  a c t i v i t y .  

The i s o s t a t i c  u p l i f t  i n  t hese  p rev ious ly  

Other geo log ica l  phenomena t h a t  a r e  a b l e  t o  change 

5 . 1  Stream Eros ion  

Rates  of e ros ion  va ry  g r e a t l y  from place  t o  p lace ,  and i n  the  same 

p lace  from time t o  t ime. The r a t e  of denudation ( t h e  average r a t e  a t  
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which m a t e r i a l  i s  removed from an  a r e a )  i s  c o n t r o l l e d  by c l imate ,  r e l i e f ,  

and t h e  l i t h o l o g i c a l  na tu re  of m a t e r i a l s  sub jec t ed  t o  e ros ion ;  occasion- 

a l l y ,  human a c t i v i t y  i s  a major f a c t o r .  

examples of long-term denudation r a t e s  f o r  a few geographica l  reg ions .  

I n  Table 5.2 a r e  e s t ima tes  ofopresent  r e g i o n a l  e r o s i o n  r a t e s  f o r  s e v e r a l  

geographical  r eg ions  of t h e  United S t a t e s .  
The e f f e c t  of a g r i c u l t u r e  and o t h e r  human a c t i v i t i e s  on the  r a t e  of 

I n  Table 5 .1  a r e  l i s t e d  some 

denudation can be  q u i t e  pronounced. Judson has es t imated  t h e  present  

r a t e s  of e ros ion  i n  wes t - cen t r a l  I t a l y ,  e s p e c i a l l y  no r th  of Rome, and 

compared them wi th  t h e  denudation r a t e s  be fo re  t h e  days of a g r i c u l -  

t u r e .  5020 

agree  ve ry  w e l l  w i th  a rchaeo log ica l  r eco rds  extending over more than  

2000 years .  

o l o g i c a l  s i t e s  near  Rome. 

s i t e s  mentioned i n  t h e  t a b l e  a r e  loca t ed  i n  h i l l y  a r e a s  wi th  an  e leva-  

t i o n  of a few hJndred meters above s e a  l e v e l .  The h i s t o r i c a l  r a t e s  of 

e ros ion  vary between 10 and 100 cm/lOOO yea r s  w i th  most of t h e  da t a  i n  

t h e  range of 20 t o  50 cm/lOOO years .  

e ros ion  r a t e s  of 2 t o  3 cm/1000 yea r s  a r e  i n d i c a t e d ,  about an  order  of 

magnitude l e s s  than  i n  h i s t o r i c a l  t imes.  

wi th  t h e  present  t r e n d  i n  populat ion inc rease ,  human pressure  on t h e  en- 

vironment w i l l  i nc rease .  

The p resen t  r a t e s  of e ros ion ,  determined from s t ream reco rds ,  

I n  Table 5.3 a r e  shown some r a t e s  of e ros ion  for archae-  

I t  i s  i n t e r e s t i n g  t o  observe t h a t  most of t h e  

For the  p r e a g r i c u l t u r a l  e r a ,  

I t  i s  l i k e l y  t h a t  i n  t h e  f u t u r e ,  

5.20, 5.21 

U r s i c  and Dendy have s t i td ied  t h e  ann3Jal sediment y i e l d s  from small 
-Jpland watersheds i n  no r the rn  Miss i s s ipp i .  The product ion of sediments 

i s  g r e a t e s t  from c- i i l t ivated land  a s d  i s  lowest f o r  pilie p l a n t a t i o n s  and 

mature pine-hardwoods; i n t e rmed ia t e  va lues  a r e  observed f o r  pas t -me,  

abar-doned f i e l d s ,  and deple ted  hardwoods. 5*22 

valiles;  t h e  range i s  s t r i k i n g ,  covering more than  t h r e e  o rde r s  of 

magnitude 

Table 5.5 i l l u s t r a t e s  t h e  in f luence  of r e l i e f  and c l imate  on de- 

Table 5.4 shows t h e  

E-JdatIon. Denudation r a t e s  f o r  p l a t eaus  and h igh-e leva t ion  piedmonts, 

a r e a s  which a r e  high above s e a  l e v e l  b;;t which have s lopes  similar t o  

those  of lowlands, a r e  in t e rmed ia t e  betweer; those  of t h e  mountains and 

t h e  lowlands. Areas of very  recer, t  o rogenes is  w i l l  have t h e  s t e e p e s t  

r e l i e f  and t h e  h ighes t  der,;ldation r a t e s .  5.23 



Table 5.1. Pas t  and Present  Rates  of Denudation 
(from Menard, 1961 5.16) 

Area Volume 
a Denud- R a t i o  of De nu de d Time Deposi ts  a t i o n  Pas t  Rate  Present  Rate Pas t  and 

(km) (cm/lOOO y r )  (cm/L000 y r )  Present  Rate  Region (10 6 2  km ) (10 6 yr) (10 6 3  km ) 

Appalachian 
M i s s i s s i p p i  

Himalaya 

Rocky Mountain 
(L. C r e t . l c  

1.0 

1.0 

0 .8  

Rocky Mountain < 0.4 
(u. C r e t . ) c  

12 5 
1-50 

40 

25 

40 

7 - 8  
11.1 

8.5 
0.6 

2.2 

7.8 
6.9 

8.5 
0 .7  

> 4.8 

6.2 
4.6 

2 1  

3 

12 - 20 

d 
1.1 

4.6e 

loof 

5.6 
1.0 

0.2 

a 

bArea denuded i n  p a s t .  

Geologica l  Names Committee, 1958, U. S. Geological  Survey. 

C G i l l u l y  (1949). 5.17 

ds i~spended  load  of r i v e r s  + 33% (33% added by  Leopold e t  a l . ,  1964). 5.18 
e Suspended load  of r i v e r s  + 10% (10% added by Leopold et, a l . ,  1964). 5.18 

-- 
-_I 

fSusper?ded load  of r i v e r s .  



Table 5 .2 .  Rates  of Regional  Eros ion  i n  the  United S t a t e s  
(Modif'ied from Zudson and R i t t e r ,  1964 5.19) 

Drainage 
Region 

Average 2 

( lo3 km2) (l@3 m3/sec) Dissolved S o l i d  T o t a l  (cn? / lOOO y r )  Sampled Record 

Load (tons/km / y r )  Drainage 
Areaa Runaff 

Denudation Area Years of 

Colorado 629 0 .6  
P a c i f i c  S lopes ,  303 2.3 

Western Gulf 829 1.6 
M i s s i s s i p p i  3238 179 5 
South A t l a n t i c  736 9.2 

C a l i f o r n i a  

and Eas t e rn  
G u l f  

North A t l a n t i c  383 5.9 
Columbia 679 9.8 

T o t a l s  6797 46.9 

23 

36 

41 

39 
61 

57 
57 
43 

417 440 
209 245 

101 142 

94 133 
48 109 

69 126 
44 101 

119 162 

17 56 32 

9 44 4 

5 9 9 
5 99 12 

4 19 7 

5 10 5 
4 39 < 2  

6 

a Great Basin,  S t .  Lawrence, and Hudson Bay drainage no t  considered.  
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a Table 5.4. Sediment and Surface  Water Yie lds  
5*22) (Modified from U r s i c  and Dendy, 1965 

b Average Average Annual Sediment Yie lds  Denudation Rates  
Annual Annual 

Land Use or  R a i n f a l l  Runoff Means Ranges Means Ranges 
Cover Type (n4 (mm) ( t ons /hec ta re )  ( t ons /hec ta re )  (cm/lOOO y r )  (cm/1000 y r )  

Open land: 
Cu l t  i va t e  d 1320 405 48 7.35-96- 50 185 28-371 
Pas tu re  (one u n i t )  1295 380 3.61 2 67-4 55 14 io- 17 

F o r e s t  land: 
Abandoned f i e l d s  1295 180 0.29 0.023-1.21 1.1 0.1-5 

Depleted hardwoods 1295 130 0.23 0.045-0.72 0.9 0.2-3 ul 

Pine p l a n t a t i o n s  1370 25 0.045 0.00-0.18 0.2 

Mature pine hardwoodsC 1295 230 0.045 0-023-0.09 0.2 

m 

0.0-0.7 

Gul l i e sdJe  1-34 5 408 1.89-895 1-570 727-3442 
0.1-0.3 

a Data are means of 9 values ,  3 r e p l i c a t i o n s  of each cover for t h e  3 yea r s ,  1959-1961, except  pine 
hardwoods ( 1960- 1961) 

bAssumes a dens i ty  of 2.6 f o r  m a t e r i a l  eroded. 

dAverage annual  r a i n f a l l  and sediment outf low from seven g u l l i e s  for t h e  5 yea r s ,  1956-1960. 
e 

C These watersheds a r e  or1 hydro log ica l ly  shal low s o i l s .  

C .  R .  M i l l e r ,  Woodburn, Russel ,  and H. R .  Turner ,  "Upland Gul ly  Sediment Product ion,"  Symposium 
of  Bari ,  I n t e r n a t l .  Assoc. S c i .  Hydrol. Pub. 59, 1962. 
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Table 5.5. R e l a t i v e  Rates  of Denudation i n  Uplands and Lowlands 
i n  Di f f e ren t  Cl imates  

(Modified from Corbel,  1959 5.23) 

Es t imated  Rate  
of Denudation 

Physiographic Environment (crn/~000 y r )  

Lowlands: s lope  5 0.001 

1 .5  
2 . 9  

P e r i g l a c i a l  c l imate ,  permafrost  

Climate wi th  snow accumulation i n  win te r  

Temperate oceanic  c l imate  (Lower Rhine, Seifie, 
Lower Lo i re )  

2.7 

5.8 
Hot-dry c l ima te  (Mediterranean-New Mexico) 1 .2  
Trop ica l  d e s e r t i c  c l imate  (Cen t ra l  Sahara)  0 .1  ( ? >  

3.2  

Hot-moist c l imate ,  e q u a t o r i a l  2 . 2  

Cont inenta l  c l imate  (Missour i -Miss i ss ippi )  

Hot-moist c l imate  wi th  dry season 

Mountains: s lope  2 0.01 

P e r i g l a c i a l  c l imate  (Glamaa, BGvra, H t .  Drac, Arve) 60 
80 

22 

Extreme n i v a l  c l imate  (Southeas te rn  Alaska)  

Oceanic c l imate ,  in te rmedia te  e l e v a t i o n  

Mediterranean c l imate ,  high e l e v a t i o n  

Mediterranean c l ima te ,  semi-dry 

Hot-dry c l imate  (Southwestern United S t a t e s ,  

(Durance, Gran Sasso)  

( Isonzo,  Brenta)  

Tun i s i a )  

45 

10 

18 

9.2 Hot - moi s t c l imate  ( U  suma c i  n t a 



Schumm, by p l o t t i n g  t h e  denudation r a t e s  f o r  drainage a r e a s  of about 

versus  t h e  r e l a t i v e  r e l i e f  of t h e  b a s i n  ( r e l i e f  of b a s i n  divided 2 4000 km 
by b a s i n  l e n g t h ) ,  ob ta ined  t h e  curves of F ig .  5.1.  5024 Curve 1 i s  ob- 

t a i n e d  by p l o t t i n g  c a l c u l a t e d  maximum values ,  while curve 2 r e p r e s e n t s  

average r a t e s  of denudation. 5*4 
i n g  t h e  r a t e s  of denudation a c t u a l l y  observed i n  small b a s i n s  l o c a t e d  i n  

t h e  semiar id  Western United S t a t e s .  The e x t r a p o l a t i o n  t o  e ros ion  r a t e s  

f o r  drainage b a s i n s  of 4000 km i s  based on a r e l a t i o n  between drainage 

a r e a  and r a t e  of e r o s i o n  proposed by Brune. 5 '25 
t i o n ,  r a t e s  of denudation a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  0.15 power of 

t he  drainage a rea .  Because l e n g t h  i s  cons tan t ,  Fig.  5 . 1  shows a l s o  t h e  

i n c r e a s e  i n  denudation r a t e s  as t h e  r e l i e f  of  t h e  b a s i n  i s  i n c r e a s e d  t o  

9000 m. 

Curve 2 has been obtained by e x t r a p o l a t -  

2 

According t o  t h i s  r e l a -  

5.24-5.28 

Most of t h e  denudation r a t e s  mentioned above a r e  average v a l u e s  f o r  

e n t i r e  b a s i n s  or even f o r  l a r g e - s c a l e  geographical  reg ions .  I t  should be 

kept i n  mind t h a t  e ros ion  can be very  much more a c t i v e  on a l o c a l  s c a l e .  

A small drainage b a s i n  i n  t h e  l o e s s  h i l l s  of Iowa, with an a r e a  of 3.4 
km , provides  an extreme example. 

r a t e  which produces a denudation f o r  t h e  b a s i n  of 12.8 m per  1000 

years .  5029  
t h e r e f o r e  a f t e r  a l l  t he  l o e s s  i s  removed, t h e  r a t e  of e ros ion  w i l l  be 

2 Here sediments a r e  be ing  removed a t  a 

Loess i s  c h a r a c t e r i z e d  by l i t t l e  r e s i s t e n c e  t o  e ros ion;  

expected t o  decrease.  

The r a t e  of v a l l e y  c u t t i n g  by streams can be very  d i f f e r e n t  from 

t h e  average r a t e  of denudation of an e n t i r e  watershed. 

of t h i s  i s  the  Grand Canyon. The p1atea.J which has  been carved by t h e  
Colorado River  extends over much of Utah, Arizona, New Mexico, and 

western Colorado. The morphology of t h e  p l a t e a u  s u r f a c e  i n d i c a t e s  a 
v e r y  advanced eros ion  cycle .  

x p l i f t e d  t o  a he ight  of 1800 t o  2400 m above sea  l e v e l ;  t h i s  s t a r t e d  t h e  

present  e r o s i o n  cycle ,  during which the  Canyon was carved. 

Canyon i s  a v e r y  impressive morphologic fea t -x-e ,  350 km long and w i t h  a 
maximw depth exceeding 1600 m. The time r e q u i r e d  f o r  t h e  formation of 

t h e  Canyon i s  d i f f i c u l t  t o  a s s e s s ,  b u t  e s t i m a t e s  of 1.5 t o  2 m i l l i o n  

years  a r e  probably c l o s e  t o  t h e  t r u t h .  

r a t e  of about 80 cm/lOOO years  f o r  t h e  Canyon, almost f i v e  t imes as high 

A c l a s s i c  example 

The reg ion  formed a peneplane when it  was 

The Grand 

This  g ives  an apparerlt c t l t t ing  
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Fig .  5 .1 .  Re la t ion  of Denudation Rates  t o  Rel ief-Length 

c 

R a t i o  and 
Drainage Basin R e l i e f .  Denudation r a t e s  a r e  a d j u s t e d  t o  drainage a r e a s  of 
about 4000 km2. 
of 91.5 cm/lOOO yea r s  when r e l i e f - l e n g t h  r a t i o  i s  0.05. Curve 2 i s  based  
on a c t u a l  da t a  from small drainage bas ins  i n  a r e a s  unde r l a in  by sandstone 
and sha le  i n  semiar id  r eg ions  of t h e  western United S t a t e s  (Modifie’d from 
Schum,  19635.24). 

Curve 1 i s  based on t h e  average maximum denudation r a t e  
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. 

. as t h e  r e g i o n a l  denudation r a t e ,  17 cm/lOOO years ,  e s t ima ted  by  Judson 

and R i t t e r .  5*19 The r e a l  c u t t i n g  r a t e  could be  even h igher ,  because the  

Colorado River  has  cu t  t h e  p re sen t  depth of t h e  Canyon p lus  t h e  th i ckness  

of m a t e r i a l  removed from t h e  surrounding highlands.  Not many r i v e r s  

can be  expected t o  have deepened t h e i r  v a l l e y s  a t  such a h igh  r a t e ,  bu t  

many v a l l e y s  show evidence of changes i n  f l o o r  l e v e l  i n  Quaternary  t imes  

of hundreds of meters.  5.30-533 

5.2 Orogenic and Epeirogenic  U p l i f t  

The Colorado P la t eau  i s  a ve ry  good example of  how a peneplane wi th  

very  low e ros ion  r a t e s  can be re juvenated  and sub jec t ed  t o  much h igher  

e ros ion  r a t e s .  Cons idera t ion  of poss ib l e  e ros ion  r a t e s  of t h e  f u t u r e  

must no t  overlook t h e  poss ib l e  u p l i f t  of t h e  a rea .  

The Table 5.6 i s  a p a r t i a l  l i s t  of a r e a s  t h a t  have been sub jec t ed  

t o  u p l i f t i n g  i n  P le i s tocene  t imes.  Some of t h e s e  r a t e s  of u p l i f t  a r e  

r a t h e r  high. For example, t h e  f o o t h i l l s  of t h e  southern  Himalaya have 

been u p l i f t e d  about 1800 m s i n c e  t h e  beginning of middle P le i s tocene .  

I n  Ca lab r i a  ( sou the rn  I t a l y )  e a r l y  P le i s tocene  marine sediments have been 

found a t  an  e l e v a t i o n  of 1000 m above s e a  l e v e l .  However, t hese  va lues ,  

i f  averaged, g ive  minimum r a t e s ,  because t h e  major po r t ion  of t h e  u p l i f t  

probably occurred during a f r a c t i o n  of t h e  t o t a l  t ime. I n  f a c t ,  r a t e s  

of u p l i f t  measmed a t  t h e  present  t ime i n  a r e a s  of a c t i v e  orogeny far  

exceed t h e  average va lues  obta ined  from geologic  evidence. I n  Table 5.7 
a r e  some examples of present  r a t e s  of orogenic  u p l i f t .  The r a t e s  of 

epe i rogenic  u p l i f t  observed by Ca i l l eux  a long  seacoas t s  a r e  much lower. 

The average va lue  i s  1 mm/year, wi th  a range between 0 . 1  and 4 
m / y e a r  5 0  34 
nor the rn  I s r a e l .  5*35 

Kafri r e p o r t s  observa t ions  aboilt v e r t i c a l  movements i n  

From t hese  da t a  i t  earl be concluded t h a t  v e l o c i t y  

of movement i s  very  t ime dependent. For i n t e r v a l s  of a few yea r s ,  d i s -  

placement r a t e s  as high as 50 t o  60 mm/year were observed. On t h e  o t h e r  

hand, f o r  time in-cervals of about 20 yea r s  t h e  v e l o c i t i e s  a r e  a few 

mi l l ime te r s  per  year .  5 -35 ,  5.36 



Table 5.6. P a r t i a l  L i s t  of Highlands U p l i f t e d  i n  Pleis tocene Time 
a (Modified from F l i n t ,  19575. 13) 

Type of U p l i f t  
E = epeirogeny Amplitude 

Highland Unit  0 = orogeny (meters) Date 

A. Americas 

Rocky Mountains, Colo. 
San Juan Mountains, 

Uinta Mountains, Utah 
Colo. 

Rocky Mountains, Mont. 

Basin and Range region,  

S i e r r a  Nevada, Calif. 
Coast Ranges, Ca l i f .  
Coast Ranges, Alaska 
East Greenland 
Ice land  
Venezuela Cordi l le ra  
Andes, Peru 
Andes, Bol iv ia  

Nevada, e t c .  

B. Europe 

Scandinavian Peninsula 
A l p s  

Ape nni ne s 
Dinaric  Alps 

C .  Asia 
Caucasus Mount a i  ns 
Pamir Mountains 

Tien Shan 

Himalaya Mountains 
Mountain ranges i n  

Yunnan, China 

Mountain ranges i r ,  
S i b e r i a  

D. Oceania 

New Zealand Alps 

E 
E 

E 

E 

E 

E 
0 
0 
E 
E 
E 
E 
E 

E 
E 

0 ,E 
E 

E 
E 

E 

E 
E 

E,O 

E,O 

1800 
1000 

2400- 3000 

Many hun- 
dreds of 
meters 

600 

1500 

1600 
1500 

2000 

1000 

800- 1200 

1800 
Many hun- 

dreds of 
meters 

2000-3500 

Pos t - la te  Pliocene 
Pos t - la te  Pliocene 

Pliocene and E a r l y  

Late  Pliocene and E a r l y  
Pleis tocene 

P le i s tocene  

E a r l y  Pleis tocene 

E ar  ly Ple i s t o ce ne 
Mid-Pleistocene or l a t e r  
Ple  i s t ocene 
Pleis tocene 
Ple  i s t o cene 
Ple i s t ocene 
P le i s tocene  
Pliocene and Ple i s tocene  

Pleis tocene 
Pliocene t o  mid- 

Pleis tocene 
Pleis tocene 
E a r l y  P le i s tocene  

Pleis tocene 
Late  Pliocene and 

Late  Pliocene and 

Post m i  d-Plei  s tocene 
Pliocene or Pleis tocene 

Pleis tocece 

Pleis tocene 

Ple i s t ocene 

Culmination: l a t e  
Pliocene and Ear ly  
Pleis tocene 

. 

a F l i n t  (1957), pp. 501-502. 

e 



Locat ion 

Table 5.7. Some Present  Rates  of U p l i f t  
(Data from Schumm, 1963 5.24) 

Present  Rate  of U p l i f t  
( m/Yr 1 Source 

San Antonio Peak, Calif .  

Buena Vista H i l l s ,  Calif .  

Cajon S t a t i o n ,  Cal i f .  

Baldwin H i l l s ,  C a l i f .  

Alamitos P l a i n ,  Cal i f .  

Santa  Monica Mountains, Calif. 

San Jose  H i l l s ,  Calif .  

San Gabr i e l  Mountains, Calif. 

Japan, average 

Japan, range 

Pe r s i an  Gulf 

Pers ian  Gulf 

5.2 
12 .8  

6 .1  
8.8 
4 .9  
4 . 0  

4 . 0  

6 .1  
4.6 

7.6 - 0 . 8  

10 

3 

G i l l u l y  (1949) 
G i l l u l y  (1949) 
G i l l u l y  (1949) 
G i l l u l y  (1949) 
G i l l u l y  (1949) 
Stone (1961) 
Stone (1961) 
Stone (1961) 
Tsuboi (1933) 
Tsuboi (1933) 
Lees (1-955) 
Lees (1.955) 

5.3 G l a c i a l  Eros ion  

The high average e l e v a t i o n  of t h e  con t inen t s  i n  l a t e  Cenozoic t ime 

and the  widespread highlands have been one of t h e  causes of t h e  l a r g e  

a r e a l  e x t e n t  of P l e i s tocene  g l a c i e r s .  5 * 4 9  5*13 
wide a r e a s  of t he  e a r t h  has been shaped by g l a c i e r s ,  which a r e  ve ry  a c t i v e  

geomorphic agen t s .  The amount of denudation i n  gla(: iated a r e a s  due t o  

the  a c t i o n  of g l a c i e r s  i s  d i f f i c u l t  t o  eva lua te .  The a v a i l a b l e  da t a  

show, however, t h a t  t h e  r a t e  of denudation has been q u i t e  v a r i a b l e .  

The morphology of very  

5.13 

The r a t e  of g l a c i a l  e ros ion  i s  c o n t r o l l e d  by s e v e r a l  f a c t o r s :  (1) 

r a t e  of g l a c i e r  movement, ( 2 )  t h i ckness  of i c e ,  (3) amount and phys ica l  

cha rac t e r  of t h e  d r i f t  which c o n s t i t u t e s  t h e  base  of t h e  g l a c i e r ,  ( 4 )  
e r o d i b i l i t y  of t h e  geo log ica l  m a t e r i a l s  beneath the  g l a c i e r ,  and ( 5 )  t o -  

pography. The g l a c i a l  depos i t s  l e f t  i n  Germany, Poland, and Russ ia  con- 

t a i n  very  l a r g e  volumes of rocks of Scandinavian o r i g i n .  There i s  no 
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doubt t h a t  t h e  Scandinavian mountains have been sub jec t ed  t o  extreme 

r a t e s  of e ros ion .  The Sogne F j o r d  i n  Norway has  been eroded f o r  a t o t a l  

apparent  depth of 2400 m i f  we cons ider  t he  v a l l e y  depth bo th  above and 

below s e a  l e v e l .  F j o r d s  a r e  ve ry  l i k e l y  t h e  most impressive morphologic 

f e a t u r e s  produced b y  g l a c i a l  e ros ion .  I n  Table 5.8 a r e  l i s t e d  t h e  deep- 

e s t  known f j o r d s .  The g r e a t  depth of many f j o r d s  could be due i n  p a r t  

t o  s t ream e r o s i o n  dur ing  t h e  i n t e r g l a c i a l  per iods ,  b u t  i t  d e f i n i t e l y  

appears  t h a t  i c e  has been the  main geomorphic agent .  

