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A.l 

APPENDIX A 

WASTE-MANAGEMENT SYSTEMS SUPPLEMENTARY DATA 

Appendix A contains supplementary data on the waste management systems simulation and 

related information. The data are presented in tables; types of data included are: 

Tables 

Waste Logistics Tables 

Radioactive Inventory Tables 

Heat Generation Rate Tables 

Hazard Index Tables 

Supplementary Dose Tables 

Resource Commitments 

Transportation Requirements 

Supplementary Predisposal Cost Data 

Supplementary System Cost Data 

System Repository Requirements 

A.1.1 

A.2.la 

A.3.la 

A.4.1a 

A.5.la 

A.6.1 

A.7.1 

A.8.1 

A.g.la 

A.10.1 

- A.l.23 

- A.2.9b 

- A.3.9b 

- A.4.9b 

- A.5.2d 

- A.6.3 

- A.7.2 

- A.8.4 

- A.9.6 

- A.IO.2 

Brief descriptions of the types of data are given at the beginning of each section. The 

associated tables then follow. 

A.l WASTE LOGISTICS TABLES 

The spent fuel logistics tables (A.1.1 through A.1.23) show the disposition and trans

portation of spent fuel in metric tons of heavy metal (MTHM) as a function of time. These 

tables correspond with the graphs of repository inventories shown in Chapter 7. A table is 

provided for each of the cases analyzed in both the once-through and the reprocessing 

cycles. Total waste quantities for disposal in the reprocessing cases are shown in 

Tables A.1.21 and A.1.22. The age of the HLW at the time of disposal is shown in 

Table A.l.23. 



TABLE A.1.1. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 1 , MTU 
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TABLE A.1.2. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 1, MTU 
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TABLE A.1.3. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 1 , MTU 
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TABLE A.1.4. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 1, MTU 
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""TTT*^"* 
«4l(.. 
44»f., 
44Sk. 
»4SI.. 
44Sk, 
«4Sk, 
4411., 
44lt., 
«4lfc, 
44Sk, 
44lk, 
»4Sk, 
44Sk, 
'411., 
44Sk, 
445k. 
44Sk; 
44lk, 
44Sfc. 
«49k. 
44lk, 
44lk. 
44lka 
44Sk, 
«49k. 
44lk. 
«4Sk, 
449k: 
44lk, 
449k. 
449k, 
*4lk. 
«49k. 
44lk, 
«49k. 
449k, 
449k, 
«49k. 
«49k. 
*49k: 
«49k. 
449k, 
44lka 
449k. 
*49k. 
«49k. 
449k, 
449k, 
449k, 
»»9k. 
749k, 
949k, 
I49k, 
27kO, 

0, 
0, 
0, 
0* 
0| 
0, 
0. 

a 

S M I P H F N T 

RFACTPR 
TP 

• •• 

AFP 

"**o. 
0. 
Oa 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
Oa 
Oa 
0. 
0. 
0. 
0, 
Oa 
Oa 
0. 
0. 
0. 
0. 
9. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
Oa 
0. 
0. 
0. 
0. 
0, 
0. 
PaO 

0.0 

SHIPMENT 
»e»eTOR TO 
RtPOalTORT 

Oa 
Ol 
0. 
0. 
0. 
9. 
0. 
0. 
p. 
9. 
0. 
9. 
0. 
9. 
Oa 
0. 
9. 
0. 
9. 
0. 

ft. 
9. 
P. 
0. 
0. 
Oa 
P. 
9. 
0. 
9. 
0. 
9. 
9. 
0. 
Oa 
Oa 
Oa 
0. 
Sa 
Oa 
Oa 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
9. 
0. 

799. 
1190. 
1900. 
2000. 
114k. 
17kO. 

Oa 
0. 
0. 
0. 
0. 
0. 

I174.2 

1119.3 

AFR 
INVENTORY 

0. 
9. 
0. 

«' 
9, 
0, 
0. 
0, 
0, 
0. 
0. 
0. 
0, 
0. 
0, 
0. 
0. 
0, 
0, 

S' „' 0. 
0. 
0, 

S" 0. 
0. 
0, 
0, 
0, 
0, 

•« 0. 

?' 0. 

A ' 
0, 
0. 

2' 0, 
0. 
0, 
0, 
0, 

J' f>» 

I' 0. 

S' 0. 
0, 
0. 
0, 
0. 
0. 

!' 0. 

0, 
0, 
0, 
0. 

SMIPHENT 
AF* TO 
REPOSTTORV 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 

I: 
0. 

I: 
0. 
0. 

S : 
0. 
0. 

•; 
!: 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
p. 
0. 

S : 
0. 

S : 
0, 
9. 

I) 
9. 

I: 

I: 
0. 
0. 

I: 
9. 
0. 
0. 
9.9 

REPP8IT0R» 

RrtFlPTS 

I 
1 

790, 
Tioo! 
POOO, 
?ooo, 
)14k, 
pTkO; 

I 

TNVENTORy 

Pa' 
P. 
0. 
9. 
9. 
0. 
P. 
0. 
0. 
p. 
p. 
0. 
9. 
9. 
0. 
9. 
0. 
0. 
0. 
0. 
0. 
0. 
P. 
P. 
P. 
P. 
0. 
0. 
p. 
p. 
p. 
0. 
p. 
p. 
0. 
0. 
p. 
Oa 
p. 
0. 
0. 
0. 
9a 
0. 
Pa 
P. 
0. 
0. 
0. 
0. 

700. 
lOOP. 
4000. 
kOOO. 
7)«4. 
449k. 
449k. 
449k. 
449k. 
449k. 
449k. 
449k a 

RE«IV1N9 
k a i l TEARS VEAR 

9.0 
0.0 
0.9 
9.9 
9,0 
0.0 
0,0 
0.0 
0.0 
0.9 
9.0 
0.0 
0.9 
9.0 
0.9 
9.0 
0.0 
0.0 
0,0 
0.0 
0,0 
0.0 
0.0 

o.e 
9.0 
0.0 
0.0 
0.9 
9.9 
0.0 
0.0 
0.0 
0.0 
0.0 

o.e 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 

98.0 
9k.« 
99.1 
9«,« 
94.0 
9A.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 

lato 
i«ai 
1«»2 
14«I 
14«« 
1489 
14*k 
14*7 
1488 
1484 
1440 
1441 
1«42 
1441 
1444 
1445 
I44k 
1447 
1448 
1444 
2000 
tool 
1002 
20AI 
200* 
2009 
took 
1007 
1098 
1004 
1010 
2011 
1012 
1011 
101* 
2011 
20lk 
2017 
1018 
1014 
1010 
2021 
1012 
2021 
102* 
1019 
lOtk 
1017 
2018 
2014 
1010 
1011 
2012 

ton 
2018 
2011 
201k 
2017 
2018 
2014 
20*0 
20(1 



TABLE A.1.5. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 2, MTU 

No Repository 

TEAR 

laap 
>as) 
148a 
laai 
laa* 
taa« 
I48f 
1487 
148* 
1484 
laap 
jaai 
ia4a 
1441 
144* 
1444 
144* 
1447 
144* 
1994 

loop 
100) 
1001 
looi 
loo* 
ieo« 
loo* 
1007 
loo* 
20P4 
29)P 
101) 
1011 
1011 
101* 
1P1» 
101* 
1017 
101* 
1014 
201P 
201) 
201* 
IP14 
itin> 
IRI* 
201* 
1017 
IPl* 
201* 
lOlP 
loll 
IRly 
101« 
201* 
2014 
201* 
2017 
201* 
2014 

204P 

RfACTOa 

DiaeHARaE 

l U o , 
l>9Ia 
U l l a 
1171a 
llAla 
1)97. 
lUk. 
IHA, 
lt2*a 
1191a 
i M A a 
U 7 0 a 
t t « l . 
1 1 2 * . 
l l k S . 
l l l O a 
l l 2 « a 
l l « k a 
l U l . 
1 1 1 * . 
1143a 
l l O l . 
1 1 2 * . 
tOVOa 

1039. 

111*. 
9kka 

lOlOa 
•Ska 

lOlla 
1119a 
lOkk. 
llOla 
I08k. 
tiki. 
"34. 
5«a. 
«9». 
310. 

0. 
0. 
0. 
9. 
9. 
3. 
0. 
0. 
0. 
0. 
9. 
3. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 

R E A C T O R 

PToaAeE 
• • • • • • • « . 

TiOk, 
»1«4, 

«70«, 
»44». 

I0p44. 
I0p44. 
l9lk), 
lOalA, 
lOtIk, 
1021k. 
lOlSp, 
lOlIT, 
lOll*. 
lOlll, 
lOl«4. 
10*01, 
)0«71. 

|0a4la 
10«72.-
lOs*o. 
1047*. 
1047*. 
(9l7«. 
109T«, 
1057»; 
1097*. 
I0l7*, 
10«7*. 
I0l7«. 
10894, 
10794. 
)0*9). 
10411, 
H i * ? . 
U n k l . 
llpfcS. 
tlpkl. 
Hon. 
llpkl. 
llpkX. 
Ilpkl, 
HokX. 
llPkl. 
U n k l . 
Ilpkl. 
Ilpkl, 
llpfcl. 
llpkl. 
Ilpkl. 
llpkJ. 
Uokl, 
lllkl. 
llpkl, 
llPkl, 
llPkl. 
llpkl. 
tlpkl. 
Itnkl, 
Itpkl. 
llpkl. 

»AU aNlPMlNT* a 

TaurK SMiPMENTs • 

SHiPMFNT 
aCACTPR 
TO APR 

Oa 
Oa 
Oa 

4*4. 
4*4. 

tOlka 
I M k a 
tllla 
M T l a 
ll'ta 
ltl«a 
lltka 
114«a 
1112a 
1191. 
lt)«, 
llTOa 
tllT. 
111*. 
1118. 
111*. 
ItkSa 
111*. 
IPtOa 
1019. 
lt)»a 
4kka 

lOlOa 
4*fca 

IPlZa 
10*0. 
4kk. 

1P)0. 
4*k. 

tPi2. 
4*3. 
4«*. 
U4«. 
])0. 

0. 
0. 
0. 
0. 
0. 
». 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

•*P».5 

S997.k 

SHIPMENT 
REACTOR TO 
REPDStTORY 
• • • • • • • • • • • 

0. 
0. 
0. 
9. 
0. 
Oi 
0. 
0. 
0. 
0. 
0. 
3. 
9. 
9. 
0. 
0. 
0. 
0. 
0. 
3. 
0. 
3. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
9. 
1, 
9. 
• ) . 

0. 
D. 
0. 
P. 
P. 

n, 
p. 
1. 
3. 
P. 
9. 
0. 
0. 
0. 
1. 
9. 
3. 
P. 
0. 
1, 
9. 
3. 
9. 
3. 
3. 
9. 
9. 
P. 

APR 

INVENTORY 

0. 

Ji 
1847, 
1441, 
«0»4, 
9lPl, 
klTl. 
7 9 ) * . 
4Ti*, 

ipai8, 
tlOTl, 
t l l p l , 
l*!lT. 
159P». 
tkkv*. 
17744 
18847. 
100»1. 
111*4. 
llltl, 
11342, 
1*3*7. 
1 » 9 P 5 , 

2**7). 
174.1. 
?**H7. 
>««44. 
ir)9v*. 
1 1 9 P * . 

llli*. 
1 ' 9 P 0 . 

^«9»2. 
15««5. 
Ik0>4. 
1I.«*7, 
1fc7»7. 
1»747. 
l(.7o7. 
S»-747 
1k7o7, 
lfc7«T. 
l>i7o7. 
Ifc7i>7 • 
1*7,7, 
J(>7oT. 
1>.7o7, 
167.7. 
16707, 
16707. 
16707. 
16747, 
167,7, 
16707, 
16707, 
16707, 
16707, 
16707, 
167,7; 

0.0 

0.0 

S H I P M E W T 

APR TO 
REPOSITORY 

0. 
0. 

I: 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
p. 

0. 
0. 
0. 
0. 
0. 
p. 
0. 
0. 
p. 
0. 
0. 
0. 
9, 
0. 
3. 
0, 
0. 

". 
9. 
9. 
0. 
9. 
0. 
0. 
p. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 

O.P 

REPOaiToRv 

RPCPIPTI 

0, 
0, 
0, 
0, 
0, 
0, 
0, 
0 
0 
0, 
0, 
0, 
0, 
9 
0, 
p, 
9, 
9, 
0, 
0, 
p 
9, 
9, 
3, 
9, 
9, 
9, 
9, 
P, 
9, 
9, 
9, 
0 
0, 
9 
9, 
9 
0, 
0 
9, 
0 
P 
9, 
9, 

"» 
P, 
0, 
0, 
9 
9, 
9, 
9 
9 
9. 

iNvENTnav 
• • • • • • • « • * • 

0. 
0. 
p. 
p . 
p. 
p. 
p. 
p. 
p. 
p. 
p . 
p. 
p. 

p. 
p. 
p. 
p. 
p. 

p. 
p. 
n, 

P. 
P. 
P. 

P. 
n. 

P. 
P. 
P. 
P. 
n. 

P. 
P. 
P. 
P. 
P. 
P. 
P. 
P. 
P. 
r % . 
p. 

P. 
P. 
P. 

0. 
p. 

RECEIVING 
A|E> TEARS 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.P 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.P 
0.0 
0.0 
0.0 
3.0 
O.P 
0.0 
O.P 
P.C 
O.P 
0.0 
O.P 
0.0 
e.o 
0.0 
0.0 
0.0 
O.P 
O.P 
0.0 
O.P 
0.0 
0.0 
0.9 
O.P 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

YEAR 
*•«• 
1480 
19*1 
1482 
1483 
1444 
1481 
ia*k 
14*7 
14*8 
1484 
1440 
1441 
1442 
1443 
144* 
1445 
1446 
1447 
1448 
1444 
lOPO 
1001 
1002 
1003 

100* 
1009 
109k 
1007 
10P8 
1004 
lOlO 
1011 
1012 
1013 
PUI« 
1019 
1016 
1017 
1018 
1014 
10«0 
1011 
10*2 
1013 
101* 

ton 
lOlk 
10?7 
1018 
10P4 
1010 
1011 
1012 
P013 
101* 
1011 
103k 
1017 
P018 
1014 
10*0 



TABLE A.1.6. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 2, MTU 

1990 R e p o s i t o r y 

RfPOSlToRv 

>All SHIPHENTB • 

murR SMipHENTS • 

2929.3 

•979.1 

B403.2 

8999.2 

2417.6 

YEAR 

1980 
198? 
198? 
19811 
19a« 
198it 
198*. 
1987 
1988 
198* 
1990 
199j 
199? 
199J 
1990 
199* 
199f. 
1997 
199(1 
199« 
2000 
200? 
200? 
200« 
2000 
20011 
200^ 
2007 
200P 
2000 
2010 
201> 
201? 
201« 
201« 
201!i 
2016 
2017 
2018 
201« 
2020 
202} 
202? 
202!l 
202« 
202!i 
2026 

REACTOR 
DISCHARGE 
*«ft»«««*ap**« 

REACTOR 

STOBASF 

" " T I , * ! " " 
8349. 
9481, 
9704, 
9,9(»." 

10099, 
10099. 
IOI6I. 
l0?l«. 
10?26, 
10?26, 
lOo96. 
9543. 

lOllB, 
10^18. 
10123. 
IO390. 
9,6?. 
9ll?. 
9527, 

10500, 
9768. 
B«86.' 
7926.' 
6961, 
6079, 
5?8?. 
9v68, 
5il«. 

St 18.' 
5ll«i 
9tl8. 
93IO. 
SttlO, 
9640, 
9350, 
4«29. 
4i89, 
3409, 

2l47. 
1313, 
768; 
310, 

0* 
0. 
0* 
0: 

SHlPMfNT 
REACTOR 
TO APR 

oV" 
0, 
0. 

949. 
949. 
1096. 
1116. 
1132. 
1172. 
1141. 
4)4. 

0. 
0. 

12. 
>030, 
1114. 
988. 

0. 
0. 
0. 
1. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

SHIPMENT 
REACTOR TO 
REPOSITORY 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
9. 
0. 

700. 
1300. 
1794. 
337. 
137. 

11. 
170. 

1683. 
199tt. 
704. 
179. 

1980. 
8000. 
1999. 

8000. 
2000. 
1763. 
1184. 
1040. 

loss. 
1118. 
966. 
1019. 
986. 
1938. 
1185. 
1066. 
1102. 
1086. 
1268. 
834. 
944. 
498. 
910. 

0. 
0. 
0. 

APR 
INVENTORY 

0, 
0, 

11 
0, 
0. 
0," 
Oa 
0, 
9^ 
0. 
0. 
9, 
0, 
0. 
9. 
0, 
0, 
9. 
9, 
9« 
0, 
0, 
0, 
0, 
0. 
0, 
0. 

SHIPMENT 
APR TO 
REPOSITORY 

0"'" 
9. 
0. 
9, 
9, 
0. 

^ 
9, 
9. 
9. 
9. 
0. 

806. 
1663. 
1863, 
1989, 
1S39. 
377, 

*, 
1896. 
1181. 

80. 
9. 
la 
9, 
9. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
9. 
9, 
9. 
9. 
Ol 
9. 
9. 
9, 
** • 
o» 
•'t 

"t 
"* 
"• 

RfCPlPTp 

9i 
9; 
9, 
9 
9 

«I 
0, 
9 
0. 
0 

700, 
1300, 
8000, 
POOO, 
pooe, 
?09n, 
?ooo, 
?900, 
J900, 
fOOO, 
8000, 
foeo, 
POOO, 
?000, 
foeo, 
8000, 
1765 
7l84 
l040, 

ioss 
1118 
.966 
1910 
.986, 
1038, 
1185 
IO66, 
1108 
1086, 
1868, 
834 
944 
498 
3t0 

0 
0 
0 

» • • » • • • • 

RECEIVING 
INVENTORy AGEi 

0. 
0. 

, 0. 
0. 

. 0. 
n. 
0. 
0. 
0. 
0. 

700. 1 
8000. 1 
aooo. 
6000. 
8000. 

lOOOO. 
, 18000. 

14090. 
16000, 
18000, 
80000. 

. 88000, 
84000. 

. 86000. 
, 88000. 
. 30000. 
. 51763. 
. 38887. 

53426. 
. 34961. 
, 36079. 
, 37045. 
, 5805*. 
, 59041. 
, 40073. 
1 4tl98. 

48865. 
. 43365. 
. 44451. 

45713. 
, 46548. 

47098. 
. 47550. 
I 47860. 

4T860. 
47860. 
47860. 

YEARS 

'0^0'"' 
9.0 
9.0 
0.0 
OaO 
0.0 

2*° 9.0 
0.0 
0,0 
8.0 
6.4 
5.3 
4.4 
13.7 
8.9 
8a8 
1.5 

2'* 10.1 
9.4 
8.7 
8.0 
7.8 
6.6 
8,8 
5a8 

s.o 
3.0 
8.0 
5.0 
5.0 
5.0 
5,0 
5.0 
5.0 
5.9 
5.0 
5,9 
9.a 
5.0 
9.9 
9.0 
9.0 
9,9 
; i 9 
0.0 

YEAR 
wasaci 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
19,0 
19,1 
1992 
19,3 
1994 
19,5 
1996 
1997 
19,8 
1999 
8000 
8001 
8002 
8003 
8004 
8005 
8006 
8007 
8008 
8009 
8010 
8011 
8018 
8013 
8014 
8O1S 
8016 
8017 
801S 
8019 
2080 
8081 
2022 
2023 
2028 
2029 
2026 

7> 



TABLE A.1.7. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 2, MTU 

2010 Repository 

YEAR 

laaji 
las) 
1981 
lati 
laa* 
las* 
lask 
lasT 
lat* 
198* 
laap 
lai) 
laai 
laai 
laa* 
taa? 
194* 
1947 
194* 
1994 

loop 
100) 
lOOl 
1001 

loo* 
loo* 
100^ 
lOOT 
100* 
loo* 

lOlP 

Ion 
lOll 
loll 
lot* 
1019 

lou 
1017 
101* 
loi* 
lOIP 
801) 
toil 
8011 
lot* 
1019 
101* 
lOIT 
101* 
1014 

lose 
103) 
1031 
1031 
103* 
1039 
lOSk 

RAll 

TRUCK 

RfACToa 
OJSCHARGE 

SHIPMENT* • 

SHIPMENTS • 

PCACTOR 
»T08A8E 

""7Nk'"' 
»1«9,' 
4*ai, 
»T0*. 
9448. 

10094, 
100*9. 
tOlkl, 
lOlla, 
|022k, 
1021k, 
tO»iO, 
tOlIT, 
lOlU, 
ll>333, 
101*4, 
10*01, 
10*71, 
tO*9|, 
lO«T2, 
101*0, 
10574, 
l097«a 
t057«. 
097*: 
lOST*, 
1097*, 
109T«, 
1097*; 
1057*. 
I0k94, 
10«2S, 
9TS3, 

to*s2; 
Uoai, 
iieki, 
lioki. 
ll0»l, 

lioas. 
Uoia, 
iipia. 
loios; 
10871, 
10*08, 
lOkkO, 
1 0 9 U , 
10219, 
10079, 
ai«4, 
TlTl, 
9»T4, 
9o70, 
3791, 
ISfcO, 

0, 
0, 
0. 

SHIPMENT 

REACToa 
TO APR 

" ' " o . " 
0, 
0. 

4«4a 
4*4a 

1096 a 
I D k a 
t132a 
lITIa 
llAla 
I D * . 
I D k a 
114*. 

U l l a 
1153. 
111*. 
1170. 

1117a 
lll«a 
lllSa 
1114a 
ItkSa 
n i « a 
10«0a 
1015. 

111*. 
4kk. 

1010a 
4*k, 

lOlla 
3«0a 

0. 
0. 
0. 

9*4. 
813. 
«18. 
«|9a 
263, 

0. 
0. 
0. 
0, 
0, 
Oa 
Oa 
0. 
0, 
0, 
0, 
Oa 
0. 
0. 
0. 

Oa 
0. 
0. 

7381.4 

7317a9 

SHIPMENT 

REACTOR TO 
REPOSITORY 

0. 
0. 
0. 
0. 
0. 
Oa 
Oa 
3. 
3. 
Oa 
Oa 
Oa 
0. 
Oa 
Oa 
3. 
0. 
Oa 
Oi 
0. 
0. 
0. 
0. 
0. 
Oa 
0. 
0. 
0. 
9. 
Oa 

700, 
1300. 
174*. 

337a 
lS7a 
11. 

10k. 
39a 
48. 

**. 
0. 

11*. 
31a 

kS. 
14ta 
1*7. 
144. 
i44a 
72ka 
t47k. 
1444. 
804. 

1114. 
1841. 
ISkO. 

0. 
Oa 

3948aA 

3kl2a» 

APR 
INVENTORY 

... ..... 
0.-
0, 

9.4.' 
1S47, 
1443, 
*0»4, 
92pt, 
k37l. 
79i*. 
8k>8. 
*7««, 

10918. 
12071, 
t32»3. 
I*3l7. 
1 3 5 P 8 , 

lkk4*. 
1774*, 
18847, 
100*1. 
211.*, 
ai3i3. 
13341, 
1*3.7, 
2 9 9 A 9 , 

26*71, 
2T*ll, 
184*7, 
14*44. 
1*«48, 
14«48, 
14kl3. 
27944, 
Ikkll. 
29**9. 
240?4, 
214*7, 
10747, 
188*1, 
ikSat. 
1*449, 
12**7, 

11042, 
*200. 
73«k. 
56*1, 
17i9, 

19T1, 
24.7, 

1**1, 
7.0^ 
ln». 
. 0 . 
. 0 . 
. 0 , 
.0.' 

SHIPMENT 
APR TO 
REPOSITORY 

....... 
0 
f>. 
0. 

Oa 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0, 
0^ 
0. 
0. 
Oa 
Oa 
0. 
0, 

0, 
0. 
0, 
0. 
0. 
Oa 
0, 
0, 

" l 
Oa 
0. 

20k. 
tkkl. 
18k3, 
1484, 

18*4, 
l«kl. 
t452. 
14Ska 
2e00a 
1*86, 
14k4, 

1435, 
1852, 
1893. 
1T06, 
l*9fc. 
tIT*, 

1«. 
90k, 

1141, 
681. 
104, 

0. 

'>^ 
ol 

709T.4 

apinaiToRv 

RPCPlPTp THvENToay 

0 
0 
9 
e 0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

e 
0 
0 
0 

0 
0 
0, 
0 

700 

iioo 
iooo, 
1000, 

;ooo 
POOO, 
fOOO, 
POOO, 
POOO, 

iooo, 
POOO, 

iooo, 
iooo, 
{000, 

?ooo, 
1000, 

iooo, 
1000, 

iooo, 
1000 
lOOO, 

POOO, 

iooo, 
POOO, 
tOkO, 

0, 

o; 

Oa 

• Oa 

1 o* 
, O a 

1 <>• 

1 o* 
1 "• 
. Oa 
, Oa 

P. 

1 >• 
, 0. 

1 "• 
1 0. 

I '• 
1 0. 

1 "• 
> Oa 

1 »• 
1 "• 
, Oa 
I Oa 

1 »• 
, 0, 

1 «• 
1 Oa 

. «• 
1 Oa 

Oa 
Oa 

, 700a 
2000. 
aOOOa 
kOOOa 
SOOOa 

10000. 
IIOOQ, 

14000a 
tkOOOa 
18000, 

lOOOOa 
llOOOa 
14000a 
IkOOOa 
2iooea 
10000. 
32000a 
14000a 
ItOOOa 
IROOOa 
40000. 
*2000a 
4*000. 
AkOOO. 
47860, 
kTSkOa 
*T8kO. 

'RECCIVIN* 
ABCi Y|A*a 

'o'.l " 
OaO 
0.0 
0,0 
0^0 
OaO 
OaO 
OaO 
OaO 
0,0 
0.0 
OaO 
OaO 
0.0 
0,0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0,0 
0,0 
0:0 
0.0 
0,0 
0.0 
0.0 
0,0 

3t,0 

3*a« 
3»a3 
34.4 
3S,T 

i i N 
32,1 
St,S 

30U 
30al 

l«.« 
l«.T 
li.O 

17,1 
It a 
is.a 
19,1 
l«,4 

IS 9 
11,9 
11.9 
10.T 
l*.8 

l«,l 
IT.8 
0,0 
0.0 

TEAR 

4a«»« 
1*80 
1*81 
1*81 
1*83 
1*84 
1*81 
l*8t 
1*87 
1*82 
1*8* 
1**0 
1**1 
1**1 
1**3 
1**4 
1**9 
l**k 
1**7 
i**a 
1*** 
2000 
2001 
lOOl 
1003 

loea 
1009 

toot 
lOOT 

looa 
too* 
lOlO 
lOlt 

loia 
lOlS 

loia 
toil 
1016 
lOlT 

loia 
lOl* 
lOlO 
lOtl 
lOII 

ten 
1014 
lOll 
lOl* 
lOlT 
1014 
lOl* 
1030 
lOSl 
lOSI 
1013 
103* 
I03S 
I0S6 





TABLE A.1.9. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 3, MTU 

No Repository 

BE'n»TTnl»v 

ri»» 

i«»< 
i««? 
H 8 « 

14II0 
l * « « 
l » » f 
198T 
I9K# 

!»»• 
i«*r 
lQ» i 
199? 
199* 
199(1 
199« 
199^ 
199T 
199» 
1990 
iatir 
2091 
ion? 
Jno» 
aneo 
too* 
^on^ 
torn 
loop 
I S O * 
i m p 

? e i ' 
?01? 
J01!< 
?0I(" 
?0 )» 
? e i » 
JOIT 
?61> 
»01» 
10?P 
?e»« 
10?? 
i O f 

tmt 
zo;« 
20?^ 
t0?7 
20?* 
1 0 7 * 
20JP 
? 0 l 1 
2017 
2 0 3 * 
20Y« 
2ns> 
2 0 3 f 
201? 
2010 
2019 
2090 
2e« i 

«f«CTD» 
0rScH»»8C 

l U O , 
1 * 8 2 . 
i S R t . 
i TTO, 
2 ) 5 1 . 
2335. 
2»0S . 
2 » 3 0 , 
1 0 « S . 
1 1 5 9 . 
1 3 6 8 . 
1»<I6. 
1 8 ! 8 . 
3 « 1 » . 
11235. 
also. 
a 5 8 8 . 
0 8 5 4 . 
5 0 8 3 . 
5 1 0 3 . 
5 S 9 9 . 
5 8 5 a . 
5 ' 5 2 . 
5 T 0 9 . 
5 H 2 . 
5Tfc». 
5 8 2 T . 
5T2T . 
56I IT . 
5 » 2 5 . 
5 ' 8 8 . 
5 * 3 1 . 
5Ton. 
56fc9. 
5T9 I I . 
5 1 6 2 . 
« 9 9 3 , 
«»5(>. 
( i 5»0 . 
« 3 l 1 . 
a k 5 5 . 
a T 8 k , 
a k l » . 
a X l . 
9 1 5 0 . 
? » » » . 
3 3 T 5 . 
1 2 2 9 . 
a9««. 
2 * 1 3 . 
2 5 9 8 . 
2 3 5 3 . 
2?fc8. 
2 0 1 1 . 
1 « 1 « . 
t T 3 2 . 
I » 1 0 . 
1 5 1 9 . 
) 2 t i 5 . 
1 1 « « . 

» 5 2 . 
0 . 

P U C T O B 

i^TtiRisr 

" " T ' 9 h 
»i l tn 
94811 

1 0 T 8 » 
11991 
l 3 ? » l 
(•fekfr 
1*13«. 
18099 
| " > T T 2 

?15»0 
2288? 
?«^8« 
25T1T 
2 ' l 2 i 
?8a5T 
?«»8». 
i M ' i 
S2»08 
I " ? ? " 
15915 
3 ' 5 3 « 
l 8 9 0 » 
aOnfiT 
ii0i)C5 
< lU»9 
( l l 9 | ? 
aPoup 
u2nttn 
i i 2 l T J . 
«2c9'« 
a2!Po 
« 2 r T 9 . 
« 2 l ? 2 . 
l l2 |9S 
« 2 l 9 | 
< l 2 l 9 , , 
« 2 l 9 l , 
« 2 l 9 ) 
« 2 l 9 ) 
a 2 | 9 i 
u 2 | 9 i 
• 2 l « l . 
u 2 l 9 i 
«2l<«l 
« 2 i 9 , 
« 2 l 9 l . 
9 2 , 9 ) 
a 2 | 9 | , 
9 ? l 9 ( , 
< l 2 l 9 l . 
a 2 | 9 i . 
a 2 | 9 i . 
a 2 t 9 i . 
a 2 i 9 i . 
9 2 | 9 | . 
a 2 i 9 | . 
tt2|9|. 
a 2 | 9 i . 
« i l 4 < . 
« 2 i 9 l 
« 2 | 9 i . 

JuIPHfNT 
i>e«CTpR 
TP »FI» 

0 . 

. 0 . 
o. 

9 « 9 . 
9<i9. 

1P56 . 
12P« . 
l U O , 
1 2 8 2 . 
I I I 8 6 . 
1T70 . 
2 1 5 " . 
? 1 3 5 . 
2 » P 5 . 
?«1P . 
3P«5 . 
3 1 ^ 9 . 
J1».8. 
3k<l8. 
3 8 9 8 , 
3 9 1 8 . 
« » 3 5 , 
a i f O . 
9 9 8 8 . 

«»«.«. 
5 0 8 3 , 
5 1 f 3 . 
5 5 9 9 , 
5«.il». 
5».92. 
5T»,6. 
5».?7. 
5 T ? 1 . 
5( .?T. 
5 T 2 5 . 
5 1 8 9 , 
• 9 9 1 , 
« * « 8 . 
« 5 T n , 
a ^ ) 3 . 
9 8 5 5 . 
llTKk, 
« » i 7 . 
95113. 
9 1 5 0 , 
3 T 8 9 . 
3 1 7 5 . 
1 ? ? « . 
?9 i .8 . 
? « t 3 . 
?«.9R. 
? 1 « 3 . 
? ' l<8 . 
2 0 1 3 . 
1 * 1 8 . 
1 7 1 2 . 
I » I 0 . 
1 5 1 9 . 
12f-5. 
1 1 9 9 . 

7 5 2 . 
e. 

S M I P H E N T 

9E»eT0P TO «r9 
»E»P9IT0»V I M V E N T O R V 

0 . 
0 . 
a. 
0 . 
0 . 
P . 
0 , 
0. 
0 . 
p . 
0 . 

0 . 
0 . 
0 . 
0 . 
1 . 

a. 
P . 

n. 
0 . 
0 . 

0 . 
3 . 
0 . 
0 . 
0 . 

0 . 

p . 
0 . 
0 . 

0 . 
p . 

3 . 
0 . 
T . 
0 . 
1 . 
p , 
• > . 

p . 
p . 

^ . 
« , 
5 . 
P . 
9 . 

1 . 
3 . 

3 . 

- ^ B 

P . 

0 . 
1 . 

0 . 
0 . 
p . 
p . 
3 . 
P . 
P . 
0 . 
P . 

0 , 
0 , 

0 . 
9 i , 9 , 

t 8 o 7 . 
2 9 ^ 3 . 
« l i 3 . 
5 3 » J . 
t.fcp<l. 
8 0 9 0 , 
9 8 1 1 . 

I 2 0 i 5 . 
l i i 3 « P . 
1 8 9 « 1 . 
\ 9 7 . ? . 
2 ? 8 » p , 
? 5 9 » 9 . 
J " 3 K 7 . 

I I O P I . 
1fc6<,0. 
a r 7 o 8 . 
(150«S. 
<ie«l 3 . 
5ll0^1 . 
9C8«l l , 
».19»7, 
» 9 2 „ P . 
7 0 8 1 9 . 
•PU»»-. 
• H » 8 . 
9 | 9 « 9 , 
9757P , 
P 1 2 e l , 
P 0 9 , * . 
1 9 8 0 1 . 
1 9 8 , 7 . 
tii*»n. 
2 9 6 7 * . 
192/18. 
1 l ' 5«9 . 
9 3 2 l « . 
aoopn. 
5 2 » i 7 . 
5 7 U 0 . 
8 1 3 | 0 . 
8 5 0 9 9 . 
8 8 9 7 9 , 
7 1 8 9 8 . 
7«*/ i7 
7 7 « t P . 
• P 0 « 8 , 
8 2 « t O , 
« « 8 7 8 . 
« 8 7 T l . 
8 » 5 > 9 . 
9 P 2 « , 1 . 
9207 1 , 
9 3 5 9 0 , 
9 9 9 9 5 , 
980 ( j9 , 
9 * 8 p l . 
9 8 8 p | , 

itO TP 
REfOSITOBY 

0 , 
0 . 

0 . 
0 , 

0 . 

f . 
p . 
n . 

p . 
p . 

0 . 
p . 

r>. 
p . 
0 . 
p . 

0 . 
0 , 

f>. 
p . 

1 . 

t>. 
0 . 
p . 

0 , 
p . 
p . 

p . 
p . 
p . 
p . 

p . 
p . 

p . 

0 . 
0 . 
0 . 
p . 

p . 
p . 
p . 

f . 
p . 
p . 

p . 
p . 
p . 

0 . 

0 , 
n . 

P . 

n . 
P , 
P , 

0 , 
p . 

0 . 
0 . 

0 . 
0 . 
n. 
p . 

R r e r l P T 

0 
0 
0 
0 

0 
0 
0 
p 

p 
p 
p 

p 
p 

0 
p 

p 
p 

n 
0 
p 

p 
p 

p 

n 
p 
p 

p 

p 

p 
p 

p 
p 
p 

p 

p 
p 

p , 

p , 
p 

0 

0 
p 
p 

0 

0 
0 

ft 
0 
0 
1 
p 

0 
0 
p , 

0 , 

0 , 
0 , 
0 , 

0 , 
0 , 
0 
0 , 

.••••••*•-*«•».••. 
1 iNuFuTnPv 

p . 

. ^• p . 

p . 
p . 
p . 

p . 
p . 

p . 
p . 

p . 
p . 
n . 

p, 
n . 

P . 
n , 
P . 
n , 
P . 

^ , n . 

P . 

P • 
p . 

P . 
r>. 

P . 
n , 
P • 
P . 
P , 
p . 

ft, 
n , 
o . 
0 , 
p . 

ft. 
p . 

ft. 
ft. p . 

p . 
p . 
p . 

ft. 
p . 
p . 

p . 

p . 
p . 

ft. 
ft. 
p . 

ft , 
0 . 
P . 
P . 
P . 
P . 

ft. 

RECeTViNS 
ASEi VEtRS 

0 . 0 
0 . 0 
P . R 

0 . 0 
O . R 

0 . 0 
0 . 0 
P . P 

O . P 
O . P 
P . P 

O . P 
P . P 
P . P 
O . P 
P . P 

0 . 0 
0 . 0 

O . P 
0 . 0 
O . P 
O . P 
0 . 0 
O . P 
O . P 

0 . 0 
P . P 
P . P 
O . P 

0 . 0 

O . P 
P . P 
O . P 

0 . 0 

O . P 
0 . 0 

0 . 0 
0 . 0 

0 . 0 

0 . 0 
0 , 0 
P . P 

o.c 
P . P 

0 . 0 

0 . 0 
O . P 

0 . 0 
O . P 

O . P 

0 . 0 
0 . 0 

0 . 0 
0 . 0 
0 . 0 

O . P 
0 . 0 

0 . 0 
0 , 0 
0 . 0 
0 . 0 
0 . 0 

VClH 

1980 
1981 
19*2 
1983 
1989 
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1986 
1997 
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1999 
1990 
1991 
1992 
1991 
1999 
1995 
1 996 
1997 
1998 
1999 
?0P0 
?0P1 
? 0 P 2 

? O P 3 
70P4 
2005 
?0P» 
?0PT 
70P8 
?0P9 
2010 
? 0 | 1 
2012 
201 J 
2019 
2 0 l 5 
2018 
2017 
2018 
2019 
2020 
20?1 
2072 
7023 
7074 
7075 
7 0 7 * 
7077 
7028 
7079 
7010 
7011 
7012 
2013 
7039 
2015 
2036 
2017 
2018 
7019 
7090 
2091 

K t l l S H I » N E N T 8 • 
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3> 

»—» 
o 

i i«95a.5 

95767.6 

0.0 

0.0 
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TABLE A.1.16. Spent Fuel Logistics for the Once-Through Fuel Cycle—Growth Case 5, MTU 
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TABLE A.1.16. (Contd) 
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TABLE A.1.17. Spent Fuel L ,tics for the Reprocessing Fuel Cycle--Growth Case 3, MTU 
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, 92000. 
. 1P2700. 
, 1)8000. 
, 186000. 
, 13682). 
. 182927. 

148)41. 
198024. 
199501. 
168548. 
U 9 4 2 2 . 
178886. 
178973. 
183020. 
187807. 
192873. 
197138. 
20)818. 
20944h. 
2P9P06. 
2)2314. 
2)9374. 
2)8317. 

RECEIVINO 
FUEL, YEARS YEAR 

• ••• 



TABLE A.1.17. (Contd) 

HFACTOR 

'EAP DrSCHARRE 
PEACTOP 
STPRASF 

SnIPMfNT 
PEACTPH 
Tn AFP 

SHIPMENT 
RfcACTPP TO 
REPROCESS 

AFP 
IMVENTPPY 

SHiPttENT 
AFP Tn 
RFPPPCESR AMXIIAL 

REPPnrEss 

CUMULATIVE 
RECEIVING 
FUEL, YEARS YEAR 

103) 
:os? 
1031 
:o38 
;o3« 
:oS6 
1037 
:038 
039 
080 
:o8) 
108? 
1081 
1048 
1045 
1048 
1047 
1048 
1089 
109P 
105) 
105? 
1051 
058 
099 
096 
097 
:098 
1099 
106P 
1061 
106? 
1061 
1068 
!06« 
1066 
1067 
1068 
1069 
1070 
107) 

2353. 
2264. 
2033, 
I4t8. 
1732. 
iflio. 
I5l9. 
1265. 
1194. 
752. 
0. 
0. 
0. 
0. 
8. 
8. 
0. 
0. 
0. 
0. 
0, 
0, 
0, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

3606, 
3430, 
3)26, 
2899. 
2*03, 
2698. 
2418. 
1977. 
1797, 
1117, 
237, 
•0. 
•0. 
•P. 
•P. 
•0." 
"0. 
•0.' 
•p, 
•0, 
•p. 
•p, 
• 0. 
-p, 
•0. 
-0, 
•p. 
•p. 
•p, 
•0, 
•0, 
•0," 
•0. 
•0, 
-0, 
• 0, 
•0, 
•8. 
•p, 
• 0, 
•p. 

lAIl SHIPMENTS 4 

'RUrK SHIPMENTS 9 

8, 
0. 
0, 
0, 
0. 
0. 
0. 
0, 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0, 
8. 
8, 
0, 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 

8963.6 

8646.1 

2676, 
2445, 
2337, 
2089. 
1987. 
1715. 
1803. 
)702. 
)37a, 
1232, 
)080, 
217, 

0, 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0. 
0. 
0, 
0, 
0, 
0. 
0, 
0. 
0, 
0. 
0. 
0. 
0, 
0, 
0. 
0, 
0, 

50028,5 

50933,8 

0. 
0, 
0, 
0. 
8. 

l\ 
8. 
8, 
8. 
8, 
8, 

\\ 
0, 
8. 
8.: 
8. 

S : 
8, 
8 , 
8, 
ft. 
0. 

e: 
8. 

i! 
: ; 
8. 
8, 
P. 

l\ 
k 

8. 
0. 
8, 
8. 
0. 
8. 
8. 
8. 
8. 
8, 
8. 
8, 

k 
8, 

S : 
8. 
8. 
8. 
8. 

5: 
8. 
0. 
8. 
8. 
0. 
8. 
8. 
8. 

I: 
8, 
8. 
8. 
8. 
8. 
0, 
8. 
0. 

8362.1 

1080 
237 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

220995. 
223880. 
285777. 
227867. 
2P9889. 
211968. 
233367. 
2S9P64. 
216841. 
217675. 
818755. 
238992. 
21899?. 
238997. 
238992. 
238997. 
238992. 
238992. 
238992. 
238992. 
238992. 
238992. 
238992. 
23899?. 
23899?. 
238992. 
81899?. 
838992. 
214992. 
23899?. 
23899?. 
21899?. 
21999?. 
218992. 
218992. 
21899?. 
23899?. 
21899?, 
21899?. 
218092. 
21899?. 

J *5 

"•" 

8031 
2032 
2031 
8034 
8039 
2034 
2037 
8034 
2039 
8080 
2081 
2042 
8081 
8084 
208S 
8046 
8087 
8084 
8089 
8090 
8091 
8091 
8091 
2094 
8099 
809* 
8097 
2094 
2099 
8060 
8061 
8062 
2063 
8064 
206S 
8066 
8067 
8064 
8069 
8070 
8071 

o 



TABLE A.1.18. Spent Fuel Logistics for the Reprocessing Fuel Cycle—Growth Case 3, MTU 

2010 Reprocessing 

YEAR 

198P 
198) 
198? 
198? 
1948 
1985 
1946 
1947 
1948 
1989 
199P 
199) 
199? 
199? 
1998 
1995 
1998 
1997 
1998 
1994 
200P 
200) 
200? 
2001 
2008 
200« 
2006 
8007 
2008 
2009 
201P 
201) 
201? 
201» 
2014 
2019 
2016 
2017 
2018 
2019 
202P 
202) 
202? 
202? 
2028 
2029 
2028 
2027 
2028 
2029 
2030 

RfACTOR P E A C T O R 

Dr8CHAReE STORAGE 

1160 
1282 
1486 
1770 
2194 
2335 
2605 
2430 
3045 
3159 
3364 
3*46 
3454 
3934 
8235, 
4380, 
4584, 
4494 
9083 
5301, 
5599, 
9454 
9752. 
9749, 
9*92 
9766 
9627 
5727, 
5*47. 
5725, 
9748, 
9*31 
9700 
9*69, 
9796 
9142 
4993, 
4496, 
4570 
4313 
4655 
4746 
4617 
4543 
4190 
3749 
3375 
3228 
2948 
2413 
2598 

7,9fc, 
8a7g. 

. 9464. 

. lPT8b. 
)1991. 
)327). 
18666. 

1 iSUh. 
l8o99. 
1977?: 
21170. 
22862. 
2<Y8a, 
25717. 
27)2). 
28fl57. 
2'88».. 
3ll7). 
32808. 
3«754. 
35415. 
175.34. 
3*906. 
40067. 
40905. 
4t5«9.' 
4191?. 
42o8P. 
42p4n, 
42)18. 
42o74. 
42o79. 
a2o79. 
42)22.' 
42)9). 
«8)9]. 
a2i9). 
42)9). 
42l9). 
42)91, 
42,91. 
42,9), 
42)9), 
42)9). 
42l9); 
42)9). 

. 42)9), 
42,9), 
42,9,. 
42)9,. 
42?9i: 

SMiPMfNT 
PfACTOR 
Tn AFP 

0. 
0. 
0. 

449. 
949. 

1156. 
17P9. 
tl*0. 
1782. 
1486. 
1770. 
2154. 
2315. 
26P5. 
2830. 
1045. 
1159. 
1188. 
3686. 
3858. 
19^8. 
82^5. 
4380, 
4588. 
4854. 
SP85. 
sirl. 
5594. 
5647. 
5647. 
1127. 
4111. 
17P0. 
1627. 
17??. 
1825. 
3161. 
2799. 
2387, 
2159, 
28,4. 
29,9. 
2810. 
26«-«, 
2178, 
t42'>. 
1186. 
9)5. 

1068. 
1646. 
23p4, 

^MlPMEwT 
REACTPP TO 
REPROCESS 

0. 
0. 
0. 
9. 
0. 
P. 
0. 
1, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
0. 
0. 
0. 
9. 
0. 
9. 
9. 
9. 
9. 
0. 
9. 
9. 

709. 
1300. 
2009. 
7000. 
2000. 
1157. 
1612. 
2057. 
2183. 
1954. 
1841. 
1867. 
1806. 
1879. 
1972. 
1965, 
2189. 
2109. 
1880. 
1167. 
294. 

AF4 
U ' V E N T O P Y 

' f t . 
0. 
p . 

9a9, 
ISoT. 
2951. 
4 U S . 
5373. 
66fi«. 
•OOP. 
98*,. 

120,5. 
laj^o. 
169B5. 
197.5. 
?78t0. 
759.9. 
»'»357. 
llOnl. 
3fc8f,0. 
anTpS. 
450^1. 
«9a,"3. 
540(M, 
588«4. 
«.39l7. 
6R2<iO. 
T48t9. 
»n«»(i. 
»M»3. 
9)2«.'), 
9S5o1, 
99241. 

in29iA. 
106644. 
199177. 
110870, 
111676. 
112246. 
112559. 
1125?4. 
1120n0. 
1106,7. 
1184*0. 
105150. 
imoop. 
95774. 
89648. 
»76fl7. 
7«7».P. 
66058. 

^HlP-fNT 
AFP Tfl 
pFPRnCF** 

p . " ' 

p . 
f^. 

". 
p . 

". 
p. 

N 
0. 
p . 
8. 

8. 
0. 
P. 
P. 
0. 
p . 

11. 

0. 
0. 
0. 
• ) . 

n. 
0. 
p. 
0. 
9, 
P. 
P. 
n. 
P. 
8. 
0. 

^. 
0. 

1343. 
1668. 
1943. 
1817. 
2P46. 
2«59. 
1431. 
4194. 
4R21. 
5328. 
•(PS5. 
65)1. 
699). 
8,2R. 
9513. 

11006. 

Ai.WiiAL 

0 
P, 
0 
9 
9 
0 
0 
0 
0 
0, 
0 
0 
9 
P. 
0, 
0, 
8. 
P, 
0, 
0, 
0, 
9, 
0, 
P, 
9 
0, 
9, 
0, 
P, 
0, 

too. 
llPO, 
7PPP, 
7PP0, 
70PR, 
77P0, 
llPO, 
oOPP, 
40PP, 
aOPP, 
a7P9, 
53P9, 
<.9P0, 
fc7P0, 
T30P, 
4900, 
A7P0, 
O3P0, 

1nOOO. 
10700, 
llSPO, 

PFPsnrElS 

CUMulATluE 

[ ft* 
I 0. 

r. 
. ft. 
1 "• 
( P. 

I n. 

I "• 
0. 

P. 
0. 
P. 

; ft. 
ft. 
p . 
0. 

ft. 
ft. 
p. 
p. 

p. 
I ft* 

ft. 
ft. 
p. 

1 ft* 

0. 
p. 
p. 

ft. 
TOO. 

2P0P. 
4O00. 
6PftP. 
• pop. 

1P70P. 
)4n00. 
,8P0o. 
?2P0o. 
7#.000. 
3P70P. 
tfcftPft. 

4200P. 
4870P, 
56P00. 
8400P. 
7270P. 
8200ft. 
4?o0ri. 

102700. 
114000. 

RECEIVl'iB 
FUEL. YFAPS 

O.P 
O.P 
o.ft 
8.0 
P.P 

o.r 
P.O 
P.P 
0.0 
O.P 
0.0 
8.0 
0.0 
O.P 
o.ft 
9.0 
P.P 
P.P 
O.P 
P.P 
P.P 
9.0 
O.ft 

P.P 
O.P 
o.ft 
O.P 
O.P 
ft.o 
P.O 

1P.0 
3*.8 
15.1 
18.4 
13.7 
12.9 
32.P 
11.6 
31.1 
3P.7 
39.4 
29.9 
29.4 
28,9 
28.1 
27.7 
27.P 
26.4 
75.7 
24.9 
2«.P 

VEAH 

1980 
1981 
1982 
1983 
)984 
1989 
1986 
1947 
1988 
)959 
)990 
)99l 
1992 
1993 
,994 
1995 
1996 
1997 
1994 
)999 
20P0 
2001 
2002 
2003 
20P4 
20O5 
2006 
2007 
20P4 
20P9 
8010 
2011 
2012 
20)3 
2014 
20)5 
2016 
2017 
7018 
2019 
2020 
2021 
2022 
2073 
20P4 
2025 
2026 
2027 
7074 
?0?9 
2010 



TABLE A.1.18. (Contd) 

SMiPMfNT 
RfAcTOR P E A C T O P RFACTnR 

YEAR OJSCHARSE S T O P A G E TP AFp 

203) 
203? 
203? 
2038 
20S« 
2038 
1037 
2038 
8039 
2040 
108) 
108? 
204? 
1048 
1089 
1046 
2087 
1048 
1049 
I09P 
109) 
209? 
209? 
2098 
8099 
2096 
2097 
2098 
2099 
806P 
206) 
206? 
206? 
2068 
206" 
2066 
2067 
2068 
2069 
207P 
207) 
207? 
807? 
2078 
2079 
2076 

RAIL 

TRUfH 

2153. 
2264. 
2033. 
1414, 
1732. 
1410. 
H l 9 . 
1265. 
1198. 
792. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0, 
0, 
0. 
0. 
0, 
0. 
0. 

SHIPMENTS 4 

S M I P H E N T S • 

82,91. 
4I4O9; 
39?09. 
36885, 
32915. 
38066. 
2*2«o; 
19898, 
1*053, 
6992, 
237. 
•8, 
•8. 

•8, 
-P. 
•P. 
•0. 
•8, 
•0. 
•8, 
•0. 
•P. 
•0. 
•p. 
-p. 
•0. 
-p. 
.0, 
.p, 
•p. 
•8, 
•8, 
•0. 
.0, 
•p. 
.0, 
•p. 
•p. 

•oj 
•0. 
•p. 
•p. 
•p. 
•8, 
•0. 
•0. 

1950. 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0, 
0, 
0, 
0. 
0, 
0, 
0, 
0. 
0. 
0. 
p. 
0. 
0. 
0. 
8. 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0. 
0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 
0. 
0. 
0, 
0, 
0, 
8, 

3327).3 

33873,1 

SHIPMENT SHJp..fMT 
9EACTP9 Tf) »F9 4F» Tfl 
REPROCESS U ' V E N T O P Y 9FPPnCF«S 

403. 
3051. 
0213. 
4)42. 
5702. 
8660. 
5144, 
7607. 
5039. 
9813. 
6755. 
237. 

0. 
9. 
9. 
0. 
9. 
0. 
9. 
0. 
0. 
9. 
0. 
9. 
0. 
0. 
9. 
0. 
0. 
0. 
0. 
0« 
9. 
9, 
9. 
0. 
9. 
9. 
0. 
P. 
9. 
9. 
0. 
9. 
9. 
0. 

21120.8 

21706.4 

564,0. 
47a<.,. 
19601. 
11815. 
255^7. 
1»l06. 
1)5«1. 
71a8. 
1«7. 
-0. 
-0. 
-0. 
-0. 
-0. 
-8, 
-8. 
-8. 
-8, 
.0. 
- f t . 
.8. 
.8. 
.0. 
-0. 
.0. 
- f t . 
.0. 
.0. 
.0. 
.9. 
-P. 
.0, 
• P. 
-0. 
.0. 
.8. 
.P. 
-P. 
.0. 
.0. 
.p. 
.p. 
-p. 
.0. 
-p. 
-p. 

n « 9 T . 
8949. 
7767. 
7AS8. 
6298. 
714P. 
6S5*. 
4393. 
6461 . 
187. 

P. 
0. 
8. 
0. 
8. 
0. 
9. 
0. 
9. 
0. 
0. 
0. 
0. 
0. 
p. 
0. 
p. 
8. 
0. 
P. 
0. 
0. 
0. 
0. 
p. 
0. 
p. 
p. 
0. 
p. 
p. 
0. 
p. 
0. 
0. 
p. 

11SP2.1 

BFPPOrElS 

RECEIVIMS 
A . M i A L c u - ' i J i A T i v E F U E L , Y F A P S Y E A H 

ippftp; 
,7P0PJ 
)7PP0, 
17PP0, 
)7P00, 
170PO, 
IPOPP, 
)?0OR, 
179P0, 
IftOOO, 
8755, 
217, 

0, 
0, 
0, 
0, 
p. 
0, 
8, 
0, 
9 
9 
9 
0 
0 
0 
0 
P 
0 
0 
p 
0 
0 
0 
0 
p 
p 
p 
9 
0 
P 
P 
P 
0 
0 
0 

176O0P. 
npftoe. 
19000P. 
182P0P. 
174P0P. 
1»8POO. 
19800P. 
21P00P. 
272P0P. 
212POP. 
238755. 
234992. 
23*99?. 
2H499?. 
23899?. 
23899?. 
234997. 
2«8997. 
2*8992. 

' 2<»997. 
2*8997. 
2*8997. 
238997. 

, 23899?. 
2*409?. 
23899?. 

, 2*899?. 
1 2*809?. 
, 2*809?. 
: 7*899?, 
• 2*8997. 

238997. 
, 238997. 
, 2*899?, 
, 2*899?. 
: 2*899?. 
: 238997. 

2*8997. 
• 2*«097. 

2*899?. 
2*899?. 

, 2*899?. 
7*4997. 

• 2**09?. 
, 2*899?. 
. 2*»997. 

22.9 
21.9 
20.7 
19.6 
18.3 
16.7 
15.1 
13.4 
10.8 
7,4 
3.8 
1.7 
0.0 
0.0 
0.0 
0.0 
P.P 
0.0 
0.0 
O.P 
O.P 
0.0 
0.0 
0.0 
O.P 
0.0 
0.0 
P.O 
P.O 
O.P 
P.P 
P.P 
P.P 
0.0 
^.r' 
P.O 
P.P 
0.0 
P.P 
0.0 
0.0 
P.P 
O.P 
P.P 
O.P 
O.P 

7031 
7012 
2013 
2014 
201s 
2036 
2037 
2014 
2019 
2040 
2081 
2082 
2C43 
2044 
2045 
2086 
2087 
?044 
2049 
2090 
?091 
2052 
2093 
2094 
2055 
2096 
2057 
7058 
2059 
2060 
7061 
2062 
2063 
2064 
7065 
7066 
2067 
2068 
2069 
2070 
7071 
?072 
?073 
?074 
?07S 
7076 



TABLE A.1.19. Spent Fuel Logistics for the Reprocessing Fuel Cycle--Growth Case 4, MTU 

2000 Reprocessing 

PFPonrE8S 
SwjPMfNT ^rlIP^'E^JT SHIP^•E^T ..................... 

RrAC70R P E A C T O P U F A C T H P ' E A C T O W T O A F J A F P T O P E C E I V I N O 

YEAR 

198P 
1981 
194? 
1941 
1984 
1985 
1986 
1987 
1948 
1989 
199P 
199, 
199? 
199* 
1998 
199* 
199». 
1997 
1998 
1990 
200P 
200) 
200? 
2001 
200« 
200* 
2006 
2007 
2008 
2009 
201P 
2011 
2012 
2P13 
201« 
201* 
2016 
2017 
2018 
2019 
202P 
202) 
202? 
202* 
2028 
202* 
2026 
2027 
2028 
202O 
203P 

OlSCHARSE 

' l u o l * " 
I 2 B 2 . 

1886. 
1770. 
2154. 
?331. 
2605. 
2839. 
3045. 
3159. 
1368. 
3646. 
1858. 
39S8. 
0215. 
4380. 
4588. 
4854, 

9043. 
5303. 
5599. 
5850. 
5757. 
5761. 
5705. 
5779. 
5639. 
5740. 
5661, 
5761. 
5850. 
5761. 
5885. 
5995. 
6263. 
5868. 
5844. 
5797. 
5618. 
5520. 
5419. 
6064. 
6094. 
6309. 
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TABLE A.1.19. (Contd) 
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TABLE A.1.20. Spent Fuel Logistics for the Reprocessing Fuel Cycle—Growth Case 5, MTU 
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1998 
1499 

20P0 

20PI 

70P2 

2003 
2004 

2005 
2006 
20P7 
20n8 
20P9 
2010 
2011 
70,2 
2013 
2014 
20)5 
20)6 
70)7 
20)4 
?0l9 
?0?0 

2071 
2022 

2023 
?0?4 

2025 

20?6 
20?7 

707S 
?0?9 

?030 



TABLE A.1.20. (Contd) 

RfPPnctsS 

REACTOR BEACTOR 
vBAp DISCHARGE STHRAGE 

SnIPMpNT SWIPME-jT SMfPMFNT 
BFACTPP REACTOR TO A F * A F » T P 
Tfl AFP 9EPP0CES8 1 > ' V F N T O B Y R f P B f t C E * * A K ' M I I A L rUMIII A T T V E 

PFCEIVING 
FUEL, YFARS YEAR 

203) 
203? 
2033 
2038 
803« 
2036 
2037 
1038 
2039 
208P 
208) 
208? 
208? 
2084 
8085 
2046 
2047 
2048 
8049 
205P 
205) 
205? 
809? 
2094 
2099 
2096 
2057 
8058 
2099 
20*0 
206) 
206? 
206* 
2068 
2069 
2066 
2067 
2068 
2069 
207P 
207) 
207? 
207? 
2078 
207ii 
2076 

10318, 
10593. 
10950, 
10*13, 
10491, 
11334, 
11«63, 
11522, 
11758, 
11415, 

0, 
0. 
0. 
9. 
0. 
8. 
8. 
0. 
8. 
8. 
8. 
0. 
8, 
8. 
8. 
8. 
8. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
8. 
0. 
8. 
9. 
0. 
0. 
8. 
8. 
8. 
8. 

48*5). 
43244. 
37793. 
12*89. 
29499. 
26g11, 
20?96. 
2»818, 
l'572. 
)7758. 
5917.' 

•0. 
•8. 
-P. 
-0. 
-P. 
•P. 
-P. 
-0. 
-p. 
•0, 
-p. 
-9, 
-P. 
-P. 
•P. 
-P. 
-P. 
-0. 
-0. 
-p. 
•0. 
-p. 
-p, 
-p. 
-0. 
•p. 
•p. 
-p. 
-p. 
-p. 
-p. 
-p. 
-0. 

RAU SHTPMENTS • 

TRUCK S M I P H E N T S • 

P. 
fl. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
0. 
0. 
8. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

?7682.9 

28)81.6 

160flO, 
l*flPP. 
16PPP. 
16RPR. 
lOfloO. 
1400P. 
lOflOO. 
1400P. 
140P9. 
11629. 
11841. 
5917. 

9. 
0. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
0. 
9. 
9. 
9. 
9. 
9. 
9. 
0. 
9. 
9. 
P. 
0. 
0. 
0. 
0. 
9. 
9. 
0. 

69943.6 

71208.7 

- f t . 
-P. 
-0. 
-P. 
- f t . 
- f t . 
-9. 
-9. 
- f t . 
-P. 
-'\ 
- f t . 
-0. 
-9. 
- f t . 
-P. 
- f t . 
.0. 
-P. 
.0. 
-p. 
- f t . 
- f t . 
- f t . 
.0. 
- f t . 
- f t . 
-p. 
- f t . 
- f t . 
-0. 
- f t , 
- f t . 
-0. 
-8. 
-p. 
.8. 
-P. 
-0. 
-p. 
-0. 

.0. 
- f t . 
-9. 

P. 
0. 
ft. 
9. 
P. 
0, 
P. 
0. 
P. 
0. 
ft. 
9. 
0. 
P. 

9. 
P. 
P. 
P. 
0. 
9. 
9. 

" • 

P. 
P. 
ft. 
P. 
P. 
9. 
ft. 
P. 
9. 
ft. 
ft. 
P. 
P. 
0. 
P. 
P. 
P. 
P. 
ft. 
9. 
0. 
9. 
0. 

260*0.* 

ItOpp, 
1*9PP, 
ifcpnp, 
IAPPP, 
IflOOP. 
14PPPj 
laPPO. 
14900^ 
14PPR, 
)*629, 
1 1*4, 
*9,7 

0 
8, 
0, 
0, 

8, 
9, 

8, 
9, 
9, 
8, 
P, 
P, 
P. 
P" 

8, 
9. 
P^ 
9, 
9. 
p; 
P, 

8, 
8, 
8, 
P, 
p. 
9J 
9, 
P, 
9, 
P, 
ft, 
0, 

0. 

27*ftOO. 
294000, 
3,PPRP, 
37*PRP. 
34PPP0. 
154PPp, 
1*80Pft, 
l*?poo. 
19*000, 
409629, 
47,470, 
4?7167, 
477*87. 
477187, 
477*87, 
097187. 
497187. 
477187. 
477187. 
497387. 
477*67. 
477387, 
477387. 
477387. 
477387. 
477387. 
477*87, 
477387. 
497387, 
477387, 
497*87, 
477387, 
4773*7. 
477387, 
477387. 
477387. 
477*67. 
47738T, 
477*e7. 
477387. 
497387. 
477*87. 
497387. 
4771*7. 
477*87, 
477387. 

5.2 
0.5 
3.9 
i.i 
2.9 
2.6 
2.1 
2.0 
1.8 
1.6 
1.5 
1.8 
P.O 
0,P 
O.P 
0,0 

p,p 
p,p 
0.0 
0.0 
O.P 
0.0 
0,0 
8.0 
P.O 
0.0 
P.O 
0.0 
8.8 
0,0 
0.0 
0,P 
fl,P 
0.0 
P.O 
O.P 
P.P 
P.P 
ft.ft 
0.0 

O.P 
0.8 
P.R 
O.P 
P.O 
P.R 

7031 
?012 
2013 
2034 
?0*5 
7016 
2017 
2014 
7019 
2040 
2041 
2042 
2043 
2044 
2045 
2046 
2047 
2046 
2049 
2050 
?051 
2092 
2053 
2054 
2055 
2096 
2057 
2094 
2059 
2060 
7061 
?062 
70*3 
2064 
20*5 
7066 
20*7 
7064 
70*9 
7070 
2071 
2072 
?073 
2074 
2075 
2076 



A.27 

TABLE A.1.21. Number of Containers Sent to Repository in Once-Through Cases 

Growth Assumption 

Present Inventory 

Present Capacity to Retirement 

250 GWe in 2000 and Decline 
to 0 in 2040 

250 GWe in 2000 and Steady 
State to 2040 

250 GWe in 2000 and Increase 
to 500 GWe in 2040 

Repository 
Date 

1990 

2010 

2030 

1990 

2010 

2030 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

BWR 
Canisters 

2.37 X 10^ 

2.37 

2.37 

1.04 

1.04 

1.04 

4.91 

4.91 

4.91 

6.46 

6.46 

8.71 

8.71 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10̂  

10̂  

10̂  

io5 
10̂  

10̂  

10̂  

io5 

10̂  

105 

10̂  
10̂  

PWR 
Canisters 

1.19 X 10^ 

1.19 

1.19 

6.12 

6.12 

6.12 

3.17 

3.17 

3.17 

4.20 

4.20 

5.70 

5.70 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10̂  

10̂  

10̂  

10̂  

10̂  

10̂  

10̂  
10̂  

10̂  

10̂  

10̂  
10̂  

Tot 
Canis 

3.56 

3.56 

3.56 

1.65 

1.65 

1.65 

8.08 

8.08 

8.08 

1.07 

1.07 

1.44 

1.44 

:al 
;ters 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 



TABLE A.1.22. Number of Containers Sent to Repository in Reprocessing Cases 

Growth Assunptlon 

250 GWe In 2000 
and Decline to 
0 in 2040 

250 GHe in 2000 
and Steady 

State to 2040 

250 GWe in 2000 
and Increase to 
500 GMe in 2040 

Reprocessing 
Date 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Date 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Salt 
3.2 kW/Can 

1.28 X 10* 

1.02 

7.87 

8.17 

7.87 

1.37 

1.14 

1.87 

1.61 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

IILH Canisters 
Granite 

1.7 kW/Can 

2.37 X 10* 

1.81 

1.17 

1.14 

9.67 

2.48 

1.92 

3.59 

2.76 

x l O * 

x l O * 

x l O * 

XlO* 

x l O * 

XlO* 

XlO* 

XlO* 

Shale 
1.2 kW/Can 

4.29 X 10* 

2.64 X 

1.77 X 

1.60 X 

1.33 X 

3.47 X 

2.69 X 

5.32 X 

3 .88 X 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

Basalt 
1.3 kW/Can 

3.74 X 10* 

2.28 

1.69 

1.47 

1.25 

3.09 

2.51 

4.54 

3 .65 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

lo • 

5.71 

5.71 

5.71 

5.71 

5.71 

7.54 

7.54 

1.02 

1.02 

RH 
R/hr •" 

XlO* 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

l-TRU Canisters 
l- lO R/hr .2-1 R/hr 

4.78 X l o ' 8.01 X l o ' 

4 .78 

4.78 

4 .78 

4.78 

6.31 

6.31 

8.55 

8.55 

X 

X 

X 

X 

X 

X 

X 

X 

lo' 
10^ 

10^ 

10^ 

10^ 

10^ 

lo' 
10^ 

8.01 

8.01 

8.01 

8.01 

1.06 

1.06 

1.43 

1.43 

X 

X 

X 

X 

X 

X 

X 

X 

lo' 
lo' 
103 

io5 

10* 

10* 

10* 

10* 

10 + 

5.06 

5.06 

5.06 

5.06 

5.06 

6.68 

6.68 

9.05 

9.05 

li/hr 

XlO* 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

Rll-TRt 1 Drums 
l- lO R/hr 

2.35 X 10* 

2.35 

2.35 

2.35 

2.35 

3.11 

3.11 

4.21 

4.21 

X 

X 

X 

X 

X 

X 

X 

X 

w 
10* 

10* 

10* 

10* 

10* 

10* 

.2-1 

2.31 

2.31 

2.31 

2.31 

2.31 

3.06 

3.06 

4.14 

4.14 

R/hr 

XlO* 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

10* 

10= 

10* 

10* 

10^ 

10* 

10* 

TH-l 
Drums 

7.81 

7.81 

5.34 

7.31 

5.34 

8.59 

8.59 

1.20 

1.20 

X 

X 

X 

X 

X 

X 

X 

X 

X 

in^ 
10* 

10* 

lo-* 
10* 

10* 

lo'' 

10* 

lo" 

[RU(a) 
BOXP: 

1.14 X 

1.14 

8.86 

1.14 

8.86 

1.34 

1.34 

1.86 

1.86 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10* 

10^ 

10* 

io3 

10* 

10* 

• 
10* c 

(a) Includes waste from FRP and MOX decomiissioninq. 
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A.30 

A.2 RADIOACTIVE INVENTORY TABLES 

The radioactivity inventory tables (A.2.la through A.2.9b) differ from similar tables 

in Chapter 7 by showing the inventory of each major radionuclide as a function of time. 

These tables appear in sets of two tables; one table shows the inventory of fission and 

activation products and the other table shows the inventory of actinides. Tables are pro

vided only for the different growth cases in the once-through cycle since repository opening 

dates have no effect on the inventory after the year 2070. Two tables are shown for the 

Reprocessing Case 3. This case has two different reprocessing startup dates and inventories 

are a function of reprocessing startup time, since that controls the amount of fuel that is 

recycled, which affects the quantities of plutonium and other actinides in the wastes. 



TABLE A.2. la. Radioactivity Inventory—Once-Through Cycle—Growth Case 1 , Curies(^) 
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TABLE A.2.lb. Radioactivity Inventory—Once-Through Cycle—Growth Case 1, Curies^'^) 
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k.BaE*03 

0 . 

3.04E*0( 
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a.a9E*oa 

4.aaE>Bi 

2.«rE*03 

4.0kE*01 

2.a7t«04 

l . («E*9a 

l .!»E*OS 

TWIT, BI.2!3, PB.209 AND TL-pO. T8.»« OP TH.229 AND .O.JlJ IS Jl« OF TM.829. 
a.212, BI*2f2 AND TL'POB IB !(•« OF TH.JJB AMO Pn.JlP t8 k4« OF TH.HB. 
0.219, P»*2Tl, BI.2U AND TL*I»07. 

I.2U AND Pn>2t4. 

», BPANCHINr. DECAY IN THE CABB nP.TL-lOB f3k«i - P0.2T2 (*««'' {JO TflO* 
OAUOHTER IN EACH C A B E . MINOP »I>AN(;HIN« r U OP LE88) »A8 U N O R E D . 



TABLE A.2.2a. Radioactivity Inventory-

Fission and 

MaJp* 
*tOrONUcLtOEI 

H.3 

e.ia 

MN»ia 

PE*«9 

C0*f.0 

N].** 

NI.^3 

»r.»9 

KR.03 

*8*PT 

8R«PB*Y>«0 

ZP**3 

NB»*3M 

Tc*«a 

RU><Bk*PH>10k 

P0-1BT 

AS-MO" 

C O ' l l S " 

8a* l29*TE*l29M 

( > i . i 2 i , * 8 e . i ; f c 

l . i p a 

e s - i 3 a 

C8»I3^ 

Ca-lJT»*A.137 

CE«|4a**P>l«a 

PH>iaT 

8 M . ( 9 1 

EUX92 

Eu-lSa 

ElJ*l9« 

OTMfP 

TOTAL 

YEA* 

»ooo 

J.»0»*6k 

1 . k l E * 0 * 

3 .a« f *0< 

!<.OkF*Bk 

l .3 lF*B7 

< ,«kr*n« 

» . 3 ' f • B k 

(..eOF«n3 

(. . (• if 'OT 

« .3»r*Bi 

1.r3F*p4 

< . ; 3 F * > I « 

) .«5F*n« 

P.» lF*»9 

<.6kF*Bk 

1 .93 t« fH 
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T.«kE*n« 

a.aJiTTBk 

P.T»F»0« 

<'.*«e*02 

«.S*»*07 

< . l k ( * n 3 

?.»2F*n9 

T.3»E*09 

« . I 3 E * 0 7 

) .»aF*07 

• . « l F * 0 « 

9.*»E*flT 

(..T'B*fl9 

p .T3 t *n i 

• , « O E * B « 

ro90 

i.nkE*oi> 

3,»3E*0« 

9.*TE*0T 

3.*0E*03 

4.ftBE*09 

l . *SB*0« 

I .P l f *OT 

l . k l E * o a 

l .T3B*07 

» , l »F*0 t 

| , t .«F*B* 

7,»|F*C« 

T . 3 I f * o a 

k.B9E*09 

I.P9F*Bt 

«.kClF*0J 

9.0»E*0« 

3.0IE»0« 

k.kOETOI 

is.)>aF*oa 

l . » 9 E * 0 ! 

9 . t .2E*0 ' 

t.Pfce*oa 

«.11BF*B« 

3.3aE>0* 

9.i>ac*oa 

3.92B*OT 

3 . H F * 0 « 

2 . T K * 0 T 

3.BSe*OI 

» . M F " 1 0 

* .paF*o« 

»0T0 

3:a3E*09 

3.8<E*oa 

0 . 

l .kSE*Ol 

3.3bE*0« 

l . *3E*9S 

l .30E*0» 

l .baE*o« 

« .» lE*9k 

a . l 2 E * 9 l 

1 . B 3 E * 9 9 

T.« IE*90 

T.baE*!l« 

b.BSE*OI 

l.»«E*(iT 

• .kaE*B3 

0 . 

l . l « £ * 9 « 

3.»0E*91 

k.nBE.gil 

1.991*03 

k.93E*90 

l . » k l * 0 « 

t .9»E*09 

0 . 

2.aTE*02 

3.B0E*0T 

«.«3e*03 

».lkE*OT 

I .a3e«02 

0 . 

t .kkE*B9 

-Once-Through Cycle—Growth Case 2, CuriesC'̂ ) 

Activation Products 

0EnL0»Te.TTHF fY|4»>_»fY0NB 1«Ti i 

300 *ooe SOBO ifiOBO, .9pO{io, teojiop leeooo loeoeoo 

* .03E*05 

3 .k«E*04 

0 . 

0 . 
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t . « 2 E * 0 3 

k. lOE*03 

| . k 4 E * 0 « 

l . 3kE>0S 

I . | 2 E * 0 I 

a .kkE*o* 

7 . a l E * 0 « 

T.a2E*0« 

k.BaE*BS 

0 . 

a.kOE*09 

B. 

t . l l E - O S 

0 . 

k.kkE*0« 

l . S S E * 0 3 

0 . 

t . 2kE*0« 

1.33E*09 

0 . 

0 . 

l . lBE*Ok 

b.94E>0r 

2.k«E*01 

9 . 

0 . 

3.0 lE*0k 

B. 

3.a3E*B* 

B, 

0 . 

B. 

l .a2E*B9 

l . « I E * 1 « 

1 . A 3 E * B * 

0 . 

a . i » E * n l 

2.«TE*0l 

T.alE*Ba 

7 . i | F * n a 

k.«SF*B» 

1 . 

* . » o r * 9 3 

0 . 

0 . 

B. 

k. ikaF*"' 

t .«9E*03 

0 . 

( . • k F * 6 * 

1.>9E»00 

0 . 

0 . 

2.>1E*B* 

B. 

) . B T E * 1 0 

0 . 

0 . 

l.nTC*Bk 

2 . U E * 0 * 

0 . 

0 . 

0 . 

1.371*89 

i.iae.oa 

I .SkE*0* 

0 . 

B. ' | (E*0| 

B. 

T.7«E*0« 

T.»0E*0o 

9 .»9E*09 

B. 

*.kSC*B3 

0 . 

0 . 

0 . 

k.>kC*B<i 

l . S » E » 0 3 

9 . 

1.2kr*0a 

0 . 

0 . 

0 . 

3 . 2 k C l B 

0 . 

0 . 

0 . 

6 . 

i . e i E * O k 

i . l 9P*na 

B. 

1 . 

B. 

i a ^ l F * n 9 

B. 

I •aap*Ba 

• . t t F - B t P 

T.T8F*pa 

T.TaF*Aa 

9 . > 9 F * B 9 

n. 

• . « « P * B S 

B. 

B. 

B. 

•, .F«F*n« 

1.«S»*«3 

B. 

i .>kF*Ba 

B. 

B, 

B. 

B. 

B. 

B. 0 

fl. B 

» . T * F * B 9 • 

lTP*Bi l . l T f ^ B l 

B, 

0 . 

B. 

PkF*B* k .6 lF*B4 

0 . 

S .>T»*e3 *» r *p3 

i>F>Bi P. i2p«nl 

ASf*Bt 

i.aF*Ba 

T 5 F * B 9 

pTF*e3 

7SF*Ba 

P»f*B3 

»9r*B* 

t .ak»*B« 

T.aTF*n* 

a.39F*B9 

". 
* .9»F*B5 

0 . 

S. 

B. 

3.«av*na 

1.9***B3 

B. 

t . »3F*B* 

B. 

B. 

B. 

V«r*BS T . B * F * B 9 

0 . 

0 . 

0 . 

0 . 

0 . 

i,*aE*e3 

B . 

T.9«E*B1 

0 . 

B . i t E - e t 

0 . 

b. (eE*a« 

b. t |E*Ba 

t . lkE*BS 

0 . 

a.3aE*B3 

0 . 

ft. 
0. 

2 .0*E*03 

1.9fE*B3 

0 . 

I . I 2 E * 0 « 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

t . k l E * 0 9 

0 . 

0 . 

0 . 

0 . 

0 . 
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0 . 

3 .aBE«0l 

0 . 

8 . i 2 t * e t 

0 . 

* . * 2 e * e * 

*.«3E*0< 

t . » 3 E * 0 * 

0 . 

* . t k E * 0 3 

0 . 

0 . 

0 . 

k.97B*0> 

l . *«E*03 

0 . 

>.BaE*6* 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

l . s r g . o s 

t . v i L U r l LEIB THAN 1 .0r*10 HAVF BEEN 0(8ieN*TCD «« ZE*0, 



TABLE A.2.2b. Radioactivity Inventory—Once-Through Cycle—Growth Case 2, Curies(A) 

Actinides 

ttorONUe 

CH.P«9 

CH.paa 

CN.pas 

CM.paj 

LI0E8 

AH.p«]*NP.239 

AM.jajH, 

AH.pai 

Pu-P«f 

Pii.?«l 

Pu»?«o 

Pl)«pS9 

Pli«?S» 

PU.pJfc 

'"•24? 

NP.F37*PA.2]] 

U*2YA*Tw 
P» 

U.»'k 

U-2'9»Tu 

U.»'« 

U-J'1 

U>tl2 

PA.pJt 

TH.?3B 

TH.p2a*7 

TM.p2»*t 

AC*P»T*T 

TH.73»*F 

PA.pJk*F 

PB»P19*> 

TOTAL 

A. VALU; 

.2S4. 

.2341 

•JJl 

(B) 

rAuaHTBPB 

OAUSMTEPS 

OAUSMTBPB 

OAuSH TfPB 

OAijSHTFPB 

OAUSMTjPB 

ILEBB 

" E O B O " " 

'.3lP*03 

I.34B*0T 

P.S»F*0« 

l.90B*B9 

«.2't*B9 

'.8eE*09 

«.22E»n7 

».o'F«oa 

1.ctl*n9 

A.flTf'Bk 

'.flOF*nk 

'.klF«07 

l.«0B»n2 

!.j2»*n« 

1.q9E*ia 

«.3«F*0^ 

(..̂ TtJO? 

t.4kE*04 

' .79E»flO 

' . 1 9 F * 0 2 

•.llE'Ol 

3.2lF*B0 

*.I4F.P3 

P.l«E*n3 

*.385*01 

'.«7E.0k 

• .(,»F-0» 

«.8»F"03 

l.llE*fl9 

THAN I.OP'IO H 

YEAP 

' »090 " 

8.B3E*03 

T.«0B*0k 

9.TSE*0a 

3.P2B*09 

t.?7E*0k 

7.»aE*09 

1.9B6*0a 

7.«1E*0« 

«.ii«F*n» 

2.l»E*n7 

1.."I8E»07 

k.'lF*07 

3.10F-0I 

3.'1E*0« 

a.martin 

l.flkF*0« 

l.(.«F*01 

9.8JF*0<1 

i,,P9E*nB 

9.a9B*0» 

J.?0F*OO 

P.kBE^Bl 

I."1F*0) 

3.«2e*03 

1.lkE*BI 

3.»3E*09 

l.ojFtgn 

a.)3E*0l 

7.13E*0a 

AVP REEN 

lOTo' 

8.g2E*33 

3.k7E*0k 

3.73E*04 

2.»«E*09 

l.tbE*9t 

7.|9E*99 

l.).2E*9a 

7.alE»9« 

1.7aE*oa 

2.l2t«n7 

H « E » 9 7 

5.«7E*9T 

f-JIE-IJ 

3.S2E*0li 

«.94E*0« 

l.BkE*3U 

l.l,»E»'.J 

k.|7E*na 

P.^<iE*90 

a.a9E*92 

2.9kE*90 

3.»«E*9l 

3.BtE>91 

3.plE*9S 

l.9«E*9l 

8.«aE*39 

S.92E»90 

8.ltE*91 

a.33E*9e 

DEBIGNATED 

* 900 * * 

7.TJE*03 

k.aBE.ot 

3.k9E*P0 

4.fclE*0« 

1.22E*0k 

l.t2E*03 

9.79E»07 

7.411*04 

7.7kE*03 

E.0St*07 

1.3kt*07 

!.44e*0k 

9. 

k.95t»0ll 

ll.9aE»04 

l,0«E*0ll 

l.70tt9J 

7.«8E*04 

9.0TE*01 

9.92E*0B 

9.39E*00 

2.«3E*02 

a.iSE*oo 

k.4aE*oi 

T.3kE.01 

T.03E.04 

t.47E*02 

7.09E*0| 

t.2kE*08 

AS ZERO. 

Jooo 

».i3E*0S 

3.13E-09 

I.12E*0* 

4.7IE*93 

l.lkE*Ok 

l.i9E*B4 

S.«5E«n7 

7.oOE*0« 

T.a9E*03 

1.«JE*17 

1.»4E*C7 

9,i7F*0« 

0. 

«.<,«B»!)« 

a.>4F*94 

l.(»E*''« 

l.T1E*03 

f.(7e»oa 

l.»TE*02 

T.l2E*0t 

1.FkE*0l 

t.gkE*02 

4.»0E*Bl 

9.1BE-OI 

1.49E*02 

1.<9E*03 

k.>aE*02 

3.a«E*92 

T.1*E*97 

OIOLOBTC TTHp rYEA»a_BfYONB 

3000 

3.3IE*03 

0. 

0. 

9.tat.09 

e.llE*B9 

I.JTp.Oo 

7.9»t*0« 

7.19E*0a 

9.J2E*0J 

l.»«E*07 

1.I0E»0T 

1.J6F.04 

0. 

1,B3E»(H 

4.94E*0li 

1 .»9F»0J 

1.»1B»91 

8.I0E*04 

4.BIIF«B8 

9. 

9.»7B*0l 

3.38E*03 

l.a9E*03 

2.B2E*0| 

7.10F*PS 

8.k7(.03 

I.I9B*04 

9.«kE*03 

2.klF*07 

IflOBS 

B. 

0. 

B. 

9.I9F*B9 

B. 

<.«IF»B3 

r.>B**na 

».«DF*Bl 

1.n3F«r7 

'̂. 
0. 