Table 5.8. Grea te s t  Known F j o r d  Depths 

(Modified from F l i n t ,  19575'13; o r i g i n a l l y  i n  Peacock, 193Fa) 

Geographical 
Lo  c a t  i on 

b Depth 
( m) Name 

B r i t i s h  Columbia 

A l a s k a  

Norway 

Patagonia  

780 

878 

12 10 

1288 

Fin layson  Channel 

Chatham S t r a i t  
( o u t e r  p a r t )  

Sogne F j o r d  

Me s s i  e r  Channe 1 

% l i n t  (1957), p. 97; o r i g i n a l l y  i n  M. A. Peacock, 
"Fjord- land of B r i t i s h  Columbia," Geol. SOC. Am. Bu l l .  46 -' 
633-696 (1935) ' 

bValues given a r e  depths of water ;  depths  t o  bedrock may 
be g r e a t e r .  

I t  i s  b e l i e v e d  t h a t  t h e  l a r g e  v a l l e y s  of B r i t i s h  Columbia and 

southern Alaska have been deepened by g l a c i e r s  by a t  l e a s t  600 m. A t  t h e  
present  r a t e  of e r o s i o n  (2000 cm/lOOO yea r s )  t h e  Muir G lac i e r  i n  southern  

A l a s k a  would remove 600 m of rock i n  about 30,000 yea r s .  5013 Very h igh  
r a t e s  of e ros ion  have been r e c e n t l y  observed by Washburn i n  e a s t e r n  Green- 

land,  where t h e  seasonal  f r e e z e  and thaw i n  a n e a r l y  g l a c i a l  c l imate  

causes denudation r a t e s  ranging between 900 and 3700 ern per  1000 

years .  5*37 I n  Table 5 .9  a r e  some exarnples of p re sen t  r a t e s  of g l a c i a l  

e ros ion  taken from Corbel. 5'23 According t o  Corbel g l a c i a l  e ros ion  i s ,  
on t h e  average,  fou r  t imes more e f f e c t i v e  than  f l u v i a l  e ros ion .  

t h e  maximum e ros ion  r a t e s  a r e  considered,  we f i n d  t h a t  t he  r a t e s  due t o  
If only  

k 

g l a c i a l  e ros ion  a r e  25 t imes t h e  r a t e s  due t o  t o r r e n t i a l  e ros ion .  



73 

Table 5.9. Present  Rates  of G l a c i a l  Eros ion  
5.23) (Data from Corbel 

Name of Name of Geographical Denuda t i on 
Torren t  G lac i e r  Locat ion (cm/1OOO y r )  

Dranse 

Bossons 

Nant Blanc 

H e i l s t r u g a  

Mernurelven 

Aus e r  f j 8 t u r  

Jo ku l  Is 6 
Hoff e Is j bkull 

Hof s j b k u l l  

I s o r t o k  

S as k a t  chewan 

Valai s, , France 

Chamonix, France 

French Alps 

Norway 

Norway 

I ce land  

I c e l a n d  

I c e l a n d  

I c e  land  

Western Greenland 

Canada 

Alaska 

Alaska 

E t endar d 

a Muir 

Hidden b 

100 

180 

160 

160 
220 

220 

320 
180 
250 

200 

500 

3000 

14 0 

a The r a t e  of e ros ion  mentioned by F l i n t  f o r  t h i s  g l a c i e r  i s  

bThis extremely high r a t e  of e ros ion  i s  r e l a t e d  t o  a per iod  

3 

f o u r  t imes h igher .  

of ve ry  r a p i d  advance a t  t h e  beginning of t h i s  century.  The f r o n t  
of  Hidden g l a c i e r  advanced about 3 krn a t  t h e  r a t e  of 10 t o  15  m 
per  day. During t h i s  per iod ,  t h e  g l a c i e r  produced 3O,OOO,OOO m 
of s e  dirnent s 

Many l akes  i n  North America and i n  Europe occupy v a l l e y s  and b a s i n s  

Many g l a c i a l  b a s i n s ,  t h a t  have been excavated and deepened by g l a c i e r s .  

p r e s e n t l y  occupied by l akes ,  have t h e i r  bottoms s e v e r a l  hundreds of meters 

below s e a  l e v e l .  The t roughs  of t h e  F inger  Lakes i n  c e n t r a l  New York 

were excavated t o t h e  present  depth of 450 t o  600 m below t h e  tops  of 

ad jacen t  highlands by a combination of s t ream and g l a c i e r  e ros ion .  

Hudson River  Va l l ey  between Newburgh and P e e k s k i l l ,  New York, has a bed- 

rock f l o o r  t h a t  i s  between 200 and 300 m below s e a  l e v e l .  The e a s t e r n  

The 
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p a r t  of t h e  b a s i n  occupied by t h e  Great S lave  Lake has  a f l o o r  more than  
600 m below t h e  l a k e  su r face .  5.13 

A t  t h e  same t ime it i s  known t h a t  ve ry  wide a r e a s  sub jec t ed  t o  g l a -  

c i a t i o n  have been denuded a t  a ve ry  low r a t e .  An example of a v e r y  r e -  

duced r a t e  of g l a c i a l  e ros ion  can be seen  i n  t h e  Canadian Sh ie ld ,  

p a r t i c u l a r l y  i n  t h e  F l i n  Flon d i s t r i c t ,  400 mi les  southwest of Hudson 

Bay. 

i t  i s  b e l i e v e d  t h a t  t h e  t o t a l  denudation d i d  not  exceed a few meters.  

Here t h e  g l a c i e r s  f a i l e d  t o  e r a s e  t h e  p r e g l a c i a l  morphology, and 

Undoubtedly, t h e  e f f e c t i v e n e s s  of g l a c i a l  e ros ion  has  v a r i e d  e x t e n s i v e l y  

wi th  geographic loca t ion .  

s t ream e ros ion ,  and it deserves  c a r e f u l  cons ide ra t ion ,  no t  on ly  because 

of t h e  very  high r a t e s  t h a t  i t  can poss ib ly  a t t a i n ,  b u t  a l s o  for i t s  
capac i ty  t o  extend t h e  e ros ive  a c t i o n  many hundreds of meters below s e a  

l e v e l .  

G l a c i a l  e ros ion  d i f f e r s  cons iderably  from 

5.5.1 Cause of G lac i a t ion  

4 P  

G l a c i a l  per iods  a r e  excep t iona l  even t s  i n  t h e  geologic  h i s t o r y  of 

t h e  e a r t h .  Many poss ib l e  causes have been proposed t o  e x p l a i n  t h e  r ecu r -  

r e n t  i c e  ages.  The most l i k e l y  explana t ion  i s  t h a t  g l a c i a t i o n s  a r e  

caused by a concurrence of c i rcumstances.  Probably t h e  main cause i s  
r e l a t e d  t o  a s u i t a b l e  d i s t r i b u t i o n  of oceans and lands .  I n  order  for 

g l a c i e r s  t o  extend,  t h e  geographical  p o s i t i o n  of t h e  poles  must permit 

grcwth of l a r g e  i c e  caps,  and con t inen t s  a t  high l a t i t u d e  must have a 
high average e l e v a t i o n .  Once these  gene ra l  cond i t ions  a r e  met, t h e  in -  

d iv idua l  g l a c i a l  per iods  a r e  probably t r i g g e r e d  by i n s o l a t i o n  v a r i a t i o n s ,  

wi th  a mechanism f i r s t  proposed by Milankovitch and l a t e r  sappor ted  by  
many o the r  au tho r s .  The importance of i n s o l a t i o n  v a r i a t i o n s  seems t o  

be proved by t h e  correspondence between t h e  minimums i n  t h e  i n s o l a t i o n  

c w v e  and t h e  minimum temperatures  i n  ocean waters  e s t ima ted  from t h e  

18@/160 r a t i o  i n  t h e  carbonate  of s h e l l s  of p e l a g i c  Foraminifera .  

If t h i s  i n t e r p r e t a t i o n  i s  c o r r e c t ,  a new g l a c i a l  pe r iod  can be expected 

i n  about 10,000 yea r s ,  when an i n s o l a t i o n  minimum w i l l  aga in  occur.  A t  

t h a t  t ime t h e  no r the rn  a r e a s  t h a t  have been covered by i c e  during t h e  

l a s t  g l a c i a l  maximum w i l l  have completed t h e i r  i s o s t a t i c  recovery and 

w i l l  have an  average e l e v a t i o n  higher  than  a t  present .  

5.4-5.7 

5-38-5 41 

5c*. 

a 

1, 
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5.3.2 U p l i f t  of Previous ly  Glac ia t ed  Areas 

C 

(b- 

b 

The i s o s t a t i c  u p l i f t  of prev ious ly  g l a c i a t e d  a r e a s  i s  of such mag- 

n i tude  as t o  compensate no t  only f o r  t h e  weight of removed i c e  b u t  a l s o  

f o r  t h e  weight of m a t e r i a l  eroded. Fenno-Scandia i s  t h e  b e s t  known ex- 

ample of such a movement. The a r e a  has been u p l i f t e d  i n  a dome-like 

shape wi th  t h e  maximum recovery i n  t h e  r eg ion  of t h e  Gulf of Bothnia,  

where t h e  i c e  had a t t a i n e d  t h e  maximum th ickness .  Es t imates  as h igh  as 

1500 m have been made for t h e  t o t a l  recovery,  bu t  it i s  l i k e l y  t h a t  t h e  

u p l i f t  has not  been q u i t e  s o  g r e a t ,  probably not  more than  500 t o  600 m. 

However, such a l a r g e  u p l i f t  i n  a t ime span of l e s s  t han  20,000 yea r s  

would d r a s t i c a l l y  a f f e c t  t h e  whole e ros ion  p a t t e r n  of any region.  

p re sen t  r a t e  of  u p l i f t  i s  s t i l l  n e a r l y  1 cm/year i n  t h e  n o r t h  of t h e  

Gulf of Bothnia;  Fa i rb r idge  has  c a l c u l a t e d  t h a t  around 10,000 t o  11,000 

B.P. t h e  r a t e  of c r u s t a l  u p l i f t  was a t  l e a s t  10 cm/year. 5038 I t  has been 

es t imated  t h a t  t h e  i s o s t a t i c  u p l i f t  s t i l l  t o  be expected i n  t h e  a r e a  i s  

about 210 m. 5013 
been sub jec t ed  t o  a dome-like u p l i f t  v e r y  much l i k e  Fenno-Scandia. IJn- 

f o r t u n a t e l y ,  t h e  a v a i l a b l e  knowledge of t h e  p o s t g l a c i a l  recovery of North 

America i s  not  s o  complete as f o r  t h e  B a l t i c  a r ea .  The r a t e  of t i l t i n g  

seems t o  be  about 1 mm/lOO km/year, which i s  l e s s  than  i n  Fenno-Scandia. 

I t  has been e s t ima ted  t h a t  t h e  cen te r  of t h e  dome i n  t h e  Hudson Bay r eg ion  

can be expected t o  r i s e  another  260 m. 

The 

The g l a c i a t e d  a r e a s  of North America a r e  known t o  have 

I n  t h e  Hudson Bay a r e a ,  pos t -  
g l a c i a l  marine sediments have been f o m d  a t  a l t i t u d e s  of about 270 m. 5.8 

It i s  known a l s o  t h a t  much of t h e  northwestern coas t  of North America 

has been u p l i f t e d  i n  p o s t g l a c i a l  t ime. Near Vancouver, p o s t g l a c i a l  marine 

sediments have been found up  t o  230 m above s e a  l e v e l .  I n  Alaska similar 

sediments have been r epor t ed  up t o  180 m above s e a  l e v e l .  

A s  might be expected,  -v lp l i f t  has been r e p o r t e d  a l s o  f o r  a l l  t he  

o the r  a r e a s  known t o  have been g l a c i a t e d ,  such as t h e  B r i t i s h  I s l a n d s ,  

I ce l and ,  Spi t sbergen ,  Novaya Zemlya, S i b e r i a ,  Greenland, Patagonia ,  and 

t h e  A n t a r c t i c .  Among t h e s e  a r e a s ,  t h e  h ighes t  u p l i f t  has been observed 

i n  Greenland, where p o s t g l a c i a l  marine sediments have been found up t o  

200 m above sea  l e v e l .  

g e s t  a present  r a t e  of u p l i f t  of 1 cm/year. 

Meas:n-ernents made i n  no r theas t e rn  Greenland sug- 



During t h e  maximum i c e  ex tens ion ,  t h e  sea  l e v e l  was 130 t o  150 m 

lower than  i t s  p resen t  l e v e l ;  e u s t a t i c  changes i n  s e a  l e v e l ,  n a t u r a l l y ,  

a f f e c t  t h e  r a t e  of e ros ion  of a r e a s  where t h e  s e a  i s  t h e  base  l e v e l .  

5.4 Subsidence 

So  f a r  we have considered u p l i f t  and e ros ion  as poss ib l e  causes of 

d r a s t i c  changes of t h e  phys ica l  cond i t ions  of geologic  formations.  The 

poss ib l e  e f f e c t  of subsidence and t h e  r e l a t e d  h igh  r a t e  of sed imenta t ion  

should be considered a l s o .  The main r e s u l t  of t h i s  phenomenon i s  a 

s h i f t i n g  t o  g r e a t e r  depth of t h e  whole s t r a t i g r a p h i c  column, wi th  t h e  

consequent changes i n  temperature  and pressure .  

Temperature and pressure  a r e  cond i t ions  of concern f o r  t h e  u l t i m a t e  

d i sposa l  of r a d i o a c t i v e  wastes r e g a r d l e s s  of t h e  na tu re  of t h e  d i s p o s a l  

formation. However, i n  case of d i s p o s a l  i n  sa l t  formations,  because t h e  

p l a s t i c i t y  of sa l t  inc reases  markedly wi th  temperature ,  t h e r e  i s  concern 

t h a t  e l e v a t e d  temperatures  might a f f e c t  t h e  s t a b i l i t y  of t h e  formation.  

Cons idera t ion  of t h i s  f a c t o r  has  l e d  t o  a reasonable  l i m i t a t i o n  t h a t  t h e  

temperature  i n  a d i s p o s a l  f a c i l i t y  i n  sa l t  should not  exceed 200 C ;  

h igher  temperature  could conceivably be t o l e r a t e d  i n  rock formations 

l e s s  sub jec t  t o  p l a s t i c  deformation, bu t  t h e  temperature  would s t i l l  

need t o  be l imi t ed .  

30 t o  35 a), a temperature  of 2 0 O o C  would be reached a t  a depth of about  

6 0 ~ 0  m. There a r e  many a r e a s  where t h e  geothermal g rad ien t  i s  much h igher  

(up t o  l 0 C  every 10 t o  15 m) and where 200 C would be expected a t  sha l -  

0 

0 I n  a r e a s  of normal geothermal g rad ien t  (1 C every 

0 

lower depth. I n  a hole  d r i l l e d  f o r  o i l  i n  C a l i f o r n i a ,  a temperature  of 

2 O 5 O C  was measured a t  t h e  depth of about 4900 m. 

Texas, t he  bottom hole  temperature  a t  t h e  depth of 7280 m was more than  
271OC. 5'43 I n  Table 5.10 a r e  examples of geothermal g r a d i e n t s  measured 

I n  a we l l  d r i l l e d  i n  

i n  the  United S t a t e s .  

Besides  deep b u r i a l  i n  t h e  e a r t h  c r u s t ,  h igh temperature  of a geo- 

l o g i c  format ioc  can be caused by t h e  nearby i n t r u s i o n  of igneous masses. 

Rather  high temperatures  can be caused a l s o  by exothermic chemical r eac -  

t i o n s ;  f o r  example, i n  o i l -bea r ing  formations,  and by r a d i o a c t i v e  decay 

i n  formations r i c h  i n  r a d i o a c t i v e  elements.  
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' Table 5.10. Geothermal Gradients a t  Selected Local i t i es  i n  the United S ta tes  
(Modified from S. P. Clark, Jr., Editor,  19665*44) 

~~ ~~ 

S t a t  i on 
E leva t i on Thermal Number of 

Above Geothermal Conductivity Heat Flow Values 
Sea Level Gradient (10-3 ca&/ (10-6 cal /  Averaged Year of 

Local i ty  (m) ( O C / ~ )  cm. sec. c cm2. sec) Together Publication 

9 

Grass Valley, 

Bakers f i e I d ,  

Regan County, Tex. 
Eddy County, N .  M. 
Lea County, N. M. 
Colorado Springs, 

Griff in ,  Lagrange, 

Front Range, Colo. 
San Manuel, Ariz. 
Calumet, Mich. 
Butler,  Pa. 
Doddridge, W. V a .  
Marion, W. V a .  
Harrison, W. Va. 
Oak Ridge, Tenn. 
Washington, D. C.  
BOSS, Mo. 
Bourbon, Mo. 
Delaware, Mich. 
White Pine, Mich. 
Me t a l i  ne, Wash. 
Gov't Canyon, Utah 
Eureka,  Utah 
Yerington, Nevada 
Barstow, Calif. 
Alberta, Va. 
Aiken, S. C .  
S a l t  Valley, Utah 

Calif. 

Calif. 

Colo. 

G a  . 

667 

207 

700 
700 

1000 
188 5 

300 

2 500 
970 
360 
200 
200 
200 
200 
340 
30 

3? 5 
290 
389 
281 
686 

1860 
1702 
10% 
124 5 
116 
100 

1500 

9.2 

35.0 

8.3 
89 5 
9.2 

20 

14.3 

22 
15  
18.6 
29 
29 
34 
37 
12 
15.7 
17 
15 
16 
16 
20 
40 
80 
27 
24 
18 
15 
38.5 

6.0 

39 7 

13.0 
12.6 
13.0 
7.0 

7- 0 

7.8 
8.0 
5.0 
3.8 
4 .2  
3.5 
3.4 
6.1 
7.13 
7.6 
8.1 
5- 3 
6.7 

11.6 
4.7 
4.4 
8.7 
8.8 

6.7 
3.43 

7. a 

0.6 

1.29 

1.1 
1.1 

1.4 ( ? )  
1.2 ( ? )  

1.0 ( ? )  

1.7 
1.2 ( ? >  
0.93 
1.2 ( ? )  
1.4 ( ? )  
1.20 ( ? )  
1.26 ( ? )  
0 -  73 
1.12 
1.29 
1.22 
0.95 
1.07 
2.31 
1.9 
3.51 (9 
2.36 
2 .1  
1.4 
1.0 
1 .2  

1 

1 

12 
5 
1 
1 

2 

1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
3 
4 
1 
1 
3 
2 
1 
6 
5 

1957 

1947 

1956 
1956 
1956 
1947 

1963 

1950 
1948 
1954 
1960 
1960 
1960 
1960 
1963 
1964 
1963 
1963 
1963 
1963 
1963 
1963 
1963 
1963 
1963 
1965 
1965 
1964 
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The fo l lowing  examples i n d i c a t e  the  order  of magnitude of r a p i d  
Quaternary subsidence.  

has  accumulated more than  900 m of sediments on t h e  southwestern t i p  of 

Arizona. The Gulf of C a l i f o r n i a  embayment has  subsided many hundreds 

of meters i n  Quaternary t imes.  I n  t h e  Gulf of Mexico, t h e  th i ckness  of 

P l e i s tocene  sediments i nc reases  as one moves away from the  coas t .  I t  

has  been c a l c u l a t e d  t h a t  near  t h e  o u t e r  edge of t h e  c o n t i n e n t a l  s h e l f  

t h e  P le i s tocene  sediments must be approximately 3000 m t h i c k .  

River  P l a i n  i s  l o c a t e d  i n  t h e  southern  p a r t  of Idaho;  i n  t h i s  a r e a  t h e  

Quaternary  f e a t u r e s  have very  l a r g e  dimensions ( f o r  example, t h e  Quater -  

nary  s e c t i o n  i s  about 1500 m t h i c k ) .  The a r e a  i s  cha rac t e r i zed  by v e r y  

i n t e n s e  Quaternary vo lcan ic  a c t i v i t y ,  and b a s a l t  makes up much of t he  

t o t a l  th ickness  of Quaternary  rocks.  

Since e a r l y  P le i s tocene  t imes  t h e  Colorado River  

The Snake 

The Great Val ley  of C a l i f o r n i a  i s  an e longated  subsidence b a s i n  t h a t  

has  accumulated sediments s ince  mid-Cretaceous time. I n  t h e  a r e a  of maxi- 
mum t h i ckness  the  post  mid-Cretaceous sequence i s  approximately 12,000 m 

t h i c k .  I n  t h e  southern ha l f  of t h e  Great  Val ley ,  Cenozoic sediments reach  

excep t iona l  t h i ckness ;  and i n  the  south  end of t h e  San Joaquin Val ley ,  

t h e r e  a r e  4500 m of c o n t i n e n t a l  sediments accumulated s ince  l a t e  P l iocene  

o r  e a r l y  P le i s tocene  time. Very t h i c k  Quaternary  sediments can be  found 

a l s o  i n  t h e  Ventura and Los Angeles Bas ins  of southern C a l i f o r n i a .  Th i s  

i s  one of t h e  t h i c k e s t  marine Quaternary  s e c t i o n s  i n  t h e  world. The lower 

P le i s tocene  a lone  can be  as t h i c k  as 1500 t o  1850 m. 
However, cons ider ing  t h a t  t h e  most l i k e l y  depth of d i s p o s a l  i n  s a l t  

formations w i l l  be  between 300 and 800 m and t h a t  a subsidence of s e v e r a l  

thousand meters  would be necessary  t o  inc rease  t h e  formation temperature  

t o  excess ive  va lues ,  it seems t h a t  such an event  could not  poss ib ly  occur 

i n  a t ime per iod  of a few hundred thousand years .  S imi l a r  cons ide ra t ions  

f o r  d i sposa l  i n t o  o the r  formations a r e  not  poss ib l e  a t  t h i s  t ime, because 

l i t t l e  cons ide ra t ion  has  been given t o  the  temperature  and depth l imita- 

t i o n s .  Tshe hea t ing  caused by t h e  decay heat  genera ted  i n  t h e  waste would 

only a f f e c t  a l i m i t e d  a r e a  of t he  s a l t  formation and, from a geologic  

po in t  of view, would be of such s h o r t  du ra t ion  t h a t  no consequences would 

be expected. I n  f a c t  i t  has been c a l c u l a t e d  t h a t  i n  a few thousand years  

t he  temperature  i n  t h e  d i sposa l  formation would be back t o  normal. 5.45 

Q 
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5.5 Volcanism 

4 

4 

Another geologic  phenomenon t h a t  should be i n v e s t i g a t e d  i n  r e l a t i o n  
t o  t h e  s e l e c t i o n  of a geologic  formation f o r  t h e  u l t ima te  d i sposa l  of 

r a d i o a c t i v e  waste i s  volcanism. This  phenomenon i s  d iscussed  b r i e f l y  

i n  Chapter 6 (pages 89-91) 

5.6 F a u l t i n g  

I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  l a r g e  ear thquakes a r e  caused b y  f a u l t -  

i n g  o r  movement a long  f a u l t  planes.  F a u l t i n g  i s  t h e  sudden f r a c t u r e  of 

l a y e r s  of t h e  e a r t h ' s  c r u s t  when t h e  accumulated s t r a i n  exceeds t h e  com- 

petence of t h e  rocks.  This  sudden d is turbance  can a f f e c t  t h e  su r face  

morphology through r e g i o n a l  warping, t i l t i n g ,  r i f t  formation,  c racking  

of t h e  ground, t r i g g e r i n g  of l a n d s l i d e s ,  modi f ica t ion  of drainage,  and so  

on. Besides  t h e s e  su r face  e f f e c t s ,  f a u l t i n g  car? d r a s t i c a l l y  change t h e  

groundwater c i r c u l a t i o n  p a t t e r n .  Emergence of water,  i n  t h e  form of 

sp r ings ,  through t h e  crushed rock of t h e  f a u l t  zone i s  common a long  many 

f a u l t s ;  occas iona l ly  t h e  water  i s  hot .  

b i l i t y  of f a u l t i n g  must be c a r e f u l l y  cons idered  i n  t h e  eva lua t ion  of a 
waste d i s p o s a l  s i t e .  A t  t h e  p re sen t  s t a g e  of geo log ica l  knowledge t h e r e  

i s  no a r e a  of t h e  e a r t h  f o r  which t h e  p o s s i b i l i t y  of f a u l t i n g  can be  ab- 

s o l u t e l y  excluded. O f  course,  f a u l t i n g  i s  e s p e c i a l l y  i n t e n s e  a long  t h e  

mobile b e l t s  of t h e  e a r t h ,  bu t  even f o r  s t a b l e  mid-cont inental  a r e a s  

without  records  of se i smic  a c t i v i t y  t h e  p r o b a b i l i t y  of f a u l t i n g  cannot 

be  considered equa l  t o  zero.  

I t  i s  c l e a r  t h a t  t h e  poss i -  5.46 

F a u l t s  a r e  known i n  a l l  poss ib l e  dimensions, from very  small f r a c -  

t u r e s  w i t h  displacements  measured i n  cent imeters  t o  huge f r a c t u r e s  wi th  

c o n t i n e n t a l  dimensions. The San Andreas f a u l t  i n  C a l i f o r n i a  i s  one of 

t h e  b e s t  known examples of l a r g e  f a u l t s ;  it can be fol lowed almost con- 

t i n u o u s l y  f o r  about 1000 km. The displacement i s  mainly h o r i z o n t a l .  The 

b e s t  e s t ima tes  i n d i c a t e  a t o t a l  r i g h t - l a t e r a l  s l i p  of about  400 km wi th  

270 km s i n c e  e a r l y  Miocene. 5047 
aboclt 4 em per  year .  

The present  average r a t e  of movement i s  
5.48 
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An even l a r g e r  and more impressive f a u l t  system i s  found i n  t h e  

R i f t  Val leys  of Eas t  Af r i ca .  This  huge f a u l t  system extends f o r  a 

l eng th  of many thousand k i lometers .  Along these  f a u l t s  a r e  l o c a t e d  

t h e  g r e a t  Af r i can  volcanoes.  According t o  t h e  t h e o r i e s  of p l a t e  t e c -  

t o n i c s ,  t h e  Af r i can  R i f t  Val ley i s  similar t o  t h e  rift p resen t  a long  

t h e  axis of t h e  Mid-Atlant ic  r idge ;  supposedly,  t h e  R i f t  Va l l ey  i s  t h e  

i n i t i a l  f r a c t u r e  of a p l a t e  and l a t e r  spreading  w i l l  cause t h e  ocean t o  
invade i t .  5.2,  5.3, 5.49, 5.51 

5.7 Hydrology 

The p o s s i b i l i t y  of groundwater reaching  t h e  waste and t r a n s p o r t -  

i n g  a c t i v i t y  i n t o  t h e  b iosphere  must be eva lua ted  wi th  t h e  maximum care .  

Na tu ra l ly ,  a t  t h e  t ime of d i sposa l  of t h e  waste,  t h e r e  w i l l  b e  no c i r -  

c u l a t i o n  of groundwater i n  t h e  d i s p o s a l  formation.  

slow geologic  processes  might produce undes i r ab le  changes i n  t h e  ground- 

water c i r c u l a t i o n .  Eros ion ,  u p l i f t ,  f a u l t i n g ,  vo lcan ic  a c t i v i t y ,  and 

c l i m a t i c  change might a l l  cause groundwater t o  r each  t h e  waste. 

But e i t h e r  r a p i d  o r  

I n  t h e  case of rock s a l t  and. o the r  h igh ly  so lub le  geologic  m a t e r i a l s ,  

s p e c i a l  care  should be given t o  poss ib l e  consequences of t h e  i n t e r a c t i o n  

wi th  groundwater. Poss ib l e  d i s s o l u t i o n  r a t e s  should be  eva lua ted .  I n  

a r e a s  wi th  humid c l imate  no sa l t  i s  found a t  shal low depth because of 

t h e  d i s s o l v i n g  a c t i o n  of groundwater. Seve ra l  German s a l t  d i a p i r s  a r e  

topped by f l a t  d i s s o l u t i o n  su r faces .  Across t h e  t o p  of most shal low sa l t  

d i a p i r s  i s  a mantle,  w i th  a t y p i c a l  mineralogic  composition, c a l l e d  cap 

rock. Normally, t he  th i ckness  of cap rock decreases  wi th  depth,  bu t  i t  

has  been found a s s o c i a t e d  with d i a p i r s  more than  3000 m deep. 5*52  
average th i ckness  of cap rock on shal low d i a p i r s  i s  around 100 m, b u t  

i n  p l aces  more than  300 m have been pene t r a t ed  by some wel l s .  

c o n s t i t u e n t  of cap rock i s  g ranu la r  anhydr i t e  t h a t  normally grades  up- 

ward i n t o  gypsum and c a l c i t e  wi th  such accessory  minera ls  as s u l f u r  and 

b a r i t e .  

accumulation of i n s o l u b l e  r e s idues  p rev ious ly  d ispersed  i n  t h e  mass of 

s a l t  which has been d isso lved  and removed by groundwater. 

f u r ,  and o t h e r  minera ls  a r e  produced by t h e  a l t e r a t i o n  of anhydr i t e .  

The 

The main 

It  i s  now g e n e r a l l y  agreed t h a t  anhydr i t e  i n  cap rock i s  an  

Gypsum, sul- 

t 

c 

c 

8 



The calcium carbonate  of t h e  occas iona l  cap rock l imestone may be  de- 

r i v e d  from ox ida t ion  of hydrocarbons. I t  i s  c l e a r  t h a t  cap rock i s  

formed by t h e  d i s s o l u t i o n  of a l a y e r  of sa l t  far exceeding i n  th i ckness  

t h e  cap rock i t s e l f .  

5.8 Conclusions 

The above cons ide ra t ions  do not  exhaust t h e  geo log ica l  a s p e c t s  

t h a t  must be  considered i n  eva lua t ing  the  was te-d isposa l  problem; they  

only  serve  t o  po in t  out t h e  p o s s i b i l i t y  of marked changes i n  a geologic  

formation i n  a t ime span of s e v e r a l  hundred thousand years .  5*53 The 

eva lua t ion  of a geologic  formation from t h e  po in t  of view of long-term 

s t a b i l i t y  can be improved wi th  b e t t e r  understanding of mechanisms re- 

spons ib le  f o r  l a rge - sca l e  motions i n  the  e a r t h .  I f  t h e  hoped-for de- 

velopment of r ecen t  d i scove r i e s  w i l l  f u r n i s h  a success fu l  explana t ion  

of world t e c t o n i c s ,  i t  i s  reasonable  t o  expect  t h a t  t h e  understanding 

of l o c a l  phenomena and smal l - sca le  motions w i l l  fo l low the  unve i l ing  of 

the  gene ra l  p i c t u r e .  5*54 The same cons ide ra t ions  apply  t o  t h e  problem 

of f u t u r e  c l imate .  No s e r i o u s  p r e d i c t i o n s  a r e  poss ib l e  u n t i l  t h e  edu- 

ca t ed  guesses  of today a r e  s u b s t i t u t e d  by a c t u a l  knowledge of t h e  causes  

of previous g l a c i a t i o n s .  
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6. POSSIBLE REUASE MECHANISMS AFTER DISPOSAL 
I N  THE GEOLOGIC FORMATION 

For t he  a n a l y s i s  of poss ib l e  r e l e a s e  mechanisms a f f e c t i n g  t h e  long- 

term s a f e t y  of d i sposa l  of h igh - l eve l  r a d i o a c t i v e  wastes ,  i t  i s  assumed 

t h a t  t h e  d i sposa l  formation w i l l  be a t  a depth of about  300 m o r  g r e a t e r  

and t h a t  a l l  communications wi th  t h e  su r face  w i l l  have been sea l ed .  With 

these  assumptions,  t h e  number of poss ib l e  even t s  which could r e s u l t  i n  

a c t i v i t y  from t h e  waste reaching the  b iosphere  i s  ve ry  l imi t ed .  They can 

be c l a s s i f i e d  i n t o  two gene ra l  groups: c a t a s t r o p h i c  events  and slow 

processes .  

6 .1  CatastrGphic Events  

Two c a t a s t r o p h i c  events  capable of r e l e a s i n g  a c t i v i t y  from t h e  

b u r i e d  waste w i l l  be  considered. These a r e  (1) impact of a l a r g e  meteor- 

i t e  a t  t h e  d i s p o s a l  s i t e ,  r e s u l t i n g  i n  c r a t e r i n g  t o  t h e  depth of d i sposa l ;  

and ( 2 )  i n i t i a t i o n  of vo lcan ic  a c t i v i t y  a t  the  s i t e  of d i sposa l .  

Detonation of a nuc lear  weapon a t  t h e  s i t e  of d i s p o s a l  o r  acciden-  

t a l  d r i l l i n g  through t h e  d i s p o s a l  formation a r e  not  geologic  processes  

and a r e  not  considered here .  

6 .1 .1  M e t e o r i t i c  Impact 

An es t ima te  of t h e  p r o b a b i l i t y  of impact of a g i a n t  me teo r i t e  a t  t h e  

s i t e  of d i s p o s a l  i s  poss ib l e .  A necessary  assumption i s  t h a t  t h e  f a l l  of 

me teo r i t e s  i s  a random process  and t h a t  a l l  s i t e s  on e a r t h  have t h e  same 

p r o b a b i l i t y  of be ing  h i t , .  T h i s  i s  not  s t r i c t l y  t r u e  because of a l a t i t u d e  

e f f e c t ,  bu t  i t  i s  c e r t a i n l y  acceptab le  as a f i r s t  approximation. 6* Only 

me teo r i t e s  capable of c r a t e r i n g  t o  a depth of a t  l e a s t  2OO-3OO m a r e  con- 

s i d e r e d  t o  be dangerous t o  t h e  waste d i s p o s a l  f a c i l i t y .  I n  t h i s  range of 

depth,  c r a t e r s  have a diameter about t h r e e  t imes t h e  depth.  6*2 The depth 

of t h e  c r a t e r  i s  measured from t h e  he ight  of t h e  surrounding p l a i n  t o  t h e  

bottom of t h e  "crushing zone." 

b r e c c i a ;  t h a t  i s ,  by s h a t t e r e d  rock fragments completely d i s s o c i a t e d  from 

t h e i r  o r i g i n a l  p o s i t i o n .  Therefore t h e  t h r e s h o l d  c r a t e r  i s  a l i t t l e  

The c rushing  zone i s  formed by a l l o g e n i c  



sma l l e r  than  Bar r inge r  Cra t e r ,  Arizona, which has a diameter of 1250 m. 

According t o  Innes ,  t h e  energy r e l e a s e d  by t h e  impact a t  Bar r inge r  Cra t e r  

has been between 9 and 10 x 10 e rgs ,  equ iva len t  t o  about 2 . 3  megatons 

of TNT. 6 * 2  I f  t h e  impact ing meteor i te  had a v e l o c i t y  of 20 km/sec, it 
must have had a mass of 4.7 x 10 kg. Using t h e  curve of t h e  r e l a t i o n -  

s h i p  between me teo r i t e  energy and c r a t e r  diameter ,  we ob ta in ,  f o r  a 

22 

7 
a 

. 

c 

22 c r a t e r  of 1000-m diameter,  a r equ i r ed  energy equal  t o  about 4 x 10 

e r g s  (= 1 megaton) and a me teo r i t e  mass of 2 x LO7 kg (assuming V = 20 

km/sec) 

The frequency of impact on e a r t h  of l a r g e  me teo r i t e s  can be  evalu-  

a t e d  from cons ide ra t ion  of two l i n e s  of evidence: observa t ion  of meteor- 

i t e  f a l l s  and a n a l y s i s  of f o s s i l  impact c r a t e r s .  The a n a l y s i s  of 

a v a i l a b l e  da ta  about me teo r i t e  f a l l s  and f i n d s  sugges ts  t h a t  t h e  f r e -  . 

quency of f a l l s  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  me teo r i t e  mass. 
doesn ' t  ho ld  f o r  small me teo r i t e s  t h a t  a r e  slowed by f r i c t i o n  i n  t h e  a t -  

This  

mosphere and do not  reach  t h e  ground i n  recognizable  form. S e v e r a l  em- 

p i r i c a l  r e l a t i o n s  between frequency of f a l l s  and mass of me teo r i t e s  have 

been proposed. 6*3-6*5 O f  course,  t h e  r e s u l t i n g  curves must be ex t rapo-  

l a t e d  cons iderably  t o  reach  t h e  range of masses of t h e  order  of lo7 kg. 

According t o  Hawkins' r e l a t i o n ,  t he  frequency of impacts between t h e  

e a r t h  and me teo r i t e s  of mass 2 x 10 kg or  l a r g e r  should be about 

10-12/km2/year. 

t h a t  i n  t h e  las t  m i l l i o n  years  about 500 impacts wi th  me teo r i t e s  exceed- 

ing  2 x LO7 kg should have occurred. 

should have occurred on land.  

7 

From t h i s  va lue  of the  impact p r o b a b i l i t y  i t  fol lows 

About one-fourth of t h e  impacts 

The second l i n e  of approach i s  t h e  s t a t i s t i c a l  a n a l y s i s  of impact 

c r a t e r s ,  o r  as t roblemes.  However, e ros ion  i s  s o  a c t i v e  on e a r t h  t h a t  

only ve ry  r ecen t  c r a t e r s  can be recognized as d e f i n i t e l y  m e t e o r i t i c .  I n  

a few geologic  reg ions ,  where t h e  basement rocks a r e  exposed, l a r g e  

astroblemes of g r e a t  age a r e  recognizable .  The Canadian S h i e l d  i s  t h e  

r eg ion  where t h e  most ex tens ive  search  f o r  as t roblemes has  been conducted, 

and, t h e r e f o r e ,  a l l  e s t ima tes  of f requency of impact w i th  l a r g e  meteor- 

i t e s  a r e  based  on t h e  Canadian c r a t e r s .  

Hartmann has  s t u d i e d  t h e  problem and concluded t h a t  a l l  c r a t e r s  w i th  

a diameter g r e a t e r  than  10 km and formed i n  t h e  l as t  two b i l l i o n  yea r s  

?Reference 6 .2 ,  page 2237. 
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should be recognizable ,  i f  no orogeny has a f f e c t e d  t h e  a r e a  i n  l a t e r  
t ime ( t h e s e  cons ide ra t ions  a r e  v a l i d  only  f o r  t h e  Canadian S h i e l d ) .  

To convert  from t h e  number of c r a t e r s  l a r g e r  than  10 km t o  t h e  number of 

6.6 

c r a t e r s  l a r g e r  than  1 km, Hartmann u t i l i z e s  t h e  r e l a t i o n  between number 

of c r a t e r s  and diameter s i z e  observed f o r  l una r  c r a t e r s .  The r e l a t i o n  

i s  

where N i s  t h e  number of c r a t e r s  w i th  diameter l a r g e r  t han  D and K i s  

a cons tan t .  Therefore  
D 

L 

For every  c r a t e r  wi th  a diameter l a r g e r  than  10 km, t h e r e  a r e  about 250 

c r a t e r s  w i th  diameters  g r e a t e r  than  1 km. 

I n  conclusion,  Hartmann's e s t ima te  of t h e  frequency of impacts r e -  

s u l t i n g  i n  c r a t e r s  w i th  diameter l a r g e r  than  1 km ranges between 0.8 and 

17 x 10-13/km2/year. 

wi th  diameter g r e a t e r  t han  1 km formed on land  i n  t h e  las t  m i l l i o n  y e a r s  

a r e  known. 607J6'8 Poss ib ly  s e v e r a l  c r a t e r s  of P l e i s tocene  age have not  , 

been discovered y e t  or have been destroyed by e ros ion ,  bu t  t h e  t o t a l  num- 

b e r  can hardly have been much g r e a t e r  than  t en .  With a t o t a l  a c c e s s i b l e  

land  su r face  of about 130 x 10 

On t h e  o the r  hand, only t h r e e  or f o u r  impact c r a t e r s  

6 2  km and t e n  c r a t e r s  i n  a m i l l i o n  yea r s ,  

t h e  r e s u l t i n g  frequency of impact i s  0.8 x 10-13/km 2 /year .  Therefore ,  

Hawkins' r e l a t i o n  seems t o  give an overes t imate  of t h e  frequency of impact 

wi th  l a r g e  me teo r i t e s .  On the  o the r  hand, Hartmann's range of va lues  

seems q-Jite r e a l i s t i c .  Consider ing t h a t  me teo r i t e s  a r e  des t royed  by t h e  

impact arid t h a t ,  t he re fo re ,  t h e  a v a i l a b i l i t y  of bodies  f o r  cosmic c o l l i -  

s i o n s  must have been decreas ing  throughout most of t h e  l i f e  of t h e  s o l a r  

system, the  lower of Hartmann's va lues  should approach more the  frequency 

of P le i s tocene  impacts.  

If one accep t s  t h e  r e l a t i o n  expressed i n  E q .  (6.1) t h e  p r o b a b i l i t y  

of occurrence of c r a t e r s  wi th  g r e a t e r  or smal le r  depth can be es t imated .  

For example, a 200-m-deep c r a t e r  on t o p  of a 300-m-deep waste r e p o s i t o r y  
c 
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2 

could r e s u l t  i n  l e a r h i n g  of waste by groundwater. The p r o b a b i l i t y  of 

formation of a 200-m-deep c r a t e r  i s  about f i v e  t imes h igher  than  t h a t  of 

a 300-m c r a t e r .  If t h e  r e p o s i t o r y  were deeper than  300 m, t h e  c r i t i c a l  

impact would be l a r g e r  and t h e  p r o b a b i l i t y  of occurrence would be pro- 

p o r t i o n a l l y  lower. An impact capable of c r a t e r i n g  t o  t h e  depth of d i s -  

posa l  would have consequences much more s e r i o u s  than  i f  t h e  c r a t e r  were 

only s l i g h t l y  smal le r  and d i d n ' t  q u i t e  reach  t h e  waste.  

case some of t h e  r a d i o a c t i v e  nuc l ides  could become a i rbo rne ,  i n c r e a s i n g  

t h e  P o t e n t i a l  Hazard Index a s s o c i a t e d  wi th  t h e  t r a n s u r a n i c s  by s e v e r a l  

I n  t h e  f i rs t  

o rde r s  of magnitude. 

Based on t h e  preceding cons ide ra t ions ,  i t  i s  poss ib l e  t o  e s t ima te  

t h e  p r o b a b i l i t y  of an  impact f o r  a s p e c i f i c  waste r epos i to ry .  Assuming 

t h a t  waste i s  b u r i e d  a t  t h e  depth of 300 m and i s  spread  over an a r e a  
2 of 10 km , i n  a t ime per iod  of 100,000 yea r s  (about  f o u r  h a l f - l i v e s  of 

239Pu), t h e  p r o b a b i l i t y  of containment f a i l u r e  because of a m e t e o r i t i c  

impact would be about 10 . It i s  i n t e r e s t i n g  t h a t  t h e  impact p r o b a b i l i t y  

of about 10-13/km /year  r e p r e s e n t s  t h e  order  of magnitude of a r i s k  beyond 

human c o n t r o l  (a t  l e a s t  a t  t h e  p re sen t  t ime) .  

-7 
2 

Mankind seems t o  be l i t t l e  

concerned about t h e  hazards  of such un l ike ly ,  bu t  p o t e n t i a l l y  c a t a s t r o -  

ph ic ,  events .  Actua l ly ,  t h e  consequences of t h e  impact of a l a r g e  mete- 

o r i t e  could be s o  t e r r i b l e  as t o  make t h e  exhumation of r a d i o a c t i v e  waste 

of secondary concern. For example, an impact i n  a l a r g e  urban a r e a  o r  

i n  the  s e a  near  a densely populated a r e a  could cause t h e  loss of m i l l i o n s  

of l i v e s .  For a f a l l  i n  t h e  sea  i t  i s  b e l i e v e d  t h a t  t h e  main damage 
would be caused by t h e  r e s u l t a n t  tsunami. 

6.1.2 Volcanic A c t i v i t y  
~- 

The q u a n t i t a t i v e  eva lua t ion  of t he  p r o b a b i l i t y  of occurrence of any 

of t h e  events  s t i l l  t o  be considered could be at tempted only  f o r  s p e c i f i c  

s i t e s .  An accura t e  knowledge of t h e  r e g i o n a l  geology would be an essen-  

t i a l  r e q u i s i t e .  While, on t h e  one hand, m e t e o r i t i c  impact can be con- 

s i d e r e d  a random process ,  volcanism, f a u l t i n g ,  e t c . ,  a r e  determined by  

t e c t o n i c  condi t ions .  Hence, t h e  fo l lowing  cons ide ra t ions  w i l l  no t  r e s u l t ,  

i n  a numeric e s t ima te  of t h e  r i s k  of volcanism, b u t  they  may provide a 

guide wi th  r e s p e c t  t o  in format ion  t h a t  must be obta ined  i f  t h e  r i s k  has  

t o  be minimized. 



The geographica l  d i s t r i b u t i o n  of volcanoes t h a t  have been a c t i v e  

during h i s t o r i c  t imes i s  ve ry  i n t e r e s t i n g .  

canoes a r e  l o c a t e d  i n  t h e  "circum-Pacif ic  g i r d l e  of f i r e . "  

a r e  i n  the  Indonesian i s l a n d  a r c .  

world; of t hese ,  3% a r e  on t h e  i s l a n d s  of t h e  c e n t r a l  P a c i f i c  ( H a w a i i ,  

Samoa, e t c . ) ,  1% on t h e  i s l a n d s  of t h e  I n d i a n  Ocean, and 13% i n  the  A t -  

l a n t i c  Ocean (Azores, Cape Verde I s l a n d s ,  Canaries ,  Madeira, I ce l and ,  

e t c . ) .  

Only t h e  remaining 3% a r e  loca t ed  i n  mid-cont inental  a r e a s ,  and most of 

About 62% of a l l  a c t i v e  vol -  

Some 14% 
Only 24% a r e  found i n  t h e  r e s t  of  t h e  

About 4% a r e  l o c a t e d  i n  t h e  Mediterranean and nor thern  Asia Minor. 

them a r e  a s s o c i a t e d  wi th  t h e  Af r i can  r i f t  system. 6.9 

GeoLogic r eco rds  i n d i c a t e  t h a t  s e v e r a l  t ypes  of  vo lcan ic  a c t i v i t y  

have occurred i n  t h e  pas t  i n  mid-cont inental  a r e a s ,  a l though f o r  some 

types  a c t i v e  examples a r e  not  known. Large volcanoes can be  formed i n  

connection wi th  a rift system. The Af r i can  volcanoes mentioned above a r e  

examples of t h i s .  R i f t  v a l l e y s  a r e  caused by  l a r g e  t e n s i o n a l  f o r c e s ,  as 
demonstrated by t h e  normal f a u l t s  and t h e  grabens.  

have been r e spons ib l e  a l s o  f o r  t h e  genes i s  of t h e  g r e a t  l ava  p l a t e a u s  of 

t h e  world. 6010 The l a v a  p l a t eaus  have been formed by t h e  e f fus ion  of 

l a v a  from many f i s s u r e s ;  ve ry  l i t t l e  explos ive  a c t i v i t y  i s  a s s o c i a t e d  

with t h i s  type of volcanism. 

d i f f e r e n t i a t e d ) ,  and t h i s  i n d i c a t e s  t h a t  t h e  source of magma i s  d i r e c t l y  

a s s o c i a t e d  wi th  t h e  mantle;  t h e r e f o r e ,  t h e  f a u l t s  must c u t  t h e  whole 

E a r t h ' s  c r u s t .  Examples of l ava  p l a t eaus  a r e  t h e  Columbia River  P la t eau  

and t h e  Snake River  P la teau  i n  t h e  Uni ted  S t a t e s  of America, the  Deccan 

Pla teau  i n  I n d i a ,  and the  Parand: Region i n  South America. 

a r e a s  t h a t  have been covered by b a s a l t  a r e  l o c a t e d  i n  E th iop ia ,  Mongolia, 

S i b e r i a ,  Arabia ,  and Greenland. 

Large t e n s i o n a l  f a u l t s  

The l ava  i s  primary b a s a l t  ( t h a t  i s ,  not  

Other v a s t  

Other types  of c o n t i n e n t a l  volcanoes can e x i s t  i n  a s s o c i a t i o n  wi th  

mountain chains .  Foreland volcanoes can be loca ted  hundreds of k i lometers  

away from the  orogen; examples e x i s t  i n  France and i n  Germany. Ign imbr i t e  

shee t s ,  r e s u l t i n g  from extremely explos ive  vo lcan ic  a c t i v i t y ,  a r e  known 
t o  be a s s o c i a t e d  with anc ien t  orogens i n  e x t e n s i v e l y  peneplained cont inen-  

t a l  reg ions .  