1 .nSF*i«9 

1.49F*B4 

1.02F*n3 

•.B1F*B4 

• .rikF*B3 

B. 

1.T«F»nJ 

k>ATP*B3 

*.AaF*B3 

i,«0F*B3 

t.B9F*Bt 

^.TlP*n4 

i.9Bp»fla 

l.»lF*flT 

'9B0fl0 

1r>2P*B2 

f .'iTp^ca 

l.>2F*B2 

k."7TF.04 

1.>2C*B2 

1 .'>TF*O9 

l.'oBE*Ok 

1 '.nf'*Bi 

0.>«B»04 

l.'<,kF*n4 

rlui'tBi 

7.>2r*B4 

p.*7aFt93 

7;T»F»fl2 

»r7lE*6a 

k^»BF»P4 

»rkSB.Bl 

9.'T«F*BS 

t.'i«E-Bt 

(.-»3P*n9 

«rr9E*B4 

«."»0F*6k 

1«TSJ 

IOOBOB ' 

1.«a>*BO 

0. 

6. 

0. 

l.aap*B2 

0. 

I.'AFtBO 

(..l7r*B4 

1 .«4F*00 

T.91F*B2 

• . > 2 F * B ! 

n. 

Bt 

1.00F*B9 

a.9i>F*s' 

l.*kF*B« 

2.99F*r>S 

l.TkF*B4 

B. 

1.0aF*B3 

«.18F*04 

I.?»F*B9 

9.9SP*BI 

a.A2F*B3 

2.3kP*Bl 

2.93F*B9 

1.|TP*B9 

SOOOOO 

0. 

0. 

0. 

0. 

B. 

0. 

B. 

J.97E*9« 

B, 

9. 

9.;aE*po 

e. 

9. 

8,74E*ga 

4.9«E»0ll 

l.k4E*04 

2.kaE*03 

S.UE*04 

4.10E«0« 

0. 

1.32E*S3 

3.7tE*B4 

3.2«E*09 

2.8lE*06 

I.0kE*04 

l.2tE*60 

2.28E*B9 

l.taE*B9 

«.T9E*0S 

toooooft 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

l.i'F*oa 

0. 

0, 

k.4kE-0k 

0. 

0. 

7,aaE*Ba 

4.94E*0a 

l.k2E*0a 

2.kaE*03 

l.<2F*94 

3.«7E*0a 

0. 

1.32B*03 

2.IIE*0« 

3.l«f*09 

9.HP*00 

i.Bti*e* 

2.«OE*00 

l.»7E*09 

t.33E*0a 

T.92B*03 

TH.P29. 

AC*2p7, T DAuBHTPPs APE TN>2PT, PA.223, PN«21«, 

TH>2;2, 2 OAuBHTPPB APE PA.2?8 ANO AC*tl8. 
PA.22k, 9 BAuBHTPPB APE PN.222, PO.218, Pa.||4, 
PB.EtO, 2 OAuBHTPPB APE BI.2tO ANO PO'llO. 

B I . 2 U ANO P B » 2 U > 

NOTP. IN ACCOllNTINB POP THE ACTIVITY IN THIS HANNEP, BRANcHINg DECAY IN THE CABF OP Tl"EOa |^^*) • P0.2T2 (k««)> AND TL*109 
..... («l) . po-t^l («)«) NERE COUNTED A8 A BINOLE DAUGHTFR IM EACH CAlE. HTNOR BPANCHINB fit OR LEBS) NAl liNOpEO. 



TABLE A.2.3a. Radioactivity Inventory—Once-Through Cycle—Growth Case 3, Curies(A) 

Fission and Activation Products 
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l . 5 t E * 0 t 
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T.»SE»97 

i . j S E ^ i a 

k.<0E*37 

a.rne»oo 

l.tttto^ 

i.Ut*3i 

S.»IE*8S 

S . l l E » 0 * 

1.0lE*00 

» .1 l t» ! )« 

l.aJE-OT 
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^.»«e•oa 

3 . i i E « n i 

T.T«t»05 

l .9>E*9a 

k . t l E t O * 

l.(l»E»10 

«.1«E.0S 

i . 0 « « 0 ^ 

».»»E»0» 
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i .o tE toa 

l.»TE»0J 

k.11E>0« 

t .«SE*10 

a.»aE«oa 

l.a«E*OS 

0 . 

0 . 

9 i 

T.^OEtOS 

l . a l l « 0 k 

B.>lE*oa 

j i O ' E . o a 

4.n»e*on 

3.2Se»0S 

] .«2E«01 

] . 4 I E * 0 J 

l . 0 ] E * 0 k 

0 . 

» . i i e * o a 

Oi 

t . tSE>oa 

0 . 
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TiT»E»OJ 

0 . 

k.YlEtoa 

<.1»E*05 

0 . 

0« 

».»0E«06 

7.T5E«0» 

t.SZEtOO 

0> 

0 . 

i . kse*or 

0 . 

l .T« t»0» 

0 . 

0 . 

e . 

t . i Te»o5 

T.aOF»0* 

• . i «F«na 

0 * 

a.Ate«00 

i . a k o r o 

i,tt'.*ni 

! . * t E * 0 > 

l . p j f t o k 

". 
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TABLE A.2.3b. Radioactivity Inventory—Once-Through Cycle--Growth Case 3, Curies(A) 
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TABLE A.2.4a. Radioactivity Inventory—Once-Through Cycle—Growth Case 4, Curies(A) 

Fission and Activation Products 
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TABLE A.2.4b. Radioactivity Inventory—Once-Through Cycle—Growth Case 4, Curies(A) 

Actinides 

8to70Hue 

CM.789 

CM.F44 

CH.P43 

CH.»4» 

.IDEB 

aH.F43*MF.23* 

tH*F4|H» 

4H-P41 

PU.F4B 

Fu.pai 

4U-F40 

'U-PS* 

Fu-p3a 

FU.PSk 

IH»2«» 

•«P.p|T*pa>23] 

'J>Baa*Tu 
F» 

U*2<k 

•834* 
•23«« 

U>><9*Tu*23l 

U>ta4 

U-213 

U.2«l 

^»-PSl 

TH.plo 

TH.p2**7 

TH.pl»*k 

»C*227*7 

TH.P32»F 

»»-F2k»! 

Pa*pl0*? 

TOTtL 

DtLiH 

(a) 

TE»9 

ijiuSHTEaa 

DAuBHtraB 

OtuBHTEPJ 

0»U6HTF»8 

oAuBHTpaa 

4.7»F*P1 

l.27|*09 

».43F*fl2 

I.42C*P3 

•.78F»P1 

(•.42F*P1 

1 .3''F*0k 

'.*<>|aP2 

).«2F*07 

P.93E«09 

1.**f«0S 

<.85F*P9 

1.t9F«P1 

P.k7F»P2 

(•.7lF*02 

I.0SF*02 

P.47F»PI 

«.03FaB» 

a.kllF-PP 

a.OOfaPO 

<,4af.P2 

l.25f*0l 

'.9«E-0k 

'.llt»OI 

',7k{.0« 

P.99F-P7 

a.k'fPJ 

»..02F*P« 

1.k'f'PT 

*(>• 
' 7890 

9.49F*04 

t.ikC'Ba 

9.*tE«B9 

2.3SF*Bfc 

a.^ar^Ok 

9.»1E»0» 

4.«af*o9 

7,**Fag* 

1.40E»0a 

o.ijr»07 

a.*af*ea 

k.«JE»0» 

».P7E»09 

3.P9E*P9 

k,«ap*04 

l.lBEaOa 

1.99Faa9 

J.TlEaOt 

4.'8E*e« 

1.72E*BI 

1.12I»P2 

»,7aF«oi 

J.Pkt«0« 

a,*kF*OI 

t.4SF.0a 

k.«9(«BP 

1.?1E»PP 

a.7kj*o» 

7870 

9.34E*04 

9.4aE*07 

S,77E*09 

2.taE*Bk 

8.3aE*9fc 

9.l2E*0k 

l.p4E*0» 

4.aPE*09 

S.l3E*0* 

l.aOE*8« 

a.l3E*37 

a.7kE*9a 

9.l9Eaoa 

2.paE*09 

S.P0E*09 

k.a*E*a4 

1.10E*94 

S.llE*e9 

«.kaE*oi 

3.97E*0S 

l.«9B*Pl 

1.7kE*02 

i.iaE*oo 

2.9fcE*9a 

7.7aE*oi 

3.akE«aa 

l.J«E*Dl 

3.11E*00 

4.40E*0* 

980 

9.1kE«04 

«.94E*90 

9.71£*91 

3.391*09 

B.97E*0k 

a.09E*99 

k.OIE*08 

a.a*E*89 

9.l7t*94 

1.35E*9a 

a,P5E*07 

i,aaE*97 

3. 

a.tat*69 

3.00E»09 

7.l3E*94 

l.llE*04 

9.1k£*09 

3.94E*92 

7,lkE*0t 

S,796*01 

l.k*E*03 

4.9*e*oi 

9.19E*02 

a,4llE*02 

a.2kE.03 

S.22E*a2 

3.a'E*02 

a.99E*oa 

fooo 

4.*9E*94 

4.A9E*98 

l.T3(>03 

3.l7e*04 

7.77E*0k 

8.p3Eaoa 

2.70E*98 

«.a*E*a9 

a.akE*04 

).p*E*oa 

«.*U*P7 

a.a3(*P9 

P. 

l.a«E*e9 

1.pPE*09 

7.ase*oa 

1.11t*04 

9.a4E*09 

a,7tF*02 

l.alt.ol 

1.1»F*02 

4.iOC*03 

2.aaF*P2 

a,>BE*aB 

«,eaF*02 

4.a4C*p3 

«.p4E*o! 

2.l2t»03 

a,*7c*08 

BIOUOBie TIHF ;*F4aB 

9088 

3.9aE*94 

9. 

9. 

4.P4F*84 

9.S7E*8k 

<.a3t*8a 

a.aaE*09 

a.a9E*a9 

3,49E*Ba 

B.a*E*OT 

7,aaf*07 

a.79E*04 

0. 

k.»2E«Pa 

3.PeE*09 

a,94E*84 

i.i8E*e4 

9.5BE*09 

k.49E*B3 

8. 

9.79E»07 

2,f8e*04 

*.71F*03 

1.32E-01 

4,k0E*03 

9.kkE>Bt 

7.»*f*04 

3,a9E*a4 

1.73e*04 

IPBPB 

P.33F*p4 

P. 

P. 

0. 

^.alF*pk 

p. 

p,a9F*pa 

a.alF*p9 

>,^3F*P4 

9.oaF*p7 

k.«kF*P7 

P. 

P. 

3.P8F*P9 

«.91F*P4 

T.»9F*p4 

1.4kF*P4 

p. 

T.14F*P3 

^.74P*pa 

».a«F.pl 

».a*F*p3 

l.»4F.Pt 

P.P3F*P9 

I.P1F*P9 

I.pkp*p8 

,Bf»nNB 

fpopg 

BrT2F*BI 

79F*P4 

T4F*P2 

a7F*P9 

T4P*P2 

alF*09 

pkF*P7 

7aF*p9 

peF*p9 

p4F*P9 

aac*04 

7»F*P9 

aaF*P4 

TeF*o3 

77F*69 

ikF*e9 

74F*eO 

7kJ*84 

iae-oi 

P7F*P* 

^SF*B9 

78F*P7 

*vv.. 
igopoe 

I.23F*P1 

8. 

0. 

P. 

4.B0F*P2 

P. 

1.»SF*P1 

a.p8F*P9 

I.P3P*PI 

a.a»p*p3 

9,a9F*sk 

p. 

p. 

«I.«.SF*P9 

3.00F*P9 

1,P*F*P9 

1.70F*P* 

a.7'F*p9 

1.I7F*P9 

P. 

7.97F*03 

2.74F*p9 

«.42F*fl9 

3.k2F*98 

9.k9F*A4 

l.9tF*B8 

l.fckF'Pk 

a.7ap*P9 

I.12F*P' 

iBooeo 

8. 

8. 

B. 

8. 

8. 

8, 

9. 

l.*kE*89 

8. 

0. 

k,S3E*01 

8. 

8. 

9.82E.09 

3.8aE*09 

1.0*E*09 

1.73E*04 

2,07E*P9 

2.7|E*09 

a. 

B,k7E*a3 

2.4aE*89 

t.t8E*Bk 

l.kkEtBl 

k.*aE*B4 

7,*lE*Be 

1.4«E*8k 

7.4k(*a9 

k.43E*0k 

1080800 

e. 

0. 

0. 

0. 

0. 

0. 

8. 

7.«7e*B4 

8. 

8. 

4.t«F*e9 

8. 

8. 

4,49F*09 

3,P0E*09 

l,0kB*89 

1.73E*84 

1.7kr*B9 

2.k3r*B9 

8. 

a.k7f*83 

1.3*E*e9 

2.tiE*ek 

S.78E*8l 

fc.«3E*S4 

1.98E*8I 

a.32e*09 

4.1kr*B9 

4.«7F*Bk 
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TABLE A.2.5a. Radioactivity Inventory—Once-Through Cycle—Growth Case 5, Curies(A) 
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TABLE A.2.5b. Radioactivity Inventory—Once-Through Cycle—Growth Case 5, Curies(A) 

Actinides 

•tOTONUCLIOEt (4) lOflO 7010 lOTO 

C M - 7 4 4 

CH.paa 

0**744 

eM.7a7 

iH.pa4*p 

aH*74t 

7ii-pa7 

7u-7ai 

• i i - 7 * r 

*i>-p<« 

7l i -7l» 

»ll-74» 

• . 134 

* » * S I 

a.74F*fll 7.74F404 7.taE*94 

<.2'F*f l9 1.4|F*04 8.aOI*97 

» . 4 3 F * 0 2 a .47F*n* 1.4bE*09 

t .424*03 t . iaaaob 2 .4 IE*9b 

4 , 7 8 F * P 3 l .>aF*07 l . iaEagT 

4,atF*f l3 7.77Fa04 7.p4E*9b 

l .34**Pb 1.144*0* l .aPE*94 

«.4bF*n7 b.071*04 b.b7e*39 

i .a2a*p7 i . 7 7 r * | o a.4<iE*14 

7.9»F*P4 , , 4 | F * p a 1.416*38 

l ,42a*P5 | .74F*n« l . p a t * P * 

4.a9r*P4 »,47F*pa 9.47F*pa 

i . l l F . P t i ,»PF*oa I . f l06*3 i 

» . b ' F * i » 7.7*F*p« 2.496*99 

k.7>F*P7 a.PbPan* a.P«B*39 

i , r9«*P7 a.ab^ana 4,a7e*pa 

7.«7F*pt i .a7F*ra l .aTfapa 

4 , . i1 r * i i j a , 7 | > * p * 9.p7t»p9 

a.b4F-pp a.40F*Pi b.plEapt 

4 .00HPP b.Pbiaot 4.-117*93 

1,a8B*n{ | . 4 9 f * 0 l I . 4 I ( * P 1 

1 .» IF -P | l ,4bF*P7 2 .7 IE*92 

TH*724*r PliJBMTias a.9a»-Pb 7 . * 7 F * O I t .b2E*99 

TM.p7a*» MuBHTaaa 4 . | l a * P | 1.744*04 3.b26*P4 

AC.7»7*7 nl i l8HTl»* a.TbF.pa »,P9F*0I 4.a76«0l 

7H.>47*> 9 1 I I S H T F 4 8 7.49a.ci7 p,77P*fla 4.442*34 

* l - 7 2 4 * 4 0Ail9HrF49 4.b4B*PI 7.43E4nP l .b lE *91 

78.710*» (iAuaH7F*8 » , O 2 F - P 4 | , 3 3 F » B P S.bPE-gO 

TOTll 1.b'»*P7 1 .4 |F * lo ».4»E*94 

ij-paa*TM-F3a* 
7»-7 la« 

U.74b 

U.714*Tu.73l 

U.7<4 
U .7 t ! 

U.7'2 

7A.7I1 

TB.pir, 

10 

7.041 

t . 4 8 

8.4(1 

4.97 

1.10 

1.11 

4.231 

b.bTI 

7.P4I 

l . 4 l 

1.731 

2.401 

1 . 

9.b9l 

a.flbi 

4.a7 

l . a a i 

b.49 

a.Pbi 

l . P I 

7.441 

2.791 

b.p7 

7.2kl 

9.441 

9.701 

1.081 

9.P2I 

l . | 7 

4 . VALUPB LEB4 THAN I .Op. l f l Hi«F •EF" Onia>il7E0 18 27*0 
8 . T H . j , * , 7 ntiiBHTFRa 1»F 41 .279 , i r * 2 7 9 , F R . m , A T . 2 

TH. I^B, b PliiBHTFaB l*F M l . 7 7 * , * N * l 2 a , 7Q.2tfc, 78.2 
• C.277, 7 nill8N7F*8 1*7 TH.277, 4 1 . ( 2 1 , a N . 2 1 * , 70.2 
T H . 2 ; ( , 2 Plii*H7P*B iRF 41 .27* INfl lC*72a . 
* l . ( 7 b , 9 nAllBHTFaa A*F > N . 2 7 2 . 7 n . 2 1 * , P « . 2 | 4 , 4 t . ( 
P * * ( | 0 , 2 flAilBH7F*a A*F 4 I . 2 I P INfl 70*710 

1000 

B(nLa*7e T^HP r7E4{i*,BfrftNn i * r l ) 

1000 IfiOnfl iflOoo toOflOn 100000 >000000 

*04 k.7lF*P« 4.4((*e4 4,7TP*n4 ?rTlP*Al t.bTP*AI 0. 0 

*91 7.ikF-P* 8. fl. 9.' 8. 8. 0 

*0I l.a*E*Pl 0. fl. fl fl. 8. 0 

*09 4.47F*P4 9.kO(*B4 A. 9.' fl. 9. 0 

*B7 t.nlF*p7 7.32E*9b 4.<.9P*Pb {^744*09 I.44P*P3 9. 9 

*0» 1.14F*09 1.3kr*fl3 P. nl P. 0. 0 

*9* 1.70F*')* k.b3P*04 4.70P*P4 I.'itp*fl3 l.*7p*AI 0. 0 

*89 b.a4F*49 b.817*84 a.*9F*p4 b.'p*F*r9 4,4bP*P9 2.b7E*e9 1 

*B4 b.7bP*P* *.73r*8a 4.iaF*p4 i.'ilP*P3 I.47P*PI 9. 8 

*B8 I.74P*P8 t.ltE*0* b.*2P*p7 ,.';4p*Pb a.7«p*A3 8. 8 

•84 I.PIF*P* l,9aF*Ba a.a9p*p7 i^pap*"? 7,iip*ab B.b8E*91 9 

*e7 b,pBF«P9 l,'l»*a9 p. p." p. 0. 8 

P. 0. P. P.' P. a. 8 

*09 7.T1F*P9 *.287*89 *.p*F*n9 4.'I7F*«9 •.P9P*P9 7.43E*89 b 

*89 a.PkF*P9 a.PbFaP* a.papap* l.'pba*P9 4,PbF*P9 4.BbE*P9 4 

*94 4.aap*p4 | . l b F * 9 9 I . 7 4 P * P 9 i.'a4p*P9 l.aBp*p9 I .17E*P9 I 

*a« l .a4F*P4 | . * 4 F * 0 4 l .a4p*na 7.T2P*Pa 7.7<PaP4 ( ,34E*94 ( 

•89 7.p7f«39 7 . 1 * f * 9 4 7.p8P*p4 b.47P*P9 4.aflP*P9 ( .aaE*99 1 

8( l . i 4F*cS * . 7 7 F * r 4 , .a9T*pa a.'a2F*P4 I . 9 4 P * P 9 3.b4E*99 3 

*92 a , , 4 ( . p l 9 . P. P.' P. fl. 9 

* 0 I I . 4 4 E * P 2 7 . » 4 F * P 7 I . 4 7 P * P S b.'4tP*P3 4 . 4 1 » * A 3 1,17E*P4 1 

*93 4 . < 7 F * P 9 7.*b7*P4 4.a7F*pa a>4p*P9 3.70F*p9 3.3bE*P9 I 

*AI 3.anPap( t .37E*Pa 4.P4F*pa 9JbkF*P9 l . tbP*Pb 2.47E*0k 2 

*92 9 , *2F*90 1.74F-0I 4 ,42P.pl >r47p*flP 4.474*00 l . 9 (6^81 9 

• 02 I . > 7 F * P 3 b. l9F*P4 | .72P*P4 4.'p9P*P4 7.b|p*p4 4.34E*P4 4 

•03 I . a 4 ( * p ( T.bkEaflP I'.aBP-Pt i!plP*flO 7 . I 1 P * B 9 l .94E*f l l ( 

* 0 1 9 . 4 7 ( * P 3 I . P * f * n 4 * . 7 3 P * P 4 t. '447*88 2.74P*Ak ( , 9 ( E * 9 k I 

* 9 ( 2.a*F*B3 1 .1*E*9* < .47p*pl 7ra0p*9 l l . t ( p * P b t ,9 lE* f l8 I 

* 9 * 4,T*F*PB (.49F*P4 | . 7 ( P * p a 3 . ' T * P * 0 7 l .4(P*f lT B.7>E*Ab 8 

A7(*B1 

* 2 ( - 9 9 

74P*89 

AbB*B4 

49i>*ni 

SIF*B4 

71B*fll 

9*7*01 

17F*04 

B*E*P9 

446*0* 

P2 ( *0 | 

44F*04 

19F*01 

13F*0» 

*3g*09 

79F*8* 

I , 
7, F t * 2 t 3 , • ( • ( 8 4 INO T I - P B P TB 4t OP TH-( (a INp pO-dB IB 4 | t OF T H - ( ( 4 . 
(• 4T-(l2 INO TL-78A IB 4al OF TH.7P4 1N9 7n.7i7 TB 849 OF TN.2(*. 
9, P4*(lt, 4l-(lt INP TL * 7 0 7 . 

4 AHA Pp-(|4. 

N07F. IN ICCOilNTlHB Fn* THE ICTIVIT* IN THIB HANNE4, BRlNeNINA nfC** IN THE CA*( P7 T|-(04 (341^ . 70*(T( (b*l), IND TLo(0« 
•-•.. (4«1 . P0.74I (411) a(*F COUNTED iB A BINOLE OIUOHTF* IU FICN C A B E . HlNfl* ptiNrHIN* rti n* IF(B) Ht* tlNOIEO. 

http://42P.pl


TABLE A.2.6a. Radioact iv i ty Inventory—Reprocessing Cycle--Growth Case 3 - 1990 Reprocessing Startup, Curies^'^) 
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6b. Radioactivity Inventory-Reprocessing Cycle-Growth Case 3 - 1990 Reprocessing Startup, Curies(A) 
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3.911*00 3.alF*pO J.91(*0P ^.elp.nO 4 

3.106*39 1.946*39 P. P. P 

a.996*09 4,P96*09 4.P4E*94 a.P3F*P9 4 

4.P96*B9 a.>i9B*09 4.047*09 0.P3P*P9 4 

J.306*Pb 3.P0F«Pk 2.4kB*ab 7.a|F*Pk 7 

9. 0. a. P. a 

(.akt*04 2.abF*34 2.4kB*0a p.akF*P4 7 

9. P. 9. P. p 

3.446*94 9, 9. P. P 

a. 0. 0. p. p 

3.486*09 3.l7B*Bl 3.48B*B9 4.78P*P9 P 

7,926*83 7.a2B*l'3 7,4((*9J 7.92P*P3 7 

P. 0. 9. p. P 

b.706*04 b.73B*P4 b.706*94 ls,a4F*P4 4 

4.046*09 8.417*09 0. 

0. 9. 9, 

0. 0. 9. 

b.b8E*98 I.P9E*BI i.aaf.ga 

i.p2E-gi a. 9. 

(.786*88 l.iBB-B* 9. 

8. 0. 8. 

8. a. 0. 

8. 

9. 

l.b*6*97 l.a(E*8b 1.97e*9b 4.4(P*pb 

4. v4Lue( LCia THIN i.BB'ig Hiyr BIEN OIBIBNATIO AB IEPO. 

p7F*p( 1,70P*P0 

0. 

P. 

9. 

0. 

a. 

s. 

8. 

B. 

8. 

8. 

44F*p9 7.49F*P9 9.(3E*P3 1.7(B*B2 

P. 0, 0. 

74p*04 7.T9p*pa 3.42E*P2 1.407*08 

P. P. 8. 

4IF*P0 S.*IP*P0 3.»lE*P0 3.417*00 

P. a. a, 

9bF*P9 3.47P^P9 3.2tE*09 2.99E*09 

4bF*P9 3.47**39 3,22E*e9 2.997*09 

44F*Pb !.1bP*Pb 9.78E*09 1.116*09 

P. 0. 0. 

a9P*pa (.a3F*pa (.346*84 (.73F*0a 

P. 0, e. 

p. 0. 0. 

p. 3. 8. 

a7F*p9 I.79P*P9 1.166*94 3.436*B( 

4lP*P3 7,4«P*P3 7.786*93 7.bl(*B3 

P. 8. 8. 

a3(*P4 b.99p*04 9.471*84 9.3(B*94 

9. 

8. 

B. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

g. 

g. 

9. 

g. 

g. 

g. 

7*7*8* 3.11p*0b l.S3(*Bt r.gitagi 



TABLE A.2.7b. Radioactivity Inventory—Reprocessing Cycle—Growth Case 3 - 2010 Reprocessing Startup, Curies^'^) 

Actinides 

RaoroNUci 

CM-749 

CM.7a4 

CM.ras 

CN.74( 

lOEl (8) 

• M - 7 * 3 * H P « 2 1 * 

AM.7*7H*lM-(a( 

AM.(8) 

P U « 7 * ( 

PU*P*1 

PU*(*O 

Pu-ps* 

PU«(18 

PU*7l8 

NP*737*PA.233 

U.(!IB*TH>23** 
P A . ( 1 * 4 

U.d* 

U.(!ll*TM*2Sl 

U*(!<a 

U-(!i3 

U«(!i{ 

PA-Pll 

TH-7I0 

TH*7(4*7 

TM-7(B*b 

AC-7(T*7 

TH-7S2*( 

*A*7(k** 

P(*710*( 

TOTAL 

DlUBHTcRB 

DAUBHTERS 

oAuBHTeas 

D A U B H T E R B 

0AuBHTE»S 

OAUBHTBRB 

(Ooo 

A. 

fl. 

p. 

fl. 

fl. 

fl. 

fl. 
fl. 

fl. 

n. 

n. 

0. 

B. 

fl. 

n. 

0. 

fl. 

fl. 

fl. 

p. 

fl. 
fl. 

fl. 

p. 

p. 

p. 

p. 

p. 

B. 

vci* 

' poso"" 

1.446*04 

(.7bF*0A 

9.»0E*84 

4.PbE*0(. 

1.126*07 

4.48E*0b 

b.43E*P4 

9.)1E*04 

».(>SE*07 

1.776*0* 

7.417*0! 

b.37E*0b 

3.426*00 

1.847*09 

1,447*03 

4.74E*0» 

b.70E*OI 

(.49E*0S 

7.79E*PP 

S.SbF*Ot 

a.7(E*oo 

9.7kE*01 

6.44E-07 

«.947*07 

3.04E*01 

l.*lE-09 

4.706*00 

l.niE*0P 

1.036*04 

(370 

1.49E*1S 

1,?9E*39 

5.7bE*39 

5.736*3b 

t.|2E*37 

4.07E*0b 

b.44E*a8 

9.i8E*03 

2.blE*P7 

2.|bE*3b 

7.44E*D5 

b.PlE*3b 

2.74E.02 

1.476*09 

I.446*03 

a.486*02 

8.706*01 

2.406*DJ 

l.bOE*0l 

2.49E*0I 

B.(3E*00 

9.116*01 

2.0 96-31 

2.126*02 

4.7«6*9l 

4.3bE.0b 

7.14E*00 

2.p2E*00 

8.22E*98 

960 

1.836*09 

7.276*01 

9.70E*01 

9.416*09 

1.086*07 

1.92t*0b 

3.316*08 

9.426*03 

1.436*09 

2.40E*0k 

7.4(E*09 

l.l7t*06 

0. 

J.O7t*05 

1.846*03 

1.01E*02 

b.7fc£*01 

b.016*03 

2.196*02 

1.426-01 

8.426*00 

b.806*01 

2.986*01 

«.2bt*00 

8,706*01 

2.846-09 

9.826*01 

2.776*01 

3.4*6*08 

iooo 

1.796*09 

I.P4F-37 

1.I1F-P3 

9.94E*P4 

1.P1E*07 

l.a9E*P9 

i.«*F*oe 

l.a4E*03 

1.7bE*Pi 

(.746*Cb 

8,44E*Pl 

1.«4E*P9 

P. 

5.eOF*P9 

l.a4F*Pl 

9.l2E*32 

b.a4E*01 

7.147*03 

b.796*32 

4.407-33 

».71E*00 

4,*9E*31 

1.4*E*P2 

3.a76*P2 

b.e7E*0l 

b.77E-P3 

l.a9E*02 

7.o7C*0l 

t.i36*oa 

OEnLOSTC TTHF r»Ei»» apvpNP 

4000 

1.796*04 

0. 

3. 

7.12F-0« 

7.1bE*0b 

1.736-03 

3.77t*04 

9.41B*0S 

l.?kF*09 

1.41F*0b 

1.22E*0«. 

1.726-04 

0. 

4.43F*09 

1.44t*03 

7.47B*P7 

7.bbr*0l 

7.7bE*01 

«.33F*P3 

0. 

I.a»F*oi 

3.42E*0? 

b.4bE*P1 

9.457-04 

».71E*0| 

«.01f-0a 

l.?7E*0J 

b.177*07 

1.106*07 

IPOPP 

*.p4F*na 

P. 

P. 

P. 

9.49»*Pk 

P. 

a.»7»*p« 

4.a0r*n3 

a.>9F*p4 

9.P7F»P9 

1.49r*Pb 

P. 

P. 

4.45F*P9 

1 ,a4F*n3 

».4lF*P* 

*.99F*pl 

T.i7F*p9 

9.p8F*n1 

p. 

1 .alF*p| 

4.4bF*p2 

>.4lF*na 

P.p9r-p3 

1.1JF*P( 

a.47F-p4 

4.P(F*P3 

1.alr^pj 

7.<.bF*pb 

IpBpB 
> - • - • - - -

»."a8F*P3 

p. 

P." 

nl 

1 .'»|P*P9 

P. 

>Ja4F*p3 

4jp(F*P3 

7.'aa7*P3 

l.'40F*P4 

7j7BF*Pl 

nl 

nl 

a.'4»F*o9 

fr*4F*Pl 

f r79F*P3 

('.'447*P( 

t,;i7P*P3 

a.'alPapa 

0.' 

a.'477*pi 

7.'a47*Pl 

7.'77P*04 

t r4(F-P2 

4.'4»F*P8 

4.'48F-P1 

1 .•477*P4 

7.'44F*P3 

1 ."72F*P6 

1*791 

IPOPOP 

a.44p*Pl 

0. 

0. 

p. 

1.J1P*P3 

0. 

4.J9F*P1 

4.4ap*p3 

4,49r*pl 

4.*0P*Pl 

1.43P*P1 

p. 

p. 

a.alP*Pl 

1.44a*pS 

1,1*P*P3 

7.7lP*P( 

4,70P*P3 

7,7*P*p4 

P. 

•.*lF*Pl 

1.71P*P3 

9.b7p*09 

(.7**>P( 

8.9(7*02 

1.18P*P2 

7.74P*P4 

1.1(P*P4 

l.SSP*Pk 

9eoBBB 

0. 

0. 

a. 

B. 

0. 

8. 

0. 

2.(|E*B3 

8. 

B. 

(.(4E*00 

0. 

8. 

3.B7E*01 

l.84E*B3 

t.17E*B3 

(.3aE*02 

(.27E*03 

l.80E*01 

0. 

1.1*E*02 

2.*(E*0S 

I.4lE*0» 

1.4(E-01 

<.14E*0( 

k.lOE.O( 

1.7»E*04 

4.78E*0S 

(.0bE*08 

1000000 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

8.84F*0{ 

0. 

0. 

i.i(e-98 

0. 

0. 

3.(«C*01 

1.4«E*03 

l.llE*OS 

2.1SE*0( 

1.0(6*01 

t.71E*01 

0. 

l.t«6*0( 

1.(1E*01 

1.*1E*08 

(.e4(*0t 

«.9SE*0( 

l.((E*Ol 

7.(86*03 

3.b4E*0] 

l.*3C*08 

A. VALUFB LEBB THAN 1,0E-I0 HlVF 4EEN 0ESTSN17ED IS It^O, 
i. TM . ( 2 * , T DAUSHTFRB laE 91-271, lR-229, 7H-221, lT-217, RT-2l3, PB-209 IND TL-POb TB 91 pF T H - 7 2 4 iNo P 0 - 2 I 3 IB <l« QF rH*(2«. 

TH. ( ( B , 8 OAUBHTPBS 1*6 R1.274, RN-223, 7a-2|b, 7B-212, 41-272 INO TL-794 IS 44> OP TH-7P8 l>lD Pn.717 TS baB 07 T H . 2 ( B . 
AC*{77, 7 OAuBHTFRB 1»E TH.(77, Bl.((1, 4N.219, 70.219, 78-2(1, 81-211 INO TL-POT. 
TH«()(, ( OAuBHTFRB 1*6 RA.(7B ANO AC-7(8. 
PA*(78, 1 OAuBHTFRB 1*6 RN.(?(, Pn.214,' 78.214, (1-214 iNP Pn.dt. 
PB*2iO, 2 DAuSHTFRB 1*6 BI.2I9 IND 70.(10. 

M0T7. IN ACCOUNTINS 7o* THE ACTIVITV IN THIS HINNE*, aRlNcHINR DECl* IN THE etB7 PF Tl.POt r3b«) - P0-2|2 (b4B)> AND TL*(0« 
(*t) . PO-dl (4lX) HBOF C O U N T E D IS 1 BINELE D I U S H T F B IN 61CH CIBF. MINOR pR»NrH>NB (It P* LFBS) NlB IBNOREO. 



TABLE A.2.8a. Radioactivity Inventory-Reprocessing Cycle-Growth Case 4 - 2000 Reprocessing Startup, Curi 

Fission and Activation Products 

NIJC* 
(AOTONUCLIDEa 

H.3 

C.ia 

HN.at 

7e-«9 

CO-fO 

Nj-aa 

Nl-H 

BE-74 

4a-F9 

RB-77 

8P-a0.y,9P 

lR-a3 

NB-4SH 

TC-«« 

«u-inti*PH.iok 

P0-1P7 

is-iloi' 

CO-)IS" 

88-l?4*TE-124H 

SN-l2b*B8-12k 

J-179 

CS-<3a 

C3-<14 

eB-117*7»-U7 

C(-iaa*pR.14a 

7H-)47 

8H.)9l 

fU-l9( 

BU-194 

EU*|99 

07H7* 

TOTAL 

20P0 

7(1* 

7090 (070 

*.00E*P1 3 

a.7l7*02 2 

' . 9 T F * 0 9 1 

7.77F*P1 1 

4.llF*Ba b 

l.alF*03 a 

t,SSp*P4 1 

4,»bF-07 1 

P. 0 

«.22F-Pb 4 

1.tibF*04 I 

«.32F*0I S 

'.4«F*P1 a 

4.»0F*pp 1 

l.llF-PS 1 

7.«If-02 4 

' . 7 5 F » ) P 1 

7.7bF*02 1 

7.a2F»Pl 7 

'.i7|*01 a 

1.4lF*01 1 

7.»9r*PP 1 

«.5kE-0? 4 

7.3ke*P4 2 

7.5'r-Ok 1 

1,42F*01 1 

7.b6B*P2 7 

4,blF*01 1 

<.1«F*02 9 

7.8TF-02 2 

7.3«F-04 a 

7.4kE*09 1 

79F*Pb l.(2E*ak 

,b|F*04 2.k8(*99 

OkF*01 9.90(-a9 

PlF*a7 a.496*34 

09F*07 4.4«E*0k 

4aF*P9 B.baE*39 

P9E*aa 4,p)E*a7 

P9t*P4 l.P«J*05 

9. 

43E*0P a.90E*oa 

I.1F*1P 9.98E*P9 

19t*04 5.1«E*09 

?2f*04 a.FaE*39 

«9F*0k J.94E*0* 

PbF*P7 l.p9E*31 

,4BF*0« 4.54E*04 

10F*P1 2.4't-3k 

)(F*0k 4.t7C«39 

4b>*P7 l.«0t*09 

93F*04 a.9lE*09 

P7F*0a 1.07e»34 

70E^04 1.44E*D9 

777*04 4.77E*0a 

44E*10 l.bl6*10 

• 16*04 3.3)6-32 

887*08 8.a9E*09 

436*04 2.al(*08 

l9C*0b 3.b2e*09 

4b6*aa 2.796*88 

,896*88 I.l9(*a3 

»16*B) 4.14E-98 

496*10 2.k4(*l0 

900 1009 

BEDLOaiC TtHp (VEIPB BfTONB 1479) 

9000 IpOpO 9|)000 IBOflOO 900000 loooooe 

1.136-01 0. 9. p. 0.' 0. 9. 

2.a8E*99 2.437*01 1.44B*09 7,B87*P4 8.7*7*02 l.a8p*P0 9. 

9. 0, 9. P. 0^ 0, 9, 

0. 0. 0. P. 0. 9. 9, 

0. 

0. 

0. 

0. 

0. 9. a. a. 0. p. B, a, 

S.blE*09 8.a7E*3S 8.787*09 7.43F*p9 4.'a1F*09 3.bap*p9 |.I4(*B4 t.90E*0( 

U,?36*0b 9.alE*p4 B,17E*09 p, p." p, a. B, 

1.346*09 l,n3E*P9 4.*8t*B4 9.47F*pa k.'72F*P4 3.94p*A4 9.Bb(*0( (.497*86 

0. 0. 0. P. p* 0. a. a. 

4.986*08 «.40F*aO a.407*00 a.90F*pB a.'aBFaae a.9ap«P0 1.406*g0 4,406*00 

a,196*01 l,a9E*00 3. p. 0. 0. 0, 0, 

5.1«6*09 9.lBE*p9 9.17F*09 4.lbF*p9 9."pkF*P9 4.99F*P9 4,ll(*09 3.147*09 

4.196*09 9.|4B*09 9.17B*09 9.7bP*P9 4.'p77*P9 4.99P*P9 4,1(E*B9 3.77B*B9 

3.99E*0b 3.44E*0b 3.*46*Bb 4.*2P*Pb 4.'447*Bb 7.44P*Pb 7.8B6*e9 1.487*89 

3. 3. 8. p. p. P. 0. 0. 

3.486*04 3.487*04 3.98(*0a 4.47p*p4 4,°4b7*04 1.4aT*04 3.406*04 3,24E*04 

0. 0. 6. P. p. 0. P. 6. 

T.8eE-04 0. 0. P. 0. 8. 8. 6. 

0. 0. 6. P. P. P. 6. 6. 

4,926*09 a.a0E*09 4,777*04 a,(>lP*P9 4.a4F*a9 2.a7p*o9 1,99E*04 4,897*82 

1,07E*04 1.<I7F*O4 1,07E*P4 I.p7p*p4 1 .'A7P*A4 1.07p*p4 1.092*04 l.B3B*94 

9. 0. 9. p. p* 9. 9. 9. 

9.776*94 4.786*04 4.7be*04 •,74r*oa *.k9F*aa 4.44F*P4 8,796*94 7,796*94 

1.386*98 1.44E*0l 0. 

a. a. 8. 

a. 0. 0. 

4.936*0* l.78E*09 2.b2E-04 

2.416-39 0. 0. 

9.246*08 2.P8E*0* 8. 

8. 0. 0. 

0. 8. a. 

P. 

P. 

a. 

a. 

a. 

p. 

nl 

p." 

0.° 

a^ 

a. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

B. 

6. 

6. 

6. 

g. 

8. 

8. 

0. 

2.2*6*07 7,n8B*3b b.blB*8b b.a3p*Pb 9^*87*88 a.b2p*p8 |.7a(*08 *.20E*09 

A. VALUE* LESS 7HAN l.gt*19 HlVF BEEN OESIBNATEO AB EEBO. 



TABLE A.2.8b. Radioactivity Inventory—Reprocessing Cycle—Growth Case 4 - 2000 Reprocessing Startup, Curi 

Actinides 

KAOrONUcLlOES (4) 

CM.7*S 

CH.paa 

CM.paj 

Ct<.7«( 

A M - ( ( S * N P . 2 3 « 

AM>p*i 

PU*P«( 

'U-P«l 

Pu-pao 

P u - M * 

PU*PJB 

PU»7l8 

fP -p lT+PA-MS 

U . ( ! I B * T M - ( S 4 * 

PA*23aH 

U«{.4t 

U . ( 4 1 * T H . ( 3 l 

u- (4a 

u . c i s 

U - ( « ( 

P A . 7 3 1 

T H - 7 3 0 

TH-7(»*7 DAU6HT£R8 

TH*7(8*b DAUSH T F R S 

AC*7{7*7 OAUSHT E R S 

TH*7l(*7 01UBHT6*8 

*A*7(**« OAUSHTERS 

P B - P 1 0 * 7 OAUSHTERS 

TOTAL 

(OflO 

»E1* 

7050 (370 

7.11E-08 

(..787*01 

4.4SE-01 

7.987-01 

4.b8F*06 

4.«2B*flO 

7.(«E*n( 

4.0TE*Ofl 

•.b»7*04 

1.2(7*03 

•.0(B*P2 

4.14E*03 

« . » 0 E - 0 ( 

1.42E-nl 

P.llF*flO 

3.1*7-01 

7.707-O( 

1.526*00 

1.407-04 

I.92F-07 

7.987-08 

•.8(6-05 

).ObF-08 

1.447-n? 

?.lOE-fl7 

1.987-10 

?.90E-0b 

'.7l7-P7 

1.0lf*05 

8.fl1F*P5 

9.737*04 

1.75F*0b 

1.106*07 

P.«.1F*07 

7,b*F*n7 

(,.n*f*04 

1.11F*0a 

1.7*6*04 

4.77F*04 

1.P0F*0(. 

(.0*6*07 

2.73F*01 

4.*1F*05 

2.4bF*P1 

8.136*02 

R.78E*fll 

4.4eF*04 

1.86E*01 

8.7PF*0I 

1.0*6*01 

4.416*01 

l.kBF-OI 

b.70F*02 

<l.(.57*01 

5.74t-0b 

3,(.8r*00 

4.44f-01 

1.40F*09 

*.02E*P5 

4.?4E*0* 

8.126*05 

l.PtE*37 

(.836*07 

2.4bE*P7 

5.94E*08 

I.|4E*P4 

8.«4E*37 

8.paE*0b 

1.7IE*0b 

1.916*07 

2.106-01 

3.496*05 

2.4bE*9S 

B.l7£*92 

8.78E*0l 

5.a9E*93 

3.14E*01 

b.4bE*9t 

l.p4E*pi 

3.906*31 

5.416-01 

4.93E*32 

b.9T6*01 

«.98E-0b 

5.b5e*30 

I .9»E*00 

l.t«6*09 

9 0 0 

5 . " 2 6 * 0 5 

7 . 5 8 6 * 0 1 

1 . 2 3 6 * 0 2 

1 . 5 8 6 * 0 6 

2 . 5 3 E * 0 7 

3 . 8 8 6 * 0 8 

3 . 1 1 6 * 0 8 

1 . 2 0 6 * 0 4 

5 . 8 3 6 * 0 5 

b . 9 3 £ * 0 b 

1 . 1 3 6 * 0 6 

3 . 3 3 6 * 0 b 

0 . 

4 . 5 1 t * P 5 

2 . 4 b £ « 0 3 

8 . 4 9 t ^ 0 2 

B . * 7 t * 0 1 

1 . 4 4 6 * 0 4 

3 . 4 * 6 * 0 2 

1 . 3 8 6 * 0 0 

1 . 1 l t * 0 1 

7 . 4 b f * 0 1 

5 . 3 7 6 * 0 1 

4 , 9 0 E + 0 0 

8 . 8 5 6 + 0 1 

a . 9 0 f - C 5 

5 . 2 4 E * 0 1 

2 . 5 2 t * 0 1 

3 . 5 5 6 * 0 8 

ioon 

5 . 4 9 E * 3 5 

4 . 4 * t - P T 

2 . a 3 E - o 3 

1 . 1 2 F * P 5 

2 . n 2 r * P 7 

1 . 9 4 F * P 9 

l . a O F * " * 

l . X F * " ! 

9 . 4 9 E * i9 

b . 4 4 F * P 8 

1 . « 0 F * P b 

l . a I F * n 9 

0 . 

5 . 4 l F * 3 5 

( . » 6 e * P 3 
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TABLE A.2.9a. Radioactivity Inventory—Reprocessing Cycle—Growth Case 5 - 2000 Reprocessing Startup, Curies(A) 

Fission and Activation Products 
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A. VALUE* L(BB THAN 1.0E*tO HiVf BEEN OEBlSNATED AB ZtPO, 



TABLE A.2.9b. Radioact iv i ty Inventory-Reprocessing Cycle—Growth Case 5 - 2000 Reprocessing Startup, Curies^^) 
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A.3 HEAT GENERATION RATE TABLES 

The tables of heat generation rates (A.3.la through A.3.9b) appear in the same format 

as those for radioactivity inventory. 



TABLE A.3. la. Heat Generation Rates—Once-Through Cycle—Growth Case 1 , Wattsf'^) 

Fission and Activation Products 
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4 . 6 8 7 * 0 7 

• . 4 » 7 « 6 I 
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TABLE A.3.lb. Heat Generation Rates—Once-Through Cycle, Growth Case 1 , Watts^'^) 
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TABLE A.3.2a. Heat Generation Rates—Once-Through Cycle—Growth Case 2 , Watts(A) 

Fission and Activation Products 
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TABLE A.3.2b. Heat Generation Rates—Once-Through Cycle—Growth Case 
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TABLE A.3.3b. Heat Generation Rates—Once-Through Cycle—Growth Case 3, Watts'^) 
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TABLE A.3.4a. Heat Generation Rates—Once-Through Cycle—Growth Case 4, Watts(A) 

Fission and Activiation Products 
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TABLE A.3.4b. Heat Generation Rates—Once Through Cycle—Growth Case 4 , Watts('^) 
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TABLE A.3.5a. Heat Generation Rates—Once-Through Cycle—Growth Case 5, Watts^^) 

Fission and Activation Products 
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TABLE A.3.5b. Heat Generation Rates—Once Through Cycle—Growth Case 5, Watts(A) 
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TABLE A.3.6b. Heat Generation Rates, Reprocessing Cycle—Growth Case 3, 1990 Reprocessing Startup, Watts 
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TABLE A.3.7a. Heat Generation Rates, Reprocessing 
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TABLE A.3.7b. Heat Generation Rates—Reprocessing Cycle—Growth Case 3 - 2010 Reprocessing Startup, Watts 
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3 .1kE.01 

1.14E*07 

5 .49F*93 

3 .»3E.0» 

aa iaE .95 

2al4F*o3 

laq5F*95 

l . i 7 F * 9 2 

a,4TF*0fc 

la *2E*92 

Ta»4f*00 

T a i l E * 9 4 

2a».TE*04 

a .A lE*93 

9 . 

4 ,44E*03 

1.18E*91 

laaTE*Pl 

4 , T k E . 0 l 

2aP7E*92 

laT4E*9 l 

1.44E.9a 

2 .AkE.9 l 

2aalE*90 

4.T1E*00 

lan3E.93 

ia7aE*o0 

kakTE.oT 

3a4kE*90 

a . 4 i E . 9 i 

S.»8E*9k 

8.43F*94 

9 . 

0 . 

aak2E-"3 

la3kF*0» 

l a ' O f . O k 

|a24E*0a 

l a H E * 0 2 

S . 2 U * 0 0 

a.72E*oa 

3aB0E*9a 

3ak8E.93 

Oa 

»a9*E*e3 

la«8F*0 l 

2a93E*0l 

1a94F*99 

2a94E*92 

l.?BE*B2 

0 . 

3 . 5 a E . 9 l 

4akTE*99 

l .kSB*02 

2.7kE.9S 

2 . I 8 E * 0 0 

3.43E*0k 

3a38E*9l 

7a2fcE*09 

2aaSE*93 

Pa«4F*93 

9a 

Pa 

Pa 

aaA2F*na 

Pa 

»a7kF*93 

1 , A 9 F * 9 2 

3aa2F»99 

9a 

9a 

<,aq7F*93 

| a«aF*9 l 

P.«2F*P| 

1a»8r*p9 

P.9kF*P2 

Fa>>aF*P2 

9 , 

aa»4F.p | 

1aa9F*9l 

k.FBF*n2 

k . i 4 F . n 3 

»aa0F*99 

B.aaF'Pk 

aa90F*9l 

1 , T 2 F * 9 1 

i . 7 3 F * 9 3 

4 . ' P 5 F » 9 1 

9." 

rtl 

fl 

PJ»9F*P3 

9.' 

4 . 'k2 ( *9 l 

1JaaF*92 

1 ."»9F.9I 

a.'lk7F*92 

>.'44F*9a 

^. 
•)'. 

k.'«4E«93 

t . '«aF*9l 

3.">|F»0I 

>.'k3E*90 

1 r ikF*92 

1 . " » S F * 9 3 

9^ 

i ra4F*90 

k.'a4F*9l 

k.*4aF*93 

4 r 7 l E * 9 9 

3;48E*99 

4.'a4F*92 

a r44F*9 l 

a.'>4F*94 

la3kF*90 

9a 

9a 

9 . 

? . « T F * 9 1 

9 . 

l , a9F*90 

1 . S S F * 9 2 

U i O F . 9 3 

2a77F*90 

3a48F*93 

9 . 

9 . 

kaT8F*93 

l , aeF*91 

3 .»1F*91 

3 , » l F * 9 0 

l , k ' F * 9 2 

2 . 2 4 F * 9 3 

9a 

Pak4F*90 

la9SF*92 

t , a 2 F * 9 4 

9 .1TF.94 

1 . 7 3 F * 9 1 

1,1TF.94 

3 . 4 S F * 9 2 

l .paF»92 

3 . 9 S F * 9 4 

Oa 

Oa 

Oa 

9a 

Oa 

Oa 

Oa 

k a 3 i E * e i 

0 . 

0 . 

k .«3E.92 

0 . 

0 . 

S.*SE*03 

1.88E*01 

3 . 1 B E * 0 1 

3.40E*00 

k .53E*01 

5.23E*03 

Oa 

3.B4E*00 

8a2kE*01 

3a»3E*oa 

a.EOE.OS 

2a3aE*ei 

k .OlE .04 

4.kSE*02 

la00E*02 

aa8aE*oa 

0 . 

0 . 

Oa 

Oa 

0 . 

Oa 

0 . 

2 . k l E * e t 

0 . 

Oa 

a.TlE.OB 

0 . 

0 . 

S.ekE*03 

l .««E*Ol 

3 . | 3 E * 0 l 

S.40E*00 

2.4SE*91 

3 .042*03 

0 . 

3 .k4E*00 

s . 4 i E * e t 

3.3SE*04 

B.S8E.0S 

I . 3 8 E * 9 | 

l .20E>e3 

1.43E*02 

4 . U E * 0 t 

4 .38E*0a 

A. VALUES LESS THAN I.OE.10 HAVF REEN OEBIGNATEO AS HKO. 
1. TH.||4, T 0AUSHTF»S A4E RA«223, Ae.223,' FR.2(|, AT.217, 81.2(3, PS.204 ANB TL.aOq '8 4> OF TH.224 AN9 pD.2|3 IS 4|X OF TH.224. 

TH.ltS; k BAuSHTFRS ARE RA.224, RN.228; P0.21k, PS.212, 81.212 ANB TL*20a 18 4h( OF TH.228 >UO Pn.2l2 TS kaX BF TH.228. 
ACiET, T BAuSHTFRS ARE TH.227, l)A.223, RN.214, P0.215, PR.2il, Rl.211 ANB TL.POT. 
TH.IS2, 2 BAuBHTERS ARE RA.27S AND AC.228. 
RA.lPk, 9 BAUBHTERS ARE RN.222, Pn.aiB,' PB.214, 81.214 ANB P9.2ta. 
PS.Iie, 2 BAUSHTFRS ARE RI.2IB AN9 P0.2IO. 

NOTE. IN ACeOuNTINB FOR THE ACTIVITY IN THJS MANNER, BHANCHINB BECAY IN THE CASE PF Tl.EBa f3k«) • P0.2T2 (k4t), ANB TL.294 
..... (4() . 40.231 (41X1 HERF COUNTEB A8 A SINGLE OAUGHTFR IN EACH CASE. HIN04 qRtNrHINS rlt P4 LESS) «AS IGNQREO. 



TABLE A.3.8a. Heat Generation Rates—Reprocessing Cycle—Growth Case 4 - 2000 Reprocessing Startup, Watts(A) 

Fission and Activation Products 

HAjpR 
RAOTONUCLIOES 

H.J 

Cia 

HN.«a 

FE.44 

C O ' k O 

N I . 4 4 

N l . k J 

S E . T 4 

KR.PS 

RB.87 

SR.ao«V.49 

ZR.43 

NS.43»> 

TC.44 

Ru.<0k*PH.10k 

PO.iOT 

AB.no" 

co»n3'' 

S S . I 2 4 * T E . 1 2 3 H 

SN.)2k*8S.12k 

1.124 

cs*)3a 

C8.1S3 

CS.13T*EA.I3T 

CE»<44*PR.U4 

RH.)«T 

SH.ifl 

Eu.)32 

Eu.lSa 

EU'jSS 

OTHER 

TOTAL 

»090 

YEAR 

2930 

GEnLOflrr TT"r rYFA»« 4FY9NP t475l 

2970 

2.1«F.0I 

i.alF.9i 

?.a»F.97 

4.k2F*99 

4.55f*92 

k.kSF-92 

?,43E*ni 

4a25E-95 

9a 

2a75F.94 

4a4aF*91 

4al2F.93 

i . 2 ' ' F * 9 2 

4 . 4 8 F . 9 S 

l . k 5 F * 9 3 

2 . 0 0 F . 9 k 

9 . 

4 . k 5 E * 9 t 

» a 8 0 F . 9 2 

4 a a 9 F . 9 3 

4 , q 7 F . 9 3 

» a 0 2 F - 9 2 

P a 7 9 F . 0 S 

k . a ' F * ! ) ! 

4 . 2 * E * 0 » 

q . R 4 F . n 3 

a . 5 a F . 9 l 

I . O O F . O P 

? . a 2 F * 0 9 

2 , a l E - 9 3 

9a 

) . I 2 F * 9 3 

t . 4 3 F » 0 2 

7 . T 1 F * 9 ) 

4 . 2 8 F * 9 9 

1 . ? » F * P « 

q . » 4 f • O S 

a . ) 9 f • 0 1 

1 . h A F ' n a 

^ . 4 3 f • P I 

p . 

3 . 1 4 F . C 3 

4 . « a F ^ 0 7 

k . i a F ^ o i 

I . a A F ^ n ? 

k . 7 4 F * 0 J 

5 , 4 4 f ^ 0 a 

? a 4 k f ^ 9 9 

a . i S F ^ n 

l . a R f • r ^ 

7 , 4 » f • P O 

5 . ' « f * 9 ^ 

7 . n 4 t ^ 9 9 

l . ? k F * O k 

a . 7 « F * 9 | 

7 . I 9 F * 9 7 

7 . T 3 F * 0 ? 

• . 7 2 F * 0 ' i 

a . « 3 F * 1 3 

P . 9 f c F * 9 a 

a . a | f » 9 b 

2 . ' » F * P 3 

I . P k F - P I 

l . 3 7 F ^ 9 a 

a . t 2 t * p | 

7 . 7 2 E * P 1 

a . ( , S f . 9 7 

k . j s t ^ r i 

k . 7 « E * 9 u 

a . | P E + P l 

I . a ' E ^ s u 

S . P - J f ^ P I 

9 . 

S . I ^ E . S S 

3 . s ' ' t » - ) 7 

b . f E + O l 

l . ^ ' < f * P 2 

k . 7 4 E * 9 3 

3 . 7 i E . J 2 

2 . q b t * 0 9 

a . a a c . o H 

5 . S » F * P 2 

« a 7 1 E * n 2 

5 . ^ » f * P ? 

7 . 9 3 E * P 9 

l . O i i E . P I 

a . 7 « E * - J l 

a . a 7 E * P 7 

l . a E E . P u 

a . a O E » 0 8 

« . » J F * P 5 

b . a ^ F ^ o j 

l .ase*ifc 

l . i J E * : i o 

9 . 

6 . » 1 E « P 7 

309 1 9 9 9 5999 | p 9 p 9 

5 . 0 8 > - 5 4 

7 . 1 3 1 * 0 1 

9 . 

0 . 

Oa 

« a P 4 E * ' ' l 

k a 7 4 t * 9 8 

» a 4 3 t * 0 1 

9a 

3 . 1 4 f c . 9 3 

l a k 2 t * 0 J 

k a l J t * 0 1 

l a a l E * 0 2 

k . 7 a £ ^ c j 

9 . 

2 . 4 b E * C P 

0 . 

l a p a t - r b 

9a 

5a'!7E*P3 

Ta9«E*90 

Oa 

«a7«E*91 

1 , » 0 t * P 5 

8 . 

8 . 

l . k k E * P a 

a . l l t . c 7 

a.3lE.c2 

9 . 

8 . 

? .33E*9« 

0 . 

> . .q2 f • '<1 

C 

9 . 

9 . 

li ,nyr*r I 

1 . « 7 F » - 1 

S . q l F ^ r I 

9 . 

1 . 1 4 F . P 5 

7 . 1 » F . ' ' J 

k a t a E ^ - l 

I . a i r t p ? 

' • a 7 7 F * l 3 

" a 

? .qhF* ' '>> 

Oa 

3 a Y 3 F * ' 3 

7 . p « f * ' ; 9 

a . T a F * P l 

S . A » F . " 2 

3 . i n F » ' i 2 

Pa 

B a ? * F » P | > a l 3 r ^ r < ! 1 

9a P . 9 

l . q ^ t * " ! ^ a T k C » " 1 > 

P . Pa P 

3 , 7 4 F » 9 l » a « k F * " 1 > 

Pa P . •• 

l a l ' F - d t 1 a l 4 F - P 3 ' 

9 . Pa •> 

b a H F » P l • , i l r * n < 1, 

1 . » l f * P ? l a « t F * » > I 

l i a k ^ f * " ' A a 4 7 r » i t q 

p . ' 'a P 

8 , q k F * P p S a b h r + f t P 9 

Oa P. 

qa?0E*P3 q.p5F»pl 

7,9aF*99 7aAar»pO 

Pa P. 

«a73F*0l a.73r*nt 

9. Oa 

P. Pa "a P 

9a la P. •> 

l.»4F*p» i,PSr«r.a i.pnr.pa > 

I99p99 S99090 !090909 

iSf.Pi Oa'Rr.pa 

i,kr«pi 1a73t*Pl 

t?t*Pl 1,»bF*'>l 

tbp.pt t.|4r.P3 

«PF*P1 

77F*PP 

Tbr*P3 

4,»7r^Pl 

I.73r*P2 

a.«4r*Pj 

eqF*P9 ?.ft3F*p9 

•1F*P3 

p3F*PP 

?.T9F»P| 

7.P2F*P9 

i,k«*9l «.kSr*Pl 

qlF*93 7.q9r*93 

9. 

9. 

q.aiE.91 

9. 

1.4PE.01 

9. 

3.I4E.93 

9. 

a,84Et01 

l,aaE*98 

1a3lE*93 

9a 

2aa2E*99 

Oa 

9a 

9a 

la*4E*92 

ka»9E*99 

9a 

aa22E*01 

9a 

Oa 

9a 

9. 

9. 

9a 

9a 

9a 

I a72E.PJ 

0. 

Oa 

0. 

P. 

Oa 

Ta13E-03 

Oa 

4.qiE.9a 

0. 

3.192.03 

0. 

3.»7E*0I 

1.14E*0? 

2 . 3 1 F * 0 ? 

0. 

2.k8F*90 

0. 

8. 

0. 

5.?4F*99 

k.TkE*09 

0. 

3.7kE*01 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.3kF*92 

A. VALUES LESS THAN 1.8F.|9 HA« F R E E N OE<IIS<<'ATED A8 Z F R O . 



TABLE A.3.8b. Heat Generation Rates—Reprocessing Cycle--Growth Case 4 - 2000 Reprocessing Startup, Watts 

Actinides 

R A O J O N U C L I O E S (R1 aOpO ?830 p070 SO'J >090 'OPP Ipppp qptlPO IOOPOP SOOOOn 1090909 

CH.8a3 

CH.aaa 

CH.pas 

04.242 

1H.F43*I'F '.234 

AM.?42H»AH.8a2 

AH.241 

FU.242 

FU«?41 

Fu-240 

FU.2J4 

FU>2IS 

Fu-Plk 

Np.rST*pA.233 

U . I 4 B * T H . 2 I 4 * 

P A * 2 I 4 M 

U.23k 

U.24J.TH.231 

V'tT* 

U.2!il 

U.242 

FA.231 

TH.2S0 

T M . 2 2 4 * T 

TH.22S*k 

Ae«22T*7 

TH.2S2*P 

RA*22k*" 

F B « 2 1 0 * 2 

TOTAL 

D A U B H T E R S 

OAU«HTe»s 

O A U B H T E R S 

DAUBHTERS 

BAUBHTERS 

OAUSHTERS 

• . 0 2 E - 9 O 

?.3I>E*99 

1.2bF.02 

2.79F.92 

«.8bF.9? 

?.77t.03 

?.43E*ni 

4.96F.02 

a.92E*99 

4.T9E*9I 

P . 8 8 E * 0 1 

l.0«F*02 

4.»1E*93 

2.19F.93 

2.1'F"92 

8.klE-93 

'.|0E*93 

•.3TE-92 

a.oSE-Ok 

•.8TE-04 

2.43F.97 

l.89E«9k 

>.kTE-10 

4 . T 2 E * 9 4 

4 , 2 2 F . 9 4 

9. 

(•.k3E-98 

3.k»E*94 

?.0lE*92 

1.ARf•pa 

3.?SF^97 

a.kOF^Oo 

a.07F^95 

a.RSF^O'i 

2.l»F*9a 

2.03E*9T 

3.43F*0? 

7.^1F*93 

1.a4E*9S 

3.74F*oa 

k.81F^03 

4.a4F.0l 

3.23F*03 

P.43F»9I 

2.20F*01 

|.23E*09 

1.2kF*92 

a,a4F*0l 

2.k3E*99 

3.32E-PI 

l.9«E*n9 

4.23E-93 

1.48E*91 

1,tkE*09 

S.79E*0a 

4.77F.92 

4.39E-03 

3.a3t*07 

l.«qE*pa 

1.39E*07 

2.446*94 

3 . T 2 E * P 5 

«.47E*9S 

l.R4t*9a 

l,q«E*87 

3.33E*92 

2 . « 4 E * 9 3 

l.q4E*05 

3.7kE*3a 

».33E*35 

Ta42E.93 

5.3»E*93 

2.33E*01 

2.?1E*9I 

la25E*B8 

la3»E*92 

9.I4E.91 

2.29E*90 

3.32{.8t 

l.l9E*e0 

1.34E.02 

l.akE*01 

l.k4E*00 

a.32E.08 

1.39E.01 

l.a9E.82 

3.kbE*0T 

).«5t*na 

?.b5t*00 

(l.52E*9P 

3.aJE*oa 

a.74E*05 

3.12E*0J 

l,oaE*07 

3.33E*li8 

8.a2E*Cl 

2.lkE*05 

4.iat*oa 

|.10E*05 

0. 

k.47fc*9J 

2.33E*91 

2.41E*91 

1.2't*90 

a.2aE*92 

l.92E*01 

4.42E.02 

3.40E.0I 

2.1lE*09 

1.27E*00 

2.42E.01 

2.2IE*00 

a.83E.07 

1.40E+99 

2aa7E-Pl 

1.13E*07 

1 .TSF* '" 

1.pAF-P» 

".qUF-^S 

'.qbF»^3 

u.^aE*l5 

3.,4F+P2 

Oat'E^-^b 

3.A9F^n2 

?.iaE*M 

2a'<3E*P5 

Ua<.4F*-l« 

1.»kE*P4 

8a1bF*o3 

2a43F*Pl 

2.A4f*Pl 

laP'E*P0 

5a93E*92 

2.AaF*'>l 

3a44F.7« 

3a«lF.Pl 

a.»7F*p0 

7a?«F^P0 

aaq»F.P3 

2.»PE*P0 

l.iaE-'^b 

« . a 7 f • O O 

1 a p 3 F * P 9 

5.a3F*l6 

1 .?3r.o/j 

9. 

P. 

7.1«F.Pq 

5,14F»0q 

3.»lF-0(i 

?.l7t»0a 

l.qRFtPp 

l.kbE^9| 

|,3bF^Pq 

7.q9E*oa 

la35E.90 

9a 

4a97F»94 

Pa35F*9l 

«,4»F»0| 

1a31F*99 

5a2»f*9» 

iakeF*9? 

9a 

a.a3F.9| 

2.I9F*91 

2.P«E*9P 

a.74f.9? 

aa»9F*00 

6.77F.0<, 

7.?3F*91 

l.'i3E*t)t 

5.75F*P3 

a a 3Ut*r\i 

P. 

P. 

Pa 

PaP3'»P3 

P a 

«I,T4F*P3 

••,«3r + '»P 

1,p4r+p1 

*aibr+oo 

qa^or*pa 

P. 

Pa 

4 a P 4 r » n 3 

P a « 3 F * P l 

4,7ar*pl 

1afl4F*P9 

4aPl»*P2 

3.a«r.n2 

Pa 

q.aSr.Pl 

0aP4F*ol 

«,Tat*pa 

1aPTr.oa 

^aAlF*pO 

1a«2F.P3 

1.aap+p? 

aapar*pi 

a.pbr*p4 

p.'«aF*P8 

pj 

p.' 

p. 

4 J a P F * P 3 

p. 

a J p b » * P 2 

%lxnr*m 

5.'aiF.p| 

1 .•l3«»"3 

qjp2'*p« 

p J 

9." 

q J p O F + p s 

p."43r«^1 

T.'TIF.PI 

a^T«F*PO 

a\4F*P2 

1 .'k«F^P3 

n'. 

9lqtF*99 

1J72F*P2 

qJp«F*93 

1, Ja9r.pa 

i."k"F»pi 

« ; T I F . P 5 

or7tr*P2 

p.'pRF^pa 

• .'TBFtpa 

a.^ar*pP 

Pa 

P. 

p. 

qa»2»*Pl 

p . 

a a f t 2 r * P 0 

1 a P l F * P 2 

«a73c.P3 

a a P l V * P 9 

1allF*pa 

9a 

Oa 

«a"5F*03 

Pa45C*Pl 

7a7ar*Pl 

•,,PkF*P9 

0at0r*P2 

2 . 4 3 F * P 3 

P. 

P.k2»*P2 

1•«kF*pa 

1.«2p.93 

3.l7r*Pl 

p.par.pa 

1.a4r*p3 

JaP9r*p? 

o.b3r*P« 

0. 

9. 

9. 

9a 

9a 

P. 

9. 

1a"31.98 

9. 

9a 

1.38E.91 

9. 

9a 

7a7aE*93 

?a53E*91 

7,k3E*91 

ba48E*98 

la44E*92 

ka»kE*93 

9a 

ka93E»oe 

la»kE*92 

aaT3E*8a 

7.33E.93 

Oa54E»91 

la03E.93 

1alPE*93 

P.37E.98 

ba''lE*9« 

9. 

Oa 

Oa 

8. 

Oa 

9, 

Pa 

3a»0F*9| 

0. 

9. 

la9jE.97 

Oa 

Oa 

kaklE*03 

2.3JE*0l 

T.34E*0l 

k.aTE*O0 

5.akE*01 

k.kSE*03 

0. 

k.42E*00 

k.80E*91 

4.klE*94 

1.47F.92 

4.42e*9l 

2.94E.93 

3.a3E*92 

e.?jB*8i 

k.91E*9a 

A. VALUES LESS THAN 1.8E.|9 HAVF REEN D E S I G N A T E O AS ZE'U. 
». T H , 2 8 4 , T nAuGHTFRa ARE RA.223, AC.283, FR.aai, AT.817, nt.aiS, PB.8P4 Anp TL-POO TS ot PF Tu.paq »Np oD.8l3 IS 4l« OF T H . J J R . 

TH.ayB, k BAUS H T F R B ARE RA.224, RN.22P, P0.21k, P3.812, ai.2f2 A-D TL«?0a 14 n t Or TH.?P« AMO PP.Pip TS buX OF T H . 2 8 » . 
ACaaT, T BAuSHTFRS A'E TH.22T, RA.223, RN.214, P0.215, 04.2il, al.?ll AMP T I - P O T . 
TH.232, 2 PAuSHTFRa ARE RA.22a ANO AC'Paa, 
RA.22k, 3 PAUGHTFRB ARE HN.2?a, P9.211, PB.214, 8l.8l« Awp Pp.?1-i. 
Pa.2|9, 2 PAuGHTFRS ARE 41.219 AN9 P0>Pl9a 

NOTFa IN ACCOUNTING FHR THE ACTI'ITV IN THIS HANigE*, BRAMcwlNr. DErAy JNJ TMJ Pilr nF TI -JO" f!<,«1 . =0.8i2 ((,««), AND T1..294 
..... (4X) . 40.241 (41«) WFRF COIINTEO AS A alNSLE OAUGHTpo I. FArH C«SF. "'I-)-') OR»NPHIN'; flT PR L F S « ) »«S tSNOREO. 



TABLE A.3.9a. Heat Generation Rates—Reprocessing Cycle—Growth Case 5 - 2000 Reprocessing Startup, Watts(A) 
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TABLE A.3.9b. Heat Generation Rates—Reprocessing Cycle—Growth Case 5 - 2000 Reprocessing Startup, Watts(A) 
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A.4 HAZARD INDEX TABLES 

The tables of hazard indices (A.4.la through A.4.9b) appear in the same format as those 

for the radioactivity inventory (A.2) and heat generation rates (A.3). 

The hazard index employed here is the amount of water (m ) required to dilute the 

quantity of a radionuclide present In one metric ton of spent fuel (MTHM) to drinking water 

standards. Following the summation at the bottom of each table, a uranium ore index is also 

shown. This is the ratio of the hazard index for the spent fuel to the hazard index (8.7 
7 3 

X 10 m ) for the quantity of 0.2X U,0o uranium ore required to produce one metric 

ton of 3* U fuel (see Section 3.4 for further discussion of these indices). 

The total index for the fission products and activation products must be added to the 

total index for the actinides to obtain the total spent fuel index. 
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TABLE A.4.la. Hazard Index—Once-Through Cycle—Growth Case 1, m^ water/MTHM(A) 

Fission and Activation Products 
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0 . 

0 . 

i.osE*e« 

* . 0 1 1 * 0 1 

0 . 

>.Tte*oi 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

t . 

* .«ke*et 

s , i i e«o i 

0 , 

0 . 

0 . 

0 . 

0 . 

I .O IE*Be 

0 . 

t.e*E*oo 

0 . 

> . S U « 0 | 

e. 

«.SIE*0l 

I . « T E * O S 

1 . | H * 0 S 

0 . 

i . i iE*e« 

0 . 

»a 

0 . 

s.isE*ei 

S . « I E * 0 I 

0 . 

l . S I C * 0 1 

0 . 

6 , 

0 . 

0 . 

s. 

0 . 

0 . 

Oa 

• . ( 0 1 * 0 1 

• . S I C O I 

A. VALUES LESS THAN I.Of.IO HlVF RtEN OISTSNITEO IS ZERU. 
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TABLE A . 4 . l b . Hazard Index—Once-Through Cycle—Growth Case 1 , m̂  water/MTHM(A) 

Act inides 

I'.H* 0E0LB3ir TTHF fYElRR 8FY9N9 l9T5i 

RIOTONUCLIOES (B) 2O98 2050 2OT0 500 |900 3090 1P0P9 399O0 l99J09 300908 1890000 

CH.24S 

CH.aaa 

CN.243 

04.242 

A H . P 4 3 * H P . 2 3 4 

AH.24»Ht 

AH.241 

PU.242 

PU.2«1 

PU.240 

PU-239 

PU*23B 

PU*23k 

1H.242 

NR.237*PA.23I 

U . 2 4 B T T H 
PA 

U.24k 

U.245tTH 

U.2J4 

U.243 

U.242 

PA*23I 

TH.230 

T H . 2 2 9 * T 

TH.228*k 

Ae.22T*7 

TH.2S2*P 

RA.22fc*3 

PR.210*2 

TOTAL 

•234* 
.2344 

• 231 

OAuBHTftS 

BAUBHTERS 

BAUBHTERS 

B A U S H T E R S 

OAUBHTERS 

BAUSHTERS 

URAHIu" ORE INOE« 

9. 

9. 

P. 

P. 

9. 

9. 

9. 

9. 

9. 

ft. 

ft. 
9. 

ft. 
9. 

9. 

9. 

9. 

P. 

ft. 
9. 

9. 

9. 

ft. 
9. 

9. 

ft. 
9. 

ft. 
9. 

9. 

9. 

8. 

9. 

0. 

9. 

9. 

9. 

0. 

0. 

9. 

9. 

9. 

0. 

0. 

9. 

8. 

9. 

0. 

9. 

0. 

9. 

0. 

0. 

0. 

0. 

9. 

9. 

9. 

9. 

0. 

2.2(>E*04 

2a43E*9k 

k.lOE*04 

t.42E*83 

2.92E*8* 

l.l3E*Bk 

k.3lE*8* 

2.002*05 

3.82E*0k 

T.42E48T 

S.43E*87 

U2TI*BS 

3.10E.95 

9.402*0* 

2.3BE*0* 

5.40£*9J 

S.»5E*B2 

3.82e*04 

a.*5E*00 

l.k4E*03 

k.2kE*81 

4.9*E*e2 

Ta*5E.01 

3.32E*e3 

S.»2E*81 

2.00E.01 

3:i5E*B2 

9.**E*0l 

S.44E*0S 

l.a3E*01 

2.18b*0« 

5.ise.oi 

4.24E.98 

2.*3E*g4 

1.4SE*0k 

1.8lC*03 

3.33E*0S 

1.99E*09 

«.STE*02 

T.92E*0T 

S.3TE*97 

5.5TE*9k 

l.TkE*OS 

2.3SE*04 

k.93E*0I 

S.291*02 

a.32E*84 

2.T4E40I 

3.30E*0t 

2.kBE*02 

2.kOE*03 

l.T3E*0t 

T.07E*0l 

4.S4E*02 

1.39E.01 

l.k2E*04 

5.39E*03 

•.kTE*OS 

S.ITE*00 

2.99E*9* 

2.49E.99 

l.a3E*9a 

2.*1E*P3 

1 .akF.Pk 

l.a5F*04 

1.402*08 

1.49E*93 

*.|9E*92 

k.k7E*9T 

3.»0E*9T 

1.4kF*95 

9. 

2.40E*93 

2.482*94 

*.»9E*93 

8.442*92 

4.482*94 

T.i9F*9l 

E.kTE.Ol 

3.18E*02 

5.k2E*03 

8.44E*0l 

5.48E.91 

4.P3E*92 

2.43E.B1 

k.4kE*94 

2.442*9* 

2 . T 3 E * 8 S 

3.T3E*8B 

1.38F*0a 

3.49E.8S 

1.38E*0(, 

2a21E.0* 

2.k5E*S3 

1.982*83 

3.BeE*02 

4.432*07 

4.T*E*97 

3a3TE.8« 

2a72E*93 

2.38E*8« 

T.25E*03 

8.72F*02 

4.34E*0a 

3.93E*9» 

2.442*93 

2.47E*94 

2.882*03 

3.STE.9a 

4.432*93 

l.k5E*08 

l.l*E*9«i 

3.89E*03 

9.3*E*07 

1.10E*Oo 

4.aaF*p3 

P. 

9. 

9. 

4.444*93 

9. 

4.44F*93 

{.4kF*93 

1.47F*92 

P . A 3 F * 9 7 

a.i2F*97 

9. 

9. 

P . T 2 F * 9 3 

2.3aF*9a 

4.99F.93 

9,i3F*92 

a.4gF*9a 

T . 9 3 F * 9 3 

9. 

4.854*93 

3.k3F*94 

j.09F*9l 

7.44F.92 

* . A B F * 9 3 

4.48F*99 

i.A0F*9k 

7.32F*97 

4.414*91 

3.'a3F*92 

9." 

el 
9." 

P.'p9F*94 

9.' 

3.'4*F*02 

1 .'42E*85 

k.'48F*98 

4.'49F*95 

1 .'332*97 

9." 

9^ 

2.«,»F*93 

a;44F*9« 

41314*93 

!.'T9F«93 

a.°T3E*94 

3."99F*93 

8." 

1.'42E*94 

P.*i*F*95 

i.'»lF*95 

a."aRE.91 

3r4*F*94 

2."7kE*91 

1 .'454*97 

3."4»E*9k 

3.'4«E*0T 

a.'oTE.Bl 

3.18F*90 

9. 

0. 

0. 

2.3kF*92 

9. 

3 . | 9 F * 9 0 

l.kkF*95 

1.944*91 

2.k8F*93 

3.22F*9k 

9. 

0. 

2.k4F*93 

2.384*9* 

4 . 3 2 F * 9 3 

1 . 1 T F * 9 3 

3 . 7 3 F * 9 4 

4.494*93 

9. 

2.834*8* 

3.334*95 

2.474*95 

4.2(4*91 

5.97r*9« 

4.302*91 

2.«lF*9T 

8.20F*9k 

3,kTF*9T 

*.22F«0l 

0. 

9, 

Oa 

Oa 

Oa 

Oa 

8a 

4a002*04 

8. 

Sa 

3a7aE*91 

8a 

8. 

2.32E*e5 

2.3SE*0* 

9.21E*03 

1,19E*03 

1.93E*0* 

2.092*8* 

8. 

3.*3E*0* 

3.3*E*0S 

k.30E*0S 

a.72E*O0 

k.l3E*0* 

2.30E*02 

2.2*E*aT 

7.r8E*ek 

3.2lE*or 

3.892.01 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3.212*0* 

0. 

0. 

2.312*05 

0. 

0. 

I.9TE*0S 

(.SSE*0« 

9.082*03 

1.19E40S 

l.(TE*0* 

2.012*0* 

0. 

3.4lE*0* 

2.ekE*0S 

*.1(E*09 

9.*IE*eo 

k.llEtO* 

*.59(*0( 

l.S*E*OT 

«.TlE*Ok 

1.4SE*0T 

(.(SE*01 

A. VALUES LESS THAN I.Of.IO HtVF SEEN OESIBNATED AS ZERO. 
S. TH.2J9, T PAuBHTFRS ARE RA.125, Ae.(29,' FR.221, AT.(1T, 4t.2i3, PS.209 AND TL-ROR T8 *« gp TH.224 AND 40.213 IS 9l» OF TH«((*. 

TH.2f8, k DAUBHTFRS ARE RA.22*, RN.(2a,' P0.21k, P(.212, 4I.{i2 ANO TL.204 13 3kX OP TH.22e ANB P0.212 fS k*X OF TH.22S. 
AC.22T, T BAuSHTFRS ARE TH,22T, RA.223. RN.(14, 40.215, 48.271, 41.(11 ANB TL.pOT. 
TH.232, 2 BAuSHTFRS ARE RA.22S ANO Ae.S{8. 
PA.228, 5 BAuBHTFRS ARE PN.222) 20.214. PS.(1«, 31.(1* ANO Pn.2ia. 
PB.2|S, 2 PAuBHTFRS ARE 81.(18 ANB P0.»I8. 

NOTE. IN ACCOuNTINB FpR THE ACTIVITY IN THIS HANNE*, SRANCHINR BECAY IN THE CASF OF TL-2BR f3*») . P0.2l2 (k«X>> ANB TL"(09 
..... (43) . 4Q.231 (*1X) H(RF COUNTED AS A SINGLE DAUSHTfR IN EACH CASE, HINQR RRANCHlNg rlt pR LESS) NiS IBNOREO. 
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TABLE A.4.2a. Hazard Index—Once-Through Cycle—Growth Case 2, m3 water/MTHM(A) 

Fission and Activation Products 

HAjpR 
RIOTONUCLIOES 

H.S 

C.la 

NN.4a 

FE.43 

CO.fO 

NI.44 

NI.».3 

SE.T4 

KR.(l3 

RB.4T 

SR.09*Y.4a 

IB.k3 

NB.43H 

TC.»* 

Ru*i8k*PH.18k 

P D . I D T 

AS.llBH 

CD.ilSH 

S B . | 2 5 * T E . I 2 S H 

SN.i2k*8B.12k 

1.129 

C8.134 

CB.I35 

CS.|3T*4A.137 

CE*<*4*PR.l4* 

PN.|*T 

S M . ) 3 1 

Eu*i52 

Eu.154 

Eu.)55 

OTHER 

TOTAL 

URANIUH ORE TNDFX 

2090 

YEAR 

2050 2070 

9a 

9a 

9a 

9a 

9a 

9a 

9a 

9 a 

9a 

9. 

9. 

9. 

ft. 

9. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

9. 

9. 

0. 

9. 

8. 

9. 

0. 

0. 

9. 

9. 

9. 

9. 

9. 

9. 

2.3*E*93 

9.4kE*02 

8a 

4.29E.ei 

la49E*9* 

l.a9E*B« 

Ba44£*9k 

l.l*E*05 

8. 

l.k'E-Bl 

3.b9E*l0 

2.932*83 

3.482*83 

*.>9E*94 

l.a«E.57 

3.|4E*0« 

0. 

T.7bE*9S 

kalOE*00 

aak3E*03 

5a«8E*05 

1.3tE*03 

2.klE*93 

8.|3E*88 

8. 

2a99E*01 

l.'4kE*9k 

2.39E*81 

l.?0E*07 

1.40E.02 

8a 

3.b8e*ia 

4.232*02 

2.88E.0T 

0. 

8. 

0. 

l.«8E*04 

*.23E*05 

1.14E*0S 

9. 

l.k9E.01 

l.k2E*0b 

2.93E*03 

4.0TE*03 

a.i9E*o* 

0. 

3.l9i*e« 

0. 

l.akE.03 

0. 

a.k2E*05 

3.a8E*03 

0. 

2.b3E*63 

k.92E*0* 

0. 

0. 

k.lTE*0« 

1.T2E.0T 

2.B0E.01 

0. 

0. 

3.39E*0k 

3.a9E.0{ 

tOOO 

p . 

4.42F*02 

0. 

P. 

9. 

l.aTE*94 

9.aOE*93 

l.T3E*05 

0. 

1.19E-91 

7.l9E*90 

2.n3E*93 

« . 9 T E * 0 3 

4.78E*94 

0. 

3.i9E*9a 

0 . 

0. 

0 . 

*.kOE*9S 

S.iOE*95 

0 . 

2.k3E*03 

k.TOE'Ol 

0 . 

0. 

l."l5E*93 

Oa 

lailE'lO 

9. 

0 . 

l.P2E*0k 

l.aOE.OE 

SEPLnsie TTHF fYEaa! 

3088 

9a 

Sa48E»0P 

8. 

Oa 

8a 

la42E*9a 

8alkE*19 

1.882*63 

8. 

lak4E-6l 

9. 

2.93E*83 

Ua9k2*83 

aat3E*Ba 

0. 

3.19E*Ba 

8a 

Oa 

8a 

aaa8E*03 

3a«0E*05 

9 a 

2.k3E*03 

8.' 

8. 

0. 

i.'Teg.ii 

0. 

9. 

9. 

8. 

1.19E*8k 

I.3TE.92 

19099. 

9. 

3a9lF*92 

Pa 

0, 

9a 

l.4kF»9a 

9a 

ia93F*95 

0, 

i.«.9F.91 

9a 

>a93F*93 

4a95F*93 

Aa 

4al9F*Al 

9a 

9a 

9. 

a.43F*93 

3 . 3 9 F * 9 3 

9. 

2.424*93 

0. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

l".l7F*Ak 

l.44p*A2 

9. 

». 
A, 

o! 

9i 

4, 

9. 

ki 

0. 

i. 
6. 
1 i 

4. 

3. 

9̂  

3. 

d'. 

n'. 
n'. 

4. 

3^ 

ft) 

y. 
tt'. 

i'. 

It'. 

'nl 
't'. 

»l 
o! 

t \ 

V. 
i I 

1 RFYONP 

........ 
!P998 
a...... 

.'4*4*90 

;*3F*93 

;T9F«9« 

;*9F.9i 

;49E*93 

iq44*93 

!4*F*A* 

|77F*94 

ip»F*93 

'39F*85 

'*0F*93 

!92F*9k 

:7TF.02 

I97SJ 

190909 

P. 

4akkF.93 

9. 

9a 

9. 

k.4kP*93 

9. 

3.9*4*9* 

9. 

l.k9F*9l 

8. 

1.4*4*93 

3 . 4 9 F * 9 3 

3.82F*9« 

0. 

4.lkF*9* 

0. 

0, 

P. 

2 . 3 2 F * A 3 

5 . 1 T » * O 5 

9. 

2.87p*83 

9. 

9. 

9. 

9. 

9. 

8. 

9. 

9. 

4.434*93 

1.92F.B2 

500000 

9, 

0. 

Oa 

Oa 

8. 

1.9kE*02 

8. 

3.5*2*02 

8. 

1.892.81 

8. 

i.biE*es 

3.232*03 

8.0fE*e3 

8. 

3.8*E*0* 

8. 

9a 

9a 

1.43E*9* 

5.(9E*0S 

8. 

2.3*2*83 

0. 

0. 

0. 

0. 

8, 

8. 

8, 

8. 

5.98E*B5 

k.TBE.BS 

1080000 

0. 

8. 

0. 

0. 

0. 

2.382*00 

0. 

2.k9E*08 

8. 

1.892*01 

0. 

1.282*03 

2.5TE*03 

1.552*03 

8. 

2.892*04 

0. 

0. 

0. 

*.5kE*0( 

5.1SE*0S 

0. 

2.992*01 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

5.3SE*05 

8.3SE*0I 

A. VALUES LESS THAN I.Of.IO HaVf REEN OEBISNATEO AS 2 E R 0 . 
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TABLE A.4.2b. Hazard Index—Once-Through Cycle—Growth Case 2 , ni3 water/MTHM(A) 

Actinides 

Rl0tDNUcLl0E8 (8) 2990 

YEAR 

2030 P O T O 500 

G E O L O G T C TTHP fYEAPS RfYONO I975i 

4089 19899 39O99 I9O9O9 300080 1000900 

CH.pas 

CH.paa 

CH.243 

CH.paa 

AH.?43*"P-a3R 

AM.papH.AH.aaa 

AH.pai 

Pu-pag 

Pu.pai 

Pu.pao 

PU*?39 

PU*23( 

PU*23fc 

NP.F37*PA.a33 

u-a48*TM,83a* 
PA.aSaH 

U.aak 

U . 2 » 5 » T H 

U.aaa 

U.2'3 

u.a»2 

Pl*?3l 

TH.?30 

TH.?a9*T 

TH.paa*!, 

1C.?2T*7 

TH.?32*P 

RA.?2b*4 

PB.219*2 

TOTAL 

URAMIIlM 

•231 

O A U S H T F R S 

OIUSHTERS 

nlUBHTf44 

DAUGHTERS 

plUGHTFRS 

DAUGHTERS 

3RE JNOFX 

9. 

9. 

9. 

9. 

9. 

P. 

9a 

9a 

9. 

Pa 

Pa 

Pa 

Pa 

9, 

9a 

Pa 

9a 

9a 

9a 

P. 

Pa 

9a 

Pa 

Pa 

9, 

Pa 

Pa 

9a 

9B 

9a 

.. ...... 
0. 

1. 

9. 

9. 

0. 

9. 

P. 

P. 

9. 

9. 

P. 

9, 

0. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

•>> 

9. 

9. 

0. 

0. 

0. 

9. 

9. 

9. 

9. 

.. ........ 
a,i8E*8a 

1.94E*07 

1.S3E*93 

3.9kE*93 

3.a2E*9k 

1.4aE*9k 

8.a3E*')8 

S.p9E*95 

l.alE*17 

8.822*97 

3a73E*37 

2.3(E*98 

1.8*2.82 

l.PkE*95 

2.47E*0« 

7.4aE*03 

b.TaE*92 

«.282*9* 

S.ROE*00 

3.12E*93 

S.R1E*01 

3.792*92 

7a47E*01 

k.fc'<E*03 

7.47E.91 

2.182.82 

«.llE*02 

7.PlE*01 

1.28E*99 

1.432*01 

a.04E*0* 

1.95E*00 

2.3SE*01 

«.40E*04 

3,3at*0k 

3.0«E*05 

a.38E*04 

3.99E*0S 

4.98E*8a 

8.U7E*07 

3.fcTE*87 

1.92E*07 

9. 

2.33E*B5 

2.37E*0« 

7.5*E*0S 

k.782*82 

3.S4E*0* 

3.S2E*0l 

k.23E*01 

2.1TE*02 

2.4'E*03 

2.1(E*01 

1.3*E*82 

5.»OE*02 

l.kkE.Ol 

l.T2E*04 

5.k«E*93 

k.t4E*8B 

7.05E*80 

........ 
S.aTf.o* 

9.422-9' 

4.A5F-94 

4.412*93 

3.l5E*9k 

3.1tE*P4 

2.PkF*08 

3.9*f^03 

7.TkE^Pa 

8.9«E*9T 

5.44E*0T 

2.a3F*P5 

3.ilf*0S 

2.472*9* 

T.74F*83 

k.a4E*92 

4.kTE*9« 

4.a7E*9l 

3.PRF.9I 

a.48F*e2 

b.T3E*93 

1.12E*92 

1.192*90 

7 . A 9 E * 9 2 

3.A*E.Pl 

T.49E*94 

2.72E*9* 

3.akE*08 

3.482*88 

2 . 7 7 E * B « 

9. 

9. 

3.aSE.93 

2.20F*9k 

3.72f.8a 

3.k92*85 

3.9kE*04 

5.44F»0? 

3,3*2*07 

3.012*07 

3ak7E-9« 

0. 

3 . * 9 E * 9 3 

2a37F*8a 

9a012*93 

T.232*82 

3a8EE*8* 

kaa(E*9? 

8a 

2a852*93 

3a33E*8a 

3a8BE*83 

aal92.82 

3.»>TF*03 

2a8aE*09 

laS9E*0k 

*a752*03 

la99E*94 

1.25E*00 

I . * 2 F * 9 « 

9. 

9. 

9. 

1 .aOF*9k 

9. 

1aaar*9a 

3.932*93 

4al5F»p2 

4a»6E*97 

4.4»F*A7 

8. 

9. 

3.<>9P*93 

4.4TP*9a 

l.99F*9« 

7.»TF*ft2 

4.4*F*A* 

1.434*93 

A. 

« . 9 3 P * P 3 

1.434*94 

i.a8F*pa 

4.70F.A2 

7aSlF*93 

aaa4F*99 

3.134*98 

1aPBFfAk 

4a>4P*97 

4a42F*9l 

3 S F * 0 2 

724*9* 

3kF*92 

42F*95 

P7F*91 

»9»»93 

a2F*9T 

1«F*93 

4 7 F * 9 * 

732*9* 

k*F*92 

P B F * 9 « 

7*2*93 

*kF*0« 

a2F*93 

1«F*95 

a*F.Al 

q7E*9a 

* 7 F * 9 1 

41F*97 

a9P*9k 

l5F*97 

77F.91 

9,44r*90 

P. 

0. 

9a 

aa9lF*92 

9a 

aak8F*P9 

a.37F*95 

i.q2».pl 

3.ia»«93 

3.42r*9k 

9. 

9. 

3.344*95 

2.372*9* 

I . 1 5 F * 9 * 

1.94F*93 

« . 3 3 F * 9 « 

1.22F*9a 

9. 

2.19r*9« 

a.3kF*93 

3 . 3 3 F * 9 3 

1 .1*4*99 

a.akF*9* 

4 . 3 3 F * 9 1 

2.9kF*9T 

1.914*97 

4.akF*97 

3.13F.91 

9. 

8. 

8. 

8. 

6. 

9. 

0. 

1.2*2*03 

8. 

9. 

3.97E*8l 

Sa 

Ba 

3al3E*85 

2.3TE*04 

1.14E*8* 

1.9*2*03 

2.192*0* 

2,8«E*9« 

9. 

3.0kE*oa 

3.93E*85 

aaSkE*85 

3a82E*8B 

3.akE*9a 

2aB4E*82 

2akkE*97 

9.0kE*8k 

3aT5E*87 

a.3lE.91 

8. 

8. 

8. 

0. 

Oa 

Oa 

Oa 

a.9kE*0* 

8. 

0. 

2.k92.03 

0. 

0. 

2.k82*03 

2.372*0* 

1.1(2*0* 

1.8*2*03 

1.332*0* 

2.732*0* 

0. 

3.952*0* 

2.202*03 

8.312*03 

1.182*81 

S.ak2*8* 

3.kkE*0( 

1.182*87 

5.84E*0k 

2.1*2*97 

2.ak2-8l 

A. UALUfS LESS THAN I.Of.IO HlVf 4EFN BE8TSN1TEB 18 2ER0. 
B. TH.2p9, T BAuSHTFRS ARF R1.223, 10.225^ FR.jai, IT.217, 4I.2l3, PB.209 INO TL.fOq T8 9X OF TH.224 1N9 40.2l3 IS 9l( OF TH.229. 

TH.2?8, b OluGHTFRS ARF R1.22a, RN.220, PO.db, PB.212, 4T.2i2 IND TL-20B IS 3lX OF TH.224 AuO P9.21P TS kaX OF TH.228. 
A C . 2 ? T , T P A U G H T F R S ARE TH.227, 41.223, R N . 2 | 4 , P O . 2 1 5 , P 4 . 2 I 1 , 31.211 INO T L . P O T . 

TH.2k8, 8 piuBHTfRs ARE RA.228 AN9 AC.228. 
Rl'Epk, 3 PluSHTFRR ARE RN.2?a, P9.2ia, PB.2ia, 31.21* 1N9 Pn.214. 
P8.2t9, a OluBHTfRs iRF 41.210 AN9 P0.210. 

NOTF. IN ACCOUNTING Fo* TME AC T I V I T Y IN THIS HANNE*, BRANCHING 9EPAY IN THE CASF 9F Tl .801 fSkX^ . PO.(72 (fc«Xi, ANO TL-a09 
..... (4X) . PB.241 tRim KFRF C O U N T E B AS A S I N G L E 91UGHTFR In EICH ClSf. HIN9R R R A N C H I N S fit 9* LFSS) HAS IGNORED. 
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TABLE A.4.3a. Hazard Index—Once-Through Cycle—Growth Case 3, m^ water/MTHM(A) 

Fission and Activation Products 

HlJft* 
RIOTONUCLI 

H.S 

e . i a 

NN.qa 

FE.45 

CQ.kO 

N I . 4 9 

Ml .kS 

BE.T9 

MR.45 

RR.PT 

SR.*e*Y.9o 

ZR.43 

N».4Jh 

T e . * 4 

R U » ) 0 * * * H . 

P 0 . ) 9 7 

ABOlAH 

C0 .M3H 

( S . f 2 3 * T E . 

t N « | 2 k * 2 « . 

1.129 

efi3« 
CS. I35 

C S * ) I T * 4 A . 

eE*i«***R* 

PN. i *T 

S H . ) 5 l 

Eu. )S2 

E u . i 5 * 

Eu*t53 

aTH2* 

TOTAL 

OlS 

10k 

125H 

12k 

137 

1 * * 

URANJuN ORE INDEX 

2BOO 

9 . 

P. 

P. 

P. 

9 . 

P. 

A. 

P. 

ft. 
P. 

P. 

ft. 
P. 

9 . 

9 . 

9 . 

ft. 
ft. 
ft. 
9 . 

ft. 
ft. 
ft. 
9 . 

ft. 
9 . 

A. 

9 . 

ft. 
ft. 
9 . 

9 . 

P. 

YFA« 

2930 

9 . 

9 . 

9 . 

9 . 

9 . 

0 . 

9 . 

9 . 

9 . 

0 . 

8> 

9 . 

0 . 

9 . 

0> 

0 . 

0 . 

9 . 

A. 

9 . 

9 . 

9 . 

9 . 

9 . 

0 . 

0 . 

0 . 

0 . 

A. 

9 . 

A. 

0 . 

9 . 

2870 

3 .492*03 

I .94ET93 

2.7OE.07 

k . a l E * 0 1 

1.PTE*03 

1 . 3 1 2 * 0 * 

1.91E*07 

l . | 5 E * 9 5 

0 . 

1 .7 tE .OI 

5 . A 4 E * I 0 

2 .952*03 

3 .99e*93 

* . 2 3 E * 9 4 

2 . 2 1 2 . 0 1 

5 . 2 U * 0 4 

1.992*88 

l . H E * 8 k 

T . | 9 E * 9 ( 

• . k T E * 9 5 

3 .a«E*85 

l .9SE*8k 

2 .k4E*03 

l . | 3 E * 0 9 

9 . l 9 f . 9 * 

* . a 2 E * i j 

1.75E*9k 

k . l l E * a s 

2 . 2 ' E * e T 

3 . * * E * 9 l 

l . a « E . 1 9 

3 .212*10 

5 .4»E*92 

300 1098 

GEoLOSie TTHF fYfl44 44YBN9 19T5J 

5000 19099 3AP90 IftOftOA 500000 toooooo 

k.472*07 A. 0. 9. 9 

9.882*02 9.482*P2 5.732*02 4.|3F*92 > 

9. 0. 0. 9. 9 

9. 9. 0. 9. 9 

9. 0. 0. 0. 8 

1.3lE*0* 1.40E*04 l.a5E*0* i.49F*A* 4 

*,T5E*05 1.|0E*9* 9.17f.lA A. 9 

1.15E*05 l.iaf*95 1.092*94 I.93F*93 1 

0. 9. 0. 9. 9 

1.71E.01 I.TlE.Ot 1.71E.8I I.TlF.Al i 

2.29E*0k 1.922*01 0. 9. 9 

2.95E*03 2.P3E*03 2.052*03 2.9*4*93 2 

4.tOE*83 *.|0F*A3 *.102*03 4.A9F*A3 4 

a.22E*04 4.p2E*0* *.lkF*04 4.99P*A* 3 

0. 0. 9. 9. 0 

3.2lE*0* 3.412*9* 3.212*94 4.412*P* 3 

0* 0. 0. 9. 9 

3.9*2.01 9. 0. Oa 9 

0. A. 9. 9. 9 

*.kkE*05 s.4*2*05 4.5tE*03 4.4kF*A5 3 

5.**E*05 3.a*E*95 3.**F*83 4.4*2*95 3 

9. 9. 0. 9. 

2.k*E*0] 2.k*E*03 2.k*E*04 a.A3F*93 

4.38E*0a 9.P8F.91 0. 9. 

0. 0. 0. A. 

0. 0. 0. 9. 

k.4lE*0* 1.492*03 1.40E*ll 9. 9 

tt.95E.07 8. 0. 9a 9 

S.27E.01 {.99E-10 0. A. A 

0. 0. 0. Aa 9 

0. 0. 0. 9. 9 

«.lkE*ak 1.>3E*98 1.20E*9k l.l8F*Ak i 

a.78E.0( l.a2E>9( 1.382*02 i.4*2*92 1 

ft. 0. 

0. 

0. 

0. 

0. 

4*2*09 4.404*93 

9. 

9. 

0. 

4l2*«I ka38**AS l.*tC*Ot 

0. 0. 

Tk**B* 3.4Tf*A* S.S9E*e( 

ft. 0 . 

712*01 i.Tip.fti t.ric.ei 

9. 0. 

AftF*a3 t.9*r*A3 t.831*01 

AlF*93 3a*(p*A3 3al8l*0I 

494*04 3a9*»*«* S.I3E*el 

A. 0. 

>02*B* 3.|82*A« 3.0kC*a* 

p. 0. 

ft. 0 . 

9. 0. 

414*05 2.3*P*A9 l.*8E*0* 

a3f*A5 5.«(4*«9 5.Sie*eS 

0. 0. 

llF*e3 2a4*2*A3 (aI5E*eS 

ft. 0 . 

0 . 

0 . 

ft. 

0. 

0. 

9a 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

A3f*0k 4.4(4*95 5.«4e*0S 

78F*n{ iaASP«o( k.si(«es 

ki(*oe 

Tif*oe 

TI(>01 

«(*0I 

S«f*OS 

582*0] 

<ii*e« 

9«E*0( 

((e*ea 

I0(*0l 

««(*ei 
8](*0] 

A. VALUfS LESS THIN I.Of.IO HAVF REEN OESTONITED 18 EERU. 
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TABLE A.4.3b. Hazard Index-Once-Through Cycle—Growth Case 3, m̂  water/MTHM(A) 

Actinides 

RAOTONUCL 

04.2*4 

CH.paa 

CH.>*3 

CH.paa 

I0E3 (41 

AH.p42^*AH-2a2 

AH.p«t 

PU.2*2 

PU*2«1 

PU-249 

PU.239 

PU.238 

PU*2Sk 

N P * 2 3 T * P A . 2 3 3 

U . 2 4 8 * T H . 2 3 « * 
P».23«H 

U.24k 

U . 2 4 5 * T H . 2 3 I 

TH.F(4*T 

TH.2(8*k 

AC*2(T*T 

TH.232*2 

RA«22k*3 

28*210*2 

URlNluN 

........ 

OAUSHTFRS 

OAUBHTFRS 

0AUBHT2RS 

OAuBHTfRS 

BAUSHTfRB 

OAUSHTfRS 

ORE iNOfl 

" ( O D D 

ft. 

9. 

ft. 

P. 

9. 

P. 

9. 

9. 

9. 

9. 

ft. 

ft. 

ft. 

P. 

9. 

P. 

9. 

9. 

P. 

9. 

ft. 

ft. 

ft. 

9. 

ft. 

P. 

ft. 

ft. 

P. 

P. 

YflR 

2030 

0. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

0. 

0. 

0. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

9. 

9. 

9. 

9. 

9. 

A. 

9. 

9. 

9. 

9. 

0. 

8. 

2970 

«.»7E*9a 

1.912*07 

2allE*13 

3aP7t*95 

3aa72*9k 

8.97E*8b 

eaaie*on 

3.iaE*85 

3abPE*07 

B.44E*07 

3.772*07 

2.k82*84 

l.akE*00 

1.232*03 

2.372*04 

7a*32*03 

k.792*02 

aalk2*8« 

5ai»e*se 

la392*33 

3.412*31 

3allE*82 

ka»aE.3l 

7.k9E*93 

k.77E*01 

1.73E.8a 

2.98E*32 

•^3TE*01 

laSlE*89 

la40E*01 

500 1 0 0 0 

SEPLn37r TTHF r»21*4 8f»9NA l975i 

3000 IPOPO 3n090 loOnOA SOOOOO lOBOOOO 

a.t2E*9a 3.432*94 2.832*9* i.4kr*9a kaa4F*92 4. 7 9 F * 9 0 0. 0. 

3.372*00 l.kSE-PS 0. 9, 0." 9, 0, 0. 

3.l9E*01 k.alF.P* 9. 9. P. 9. 0. 0. 

3.l3E*oa 3.942*93 ka2Bf.93 9. 9^ 0. 8. 0. 

3.33E*8k 3.p8E*Ck 2.23f*0k l.alP*9k 4.'77F*94 *.9k4*92 0. 0. 

3.25E*05 3.q2F*P* 3.472*0* 9. 9." 9, 0. 0. 

4.722*08 8.iaf*P8 3.*1F*03 1.a«F*Pa 1.494*92 4.4lF*90 0. 0. 

3.|2E*03 3.ilE*)5 3a99F»93 3.9kF*95 2.'B5F*95 2.k9F*95 1.(32*05 5.elE*e« 

8.2*E*02 7a42E*P2 3abkE*0» 4a72'*P> 1 .'ROF.AI 1.4kF-9l 8. 0. 

a.32E*07 4.102*97 3.37E*87 3.P2F*97 3.'4(F*95 3.1*F*93 0. 0. 

3.71t+07 5.l3E*o7 5.93F*9T a.a9F*97 I .'a3F*97 3,43p*9k «.00E*01 (.Tlf.OS 

1.13E*87 2.T2E*05 k.0k2*B4 9. 9.' 9. 0. 0. 

0. 0. 0. 9. nl 9. 0. 0. 

2.322*05 3.7(2*95 3.732*03 3.T3F*PS 3.48**95 3.k2P*05 3.182*05 (.TiEkOS 

2.]7E*04 8 . R T E * 9 * 2.372*04 4.4TF*94 f,'R7F*e* 2.3Tp*P* (.372*04 (.3T(*0« 

7,S9k*03 T.40E*03 9.872*83 1.9lF*9* 7.'7kr*9a l.ikF*94 1.152*04 l.tlftO* 

k.83E*02 k.48E*92 7,282*02 T.T2F*A( 4.'7lf*ft( t.B*F*9S 1.0*1*03 1.081*05 

5,8aE*oa 5.T1E*0« 3.*T2*0a 4.l0**94 3.724*9* *.3*4*9* 2.(02*0* 1.3*C*0« 

3.3*E*01 4.432*91 k.852*02 t.4*2*93 k.'43F*03 1.23**94 2.872*04 (.TS(*e* 

T,20E*01 5aaaf.nl Oa 9. 9a' Oa 0 . 0 . 

2.102*02 4.4k2*02 2.0k2*03 a.934*93 1 .*l7P*9a 2.314*9* 3.082*0* 3.0S(*0« 

8.8lE*0i k.kkE*o3 S.3*F*9a b.49F*A4 2.*4F*95 4.39F*A5 3.9aE*05 (.(lE*ei 

l.4aE*01 l.n9E*9a 3.48E*03 {.a9F*A4 1 .'A3F*05 3.38F*9S 8.kSE*ei (.39(*ei 

1.3*E*8( l.pkF*90 a.(Of.02 4.lfc4.9f iH?frti l.l5r*90 5,BkE*00 lalTl*01 

3.k*E*02 7.klE*P2 3.872*03 7.p5F*93 fr44F*9« 4.4*4*9* 5.50E*0* 5.302*0* 

l.kOE.Ol 3.ilE*91 2.952*89 a.a7r*n9 2.'i*'*9l 3.39F*91 2.*kE*02 5.T0E*0( 

la37E*9« Ta79E*P* 1.3'F*8k 4.kkF*9k I .'•(F*97 2a98r*97 2.882*07 l.*9E*0T 

3.0TE*03 2.132*9* 4.r52*05 l.4*P*Ak kr4***Ak I.A(P*A7 9,1(2*08 I.ekE*0» 

k.3aE*0S 3.44F*0S |.I0E*04 4.4a4*A7 4.'78F*97 4.30**97 3.78E*0T (alSE*OT 

7.2*2*99 4.972*00 1.282*09 4.494.91 l.alF.91 3.174.91 *.3*E.01 (.*7E.01 

A, VALUfS LESS THAN I.OF.IO HlVF BEEN OESIBNATED A3 ZERO. 
t. TH.(f4, 7 BAuBHTERS |RE RA.223, AC.223, FH.aai, lT.217, RT.2l3, PS.2B* ANB TL.RO* •* 9X qP Tu.2(4 ANO pO.dl IS 9lX OF TH«((«. 

TH.(fB, k BAuBHTFRB AR2 R A . ( 2 4 , R N . ( 2 1 , P0.21k, *B.2I(, R1.2|2 AND TL*208 IS 3lX 04 TH.(P8 AND 20.(12 TS k*X OF TH.((S. 
>e*(27, 7 DAuBHTFRs ARE T H . ( 2 7 , R 1 . ( ( 3 , R N . ( 1 4 , 40.(15, 44.(it, Bl.211 A"8 T L . R B T . 
TH.(s(, 2 BAuBHT2RS iRE Rl.EPB ANA AC.2(8. 
RA.(fk, 3 DAuBHTFRs iRE RN.222, Pn.2|4, PS.it*, 81.21* AN9 Pp.21*. 
PS.dO, 2 DAuBHTFRs 1*2 41.(to 1N9 Pa.2<0. 

N0T2. IN lecOuNTINS FOR Thif ICTIYITV IN T M I S HINNE*, S R I N C H I N R DECAY IN THE CASE pF T^.(08 r3<ill . P0.272 (8*()( ANO T L * ( 0 9 
..... (43) . P0.24I (Rlt) UFRF rOuNTEO iS 1 SINGLE OIUGHTFR IM ficH ClSE. HINOR RRANrHINS rtx 9* LFSS) 4AS ISNOREO. 

http://5aaaf.nl
http://PS.it*
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TABLE A.4.4a. Hazard Index—Once-Through Cycle—Growth Case 4, m̂  water/MTHM{A) 

Fission and Activation 

HlJpR 
RlOrONUCLlOES 2090 

YEAR 

2030 2070 

H.3 P. 0 . 8 . 0 ( 2 * 0 3 

C . l a P. 0 . 1 .9 *2*93 

MN.lla 9 . 0 . lak3E.0k 

FE*43 P. 0 . 2 .332*08 

C0*k0 P. 0 . 2 . R 3 2 * 0 3 

N I . 4 9 9 . 0 . 1 .312*0 * 

N I . 1 3 9a 0 . 1.932*07 

82*79 P. 0 . 1 .1 *2*05 

KR.PS P. 0 . 8 . 

RS.P7 ft. 0 . 1 . 8 * 2 . 0 1 

SR.40*Y.90 9 . 0 . 5 . 8 9 E * | 8 

ZR*43 9 . 0 . 2 . 9 * 2 * 0 3 

Na.43H p . 0 . 3 . 7 * 2 * 0 3 

TC.*9 Pa 0 . * . 2 0 2 * 0 * 

R U . | 0 k * * H . I 0 k P. 9 . 1 .332*00 

P B - I O T P . 0 . 3 . 2 0 2 * 0 * 

ABXION P. 0 . l . k k E . 0 7 

CD.il3>* P. 0 . 2 .252*0k 

S S . | ( 3 * T E . 1 ( S H P . 0 . ( . k 9 E * 0 3 

S N . i 2 k * S S . l ( k ft. 0 . « .k5E*05 

1*129 ft. 0 . 5 . a l E * 8 S 

C S * l 3 * ft. 0 . * .7SE*0k 

CS. I33 P. 0 . 2abl2*B3 

CS* i3T*2A.137 ft. 0 . 1 . 3 0 2 * 8 * 

C E * I * * * P R * 1 * « ft. 0 . 5 .93E .03 

PH.1*7 P. 0 . 1 . 3 * E * 0 * 

S H . | 3 | ft. 0 . l . '83E*0k 

Eu-tSE ft. 0 . 8a8fcE*03 

E u * l 5 * Pa Oa 3 . 0 l E * 0 7 

Eu.|'53 P. 0. 1.7(E*0( 

OTHER p . 8 . 8a35E.10 

TOTAL P. 0 . k . 9 3 E * i a 

URANIUM ORE IND2X ft. 0 . k .932*02 

Products 

B2nL0GIC TiMF r»21R8, BfYOND 1973) 

300 

9.aaE.D7 

9.B9E*oa 

0. 

0. 

0. 

1.302*04 

a.95E*0S 

1.1*2*05 

0. 

l.k9E.0t 

a.k5E*Bk 

2.932*03 

tt.97E*03 

a.aOE*B* 

B. 

3.86E*0* 

0. 

a.23E.03 

Oa 

a.k*E*os 

5.«tE*05 

8. 

2.klE*03 

l.tOE*05 

0. 

0. 

7.20E*0« 

5.882*07 

7.01E.01 

0. 

8. 

a.35E*0k 

3.(3E.0( 

lOOO 

0. 

9.412*82 

8a 

B. 

Oa 

laa9E*9« 

lai3E*9* 

la73E*95 

9a 

l.l9E.9t 

lal8E*Bt 

2a9SE*93 

«a97E*9J 

*al9f*0* 

Oa 

3.»OE*0* 

Oa 

Oa 

Oa 

«ak2E*05 

5aal2*0S 

ea 

(.ilE*83 

l.AkE*00 

0. 

0. 

1.3*2*03 

0. 

2.78E*lO 

0. 

0. 

I . P 3 E * 0 8 

l.atF*02 

3080 

0. 

3.7*E*82 

8a 

8a 

8a 

la**E*8« 

4a5kE*l8 

la98E*03 

9a 

lak92.9| 

9a 

2a83E*83 

«.972*83 

*.132*04 

8. 

3.20E*8a 

8. 

8. 

8. 

a.492*03 

3.«tE*08 

0. 

2.HE*8S 

0. 

8a 

8a 

la98F.ll 

Oa 

Oa 

8a 

Oa 

la20E*8k 

1.37E.02 

tpopc 

0. 

3.1*4*92 

9. 

9. 

9. 

i.48F*9a 

9. 

1.93F*95 

9a 

1 al9F.9l 

9. 

2.934*93 

*.9kF*93 

*.97f*6* 

9. 

3.20F*9* 

9. 

9. 

9. 

a.3*F*A3 

3.aOF*A5 

9. 

P.kOF*93 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

t.t7F*9k 

I.35F.92 

... 

0 

2 

8 

9 

8 

4 

P 

b 

9 

i 

8 

1 

3 

3 

9 

3 

9 

8 

8 

3 

3 

9 

» 

9 

9 

8 

9 

9 

8 

0 

0 

i 
1 

A O S B 

4*2*80 

7*2*03 

7lF*0* 

'*9F*01 

•*«f*03 

•*8f*03 

3kf*0* 

'7*2*0* 

j>9f*85 

'aSf*eS 

•4Bf*83 

922*98 

;772.9( 

tgoooo 

8. 

3.404*03 

0. 

0. 

0. 

k.3*4*93 

9. 

3.4*4*0* 

0. 

t.k9F*Al 

0. 

1.9*4*93 

3.89p*A3 

3.a(F*94 

9. 

3 . | 7 F * 0 * 

0. 

9. 

9. 

2.33**95 

3 . 3 S F * 9 5 

0. 

2 . 3 5 P * 9 3 

9, 

A. 

8. 

9. 

0. 

9. 

9. 

0. 

8 . « 7 F * 9 5 

1 . 9 2 F * 9 ( 

500000 

0. 

0. 

8, 

8. 

8. 

1.99E*e( 

0. 

5,35E 

8. 

t.*9E 

0. 

l.kEE 

3.23E 

kO( 

.01 

k03 

>03 

B.08E*03 

0. 

3.05E*0* 

0. 

0. 

8. 

l.*kE*0« 

5.30E 

0. 

»05 

E.33E*03 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.9lE*05 

k.7»E • 03 

1080000 

0. 

0. 

0. 

0. 

0. 

(.k2E*00 

0. 

(.k9E*00 

0. 

i.k9E*et 

0. 

l.(SE*03 

(.37E*03 

t.3SE*03 

0. 

(.90E*0« 

0. 

0. 

0. 

*.37E*0( 

5.1*2*05 

0, 

(.872*03 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.582*05 

8.392*03 

A. VALU2S LESS THAN 1.02*10 HlVF BEEN OESIBNITEB 18 ZERO. 
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TABLE A.4.4b. Hazard Index—Once-Through Cycl 

Actinides 

YEA* 

RAOJONUCLIOES (8) ' (OoO ' (050 (070 500 lOOO 

04.2*3 

CH.paa 

CM.2*3 

CH.2*2 

AH.2*3*NP.239 

AH.2*1 

Pu-2*2 

Pu.2*l 

Pu.2*0 

PU-234 

Pu.238 

Pu.psk 

U.248*TH«23** 
PA*(3*H 

U.24k 

U.245*TH' 

U.24* 

U.233 

U.232 

PA.231 

TH.230 

TH.228*k 

AC.P(7*7 

TH*2S2*2 

RA*22**3 

28*210*2 

TOTAL 

URANUlN 1 

•231 

OAUSHTfRS 

OAUSHTfRS 

OAUSHTfRS 

OAUSHTfRS 

OAUSHTfRS 

OAUSHTfRS 

ORE INDf< 

P. 

P. 

P. 

ft. 
P. 

ft. 

ft. 
P. 

P. 

ft. 

P. 

P. 

ft. 

ft. 
P. 

P. 

P. 

P. 

9. 

9. 

9. 

9. 

P. 

9. 

9. 

9. 

ft. 

ft. 

0. 

0. 

0. 

8. 

8. 

8. 

0. 

Oa 

9a 

Oa 

Oa 

Oa 

Oa 

0. 

0. 

9. 

0. 

Oa 

Oa 

0, 

Da 

Oa 

0. 

0. 

Oa 

Oa 

Oa 

0. 

Oa 

Oa 

•.232*0* 

2.**E*07 

(.39E*03 

3.33E*BS 

S.*5E*9k 

(.1IE*0k 

8.23E*98 

3.iaE*05 

*.9kE*07 

B.48E*97 

5.7SE*9T 

(.70E*S8 

5.8*E*30 

1.(02*35 

2.372*5* 

7.3»E*03 

k.kSE*0( 

a.AtE*B* 

*.87E*90 

3.7kE*83 

5.1lE*91 

(.7*(*9( 

5.1*E*81 

8.e8E*93 

k.e8E*91 

1.3SE.02 

2.*52*02 

3.T*E*91 

t.3(E*99 

l.3(E*91 

a.8SE*0* 

*.3(2*09 

3.k(E*0t 

3.((E*0* 

3.3(E*0k 

3.3tE*05 

4.7SE*08 

3.10E*05 

B.1SE*0( 

B.5(E*07 

5.7tE*07 

t.l8E*07 

0. 

(.(7E*05 

(.372*0* 

7.5(E*03 

k.7(E*0( 

5.a3(*0* 

S.(OE*Ot 

7.5*2*01 

(.0(5*02 

(.k7E*03 

1.8(E*01 

t.k(E*0( 

3.**E*02 

1.52E*0t 

l.*kE*B4 

*.k*E*03 

k.3*E*0S 

7.(8E*00 

3.4(E*0* 

2.982*98 

7.752-9* 

5.4*2*93 

3.772*98 

3.482*9* 

(.1*2*98 

3.n*(*95 

T.43E*02 

4.|0E*07 

5.**F*07 

(.4lE*95 

0. 

3.lOF*85 

(.472*0* 

7.»3E*83 

k.77E*0( 

5.fc3f*8* 

9.i*E*0t 

k.i(E«At 

*.ikE*B( 

k.a9E*e3 

t.9kE*0( 

l.3(E*00 

7.a*E*o2 

3.4*E.9t 

7.43E49* 

(.9kE*0* 

3.35E*0* 

*.9*E*B0 

A. VALUES LESS THAN 1.02*10 HAVE BEEN OESISNATEB AS ZE*Oa 
S. YH.(2*, 7 BAuSHTFRS ARE PA.(25, Ae.((5, FR.((1, AT-(17, 4t.2l3, PS 

TH.(48, k BAuBHTFRB ARE RA.22*, RN.iEO, PO'dk, PS.dZ, RI*2|2 AND 
AC.((7, 7 PAuBHTFRS ARE TH.(2T, RA.((3, RN.(l9, P0.(15, PR.(7l, 41. 
TH.(4(, 2 BAuSHTFRS ARE RA.(28 ANB AC.2(8. 
PA.(»k, 5 BAuSHT2Rs AR2 RN.(2(, Pp.d*, PB.d*, Sl.(t* *NB Pn.(l*. 
PS.2|0, 2 BAuBHTFRB AR2 Bl.dP AND 20*210. 

NOTE. IN ACCOUNTINS FflR THE ACTIVITY IN THIS HANNER, SRANCHINe OECA' 
..... (4X] . P0.23t (*IX) HfRE COUNTED AS A SINGLE DAUSHTFR IM fACN 

—Growth Case 4, m^ water/MTHM(A) 

BEPLOBTC TIHF fVEARR 8fYpN0 I9T5J 

5000 IBO99' '39O00" 190908 ' 500008 lOOOOOO 

2.802*0* 

8. 

0. 

k.«0f.03 

2.2t2*0k 

*.0*2*0* 

3.83t*03 

3.87f*83 

3.ktE*8( 

5.372*07 

3.052*87 

k.172.84 

0. 

3.712*03 

2.37E*Ba 

«.00E*93 

7.t7E*02 

5.5SE*0a 

k.80E*02 

0. 

2.022*03 

3.872*9* 

3.8*2*03 

*.152*02 

3.812*03 

2.922*00 

1.37f*0k 

*.k5E*e3 

t.lOE*08 

t.2kE*0a 

i.4*4*9* 

0. 

9. 

9. 

l.aOpaok 

9. 

1.4kP*9a 

3.9*4*95 

f.k*F*92 

3.42F*p7 

a.40»*p7 

p. 

9. 

4.7lF*95 

4.474*9* 

7.904*94 

7.1lF*92 

3.424*94 

j.a3F*93 

9. 

3.4*4*93 

k.484*9* 

1.4*4*9* 

*a98F.92 

7.|3F*93 

a.a3F*90 

3.kOF*9k 

1.p2F*9k 

8.332*97 

4.484.91 

k.'a3f*e2 

8. 

9.' 

9. 

4.'7*F*9* 

9 a' 

kJa*F*9( 

aa*3f*93 

1ri9F*81 

3.3(2*95 

l.'a32*B7 

9.' 

8. 

J.'»7F*95 

2.'37f*B* 

!."75F*9* 

•JlOF*9( 

3^9*2*9* 

k.'42F*A3 

9." 

1 ."152*94 

2^404*95 

1 .'kSF*eS 

3.°48F.81 

2.'*5f*S* 

2.'k7F*0t 

l.'4*f*A7 

kr4*E*Ak 

*."7*f*97 

ar7kF*Al 

9.70F*80 

9. 

8. 

8. 

a.93**92 

P. 

9 . T 2 F * 9 0 

2.384*95 

1.9*4*91 

3.1kF*93 

9. 

9. 

3.kl4*9S 

2a37p*9* 

I . | 5 F * 9 * 

1.934*93 

*.5(4*9* 

1.23P*A* 

p. 

«.33F*P5 

3.37**A5 

1.l*F*90 

3.354*91 

2.4*4*97 

1.004*97 

4.4*4*97 

3.104*91 

0. 

8. 

e. 

8. 

B. 

8. 

8. 

1.2*2*05 

8. 

0. 

*.0lE*0t 

0. 

0. 

3.t7E*05 

2.372*0* 

i.i*E*e* 

1.05E*03 

2.182*0* 

2.SkE*0* 

0. 

3.05E*0* 

3.93E*05 

8.822*05 

5.832*00 

3.*5E*0* 

2.8*2*02 

2.852*07 

9.02E*0k 

3.7«E*0T 

*.30E.0t 

0. 

Oa 

0. 

0. 

0. 

0. 

Oa 

*.9SE*0« 

Oa 

0. 

Z.TIE-O] 

0. 

0. 

(.70E*0I 

(.3T(*0* 

i.i(E*e« 

la05E*01 

1.31E*0* 

(.77E*e* 

0. 

(a|9E*eS 

Sa37E*es 

1.18E*01 

5a**E*e* 

5ak7E*e( 

t.**E*eT 

5a01E*08 

(a 111*07 

(a*5C01 

(0* AND Tu-fO* TS 9« OF TH.2(9 ANO 40.(|3 IS 9j« OF TH*((9a 
TL*20B IS 3kX OF TH.aaS AMO 40*212 TS kaX OF TH.22Sa 
211 AND TL.POT. 

' IN TH2 CASF PF TL.20B r3kX) . 40.(7( (k*X), AND TL>(09 
CASE. HiNO* 4RANCHINS fit 0* LESS) WAS ISNOREO. 
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TABLE A.4.5a. Hazard Index—Once-Through Cycle—Growth Case 5, m3 water/MTHM(A) 

Fission and Activation Products 

Y2lR B20LDSie TIHF fY2148 B2Y0ND 1*75) 

HAjpR ............................ ..........................................I...........;....................... 
RIOTONUCLIOES 20e0 2050 2070 500 lOOO 5090 IAOAO 5AOAO IOOAOA 300088 1000000 

H.3 

C.l« 

HN.«a 

F2*43 

C0*f8 

Nl*«>9 

NI*«.3 

SE*79 

KR.43 

R8*27 

SR.*0*Y.90 

ZR*o3 

N8.a3H 

re.'9 

RU.|8k*PH. 

P0*(87 

AB*I1SN 

00*113N 

SS*i23*TE. 

SN.)2k*8S. 

1-1(9 

CS*|38 

CS*i35 

es*l37*2A. 

CE*I****** 

PH.)*7 

SH.)5l 

EU.!5( 

Eu*)5« 

Eu*<55 

OTHER 

TOTAL 

lOk 

t(5N 

12k 

117 

U* 

URAUIu'< ORE INDEX 

P. 

P. 

P. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

P. 

P. 

P. 

ft. 

ft. 

P. 

P. 

P. 

ft. 

ft. 

P. 

P. 

P. 

P. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

ft. 

0. 

0. 

0. 

0. 

0. 

8. 

8. 

8. 

Oa 

Oa 

Oa 

Oa 

Oa 

0. 

Oa 

8a 

Oa 

Oa 

Oa 

0. 

0. 

0. 

0. 

0. 

9a 

ga 

Oa 

0. 

0. 

0. 

0. 

0. 

0. 

9.38E*03 

l.o5E*03 

(.((E.Ok 

3.|9E*0( 

S.8lE*a5 

l.3(E*0* 

1.89E*07 

l.|3E*05 

0. 

1.70E.01 

fc.a*E*10 

2.0*2*93 

3.782*03 

*.2(2*0* 

1.872*00 

3.232*0* 

2.3*2*07 

2.8*2*08 

3.k*E*03 

*.kSE*e5 

5.**E*05 

8.k5E*0k 

2.k(2*ei 

t.alE*09 

k.90E*0] 

1 . B 5 E * 0 « 

1.89E*0k 

I.OkE*oa 

1.50E*07 

2.aOE*02 

l.l5E*09 

k.39E*10 

T.38E*0( 

l.l(E*Ok 

9.97E*02 

0. 

0. 

0. 

t.5lE*0* 

5.132*05 

1.1*E*0S 

0. 

1.70E.01 

(.90E*08 

(.0*E*01 

*.09E*01 

*.22E*0* 

0. 

3.((E*04 

0. 

5.0IE*03 

0. 

*ak*E*OS 

5a**E*05 

Oa 

(.k(E*03 

l.(0E*05 

0. 

0. 

7.4SE*0« 

7.DOE.07 

S.1*E.01 

0. 

0. 

a.83E*08 

Sa55E.0( 

8. 

9.392*02 

0. 

9. 

0. 

1.402*0* 

1.1*2*9* 

1.1*2*95 

0. 

1.702*01 

l.p9E*0l 

2.9aE*93 

a.9*2*01 

«.P12*0* 

8. 

3.422*84 

0. 

9. 

0. 

*.k5E*0S 

5.i*E*85 

0. 

2.122*83 

1.7kE*B0 

0. 

s. 

1.39E*0l 

0. 

3.43E.tO 

0. 

0. 

1.4lE*08 

1.122*82 

0. 

5.792*82 

0. 

8. 

8. 

l.«5E*0« 

9aa9E*l8 

la092*63 

Ba 

la7BE.9l 

B. 

2.8*2*83 

SaB82*B3 

*al52*B* 

Ba 

3a2(2*Ba 

8. 

Oa 

0. 

a.322*83 

5.*32*0S 

8. 

2.822*03 

0. 

0. 

0. 

2.832*11 

0. 

0. 

0. 

0. 

1.202*08 

1.3(2.02 

9. 

3.lkP*A2 

9. 

9. 

9. 

1.3*2*9* 

9. 

I.93F*95 

9. 

1 .T8F.91 

9. 

2.9*F*93 

a.97p*93 

* . 9 9 F * 9 * 

A. 

3.2(F*A* 

9. 

9. 

9a 

aa37F*95 

4.a3F*95 

9. 

2.1lF*93 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

l.lSF*9k 

i.38F*9( 

9. 

2.'3lE*90 

9 a" 

9." 

9.' 

9r**E*83 

8.' 

».'7«E*9* 

8. 

i.'70F.91 

9̂  

2r90E*03 

ir90E*9S 

3.'4SF*9* 

8." 

3i»lE*9* 

9." 

8 a" 

9 a' 

3."312*95 

5.'«2E*95 

al 
2.'492*83 

al 
9." 

9.' 

9.' 

9r 
9̂  

al 
9a 

l,"932*9k 

la'|82*92 

9. 

5.9kP*e3 

0. 

8. 

0. 

k.3*F*9l 

0. 

3.«kP*8* 

0. 

1.704*91 

0. 

1.*5F*93 

3.*l4*e! 

3.9*4*9* 

9. 

3.1*4*9* 

9. 

8a 

8. 

2a34F*B5 

5a*lF*8S 

8a 

2a5kF*9l 

9. 

9. 

8. 

B. 

8. 

8. 

8. 

Ba 

8a*(F*95 

lael2*92 

(.00E*0( 

5.57E*0( 

1,70E.01 

1.8(E*01 

3.(5E*01 

8.1(E*01 

3.07E*e* 

i.*7E*e* 

5.33E*05 

(.33E*0I 

0. 

0. 

0. 

0. 

5.9*E*05 

k.SsE.Ol 

0. 

0. 

0. 

0. 

0. 

(.tIE*0O 

0. 

(.70E*00 

0. 

1.702*01 

0. 

l.(4E*03 

(.5*E*0S 

la58E*0I 

0. 

(.4{E*0« 

0. 

0. 

0. 

*.k0E*0( 

5.((E*0S 

0. 

(.OSE*0] 

0. 

0. 

Oa 

Oa 

Oa 

Oa 

Oa 

Oa 

5a59E*05 

8.*1E*03 

A. VALUES LESS THAN 1.02*10 HaVf BEEN DESIBNATEO AS ZERO. 
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TABLE A.4.5b. Hazard Index—Once-Through Cycle—Growth Case 5, m3 water/MTHM(A) 

Actinides 

RlOrONUCLlOES («) 2808 

YElR 

2030 (070 500 

SEPLOGie TIHF rYElRB,SFY0N9 1975) 

3090 19099 39OAO I9O9O9 500800 1090000 

CH.2a3 ft. 8. 

CH.paa p. 8. 

CH.2a3 p. 8. 

CH.2«2 ft. 9. 

A H . F * 3 * N P . 2 3 9 ft. 8. 

AH.2«2N*AN*2*2 P. 8. 

AH.2*1 P. 0. 

PU.2*2 P. &• 

PU.2*1 Pa Oa 

PU.P*8 P> Ba 

PU.Pl* ft> B* 

PU*238 P. 8. 

PU*2!* ft« 0. 

NP.217*PA.(!3 p. 8. 

U.248*TH.23«* P. 8. 
P A * 2 ! « H 

U*24k ft. 8. 

U . 2 « 3 * T H * 2 3 1 P. B . 

U.244 P. B. 

U.(33 P. 8. 

U.242 P. 8a 

PA.231 P. B. 

TH.230 P. 8. 

TH.229*7 OluOHTERS P. 0. 

TH.228*k 01UISHT2RS P. 9 . 

AC>227*7 OAUBHTERS 9. 0. 

TH.232*2 OAUBHTfRS P. 0. 

RA.22k*5 D A U S H T E R S P. 0. 

PS*210*2 OAUSHTfRS P. Oa 

TOTAL ft. 0. 

URANIUH ORE INDEX P. 0. 

i:'JSii;T?ArsS?2Js''!U%:iJ55!n2.Sll!'?S:r.lfAnj?7, 8X7I. P..(09 AND TL*.09 ,3.93 OF TH.2(9 AND ,0.(11 I. 9U OF TH.((9. 
rn.lW. » O A U B H T F R J »RE R A . E ? * ' R N . ( ( 0 ; PO.dk. P8.(l(, «l.(i( AND T L * ( 0 8 I S 3kX OF TH.(28 ANO P0.(l2 'S »*X OF T H . ( ( S . 
AC.(27l 7 DAUSHT2RS ARE TH.227. RA.((3, RN.(19, P0.(15, P«.(lt, Bl.dl AND TL*207. 
TH.(3(. ( OAUSHTFRS ARE RA.(»S AND AC*2(8. . . . . . 
RA.EPk, 5 DAUBHTFRS ARE RN.(2(, P0*(18, PB*(l«, Bl-(t« Ano Pp.(l«. 
PS.dO, 2 PAuBHTFRS ARE Sl.dO AND P0*2l0. 

*a282*0« 

2a8l2*07 

2.k0E*0S 

].*1E*05 

S.«7E*0k 

2.1kE*Bk 

8.2tE*08 

3.1(E*05 

5.R0E*07 

8.4«E*97 

5.*0E*07 

(.ROE*0* 

7.80E*00 

l.l9E*05 

(.37E*0« 

7.3SE*03 

k.klE*0( 

3.*5E*0* 

*.70E*90 

S.<(E*93 

a.*kE*91 

(.38E*0( 

*.7lE-01 

B.alE*91 

5.7lE*01 

1.2*2*02 

2:t82*0( 

l.((E*01 

t.3*E*09 

1.3«E*01 

«.t(E*0« 

a,*7E*00 

1.9«E*0t 

3.35E*0« 

3.35E*0k 

la39E*05 

a.8(E*08 

3.1(2*05 

8.(SE*02 

8a5SE*07 

S,T«E*07 

la((E*07 

Oa 

2a27E*05 

2a37E*0* 

7a5*E*01 

k.k«E*02 

5.a(E*o* 

3alkE*01 

7a87E*01 

1,98E*02 

(ak3E*03 

l.7SE*01 

l.k9E*02 

3.*1E*0( 

1.5tE*0t 

l.«2E*0* 

«,«4E*03 

k.*(E*OS 

T.37E*00 

3.45E48* 

a.aBf.BS 

7.T9E*e* 

3.a7E*93 

s.peE*ak 

3.a7f*8* 

2.i7E*9S 

3.i(E*05 

7.4(E*9( 

8.15E*87 

5.1kE*B7 

(.40E*85 

0. 

3.ilE*B5 

(.472*9* 

7.752*03 

k.T0E*92 

5.k(E*0* 

*.i9E*9t 

k.48E*Pt 

«.i9E*92 

k.452*03 

t.n5E*02 

l.48E*00 

7.4«E*0( 

3.33E*0l 

7.a9E*8* 

2.4*2*8* 

3.49E*0S 

*.|SE*80 

2.82E*0a 

0, 

8. 

k.5SE*e3 

2.232*Bk 

talVE.S* 

3a88E*85 

3al8E*BS 

5a88E*B2 

5a4tE*8» 

5.8SB*87 

k.3(E*8* 

6. 

3.7*E*B3 

{.37E*B« 

9.83E*83 

7.IOf*02 

3.582*0* 

k.8*E*02 

0. 

2.802*03 

3.a72*0a 

3.882*03 

a.lkE*02 

3.5TE*03 

2.032*00 

l,3k2*8k 

*.k*2*05 

1.102*08 

1.272*00 

1.4kF*9« 

9. 

9. 

9. 

7 .a2F*9k 

9. 

7.474*9* 

3 . 9 7 F * 9 5 

4 . 7 2 F * 9 2 

3.P*F*97 

a.a2F*97 

9. 

9. 

4.T*F*95 

f.47F*9« 

l.9lF*P* 

7 . 4 5 F * P 2 

3.4lF*A4 

1.1*4*A3 

A. 

3.45F*A3 

1.474*9* 

(.a«F*9* 

«.|0F.92 

7.9kF*P3 

*.a*F*90 

3a3«F*9k 

ta22F*Pk 

4.48F*97 

«.k3p.Pt 

k.*a82*92 

9." 

9." 

9; 

3."772*0« 

al 
kIa4F*8( 

21*52*85 

i ."482*91 

52382*85 

I.'l32*97 

9." 

9." 

3.'k»2*95 

2.'372*8* 

1."7*F»9* 

*.'4*F*9( 

3."p*f*e* 

k."47f*e3 

al 
i:k*f*B* 

2.'*0F*es 

i.'kk2*e5 

3l402*81 

2.'432*B* 

2.'lB2*91 

la"492*B7 

k."a3f*Bk 

a.'i5f*97 

4 .'772.PI 

9.784*90 

0. 

0. 

8. 

«a07p*92 

Aa 

9.40F*A0 

2.kOp*95 

1.9kF*9l 

3.l8F*9l 

3.*7P*9* 

a. 

A. 

2.584*9* 

t.lkF*9* 

1.93p*93 

*.5(F*9* 

l.(*F*9* 

8. 

(a*7F*9* 

«.3lF*95 

3 . 3 9 F * 9 5 

l.l*F*90 

*.*tP*9* 

9.5*4*81 

(.**P*67 

1.604*97 

* . * * P * B 7 

3.lOp*9l 

0. 

0. 

0. 

0. 

0. 

8. 

8. 

1.(52*85 

8. 

B. 

«.8(E*al 

B. 

0. 

3.19E*0S 

(.SBE*0* 

1.1*E*0* 

l.05E*01 

2.1SE*0* 

2.SSE*S* 

0. 

3.03E*0* 

3.93E*05 

8.88E*05 

5.83E*00 

5.*2E*e* 

2.852*01 

2.852*07 

9.02E*0k 

3.7*E*07 

*.30E.0t 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.8(E*0« 

0. 

0. 

(.T2E*05 

0. 

0. 

(.T(E*05 

(.3SE*0* 

1.11E*0* 

t.eSE*os 

ta31E*0* 

(aT9E*0* 

0. 

i.oiE*e* 

(.(0E*05 

S.*1E*0S 

1.17E*01 

9.*1E*0* 

9.89E*0( 

l.*SE*07 

9.0*E*0k 

(at*E*OT 

(.*8E*0t 

NOTE. IN ACeOuNTINB Fo* THE ACTIVITY IN THIS HANNE*, B R A N C H I N R DECAY IN THE CASF ftP TL-EOB '?»«'•,"*»'* ''illi.i.J;;'' ^'••"' 
(4X) . 40.(31 (*tX) HfRE COUNTED AS A SINSLE 0AUBHT2R IM EACH CASEa MINOR R R A N C H I N S fix OR LESS) HAS IBNOREO. 
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TABLE A.4.6a. Hazard Index-rReprocessing Cycle—Growth Case 3—1990 Reprocessing Startup, 
m3 water/MTHM(A) 

Fission and Activation Products 

H4J9R 
RAOJONUCLIOES (I9O 

YFlR 

2838 

M.3 

C i a 

HN.«4 

F2.43 

CO.(.9 

NI.4R 

NI.k3 

82*79 

KR.23 

RB.P7 

SR.40.Y.40 

ZR.*3 

NS.43H 

Te.*9 

RU.10k*4H. 

P0*'07 

AS*MOH 

CO.)13" 

SB.1(3*TE. 

SN.)(k*48. 

1.129 

CS.iS* 

08*133 

CS*<3T*4A. 

CE*I***PR. 

PH.1*7 

SH.|4l 

Eu*)5( 

Eu*i54 

Eu*)55 

OTHFR 

TOTAL 

lOfc 

I25H 

12k 

137 

14* 

URANIUH ORE IMDFK 

...... 
9a 

9a 

9. 

Aa 

9. 

9. 

9. 

P. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

P. 

9. 

P. 

P. 

9. 

9. 

9. 

P. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

A, 

.. ...... 
0. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

A. 

9. 

9. 

9. 

9. 

9. 

0. 

9. 

a. 

9. 

9. 

A. 

A . 

9. 

0. 

A. 

9. 

9. 

9. 

9. 

9. 

9. 

A. 

.. ........ 
2.a«E*PP 

»a*4E*92 

aa»k2.p7 

5a3aE*31 

t.|7E.35 

l.31F*9a 

8.7lE*9k 

1.99F*93 

Oa 

I.31E.01 

*.a4E*to 

2.93«*13 

3.47E*95 

*.1*2*04 

2.3kE.pl 

4.9lF*^a 

2.94E.9a 

3.47f*-)k 

8.70e*02 

5.432*95 

5.402*95 

1.93E*.ik 

3.422*35 

l.|3E*39 

S.4fcE*9* 

*.11E*93 

1.47e*3k 

1.9kE*3« 

2.7«E*97 

«.l5E*3l 

1.31E*|9 

«aS5E*10 

5.2i2*82 

SOO 

1.942.07 

9.482*08 

9. 

0. 

3. 

1 .316*0* 

«al8E*05 

Ia99fc*e5 

Sa 

1.5tE.01 

a.O0E*Ok 

2.832*03 

t.0kE*03 

a.|8E*oa 

0. 

4,91t*oa 

0. 

k.172.03 

Oa 

3.*3E*B3 

5.B8E*05 

0. 

3.322*03 

*.332*04 

0. 

0. 

7.3kE*04 

7.85E*07 

k.3*f*Pl 

0. 

9. 

3.91E*0k 

4.302*02 

"oop 

0 . 

2.BbE*pa 

p . 

9. 

9. 

1.»9E*P« 

9.41E*03 

l.P*E*93 

9. 

I.RIF.'I 

».a<iE*o0 

2 . P 3 E * P 3 

*.pfcF*93 

4.1*2*9* 

P. 

a.piF*pa 

p . 

p . 

P. 

3.«1E*P5 

3.aOE*95 

9. 

3.42F*93 

4.P3F-9I 

P. 

9. 

1 . 4 7 E * P 3 

9. 

2.43E.I0 

0. 

P. 

1.44E*9k 

1.432*12 

S E P L O G T C TTHF f»4A43 8F Y O N 9 

4090 

9. 

3a0bF*9P 

9a 

9. 

Oa 

1a?bE*8a 

7a4at.ie 

1.94F.P4 

9a 

la41E-9l 

0. 

a.93F«03 

a,9kf.9i 

aaiaF*9a 

Oa 

a.9lF*9a 

9. 

9. 

8a 

5a2kE*93 

3a79E.94 

9a 

3a'2E^93 

9a 

8a 

9a 

a.9iF.ii 

9a 

Oa 

9a 

9. 

la31F*0* 

la*lE.02 

199PP 

p. 

p>qR»*p2 

p. 

9, 

9, 

fa?lF*pa 

p . 

Q,a3P*p4 

p. 

1 .41F.9I 

P. 

>.paF*»3 

a.93F*p3 

a,pbF.pa 

p. 

aaPPa+pa 

9a 

9a 

9. 

4 , P 8 F * O 3 

4a79F^p3 

9, 

4,4|F^PS 

9. 

9. 

9. 

9. 

9. 

9. 

P. 

9. 

1,p4F+pk 

1.a3F*92 

(p999 

'47F»09 

;42F*9S 

ra2Fa9a 

'4IF.9I 

'44F^P3 

'q7F*93 

'434*9* 

'q*F*94 

*3r»93 

7*4*95 

paF*93 

i2F*9k 

4*4.92 

I975i 

1 9 9 P 0 P 

9. 

5.k2F*93 

9, 

0. 

Oa 

3 . 4 ! F * 9 3 

p . 

4 . 7 7 F * 0 « 

9. 

1.3lF*9l 

9. 

1a»»F*93 

3a48F*P3 

3.91F*9« 

9. 

3 . 9 7 F * 9 « 

0. 

9. 

0. 

2.73**95 

3 , 7 7 F * 9 3 

9. 

3 . > 3 F * 9 S 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

* . 7 ( F * P 3 

1 . I 2 F . 9 ( 

588889 

9, 

8a 

8a 

0. 

0. 

1.73E*02 

8a 

5a3l2*02 

8. 

l.BiE.Ol 

8a 

1.8lE*03 

3.23E*03 

B.DkE*01 

0. 

3.aiE*o« 

8. 

9. 

8. 

I.7|E*8* 

3.88E*05 

8. 

2.9kE*93 

9. 

8a 

8a 

8a 

Oa 

0. 

0. 

0. 

k.»9E*95 

7.3SE.93 

IBBBSOO 

8. 

8. 

8. 

0. 

0. 

2.282*00 

0. 

2.372*00 

0. 

1.512*01 

0. 

1.282*03 

2.382*03 

1.332*03 

0. 

3.832*0* 

0. 

0. 

0. 

5.352*02 

5.582*09 

0, 

(.8*2*01 

0. 

0. 

0. 

8. 

8. 

0. 

0. 

0. 

8.012*09 

8.9tE*0S 

A. VALUfS LESS THAN I.Of.IO HaVF REEN D E S T S N I T E B I S ZERO. 
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TABLE A.4.6b. Hazard Index--Reprocessing Cycle--Growth Case 3—1990 Reprocessing Startup, 
m3 water/MTHM(A) 

Actinides 

RlOJONUfLlDES (4) aOpD 

CH.pas 

CH.yaa 

CH.paj 

CH.paa 

AH.2a3aMP.23R 

AH.2a2H.AH.aa? 

AH.2*1 

PU.2«2 

PU-2«1 

PU*P«8 

PU.P39 

Pu.238 

Pu.23k 

NP.237*41.833 

U.248*TH.a3a* 
PA.23*4 

U.24k 

U.2a5*TH*23l 

U.23* 

U.233 

U.232 

Pl-211 

T H . ? 3 0 

TH.229*7 B I U G H T E R S 

TH»228*k DlUSHTfRS 

AC*227*7 DAUGHTERS 

TH.232*2 OAuBHTFRS 

RA.228*4 BAUBHTfRS 

P8"21B*2 DAUGHTERS 

TOTAL 

URANIUH ORE INBFK 

9. 

P. 

P. 

9. 

0. 

9. 

P. 

P. 

P. 

P. 

P. 

P. 

9. 

P. 

P. 

P. 

P. 

P. 

P. 

V€l» 

2050 P970 

7.41E+P4 

a.|5E*P9 

5.a9F^05 

?.4*E*9b 

l.l2F*37 

1.492*97 

a.iaE^PA 

l.pRE^PS 

R.l»F«3b 

l.alF«97 

S.PlE*1b 

(i.a0fĉ 97 

b.qoE^pa 

8.991*95 

1 .qbe*9a 

R.i'e*9i 

S.35E*39 

8.»a£*33 

a,abE*9o 

5.0b£*35 

3.b«E*01 

a.avtTOl 

5.4HE.11 

l.l'E*ab 

5.aiiE»01 

a.paf.oa 

7.plE*3l 

1.39F*P1 

7.43E*38 

9.iaE*30 

300 

7a8bt*P5 

4a79E*91 

«a3lE*81 

3.7it+e5 

1.3bt*07 

2a35E*9b 

EaSbE^O* 

1.09E+95 

1,aSE*04 

!.a5E+07 

5.|OE*0b 

5.88E*0b 

9, 

2.33E*8S 

l.RkE*08 

l.|7t*08 

5.3bE*00 

7.|9t*93 

3.99E*91 

1.10t*9a 

S.78fc*01 

3.iJt*pa 

a.paE*oi 

a.3se*oa 

b.7aE*91 

2.9bt*93 

l.k9fc*03 

5.3bE*0a 

8.79t*9» 

S.Plt*00 

1999 

ba»'>F*'^b 

1.13F-P7 

1 .AaE-pJ 

3a74t*74 

1.aRE^o7 

aaa9F+P3 

laPkf^PB 

lar9E*C3 

l.j9F*oa 

la48E*P7 

SaPSE^P* 

a.1aF*'^5 

Oa 

8aq3F*P5 

1aabE*pa 

laq3E*oa 

5aa7F*P9 

8al3F*93 

9.a7E*9l 

8aB9F*9l 

3aa2F*9l 

«al3F*l2 

1a?2f*oa 

ia«iF*oa 

7aPlF*Pl 

3.P9F.PJ 

9.s7F«PJ 

3.pkf*93 

1aa9F*98 

Ia*IE+P8 

SEPLnGTC TjMr fTFlRS »FY9NP 

3090 

Ua4aE*P3 

9. 

0. 

a.3aE-9a 

1 .9UF*97 

8,a7F.91 

1.4kE*94 

1 .paE*Pq 

9.q7E+94 

RalkE^Pb 

3.*ie*9<. 

a,38f.84 

9a 

3.2kF*83 

1 .Rbf•9> 

Sa79F^92 

4.4*4*99 

4.184*94 

b.21E*92 

9a 

3.2*2*91 

aa4«E*9l 

5.baE*03 

9.a7E.9a 

9.abE*oi 

aakaE'OP 

l.RaE*93 

l,klF*9a 

2.3aE*87 

8.4aF.9l 

19899 

4 . P 7 » * P 5 

P. 

Pa 

9 a 

l . l l F ^ P b 

9a 

4a>«t**3 

1 ,n7F.p4 

1,454*93 

aa>aF^pb 

9. 

Pa 

4.>7F*P3 

1a4bF*P? 

3aa5F*n2 

1.paa^pl 

4aPlF^93 

i apaa^p] 

9a 

7a4aF*Al 

4aqaF«n3 

1 aRaa.pa 

»al7r.p3 

1aa9F^9* 

1a48F.p1 

4.18F^P4 

l'aTb4*95 

faaaF»97 

Pa99F.9l 

pftpO 

1UFapa 

784*05 

1aF«pa 

q9F*P« 

p9r*9? 

p7Fapa 

94F*9<< 

'par.ps 

'ab4*P2 

'a9F*p2 

'72F»9I 

^17a*P3 

ln(ir*f,% 

rq4p*oa 

'pPFapa 

"af>«*P3 

'a'F.P? 

'qP4*92 

"7bF*99 

"7?P*Pb 

rp3p*o3 

" A 9 P * 9 1 

Iq94.9a 

1975i 

l90p09 

1a7aF»98 

Oa 

9, 

9a 

1a99r^93 

Oa 

1a74F*pa 

Rai lr*pa 

3aa54*P9 

4,4»F*pa 

«a99F*P3 

9a 

9, 

4a|qF»P5 

1 aqbF*P8 

•a9aF*92 

a.7bF*9l 

kaPaF*93 

1a94F*9a 

Pa 

laPl4*93 

<.al3F*9a 

Pa48F*93 

3a?lF.P8 

1 .alF*93 

?a3aF*P9 

aalkF*9k 

1aa2F*9k 

la*aF*9fc 

7a4lF.98 

508869 

ga 

8. 

8a 

0. 

0. 

0. 

Oa 

a,39E*9* 

8a 

Oa 

5.9lE*00 

8a 

s. 

2aBoE*03 

la98E*08 

7.93E.98 

3al9E*8l 

2aB92*B3 

2a53E*94 

9a 

la«7E*93 

aa3aE*9* 

7a82E*93 

a.TaE.oi 

2.k3E*93 

1.332*81 

2.92E*9b 

9.93E*85 

Sa98E*9* 

3a8aE.92 

tooopoo 

0. 

8, 

0, 

0. 

Oa 

Oa 

0. 

1.7kE*0a 

0. 

0. 

4.80E-0k 

0. 

0. 

2.382*03 

1.992*02 

7.a22*02 

5.892*81 

5.86E*02 

2.aSE*0* 

0. 

l.a7E*03 

1.222*0* 

7.3*2*85 

5.5kE*0l 

a.k3E*03 

2.712*01 

8,232*05 

2.802*83 

2.1*2*08 

(.*k2.02 

TH.2(9. 
A, VALUfS LfSS THIN I.Of-IO HaVF >»EF»I UE3I8NATED 18 2 E » 0 . 
8. TH.28R, 7 PlUSHTFRS ARE BA.8?5, 10-223, FH.88I, IT.817, aT.2l3, PB.apR 1».0 TL.40* TB »X OF Tkcfa* ANp o9.2l3 IS 9l« OF 

TH.(a«, k PluSHTFRg ABE RA.2?«, RN.28P, PO-atfc, P".2l2, PI.2l2 AND TL-?Oe IS aiX OF TH-2P* li,9 PP-alP l3 kaX BF TH.22B. 
AC.227, 7 PAuGHTFRs A»F TH.827, RA.e23, RN.aiR, PD.815, P*.8il, »I.2ll AMO T L . R O T . 
TH.aya, 2 PAuBHTFRS ARF RA.824 AN9 AC.884, 
Pi.2ak, 3 oiuGHTFRs ARE RN.aaa, pn.aia, ps-aia, Bl.8t* INO Pn.8ia, 
PB.aiO, 8 DIUSHTFRB ARF RI.8I0 1N9 PD.PlOa 

NOTFa IN ICCOUNTING FflR TwE ICTtVITV ll TMIJ MANNE', SRANcHlN,; DECAY IV THE CASF OF Tl .?94 f3M1 . PD.a7a (k«X), AND T L . 8 0 9 
..... (OH) . P0.241 (Rill) UfRF rtJUNTED A» A SINGLE 9AUSHTFR IM FACH CASF, "TWOR aRiNpHINS fl» 9R IFSS) UAB ISN0R20a 

http://AH.2a3aMP.23R
http://AH.2a2H.AH.aa
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TABLE A.4.7a. Hazard Index-TReprocessing Cycle—Growth Case 3—2010 Reprocessing Startup, 
m3 uiator/MTHMlA) m3 water/MTHMi'*^ 

Fission and Activation Products 

MAJOR 
RAOTONUCLI 

H.I 

C.ia 

MN.qa 

FE-45 

CO-kO 

NI.49 

Nl.kl 

(E.T9 

KR.43 

»«.47 

SR.*g*Y.«e 

Z*.*3 

Na.ajH 

Te.*9 

<tU*)Ok**H. 

P0»)07 

AB.IIO" 

CD*) 13'* 

S«.i23*T2. 

SN*i2k*88. 

1.1(9 

OS.13* 

CS*)15 

CS.|37*4A. 

CE.|***PR* 

PN.)4T 

8M.131 

Eu*<32 

Eu-134 

EU.155 

OTHfR 

TOTAL 

0E9 

lOk 

125H 

12k 

117 

U * 

URANIuH ORE INOfl 

2800 

9. 

P. 

A. 

P. 

P. 

9. 

9. 

9. 

P. 

P. 

9. 

9. 

A. 

ft. 

ft. 
A. 

A. 

ft. 
A. 

9. 

P. 

P. 

ft. 

ft. 
P. 

ft. 

ft. 
ft. 

P. 

P. 

9. 

9. 

9. 

YEAR 

2933 

A. 

9. 

9. 

9. 

A. 

9. 

9. 

0. 

A. 

A. 

9. 

A. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

9. 

P. 

9. 

9. 

0. 

9. 

9. 

0. 

9. 

9. 

• ) . 

9. 

1. 

9. 

2970 

8a39t*9( 

lalOe*93 

aa«IE.97 

5a3ilE*91 

1.222*03 

laa»E*9a 

9.73E«9a 

lalJE*95 

l.»aE.91 

*.*2E*19 

2.1(2*33 

*.9*2*93 

*.19E*94 

2a35E*91 

3.a3E*9a 

(.79E.38 

2.72E*Pk 

B.kfcE*9a 

a.a7F*95 

5.3SE*95 

1.9SE*9k 

2.40E*33 

t.l(E*B9 

S.70E.8* 

•.9*2*93 

1.77E*9* 

8a94E*P3 

(aa«E*87 

«.|4E*91 

1.2kE*10 

a.43E*19 

5.k7f*92 

300 

1.012*07 

1.0*2*9 3 

9. 

9. 

9. 

I.«kt*pa 

a.39t*PS 

l.l2t*05 

0. 

l.»«E-01 

2.|7E*0k 

2.12E*03 

«.23E*93 

*.18E*0a 

9. 

l.*2t*oa 

0. 

5.l*t*0J 

8. 

«.45t*05 

5.53t*04 

0. 

2,802*01 

«.5tE*0* 

0. 

0. 

k.4«t*9« 

5.35e-07 

3.7*t.0t 

0. 

0. 

4.9«E*0k 

*.k5E.92 

i9pg 

9. 

4,k9E*02 

A. 

9. 

0. 

laa3F*>a 

1aXkPaP* 

lallf*P5 

"a 

laaaf.rl 

9al3E*08 

2 . I 2 F * P 3 

a.>4F*9j 

a.i4E*94 

9. 

3.a22*g* 

9. 

0. 

0. 

a.BaF*o3 

5.*lf*95 

9. 

2.aef*l<l 

4.4IF-91 

0. 

P. 

1.11F*"3 

0. 

?.»9f.|8 

0. 

P. 

l.>kf*Pk 

1.452*92 

SEAL08T 

4999 

9. 

ballF*9» 

P. 

9a 

9a 

1 ,a9F«9a 

4,454.19 

1 ,97F*03 

9a 

1 ,kaF.9| 

9a 

?allf*93 

aa?3E*P3 

aai2F*9a 

9, 

3a42F*94 

8a 

9. 

9a 

aa79F*93 

3a43F*93 

8a 

?.*8E*93 

8. 

9. 

9. 

i.xr.n 

9. 

9. 

9. 

9. 

1 ,H'.*Os 

l.aif.gp 

r Tjnr fYfla* 4FYPN9 

1P9P9 

P. 

4.iar*P2 

9. 

9. 

P. 

1.aar.pa 

p. 

1.9|F»p4 

9. 

1 .aar.Al 

P. 

*.I1F»A8 

a.»24*p3 

9, 

i.a24*na 

9. 

9. 

9. 

a.4*F*p3 

4 . 4 3 F « P S 

P. 

>.aOF*p3 

9. 

9. 

9. 

P. 

9. 

9. 

9. 

•9. 

1.»lF*Pk 

1.4*4.92 

1 

9 

P 

9 

9 

p 

• 

9 

k 

9 

1 

* 

2 

a 

1 

9 

4 

p 

9 

9 

3 

4 

9 

p 

9 

9 

9 

p 

0 

9 

9 

9 

1 

1 

fn9P9 

•A4F*99 

4 P F * 9 J 

•At»*9« 

^444.91 

•p7F*9S 

'744*93 

•434*94 

il4*94 

aaF*95 

42F*95 

77F*P3 

p8F*Pk 

PIF.92 

I975i 

iggpoo 

9. 

k.2»4.A3 

9. 

9. 

p . 

k.lk4*93 

9. 

p . 

1.1*4*91 

9. 

P.924*93 

a.934*93 

3.9|P*9* 

p . 

9. 

p . 

9. 

2.a*F*9S 

3.414*95 

9. 

2.744*93 

A . 

p . 

9. 

9. 

9. 

9. 

p . 

9. 

4.134*93 

1.954*92 

500099 

p. 

9. 

9. 

9. 

9. 

I.*32*n2 

9. 

3.*7E*02 

0. 

1.8*2*01 

0. 

l.kAE*83 

3.SkE*03 

a.0kE*B3 

0. 

3.2k2*0* 

0. 

0. 

9. 

1.53E*8* 

5.*2E*95 

0. 

2.59E*03 

8. 

D . 

8. 

9. 

B. 

8. 

B. 

9. 

k.87E*9S 

k.97E*93 

1090000 

0. 

0. 

8. 

0. 

0. 

2.3*2*00 

0. 

2.k9E*eA 

0. 

l.k*E-81 

0. 

t.3IE*e3 

2.k72*e3 

1.952*03 

0. 

1.102*0* 

0. 

0. 

0. 

*.7S2*0( 

9.312*09 

0. 

2.(12*03 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

9.71E*0S 

8.382*03 

A. VALUfS LESS THAN 1.94*19 HAVF MtEN DE4ISNA7E0 AS ZE*0, 
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TABLE A.4.7b. Hazard Index--Reprocessing Cycle—Growth Case 3—2010 Reprocessing Startup, 
m3 water/MTHM(A) 

YFAR 

RAOJONUCLIOES (R) aOp9 8030 pITn 

9 a Pa CH.P*S 

CH.p** 

C N . 2 * 3 

CM.2*a 

AH.pa3*NP.239 

AH.F*2H*AM.2a8 

AM.2*I 

PU.2*8 

PU.2«I 

PU*2*8 

Pu-23* 

PU*P34 

Pu-P3k 

NP.»I7*FA.(33 

U * ( 3 8 * T H . 2 1 * * 

*A.(3*4 
U.24k 

Pa 

Pa 

Pa 

U . ( 3 3 * T H . 2 3 I 9a 

U.(3a P. 

U . ( 3 3 Pa 

U.(32 9a 

PA.Pll 9a 

TH.238 P. 

T H . 2 ( 9 * 7 O A U S H T E » $ P. 

TH.228*fc OAUBHTERS 9. 

AC.P27*7 DAUBHTFRS 9. 

T N . » ! ( * 2 OAuBHTFRS 9, 

RA.p2k*S OAUSHTERS 9. 

PS*210*2 OAUBHTERS 9. 

TOTAL 9. 

URANIuH ORE INBFX 9. 

0. 

0. 

9. 

0. 

P. 

9. 

0. 

0. 

P. 

9, 

9. 

9a 

9a 

0. 

0. 

9. 

0. 

0. 

0. 

0. 

9. 

0. 

I.q-t*05 

7.APE*pr 

J.|36*Oi 

7.TSF*P5 

b.OKf•Pb 

a.R'f•Pb 

b.s JF* ia 

S.ijbE^PS 

l.SU*Db 

b.paE*05 

5.05S*3b 

S.a'E.Oi 

l.aaF*P3 

1.9PET18 

b.bfF^Pl 

5.1PE+P0 

a.pufctia 

a.PlE*50 

a,iiE*3i 

3.*8E*91 

1.112*08 

l.a!'E-31 

S.4aE*31 

a.q8E*->l 

l.qat-Pa 

1.7UE^98 

3.P3E^91 

7.1-'E^9« 

8.7''£*P0 

Actinides 

30C 1 POP 

R F P L H T r r l T « r f V F A a a 3FVPNP 1 9 7 5 1 

q o p p i p p ^ p q p p p p i p p p O p soooo' 1 9 9 0 9 0 0 

a . 7 7 £ ^ P l P . , i ? F . ' 

1 a ? l t * P 3 l . p a f « p 

• i . a b S * r i s . k P f . i 

7 , 7 D t * P 5 7 . » 9 F « ' ^ 

^ . g 7 t » a - 1 I . e * F » -

« . ' i » t » 9 J a . q R f . " 

J . « 5 t * P t l . i , 7 F ^ ' -

? , ( - U * P b I . O I F ^ " 

( i , b a t * P 5 7 . , q t . ' > 

R , a a t + 0 5 l . i k r * ^ 

Oa Pa 

8 , 8 l t * 0 3 ? a « l E * o 

l . q a t * 0 8 t . a P F a -

7 . o u t » 0 1 7 , i ; 5 F » ' ' 

5 a J j t * " P S . q 0 F * P 

a a 3 9 t + o a l . n P F » r 

l a O O t ^ P l ' > . q 7 F * ' 

a a 8 3 f c - 0 l l . . R f . . ) 

! a 9 U * 0 l u . n S F * ' -

l . a a E ^ O a J . n p r . - -

l , 3 b t * 0 1 a , » a F ^ ' 

l , 7 7 t * C 0 l . f l a ^ . . ^ 

b , 9 5 6 * 0 1 T . j a F » ( ' 

l a i a t - o t l . P O F - " 

l . J 7 t » 0 5 l a a O E ' P 

a , a J t * 0 8 l a i ' F ^ T 

3 a 5 B t * P S l . i B E * ' 

0 . 

9 . 

8a 

Ba 

g. 

ga 

Oa 

9 . 

Oa 

7aatiE^02 

8a 

Ba 

l . q l t * P i 1 . a 4 F » " 5 1 . ' 1 F * P 3 a . i a r . p a a ' p l F . p Y a a 4 a r * p l 

l a J b t t P i b a a a p - " * p . p . •>.' P . 

p . p . *».' p . 

J , a R F - P y o , p . p . 

H . a p r . P i , p . o l r . p f c I , \ P F * A U 7 , i t r . p a 

Q , 0 1 t - P « i ^ , - ( . p . p . 

? , q ' 5 F * o q a . A S r . n u ^ J p i r . « J a . q q r ^ P l P , 

u . a b F . P t tt,^^r*^x a . s P c . p ^ a , * a t + p i i . a q t * P 3 

p . H f . r i t , 7 j B » n ? k . \ i « . P I q . i P r - p i p . 

1 . P 7 F . P 4 , T . q R r » p 5 l . p b r . p a 7 a a 5 r ^ P l 9 . 

1 .P8F«i - ik i . j l c A b A . i ] - l » » p q 1 a < - ) F » P 3 1 . 1 7 E + P0 l a 2 7 E . e b 

l.Oat.PlA. p." Pa Oa 8a 

9. P. •>.' P. 9. Oa 

3.?br»PS TaPbF»"5 ?"P1F»P3 l.lTr^pS 2.7RE*03 8,372*03 

1.0pr»pp l.a8r.pP 1 ."ppF.pa 1 .aar^pa 1,9?E*Pa 1.92F*02 

1.P3F+PP 1 .TPF.nP 1 ...SF^PP 1 al5F + P2 l,b4E + 9a lallF*92 

i,.|SF*rp T.plr.np i.'aPFtpi l.«lr*p| 1.98E-P1 l,91F*91 

l.P1F»H q.aPF.rP B"/I1F.PP 7a03r*pa S.lbF.OE la«af*02 

%.P1F*PP 1,p7r*p1 A.*nPp.P3 1 aPlF*«a aa5lE*94 aaaaF*8a 

p. p. p.' p. Pa ga 

q.iPE*ni Aaq'F.Pi p."jbr.P8 aaPar*pa R.SaE.pa 3a33F*g8 

7.1bF.Pp i.i3r^Al q.fPr.Pl 7a7bt*p3 l.laE^P3 aa3*E^93 

4.u3t»''4 i.alF.pa l.';i3r.P5 ?,qbr^P5 7.54f*93 7,4bE*9S 

^.l«t-Pa «,TOr-pa 4.««F.P1 1at5r.i8 4.4lE-9a lal8F-9l 

9.nlF»Pl i.iTF.n? o.nae.pa 7.14r*P? R.qpftoa 9a49F+0a 

l,«RF.Pj (laPUr.AP p.k7F-Pl *aAPp.pl 8.44E*P0 5a75!*g9 

8,q*«.Pu TanlF.pa ^.aaF.P4 qaP7r*p3 a.laE.PS la71F*9S 

l.Paf*Oa p.'ilr.ra I."77F^P3 1 ,79r«P3 la"9E.93 5,*8F^9a 

7.PRF.0k q,„l,r.Ab 1.k«F*Pk I.qlr + Pk l.baE^Pb l.PJf*9k 

a.llE*CO I..RF1P0 a.lSF-Pp • -pt-^p 1 .'a3F-P2 1.7Jr-n2 1.47E-Pa l.a8F-0? 