F i n a l l y ,  we w i l l  mention b r i e f l y  some very  myster ious s t r u c t u r e s ,  

of which t h e  we l l s  Creek Basin i n  Tennessee i s  one of t h e  best-known 

. 
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examples. The evidence f o r  an explos ive  o r i g i n  f o r  t hese  s t r u c t u r e s ,  

f o r  which t h e  term "cryptovolcanic"  has been proposed, i s  r a t h e r  s t rong .  

However, no vo lcan ic  m a t e r i a l s  have been found a s s o c i a t e d  wi th  them. 

Many g e o l o g i s t s  b e l i e v e  t h a t  t h e  Wells Creek Basin and similar s t r u c -  

t u r e s  were formed by m e t e o r i t i c  impact. On the  o the r  hand, Bucher has 

r e l a t e d  s e v e r a l  of them t o  s t r u c t u r a l  axes  and t o  o t h e r  d e f i n i t e l y  

vo lcan ic  s t r u c t u r e s  a l igned  a long  t h e  axes.  6011' 6*12 A t h i r d  explan- 

a t i o n  has been proposed by Goguel. 6013 If t h e  hydrau l i c  p re s su re  of 

water  and o the r  f l u i d s  contained i n  a permeable formation should l o c a l l y  

exceed t h e  l i t h o s t a t i c  p re s su re ,  t h e  over ly ing  strata would be l i f t e d  

i n t o  an  a rch .  Upon f r a c t u r i n g  of t h e  s t ra ta  and escape of t h e  f l u i d ,  

t h e  a r c h  would then  co l l apse ,  producing t h e  chao t i c  s t r u c t u r e  observed. 

Goguel 's  hypothesis  i s  based  on s e v e r a l  r epor t ed  observa t ions  of f l u i d  

p re s su res  v a s t l y  exceeding t h e  h y d r o s t a t i c  pressure  and even approaching 

t h e  t o t a l  weight of t h e  overburden. 6.14 

From t h e  po in t  of view of volcanism, a h igh - l eve l  r a d i o a c t i v e  waste 

d i sposa l  s i t e  should be l o c a t e d  i n  an a r e a  d i s t a n t  from t h e  mobile b e l t s  

of t h e  e a r t h ,  t e c t o n i c a l l y  s t a b l e ,  and withodt  r eco rds  of vo lcan ic  ac-  

t i v i t y  i n  t h e  las t  few m i l l i o n  years .  

6.2 Slow Geologic Processes  

The slow geologic  processes  p o t e n t i a l l y  capable of causing a r e l e a s e  

of a c t i v i t y  from a r a d i o a c t i v e  waste d i sposa l  formation a r e :  

ing ,  (2)  e ros ion ,  (3) l each ing  and t r a n s p o r t  by groundwater, and ( 4 )  
p l a s t i c  deformation of t h e  d i sposa l  formation.  The va r ious  processes  

can be a c t i v e  contemporaneously and can be f r e e l y  combined t o  g ive  a 

s e r i e s  of r e l e a s e  mechanisms; for example, l eaching  and t r a n s p o r t  by 

groundwater have t o  be preceded by some change i n  groundwater c i r c u l a -  

t i o n  p a t t e r n  s i n c e  t h e  absence of c i r c u l a t i n g  groundwater i s  one of t he  

major requirements  f o r  a s u i t a b l e  d i s p o s a l  formation.  The access  of 

groundwater t o  t h e  waste could be a r e s i l l t  of e i t h e r  f a u l t i n g ,  e ros ion ,  

p l a s t i c  deformation, or  of a combination of two o r  more of t hese  

processes .  

(1) f a u l t -  



6.2 .1  F a u l t i n g  

The p r o b a b i l i t y  of f a u l t i n g  can be minimized 

s i t e  i n  a t e c t o n i c a l l y  s t a b l e  area. However, t h e  

of t h e  d i s p o s a l  formation must provide a d d i t i o n a l  

by l o c a t i n g  t h e  d i s p o s a l  

me c hani c a l  proper  t i e s 

s a f e t y  f e a t u r e s .  F a u l t -  

i n g  i n  hard  rocks may r e s u l t  i n  a h igh ly  permeable f r a c t u r e  zone; t h e r e -  

f o r e ,  hard rocks should not  be considered acceptab le  f o r  t h e  u l t i m a t e  

d i sposa l  of h igh - l eve l  waste. On t h e  cont ra ry ,  p l a s t i c  rocks ,  such as 
rock sal t  and unindura ted  sha le ,  a r e  a b l e  t o  f low and s e a l  f r a c t u r e s  if 

under a s u f f i c i e n t  g e o s t a t i c  load. Even i n  p l a s t i c  rocks f a u l t i n g  might 

have undes i rab le  r e s u l t s  i f  t h e  o f f s e t  of t h e  two s i d e s  of t h e  f a u l t  i s  

such as t o  des t roy  t h e  i n t e g r i t y  of an  impermeable cover or t o  b r i n g  t h e  

d i sposa l  zone i n t o  contac t  wi th  an a q u i f e r .  

Movement a long  f a u l t  planes can occur i n  i n t e r m i t t e n t ,  occas iona l ly  

c a t a s t r o p h i c  s l i ppages  or i n  a more o r  l e s s  continuous creep.  I n  t h e  

g r e a t  Alaska earthquake of 1899, an o f f s e t  of almost 15 m was measured 

on t h e  main f a u l t .  From t h e  po in t  of view of waste containment,  t h e  me- 

chanism of f a u l t  s l i ppage  i s  i r r e l e v a n t ;  what i s  important  i s  t h e  poss i -  

b l e  r a t e  of t h i s  movement averaged over a f a i r l y  long pe r iod  of t ime. The 

h o r i z o n t a l  movement a long  t h e  San Andreas F a u l t  i s  e s t ima ted  t o  be  about  

4 cm/year. 

such h igh  r a t e  of movement. 

No s t a b l e  mid-cont inental  a r e a  i s  l i k e l y  t o  be sub jec t ed  t o  

Poss ib le  rates of vertical movement can t h e o r e t i c a l l y  be comparable 

wi th  t h e  va lues  f o r  u p l i f t  and subsidence i n  t h e  same a r e a s  as d iscussed  

below. If t h e  geologic  m a t e r i a l s  deform as r i g i d  b locks ,  t h e  d i sp lace -  

ment occurs  mainly on f a u l t  planes,  b u t  i n  t h e  case of r e l a t i v e l y  incom- 

pe ten t  m a t e r i a l s ,  u p l i f t  and subsidence could cause l a rge - sca l e  f o l d i n g  

and arch ing ,  bu t  very  l i t t l e  f a u l t i n g  might r e s u l t .  However, a r a t e  of 

v e r t i c a l  s l i ppage  of t h e  order  o f  a few mi l l ime te r s  a yea r  seems q u i t e  

poss ib l e .  I t  fol lows t h a t  t h e  s a f e t y  of d i sposa l  would be inc reased  i f  

t he  d i s p o s a l  formation i t s e l f  and t h e  surrounding aquic ludes  were ve ry  

t h i c k .  

6 .2 .2  Eros ion  

* 

c 

I n  t h e  previous chapter  some va lues  f o r  r a t e s  of e ros ion  covering a 
r a t h e r  wide range have been repor ted .  With t h e  average r a t e  of e ros ion  
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i n  t h e  United S t a t e s  (Table 5.2) of 6 cm/lOOO yea r s ,  

would be r equ i r ed  t o  remove an overburden of 300 m. 

t h a t  l o c a l  r a t e s  of e ros ion  can be many times h igher  

With a r a t e  of e ros ion  of 300 cm/lOOO years ,  a 300-111 

be removed i n  100,000 y e a r s ,  or only  four h a l f - l i v e s  

5 m i l l i o n  yea r s  

We have seen a l s o  

than  average va lues .  

overburden would 

of 239Pu. While 

300 cm/lOOO yea r s  i s  undoubtedly an excep t iona l ly  h igh  r a t e  of e ros ion ,  

i t  i s  s t i l l  i n  t h e  range of t h e  l o c a l l y  poss ib l e  va lues .  

i t  i s  easy  t o  p o s t u l a t e  circumstances f o r  which e ros ion  could cause 

r a d i o a c t i v i t y  t o  be r e l e a s e d  be fo re  t h e  overburden i s  completely removed; 

for example, i n  case of i n c i s i o n  of an impermeable l a y e r  which, when 

continuous,  prevented c i r c u l a t i n g  groundwater from reaching  t h e  depth of 

disposal-. Therefore ,  i t  i s  necessary  t o  s e l e c t  a d i sposa l  s i t e  i n  an  

a r e a  cha rac t e r i zed  by a low r a t e  of e ros ion .  I n  a d d i t i o n ,  a l l  a v a i l a b l e  

geologic  informat ion  must i n d i c a t e  t h a t  no s i g n i f i c a n t  i nc rease  i n  t h e  

r a t e  of e ros ion  i s  l i k e l y  i n  t h e  f u t u r e .  An inc rease  i n  t h e  r a t e  of 

e ros ion  might be caused by c l i m a t i c  changes, such as v a r i a t i o n  of t h e  

p r e c i p i t a t i o n  p a t t e r n  or t h e  advent of a g l a c i a t i o n ,  or by u p l i f t  of t h e  

a rea .  Inc rease  of e ros ion  caused by man through poor management of t h e  

environment i s  not  considered here ,  bu t  may be of cons iderable  importance.  

A t  t h e  present  t ime, we a r e  i n  no p o s i t i o n  t o  make accu ra t e  long- 

I n  a d d i t i o n ,  

term p r e d i c t i o n s  about f u t u r e  c l imate ;  t h e r e f o r e ,  t h e  most prudent a c t i o n  

i s  t o  s e l e c t  a d i sposa l  s i t e  i n  an a r e a  t h a t  has not  been a f f e c t e d  by 

any of t h e  P le i s tocene  g l a c i a t i o n s .  The impl i ca t ion  i s  t h a t  what d id  

not  happen i n  t h e  pas t  i s  not l i k e l y  t o  happen i n  t h e  f u t u r e .  

The p o s s i b i l i t y  of p r e d i c t i n g  f u t u r e  v e r t i c a l  d i s l o c a t i o n s  i s  some- 

what b e t t e r ;  i n d i c a t i o n s  might be obta ined  by present  movements ( i f  any) ,  
by t h e  r e g i o n a l  p a t t e r n  of g r a v i t y  anomalies and by t h e  th i ckness  of t h e  

c r u s t .  Much of t h e  E a r t h ' s  c r u s t  i s  i n  i s o s t a t i c  equi l ibr ium.  However, 

many a r e a s  e x i s t  i n  which t h e  c r u s t  i s  not  i n  equi l ibr ium.  Among t h e  

a r e a s  undergoing l a r g e - s c a l e  v e r t i c a l  movements, some tend  t o  a r e s t o r -  

a t i o n  of equi l ibr ium,  and, t h e r e f o r e ,  t he  d r i v i n g  f o r c e s  a r e  g r a v i t a -  

t i o n a l .  I n  many o the r  cases  the  d i r e c t i o n  of movement i s  a g a i n s t  i s o t a t i c  

equi l ibr ium;  t h e r e f o r e ,  t h e  d r i v i n g  f o r c e s  a r e  c r e a t e d  by deep-seated 

processes  probably loca ted  a t  t h e  boundary between c r u s t  and mantle. 
The na tu re  of t h e s e  processes  i s  h igh ly  c o n t r o v e r s i a l ,  and t h e  va r ious  

6.15 
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hypotheses a r e  b e s t  considered only educated opinions.  Among t h e  hypo- 

t h e s e s  proposed a r e  chemical r e a c t i o n s  and d i f f e r e n t i a t i o n ,  phase t r a n s -  

formations i n  t h e  s o l i d  s t a t e ,  and r o t a t i n g  convect ion c u r r e n t s  i n  t h e  

mantle. The p i c t u r e  i s  f u r t h e r  complicated by  t h e  a c t i o n  of exogenous 

processes ,  cont inuously r e d i s t r i b u t i n g  su r face  m a t e r i a l s  and, t h e r e f o r e ,  

a c t i n g  a g a i n s t  i s o s t a t i c  equi l ibr ium.  

cording t o  Gzovskii  6*15 I n  r e l a t i o n  t o  waste d i s p o s a l  t h e  important  f a c t  

i s  t h a t  da t a  on present  movements cibtained wi th  r epea ted  h igh-prec is ion  

geodet ic  l e v e l i n g s ,  i n  a d d i t i o n  t o  da t a  fu rn i shed  by geologic ,  geomorpho- 

log ic ,  and geophysic s t u d i e s  of t h e  reg ion ,  should enable  one t o  make 

p red ic t ions  of f u t u r e  v e r t i c a l  displacement of t h e  a r e a .  

Table 6 .1  shows poss ib l e  types  of v e r t i c a l  t e c t o n i c  movements, ac-  

The r a t e  of v e r t i c a l  movement i s  q u i t e  v a r i a b l e  wi th  t ime; occasion-  

a l l y ,  ve ry  high r a t e s  have been observe6, mostly by means of f requent  

geode t i c  l e v e l i n g s .  

t h e  maximum r a t e  of movement and t h e  l eng th  of t ime i n  which t h e  movement 

i s  averaged. I n  Fig.  6 .1  i s  shown t h i s  r e l a t i o n  as proposed by Gzovskii .  

This  f i g u r e  shows t h a t  i n  100,000 yea r s  t h e  v e r t i c a l  displacement can be  

4 0 0 t o  500m i n  a r e a s  of high mob i l i t y  and about 100 m i n  mid-cont inenta l  

a r eas .  However, t h e  da t a  on u p l i f t  of p rev ious ly  g l a c i a t e d  a r e a s  show 

t h a t  i n  p a r t i c u l a r  circumstances Gzovsk i i ' s  f i g u r e s  can be g r e a t l y  ex- 

ceeded. I n  the region of t h e  Gulf of Bothnia,  a good e s t ima te  f o r  t h e  

p o s t g l a c i a l  u p l i f t  i s  600 m i n  about 15,000 yea r s .  With t h e  curves  of 

Fig.  6.1, even i f  we cons ider  Fenno-Scandia a h igh ly  mobile reg ion ,  t h e  

average r a t e  of x p l i f t  i n  15,000 yea r s  should not  have exceeded 8 mm/year, 

wi th  a t o t a l  u p l i f t  of 120 m. I n  t h e  case of i s o s t a t i c  rebound of g l a -  

c i a t e d  a r e a s ,  i t  must be considered t h a t  t h e  mel t ing  of t h e  i c e  caps has  

been very  r a p i d  i n  a geo log ica l  sense and, t h e r e f o r e ,  t h a t  t h e  d r i v i n g  

f o r c e  of t h e  u p l i f t  has been e s t a b l i s h e d  i n  a very  s h o r t  time. However, 

i t  seems conserva t ive  t o  consider  t h e  curves  of F ig .  6 .1  as i n d i c a t i v e  

of l i k e l y  r a t e s  of movement and not of maximum r a t e s .  I t  sugges ts  t h a t  

u p l i f t  can, indeed, be f a s t  enough t o  a f f e c t  r a t e s  of e r o s i o n  i n  a way 

r e l e v a n t  t o  t h e  waste-disposal  problem. Therefore  t h e  d i s p o s a l  s i t e  

should be l o c a t e d  i n  an a r e a  where t h e  e a r t h  c r u s t  i s  i n  i s o s t a t i c  equi -  

l i b r ium and where no u p l i f t i n g  i s  occurr ing;  subsidence on t h e  o t h e r  hand 

might; be a d e s i r a b l e  f e a t u r e .  

I t  has been observed t h a t  t h e r e  i s  a r e l a t i o n  between 
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Table 6.1. Possible Types of Deep-seated V e r t i c a l  Tectonic Movements 

(From Gzovskii, 1963) '* l5 

I a  

rb 

Types 

Directed aga ins t  the  

i s o s t a t i c  equilibrium 

( a n t i - i s o s  t a t i c  ) 

up 1 i f t ( + ) Mechanical displacements 

on the  top of  t he  sub- 

subsidence (- ) c r u s t a l  l aye r  
I 

I I 

Undoubted 

I n  the  d i r e c t i o n  

of i s o s t a t i c  equi- 

l ib r ium dis turbed  

meta- 

i s o s t a t i c  

u p l i f t  (+) 

subsidence (- ) 

t--- -1 by sub-crus ta l  

- Reaction t o  changes 

i n  thickness of the  

+ c r u s t  i n  i t s  lower p a r t s  

I I I a  

I I I b  

epi-  proce s se  s 
( endo- i sos t a t i c )  isostatic 

TVa 

Ivb 

I n  t h e  d i r e c t i o n  of i s o s t a t i c  

equilibrium, disturbed by 

exogene processes ( exo i sos t a t i c )  

u p l i f t  (+) 

subsidence (- ) 

Probable 

- Reaction t o  changes i n  Possible 
thickness of t he  c r u s t  

+ i n  i t s  upper p a r t s  

u p l i f t  (+) Reaction t o  an t i -  
i s o s t a t i c  displacements 

of t he  c r u s t  subsidence ( -  ) 

Possible 
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t h e  V e r t i c a l  Tec tonic  Movements ( V )  on t h e  Duration of t h e  Time I n t e r v a l  
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97 

* 

I 

The r i s k  of excess ive  e ros ion  would be g r e a t l y  reduced i f  t h e  r epos i -  

t o r y  were l o c a t e d  i n  an  a r e a  of low e l e v a t i o n  and low r e l i e f ,  wi th  t h e  

d i sposa l  formation poss ib ly  below s e a  l e v e l .  Even i n  t h i s  case,  e ros ion  

would be  t h e o r e t i c a l l y  poss ib l e  i n  a few ins t ances ,  mainly i n  case of new 

episodes of g l a c i a t i o n  t h a t  might combine t h e  high-scouring power of g l a -  

c i e r s  w i th  t h e  e u s t a t i c  lowering of s ea  l e v e l  or i n  case of u p l i f t  of t h e  

a rea .  

I t  i s  c l e a r ,  however, t h a t  i n  case of t o t a l  f a i l u r e  of t h e  geologic  

forecast ,  and very  h igh  e ros ion  r a t e s ,  t h e  time r equ i r ed  f o r  t h e  removal 

of t h e  overburden would be  s o  long t h a t  239Pu would be t h e  only  radionu-  

c l i d e  t o  be brought t o  t h e  su r face  i n  s i g n i f i c a n t  amounts. 

6.2.3 Leaching and Transport  by Groundwater 

A l l  h igh - l eve l  was te -d isposa l  schemes have i n  common the  s e l e c t i o n  

of a d i sposa l  environment without  c i r c u l a t i n g  groundwater. Many geologic  

m a t e r i a l s  can be considered e s s e n t i a l l y  impermeable i f  no f r a c t u r e s  a r e  

p re sen t .  Laboratory samples of massive l imestone or b a s a l t  show extremely 

low permeabi l i ty ,  bu t  t hese  formations a r e  o f t e n  among t h e  b e s t  a q u i f e r s ,  

because water  movement occurs  through j o i n t s  and f r a c t u r e s .  A l l  r i g i d  

rocks can become ve ry  permeable when f r a c t u r e d .  Rock s a l t  and p l a s t i c  

s h a l e  flow e a s i l y  under r e l a t i v e l y  moderate pressure  and would s e a l  open- 

ings  and f r a c t u r e s .  

A t  t h e  present  t ime, d i s p o s a l  i n  n a t u r a l  s a l t  formations i s  t h e  most 

p r a c t i c a l  and favored  s o l u t i o n  t o  t h e  problem of r a d i o a c t i v e  wastes.  Be- 

s i d e s  t h e  ease  of deformation, sa l t  has a d d i t i o n a l  advantages such as high 

thermal  conduc t iv i ty  and t h e  ease  wi th  which i t  can be mined. However, 

when rock s a l t  comes i n t o  contac t  wi th  groundwater, d i s s o l u t i o n  occurs .  

The r a t e  of d i s s o l u t i o n  v a r i e s  wi th  t h e  volume of water  coming i n t o  con- 

t a c t  with t h e  s a l t  per  u n i t  time, b u t  given a long enough time of leach-  

i n g  wi th  unsa tu ra t ed  water ,  a l l  of t h e  sa l t  would even tua l ly  be removed. 

Therefore ,  i n  a l l  cases  i n  which s a l t  beds have been preserved f o r  geo- 

l o g i c  t imes i n  t h e i r  o r i g i n a l  s t r a t i g r a p h i c  p o s i t i o n ,  one can conclude 

t h a t  t h e  sa l t  h a s  no t  been exposed t o  leaching  by groundwater. Since t h e  

e v a p o r i t i c  sedimentary cyc le  begins  and ends wi th  phases of a r g i l l a c e o u s  

sedimentat ion,  s a l t  i s  normally p ro tec t ed  from d i s s o l u t i o n .  Tec tonic  



movements or e ros ion  may cause f a i l u r e  of t h e  s e a l i n g  and leaching  of t h e  

sal t .  A t  t imes t h e  

t e c t o n i c  movements a r e  extreme, as i n  t h e  case of d iap i r i sm,  b u t  i n  o t h e r  

cases  leaching  r e s u l t e d  from moderate f o l d i n g  and f a u l t i n g .  I n  most of 

t h e  known cases ,  evapor i t e s  were leached from above, bu t  i n  a few cases  
s a l t  has  been leached  from below. 6016 Borcher t  and Muir r e p o r t  t h e  i n -  

I n  f a c t  many examples of leaching  of sa l t  a r e  known. 

t e r e s t i n g  case  of t h e  Middle Muschelkalk evapor i t e s  of southern  Germany, 

which were o f t e n  leached from t h e  b a s a l  l imestone upwards, and i n  p l aces  

almost completely removed. 

For a waste r e p o s i t o r y  loca ted  i n  a s a l t  formation,  t h e  p r o b a b i l i t y  

of leaching  must be n e g l i g i b l e .  

condi t ions  a r e  observed a t  t h e  s i t e .  

This  can be a s su red  i f  t h e  fo l lowing  

1. The s h a l e  beds,  bo th  below and above t h e  sa l t ,  a r e  t h i c k  and 

continuous over a l a r g e  a rea .  

2.  The s a l t  formation i s  t h i c k ,  and t h e  waste i s  l o c a t e d  far  from 

t h e  sa l t  boundary. 

3. The s h a l e  bed above the  s a l t  i s  s o  deep below t h e  su r face  t h a t  

no e ros ion  process  can reasonably a f f e c t  i t s  i n t e g r i t y  i n  a time span of 

s e v e r a l  hundred thousand years .  

4 .  
These problems have been faced  i n  cons ider ing  bedded rock salt  as a 

The r eg ion  i s  t e c t o n i c a l l y  s t a b l e .  

d i s p o s a l  medium, and it  has been concluded t h a t  t h e s e  cond i t ions  can be 
met. 

Some s h a l e  formations with s u i t a b l e  phys i ca l  p r o p e r t i e s  might o f f e r  

an a l t e r n a t i v e  t o  s a l t  as d i sposa l  medium. The p l a s t i c i t y  of s h a l e s  i s  

a func t ion  of s e v e r a l  f a c t o r s :  (1) the  minera logica l  composition of t h e  

sediment, (2)  t he  s i z e  d i s t r i b u t i o n  and shapes of t h e  p a r t i c l e s ,  (3) t h e  

amount of connate f l u i d s ,  and (4)  t he  e l e c t r o l y t e s  present  i n  s o l u t i o n .  

The amount of water  i s  t h e  most important f a c t o r  and depends on t h e  com- 

pac t ion  t h e  s h a l e s  have undergone. Compaction depends on t h e  p re s su re  

and t h e  l e n g t h  of t ime t h a t  have been a v a i l a b l e  f o r  t h e  e l imina t ion  of 

connate water .  6.17, 6.18 

Well-compacted s h a l e s  a r e  qu i t e  competent and deform by f r a c t u r i n g .  

Sha les  t h a t  a r e  not  compacted beyond a c e r t a i n  l i m i t ,  e i t h e r  because they  

have never been sub jec t ed  t o  t h e  necessary  p re s su re  or because they  d i d  

. 
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n o t  l o s e  t h e  connate f l u i d s ,  deform by flowing. Many examples a r e  known 

of t he  p l a s t i c  behavior  of t hese  m a t e r i a l s ,  such as d i a p i r i c  s t r u c t u r e s  

wi th  a sha le  core ,  mud lumps, mud volcanoes,  and c l a y  g l a c i e r s .  F i n a l l y ,  

count less  more examples a r e  fu rn i shed  by t h e  o i l  i ndus t ry ,  which had t o  

develop s p e c i a l  techniques f o r  d r i l l i n g  through uns t ab le  s h a l e  formations.  