A . VALUfS LESS THAN I . 9 F . 1 9 HAVF PEEt, 0E1TSKATE3 AS J F R O . 
S . T H . ( f 9 , 7 DAuBHTFRs A»F P A . 8 7 3 , A P - P 8 3 , ' H - 8 8 1 , A T . 8 1 7 , a T . 8 i J , P 8 . ^ P ^ A"D T| . j 9 q r a R« PF T n - P p a « N P D O . P I S I S 9 l « I F T w . p 

T H . ( a 8 , k PAuGHTFRs A R E R A . a ? a , R M . 8 2 P , P O - a i b , P 9 . 8 1 8 , o l . 8 i 8 A ' 9 TL 'POA I « M.t tiF T H - p a a A-.p P P . P I P T S baX OF T H . 8 8 a . 
A C . ( ( 7 , 7 PAuBHTFRa ARE T H . 2 2 7 , Kk-lit, R N . a i R , 2 3 . 2 1 3 , p a . a i 1 , >>I -81< A><9 T L - P O T , 
TH.(a(, 2 DAuBHTFRs A*F RA.829 1"P IC-pa*. 
•A.(2k, 5 DAuBHTFRs ARE UN.388, Pn.aia, Pd.aia, 91.all A.P Pp.pia. 
PB.2iO, 2 DAUBHTFRS ARE 81.210 ANO PO-ptO. 

NOTF. IN ACCOUNTING FflR THE ACTIVITY IN T H I S MANNE», BRANPMIN,. OECIY T' TIE CA«F pF TL-20a f3H1 . P0.?l8 (ia«), ANO 
..... («») . pa.{4| (RI«1 HfRf COUNTED AS A SINGLE O A U G H T F R IM F A C H CA4f. "TN9R aO.MpMjNp, (1» "» L'SS) "AB I G N O R E O . 

P0.?l8 Clan), ANO TL.209 
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TABLE A.4.8a. Hazard Index-rReprocessing Cycle—Growth Case 4—2000 Reprocessing Startup, 
m3 water/MTHMvA) 

Fission and Activation Products 

HAJPR 
RAOIONUCLI 

H.3 

C.14 

NN.qa 

FE.43 

CO.19 

N I . 4 * 

Nl.kl 

82.79 

KR.P3 

RS-FT 

SR.48*7,49 

ZR.43 

NB.41H 

TC**9 

RU*lBk*4H. 

P0.107 

AS.)104 

C0.1IS" 

S « . 1 ( 3 * T E . 

SN.|2fc*f8. 

1-129 

C$.13* 

CS.I33 

CS.137*2A. 

C2.|***PR-

PH.1*T 

SH.I51 

Eu*)52 

Eu*i5a 

Eu.)53 

OTHER 

TOTAL 

0E9 

108 

.|25H 

.12k 

.117 

.14* 

URANIUH ORE INOfY 

A. VALUfS LESS TH/ 

8090 

P. 

Oa 

Pa 

Pa 

Pa 

Pa 

9a 

9a 

9, 

9a 

9. 

Pa 

9, 

P. 

P. 

9. 

9. 

9. 

P. 

9. 

9. 

9. 

9. 

9. 

P. 

P. 

P. 

9. 

9. 

9. 

9. 

P. 

9. 

IN I . O F . 1 9 

VFAR 

2030 

P. 

P. 

P. 

9. 

1. 

9. 

1. 

0. 

9. 

P. 

9. 

9. 

P. 

0. 

0. 

0. 

9. 

Oa 

9. 

Pa 

9. 

9. 

1. 

1, 

9. 

9. 

9. 

9. 

9. 

0. 

P. 

P. 

9. 

HAVF P E E N 

PJTO 

I .P-^E + P* 

1.9«F*P3 

l.atF-Db 

l.aNF«P8 

8.7Jt»PS 

1.47t»9a 

9.4 I6*0k 

l.lOt*PS 

0. 

laqSF.Pi 

5.?»F*10 

8.93t*93 

l.a«F*pj 

a.ibE*9a 

1.7aF*P0 

3.7»f*P4 

8.77E.37 

a.oPF*Pk 

5.306*93 

5.|9F*53 

5abkE*P3 

a.a5E*8k 

3.P9E*33 

1.2-»E*P9 

s.paf.oi 

1.3SE*Pa 

1.41E*9fc 

l.a»E*14 

3.47F*97 

a.iaE+98 

T.iaE.lo 

5.alE*lP 

b.?aF*pa 

O E S T U N A T E B 

qoT 

laSlt.OF 

Raiotapa 

p. 

D . 

9. 

l.?bt*ca 

a,a7E*ib 

laPRtiPS 

9. 

laSSt.Ol 

aa38t*9b 

8aP5E*03 

OainETPJ 

aalbt*0a 

8. 

3a7b6*0a 

9a 

aa3lE.03 

9a 

s.ise+cs 

3.kkE*D5 

9. 

J.9»E*0J 

1.99E+05 

9. 

9. 

7.5J6*0a 

9.31E.0T 

e.30E.01 

8a 

9. 

a.S9E*Pb 

U.95E.0a 

AS ZERO. 

iPOO 

P. 

=.P3F.>8 

p . 

0. 

9. 

l.YbE^ a 

1 .naF*~a 

1 .p9F*-^i 

(". 
ta«SF-Pl 

1 .nSFKil 

8a"3F*"J 

a.i9f»"3 

»ai3Ea-a 

0. 

3.TkF*-a 

p . 

o. 

9. 

3.1fcF*PS 

S.AkF*r3 

0. 

3.o*F*'5 

l.PbftPO 

". 

P. 

1.nIF* >3 

p . 

3.Y9F.19 

P. 

p . 

l.alF^rb 

l.qOE-pa 

H E - L O ' S T P TT"r fYFABR -ryPNP 

40-P 

9. 

q.b9F+pp 

0. 

0. 

9. 

1 .a|F*-ia 

o.iae-ip 

1.paF*pq 

p. 

I.43r-fl 

9. 

?.paF«P4 

«.P9F»P4 

a.iOF.Pa 

9. 

4.7kF*9a 

0. 

9, 

^ . 
S.98F*P3 

3a('fcE*9« 

Oa 

laP*F*P4 

0, 

P. 

P. 

P.P7F.11 

9. 

P. 

9a 

Pa 

1 .a7F*p<, 

laabF.!'? 

1 PPPP 

"a 

4a1lr*ra 

P. 

P. 

Pa 

1 aPbF.pO 

o. 

OaRAa*pa 

Oa 

1aSiP.'! 

Pa 

aapP'*p^ 

aaP3F*"a 

Pa 

laTkr.pa 

Pa 

Pa 

Pa 

aaa3»*p3 

q.Alr.p'i 

P. 

4aP«P*P3 

Pa 

Pa 

9. 

Pa 

Pa 

Pa 

P, 

"a 

1aP5F»P* 

laaar.p? 

4 P 9 P 9 

p. 

Pru7c»P9 

-. 

". 

". 

•••HF.PS 

P. 

i.aSF+pa 

p.' 

1.q3F.Pl 

.1, 

P . P 0 F * O 4 

0 . P I « ' * P 3 

t^q4F.pa 

P. 

a.'7aF + "a 

9.' 

9. 

9.' 

aJAAF+PS 

4."l3F*P3 

P.' 

«."p4c*PJ 

P. 

p. 

ftl 

p. 

PT 

p. 

^l 

9.' 

1.pRrapb 

1 JPSF.P? 

1*741 

Ipgpop 

0. 

4a»»»-l5 

Pa 

Pa 

Pa 

•.a7bF*PS 

P, 

^.TAp+pa 

p . 

1.S3F.P1 

P. 

1.bbr^PS 

4.q?F*p3 

0. 

i.73r^pa 

o. 

p. 

o. 

P . 1 0 P * P 5 

q.AaF»p5 

Pa 

<aP|F*PS 

P, 

Oa 

r , 

Pa 

Pa 

Pa 

P. 

Pa 

qaa3r*p5 

1 aP*F.p2 

500999 

Oa 

9a 

9a 

9. 

9. 

1a89E»P8 

p. 

5a!3E*9a 

9. 

laSSE.Cl 

9a 

laB3E*93 

3a8bE*03 

*.00E*03 

Pa 

3a5aE»0« 

0. 

Oa 

Pa 

i.k3E*g4 

3a5a£*93 

9a 

8.73E*03 

9. 

9. 

9. 

P. 

9, 

9. 

9. 

9. 

b.83E*P5 

7.1kE.P3 

1090909 

8. 

0. 

8. 

P. 

8. 

a.3i)E*80 

8. 

8.49F*80 

0. 

1.55E-81 

8. 

1.29f*83 

2.392*83 

1.4*2*03 

0. 

3.alF*0* 

0. 

8. 

9. 

5.112*02 

5.132*03 

0. 

2.aS2*03 

C. 

9. 

g . 

0. 

g . 

g . 

8. 

g . 

5.4k2*B3 

k.732-03 

http://q3F.Pl
http://s3f.p1
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TABLE A.4.8b. Hazard Index—Reprocessing Cycle—Growth Case 4—2000 Reprocessing Startup, 
m3 water/MTHM(A) 

Actinides 

R A D T O N U C L I D E S (H) 89p8 

»EA.< 

2 9 4 0 

SFPU ii;TP T T < F f » F A B « i«Fy9>P 1<)75l 

qo-ip 1 POPP qpppp 5PPPP9 

CH.pas 

CH-paa 

CH.paj 

eH.?48 

AH.?aj*NP-83R 

AH-pajH^AM-gap 

AH.2«1 

Pu.2*a 

Pu-2«l 

PU.2«9 

PU-Pl* 

PU.?3* 

Po.pSk 

NP.p37*PA.233 

U.248*Tw.aSa* 
PA.23«< 

U.P4fc 

U.(45*TH.83I 9. 

u.a** p. 

U.213 P. 

U.21( 9. 

PA.231 P. 

TH.?3e P. 

TH.p2R*7 B1USHTE»S P. 

TH.2(8*1 BIUSHTERS 9. 

AC.?27*7 OAUGHTFRS 9. 

TH*23?*? OAUSHTFRS P. 

Rl-?2k*« plUGHTfRS 9, 

PB.218*2 BlUSHTtBS 9, 

TOTAL 9. 

URANIuH ORE IN0E> 9. 

a . T 7 E * P 5 

1 . q a t * P B 

5 . 1 a t . p b 

1 , S ) f • P b 

1 . 0 H E * P 7 

1 . P t f * P 7 

a . t P E . D M 

7 . 1 1 E * 9 J 

1 . 1 j F * 9 b 

3 . a S E * 3 b 

7 . k 7 « . 9 S 

1 . P 1 F T P 7 

8 . p a £ - P l 

l . q >F«35 

1 aq"iF + 38 

8.b >e*9i 

5 . t a t * 3 9 

5 . 7 - 1 1 * 9 8 

5 . « I E * 9 0 

7 . ? J E * P 1 

J .aaE*Pi 

b . 1 7 2 * 9 1 

a . 1 i f c - p i 

i . 3 3 e * 9 a 

q . 1 b t * 3 1 

1 . s a F . p a 

1 . p > e * P 8 

i . q > E * 9 l 

7 . p S F * 9 « 

« . 1 1 E * P 9 

a a b l t * P S 

5aa5t*c. l 

7 a 7 R f T O l 

8 . S 0 f * P i 

1 , n a t • P ? 

1 . s ' t . P b 

8 ,ob t * r - . 

7 , > 9 F * P 3 

9,?afc*n< 

a a i e E ^ t h 

a , a a t * C P 

2 . 1 I t + P B 

Oa 

8aa7E«o'. 

1 a R ' . E ' P P 

R . 3 7 E * P l 

5 . ^ 9 t » 0 0 

l , 3 7 E * o i 

3 , b 8 t * ' - l 

1 a U 5 t * P l ) 

5 a 9 1 t * P I 

1 a t » e * p a 

8 a P l t » " 1 

^ , n t * " p 

b a R b t ^ P l 

I a 7 5 f c - P 3 

R a l P t T O a 

3 . o a t » r 8 

a .b7 t *ob 

? , 9 7 t * 0 i ' 

" . i . ? F * ~ i 

1 . A i i r - - 7 

1 a a u F - ' 1 

? . « b f • r 0 

q . q S F * ^b 

1 • A ? F * ' ' 3 

1 a t I F * a 

7.78F. ' -J 

^ . . 3 f • • J 

C . 1 7 F . ' b 

o . / , 7 F * S 

? . ' i 1 F . ' - > 

' • 
P . « a F . ' 5 

1 . o S F . r a 

1 . n ' F * a 

S a l l ' F ^ . 0 

1 a « P F * ' < 

b a a l F + n l 

1 . l * F - i 8 

U . P O F * 1 

P . - i S F * l 8 

1 a i 4 ( • ' a 

P . q ^ F - - ^ ? 

7 , J | F » P 1 

« , 1 I F - P l 

l a P S F * ' J 

1 a l I F * ' 

1 . p 7 F . - > « 

1 a O b F * - " 

« . 1 ( l F . " S 

P . 

P . 

» , 0 7 F - ' ' J 

b . q j F ^ o i 

1 . o a f . n 

S . I ^ c . ' i q 

7 . » . a F * P 4 

b . ^ l F . P l 

8 . 7 7 F . P A 

l . q j F . n A 

P . a i F - P l 

p . 

4 . P I F . p q 

l . q S F . a 

, 7 P F . p p 

i,a^c^•\^ 

1 . q i F . " ! 

b . P Q F . - i p 

p , 

q . i P F . P i 

1 . P r f > » ^ x 

i . q i F • " ^ 

q . p a t . u 

0 , 1 2 F . . - 1 

P . u b F - f P 

a , R « F • p " 

1 . • ' J ' * p i l 

1 . P S F . ' 7 

1 , a » F . P i 

3 . r h F * « q 

p . 

- a 

P a 

a . « P r . « b 

^. 
P a ' i * P * p 4 

7 a t 1 F « i - ^ 

, i a i « . « » r l 

1 a A l F . i - f c 

1 . f l R r . ^ f c 

.̂  , 
P . 

t . s P r . r a 

1 , o S r . r J 

a , p 3 F * « ? 

B . f l l r + p o 

1 ,e>1 r . - < 

1 . p l c . ~ ^ 

- a 

• . . 7 l ^ . ' ^ | 

P a ' l P F . ^ 1 

1 , » ? f * - > a 

, . t l F - " « 

1 . p P e . r P 

s . q ^ c - n P 

1 . p b r . n l 

/ J a P * ' ^ * ' ^ ' J 

a , . O F + p h 

1 . r ? r - ^ 1 

p j f * " ^ 

' 7 7 F « p q 

j h F . P ^ 

p 7 F » P ^ 

o S r . p p 

T t t F . P t i 

p h r * P A 

. t a r . - q 

' o S r . P P 

• ^ P c . x ? 

n a r . n l 

T a r . " ' 

" o u r . r ? 

. a c . r ? 

t J F . ^ T 

/ i ^ F . A * . 

3 » t . P « 

1 T t . " ? 

S ? t - P 1 

q P f * P S 

j i F . o q 

q " F * P l 

O 7 F - ' P 

1 , n O F . " P 

^ • 
". 
'. 

1 . P b F * P l 

'. 
1 , 1 O r + 0 8 

» . , y S r * ^ l 

P . 1 P F ^ ' . O 

1 . A < F * P 8 

P , F 7 r * P 5 

1 , 

r , 

t . i a r * « S 

1 , o S r * p a 

» . ' l F » " a 

? , e a c * n l 

1 . " . P F ^ - l l 

1 . r 7 c + '*a 

p . 

s . q 8 B * p P 

1 , i i 7 F + .^a 

P . O ^ F T ^ S 

1 , q i t e - p p 

q , Q 7 r * p 3 

* . ^ a r - p l 

Q , a 7 r * o s 

7 . i l O F * P 5 

? , p q r * * A 

P a ^ * F - P a 

P a 

P. 

9 . 

9 . 

p . 

fl . 
p . 

^ . I 0 t ^ 9 3 

0 . 

0 . 

3 . 1 P E . P P 

9 a 

0. 

P . 7 l E ^ P 5 

1 . 9 q E * 9 ? 

P . R 7 F . o a 

P . 7 b t * P l 

4 . a 7 e . P 8 

8 , a q E « p a 

P . 

7 a 9 7 F * P a 

1 a l p E . O O 

7 . a q E . 0 5 

7 . " 1 E . P P 

1 . a i E t o j 

1 , " 1 f • " ( ) 

7 . j a E . P S 

? . 5 a E * 0 3 

P . P l C . O b 

p . J b t - p a 

9a 

Oa 

Oa 

Oa 

Oa 

8a 

P a 

l a P » F * 9 3 

9 a 

Oa 

2 a l O F - 9 k 

Pa 

Pa 

2 . 3 a f * 9 5 

1 . 4 ' * E * 8 2 

2 a R J f * 8 2 

a a 7 b E * 9 l 

a a 9 U F * 9 2 

a a a i f * 9 a 

Oa 

7 , 4 7 E * 8 P 

3 . a i F * 9 3 

7 a ? 7 F * 9 4 

l . q b F - O I 

l a a a F * 9 j 

7 a l 0 F * 9 0 

a . q b F * 9 4 

" . 7 J f » 9 « 

1 . 3 a F * P b 

l a a a F . o a 

A . VALUES LESS T H I N I . O F - 1 9 H A V F » E F > t i E S T i . N . T t O Aq ; E » U . 
8 . T H . 2 ? 9 , 7 P l l lGMTFRs A R F R A - 8 P 3 , A C - a a S , F w . a j l , A t . 2 1 7 , i f - 8 , ^ , a^.lriO a p T L - p O e T« a t "F T - . p p o 

T H . 2 8 8 , k P l u G H T F R s A R F R A . 8 ? a , R h - 2 8 9 , P i l - 8 1 1 , P - * . 8 l a , " T - a i P Ak3 T L - a O " I S 4 i » T F • • " . . p j a A P P P . 
A C . 2 ? 7 , 7 PAuGHTFRs ARF T H . 8 P 7 , B A . a a ' , R N . a i a , p ' j . a i s , p j . a , i , n i . a n A . P T L - P O I . 
T H . 8 1 8 , 2 BAllGHTFRs A R F R A . 2 8 4 Alio A C - p P « . 
P l . a p k , 5 P l u S H T F R s A » F O N - ? ? ? , P n . a i a , P > i . 8 i a , a l . 8 1 a A . P P ^ . ? ! , . 
P 8 . 2 | 0 , 2 PAuGHTFRs iRF O J . 8 I 9 A' lr P O - P I P . 

N O T F , I N A C C O U N T I N G FflR THF A C T T V I T Y I N T H i a M A N N f « , H R A w r u i N r P F P A Y I » T M F c > q r oF T I - p p a f ! k « i . 
. . . . . ( « « ) . P 9 . 2 4 1 ( a m «FRf CJl.MTED A>> A bI>.C-LF P l U r . h T F J I . FAPH C » « F . « I ^ ^ F n P t k . p ' . I M i ; r l » P» I 

i«.r p P . a U 14 N u PF T H . p g * . 
P I S Tb hex OF T>. . ,>8A, 

• • f . a i a u a x i , Ak,o TL.80N 
FSa) -aa I G N O P F D . 
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TABLE A . 4 . 9 a . Hazard Index-rReprocessing Cycle—Growth Case 5—2000 Reprocessing Star tup , 
mJ water/MTHM(A) 

Fission and Ac t iva t ion Products 

RioroNurLiDES jOno 

C.|« 

M M * * * 

CO-tP 

N I . « « 

N I - H 

S^-T* 

R B - » T 

!»••» 

» 6 - M 0 K 

C O - M S " 

CS-tSa 

CC)3S 

• M - I S I P . 

E U - H 8 «• 

OTMrR « , 

TnT»L n . 

U R t f t u " OBE rMl»r« n . 

0 . 

f . 

f i e ^ L ^ w T l " T r ' t r f V F i o ^ ^ p v ^ ' n 

J<7Q 

I . « « t » 5 l 

I .»»>*'<3 

? . < • > • • - . « 

1 . « ' £ • ' * * ' 

I . | 1 E « 1 S 

1 . 

a . i i f ••>« 

a , ! •»»-*Ti* 

S . « o F » i i i 

a . n i F - 1 7 

« . « - » • - . } 

S . x f t T S 

k . T S f ••>(> 

» . 1 » > F - i « 

1 . ( I f t i a 

1 . 7 ^ ^ • 1 l l 

i l . l n t t l T 

1 . T f f - i * 

• . T i t * - ! ? 

SOU 1 no»tO'\ ^ngaon tonOnoo 

0 . 

1 , « . t » C 4 

t . S i e - O l 

>.n5fc»i.5 

s , » » E . i > J 

1. 

5 . l u E * r . j 

H « E « O i 

0 . 

0 . 

I . i a E > a h 

9 . 

*^« " • '^« f*. 

< * . » ? F » 0 « S . ' > ' " * f l » t . l t ' » " ' > . ' ( i T » * » l 

t , 1 B F * ^ « 

1 . " S F * ' * 

1 , « a F > ^ l 

1 , 1 I F * " ! 

» , r > i r » " J 

U . l O F ^ r i l 

S . » > F » n S 

l . i O F t " * 

1 . t < i F » n O 

l . t P F * " * 

1,<1P* '^<1 i , > S r * f t o * . i i 7 p * r » « 

l . f l o f ^ l i i fl.rOr^f'C i , . < ) ( t r * ^ u 

" . 1 . ' 

j , s < i F « n t i , c t i r - - « t t . ^ a r v ' ^ t 

1 . r>. •>. 

? , i S t » r i > . n < l c * f M > . n n r « r i 

i i , i q F * ' > l / i , A t t r * A l o . A l r * r 9 

a , 1 2 F * n u &a'^5F* ' *< i l , ' « S r * f » « 

? , « s c * n < i t « » S F * « a ^ . a u F ^ p a 

f . n . n . 

^ * p« •*. 

1 . ' ' . ^." 

5 , l l f * T * / i . e u r * ' ^ * i . T ^ f ^ r * ; 

» , 7 ? « » ' ' « 5 . 7 ? r » n S ^ . 7 < r * n S 

". «. iJ 
l , i a r » i n t , i ^ r * p > < . ' ( ' a t * f » » 

f l . . ^ , •>• 

S . l S F - 1 1 " . 

0 . n . 

1 . ' ^ F ^ O I . i a a 7 r « ' M ^ l , i n K * n | ^ 

l , a a F > ' i ) i . c S r . n > i . ' 9 7 r . n ? 

1 . 

•.•!•*-«! 
A ^ 

*», 
0 . 

« . 7 5 r • • ^ J 

". 

". 
1 . « « r - n ) 

'̂ , 
1 . s l k r * « 3 

i , e f r * A l 

4 , A 1 V«<^<l 

«, 

". 
1 . 

1 . 

? . < . S r * « S 

< . 7 0 r * « 5 

". 
»,«»»»nl 

«. 
rt 
ft. 
/», 
f . 

n. 

ft. 
ft. 
a . « « r * f t S 

1 . 1 0 » » n » 

ft 
•) 

1 

•) 

tl 

1 

1 

< 
n 

1 

ft 
1 

1 

9 

(1 

% 
9 

l> 

n 

1 

S 

n 

2 

ft 
0 . 

ft. 
P, 

0 

0 

0 

9 . 

• i . 

7 , 

•nt*02 

,I«E*P? 

,»«E.01 

,k]C*n3 

Z«C*03 

aiit*ns 

6TE*fl« 

» i i E * n « 

»nE*n« 

l>ftE*OS 

»')E*os 

««E.as 

2,^Tr*oo 

2,<«F*on 

l ,««r-nt 

l.»9f»0S 

l.v«E*e3 

i.^se*oj 

3.t«t*e« 

t.;oe*Oi 

? . • « • « > « 

i.««e*n3 

i.*ie*ef 

k.*ir>03 

* . V t l U f S I E » ! I TX«N l . d F - m H |VF PEE- O E S l i . ' » T t T » * / f > l O , 
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TABLE A.4.9b. Hazard Index-rReprocessing Cycle-
m3 water/MTHM(A) 

•Growth Case 5—2000 Reprocessing Startup, 

»»oroNuctiOE» (x) ? C O P 

CM-?** 

»u-?«o 

PU-?1» 

Mr»r I7 *B1 .233 

U>2y* 

U . » ! H » T w 2 3 | P, 

U>I! i l P. 

U-fi P. 

u - » j » p. 

R«-?3l P. 

TH.?J9 P. 

TH«?2«*T D » U S M T F » » P . 

TM-??»*t 0»lJ8t<Tf»S p . 

«C"?»T*T 0 » U S H T F » 8 P . 

T H - > 3 2 * » OtUtMTFBS P, 

* > • ? > » * • B>UlrfTE>S P. 

P t * ? i o * r otuSHTrRa n . 

TOT»t P. 

UR4NIUM ORE IlaOE< P. 

P. 

P. 

P. 

P. 

P. 

P . 

P. 

P . 

P . 

VF«l> 

?vlS? > '7 ' i 

5.«%£••") 

1 . • ' • F • 1 ^ 

1 ,?<it*17 

< . . 7 1 K 1 « 

1 . f t ' f ••!« 

l . « e*^t 

l i .S.rF*-)!, 

Actinides 

•iO ' 

-.^t.Ll'•.T^ TT^r fYt»B« a c y l - i " 1>.7S, 

S'j-'O lftO*^ft <ftTftP iPftftPft Slnlft'^ Iftft'jftO'^ 

S. l iOtfPS « . i « F « ' l < . 7 1 f » ' ' s 

?,obt»ri s.ft^F*^" i . n c ' - i 

l,eot»L-|7 l , l ' ' F » ' ' ' 7 . a s t . f f c <./ .5r»ft«, 

l,F7fc*'^ft 1.ft1F*TS P . S M F - i ^ 

? . s ? t » r « t . i i F * - - ? ^,7 ' jc»f t^ 

I , t Jfc*.'" 1 . 1 « F * '» I . ' !»>*'•<' 

l . - l ( i l«;.4i ) , i - l l F»"J 7 , u ? > » ' « 

5 , l i ) t»Cfc a .e%F» i6 <.J>i f» '<. 

• .oXF^-.s « , 1 b t « 0 5 l . f t h t * i - » l , 7 i f » ' ' > . 

l . o r f * ' > 7 8 , a 7 t * r s ,> ,««F»- i i « , i iOF- rn 

0.<<IE»-12 3 . p. 1 . 

1 . 7 " F f ' 5 J . 5 2 t * P 5 ? .7SF» fS 1 , -HF»P< 

L S k f t f t J l .»fcEt ' )e l . f t h f » ' J l . O h f * ^ ? 

7.0.>F»-ll « . f ? E * r l l , f t 1 F » ' J 1 .79F»n> 

S . l ^ f t l O ^ . J ^ t + 'O "^ . ISF*" ' ' fc.lHF»PP 

S - k ' t ^ l J 1.7afc*Cl ? . | 3 F » ' 5 s , l > . r . f t » 

?,0»F«3') l , a O t * 0 1 • . • i « F » r l ^ . < ^ F • ' ' > 

l . t t E « i a 3 . » a t » P S ? , i . ? r . - D 1 . 

3 . « 5 t * i | 3 .« .2t«Cl 1 , 7 ^ F » - i a,H\ct'-i 

1 . 7 » F » 1 | l , n 3 t » C l l , n 7 F » - i ^ . I k F * " ' ( .J t , I« f tU 1 

3 . o ' F * T « ( i .QlE»CJ • . , t 1F» ' -3 o.«Of- ' ' ,a ( , i ? r . f t 3 7 

« . S » f « 5 1 b . a J E ' u ) F,TftF»'"I • ,>.nF»'M l . l k F * ' ' ^ S 

I .OOE- IU l . t . U - 1 - ? ' . . < 1 F - 1 « ? . ' S f - ' ^ S S . a 5 r - f t ' « 

l - k J E * " ! J . « « t * f i ? l , i ? F « - 3 l . "oe« - iu i i ,70r»f to > 

7 .7^F t1S 8,7fct*0'> 1.»?F»- '» l , a < F « ' ' 7 1,ftPF»A7 J 

i>.oie«no j . i 7 t * P ' i i ,«?F»ftO i , ( . o F . n i ( , , 7 » . ' - i t 

UF*ftS a . c I F * " ? l ,?«p* f t? n . 

P. 

n. ft, 

tSF + ftS t .tiHF*ft3 ' ^ . 

,»lilF*ftS 

,1 1r»ftil 

. • f r * < - « 

, o 7 r + '<k 

,1^F*ftfc 

,ftQr*ft^ ^ 

,oe.r*ft9 1 

, ( !?»*"» ' 

, s 7 r * f t " 9 

. t » F » " < 1 

, 3 lC» f t1 S 

. ft 
,/i(<F*«1 > 

, t ( i r» f t« 1 

0 . 

P. 

0 . 

0 . 

0 . 

0 , 

0 . ,«»*ft^ I ,?«r»ft? P. 

ft^FtftO <»,«Sr*ft^ «,bOE*P3 t , F « F * 0 3 

;,ftF»n? ?.«7F»ftft n , 0 . 

,SF*ftt i I .QVc+ft? ft, P. 

j lF»ft>. ^ . rUF* f t5 ^ . 5 l E * p p 2 . ' « F - 0 * 

ft. 1 . 0 , 

1 . P. ' . 

,(,F»ftS ^.ft?r»-<S 9,!>SE»PS ? . > * F » 0 ^ 

ftbF«ft» 1.0»iF»»? l, i»»E*ft? 1 .07F*P» 

, « t . f t P T.riir*nl ^ ,3nE«0S 3 .?SF*0? 

, < c . r 1 J , » ^ t t f t 1 5 ,P<E«"t 5 . " i F * P J 

o l F . - ^ ( , k 7 r » f t » <.,P1f»n? J . l l f t P ? 

7 l r» f t< t , r < r * f t l l ? ,3»e«P0 ? .«1F»0« 

0 . 

„«r»ft» » , . i lF»f t? « , « ? £ • " ? « .»8E»0? 

ftTF^fta 1,felF*ftU 1,2lC+ftti 0 . i a F * 0 3 

,nF»ftS ?.ePp*ftS 7.?rE«ft5 h.»»F«ft5 

, 7 F . f t i l , « « c - f t ? • , l « E - n ? l . « . JF -P i 

K ^ i . o s l , f tPF«n3 l , 5 « e » f t l 1,^SF»P3 

t a F . f t l 7 , H F - f t l 1,»9E«PP 7,»bF»on 

pUF»ftS I , l 1 r » f t > i • , l 7 E * f t * S.77F»P5 

, i , r»ftS » ,7»r» f tS ?,7»F»n' i 9. l l l lF»0ll 

.«F«ft<. >, i l?p*"». ? ,1?E*nb l , ' 3F»P» . 

, 7 F . r ? > . 7 « r - f t S f . ' i i i f . P a 1 .«1F-Pa 

« . wiLUfg LESS TM«M I . O F - I P H»WF eEfs U H T ' - ^ ' T E S »» ?FKCJ, 
t . TH.2y« , T PtIlSHTFRS i l f H . ? ? < , »C»??S, fi^li\, « T , J 1 7 , " ! • ? , » , PS.200 «- 1 T i . j f t o t * a* ftF Tu-??n »r.r oD-JlS 18 «!» I F TW"» 

T H . I j g , fc n»u8MTFB8 »RF « » - ? ? 0 , K - . a j f t , F'J.Jlfc, P i . i l i , " t . ? , J » '0 T|.-?OC t<t » t t 'IF TH.»>« »..n Pft.Jl? tS bill PF T M . 2 ? * . 
»C.»»T, T PtueNTFBs ,»F TH.??7, P » . i ? < . - S . J I B , P O . g l * , P = . 2 t l , ' t . P n •••r T l - j f l T , 
Tri.It}, 2 fttuBHTFBS l«F Pt.??« f" iC-ti". 
fkmlfh, i niljSMTFBg (BF e<-.i??, P n . 2 | 4 , PtJ.JIU, S l . a l U Oft P f t . ^ t u , 
R»>2|P, ? P»ll6HTFBg »aF (>T.21P »NP POft j Io, 

NOTf, IN »CeOuNT|MS Foi) Ttif » r t I » I T V IM T M H - iMgE" , (ifclNruINr. nEC«» I^ THF C U F nF Ti .?n« M<.«1 - « ' ' .? !? (b««)« »i"n TL-2P9 
• • • . • ( • ( ) . BP«2 i | ( a l t ) uF^F rCliKTto tS • SlNfiLE ntUbHTFO !>. F t r ^ c t S F , >'t'ne nB>MrHrM<; , t r ftP LFS$) « i s Is>"npEri, 
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A.5 SUPPLEMENTARY DOSE TABLES 

The radiation dose tables (A.5.la through A.5.2d) provide detail on regional population 

and world-wide doses. Each table, one for the once-through cycle and one for the reproces

sing cycle, is composed of four tables. Each sub-table provides the whole-body, bone, lung 

and thyroid doses. 
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Case 

1 

1 

1 

1 

2 

2 

2 

2 

Growth Assunption 

Present Inventory 

Present Capacity to Retirement 

250 GWe in 2000 and Decline 
to 0 in 2040 

250 GWe in 2000 and Steady 
to 2040 

250 GWe in 2000 and 500 GWe 
in 2040 

to the Population for the Once 

Repos i tory 
Start-Up 

Date 

None 
1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

storage of 
Spent Fuel 

2.18 X 10'^ 

1.30 X 

1.53 X 

1.68 X 

1.63 X 
9.17 X 

1.33 X 

1.54 X 

7.92 X 

4.41 X 

6.35 X 

7.61 X 

6.73 X 

9.18 X 

8.68 X 

1.25 X 

10-' 

10-^ 

10-^ 

10° 

10-i 

10^ 

lo" 

10° 

10° 

lo" 
lo" 

10° 

10° 

10° 

loi 

BWR Fuel 
Shipments 

0 

1.64 

1.64 

1.64 

3.32 

8.21 

1.01 

1.05 

1.77 

3.65 

4.81 

5.10 

5.49 

6.75 

7.20 

9.00 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lo' 
lo' 
lo' 

loi 
10^ 

10^ 

10^ 

10^ 

10^ 

10"̂  

lO'' 

10^ 

10^ 

10^ 

10^ 

-Through C y c l e , Man-Rei 

PWR Fuel 
Shipments 

0 

1.97 X 

1.97 X 

1.97 X 

5.57 X 

1.18 X 

1.50 X 

1.57 X 

2.98 X 

5.66 X 

7.61 X 

8.10 X 

8.64 X 

1.08 X 

1.14 X 

1.44 X 

10^ 
10^ 

lo' 

loi 
10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

103 

Total 

2.18 

3.62 

3.62 

3.63 

9.05 

2.01 

2.53 

2.64 

4.83 

9.35 

1.25 

1.33 

1.42 

1.76 

1.87 

2.35 

X 10'^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

xlO=^ 

xlO=^ 

xlO^ 

xlO^ 

X 10^ 

X 10^ 

xlO^ 

xlO^ 

xlO^ 

xlO^ 

x l 0 3 

TABLE A.5.lb. Bone Dose to the Population for the Once-Through Cycle, Man-Rem 

Case 

1 

1 

1 

1 

2 

2 

2 

2 

Growth Assjnption 

Present Inventory 

Present Capacity to Retirement 

250 GWe in 2000 and Decline 
to 0 in 2040 

250 GWe in 2000 and Steady 
to 2040 

250 GWe in 2000 and 500 GWe 
in 2040 

Repos1tory 
Start-Up 

Date 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Storage of 
Spent Fuel 

4.46 X W ^ 

2.55 

3.06 
3.41 

2.30 

1.75 

2.63 

3.07 

1.58 

8.29 

1.24 

1.51 

1.29 

1.81 

1.69 

2.46 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-' 
10-' 
10-' 

10° 
10° 
10° 
10° 

lo' 

10° 
lo' 
lo' 

lo' 

lo' 

lo' 

lo' 

BWR Fuel 
Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

PWR Fuel 
Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Total 

4.46 

2.55 

3.06 

3.41 

2.30 

1.75 

2.63 

3.07 

1.58 

8.29 

1.24 

1.51 

1.29 

1.81 

1.69 

2.46 

X10-' 
X 10"' 

X10- ' 

X 10-' 

xlO° 
xlO° 
X 10° 

X 10° 

X lo ' 

X 10° 

X lo ' 

X lo ' 

X lo ' 

X lo ' 

X l o ' 

X lo ' 
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TABLE A.5.1c. Lung Dose to the Population for the Once-Through Cycle, Man-Rem 

Case Growth Assumption 

1 Present Inventory 

1 

1 
1 

2 Present Capacity to Retirement 

2 

2 

2 

3 250 GWe in 2000 and Decline 

to 0 In 2040 

3 

3 

3 

4 250 GWe in 2000 and Steady 
to 2040 

4 

5 250 GWe in 2000 and 500 GWe 
in 2040 

5 

Repository 
Start-Up 

Date 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Storage of 
Spent Fuel 

9.85 X IQ-^ 

7.00 X 

7.22 X 

7.61 X 

7.58 X 

5.14 X 

6.42 X 

7.18 X 

3.73 X 

2.58 X 

3.18 X 

3.59 X 

3.70 X 

4.46 X 

4.92 X 

6.02 X 

10-^ 

10-^ 

10-2 

10- ' 

10- ' 

10- ' 

10- ' 

10° 

10° 
10° 

10° 

10° 

10° 

10° 

10° 

BWR Fuel 
Shipments 

0 

0 

° . 
0 

0 
0 

0 
0 

0 

0 
0 

0 

0 

0 

0 

0 

PWR Fuel 
Shipments 

0 

0 
0 

0 

0 
0 

0 
0 

0 

0 
0 

0 

0 

0 

0 

0 

Total 

9.85 

7.00 

7.22 

7.61 

7.58 

5.14 

6.42 

7.18 

3 .73 

2.58 

3.18 

3.59 

3.70 

4.46 

4.92 

6.02 

x l O - 2 

x l O - ^ 

x 10-2 

X 10-2 

X IQ-' 

X 1 0 ' ' 

x l O - ' 

X 1 0 - ' 

X 10° 

x l 0 ° 

x l 0 ° 

x l O ° 

X 10° 

X 10° 

x l O ° 

X 10° 

TABLE A.5 . Id . Thyroid Dose to the Population for the Once-Through Cycle, Man-Rem 

Case Growth Assumption 

1 Present Inventory 

1 

1 
1 

2 Present Capacity to Retirement 

2 

2 

2 

250 GWe in 2000 and Decline 
to 0 in 2040 

4 250 GWe in 2000 and Steady 
to 2040 

4 

5 250 GWe In 2000 and 500 GWe 
in 2040 

5 

Repository 
Start-Up 

Date 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Storagi 
Spent 1 

3.83 X 

3.93 X 

3.99 X 

4.04 X 

2.38 X 

2.49 X 

2.55 X 

2.60 X 

1.06 X 

1.25 X 

1.27 X 

1.30 X 

1.65 X 

1.69 X 

2.24 X 

2.29 X 

e of 
Fuel 

10-1 

10° 

10° 
10° 

10° 
lo' 

lo' 
lo' 

lo' 

102 

10^ 

10̂  

102 

102 

102 

102 

BWR Fuel 
Shipments 

0 

0 
0 
0 

0 
0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

PWR Fuel 
Shipments 

0 

0 

0 
0 

0 

0 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

Total 

3.83 

3.93 

3.99 

4.04 

2.38 

2.49 

2.55 

2.60 

1.06 

1.25 

1.27 

1.30 

1.65 

1.69 

2.24 

2.29 

X IQ-' 

X 10° 

x l O ° 

x l O ° 

x l O ° 

x l o ' 

X l o ' 

x i o ' 

x i o ' 

X 102 

x l 0 2 

X 10^ 

X 10^ 

X 10^ 

x l 0 2 

X lo2 



TABLE A.5.2a. Whole-Body Dose to the Population for the Reprocessing Cycle, Man-Rem 

Case 

3 

3 

3 

3 

3 

4 

4 

5 

5 

Growth Assunption 

250 GWe in 2000 and 
Decline to 0 in 2040 

250 GWe in 2000 and 
steady S ta t e to 2040 

250 GWe in 20O0 and 
500 GWe in 2040 

Reprocessing 
s t a r t - u p 

Date 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Start-Up 

Date 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Storage of 
Spent Fuel 

1.34 X 10° 

1.34 

5.24 

1.34 

5.24 

3.84 

3.84 

4.73 

4.73 

X 

X 

X 

X 

X 

X 

X 

X 

10° 

10° 

10° 

10° 

10° 

10° 

10° 

10° 

BWR Fuel 
Shipments 

2.33 X 10^ 

2.33 

3.47 

2.33 

3.47 

3.78 

3.78 

4.94 

4.94 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

10-̂  

10^ 

10^ 

102 

10^ 

102 

10^ 

PWR Fuel 
Shipments 

3.92 X 10^ 

3.92 

5.82 

3.92 

5.82 

6.35 

6.35 

8.30 

3.30 

X 

X 

X 

X 

X 

X 

X 

X 

10"̂  

10^ 

10^ 

10^ 

102 

10'* 

102 

10^ 

FRP 
Treatment 

System 

3.18 X 10* 

3.18 X 

1.14 X 

3.18 X 

1.14 X 

3.07 X 

3.07 X 

4.34 X 

4.34 X 

lo" 

10* 

10* 

lo" 

10* 

10* 

10* 

10* 

MOX-FFP 
Treatment 

System 

2.97 X 10- ' 

2.97 X 

6.55 X 

2.97 X 

6.55 X 

2.91 X 

2.91 X 

5.03 X 

5.03 X 

1 0 - ' 

10-^ 

10 - ' 

lo--^ 

10 - ' 

1 0 - ' 

_1 
10 ' 

10 - ' 

Reprocessing 
Waste 

Shipments 

5.97 X lO^ 

5.97 X 

5.78 X 

5.97 X 

5.78 X 

7.74 X 

7.74 X 

1.05 X 

1.05 X 

10^ 

10^ 

10^ 

10-̂  

102 

10''-

10^ 

10^ 

Total 

3.31 

3.31 

1.29 

3.31 

1.29 

3.25 

3.25 

4.58 

4.58 

x l O * 

X 10* 

x l O * 

X 10* 

X 10* 

X 10* 

XlO* 

XlO* 

XlO* 

TABLE A.5.2b. Bone Dose to the Population for the Reprocessing Cycle, Man-Rem 

Case Growth Assunption 

3 250 GWe in 2000 and 
Decline to 0 in 2040 

250 GWe in 2000 and 
Steady State to 2040 

250 GWe in 2000 and 
500 GWe in 2040 

Reprocessing Repository 
start-up Start-Up 

Date Date 

1990 

"J90 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

2.01 

2.01 

9.15 

2.01 

9.15 

6.31 

6.31 

7.67 

7.67 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

x l O ° 

PWR Fuel 
Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FRP 
Treatment 

System 

2.50 X 10* 

2.50 X 

8.55 X 

2.50 X 

8.55 X 

1.49 X 

1.49 X 

1.81 X 

1.81 X 

10* 

10^ 

10* 

10^ 

10* 

10* 

10* 

10* 

MOX-FFP 
Treatment 

System 

6.43 X 10° 

6.43 

1.42 

6.43 

1.42 

6.31 

6.31 

1,09 

1.09 

X 

X 

X 

X 

X 

X 

X 

X 

10° 

10° 

10° 

10° 

10° 

10° 

l o ' 

l o ' 

Reprocessing 
Waste 

Shipments 

, 0 

0 

0 

0 

0 

0 

0 

0 

0 

Total 

2.50 X 10* 

2.50 X 10* 

8.66 X 10^ 

2.50 X 10* 

8.66 X lo2 

1.49 X 10* 

1.49 X 10* 

1.81 X 10* 

1.81 X 10* 



TABLE A.5.2c. Lung Dose to the Population for the Reprocessing Cycle, Man-Rem 

Case 

3 

3 

3 

3 

3 

4 

4 

5 

5 

Growth Assumption 

250 GWe i n 2000 and 
Dec l i ne t o 0 i n 2040 

250 GWe i n 2000 and 
Steady S ta te t o 2040 

250 GWe i n 2000 and 
500 GWe i n 2040 

Reprocess ing 
S t a r t - u p 

Date 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repos i t o r y 
S t a r t - U p 

Date 

1990 

2010 

2010 

2030 

2-030 

2000 

2020 

2000 

2020 

Storag i 
Spent f 

6 .44 X 

6.44 X 

2.53 X 

6.44 X 

2.53 X 

1.85 X 

1.85 X 

2 .28 X 

2 .28 X 

3 o f 
•uel 

1 0 - ' 

1 0 - ' 

lo" 
10- ' 

10° 

10° 

10° 

10° 

10° 

BWR Fuel 
Shipments 

0 

0 
0 
0 

0 

0 

0 

0 

0 

PWR Fuel 
Shipments 

0 

0 
0 
0 

0 

0 

0 

0 

0 

FRP 
Treatment 

System 

1.84 X 10^ 

1.84 X 

4.34 X 

1.84 X 

4.34 X 

1.10 X 

1.10 X 

1.33 X 

1.33 X 

lo*-

10* 

10" 

10* 

10^ 

lo" 

10^ 

lo" 

MOX-FFP 
Treatment 

System 

1.17 X 10° 

1.17 

2.56 

1.17 

2.56 

1.13 

1.13 

1.98 

1.98 

X 

X 

X 

X 

X 

X 

X 

X 

10^̂  

1 0 - ' 

lo'J 

1 0 - ' 

10° 

10° 

10° 

10° 

Reprocess ing 
Waste 

Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

T o t a l 

1.84 

1 .84 

4.34 

1.84 

4.34 

1.10 

1.10 

1.33 

1.33 

x i O « 

X lo" 

X 10* 

x l o " 

x i o * 

X I Q S 

x i o " 

X 10" 

x lo' ' 

3> 

TABLE A.5.2d. Thyroid Dose to the Population for the Reprocessing Cycle, Man-Rem 

Case 

3 

3 

3 

3 

3 

4 

4 

5 

5 

Growth Ass i i i i p t i on 

250 GWe i n 2000 and 
Dec l ine t o 0 i n 2040 

250 GWe i n 2000 and 
Steady S ta te t o 2040 

250 GWe i n 2000 and 
500 GWe Tn 2040 

Reprocess ing 
S t a r t - u p 

Date 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

R e p o s i t o r y 
S t a r t - U p 

Date 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Storag i 
Spent 1 

9.88 X 

9.88 X 

4 . 7 1 X 

9.88 X 

4 . 7 1 X 

3.16 X 

3.16 X 

3.87 X 

3.87 X 

3 o f 
•uel 

10- ' 

10- ' 

10° 
10-' 

10° 

10° 

10° 

10° 

lo" 

BWR Fuel 
Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

PWR Fuel 
Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FRP 
Treatment 

System 

4 .82 X 10* 

4 .82 X 

2.99 X 

4 .82 X 

2.99 X 

5.40 X 

5.40 X 

7.55 X 

7.55 X 

10'* 

10* 

10* 

10* 

10* 

10* 

10* 

10* 

MOX-FFP 
Treatment 

System 

3.49 X 

3.49 X 

7.64 X 

3.49 X 

7 .64 X 

3.36 X 

3.36 X 

5.88 X 

5.88 X 

10-5 

10-y 
10-'° 
10-y 
10-'° 

10-9 

10-y 

io9 

10« 

Reprocess ing 
Waste 

Shipments 

0 

0 

0 

0 

0 

0 

0 

0 

0 

T o t a l 

4 .82 

4.82 

2.99 

4 .8? 

2.99 

5.40 

5.40 

7.55 

7.55 

X 10* 

X l O * 

X 10* 

X 10* 

X 10* 

X 10* 

X 10* 

X l O * 

X 10* 
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A.6 RESOURCE COMMITMENTS 

Resource commitment tables (A.6.1 through A.6.3) list requirements by resource for all 

of the cases analyzed. The first table lists requirements for the once-through cycle; the 

second lists requirements for the reprocessing fuel cycles; and the third lists require

ments for shipping casks. 
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TABLE A.6.1. Resource Commitments With the Once-Through Cycle 

Growth Assjiptlons 

Present Inventory 

Present Capacity to Retirement 

250 GHe in 2000 and Decline to 
0 In 2040 

250 GWe in 2000 and Steady State 
to 2040 

250 GUe In 2000 and 500 GWe In 
2040 

Repository 
Startup Date 

Hone 
1990 

2010 

2030 

None 
1990 

2010 

2030 

None 
1990 

2010 

2030 

te 2000 

2020 

2000 

2020 

Repository 
Media 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt • 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Steel, 

0 
6.8 X 
1.4 X 
8.8 X 
1.4 X 

6.8 X 
1.1 X 
8.8 X 
1.1 X 

6.8 X 
8.4 X 
8.8 X 
8.1 X 

2.1 X 
9.2 X 
1.3 X 
8.8 X 
1.2 X 

2.2 X 
2.2 X 
2.1 X 
2.3 X 

2.6 X 
2.6 X 
2.4 X 
2.7 X 

1.1 X 
3.0 X 
4.9 X 
2.9 X 
4.8 X 

8.8 X 
1.0 X 
3.6 X 
1.0 X 

1.3 X 
1.3 X 
1.2 X 
1.2 X 

6.6 X 
9.0 X 
6.4 X 
8.1 X 

1.4 X 
1.4 X 
1.2 X 
1.4 X 

7.8 X 
1.1 X 
7.4 X 
1.1 X 

1.6 X 
1.8 X 
1.6 X 
1.7 X 

MT 

10? 
10« 

10? 
104 

103 

10* 
103 
104 

103 
10? 
103 
103 

10? 
104 
105 
lOj 
105 

105 
105 
105 
105 

105 
105 
105 
105 

106 
105 
105 
105 
105 

10̂  

lOf 
105 
106 

106 
106 
106 
106 

105 
105 
105 
105 

106 

lOf 
lOf 
106 

io| 
lOf 
lof 
106 

106 

106 
106 
106 

Cement 

0 
3.4 X 
4.4 X 
4.8 X 
3.8 X 

3.4 X 
3.5 X 
4.8 X 
3.0 X 

3.4 X 
2.6 X 
4.8 X 
2.3 X 

4.9 X 
1.3 X 
1.3 X 
1.2 X 
1.2 X 

4.2 X 
4.2 X 
4.2 X 
4.2 X 

5.1 X 
5.1 X 
5.1 X 
5.1 X 

2.6 X 
2.8 X 
3.0 X 
2.9 X 
2.7 X 

1.6 X 
1.6 X 
1.6 X 
1.6 X 

2.5 X 
2.5 X 
2.5 X 
2.5 X 

9.3 X 
9.4 X 
9.3 X 
9.5 X 

2.4 X 
2.4 X 
2.4 X 
2.4 X 

1.0 X 
1.0 X 
1.0 X 
1.0 X 

3.1 X 
3.1 X 
3.1 X 
3.1 X 

;, MT 

103 
10? 
103 
103 

103 
103 
103 
103 

103 
103 
103 
103 

105 
105 
105 
105 
!05 

105 
105 
105 
105 

105 
105 
105 
105 

10̂  
105 
105 
105 
105 

10$ 
106 
106 
106 

106 
106 
106 
106 

105 
10 
105 
105 

106 
10« 
106 
106 

106 
106 
106 
106 

106 
106 

105 
106 

Diesel 

0 
5.7 X 
5.3 X 
6.0 X 
5.3 X 

5.7 X 
4.9 X 
6.0 X 
4.9 X 

5.7 X 
4.5 X 
6.0 X 
4.5 X 

1.1 X 
3.4 X 
2.9 X 
3.1 X 
2.9 X 

4.1 X 
3.2 X 
3.8 X 
3.3 X 

4.2 X 
3.3 X 
3.6 X 
3.4 X 

6.0 X 
1.6 X 
1.4 X 
1.5 X 
1.4 X 

1.9 X 
1.6 X 
1.8 X 
1.5 X 

2.1 X 
1.7 X 
1.9 X 
1.6 X 

2.3 X 
1.9 X 
2.1 X 
1.9 X 

2.7 X 
2.2 X 
2.4 X 
2.2 X 

3.0 X 
2.6 X 
2.8 X 
2.6 X 

3.6 X 
2.9 X 
3.2 X 
2.9 X 

y 
lOl 
lOj 
lOj 
104 

104 
104 

10̂  
104 

104 
104 

io2 
104 

105 
105 
105 
105 
105 

105 
105 
105 
105 

105 
105 
105 
105 

105 
106 
106 
10° 

io« 
106 
106 
106 
106 

106 
106 
106 
106 

106 
106 
106 
106 

106 
106 
106 
106 

10* 
106 
106 
106 

106 
106 
106 
106 

1 
Gasoline, M' 

0 
1.8 X 
2.5 X 
2.3 X 
2.1 X 

1.8 X 
2.0 X 
2.3 X 
1.7 X 

1.8 X 
1.5 X 
2.3 X 
1.3 X 

4.7 X 
2.3 X 
2.5 X 
2.1 X 
2.3 X 

5.1 X 
4.8 X 
4.9 X 
4.7 X 

6.0 X 
5.7 X 
5.6 X 
5.6 X 

2.5 X 
7.9 X 
8.6 X 
7.5 X 
7.8 X 

2.0 X 
2.1 X 
2.0 X 
1.9 X 

2.9 X 
2.8 X 
2.8 X 
2.7 X 

1.6 X 
1.7 X 
1.6 X 
1.6 X 

3.0 X 
3.0 X 
2.9 X 
2.9 X 

1.9 X 
2.0 X 
1.8 X 
1.8 X 

3.9 X 
3.7 X 
3.6 X 
3.6 X 

10? 
103 
103 
103 

10? 
103 
10? 
103 

10? 
103 
10? 
103 

104 
104 

lOj 
104 
104 

10̂  
10̂  
10-
10" 

10̂  
10̂  
lOj 
IQl 

105 

10̂  
10̂  
104 
104 

105 
105 
105 
105 

105 
105 
105 
105 

105 
105 
105 
105 

105 
105 
105 
105 

!05 
105 
105 
105 

105 
105 
105 
105 

t 
Propane, M" 

0 
2.5 
3.4 
3.7 
2.8 

2.5 
2.7 
3.7 
2.2 

2.5 
2.0 
3.7 
1.7 

7.0 
3.3 
3.5 
3.4 
3.1 

7.5 
7.1 
7.6 
6.8 

8.8 
8.4 
8.5 
8.1 

3.7 
1.1 
1.3 
1.2 
1.1 

3.0 
2.9 
3.0 
2.8 

4.3 
4.0 
4.2 
3.9 

2.4 
2.4 
2.4 

2.3 

4.5 
4.3 
4.4 
4.2 

2.8 
2.9 
2.9 
2.7 

5.7 
5.5 
5.6 
5.3 

X l O l 
X 10? 
X 10? 
X 102 

X 10? 
X 102 
X 10? 
X 10? 

X 10? 
X !0? 
X 10? 
X 10? 

X 103 
X 103 
X 103 
X 103 
X !03 

X 10? 
X 103 
X 10? 
X 103 

X 103 
X 103 
X 103 
X 103 

X 104 
X 104 
X 10' 
X 104 
X 104 

X 104 
X 104 
X 104 
X 104 

X 104 
X 104 
X 104 
X 10" 

X 104 
X 104 
X 10' 
X 104 

X 104 
X 104 
X 10' 
X 104 

X 104 
X 104 
X 104 
X 104 

X 10" 
X 104 
X 104 
X 104 

Electricity, 
KW -

0 
1.7 X 
1.9 X 
2.0 X 
1.9 X 

1.7 X 
1.5 X 
2.0 X 
1.5 X 

1.7 X 
1.1 X 
2.0 X 
1.1 X 

5.2 X 
1.3 X 
1.2 X 
1.1 X 
1.2 X 

1.6 X 
1.2 X 
1.4 X 
1.2 X 

1.7 X 
1.3 X 
1.3 X 
1.3 X 

2.8 X 
6.1 X 
5.8 X 
5.4 X 
5.8 X 

7.3 X 
6.4 X 
6.4 X 
6.4 X 

8.1 X 
6.2 X 
6.7 X 
6.2 X 

9.3 X 
7.4 X 
8.0 X 
7.4 X 

1.0 X 
8.3 X 
8.2 X 
8.3 X 

1.2 X 
1.0 X 
1.0 X 
1.1 X 

1.4 X 
1.4 X 
1.1 X 
1.1 X 

hr 

108 
108 
108 
108 

108 
108 
108 
108 

108 
108 
108 
108 

108 
I09 
10' 

10' 
109 

109 
109 

10' 
109 

109 
109 
109 
10' 

10' 
109 

10' 
109 
10' 

10' 
109 

10' 
109 

109 
109 
109 
109 

109 

109 
109 

109 

loio 
109 
109 
109 

loio 
oio 
loio 
loio 

loio 
loio 
oio 
loio 

Manpower, 
Man -

0 
2.4 X 
2.8 X 
3.1 X 
3.1 X 

2.4 X 
2.2 X 
3.1 X 
2.5 X 

2.4 X 
1.7 X 
3.1 X 
1.9 X 

3.2 X 
2.4 X 
7.3 X 
2.3 X 
2.6 X 

4,3 X 
3.7 X 
4.2 X 
3.9 X 

4.9 X 
4.3 X 
4.5 X 
4.5 X 

1.7 X 
8.9 X 
9.4 X 
8.6 X 
9.9 X 

1.8 X 
1.7 X 
1.7 X 
1.8 X 

2.4 X 
2.1 X 
2.2 X 
2.2 X 

1.7 X 
!.6 X 
1.5 X 
1.7 X 

2.7 X 
2.4 X 
2.4 X 
2.5 X 

2.1 X 
2.0 X 
2.0 X 
2.1 X 

3.4 X 
3.1 X 
3.1 X 
3.2 X 

rear 

103 

10? 
103 
103 

103 
10? 
103 
!03 

105 
10? 
10? 
103 

10! 
!04 
104 

'Oj 
104 

10" 

IOI 
lOj 
10" 

10« 
lOJ 
10" 
lO" 

!05 
10< 
!04 
!0« 
104 

!05 
105 
105 
!05 

105 
!05 
!05 
105 

105 
105 
105 
!05 

105 
05 
05 
105 

105 
05 
05 
105 

105 
05 
05 
!05 



TABLE A.6 .2 . Resource Commi 

Growth Assumptions 

250 GWe in 2000 
and Decline to 0 
in 2040 

250 GWe in 2000 
and Steady State 
to 2040 

250 GWe in 2000 
and 500 GWe in 
2040 

Reprocessing 
Startup Date 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Startup Date 

1990 

2010 

2010 

2030 

2030 

2000 

2030 

2000 

2020 

Repository 
Media 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Salt 
Granite 
Shale 
Basalt 

Steel, MT 

4.8 X 105 
7.2 X 105 
3.8 X 105 
7.4 X 105 

6.7 X 105 
8.4 X 105 
5.6 X 105 
8.6 X 105 

9.3 X 105 
1.1 X 106 
9.0 X 105 
1.1 X 106 

7.2 X 105 
8.7 X 105 
6.4 X 10= 
8.9 X 105 

1.2 X 106 
1.4 X 106 
1.1 X 106 
1.3 X 106 

8.4 X 105 
1.1 X 106 
7.2 X 105 
1.1 X 106 

1.1 X 106 
1.3 X 106 
9.4 X 105 
1.3 X 10° 

1.1 X 106 
1.4 X 106 
8.3 X 105 
1.4 X 10° 

1.3 X lOf 
1.6 X 10° 
1.2 X m 
1.7 X 106 

with the Reprocessing Cycle 

. . . Electricity, Manpower, 
Cement, MT Diesel. M'̂  Gasoline, M Propane, M KW - hr Man - Year 
5.5 X 105 1.4 X 106 1.1 x 10^ 3.5 x 10^ 1.8 x 10^0 1.4 x 105 
6.2 x 105 1.4 x 106 1.5 x 10^ 3.5 x 10^ 1.9 x IQIO 1.8 x 10^ 

6.4 x 10= 1.6 X 106 1.5 x 10= 3.5 x 10' 1.9 x lOP 1.8 x 10= 
6.1 X 10= 1.4 X 10° 1.5 x 10= 3.5 x 10' 1.8 x 101° 2.0 x 10= 

5.9 X 105 1.4 X 106 6.3 x 10* 3.5 x 10^ 1.8 x lOjO 1.5 x 10^ 
6.4 X 105 1.4 X 10° 2.3 x 10= 3.5 x 10' 1.8 x 10^0 1.8 x 10= 
6.7 x 105 1.6 x 10^ 2.4 x 105 3.5 x 10^ 1.8 x lOjO 2.0 x 10^ 
6.4 X 10= 1.4 X 10° 2.3 x 10= 3.5 x 10' 1.8 x IQlO 1.9 x 10= 

1.8 X 106 1.3 X 106 2.2 x 105 3.4 x 10^ 1.7 x 10̂ 0 2.0 x 10^ 
1.8 x 106 1.3 X 10^ 2.5 x 105 3.4 x 10' 1.7 x IQlO 2.3 x 10^ 
1.9 x 106 1.5 X 106 2.5 x 10^ 3.4 x 10^ 1.8 x IQlO 2.4 x 10? 
1.8 x 106 1.3 X 106 2.5 x 105 3.4 x 10^ 1.7 x IQiO 2.4 x 105 

7.7 X 105 1.7 X 106 2.4 x 10^ 3.5 x 10^ 1.7 x lOjO 1.5 x 10^ 
8.1 x 105 1.8 x 106 2.7 x IQS 3.5 x 10^ 1.7 x lOjO 1.7 x 10^ 
8.4 X 105 1.9 x 106 2.7 x 105 3.5 x 10' 1.7 x IQlO 1.8 x 10= 
8.1 X 105 1.7 X 106 2.7 x 10^ 3.5 x 10^ 1.7 x lOlO 1.8 x 10= 

2.0 X 106 1.9 x 106 3.4 x 105 3.4 x 10^ 1.7 x lOjO 2.2 x 10^ 
2.0 X 10^ 1.9 X IQO 3.8 x 10= 3.4 x 10^ 1.8 x lOjO 2.5 x 10= 
2.0 X 106 2.0 X 10^ 3.8 x 105 3.4 x 10' 1.8 x lOjO 2.6 x 10= 
2.0 X 106 1.9 X 106 3.8 x lO^ 3.4 x 10' 1.7 x 101° 1.8 x 10= 

1.3 X 106 1.8 X 106 1.8 x 105 4.5 x lO^ 2.3 x 10^0 2.1 x 10^ 
1.4 x 106 1.8 X 106 2.3 x 105 4.5 x 10^ 2.4 x 10^0 2.5 x 10= 
1.5 X 106 2.0 X 106 2.4 x 105 4.5 x 10^ 2.4 x lOjO 2.6 x 10= 
1.4 X 106 1.7 X 106 2.3 x 10^ 4.5 x 10' 2.3 x 101° 2.7 x 10^ 

1.5 X 106 2.3 X 106 3.1 x 10^ 4.5 x 10^ 2.3 x lOjO 2.3 x 105 
1.6 X 106 2.3 x 106 3.4 x 10= 4.5 x lO; 2.4 x lOjO 2.6 x 10= 
1.6 X 10^ 2.6 x 10^ 3.6 x 105 4.5 x 10^ 2.4 x W}° 2.8 x 10= 
1.6 X 106 2.2 x 106 3.4 x 10= 4.5 x 10' 2.4 x 101° 2.8 x 10= 

1.4 X 106 2.3 X 106 2.3 x 10^ 6.0 x 10^ 3.0 x lOjO 2.7 x 10^ 
1.6 x 106 2.4 X 106 2.9 x 10= 6.0 x lO; 3.2 x lOfO 3.4 x 10= 
1.6 x 106 2.8 X 106 3.0 x 10^ 6.0 x lO; 3.2 x lOjO 3.4 x 10= 
1.5 X 106 2.3 X 10^ 2.8 x 10= 6.0 x 10' 3.1 x IQiO 3.5 x 10= 

1.7 X 106 3.2 x 106 3.9 x 10^ 6.0 x 10^ 3.1 x lOjO 2.9 x 105 
1.9 X 106 3.2 x 106 4.3 x 10^ 6.0 x 10^ 3.2 x lOjO 3.4 x 10= 
1.9 X 106 3.5 X 106 4.5 x 105 6.0 x 10' 3.3 x lOjO 3.6 x 10^ 
1.8 X 106 3.1 X 106 4.4 x 10= 6.0 x 10' 3.2 x lOlO 3.6 x 10= 
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Reprocessing Cycles 

250 GWe in 2000 and 
decline to 0 in 2040 

250 GWe in 2000 and 
steady state to 2040 

250 GWe in 2000 and 
500 GWE in 2040 

1990 
1990 
2010 
1990 
2010 

2000 
2000 

2000 
2000 

1990 
2010 
2010 
2030 
2030 

2000 
2020 

2000 
2040 

6.1 X 103 
8.2 X 103 
8.1 X 103 
8.3 X 103 
1.0x10* 

9.3 X 103 
1.2x10* 

1.2x10* 
1.6x10* 

1.7x10* 
23x10* 
2.2x10* 
2.3x10* 
28x10* 

25x10* 
3.4x10* 

3.3 X 10* 
4.5 X 10* 

*̂* NA = not applicable. 
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A.7 TRANSPORTATION REQUIREMENTS 

The transportation requirements tables (A.7.1 and A.7.2) show the number of shipments 

required by waste type, case and mode of transportation for both fuel cycles and for all 

cases analyzed. 



A.97 

TABLE A.7.1. Transportation Requirements Using the Once-Through Fuel Cycle 

Case 
1 

Growth Assumption 
Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 

250 GWe System and Steady State 

500 GWe System by 2040 

Repository 
Start-Up Date 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Transport 
Mode 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 

Spent Fuel 
Shipments 
(thousands) 

0 
0 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 

8.4 
8.6 
13.3 
11.1 
18.0 
11.1 
19.0 
11.1 

45.0 
45.8 
60.5 
55.6 
88.6 
55.6 
95.7 
55.6 

96.6 
73.4 
127.2 
73.4 

125.7 
99.4 
169.5 
99.4 



TABLE A.7.2. Transportation Requirements Using the Reprocessing Cycle 

Case 
1 

2 

3 

Growth Assumption 
Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 

4 250 GWe System and Steady State 

5 500 GWe System by Year 2040 

Reprocessing 
Start-Up 

Date 
NA(a) 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Start-Up 

Date 
NA 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Transport 
Mode 
NA 

NA 

Rail 
Truck 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 

Rail 
Truck 
Rail 

Truck 

Spent 
Fuel 
NA 

NA 

59 
56 
59 
56 
86 
56 
59 
56 
86 
56 

95 
73 
95 
73 

124 
99 

124 
99 

HLW 
NA 

NA 

8.8 

17 

8.7 

17 

17 

12 

23 

16 

31 

Thousands o f 

Canisters 
NA 

NA 

22 

43 

22 

44 

44 

29 

58 

39 

78 

RH-TRU 
Drums 

NA 

NA 

108 

213 

108 

215 

215 

142 

284 

192 

385 

Shipments 
CR-TRU 
Drums 

& Boxes 
NA 

NA 

21 

40 

14 

41 

29 

33 

53 

50 

80 

Decormis-
sioning 
Waste 

NA 

NA 

4.7 

4.7 

3.7 

4.7 

3.7 

2.4 

2.4 

2.4 

2.4 

Total 
NA 

NA 

90 
190 
119 
314 
117 
182 
120 
317 
147 
304 

136 
250 
176 
412 

179 
343 
233 
566 

(a) NA = not applicable. 



A.99 

A.8 SUPPLEMENTARY PREDISPOSAL COST DATA 

The predisposal cost tables (A.8.1 through A,8.4) list the capital, operating, and 

levelized unit cost estimates for facilities for spent fuel treatment and storage, treatment 

of wastes from uranium and plutonium recycle, and interim storage of treated wastes. Costs 

for the example concepts (used in the system simulation cost determination) and for other 

optional methods are both shown. A table is also included showing capital costs for ship

ping casks and freight charge estimates for waste transportation over the generic distances 

used in this Statement. 



TABLE A.8.1. Cost Estimates for Treatment and Storage of Spent Fuel 

Activity 

Independent Unpackaged Water Basin Storage 

Incremental 1000 MTHM Receiving Capacity 
at Above Facility 

Spent Fuel Packaging Facility 

Independent Spent Fuel Receiving Facility 

Long-Term Packaged Spent Fuel Storage 

• Water Basin 

• Air-Cooled Vault 

• Dry Caisson 

• Surface Cask 

Total , X 
Capital Cost^^^ 

$10^ 

234 

28 

128 

92 

296 

595 

341 

258 

Annual 
Operation and 
Maintenance 

$10^/yr 

5 

1.5 

13 

1.5 

392(c) 

1.3 
39(d) 

264(^) 

Levelized Unit Cost 
Private/f^x 

Ownership^ ' 

$/kq HM 

212 + 35% 

7 + 40% 

29.6 + 30% 

— 

— 

Federal/uv 
Ownership^"' 
$/kq HM 

117 + 35X 

3.5 + 35% 

18.30 + 25X 

9.5 + 30% 

38.40 + 20% 

34.90 + 30% 

22.20 + 25% 

30.20 + 20% 

(a) Includes owner's costs. 
(b) See DOE/ET-0028, Vol. 1, Section 3.8 for financial parameters relating to ownership. 
(c) Includes $389 mil l ion for incremental costs of using stainless steel canisters and storage racks. 
(d) Include $37 mi l l ion for carbon steel storage casks 

(e) Includes $262 mil l ion for storage casks. 
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TABLE A.8.2. Cost Estimates for Treatment of Waste from Uranium and Plutonium Recycle 

Total Annual Operation Levelized 
Capital Cost 

Activity 

5-Yr High-Level Liquid Waste Storage 

High-Level Liquid Waste So l id i f i ca t ion 

• Calcination 

• V i t r i f i c a t i o n 

Fuel Residue Packaging 

• Packaging Without Compaction 

• Mechanical Compaction 

• Melting 

Failed Equipment and Non-Ccmbustible 
Waste Packaging 

• At Reprocessing Plant 

• At MOX Fuel Fabrication Plant 

Combustible and Compactable Waste Treatment 

• At Reprocessing Plant 

- Incineration 

- Package Only 

• At MOX Fuel Fabrication Plant 

- Incineration 

- Package Only 

Degraded Solvent Treatment 

Waste Inmobilization 

• At Reprocessing Plant 

- In Bitumen 

- In Cement 

• At MOX Fuel Fabrication Plant 

- In Bitumen 

- In Cement 

Off-Gas Treatment 

• Iodine Recovery 

• Carbon Recovery (w/o krypton recovery) 

• Krypton Recovery (w/o carbon recovery) 

• Combined Iodine, Carbon and 
Krypton Recovery 

• Vessel Off-Gas Treatment 

Off-Gas F i l t r a t i o n at Reprocessing Plant 

• Pref i I te rs and HEP A F i l te rs 

• Sand F i l t e r and HEPA F i l t e rs 

• Deep-Bed Glass F i l t e r and HEPA F i l t e rs 

$10° 

282 

76 

55 

17 

20 

27 

27 

3.7 

and Maintenance 
$10^/yr 

6.6 

6.8 

7.1 

4.8 

3.5 

3.2 

1.6 

0.4 

Unit Cost 
$/kg HM(*^ 

42.00 + 30% 

13.00 + 35% 

10.40 + 35% 

4.90 + 25% 

4.60 + 30% 

5.20 + 35% 

4.20 + 55% 

0.60 + 55% 

16.9 

18.1 

6,4 

2.9 

8 

1.6 

0.8 

0.3 

0.1 

0.1 

3.40 + 35% 

2.30 + 35% 

1.00 + 35% 

0.40 + 35% 

1.40 + 40% 

16 

16 

14 

13.5 

12.8 

8.2 

25.8 

39.8 

26.7 

11.7 

28.1 

12.8 

0.6 

0.7 

0.3 

0.3 

0.8 

0.1 

1.3 

2.2 

2.6 

0.6 

0.6 

0.6 

2.30 + 35% 

2.30 + 35% 

1.40 + 35% 

1.40 + 35% 

2.00 + 40% 

1.20 + 40% 

4.00 + 40% 

6.10 + 40% 

3.90 + 35% 

1.80 + 35% 

3.80 + 40% 

2.50 + 40% 

(a) Costs may be expressed in $/GW-yr by mul t ip ly ing by 38,000 kgHM/GW-yr 



A, 102 

TABLE A.8.3. 

Activity 

Cost Estimates for Interim Storage of Waste from Uranium 
and Plutonium Recycle 

5-Yr Solidified High-Level Waste Basin 
Storage and Shipping Faci l i ty at 
Reprocessing Plant 

Solidified High-Level Waste Storage 
Using the Sealed Cask Concept 

• HLW Accumulated to: 

- 1990 

- 1995 

- 2000 

Fuel Residue Storage 

• 5-Yr Storage at Reprocessing Plant 
- Vault Concept 
- Near-Surface Concept 

• Storage to 1995 at Independent Site 

- Vault Concept 
- Near-Surface Concept 

TRU Intermediate-Level Waste Storage 

• 5-Yr Storage at Reprocessing Plant 

- Outdoor Subsurface Concept 

- Indoor Shielded Concept 

• Storage to 1995 at Independent Site 

- Outdoor Subsurface Concept 

- Indoor Shielded Concept 

TRU Low-Level Waste Storage 

• 5-Yr Storage at Reprocessing Plant 

- Outdoor Surface Concept 

- Indoor Unshielded Concept 

• 5-Yr Storage at MOX-FFP 

- Outdoor Surface Concept 

- Indoor Unshielded Concept 

• Storage to 1995 at Independent Site 

- Outdoor Surface Concept 

- Indoor Unshielded Concept 

Plutonium Oxide Storage^^' 

• 30 MT Facilities at Reprocessing Plant 

• 200 MT Facility at Reprocessing Plant 

• 200 MT Independent Site Facility 

- Accumulate to 1990 

- Accumulate to 2000 

Krypton Storage 

Total 
Capital Cost 

$10^ 

99 

105 

115 

126 

Annual Operation 
and Maintenance 

$10^/yr 

Levelized Unit Cost 
Private 

3.3 

8.5 

12.7 

Ownership 
$/kg HM 

13.80 + 40« 

Federal 
Ownership 
$/kg HM 

30.80 + 70X 

15.80 + 20X 

12.90 + 20X 

140 
41 

673 
191 

0.6 
0.3 

1.0 
0.9 

41.40 + 25X 

12.30 + 25% 

20.30 + 25% 

6.20 + 25X 

45 
19 

222 
87 

0.2 
0.1 

0.6 
0.4 

9.30 + 30% 

5.20 + 30X 

— 

.— 
— 

5.90 + 30% 

2.60 + 30% 

1.3 
1.5 

1.2 
1.2 

6.4 
10.7 

281 
494 

263 
1,053 

192 

0.02 

0.03 

0.02 

0.02 

0.1 
0.1 

4 
3.2 

3.2 
6.7 

0.2 

0.40 + 30% 

0.50 + 25% 

0.40 + 25% 

0.40 + 25X 

— 

33.70 + 20% 

50.00 + 30* 

— 

16.40 + 40X 

— 
— 

... 

0.30 + 25% 

0.40 + 20X 

... 

... 

22.90 + 25% 

22.50 + 25X 

---

(a) Plutonium oxide storage where plutonium is considered a waste Is only needed in the event that spent 
fuel is reprocessed to recover the uranium value and remove plutonium. 
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TABLE A.8.4 . Cost Estimates fo r Waste Transportation 

Waste Shipment 

Unpackaged Spent Fuel 

Packaged Spent Fuel 

Sol id i f ied High-Level Waste^^^ 

Fuel Residues 

Packaged Only 

Mechanically Compacted 

Melted 

Transport 
Mode 

Rail 

Truck 

Rail 

Rail 

Rail 

Rail 

Rail 

Cask Type 

NLI 10/25 

IF-300 

NFS-4 

Modified 
NLI 10/24 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Single 
Cask 
Cost 

$10^ 

3,500 

3,500 

1,050 

3,500 

2,900 

700 

700 

700 

Distance, 
miles 

1,000 

1,500 

1,000 

1,500 

1,500 

1,500 

1,500 

1,500 

1,500 

Round 
Freight 
Cost, 

22 

25 

3 

5 

25 

25 

25 

25 

25 

Trip 
Cost 

$10^ 

Unit 
Cost 

$/kq HM 

16.20 

22.50 

18.50 

26.40 

32.00 

3.40 

3.50 

2.00 

1.40 

Non-High-Level TRU with a 
Surface Radiation Rate of 

0.2 R/hr 

0.2 to 1.0 R/hr 

1.0 to 1.0 R/hr 

10 R/hr 

Plutonium Oxide 

Truck 

Truck 

Truck 

Truck 

36 

36 

14 

6 

Drums 

Drums 

Drums 

Drums 

(c) 

(c) 

(c) 

(c) 

100 

160 

140 

180 

1,500 
(1,000) 

1,500 

(1,000) 

1,500 

(1,000) 

1,500 

(1,000) 

3,200 
(2,300) 

3,200 

(2,300) 

3,200 

(2,300) 

3,200 

(2,300) 

0.24 
(0.21) 

0.54 

(0.38) 

0.30 

(0.21) 

1.43 
(1.06) 

Truck PPP-1 260 1,500 16 0.80 (d) 

(a) Costs of high-level waste transportation are about the same for calcined or vitrified waste. 
(b) The costs shown in the table assume combustible waste is incinerated and all drummed waste is 

immobilized in cement. 
(c) All casks are Type B casks. All casks are shielded except for the cask with drums measuring less 

than 0.2 R/hr. (DOE/ET-0028, Vol. 4, Section 6.6). 
(d) Equivalent to about $9 per gram of plutonium. 
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A.9 SUPPLEMENTARY SYSTEM COST DATA 

The systems cost tables (A.9.la through A.9.6) provide additional detail on the break

down of power costs by major functions and the differences in power cost as influenced by 

repository media. Four sets of tables are included. The first two sets break down the 

costs by the functions of spent fuel storage and transport; spent fuel treatment; other 

waste treatment, storage and transport; disposal; and research and development for both fuel 

cycles. The latter two sets break down the total system costs by repository media for both 

fuel cycles. Each set consists of three tables with costs calculated at discount rates of 

0, 7 and 10%. In addition to these tables, two tables are provided to display the esti

mated research and development costs (including site verification costs) for waste 

Isolation. 



TABLE A.9.la. Allocation 
0% Discount 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity-
Normal Life 

250 GWe system by 
Year 2000 and Normal 
Life 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

of Total-System Waste Man; 
Rate, mills/kWh 

Repository 
Startup 
Date 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

2000 

2020 

2000 

2020 

Spent Fuel 
Storage and 
Transport 

0.63 

1.31 

1.98 

3.28 

0.42 

0.79 

0.92 

1.0 

0.33 

0.69 

0.84 

0.87 

0.46 

0.75 

0.42 

0.74 

igement Unit 

Spent Fuel 
Treatment 

0.10 

0.10 

0.10 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.07 

0.08 

0.07 

0.07 

Costs 

Di 

0.51 

0.51 

0.51 

0.22 

0.22 

0.22 

0.22 

0.22 

0.22 

0.21 

0.21 

0.21 

0.21 

with the 

sposal 

to 0.62 

to 0.62 

to 0.62 

to 0.37 

to 0.37 

to 0.37 

to 0.37 

to 0.37 

to 0.37 

to 0.36 

to 0.36 

to 0.35 

to 0.35 

Once-Through 

Research and 
Development 

1.6 

2.3 
5.0 

0.36 

0.26 

0.36 

0.79 

0.06 

0.06 

0.08 

0.17 

0.01 

0.05 

0.10 

0.04 

0.07 

Cycle Using a 

Total 

2.9 to 3.0 

4.2 to 4.3 

7.6 to 7.7 

3.6 

1.0 to 1.1 

1.5 to 1.6 

2.0 to 2.2 

1.1 

0.69 to 0.84 

1.1 to 1.2 

1.3 to 1.5 

0.88 

0.80 to 0.95 

1.1 to 1.3 

0.74 to 0.88 

1.1 to 1.2 



TABLE A .9 . l b . A l locat ion 
7% Discount 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory 

Present Capac i ty -
Normal L i fe 

250 GWe System by 
Year 2000 and Normal 
L i fe 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

of Total-Sys 
Rate, m i l l s 

Repository 
Startup 

Date 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

2000 

2020 

2000 

2020 

tem Waste Man; 
/kWh 

Spent Fuel 
Storage and 

Transport 

0.35 

0.44 

0.47 

0,48 

0.34 

0.45 

0.45 

0.45 

0.29 

0.44 

0.46 

0.45 

0.41 

0.45 

0,40 

0.46 

agement Unit 

Spent Fuel 
Treatment 

0.04 

0.01 

0.002 

0.03 

0.01 

0.0025 

0.04 

0.01 

0.003 

0.02 

0.01 

0.03 

0.01 

Costs 

D-

0.18 

0.05 

0.01 

0.10 

0.03 

0.01 

0.11 

0.04 

0.01 

0,07 

0.02 

0.07 

0,02 

with the 

isposal 

to 0.22 

to 0.06 

to 0.17 

to 0.04 

to 0.19 

to 0.06 

to 0.02 

to 0.12 

to 0.03 

to 0.12 

to 0.03 

Once-Thrc lugh 

Research and 
Development 

1.1 

1.1 

1.5 

0.30 

0.37 

0.39 

0.53 

0.11 

0.17 

0.16 

0.21 

0.04 

0.16 

0.19 

0.14 

0.17 

Cycle Using a 

Total 

1.6 to 1.7 

1.6 

2.0 

.78 

0.85 to 0.92 

0.87 to 0.89 

1.0 

0.56 

0.61 to 0.69 

0.65 to 0.68 

0.68 

0.49 

0.65 to 0.71 

0.67 to 0.69 

0.64 to 0.69 

0.66 to 0.67 



Cas 

1 

2 

3 

4 

5 

TABLE A.9.1c. A l l x a t i o n of Total-System Waste Management Unit Costs wi th the 
1055 Discount Rate, mills/kWh 

Nuclear Power 
;e Growth Assumption 

Present Inventory Only 

Present Capac i t y -
Normal L i f e 

250 GWe System by 
Year 2000 and Normal 
L i f e 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

Repository 
Startup 

Date 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

1990 

2010 

2030 

None 

2000 

2020 

2000 

2020 

Spent Fuel 
Storage and 

Transport 

0.28 

0.32 

0.33 

0.33 

0.31 

0.37 

0.37 

0.38 

0.28 

0.37 

0.38 

0.38 

0.36 

0.38 

0.36 

0.38 

Spent Fuel 
Treatment 

0.02 

0.004 

0.0006 

0.02 

0.004 

0.0005 

0.03 

0.01 

0.0007 

0.01 

0.002 

0.01 

0.002 

Disposal 

0.12 to 0.15 

0.02 

0.002 to 0.003 

0.07 to 0.11 

0.01 to 0.02 

Once-Through Cycle Using a 

Research and 
Development 

0.90 

0.87 

1.1 

0.28 

0.39 

0.38 

0.0015 to 0.0026 0.47 

0.08 to 0.14 

0.02 to 0.03 

0.002 to 0.004 

0.04 to 0.06 

0.01 

0.04 to 0.07 

0.01 

0.12 

0.21 

0.19 

0.23 

0.06 

0.20 

0.22 

0.19 

0.21 

Total 

1.3 to 1.4 

1.2 

1.4 

0.61 

0.79 to 0.83 

0.77 

0.85 

0.50 

0.59 to 0.65 

0.58 to 0.59 

0.61 

0.44 

0.61 to 0.63 

0.60 to 0.61 

0.60 to 0.62 

0.59 to 0.60 



TABLE A.9.2a. Allocation of Total-System Waste Management Unit Costs with the Reprocessing Cycle Using a 0% Discount Rate, 

Case 

1 

2 

3 

4 

5 

mills/kWh 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal 
Life 

250 GWe System by 
Year 2000 and Normal 
Life 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

Repository 
Startup 
Date 

NA(a) 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Reprocessing 
Startup 
Date 

NA 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Spent Fuel 
Storage and 
Transport 

NA 

NA 

0.23 

0.24 

0.65 

0.24 

0.65 

0.40 

0.41 

0.37 

0.37 

Waste Treatment 
Storage and 
Transport 

NA 

NA 

0.53 to 0.76 

0.51 to 0.58 

0.47 to 0.56 

0.51 

0.49 to 0.51 

0.49 to 0.61 

0.48 to 0.53 

0.48 to 0.62 

0.47 to 0.53 

« 

Disposal 

NA 

NA 

0.23 to 0.48 

0.21 to 0.36 

0.18 to 0.31 

0.19 to 0.30 

0.18 to 0.28 

0.20 to 0.35 

0.18 to 0.32 

0.20 to 0.36 

0.18 to 0.32 

Research and 
Development 

NA 

NA 

0.06 

0.08 

0.08 

0.17 

0.17 

0.05 

0.10 

0.04 

0.07 

Total 

1.1 

1.0 

1.4 

1.1 

1.5 

1.1 

1.2 

1.1 

1.1 

NA 

NA 

to 1.5 

to 1.3 

to 1.6 

to 1.2 

to 1.6 

to 1.4 

to 1.4 

to 1.4 

to 1.3 

O 
CO 

(a) NA = not applicable. 



TABLE A.9.2b. Allocation of Total-System Waste Management Unit Costs with the Reprc 
mills/kWh 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal 
Life 

250 GWe system by 
Year 2000 and Normal 
Life 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

Repository 
Startup 
Date 

NA(a) 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2000 

2000 

2020 

Reprocessing 
Startup 
Date 

NA 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2020 

2000 

2000 

Spent Fuel 
Storage and 
Transport 

NA 

NA 

0.25 

0.25 

0.43 

0.25 

0.43 

0.38 

0.39 

0.37 

0.37 

Waste Treatment 
Storage and 
Transport 

NA 

NA 

0.25 to 0.32 

0.24 

0.07 

0.23 

0.06 

0.16 

0.13 to 0.14 

0.15 to 0.18 

0.14 to 0.15 

icessing Cycle I 

Disposal 

NA 

NA 

0.09 to 0.18 

0.03 to 0.06 
0.02 to 0.04 

0.01 to 0.02 

0.01 

0.05 to 0.09 

0.02 to 0.03 

0.05 to 0.09 

0.02 to 0.04 

Jsing a 7% Discount Rate, 

Research and 
Development 

NA 

NA 

0.17 

0.16 

0.16 

0.21 

0.21 

0.16 

0.19 

0.15 

0.17 

Total 

NA 

NA 

0.76 to 0.91 

O.isS to 0.71 

0.68 to 0.70 

0.70 

0.71 to 0.72 

0.73 to 0.79 

0.73 to 0.74 

0.72 to 0.79 

0.71 to 0.73 

(a) NA = not applicable. 



TABLE A.9.2c. Allocation of Total-System Waste Management Unit Costs with the Reprocessing Cycle Using a 10% Discount Rate, 

Case 

1 

2 

3 

4 

5 

mills/kWh 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal 
L i fe 

250 GWe System by 
Year 2000 and Normal 
L i f e 

250 GWe System by 
Year 2000 and Steady 
State 

500 GWe System by 
Year 2040 

Repository 
Startup 
Date 

NA(a) 

NA 

1990 

2000 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Reprocessing 
Startup 
Date 

NA 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Spent Fuel 
Storage and 
Transport 

NA 

NA 

0.24 

0.24 

0.37 

0.24 

0.37 

0.34 

0.34 

0.34 

0.34 

Waste Treatment 
Storage and 
Transport 

NA 

NA 

0.17 to 0.22 

0.16 

0.03 

0.16 

0.02 

0.07 to 0.08 

0.07 

0.08 to 0.09 

0.07 

Disposal 

NA 

NA 

0.06 to 0.09 

0.01 to 0.02 

0.01 

0.002 to 0.004 

0.002 to 0.003 

0.02 to 0.04 

0.01 

0.03 to 0.05 

0.01 

Research and 
Development 

NA 

NA 

0.21 

0.19 

0.19 

0.23 

0.23 

0.20 

0.22 

0.19 

0.21 

Total 

NA 

NA 

0.68 to 0.77 

0.60 to 0.62 

0.59 to 0.60 

0.63 

0.62 

0.63 to 0.66 

0.63 to 0.64 

0.63 to 0.66 

0.62 to 0.63 

(a) NA = not applicable. 



3a. Repository Media Effect on Total-System Waste Management Unit Cost with the Once-Through Cycle Using a 
OX Discount Rate 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal 
Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

Startup 
Date 

1990 

2010 

2030 

1990 

2010 

2030 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

2.85 

4.19 

7.61 

0.98 

1.45 

2.01 

0.69 

1.07 

1.31 

0.80 

1.14 

0.74 

1.10 

mills/kWh 
Granite 

Repository 

2.91 

4.25 

7.67 

1.09 

1.56 

2.13 

0.80 

1.18 

1.42 

0.91 

1.25 

0.84 

1.20 

Shale 
Repository 

2.86 

4.20 

7.61 

1.00 

1.47 

2.04 

0.71 

1.09 

1.34 

0.82 

1.16 

0.76 

1.12 

Basalt 
Repository 

2.97 

4.31 

7.72 

1.13 

1.60 

2.17 

0.84 

1.22 

1.46 

0.95 

1.28 

0.88 

1.24 



TABLE A.9.3b. Repository Media Effect on Total-System Waste Management Unit Cost with the Once-Through Cycle Using a 
7% Discount Rate 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe system by Year 2040 

Startup 
Date 

1990 

2010 

2030 

1990 

2010 

2030 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

1.62 

1.59 

1.97 

0.85 

0.87 

0.99 

0.61 

0.65 

0.68 

0.66 

0.67 

0.64 

0.66 

mills/kWh 
Granite 

Repository 

1.64 

1.59 

1.97 

0.90 

0.88 

0.99 

0.67 

0.67 

0.68 

0.70 

0.68 

0.68 

0.67 

Shale 
Repository 

1.62 

1.59 

1.97 

0.86 

0.87 

0.99 

0.63 

0.66 

0.68 

0.67 

0.68 

0.65 

0.66 

Basalt 
Repository 

1.66 

1.60 

1.98 

0.92 

0.89 

1.00 

0.69 

0.68 

0.68 

0.71 

0.69 

0.69 

0.67 



3c. Repository Media Effect on Total 
lOX Discount Rate 

-System Waste Management Unit Cost with the Once-Through Cycle Using a 

Nuclear Power Startup 
Case Growth Assumption Date 

1 Present Inventory Only 1990 

2010 

2030 

2 Present Capacity—Normal Life 1990 

2010 

2030 

3 250 GWe System by Year 2000 1990 
and Normal Life 2010 

2030 

4 250 GWe System by Year 2000 2000 
and Steady State 2020 

5 500 GWe System by Year 2040 2000 

2020 

Salt 
Repository 

1.32 

1.22 

1.42 

0.79 

0.77 

0.85 

0.59 

0.58 

0.61 

0.61 

0.60 

0.60 

0.59 

Granite 
Repository 

1.33 

1.22 

1.42 

0.82 

0.77 

0.85 

0.63 

0.59 

0.61 

0.63 

0.61 

0.62 

0.60 

Shale 
Repository 

1.32 

1.22 

1.42 

0.79 

0.77 

0.85 

0.60 

0.58 

0.61 

0.61 

0.61 

0.60 

0.60 

Basalt 
Repository 

1.35 

1.22 

1.42 

0.83 

0.77 

0.85 

0.65 

0.59 

0.61 

0.63 

0.6.1 

0.62 

0.60 

mills/kWh 



TABLE A.9.4a. Repository Media Effect on Total-System Waste Management Unit Costs(a) with the Reprocessing Cycle Using a 
0% Discount Rate 

mi 11s/kWh 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

Reprocessing 
Startup 

NA(b) 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Startup 

NA 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

NA 

NA 

1.06 

1.04 

1.39 

1.10 

1.49 

1.14 

1.17 

1.08 

1.09 

Granite 
Repository 

NA 

NA 

1.34 

1.21 

1.53 

1.20 

1.58 

1.36 

1.31 

1.31 

1.24 

Shale 
Repository 

NA 

NA 

1.51 

1.21 

1.55 

1.16 

1.54 

1.38 

1.30 

1.35 

1.23 

Basalt 
Repository 

NA 

NA 

1.54 

1.26 

1.61 

1.22 

1.61 

1.42 

1.36 

1.38 

1.29 

(a) Includes spent fuel handling and storage. 
(b) NA = not applicable. 



TABLE A.9.4b. Repository Media Effect on Total-System Waste Management Unit Costs(3) with the Reprocessing Cycle Using a 
7% Discount Rate 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

Reprocessing 
Startup 

NA(b) 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Startup 

NA 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

NA 

NA 

0.76 

0.68 

0.68 

0.70 

0.71 

0.73 

0.73 

0.72 

0.71 

mill: 
Granite 

Repository 

NA 

NA 

0.86 

0.70 

0.69 

0.70 

0.72 

0.78 

0.74 

0.77 

0.72 

5/kWh 
Shale 

Repository 

NA 

NA 

0.89 

0.70 

0.69 

0.70 

0.72 

0.78 

0.74 

0.77 

0.73 

Basalt 
Repository 

NA 

NA 

0.91 

0.71 

0.70 

0.70 

0.72 

0.79 

0.74 

0.79 

0.73 

(a) Includes spent fuel handling and storage. 
(b) NA = not applicable. 



TABLE A.9.4c. Repository Media Effect on Total-System Waste Management Unit Costs(*) with the Reprocessing Cycle Using a 
10< Discount Rate 

Case 

1 

2 

3 

4 

5 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

Reprocessing 
Startup 

NA(b) 

NA 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

Repository 
Startup 

NA 

NA 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

NA 

NA 

0.68 

0.60 

0.59 

0.63 

0.62 

0.63 

0.63 

0.63 

0.62 

mills/kWh 
Granite 

Repository 

NA 

NA 

0.74 

0.61 

0.59 

0.63 

0.62 

0.66 

0.64 

0.65 

0.63 

Shale 
Repository 

NA 

NA 

0.76 

0.61 

0.59 

0.63 

0.62 

0.66 

0.64 

0.65 

0.63 

Basalt 
Repository 

NA 

NA 

0.77 

0.62 

0.60 

0.63 

0.62 

0.66 

0.64 

0.66 

0.63 

(a) Includes spent fuel handling and storage. 
(b) NA = not applicable. 
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TABLE A.9.5. Estimated Research and Development Costs for 
Predisposal Management for a 1990 Repository Start, 
$ M1l1ions(a) 

Waste Treatment 

1980 Cumulative 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 

Spent Fuel 
Storage 

35 
20 
20 
20 

55-

and 
Packaging 

105 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
25 
20 
15 
10 
5 

480 

Waste 
Transport 

5 
1 
2 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
1.5 
1 
0.5 

3S 

Total 

145 
51 
52 
53 
33 
33 
33 
32 
32 
32 
32 
27 
22 
16.5 
11 
5.5 

610 

Ta) For later repository start up assumptions the predisposal 
R&D costs are extended for longer periods as shown in 
Table A.9.6. 
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TABLE A.9.6. Estimated Research and Development Cost (including site verification) 
for Waste Isolation 

C u m u l a t i v e 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2 0 0 1 
200e 
2003 
2004 
2 0 0 5 
2006 
2007 
2 0 0 8 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2 0 1 7 
2018 
2 0 1 9 
2020 
2 0 2 1 
2022 
2023 
2024 

2025 
2 0 2 6 
2027 
2028 
2 0 2 9 
2030 
2 0 3 1 
2032 
2033 
2034 
2 0 3 5 
2036 
2037 
2038 
2 0 3 9 
2040 

TOTALS 

1 9 9 0 
Predisposal 

145 
51 
52 
53 
33 
33 
33 
32 
32 
32 
32 
27 
22 
17 
11 
6 

611 

Disposal Start 
filsposaU*) 

437 
161 
241 
257 
251 
232 
212 
123 
139 
US 
130 

59 
65 
91 
91 
78 
41 
41 
53 
52 
39 

2931 

Total 

582 
212 
293 
310 
284 
265 
245 
155 
171 
170 
162 
86 
87 

108 
102 
84 
41 
41 
53 
52 
39 

3542 

2000 Disposal 
Predisposal 

145 
51 
52 
53 
33 
33 
33 
32 
32 
32 
32 
32 
32 
32 
32 
32 
27 
22 
17 
11 
6 

771 

Disposal 

437 
158 
184 
243 
239 
212 
177 

72 
70 
78 
97 

105 
103 
102 
97 

105 
105 
97 
77 
90 
82 
43 
45 
45 
53 
52 
39 

3187 

Start 
W Total 

582 
189 
236 
296 
272 
245 
210 
104 
102 
110 
129 
137 
135 
134 
129 
137 
132 
119 
94 

101 
88 
43 
45 
45 
53 
52 
39 

3958 

2010 Disposal Start 
Predisposal 

145 
51 
52 
53 
33 
33 
33 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
27 
22 
17 
11 
6 

931 

DisposaUC) 

437 
138 
184 
201 
198 
187 
152 
59 
50 
46 
51 
50 
43 
48 
48 
48 
48 
43 
51 
58 
58 
63 
63 
86 
98 
97 
92 
82 
96 

106 
92 
60 
66 
92 
90 
91 
41 
41 
53 
52 
39 

3698 

tota l 

582 
189 
236 
254 
231 
220 
185 

91 
82 
78 
83 
82 
75 
80 
80 
80 
80 
75 
83 
90 
90 
90 
85 

103 
109 
103 
92 
82 
96 

106 
92 
60 
66 
92 
90 
91 
41 
41 
53 
52 
39 

4629 

2020 Disposal 
Start 

582 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 

no 130 
130 
130 
130 
130 
130 
130 
130 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

7632 

2030 Disposal 
Start 

582 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
130 
130 

no 130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

9532 

(a) Includes 16.5 mlllion/yr through 1993 for alternative disposal technologies, 
(bj Includes $6.5 niUioo/yr through 2(XB for alternative disposal technologies, 
(c) Includes S6.5 million/yr through 2013 for alternative disposal technologies. 
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A.10 SYSTEM REPOSITORY REQUIREMENTS 

Tables A.10.1 and A.10.2 provide a complete listing of the calculated number of reposi

tories required for each of system simulation cases for the once-through and reprocessing 

cycles, respectively. 



Case 

1 

2 

3 

4 

5 

TABLE A.10.1. Repository Requirements for Once-Throuqh Cycle 

Nuclear Power 
Growth Assumption 

Present Inventory Only 

Present Capacity—Normal Life 

250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

Startup 
Date 

1990 

2010 

2030 

1990 

2010 

2030 

1990 

2010 

2030 

2000 

2020 

2000 

2020 

Salt 
Repository 

0.1 

0.1 
0.1 

0.7 
0.7 
0.7 

3.5 

3.6 

3.5 

4.7 

4.8 

6.3 
6.5 

Number of Repositories 
Granite 
Repository 

0.05 

0.04 

0.03 

0.3 
0.2 
0.2 

1.5 

1.3 

1.0 

1.9 

1.6 

2.6 
2.1 

Shale 
Repository 

0.1 

0.1 
0.1 

0.5 
0.5 
0.4 

2.6 

2.4 

2.1 

3.4 

3.0 

4.6 
4.1 

Basalt 
Repository 

0.05 

0.04 

0.03 

0.3 
0.2 
0.2 

1.5 

1.3 

1.0 

1.9 

1.6 

2.6 
2.1 



TABLE A.10.2. Repository Requirements for Recycle Cases 

Case 
Nuclear Power 

Growth Assumption 

Present Inventory Only 

Reprocessing 
Startup 

Repository Salt 
Startup Repository 

NA (a) NA NA 

Number of Repositories 
Granite Shale 

Repository Repository 

NA NA 

Basalt 
Repository 

NA 

2 Present Capacity—Normal Life NA NA NA NA NA NA 

3 250 GWe System by Year 2000 
and Normal Life 

250 GWe System by Year 2000 
and Steady State 

500 GWe System by Year 2040 

1990 

1990 

2010 

1990 

2010 

2000 

2000 

2000 

2000 

1990 

2010 

2010 

2030 

2030 

2000 

2020 

2000 

2020 

3.1 

2.8 

2.3 

2.3 

2.1 

3.6 

3.3 

5.0 

4.6 

2.9 
2.4 

2.1 

2.0 

1.9 

3.3 

2.9 

4.6 
4.1 

5.4 
4.7 

4.0 

3.9 

3.7 

6.3 

5.7 

8.7 

8.0 

3.1 

2.6 

2.2 

2.2 

2.1 

3.5 

3.2 

4.9 

4.5 

(a) Not Applicable. 
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APPENDIX B 

GEOLOGIC DISPOSAL SUPPLEMENTARY INFORMATION 

Factors relevant to selection of a geologic repository include the depth of the reposi

tory; the size and properties of waste form and host rock; seismic, tectonic and magnetic 

characteristics of the proposed repository; the hydrologic system and material resources 

near the repository; and the use of multiple geologic barriers. These factors will be con

sidered in a three-stage site selection process. 

B.l DEPTH OF REPOSITORY 

The optimum depth of the waste emplacement zone is a function of the geologic media and 

is thus site specific. A depth of 600 m is frequently cited because it is proposed depth 

for a test facility in salt in New Mexico (Claiborne and Gera 1974). A 1000 m depth has 

frequently been mentioned in the literature. The repository must be deep enough to rule out 

any significant effects from disruption by surface phenomena and to provide as long a path

way to man's environment as possible. Because of the variety of geologic media and settings 

in the United States, it should be possible to find a number of sites having appropriate 

host rock at suitable depths. 

Because destructive natural surficial processes (for example, erosion, climate and 

weathering) may reduce the depth to the repository, the host rock should be deep enough to 

separate the repository from these processes and thus maintain geologic isolation. Base

line data to evaluate these factors can be obtained from historic and geologic evidence. 

Climatic conditions and associated erosional and weathering processes have an influence to 

variable depths, depending upon local conditions. 

Climate and rock properties provide the conditions for erosion and weathering. The 

energy for transport of earth materials is provided by running water, moving ice, wind, and 

gravity. Records of present and paleoclimatic conditions must be evaluated to predict 

future climatic variations and to estimate possible depths of erosion. Typical climatic 

and related factors to be evaluated at a repository site include: 

• daily and seasonal atmospheric conditions 

• latitude and longitude 

• altitude 

• position with respect to ocean and/or global wind circulation patterns. 

These four parameters are basic data required to establish the types of weathering forces 

and erosion that will act to reduce depth. For example, a high-latitude site and a pos

sible past history of glaciation at these latitudes indicate a potential for glacial 

erosion. 

The repository site can be characterized by its topography (land-surface configura

tion), unconsolidated surficial materials (soil), and underlying rock. Earth materials sur

rounding the repository are the prime barriers to movement of radioactive waste to the 
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biosphere. These earth material properties must be known in order to determine rates of 

erosion. The properties of these materials that relate to erosional processes are the 

strength, hardness, chemical composition, consistency, uniformity, and homogeneity. 

Topography (land-surface configuration) has an economic impact because of i t s influence 

on ease of access for materials and transportation, the amount of surface modification 

required for construction of f ac i l i t i e s such as buildings and rai lroads, and any unique 

problems such as landslide potential or f lash flooding. In addition, steep terrain f re 

quently Indicates tectonic ins tab i l i t y . In general, a re lat ively f l a t and open area with 

low re l ie f is considered desirable. 

Weathering is the chemical and physical decomposition and/or transport of surface and 

near-surface earth materials by surface erosional processes. I t can decompose earth mate

r i a l s Into smaller components that are more easily carried and deposited by other erosional 

processes. The weathering process can break down earth materials as deep as several hundred 

feet . In addition to climatic forces, the rate of weathering depends also on the resistance 

of earth materials to chemical deterioration and physical pressures. The major chemical and 

physical weathering processes are freezing and thawing, hydration, hydrolysis, oxidation, 

carbonation, dissolution, and expansion caused by unloading, crystal growth, thermal d i f fer

ence, and organic ac t iv i ty . All of these may remove material and thus decrease the depth to 

the isolated waste. 

Water (stream) erosion processes are a function of a base level (Office of Waste Isola

t ion 1977). Base level Is a surface below which moving water cannot erode. The ultimate 

base level for stream erosion Is generally considered to be sea level . Base level can 

change, however, over geologic time; for example, large fluctuations of sea level can occur 

during glacial periods. The mechanisms of a stream erosion are acquisition of weathered 

earth materials, abrasion of material through part icle Impact, t ransi t abrasion of mate

r i a l s , and transport by the t ract ion, suspension, or solution of weathered rock debris. 

Erosional processes unaffected by a base level are those related to Ice, wind, and 

gravity. These processes are important because of their potential for eroding below base 

level . 

Erosion by ice is caused by glaciat ion, and the continental type has the greatest 

potential Impact on depth of isolation (Office of Waste Isolation 1977). Glaciers are a 

dynamic mass of recrystall ized snow and ice, and the character and longevity of a glacier 

depend on climatic factors. Glacial action alters the land surface and could reduce the 

depth of a repository by 1) plowing or scraping earth materials from a s i te , 2) abrasion of 

Intact rock, and 3) assimilation of plowed and abraded material into the ice mass (Verhoogen 

et a l . 1970). The depth to the repository may be effect ively reduced i f fracturing or 

faul t ing results from the loading and unloading of the ice on the land surface. Parameters 

affecting glacial erosion are ice temperature and thickness, earth material and structure, 

and topography. The depth below base level at which glaciers may erode can be substantial. 

The lower depth of glacial erosion at a repository s i te can be predicted to some extent from 

the glacial history. 
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Erosion by wind energy is a mechanical process. I t requires the environmental condi

tions of no vegetation and uncemented dry earth materials (Verhoogen et a l . 1970). These 

conditions are most prevalent in desert environments. Depth of possible wind erosion is 

controlled by wind velocity, duration, and other climatic conditions (Office of Waste 

Isolation 1977). 

Mass-wasting, or gravitational erosion, is the movement of earth materials by gravity 

Independent of water, glacier, or wind. The significance of mass-wasting is that i t affects 

the whole body of the earth material and is not confined to a land environment. Mass-

wasting occurs when the force of gravity on a mass of earth material exceeds the cohesive 

strength between the individual earth part icles. Environmental components important to the 

mass-wasting process are weathering, geomorphology (topography), processes of stream, gla

c i a l , and wind erosion and sometimes earthquakes (Claiborne and Gera 1974). 

Surface geologic processes cause the transport of earth materials to sites of deposi

t ion . Rates of deposition may be as imperceptibly slow as rates of erosion. However, they 

also may be significant over hundreds of thousands of years. Agents of deposition that 

should be evaluated for candidate repository site regions include runoff and streams, wind, 

glacial processes, and volcanism. A surface environment conducive to long-term deposition 

is somewhat favorable to repository containment because as the depth of sedimentary cover 

continually and gradually increases, so would the depth of bur ia l . 
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8.2 DIMENSIONS AND PROPERTIES OF HOST ROCKS AND MEDIA 

The host rock must have the properties and dimensions to assure geologic isolation 

(Office of Waste Isolation 1977). One method for defining the required dimensions of a 

repository mediian is use of an "equilibrium release fringe concept." The concept assumes 

that the repository system contains the waste within a known or definable zone for the 

necessary time period. After a period of time, the competing factors of radioactive decay 

and chemical migration processes wi l l produce an equilibriimi zone or fringe that w i l l not 

move or w i l l move so slowly as to be insignif icant. Using these def ini t ions, a three-

dimensional zone consisting of host rock material, repository and waste, is defined on the 

basis of host rock and waste package properties beyond which no waste or act iv i ty beyond a 

specified range is expected to migrate for the necessary time period. The specified range 

l ies between the values for radioisotope concentration at the maximum natural concentration 

found in the world and the average U.S. natural background concentration. This condition 

is defined as an equilibrium condition, i . e . , any material or act iv i ty released beyond the 

fr inge or boundaries of the zone would be within the range of that which occurs naturally. 

The size of the zone of effect w i l l probably change throughout the repository's his

tory. After sealing, the zone w i l l be very nearly the size of the repository and the fr inge 

w i l l be located by radiation effects. At a later time in the repository's history, when the 

canisters and overpack material may have lost their integr i ty as barriers, the waste wi l l 

be par t ia l ly in contact with the host rock. The waste may then move slowly into the host 

rock by dif fusion, concentration gradients or whatever forces are present to move i t . The 

fringe bounding the zone of effects wi l l expand as the zone slowly moves out from the 

repository. The size of the zone of effect and the location of the equilibrium fringe wi l l 

depend on the host rock properties, the form of the waste, the act iv i ty and thermal state 

of the waste at the time the canisters became ineffective as containment, and other factors 

such as presence of water. 

The location of the equilibrium release fr inge is d i f f i c u l t to predict, part icularly 

over time periods greater than several thousand years. Simulation by modeling may furnish 

some estimates i f the necessary input data are available. The modeling would proceed under 

the assumption that no intrusions or disruptions occurred. 

The required dimensions of the host rock relate closely to the radius of equilibrium 

release and are established as a function of the medium's properties and of engineering 

design of the repository. Important media properties that affect the radius of equilibrium 

release can be classif ied as thermal, chemical, and hydrologic. 

The host rock dimensions must be large enough with respect to the repository dimensions 

to adequately disperse or contain al l of the perturbations and loads induced by the reposi

tory. These dimensions wi l l depend direct ly on si te-specif ic geologic properties of the 

host rock. The host rock must also be of suff ic ient thickness to ensure that excavation and 

construction can proceed on several depth levels and over many acres of lateral extent. 

Adequate thickness of the zone adds assurance that the specific medium is of suff ic ient mass 

and extent to contain the waste and buffer the repository from materials with different 
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properties. The emplacement medium should be homogeneous and uniform in properties and com

position, and the medium should extend some distance from the repository so that the 

response to the waste will be similar and more predictable. The concept of equilibrium-

release radius can be used to derive the required host rock dimensions as discussed above. 

This is a consideration for modeling specific sites in the last stage of site selection. 

Several engineered barriers will be built into repository design; however, they will 

probably have negligible permanence compared to the lifetime of the repository. The primary 

geologic barrier to waste migration will be the repository host rock itself. The effective

ness of the barrier will depend on the responses of the host rock to long-term effects of 

heating and irradiation. Rock response over the full range of expected repository condi

tions is not adequately understood; however, uncertainties can be overcame by more conserva

tive design for waste emplacement. 

Preliminary thermal loading analyses indicate that tensile forces will be induced near 

the outer margins of the repository (Office of Waste Isolation 1978f). Thus thermal expan

sion could create potential pathways for waste migration by fracturing or by opening pre

existing fractures. For salt strata this is not the problem; salt is expected to deform 

plastically and heal internal fractures. However, if the surrounding strata were breached 

by fracturing, salt could be vulnerable to rapid solution by ground water. Therefore, ther

mally induced permeability appears to be an important consideration for all host rock media. 

Dip, inclination, or attitude of the units in the rock column or section is considered 

both from a construction standpoint and as indicators of past geologic stability. Flat or 

nearly horizontal units will probably be easier to tunnel through, mine and support if 

needed. Steeply dipping or inclined units, in general, indicate past deformation or move

ment and would likely be avoided if other areas can be found. Any geologic section with 

units of different inclinations or dip within the rock column may indicate the presence of 

erosion or weathering surfaces that might be selectively weak or permeable. Low and fairly 

uniform inclination or dips are probably most desirable. 

Joints, fractures and faults are generally not favorable from a geologic site-selection 

point of view. They represent zones of weakness, movement, possible conduits for fluids and 

regions of anomalous properties compared to the general rock mass. They also increase the 

time and cost of investigations and complicate the modeling necessary for design. The pre

sence of these features does not necessarily exclude a site; joints and fractures may be 

closed or sealed by mineral deposition and would not act as conduits and may be barriers to 

flow, and some faults can be shown to have had no movement for millions of years. However, 

in selecting general site areas risks and benefits of areas exhibiting these features need 

to be carefully considered. 

A comparative survey of rock properties is included in Table B.2.1. Rock behavior and 

strength properties strongly affect design and underground construction. These aspects are 

discussed in following sections of this report. 



Type of Properties 

Index 

Stress-Strain 

Strength 

Thermal 

Hydrologic 

TABLE 

Parameter(a) 

Unit weight, Ib/ft^ 
(density) 

Natural moisture 
content, % 

o 
Young's modulus, lb/in. 

Poisson's ratio 

Cohesion (1,500 to 3,500 
psi ranges), lb/in. 

Friction angle. 

Uniaxial compressive 
strength, lb/in. 

2 
Tensile strength, lb/in. 

Coefficient of 
linear thermal 
expansion, F-1 

Heat capacity, Btu/lb- F 

Thermal conductivity, 
Btu/hr-ft- F 

Permeability, ft/yr 

Porosity, % 

B.2.1. Physical Properties of Med 

Salt 

130 to 152 

0 to 1.1 

0.09 X 10^ 
to f. 

7.25 X lO" 

0.22 X to 0.50 

900 to 1,700 

20 to 36 

2,300 to 7,250 

120 to 458 

2.1 X 10"^ 

0.19 to 47.00 

at 32 F-3.5 
at 752 F-1.2 

1.7 X 10"^^ 
to_2 

1 X 10 '̂  

1.4 to 10.0 

Granite 

144 to 190 

0 to 0.32 

2.3 X 10^ 
to f. 

12.1 X lO" 

0.045 to 0.39 

_̂ 

— 

5,100 to 51,200 

500 to 8,100 

3.0 X 10"^ 
6.0 X 10"" 

0.16 to 0.33 

at 32 F-1.65 
at 752 F-1.24 

Very low if no 
joints or 
fractures 

0.5 

11a 

Shale 

117 to 188 

0 to 38 

2 X 10^ 
to , 

26.4 X 10° 

0.03 to 0.50 

0 to 4,250 

4.2 to 56 

70 to 37,000 

0 to 1,540 

4 X 10"^ 

0.20 

at 32 F-1.1 
at 752 F-0.8 

horizontal 10 to 10 

vertical 1/2 to 1/10 
times horizontal 

0 to 45 

Basalt 

180 

nil 

1.8 X 10^ 

0.26 

_. 

— 

18,000 to 40,000 

1,800 to 3,500 

3.0 X 10'^ 

0.17 to 0.23 

at 32 F-0.65 
at 752 F-0.85 

Very low if 
unfractured 
and not jointed 

0.6 

(a) In English units. 
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Rocks are named and described according to their texture and mineralogy. However, 

their overall behavior may depend on details of petrography such as mineral composition, 

rock fabric, f l u id inclusions, exotic mineral accumulations in joints and fractures, and 

trace element chemistry. 

Petrography is important in determining the su i tab i l i t y of the host rock. These data 

wi l l be collected and evaluated for specific sites during the site selection process. The 

basic properties of rock fabric and composition are discussed in Section 5.1. 

Many chemical interactions are possible among mineral and f lu id phases of the host 

rock, ground water, metal canisters, backf i l l material, and waste. The range of possible 

chemical interactions is described in Section 5.1. However, additional study of geochemi-

cal aspects is warranted. 

Thermal properties of high d i f fus iv i t y and conductivity and low thermal expansion are 

normally considered to be desirable. These properties result in maintaining lower waste 

temperatures and minimizing mechanical deformation (expansion). Design of a repository 

should restr ic t thermal loading so that excessive thermal expansion does not fracture the 

host rock and thereby increase permeability. 

Chemical properties of different host rocks vary greatly, and the range of possible 

chemical reactions both before and after the containers may be breached may be signif icant. 

Favorable reactions between waste and the host rock include formation of insoluble radioac

tive compounds, formation of compounds containing water (thus reducing the quantity of free 

water), and sorption of radionuclides by the host rock. However, i f corrosive f luids are 

produced by heating of the host rock, they may attack the canisters and result in early loss 

of this barrier. Chemical reactions between waste and host rock that form highly soluble 

or low melting-point compounds would be unfavorable. Chemical reactions can affect chemical 

transport by changing the composition and quantity of f luids and by changing the ionic 

strength of these f lu ids . Chemical reactions can produce liquids and gases under high pres

sure, and can change pH, Eh, viscosity, or density. Such factors can affect rock strength 

and rate of physical or chemical decomposition of the host rock. 

Permeability is an important hydrologic property of the host rock and must be known to 

determine the rate of migration of radionuclides toward the biosphere, yery low permea

b i l i t y implies a re lat ively small radius of equilibrium release i f other considerations are 

also favorable. 

Properties of the medium also affect repository capacity and waste placement geometry. 

For example, low thermal conductivity of the host rock would require lower waste loading or 

greater spacing between canisters to maintain acceptable repository temperatures. 

The total system of waste form, repository, surrounding geologic environment, and 

effects of waste disposal must be considered to identi fy any possible site-specific determi

nants of the radius of equilibrium release. I f possible, the host rock dimensions should 

encompass the radius of equilibrium release. However, the radius may extend beyond the host 

rock and isolation of waste wi l l be achieved by additional barriers in accordance with the 

multibarrier concept. 
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B.3 SEISMIC, TECTONIC AND MAGNETIC CONSIDERATIONS 

The tectonic s t a b i l i t y of the reposi tory s i t e must be s u f f i c i e n t to assure geologic 

i so la t ion (Off ice of Waste I so la t ion 1977). Tectonics refers t o the deformation of the 

l i thosphere (the s o l i d , near-earth-surface mater ia ls) caused by large-scale and local 

dynamic earth processes. 

Tectonics, se ismic i ty and volcanism re la te to the s t a b i l i t y of an area and r e f l e c t the 

past geological a c t i v i t y . Act ive or capable f a u l t s , a h is to ry of earthquakes and volcanism 

should not condemn an area i f invest igat ion can show that the a c t i v i t y was in the remote 

past (m i l l i on to hundreds of m i l l i o n years ago) and has not occurred since. For pre l iminary 

select ion of areas, crusta l p la te boundaries, areas of known act ive f a u l t s , and zones of 

recent earthquake and volcanic a c t i v i t y would be avoided. 

Deformation of the l i thosphere (tectonism) and the upward in t rus ion (or extrusion) of 

molten rock (magma) are important in s i t e se lec t ion . Deformation of the crust may consist 

of f o l d i n g , f a u l t i n g , u p l i f t , depression or d iap i r i sm. (A d iap i r i s a f o l d in which the 

mobile core is in jected in to the over ly ing mater ia ls . ) These processes, even though they 

may not d i r e c t l y d is tu rb a repos i tory s i t e by f a u l t displacement or venting of volcanic 

ma te r i a l , can s i g n i f i c a n t l y a f fec t the regional hydrology over a hundred thousand years or 

more by a l t e r i ng the topography and the subsurface f l u i d f l ow . In t h i s respect, magmatism 

and tectonism rank with c l imat ic change as important fac tors in determining the evolut ion 

of the hydrologic environment. In select ing a s i t e , optimal condit ions of tectonic s ta

b i l i t y should be rea l ized so that magmatism and tectonism w i l l not adversely a f fec t the 

hydrologic condit ions at the s i t e . To determine that only the s i t e i t s e l f would not be 

d i r e c t l y disrupted by f a u l t i n g or volcanism is not s u f f i c i e n t ; the general region must be 

considered. In general, the tecton ic constraints on s i t e select ion w i l l general ly be more 

d i f f i c u l t to sa t i s f y f o r s i tes in the western U.S. than f o r s i tes east of the Rocky 

Mountains. 

The theory of p late tectonics on a continental scale is believed appropriate f o r iden

t i f y i n g areas of optimum tecton ic s t a b i l i t y in order to assess the constraints on s i t e 

select ion imposed by volcanic a c t i v i t y , tectonism, and se ismic i ty . The plate tectonics 

theory explains in general the present global d i s t r i b u t i o n of l i thospher ic deformation, 

magmatic a c t i v i t y and seismic a c t i v i t y , and also the geologic record of l i thospher ic defor

mation and magmatism over at least the past several hundred m i l l i o n years. Because v o l 

canism has in general occurred in regions of crustal p la te boundaries, some aspects of the 

evolut ion of the l i thosphere during the next m i l l i o n years can be forecast quan t i t a t i ve l y 

from plate tec ton ics ; for example, i t is possible to fo recas t , w i t h in a fac tor of about two, 

an increase of 50 km in the hor izontal displacement across the San Andreas f a u l t system in 

Ca l i f o rn i a . However, many important aspects of the evolut ion of the l i thosphere can be 

forecast only in qua l i t a t i ve terms, i f at a l l ; f o r example, the ef fects of tectonism on the 

physiography of the Rio Grande R i f t i n New Mexico are d i f f i c u l t , i f not impossible to 

forecast . 
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Through isotopic ratio dating, particularly for for pre-Paleozoic rocks (older than 

600 million years), former zones of crustal activity or mobility have been defined. Know

ledge of these zones has proved particularly useful in studies of the early history of the 

North American continent. The question of renewed or future activity at these zones is 

debatable. Some of the former mobile zones have stabilized to form areas like the Canadian 

Shield (Dott and Batten 1971), and their relationship, if any, to present crustal plate 

boundaries is not clear. The plate tectonic theory was formulated a decade ago as basically 

a kinetic theory, and is now in the early stages of development into a full physical and 

chemical theory, incorporating geologic knowledge acquired over the past centuries. The 

driving mechanisms for plate tectonics are not presently understood. 

The geologic stability, over the past 100 million years or more, of the major part of 

the U.S. east of the Rocky Mountains is readily explained in the framework of the plate tec

tonic theory. In this region the lithosphere has behaved essentially as a rigid plate, 

undergoing rigid-body rotation away from the Mid-Atlantic Ridge. The broad features of the 

present-day tectonics of the western U.S. arose, after episodes of continental accretion 

associated with consumption of oceanic lithosphere along the western margin of the conti

nent, when the North American plate overrode an oceanic rise system, the remnants of which 

(the Juan de Fuca Ridge, the Gorda Ridge, and the ridge system in the Gulf of California) 

continue to create new oceanic lithosphere. Remaining to be explained is the relation 

between these events and the incipient continental rifting represented by the Snake River 

and Yellowstone volcanism and the Rio Grande Rift. 

Consideration of the optimal region or regions of tectonic stability for siting pur

poses proceeds from the continental scale to regional and local scales, to ensure that sites 

are viewed in their proper context. Simple projection into the future from local geologic 

history alone is not a satisfactory basis for repository site selection. On the regional 

and local scales, site selection will necessarily involve uncertain projections from the 

geologic record. These projections will tend to be more tenuous in the more tectonically 

active regions. At the same time, in the less active regions the tectonic regime may be 

more difficult to ascertain because of fewer opportunities for the study of seismotectonics 

(the inference of the geometry of tectonic stress and faulting from earthquake mechanism 

determinations). In the span of a hundred thousand years or more, significant aseismic 

deformation may occur. Even in the relatively stable eastern U.S., local vertical surface 

velocities of a millimeter or more per year are ubiquitous. Motions of this magnitude, per

sisting over a period of hundreds of thousands or millions of years as in the case of the 

uplift of the Adirondacks, could result in erosion of hundreds of meters of overburden. It 

is uncertain whether such movements could present a serious problem for waste isolation even 

if they were not anticipated. 

Tectonic activity varies in intensity throughout different regions of the North Ameri

can continent. Most of the intense tectonic activity and virtually all the volcanic acti

vity of the North American continent occur along the crustal plate boundaries. A repository 

site will be located in a relatively stable tectonic region. In general, the underground 
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parts of the repository are not expected to be damaged by vibratory earth motion, although 

the surface structures and access shafts are likely to be more vulnerable. 

Isolation of a repository could be disrupted by tectonic activity and cause faulting, 

which may alter the hydrologic regime, or elevation and subsequent exposure through ero

sional processes. The tectonic stability of a host rock can be evaluated by investigating 

and delineating these tectonic processes of deformation and the rates of deformation. The 

processes and factors of the tectonic stability can be determined from the tectonic history 

and significant geologic structural features. 

The occurrence of strong ground shaking at a repository site from local or regional 

earthquakes is not expected to have serious effects on the repository at depth (Dowding 

1978), although some operational components of a waste isolation facility may be disrupted. 

The primary effect of earthquake occurrence is faulting, an important mode of tectonic 

deformation. Faulting may or may not be evident at the ground surface. 
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B.4 HYDROLOGIC CONSIDERATIONS 

The hydrologic regime (the surface water and ground-water systems) at the repository 

site must be favorable to geologic isolation (Office of Waste Isolation 1977). 

Surface hydrology includes the distribution and occurrence of water at the surface of 

the area. Large rivers and lakes represent collection areas for surface water from sur

rounding regions and may be areas where underground water is moving to the surface. Such 

areas will probably be avoided because of the risks of flooding and entrance of water into 

the repository workings. 

Ground water is an important consideration in geologic site selection for two main 

reasons: 

1. It is a valuable and widely used resource and a repository should not be located 

where it will affect the quality or availability to an unacceptable level. 

2. Ground water is generally considered to be the most likely agent for transporting 

radioactivity away from the repository during its expected lifetime. 

Ground water is present in varying degrees of saturation in nearly all subsurface earth 

materials. Also, all rock units have some permeability (although it may be small in some 

cases), and have hydraulic conductivity varying from relatively high to very low. Ground 

water can dissolve and transport radionuclides. Waste isolation requires that the prop

erties of the host rock minimize transport of the waste and that the host rock be isolated 

from more permeable media. The ability of a disposal media to isolate radionuclides within 

a hydrologic regime is determined from the factors that govern hydrologic transport via the 

local and regional flow patterns. 

The local flow regime of a repository site can be characterized by the geohydrologic 

properties of the host rock and of the hydraulic gradients (inducement to flow). Evalua

tion of the isolation potential of these components requires geologic studies, hydrologic 

testing, and analysis of water characteristics (de Marsily et al. 1977; ERDA 1976). 

The geohydrologic character of the repository medium is concerned with intergranular 

fluid properties (Walton 1970). A rock substance is composed of minerals compacted and 

cemented or crystallized together into a matrix. Spaces between grains and cementation 

material (called pore space) can contain fluid. The percent of pore space in the total 

matrix is the porosity. The volume of fluid a repository medium can contain is described in 

terms of percent water saturation and porosity (secondary rock discontinuities also contri

bute to its fluid volume capacity). Pore space is an important property in determining: 

1) the ability of a fluid to flow through a medium, 2) the volume of fluid flow and 3) the 

rate of flow. The evaluation of porosity for the repository medium includes the in-situ 

condition and the effect of radioactive waste-induced alteration, e.g., precipitation and/or 

solution. Porosity alone does not determine the permeability of a medium. For example, a 

shale has high porosity because of the clay size particles but is essentially impermeable 

because the pores are not interconnected or are so small that capillary forces dominate. 
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The flow potential of a repository medium depends on the interconnection of pore space 

(permeability) and the pressure differential. Geologic materials may be grouped in order 

of flow potential into aquifers and aquitards (confining units). The definition and deline

ation of these units require knowledge of the geologic stratigraphy and matrix and rock mass 

hydrologic properties of the medium. Conventional subsurface geologic techniques are used 

to define the lithologic and horizontal and vertical distribution of a flow unit. Fluid 

chemistry and core analysis of porosity and permeability allow the estimation of volume of 

fluid available for flow within a unit and of the hydrologic characteristics of the reposi

tory medium. Hydrologic field testing of the individual flow units completes the delinea

tion of these units. 

A flow unit may contain a large volume of fluid and a high permeability but require an 

inducement to flow (Davis and DeWiest 1966). A difference in hydraulic head (gradient) is 

necessary before a fluid will flow through a porous medium. A repository site contains 

local gradients, both vertical and horizontal, and a regional gradient for given flow poten

tial units. A hydrologic gradient could exist because of elevation differences between the 

surface point where fluid enters the unit (recharge area) to the repository medium. Hydrau

lic gradient across the reppsitory medium is generally determined by finding the difference 

in fluid level (potentiometric head) between wells of known depth. 

The regional geohydrology is important to waste isolation in terms of conditions that 

may affect the local hydrologic regime. Possible effects include changes in hydraulic gra

dient from water usage or climatic changes. 

Regional hydraulic parameters significant in maintaining isolation are recharge and 

discharge conditions. Recharge is of particular interest in establishing the volume of 

fluid available to an aquifer. Tectonic movements have the potential to significantly 

alter the hydraulic regime. 

Hydrologic considerations enter into each stage of the site selection process. In the 

early stages the broad regional characteristics of surface and subsurface water flow are 

examined for compatibility with waste isolation. Regions may be eliminated from considera

tion on the basis of unfavorable characteristics, for example, high regional flow gradients, 

presence of aquifers near the proposed repository depth, or alteration of hydrologic regime 

from future climatic changes or tectonic events. 

Other hydrologic characteristics may be of overriding importance to site selection. 

For example, interior drainage (surface runoff that does not drain to the ocean) is particu

larly well developed in the Great Basin of Nevada and Utah. The characteristics of such a 

hydrologic regime offer longer flow paths and greater travel times than does surface water 

flow to the migration of radionuclide wastes beyond the boundaries of the system. Other 

examples of favorable regional hydrologic conditions include arid climate and low hydraulic 

gradients (vertical and horizontal) in the surface and subsurface regimes. 

Further consideration of hydrology involves more detailed characterization of the 

regional regimes that have passed the first phase. The collection of rock properties data 
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and the f i e l d measurement of hydrologic parameters enumerated w i l l be needed. These data 

w i l l be input to hydrologic models of candidate areas for locating sites at which geologic 

barriers are part icularly effective. 

Detailed evaluation of individual sites w i l l be required in order to predict the com

plicated interaction of a repository model and hydrologic regimes. An important f i e ld of 

research, for instance, is the prediction of thermal effects on rock permeability near a 

repository. 

Site selection w i l l probably avoid areas of known major aquifers. In areas other than 

those with major aquifers, a preliminary ground-water characterization would certainly be a 

factor to be considered in the early stages. 

To characterize an area's ground-water supply and potential requires determination of 

such factors as depth to producing zone(s), yield (usually determined from pumping tests) 

and an estimate of the supply available. From available wells, porosity, permeability and 

change in water level caused by pumping are measured. These aquifer properties and how they 

change with distance are extrapolated over the area i f other measurements are not available. 

Usually other existing wells supply information to help determine the configuration of the 

water table or artesian pressure surface, direction of flow and estimates of rates of move

ment. These methods are generally applied to areas and rock units that yield water in 

usable quantities, whether on a scale for ci t ies or for a single dwelling (Walton 1970, 

Davis and DeWiest 1966). They are not as applicable and have not been applied as widely to 

areas where porosity, permeability and yield are very low—that i s , where usable supply can

not be obtained. 

The areas of very low ground-water supply or flow are more favorable candidate areas 

for waste repositories because of the smaller opportunity for moving water to contact the 

waste and possibly transport i t . Flow properties w i l l need to be determined because of the 

time periods associated with a repository. Flow rates and velocities of ground water that 

are insignificant over a 50-yr period may be significant over hundreds to thousands of 

years. Methods of evaluating free water and i ts movement in media of these areas are avai l

able (for example, laboratory determinations of porosity and permeability are made from 

f ie ld core samples) but zones of fracture or jo in t flow are d i f f i cu l t to evaluate and 

describe in laboratory tests. Field tests w i l l be necessary to measure in-si tu properties 

after a potential s i te is chosen. 

When possible, future climatic changes (for example, a change to a much wetter climate) 

should be considered with the attendant possible effects such as change in ground-water 

levels on a repository. 

I t seems reasonable to assume as one possibi l i ty that free water, over thousands of 

years, may enter the repository even in shale and possibly sal t . The effect of the water 

w i l l depend on the condition and state of the waste at the time, and transport of radionu

clides w i l l depend on the rate of water movement, i f any, through the repository and the 

physical-chemical properties of the repository medium. 
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B.5 NATURAL RESOURCE CONSIDERATIONS 

Known occurrence of any natural resource will make an area less suitable for a reposi

tory. Construction of a repository will effectively remove the resource from use or limit 

access to it, and will need to be weighed against economic value, need and supply of the 

resource. Care will needed In estimating future need and predicting value of materials 

perhaps not considered to be resources today. 
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B.6 MULTIPLE GEOLOGIC BARRIERS 

The multibarrier concept is a "defense-in-depth" or "multiple barrier" approach to off

setting the present lack of certainty or predictability in some factors of the waste dispo

sal system. The basic purpose of the concept is to provide a series of independent barriers 

to radionuclide migration that taken together represent a compound or multiple barrier. The 

multibarrier concept includes basically two major elements: 1) the waste package, which 

consists of the waste in whatever form, any materials between the waste and its container, 

the container or canister and any overpack or material placed between the canister and the 

host rock; and 2) the material or naturally occurring barriers consisting of the geologic 

disposal medium, its dimensions, its properties, tectonic setting, properties of contiguous 

and surrounding rock materials and the disposal medium's position in the regional and local 

hydrologic systems. 

Waste forms and canisters are discussed in Section 4. 

The natural barriers consist first and most importantly of the repository host rock and 

its properties. The properties include its physical, chemical, thermal and hydrologic char

acteristics. The host rock with its properties provides the justification for geologic dis

posal and is the main element in containing the waste within the repository and in isolating 

the waste from man's environment over the long term. The disposal medium provides this iso

lation through the depth of burial within the medium below the land surface and by providing 

minimal or very low rate of movement pathways for transport. 

For this Statement it is assumed that ground water is the most probable transporting 

agent over long time periods and the emphasis is thus on locating the repository in such a 

position and medium that it is as isolated as possible from ground water. 

Four geologic media have been selected to illustrate the range of rock properties that 

need to be considered in a host rock for a radioactive waste repository. All four rock 

types possess properties that are favorable for waste isolation. These, as well as some 

unfavorable characteristics are discussed in the following pages. 

B.6.1 Salt Deposit Properties 

Salt (NaCl) deposits appropriate for disposal media occur in stratiform masses (bedded 

salts) and in salt domes. Salt deposits result from precipitation of halite (NaCl) by evap

oration from seawater. Salt precipitation often alternates with the deposition of shale 

and carbonate minerals, resulting in salt deposits interbedded with other sedimentary rocks. 

Generally the degrees and mineralogical types of interbedding vary greatly. Salt domes are 

formed by the flow of bedded salts laterally to form masses which then move upward and 

deform and frequently penetrate overlying strata (diapirism). Salt flow is induced by the 

low specific gravity of salt plus variations in the lithostatic pressure and differential 

compaction of overlying sediments. Salt dome deposits are usually of higher purity, are 

more homogeneous and have fewer fluid inclusions than do bedded salts. Salt deposits 
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applicable as disposal media are situated in distinct sedimentary basins throughout many of 

the contiguous 48 states, as illustrated in Figure B.6.2 (Office of Waste Isolation 1978b). 

The existence of salt beds and formations that are known to be hundreds of millions of 

years old testifies to their isolation from water and their stability. Salt deposit 

strength properties are relatively fair to good in the undisturbed state. Salt is basically 

isotropic with minimal cohesive strength. The result is a highly plastic medium that tends 

to move (creep) under earth pressures, increasing with greater depth and temperature. Creep 

tends to seal discontinuities but is difficult to stabilize in tunnel openings. Although 

heat tends to reduce strength, high thermal conductivity of salt is conducive to heat dissi

pation. A salt deposit may contain moisture in interbed materials and in small cavities as 

brine inclusions. These brine inclusions have been shown to migrate or move toward a heat 

source (ERDA 1976). Salt moisture, if present, leads to increased heat effects and to the 

potential for strength loss from solution action. Undisturbed salt beds are essentially 

impermeable (Office of Waste Isolation 1978a,b). 

Rock types associated with salt deposits include anhydrite (CaSO.), limestone (CaCOo), 

dolomite (CaCO, MgC03), and shale (SiOg, AI2O3, Fe203, FeO, MgO, CaO, Na20, K^O). Hal

ite is highly soluble (Office of Waste Isolation 1978a). More information is needed about 

Ion exchange rate, reaction to radioactivity, and potential chemical reactions with salt 

deposits, related rock types, and waste materials. 

SUB-BASINS CONTAINING RELATIVELY 
THICK BEDDED SALT. SALT DOMES, OR 
SALT ANTICLINES 

FIGURE B.6.1. Bedded Salt Deposits and Salt Domes in the 
United States (adapted from Office of Waste 
Isolation 1978a) 
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Salt deposit structures can be f l a t - l y i ng , folded, or jointed. Jointing is generally 

parallel to bedding. Included within beds are large crystal masses, large rock masses of 

sol id i f ied impurities with lateral continuity, and lateral l i thologic changes (Office of 

Waste Isolation 1978a). Joints can be anhydri te-f i l led, near vert ical , unopen, moderately 

spaced, and generally extensive. 

B.6.2 Granite Properties 

Granite is an intrusive igneous rock with an equigranular, medium-to-coarse crystall ine 

texture. I t is generally l ight colored, composed principally of feldspar, quartz and, typ i 

cal ly, hornblende and b io t i te . Granites are generally homogeneous in composition, with 

variations primarily in accessory minerals and secondary rock features. Granites are found 

as plutons, which are bodies of igneous rock that have formed beneath the earth's surface by 

consolidation from magma. Typical granite plutons include batholiths and smaller-scale 

stocks; they are very deeply rooted and enlarge with depth (Verhoogen et a l . 1970, Holmes 

1978). 

Igneous rocks may have similar physical characteristics but range in chemical and min

eralogical composition from granite to closely related rocks such as granodiorite. In many 

respects other closely related igneous rocks are similar to or identical to granite, but, 

because they vary signif icantly in major element, trace element and mineralogic composition, 

they are not considered to have the same disposal media properties as granite. The loca

tions of potential repository granites within the contiguous 48 states are i l lustrated in 

Figure B.6.2. The areas identif ied represent large granite masses at or near the surface. 

Granites are formed beneath the earth's surface. Their texture is a dense matrix of 

equigranular coarse grains. The porosity is low, with l i t t l e or no natural moisture con

tent. Intergranular permeability is extremely low. Also, strength is considered to be very 

high. Most component minerals are hard, resulting in high durabi l i ty. Granites are gener

al ly very r i g i d , with l i t t l e ab i l i t y to deform under earth stress, but may exhibit fractures 

that could conduct water i f they are open and water is available. Granites are basically 

resistant to temperature effects up to several hundred degrees Celsius. However, thermal 

expansion of particular minerals may be suff icient to cause fracture of the rock and pos

sibly surface heave. 

Granite is mostly composed of s i l i ca , alumina, and alkal i elements, and forms minerals 

of quartz, feldspar, hornblende, and mica. Typical chemical composition of a granite is 

included in Ekren et a l . (1974, Table 5.1.3). Mineral components of granite are almost 

inactive chemically under ambient temperature and pressure conditions. However, more data 

are needed about waste-granite reactions under repository conditions. 

Granites have no bedding because of their intrusive igneous mode of formation, but may 

be layer- l ike. Joints tend to be blocky or sheet-like on a large scale, and their orienta

tions may be vertical and intersect at r ight angles and/or horizontal and subparallel to the 

topographic surface. Joints, which range from sealed to part ia l ly opened and extensive 

often have l i t t l e mineralization. Granite masses may contain dikes, veins and occasionally 

fragments of other rock material. 
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GRANITIC 

'A CRYSTALLINE ROCKS 

FIGURE B.6.2. Granitic Rock in the United States 
(adapted from Office of Waste Iso
lation 1978a) 

B.6.3 Shale Properties 

Shale is the product of the l i t h i f i ca t ion or compaction and cementation of mud. Mud 

is predominantly composed of clay size particles (1/256 mn dia) and/or s i l t size particles 

(1/256 to 1/16 mm dia). The predominant constituents are clay minerals (hydrous aluminum 

si l icates) , and substantial amounts of mica, quartz, pyr i te, and calcite (Table B.6.1) 

(Verhogen et a l . 1970, Holmes 1978, Office of Waste Isolation 1978a). Mineral grains may 

either be poorly compacted in a so i l - l i ke manner or cemented like rock. Shales are in gen

eral s t ra t i f ied or laminated, and f i s s i l e , although some may show l i t t l e layering and break 

into small angular blocks, as with mudstones. Shales are often interbedded with other sedi

ments such as carbonates and sands. Shale units potential ly applicable as disposal media 

are situated in sedimentary basins throughout many of the contiguous 48 states, as i l l u s 

trated in Figure B.6.3 (Office of Waste Isolation 1978a). 

Shales are relat ively weak, partly because of the soft mineral components and weak 

cementation between grains. The general texture is fine-grained, and shale tends to sp l i t 

Into f l a t , shel l - l ike fragments in parallel bedding. The fine-grained clay minerals account 

for a very high natural moisture content and porosity. Because of f ine pore size, inter

granular permeability is low. Many shales have the ab i l i t y to accommodate large deforma

tions with a potential for plastic flow. 

Clay minerals are known to have a high ion-exchange potential. Wetting and drying of 

shale wi l l weaken the rock and may cause i t to crumble. Shale may oxidize (as well as dry) 

when exposed to a i r , affecting both strength and volume characteristics. More data are 
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TABLE B.6.1. Average Chemical Composition by ( 
for Representative Disposal Medi 

Compound, 
% of Total 

Si02 

A1203 

Fe203 

FeO 

CaO 

Na20 

K2O 

MgO 

H2O 

x,o 

Rock Types 
Granite 

70.2 

14.5 

1.6 

1.8 

1.9 

3.4 

4.1 

0.9 

0.8 

0.4 

Shale 
55.0 

21.0 

5.0 

1.5 

1.6 

0.8 

3.2 

2.3 

8.1 

1.9 

Basalt 
49.1 

15.7 

5.4 
6.4 

9.0 

3.1 

1.5 
6.2 

1.6 

2.0 

WEST 
COAST 
CLAYS 

BASINS CONTAINING 
ARC ILUCEOUS FOR^\ATIONS 

FIGURE B.6.3. Representative Shale Units in the United States 
(adapted from Office of Waste Isolation 1978a) 

desirable regarding shale-waste reactions under repository conditions. Heating effects may 

be significant with shale as well as effects of temperature rise on contained water. 

Shales may have discontinuities consisting of bedding, joints and fracture planes which 

are often f i l l e d with calc i te, but also may be unf i l led. 
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B.6.4 Basalt Properties 

Terrestrial basalt flows are considered here to be applicable to conventional geologic 

disposal. Basalt is a black to medium gray, extrusive volcanic mafic rock (high in magne

sium rock si l icates) with the major mineral component calcic plagioclase (usually as pheno-

crysts) ol ivine and accessory minerals of magnetite, chlor i te, ser ic i te , and hematite 

(Office of Waste Isolation 1978e, Holmes 1978). The texture of a basalt may be either 

glassy or granular. Generally, basalt flows have a large areal extent. The locations of 

potential basalt repository areas are i l lustated in Figure B.6.4. The basalts of south

eastern Idaho are not considered because of high permeability features such as the Lost 

River and known large open lava tubes. 

Basalt is commonly a very dense, high-strength material. Consequently, porosity and 

permeability are favorably low, with negligible moisture content, although interflow sedi

mentary units may be more permeable. Basalts remain relat ively strong under elevated tem

peratures but may exhibit expansion. An average chemical composition of basalt is included 

Table B.6.2. More data are needed about basalt-waste reactions under repository conditions. 

Joints are generally platy or columnar. They may be f i l l e d with various secondary min

erals, alteration or weathering products of basalt. Joints may be unopened or opened with 

wide spacing ('vO.3-1.8 m) and be smooth to rough. Joints in basalt may be extensive. They 

are generally unfavorable because of their potential for high permeability and ground water 

flow. 

COLUMBIA RIVER BASALT 

KEWEENAWAIM LAVAS/BASALTS 

TRIASSIC LAVAS, 

BASALTS 

FIGURE B.6.4. Potential Repository Basalts in the United States 
(adapted from Office of Waste Isolation 1978a, Dott 
and Batten 1971) 
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B.7 THE SITE SELECTION PROCESS 

Locating a site for geologic disposal of nuclear wastes must necessarily proceed in a 

certain sequence to attain the best available combinations of conditions. This optimization 

of siting considerations is employed to offset the uncertainties of geologic prediction. 

At each step, appropriate technical criteria as well as optional siting considerations 

are required to guide the work and facilitate judgments of suitability. Licensing criteria 

are under development by the Nuclear Regulatory Commission and performance criteria by the 

Department of Energy (Gray et al. 1976). Such criteria are based on the need to reduce to 

the maximum extent achievable the risk of radionuclides being released from the repository 

to the human environment. 

The site-selection process can also take on a different character (Gray et al. 1976). 

Because the practical aspects of gaining access to land for reconnaissance and exploration, 

at least over the near term, may impose severe restrictions on the area considered (Gray et 

al. 1976), sites can be selected for detailed investigation based on ownership by 

appropriate government agencies. Although satisfaction of appropriate technical criteria 

and siting considerations is essential at each stage, other factors also are relevant to the 

site-selection process, and could dominate. Among these are ease and cost of access, 

distance from other societal activities, and societal acceptance of the locations as a 

candidate repository site. Thus, certain sections of the country may be considered 

unavailable for further siting even though preliminary reconnaissance indicates generally 

favorable geologic conditions. 

Also, the criteria for suitability of a site cannot be specified in great detail 

because of the complexity of the geologic settings; it is possible that the selection of 

initial regions for investigation may be done partly on the basis of nontechnical factors. 

Whether the process is begun this way or by a strictly technical approach, sites will 

be examined in detail and compared against the underlying radiological and environmental 

safety criteria. In the discussion that follows, a sequence of purely technical and scien

tific decisions is assumed, although it is recognized that socioeconomic and institutional 

factors must be considered in the site-selection process. 

A purely technical approach to site selection begins on a broad nationwide scale in 

Stage I. A few basic considerations are used to arrive at candidate regions. Candidate 

regions are evaluated on a finer scale in Stage II using other geologic considerations to 

arrive at candidate areas. Stage III consists of individual site evaluations leading to 

selection of an optimum site from among a small number of possible alternatives. This 

selection process provides a systematic method to narrow the geographic area to be studied 

from the nation as a whole to smaller identified regions to even smaller geographic areas 

and finally to a small number of alternate sites. At each step unsuitable areas are 

discarded. 

Stage I of the selection process begins with tectonic and hydrologic considerations 

that can be applied on a broad national scale (see Figure B.7.1). For each consideration, 

criteria need to be defined to serve as a basis for eliminating unsuitable regions and 
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CONTINENTAL U.S. 

TECTONIC CON SI DERATIONS 
HYDROLOGIC CONSIDERATIONS 

HYDROLOGICALLY ACCEPTABlf 
TECTONICALLYACCEPTABlf 

STAGE I CANDIDATE REGIONS 

FIGURE B.7.1. Site Selection Process, Stage I 

outlining the most suitable regions. Optimal choices for candidate regions are areas that 

satisfy both broad considerations. A hypothetical Stage I candidate region, for instance, 

could be an area that passes certain criteria both for optimal tectonic stability and 

hydrologic conditions. Selection of candidate regions can be accomplished by a thorough 

evaluation of available literature, existing geologic exploration data, and other existing 

information such as satellite imagery. 

The candidate regions defined in Stage I enter into Stage II of the site selection pro

cess (see Figure B.7.2). General geologic considerations are applied on a scale appropriate 

to regional study, and criteria are again established to select areas with the most accept

able characteristics. A similar process is followed for each additional consideration (i.e. 

regional tectonics, hydrology, and depth). Optimal choices for candidate siting areas are 

those that have satisfied all Stage II considerations. 

Data base additions required for evaluation in Stage II Include extensive geologic map

ping, generic research on rock properties (particularly their temperature dependence), char

acterizations of regional hydrology, climatic data, and instrumental data such as that 

obtained from geodetic, geophysical and microseismic networks. 

A major task in Stage II will be to determine the activity or inactivity of fault 

systems within candidate areas. Repository siting will be ruled out within a designated 

distance from active faults to protect against possible fault rupture and the effects of 

strong seismic shaking. Repository siting criteria for seismic hazards have not been estab

lished. However, they may resemble current criteria of the Nuclear Regulatory Commission 

for siting of nuclear power plants. 

The results of the above studies will be basic input to hydrologic considerations and 

Stage III modeling of specific sites. Stage III will require collection of as much 
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CANDIDATE REGIONS FROM STAGE I 

GENERAL GEOLOGIC CONSIDERATIONS, LOCAL HYDROLOGY, LOCALTEaONICS, DEPTH 

_ 1 i i I 

STAGE I I CANDIDATE AREAS SATISFYING ALL OF THE CONSIDERATIONS 

FIGURE B.7.2. Site Selection Process, Stage I I 

s t rat i graphic and structural data as possible without jeopardizing the isolation potential 

of the s i te . D r i l l holes, for example, are possible pathways for movement of water and 

loss of containment. 

The candidate s i t ing areas that result from Stage I I enter into Stage I I I of the si te 

selection process (see Figure B.7.3). Al l s i t ing considerations are now applied on a s i te-

specific scale. Again, under each consideration, c r i te r ia are used to eliminate unsuitable 

areas and to locate suitable si tes. 

Additional data base requirements (see Figure B.7.4) for Stage I I I are detailed site 

exploration data obtained by d r i l l i n g , geophysical measurements, and possibly the opening 

of test tunnels. In-si tu measurements of site-specif ic rock properties, state of stress, 

and hydrology w i l l be conducted to the extent possible without compromising the future inte

gr i ty of the repository. 

I t is possible that no si te w i l l be found to satisfy a l l c r i te r ia in Stage I I I . Trade

offs then may have to be made, which may reduce ideal conditions under one cr i ter ion, yet 

results in an acceptable si te for better overall performance. An optimum site and alterna

tives are chosen and ranked in case unforeseen f i e ld conditions or sociopolitical factors 

prevent the use of one or more si tes. 
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CANDIDATE AREAS FROM STAGE I I 

• » f • 
SITE SPECIFIC GEOLOGIC CONSIDERATIONS, DIMENSIONS, EVALUATION 
OF GEOLOGIC BARRIERS, HYDROLOGIC DETAILS, SOCIETAL CONSTRAINTS 

ALTERNATIVE 
SITES 

OPTIMUM 
REPOSITORY 

SITE 

FIGURE B.7.3. Site-Selection Process, Stage III 
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CONTINENTAL 
U.S. 

* 
TECTONIC CONSIDERATIONS 

HYDROLOGIC CONSIDERATIONS 

STAGE I DATA BASE: 

AVAILABLE LITERATURE, REMOTE SENSING 
IMAGERY, EXISTING GEOLOGIC 
EXPLORATION DATA 

SElfCTED CANDIDATE REGIONS TYPICALAREA.500,000km^ 

GENERAL GEOLOGIC 
CONSIDERATIONS 

STAGE 11 DATA BASE: 

STAGE I DATA PLUS EXTENSIVE GEOLOGIC 
MAPPING, GENERIC ROCK PROPERTIES 
RESEARCH, LOCAL HYDROLOGY, CLIMATIC 
DATA, GEODETIC MEASUREMENTS, 
MICROSEISMICITY NETWORKS 

SElfCTED CANDIDATE AREAS • * — TYPICAL AREA . 10, OOP km 

I SITE SPECIFIC GEOLOGIC 
CONSIDERATIONS ± 

STAGE I I I DATABASE: 

STAGE I I DATA PLUS SITE EXPLORATION DATA, 
DRILLING, GEOPHYSICS, IN-SITU TESTING 
OF STRESS, HYDROLOGY, ROCK PROPERTIES 

OPTIMUM REPOSITORY SITE - • — TYPICAL AREA - 20 km 

FIGURE B.7.4 . Addit ional Data Base Requirements 
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APPENDIX C 

RADIOLOGICAL STANDARDS 

Numerical values of annual dose limits have been set by the Nuclear Regulatory Commis

sion (NRC) and Department of Energy (DOE). These limits and the Concentration Guides (10 

CFR 20) derived from them are based on limits for occupationally exposed workers recommended 

by the National Committee on Radiation Protection and Measurements (NCRP 1957, 1959) and 

the International Commission on Radiological Protection (ICRP 1958, 1959). Minor modifica

tions were made as a result of Federal Radiation Council (FRC) recommendations (1960) and 

more recent NCRP recommendations (1971). A review of the known biological effects of ion

izing radiation by the National Academy of Sciences-National Research Council (NAS-NRC 1972) 

confirmed an earlier recommendation for limiting genetic exposure of the population, which 

corresponded to that of the NCRP. All these scientific bodies considered available data on 

both immediate and delayed effects: 

• medical data on effects following therapeutic use of external radiation sources 

such as X-rays, and of radionuclides such as radium and iodine. 

• occupational accident data on exposure of radiologists, X-ray and cyclotron work

ers, and workers in nuclear industry 

• observations on population groups such as atomic bomb survivors and those irra

diated by heavy nuclear weapons test fallout near the Marshall Islands. 

Delayed effects, observable only years after exposure, were inferred from consideration 

of data from animal experimentation, from available epidemiological statistics, and from a 

limited number of case observations from medicine and industry (most notably a group of 

radium dial painters). The potential effects considered were 1) genetic effects and 

2) somatic effects, including leukemia, skin changes, neoplasms, cataracts, changes in life 

span, and effects on growth and development. The delayed effects produced by ionizing 

radiation in an individual are not unique to radiation. For the most part they are indis

tinguishable from conditions normally present in the population, which may be induced by 

other causes. 

In deriving the 10 CFR 20 Concentration Guides, a uniform exposure period of 50 years 

for adults was used. When dealing with intakes of radionuclides with effective half-lives 

in the body of less than 90 days, or where calculating doses directly from air and water 

concentrations by ratio to the appropriate Concentration Guides, the number of years of 

exposure makes little difference in the dose calculations. However, problems arise for non

uniform exposures to radionuclides with longer effective half-lives, especially when dealing 

with several exposure pathways and a heterogeneous population of varying ages and local 

residence periods. Although ICRP publications (1968, 1971) aid in making dose calculations, 

proper application of annual dose limits in such instances is controversial. The implied 

method is to calculate a total dose to an organ for a "standard man" for 50 years including 
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the year of intake, and charge this total dose to that year for comparison with the dose 

standard. Alternatively, the total radionuclide Intake for the year is compared to the 

annual intake used in calculating the Concentration Guide, and the resulting ratio is used. 

The latter is in keeping with the latest ICRP guidance (1977). In all cases the internal 

dose should be added to any dose from external sources. 

According to Taylor (1973), the basic recommendation of both the NCRP and ICRP was that 

individuals in an exposed population (without the medical supervision given the worker and 

with no direct benefit from such incidental exposure) should not receive in excess of 1/10 

the maximum permissible dose of radiation workers. As an allowance for the variability of 

exposure and the variable susceptibility to radiation effects of the general population 

(which includes different age groups, genetic backgrounds, and both sexes), the Radiation 

Protection Guides (RPG) (dose limits) of the FRC (1960) were further reduced by a factor of 

three for the average of general population groups. The resulting RPG of 0.17 rem per year 

average whole body dose for population groups coincided with the later ICRP recommendations 

(1964) for limiting average gonad dose of the population, based on the possibility of gene

tic effects, to 5 rem in 30 years, excluding medical exposures. 

From these studies, the present guidlines have been derived. The "as low as reasonably 

achievable" guide, and the limits derived from 10 CFR 20 and other analyses, are identified 

below. 
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C.l "AS LOW AS REASONABLY ACHIEVABLE" APPLICATION 

The degree of risk to people from very low radiation doses is not apt to be answered 

by actual observations, now or in the future, because of the indicated low probability 

(ERDA 1975) of any observable health effect in individuals and the nonspecific nature of 

some effects. Although the ICRP and NCRP have previously recognized as working hypotheses 

the presumably conservative assumptions that a l l radiation effects would be linear with 

dose, have a zero threshold, and be independent of dose rate, the NCRP has reiterated i t s 

stand (1975) against using these assumptions for deriving numerical values for r isk-benefit 

calculations. More recently, the ICRP (1977) has attempted to distinguish between certain 

somatic effects for which a threshold dose seems applicable and other somatic (primarily 

neoplasms) and genetic effects for which the zero threshold, linear hypotheses s t i l l should 

be applied. In any case, the basic principle of radiation protection is s t i l l that al l 

radiation exposures of people should be kept to the lowest levels technically and economi

cally practicable. 

The Nuclear Regulatory Commission's 10 CFR 50 Appendix I (1975) defines "as low as 

reasonably achievable" (ALARA) population dose l imi ts for light-water-cooled nuclear reac

tor eff luents, primarily for design guidance, but also as an action level for operational 

control. Other nuclear f ac i l i t i e s are not specif ical ly covered. The NRC in the published 

summary of i ts formal opinion has adopted the use of the phrase "as low as is reasonably 

achievable" (as recommended by the ICRP in 1973) as a substitute for "as low as practi

cable," because ALARA is a more precise defini t ion of the intention of this regulation. 

The numerical values of l imits assigned by the NRC, for design guidance for each l ight -

water reactor, are that whole-body doses to any individual shall not exceed 3 mrem per year 

from l iquid effluents or 5 mrem per year from external radiation resulting from gaseous 

effluents. 

At present, the dose l imits cited in Section 2.2.1 s t i l l prescribe upper boundaries for 

permissible doses to people. Some fractions of these l imits (or the corresponding Concent

ration Guides) are generally understood to be "as low as reasonably achievable" for routine 

waste management operations. Whether those should be 0.1, 0.01, or some other fractions of 

the dose l imits can be evaluated for each f a c i l i t y and effluent stream only on a case-by-

case basis by considering the effluent treatments and controls available and the costs of 

providing such treatment or controls. 
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C.2 DERIVED LIMITS AND ACTION LEVELS 

In common with other radiation standards recommendations (NCRP 1959; ICRP 1959, 1977), 

10 CFR 20 provides equivalent or alternative criteria as well as basic standards. The rela

tionships among the several kinds of radiation standards criteria may be more easily under

stood by reference to Table C.2.1. This table relates various standards and guides to the 

stages between a source of radioactivity and a potential end point (health effect). Also 

shown are parameters that must be quantified for calculation between one step and the next 

(in either direction), as well as the measurements required to provide a basis for compari

son with the appropriate standards criteria. The Regulatory Guides issued by the NRC pro

vide generally accepted values and procedures for such quantification. No current standards 

provide specific limits in terms of health effects, although other criteria may imply accep

tance of some level of probability of health effects. 

It has been common practice to use the Concentration Guides for air and water given in 

10 CFR 20 for direct comparison with environmental measurements of these media. However, 

without additional data, use of the Concentration Guides alone may lead to neglect of a 

significant pathway of population exposure. This can occur not only because other pathways 

of exposure may contribute to dose, but also because reconcentration or bioaccumulation pro

cesses may affect concentrations in other sources of intake or exposure. Alternatively, 

summing of fractions of Concentration Guides for a mixture of radionuclides may result in 

an overestimate of dose if the several nuclides behave differently in the body. 

TABLE C.2.1. Comparison Chart of Radiation Standards and Recommendations 

Stage Factors Bases for Evaluation Standards or Criteria 

Inventory 

Release 

Dispersion and/or 
Reconcentration 

Intake and 
Exposure 

Dose 

Quantities, physical 
and chemical forms 

Release fractions, 
rates of release, 
effluent concentrations 

Meteorology, biology, 
hydrology, physical 
and chemical forms, 
concentration factors 

Exposure periods 
consumption rates 
retention factors 

Biological hal f - l ives, 
distributions in body, 
body dimensions, 
radiation types and 
energies 

Measurements of 
containers, shipping 
records 

Measurements of effluent 

Measurements of environ
mental concentrations, 
calculations 

Measurements of direct 
radiat ion, calculations, 
bioassays, whole-body 
counting 

Dose calculations for 
maximum individual and 
population average 

Inventory Limits 

Release Guides, 
Operating Limits 

Concentration Guides 

Intake Ranges - FRC 
Annual l imits of 

Intake - ICRP 

Dose l imits - 10 CFR 20, 
40 CFR 190-191, NCRP 
Reports, ICRP Reports 

Health Effect Dose/response relat ion- Calculated probabilities 
ships, demography of specific effects 

ICRP 26, 27, 28 
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Reliance on comparison of environmental concentration in air and water with the Concen

tration Guides requires additional caution, because the Guides are based on assumptions of 

standardized intake rates of air and water (20 m of air and 1.2 liters of water per day 

for adults, with an additional Intake of one liter of equivalent water at the same concen

tration in foods), as well as continuous exposure for periods of up to 50 years. Age-

dependency of dose/intake ratios was not included in the derivations except for radioiodines 

in the Infant thyroid. A result of the methodology is that an environmental concentration 

exceeding the Concentration Guide only briefly may scarcely affect the annual dose. Such 

an occurrence, however, would signal the need for investigation and possibly corrective 

action. 

Although population doses can and should be calculated for comparison with the basic 

standards, the time lag and measurement sensitivities associated with most environmental 

measurements usually make it necessary to derive operating limits (or working limits) to be 

applied at the sources, i.e., the effluent streams. 

Figure C.2.1 shows the generalized relationships between various levels of environ

mental concentrations (or effluent releases). The lowest level is the background measure

ment that would have been observed at the point of sampling if the operations under 

consideration did not exist. Some increases in concentrations may result from normal opera

tions. An environmental Impact (in the sense of a concentration difference) is the differ

ence between an environmental level due only to background (which may include a contribution 

from other sources such as fallout) and the level due to background plus normal operations. 

Control of that impact is subject to the application of the ALARA principle. Both the 

"Normal Background" as well as the "Normal Background plus Normal Operations" are in reality 

distributions (rather than point values) that may and often do overlap or coincide. 

Concentration Guides and external dose limits provide upper limits on acceptable 

release rates of radionuclides to the environment. Derived working limits or action levels 

refer to in-plant actions by management, such as redirecting an effluent stream to a freshly 

regenerated radionuclide absorber, and not to emergency actions outside the plant 

NORMAL 
BACKGROUND 

PLUS 
NORMAL POSSIBLE CONCENTRATION 

NORMAL OPERATIONAL ACTION GUIDE FROM 
BACKGROUND IMPACT LEVELS 10 CFR 20 

\ / 

/tVK 
NORMAL 
IMPACT 
(ALARA) 

CONCENTRATION INCREASiNG-

FIGURE C.2.1. Relationship of Operating Levels, Action Levels, 
and Concentration Guides (not to scale) 
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boundary (e.g., evacuation). These action levels are commonly set between the Concentration 
Guides and the levels due to background plus normal operations. Since a Concentration Guide 
is a definite value and the background value is a distribution which is largely si te-
determined, selection of not only an ALARA impact but also any "Action Levels" will depend 
upon cost-benefit-risk considerations. In practice there will normally be a series of 
graded action levels, with the lowest only an "investigation level." For example, as a 
design objective the allowed impact due to normal operation might be "set" at 1% of the Con
centration Guide and an immediate remedial action level might be established at that point. 
A working limit, or investigation level, might in addition be set based on some multiple of 
the expected normal impact, provided that was s t i l l lower than the remedial action level. 
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APPENDIX D 

MODELS USED IN DOSE CALCULATIONŜ ^̂  

Calculational models and parameters were used in evaluating the radiological dose to 

both regional and world populations. The regional dose calculations are discussed for 

chronic and accidental releases. The worldwide dose considers the distr ibution of t r i t ium, 

carbon-14 and krypton-85. 

D.l DOSE TO REGIONAL POPULATION 

The doses caused by chronic and accidental releases of gaseous and l iquid effluents 

from the fac i l i t i es and processes investigated in this study were estimated using several 

calculational models. The models and parameters used were selected to give a real is t ic but 

conservative appraisal. 

D.1.1 Chronic Releases 

D.l.1.1 Air Concentration 

The concentrations of radionuclides released in the atmosphere from these fac i l i t i es 

were estimated using a Gaussian model (Slade 1968). Meteorological data on the jo in t f re 

quency of occurrence of wind speed, wind direct ion, atmospheric s tab i l i t y and release para

meters such as height and velocity for a particular plant were taken from the reference 

environment. The horizontal and vertical dispersion parameters, a and a , were taken 

from curves derived from the work of Pasquill and modified by Gifford (1977). 

D.l.1.2 Air Submersion Dose 

Air concentrations were estimated as outlined above for each of 16 sectors. For these 

sectors the centerline ground level dose was calculated for ten downwind distances from 1 

to 80 km. Radiation doses to skin and to whole body were estimated from these air 

concentrations. 

Both photons and beta particles can contribute signif icantly to the external dose to 

skin. The beta dose contribution is easily calculated using a semi-infinite cloud model. 

This model can be used because the range of beta particles in air is short compared to the 

dimensions of plumes considered. The gariina dose calculation is more complicated because of 

the relat ively long range of photons in a i r . To properly determine the gamma contribution 

i t is necessary to perform a space integration over the plime volume. The integration tech

nique used in the reactor accident analysis computer program SUBDOSA (Strenge et a l . 1975 is 

(a) In accordance with common practice, the term "dose," when applied to individuals and pop
ulations, is used in this report instead of the more precise term "dose equivalent" as 
defined by the International Commission on Radiation Units and Measurements (ICRU). 



D.2 

employed here except that the plume width is determined by sector boundaries rather than by 

a Gaussian concentration gradient. The contribution of gamma radiation to total-body dose 

was estimated by calculating the tissue dose at 5 cm depth. An occupancy factor may be used 

to account for the fraction of the year a person is exposed to the cloud. Also a shielding 

factor may be employed to correct for any shielding by buildings or structures between the 

recipient and the cloud. 

D.1.1.3 Inhalation Dose 

The air concentrations, derived as described above, were used along with the ventila

tion rate and dose factors to estimate the dose through the inhalation of radionuclides 

dispersed in the air. 