While the  f e a s i b i l i t y  of d i sposa l  of h igh - l eve l  s o l i d i f i e d  wastes  i n  

sal t  formations has  been demonstrated, 6'19 very  l i t t l e  work has been done 

on o the r  geologic  ma te r i a l s .  Therefore  t h i s  d i scuss ion  i s  h igh ly  specu- 

l a t i v e .  I t  seems, however, t h a t ,  i n  comparison wi th  sa l t ,  s h a l e s  might 

present  some advantages as w e l l  as disadvantages.  The advantages a r e  t h e  

much longer  expected l i f e  of t h e  waste con ta ine r s ,  t h e  i n s o l u b i l i t y  of 

t he  sha le s ,  and t h e i r  high ion  exchange capac i ty .  The disadvantages of 

s h a l e s  a r e  t h e i r  low thermal conduct iv i ty ,  t h e  r e l a t i v e l y  l a r g e  amount 

of water contained i n  t h e  pores ,  and t h e  d i f f i c u l t y  of mining. While t h e  

poor removal of decay hea t  and t h e  presence of pore f l u i d s  a r e  not  be- 

l i e v e d  t o  cause in so lub le  d i f f i c u l t i e s ,  t h e  problem of mining and oper- 

a t i n g  a d i s p o s a l  f a c i l i t y  i n  a p l a s t i c  s h a l e  formation might we l l  be 

c r i  ti ca l .  

From t h e  po in t  of view of t he  r i s k  of leaching  of the  waste,  d i s p o s a l  
i n  s h a l e  would be  q u i t e  d i f f e r e n t  from d i s p o s a l  i n  sa l t .  
t i o n  of small q u a n t i t i e s  of b r i n e  t rapped  i n  minute noncommunicating cavi -  

t i e s ,  sa l t  i s  completely f r e e  from water.  S ince  i t  i s  ve ry  so lub le ,  i t  

has  been preserved  only where s'hale beds have p ro tec t ed  i t  from leaching .  

On t h e  o t h e r  hand, p l a s t i c  s h a l e s  must be very  porous and conta in  l a r g e  
volumes of water ,  s i n c e  t h e  p l a s t i c i t y  i s  caused b y  t h e  pore water.  But 

t h e  permeabi l i ty  of p l a s t i c  s h a l e s  i s  so  low t h a t  any apprec iab le  move- 
ment of water through them would r e q u i r e  long t imes.  The r a t e  of movement 

of c a t i o n s  o r  p a r t i c l e s  contained i n  the  water  would be o rde r s  of magni- 

tude lower than t h e  v e l o c i t y  of t h e  water i t s e l f .  The migra t ion  of i ons  

through t h e  s h a l e s  i n  t h e  absence of water movement would be c o n t r o l l e d  

by t h e  mechanism of molecular d i f fus ion .  

With t h e  excep- 

The fo l lowing  examples a r e  an i n d i c a t i o n  of t y p i c a l  r a t e s  of movement 

by molecular d i f f u s i o n  through an  average p l a s t i c  sha le .  

pendix A,) 

yea r s ;  i n  t h e  same time C s  would have moved only a few cent imeters .  

(See a l s o  Ap- 

For 'OS, the  average movement would be a few meters i n  1000 
137 
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For americium and plutonium t h e  t ime necessary  t o  move a few meters away 

woxld be r e s p e c t i v e l y  lo5 and 10 years .  More e l a b o r a t e  c a l c u l a t i o n  6 

would be necessary  i f  t h e  i n i t i a l  s o l i d  s t a t e  of t h e  waste and t h e  e f f e c t  

of decay hea t  on t h e  sha le  were t o  be considered.  

I n  t h e  case of d i sposa l  i n  sa l t ,  t h e r e  would be  no l each ing  of t h e  
waste by water .  I f  d i s s o l u t i o n  of t he  sa l t  were t o  occur ,  l each ing  of 
r ad ionuc l ides  would fo l low;  t h i s  would r e q u i r e  a l a r g e  flow of groundwater. 

The only  c o r r e c t  approach t o  t h e  s e l e c t i o n  of t h e  d i s p o s a l  formation 

i s  t o  check t h e  proposed geologic  environments a g a i n s t  t h e  ve ry  s t r i n g e n t  

s a f e t y  s tandards  r equ i r ed  by t h e  magnitude of t h e  p o t e n t i a l  hazard.  Only 
a f t e r  an a l t e r n a t i v e  type of formation has  been found accep tab le  from 

the  poin t  of view of s a f e t y  should elements such as convenience of oper- 

a t i o n  and cos t  p l ay  t h e i r  p a r t  i n  t h e  s e l e c t i o n .  S a l t  formations appear  

t o  meet t h e  s a f e t y  requirements ,  and a t  t h i s  moment they  r ep resen t  t h e  

most p r a c t i c a l  s o l u t i o n .  However, many a r e a s  of t h e  world e x i s t  without  

s u i t a b l e  s a l t  formations.  I n  t h i s  case,  s h a l e  formations might w e l l  pro- 

v ide  an acceptab le  a l t e r n a t i v e ,  bu t  cons iderable  e f f o r t s  would need t o  be 
expended t o  a s su re  t h a t  s a f e t y  requirements  were not  be ing  compromised. 

6.3 P l a s t i c a  Deformation of t he  Disposal  Formation 

I t  has been s t a t e d  t h a t  a s u i t a b l e  d i s p o s a l  formation must be char- 
a c t e r i z e d  by t h e  absence of c i r c u l a t i n g  groundwater and by p l a s t i c i t y .  

Since some p l a s t i c  deformation occilrs i n  p r a c t i c a l l y  a l l  rocks,  i t  i s  

c l e a r l y  t h e  r a t e  of deformation r equ i r ed  i n  a d i s p o s a l  formation t h a t  

must be def ined.  

s tud ied ,  and many l abora to ry  experiments have def ined  t h e  deformation 

curves f o r  t h i s  rock ma te r i a l .  However, f i e l d  observa t ions  i n  a l a r g e  
depth range prove t h a t  t h e  c reep  r a t e s  a r e  not  s u f f i c i e n t  t o  c lose  f r a c -  

t u r e s  formed i n  t h i s  rock. 

l i s h e d  through a f r a c t u r e ,  t h e  d i s s o l u t i o n  of calcium carbonate  w i l l  

For example, t he  creep of l imestone has been ex tens ive ly  

Ins t ead ,  once water c i r c u l a t i o n  i s  e s t ab -  

a The term p l a s t i c  i s  app l i ed  t o  t h e  continuous deformation of com- 
p l ex  s o l i d  bodies ,  such as rocks,  i n  c o n t r a s t  t o  t h e  v iscous  flow of 
f l -d ids .  
s i b l e  f o r  t he  deformation. 

I t  i s  - x e d  without any impl i ca t ion  abo-Jt t h e  mechanisms respon- 
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p r o g r e s s i v e l y  en large  t h e  opening. I n  t h i s  case,  t he  r a t e  of c l o s u r e  of 

t he  openings because of t h e  c reep  of t h e  rock i s  c e r t a i n l y  l e s s  than t h e  

r a t e  of d i s s o l u t i o n .  

Therefore ,  i t  i s  ev ident  t h a t  creep r a t e s  i n  t h e  d i s p o s a l  formation 

must be higher  than  t h e  c reep  r a t e s  of l imestone. 

ever ,  t h a t  t h e  h igher  t he  p l a s t i c i t y  t h e  b e t t e r .  

of deformation r a t e ,  t h e  problem of o p e r a t i n g  t h e  f a c i l i t y  would become 

inso lvable .  Since s a l t  has  f a i r l y  c o n s i s t e n t  phys ica l  p r o p e r t i e s ,  it can 

be s t a t e d  t h a t ,  i n  t h i s  m a t e r i a l ,  troublesome r a t e s  of deformation would 

be met a t  depths exceeding 800 t o  1000 m. 
o ther  hand, present  a tremendous v a r i a b i l i t y  i n  phys ica l  p r o p e r t i e s .  I n  

a genera l  way, p l a s t i c i t y  decreases  wi th  i n c r e a s i n g  compaction and t h e r e -  

fo re  wi th  depth of b u r i a l ;  however, t h e  r e l a t i o n  i s  far from s t r a i g h t f o r -  

ward. I n  f a c t ,  many f a c t o r s  c o n t r i b u t e  t o  determine t h e  p h y s i c a l  

p r o p e r t i e s  of a r g i l l a c e o u s  sediments,  e s p e c i a l l y  t h e  minera logica l  

composition, t he  s t r a t i g r a p h i c  r e l a t i o n s h i p s ,  and t h e  geologic  h i s t o r y .  

AS a consequence, no g e n e r a l i z a t i o n  i s  p o s s i b l e  about t h e  depth t o  which 

sha le s  of a p p r o p r i a t e  p l a s t i c i t y  could be found. 

about t h e  p h y s i c a l  p r o p e r t i e s  of a sha le  formation i s  through a c t u a l  

f i e l d  measurement and observa t ion  of t e c t o n i c  deformations,  i f  any. 

I t  i s  not  t r u e ,  how- 

Beyond a c e r t a i n  l i m i t  

Arg i l laceous  sediments,  on t h e  

The only way t o  l e a r n  

The c a p a b i l i t y  of p l a s t i c  deformation of t he  d i s p o s a l  formation 

r e p r e s e n t s  t h e  main safeguard a g a i n s t  a sudden loss  of containment and 

r e l e a s e  of r a d i o a c t i v e  nuc l ides  t o  groundwater. However, t h i s  f e a t u r e  

might have negat ive  consequences i f  t h e  d i s p o s a l  formation were t o  be 

s u b j e c t e d  t o  excessive deformation. Therefore  t h e  p o s s i b i l i t y  of t h e  

d i s p o s a l  formation be ing  a f f e c t e d  by d i a p i r i c  processes  must be i n v e s t i -  

ga ted  and t h e  p o s s i b l e  e x t e n t  of deformation throughout a time per iod  

of s e v e r a l  hundreds of thousands of years  must be evaluated.  

Diapir ism i s  a process by which e a r t h  m a t e r i a l s  from deeper l e v e l s  

have deformed and p ie rced  t h e  over ly ing  s t ra ta .  For d iap i r i sm t o  occur, 

t h e  necessary condi t ions  a re :  

i t s  exposure t o  a pressure  d i f f e r e n c e  s u f f i c i e n t  t o  cause flowage. 

t he  flowage must continue f o r  a long time i n  order  t o  r e s u l t  i n  t h e  i n -  

t r u s i o n  through t h e  overburden of l a rge  volumes of d i a p i r i c  m a t e r i a l ,  

o ther  condi t ions  must be r e a l i z e d ;  e i t h e r  t he  d i a p i r i c  m a t e r i a l  must have 

t h e  e x i s t e n c e  of a p l a s t i c  formation and 

If 
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a lower s p e c i f i c  g r a v i t y  than  t h e  overburden or t e c t o n i c  processes  must 

a c t i v e l y  squeeze the  p l a s t i c  m a t e r i a l s  through t h e  overburden. D i a p i r i c  

processes  of evapor i t e s  and a r g i l l a c e o u s  sediments a r e  not  n e c e s s a r i l y  

i d e n t i c a l  and they  w i l l  be  reviewed s e p a r a t e l y .  

6.3.1 S a l t  Diapir ism 

The process  of sa l t  d i ap i r i sm progresses  from t h e  undis turbed  h o r i -  

zon ta l  bed through many in t e rmed ia t e  s t a g e s  of deformation be fo re  r each ing  

t h e  s t a t e  of a well-developed d i a p i r .  L inea r  sa l t  s t r u c t u r e s  r e s u l t  from 

the  flowage and accumulation of sa l t  i n  e longated  zones of  reduced pres-  

sure .  

" sa l t  r i dges , "  and "salt  walls. If 

f a u l t  plane,  t h e  l i n e a r  s t r u c t u r e s  a r c h  t h e  over ly ing  s t ra ta  b u t  do no t  

p i e rce  them. Along t h e  l i n e a r  s t r u c t u r e s  t h e r e  a r e  s i t e s  of minimum pres-  

su re  where t h e  accumulation of sa l t  i s  concent ra ted .  On t h e  s i t e s  of 

maximum s a l t  accumulation s u b c i r c u l a r  s t r u c t u r e s  s tar t  t o  develop. Before 

p i e r c i n g  of t h e  overburden, t h e  l o c a l i z e d  accumulations a r e  c a l l e d  "sal t  
u p l i f t s " ;  a f t e r  p i e r c i n g  they  a r e  c a l l e d  " s a l t  d i a p i r s , "  "sal t  domes," 

"sal t  chimneys," "sal t  plugs," "salt  s tocks ,"  and " sa l t  eczemes." 

more d i a p i r s  merge a t  depth i n t o  a s a l t  r i d g e ,  t h e  whole complex i s  c a l l e d  

" s a l t  massif." 

d i r e c t l y  i n  a s l ibc i rcu lar  a r e a  without  a l i n e a r  s t age .  

Examples of l i n e a r  s t r u c t u r e s  a r e  "salt  a n t i c l i n e s , "  "sal t  p i l lows ,"  

Unless s a l t  i n t r u s i o n  occurs  a long  a 

Where 

I t  i s  a l s o  poss ib l e  f o r  t h e  sa l t  accumulation t o  beg in  

There a r e  l i n e a r  s t r u c t u r e s  t h a t  have g iven  o r i g i n  t o  mul t ip l e  d i -  
a p i r s ;  i n  t hese  cases  an alignment i s  u s u a l l y  ev ident .  The F ive  I s l a n d s  

group and t h e  Bay Marchand-Timbalier Bay-Caillou I s l a n d  group, bo th  i n  

Louis iana,  a r e  examples of d i a p i r  alignment because of common r o o t s  i n  a 
deep l i n e a r  s t r u c t u r e .  6.20, 6.21 

Day Dome, Texas, i s  an example of a s a l t  a n t i c l i n e  t h a t  has r e s u l t e d  

I n  t h e  upper po r t ions  d i a p i r s  a r e  t y p i c a l l y  c i r -  6.22 i n  a s i n g l e  d i a p i r .  

c u l a r  or ova l  i n  h o r i z o n t a l  s ec t ion ,  wi th  a diameter u s u a l l y  between 2 

and 8 km. I n  depth,  the  shape i s  g r o s s l y  c y l i n d r i c a l ,  w i th  occas iona l  

overhangs, or coni c a l .  

The depth of t he  mother bed c o n t r o l s  t he  maximum he igh t  t h a t  s a l t  
d i a p i r s  can achieve .  I n  t h e  d i a p i r i c  province of t h e  Gulf Coast of t h e  

. 
m 

United S t a t e s ,  no we l l  h a s  ever  reached the  mother bed, which i s  b e l i e v e d  



t o  be a t  l e a s t  8000 t o  9000 m deep. I n  t h e  e a s t  Texas and n o r t h  Louis i -  

. 

s 

ana s y n c l i n e s ,  t he  Louann sa l t  l i e s  a t  depth ranging between 3000 and more 

than 4500 m. 6'23 
between 3000 and 5000 m. 6.24 I n  n o r t h e a s t e r n  A l g e r i a  t h e  t o t a l  depth t o  

t h e  d i a p i r i c  T r i a s s i c  complex i s  of t h e  order  of 3500 t o  5000 m. 
south I r a n  t h e  depth t o  t h e  mother bed i s  6000 t o  8000 m. 

I n  t h e  German sa l t  b a s i n  t h e  mother bed depth ranges 

6.25 In 
6.26, 6.27 

I t  is ,  t h e r e f o r e ,  c l e a r  t h a t  sa l t  d i a p i r s  a r e  u s u a l l y  l a r g e  s t r u c -  

t u r e s  r e q u i r i n g  many cubic  ki lometers  of sa l t .  An example of an  excep- 

t i o n a l l y  l a r g e  s t r u c t u r e  i s  t h e  Lake Washington dome, Louis iana,  which, 

according t o  t h e  e s t i m a t e  of Atwater and Forman, conta ins  more than  1000 

km of s a l t .  6*21 The same authors  have c a l c u l a t e d  t h a t  t h e  sa l t  massif 3 

formed by t h e  merging a t  depth of t h e  Bay Marchand-Timbalier Bay and 

Ca i l lou  I s l a n d  d i a p i r s ,  Louis iana,  conta ins  i n  excess  of 5500 km3 of 

sa l t .  To supply t h e  volume of sa l t  present  i n  t h i s  l as t  s t r u c t u r e ,  t h e  

necessary t h i c k n e s s  of s a l t  i n  the  source a r e a  has been es t imated  t o  be 

of t h e  order  of 4 t o  5 km. Undoubtedly, t h i s  i s  an extreme value,  b u t  

t h e  e x i s t e n c e  of a t h i c k  sa l t  s e r i e s  i s  one of t h e  necessary condi t ions  

of sa l t  diapir ism.  The c r i t i c a l  th ickness  below which sa l t  d i a p i r i s m  

cioes not  occur i s  unknown, b u t  i t  i s  probably t r u e  t h a t  i n  t h e  i n s t a n c e s  

when d i a p i r s  developed the  mother bed must have been a t  l e a s t  300 t o  400 

m th i ck .  

The e x i s t e n c e  of a t h i c k  l a y e r  of s a l t ,  a l though necessary,  i s  not  
6.28 

a s u f f i c i e n t  condi t ion  f o r  t h e  formation of s a l t  d i a p i r s .  Sannemann 

r e f e r s  t o  t h e  reg ion  northwest of t h e  s a l t - s t o c k  family n o r t h  of Hamburg, 

where, i n  a l a r g e  a rea ,  Zechstein sa l t ,  about 1000 m th i ck ,  covered by 
3000 t o  4000 m of sedimentary overburden, l i e s  on a basement r i s i n g  north-  

ward wi th  a s lope  of 1 t o  2'. 

t he  i n i t i a l  s t a g e  of formation of sa l t  p i l lows ,  has occurred; i n s t e a d ,  

Apparently,  no salt  deformation, even t o  

t h e  sa l t  has maintained i t s  o r i g i n a l  uniform th ickness .  I t  i s  a l s o  ev i -  

dent t h a t  b u r i a l  under a sedimentary cover,  3000 t o  4000 m t h i c k ,  i s  not  

i n  i t s e l f  a s u f f i c i e n t  condi t ion  t o  i n i t i a t e  t h e  flowage of sa l t .  I n  
o t h e r  a r e a s  of Germany t h e r e  i s  good geologic  evidence t h a t  sa l t  deforma- 

t i o n  s t a r t e d  when sa l t  was only 2000 m deep. 

One can conclude t h a t  t he  p l a s t i c  deformation of sa l t  begins  where 

and when t h e  salt  i s  exposed t o  a s u f f i c i e n t  pressure  d i f f e r e n c e .  The , 



104 

s t r e s s e s  a c t i n g  on t h e  sal t  bed and r e spons ib l e  f o r  i t s  f low a r e  caused 
mainly by d i f f e r e n t i a l  loading.  

i n  i n c r e a s i n g  t h e  p o s s i b i l i t y  of d i f f e r e n t i a l  l oad ing  or i n  a c t u a l l y  

squeezing t h e  sal t  a long  f a u l t  planes.  An example of t h e  f irst  case  

would be a sedimentary b a s i n ,  wi th  a t h i c k  sa l t  s e r i e s  a t  t h e  depth of 
1000 m, which i s  sub jec t ed  t o  fo ld ing .  The d i f f e r e n t i a l  accumulation 

between sync l ines  and a n t i c l i n e s  would then  r e s u l t  i n  d i f f e r e n t i a l  load-  

i n g  of t h e  salt .  
s a l t  begins  t o  f low from high-pressure t o  low-pressure zones. The over- 

Tec tonic  f o r c e s  can a l s o  be important  

Once t h e  c r i t i c a l  p ressure  d i f f e r e n c e  has  been reached, 

burden would t e n d  t o  fo l low t h e  deformation of t h e  s a l t  bed, s i n k i n g  i n  

t h e  space vaca ted  by t h e  sa l t  and be ing  u p l i f t e d  over t h e  a r e a  of s a l t  
accumulation. Reduced accumulation or even e ros ion  on t h e  a r e a  of u p l i f t  

and inc reased  accumulation on t h e  s ink ing  a r e a  would main ta in  o r  even i n -  

c r ease  t h e  p re s su re  d i f f e rence  r e spons ib l e  f o r  t h e  flowage of sa l t .  
t u a l l y  t h e  shear  s t r e n g t h  of t h e  overburden over t h e  zone of u p l i f t  would 

be exceeded, and f r a c t u r i n g  of t h e  cover and sa l t  i n t r u s i o n  would occur.  

A f t e r  piercement of t h e  overburden, t h e  v e r t i c a l  movement of t h e  sa l t  

Even- 

would be concent ra ted  a t  t h e  s i t e  of piercement,  and t h e  r e s t  of t h e  sa l t  
u p l i f t  or s a l t  a n t i c l i n e  would co l l apse .  

would form on t h e  s i t e  of t h e  previous sa l t  u p l i f t .  S a l t  i n t r u s i o n  could 

be a r r e s t e d  e i t h e r  because the  p re s su re  d i f f e rence  i s  no longer  s u f f i c i e n t  

t o  cause flowage o r  because no more sa l t  i s  a v a i l a b l e  i n  t h e  source area. 

The second p o s s i b i l i t y  could be caused e i t h e r  by dep le t ion  of sa l t  i n  t h e  

source a r e a  o r  because t h e  sa l t  supply i s  cu t  o f f  by t h e  p e r i p h e r a l  s ink .  

I f  no more sal t  i s  a v a i l a b l e  t o  flow i n t o  t h e  sa l t  s t r u c t u r e ,  t h e  upward 
movement of s a l t  would te rmina te .  If ,  i n s t e a d ,  t h e  s a l t  i n t r u s i o n  were 

a r r e s t e d  because t h e  r e s u l t a n t  of f o r c e s  were not  s u f f i c i e n t  t o  overcome 

t h e  r e s i s t e n c e  t o  sa l t  movement, a f u t u r e  r e a c t i v a t i o n  of sa l t  i n t r u s i o n  

would be poss ib l e .  

A t  t h e  s u r f a c e ,  a sync l ine  

The f o r c e s  a c t i n g  on t h e  sal t  and r e spons ib l e  f o r  i t s  deformation 
change wi th  time as a func t ion  of s e v e r a l  f a c t o r s .  

phys i ca l  p r o p e r t i e s  of sa l t  change as a f u n c t i o n  of temperature ,  confin-  

i n g  p res su re ,  c r y s t a l  s i z e ,  i m p u r i t i e s  conten t ,  and s t r a i n  hardening. 

I n  a d d i t i o n ,  t he  

I n  t h e  s t a g e  of sa l t  deformation before  t h e  piercement of t h e  over- 

burden, t h e  h o r i z o n t a l  component of s a l t  movement p r e v a i l s ,  and t h e  f o r c e  
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causing the  movement i s  e s s e n t i a l l y  due t o  d i f f e r e n c e s  i n  weight on t h e  

sa l t  bed. A f t e r  piercement,  p a r t  of t h e  s a l t  mass moves upward. With 

the  growth of t h e  d i a p i r ,  t h e  d i f f e rence  i n  d e n s i t y  between sa l t  and 

sedimentary rocks ga ins  importance i n  determining t h e  f o r c e s  a c t i n g  on 

t h e  sa l t  body. 

hand, t e r r igenous  sediments a r e  very porous a t  t he  t ime of depos i t i on  

and undergo compaction depending on t h e  pressure  t o  which they  a r e  ex- 

posed. 

sediments and t h e  depth of b u r i a l  observed i n  d i f f e r e n t  geologic  a r e a s .  

Dickinson ' s  curve i s  t h e  one b e s t  approaching the  case of g e o l o g i c a l l y  

r e c e n t  sha le s .  

The s p e c i f i c  g r a v i t y  of s a l t  i s  about 2 .2;  on t h e  o t h e r  

F igure  6.2 shows t h e  r e l a t i o n s h i p s  between the  d e n s i t y  of c layey  

6.29 

If t h e  s a l t  i s  in t ruded  through sediments wi th  d e n s i t y  h igher  than  
3 2.2 g/cm , t h e  load  on t h e  mother bed below the  growing s a l t  s t r u c t u r e  

v a r i e s  i n v e r s e l y  wi th  t h e  he ight  of over ly ing  sa l t .  Therefore  t h e  pres-  

su re  d i f f e rence  d r i v i n g  t h e  s a l t  flowage i n t o  t h e  d i a p i r  i s  d i r e c t l y  

p ropor t iona l  t o  t h e  he ight  of t h e  d i a p i r  i t s e l f .  

f a r  as t h e  i n t r u s i v e  s a l t  r ep laces  t h e  heavier  sediments of t h e  over- 

burden; i f  t he  growing sa l t  s t r u c t u r e  compacts o r  u p l i f t s  t h e  over ly ing  

sediments,  t h e  load  below t h e  growing d i a p i r  i nc reases  w i t h  t h e  he igh t  

of s a l t ,  and t h e  pressure  d i f f e rence  d r iv ing  s a l t  i n  t h e  d i a p i r  decreases .  