The ventilation rate is the volume of air taken in by an individual per unit time. A 

value of 0.23 ft/sec was used in this study (ICRP 1959). 

The inhalation dose factor is given in units of rem/yr per Ci/yr intake and is depen

dent on the complex transport, retention, and elimination of radionuclides through the 

respiratory and gastrointestinal tracts. The model of the respiratory tract adopted by the 

Task Group on Lung Dynamics forms the general basis for the calculation of this dose factor 

(ICRP 1966). The computer code used for the calculations was DACRIN (Houston et al. 1974). 

D.1.1.4 Ground Contamination Dose 

Radionuclides from the air may settle on the ground, where they can accumulate during 

the time of the release. These can be a source of radiation for an individual or population 

groups. 

This dose is determined using the 1) air concentration, 2) deposition "velocity" of the 

radionuclides traveling to the surface from the air, 3) an exponential expression which 

accounts for the accumulation of the radionuclide on the ground over a certain time period, 

4) a dose factor, and 5) an occupancy factor. 

The deposition "velocity" given in terms of m/sec is highly dependent on surface rough

ness, wind speed, and particle size. Based on many experimental studies, values of 

0.001 m/sec for particles and 0.01 m/sec for iodine gas were selected for use in this report 

(Slade 1969). 

The time over which the radionuclides accumulate in the soil is dependent on the life

time of the facility releasing the material. In this study a value of 30 years is used, 

which is considered to be about the average lifetime of a nuclear facility. 

The dose factor for the dose from ground irradiation is calculated by assuming that a 

receptor is 1 m above a large, nearly uniform, thin sheet of contamination (Soldat 1971, 

Fletcher and Dotson 1971). A factor of 0.5 to account for dose reduction due to ground 

surface roughness is also included in dose factors. These dose factors have units of rem/hr 
2 

per pCi/m of surface. 
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D.1.1.5 Ingestion of Food Crops 

Food crops may become contaminated by deposition of radionuclides direct ly from the air 

or from i r r igat ion water upon the plant Su.'faces or by radionuclides taken up from soil pre

viously contaminated via air or water. Many factors must be considered when calculating 

doses via ingestion of these foods. These factors account for the movement of radionuclides 

from release to the receptor and form a complex sequence (Baker et a l . 1976). 

Equations used to calculate such doses are given in two parts: the f i r s t accounts for 

direct deposition onto leaves and translocation to the edible parts of the plant, while the 

second accounts for long-term accumulation in the soil and root uptake. 

For sprinkler i r r igat ion and for deposition of airborne materials both parts of the 

equation are used, while only the part dealing with root uptake is required for ditch i r r i 

gation. Tables of transfer factors and plant uptake factors are stored in f i les in the pro

gram FOOD (Baker 1977). The program can handle nine crops and their pathways to man. The 

output of the program l i s ts the concentrations of radionuclides in the food crops and the 

fraction of the concentration due to each part of the equation ( i . e . , leaf or root) . I t 

also l i s t s the dose to each organ from each nuclide/crop combination, with a summary of 

total doses from al l crops and nuclides combined. 

The nuclides H and C are treated as special cases in the FOOD program. The con

centrations in the i n i t i a l environmental media (air or water) are calculated on the basis 

of the specific act iv i ty of the nuclide in the naturally occurring stable element. 

D.1.1.6 Ingestion of Animal Products 

Five products—milk, eggs, beef, pork, poultry—are included In the FOOD program. The 

concentrations in the animals' feed are f i r s t calculated as discussed above for human food 

crops. 

The equation, the quantities of animal feed and water consimed, and a l i s t ing of the 

transfer factors (fraction of each day's intake appearing per l i t e r of milk or kilogram of 

eggs or meat) are given by Baker et a l . (1976). The output of FOOD l is ts doses to various 

organs by nuclide and food type and summarizes total dose from al l nuclides in milk, eggs, 

and meat (beef, pork and poultry). 

D.1.1.7 Accumulated Doses from Foods 

The computer program PABLM was written to calculate cumulative radiation dose to people 

from the ingestion of food, A total of eight food categories (leafy vegetables, other 

above-ground vegetables, root vegetables, f r u i t , grain, eggs, milk, and meat) can be 

selected with corresponding consumption rates, growing periods, and i r r igat ion rates or 

atmospheric di lut ion parameters assigned by the user. Radionuclides may be deposited by 

water used for i r r igat ion or di rect ly from the atmosphere onto vegetation or the ground for 

the expected operating l i f e of the f a c i l i t y . Dose commitments to the whole body and six 

internal organs from 186 radionuclides can be accisnulated for a specified dose period. How

ever, computer core space l imitations rest r ic t input considerations to only four organs 
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and 75 radionuclides. A summary of cumulative dose and percent contribution by nuclide for 

each food type is calculated. Radionuclide concentrations in soil, plants, and animal pro

ducts are also calculated. 

D.1,2 Accidental Releases 

The dose to individuals exposed to a passing cloud of accidentally released radio

nuclides consists of external and internal components. The external radiation doses are 

calculated using the computer code SUBDOSA (1975), and the spatial distribution determined 

by the methods described in Meteorology and Atomic Energy (Slade 1968) and code XOQDOQ 

(Sagendorff and Goll 1977) for a semi-infinite cloud. External exposure results from both 

gamma radiation and beta particles emitted from radionuclides while they are airborne and 

external to the human receptor. This dose is dependent not only upon the type of radiation 

(i.e., gartma or beta) but also upon the energy of the radiation and the spatial distribution 

of the airborne radionuclides with respect to the receptor. The type and energy of radia

tion are characteristic of each radionuclide. 

Because the range of beta particles in the air is only a few meters, the air concentra

tion at ground level is sufficient to calculate the doses resulting from beta-emitting 

radionuclides. Ground-level air concentrations are not sufficient, however, for calculating 

the dose from gamma radiation. This is due to the relatively large range of gamma radiation 

in air. This range varies according to gamna energy and can be as long as a few hundred 

meters. As a result, the dose from external exposure to gamma radiation during cloud pas

sage depends upon the air concentration at distances up to a few hundred meters. Thus the 

height of release has much less effect on gamma dose than it does on beta dose, particularly 

at close distances. As before for air submersion doses, both beta and gamma radiations con

tribute to skin dose; but only gamma radiation contributes to total-body dose (calculated 

at 5 cm depth). 

Inhalation doses are calculated using the same models and codes used for chronic 

release except for Increased ventilation rate (0,35 i/sec) (Sagendorff and Goll 1977;. 

D.1.3 Dose to Biota Other Than Man 

The doses to terrestrial and aquatic animals living within the influence of the nuclear 

facilities described in this report were not calculated separately. Two recent compre

hensive reports (NAS-NRC 1971 and Garner 1972) have been concerned with radioactivity in the 

environment and pathways to biota other than man. Depending on the pathway being consid

ered, terrestrial and aquatic organisms will receive either about the same radiation doses 

as man or somewhat greater doses. Although no guidelines have been established to set 

acceptable limits for radiation exposure to species other than man, it is generally agreed 

that the limits established for humans are also conservative for t̂  ie species (Auerbach 

1971), 

The literature relating to radiation effects on organisms is extensive, but wery few 

studies have been conducted on the effects of continuous low-level exposure to radiation 
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from ingested radionuclides on natural aquatic or terrestr ia l populations. The most recent 

and pertinent studies point out that, while the existence of extremely radiosensitive biota 

is possible and while increased radiosensit ivi ty in organisms may result from environmental 

interactions, no biota have yet been discovered that show a sensit iv i ty to radiation expo

sures as low as those anticipated in the area surrounding fuel cycle plants. The BEIR 

Report (NAS-NRC 1972) states in summary that evidence to date indicates that no other l iv ing 

organisms are very much more radiosensitive than man. Therefore, no detectable radiological 

impact is expected on the aquatic biota or terrestr ia l mammals as a result of the quantity 

of radionuclides to be released into the River R and into the air by fuel cycle plants, 

D,l,4 Direct Radiation from Transportation 

The method used to calculate the dose to persons along the shipping route from a 

vehicle containing radioactive material follows that developed in WASH-1238 (USAEC 1972), 

The equation used to estimate population doses incorporates several factors that inte

grate the dose to an individual as the radiation source passes his location. The formula 

then integrates the dose to al l persons within a designated population distr ibut ion. The 

factors considered are radiation source strength, velocity of the transport vehicle, popula

tion density in areas of exposure to passing source, attenuation factors due to gamma inter

actions with a i r , and buildup factor to account for the contribution of scattered radiation. 

The Department of Transportation's regulations l imi t the radiation level allowable out

side the transport container rather than rest r ic t the container's contents. However, there 

is s t i l l a radioactivity content l im i t for each kind of packaging and for each tox ic i ty 

grouping of radionuclides. Consequently, the shipping containers are designed and loaded 

with that regulatory l imi t in mind. For this calculation, based on the regulatory l imi t of 

10 mrem/hr at 6 f t from the surface of the vehicle, the maximum radiation dose rate at 10 f t 

from the apparent center of the source was estimated to be 10 mrem/hr (USAEC 1972), The 

radioactive shipment on the vehicle was considered to be a point source for distances from 

the source of 100 f t or more. 

The length of time an individual spends near a source is a determining factor in the 

total dose received; thus the velocity of the source is important. I t was assumed that a 

long-haul, maximum-weight motor carrier shipment averages 720 miles per day and that a car

load ra i l shipment averages 200 miles per day. Based on a uniform distance traveled each 

day and uniform distr ibution of persons along the route, the cumulative radiation dose to 

the population is the same whether the vehicle is always moving at a constant rate of speed 

or is standing s t i l l part of the day. (Movement or lack of movement of the vehicle 

obviously wi l l have an effect on the dose distr ibut ion among individuals within the exposed 

population.) 

I t was assumed that the average population density is 330 persons per square mile in 

the United States east of the Mississippi River and in California, and 110 persons per 

square mile in the other midwestern and western states. I t is further assumed that no 

people l ive within 100 f t of the rai lroad or highway right-of-way. The dose to persons 
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farther than 2600 ft is negligible. The population was assumed to be uniformly distributed 

between 100 and 2600 ft on each side of the route, grouped at 100 ft intervals. Since the 

nuclear power facilities under consideration are assumed to have useful lifetimes of 

30 years, the 70-year cumulative dose from transportation of wastes from a given facility 

is approximated by multiplying the annual dose by 30, 
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D,2 DOSE TO WORLDWIDE POPULATION 

Worldwide population doses were calculated for the three radionuclides that are consid

ered to be the major contributors to total-body dose rates and long-term dose commitments: 

H, C, and Kr. A constant world population of 6.4 x 10 persons was used for this 

analysis. This value, which is based on a United Nations projection, was reported by 
g 

Killough (1977) for the year 2000. It agrees with the value of 6.3 x 10 derived from the 

method of the Environmental Protection Agency (EPA) (1973) using projections based on a 
9 

1970 population of 3.56 x 10 persons and an annual growth rate of 1.9*. 

A different method was used to determine the quantity of each of the radionuclides to 
3 

which the population was exposed. For H, dispersion was calculated using a seven-
compartment model that considered diffusion into and out of latitudinal bands. The expo

's 
sure of the population was calculated using assumed diets whose concentrations of H were 

related to those in local surface waters, A specific activity approach was used for C 

in which the concentration of C per gram of carbon in people was assumed to be equal to 

that in atmospheric carbon dioxide. It was assumed that Kr diffused readily across lat

itudinal bands so that in a few years the concentration was uniform throughout the world's 

atmosphere. The dosimetry for °^Kr is based on external exposure of the body to a semi-

infinite cloud containing this radionuclide, with no accumulation within the body or in any 

environmental reservoirs other than the air. 

Although the method for each radionuclide is different, each probably estimates the 

population dose to within an order of magnitude. Additional uncertainty is therefore intro

duced when doses from all three radionuclides are totaled. Moreover, care must be exercised 

in comparing the relative contributions of these three radionuclides because of the dif

ferent methods and because of the uncertainty inherent in each. 

Each of the three methods is discussed below. 

D.2.1 Tritium 

Tritium ( H) and tritium oxide released to the environment mix rapidly with the 

ambient water and become part of the hydrologic cycle. Tritium rains out or is washed out 

of the atmosphere almost entirely in the hemisphere in which it is released. Transport 

across latitudinal bands even in the same hemisphere is slow (Renne et al. 1975). As a 

result, the tritium released from facilities in the United States will reach peak environ

mental concentrations in the 30° to 50° latitude band of the northern hemisphere, where 

most of the world's population resides. 

Baker (1976) has calculated the radiation doses received by local (50-mile radius), 

regional (eastern United States), and worldwide populations from a continuous release of 

1 Ci/yr of ^H to the atmosphere using the "box" model of Renne et al, (1975), The facil-
3 

ity releasing the H was assumed to be located in the Midwest. Although the magnitude of 

the dose to the local population is sensitive to the specific site chosen, the regional pop

ulation dose should be similar for most midwestern sites. In addition, the world population 

dose depends upon the latitude band and not the longitude of the release point. 
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9 
Baker's analysis indicated that fo r a constant world population of 3.8 x 10 persons, 

the co l l ec t i ve population dose ra te , at equ i l ib r ium wi th a continuous release of 1 C i / y r 
3 -2 

of H, was 1 X 10 man-rem/yr f o r a l l three population groups combined. Less than 10% of 
t h i s dose was received by persons res id ing w i th in 80 km of the plant s i t e but about half was 

3 
received by the eastern U.S, population during the i n i t i a l pass of the H released from the 

3 
midwestern s i t e . The actual dose to the regional U.S. population from a H release to the 

atmosphere could range from near zero f o r plants s i tuated on the eastern seaboard to values 

approximately equal i n magnitude to the equ i l ib r ium worldwide population dose for plants 

s i tuated in the West or Midwest. 
o 

In Baker's model (Baker and Soldat 1976) the H content of water and food consumed by 
3 

the world 's population was assumed to be re lated t o , but not necessari ly as high as, the H 

concentration in the surface waters of the appropriate l a t i t ude band. Even so, the 

populat ion-weighted average surface water concentrations were higher than those obtained in 
3 

the simpler model used by the EPA (1973 and 1974), which assumed mixing of the H in the 

c i r cu la t i ng ocean water of the northern hemisphere. As a r e s u l t . Baker's calculat ions of 

dose to the world population (excluding the United States) are about seven times greater 

than those estimated by EPA.^^' 

For the commercial waste management study, the methods used by Baker were adopted with 
9 9 

the exceptions of changing the world population from 3.8 x 10 persons to 6.4 x 10 persons 

and using a release time of 30 years in place of a continuous release out to equ i l ib r ium. 

The resu l t ing dose factors per uni t release are summarized in Table 0 . 2 , 1 . 

TABLE D.2.1. Total-Body Dose Factors, and Dose Corrmitment Factors fo r the World 
Population (6,4 x 10^ persons), man-rem per C i /y r released(a) 

Accumulated 

?pge Factor Dose Factor Dose Commitment 
>>) (1/30)(C) (70/30)(d) Factor ( 7 0 / l ) ( e ) 

Ĥ 4 .7 X 10"^ 6.8 X 10'^ 2.4 x 10"^ 8.2 x 10'^ 

1*C 2.4 7.2 X 10^ 4 .0 x 10^ 1,7 x 10^ 

^^Kr 3.1 X 10"^ 4.1 x 10"^ 1.4 x 10'^ 4,7 x 10"^ 

(a) Exclusive of cont r ibut ion to eastern U.S. population dose from f i r s t pas
sage of fue l reprocessing plant (FRP) gaseous e f f luents i f FRP is 
located in the Midwest or West. 

(b) World population dose in f i r s t year a f ter a 1-Ci release (instantaneous 
equ i l ib r ium) . 

(c) Annual world population dose in the 30th year (year 2000) a f ter 30 years 
of continuous release of 1 C i / y r . 

(d) Seventy-year accumulated dose to the world population from 30 years of 
release at 1 C i /y r fol lowed by 40 years exposure to the residual environ
mental contamination. 

(e) Seventy-year dose commitment to the world population from a 1-year 
release of 1 C i / y r to the environment plus continued exposure to the 
residual environmental contamination. 

(a) The calculated U.S, population dose, however, is only two times higher fo r the Baker 
model than for the EPA Model. The net r esu l t is that the combined world population dose 
( inc lud ing the U.S. population) is about three times higher v ia Baker's model than v ia 
the model used by EPA. 
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0,2.2 Carbon-14 

Most C released to the atmosphere from nuclear f a c i l i t i e s w i l l be in the form of 

carbon dioxide (CO2), wi th possible traces of organic compounds released from cer ta in 

spec i f i c processes w i th in the nuclear fue l cyc le. After mixing wi th the ex is t ing CO2 in 

the atmosphere, the COp can ei ther become incorporated d i r e c t l y i n plant material or 

washed out of the atmosphere onto land or water surfaces. 

Most analyses of the long-term rad ia t ion doses to large population groups from C 

include the fo l low ing assumptions: 

1. Carbon-14 i s released to the atmosphere as CO2. 

2. I t mixes rap id ly wi th a l l carbon i n the wor ld 's atmosphere--6.2 x 10 g 

(320 ppm CO2). 

3. Mechanisms that remove carbon in to less accessible sinks such as the deep ocean 
14 

or that d i l u t e the COp wi th increased COo releases from fu ture f o s s i l - f u e l 

combustion can be ignored. 

4. The spec i f i c a c t i v i t y (that i s , a c t i v i t y of C per uni t weight of carbon) in 

the tissues of man eventual ly equ i l ib ra tes with that i n the atmosphere. 

More complicated models are possib le. Machta (1973) developed a seven-compartment 
3 

model for CO^, s imi la r to the one discussed fo r H. I t was fu r ther modeled by the EPA 

(Magno et a l , 1974 and Fowler et a l . 1976) fo r use in predict ing rad ia t ion doses to large 

populations from C in jected in to the troposphere by the nuclear indust ry . The EPA model 

was used only to predict the spec i f i c a c t i v i t y of C in the troposphere inc lud ing , how

ever, modi f icat ions f o r the sinks mentioned in assunption 3, Assumption 4 was then used to 

calculate dose to man. Fowler et a l , (1976) included an estimate that 99% of man's C 

intake is through food and only 1% is through inha la t i on . 

Ki l lough (1977) fu r the r modif ied the EPA seven-compartment model to incorporate newer 

data on d i f fus ive ver t i ca l transport of CÔ  i n the deep ocean and the re la t ionsh ip between 

the concentration of inorganic carbon i n the ocean surface waters and the pa r t i a l pressure 

of dissolved CO2, The computer code developed by Ki l lough to implement the resu l t i ng 

model is docLmented in d e t a i l . 

For purposes of the commercial waste management analysis, the conservative model out

l ined in assumptions 1 through 4 was adopted. This model was also adopted by the Nuclear 

Regulatory Commission (NRC) in i t s testimony at the A l l i e d General Nuclear Services (AGNS) 

reprocessing plant l icense hearings (Eckerman 1974), By comparison the doses calculated 

using t h i s simple approach are about 25% higher than those calculated by EPA (Fowler et a l , 

1976), 50% higher than those estimated by Baker (1976), and nearly seven times higher than 

those obtained by Ki l lough (1977). The comparison wi th Ki l lough is not, however, s t ra igh t 

forward because of the assumptions of growing population and increasing CO- concentrations 

used by that author. 
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0,2.2,1 Dose Conversion Factors for Carbon-14 
14 

The assumptions that the specific act iv i ty of C per gram of carbon in man even
tual ly reaches equilibrium with that in the atmosphere and that there are 16.1 kg of carbon 
in the 70-kg body of Reference Man (ICRP 1959) lead to the derivation of dose and dose com
mitment factors as discussed in the following paragraphs. 

At a release rate of 1 Ci/yr over 30 years the accumulated quantity of C in the 

environment w i l l be 30 Ci, At the end of an additional 40 years there wi l l s t i l l be 30 Ci 

in the environment. Diluting 30 Ci in the 6,15 x 10 g of carbon in the atmosphere 

(Killough 1977) yields a specific act iv i ty of 

(30 Ci X 10^^ pCi/Ci)/(6,16 x 10^''g) = 4,87 x 10 " V v g 

The dose rate (DR) factor after 30 years of release can be calculated from the following 

equation (Soldat 1976): 

DR = 0,0187 CE rem/yr 

where 

C = concentration in body (pCi of C per g of body tissue) 

= (4,87 X 10"^ pCi of ^̂ C per g of C) (1.61 x 10^ g of C)/(7 x 10^ g total body) 

= 1,12 x 10"^ pCi/g 

E = 0,0538 (MeV/dis) • (rem/rad). 

The factor 0,0187 is derived from the product of (0,037 dis/sec per pCi) (3,156 x 

10^ sec/yr) (1,602 x 10"^ g • rad/MeV). 
Therefore 

DR = (0,0187) (1,12 X 10"^) (0.0538) 

o 

= 1.13 X 10 rem/yr per person 

9 
For 6.4 X 10 persons, the worldwide dose rate factor thus becomes 72,1 man-rem/yr after 

the release of 1 Ci/yr for 30 years. 

The 70-year dose commitment (DC) factor, which is the sum of the dose during release 

and the dose after release has stopped, is calculated as follows: 

DC = [(0 + 72.1 man-rem/yr)/2l (30 yr) + [(72,1 man-rem/yr) (40 y r ) l 

= 3970 man-rem per 1 Ci/yr released for 30 years. 

These dose factors are summarized in Table D.2.1. 
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0,2,3 Krypton-85 

When krypton-85 is released to the atmosphere i t w i l l mix rap id ly with the atmosphere 

in the hemisphere in which i t is released. Af ter about 2 years i t w i l l also be f a i r l y well 

mixed throughout the world's atmosphere. For purposes of th is analysis, therefore, simple 

uniform worldwide mixing of Kr in the wor ld 's atmosphere has been assumed, Simflar 

assumptions have been used by the NRC in i t s testimony fo r the AGNS fuel reprocessing f a c i l 

i t y at Barnwell (Eckerman and Congel 1974) and the EPA in i t s project ions of population dose 

commitments from the nuclear industry (EPA 1973 and 1974), 

The National Council on rad ia t ion Protect ion and Measurements has published a discus-

sion of the behavior and s igni f icance of Kr in the atmosphere (NCRP 1975), In that 

report a comparison was made between the population exposure estimates made by deta i led 

modeling of Kr dispersion and estimates assuming uniform mixing in the world's 

atmosphere. 

The model used in th is analysis ignores the higher concentrations near the source and 

during the f i r s t pass through the l a t i t u d i n a l band where the release occurs. As a r e s u l t , 

the model underestimates the local and regional dose at short times af ter the release. How

ever, the net e f fec t on the worldwide dose from long-term accumulated dose commitment expo

sure is small—about 10 to 20%, depending on whether the nuclear f a c i l i t y is s i ted in the 

Midwest or on the East Coast. The rapid mixing across the equator makes separate accounting 

of the northern and southern hemisphere population doses unnecessary. 

D,2,3, l Dose Conversion Factors fo r Krypton-85 

18 3 
The world 's atmosphere contains 3,96 x 10 m of a i r at standard temperature and 

QC 

pressure (NCRP 1975). The concentration of Kr at any time is simply the cumulative 

amount released (corrected for radioactive decay) divided by the volume of the atmosphere. 

For a continuous uniform release rate of 1 Ci/yr, the concentration (C^) of krypton 

becomes 

where 

(1 Ci/yr) (10^^ pCi/Ci)/(3.96 x 10^® m^) 1 - exp(-Xt) /A 

= (2.53 X 10"^) exp(-Xt)] /A pCi/m per Ci/yr released 

QC 

A = rad io log ica l decay constant f o r Kr of 0.0648 per year 

t = years since s ta r t of release. 

For 30 years of continuous release at 1 C i / y r the expression [ l - exp(-xt) ] /x becomes 

13.2. This indicates that a f te r 30 years 13.2 Ci remain in the environment out of the t o t a l 

of 30 Ci released. The concentration (C,p,) then becomes 

'30 
2.53 X 10' ' ' (13.2) = 3.34 x lO ' ^ pCi/m^ per C i / y r . 
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The concentration during the next 40 years a f te r the release has stopped is t h i s 30th year 

concentration corrected fo r decay. Thus the t o ta l t ime-integrated concentration (TIC) i s the 

sum of the combined expressions fo r concentration during the two time periods (0 to 30 years 

and 30 to 70 years) . This y ie lds the fo l lowing equation: 

^-7^ xt, + exp (-Xt2) - exp(-XAt) (pCi-yr/m ) per C i /y r released TIC = (2,53 X 10 ) (1/x ) 

where 

t , = time over which release occurs, 

tp = time over which dose i s ca lcu la ted, 

At = t2 - ty 

For t, = 30 years and t2 = 70 years the expression within brackets becomes 448, which 

yields a time-integrated concentration of 

1,13 X 10 pCi-yr/m"^ per Ci/yr, 

3 14 
Unlike H and C, which emit only low-energy beta par t i c les during t h e i r radio-

85 
act ive decay, Kr emits a gamma photon in a small percentage of i t s decays. These photons 
plus a small cont r ibu t ion from bremsstrahlung associated with the beta decay are 

capable of i r r a d i a t i n g the whole body^^' during external exposure to Kr dispersed in a i r . 

Krypton-85 is not s i g n i f i c a n t l y absorbed in to the body during i nha la t i on , and t h i s pathway 

makes a neg l ig ib le cont r ibut ion to the whole-body dose (NCRP 1975). 

Soldat et a l . (1973) have calculated the whole-body dose fac tor f o r a person immersed 
85 -3 3 R 

in a h a l f - i n f i n i t e cloud of Kr to be 2.2 x 10 mrem/hr per Ci/m (1.9 x 10 rem/yr per 

pCi/m ), Combining t h i s dose fac tor and a constant world population of 6.4 x 10 persons 

wi th the expression fo r concentration (C ,Q) y ie lds the world population whole-body dose 

ra te in the 30th year as fo l lows: 

[3,34 X 10"^ (pCi/m^) per (C i /y r ) (6,4 x 10^ persons) f l , 9 x 10"^ (rem/yr) per (pCi/m^) 

-4 
= 4.08 X 10 man-rem/yr per C i /y r released fo r 30 years. 

The accumulated 70-year dose is 

[1.13 X 10"* (pCi-yr/m^) per (C i /y r ) (6.4 x 10^ persons) [ l . 9 x 10"^ (rem/yr) per (pCi/m^)] 

_2 
= 1.38 X 10 man-rem/70 years per C i /y r released fo r 30 years. 

These fac tors are summarized in Table D .2 .1 . 

(a) Defined as the layer of t issue l y ing 5 cm below the surface of the sk in . 
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0,2,4 Dose Conversion Factors for System Analysis 

The nuclear fuel cycle f ac i l i t i e s in place and operating wi l l change year by year. To 

obtain a real is t ic assessment of the long-term population dose commitments, calculation of 

the dose coimiitment from each year's operation followed by a summation of these yearly val

ues is necessary. This can best be assessed by deriving population dose commitment factors 

for a one-year unit release. 

Because of the nature of the three radionuclides involved in the world population dose 

estimates ( H, C, and Kr), there is no long-term accumulation in the body. Hence, 

each year's release and resulting dose commitment can be treated independently of the 

others. 

The following expression relates the 70-year dose commitment (from a 1-year chronic 

release) to the dose in the f i r s t year. 

R = (1/x^) xt ̂  + exp(-xt2) - exp (-XAt) (yr)2 

where 

tj = 1 year, 

t2 = 70 years, 

t = t2 - tĵ  = 69 years, 

A = radioactive decay constant ( l n2 /ha l f - l i f e ) . 

The values of this rat io for ^H, C, and Kr are given in Table D.2. 

Table D.2.2 also includes the dose commitment factors per unit release obtained when these 

ratios are applied to the f i rst-year dose (item 1/1 from Table D.2.1). 

Using these dose factors and annual releases of H, C, and Kr from waste man

agement f a c i l i t i e s , estimates of worldwide population dose can be obtained for the evolving 

cycle systems. 

TABLE D.2.2 70-Year World Population Dose Commitment 
from a 1-Year Chronic Release, man-rem/70 
years per Ci/yr 

Radionuclide Ratio^*' 

^H 17 

1*C 69 

^^Kr 15 

released 

Dose Commitment Factor^^ 

8.2 X 10"^ 

1.7 X 10^ 

4.7 X 10'* 

(a) Ratio of 70-year dose conmitment from a 1-year chronic 
release to the dose in the year of release. 

(b) Seventy-year dose commitment to the world population 
from a 1-year release of 1 Ci to the environment plus 
continued exposure to the residual environmental 
contamination. 
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APPENDIX E 

RADIOLOGICALLY RELATED HEALTH EFFECTS 

The radiation dose to man from ingestion, inhalation, or external exposure to specified 

quantities of radionuclides can be calculated with reasonable confidence. Estimates of the 

amounts of radioactive material that may be released from Commercial Waste Management (CWM) 

operations, however, and fractions reaching man via various environmental pathways are not 

as well defined. The relationship of dose to so-called "health effects" is even less well 

defined. Thus, estimates of "health effects" that may result from radiation exposure con

sequent to CWM act iv i t ies can derive only from a chain of estimates of varying uncertainty. 

The usual practice in making these estimates is that i f an error is to be made, i t wi l l be 

made in a way intended to overprotect the individual. As a result , i f the chain of est i 

mates is long, there may be considerable conservatism in the f inal value. 

Because expected releases of radioactive materials are small, and the radiation dose 

to any individual is small, the effects considered are long-delayed somatic and genetic 

effects; these w i l l occur, i f at a l l , in a very small fraction of the persons exposed. 

Except as a consequence of the unusually severe accident involving larger doses, no possi

b i l i t y exists for an acute radiation effect. The effects that must be considered are 

1) cancers that may result from whole body exposures, and more specif ical ly, from 

radioactive materials deposited in lung, bone, and thyroid; and 2) genetic effects that are 

reflected in future generations because of exposure of the germ cel ls . 

Knowledge of these delayed effects of low doses of radiation is necessarily indirect. 

This is because their incidence is too low to be observed against the much higher background 

incidence of similar effects from other causes. Thus, for example, i t is not possible to 

attribute any specific nunber of hirnan lung cancers to the plutonium present in everyone's 

lungs from weapons-test f a l l ou t , because lung cancers are known to be caused by other mate

r ia ls present in much more hazardous concentrations, and because lung cancers occurred 

before there was any plutonium. Even in controlled studies with experimental animals, one 

reaches a low incidence of effect that cannot be distinguished from the level of effect in 

unexposed animals, at exposure levels far higher than those predicted to result from CWM 

act iv i t ies . Hence, one can only estimate a relationship between health effect and radiation 

dose, basing this estimate upon observations made at very much higher exposure levels, where 

effects have been observed in man, and carefully studied animal experiments. In this con

text the National Council on Radiation Protection and Measurements has said (NCRP 1975): 

"The NCRP wishes to caution govermental policy-making agencies of the unreasonableness of 

interpreting or assuming 'upper l im i t ' estimates of carcinogenic risks at low radiation 
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levels derived by linear extrapolation from data obtained at high doses and dose rates, as 

actual r isks, and of basing unduly restr ic t ive policies on such interpretation or 

assumption" (NCRP 1975, p. 4),^^^ 

An alternative approach involves direct comparison of the estimated radiation doses 

from CWM act iv i t ies with the more accurately known radiation doses from other sources. This 

avoids the most uncertain step in estimating health effects (the dose-effect relationship) 

and provides a comparison with f i rmly established data on human exposure ( i , e . , the exposure 

to naturally occurring radiation and radioactive materials). Some people prefer to judge a 

r isk 's acceptability on knowledge that that risk is some certain fraction of an unquantifi-

able, but unavoidable, natural r i sk , than to base this judgement on an absolute estimate of 

future deaths that might be too high or too low by a large factor. Because of these judg

mental problems i t is the practice in this Statement to compare estimated radiation exposure 

from CWM act iv i t ies with naturally occurring radiation exposure as well as to indicate est i 

mates of cancer deaths and genetic effects. 

E.l LATE SOMATIC EFFECTS 

Recently much l i terature has dealt with the prediction of late somatic effects of very 

low-level i r radiat ion. This l i terature is not reviewed in detail here because i t is recent 

and readily available. Instead, the various dose-effect relationships that have been pro

posed are br ie f ly considered and jus t i f i ca t ion is given for the range of values employed in 

this Statement, 

Two publications have served as the basis for most recent efforts to quantify late 

somatic effects of i r radiat ion. These are the so-called BEIR Report, issued in 1972^ ' 

by the National Academy of Sciences as a report of i t s Advisory Committee on the Biological 

Effects of Ionizing Radiations (NAS-NRC 1972); and the so-called UNSCEAR Report, a report 

to the General Asembly by the United Nations Scienti f ic Committee on the Effects of Atomic 

Radiation, most recently revised in 1977 (UNSCEAR 1977), 

Both the BEIR and UNSCEAR Reports draw their conclusions from human effects data derived 

from medical, occupational, accidental, or wartime exposures to a variety of radiation 

sources: external x- i r radiat ion, atomic bomb gamma and neutron radiation, radium, radon and 

radon daughters, etc. These observations on humans were, of course, the result of exposures 

to relat ively large total doses of radiation at re lat ively high dose rates. Their extrapola

t ion to the low doses and dose rates of concern to us is acknowledged by the BEIR Report as 

"fraught with uncertainty" (p. 7), The BEIR Report concludes, however, that the assumption 

of a linear relationship between dose and effect, extending to zero dose with no threshold 

dose below which no effects are predicted, " in view of i t s more conservative impl icat ions,, . . 

(a) EPA commented that this paragraph reflects a bias on the part of the authors. However, 
the NRCP quotation was chosen because i t represented the negative point of view, and i t 
was the purpose of this paragraph to ref lect that point of view. 

(b) A version of this report is in progress. 
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warrants use in determining public policy on radiation protection." But i t further 

cautions that "expl ic i t explanation and qualif ication of the assunptions and procedures 

involved in such risk estimates are called for to prevent their acceptance as scient i f ic 

dopa" (p. 97). 

The BEIR Report makes estimates of both absolute risk (cancer deaths per unit of radia

tion exposure) and relat ive risk (percentage increase above normal incidence of cancer 

deaths per unit of radiation exposure). And for each of these approaches i t assumes either 

a 30-year or a durat ion-of- l i fe interval following the latent period, during which risk 

remains elevated for non-leukemic cancer. Separate risk estimates are derived for the 

in utero, 0-9 years, and 10+ years age periods, ref lecting presimed age differences in the 

sensit iv i ty to radiation. The derivation of these r isk estimates and their application to 

the U.S. population is summarized in the BEIR Report (p. 169) where the number of excess 

cancer deaths per year in the U.S. population, because of continual exposure at a rate of 

0.1 rem/yr, is estimated as: 

• 1726 for the absolute risk model with 30-year r isk plateau 

• 2001 for the absolute risk model with durat ion-of- l i fe risk plateau 

• 3174 for the relative risk model with 30-year r isk plateau 

• 9078 for the relat ive risk model with durat ion-of- l i fe risk plateau. 

The exposure rate of 0.1 rem/yr employed in these estimates is in the range of doses 

received frcm naturally occurring radiation sources in the continental U.S. 

The BEIR Report risk estimates are shown in Table E , l , l , converted to a man-rem basis. 

This conversion involved dividing the risk estimates of Table 3-1 , page 169, of the BEIR 

Report, by 20,000,000, since the U.S, population, taken as 200,000,000, i f exposed to 

0.1 rem/yr, receives a total annual exposure of 20,000,000 man-rem. The BEIR Report pro

vides estimates for leukemia and for "a l l other cancers"; the "a l l other cancers" category 

is further subdivided for the absolute r isk model as applied to those aged 10 or more. 

Values for bone and lung cancer are shown in Table E.1.1 as though the apportionment applied 

to the total population. I t is important to note that the approximately f ive- fo ld range of 

values for total cancer deaths predicted by the four different BEIR Report models do not 

define a range between maximun and minimum possible values. They are merely four estimates, 

based on different assumptions, between which i t is not possible to make a confident choice 

based on present knowledge. 

The Environmental Protection Agency (EPA) in i ts Environmental Analyses of the Uranium 

Fuel Cycle (EPA 1973, 1976) chose single risk estimates, based on the BEIR Report, which i t 

considered" the best available for the purpose of risk-cost benefit analyses, [while caut

ioning that] they cannot be used to accurately predict the number of casualties" (EPA 1973, 

p. C-14). These EPA risk estimates, expressed as cancer deaths per mil l ion man-rem, are 

also l is ted in Table E.1.1. The derivation of these numbers is not detailed in the EPA pub

l icat ions, but they'continue to be used by the EPA and have been adopted by others. 



TABLE E , l . l . Comparison of Various Estimates of Cancer Deaths per Mi l l ion Man-Rem 

Type of Cancer 

Leukemia 

Non-leukemic 

Lung 

Bone 

Thyroid 

Total 

BEIR Report (NAS-NRC 1972) 
Absc 

Risk 
30-Year 
Plateau 

-26-(^) 

60 

16 

2.4 

86 

)lute 
Model 

Life 
Plateau 

74 

19 

3.0 

100 

Relative 
Risk Model 

30-Year 
Plateau 

-37-(^) 

122 

159 

Life 
Plateau 

417 

454 

Environmental 
Protection 
Agency 

54 (1973a) 

60 (1973b) 

16 (1973a) 

200 (1973b) 

Reactor 
Upper 
Bound 

28 

106 

22 

7 

13 

134 

Safety Study ( 
Central 
Estimate(b) 

5,6 

42 

4,4 

1,4 

2,6 

48 

NRC 1975) 
Lower 

Bound(b) 

0 

0 

0 

0 

0 

0 

UNSCEAR 
Report(2) 

15-25 

25-50 

2-5 

5-15 

100 

ICRP-26(10) 

20 

20 

5 

5 

100 

(a) 10-year risk plateau following in utero exposure, otherwise 25 years, 
(b) Calculated on the assumption that no individual dose w i l l exceed 10 rem. 
NOTE: The term "health effects" is sometimes used to include sublethal cancers and less serious genetic defects, 

estimates made in this statement are for cancer deaths and serious genetic effects. 
However, the 
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The Reactor Safety Study^^^ (RSS) of the Nuclear Regulatory Commission (1975; th is 

is commonly known as the Rasmussen Report) included an e f f o r t by an Advisory Group on Health 

ef fects to update and extend the conclusions of the BEIR Report (NRC 1975). Among the 17 

members of t h i s Advisory Group were f i v e who also had served on the BEIR Committee, The RSS 

derived three classes of r i sk estimates: an "upper-bound est imate," a "centra l est imate," 

and a "lower-bound est imate," In contrast to the d i f f e ren t BEIR Report r i sk estimates, the 

RSS estimates purport to establ ish a range w i th in which the true value should be found. The 

RSS r isk estimates fo r organs of in te res t to t h i s Statement, and as applied to low-dose 

exposure, are l i s t e d in Table E.1.1. The de ta i l s of the temporal exposure pat terns, age 

d i s t r i b u t i o n s , and computational approaches employed in the BEIR and RSS Reports are not 

i d e n t i c a l , and the r i sk estimates are therefore not s t r i c t l y comparable; but errors from 

th i s source are neg l ig ib le in comparison to the other uncertaint ies involved. 

In a r r i v i ng at upper-bound estimates, the RSS made two s ign i f i can t changes in BEIR 

assumptions and modified several numerical values on the basis of newer data. The " r e l a t i v e 

r i s k model" of the BEIR Report was el iminated and a l l estimates were based on the "absolute-

r i sk model" and the plateau period fo r expression of non-leukemic cancer fo l lowing postnatal 

exposure was taken as 30 years; the d u r a t i o n - o f - l i f e plateau option of the BEIR Report was 

dropped. The ra t iona le fo r these changes is presented in the RSS Report, The major change 

resu l t i ng from new data was a 40% reduction in the leukemia r i sk of in-utero exposure; th i s 

was based upon revised dosimetry provided by the authors of the publ icat ion from which the 

BEIR r i sk estimate was pr imar i l y der ived. The upper-bound estimates shown in Table E.1.1 

are taken d i r e c t l y from Table VI 904, p, 9-33, of the RSS Report (NRC 1975), except fo r the 

thyro id cancer r i s k ; th i s is derived from a "case" estimate of 134 per m i l l i on man-rem modi

f i ed by a mor ta l i t y estimate of 10% (NRC 1975, p, 3-26 and 9-27), 

The RSS central estimate "modifies the upper-bound estimate by correct ing fo r r i sk 

reduction caused by both the ameliorat ing e f fec ts of dose prot ract ion and the lesser ef fec

tiveness of very small acute doses" (NRC 1975, p. G-7). This correct ion acknowledges the 

preponderance of data from experimental s tudies, which indicate that the dose-effect re la 

t ionsh ip is not l inear and that low doses of low LET ( l inear energy t ransfer ) rad ia t ion 

delivered at low dose rates af ford a s ign i f i can t opportuni ty fo r repair of rad ia t ion damage. 

The RSS discusses and references the extensive rad iob io log ica l l i t e ra tu re on th i s subject 

and concludes that at doses below 10 rem, or at dose rates below 1 rem/day, a "dose-

effect iveness fac tor " of 0.2 is j u s t i f i e d ( i . e , , fo r a given to ta l dose the dose e fec t ive-

ness in producing a "health e f fec t " is less at smaller dose ra tes ) . This was s t i l l 

considered a conservative pos i t i on , the RSS Advisory Group on Health Effects was "of the 

unanimous opinion that the dose effect iveness fac tors they recommended probably overestimate 

the central estimate" (NRC 1975, p. 9-22). I t should be recognized that some may not agree 

in applying such a fac tor in the human case, where the very l imi ted data do not en t i r e l y 

a) Since the Reactor Safety Study (RSS) represents the conclusions of a respected body of 
s c i e n t i s t s , many of whom were also members of the BEIR Committee, the values reported in 
the RSS were not adopted but rather were considered when the values in Table E,1.2 were 
der ived. 
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support the RSS position (Brown 1976). The EPA, in its formal review of the RSS study, dis

agreed with several aspects of the RSS health effects model, including the 0.2 dose rate 

effectiveness factor, and concluded that the RSS central estimate of late somatic effects 

"may be underestimated by a factor of 2 to 10" (EPA 1976). 

Finally, the RSS acknowledges in its lower-bound estimate the possibility that a 

threshold for cancer induction may exist. While a threshold for primary radiation effects 

at the molecular level is considered unlikely on theoretical grounds, the mechanisms by 

which such effects become expressed as cancers are not understood, and available data in no 

way preclude the possibility of a threshold for these expressed effects. The RSS calculates 

its lower-bound estimate assuming a 10- or 25-rem threshold dose, either of which is larger 

than most doses predicted to occur to an individual from CWM activities. 

The most recent and most thoroughly documented estimates of cancer risk from radiation 

exposure are those contained in the 1977 UNSCEAR Report. These values are listed in 

Table E.1.1. The UNSCEAR Report cautions that these values are". . . derived essentially 

from mortalities induced at doses in excess of 100 rad. The value appropriate to the much 

lower dose levels involved in occupational exposure, and even more so in environmental expo

sures to radiation, may well be substantially less; . . ." (p. 414). Also shown in 

Table E.1.1 are the risk estimates adopted in the 1977 Recomnendations of the International 

Commission on Radiological Protection (ICRP 1977), which were based primarily on the UNSCEAR 

Report. 
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E.2 GENETIC EFFECTS 

I t is known that genetic effects result from alterations within genes, called muta

tions, or from rearrangements of genes within chromosomes. There is no radiation-dose 

threshold for the production of mutations, but repair of damage to genetic material can 

occur during exposure at low dose rates. This information is reviewed and discussed at 

length in the 1977 UNSCEAR Report. 

The conventional approach to th is problem has been to estimate a "mutation doubling 

dose," i . e . , the radiation dose required to double the existing mutation rate. The BEIR 

Report concludes that this doubling dose for humans l ies in the range of 20 to 200 rem. The 

UNSCEAR Report considers additional experimental data and opts for a single value of 

100 rem. Given a number for the doubling dose, i f one can assume that radiation-induced 

mutations have the same effect on health as normally occurring mutations and i f one knows 

the burden of human i l l health attributable to such normally occurring mutations, one can 

direct ly estimate the genetic effect of any given radiation dose. Unfortunately, i t is not 

clear that radiation-induced mutations are equivalent in effect to normally occurring muta

tions. Nor is there any confidently accepted quantification of the human i l l health a t t r ib 

utable to these normally occurring mutations. 

Four kinds of specif ical ly recognized genetically associated diseases are usually 

distinguished. 

1. Autosomal dominant disorders are those caused by the presence of a single gene. 

The most common examples are: chondrodystrophy (abnormal cartilage development), 

osteogenesis imperfecta (abnormally b r i t t l e bones), neurofibromatosis (disease 

characterized by multiple soft tumors), eye anomalies including congenital 

cataract, and polydactylism (more than 10 fingers or toes) (Trimble and Doughty 

1974). I t is generally agreed that these disorders wi l l double in frequency i f 

the mutation rate is doubled (NAS-NRC 1972 and UNSCEAR 1977). There is some dis

agreement on their normal frequency of occurrence: the earlier data (Stevenson 

1959) employed in the BEIR Report indicate a 1% normal incidence, while a more 

recent study of and Trimble and Doughty 1974), indicates an incidence of 

something less than 0.1%. These new data have not been f u l l y accepted, however, 

and the 1977 UNSCEAR Report continues to employ the 1% normal incidence figures. 

2. Mult i factorial ( i rregular ly inherited) disorders have a more complex and i l l -

defined pattern of inheritance. These diseases include a wide variety of congen

i ta l malformations and constitutional and degenerative diseases. Their normal 

incidence in the population was estimated in the BEIR Report to be about 4% (NAS-

NRC 1972); however, the newer data of Doughty and Trimble suggest an incidence as 

high as 9-10% (̂UNSCEAR 1977). The BEIR Report states that, "The extent to which 

the incidence of these diseases depends on mutation is not known" but assumes a 

"mutational component" of 5 to 50% (p. 56). The 1977 UNSCEAR Report employs a 

single f igure of 5% and considers 10% to be an upper l imi t (p. 429). Newcombe has 

argued that "the bulk of the most direct ly pertinent experimental studies thus 
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fail to demonstrate any important effect of irradiation on the irregularly 

inherited diseases, or on general health and well being," and concludes that "the 

collectively numerous irregularly inherited diseases of man are unlikely to be 

substantially increased in frequency by exposure of his germ plasm to radiation" 

(Newcombe 1975). 

3, Disorders due to chromosomal aberrations include diseases characterized by changes 

in the number of chromosomes, or in the structural sequence within chromosomes. 

It is generally agreed that these diseases will show little increase as a result 

of low-level, low-LET irradiation, and they were not quantified in the BEIR 

Report. The 1977 UNSCEAR Report includes a numerical estimate for such effects. 

4. Spontaneous abortions are known to occur as a result of chromosomal effects, often 

so early in pregnancy as to be undetectable. Such effects have been generally 

excluded as not a relevant health effect (NAS-NRC 1972), 

In addition to the above specifically identifiable genetic effects, there may well be 

genetic influence on other unquantifiable aspects of physical and mental ill health. The 

BEIR Report assumed that two-tenths of this "ill health" was due to genetic factors related 

to mutation, acknowledging that "it may well be less, but few would argue that it is much 

higher" (p. 57). Using this factor and a mutation doubling dose of 100 rem, one calculates 

an eventual 0.2% increase in "ill-health" as a consequence of continual exposure to 1 rem 

per generation. Such ill-defined effects cannot be quantitatively compared to specific 

genetic effects, or carcinogenic effects, not can they be stated on a man-rem basis. 

Table E.2.1 summarizes the BEIR Report and UNSCEAR Report genetic risk estimates. 

The EPA has employed an estimate of 300 genetic effects per million man-rem (EPA 1973, 

Part III), as has also the Medical Research Council in England (MRC 1975). The newer data 

on the normal frequency of autosomal dominant disorders (Trimble and Doughty 1974), and 

Newcombe's (1975) evaluation of the significance of multifactoria disorders, lead to an 

estimate for total genetic effects of only 10 per million man-rem. All of these estimates 

are for total effects, to be experienced over all future generations. 

TABLE E.2.1. Estimates of Genetic Effects of Radiation Over All Generations 

Type of Effect 

Autosomal Dominant 
Disorders 

Chromosomal Disorders 

Multifactorial Disorders 

Total 

BEIR 
Report (1972) 

50-500 

10-1000 

60-1500 

UNSCEAR 
Report (1977) 

100 

40 

45 

185 

EPA 
(1973) 

300 

Newcombe 
(1975) 

10 

10 
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E.3 CONCLUSIONS 

For this Statement a range encompassing commonly used cancer risk factors has been 

employed, as indicated in Table E.3,1, At the same time the possibility of zero risk at 

very low exposure levels is not excluded by the available data. The lower range of risk 

estimates in Table E.3.1. may be considerd more appropriate for comparison with the esti

mated risks of other energy technologies. The upper part of the range may be more appro

priate for radiation protection considerations, 

A range of 50 to 300 specific genetic effects to all generations per million man-rem 

was employed in this Statement, The lower value recommended by Newcombe has not been gener

ally accepted and the upper end of the BEIR Report range seems too high in the light of 

newer evidence discussed in the 1977 UNSCEAR Report. As in the case of the somatic risk 

estimates, the lower end of the range may be considered more appropriate for comparative 

risk evaluations, while the upper end of the range may be appropriate to radiation protec

tion considerations. 

All estimates of health effects, as quoted elsewhere in this Statement, employ the risk 

factors summarized in Table E.3,1, No special risks are considered to be associated with 

any specific radionuclide except as reflected in the calculation of their dose equivalent 

(in rems) in the various tissues of concern. However, because of their particular signifi

cance, effects attributable to certain radionuclides ( H, C, K, and plutonium) are dis

cussed separately on the following pages. 

TABLE E.3.1. Health Effects Risk Factors Employee 
in This Statement 

Type of Risk 

Fatal cancers from: 

Total body exposure 

Lung exposure 

Bone exposure 

Thyroid exposure 

Specific genetic effects 
to all generations from 
total body exposure 

Total 

Predicted 
per 10° 

50 

5 

2 

3 

50 

100 

Incidence 
man-rem 

to 500 

to 50 

to 10 

to 15 

to 300 

to 800 
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E.4 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM TRANSURANICS 

Data relevant for predicting specific health effects from transuranics have been con

sidered elsewhere, in great detail (USAEC 1974, Bair 1974 and MRC 1975). Only the kinds of 

data available and the approaches that might be taken if specific transuranic health effect 

predictions were desired are considered here, 

E,4.1 Experience with Transuranic Elements in Man 

No serious health effects attributable to transuranic elements have been reported in 

man. There are extensive data, however, on exposure of man to transuranic elements. Such 

exposures arise from two main sources: the worldwide plutonium fallout from atmospheric 

testing of nuclear weapons and other devices, and the accidental exposure of persons working 

with transuranics. Since these exposures have produced no effects distinguishable from 

effects caused by other causes, the information is useful in health effects prediction only 

as an indication that unusual or unexpectedly severe effects are not to be anticipated; 

i.e., such negative data can be used only to set an upper limit on possible effects. 

E.4.2 Experience with Natural Radiation in Man 

Alpha-emitting elements are a natural part of the human environment. Humans have 

lived with these internally deposited radioelements and with radiation from other natural 

sources throughout the history of the species. It is of some relevance to note that inhaled 

naturally occuring alpha-emitting radionuclides contribute an average annual dose of about 

0.1 rem to the lung, and that naturally occurring alpha emitters in bone contribute an aver

age annual dose at bone surfaces of about 0.04 rem (NCRP 1975). While these doses cannot 

be related to any measure of specific effects, they have been at least "tolerable" on the 

evolutionary scale, and therefore slight increases can hardly have catastrophic effects. 

E.4.3 Data from Experiments with Animals 

Direct information on the toxicity of transuranic elements is available only from stud

ies in experimental animals. The radiobiological literature suggests that the biological 

effects observed in such animal experiments will at least qualitatively approximate those 

that would occur in man exposed under the same conditions. Based on extensive data from 

several animal species, it is concluded that the most probable serious effects of long-term, 

low-level exposure to transuranics are lung, bone, and possibly liver tumors. Most of these 

data are from experiments with plutonium, but can probably be applied to other transuranics 

with less error than is involved in many other necessary assumptions. While quantitative 

extrapolation from animal to man involves considerable uncertainty, the animal data suggest 

tumor risks per million organ-rem of 60 to 200 for lung (Bair and Thomas 1976), and 10 

to 100 for bone (Bair 1974, Mays et al. 1976). These estimates are compared with others in 

Table E.4.1. 



E.l l 

TABLE E.4.1. Comparison of Transuranic Health Risk Estimates 
(Tumor deaths per mi l l ion organ-rem) 

Mays Risk Estimates 
BEIR (1972) et a l . Based on Data 

High^**^ Loŵ *̂ ^ MRC (1975) (1976) from Animals 

Lung tumors 100 16 25 60-200^"^^ 

Bone tumors 17 2 5 4 10-100 '̂̂ ^ 

Liver tunors 20 

(a) Relative risk model with l i fet ime plateau (Newcombe 1975). 
(b) Absolute r isk model with 30-year plateau (Necombe 1975). 
(c) Data from Bair and Thomas (1976). 
(d) Data from Bair (1974) and Mays et a l . (1976). 

E.4.4 Data on Effects of Other Types of Radiation on Man 

Inferences concerning the effects of transuranic elements in man may be drawn from 

information available on the effects of other forms of ionizing radiation in man; e.g., data 

derived from medical, occupational, accidental, or wartime exposure of humans to different 

radiation sources, including external x-radi t ion, atomic bomb gamma and neutron radiation, 

radium, radon and short-lived radon decay products. Such information has been summarized in 

the BEIR and UNSCEAR Reports, as previously described. England's Medical Research Council 

(1975), considering much the same information covered in the BEIR and UNSCEAR Reports, 

derived risk estimates specif ical ly applicable to plutonium. 
??4 Also of interest are recently accumulated data on the carcinogenicity of Ra in 

human bone (Spiess and Mays 1971, 1972). These data are particularly relevant to risks from 
224 plutoniim, since Ra is predominantly an alpha emitter and, because of i ts very short 

ha l f - l i f e (3.64 days), irradiates only the surface layer of bone, in much the same manner 
224 as plutonium does. From these Ra data. Mays et a l . (1976) have estimated a bone cancer 

risk of 4 per mi l l ion bone-rem. 

Table E.4.1 compares tumor risk estimates from these several sources. Quantitative 

application of these data to the very low exposure levels involved in population exposure 

resulting from commercial waste management practices is uncertain; however, the kinds of data 

presented in Table E.4.1 are reassuring because of their general agreement, and because they 

predict no unusual incidence of effects not contemplated in the selection of the general risk 

estimates used in th is Statement. 
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E.5 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM KRYPTON-85 

The radiological significance of Kr was reviewed in a recent report of the National 

Council on Radiation Protection and Measurements (NCRP 1975). Most of the discussion in 

this appendix derives from that report, which should be consulted for details or for more 

extensive citation of the literature. 

Because krypton is virtually inert chemically, it is not metabolized. Exposure of 
OC QC 

humans resu l ts from Kr in the atmosphere external to the body, from Kr inhaled into 
85 the lung, and to a much smaller degree from Kr dissolved in body f l u i d s and t issues. 

QC 

Over 99% of the decay energy of Kr is in the form of a relatively weak beta ray (mean 

energy, 0.25 MEV) which limits the hazard from external exposure. There is general agree

ment that the dose to the sensitive cells of the skin from external exposure is about 

100 times larger than the dose to the lung or any other internal organ (NCRP 1975, Kirk 

1972, Soldat et al. 1975, Snyder et al. 1975). 

The NCRP Report (1975) considers four categories of delayed effects from long-term 
QC 

exposure to low-level environmental concentrations of Kr. These are: 1) genetic 

e f f ec t s , 2) overa l l carcinogenic e f f ec t s , 3) carcinogenic e f fects on sk in , and 4) possible 

in te rac t ion of ion iz ing and u l t r a v i o l e t r ad i a t i on . 
QC 

Estimation of genetic and overall carcinogenic effects of Kr exposure involves no 

unusual features. Doses to gonads and to total body have been considered essentially iden

tical by all who have considered the problem (NCRP 1975, Kirk 1972, Soldat et al. 1975). 

Genetic and carcinogenic risk factors chosen for general applicaion in this Statement 

(Table E.1.2) should be appropriate to Kr. 

Carcinogenic effects on skin do constitute a unique problem, however, since the human 
QC 

exposure dose from Kr is 100 times higher to the skin than to any other t i ssue . Dose-

response data on radiat ion- induced skin cancer are l im i t ed , but suggest a threshold-type 

response; ce r ta in l y the skin is less susceptible to rad ia t ion carcinogenesis than are many 

other t i ssues . The BEIR Report (Weston 1973), a f te r review of the avai lable data, concludes 

that "numerical estimates of r i sk at low dose levels would not seem to be warranted." 

As a consequence, neither dose to skin nor estimated health e f fec ts tha t might resu l t 

from low-level skin i r r ad i a t i on are presented in th i s Statement. (Skin cancer is perhaps 

the most eas i l y contro l led of a l l malignancies and is ra re ly f a t a l . ) 

The p o s s i b i l i t y of in te rac t ion between the rad ia t ion from ^ K r and solar u l t r a v i o l e t 

r a d i a t i o n , the l a t t e r of which is considered to be responsible f o r most human skin cancer, 

was raised in the NCRP Report (NCRP 1975). There is no d i rec t evidence fo r such in terac

t i o n , but the p o s s i b i l i t y was thought to j u s t i f y fu r ther epidemiological and laboratory 

s tud ies. 
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E.6 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM TRITIUM 

Although t r i t ium is subject to the uncertainties involved in any prediction of effects 

at dose levels far below those for which there are experimental data, the relat ively uniform 

distribution of hydrogen throughout the body and our understanding of the metabolism of 

hydrogen and water by the body do provide more confident dosimetry than is available for 

most other radionuclides. I f there is special concern about t r i t ium effects, i t relates 

primarily to the d i f f i cu l t ies of preventing i ts release to the environment, and to i ts 

worldwide distr ibution and avai labi l i ty to man following release. Many aspects of the bio

logical concerns for t r i t ium in the biosphere are reviewed in the Proceedings of a symposium 

on the subject, held in 1972 (Moghissi and Carter 1973). 

There has been some concern that t r i t ium incorporated in organic compounds, either 

before or following ingestion by man, might present a substantially increased hazard. Such 

an increased hazard might be due to: a) prolonged retention of the tritium-containing com

pound, b) enhanced biological effectiveness of the radioactive disintegration due to conver

sion of the hydrogen atom in a vi tal molecule to a helium atom (transmutation ef fect) , or 

c) an enhanced radiation effect due to origin of the beta ray within a vi tal molecule. I f 

the hydrogen of al l molecules in the body were uniformly labeled with t r i t ium, this would 

add perhaps 50% to the whole body radiation dose from body water alone. Any larger 

increased radiation dose from organically bound t r i t ium could occur only i f t r i t ium were 

preferentially incorporated or retained, in comparison with ordinary hydrogen. This possib

i l i t y was reviewed by Weston (1973) who concluded that, " i t is apparent that large kinetic 

isotope effects are often found for tritium-labeled compounds. In tracer experiments 

u t i l i z ing t r i t ium, observed rate constants could easily dif fer by an order of magnitude from 

those for the analogous unlabeled compound. I f t r i t ium from a source of HTO at constant 

specific act iv i ty is incorporated into a biological system by irreversible chemical reac

tions, i t w i l l be discriminated against; and the t r i t ium level in the biological system wi l l 

remain lower than that of the source. Conversely, kinetic isotope effects in the back 

exchange to remove t r i t ium after incorporation wi l l favor retention of tr i t ium in the bio

logical system." 

Although rather large isotope effects occur in individual chemical reactions, the over

al l effects in biological organisms seem relat ively small, as discussed by Shtukkenberg 

(1968). Thompson and Ballou (1954) compared t r i t ium and deuterium in rats, as did Glass

cock and Duncombe (1954). The effects were small, as they were in a study of algae (Crespi 

et a l . 1972). I t therefore seems reasonable to assume, as was done in the dosimetric cal

culations for th is Statement, that t r i t ium wi l l behave l ike ordinary hydrogen; any error 

introduced by such an assumption wi l l probably overestimate the effects of t r i t ium. 

The significance of transmutation effects has been a controversial subject, but there 

now appears to be agreement on the following conclusions, as expressed by Feinendegen and 

Bond (1973): "The effects of intracel lular t r i t ium are overwhelmingly due to beta irradia

tion of the nucleus. Transmutation effects do not produce a measurably increased effect 

under most conditions and are detectable only, i f at a l l , under highly specialized labora

tory conditions. The origin of t r i t ium beta tracks i n , or their close juxtaposition to , the 
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DNA molecule does not appear to enhance the degree of somatic effects." Studies of the 

induction of gene mutations in mice also indicate no substantial transmutation effect 

(Cumming et a l . 1974). 

Concern has been expressed for the case in which a developing female fetus is exposed 

to elevated body water levels during oocyte formation; t r i t ium corporated in these germ 

cells would be retained unti l ovulation, and this might constitute a special genetic hazard 

(Radford 1969). Osborne (1972), however, has estimated that in such a circumstance, less 

than 0.2% of the i n i t i a l dose rate to the nucleus originates from tr i t ium incorporated in 

DNA, and that i t would be 30 years before the i n i t i a l dose from body water was equaled by 

the cumulative dose from DNA-incorporated t r i t ium. 

I t would thus appear quite certain that t r i t ium incorporated into organic compounds 

poses no substantially increased hazard beyond that accounted for by i t s contribution to 

whole body dose. 

Tritium is a pure beta emitter of wery weak energy--18.6 keV maximum. The linear energy 

transfer (LET) of such a weak beta is higher than that of more energetic beta, x-, or gamma 

radiation, and much experimental effort has been devoted to determining whether this higher 

LET is reflected in an increased relative biological effectiveness (RBE). The International 

Commission on Radiological Protection in i ts report on Permissible Dose for Internal Radia

tion (ICRP 1959) used a quality factor of 1.7 for t r i t i um, the value employed in the dosi

metric calculations for this Statement. RBE studies were reviewed by Vennart (1968), who 

concluded "that a value of QF different from unity of either t r i t ium or other 3-emitters is 

hardly j us t i f i ed , and the ICRP reduced the t r i t ium quality factor to unity in 1969, an action 

concurred in by the National Council on Radiation Protection and Measurements" (1971). More 

recently, further evidence has been presented to j us t i f y a value higher than unity (Johnson 

1973 and Moskalev et a l . 1973). Of particular interest are studies of Dobson et a l . (1974, 

1975) on the survival of female germ cells in young mice exposed to a continuously maintained 

level of t r i t ium oxide in body water. These studies seem to indicate an increasing RBE with 

protraction of exposure, with the suggestion of a l imit ing RBE value of about 4 at very low 

doses. I t is important to note, however, that an increasing RBE at very low doses for the 

relat ively high-LET beta radiation from t r i t i i«n, is (on theoretical grounds, at least) more 

l i ke ly due to a decreased biological effectiveness of the reference, low-LET radiation, than 

to an absolute increase in t r i t ium effectiveness. 

With specific regard to the RBE for genetic effects, the induction of mutations by 

t r i t ium in mice has been recently studied at Oak Ridge National Laboratory (Cumming et a l . 

1974). The report of these studies presents the following conclusion: "Thus, i f absorbed 

dose to the test is is accepted as meaningful for purposes of comparison with gamma or 

X-rays, the . . . point estimate of relative biological effectiveness (RBE) for postsperm-

atogonial germ-cell stages is close to 1, with f a i r l y wide confidence intervals. The point 

estimate of RBE for spermatogonia is s l ight ly above 2, with confidence intervals which 

include 1, and there remains the suggestion that the distr ibution of mutants among the seven 

loci may di f fer from that produced by gamma rays" (Cumming et a l . 1974). 
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In summary, it may be concluded that research on both somatic and genetic effects 

attributed to tritium has failed to produce results markedly different from those which 

would have been predicted from a general knowledge of ionizing radiation. It may then be 

assumed that the conventional methods of estimating radiation dose and biological effect, 

as employed in this Statement, are applicable to tritium. 
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E.7 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM CARBON-14 

The rad io log ica l signficance of C has received much a t ten t ion because 1) carbon 

occurs everywhere in nature, inc luding man; 2) C has a long h a l f - l i f e , 5730 years; and 

3) weapons tests have s i g n i f i c a n t l y increased global C levels (UNSCEAR 1977, pp. 41-42). 
14 

Only recent ly has at tent ion been di rected to the considerably smaller C releases that 

may be expected from the nuclear fue l cycle (ERDA 1975, Hayes 1977). 

As wi th t r i t i u m , there is concern that transmutation ef fects ( i . e . , e f fects resu l t ing 

from the conversion of a carbon atom to a nitrogen atom in a v i t a l molecule) may increase 

the health r i sk from C beyond that a t t r i bu tab le to the beta-radiat ion dose. This is of 

par t i cu la r concern with regard to genetic e f f ec t s . Direct experimental data to s e t t l e t h i s 

question are not ava i lab le . In his o r ig ina l a r t i c l e (1958) c a l l i n g a t ten t ion to health 

r i sks from C, Pauling concluded " tha t the special mechanism involv ing C atoms in 

the genes themselves is less important than i r r a d i a t i o n in causing genetic damage." 

To t t e r , Zel le and Hoi l i s t e r (1958), reviewing the then avai lable data, concluded that 
14 

"subject to large uncer ta in ty , the transmutation e f fec t of C atoms contained in the 

genetic material of the human body could lead to about the same number of genetic mutations 
14 

as the rad ia t ion e f fec t from C." 

The general problem of transmutation ef fects has received much recent study, and the 
32 occurrence and importance of such ef fects has been c lea r l y demonstrated f o r P (Krisch 

and Zel le 1969). Less work has been done wi th C, and reported resul ts are not en t i r e l y 

consistent . In studies with Drosophila ( f r u i t f l i e s ) , Lee and Sega observed l i t t l e , i f any, 

mutagenic e f fec t from C-thymidine incorporated in sperm. They concluded that " i f t rans

mutation of C is mutagenic at a l l , i t is less e f fec t i ve than P ( i n s imi la r exper i 

ments) by two orders of magnitude;" and t h a t , " f o r prac t ica l purposes in considering muta

genic hazards or t o x i c i t y e f fec ts due to chromosome breakage, only the beta rad ia t ion of 
14 C needs to be considered." 

On the other hand, McQuade and Fr iedk in (1960) observed twice the frequency of chromo

some breakage in onion root t i p s af ter administering thymidine wi th C-labeling in the 

methyl group, as with C-label ing in the 2 pos i t i on . This seems to imply a d i f f e r e n t i a l 

transmutation e f f e c t , since the label ing pos i t ion should not inf luence beta- rad ia t ion-

induced e f f ec t s . There i s , i n any case, no experimental evidence fo r a transmutation e f fec t 

t ha t is many times larger than the rad ia t ion e f f e c t , although such claims have been made on 

theore t ica l grounds (Golenetski i et a l . 1976). Therefore, based on what appears a prepon

derance of informed opinion (Krisch and Zel le 1969, and Lee and Sega 1973), th i s report does 

not consider the p o s s i b i l i t y of C transmutation e f f ec t s . 
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APPENDIX F 

REFERENCE ENVIRONMENT FOR ASSESSING ENVIRONMENTAL IMPACTS 

The following reference environment was developed as an aid in assessing environmental 

impacts associated with construction and operation of waste treatment, interim storage 

and/or f ina l disposition f a c i l i t i e s . The reference environment concept is used to replace, 

where appropriate, the cri ter ia-type approach to generic environmental assessment. 

The reference environment was developed primarily from data on existing plant sites in 

the midwestern United States. There i s , however, no intent to endorse this area or type of 

environment for any nuclear fuel cycle f a c i l i t y . Since the reference environment is to be 

used in a generic or hypothetical sense, references supporting the descriptive material were 

not considered necessary and are not included. The reference environment is representative 

of the surface geology only and has nothing to do with the deep geology as may be appicable 

to s i t ing to waste repositories in geologic media. 

For assessment of environmental effects, i t is assuned that each waste management 

f a c i l i t y is located (independently, not collocated) within the reference environment. 

Although an a r t i f i c i a l i t y , analysis of impacts frcm waste management fac i l i t i es centered at 

the sane location simplifies calculations and permits direct comparison of impacts among 

f ac i l i t i e s on the same environmental features. 

F.l LOCATION OF SITE 

Regardless of the size of the s i te or purpose to which i t is to be put, the center of 

the si te is assuned to be located 8 km west of the R River, about 13 km northwest of Town A 

in county A, and 50 km northwest of a major metropolitan area (City G) in a midwestern 

state. 
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F.2 REGIONAL DEMOGRAPHY AND LAND USE 

The reference environment is located in a region that is mainly rural; the land is used 

chiefly for farming. The nearest communities are A, about 13 km southeast of the site, with 

a population'^' of about 2,000; B (population 400) about 6 km northwest; C (population 

about 1,000) about 8 km east; D (population 1.100) about 16 km southwest; and E (population 

3.000) about 16 km south. The closest large cities are F (population 40,000) about 32 km 

northwest and G (population 1,800.000) about 50 km southeast, 
2 

The population within a 1-km radius (300 km ) of the site is about 12,000. Within an 

80-km radius of the site (20,000 km^) the population is about 2,000,000, of which about 

93% resides in the G metropolitan area (see Table F.2.1). 

In County A, and in County B just across the R River to the northeast, about 82% of the 

land is used for farming. The main crops in these two counties, which include all land 

RANGE, km 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

sw 
wsw 

w 
WNW 

NW 

NNW 

1,6 

0 

0 

0 
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0 

0 
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0 

0 

0 

4 

0 

0 

TABLE 

3.2 

4 

4 

6 

4 

4 

4 

25 

4 

4 

15 

30 

6 

9 

8 

6 

8 

F,2.1. 

4.8 

4 

4 

18 

12 

12 

20 

245 

18 

41 

26 

65 

55 

31 

8 

9 

15 

Projected Year 2000 

6.4 

18 

14 

72 

72 

145 

353 

1,069 

45 

67 

67 

58 

93 

78 

44 

21 

55 

8,0 

160 

26 

109 

145 

537 

118 

194 

157 

112 

126 

50 

65 

73 

29 
44 

181 

16 

210 

157 

232 

333 

993 

610 

632 

374 

1,097 

571 

423 

414 

379 

332 

293 

165 

Populat 

32 

1,115 

986 

1,306 

2,025 

1,321 

3,400 

5,063 

3,466 

5.438 

3,177 

1,835 

3.007 

1.730 

1,662 

5,277 

1,204 

on in Reference Environment 

48 
3,641 

3,350 

4,897 

2,677 

9,094 

50,482 

46,789 

18,642 

5,844 

4,809 

4,656 

1,901 

3,600 

6,495 

47,196 

2,753 

64 

2,137 

4,185 

2,848 

8,743 

6,344 

123,104 

581,389 

59,435 

10,131 

6,411 

6,106 

7,515 

3,326 

6,493 

4,061 

2,480 

80 

1,209 

1,872 

6,371 

6,209 

14,195 

163.155 

579.114 

32,445 

7,334 

7,317 

6,856 

4,442 

4,805 

5,984 

4,501 

4,533 

TOTALS 

8,498 

10,598 

15,859 

20,220 

32,645 

341,246 

1,214,520 

114,586 

30,068 

22,523 

20,079 

17,498 

14,031 

21,059 

61.408 

11,394 

TOTALS 8 141 583 2,271 2,126 7,215 42,012 216,826 834,708 850.342 1.956,232 

CUM TOTAL 8 150 730 3.000 5,100 12,000 54,000 270,000 1.100,000 2,000.000 2,000,000 

(rounded) 

(a) Populations are assumed to be those for the year 2000. 
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within 16 km of the site, are soybeans, corn, oats, and hay. It is expected that these two 

counties will remain largely agricultural and that the population distribution will not 

change significantly with time. 

A wildlife refuge is located about 14 km northeast to 19 km north of the site. A state 

park is located about 10 km west-southwest of the site, and a state forest and campground 

are about 14 km northeast of the site. 
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F.3 GEOLOGY 

The area in which the reference sites are situated is assumed to occupy a terrace at 

an elevation of 300 m above sea level (MSL). Several flat alluvial terraces comprise the 

main topographic features in the vicinity. Many of these terraces are lower than that at 

the site and lie at an average elevation of 280 m above sea level and, in general, slope 

away from the river at grades of 2 or 3%. The topography in the area of the site is essent

ially typical of that in the region. 

The rocks that underlie this region are classified as pre-Cambrian and are very old. 

Glaciation probably less than 1,000,000 years in age, as well as recent alluvial deposition, 

has mantled the older basement rocks with a variety of unconsolidated materials in the form 

of glacial moraines, glacial outwash plains, glacial till and river bed sediments. This 

cover of young soils rests upon a surface of glacially carved deeper rock consisting sequen

tially in depth of sandstone, shale and granitic rocks. The upper surface of underlying 
2 

rock can support unit foundation loads up to 73.000 kg/m . The bedrock surface is 

irregular and slopes generally to the east or southeast. 

The nearest known or inferred fault is 37 km southeast of the site. There is no indi

cation that faulting has affected the area of the site in the last few million years. 

Within the last 100 years, only two earthquakes were recorded as having occurred within 

160 km of the site. The first occurred in 1917 and had an intensity of VI on the modified 

Mercalli scale. The epicenter was located about 100 km northwest of the site. The second 

occurred in 1950; it had an estimated intensity of V to VI and the epicenter was located 

about 130 km north-northwest of the site. For construction of facilities in this area the 

design basis earthquake relates to a horizontal acceleration of 0.1 g. 
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F.4 HYDROLOGY 

Large supplies of ground water are available from the R River outwash plain alluvium, 

glacial moraine, and from underlying sandstones in the area. The general course of deep 

ground-water flow is to the southeast. The regional gradient broadly parallels the trend 

of the topography and the surface drainage. The natural surface drainage of the immediate 

site area is mainly to the southeast, toward the r iver . 

The R River tr ibutaries close to the site area are S Creek, 8 km northwest, and 

T Creek, 5 km southwest. The B River flows parallel to and east of the R River, joining the 

R 24 km downstream from the site area. 

The ground-water levels near the site are relat ively f l a t and slope toward the river 

during normal r iver stages. During periods of high river flow, there may be some reversal 

of ground-water flow near the r iver . These reversals would be of short duration and i n f i l 

t rat ion of water from the r iver would be l imited. The gradient toward the r iver is 

re-established after the high water recedes. 

River flow information based on data from the R River gaging station is as follows: 

Number of years of record 40 

Average annual flow, Jl/sec 120,000 

Minimum recorded flow, Jl/sec 6,200 

Maximum recorded flow, l/sec 1.300,000 

River flow and temperature data pertinent to the reference site are shown in 

Figures F.4.1 and F.4,2, respectively. 

Flow duration data for the R River calculated in the v ic in i ty of the reference s i te are 

shown in Figure F.4.3. Based on these data, the flow is expected to exceed 50,000 A/sec 90% 

of the time and 27,000 «,/sec 99% of the time. 

The average river velocity at the s i te varies between 0.5 and 0.8 m/sec for flows below 

280,000 Jt/sec. The river drops about 3 m from 2.4 km upstream to 2.4 km downstream of the 

s i te . Rapids frequently occur in this stretch of the r iver. 

T 1 1 1 1 

MAXIMUM ENVaOPE 

MINIMUM ENVELOPE 

_!_ J _ 
JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC 

FIGURE F.4.1. Daily Average and Extreme 
River Flows at the Reference Site 

40-
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FIGURE F.4.2. Daily Average and Extreme 
Water Temperatures at the Reference Site 
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10 2 0 3 0 40 5 0 6 0 7 0 8 0 9 0 

PERCENT Of TIME FLOW HAS BEEN EQUALED OR EXCEEDED 

FIGURE F.4.3. River Flow Duration Data for R River 
at the Reference Site 

The 1-1n-1000-year flood is expected to reach 281 m MSL (mean sea level ) , and the max

imum flow of record (1965) is estimated to have reached 279 m MSI. Normal river stage in 

the v ic in i ty of the site is about 276 m MSL, and the site grade is 300 m MSL. 

A study was conducted to determine the predicted flood discharge flow and water level 

at the site resulting from the "maximum probable flood" as defined by the U.S. Army Corps 

of Engineers. The "maximum probable flood" was estimated as 10 mi l l ion jl/sec with a cor

responding peak stage of elevation 286 m MSL at the reference s i te . The peak level at the 

si te would be reached in about 12 days from the onset of the worst combination of conditions 

resulting in the "maximum probable f lood." 

The R River water's chemical characteristics are given in Table F.4.1. 

The nearest domestic water supply reservoir is the G Water Works Reservoir. This res

ervoir is located in northern G and is fed by the R River from an intake about 64 km down

stream from the reference site area. (This water supply serves about 1.8 mil l ion people) 

The ground-water table under normal conditions is higher than the r iver ; thus ground 

water and runoff drain to the r iver. There are numerous shallow wells supplying residences 

and farms along the river terrace. The closest public water supply well is the A c i ty wel l , 

which obtains water 72 m below ground level . 
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TABLE F.4.1 R River Water 

Solids-mg/Jl 

Total 

Dissolved 

Suspended 

Hardness-mg/j!. 

(As CaCOg) 

Total 

Calcium 

Magensium 

Alkalinity-mg/Ji, 

(As CaCOj) 

Total 

Phenolphthalein 

Gases-mg/Jl 

Free carbon dioxide 

Ammonia-nitrogen (N) 

Anions-mg/Jl 

Carbonate (CO^) 

Bicarbonate (HCO )̂ 

Hydroxide (OH) 

Chloride (CI) 

N i t ra te -n i t rogen (N) 

Sul fate (SO^) 

Phosphorus-soluble (P) 

S i l i c a (Si02) 

Cations-mg/Ji, 

Calcium (Ca) 

Magneisum (Mg) 

Sodium (Na) 

Total i ron (Fe) 

Total manganese (Mn) 

Potassium (K) 

Miscellaneous 

Color (APHA un i ts ) 

Tu rb id i t y (JTU) 

Ryznar index (AT 77°F) 

Conduct iv i ty (mmho) 

PH 

BOD (mg/i.) 

Dissolved oxygen (mg/Jl) 

Temp. (DEG. C) 

Minimum 

143 

125 

1.2 

98 

70 

28 

91 

0 

— 

0.0 

0.0 

111 

— 

0.30 

0.07 

6.3 

0.012 

3.2 

28.0 

6.8 

2.8 

0.04 

— 

— 

20 

1.00 

6.64 

192 

7.40 

0.9 

8.0 

0.0 

Chemistry Summary of 12 

Maximum 

216 

208 

18.4 

174 

120 

58 

165 

12 

— 

0.09 

14.4 

201 

— 

5.00 

0.55 

13,5 

0.057 

12.5 

48.1 

14.1 

6.4 

0.52 

— 

— 

80 

4.50 

7.86 

350 

8.60 

2.5 

15.0 

23.0 

Average 

185 

178 

7.5 

147 

99 

48 

140 

1.8 

— 

0.02 

2.10 

166 

~ 

1,43 

0,26 

9.5 

0.030 

7.7 

39.7 

11.6 

5.0 

0.23 

— 

— 

39 

2.53 

7.21 

292 

8.15 

1.4 

10.6 

9.69 

Monthly Samples 

Std, Dev, 

23,2 

27.8 

6.2 

24.8 

15.6 

9.9 

24,3 

4.1 

— 

0.03 

4.96 

29.1 

— 

1.48 

0.15 

2.2 

0.012 

3.3 

6.28 

2,4 

1.1 

0.13 

— 

— 

22 

1.48 

0.377 

49.8 

0.308 

0.58 

2.1 

9.03 

No 

12 

12 

12 

12 

12 

12 

12 

12 

— 

12 

12 

12 

— 

12 

12 

12 

12 

12 

12 

12 

12 

12 

— 

— 

12 

12 

12 

12 

12 

12 

11 

12 
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F.5 METEOROLOGY 

The general climatic regime of the site is that of a marked continental type character

ized by wide variations in temperature, scanty winter precipitation, normally ample summer 

rainfall, and a general tendency to extremes in all climatic features. Temperature data, 

obtained by adjusting 54-year climatological summaries for G and B, indicate that January 

is the coldest month, with average daily maximum, mean and minimum temperatures of -6, -11 

and -16°C, respectively. July is the warmest month, with corresponding temperatures of 28, 

22, and 16°C. Table F.5.1 shows monthly statistics. 

The number of days with maximum temperatures of 32°C and above is estimated to be 12. 

The numbers of days with a minimum temperature of 0°C or below and -IS'C or below are esti

mated to be 168 and 40, respectively. The January relative humidities at 7:00 a.m., 

1:00 p.m., and 7:00 p.m., EST, are estimated to be 76, 68, 70%, respectively. The corre

sponding humidities for July are 86, 55, and 55%. Monthly average humidities are shown in 

Table F.5.2. 

The annual average rainfall is about 76 cm. The maximum 24-hr total rainfall for the 

period 1894-1965 for B was 13 cm and occurred in May. Thunderstorms have an annual fre

quency of 36 and are the chief source of rain from May through September. Snowfall in the 

area has an annual average of 110 cm, with occurrences recorded in all months except June, 

July and August. The extremes in annual snowfall of record are a 15-cm minimum and a 220-cm 

maximum. 

Annually, the winds are predominantly from the northwest or from the south through 

southeast. This bimodal distribution is characteristic of the seasonal wind distributions 

as well. The average windspeed for spring is 11 km/hr and for the other seasons about 

16 km/hr. The maximum reported windspeed of 160 km/hr. reported in July 1951, was asso

ciated with a tornado. Tornadoes and other severe storms occur occasionally. Eight tor

nadoes were reported in the period 1916 to 1967 in county A. The theoretical expected 

frequency of a tornado striking a given point in this area is 5 x 10" per year. For 

design purposes a maximum windspeed of 580 km/hr is assumed to be associated with tornadoes. 

TABLE F.5.1. Monthly Temperature Statistics (°C) 

Maximum 

Minimum 

Mean 

Extreme Max 

Extreme Min 

Jan 
74 

Jan 

-6.1 

-16.1 

-11.1 

15.0 

-38.9 

Feb 

75 

Feb March 

-4.4 3.3 

-14.4 -6.7 

-9.4 -1.7 

16.1 27.8 

-36.7 -34.4 

TABLE F.5.2. 

Apr May June 

12.8 20.0 25.0 

1.7 7.8 13.3 

7.2 13.9 18.9 

32.8 40.6 39.4 

-15.6 -5.7 6.0 

Mean Monthly Relati 

Mar Apr May June July 

73 66 62 66 68 

July Aug 

28.3 26.7 

16.1 15.0 

22.2 21.1 

41.7 40.0 

5.6 3.3 

Sept 

22.2 

10.0 

16.1 

40.6 

-5.6 

Oct 

15.0 

3.9 

9.4 

32.2 

-13.3 

ve Humidity percent 

Aug Sept 

70 70 

Oct 
66 

Nov 
73 

Nov 
4.4 

-4.4 

0.0 

23.9 

-27.8 

Dec 
78 

Dec 

-3.3 

-12.2 

-7.8 

17.2 

-33.9 
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It is estimated that natural fog restricting visibility to 0.4 km or less occurs about 

30 hr/year. Icing due to freezing rain can occur between October and April, with an average 

of one to two storms per year. The mean duration of icing on utility lines is 36 hr. 

Diffusion climatology comparisons with other locations indicate that the site is typical 

of the region, with relatively favorable atmospheric dilution conditions prevailing.'^^ 

Frequency of thermal inversion is expected to be about 32% of the year, and the frequency of 

thermal stabilities is 19% slightly stable, 27% stable, 20% neutral, and 34% unstable. The 

joint distribution of windspeed. direction, and stability is given in Table F.5.3. 

TABLE F.5.3 Annual Average Joint Frequency Distribution, Percent of Occurrence 
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(a) An investigation of the variations in atmospheric dispersion among a number of sites 
around the nation was made to determine differences to be expected in radiation dose 
calculations based on atmospheric dispersion because of different synoptic conditions for 
different locations. For five of the eight sites studied it was determined that the max
imum atmospheric dispersion coefficient at 1100 m and at 72 km from the point of release 
was not greater by more than a factor of two over that of the reference site. It was no 
greater than a factor of six for any of the other three sites studied. 
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F.6 PATHWAY PARAMETERS RELEVANT TO RADIOLOGICAL DOSE CALCULATIONS 

Radiation exposure of man via airborne pathways may include that from radiation emitted 

from overhead plumes and ground-level clouds; direct radiation from radionuclides deposited 

on the ground; inhalation of radionuclides released to the atmosphere; and consumption of 

foods produced from vegetation upon which radionuclides have been deposited or which have 

been grown in soils on which deposition has accumulated. Such foods may include vegetables 

from local gardens; milk from cows foraging on pasture grass; or meat from animals raised 

on pasture and feed grown in the vicinity of the plant. These pathways are illustrated in 

Figure F.6.1. 

FIGURE F.6.1, Pathways for Radiation Exposure of Man 
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Also, as i l lustrated in Figure F.6.1. radiation exposure of man via surface water path

ways may include that from ingesting radionuclides with drinking water, consumption of 

aquatic foods, and direct radiation from surface waters received through shoreline activ

i t ies or swimming or boating. 

For the milk and home garden pathways, the nearest dwelling is assumed to be a farm

house adjacent to the site boundary southeast of the main plant where the maximum ground-
-7 3 

level atmospheric dispersion factor (X/Q') Is about 3 x 10 sec/m for ground-level 
-8 3 

releases and 1.5 x 10 sec/m for t a l l stack releases. A milk cow is assumed to be 

kept at th is farm and maintained on fresh pasture 7 months of the year. I t Is assumed that 

a garden is kept for vegetables; however, there are no large truck gardens in the area. 
For the farm-crop-Irrigation pathway. I t is assumed that about 82% of land in the 

v ic in i ty of the site is farmed. Production is essentially 60% soybeans (0,7 kg wet 
2 2 

we1ght/m ) 30% corn, oats and other grain (0.35 kg wet welght/m ) and 10% hay (1.5 kg 

wet weight/m ). For dose calculation purposes. I t Is assumed that 10% of the ^erage flow 

rate ('V/12,000 Jl/sec) of the R River In the v ic in i ty of the plant si te is drawn from the 
2 * r iver during June. July and August for i r r igat ion of 250 km . 

For the recreational and aquatic food pathways, i t is assumed that in the v ic in i ty of 

the plant a "maximum-exposed individual"^*^ may spend 100 hr/yr swimming or boating and 

may spend 500 hr/yr obtaining 10 kg of f ish and 10 kg of fresh water mollusca. Aquatic 

foods are assumed to be consumed within 24 hours of the time they are harvested. 

For pathways to the population, i t is assumed that 85% of the 2 mil l ion residents 

within 80 km of the site obtain their drinking water from the R River. Travel time to the 

consumer from a point on the river nearest the s i te Is taken to be 48 hours. I t Is assumed 

that on the average each person w i l l spend 5 hr/yr swimming and 10 hr/yr boating or f ishing 

downstream from the s i te . The average per capita f ish consumption for this area has been 

estimated to be 1.1 kg/yr. I t is assumed that 10% of this consumption is from f ish obtained 

downstream from the s i te . 

(a) A "maximum-exposed individual" is an individual whose habits tend to maximize his or her 
dose. 



;i5
 



G.l 

APPENDIX G 

REFERENCE SITES FOR ASSESSING SOCIAL AND ECONOMIC IMPACTS 

A generic assessment of socioeconomic impacts incorporates the assimption that various 

sites may be under consideration for development of nuclear waste management f a c i l i t i e s . 

Since the potential sites may di f fer considerably in their distinguishing characteristics 

(e.g. , population size, composition, and distr ibut ion; industrial composition of the labor 

force; and avai labi l i ty of social services) i t is necessary to examine the potential effects 

of energy fac i l i t i es on several alternative sites. For example, i t is reasonable to assune 

that a highly urbanized community offering a wide range of services to residents wil l expe

rience fewer negative effects from the construction and operation of a project than wi l l a 

sparsely populated rural community. In the la t te r , even a relat ively small project could 

produce disruptive effects. 

In addition to considering alternative reference si tes, i t is also necessary to assess 

the effects of several types of nuclear waste management f a c i l i t i e s . These fac i l i t i es di f 

fer substantially in terms of the length of time and the nunber of workers needed for con

struct ion, the number of workers required for planned operation, the potential hazards 

created through storage and transportation of noxious materials, and the amount of land 

occupied. Thus, i t is reasonable to expect that the variety and degree of socioeconomic 

impacts wi l l di f fer according to the f a c i l i t y in question. 

Each of the three reference sites ut i l ized in the assessment of social and economic 

impacts is based on rea l is t ic conditions chosen on the basis of c r i te r ia l is ted below. They 

should not be construed to represent an endorsement of any specific site for f a c i l i t y loca

t ion . Since the reference sites are to be used in a generic or hypothetical sense, source 

references supporting the descriptive material are presented in terms of their broad, gen

eral areas rather than in specific terms (see Table G.2.1). One of the three reference 

sites coincides with the reference envirorment described to in Appendix F. 

G.l CRITERIA FOR REFERENCE SITE SELECTION 

To permit an assessment of a wide range of variation in impacts, three reference sites 

were selected for analysis from a larger number of possible locations for nuclear waste 

f ac i l i t i e s on the basis of two c r i te r ia : 

• population size. The three sites vary markedly in terms of the total nunber of 
Inhabitants^at the site and in the surrounding region. 

• population distr ibut ion. The three sites exhibit variations in population density 

and degree of urbanization. 
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G.2 CHARACTERISTICS OF REFERENCE SITES 

To emphasize that the reference sites are hypothetical, they are simply labeled Mid

west, Southeast, and Southwest. Each reference site consists of a single county. The 

region within which the county is located is defined as the aggregation of al l counties 

fa l l i ng substantially within a 50-mile radius of the f a c i l i t y . I f more than half of a 

county is included within that 50-mne radius, i t is included in the region. 

Regional populations are important for assessing si te impacts because a sizable portion 

of the site labor force may commute to work from regional loca l i t ies . F i f ty miles repre

sents the maximum commuting distance that most workers are wi l l ing to undertake. Further

more, population redistr ibution within the region may result in project-related impacts. 

Table G.Z.V^' summarizes data for the site counties and surrounding regions. Two 

types of comparisons can aid in the interpretation of these data. F i rs t , there are marked 

differences among the s i tes, whether based on county or regional comparisons. Second, there 

are important differences between the county and the region for each s i te . From the popula

tion data i t is evident that the Southeast and Midwest regions are highly urbanized when 

compared with the Southwest region. Differences among the three counties are even greater. 

While the Midwest si te f a l l s within the most urbanized region, the county containing that 

site has the smallest urban component. In fact , each site county is less urbanized than i ts 

corresponding region, ref lect ing the likelihood that waste repositories wi l l be situated 

away from urban centers and densely settled areas. The density figures also support this 

observation. 

The sites vary dramatically in terms of population change over the 1965 to 1970 period, 

with the Southwest s i te showing a marked decline, the Midwest site a comparable increase, 

and the Southeast site remaining re lat ively stable. From 1970 to 1975 al l sites gained pop

ulat ion, and the differences among the rates of change are smaller than in the preceding 

5-year period. These changes over the decade can be attributed to two components: natural 

change and net migration. Natural change is the difference between births and deaths. Net 

migration is the difference between the number of persons moving into an area and the number 

moving out. Each site has experienced an excess of births over deaths, thus serving to mod

erate the population loss due to emigration from the Southwest and Southeast sites over this 

period while increasing the growth experienced by the Midwest s i te . Population change has 

important consequences in the capacity of a site to absorb impacts. Counties that are expe

riencing rapid population growth may be more l i ke ly to plan to accommodate further demand 

on local services than counties that are not growing. On the other hand, counties that are 

losing population may have under-utilized service sectors, which would then be available to 

serve the needs of project-related immigrants. 

While the Southeast county has a high urban component compared with the Midwest county, 

the Southeast county is only one-f i f th as densely populated as the Midwest county. In the 

(a) The population data used here are based on rea l is t ic locations covering the period 1970 
to 1975. Analyses of future Impacts are based on projections of these data to the year 
1980 and beyond. 
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Table G.2.1 Selected Data characteristics 
Socioeconomic Impact Analysis 

Characteristic 

Population 
Estimated total population 1975 

% Change 1965-1970 

% Change 1970-1975 
Unemployed construction labor 

force, 1980 

Net migration rate 1965-1970 

Net migration rate 1970-1975 

% Urban 1970 

Density 1970 (persons per sq. ml.) 

% Nonwhite 1970 

% Families with children under 18, 
1970 

Median age 1970 

Employment 

Nonworker to worker ra t io 

% Employed in farming 

% Employed in construction 

% Unemployed 

% Below poverty level 

Median family income 

Education 

Median years school completed 

% High school graduates 

Housing 

% Housing units renter occupied 

% Units vacant 
Trailers as % of housing units 

% Units lacking plumbing 

% Units bu i l t 1939 or earlier 

% Units with 1+ persons per room 

% Units using public sewer service 

Southwest Site 
County Region 

42,000 

-8.5 

3.2. 

— 

-14.9 
-0.9 

76.9 

9.9 
2.9 

56.8 

27.2 

1.7 

5.7 
7.7 

5.1 
17.8 

7,870 

11.9 

49.3 

25.9 

16.1 

2.5 
5.0 

19.2 

11.7 

77.8 

142,000 

-8.6 
5.8 

390 

-14.6 

0.5 

78.9 

9.2 

5.0 

59.3 

26.3 

1.7 

5.8 

5.6 

5.1 

16.6 
7,965 

12.0 

51.3 

25.7 

18.2 
3.3 

3.6 

17.6 

11.6 

82.1 

of Three Reference Sites, 
(a) 

Midwest Site 
County 

47,000 

15.0 

24.9 

~ 

7.4 

18.4 

8.4 

57.8 

0.3 

59.4 

25.6 

1.6 

13.6 

6.0 

4.5 
10.8 

8.936 

12.2 

56.0 

15.8 

6.4 

6.5 

8.7 

53.3 

9.5 

39.3 

Region 

2.154,000 

11.1 

3.8 

10,660 

3.0 

-0.7 

85.1 

246.8 

2.4 

59.7 

25.6 

1.3 

2.2 

3.7 

3.3 
5.5 

11,242 

12.3 

64.5 

31.5 

3.4 

1.8 

4.0 
41.1 

6.9 

82.7 

Southet 
County 

17,000 

-1.4 

11.9 

— 

-6.6 

6.1 

40.9 

31.1 

41.3 

57.6 

24.9 

1.4 

8.5 
5.2 

4.6 

24.6 
6,997 

9.8 

29.8 

33.4 

9.4 
7.2 

29.3 

36.8 

15.1 

45.8 

ist Site 
Region 

487.000 

4.2 

2.6 

2,420 

-2.4 

-2.2 

50.1 

60.1 

38.3 

57.6 

24.5 

1.5 

4.9 

5.8 

4.3 

22.3 

7,166 

10.6 

37.0 

33.2 

8.3 

5.8 

19.7 

30.6 

13.1 

46.3 

(a) These data were developed from standard sources, but since sites are generic, no 
identifying information is given. 
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Southwest region most people l ive in towns just large enough to qualify as urban by the U.S. 

Census Bureau (2500 or more). The nearest metropolitan center (population 50,000/year or 

more) is over 100 miles from any part of the Southwest region. The Midwest region, however, 

contains a very large metropolitan center, though the si te i t se l f is primarily rura l . 

Looking br ief ly at the data related to employment, i t is apparent that the Midwest site 

residents enjoy the highest standard of l i v ing . This is true for both the county and the 

region and is reflected by relat ively high family income, low percent unemployed, and low 

percent below the poverty level , defined for 1975 by the U.S. Census Bureau as $5500 for a 

nonfarm family of four. In contrast, almost one-quarter of the Southeast site residents are 

below the poverty level , and the median income for the Southeast region is less than two-

thirds that for the Midwest region. Similar regional differences are reflected in the data 

presented on education. The Southeast site residents are substantially less educated than 

residents from the other two si tes, a condition to be expected from the more rural character 

of the Southeast s i te . 

Housing variables are c r i t i ca l because they ref lect the ab i l i t y of a community to ade

quately accommodate a substantial population inf lux. Vacancy rates coupled with the condi

t ion of housing determine the ease with which the incoming labor force can f ind adequate, 

affordable l iv ing space. In this regard, the Southwest site is apparently best situated to 

accommodate a population inf lux. I t has a higher vacancy rate and substantially newer hous

ing units in better condition when compared with the other two sites. In addition, a wery 

high proportion of the Southwest s i te 's housing f ac i l i t i e s are connected to a public sewer 

service. 

The three reference sites selected are each dist inct in terms of demographic, economic, 

and social service characteristics. The relat ive size and significance of socioeconomic 

impacts that might accrue from the construction and operation of waste management f ac i l i t i es 

w i l l be conditioned in large part by these characteristics of the reference s i te . 
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APPENDIX H 

HAZARD INDICES 

The total quantity of radioactive material to be isolated can be compared to the iso

tope quantities that naturally occur in the earth's crust (Winegardner and Jansen 1974, 

Smith 1975). This comparison can be used to indicate the relative hazard that may result 

from the burial of radioactive waste (i.e., geologic isolation). Early efforts to develop 

safety perspectives on geologic isolation led to the development of hazard indices. These 

indices attempted to combine those parameters that characterize waste isolation into an 

index on public health and safety. The indices use one or more of the following parameters: 

quantity of radioactive material, specific activity, decay properties, chemical and physical 

form, packaging, toxicity, time behavior, and pathways. 

Some hazard indices that have been developed are listed and defined in Table H.0.1. 

Studies in which they have been used include: the comparison of the toxic content of high-

level waste to the toxic content of the uranium ore and tailings from which it came (Cohen 

1976, 1977); the comparison of the toxic level of Pu sent to high-level waste against the 

toxic level of lead sent to waste (Cohen 1975); The Reactor Safety Study (NRC 1975) (risk 

of nuclear plant accidents compared to risk of natural disasters); risk of plutonium ship

ments (Hall et al. 1977); risk of natural and man-caused radioactivity (Turnage 1976); the 

relevance of nuclide migration at Oklo (Walton and Cowan 1975); underground testing of 

nuclear devices (Teller et al. 1968); direct impact of disruptive events (Starr 1970); and 

risk comparisons to alternative energy resources (Grahn 1976, pp. 371-387; Straker and Grady 

1977; Cottrell 1976; Blot et al 1.977; Starr et al. 1972; Petrikova 1970; McBride et al. 

1977). 

The various hazard indices attempt to incorporate additional considerations (such as 

the concentration of the waste material and the pathways for the nuclear material to enter 

the biosphere) into the comparison between nuclear waste and naturally occuring radioactive 

materials. As can be seen in Table H.0.1, the total quantity of radioactive material (Q), 

the maximum permissible concentration (MPC), and the maximum permissible intake (MPI) give 

measures of the toxicity of the waste material. A better index of the toxicity of the mate

rial is the hazard measure (HM) (Walton and Cowan 1975), which is the quantity of water 

required to dilute the material to its acceptable maximum permissible (non-toxic) concentra

tion. Thus, the HM is a number that is proportional to the toxicity of the waste material. 

The "first modified hazard measure" (HMl) (Walsh et al. 1977) compares the anticipated expo

sure (or dose) to an allowable limit. It was introduced to evaluate the effect of environ

mental pathways on hazards from a variety of environmental pollutants including nuclear 

wastes. The second modified hazard measure (HM2) (McGrath 1974) is a measure of the poten

tial hazard of radioisotope releases in air and water. It is a number proportional to such 

hazard. The third modified hazard measure (HM3) (Petrikova 1970) is a quantity to assess 

the radioactive risk to future generations from future releases of radioisotopes. It is the 
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TABLE H.l. Hazard Indices (a) 

Hazard Index _ Definition and Inputs 

Quantity of Radioactive Waste Inventory (or waste 
Material (Q) released) 

Interpretation (for 
Nuclear Waste Isolation) (b) 

Comparison of waste inventories 
to natural radionuclides (or for 
use below) (Winegardner and 
Jansen 1974). 

Maximum Permissible 
Concentration (MPC) 

Maximum Permissible 
Intake (MPI) 

Hazard Measure (HM) 

Modified Hazard 
Measure (HMl) 
(Walsh et al. 1977) 

Modified Hazard 
Measure (HM2) 
(McGrath 1974) 

10 CFR 20 

MPIair = (7300 m3/yr) (MPCair) 

MPIwater = (0.8 m3/yr) (MPC„ater) 

HM = Q/MPC 

HMl = D/D2 
D = exposure 
02 = exposure limit 

HM2 = Q(a/MPIj^ ̂  + b/MPI^.^) 

a,b = fractions of Q 
released to water 
and air 

Relative hazards of radioactive 
species (or for use below). 

Same as MPC. 

Volume of air or water to 
dilute Q radionuclides to one 
MPC. (Winegardner and 
Jansen 1974, Smith 1975) 

Ratio of anticipated exposure 
to allowable limit. 

HM2 Q { a / M P y . b/MPI^.^) 

Modified Hazard 
Measure (HM3) 
(Smith and Kastenberg 1976) 

Potential Hazard 
Measure (PHM) 
(Gera and Jacobs 1972) 

Hazard Index (HI) 
(Claiborne 1975, 
Haug 1977) 

Hazards Available 
Index (HA) 
(Bruns 1976) 

HM3 = f* * "̂  (Q(t')/MPI)dt' 
/ . 

PHM 

P 

HI 

V 

HA 

IF 

probability of 
reaching man 

decay constant 

entrained volume 

log^gHI + log^gTF 

transport factors 

Number of MPI in the environ
ment versus time. 

Risk of releasing Q versus 
time. 

Number of MPCs per unit 
volume. 

HI with pathway transport 
efficiency included. 

Isolation Time (T) 
(voss and Post 1976) 

Relative Toxicity 
Index (RTI) 
(Haug 1977, Hamstra 1975, 
Haug 1976, Cohen and 
Tonnessen 1977, 
Roching 1977) 

T = 

D = 

A = 

L = 

RTI 

1 MPC Vf D 

groundwatei;- volume 
flow rate 

dilution factor 

waste leach area 

leach rate 

Q/MPC) waste 
Q/HPC) U 

ore 

(a) A compilation from published studies. 
(b) As defined by originator. 

Time which nuclides must be 
held to reduce concentration 
to one MPC. 

Ratio of HI of the waste to HI of 
the uranium ore mined to gener
ate the waste. This has been 
generalized to compare with 
substances other than uranium. 

#*-
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number of MPI in the environment versus time. The potential hazard measure (PHM) (Gera and 

Jacobs 1972) is an index that is proportional to the quantity of radionuclides buried as a 

function of time and modified by the probability that this material will reach man. The 

hazard index (HI) (Claiborne 1975) is a quantity that is proportional to the specific toxic

ity of a radionuclide. It was formulated to assess the benefits of actinide removal from 

high-level waste. The hazards available index (HA) (Bruns 1976) is a modification of the 

hazards index that includes a pathways transport efficiency. It has been used to compare 

the hazard from Purex waste to the hazard from fallout. The isolation time (T) (Voss and 

Post 1976) is the time radionuclides must be held to limit their concentration in ground 

water to one MPC. It was introduced to characterize the effectiveness of geologic isolation 

in restraining the transport of radionuclides via the groundwater transport path. The rela

tive toxicity index, RTI (Haug 1977, Hamstra 1975, Haug 1976, Cohen and Tonnessen 1977, 

Rochlin 1977), is the ratio of the hazard indices of nuclear waste to uranium ore. This 

index has been generalized to compare to toxicity of nuclear waste to the toxicity of other 

naturally occurring toxic elements. 

Although each hazard index has merit for a particular set of conditions, the provision 

of simple measures of hazard can confuse rather than clarify. For this reason hazard 

indices are infrequently used in this Statement and dose and associated health effects are 

presented instead. 
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APPENDIX I 

COMPARISON OF DEFENSE PROGRAM WASTE TO COMMERCIAL RADIOACTIVE WASTE 

Repositories for commercial high-level and TRU wastes may also be used for disposal of 
(a) 

defense program wastes.^ ' This appendix provides a comparison of defense program radio
active wastes with commercial radioactive wastes. These comparisons indicate that both the 
HLW and the TRU defense-program wastes could be accommodated in repositories designed for 
disposal of commercial wastes with comparable environmental impact. 

I.l HIGH-LEVEL WASTE COMPARISONS 

The waste quantities and radionuclide contents of defense program and commercial high-

level wastes (HLW) are compared in Table 1.1.1. The estimated quantities of defense program 

high-level waste are based on the assumption that waste forms having a 25!l! loading of waste 

oxides are encapsulated in 0.6-m x 3-m (2-ft x 10-ft) canisters that are filled to 80% of 

capacity. The commercial HLW is assumed to be contained in canisters that are 3 m (10 ft) 

long with diameters up to 0.3 m (1 ft). The quantity of commercial HLW in individual can

isters is adjusted, either by dilution or by varying canister diameter, to meet the allow

able heat output imposed by the disposal system. The radionuclide content and heat output 

of individual defense program HLW canisters is a factor of 5 to 10 or more below that of the 

commercial HLW canisters. The radionuclide content in the defense program HLW canisters 

relative to the commercial HLW canisters ranges from about the same magnitude for plutonium 

to orders of magnitude less for some of the other nuclides. 

(a) President Carter, Feb. 12, 1980. 



TABLE I.1.1. Comparison of Defense and Commercial High-Level Waste 

Defense HLŴ '̂ ^ 

• Savannah River 

• Idaho Falls 

• Hanford 

Total 

Commercial HLŴ '̂ ^ 

Canisters 
Required 

8,0 X 10^ 

1.2 X 10^ 

2.6 X 10^ 

4.6 X 10^ 

1.0 X 10^ 
to 

2.8 X 10^ 

Heat Output- X 
kW/Canister^^^ 

0,2 

0.09 

0.06 

3.2 
to 

1,2 

50sR 

1,5 X 10^ 

7,3 X 10^ 

5.2 X lO'' 

1.4 X 10^ 
to 

5.0 X 10^ 

Radior 

''hs 

1.5 X 10^ 

7.4 X 10^ 

4.8 X 10^ 

2.0 X 10^ 
to 

7.1 X 10^ 

luclide Content, Ci/Canister^^^ 
23Sp, 

1.4 X 10^ 

4 X 10^ 

2 X 10'^ 

1.8 X 10^ 
to 

6.5 X 10^ 

239p, 

2.9 

4 X 10"^ 

9.2 X 10' 

4.3 
to 

1.5 

Am 

8.2 

6.0 X lO'-̂  

^6.5 

1.7 X 10^ 
to 

6.1 X 10^ 

2^^Cm 

8.2 

3.1 X 10"^ 

5.4 X lO'-̂  

1.4 X 10^ 
to 

5.1 X 10^ 

(a) Nominal values, assuming uniform distribution of waste radionuclides among the canisters. 

(b) Estimated data for the year 1990. Treated waste volumes (assuming a waste form having a 25% loading of waste oxides) 
-and radionuclide contents supplied by J. L. Crandall and W. R. Cornman of the High-Level Waste Lead Office at Savannah 
River. Canister requirements based on 0.6-m-diameter x 3-m-long canisters, 80% full of treated waste. Heat outputs 
based on the contained radionuclides. 

(c) Data from this Statement for the reprocessing of spent fuel containing 2.4 x 105 MTHM (Case 3) and radioactivity at 
6.5 years after reactor discharge. Canister requirement dictated by the heat output allowed by the disposal system. 
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1.2 TRU WASTE COMPARISONS 

The defense program TRU wastes will require a variety of treatment procedures. Because 

potential treatment procedures for these wastes are not yet sufficiently well defined to 

develop good estimates of treated waste forms and quantities, they are compared to commer

cial TRU wastes on the basis of untreated quantities and radionuclide compositions in 

Table 1.2.1. The quantity of defense program TRU wastes is about the same magnitude as the 

estimated commercial wastes for the Case 3 growth assumptions (see Chapter 7). The pluto

nium content is similar to the commercial waste. In both cases, the americium and curium 

content varies over a wide range. 



TABLE 1.2 .1 . Comparison of Defense and Commercial TRU Wastes 

Defense TRU Waste 
On hand as of 
September 30, 1979 

• Hanford 

• INEL 

• LASL 

• ORNL 

• SRP 

• Other 

Total 

Estimated Annua! 
Generation, 
1980 to 2000 

Retrievably 
Stored 

8.0 

3.7 

1.5 

1.2 

2.4 

2.4 

6.5 

6.8 

X 10* 

X 10* 

X 10* 

X 10^ 

X 10^ 

x l 0 3 

x l O * 

x 10^ 

Volume, m^ 

Buried 

1,6 

5.6 

1.1 

6.1 

2.7 

5.7 

2.6 

x l 0 5 

x l O * 

x l O * 

XlO* 

XlO* 

x l 0 3 

x l 0 5 

0 

Soil 
Contaminated 

by Burial 

1.4 X 10^ 

0 

1.7 X 10* 

1.6 X 10^ 

3.4 X 10* 

5.0 X 10^ 

3.6 X 10^ 

0 

Total 

3 .8 X 

9.3 X 

4 .3 X 

1.7 X 

6.3 X 

1.3 X 

7.6 X 

6.8 X 

10^ 

10* 

10* 

10^ 

10* 

10* 

105 

103 

>1, 

TRU Content. Ci/m^^'^ 

kq kq/m3 " 8 p „ 239p^ 2 4 1 ^ 

8 X 10'^ 5 X 10'^ 3.5 X 10'^ 1.4 

2.8 X 10"^ 1.5 X 10^ 1.2 

.1 X IO'' >1.4 X IO'-' 

2**Cm 

3,4 X 10'^ 

1.6 X 10^ 

Coinnercia! TRU Waste 
Estimated to Result 
from Reprocessing 
2.4 X 10' MTHM 
(Case 3 growth 
projection) 

• Untreated from FRPs 7.0 x 10^ 

• Untreated from 
MOX-FFPs 

Total 

6.6 X 10^ 

7.7 X W 

0 

0 

7.0 X 10=" 1.1 X 10^ 1.5 X 10 

6.6 X 10* 4.5 X 10^ 6.8 x 10 

7.7 X 10^ 1.6 X 10* 

1.6 X 10 

5.5 X 10" 

1.2 

4.8 X 10" 

1.2 X 10^ 

9.0 X 10 

0 

-1 

(a) Composition of defense TRU waste is based on estimate for retrievably stored waste only as of late 1977. 
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Sources of Data for Table I.1.1: 

• U.S. Department of Energy. 1980. Strategy Document Long-Term High-Level Waste 

Technology Program. DOE/SR-WM-79-3 (Rev. 4/80). Savannah River Operations 

Office, Aiken, South Carolina. 

• U.S. Department of Energy. 1979. Technology for Commercial Radioactive Waste 

Management. DOE/ET-0028. Washington, D.C. 

Sources of Data for Table 1.2.1: 

• W.L. Carter et al.. Spent Fuel and Waste Inventories and Projections. 

ORNL/TM-7320 (3-31-80 Draft). Oak Ridge National Laboratory, Oak Ridge, 

Tennessee. 

• H.C. Shefelbine. 1978. Preliminary Evaluation of the Characteristics of Defense 

Transuranic Wastes. SAND 78-1850. Sandia Laboratories. Albuquerque, New Mexico. 

• Interagency Review Group, 1979. Report to the President by the Interagency Review 

Group on Nuclear Waste Management. TID-29442, U.S. Department of Energy, 

Washington, D.C. 

• U.S. Department of Energy. 1979. Technology for Commercial Radioactive Waste 

Management. DOE/ET-0028. Washington, D.C. 

• U.S Department of Energy. 1980. Transuranic (TRU) Waste Management Program 

National Strategy Document. DOE/AL-TRU-8002 (Final Draft, March 1980). 
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APPENDIX K 

GEOLOGIC REPOSITORY DESIGN CONSIDERATIONS 

K.l THERMAL CRITERIA 

A major factor in geologic i so la t ion of radioact ive waste is the heat generated by 

h igh- level waste (HLW) or spent fue l assemblies. This heat flows from the waste, through 

the emplaced canister and other pro tec t ive mater ia l , into the host rock formation, through 

the rock surrounding or over ly ing t h i s format ion, and eventually out in to the atmosphere. 

The heat can have de f in i t e impacts on: 

• the i n t e g r i t y and recoverab i l i t y of the waste canisters 

• room and p i l l a r s t a b i l i t y 

• i n t e g r i t y of the waste form over long periods of time 

• the i n t e g r i t y of the host rock and the surrounding rock uni ts 

• any over ly ing aquifers and buoyancy e f fec ts on ground-water f low 

• long-term u p l i f t and subsidence of overly ing rock. 

To assure tha t the impact of the heat on these fac tors w i l l not be detrimental to 

waste iso la t ion ob ject ives, a systematic determination of the reposi tory design thermal 

loads is required that includes: 

• establishment of l im i t s for condit ions affected by heat 

• determination of acceptable thermal loads that w i l l not bring about condit ions 

beyond the assigned l im i t s 

• development of reposi tory design thermal loads, taking into account safety , engi

neering and operational requirements. 

Design l im i t s f o r the repos i tory can be specif ied in terms of temperature and thermo-

mechanical c r i t e r i a . Prel iminary estimates of acceptable thermal condit ions are summarized 

in Table K.1.1 and discussed below. 

• Maximum U p l i f t Over Repository 

U p l i f t over the reposi tory center ! ine was chosen as a measure of the f a r - f i e l d st ruc

tu ra l consequences of reposi tory thermal loading. The 1.2 to 1.5 m of maximum u p l i f t , 

neglecting subsidence, is based on the assumption tha t rock-mass movements caused by u p l i f t 

may be no worse than movements caused by subsidence over mines in sedimentary rocks, which 

are sometimes more than twice the stated l i m i t . Fa r - f i e l d e f fec ts are current ly being 

studied to determine whether 1.2 to 1.5 m of u p l i f t is reasonable. This ten ta t i ve l i m i t 

may change as more information is developed. In any case, th i s l i m i t must be reevaluated 

for each s i t e so that the ef fects of rock-mass movement on the hydrological regime and long-

term safety may be assessed. 
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TABLE K.1.1. Thermal and Thermomechanical 

Event 

Far-Field Considerations 

Maximum up l i f t over repository 

Temperature r ise at surface 

Temperature r ise in aquifers 

Near-Field Considerations 

Room closure during ready retrieva-
b i l i t y period—salt 

Room stabi l i ty—granite, basalt rock 
strength-to-stress rat io 

Room stabil ity—shale with continuous 
support rock strength-to-stress rat io 

Pi l lar stabil ity—non-salt strength-
to-stress rat io 

Very-Near-Field Considerations 

Maximum HLW temperature 
as v i t r i f i e d waste 

Maximum spent fuel pin temperature 

Maximum canister temperature 

Maximum rock temperature 

Maximum fracture of non-salt rock 

Limits for Conceptual Design Studies 

Limits 

1.2 to 1.5 m (Russell 1977) 

0.5°C (Science Applications, 
Inc. 1976) 

6°C (Science Applications, 
Inc. 1976) 

10 to 15% of original room opening 
(Russell 1977) 

2 within 1.5 m of openings 
(Dames and Moore 1978) 

1 within 1.5 m of openings 
(Dames and Moore 1978) 

2 across mid-height of p i l l a r 
(Dames and Moore 1978) 

500°C (Jenks 1977) 

300°C (Blackburn 1978) 

375°C (Jenks 1977) 

250°C to 350°C 

15 cm annulus around canister 
(Russell 1977) 

• Temperature Rise at the Surface 

Temperature rise at the surface has been limited to<0.5°C to avoid undesirable effects 

on the biota. This l imi t must also be reevaluated for each site (Science Applications, 

Inc. 1976). 

• Temperature Rise in Aquifers 

Temperature rise in aquifers has been limited to<6°C because the flow velocity could 

conceivably carry the higher-temperature water outside the repository area. In addition, 

temperature rise and temperature gradients can influence ground-water flow patterns and, in 

the worst case, may provide a transport mechanism to return nuclides to the biosphere. This 

l imi t is currently under study and must be reevaluated for each s i te, with consideration 

given to flow rate, sa l in i ty , and geochemistry, including dissolution, transport, and 
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subsequent precipitation of minerals. Permissible temperature rises of 8° and 28°C for 

stagnant aquifers 30 and 90 m deep, respectively, have also been proposed (Science Applica

tions, Inc, 1976), 

• Near-Field Considerations 

Rooms must be accessible at the end of the retrievability period to allow safe entry 

for the removal of canisters with the same equipment used to emplace them. Calculated room 

closures of less than the limit imply that the repository will generally remain structur

ally stable throughout the retrieval period, although some local failure controlled by 

local rock conditions not accounted for in the analysis may occur. 

In addition to thermal loading, the closure of rooms in a salt repository will depend 

on the depth of the repository; this relates directly to stress and mine-geometry parameters 

such as the percent extraction of salt and pillar width-to-height ratios. Room closure cal

culations appear to be relatively insensitive to stratigraphy provided that the salt near 

the burial horizon is at least hundreds of feet thick. 

• HWL Temperature for Glass, 500°C 

Typical borosilicate waste glasses have a transition temperature of about 500°C, with 

a slightly higher softening temperature. Migration of heavy, separate phases in the glass 

might occur above the softening temperature. Significant increases in cracking and in 

leach rates have been observed in test glasses heated for a few months in the range 500°to 

800°C. Additional information is available for solid waste temperatures of glass, calcine, 

and sintered glass ceramic (Jenks 1977, Mendel et al. 1977). 

• Spent Fuel Pin Temperature, 300°C 

A study of possible failure mechanisms during dry storage of spent fuel assemblies 

sealed in carbon steel canisters recommended a maximum allowable cladding temperature of 

380''C based on stress rupture considerations. Some uncertainty regarding possible stress 

corrosin cracking was noted. To be safe, a 300''C maximum fuel pin temperature is specified 

here. 

• Canister Temperature, 375°C 

Austenitic stainless steel, probably 304L, proposed to be used in HLW canisters 

undergoes changes in structure during long-term exposure in air at temperatures in the 

range 400 to 900°C. The observed effect is an increased susceptibility to stress cracking 

when the steel is subsequently exposed to aqueous solutions (Jenks 1977). 

• Rock Temperature, 250°C to 350°C 

Behavior of salt deposits at temperatures up to 250°C are believed to be predictable. 

Laboratory tests (Jacobsson 1977) indicate that unconfined rock-salt samples from several 

locations begin to decrepitate (disaggregate) in the 260°to 320°C range, but samples from 

other locations show no decrepitation when heated to 400°C, Decrepitation is undesirable 

because it reduces thermal conductivity of the salt in the vicinity of a waste package and 

could lead to undesirable higher temperatures in the container and waste. In the case of 

bedded salt, decrepitation may release brine, which is also undesirable. 
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For the other rock media, i .e . , granite, shale, and basalt, a good basis for specifying 

maximum rock temperatures had not been established at the time of this analysis. I t (the 

cr i ter ia) w i l l probably be quite si te-specif ic. For shale a 250°C maximum may be reasonable 

and for the hard rocks temperatures higher than 350°C may be acceptable. 

I t must be emphasized that the l imits shown in Table K.1.1 are based on the best avai l 

able data at this time. As such, they should be reevaluated as more data become available. 

In addition, these l imits require evaluation on a site-specif ic basis. 

K.1.1 Calculation of Acceptable Thermal Loads 

For convenience, the thermal c r i te r ia , subsequent analyses, and results are classif ied 

into three categories: f a r - f i e l d , near-f ield, and very-near-field. The fa r - f i e ld refers 

to the formation at distances far removed from the repository. The near-field represents 

the region within the repository horizon in the v ic in i ty of the emplacement rooms and asso

ciated p i l l a rs . The very-near-field refers to the waste package and the rock within a few 

feet of the canister. 

The heat induced into the repository and surrounding formation depends upon repository 

design and the thermal loadings of the repository. These loadings include: 1) the average 

waste loading of the repository (averaged over f u l l waste emplacement area) that determines 

the temperature r ise of the formation in the f a r - f i e l d ; 2) the local thermal loading (aver

age amount of waste emplaced per unit storage area of the repository) that most direct ly 

determines the near-field rock thermal and thermomechanical environments; and 3) individual 

canister loadings that most directly influence the temperatures in the waste, the canister, 

and the rock in the immediate v ic in i ty of the waste canister, i .e . , in the very-near-field. 

For a given repository design, acceptable loadings can be determined once appropriate tem

perature and thermomechanical l imits have been established. 

Thermal and thermomechanical analyses have been performed to determine acceptable ther

mal loading values for spent fuel repositories and HLW repositories in sa l t , granite, shale, 

and basalt. Thse studies use an i terat ive technique that integrates the waste and canister 

temperature c r i t e r i a , room and p i l la r s tab i l i t y analyses, and fa r - f ie ld thermal and rock 

mass response analyses. 

For isolation of HLW, the following steps were followed in the i terat ive analysis: 

Step 1: Select thermal and thermomechanical c r i t e r i a . 

Step 2: Propose a conservative room and p i l l a r design without consideration of an 
imposed thermal loading. 

Step 3: Make near-field heat-transfer calculations to determine the area! thermal 

loading range of interest. 

Step 4: Make very-near-field heat-transfer calculations to generate very-near-field 

temperature profi les as a funcion of area! thermal loading and canister 

loading. 
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Step 5: Make nea r - f i e l d rock mechanics ca lcu lat ions to determine the area! thermal 

loading that assures room and p i l l a r s t a b i l i t y . 

Step 6: Determine maximum canister load from Step 4 data fo r the area! thermal load 

from Step 5. 

Step 7: Make f a r - f i e l d thermal and rock mechanics calculat ions to assure that f a r -

f i e l d design l i m i t s are not exceeded. 

I f any of the ten ta t i ve l i m i t s i n Table K.1.1 are exceeded in any of the above steps, 

the previous steps are revised and repeated u n t i l the ca lcu la t ional resul ts indicate that 

the l im i t s are not exceeded. 

For spent fue l reposi tory analyses, the above procedure was modified s l i g h t l y . Because 

i t was decided to place PWR or BWR spent fue l assemblies in ind iv idual can is ters , the ther 

mal load for a given canister was determined, and Step 6 above was not required. Steps 1 

through 3 were fol lowed by Steps 5 and 7. Very-near- f ie ld heat t ransfer calculat ions were 

then performed to determine i f canister or spent fue l temperature l i m i t s were exceeded. 

This i t e r a t i v e procedure resu l ts in baseline thermal load design values fo r the canis

ters in terms of kW per canister at waste emplacement and for the loading of a reposi tory 

room ( loca l area! thermal load) in kW/acre, The canister load must be s u f f i c i e n t l y low so 

that the waste and canister temperatures do not exceed the values in Table K , l . l , The local 

area! thermal load must be s u f f i c i e n t l y low so that rock mechanics analyses predict room and 

p i l l a r s t a b i l i t y throughout the read i l y re t r ievab le per iod, and so that near - f ie ld hydraulic 

conduct iv i t ies are not s i g n i f i c a n t l y increased and long-term as well as f a r - f i e l d r e s t r i c 

t ions are not exceeded. 

The design thermal l i m i t s generated by these analyses depend strongly upon character

i s t i c s of the reposi tory s i t e and format ion. These character is t ics include media strength, 

s t ress - to -s t ra in r a t i o , heat capaci ty, thermal conduct iv i ty , over ly ing s t ra ta and the i r 

charac te r i s t i cs , e tc . The fo l low ing s imp l i f y ing assumptions were made fo r these analyses: 

• Only h igh- level waste and spent-fuel canisters are considered. 

• The en t i re reposi tory is assumed to be loaded simultaneously and instantaneously. 

• Thermal propert ies of geologic media and other materials are based on reasonable 

estimates. 

• The e f fec ts of stress upon thermal propert ies are not included, 

• The presence of water is neglected in the thermal analysis, 

• Only s imp l i f ied horizontal s t ra t ig raph ies are assumed, 

• No compaction or subsidence of the formation is considered. 

The analyses u t i l i z e cy l i nd r i ca l symmetry to describe the temperatures wi th in the waste 

package. Detai ls of the waste package including overpack and other contents of the 

emplacement hole are taken into account. In the case of spent-fuel canis ters, deta i ls of 

the assemblies, rad iat ion and convection are e x p l i c i t y included in the ca l cu la t i on . The 
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boundary condit ions at the emplacement hole surface are provided in a three-dimensional 

Cartesian nea r - f i e l d model with asymmetric spacings between canis ters . The heat-generating 

waste and waste canister are e x p l i c i t l y described as well as the propert ies of the rock in 

the p i l l a r s and above and below the waste storage room. The storage room was not modeled 

since i t has l i t t l e impact on canister temperatures. The storage room including rad ia t i ve 

and convective heat t ransfer ef fects has been included in other ca lcu la t ions , however. The 

boundary condit ions above and below the storage room and canister are provided in a f a r -

f i e l d model. Temperatures in th i s model are calculated in c y l i n d r i c a l symmetry and 

st rat igraphy of the host formation can be e x p l i c i t l y modeled. 

The thermal load l im i t s and the con t ro l l i ng factors associated with each l i m i t gener

ated by these analyses f o r 10-year-old spent fue l and HLW are presented in Table K . l . 2 . The 

f a r - f i e l d average repos i tory loading l i m i t s are based on the f a r - f i e l d studies and the e s t i 

mated maximum u p l i f t of the formation caused by heat from the stored waste. F a r - f i e l d aver

age repos i tory thermal loading l i m i t s apply to the thermal density of wastes averaged over 

each waste type's overa l l emplacement area, inc luding corr idors and ven t i l a t i on d r i f t s and 

excluding the areas fo r shafts or emplacement areas for other waste types. In l inear ther

momechanical expansion studies fo r s a l t , a surface u p l i f t of 1.2 to 1.5 m was obtained fo r 

average f a r - f i e l d loadings shown in Table K . l . 2 . This maximum u p l i f t is f e l t to be accep

table fo r a reposi tory at 600 m over the time frame involved (Russell 1977). Simi lar ca lcu

la t ions fo r grani te and basalt fo r loadings of 190 kW/acre, and shale for 120 kW/acre, give 

less than 0.4 m of surface u p l i f t . Although Table K. l .2 indicates that thermal loading 

l im i t s fo r both the f a r - f i e l d and near - f i e ld for spent fue l and HLW in g ran i te , shale, and 

basa l t , and fo r HLW in sa l t are equivalent, the f a r - f i e l d average reposi tory loading w i l l 

always be less because of the passive regions of the reposi tory such as cor r idors and waste 

handling areas. 

The nea r - f i e l d local area! loading l i m i t s are based on room and p i l l a r s t a b i l i t y con

s iderat ions. Near- f ie ld local thermal loading l im i t s are applied to the thermal density of 

wastes in an ind iv idual waste type's emplacement room area including the area of one-half 

the rock p i l l a r on each s ide. Areas fo r co r r i do rs , shaf ts , and other waste type emplacement 

areas, are excluded. Linear thermomechanical analyses based upon the predicted near - f i e ld 

temperature d i s t r i bu t i ons indicate that read i ly re t r ievab le operations could continue in 

the storage rooms for at least 5 years wi th the loadings in Table K. l .2 (Dames and Moore 

1978). 

Although sa l t can accept 150 kW/acre based on room and p i l l a r s t a b i l i t y considerat ions, 

th i s density cannot be achieved in the case of spent fue l because of the more l i m i t i n g f a r -

f i e l d c r i t e r i a . Reduced loadings are necessary here because of the long-term heat con t r ibu 

t ions from the plutonium as shown in Table K . l . 3 . The addi t ional long-term heat con t r ibu 

t ion of the plutonium does not a f fec t room s t a b i l i t y but does increase surface u p l i f t . In 

order to meet the f a r - f i e l d l i m i t of 60 kW/acre, the maximum near - f ie ld density that can be 

achieved is 75 kW/acre for spent f u e l . A l l other wastes may be emplaced at the 150 kW/acre 

near - f i e ld and f a r - f i e l d c r i t e r i a fo r nonplutonium wastes in s a l t . 
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TABLE K.l.2. Thermal Load Limits for Conceptual Repository Designs 

Canister Limits During Retrieval Period (kW) 

Vitrified glass HLW 

Calcined HLW 

(b) 

Near Field Local Area! Thermal Loading Limits 
(kW/acre) 
5-yr retrieval—HLW 

5-yr retrieval—spent fuel 

Far-Field Average Repository Thermal Loading 
Limits (kW/acre) 

HLW 

Spent fuel 

(c) 

(d) 

Thermal Load Limit (controll ing factor) (*\ 

TiTt 

3.2(A) 

2.6(A) 

150(B) 

(e) 

60(C) 

Granite 

1.7(A) 

1.6(A) 

190(B) 

190(B) (f) 

150(C) 190(B) 

190(B) 

Shale 

1.2(A) 

1.1(A) 

120(B) 

190(B) ( f ) 

120(B) 

120(B) 

Basalt 

1.3(A) 

1.1(A) 

190(B) 

190(B) 

190(B) 

190(B) 

(a) Controlling factors: A = Canister temperature l imi t 
B = Room closure 
C = Earth surface up l i f t . 

(b) Analysis assumes 15-cm annulus of crushed rock around waste package. 
(c) Acreage includes rooms and adjacent p i l l a rs , but not corridors, buttress p i l l a rs , and 

receiving areas. 
(d) Acreage includes storage area for waste including corridors and ventilation d r i f t s , but 

does not include area for shafts, or storage areas for other waste types i f separate. 
(e) In sa l t , the emplacement of spent fuel and HLW with plutonium is controlled by the more 

restr ic t ive 60 kW/acre fa r - f i e ld thermal l im i t . Otherwise the near-field l imi t would 
be 150 kW/acre. 

( f ) In order to maintain spent fuel cladding temperatures within the SOO'C l imi t with these 
area! thermal loadings, the annulus around the canister is le f t open (no backf i l l ) . 
Heat is transferred across this air space more readily than through crushed backf i l l 
material and results in cooler canister and cladding temperatures. 

TABLE K.l.3. 

Years 

0 

10 

50 

100 

200 

300 

400 

500 

1000 

Cummulative Heat Generated 
Spent Fuel and High-Level 

kW-yr/MTHM 
Spent Fuel 

Once-Throuqh Cycle 

0 

9 

40 

58 

78 

92 

102 

116 

143 

U & 

by 10-Yr-( 
Waste 

HLW 
Pu Recycle 

0 

9 

30 

36 

43 

46 

49 

50 

55 
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In the very-near-field analyses, the baseline canister-emplacement design was a single 

overpacked canister placed in a hole. In general, the void space between the sleeve and 

the hole was assumed to be backfilled with crushed rock. In each of the HLW calculations, 

a 15-cm annulus of crushed or fractured rock was assumed. 

K.l.2 Thermal Loadings Achieved in Conceptual Repository Designs 

Engineering or operational constraints may res t r ic t any of the thermal loadings dis

cussed in the above section to values lower than the l imits presented in Table K. l .2. These 

constraints include such factors as reasonable HLW concentration in canisters, available 

canister sizes, permissible hole spacing, and room s tab i l i t y limitations on hole arrange

ments. Spent-fuel canister loading is limited in this Statement to a single PWR or BWR 

spent fuel assembly so that canister heat loads are below l imit ing values. The HLW canister 

diameters are reduced as necessary in each case so that the canister loadings are below the 

l imits of Table K. l .2 . Alternatively the waste could be diluted with inert material without 

reducing canister sizes to achieve the same resul t . 

As a hedge against uncertainties in the c r i te r ia and other factors and to ensure a con

servative estimate of repository capacities, the design area! thermal lodaings for both 

spent fuel and HLW were established at 2/3 of this l imi t ing area! loading parameter in 

Table K. l .2. The age of both the spent fuel and HLW were assumed to be 6.5 years. Using 

the c r i te r ia in Table K.l.2 for 6.5-year-old waste provided a further degree of conservatism 

since the c r i te r ia were developed for 10-year-old waste (the thermal l imits could be 

increased for younger wastes). The resulting thermal densities actually achieved in the 

f i r s t conceptual repositories are l isted in Table K. l .4. The l imit ing thermal parameter, 

i . e . , near-field or f a r - f i e l d , is denoted by an asterisk. In the case of BWR fuel in shale 

and the RH-TRU waste in al l media except sa l t , structural l imitations on canister place

ments l imi t thermal loading. 

Temperature profi les calculated for the conceptual repositories using the achieved 

loadings are shown in Figures K.1.1 through K. l .8. The profiles show temperature increases 

above ambient temperature as a function of depth at several times after the repository is 

loaded, for both spent fuel and HLW and for the four geologic media. For example, the pro

f i les for a spent fuel repository at a depth of 600 m in salt with the average loadings of 

Table K. l .4, are shown in Figure K.1.1. The figure shows that the temperature at the repos

i tory depth reaches a maximum value about 70 years after emplacement. The calculation is 

made assuming that the heat source is uniformly dispersed at the repository level . The tem

perature is calculated along a line perpendicular to the plane of the repository and passing 

through the center of the emplacement area. Actual temperatures in the v ic in i ty of the 

repository level w i l l vary with the discontinuities of the temperature prof i le around each 

canister. 

Figure K.l.2 gives the profiles for the repository in salt for the high-level waste 

from the reprocessing cycle. Corresponding profi les for each cycle are shown in Fig

ures K.l.3 and K.l.4 for granite, K.l.5 and K.l.6 for shale, and K.l.7 and K.l.8 for basalt 

repositories. 
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TABLE K.l.4 Thermal Loadings Achieved at Conceptual Repositories 

Cycle Thermal Loading at Emplacement 

Once-Through 

PWR 

kW/can 

Near- f ie ld local kW/acre 

F a r - f i e l d average kW/acre 

BWR 

kW/can 

Near- f ie ld local kW/acre 

F a r - f i e l d average kW/acre 

U & Pu Recycle 

HLW 

kW/can 

Near- f ie ld local kW/acre 

F a r - f i e l d average kW/acre 

RH-TRU (hu l l s ) 

kW/can 

Near- f ie ld local kW/acre 

F a r - f i e l d average kW/acre 

Salt 

0.72 

50 

40* 

0.22 

50 

40* 

3.2 

100* 

76 

0.32 

100* 

76 

Granite 

0.72 

130* 

100 

0.22 

130* 

100 

1.7 

130* 

95 

0,32 

93 

70 

Shale 

0,72 

80* 

65 

0,22 

55 

44 

1.2 

80* 

60 

0.32 

42 

32 

Basalt 

0,72 

130* 

100 

0,22 

130* 

100 

1.3 

130* 

95 

0.32 

77 

60 

* Denotes limiting thermal parameter. 

Predicted temperature histories over the first 100 years for the waste (center line) 

or spent fuel (center pin), the canister wall, and for the rock near the surface of the 

emplacement hole are shown for the design canister loadings in Figures K.l.9 through K.l.16. 

These temperatures correspond to the highest values obtained anywhere in the formation rock. 

The temperatures have been calculated in models with detailed treatment of the very-near-

field, including 15 cm of crushed formation material between the rock and the canister in 

the emplacement hole. Additional details of the models and analyses are contained in 

DOE/ET-0028. The results for PWR spent fuel canisters and the HLW canisters, respectively, 

in a salt formation are shown in Figures K.l.9 and K.l.10. The corresponding temperature 

histories for granite, shale and basalt are shown in Figures K.l.11 and K.l.12, K.l.13 and 

K.l.14, and K.l.15 and K.l.16 respectively. 

The temperature histories are all well within the temperature criteria in Table K.1.1 

except for the center pin temperature for spent fuel in basalt, which just reaches the 300°C 

criteria. One method of reducing these temperatures is elimination of the crushed backfill 

surrounding the emplaced canisters. Heat is transferred across the resulting air space more 

readily than through the crushed backfill material and results in cooler canister and clad

ding temperatures. A higher conductivity backfill material could also be used. 

A tabulation of the material properties used in making these thermal calculations is 

shown in Tables K.l.5 and K.l.6. 
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FIGURE K.l.2. Formation Temperature versus Depth and Time for 
Repository in Salt—Reprocessing Fuel Cycle 



K . l l 

TEMPERATURE VS. DEPTH 

3ea 
T 
E 
H 
P 
E 
R 
A 

U 2«» 
R 

e 

-

-

-

-

1 1 1 1 

SF GRANITE 

J A 
' \ 1 ~r T " 

lee KUPA 

75.48 YRS. 

I 75.48 

\ 18 YRS. 

"Yx^ 188 YRS. 

L\ ^ w-
1 1 1 1 

18888 YRS. 

1888 YRS. 

—nrr̂ YRT 

1 1 1 1 

-

-

-

-

1—284.4 

148.8 

83.3 

37.8 

1888 2888 
DEPTH CFT> 

•7.6 

3888 4888 

FIGURE K.l.3. Formation Temperature versus Depth and Time for 
Repository in Granite—Once-Through Fuel Cycle 

TEMPERATURE VS. DEPTH 

284.4 

2888 
DEPTH CFT> 

TABLE K.l.4 Formation Temperature versus Depth and Time for 
Repository in Granite—Reprocessing Fuel Cycle 



K.12 

TEMPERATURE VS. DEPTH 

488 

388 

280 

188 

2 8 4 . 4 

T — I — I — r - 1 7 . 8 

2888 
DEPTH CFTJ 

FIGURE K.l .5. Formation Temperature versus Depth and Time for 
Repository in Shale—Once-Through Fuel Cycle 

TEMPERATURE VS. DEPTH 

488 284.4 

148.8 

83.3 

37.8 

^Z__j. 1 , 1 1 , 1 -17.8 

2888 
DEPTH CFTi 

3888 

FIGURE K.l.6. Formation Temperature versus Depth and Time for 
Repository in Shale—Reprocessing Fuel Cycle 
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FIGURE K.1.7. Formation Temperature versus Depth and Time fo r 
Repository in Basalt—Once-Through Fuel Cycle 
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FIGURE K.1.8. Formation Temperature versus Depth and Time f o r 
Repository in Basalt—Reprocessing Fuel Cycle 
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FIGURE K.1.9. Very-Near-Field Temperatures versus Time for 
Repository in Salt—Once-Through Fuel Cycle 
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FIGURE K.1.11. Very-Near-Field Temperatures versus Time for 
Repository in Granite—Once-Through Fuel Cycle 
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FIGURE K.1.12. Very-Near-Field Temperatures versus Time for 
Repository in Granite—Reprocessing Fuel Cycle 
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FIGURE K.1.14. Very-Near-Field Temperatures versus Time for 
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FIGURE K.1.15. Very-Near-Field Temperatures versus Time for 
Repository in Basalt—Once-Through Fuel Cycle 
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TABLE K.1.5. Material Properties 

Sal t 

Shale 

Granite 

Basalt 

Waste 

Concrete 

Back f i l l 

Density 

kg/m3 

2162.0 

2563.2 

2675.0 

2883.0 

2995.7 

2306.9 

2563.2 

TABLE K.1.6. 

Temperature 
CO Basalt 

0 

50 

100 

150 

200 

300 

400 

1.16 

1.19 

1.26 

1.32 

1.37 

1.49 

1.56 

Speci f ic 
Heat 

W yr/kq "C 

2.65 X 10"^ 

2.65 X 10"^ 

2.65 X 10"^ 

2.65 X 10"^ 

2.65 X 10'^ 

2.65 X 10"^ 

2.65 X 10"^ 

(see 

(see 

(see 

(see 

Thermal 
Conductivi ty 

W/m "C 

Table K.1.6) 

Table K.1.6) 

Table K.1.6) 

Table K.1.6) 

1.21 

0.935 

0.346 

Thermal Conduct iv i t ies W/m^C 

Granite 

2.86 

2.70 

2.56 

2.44 

2.34 

2.15 

1.99 

Salt 

6.11 

5.00 

4.21 

3.60 

3.12 

2.49 

2.08 

Shale(a) 
(hor izonta l ) 

1.94 

1.78 

1.77 

1.75 

1.73 

1.71 

1.70 

(a) Shale vertical conductivity = 0.739 x shale horizontal 
conductivity. 

K.1.3 Impacts of Waste Age 

The thermal c r i te r ia discussed in Section K.1.1 are calculated on the basis of 

10-year-old waste. Cri ter ia estimates for waste ages of 5 to 50 years were also 

developed. As spent fuel or HLW ages, the intensity of emitted radiation and heat declines 

and the quantity of these materials that can be emplaced in a given repository area 

increases somewhat. The thermal loading cr i te r ia required to meet the same temperature 

l imits tend to decline for older wastes but heat emissions decline at a faster rate 

resulting overall in an increase in capacity. 

Table K.1.7 l is ts maximum thermal loading c r i te r ia developed for both spent fuel and 

HLW at 5, 10, and 50 years of age. These loadings take into account the temperature and 

thermo-mechanical limitations l isted in Table K.1.1. 

The thermal loadings used to calculate repository capacities are shown In 

Table K.1.8. These loadings take into account: 1) loading at 2/3 of calculated maximum, 
2) the relationship between the near-field and fa r - f i e ld areas ( i . e . , the unused passive 
areas for corridors, e tc . ) , and 3) the l imi t ing parameter, which is denoted by an asterisk. 
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Formation 

Salt 

Shale 

Granite 

Basalt 

TABLE K.1.7. 

Age of Waste 
at Emplacement 

(yr) 
5 

10 
50 

5 

10 

50 

5 

10 

50 

5 

10 

50 

Thermal Loading Limits for Waste Repositories (kW/ 

Spent 
Near-Field 

Local Areal 
Loading Limit 

240 

150 
100 

180 

120 

70 

300 

190 

140 

300 

190 

140 

Fuel 
Far-Field 

Average Repository 
Loading Limit 

100^^^ 

60(^) 

3l(^) 

180 

120 

63^^) 

300 

190 

140 

300 

190 

140 

Near-Field 
Local Areal 

Loading Limit 

190 

150 

130 

140 

120 

120 

210 

190 

180 

210 

190 

180 

Acre) 

HLW 
Far-Field 

Average Repository 
Loading Limit 

190 

150 

80(«) 

140 

120 

120 

210 

190 

180 

210 

190 

180 

(a) Long-term fa r - f i e ld considerations l im i t average repository loading in these cases. 

TABLE K.1.8. Thermal Loadings Used, kW/Acre 

Formation 

Salt 

Shale 

Granite 

Basalt 

Age of Waste 
at Emplacement 

(yr) 
5 

10 

50 

5 

10 

50 

5 

10 

50 

5 

10 

50 

Spent F 

Near-Field 
Local Loading 

84 

50 

25 

120* 

80* 

52 

200* 

130* 

94* 

200* 

130* 

94* 

uel 

Far-Field 
Average Loading 

67* 

40* 

20* 

96 

65 

42* 

162 

105 

76 

162 

105 

76 

Near-Field 
Local 

Loading 
130* 

100* 

70 

94* 

80* 

80* 

140* 

130* 

120* 

140* 

130* 

120* 

HLW 

Av< 
Far-Field 
jraqe Loading 

97 

76 

54* 

70 

60 

60 

108 

100 

93 

108 

100 

93 

* Denotes l imi t ing parameters. 
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The calculated repository capacities at these loadings are shown in Table K.1.9 

assuming 2000-acre repositories. These results are plotted and discussed in Section 5.3. 

Maximum temperatures calculated for these loadings in both the near-field and fa r - f i e ld are 

shown in Tables K.1.10 through K.1.12. The thermal c r i te r ia are met in a l l cases except for 

spent fuel in basalt where spent fuel center pin temperature exceeds the 300°C c r i te r ia at 

both 5- and 10-year loadings, indicating that basalt capacities may be overstated. The 

variation In the maximum temperature in a l l media indicates that further optimization of the 

loading c r i t e r ia is desirable. 

TABLE K .1.9. Repository Capacit 

Waste 
and Mec 

Spent Fuel 

Salt 

Granite 

Shale 

Basalt 

Type 
ian 

Reprocessing HLW 

Salt 

Granite 

Shale 

Basalt 

TABLE K.1.10. 

Formation 

Salt 

Gran ite 

Shale 

Basalt 

Age of 
Waste 

5 

10 

50 

! 5 

10 

50 

5 

10 

50 

5 

10 

50 

5-

57 

141 

70 

141 

66 

66 

36 

63 

ies as a Function of Waste Age, 

Year 
Age 

,600 

,000 

,700 

,000 

,300 

,200 

,900 

,000 

Maximum Near-Field 

Maximum 
Formation 

92 

88 

107 

218 

227 

204 

193 

204 

171 

288 

299 

254 

@ 30 

@ 40 

@ 80 

0 30 

@ 30 

0 70 

9 30 

0 30 

@ 60 

0 20 

0 30 

0 60 

_ 

yr 
yi" 

yi" 

yr 

yr 

yr 

yr 

yi" 

yr 

yr 

yr 

yr 

10-Year 
Age 

61,100 

150,000 

76,300 

150,000 

83,200 

89,700 

46,300 

83,300 

Temperatures wi 

temperature, °C 
Canister 

127 @<1 yr 

106 0 20 yr 

110 0 80 yr 

232 0 20 yr 

238 (? 25 yr 

210 @ 70 yr 

227 I? 1 yr 

221 0 25 yr 

182 @ 40 yr 

312 @ 2 yr 

312 (a 30 yr 

260 (3 60 yr 

50-Year 
Age 

64,700 

193,000 

90,600 

193,000 

124,000 

137,000 

68,000 

122,000 

MTHM 

th Spent Fuel 

and Year 
Waste Centerline 

143 (3 

116 @ 

116 (3 

243 0 

243 @ 

213 @ 

252 @ 

227 0 

187 P 

332 0 

318 (3 

262 @ 

<l yr 

10 yr 

80 yr 

1 yr 

25 yr 

70 yr 

1 yr 

20 yr 

40 yr 

1 yr 

25 yr 

60 yr 
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Formation 

Salt 

Granite 

TABLE K.1.11. 

Age of 

Shale 

Basalt 

Maximum Near-Field Temperatures with HLW 

Maximum temperature, °C and Year 
aste 

5 

10 

50 

5 

10 

50 

5 

10 
50 

5 

10 

50 

Formation 

160 (3 1 yr 

191 @ 

160 (3 

180 (3 

235 @ 

242 0 

179 0 

218 @ 

232 (3 

262 (3 

318 0 

319 0 

10 

5 

1 

15 

25 

1 

10 

25 

1 

10 

25 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

Canister 

334 (3 < 1 yr 

343 0 

332 0 

279 0 

312 0 

306 0 

243 0 

268 0 

277 0 

331 0 

374 0 

364 0 

3 

<1 

<1 

10 

15 

1 

10 

25 

1 

10 

25 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

yr 

Waste Cen 

416 0 

422 0 

415 0 

321 0 

349 0 

344 0 

266 0 

296 0 

302 0 

360 0 

402 0 

394 0 

terline 

<1 yr 

2 yr 

<1 yr 

<1 yr 

3 yr 

5 yr 

1 yr 

10 yr 

5 yr 

1 yr 

5 yr 

5 yr 

TABLE K.1.12. Maximum Far-Field Temperature Increases 

Formation 

Salt 

Granite 

Shale 

Basalt 

Age of 
Waste 

5 

10 

50 

5 

10 

50 

5 

10 

50 

5 

10 

50 

Spent 
Max«C 

40 

38 
27 

115 

120 

160 

92 

102 

103 

144 

155 

175 

Fuel 
Year 

54 

54 

500 

54 

86 

500 

86 

100 

500 

86 
100 

500 

HLW 
Max^C 
34 

58 

48 

64 

87 

97 

57 

73 

84 

87 
130 

125 

Year 

52 

34 

54 

34 

54 

54 

22 

34 

54 

22 
34 

34 

The heat generation rates used in these calculations are shown for both spent fuel 

(PWR) and reprocessing HLW in Table K.1.13. 
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TABLE K.1.13. Heat Generation Rates for 

Waste 
Age 

5 

10 

20 

30 

40 

50 

100 

200 

300 

400 

500 

1000 

Spent Fuel am 

Watts/MTHM 
PWR 

Spent Fuel 

2.18 X 10^ 

1.18 X 10^ 

9.45 X 10^ 

7.7 X 10^ 

6.5 X 10^ 

5.6 X 10^ 

3.0 X 10^ 

1.6 X 10^ 

1.3 X 10^ 

1.1 X 10^ 

9.5 X 10^ 

5.5 X 10^ 

HLW 

1.90 X 10^ 

1.08 X lO'̂  

8.0 X 10^ 

6.0 X 10^ 

4.5 X 10^ 

3.6 X 10^ 

1.2 X 10^ 

2.5 X 10^ 

1.8 X 10^ 

1.6 X 10^ 

1.4 X 10^ 

7.5 X 10° 
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K.2 REMOVAL OF EMPLACED WASTE 

Once wastes are emplaced at a geologic repos i tory i t is considered un l i ke ly that they 

w i l l require removal. Confidence in the s u i t a b i l i t y of the reposi tory to iso la te wastes 

w i l l be high at the time waste emplacement operations comiience because of extensive 

preemplacement tes t ing and exp lo ra t ion , thorough DOE and peer review, and NRC l icens ing. 

In spi te of t h i s , reposi tory design takes in to account the possible need to remove emplaced 

wastes. Conditions that may be postulated to require waste removal include: 

• detection of defect ive canisters that require removal, repackaging, and 

reempl acement 

• d i squa l i f i ca t i on of a por t ion of the reposi tory that neccessitates removal and 

reemplacement of the affected canisters 

• f a i l u r e of i n - s i t u tes ts and data acquired during monitoring of reposi tory opera

t ions to provide s u f f i c i e n t confidence in long-term reposi tory performance, which 

requires removal of wastes and abandonment of the reposi tory s i t e . 

As discussd in Section 5 .3 .1 .5 , wastes are emplaced in a read i ly re t r ievab le manner 

during i n i t i a l operations and are emplaced recoverably during the remainder of reposi tory 

operations. Removal of emplaced wastes w i l l require d i f f e ren t levels of e f f o r t depending 

upon the phase of repos i to ry operations during which removal takes place. 

K.2.1 Readily Retr ievable Emplacement 

During the i n i t i a l phase of reposi tory operation wastes are emplaced so that they can 

be readi ly re t r i eved . During t h i s period emplacement holes are l ined with steel sleeves 

and sealed with removable concrete plugs. The sleeves and plugs ensure that the canisters 

are accessible and minimize corrosion or other damage. Ver i f i ca t i on of reposi tory func

t ions continues throughout the period of ready r e t r i e v a b i l i t y ; extensive i n - s i t u tes t ing 

rock core analysis, and other confirmatory programs are performed. I n - s i t u tes t ing and 

monitoring include sensors fo r temperature, s t ra in and pressure, and sampling systems for 

a i r and ground water i ns ta l l ed with a s t a t i s t i c a l l y s i gn i f i can t number of can is ters . From 

these a c t i v i t i e s , addi t ional data w i l l become avai lable for use in the various mechanis

t i c , computational models tha t form the basis fo r long-term project ions of performance. 

Should a decision be made to extend the period of read i l y re t re ivab le emplacement 

beyond the i n i t i a l 5 years, the use of s leeve- l ined holes and concrete plugs would 

continue and rooms would be l e f t open. For extension beyond a few years, the areal 

thermal density of emplaced wastes may need to be decreased. By decreasing the amount of 

thermal energy stored in the rooms, thermal stresses in the ce i l i ng and supporting p i l l a r s 

are reduced to the point where room opening s t a b i l i t y can be reasonably assured fo r the 

longer per iod. 

Table K.2.1 l i s t s calculated near - f i e ld local thermal densit ies fo r 25-yr read i ly 

re t r ievab le emplacement of 10-year-old spent fue l at the conceptual reposi tor ies located 

in s a l t , grat j i te , shale, and basalt formations. Consistent wi th the conservative approach 
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TABLE K.2.1. Near Field Local Thermal Densities(a) for 25-Year 
Ready Retrievability of 10-year-old Spent Fuel 

Near-Field Allowable Thermal Loading, kW/acre 
Salt Granite Shale Basalt 

24 53 36 53 

(a) These densities are conservative values 
that are 2/3 of the calculated densities. 

taken in the 5-yr readily retrievable case, the values in Table K.3.1 are two-thirds of the 

calculated maximum acceptable thermal densities for 25-yr ready retrievability. 

As discussed previously in Section K.l, Thermal Criteria, the criteria controlling 

placement of spent fuel in salt with 5-yr ready retrievability is the far-field average 

thermal density. However, in the case of 25-yr ready retrievability, near-field local 

thermal density becomes the controlling criterion because maintaining room and pillar sta

bility for 25 years requires a more restrictive thermal density than is needed to limit 

long-term uplift. 

An additional concern for the repository in salt is the creep closure of rooms over 

the 25-yr period of ready retrievability. To compensate for this, room ceiling heights are 

increased 7.6 m for 25-yr ready retrievability (6.7 m for 5-yr ready retrievability). 

An alternative approach for achieving 25-yr ready retrievability is to provide heat 

removal from the mine by continuously ventilating emplacement rooms. This technique could 

allow higher thermal densities by removing heat from the rock formation to keep room and 

pillar stresses within acceptable limits. Additional details of this approach are provided 

in Y/OWI/TM-44 (Union Carbide Corp. 1978). 

The unit cost for providing 25-yr ready retrievability for emplaced spent fuel elements 

at a repository located in salt is $90/kg HM (mid-1978 dollars) compared to $54/kg HM for 

5-yr ready retrievability. The primary reason for this difference in cost is the reduction 

of repository waste capacity by about a factor of two for the 25-yr ready retrievability 

option. Another contribution to the higher cost is $70 million for additional mining and 

backfilling that is necessary as a result of increased ceiling height for the repository in 

salt. Use of sleeves for all emplaced wastes also costs an extra $4 million annually. Unit 

costs for 25-yr readily retrievable emplacement of spent fuel in the other rock media would 

also increase although additional mining to increase ceiling height would not be required. 

During the initial phase of readily retrievable emplacement, removal operations are 

relatively straight-forward. Because rooms are left open and the lined emplacement holes 

are sealed with removable concrete plugs, removal of emplaced wastes simply involves revers

ing the emplacement procedures. A transporter reenters the emplacement room and positions 

itself over the sealed hole. The concrete plug would be removed and the waste canister 

raised into the transporter. The transporter then delivers the canister to a waste receiv

ing station where it is loaded into a shaft and lifted to the surface. On the surface the 

canisters are placed into temporary dry well storage until a new repository is ready. 
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K.2.2 Recoverable Emplacement 

At the end of the period of readily retrievable emplacement (assumed to last 5 years 

for this conceptual repository), holes are no longer lined with sleeves or sealed with con

crete plugs, and rooms are backfilled after being filled with waste. For the remainder of 

repository emplacement operations the wastes are considered to be recoverable with consider

ably greater effort than required for removal of readily retrievable wastes. Although suf

ficient confidence in repository performance existed to justify termination of ready 

retrievable emplacement, observations and measurements will likely continue. 

Recovery operations are more complex after the phase of readily retrievable emplacement 

ends. Before removal operations could begin, backfilled rooms first have to be reexcavated. 

This is done using standard earth-moving equipment with care taken to avoid excessive damage 

to emplacement holes. Backfill is removed from emplacement holes using shielded boring 

equipment; again, care is taken to avoid damage to the hole or canister. At this point the 

waste canister is removed to the surface as described for the readily retrievable case. 

In the event that a canister has become damaged and is not able to be extracted 

directly from the hole special steps need to be taken. This may include core drilling 

around the damaged canister through the surrounding rock. The rock and waste are then 

transported to the surface and repackaged for temporary storge and disposal elsewhere. 

^ 
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K.3 ENGINEERED SORPTION BARRIERS 

In addition to retardation of radionuclide migration with an appropriate canister 

design or inert coating of the waste form, certain materials can be used to absorb or other

wise slow radionuclide migration from the package and the repository. 

Possible retardation mechanisms include surface adsorption, ion exchange, coprecipita-

tion, and redox effects. The use of coprecipitation appears impractical as a retardation 

mechanism because of its rather selective nature and because a wide range of radionuclide 

chemical species must be retarded. 

K.3.1 Performance Requirements 

Solids selected for radionuclide adsorption, ion exchange, and redox effects in several 

combinations can be used for repository backfilling, for an overpack in the immediate vicin

ity of the canister exterior, and/or for a protective packing between the waste form and the 

interior surface of the canister (Karn-Bransle-Sakerhet 1978). The sorption material must 

be mechanically, thermally, and chemically stable in the repository environment. Also, it 

must be dry when in contact with the canister interior and in the waste form radiation field 

to prevent accelerated canister corrosion or pressurization. Good heat conducting proper

ties and relatively low permeability to ground water also are desirable sorption material 

characteristics. If the material is used for repository backfilling, it should have suffi

cient loadbearing capacity to prevent cavern roof collapse onto stored wastes and to prevent 

major movement of the waste canisters. The organic contents of the filling material should 

be very low, probably less than 1%, to avoid radionuclide complexing and enhanced migration 

rates. Materials may be added to affect oxidation-reduction changes that retard radionu

clide migration. Radionuclide migration rates of the elements antimony, iodine, neptunium, 

Plutonium, ruthenium, technetium, and uranium may be affected by changes in the redox poten

tial. 

K.3.2 Sorption Materials Performance 

Research sponsored by the Office of Nuclear Waste Isolation (ONWI) is determining sorp

tion coefficients of many minerals and rocks that may be of interest for sorption barrier 

use. Swedish (Allard et al. 1977, Haggblom 1977) and Canadian (Acres Consulting Services, 

Ltd. 1977) workers also have ongoing programs to investigate sorption of radionuclides in 

clays and rocks. Sorption investigations involving 19 radionuclides that are of interest 

in waste disposal operations were summarized in a 1976 EPA literature search (Ames and Rai 

1978). 

The solution species formed from the radionuclides of the various elements are a pri

mary control on their adsorption by a potential retardant. Possible solution species, based 

on existing thermodynamic data, are shown in Table K.3.1. Rocks, soils, and sediments are 

predominately cation exchange materials. The inorganic anion exchangers include the amor

phous hydrated oxides from iron, aluminum, and manganese, which are found naturally, and 

other synthetic anion exchange materials such as zirconia or titania. The environmental 

factors reported to effect radionuclide adsorption are summarized in Table K.3.2. 
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TABLE K.3.1. Predominant Solution Species of Elements Without Organic Ligands 

Elements 

Am 

Sb 

Ce 

Cs 

Co 

Cm 

Eu 

I 

Np 

(Karn-Bransle-Sak« 

Little Affected by 
Oxidation-Reduction 

Am̂ '̂ , AmSo^'^, Am(OH)^'^ 

Ce^'^, CeSO, ^ 

Cŝ  

Co^'^, CotOH)^'^ 

Cm^*, CmOH^'^, CmCOHjj* 

Eû "̂ , EuSO^"^, EUjPjO^^* 

irhet 1978) 

In an Oxidizing Environment 

HSbOj", Sb(0H)3°, SbOF°, 

Sb(OH)^-

r , IO3" 

NpOj'', NpOjHPO^", 

NpOjHCOj 

Pu 

Pm 

Ra 

Ru 

Sr 

Tc 

Th 

h 

Pm-̂ " 

Ra2^ 

Sr2^ 

ThF^*, Th(0H)3 

H*, ^H-O-H 

Zr lr{OH)^°, Zr(0H)j, ZrF' 3+ 

PuO^ '̂̂ , PuO^CCOjJCOHjj" 

PuO,+ 

Ru(OH)^*, RuO^', RuO^^" 

TcO, 

UO^'', UO2F+, UO^iOH^)" 

UO^lCOj)^-

In a Reducing Environment 

SbO 

NpOH^'^, Np*'̂  

PuOH^"^, Pu'̂ '̂  

RuO, 

TcO, 

UOj* , UOH^'^, UO2* 

UO2 (003)^3-

Examples of inorganic sorption materials are given in Table K.3.3. Chabazite, erionite 

and c l inop t i lo l i te are zeolites that occur in large deposits of sedimentary origin (Hay 

1966) and montmorillonite is the main clay mineral in bentonites. Thermal and hydrothermal 

s tab i l i t ies generally are acceptable for the intended use. The thermal conductivities of 

both clay minerals and zeolites are comparatively low. The zeolites are quite permeable to 

ground-water while sodium-based montmorillonites show low permeabilities (Jacobsson 1977). 

Pusch (1978) has suggested that varying amounts of quartz sand be added to bentonite 

and that i t be compacted to improve i ts load-bearing and thermal conductive characteristics 

while retaining some of i t s cation exchange properties. Through the use of simple relat ion

ships between diffusion or solution flow-controlled migration and equilibrium distribution 

coefficients, Neretnieks (1977) determined the retention time in years in 1-m-lOX 

bentonite/90% quartz and c l inop t i l o l i te sorption barriers as shown in Table K.3.4. 

The barrier depths ( in meters) required to retard various radionuclides for 30 half-

lives are shown in Table K.3.5. Cl inopt i lo l i te is a better sorption barrier, but i t is more 

permeable and has less bearing strength than the bentonite-quartz mixture. For use within 

the canister, the clay minerals and zeolites can be dehydrated at just below their s tab i l i ty 

temperatures. 
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TABLE K.3.2 Factors Reported to Effect Adsorption of Radioelements Over the pH Range 
of 4 to 9 (Karn-Bransle-Sakerhet 1978) 

Factors 
Complex fons Probable 

Soil Competing Inorganic Organic Colloid Adsorption 
Element £H Eh CEC_ Ions Selectively Adsorbed on Ligands Constutuents Formation Mechanisms 

Am 

Sb 

Ce 

Cs 

Co 

Cm 

Eu 

I 

Np 

Pu 

Pm 

Ra 

Ru 

Sr 

Tc 

Th 

h 
U 

Zr 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Iron Oxides 

Zeolites, Micas 

111 ite. Iron Oxide 

CM 

Zeolites 

OM 

Calcite, 

OM 

HgO 

OM 

Barite 

Zeolites 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

IE 

PPT 

IE, PPT 

IE 

IE, PPT 

PPT 

IE, PPT 

OM 

UNK 

IE, PPT 

IE, PPT 

IE 

PPT 

IE 

UNK 

IE, PPT 

NONE 

PPT.IE 

PPT 

(a) CEC = Cation Exchange Capacity. 
(b) IE = Ion exchange, OM = Organic Matter Adsorption, PPT = Precipitation, UNK = Unknown. 

TABLE K.3.3. Thermal Stabilities and Cation Exchange Capacities of Several Clay Minerals 
and Zeolites (Breck 1974, Eberl et al. 1978, Ames and Sand 1958, Grim 1968) 

Material 

Chabazite 

Erionite 

Cl inopt i lo l i te 

Mordenite 

Montmorillonite 

Ca2 

Câ  

Câ  

(AI3 

Hydro 

Chabazite 
Cl inopt i lo l i te 

Montmorillonite 

Montmorillonite 

Composition 

(A102)4(Si02)g] •3H2O 

5[(A102)g(Si02 J-27H20 

(A102)g(Si02)3o]-24H20 

(A102)8{Si02)4o •24H2O 

.34"90.66)Si8020(0")4-"20 

thermal Stabi l i t ies at 100 

°C Products 

230 Wairakite 

360 Mordenite 

400 Quartz, Feldspar 

300 Quartz, Montmori 

Cat! 
Capaci 

Bars Pt 

Ionite 

on Exchange Thermally Unstable 
t y , meq/100 q in Air at , °C 

390 600 

310 750 

220 750 

230 800 

150 390 

•essure for 10 Days 

Composition 

Cag (A102)jg(Si02)32-16H20 

SiOj, NaAljSigOg 
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TABLE K.3.4 Retention Time Ranges on 1-m Barriers for 
Several Radionuclides (Neretnieks 1977) 

Retention Time, Years 
10% Bentonite/ 

Radionuclide 90% Quartz Cl inopt i lo l i te 

^°Sr 30 600 to 1,400 

^ '̂'Cs 20 to 30 2,200 to 5,200 

^^^Ra 40 to 50 600 to 1,400 

' Th 50 to 300 unknown 

^^' 'NP 2.1 X 10^ unknown 

•̂̂ ^Pu 2.4 X 10^ unknown 

*̂̂ Am 458 1,000 to 30,000 

99TC 1 1 

TABLE K.3.5 Barrier Depth (m) Required to Retard Various 
Radionuclides 30 Half-Lives (Neretnieks 1977) 

30 Half-Lives Barrier Depth, m 
10% Bentonite/ 

Radionuclide 90% Quartz Clinoptilolite 

^°Sr 1 0.2 

^̂ ''Cs 1 0.1 

^^^Ra 40 1.5 

'̂̂ Âm 1 0.1 to 0.7 

I f the reduced or oxidized species is less soluble than the original radionuclide solu

tion species, an oxidation-reduction (redox) reaction may be used to retard the mobilities 

of certain radionuclides. Very l i t t l e work has been done using redox controll ing materials 

as migration retardants. An example of redox control is the use of wustite (FeO) to sur

round the waste form. The oxidation of ferrous to fe r r i c ion would reduce technetium in the 

highly mobile pertechnetate ion (TcO )̂ from Tc(VII) to Tc(IV). (Latimer 1952 and Pourbaix 

1966). Tc(IV) is a much less mobile form of technetium than Tc(VII). 
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APPENDIX L 

WASTE ISOLATION RESEARCH AND DEVELOPMENT PROGRAM 

A program of waste isolation research and development is underway to obtain the data 

identif ied as needed in this report, as well as those identi f ied in other review act i 

v i t ies . The Department of Energy (DOE), conducting research and development toward waste 

isolat ion, has placed emphasis on the development of plans and strategies which incorporate 

an i terat ive approach which includes substantial scient i f ic peer review. An important 

act iv i ty of this type was the preparation of the Earth Science Technical Plan (ESTP) for 

Disposal of Radioactive Waste in a Mined Repository (DOE/USGS 1980). The ESTP describes 

the research and development programs sponsored by the Departments of Energy and Inter ior . 