When t h e  overburden i s  u p l i f t e d  above t h e  growing d i a p i r ,  i n t r u s i o n  can 

cont inue only as long as t h e  necessary  pressure  d i f f e rence  i s  maintained 

by d i f f e r e n t i a l  accumulation between u p l i f t  and surrounding a r e a  and/or 

e r o s i o n a l  unloading of t h e  u p l i f t .  

This  i s  only  t r u e  as 

Once t h e  top  of t h e  growing d i a p i r  reaches  c i r c u l a t i n g  groundwater, 

s a l t  d i s s o l u t i o n  begins .  The i n s o l u b l e  m a t e r i a l s  contained i n  t h e  s a l t  

a r e  l e f t !  behind and accumulated. I n  t h e  Gulf Coast a r e a  s a l t  i s  u s u a l l y  

ve ry  pure;  t o t a l  i n s o l u b l e s  a r e  a few percent  of t h e  t o t a l  mass; anhy- 

d r i t e  c o n s t i t u t e s  about 9% of a l l  i n so lub le s .  
6.30 

The leaching  of t h e  sa l t  and t h e  accumiJlation of inso l i lb les  r e s u l t  

i n  t h e  product ion of t h e  cap-rock formation present  on many d i a p i r s .  

Occasional ly ,  t he  volume of cap rock i s  very l a r g e ,  i n d i c a t i n g  t h a t  d i s -  

so l i l t ion  of s a l t  has  progressed f o r  a ve ry  long time and t h a t  a very  

l a r g e  volume of s a l t  has  been removed. 

l a t e s  t h a t  t he  accumulation of t h e  cap rock present  on t o p  of Day Dome, 

For example, Bornhailser calcu-  
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Fig. 6.2. Average Re la t ionsh ips  Between Shale  Densi ty  and Depth. 

Curve 3--deter-  
Curve 1--determined by Athy for Paleozoic  s h a l e s  i n  Oklahoma. 
determined by Hedberg for Paleozoic  s h a l e s  i n  Kansas. 
mined by Dickinson for Cenozoic s h a l e s  i n  the  Gulf Coast Area. 

Curve 2-- 
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Texas, has  r equ i r ed  t h e  d i s s o l u t i o n  of about 45 km3 of s a l t .  6*22 Such 

volume of s a l t  would make up a l a y e r  of sa l t  about 6000 m deep. S ince  

t h e  t o p  of Day Dome could never have been 6000 m h igher  t han  t h e  p re sen t  

l e v e l ,  t h e  d i s s o l u t i o n  of s a l t  must have progressed contemporaneously 

wi th  t h e  r i s e  of s a l t  i n  t h e  d i a p i r .  I t  fo l lows  also t h a t  t h e  r a t e s  of 

t h e  two processes  must have been of t he  same order  of magnitude. 

If the  r a t e  of growth of t h e  d i a p i r  exceeds bo th  the  r a t e  of sa l t  
d i s s o l u t i o n  and t h e  r a t e  of sediment accumulation, sa l t  can reach  t h e  

sur face .  Once t h e  d i a p i r  has reached t h e  su r face ,  t h e  r i s e  of sa l t  can 

be te rmina ted  only  by t h e  dep le t ion  of sa l t  i n  t h e  source a r e a  o r  b y  t h e  

formation of a sa l t  mountain h igh  enough t o  compensate by i t s  weight t h e  

pressure  d i f f e rence  d r iv ing  sa l t  from t h e  source a r e a  i n t o  t h e  d i a p i r .  

S a l t  d i a p i r s  reaching  t h e  su r face  a r e  known only i n  a r e a s  cha rac t e r i zed  

by a very  a r i d  c l imate ,  such as nor the rn  Alge r i a  and south  I r a n .  

south  I r a n  t h e  sa l t  d i a p i r s  reaching  t h e  su r face  a r e  numerous, and oc- 

c a s i o n a l l y  salt  forms t r u e  mountains as h igh  as 1200 m above t h e  l e v e l  

of t h e  surrounding p l a in .  

mountains a r e  i n  i s o s t a t i c  equi l ibr ium,  t h e  mother bed should be  a t  a 

depth of 7000 t o  8000 m. 
su r f ace  processes ,  such as e ros ion  and l a t e r a l  spreading  of sa l t  under 

i t s  own weight,  should prevent  a t ta inment  of i s o s t a t i c  equi l ibr ium.  I t  

seems, t h e r e f o r e ,  t h a t  t h e  f i n a l  t e rmina t ion  of d i a p i r  growth would have 

t o  be caused by t h e  even tua l  dep le t ion  of s a l t  i n  t h e  source a r e a .  I n  

some cases  t h e  growth of sa l t  d i a p i r s  could be a r r e s t e d  by t h e  accumula- 
t i o n  of a g r e a t  t h i ckness  of sediment above t h e  r i s i n g  s t r u c t u r e .  I n  

t h i s  case,  i t  i s  necessary  t h a t  t he  r a t e  of sedimentat ion exceeds t h e  

growth r a t e  of t h e  d i a p i r .  

I n  

With t h e  assumption t h a t  t h e  1200-m-high s a l t  

Probably t h e  mother bed i s  even deeper, because 

One a spec t  of sa l t  d i ap i r i sm t h a t  i s  ve ry  important i n  r e l a t i o n  t o  

t h e  s a f e t y  of waste d i s p o s a l  i s  the  r a t e  of t h e  process  i n  i t s  va r ious  

s t ages .  

s a l t  bed should l a r g e l y  exceed t h e  t ime req-aired f o r  decay of 239Pu t o  

I f  t h e  t ime necessary  f o r  an unacceptable  deformation of t he  

innocuous l e v e l s  of a c t i v i t y ,  t h e  whole problem of t h e  p l a s t i c  deforma- 

t i o n  of sa l t  would have l i t t l e  re levance  t o  t h e  d i sposa l  of r a d i o a c t i v e  

waste.  
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I n  t h e  abundant l i t e r a t u r e  on sa l t  d iap i r i sm,  s e v e r a l  e s t i m a t e s  of 

t h e  r a t e  of d i a p i r s '  growth can be  found. Most g e o l o g i s t s  b e l i e v e  t h a t  

sa l t  deformation i s  a slow process  and t h a t  t h e  a c t u a l  r a t e  of growth of 

s a l t  d i a p i r s  i s  of t h e  order  of a few mi l l ime te r s  per  year .  The r a t e  

of sa l t  movement i s  not  t h e  same i n  a l l  phases of sa l t  deformation; i t  
i s  probably a t  a maximum i n  t h e  l a t e r  s t a g e  when d i a p i r s  a r e  approaching 

or reaching  t h e  su r face .  I n  f a c t ,  i n  t h i s  phase t h e  p re s su re  d i f f e rence  

due t o  the sa l t - sed iment  d e n s i t y  c o n t r a s t  i s  c lose  t o  i t s  maximum and 

the  r e s i s t a n c e  o f f e red  by t h e  overburden t o  t h e  r i s i n g  sal t  i s  v e r y  re- 

duced or even n i l  when sa l t  i s  exposed t o  t h e  su r face .  I n  t h e  p rep ie rce -  

ment s t a g e s  of s a l t  de fo raa t ion ,  t h e  p re s su re  d i f f e r e n c e s  a r e  much l e s s  

and t h e  r e s i s t a n c e  of t h e  overburden i s  h igher ;  t h e r e f o r e ,  even cons ider -  
i n g  t h e  h igher  temperature of t h e  s a l t ,  because of t h e  g r e a t e r  depth,  t h e  

r a t e s  of movement should be  markedly l e s s  than  t h e  r a t e s  of growth of a 
well-developed d i a p i r  approaching t h e  su r face .  O f  a q u i t e  d i f f e r e n t  

opinion i s  Tursheim, who r e p o r t s  Sannemann's conclusion t h a t  i n  Germany 

t h e  average r a t e  of sa l t  movement on t h e  geologic  t ime s c a l e  i s  0.3 
mm/year 6024 S u r p r i s i n g l y ,  Sannemann found t h a t  t h e  f low r a t e  of 0.3 
mm/year was roughly cons tan t ,  bo th  i n  t h e  p r e d i a p i r i c  s t a g e  of s a l t  p i l -  

low and sa l t  a n t i c l i n e  formation and i n  t h e  mostly v e r t i c a l  f low of t h e  

d i a p i r i c  s t age .  

p o i n t s  of view, cons ider ing  t h a t  t h e  0.3 mm/year i s  a f low rate averaged 

over geologic  t ime per iods .  

phys i ca l  condi t ions  of t h e  sa l t  bed and t h e  r e l a t i o n s  between s a l t  and 

overburden a r e  e s s e n t i a l l y  uniform; t h e r e f o r e ,  a continuous,  uniform 

flow of sa l t  i s  probable.  I n  t h e  d i a p i r i c  s t a g e  t h e  s i t u a t i o n  i s  q u i t e  

d i f f e r e n t :  sa l t  r i s e s  through p rogres s ive ly  co lder  sediments t h a t  must 

be f o r c i b l y  broken and pushed a p a r t .  The r e s i s t a n c e  o f f e r e d  by t h e  over- 

burden t o  t h e  r i s i n g  plug changes markedly as a func t ion  of t h e  f a u l t i n g .  

Therefore ,  an  i r r e g u l a r ,  discont inuous movement seems t h e  most l o g i c a l  

mode of d i a p i r  growth. 

It  might be poss ib l e  t o  r e c o n c i l e  t h e s e  two opposing 

I n  t h e  s t a g e  of s a l t  p i l l ow formation,  t h e  

Borchert  and Muir conclude t h e i r  review of t h e  problem s t a t i n g  t h a t  
t h e  u s u a l  r a t e  of d i a p i r  growth i s  probably l e s s  t han  2 mm/year. 6.16 At 

t imes t h e  r e l a t i o n s h i p s  between s a l t  and over ly ing  sediments permit t h e  

r e c o n s t r u c t i o n  of a long and complex h i s t o r y  of sa l t  emplacement. Atwater 
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and Forman descr ibe  s e v e r a l  d i a p i r s  f o r  which a h i s t o r y  of sa l t  emplace- 
ment extending during many m i l l i o n s  of yea r s  can be  followed. 6'21 An ex- 

ample i s  fu rn i shed  by t h e  Iowa sa l t  d i a p i r  i n  Louis iana,  dep ic t ed  i n  

Fig.  6.3, f o r  which s e v e r a l  phases of u p l i f t  a r e  known. I t  i s  i n t e r e s t -  

i n g  t o  note  t h a t  t h e  accumulation of o i l  i s  r e l a t e d  t o  a f o s s i l  "high" 

caused by t h e  Oligocene-Miocene u p l i f t  and not  t o  t h e  axis of t h e  more 

r e c e n t  u p l i f t  l o c a t e d  about 1500 m south.  

major f a u l t  i s  c l e a r l y  caused by t h e  youngest phase of u p l i f t .  

f a u l t  can be t r a c e d  t o  wi th in  450 m of t h e  su r face .  

The displacement a long  t h e  

This  

Borchert  and Muir6* l6 r e p o r t  Lotze '  s observa t ion  t h a t ,  i n  Spain ,  

r i s i n g  d i a p i r s  of Keuper sa l t  in f luenced  t h e  th i ckness  of sediments ac-  

cumulated throughout t h e  upper Cretaceous.  A very  l i m i t e d  th inn ing  can 

be de t ec t ed  i n  t h e  Cenomanian sediments,  b u t  i t  becomes q u i t e  apparent  
i n  t h e  Turonian and ve ry  marked i n  t h e  Senonian. Above t h e  d i a p i r s ,  t h e  

whole upper Cretaceous success ion  i s  o f t e n  l e s s  t han  a t e n t h  as t h i c k  as 
i n  the  surrounding a r e a .  The only  l o g i c a l  explana t ion  i s  continuous 

growth during a l l  t h i s  t ime per iod.  

cu r r ing  i n  s e v e r a l  p resent  b a s i n s  as w i l l  be  d iscussed  below. 

A similar s i t u a t i o n  i s  probably oc- 

Consider ing t h e  complexity of s a l t  deformation and t h e  many parame- 

t e r s  t h a t  can a c t i v e l y  modify t h e  f o r c e s  a c t i n g  on t h e  salt  and t h e  physi-  

c a l  p r o p e r t i e s  of t h e  sa l t  i t s e l f ,  i t  i s  no s u r p r i s e  t h a t  d i a p i r  growth 

i s  not  a r e g u l a r ,  uniform process .  

have s t u d i e d  t h e  i n t e r n a l  s t r u c t u r e s  of s e v e r a l  sa l t  domes, i n  which 

mining ope ra t ions  have been conducted, and concluded t h a t  s a l t  advances 

i n  sp ines  and lobes  sepa ra t ed  by shea r ing  planes.  The s a l t  movement i s  

probably j e r k y  and i r r e g u l a r ;  poss ib ly  phases of d i a p i r  growth a r e  sep- 

a r a t e d  by per iods  of stasis. 

6 a  33 Balk '*'" 6 0 3 2  and Muehlberger 

A s  a l r e a d y  mentioned above, t h e  r e l a t i o n s h i p  between cap rock, 

under ly ing  sa l t ,  and surrounding sediment,  i l l u s t r a t e d  by many d i a p i r s ,  

i s  s t r o n g  evidence t h a t  t h e  r i s e  and t h e  d i s s o l u t i o n  of sa l t  have pro- 

gressed  a t  comparable r a t e s .  

deformation can be obta ined  wi th  t h e  fo l lowing  + cons ide ra t ions .  

Add i t iona l  evidence about t h e  r a t e  of sa l t  

1. 

s t r u c t u r e s .  

high thermal  conduc t iv i ty  of sa l t  and by t h e  hea t  genera ted  by i n t e r n a l  

Anomalously high temperatures  have been observed i n  s e v e r a l  sa l t  
These temperatures  seem t o  be  adequate ly  expla ined  by t h e  
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f r i c t i o n  during sa l t  deformation. The uniformly h igh  temperatures  wi th  

maximum va lues  a t  t he  c e n t e r  l i n e  of t h e  d i a p i r  which would be expected 

L 

i n  young s a l t  s t r u c t u r e s  which have in t ruded  very  r a p i d l y  have never 

been observed. 6.34 

2. Seismic p r o f i l e s  through t h e  bottom sediments of t h e  Gulf of 

Mexico and o the r  s e a  b a s i n s  show many s t r u c t u r e s  t h a t  s t r o n g l y  suggest  

growing d i a p i r s .  The d r i l l i n g  of one of t h e  Sigsbee Knolls  l o c a t e d  i n  

t h e  ve ry  f l a t  Sigsbee Abyssal P l a i n ,  i n  t h e  deepest  p a r t  of t h e  Gulf of  

Mexico, under about 3600 m of water,  has  proved t h a t  t hese  small h i l l s  
a r e  t h e  s e a  bottom express ion  of sa l t  d i a p i r s .  ''35 While a l a r g e  f r a c -  

t i o n  of t h e  abyssa l  p l a i n  sediments i s  c o n s t i t u t e d  by t u r b i d i t e s ,  a l l  
sediments cored on t h e  Chal lenger  Knoll  down t o  t h e  cap rock  a r e  pe l ag ic .  

S ince  t h e  cap rock i s  o v e r l a i n  by sediments of upper Miocene age,  i t  i s  
demonstrated t h a t  t h i s  sa l t  d i a p i r  has  caused a topographic  r e l i e f  suf -  

f i c i e n t  t o  prevent  accumulation of t u r b i d i t e s  f o r  s e v e r a l  m i l l i o n  yea r s .  

The th inn ing  of sediments on t h e  f l a n k s  of t h e  Knoll ,  as r evea led  by t h e  

se i smic  r e f l e c t i o n  p r o f i l e s ,  s t r o n g l y  sugges ts  growth dur ing  sedimenta- 

t i o n .  Some of t h e  t h i n n i n g  i s  caused by d i f f e r e n t i a l  compaction between 

t h e  t h i c k  t u r b i d i t e s  and t h e i r  pe l ag ic  equ iva len t  on t h e  Knoll .  

downbuilding cannot be t h e  main process  a t  work, o r  t h e  Knolls  would be  

r a p i d l y  b u r i e d  under t h e  accumulating sediments.  Hence a r a t e  o f  d i a p i r  

growth of t h e  same order  of magnitude as t h e  r a t e  of sedimentat ion seems 

the  most l o g i c a l  explana t ion  of t h e  e x i s t i n g  r e l a t i o n s h i p s .  

However, 

3. The s tudy  of r i m  sync l ines  f u r n i s h e s  a d d i t i o n a l  evidence about 

t h e  evo lu t ion  of sa l t  s t r u c t u r e s .  The downwarping of t h e  sedimentary 

s t ra ta  i n t o  t h e  space vaca ted  by t h e  f lowing sa l t  i s  n e c e s s a r i l y  con- 

temporaneous wi th  t h e  accumulation of sa l t  i n  t h e  a r e a  of u p l i f t .  

6.4 shows t h e  diagrammatic c ros s  s e c t i o n  of a sal t  d i a p i r  and a s s o c i a t e d  

r i m  sync l ine ,  based  on observa t ions  of German sal t  s t r u c t u r e s .  C l e a r l y  

t h e  development of t h e  r i m  sync l ine  has been a very  long process .  

cording t o  Sannemann's diagrammatic r econs t ruc t ion ,  no sa l t  deformation 

occurred u n t i l  Keuper time (upper T r i a s s i c ) .  

u n t i l  middle J u r a s s i c  time, t hus  al lowing about 30 m i l l i o n  yea r s  f o r  t h e  

accumulation of sa l t  i n  t h e  sa l t  pi l low.  The i n t r u s i o n  of s a l t  was t e r -  

minated i n  upper Cretaceous t ime because of t h e  dep le t ion  of s a l t  i n  t h e  

F igure  

Ac- 

No piercement occxrred 
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source a rea .  

f o r  a t ime pe r iod  of t h e  order  of 30 t o  40 m i l l i o n  years .  

average r a t e  of movement of t h e  ascending sa l t  i s  exceedingly slow. 

t h e  evo lu t ion  of t h e  r i m  sync l ine  can be r econs t ruc t ed  and i f  t h e  s t r u c -  

t u r a l  r e l a t i o n s h i p s  between t h e  salt  and surrounding sediments a r e  known, 

t h e  geologic  h i s t o r y  of t h e  s a l t  s t r u c t u r e  can be  deduced. 

t h e  da t a  necessary  f o r  an accu ra t e  geologic  r e c o n s t r u c t i o n  f o r  most salt  
s t r u c t u r e s  a r e  not  a v a i l a b l e .  

sync l ines  of Cenozoic age a r e  f a i r l y  w e l l  known, b u t  t h e  o l d e r  sync l ines  

a r e  t o o  deep t o  be  reached by even t h e  deepest  wel l s .  

Therefore ,  t h e  s t a g e  of a c t i v e  d i ap i r i sm must have l a s t e d  
The r e s u l t i n g  

If 

Unfor tuna te ly ,  

For example, i n  t h e  Gulf Coast a r e a  r i m  

4. Evidence of t h e  r a t e  of sa l t  movement i s  o f f e r e d  by s e v e r a l  ob- 

s e r v a t i o n s  of p re sen t  movements. 

e i t h e r  i n  mines l o c a t e d  i n  sa l t  d i a p i r s  or a t  t h e  su r face  on t o p  of  s h a l -  

low sal t  d i a p i r s .  Caution i s  necessary  i n  t h e  i n t e r p r e t a t i o n  of deforma- 

t i o n  da ta  obta ined  i n  sa l t  mines, because c losu re  of mined c a v i t i e s  always 
occurs ,  occas iona l ly  very  r ap id ly .  6*24 I n  the  i n s t a n c e s  of observed ilp- 

l i f t ,  t h e  p o s s i b i l i t y  of subsidence of t h e  surrounding a r e a  because of 

compaction of  t h e  sediments should be  analyzed. However, a few cases  of 

sa l t  movement seem c e r t a i n ,  and i t  i s  l i k e l y  t h a t  many more i n s t a n c e s  

could be  r evea led  i f  t h e  appropr i a t e  measurements were conducted. For 

deep d i a p i r s  t h e  observa t ion  of movements would be  expected t o  be more 

d i f f i c u l t ,  bo th  because of t h e  l i k e l y  slower r a t e  of sa l t  u p l i f t  and 

because p a r t  of t h e  movement would be absorbed by t h e  compaction of t h e  

over ly ing  sediments.  

a va luab le  t o o l  t o  i n v e s t i g a t e  t h e  growth of sa l t  d i a p i r s ,  e s p e c i a l l y  i n  

depth,  bu t  no observa t ion  of t h i s  na tu re  i s  known t o  t h e  au thors .  

The r epor t ed  movements have been observed 

I t  seems l i k e l y  t h a t  micro-seismic d a t a  would f u r n i s h  

Lotze i s  quoted by mentioning t h a t  a r e l a t i v e  u p l i f t  of 1 t o  2 mm/year 
has  been measured on s a l t  s tocks  of t h e  Caspian depression.  Trusheim 

r e p o r t s  Te ichmul le r ' s  conclusion t h a t  t h e  r i s e  of t h e  salt  s tock  of 

Segeberg, i n  Ho l s t e in ,  no r the rn  Germany, has  been about 2 mm/year i n  t h e  

l as t  20,000 years .  6024 From observa t ions  by Lees and Falcon,  Trusheim 

has c a l c u l a t e d  a r a t e  of s a l t  movement of 2.4 mm/year i n  sa l t  s t r u c t u r e s  

loca t ed  i n  Iraq. 6.24 



Shee t s  r e p o r t s  t h a t  a c t i v e  movement has been measured a t  Hoskins 

Mound, Brazor ia  County, Texas. 6036 An a r e a  of 100 a c r e s  loca t ed  i n  t h e  

c e n t r a l  p a r t  of t h e  d i a p i r  has r i s e n  a maximum of 18 cm i n  a 23-year 

pe r iod  (1922-1945). 
8 mm/year. 

of u p l i f t  could be  an  overest imate .  

a s a l t  sp ine ,  such as those  p re sen t  a t  Anse L a  Bu t t e  (S t .  Mart in  P a r i s h ) ,  

J e f f e r s o n  I s l a n d ,  and B e l l e  I s l e  i n  Louis iana.  

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

Due t o  the  known subsidence of t h e  surrounding a r e a ,  t h i s  r a t e  

S t i l l  i t  could be t h e  beginning of 

Muehlberger and Clabaugh r e p o r t  t h a t  i n  1937 p a r t  of t h e  mine l o c a t e d  

i n  Winnfield S a l t  Dome, northwestern Louis iana,  was a c c i d e n t a l l y  f looded  

causing a water-etch l i n e .  6'37 A f t e r  27 yea r s  t h e  e t c h  l i n e  was no longer  

h o r i z o n t a l ,  b u t  showed a deformation amounting t o  s e v e r a l  cen t ime te r s .  

I n  a r a i l r o a d  cu t  on t h e  no r th  s lope  of J e f f e r s o n  I s l a n d ,  b rack i sh  
6.31, 6.38 water f o s s i l s  were found i n  loose sand, 6 t o  9 m above s e a  l e v e l .  

The f o s s i l s  were i d e n t i f i e d  and found t o  be probably of l a t e  P le i s tocene  

or e a r l y  Holocene age. 

t h e s e  f o s s i l s ,  t h e  l o g i c a l  explana t ion  would be  t h a t  a t  t h e  beginning of 

t he  Holocene, 11,000 yea r s  B.P., t h e  sand was accumulated i n  a b r a c k i s h  

water marsh l o c a t e d  a t  s e a  l e v e l ;  from t h i s  it would fo l low t h a t  t h e  de- 

p o s i t  has been u p l i f t e d  t o  t h e  present  l e v e l  during t h i s  span of t ime. 

Consider ing t h a t  11,000 yea r s  ago sea  l e v e l  was about 30 m below t h e  

p re sen t  leve  1, '*" t h e  u p l i f t  could  have been 30 t o  40 m i n  a t ime span 

of 10,000 t o  15,000 yea r s ,  which g ives  a r a t e  of growth of 2 t o  4 mm/year. 

I t  i s  worth no t ing  t h a t  a l s o  a t  J e f f e r s o n  I s l a n d  only  p a r t  of t h e  s a l t  
core i s  a c t i v e l y  r i s i n g .  The major p a r t  of t h e  d i a p i r  t e rmina tes  i n  a 

f l a t  su r face  a t  t h e  depth of about 250 m. 
d i a p i r  a sp ine  r i s e s  t o  the  average e l e v a t i o n  of t h e  su r face  i n  t h e  a rea .  

However, no s a l t  i s  exposed a t  the  su r face ,  as about 20 m of sediments,  

If more accu ra t e  d a t i n g  should confirm t h e  age of 

On t h e  sou theas t e rn  edge of t h e  

over ly ing  t h e  s a l t  
I s l a n d .  6.40 

sp ine ,  were arched t o  form t h e  h i l l  c a l l e d  J e f f e r s o n  

Va7J.ghan r e p o r t s  also t h a t  near  Sha f t  Hill on t o p  of t h e  B e l l e  I s l e  

d i a p i r ,  one of Lou i s i ana ' s  f i v e  i s l a n d s ,  a conglomerate bed with s t r i k e  

Pj, 75' E .  and d i p  23' NW i s  exposed. 6 '38  The f o s s i l s  i n  t h e  conglomerate 
a r e  a l l  spec ie s  r ep resen ted  on t h e  Gulf Coast today. 

s i n c e  accumulation, t h i s  conglomerate has been t i l t e d  t o  an angle  of 23'. 
It  i s  c l e a r  t h a t ,  

. 

f 
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I n  t h i s  case t h e  da t a  a r e  i n s u f f i c i e n t  t o  c a l c u l a t e  t h e  r a t e  of u p l i f t ,  

bu t  t h e  evidence of r ecen t  movement i s  inescapable .  

F i n a l l y ,  t h e r e  i s  t h e  observa t ion  t h a t  of t h e  thousands of sa l t  
s t r u c t u r e s  known throughout t h e  world, none has ever  been observed t o  

undergo r a p i d  growth. S ince  a l l  s t a g e s  of development of s a l t  s t r u c -  

t u r e s  can be observed, it seems t h a t  only two conclusions a r e  poss ib l e .  

The f i rs t  i s  t h a t  t h e  geologic  process  of sa l t  d i ap i r i sm e i t h e r  has been 

e l imina ted  or only  occurs  when nobody i s  looking. 

i s  t h a t  sa l t  d i ap i r i sm i s  r e g u l a r l y  occurr ing ,  whenever cond i t ions  a r e  
appropr i a t e ,  b u t  on ly  accu ra t e  measurements or geologic  observa t ions  can 

provide evidence of t h e  slow r a t e  of movement. 

The second p o s s i b i l i t y  

I n  conclusion,  i t  seems f a i r l y  we l l  proven t h a t  t h e  r i s k  of conta in-  

ment f a i l u r e  because of d i a p i r  formation i s  n e g l i g i b l e  i f  t h e  waste r e -  

p o s i t o r y  i s  l o c a t e d  i n  a sa l t  formation t h a t  meets t h e  fo l lowing  

condi t ions :  

1. I t  should be  a bedded sa l t  formation showing no evidence of  

p l a s t i c  deformation i n  t h e  r ecen t  geologic  pas t  and loca ted  i n  a t e c -  

t o n i c a l l y  s t a b l e  a r e a .  

2. The sa l t  bed should be  c lose  t o  h o r i z o n t a l ,  and t h e  su r face  

r e l i e f  should be minimal t o  i n s u r e  a very l i m i t e d  d i f f e r e n t i a l  loading.  

3. The th i ckness  of t h e  s a l t  bed should be  adequate t o  f u r n i s h  
s a f e  containment b u t  l e s s  t han  t h e  300 t o  400 m necessary  t o  produce 

s i z a b l e  s a l t  s t r u c t u r e s .  

4 .  The sa l t  bed should not  be  l o c a t e d  a t  g r e a t  depth where t h e  

p l a s t i c i t y  of sa l t  i s  inc reased  by t h e  high ambient temperature .  

t h i s  i s  only  a t h e o r e t i c a l  problem, because t h e  maximum depth i s  l i m i t e d  

much more d r a s t i c a l l y  by t h e  r equ i r ed  s t a b i l i t y  of mined c a v i t i e s  t han  

by t h e  need t o  prevent  excess ive  p l a s t i c  deformation of t h e  sa l t  forma- 

t i o n .  On t h e  o t h e r  hand, a depth of a t  l e a s t  300 t o  400 n? seems d e s i r -  

a b l e  t o  remove t h e  waste from geologic  processes  a c t i v e  a t  o r  near  t h e  

However, 

su r f ace .  

While sa l t  d i a p i r s  c e r t a i n l y  e x i s t  for which no f u t u r e  s a l t  u p l i f t  

i s  poss ib l e  because of dep le t ion  of s a l t  i n  t h e  source a r e a ,  t he  demon- 

s t r a t i o n  of t h e  s a f e t y  of d i sposa l  i n  a sa l t  d i a p i r  would r e q u i r e  ve ry  

ex tens ive  geologic  i n v e s t i g a t i o n s .  I n  a d d i t i o n  t o  t h e  s t r u c t u r a l  
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problems, d i a p i r s  would p resen t  much more s e r i o u s  hydrologic  problems, 

because of t h e  complexity of groundwater c i r c u l a t i o n  i n  t h e  ad jacen t  

f r a c t u r e  zone and because of t h e  p o s s i b i l i t y  of temporary pe rmeab i l i t y  

of t h e  sa l t  mass i n  correspondence wi th  shea r ing  zones. 

6.3.2 Shale  Diapir ism 

The p l a s t i c  deformation of a r g i l l a c e o u s  sediments has  many a s p e c t s  

similar t o  t h e  deformation of s a l t ,  b u t  i n  many ways it can be q u i t e  d i f -  

f e r e n t .  

exposed t o  t h e  appropr i a t e  pressure  d i f f e r e n c e .  The d i f f e r e n c e s  i n  be- 

havior  between s a l t  and s h a l e  a r e  due t o  t h e  extreme v a r i a b i l i t y  of t h e  

phys ica l  p r o p e r t i e s  of c layey  sediments.  

cos i ty"  and d e n s i t y  similar t o  those  of sa l t  would be  expected t o  undergo 

deformation processes  of d i a p i r i c  na ture .  A s  a mat te r  of f a c t ,  i n  t h e  Gulf 
Coast a r e a  many masses of d i a p i r i c  s h a l e s  have been i d e n t i f i e d .  

The i n t e r e s t  i n  t h e s e  s t r u c t u r e s  i s  due l a r g e l y  t o  t h e  hydrocarbons t h a t  
may be t rapped  on t h e  f l a n k s  of t h e  sha le  masses o r  accumulated i n  t h e  

s t r u c t u r a l  highs over ly ing  t h e  d i a p i r i c  bodies .  

masses a r e  i n t r u d e d  a long  wi th  s a l t  t o  form a s i n g l e  d i a p i r i c  core .  

o t h e r  cases  t h e r e  i s  only  one i n t r u s i v e  ma te r i a l .  

The b a s i c  mechanism i s  always t h e  f low of a p l a s t i c  medium when 

Sha le s  wi th  "equiva len t  v i s -  

6.41, 6.42 

I n  many i n s t a n c e s  s h a l e  

In 

D i a p i r i c  s h a l e  i s  cha rac t e r i zed  by a high pore f l u i d  p re s su re  i n  

a d d i t i o n  t o  low r e s i s t i v i t y ,  dens i ty ,  and sound t r ansmiss ion  v e l o c i t y .  
These phys ica l  p r o p e r t i e s  a l low t h e  o u t l i n i n g  of s h a l e  masses by geophysi-  

c a l  methods. The low v e l o c i t y  of sound t ransmiss ion  wi th in  t h e  s h a l e  mass 
permits  d i f f e r e n t i a t i o n  from a sa l t  mass t h a t  would be und i s t ingu i shab le  

on t h e  b a s i s  of g rav ime t r i c  and s e i s m i c - r e f l e c t i o n  d a t a  only.  

The abnormally h igh  f l u i d  p re s su res  i n  d i a p i r i c  s h a l e s  a r e  due t o  
t h e  r e l a t i v e l y  h igh  r a t e  of sedimentat ion and t o  t h e  ve ry  low pe rmeab i l i t y  
of t h e  sedimentary complex, e s p e c i a l l y  a c r o s s  t h e  bedding. 6.43, 6.44 

Under these  cond i t ions ,  t h e  r a t e  of escape of connate f l u i d s  from compact- 

i n g  sediments i s  l e s s  than  t h e  r a t e  of sediments accumulation; t h e r e f o r e ,  

t h e  t rapped  f l u i d s  prevent  compaction and support  p a r t  of t h e  weight of 

t h e  overburden. 

compaction would occur and h ,  r a t i o  between f l u i d  p re s su re  and overburden 

p res su re ,  would be  equal  t o  1. 

A s  a limit, if no f l u i d s  could escape,  e s s e n t i a l l y  no 

F igure  6 .5  shows t h e  r e l a t i o n s h i p s  between 

.1 

B 

8 
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depth and p o r o s i t y  f o r  va r ious  va lues  of X i n  an  average sha le .  

curve ( s e e  a l s o  F ig .  6.2) r e p r e s e n t s  a pore p re s su re  equa l  t o  t h e  normal 

h y d r o s t a t i c  value.  Cases of X as h igh  as 0.9 have been r e p o r t e d  by  sev- 

e r a l  au thors .  Thomeer and Bottema r e p o r t  examples for which f l u i d  pres -  

s u r e s  a r e  even h igher  t han  0.9 t imes p e t r o s t a t i c  p re s su res .  6*4* According 
t o  these  au tho r s  t h e  p e t r o s t a t i c  p re s su re  i s  an  upper l i m i t  t h a t  f l u i d  

pressure  can never exceed. While t h i s  i s  undoubtedly t r u e  f o r  most cases ,  

i t  i s  t h e o r e t i c a l l y  poss ib l e  f o r  t h e  f l u i d  p re s su re  t o  exceed t h e  pe t ro -  

s t a t i c  l e v e l  i n  a t  l e a s t  two cases:  (1) I f  e ros ion ,  e i t h e r  s u b a e r i a l  or 

submarine, or slumping removes p a r t  of t h e  overburden, f l u i d  p re s su re  i n  

s t ra ta  below t h e  a r e a  of unloading can become h ighe r  than  p e t r o s t a t i c .  

(2 )  Tec tonic  fo rces  a c t i n g  on a h igh ly  pressured  formation might r e s u l t  

i n  f l u i d  pressure  above p e t r o s t a t i c  l e v e l .  F l u i d  p re s su re  above pe t ro -  

s t a t i c  l e v e l  r e p r e s e n t s  an uns t ab le  s i t u a t i o n ,  and e v e n t u a l l y  t h e  over- 

burden would be f r a c t u r e d .  

A thy ' s  

6.13 

Abnormal f l u i d  p re s su res  a r e  u s u a l l y  observed i n  a r e a s  of v e r y  t h i c k  

s e c t i o n s  of r e l a t i v e l y  young sediments and below a t h i c k  l a y e r  of imper- 

meable m a t e r i a l  l i k e  sha le ,  s a l t ,  anhydr i t e ,  l imestone,  or dolomite.  When 

t h e  over ly ing  beds r ep resen t  an  extremely e f f e c t i v e  s e a l ,  even ve ry  o l d  

rocks can have r e t a i n e d  ve ry  high f l u i d  pressure .  I n  Germany, i n  s h a l e  

beds of Permian age in te rbedded  wi th  Zechs te in  sa l t  a t  t h e  depth of 3150 

m, a f l u i d  p re s su re  ve ry  c lose  t o  p e t r o s t a t i c  has been observed. I n  west 

Texas, i n  a porous Permian dolomite a t  a depth of 960 m, h, i s  equa l  t o  

0.89. A t h i r d  example i s  r epor t ed  from Argent ina where tu f f aceous  mate- 
r i a l  of T r i a s s i c  age a t  2560 m of depth shows a X equa l  t o  0.70. 6.45 

When h igh ly  p re s su red  s h a l e s  a r e  exposed t o  s u f f i c i e n t  p re s su re  d i f -  

f e r ences  f low w i l l  occur and d i a p i r i c  s h a l e  s t r u c t u r e s  similar t o  d i a p i r i c  

s a l t  s t r u c t u r e s  can develop. 

very  high,  t h e i r  phys i ca l  p r o p e r t i e s  a r e  much c l o s e r  t o  those  of a l i q u i d ,  

such as molten lava, than  t o  those  of sa l t .  I n  f a c t ,  examples a r e  known 

of c layey  sediments flowing very r a p i d l y  or even producing pseudo-volcani c 

phenomena. 

If the  p o r o s i t y  of t h e  c layey  sediments i s  

The mudlumps of t h e  M i s s i s s i p p i  d e l t a  a r e  small mud d i a p i r s .  The 
conditions necessary  t o  t h e i r  formation a r e  t h e  accumulation of  r e l a t i v e l y  

coarse  sediments over a t h i c k  s e c t i o n  of f ine -g ra ined  m a t e r i a l s ,  6.46 I n  

b 
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comparison t o  sa l t  d i ap i r i sm t h e  process  of mudlunps formation d i f f e r s  
only i n  t h e  r a t e  of evo lu t ion  and t h e  dimensions of the  s t r u c t u r e s .  Typi- 

c a l  mudlumps a r e  e longated  i n  shape with a maximum leng th  of a few hundred 

meters.  The t i m e  necessary  for t h e i r  formation i s  r a t h e r  s h o r t .  A s  a 
mat te r  of f a c t ,  t h e r e  a r e  zones of t h e  Miss i s s ipp i  d e l t a  where t h e  v a r i -  

a t i o n s  i n  water  depth caused by t h e  growth of mudlumps used t o  a f f e c t  

naviga t ion .  The growth of mudlumps i s  not  a continuous process  bu t  i s  
e r r a t i c  and va r i ed .  On some mudlump i s l a n d s ,  r e c u r r e n t  u p l i f t  exceeds 

t h e  r a p i d  r a t e  of d e s t r u c t i o n  by wave a c t i o n .  

t e r r a c e s  and s tepped i s l a n d s .  

t imes of r i v e r  flood and a s s o c i a t e d  r a p i d  sedimentat ion r a t e s .  Feak 

growth r a t e s  of t h e  order  of a few meters per  month seem q u i t e  poss ib l e ,  

while  more normal r a t e s  of growth a r e  of t h e  order  of a few meters  pe r  

yea r .  

The r e s u l t  i s  wave-planed 

The h ighes t  r a t e s  of u p l i f t  co inc ide  wi th  

F igure  6.6 shows t h e  development of a family of Miss i s s ipp i  d e l t a  

mudlumps. 

"Sedimentary volcanism" i s  t h e  term a p p l i e d  t o  t h e  process  by which 

a r g i l l a c e o u s  unconsol ida ted  sediments a r e  ex t ruded  t o  t h e  su r face  t o  form 

pseudo-volcanic s t r u c t u r e s  c a l l e d  mud-volcanoes. Mud-volcanism i s  con- 

f i n e d  t o  a r e a s  where beds of h igh ly  pressured  f i n e  sediments a r e  p re sen t .  

Mud-volcanoes a r e  found a s s o c i a t e d  not  only wi th  o i l  and gas f i e l d s  bu t  

a l s o  wi th  a r e a s  unde r l a in  by t h i c k  beds of weakly consol ida ted  sand and 

c lay .  

energy necessary  for t he  e x t r u s i o n  of the  mud i s  fu rn i shed  by t h e  h igh  

pressure  of t h e  f l u i d s  contained i n  t he  sediment pores. 

d i r e c t  cause of t h e  process ,  because it f u r n i s h e s  t h e  channel through 

which t h e  abnorrnally high pressure  can be  r e l eased .  

b a s i c a l l y  d i f f e r e n t  from diap i r i sm.  

haves i n  a l l  ways l i k e  a l i q u i d .  

mud flow; t h e  ex t rus ion  l a s t e d  about 20 min. 6*47 I n  E r i n  Bay, T r in idad ,  

during November 3 and 4 ,  1911, t h e  e x t r u s i o n  of about 250,000 cubic  meters 

of  mud r e s u l t e d  i n  t h e  formation of Mud-Volcano I s l a n d  (known a l s o  as 

Wilkey 's  I s l a n d ) .  

t a c u l a r ,  because t h e  d e s c r i p t i o n s  mention t h e  occurrence of explos ions ,  

f lames,  and even a "mushroom cloud. 

The ex t rus ion  of t h e  mud always occurs  a long  f a u l t s .  The 6.47, 6.48 

F a u l t i n g  i s  t h e  

The phenomenon i s  

The mud f lows very  r a p i d l y  and be- 

I n  1930 on the  i s l a n d  of T r in idad  t h e r e  was a 400,000 cubic  meter 

I n  these  two cases  t h e  process  was appa ren t ly  spec- 

I n  E r i n  Bay, i n  August 1964, 1 6  49 
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another  mud e x t r u s i o n  of approximately 260,000 cubic  meters r e s u l t e d  i n  

t h e  formation of Chatham I s l a n d .  I n  t h i s  case,  l a r g e  volumes of gas  were 

r e l e a s e d  a l s o  b u t  no explosion i s  repor ted .  

t h a t  a sample of gas from Chatham I s l a n d  was found t o  be mostly 

methane. 6*50 
t h e s e  cases  was probably t h e  gas  pressure ;  a t  any r a t e ,  the  e x t r u s i o n s  

occurred a long  l i n e s  of t e c t o n i c  dis turbance.  The mud of Miocene age 

reached t h e  s u r f a c e  i n  a very  p l a s t i c  s t a t e  and w i t h  a very  high conten t  

of water. 

Higgins and Saunders r e p o r t  

The main f o r c e  t h a t  caused t h e  e x t r u s i o n  of t h e  mud i n  

I t  i s  p o s s i b l e  t o  conclude t h a t  a r g i l l a c e o u s  sediments can indeed 

undergo ex tens ive  and even c a t a s t r o p h i c  deformation. However, t he  h igh  

mobi l i ty  i s  condi t ioned by the  abnormal f l u i d  pressure .  I t  i s  t h e r e f o r e  

c l e a r  t h a t  d i s p o s a l  of r a d i o a c t i v e  waste i n  a sha le  formation would be 

acceptab le  only i f  t h e  f l u i d  pressure  i s  a t  h y d r o s t a t i c  l e v e l .  

t 

. 

6.4 Conclusions 

S e v e r a l  mechanisms, which might r e s u l t  i n  t h e  r e l e a s e  of a c t i v i t y  

from a d i s p o s a l  formation, have been reviewed i n  t h i s  chapter ,  a l though 

t h e  l i s t  i s  not  exhaust ive.  

p o t e n t i a l  mechanisms as w e l l  as s e v e r a l  u n l i k e l y  mechanisms f o r  a c t i v i t y  

r e l e a s e .  For t h e  d i s p o s a l  formation a l l  reasonable  r e l e a s e  mechanisms 

should be analyzed and t h e i r  p r o b a b i l i t i e s  and consequences a s s e s s e d ;  i n  

many i n s t a n c e s  t h i s  e x e r c i s e  w i l l  l i k e l y  r e q u i r e  t h e  c o l l e c t i o n  of exten- 

s i v e  geologic  data. The magnitude of t h e  p o t e n t i a l  hazard t h a t  rad ioac-  

t i v e  waste p r e s e n t s  f o r  man and the  environment i s  such t h a t  long-term 

s a f e t y  c o n s i d e r a t i o n s  must be given high p r i o r i t y  i n  a s s e s s i n g  t h e  s u i t -  

a b i l i t y  of any d i s p o s a l  method or formation. Although we f e e l  t h a t  t h e  

mechariisms d iscussed  i n  t h i s  chapter  a r e  not  l i k e l y  t o  cause f a i l u r e  of 

containment f o r  a j u d i c i o u s l y  s i t e d  waste r e p o s i t o r y ,  we b e l i e v e  t h a t  no 

waste r e p o s i t o r y  can be j u d i c i o u s l y  s i t e d  u n l e s s  these  mechanisms have 

been considered i n  the  eva lua t ion  of long-term s a f e t y .  

s t u d i e s ,  t o  da te ,  f o r  u l t i m a t e  d i s p o s a l  of h i g h - l e v e l  r a d i o a c t i v e  wastes  

i n t o  geologic  formations have r e l a t e d  t o  d i s p o s a l  i n t o  sal t .  
a t t e n t i o n  must be given t o  geologic  c o n s i d e r a t i o n s  i n  s i t i n g  a d i s p o s a l  

We have considered s e v e r a l  of t h e  more l i k e l y  

The most e x t e n s i v e  

Carefu l  

0 



f a c i l i t y  i n  a bedded sa l t  formation, and we f e e l  t h a t  t h i s  should provide 

assurance t h a t  subsequent inadver ten t  r e l e a s e  of nongaseous r a d i o n u c l i d e s  

from t h e  formation w i l l  not occur. 
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7- SUMMARY AND CONCLUSIONS 

High-level  r a d i o a c t i v e  wastes  genera ted  by t h e  r ep rocess ing  of spen t  

f u e l  elements i n  t h e  p ro jec t ed  nuc lea r  power i n d u s t r y  w i l l  r e q u i r e  t h e  

development of a comprehensive waste management program. The presence 

i n  t h e s e  wastes  of long- l ived  t r a n s u r a n i c s ,  e s p e c i a l l y  239h ( h a l f - l i f e ,  

24,413 y e a r s ) ,  240h ( h a l f - l i f e ,  6580 y e a r s ) ,  and 243Am ( h a l f - l i f e ,  7340 

y e a r s )  r e q u i r e s  assurance  of waste containment f o r  a t ime pe r iod  of t h e  

order  of s e v e r a l  hundreds of thousands of years .  For such long t ime 

per iods  only  deep geologic  formations o f f e r  t h e  s t a b i l i t y  r e q u i r e d  for 

preserv ing  t h e  necessary  degree of containment. 

P ro jec t ions  a r e  made of t h e  amounts of r a d i o a c t i v e  wastes  accumu- 

l a t e d  t o  t h e  year  2020, assuming development of  t h e  nuc lea r  i n d u s t r y  i n  

accordance wi th  Phase 3, Case 42, of t h e  Systems Analys is  Task Force.  

The P o t e n t i a l  Hazard Index ( P H I )  i s  in t roduced  as a means t o  eva lua te  

q u a n t i t a t i v e l y  the  hazard a s s o c i a t e d  wi th  t h e  e x i s t e n c e  of r a d i o a c t i v e  

nuc l ides .  While t h e  a p p l i c a t i o n  of t h e  PHI i s  somewhat l i m i t e d ,  a t  t h e  

p re sen t  t ime,  by t h e  l a c k  of da t a  on t h e  b i o l o g i c a l  a v a i l a b i l i t y  of 

s e v e r a l  c r i t i c a l  nuc l ides  once they  have been d i spe r sed  i n t o  t h e  environ-  

ment and by t h e  l i m i t e d  knowledge of t h e  p r o b a b i l i t y  of va r ious  mechanisms 

of containment f a i l u r e ,  t h e  a v a i l a b l e  informat ion  p o i n t s  t o  a few ve ry  

c l e a r  conclusions.  

The risk a s s o c i a t e d  wi th  t h e  i n h a l a t i o n  of t r a n s u r a n i c s  i s  s e v e r a l  

o rde r s  of magnitude h igher  than  t h e  r i s k  a s s o c i a t e d  wi th  t h e i r  i nges t ion .  

Permanent i s o l a t i o n  i n  geologic  formations i s  p r e f e r a b l e  t o  systems 

i n  which l a t e r  rehandl ing  of t h e  waste may be  necessary.  On t h e  b a s i s  of 

these  cons ide ra t ions ,  i t  seems t h a t  t h e  most prudent scheme of management 

of t hese  wastes involves  s o l i d i f i c a t i o n  wi th  f i n a l  d i s p o s a l  i n t o  a s u i t -  

a b l e  deep geologic  formation.  

The c h a r a c t e r i s t i c s  of products  from va r ious  suggested s o l i d i f i c a -  

t i o n  processes  a r e  compared. For waste management cons ide ra t ions ,  t h e  

most important  c h a r a c t e r i s t i c s  a r e  t h e  thermal  p r o p e r t i e s ,  t h e  bu lk  

dens i ty ,  and  t h e  l e a c h a b i l i t y  of t he  products .  

I n t e r i m  s to rage  w i l l  probably be r equ i r ed  for some pe r iod  of t ime 

t o  a l low for decay of t h e  hea t -genera t ing  r a t e  of t h e  waste product .  



V 

I n t e r i m  s t o r a g e  f a c i l i t i e s  have not  y e t  been designed i n  d e t a i l ,  b u t  i t  
i s  reasonable  t h a t  t h e  eventua l  design w i l l  inc lude  provis ions  f o r  cool ing.  

Accidenta l  r e l e a s e  of l a r g e  amounts of r a d i o a c t i v i t y  during i n t e r i m  s t o r -  

age of r e f r a c t o r y  s o l i d s  i s  l e s s  probable than  i f  the  waste i s  s t o r e d  i n  

l i q u i d  form. 

tamina t ion  of groundwater would be prevented f o r  a f a i r l y  long time per iod,  

because t h e  decay hea t  i n  t h e  waste would evaporate  a l l  t h e  water coming 

i n  contac t  with t h e  waste. Migrat ion of rad ionucl ides  would a l s o  be r e -  

s t r i c t e d  by t h e i r  i n t e r a c t i o n  with s o i l  minerals .  

I n  t h e  u n l i k e l y  event of permanent l o s s  of cool ing,  the  con- 

Many geologic  f a c t o r s  must be considered i n  t h e  s e l e c t i o n  of an  u l t i -  

mate d i s p o s a l  formation, such as change i n  c l imate ,  change i n  hydrology, 

e r o s i o n  (channel  and h i l l s l o p e  e ros ion ,  g l a c i a l  e ros ion ,  e t c .  ), tectonism 

(orogeny, epeirogeny, subsidence,  e t c .  ) , and volcanism. 
t o  be eva lua ted  i n  a d d i t i o n  t o  t h e  r a p i d  g e o l o g i c a l  processes ,  such as 

f a u l t i n g ,  earthquakes,  groundwater motion, e t c . ,  t h a t  a r e  normally con- 

s i d e r e d  i n  the  s i t i n g  of nuc lear  f a c i l i t i e s .  

Even i n  a c a r e f u l l y  s e l e c t e d  d i s p o s a l  formation, the  p o s s i b i l i t y  of 

A l l  these  need 

a c c i d e n t s  a f f e c t i n g  t h e  long-term containment of t he  c r i t i c a l  radionu- 

c l i d e s  should b e  considered. Assuming (1) t h a t  t he  d i s p o s a l  formation 

w i l l  be a t  l e a s t  300 m deep; (2 )  t h a t  a l l  communications w i t h  the  s u r f a c e  

w i l l  have been sea l ed ;  and (3 ) ,  i n  the  case of sa l t ,  t h a t  a l l  c a v i t i e s  

w i l l  have been b a c k f i l l e d ;  the  number of p o s s i b l e  events  which could r e -  

s u l t  i n  a c t i v i t y  from the  waste reaching t h e  biosphere i s  very  l imi t ed .  

They can be c l a s s i f i e d  i n t o  two genera l  groups: 

slow geologic  processes .  

c a t a s t r o p h i c  events  and 

The c a t a s t r o p h i c  events  capable of r e l e a s i n g  a c t i v i t y  from the  b u r i e d  

waste inc lude  (1) explosion of a nuclear  weapon of s u f f i c i e n t  power t o  
c r a t e r  t o  the  depth of d i s p o s a l ;  (2)  impact of a l a rge  meteor i te ,  r e s u l t -  

i n g  i n  c r a t e r i n g  t o  t h e  depth of d i s p o s a l ;  and (3) i n i t i a t i o n  of vo lcanic  

a c t i v i t y  a t  t h e  s i t e  of d i sposa l .  

Some slow geologic  processes  p o t e n t i a l l y  capable of causing a r e l e a s e  

of a c t i v i t y  from t h e  d i s p o s a l  formation a r e :  

(3) leaching  and t r a n s p o r t  by groundwater, and (4) p l a s t i c  deformation of 

t h e  d i s p o s a l  formation. 
s e r i e s  of r e l e a s e  mechanisms, f o r  which i t  might b e  necessary t o  eva lua te  

t h e  order  of p r o b a b i l i t y .  

(1) f a u l t i n g ,  (2)  e ros ion ,  

The var ious  processes  can be combined t o  give a 



The p r o b a b i l i t y  of t h e  de tona t ion  of a nuc lear  weapon a t  t h e  s i t e  

of d i s p o s a l  o r  of occurrence of minor e r r o r s ,  such as a c c i d e n t a l  d r i l l i n g  
through t h e  d i s p o s a l  formation,  i s  not  considered.  

The p r o b a b i l i t y  of impact of a me teo r i t e  l a r g e  enough t o  c r a t e r  t o  
2 t h e  depth of 300 m i s  es t imated  t o  be  on t h e  order  of 

For a waste r e p o s i t o r y  covering an a r e a  of 10 km t h e  p r o b a b i l i t y  of be- 
i n g  h i t  i n  a t ime pe r iod  of 100,000 yea r s  i s  on t h e  order  of Th i s  

va lue  of t h e  p r o b a b i l i t y  i s  appa ren t ly  acceptab le ,  s ee ing  t h a t  nobody 

seems t o  worry about such p o t e n t i a l l y  c a t a s t r o p h i c  events .  I t  should  b e  

noted,  however, t h a t  t h e  impact of a g i a n t  me teo r i t e  might have d i r e c t  

consequences much more s e r i o u s  than  t h e  exhumation of r a d i o a c t i v e  waste ,  

a t  l e a s t  from t h e  poin t  of view of shor t - te rm e f f e c t s .  

/year .  
2 

The eva lua t ion  of t h e  p r o b a b i l i t y  of t h e  o t h e r  geologic  processes  

l i s t e d  above cannot be based on the  assumption of random d i s t r i b u t i o n  

and would only  be poss ib l e  f G r  s p e c i f i c  s i t e s .  An accura t e  knowledge of 
t h e  r e g i o n a l  geology would be e s s e n t i a l .  Hence, t h e  cons ide ra t ions  d i s -  

cussed i n  t h i s  r e p o r t  cannot r e s u l t  i n  a numeric e s t ima te  of  t h e  proba- 

b i l i t y  of occurrence,  bu t  they  may provide a guide wi th  r e s p e c t  t o  
informat ion  t h a t  must be obta ined  i f  t h e  r i s k  has t o  be minimized, 

The preceding cons ide ra t ions  seem t o  j u s t i f y  s e v e r a l  conclus ions ,  

Conversion of waste t o  s o l i d  form r e s u l t s  i n  a r educ t ion  of r i s k  dur ing  

t h e  i n t e r i m  s t o r a g e  pe r iod  and i s  ind ispensable  for t h e  t r a n s p o r t  of t h e  

waste t o  t h e  s i t e  of u l t i m a t e  d isposa l .  However, t he  physico-chemical 

c h a r a c t e r i s t i c s  of t h e  s o l i d i f i e d  waste may have only  a minor i n f luence  

on poss ib l e  consequences of acc iden t s  during t h e  i n t e r i m  s to rage  and 

e s p e c i a l l y  a f t e r  d i sposa l  i n  the  geologic  formation.  
i f  t h e  poss ib l e  r e l e a s e  mechanisms a r e :  

t i l e  components and (2 )  t r a n s p o r t  of t he  n o n v o l a t i l e  components by ground- 

water through geologic  m a t e r i a l s  cha rac t e r i zed  b y  low pe rmeab i l i t y  and 

high i o n  exchange capac i ty .  

This i s  only  t r u e  
(1) atmospheric  r e l e a s e  of vo la-  

I n  case  t h e  geologic  m a t e r i a l s  surrounding t h e  waste do no t  provide 

an e f f e c t i v e  b a r r i e r  t o  t h e  movement of r ad ionuc l ides ,  t h e  l e a c h a b i l i t y  

of t h e  s o l i d i f i e d  waste might become t h e  parameter c o n t r o l l i n g  t h e  mo- 

b i l i t y  of t h e  nuc l ides ,  b u t  t h i s  s i t u a t i o n  should be prevented by s i t i n g  

s to rage  and d i s p o s a l  f a c i l i t i e s  i n  s u i t a b l e  geologic  environments. For 

a 

. 

A 
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t h e  i n t e r i m  s to rage  f a c i l i t y  t h e  geologic  requirements  a r e  e s s e n t i a l l y  

l i m i t e d  to :  
and h igh  i o n  exchange capac i ty  of geologic  m a t e r i a l s  surrounding t h e  

waste. 

(1) t e c t o n i c  s t a b i l i t y  of t h e  a r e a  and (2) low permeabi l i ty  

For t h e  u l t ima te  d i sposa l  formation,  i n  cons ide ra t ion  of  t h e  long 

containment time r e  qu i r e  d, much more s t r i n g e n t  geologi  c s p e c i f i c a t i o n s  

must be met. 
I n  t h e  s e l e c t i o n  of t h e  u l t i m a t e  d i sposa l  formation,  t h e  fo l lowing  

c r i t e r i a  should be used. 

t o  cause s e a l i n g  of f r a c t u r e s  i n  a f a i r l y  s h o r t  t ime b u t  no t  so  p l a s t i c  

as t o  permit t h e  occurrence of d i a p i r i c  processes  i n  a t ime pe r iod  of 

s e v e r a l  hundred thousand years .  

p resent  i n  t h e  d i s p o s a l  formation,  and t h e  geologic  b a r r i e r s  between t h e  

d i sposa l  formation and t h e  c l o s e s t  a q u i f e r  should be adequate t o  wi ths tand  

poss ib l e  geologic  processes ,  such as f a u l t i n g .  Depth of b u r i a l  should no t  

be reduced excess ive ly  by e ros ion  of  t h e  land,  Therefore  a r e a s  cha rac t e r -  

i z e d  by h igh  r a t e s  of e ros ion  should be avoided. 

i nc rease  i n  e ros ion  r a t e s  because of u p l i f t  of t h e  a rea ,  c l i m a t i c  changes, 

or a c t i o n  of man should be considered. F i n a l l y ,  t h e  d i sposa l  s i t e  should 

be l o c a t e d  i n  an  a r e a  d i s t a n t  from orogenic  b e l t s ,  t e c t o n i c a l l y  s t a b l e ,  

and without  records  of vo lcan ic  a c t i v i t y  i n  t h e  last few m i l l i o n  yea r s .  

The d i sposa l  formation should be p l a s t i c  enough 

There must be  no c i r c u l a t i n g  groundwater 

The p o s s i b i l i t y  of f u t u r e  

A geologic  formation s e l e c t e d  wi th  these  c r i t e r i a  would o f f e r  an  

I f  t h e  unpredic ted  should extremely low r i s k  of rad ionucl ide  r e l e a s e .  

happen and containment f a i l ,  groundwater would be t h e  most l i k e l y  medium 

of a c t i v i t y  t r a n s p o r t .  With groundwater as medium a c t i n g  t o  d i s so lve  and 

t r a n s p o r t  t h e  waste r e s idues ,  t h e  g loba l  r i s k  f o r  mankind would be e f f ec -  

t i v e l y  l i m i t e d  because: (1) movement of plutonium and americium through 

ion.exchanging geologic  m a t e r i a l s  i s  a slow process ;  (2 )  t h e  most l i k e l y  

mode of in t ake  of plutonium and americium from an aqueous environment i s  

by  inges t ion ,  and t h e i r  PHI'S by i n g e s t i o n  a r e  t h r e e  t o  four  o rde r s  of 

magnitude lower than  t h e i r  PHI'S by i n h a l a t i o n .  F i n a l l y ,  i t  must be con- 

s i d e r e d  t h a t  f o r  plutonium and americium i n  contaminated water ,  t h e  c r i t i -  

c a l  pathway i s  by d i r e c t  i n g e s t i o n  of the  water ,  because t h e i r  mob i l i t y  

a long  food cha ins  i s  ve ry  l i m i t e d ,  and t o  da t e ,  no s i g n i f i c a n t  reconcen- 

t r a t i o n  mechanisms have been r epor t ed  f o r  t h e s e  nuc l ides .  



APPENDIX A 

ESTIMATES OF RADIONUCLIIE MOVEMENT THROUGH THE GROUND 

Pred ic t ions  of t h e  r a t e s  and e x t e n t  of movement of r ad ionuc l ides  

through t h e  ground can be made i f  t h e  p a t t e r n  and r a t e  of groundwater 

movement and d i spe r s ion  can be adequate ly  descr ibed,  and remains r e l a -  

t i v e l y  cons tan t  w i t h  time, and i f  t h e  na tu re  and t h e  degree of i n t e r a c t i o n  

of r ad ionuc l ides  wi th  the  s o l i d  mat r ix  can be descr ibed.  F l u c t u a t i o n s  

i n  both  groundwater movement and s o l u t e  i n t e r a c t i o n s  occur over r a t h e r  

s h o r t  per iods  of t ime, s o  t h a t  i t  i s  r a t h e r  presumptuous t o  expect  t h a t  

p r e d i c t i o n s  of behavior  extending thousands of yea r s  i n t o  t h e  f u t u r e  

w i l l  provide a r e a l i s t i c  p i c t u r e .  

c u l a t i o n s  t h a t  t h e  s o l i d  phase i s  immobile, and f o r  sho r t - t e rm pe r iods  

of movement t h i s  i s  an  acceptab le  assumption; however, f o r  v e r y  long 

per iods  t h e  degree of t r a n s l o c a t i o n ,  e s p e c i a l l y  of f i n e  p a r t i c l e s ,  may 

con t r ibu te  s i g n i f i c a n t l y  t o  t h e  t o t a l  movement. I n  s p i t e  of t h e  obvious 

shortcomings of such e x e r c i s e s ,  they  do provide some b e n e f i t ,  because 

they  all-ow us t o  make gene ra l  observa t ions  r ega rd ing  t h e  r e l a t i v e  e x t e n t s  

of movement t h a t  could be a n t i c i p a t e d .  

It  i s  o r d i n a r i l y  assumed i n  such c a l -  

For our purposes,  we have assumed t h a t  groundwater would move longi -  

t u d i n a l l y  and u n i d i r e c t i o n a l l y  through t h e  ground. 

d i spe r s ion  was considered,  bu t  l o n g i t u d i n a l  spread  of the  s o l u t e  i s  

assumed t o  occur.  We f u r t h e r  assume t h a t  t h e  i n t e r a c t i o n  of t h e  radio- 

nuc l ides  wi th  the  e a r t h  m a t e r i a l  i s  p r i n c i p a l l y  ion  exchange and t h a t  

No l a t e r a l  or v e r t i c a l  

t h e  t r a n s p o r t  of a c t i v i t y  through t h e  formation can be descr ibed  by  

Glueckauf ' s  model. A l i s t i n g  of computer programs, FPDSOILS and 

FPTSOILS, based  on t h i s  mode a r e  given i n  Tables  A. 1 and A.2. Comment 

cards  a r e  inc luded  t h a t  descr ibe  t h e  inpu t .  

A. 1 

For t h e  t r a n s p o r t  of a c t i v i t y  through t h e  ground, assumptions were 

made t h a t  correspond t o  t h e  p r o p e r t i e s  of Conasauga sha le .  

sha l e  has  a mean ion  exchange capac i ty  of 11 k 1 me4100 g. The ground- 

water  i s  similar i n  composition t o  Cl inch River  water ,  which has  a t o t a l  

c a t i o n  concent ra t ion  of about 0.002 meq/ml, p r imar i ly  calcium and mag- 

nesium. 

Conasauga 

A mean groundwater v e l o c i t y  of 20 cm/day and an  e f f e c t i v e  p l a t e  
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Table A . 1  Listing of Program FPDSOILS 
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Table A . 2  Listing of Program FPTSOILS 

0 

t 

. . ~ . .  . .  ____. . . . - -. . .- -. . -. . . . . .. . . . . . . . -. . . . . ._ . - .. - . . . . - - . - 



138 

- -___  .. - -. . . ... ... . 



139 

Y 



140 

c 

... 

-. - 



14 1 

I 

I 

h e i g h t  of 15 m were assumed, based on f i e l d  measurements a t  t h e  Oak Ridge 

Nat iona l  Laboratory.  The p o r o s i t y  of t h e  sha le  e f f e c t i v e l y  contacted by 

s o l u t i o n  i s  assumed t o  be 25% with  a g r a i n  d e n s i t y  of 2.65 g/cm . Waste 

composition No. 3 from Table 3.2 was used for e s t i m a t i n g  s t a b l e  i o n  con- 

c e n t r a t i o n s  of t h e  leacha te .  

was used. 

be v o l a t i l i z e d ,  and t h a t  f o r  spray  melt and glass products  o t h e r  s t a b l e  

s o l i d s  would be added. 

assuming t h a t  a l l  ions  would l e a c h  from t h e  s o l i d s  a t  a uniform r a t e .  

3 

For l i q u i d  waste t h e  t o t a l  concent ra t ion  

I t  was assumed t h a t  for s o l i d  product a l l  of t he  a c i d  would 

The composition of t h e  l e a c h a t e  was es t imated  by 

I n  the  case of cesium exchange it was assumed t h a t  Conasauga s h a l e  
The A. 2 

has 0.01 meq/g of i t s  exchange s i t e s  h i g h l y  s e l e c t i v e  f o r  cesium. 

cesium t o  s t a b l e  i o n  s e l e c t i v i t y  c o e f f i c i e n t  f o r  these  s i t e s  was es t imated  

t o  be 10,000. The remaining exchange s i t e s  were assumed t o  be nonselec- 

t i v e .  Using a s t a b l e  i o n  concent ra t ion  of 7.92 meq/ml and a cesium con- 

c e n t r a t i o n  of 0.057, we can es t imate  t h e  equi l ibr ium cesium loading and, 

hence, t he  cesium K f o r  t he  waste so lu t ion .  

a r e  h i g h l y  s e l e c t i v e  for cesium we so lve  t h e  s e l e c t i v i t y  c o e f f i c i e n t  

e quat i on: 

For t h e  exchange s i t e s  t h a t  
d 

Using the  va lues  assumed above: 

% S  7.92 10,000 = 0.01 - kS ' 0.057 
Solv ing  f o r  gcs f o r  t h e s e  

gcS = 0.00986 meq/g 

s i t e s  g ives :  

For t h e  nonse lec t ive  s i t e s :  
0 

4 c S  7.92 1 =  0.1 - qICs 0.057 

This  y i e l d s  an a d d i t i o n a l  loading of 0.00071 for t h e  nonse lec t ive  s i t e s .  

The t o t a l  loading would then be 0.0106 medg ,  and the  cesium K d would be 

t h i s  loading  d iv ided  by t h e  cesium concent ra t ion ,  or  0.19 ml/g. S i m i l a r  

e s t i m a t e s  can be made f o r  each of t h e  l e a c h a t e s  and f o r  groundwater. 
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Es t imates  f o r  s t ron t ium exchange were made by assuming t h a t  t h e r e  

i s  no s e l e c t i v i t y  f o r  i t s  adsorp t ion .  

cium were e s t ima ted  based  on t h e  work of Hajek.A'4 A summary of t h e  K 

va lues  used i s  g iven  i n  Table A.3 .  

Those f o r  plutonium and ameri-  

d 

Table A.3.  Summary of K Values Used i n  

Ca lcu la t ing  Radionucl ide Movement 
d 

Kd ( ml/g) 

9Osr 137cs 239, 241Am 

Liquid  waste 

Leachate from 

Leachate from 

Leachate from 

product 

product 

Groundwater 

0.011 0.19 0.87 0.007 
0.12 1-7 pot  c a l c i n a t i o n  0.24 0.85 

40 430 2,500 21 sp ray  melt  

27 

55 10,000 3,450 28  
g l a s s  53 3,700 3,300 

4 

We then  assume t h a t  a can of waste 28 ern i n  diameter and 300 em i n  

l eng th  i s  rup tu -ed  and t h e  conten ts  come i n t o  contac t  wi th  p e r c o l a t i n g  

groundwater. 

would cause evapora t ion  of a l l  inward p e r c o l a t i n g  groundwater for some 

time, we a r e  t a c i t l y  assuming here  t h a t  t he  hea t -genera t ion  r a t e  has de- 

c l i n e d  s u f f i c i e n t l y  s o  t h a t  grouhdwater p e r c o l a t i o n  does occur.  

waste would t ake  about 6 days t o  pe rco la t e  i n t o  Conasauga s h a l e ,  and about 

100 days would be r equ i r ed  f o r  enough groundwater f low f o r  complete d i s -  

s o l u t i o n  of a con ta ine r  of ca l c ined  waste (assuming a l each  r a t e  of 0 .5  
g/cm2/day). The o the r  solid products  would take  much longer ,  on t h e  order  

-4 
of 750 t o  800 y e a r s  f o r  t h e  sp ray  melt  product (a t  10 

p ropor t iona te ly  longer  when t h e  l each  r a t e  i s  smal le r .  

Although we mentioned e a r l i e r  t h a t  t h e  hea t -genera t ion  r a t e  

Liquid  

2 g/cm /day) and 

Typica l  ou tputs  of c a l c u l a t i o n s  a r e  l i s t e d  i n  Tables  AJt and A.5 .  
R e s u l t s  from a number of s e t s  of c a l c u l a t i o n s  were shown i n  F igs .  4 . 1  t o  

4.4. 

k 

c 

4 
I 
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Table A.4 Output of Program FPDSOILS 

- T I M E  4ND S P A T I A L  D I S T R I B U T I C N  O f  FISSION PRODUCTS IN SOILS . 

___. 

L I Q U I D  RELEASE 
~ - - - . - - - - - - _ _ _ _ _ ~ _ _ _ . _ _  C0NYAf;f  FACTO& = 7,950 - 

DURATION O f  LEAK = 5 0 4 8 0  P YS 

k A b T E  C UNCtNl -  in-TIUrU = 7.925 
GKOLJNUkATER CONCENTRATION = do00200___ ___- 

--.-_)_lm__-- ---- - 
GROUNDkATER VELOCITY = O,200M€TERS/OAY 

_ - ~ _ - - ~ _ _ _ _ _ _ _ _ _ - _ ~ ~ _ _  THEORETICAL PLATE H E I G H T  = 15, O O C M E T E R S  
_______ 

.__________ -__________ 
A C T I V I T Y  D U E  TU SK 90 
D I S T R I B U T I C N  C O E F F I C I E N T  FOR LEAKING SOCUTICN = 

7--- --__- - _______- __-. 
0,0110 __ ___ 

0 ISTXIBUT I O N C O E m N ~  GROUNDWATER = 55 ,0000  

0,35813 03 2,55442 
2,54775-- 4.43837 

0.0 
0,2740 05 

0,3470 03 2,54010 
1, ti00 

-- 2;-5-%141 4 , 2 3 2 0 9  
2.000 

0.1710 05 
2,52164 

3,000 
0,3320 03 

-7,-m 4,000 
0,8750 04 3,94195 

2 49 859 
5,000 

0.315D 03 3,76313 0,580D 04 6,000 

0,2960 03 2,47055 
7,000 

3,33473 
-____- 0,2850 03 

8,000 0,2160 04 
0,1210 0 4  3,08431 9,000 

0,2740 03 0.6450 03 2,80956 
O , Z 2 0  O ~ ~ - ~ - ~  

10,000 
11.000 9,3240 03 2,51099 

2,39789 0,2500 03 0,1550 03 2,19012 - 

2 37602 ~~ 0.2380 03 
12,000 

0,71CO 02 f, 85 108 
2 , 3 5 2 5 9  

13oOOO 
0,2250 03 0,31913 02 1,50382 1 4 , 0 0 0  0,213D 03 2.32756 

2,30090 0,2000 03 16,000 0,7670 01 0,08455 
17,000 0.1750 03 2 242% i a ,ooo  0,3631; 01 0 ,  56046 

o, ~53D-03- .. 
- __ ---- __--- - _______ -- 

0.3260 05 4,513dl - __-- -- _____. 

0,2210 05 4,34517 _ _ _ _ _ ~  o,3400 o3 --_________- 

0,1250 05 4,09800 
- - - K z T m 3 -  

___ __._ _. ---- -- 0,364s 04 30 56089 0,3060 03 2,48522 

2,45452 
2,43710 .-v-_--- - I . - - -  

_ _ _ _  _--_ ~ ~ --__-__- 

._ - __ _ _  - - ---- 
15.c100 0,1480 02 1,16972 

0,413CO 01 0,68167 

--- 

r 0 - v  . '  mr _1-- 
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