Additional work is in progress in the U.S. sponsored by the Nuclear Regulatory Commission 

(NRC), Environmental Protection Agency (EPA), and the u t i l i t y industry. Additional work is 

also in progress in Sweden, Germany, France, England, Japan and Russia. A l i s t of ongoing 

research projects organized by the technology categorization of Section 5.2 (Geologic 

Disposal--States of Technology and Research and Development) is presented below. This l i s t 

is not complete, but rather is intended to suggest the scope and depth of current research. 

L.l GEOLOGIC SITE SELECTION 

Research and development projects supporting s i te selection technology are l isted below 

by several subcategories. 

L.1.1 Long Term Geologic Stabi l i ty 

ONWP^̂  Regional studies to exclude tectonically active areas 

from further s i t ing considerations 

LASL/SLA Prediction of volcanic act iv i ty 

LLL/SLA Flow charts for investigation and evaluation of candi

date sites 

LLL Derivation of parameters for evaluating sites 

ONWI Cri ter ia for geologic disposal of radioactive waste and 

site qualif ication cr i te r ia 

DOE/Woodward-Clyde Evaluation of the Paradox Basin 

DOE/TBEG Evaluation of the West Texas Bedded Salt 

DOE/Law Eng. Evaluation of Gulf Coast Sal t Domes 

DOE/Stone & Webster Evaluation of the Sal ina Sa l t Basin 

(a) The research and development organizations indicated by abreviat ion are i d e n t i f i e d 
on page L . l . 7 . 
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USGS/LASL-SLA 

DOE/RHO et a l . 

DOE/PNL 

DOE/LLL 

ONWI 

USGS 

DOE/SLA 

USGS 

DOE/SLA 

Evaluation of the Nevada Test Site and Southern Nevada 

Evaluation of the Columbia Plateau 

Release scenario modeling 

Derivation of parameters for evaluating sites 

Criteria for geologic disposal of radioactive waste and 

site qualification criteria 

Long term prediction of natural events and changes 

Climatic/tectonic stability of the West Texas Salt Flats 

Basin 

Climatic stability, Pecos River history 

Climatic stability, San Simon Sink. 

L.l.2 Characterization of Current Geology and Hydrology 

USGS Radar techniques, high-frequency electromagnetic borehole 

techniques, geophysics for site characterization 

LLL/Texas A&M Radar exploration techniques 

Texas Bur. Mines/CONOCO Improving resolution of existing geophysical techniques 

DOE/LBL 

Georgia Tech. 

DOE/ORO 

USGS 

USGS/SLA 

DOE/LLL 

DOE/LBL 

Evaluation of geophysical techniques in fractured crys

talline rock 

Geothermometry 

The utility of petroleum exploration data in delineating 

structural features within salt anticlines 

Water flux in the unsaturated zone of deserts, field test 

of flow in unsaturated alluvium, nonisothermal water 

fluxes in the unsaturated zone, characterization of local 

ground water systems, short-term hydraulic effects, fluid 

flow in fractured rocks, solute transport model in the 

unsaturated zone 

Characterization of regional ground water systems 

Fracture permeability of rocks under pressure, permea

bility measurements 

Crystalline rock hydrology. 

DOE/SRL 

DOE/SLA 

L.l.3 Seismicity 

Subsurface earthquake damage 

Effect of depth on ground motion 
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NRC/NUREG 

ONWI 

OWI/Woodward-Clyde 

Workshop/review of site suitability criteria 

Geological criteria for suitable sites of high-level 

radioactive waste; criteria for the geologic disposal of 

radioactive waste and site qualification criteria, pre

liminary site selection for SPR facilities In Louisiana 

and Mississippi 

Preliminary geologic site-selection criteria for NWTS. 

L.1.4 Land Use and Transportation Considerations 

TRW Socioeconomic studies 

HARC Socioeconomic studies 

Stearns-Roger Conceptual Design No. 1 

Kaiser Conceptual Design No. 2; SAI 

NUS Environmental Criteria. 
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L.2 HOST ROCK PROPERTIES 

Research and development projects to better define host rock properties are listed 

below by several subcategories. 

USGS 

LLL 

RHO 

L.2.1 Discontinuities 

Development of geophysical techniques, high frequency 

electromagnetic borehole techniques 

Development of single hole electromagnetic probe 

Verification studies of specific geologic structures of 

the Columbia Plateau. 

USGS/LASL-SLA 

USGS 

DOE/LBL 

DOE/BNL 

DOE/SLA 

DOE/LLL 

ORNL/SAI 

RE/SPEC 

Univ. of Minn. 

ORNL 

USGS 

RHO/CSM 

LLL 

LBL 

LBL 

RHO/PM/and Others 

L.2.2 Rock Strength and Excavation Stability 

Evaluation of granite, argillite, and tuff at the Nevada 

Test Site and in southern Nevada 

Surveys of granite and other crystalline rocks, argil

laceous rocks, western Cretaceous shales tuff and zeoli-

tised tuff 

Directional permeability of Stripa granite 

Geothermometry of shale 

In-situ test of Conasauga Shale 

Granite heater and rock mechanics test Climax Stock. 

L.2.3 Hardness and Mineability 

Expected repository environments 

Repository concepts analysis 

Development of displacement-discontinuity models 

Salt model piller studies 

Geomechanics 

Advanced rock testing of basalt 

Mechanical behavior of rocks under pressure 

Material behavior of strips granite 

Ultra-large rock core tests 

Field investigation to determine in-situ geologic, hydro-

logic, and engineering parameters. 
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LBL 

USGS 

LBL 

UCB 

SLA 

SRL 

USGS 

USGS 

USGS 

L.2.4 Rock Permeability and Ground Water Flow 

Development of fractured flow and thermal-hydraulic flow 

models 

Solution of solute transport equations 

Development of analytical transport models 

Brine migration modeling 

Tracer tests of overlying strata 

Osmotic effects of clay minerals 

Solute transport in the unsaturated zone 

Water flux in the unsaturated zones of deserts 

Field test of flow in unsaturated alluvium. 

DOE/LBL 

DOE/RE/SPEC 

DOE/SLA 

DOE/LLL 

DOE/RHO 

L.2.5 Rock Pressure 

I n - s i t u stress measurements techniques (St r ipa 7 ) . 

In-s i tu thermomechanical test in Stripa granite 

In-si tu test—Avery Island Salt Dome 

Instrumentation development for in-s i tu tests. Thermal-

structural interaction—bench and in-s i tu tests. In-situ 

test of Conasauga Shale 

Granite heater and rock mechanics tests 

Near-surface Test Fac i l i ty programs for in-s i tu testing 

of basalt at the Hanford Reservation, rock mechanics 

methods and in-s i tu heater tests in basalt. 
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L.3 THERMAL AND RADIATION EFFECTS 

DOE/LLL 

DOE/SDSM 

DOE/Texas A&M 

DOE/SLA 

DOE/SAI-LBL 

USGS 

DOE/LBL 

DOE/RHO-Univ. of Minn. 
& Dames & Moore 

NRC/TASC 

DOE/ORNL 

DOE/SLA 

DOE/LBL 

DOE/LLL 

DOE/RE/SPEC 

Mechanical behavior of rocks under pressure 

Bench-scale creep tests on rock sa l t 

Transient creep in rock s a l t 

Thermal-structural in teract ions 

Analysis of thermomechanical response of s a l t 

Geomechanics of thermally induced stress on i n - s i t u 

stress and f rac tu r i ng 

I n - s i t u stress measurement techniques (St r ipa 7) 

Numerical modeling of rock stresses w i th in a basal t ic 

nuclear repos i tory 

Information base f o r waste repos i tory design. Volume 3; 

Waste Rock Interact ions 

Radiolysis of br ine 

Thermal-structural in teract ions in s a l t , pressure ef fects 

on thermal conduct iv i ty and expansion of geologic 

mater ia ls 

I n - s i t u thermomechanical tests of S t r ipa g ran i te , large 

scale permeabi l i ty tests of grani te in the St r ipa Mine 

and thermal conduct iv i ty tests 

Granite heater and rock mechanics tes ts Climax Stock 

Parametric thermoelastic analysis of h igh- level waste and 

spent fue l repos i tor ies in grani te and other non-salt 

rock types. 
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REPOSITORY PERFORMANCE 

DOE/ORNL Borehole plugging—cement technology studies 

DOE/SLA Mater ials development, instrumentat ion, and f i e l d tes t i ng 

fo r borehole plugging 

NRC/TASC Information base f o r waste repos i tory design. Volume 1 , 

Borehole and Shaft Sealing 

DOE/RHO Borehole plugging programs at Hanford 

ONWI/PNL Borehole plugging and shaft seal ing fo r geologic i so la 

t ion of radioactive waste. 

ONWI/PNL Assessment of the effectiveness of geologic isolation 

systems 

ONWI/PNL Waste/rock interaction technology 

NRC/SLA Risk methodology for radioactive waste disposal in geo
logic media 

NRC/LLL Standards for the management and disposal of high-level 

and transuranic waste 

EPA/Univ. of N.M. Assessment method for geologic isolation of nuclear waste 

EPA/ADL Technical base for establishing regulations for disposal 

of HLW 

USGS Long term prediction of natural events and change 

RHO/Furgo, Inc. Assessment of geothermal and volcanic activity 

SLA/LASL Evaluation of tectonic, seismic, and volcanic hazards, 
Nevada Test Site and vicinity 

BDM/INTERA/SAI/SLA Nuclear waste repository safety assessment 
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Glossary of Acronyms Used in Appendix L 

ADL Arthur D. Little, Inc. 

BDM BDM Corporation 

BNL Brookhaven National Laboratory 

BWIP Basalt Waste Isolation Program 

CONOCO Continental Oil Co. 

CSM Colorado School of Mines 

DEIS Draft Environmental Impact Statement 

DOE U.S. Department of Energy 

EIS Environmental Impact Statement 

EPA U.S. Environmental Protection Agency 

GCR Geologic Characterization Report (WIPPO) 

HARC Human Affairs Research Center (Battelle) 

HLW High-Level Waste 

INTERA INTERA Environmental Consultants 

LASL Los Alamos Scientific Laboratory 

LBL Lawrence Berkely Laboratory 

LLL Lawrence Livermore Laboratory 

N Subcontractor not determined 

NRC U.S. Nuclear Regulatory Commission 

NWTS National Waste Terminal Storage 

NUS NUS Corp 

ONWI Office of Nuclear Waste Isolation (Battelle) 

ORNL Oak Ridge National Laboratory 

ORO Oak Ridge Operations (DOE) 

OWI Office of Waste Isolation 

PBQ&D Parsons, Brinkerhoff, Quade & Douglas 

PIR Preliminary Information Report 

PNL Pacific Northwest Laboratory 

RE/SPEC Re/Spec, Inc. 

RHO Rockwell Hanford Operation 

SAI Science Applications, Inc. 

SDSM South Dakota School of Mines 

SLA Sandia Laboratories-Albuquerque 

SRL Savannah River Laboratory 

SSA Southern Science Applications, Inc. 

TASC The Analytic Sciences Corporation 

TBEG Texas Bureau of Economic Geology 

TRW TRW Inc. 

USGS U.S. Geo log ic Survey 

WIPP Waste Isolation Pilot Plant 

WISAP Waste I s o l a t i o n S a f e t y Assessment Program 
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APPENDIX N 

WASTES FROM THORIUM-BASED FUEL CYCLE ALTERNATIVES 

A number of thorium-based fuel cycle alternatives to the light water uranium-plutonlum 

cycle have been proposed. The alternatives include: the uniform enrichment of thorium in 

LWR and heavy water; spike blanket systems in LWRs; crossed progeny in LWR's heavy water and 

fast converters; light water breeder (LWBR); and high-temperature gas-cooled reactor (HTGR) 

fuel cycles. For this Statement the LWBR and HTGR cycles have been chosen for discussion 

because their demonstration Is nearer completion. Thus, they may be the first systems able 

to employ a thorium load. Moreover, a standard LWR using a thorium fuel cycle will have 

fission-product yields very similar to those of the LWBR. Analyses for managing wastes from 

these thorium fuel cycles have not been made in as great detail as for the LWR uranium 

cycles presented elsewhere in this Statement. The basis for this discussion is DOE/ET-0028, 

and that document should be referred to for a more-complete presentation. 

As in the slightly enriched light water reactor cycle, power reactors could use thor

ium in either recycle or nonrecycle modes. In the recycle mode, spent fuel is reprocessed 
233 

to remove fissionable U that has been generated and to remove the initial fissionable 
(a) 233 

species that remains unburned from the irradiation.'' ' This material (mostly bred U) can 

then be refabricated into fuel elements for reinsertion into a nuclear power reactor. This 

can be accomplished whether or not the amount of fissile material generated is large enough 

for the reactor to constitute a true breeder, which, once started, provides its own fission

able fuel. The system may not be operated as a breeder, but even so, the fissionable mate-

rial required for makeup ( U, plutonium, U from other sources) may not be large. 

In the nonrecycle mode, the fissionable material generated is not returned to the core, 

either because the fuel is not reprocessed or because the product from the reprocessing 

plant Is'treated as waste or is stored for future use. In this case, new fissionable 

material would be supplied for each core loading. 

In the discussion that follows, wastes from the reprocessing of thorium fuels from 

LWBR and HTGR are compared with those from commercial light waste reactors (LWRs). It is 

assumed that 99.5il! of the plutonium is separated from the LWR waste in reprocessing, but Is 

not recycled. All comparisons are based on production of equal quantities of electrical 

energy. 

(a) Under DOE management directives it is mandatory that 233u and 239pu be disposed of in a 
similar manner. The reasoning for this is not because of any near-term risk from the 
233u but because of the higher specific toxicity of the daughter products in the long 
term. 
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Fission product activity in thorium wastes is about the same as that in LWR wastes, with 
233 

only slight aggregate differences because of the mass distribution of U fission fragments 

and the greater thermal efficiency of HTGRs. Some of the specific isotope yields are differ

ent by a factor of about two, but these differences are not among controlling long-lived 

isotopes and thus neither simplify nor complicate long-term waste storage as visualized and 

being developed for the slightly enriched uranium (SEU) cycle in LWRs. 

Radiogenic heating is of importance when considering storage and Isolation of certain 

radioactive wastes. Heat generation rates in the thorium wastes are essentially the same 

as in LWR wastes for the first several thousand years. They reach a maximum at less than 

twice the LWR rate in about 100 years, then decrease and finally peak again at 50 to 

100 thousand years. Although the latter peak can exceed the LWR rate by a factor of 15, the 

actual value of the heat generation rate is quite small by that time. 

For the first few thousand years, actinide and heavy element radioactivity in LWBR 

wastes is somewhat less than that in the LWR wastes. The radioactivity in HTGR wastes at 

these times exceeds that in LWR wastes by up to a factor of 7 because of the plutonium 
238 

(primarily Pu) which is present. After hundreds of thousands of years, the radioactivity 

in both HTGR and LWBR wastes exceeds that of LWR wastes by factors of 10 to 20. As in the 

case of heat generation, however, the absolute activity at these long times is relatively 

small. 

233 
In the instance of thermal neutron reactors , the more U recycled, the lower w i l l be 

the releases of transuranium isotopes formed by successive neutron captures in the f u e l . 
233 

This is due mainly to the fac t that the cap tu re - to - f i ss ion r a t i o is less f o r U than fo r 

235y^ 239p|j^ j j^ 2^^Pu. On the other hand, more (5 to 10%) ^^^U in thorium fue l cycles must 
235 

be f iss ioned than U or plutonium in the SEU because the energy y i e l d per f i s s i o n fo r 
233 238 

U is less, and because thorium has about o n e - f i f t h the f a s t - f i s s i o n e f fec t of U. 

The act in ide r a d i o a c t i v i t y and the heat generation rate dif ferences are also influenced 

by the way the transuranic isotopes are managed, in pa r t i cu la r regarding the y ie lds on pro

cessing and the goal exposure of the f u e l s . However, when the gross charac ter is t i cs of the 

LWBR-generated waste ( t o t a l a c t i v i t y , heat output, chemical and physical form) are compared 

to LWR-generated waste, these charac ter is t i cs are very s im i la r (DOE 1979). As a r e s u l t , no 

special waste management requirements are posed by the LWBR concepts which do not already 

ex i s t f o r the LWR and no changes are ant ic ipated to be necessary in the waste i so la t i on pro

gram fo r LWR systems to accommodate a thorium-based system, ERDA (1976) performs an env i 

ronmental assessment of a thorium-uranium fue l cycle and should be referred to fo r deta i led 

Informat ion. 

233 
Gaseous releases from a f a c i l i t y reprocessing thorium- U fuel would be somewhat 

85 
greater than those from a reprocessing f a c i l i t y . This is p a r t i c u l a r l y t rue fo r Kr, 

85 
although the xenon y ie lds are Fiiore nearly equal. Because of the greater Kr release, an 

analysis is required to determine the s ign i f icance of the release. 

The C release from an HTGR reprocessing f a c i l i t y could be up to 15 times larger than 

that of SEU in LWRs because of the large amount of graphite in the fue l and the burning 
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operation used to separate the fuel from the structural material. In this amount a system 

might be required to remove C from the reprocessing f a c i l i t y off-gas stream. 
23? 228 

Because of high radioact iv i t ies, the Isotopes U and Th Incidentally generated in 

the U-thorium cycle pose some short-term handling problems not signif icantly present with 

the SEU system. Uranium-232 has a 70-year ha l f - l i f e followed by much shorter half- l ived 
208 

daughters leading to T l , which has a 2.6 MeV gaimia. In the recycle case, this compli-

cates the handling of U fuels even though i t is present in only a few parts per mi l l ion. 

However, as a diluent in uranium, i t does not appreciably complicate waste storage. A long-
232 231 

term concern may be the precursor of U, namely Pa. The concentration in the wastes 

of Pa with i t s 32,500-year ha l f - l i f e w i l l depend on how i t is managed in the successive 

recycle. There Is, of course, an Incentive to hold the protactinium in a processing vessel 
23'? 233 

to assure that the " P a fully decays to ""'U, which is then bled off and recycled. Under 
231 

these circumstances there is no reason to recycle protactinium and thus Pa is not "burned 
out." Its concentration In the wastes is correspondingly increased to levels that may 
approach the Pu concentration in wastes from plutonium recycle. This could be allevl-

231 23? 

ated by purposefully irradiating Pa as an isolated target and by adding the U gener

ated into the high-level wastes in dilutions so localized heating will not be produced. 

Currently it is believed necessary to add fluorine to dissolve spent thorium oxide 

fuel. The effects of fluorine, if any, upon the waste processing are unknown. However, 

steps could be taken to obviate the fluorine in the processing. This may Involve addition 

of magnesium, calcium, or other elements to thorium oxide which will add to waste volume, 

but not appreciably to radioactivity. This may, however, increase the solubility of 

thorium dioxide in water coolant streams, increasing contamination of water coolant streams 

if fuel jackets develop leaks. 

It is not believed that fluorine will detract from the qualities of the waste glass as 

fluoride is a constituent of many commercial glasses and enamels. The fluorine content of 

commercial glasses rarely exceeds 6%. Fluoride at those high concentrations acts as an opa-

cifler in the glass owing to dispersed fluoride crystals, considerable laboratory experi

mentation has already been done on the incorporation of fluoride in nuclear waste glass. 
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APPENDIX P 

MINERALS THAT COULD BE USED TO CONTAIN RADIONUCLIDES 

This appendix presents a review of minerals that are candidates for the isolation of 
radionuclides in synthetic minerals, as discussed in Section 4.3.2.3. Analyses of the 
potential hazard from certain HLLW radionuclides suggest the greatest effort in solidifica
tion into synthetic minerals would be placed on the following groups of elements: 

• Actinides and Lanthanides. The actinides Np, Pu, Am, Cm and their daughters constitute 
the major hazard in nuclear wastes from about 1000 to 5000 years of storage, with the 
exception of Ra, which does not become significant until about 10 years 
(Cohen 1977). The majority of the lanthanide elements (La, Ce, Pr, Nd, Pm, Sm, Eu, 
Gd, Tb, Dy, Ho) are present as stable isotopes after a few years, and only trace 
amounts of a few Sm̂  and Eu radionuclides have long half-lives. However, the 
lanthanides could be included with the actinides for several reasons: they occur 
together at one stage of partitioning; lanthanides and actinides are 
crystallographically and chemically very 

similar and usually occur together in the same minerals; the lanthanides can act as 
diluents in synthetic minerals for a-emitting actinides in order to minimize radiation 
effects. 

• Strontium and cesium. These elements constitute both the major heat producers and bio-
hazards in nuclear wastes for the first 600 years or so (Cohen 1977). 

• Techetium and iodine. These two fission products have long-lived isotopes { Tc, t, „ 
c 129 7 '•'^ 

= 2.1 X 10 y; I, tĵ ,2 ° 1*7 x 10 y) and are biohazards. They have the additional 
characteristics of forming anions that can migrate in soils and rocks as fast as the 
solutions in which they are dissolved (Rai and Seine 1978), i.e., without any substan
tial hold-up due to ion exchange or adsorption. 
The minerals reviewed here are either known to contain substantial amounts of these 

elements or are likely to accept these elements based on compatible crystal chemistry. The 
physico-chemical and crystal chemical criteria for selecting host minerals, along with the 
conmon mineral synthesis methods, are discussed and tables of candidates are presented. A 
thorough treatment of what is known about the process of metamictization and metamict min
erals is also included. 

P.l PHYSICO-CHEMICAL PRINCIPLES 

P.1.1 Stability Criteria 

The physical and chemical foundations used to define whether a known mineral is classi
fied as very stable, relatively unstable, or very unstable with respect to alteration, 
weathering and diagenesis include solubility and geologic data. 
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P.1.1.1 Use of Solubi l i ty Data 

Chemical weathering and alteration are most often the result of the interaction between 

an electrolyte aqueous solution and the various minerals being weathered. Several factors 

are important in determining the mobility of elements via weathering ionic solutions. One 

group of factors is related to the overall physical properties of the "weathering system," 

i . e . , of the hydrologic system and the host mineral assemblage. For example, the flow rate 

of solution through a permeable system is determined by Darcy's Law: 

u = - ^ ( p g + vp) v = ^ 

where u = fluid flux vector (g/cm /sec) 

V = true fluid velocity (cm/sec) 

g = gravity force vector (cm/sec ) 
2 

k = permeability of the rock assemblage (cm ) 
2 

f = viscosity of the fluid (cm /sec) 

p = density of the fluid (g/cm ) 

P = pressure (bars) 

0 = porosity of rock. 

Clearly, then, the water flow depends on gravity and the pressure gradient at the given 

locality (a property of the hydrologic system as a whole) as well as on the porosity and 

permeability of the rock assemblage in the locality, and the density and viscosity of the 

fluid. 

The hydrodynamic equations, which incorporate Darcy's Law, allow us to calculate the 

hydrodynamic mobility of a given cation or anion in solution from its original location 

within a given mineral of the weathered rock to its place of deposition such as a sedimen

tary deposit, rivers, oceans or the biosphere. We can obtain absolute flux rates for a 
2 

given ion (i.e., moles/cm /sec), however, only if we know its concentration in the perco
lating solution. 

The magnitude of the concentration of a given element in a solution that is in contact 

with a weathering mineral assemblage is the central element used in establishing the intrin

sic stability of a particular nuclear waste element-containing mineral to alteration and 

weathering. This concentration is generally a function of time, since it is kinetically 

controlled. Nevertheless, almost all geochemical work on the mobility of elements via solu

tions has applied a thermodynamic and not a true kinetic approach. Whether true thermody

namic equilibrium is reached between solution and a particular mineral depends, among other 

things, on how long they are in contact (i.e., the flow rate); this concept often appears 

as the ambiguous "water-rock ratio" in the literature. It seems likely that under most cir

cumstances the concentration of an element in a weathering solution will be kinetically con

trolled. Unfortunately, there is a dire need for suitable kinetic data. The kinetic 

factors involved in the time dependence of the concentration, which may keep the concentra

tion well below the thermodynamic limit, will be discussed below. 
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One can usually establish only an upper limit to the concentration of a given element 

by the use of thermodynamics. Assuming equilibrium between minerals and solution, the con

centration of any particular nuclear waste element will then be governed by the solubility 

of the minerals containing it. 

Before discussing the thermodynamic approach to stability, a brief review of the gen

eral qualitative work on weathering stability in the literature is presented. Soil geochem-

ists have set up a qualitative scale of the different inherent tendencies of minerals to 

alter by weathering processes. The weathering rate depends on the structure and composition 

of the minerals, as well as the weathering environment. Goldich (1938) formulated such a 

weathering stability series for the major elements. He found that the major elements are 

removed from rocks and minerals in the order: 

Ca"*"̂  > Na'*' > Mg'̂ '̂ > K"^ > Si02 > Fe^Oj > A1203. 

Loughnan (1969) gives a similar result (see Table P.1.1). 

Much less is known about the relative mobilities of the trace elements (lanthanides, 

actinides, and others). Jackson and his colleagues (Jackson et al. 1948, 1952, Jackson and 

Sherman 1953) set up a weathering sequence of clay-size minerals in soils and sedimentary 

deposits (see Table P.1.2). Pettijohn (1941) compared the frequency of occurrence of each 

species in recent and older sediments and established an order of persistence, which is in 

agreement with the Goldich series (see Table P.1.3). 

TABLE P.1.1 Mobilities of the Common Cations 

M . 1. Ca , Mg , Na —readily lost under leaching conditions. 

° + 
*" c 2. K —readily lost under leaching conditions but rate may be retarded through 
o E f ixat ion in the i l l i t e structure. <u o 

^ ^ ..4+ 

3. Fe —rate of loss dependent on the redox potential and degree of leaching. 

4. Si —slowly lost under leaching conditions. 

•̂  Qj 5. Ti --may show limited mobility if released from the parent mineral as 
IS5 Ti(OH)/,; if TiO-, forms, immobile, 
o) A, t c 
b o 6. Fe —immobile under oxidizing conditions. 

S-
7. Al — i m n o b i l e in the pH range of 4.9 to 9.5. 

Although still poorly understood, structure must play an important part in the accessi

bility of waters to the soluble cations. Thus, orthosilicates, e.g., olivine, weather much 

faster than framework silicates, e.g., feldspars and quartz. However, zircon, also an 

orthosilicate, is highly resistant to weathering, which indicates that resistance to weath

ering cannot be based solely on such a simple structural division of the silicates. 

The qualitative lists of minerals in Tables P.1.2 and P.1.3 should be quantitatively 

understood in terms of both thermodynamics (i.e., solubility data) and kinetics (i.e., 

leaching rates). The solubility and hence the thermodynamic stability of a particular 
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TABLE P. 1.2. Weathering Sequence of Clay-Size Minerals in Soils 
and Sedimentary Deposits'^' 

Weathering Stage Clay-Size Mineral Occurring at Various Stages 
and Symbol of the Weathering Sequence 

Gypsum (also halite, etc.) 

Calcite (also dolomite, aragonite, etc.) 

Olivine-hornblende (also diopside, etc.) 

Biotite (also glauconite, chlorite, antigorite, etc.) 

Albite (also anorthite, microcline, stilbite, etc.) 

Quartz (also cristobalite, etc.) 

Illite (also muscovite, sericite, etc.) 

Hydrous Mica - Intermediates 

Montmorillonite (also beidellite, etc.) 

Kaolinite (also halloysite, etc.) 

Gibbsite (also boehmite, etc.) 

Hematite (also goethite, limonite, etc.) 

Anatase (also rutile, ilmenite, corundum, etc.) 

(a) After Jackson et al. (1948). 

TABLE P.1.3. Persistence Order of Minerals'^'*'^ 

1. 
2, 

3, 
4, 

5, 

6. 

7. 
8, 

9, 
10, 

11, 
12, 

13, 

Gp 
Ct 

Hr 

Bt 

Ab 

Qtz 

11 
X 

Mt 

Kl 

Gb 

Hm 
An 

-3. 

-2. 

-1. 
1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 
9. 

10. 

Anatase 

MUSCOVITE 

Rutile 

Zircon 

Tourmaline 

Monazite 

Garnet 

BIOTITE 

Apatite 

Ilmenite 

Magnetite 

Staurolite 

Kyan i te 

11. 
12. 

13. 
14. 

15. 
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Epidote 

HORNBLENDE 

Andalusite 

Topaz 

Sphene 

Zoisite 

AUGITE 

Sillimanite 

Hypersthene 

Diopside 

Actinolite 

OLIVINE 

(a) After Pettijohn (1941). 
(b) Capitals signify common minerals 

listed in the Goldrich sequence. 

mineral in a weathering solution depend on many environmental factors such as pH, Eh, com-

plexing agents, temperature, fixation/adsorption, ion exchange and ionic strength. These 

factors are explained briefly below. 

A 
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pH. Most minerals are leached faster and have higher solubilities in acid environ

ments. The natural range of possible weathering solutions is pH = 4 to 10. One of the 

earliest steps in the chemical weathering of a mineral is the exchange of the small and 

mobile H"*" ion for a cation on the mineral surface, with subsequent disruptions of 

the structure (Loughnan 1969). Obviously, low pH solutions can accomplish this 

more effectively. 

Eh. For ions that can exist in several valence states (e.g., U and U ) Eh is 

very important in determining their solubility. The Eh of natural solutions in 

contact with the atmosphere is '̂ '600 mv. Subsurface solutions can have an Eh range 

of -400 mv to +400 mv, with the more reducing (low Eh) conditions found in alka

line environments (Garrels and Christ 1965). For example, a mineral with very low 

solubility, such as uraninite (UO^), requires a low Eh for stability to weather

ing (i.e.. Eh < +200 mv if pH = 6, Eh < 0 mv if pH = 8) (Langmuir 1978). 

Complexing. The formation of complexes has long been recognized as essential in 

explaining the transport of metals required to form ore deposits. The same must 

be investigated for the cations of the nuclear waste elements, since complexing 

can increase the solubility of an element by several orders of magnitude. At 

lower temperatures (<200''C), we expect carbonates, phosphate, sulfate/sulfide and 

organic complexes to be important. 

Temperature: The solubility of various minerals can change significantly with 

temperature. Temperatures in the vicinity of synthetic minerals containing heat 

producer 

ambient. 

producers ( Sr, Cs, Actinides) could rise up to several hundred degrees above 

• Adsorption. The ability of ions, such as K , to adsorb strongly to clays and 

other minerals, retards their mobility and limits their concentration in solution, 

following leaching of the ions. This may be important, for example, in the case 

of uranium, which adsorbs strongly to Mn-oxides, Fe-oxides and hydroxides. 

• Cation Exchange. An important consideration in establishing the stability of a 

given nuclear waste element-containing mineral to the leaching of such elements, 

is the ability of that mineral to exchange the troublesome nuclear waste element 

for another ion in solution. Thus, K may be exchanged for Cs , or CI" may be 

exchanged for I". On the other hand, ion exchange of the radionuclide with clays 

and other minerals can also retard the mobility of the radionuclide in solution. 

Rai and Lindsey (1975) applied simple solubility calculations to deduce the relation 

between log â -j and log â^ ̂ .Q at given values of pH, T, and solution compositions (e.g., 

a- , a^ , etc.) for several aluminosilicates. At a given value of an ^.Q the minerals with 

the lowest a«i3+ were most stable. Using values of aĵ  ̂ ^Q typical of soil waters 

(au j.Q 'V'lO" m) they obtain the stability sequence muscovite > microcline > low 

albite > anorthite > analcine > pyroxene > K-glass (K-feldspar composition) > Na-glass 

(albite composition); that is in agreement with Goldich's sequence. Likewise one can plot 

regions of stability for various minerals on an Eh-pH diagram, as outlined by Garrels and 

Christ (1965). 
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p.1.1.2 Use of Geologic Data 

Because geologic time spans the lifetimes of the radionuclides of the critical ele

ments, it is very logical to use nature as a laboratory and examine conditions of stability 

of minerals that may contain the critical elements. In general one recognizes three main 

geologic environments (igneous, sedimentary, and metamorphic) and asks which mineral phases 

may exist in each environment and what happens to a mineral grain as it sees a change in its 

environment. Minerals of the igneous environment see extreme temperatures (and pressures) 

such that they have crystallized from a melt or a fluid derived from a melt (pegmatites and 

hydrothermal deposits). The sedimentary environment includes the effect of exposure to the 

atmosphere and running water and the physical effects of separation and movement of mineral 

grains. The metamorphic environment involves changing pressure, temperature and pore fluid 

conditions inducing mineral changes in situ. 

As one identifies mineral species that may be potential repository compounds, a test 

of their stability is to determine the geologic environments under which they can endure. 

If any modifications in the mineral phase do occur, then the time frame of the modifications 

can also be deduced. The best test of a mineral's stability is to determine the range of 

changes through which it can exist. 

Many of the minerals that are potentially interesting host phases form initially in the 

igneous environment. Feldspars, feldspathoids and micas crystallize directly from the melt. 

Many others are pegmatitic in origin, especially those containing rare earth elements (REE). 

This information implies conditions that may be necessary to form the phase desired. It may 

not be the only condition under which the compound will form. 

After the compound has formed, the question of what happens to it as the conditions 

change may be answered. Because stability is the main question, one asks what phase may 

endure weathering and erosion unchanged, and what new phases are formed if changes do occur. 

Many minerals survive the rigors of weathering and erosion and these are ultimately col

lected in detrital deposits. When the detrital deposit has an economic value it is called 

a placer. These minerals are usually of high density and chemical resistance. Other min

erals, called detrital-heavy minerals, may not survive the entire erosion cycle but persist 

for quite some time. Detrital-heavy minerals may last sufficiently long to allow included 

radionuclides sufficient time to decay. Therefore, it is useful to identify the placer min

erals and other detrital-heavy minerals. 

The Placer Minerals 

Table P.1.4 identifies the minerals that have been recognized in placer deposits. 

These minerals are characterized by high densities and chemical and physical resistance. 

All the noble metals—platinum, iridium, palladium, gold—are known to occur as placer min

erals. Many oxides containing lanthanides as well as carbonates, phosphates, tungstates 
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TABLE P.1.4 Placer Minerals(a) 

Element minerals 

Platnium, Osmium, Palladium, Iridium, Platiniridium Iridosmine, Osmiridium, Ferropla-

tinum. Gold, Electrum, Silver, Diamond 

Oxide minerals 

Tantalite, FeTa^Og; Thoreaulite, ThTi-Og; Cassiterite, Sn02; Samarskite, YNb20g; Bad-

deleyite, Zr02; Euxenite, YNb20g; Chromite, FeCr20^; Magnetite, Fe,0^; Columbite, 

FeNbpOg; Polycrase, YTi20g; Aeschynite, YTi20g; Loparite, CeTi20g; Ilmenorutile 

(Ti.NbijOg; Ilmenite, FeTiOj; Zirkelite, CaZti207; Pyrochlore, Ca2Nb20gOH; Rutile, 

Ti02; Brookite, Ti02; Anatase, Ti02; Corundum, AI2O0; Spinel, MgAl20«; Quartz, SiO-

Tungstate minerals 

Ferberite, FeWO^; Wolframite, (Fe,Mn)W04; Hubnerite, MnWO^; Scheelite, CaWO^ 

Phosphates 

Monazite, CePO^; Xenotime, YPO^ 

Carbonates 

Bastnaesite, CeCO,F; Parisite, Ce2Ca(C02)3F2 

Silicates 

Thorite, ThSiO^; Zircon, ZrSiO-; Garnet, (Fe,Mg),Al2Si20,2; Topaz, AUSiO.Fg; Phenakite, 

Be2Si04 

a. Simplified formulae are given. Actual minerals usually contain many additional solid 
solution substitutions. 

and silicates are known placer minerals and therefore are potential lanthanide and actinide 

phases. Some low density minerals, such as quartz, spinel, garnet, corundum and diamond 

also occur in placers. 

Other minerals might be on this list of placer minerals under special conditions. If 

the sedimentary conditions are more reducing than usually occurs in nature, uraninite and 

many sulfide minerals may survive. This possiblity is evidenced by the placers of 

Witwatersrand District of Africa, which formed in the reducing environments of the 

Pre-Cambrian. 

Detrital Minerals 

A great many minerals survive long distances of transport in stream beds, although the 

final fraction of that mineral is often much lower than in the source area. These minerals 

are listed in Table P.1.5. The rate of degradation of some of these minerals may be suffi

ciently slow to allow that phase to be a host for radionuclides. Minerals such as apatite, 

barite, allanite and titanite are particularly interesting. Apatite and allanite contain 

significant amounts of lanthanides and actinides. Strontium varieties of apatite also 

occur. 
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TABLE P.1.5. Detr i tal Minerals(a) 

Elements 

Lead 

Oxide minerals 

Hematite, Fe202; Uraninite, UO2; Uranothorite, (U,Th))2; Leucoxene, Ti oxide-hydroxide 

Sulfide minerals 

Cinnabar, HgS; Pyrite, FeS-; Marcasite, FeS2; Chalcopyrite, CuFeS2; Arsenopyrite, 

FeAsS2; Pyrrhotite, Fe]_xS; Molybdenite, M0S2; Cobaltite, C0ASS2; Dyscrasite, Ag^Sb; 

Michenerite 

PdBiTe; Geversite, PtSbg; Glaucodot, CoAsS; Moncheite, PtTe 

Sulfate minerals 

Barite, BaSO-

Phosphate minerals 

Apatite, Ca5(P0^)3F 

Si licate minerals 

Actinolite, Ca2(Fe,Mg)5Sig022(0H)2; Andalusite, Al2Si05; Biotite, K(Fe,Mg)3AlSi30jQ(0H)2; 

Chlorite, (Mg,Fe)g(Al,Si)40jQ(0H)g; Chloritoid, (Fe.Mg) Al4Si20jQ; Hornblende, 

Ca2(Fe,Mg,Al)5Al2Sig022(0H)2; Hypersthene, (Mg,Fe)Si03: Kyanite, Al2Si05; Olivine, 

(Mg,Fe)2SiO.; Allanite, Ce2Al2FeSi30j2(0H); Sillimanite, Al2Si05; Staurolite, 

Fe2Al Si^0230H; Titanite, CaTiSiOg; Tourmaline, Na(Mg,Fe)3 Alg(B03)3Sig0j^g(0H)^; 

Zoisite, Ca3Al2Si30jj0(0H); Gadolinite, Be2Y2'^6Si2FeSi20jQ 

(a) Simplified formulae are given. Actual minerals usually contain many additional solid 
solution substitutions. 

Mineral Associations 

In addition to defining regions of stability for specific mineral phases, geologic evi

dence indicates which phases may occur together in an equilibrium assemblage. These mineral 

associations are good indicators of compatible phases. The pegmatite environment contains 

many of the minerals of interest. Rare earth phosphates, rare earth oxides and rare earth 

carbonates which are good hosts for the lanthanides and actinides, coexist with a variety 

of complex silicates, which may host other critical elements. These in turn coexist with 

some of the common silicates, which may be more appropriate hosts for Sr and Cs. 

P.1.2 Kinetic Factors 

Often the concentration of an element in solution is not determined by thermodynamic 

solubility data but by the kinetics of water-rock interactions. Data on this part of the 

stability criteria are most urgently needed. Me outline here the principal factors that 

indicate the kinetic stability of various minerals. 
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P.1.2.1 Leaching rate 

If the leaching is surface-controlled, the rate at which a cation is leached from a 

mineral depends on: 1) the reactive specific surface area of the mineral and the solution; 

2) the concentrations of the species or ions involved in the transition state of the rate-

determing step for surface reaction; 3) the free energy of activation of the activated com

plex; and 4) the temperature of the solution-rock system. The effects of pH, Eh and com

plexes enter via their effect on the numbers in 2). The role of temperature in kinetic 

processes is much more prominent than its role in solubility calculations, due to the high 

activation energies (10 to 100 Kcal/mole) often encountered. Thus it is crucial to measure 

accurately the activation energies for the important leaching rates. 

Leaching rates can also be controlled by the rate of transport (i.e,, diffusion) of 

leached cations from the weathering mineral-solution interface to the bulk of the solution. 

In this case, temperature will play a much more minor role, since diffusion activation 

energies are ̂ -4 to 5 Kcal/mole in electrolyte solutions. Experiments should decide which 

mechanism is operative for each mineral (e.g., feldspars and calcite seem to weather accord

ing to the surface-controlled mechanism, while olivine dissolves by a diffusion-controlled 

mechanism). The leaching rate may sometimes be severely limited by inhibitors. These inhi

bitors could be organic substances or ions such as jPO« , which deactivate the active 

sites on a surface (e,g,, such as the effect of [PO4] on calcite dissolution). A 

protective coating may sometimes also form on the surface of the weathering mineral. All 

these factors add to the kinetic stability of a mineral. 

Neither data on leaching rates of relevant minerals nor an understanding on their 

mechanisms are now available. This gap certainly needs to be filled. The theoretical 

framework to understand the kinetics of leaching or dissolution is developed to a reasonable 

degree (Nielsen 1964, Hofmann et al, 1974); however, application to relevant geologic mate

rials is needed. 

P,1.3 Crystal Chemical Criteria 

P.l.3.1 Element Substitution 

In establishing which minerals are appropriate to contain the relevant nuclear waste 

elements, one may use minerals that are known to contain the element or elements of interest 

and satisfy the stability criteria. Many such examples will be identified, particularly for 

Sr, lanthanides, and U. However, elements such Cs, I, actinides, and Tc are so rare in 

nature that few known minerals contain them as essential elements. One can then use the 

principles of crystal chemistry to predict the formation of mineral-like phases that will 

contain the elements in question or mineral phases into which significant quantities may be 

incorporated in solid solution. 

The critical elements all behave essentially like ions in their compounds, so one can 

use the principles of element substitution in ionic compounds as criteria for predicting 
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appropriate host phases. The main criteria are similarity of chemical parameters, particu

larly the ionic radius and the charge. Other parameters such as polarizability and 

d-orbital interactions will have a lesser effect in determining the amount of substitution. 

Thus one can use a table of ionic radii to predict possible substitutions, remembering that 

charge balance must be maintained by a coupled substitution of another element whenever 

necessary. 

P.l,3,2 Ionic Radii 

Table P,l,6 lists the ionic radii of the important nuclear waste elements and of the 

elements present in minerals which are most likely to be substituted. Usually, complete 

substitution may occur if the ionic radii differ by no more than 15%. Limited substitution 

may occur if the radii difference is larger, or a new compound may be induced to form. This 

compound may be isostructural with the host phase or may have a distinctly different struc

ture. If the phase is isostructural, then stability properties of the new phase may be 

similar to that of the host, or certainly be close enough to warrant further investigation. 

TABLE 

Radius 

1,81 

1.25 

2,20 

0,95 

0,65 

0.56 

1,16 

1.03 

0.97 

1,00 

0.45 

0,98 

1.00 

0.96 

1,00 

0,95 

0.98 

P.l,6 

(A) 

Selected Ionic 

Ion 

Nal^ 

K1^ 

a* 
Ba2^ 

cii-

Br^-
Y3+ 

Zr^^ 

Ti^^ 

Th^* 

Mn^*(HS)('=) 

Fe^'^(HS) 

Cr3^ 

Ce3^ 

Radii(a) 

CN 

VI 

IX 

VI 

IX 

VI 

VIII 

VI 

VIII 

VI 
VI 

VIII 

VIII 

VI 

VIII 

VI 

VI 

VI 

VIII 

Ionic Radius 

1,02 

1.32 

1.38 

1.55 

1.00 

1,12 

1,36 

1,42 

1,81 

1.96 

1,02 

0,84 

0,61 

1,04 

0,65 

0,65 

0,62 

1,11 

Ion 

Cs"̂  

Sr2^ 

Î -

l5̂  

Tc^^ 

Tc7^ 

La3^ 

Dy^^ 

Ce^^ 

Û ^ 
U6+ 

NP^^ 

Pu3^ 

Pu^^ 

Am3^ 

Am^^ 

Cm3^ 

CN(b) 

X 

VIII 

VI 

VI 

VI 

VI 

VIII 

VIII 

VIII 

VIII 

II 

VIII 

VI 

VIII 

VI 

VIII 

VI 

(a) After Shannon and Prewitt (1969), 
(b) CN = coordination number, 
(c) HS = high spin. 
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+1 +1 
Using Table P,1.6 as a guide, one can see that Cs is large and most like K and pos-

+? sibly Ba . There is only one mineral in which Cs is essential, and that is pollucite 
(Cs2Al2Si,0-,2 * nH20), a member of the analcime (Na2Al2Si«0-|2 * nH20) family of minerals. 

The fact that it is acting in the role of Na suggests that other Na and K phases may 

act as hosts for Cs^ . Other possible examples include the feldspars (K,Na,Ca) (Al, Si).0g, 

feldspathoids, (K,Na,Ca) (Al,Si2030^_g, zeolite, (K, Na, Ca) Al, Si)j^02^ • nH20 and micas, 

(K,Na,Ca)2(Al,Mg,Fe)^_g(Al,Si)g02g(0H)^. Traces of cesium are known to occur in each of 

these minerals, 
+2 The next element, Sr , is found in many compounds in nature. Often it shows substitu-
+2 +2 

tional relations with Ba and sometimes with Ca . It may also occur in many of the s 
ame 

phases as indicated for Cs above. 

Iodine exists in nature both as I" in two compounds and as IO3" in several other 

phases. Its crystal chemistry is similar to the halogens; it behaves most similarly to Br" 

and possibly CI", although the radii are markedly different, \lery few synthetic iodine com

pounds have bromine of chlorine isostructural counterparts. Ways to tie iodine up in the 

crystalline state are discussed later. 

Technetium is chemically most similar to manganese and rhenium. There are no known 

technetium compounds in nature, and there is little knowledge of its crystal chemistry. It 

is discussed separately below. 

The rare earth elements are all very similar in ionic size, although the heavier ones 

are small enough to cause them to form different series of compounds in some instances from 
+3 the larger ones. For example, the large lanthanides behave similarly to Ce and commonly 

+3 substitute for it. The smaller lanthanides tend to substitute for Y , Rare earths are 

also known to substitute for Th and Zr in many of their minerals. 

The actinides show some similarities in size and commonly follow Y , Th , Zr , U 

and Ce , There are enough differences between uranium chemistry and actinide chemistry to 

make casual geochemical reasoning suspect and specific research is needed. Uranium readily 
+fi +2 

oxidizes in nature and is commonly found as U uranates and as uranyl, UO . Plutonyl and 
Neptonyl can be made and may substitute for uranyl. 

Crystalline Sollutions 

Because of the ease of substitution of ions for other similar ions, it is common for 

solid solutions to occur. A solid solution is a compound in the crystalline state in which 

one or more ions have replaced other similar ions in the crystal structure without disrup

ting the atomic arrangement. Substitutions may be complete (e.g., Fe-Mg in olivine (Mg, 

Fe)2SiO^), or limited, (e.g., K-Na in nepheline (Na,K) AlSiO^) between two end member 

compositions. 

Natural compounds are rarely pure end members, as solid solution is very common in 

minerals. Some minerals may have several substitutions and thus extreme variability in 

chemical compositions occurs. The amphibole family, which has four different sites that 

allow substitution, is an extreme example. Partial solid solution may actually be desirable 

file:///lery
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as a waste element fixation mechanism, because the mineral's stability may be better con

trolled by the host composition. In other words, the waste ion would be sufficiently dilute 

in the host structure that it does not substantially modify the stability of that host, 

Isostructural Compounds 

Crystals that allow solid solution necessarily have the same crystal structure for the 

end members. Compounds with the same structure may show no or very limited solid solu

bility, usually because of marked size differences of the ions involved. Such isostructural 

groups may have similar stability properties. Thus it may be useful to identify families 

of compounds with certain structural properties that may predict the existence of a stable 

compound of a particular waste element. Calcium compounds, for example, may indicate pos

sible strontium compounds. Bromides and chloride compounds may indicate possible iodide 

compounds. Several isostructural possiblities are identified below. 

P.1.4 Synthesis 

Preparation of synthetic minerals requires that the desired elements from the waste 

streams be mixed with other materials. The mixture is then reacted to form the synthetic 

mineral. Considered here are the problems that may arise in the processing of nuclear 

wastes into synthetic minerals. 

The purity of the partitioned waste stream will determine whether side reactions will 

lead to additional phases in the synthetic mineral assemblage. The controlling factors will 

be the ionic size and the ionic charge of the additional cations present. Ions whose size 

and charge are similar to those of the element being packaged will dissolve into the synthe

tic mineral as a minor solid solution. Many of the mineral phases are very "forgiving"; 

that is, they will accept many elements into solid solution at least in small amounts. If 

there is a large size or charge mismatch, the impurity elements in the waste stream will 

react to form secondary minerals of their own. Whether this is detrimental to the proces

sing will have to be evaluated in individual cases. 

Three general methods of reaction are in common use among geochemists for the synthesis 

of minerals: calcination, solid state reaction, and hydrothermal reaction. In each method, 

it is necessary to mix the waste elements with the other components in the right proportions 

to form the minerals. Many minerals are nearly stoichiometric, that is the components must 

be mixed in exactly the proportions called for in the mineral formula. If this is not done, 

some components will be left over to form additional phases. The stoichiometry of minerals 

that form solid solutions is not quite so critical. 

Mineral synthesis by calcination involves these steps: 

• taking each component into solution (for example, as the nitrates) 

• mixing the solutions in correct proportions using volumetric methods 

• precipitating the solution as a gel, spray drying, or by another method forming a 

calcine (a highly reactive fine-grained, often poorly-crystallized powder) 
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• f i r i ng the calcine, at temperatures of typical ly 900° to WOO'c (temperatures 

depend on the mineral being synthesized) to form the f inal we 11-crystal11 zed 

mineral phase. 

The f i r s t step is not discussed here since the partitioned wastes are in nitrate solution. 

Calcination can be carried out using the types of spray calciners that have already under

gone considerable development and testing for the sol id i f icat ion of radioactive wastes. No 

new technology is involved to adapt these devices to synthetic minerals and the expected 

d i f f i cu l t ies are those of remote handling and metering of the solutions and of calciner 

operation. Firing the calcine to form the f ina l crystal l ine product in general w i l l require 

temperatures that can be reached in base metal furnaces or gas-fired ki lns. 

Mineral synthesis by direct solid-state reaction is done as the name implies. The 

radioactive waste and the other components needed to construct the mineral phase are mixed 

as solids. The solid must be intimately mixed, ground, and compacted before reaction. 

Reaction temperatures are higher and reaction times are longer because the components are 

crystal l ine solids and transport can only take place by diffusion. The main d i f f i cu l t y 

expected here is the maintenance of equipment at the high f i r ing temperatures. There may 

be more problems with furnace burn-out and breakage or fluxing of refractories. Rare earth 

and actinide oxides, for example, tend to be very refractory and w i l l require high reaction 

temperatures i f this method is employed, 

Hydrothermal synthesis is the technique of reacting materials using high pressure, high 

temperature water as both a solvent and as a catalyst. I t has the tremendous advantage of 

causing reaction between poorly reactive substances at modest temperatures (200° to 800''C is 

the experimental range) but i t has the important d i f f i cu l t y of requiring reaction at high 

pressure (hundreds of thousands of atmospheres). To this must be added the d i f f i cu l t ies 

associated with assembling and disassembling the pressure vessel by remote handling. Hydro-

thermal synthesis is not suited to large scale processing. About the only commercial 

process that uses hydrothermal synthesis on a large scale is the growth of quartz crystals 

for the electronics industry. This is a batch process and inherent l imitations of pressure 

vessels require that the batches be f a i r l y small. Commercial quartz-growth vessels are 

2 to 3 m high and 0.3 to 0.5 m in diameter. 
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P.2 DISCUSSION OF MINERAL GROUPS 

P,2,l Silicate Minerals 

Silica, SIO2, makes up over 60% of the earth's crust, and alumina, AI2O3, makes up 

another 15%, It is not surprising that these elements dominate the rock-forming minerals. 

About half of the known mineral species are alumino-silicates, most of which are composed 

of one or more of the other eleven most abundant elements in the earth's crust. Feldspar 

alone makes up 58% of the earth's crust. Because of the abundance of these silicate min

erals and their occurrence in a wide variety of rocks, one naturally asks if any of them 

might be potential radionuclide hosts. Detailed chemical and crystallographic data on most 

of the silicate minerals have been compiled by Deer, Howie, and Zussman (1962), 

The suitability of silicates as hosts depends specifically on the ability of the radio

nuclide to substitute in solid solution for one of the essential ions of the compound. This 

is especially true for the common rock-forming silicates. We examine each of the major 

groups of silicate minerals and consider the general principles of crystal chemistry that 

might elucidate any ionic substitutions of Interest, We also consider some common families 

of silicate minerals that may to have potential as repository minerals. 

We can dismiss some groups quite easily. The silica (Si02) family of minerals is 

usually rigidly stoichiometric, although substitutions of Al for Si create a charge 

Imbalance; this is usually compensated for by "stuffing" the framework with Na , K or 

Ca*. Cs"*̂  and Sr are too large to enter into these compounds. The olivine-related min

erals. Including the humite series, are structurally based on close packaging of oxygen 
+2 o 

ions, and the largest ion that finds its way into these compounds is (Ca )VI at 1,00 A, 

Only Tc is small enough to fit comfortably, but it is too highly charged. The lanthanide 

and actinide elements likewise are too highly charged, 

P,2,l.l Pyroxene Minerals 

The pyroxene group of minerals are a series of compounds with a general formula 

XY(Si,Al)20g, where X represents usually a mono- or di-valent ion with ionic radius in the 

range 0.6 to 1,0 A. Examples are Na*, Ca*^, Mn*^, Fe*^, Mg*^ and Li*. The Y cations are 

di- or tri-valent ions with radii in the range of 0.5 to 0,8 A, Examples include Mn , Fe , 
+2 +3 +3 +3 +4 

Mg , Fe , Al , Cr , and Ti . These small ranges in ionic size result from a structure 

that is quite closely packed in terms of the oxygen ions. Too much distortion from substi

tution of larger ions usually breaks down the structure. 

About the only critical element which might substitute in pyroxene would be Tc"''̂  with 
o +4 

an ionic radius of 0,6 A, The only other 4-valent ion that occurs in pyroxenes is Ti 

(radius—0,605 A). Titanium rarely substitues in quantites greater than one percent by 

weight, although in some of the titanaugites it may reach 3 to 5%. 

The suitability of pyroxene as a technetium host require considerable research and, as 

a host, pyroxenes are marginal. It is probable that ferrite-like phases will prove more 

suitable hosts for technetium than any silicate. 
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The reported rare earth content of any pyroxene is never greater than trace quantities, 

and these are probably due to minute inclusions of other rare earth minerals. 

Pyroxenes form easily in both dry and hydrothermal systems, and they are common reac

tion products in many silicate experiments. In studies on the decomposition of nuclear 

waste products in glass under mild hydrothermal conditions, pyroxene was a common end pro

duct. Even with the presence of all radionuclides at moderate concentration levels, none 

of them was detected in the pyroxene phase. 

P.2,1.2 Amphibole Minerals 

The general formula of the amphibole minerals is WQ_,X2Yg(Si2Al)g022(0H)2, The 

X and Y sites are essentially Identical with those so labeled in the pyroxene minerals. The 

limits on ionic substitutions are the same also. The W site, which is not always occupied 

in amphiboles, accepts low-charge cations in the ionic radius range 0.95 to 1.35^ A. These 
+ + X X 

are usually only Na and K , and no other ions are known as substitutes. Amphiboles have 

sometimes been called "nature's waste-baskets" because the W, X and Y sites can accept so 

many elements, but the structures are not suitable for any of the critical radionuclides 

except possibly Tc . The remarks concerning Tc are the same as for the pyroxenes dis

cussed above. 

The synthesis of amphiboles is not favorable for them to be considered as potential 

repository phases. Because the minerals are hydrous, water pressures must be maintained 

during the synthesis. This, in turn, requires that hydrothermal methods be used. Volcanic 

rocks rarely contain amphiboles because the water leaves the lava when it reaches the sur

face. Amphiboles that survive are usually formed in the magma chamber before eruption. 

P.2.1,3 Epidote Minerals 

The compositional formula for the epidote minerals is X2Y3Z,(0,0H,F)., in which 

X = Ca, Ce^*, La^*, Y^*, Th, Fe^*, Mn^*, Mn^* 

Y = Al, Fe^*, Mn^*, Fe^*, Ti 

Z = Si, Be, 

The compositions of epidote minerals that occur commonly are: 

zoisite/clinozoisite Ca2Al3Si30i2(0'^)5 

epidote Ca2FeAl2Si30-^2(0H) 

piemonite Ca2(Mn,Fem,Al) 35130^^2 (OH) 

allanite (Ca,Ce,La,Y)2(Mn,Fe*^,Fe*^,Al)3Si30j2('^^^) 
Allanite is resistant to weathering and appears as a detrital mineral. 

90 
The large X-cation site in epidote is suitable for incorporating Sr, rare earths, 

and possibly actinides in synthetic analogs of allanite. However, epidote is not suitable 

as a nuclear waste host because of the difficulty in synthesizing the mineral. All of the 

epidote minerals are stable at low temperatures and modest to high pressure. At high tem

perature (greater than 600 to 700°C) the epidotes dissociate according to the reaction 
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4Ca2Al3Si30j^2(*) 5CaAl2Sl20g + CaSi03 + Ca2Al2SiO, + 2H2O, 

zoisite anorthite wollastonite gehlenite 

Epidote appears readily on a laboratory time scale only at pressures in excess of 

3 kilobars and temperatures in the range of 600°C (Deer, Howie, and Zussman 1962). Success

ful synthesis at atmospheric pressure by calcination or related techniques does not appear 

likely. 

P.2.1.4 Garnet Minerals 

The garnets are orthosilicates with the general formula 

3̂̂ 2̂ ''3'̂ 12 

where X = Mg, Fe^* or Ca; Y = Al, Fe'̂ * or Cr^*, 

Although the garnets are dense and close-packed structures, the 8-coord1nated X-cation 

site will accept large ions; Sr-substituted grossular (Ca3Al2Sl30,2) may fit there. How

ever, grossular is best synthesized at temperatures in the range of 800°C under hydrothermal 

conditions with a water pressure of 2 kilobars. Attempts at lower pressure synthesis lead 

to a hydro-garnet, in which OH is substituted for the oxygen, or to mixtures of calcium sil

icates. In general, garnets are high-pressure phases in nature where they occur in metamor

phic rocks. Once formed, the garnets are resistant to weathering and appear as detrital 

minerals. 

P,2.1,5 Calcium Silicate Minerals 

Possible candidates among the calicum silicate minerals are limited, partly because of 

the hydraulic nature of the anhydrous di- and tri-calcium silicates and partly because of 

the poor resistance of the hydrated phases to mechanical degradation and their high reacti

vity under quite mild hydrothermal conditions. As with the pyroxenes to which they are 

related, the structures of possibly useful calcium silicate phases tend to be close-packed 

with limited possibilities for isomorphous replacement or crystalline solution (at least in 

the pure phases). Wollastonite (CaS103) and rankinite (CajSigO^) appear the only serious 

contenders in the group. Both form from oxides at 1200 C and represent the end members of 

dehydration for hydrated calcium silicate phases. They show little reactivity at lower tem

peratures; in particular, neither is hydraulic. Strontium can replace calcium in both, mak

ing them possible hosts for that cation. 

Possibly of more potential use are compounds closely related to the calcium silicates 

but with off-stochiometric composition, Bustamite r(Ca,Mn,Fe)S103l and rhodonite 

[(Mn,Cu)S103l, formally allied to wollastonite, have more "open" structures than wollasto

nite and may be able to accommodate a larger range of foreign ions in substitution. Synthe

sis and stability of these phases are similar to wollastonite. 
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Although the pure di-calcium silicates must be ruled out, appreciable amounts of 

lanthanide solution occurs and stabilizes the non-hydraulic, Y-Ca2SioO. form. This phase 

may act as strontium and a lanthanide host, but studies are needed to define solubility 

limits and the stability of material. 

Recently, Scott (1976) described the crystal structure of a hydrated potassium-calcium 

silicate, miserite |KCag(Sig022)(0H)Fl, which appears capable of incorporating a wide vari

ety of cations into a vacant site and "locking" them there. The mineral occurs with aegi-

rine and orthoclase, sometimes with wollastonite; it appears to be geologically stable and 

a potentially useful host for a wide range of cations if some way to incorporate them into 

structure can be found. Studies of the synthesis and stability of miserite could prove 

fruitful, 

P,2,1.6 Layer Silicate Minerals 

The layer silicate minerals include the micas, the clays and the chlorite families. 

The mica family has the general formula WQ_.Y2_3(Si2Al)«0,Q(0H)2 where W and Y have the same 

meaning as in the pyroxene and amphibole discussion. The same range of ionic substitutions 
2-

occurs as in the amphiboles and pyroxenes. Fluorine and less commonly CI and S may sub
stitute for the (OH). Biotite is commonly reported from granites and pegnatites, which con
tain traces of rare earth elements, but these traces can usually be attributed to xenotime 
(Y.,,)PO- inclusions rather than to being incorporated into the mica structure directly. 

The remarks also pertain to the other groups of layer silicates as far as ionic substi

tutions are concerned. Because chlorites and clays may have layer units with residual elec

tronic charges, seme ions may be adsorbed on the surfaces, Interlayer ions may be easily 

exchanged. The permanence of these attachments, however, is poor and the materials cannot 

be considered potential repository phases. 

P.2.1.7 The Melilite Minerals 

The common melilites are a solid solution 

Ca2MgSi207 - Ca2Al2SiO, 

akermanite gehlenite 

in which magnesium is gradually replaced by aluminum. The entire series can be prepared 

synthetically by dry-firing—that is, calcination techniques at temperatures in the range 

of 1000 to 1200°C, The minerals as found in nature in high temperature, low pressure envi

ronments and synthetically in slags are related materials. They appear to be stable under 

ambient conditons. Strontium analogs can be made and this mineral series is a potential 

host for Sr. 

P.2,1.8 Feldspar Minerals 

The feldspar minerals are the most abundant mineral group on the earth and a major con

stituent of granite rocks, but they are remarkably simple in chemistry. They have the for

mula (K,Na,Ca,Ba)j^Alj^_2Si2_30g with almost no other chemical substitutions allowed. Boron 
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and Fe are known to substitue for Al, and Cs and Sr may substitute for the cation, A 

SrAlpSipOo phase can be synthesized, which is analogous to BaAl2Si20„, but the level of Sr 

in natural feldspars is rarely 0,5 wt%. The level of Cs is never greater than 0,005 wt%. 

Feldspars weather slowly to clay minerals under surface ambients but are very stable in 

rocks. 

P,2,l,9 Feldspathoid Minerals 

The feldspathoid minerals form when alkali-rich aluminoiilicate compositions have 

insufficient SiO^ to form free quartz. The minerals usually coexist with feldspar, particu

larly the one with the corresponding alkali ion. The important feldspathoids are nepheline, 

(Na,K).Al.S1.0,g; leucite, KAlSi20g; analcime, NaAlSi20g H2O; soldalite, NagAlgSig024Cl2, 

and cancrinite (Na,K,Ca)g_g (Al,Si),2024(^^'^°4'^^3)l 5.2 0 "^2^' Scapolite, 

(Na,Ca,K).Al3lal,Si)3Sig024(Cl,S0.,C03), may also be considered here because it resembles 

sodalite and cancrinite in behavior although it is not formally considered a feldspathoid, 

Nepheline is a stuffed derivative of tridymite (Si02) and can accept alkali ions in the 

framework to charge compensate the Al that substitutes for Si, The cages are just large 

enough to accept K (ionic radius = 1,38 A) and actually prefer some Na (ionic 

radius = 1,02 A) to relieve some of the strains on the framework linkages. To accept larger 

cations such as Cs and Sr would be too much strain on the structure. Cs and Sr are gener

ally not reported in any nepheline analyses, 

Leucite and analcime have similar crystal structures with identical frameworks. The 

cages are larger than in nepheline and Cs will substitute freely in the analcime to form the 

only Cs mineral in nature. Pollucite, CsAlSi„Og O.5H2O, forms readily from its components, 

and is the leading candidate as a repository phase for Cs (Komarnini et al. 1978), Consid

erable study has already been made on pollucite for this purpose. The possiblity of a Sr 

analog also exists, but it does not occur in nature, 

Sodalite, cancrinite and scapolite may have two uses as potential waste minerals 

although considerable research is needed to verify their potential. All three minerals may 

have Cs and Sr analogs, where these elements substitute for Na, Ca, or K, as in leucite-

analcime. The framework cages are larger than in leucite and analcime, but because of this 

increased size the alkali cations are easily exchanged and hence easily Teachable, Another 

interesting aspect of these structures is the trapping of large anions in the cages. All 

three minerals are known to have significant quantities of CI", SO" and CO" in the struc

tural cages, and sodalite often has S~, This behavior immediately suggests the possibility 

of trapping I" Inside the cages. If the structure can be grown around the I" before the 

iodine volatilizes, it may be effectively caged because its radius (2,20 A) is considerably 

larger than the cage ipening (1.40 A), Much research is needed on this potential, 

P,2,1,10 Zeolite Minerals 

The zeolites are a large group of industrially important compounds, many of which exist 

as minerals. Their properties have been surveyed by Breck (1959). They have 
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aluminosilicate framework structures with larger cages and cage openings than do the felds

pathoids, and all zeolites show exchange properties of the nonframework cations. This prop

erty is undesirable in a repository compound unless the radionuclide can be stabilized in 

the structure. 

Both Cs and Sr zeolites have been synthesized, and one Sr zeolite occurs in nature, the 

mineral brewsterite, SrAl2SigO,g*5H20, It is found in volcanic basalts in gas cavities as a 

very late-formed mineral. 

Zeolites can be synthesized by gel and by hydrothermal methods. They contain consider

able water, which helps keep the framework open and which can be driven off by heat. Some 

structures collapse at relatively low temperatures, even as low as 100°C; but may retain 

their structural integrity as high as 800°C. The exchangeability of the cation, however, 

suggests that the zeolites in general will not desired cations for sufficient times under 

various conditions to be effective repository compounds. 

Rare earths have been exchanged in some of the zeolite phases. In particular the 

faujasite series may be synthesized with a Ce:Ca ratio of 6:4 (Olsen et al, 1967), The 

faujasites have one of the more open zeolite framework structures. Considerable research 

is needed to determine the suitability of zeolite structures as waste repositories; they 

cannot be dismissed sutimarily, 

P,2.11 Borosilicate Minerals 

Because boron forms a very stable oxyanion, both as BO3 and BO, coordination polyhedra, 

many borosilicates are quite stable mineral structures. Beryllium as BeO, coordination 

polyhedra also forms quite stable minerals with silicates. Many minerals of this type are 

known to contain rare earth elements (REE) either as essential elements or in solid solution 

to significant levels. Table P,2,l lists the most important of these minerals. These min

erals are considered possible repository phases. 

The borosilicates and berylosilicates are primarily found in rare-earth bearing pegma

tites, both granite and nepheline syenite types. The affinity for rare-earth elements is 

indicated by their formation. The stability of these phases under repository conditions is 

unknown. Considerable experinentation is needed to determine their suitability, 

P,2.1.12 Zirconosilicate and Titanosilicate Minerals 

Interest in the zirconosilicate and titanosilicate minerals arises from the known sub

stitution of rare-earth elements and actinides for both Ti and Zr, Usually, the quantities 

are small. The known minerals are listed in Table P.2.2. Both the zirconosilicates and 

titanosilicates are formed in pegnatite deposits. They are commonly associated with other 

rare-earth bearing minerals. Evidence suggests that many of them may be quite resistant to 

weathering and zircon and titanite are known to survive as heavy minerals in placer 

deposits. 
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The stability of this group of minerals under repository conditions deserves more 
+1 +2 

study. They may actually prove to accept Cs and Sr in some of their structures for Ca, 

Na, or Ba. One Sr phase, lamprophyllite, is known, 

P.2.1.13 Rare-Earth Silicate Minerals 

A large number of minerals are essentially rare-earth silicates with or without other 

essential elements. These compounds must all be considered potential repository phases for 

both the lanthanides and actinides. Some of the phases have demonstrated stabilities, hav

ing formed in granites or pegmatites and then survived the sedimentary cycle to be deposited 

in Placers. Alanite is one exmple; it was discussed with the epidote minerals. Thorite, 

huttonite, and cheralite are other examples. 

Most of the minerals in Table P.2.3 are formed in pegmatites. The lanthanide (Ln) 

families of Ln2Si207 and Ln2SiOc phases are easy to prepare synthetically. Many of them 

show several structural modifications, but they have high melting or decomposition tempera

tures. Some of the minerals such as coffinite, USiO., may be synthesized at 100°C. These 

minerals form in sedimentary rocks from circulating ground waters. 

TABLE P.2.3. Rare-Earth Silicate Minerals 

Rare-Earth 
Sil icates 

Allanite 

Ashcroftine 

Br i thol i te 

Cheralite 

Coffinite 

Ekanite 

Huttonite 

l imorite 

Kainosite 

Miserite 

Nordite 

Phosinaite 

Sazhinite 

Soddyite 

Thalenite 

Thorite 

Thorosteenstrupine 

Thbrtveit i te 

Tombarthite 

Tornebohmite 

Umbozerite 

Uranophane 

Weeksite 

Y t t r i a l i t e 

Formula 

(Ce,Ca,Y)2(Fe,Al3)(Si04)3(0H) 

KNaCaY2Sig0j2(0")l0*^"2° 
(Ca,Ce)5(Si04,P04)3(0H,F) 

(Ca,Ce,Th)(P,Si)0^ 

^(^^•°4h-x(0"Ux 
(Th.U)(Ca,Fe,Pb)2Sig02o 
ThSiO^ 

Y5(Si04)3(0H)3 

Ca2(Ce.Y)2Si40j2(^03)'"2° 
K(Ca,Ce)4Si50^3(0H)3 

(La,Ce)(Sr,Ca)Na2(Na,Mn)(Zn,Mg)S1g0j7 

H2Na3(Ca.Ce)Si04P04 

Na3CeSig0j5-6H20 

(U02)5Si209-6H20 

Y2Si207 
ThSiO^ 

(Ca,Th,Mn)3Si40jjF-6H20 

(Sc,Y)2Si207 

Y4(Si,H4),0,2.,(0H),,2x 
(Ce,La)3Si20g(OH) 

Na3Sr4ThSig(0,0H)24 

Ca(U02)2(Si030H)2 
K2(U02)2Sig0^5.4H20 

(Y,Th),Si,0, 
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Again, these minerals require considerable research to define their suitability as 

repository phases. Their long-time stability must be defined particularly under hydrother

mal conditions, 

P,2,2 Oxide Minerals 

P,2.2,l Perovskite structure—ABO- (CaTi03) 

A = Ca, REE, Na, Th, U radius 'v.KO A 

B = Ti, Nb, Ta, Fe^*, Mg, Zr radius-vO,7 A 

Knopite (Ca,Ce)(Fe,Ti)03 

Dysanalyte (Ca,Ce,Na)(Ti,Nb,Fe)03 

Loparite (Na,Ce,Ca)(Ti,Nb)03 

Irinite (Na,Ce,Th)j_^(Ti,Nb)03_^(0H)^ 

Metaloparite (Ce,Ca)j^_^(T1,Nb)3_^(0H)2 

Loparite, irinite and knopite are found as metamict minerals, Perovskite occurs as an 

accessory mineral in basic igneous rocks, often in association with melilite, nepheline or 

rare earth apatite, as well as in metamorphosed calcareous rocks in contact with basic igne-
3+ 

ous rocks. The B ion is mostly Ti with a little Nb and Fe in all the various minerals 

above. The variety rich in rare earths, chiefly cerium, is knopite and is also high in 

alkalis (Na), loparite, or its hydrate, metaloparite, Dysanalyte is high in Nb and irinite 

is distinguished by its high thorium content, 

2+ 
Since Ca is in 12-fold coordination in perovskite, it is replaced preferentially by 

the large light lanthanides, i.e. La and Ce (r, 3+ = 1,15 A, r^ 3+ = 1,11 A), rather than 

the yttrium earths, Hydrothermal alteration of loparite leads to metaloparite with loss of 

alkalis, assimilation of water and enrichment in the rare-earth elements (Vlasov 1966). 

Thus it seems that loparite retains the REE in alteration, Loparite is also known to occur 

as a placer deposit-forming mineral. Therefore, perovskite minerals are a possible host for 

lanthanide and actinide elements. 

We can calculate the conversion of perovskite to rutile by a weathering solution, i.e. 

Hence for pH = 6 

pH = 8 

CaTi03 + 2H^* ^ Ca^* + H2O 

K - inl8.14 
•̂ 298 - ^° 

a^^2+ = 10^ • ^ \ ; 

Evidently the reaction, at equilibrium proceeds overwhelmingly to the right, which sug

gests that loss of Ca (and maybe REE) would follow if equilibrium were maintained. However, 

the kinetics of the above reaction may be slow, and more work is needed to determine the 

leaching rate, 

P,2.2.2 Pyrochlore—AoBoOg(0,F,OH) or (Ca,Na,Ce)2.x(Nb,Ti)20g(0H,F) 

The pyrochlores are also characteristic of basic rocks and alkali rock massifs 

(nepheline-syenites, alkali syenites, albitized granites and carbonatites) and occur in 
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close association with albite, zircon, apatite, sphene, biotite, Pyrochlore occurs in both 

the metamict and crystalline state. It has quite a variety of names: 

Pyrochlore (Na,Ca,U,Ce,Y)2_j^(Nb,Ta,T1)20g(0H,F); 

Betafite (U,Ca)2_x(Nb,Ti,Ta)20g_^(0H)j^^, high Ti and U; 

Zirconolite (CaZrTi207); 

Microlite (Ca,Na)2Ta20g(0,OH,F), high Ta; 

Djalmaite (Ca,Na,U)2Ta20g(0,0H,F), high U relative to microlite; 

Obruchenite (Y,U,Ca)2_^Nb20g(0H), low Ti, high Y and U, 

The differences among minerals reflect only the amounts of U, Ti, Ta, Y relative to 

pyrochlore, Pyrochlore from carbonatites can have up to 4% ThOp. Hydration of pyrochlore 

leads to loss of mobile REE, Ca, Na and an increase in U (Vlasov 1966). Pyrochlore can have 

up to 19% U.Og and high Sr, Pyrochlore also occurs as a placer deposit-forming mineral, 

P.2,2,3 AB20g—Nb-TI-Ta Oxides 

Columbite Structure 

Columbite (Fe,Mn)(Nb,Ta)20g (tantalite), Columbite can have up to 3% REE, little U. 

It is very abundant in acid rocks, e,g, (rarer) granite, granitic pegmatites, quartz 

veins; occurs in association with biotite, albite, zircon. Columbite-tantalite is a placer 

deposit-mineral and is insoluble in acids (Vlasov 1966), Furthermore, it is very resistant 

to weathering and accumulates in deluvial, eluvial, and alluvial placers, resulting from the 

weathering of columbite-bearing granite and pegmatite. In placers, it is associated with 

cassiterite, zircon, ilmenite and rutile, Columbite may be a good candidate for hosting 

lanthanide and actinide elements, 

Euxenite Structure 

Euxenite-polycrase Y(Nb,Ti)2(0,0H)g—Y(T1,Nb)2(0,0H)g 

Delorenjite Y(Ta,Nb)2(0,0H)g 

Fersmite (Ca,Ce)(Nb,Ti,Fe)2(0,0H,F)g 

Thorium is in higher coordination in euxenite structures than in columbite structures, 

Th, U, and Ca can replace Y up to several percent, U up to 16% UO2, Th up to 8% Th02. 

Euxenites are widespread in granite pepatites, Euxenite occurs as accessory mineral In 

granites and is also found in small amounts in placers. It is associated with ilmenite, 

monazite, xenotime, zircon, and garnet. 

Fersmite is found in nepheline-syenite and carbonatite massifs in association with 

columbite, apatite, calcite, fluorite. It is typical of rocks of intermediate composition 

(for weathering and alteration see below). 

Priorite Structure 

Priorite-Aeschynite (Ce,Nd,Th,Y)(T1,Nb)20g 

Polymignite (Ca,Fe,Ce)(Zr,Ti,Nb020g 

Sinicite (Ce,Nd,Th,U)(Ti,Nb020g, high U, 
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Priorite differs from euxenite by having cerium REEs and a high content of thorium and 

Zr (little U), The REE have the same coordination as in the euxenite structure, Aeschynite 

occurs as an accessory in some deposits related to nepheline-syenite and alkali-syenite mas

sifs in association with zircon, biotite, corundum, muscovite, sphene, and fluorite. 

The weathering and alteration of the AB20g and A2B20g(0,0H,F) REE-Nb-Ti-Ta complex 

oxides can be handled in one group. These oxides have pervasive alteration with a usual 

weathered crust surrounding fresher oxides (Ewing 1975a), The results of weathering are 

leaching of the A-site cations (i,e., U, REE) and introduction of H2O or OH" or 0" into the 

oxide. The B cation remain basically unchanged (Ewing 1975a, Wambeke 1970), 

In weathering, up to 40% decrease in the REE content is possible, although the REE dis

tributions remain nearly the same (Ewing 1975a). For example, a priorite from the Kibara 

Mountains, North Katanga, had a fresh inner zone (black) with'v^O.075 cerium atoms and 0.95 U 

atoms per 5.58 0 atoms. Wambeke (1970) gives the relative leaching rate of A cations as 

110 REE atoms, 120 Na atoms and 40 U atoms per 100 atoms of Ca leached out. There are lit

tle hard data on the kinetics or solubility of these complex oxides; these should be 

obtained. It seems that columbite might be a good candidate among this group for Ce dis

posal, since it can be very resistant to alteration. Euxenite is the candidate for the U 

elements. 

P.2,2,4 ABO. Oxides 

Fergusonite Structure 

A = Y, REE, U, Ca, Th 

B = Nb, Ta, T i . 

Solid solution: YNbÔ  - YTaÔ  

fergusonite formanite 

The REE in fergusonite are mostly the yttrium rare earths (Vlasov 1966), Fergusonite occurs 

as a metamict mineral. Fair ly abundant in granite pegmatites, i t accumulates in small 

amounts in placers and is found as an accessory mineral in granites. In pegmatites, i t is 

associated with zircon, monazite, xenotime and euxenite, A study of monazite-bearing a l lu

v ial deposits in Malaya (Flinter et a l , 1963) showed fergusonite occurring with columbite, 

Ta/Nb r u t i l e , cassiterite and garnet. The samples were derived from a cassiterite-bearing 

granite. I t thus seems that fergusonite might be relat ively stable as a host of REE and 

actinides. 

P.2.3 Carbonate and Sulfate Minerals 

P,2.3.1 Rare Earth Fluorocarbonates 
_2 

Carbonate minerals are compounds of some cations with the carbonate anion, CO 3, often 

with hydroxyls and waters of hydration. Of more than 70 naturally occurring carbonate com
pounds, most are either water soluble or are easily decomposed. These Include the simple and 
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complex carbonates of the alkal i metals, the alkaline earth metals, and the transit ion metals. 

Most carbonates are sensitive to pH and dissolve easily in low pH solutions. 

Exceptions to the general ins tab i l i t y of carbonate minerals are the fluorocarbonate 

compounds of the rare earths. These are: 

Bastnaesite (Ce,La)C03F 

Parisite Ca(Ce,La)2(C03)3F2 

Cordylite Ba(Ce,La)2(C03)3F2 

Synchisite Ca(Ce,La)(C03)2F. 

Bastnaesite and parisite are relat ively insoluble even in low pH solutions at ambient tem

peratures. None are Insoluble in hot, low pH solutions. The rare-earth fluorocarbonates 

could act as hosts for rare-earth elements in neutral or alkaline repository rocks. 

P.2.3.2 Sulfate Minerals 

The number of sulfate minerals numbers several hundred but nearly a l l are soluble in 

water or are otherwise unstable. Two exceptions of Interest are barite, BaSO., and celes-

t ine, SrSO.. The solubi l i ty of barite in cold water is only 2,2 ppm while the solubi l i ty of 

celestine is 113 ppm. There is a complete solid solution between barite and celestine 

although intermediate compositions are not found in nature, 
90 Use of barite and celestine as hosts for Sr would be of value in a bedded anhydrite 

repository (anhydrite = CaSO.) because of the chemical compatiblity, 

P,2,4 Phosphate Minerals 

Natural phosphate minerals are a l l orthophosphates, the major one being f luorapati te. 

The phosphate-containing minerals include a subset, that seems particularly suited to the 

disposal of nuclear waste elements: the apatite family and the monazite-xenotime family. 

Since in nature phosphorus wi l l exist in only one valence state (+5) (for example, 

HgPOj > H2P0̂  only when f02 < lO"'̂ '̂ -'- at 250°C), the distr ibution and s tab i l i t y of i ts 

species in solution w i l l be Eh-independent. On the other hand, the dominant phosphorus spe

cies in solution w i l l be strongly dependent on pH and on possible complexing cations, since 

P0|, HPO« and H2P0̂  form strong complexes [e,g, with uranium (Langnuir 1978)], The reaction 

H2PO4 •* HPÔ  + H* (P.l) 

has a AG° = 9,83 kcal/mole- and a AH° = +0.99 kcal/mole at 25°C, which yields a K^ = lO"^'^^ 

at 25°C. Hence, for pH <7.21, H2PO4 will be the dominant PO^ species in solution 

and for pH /u7.21, HPO^ will be dominant. Ignoring complexes, this will also be true at 

higher temperatures, since AH° is so small. The total phosphorus content of ground waters, 

IPO,, is most often greater than 0.1 ppm but rarely greater than 1 ppm. 

In the mineral structure, the P0« tetrahedra can often be replaced by the CO3, SO., and 

SiO« groups leading to a variety of phosphate minerals. 
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P.2.4.1 Apatite Family-Cag(P0^)3(0H.F) 

Apatite is the most abundant phosphorus-bearing mineral. It is a common accessory min

eral in many types of rocks (acid to basic). Apatite can take up significant amounts of Sr 

(up to 11.6 vit% SrO) and also rare earths (up to 11 wt/U REE) and so may be a suitable host 

for nuclear waste elements. The rare earths, predominantly Ce, may replace Ca in apatites 

of alkaline igneous rocks. U (r = 0.97 A) can also substitute for Ca (r = 0.99 A). 

Natural apatites have'x-O.Ol?^ U, if primary igneous apatite, or slightly richer; 0.02% U if 

sedimentary marine apatite. Thorium is more abundant than U by a factor of 3 or 4 (Deer 

1962). Apatites can contain CO., S0« and SiO- groups replacing PO.. In sedimentary phos

phorites, the apatite can have up to 7 to 8% CO, content, with much lesser SO- or SiO. sub

stitution. The carbonate content of onshore phosphorites is less (3%) than that of sea 

floor phosphorites, suggesting that weathering reduces the carbonate content. 

In terms of geologic evidence for stability to weathering apatite is not uncommon in 

sedimentary rocks where it occurs both as a detrital mineral and as a primary deposit. It 

is not classified as a placer deposit-forming mineral, however. On the weathering stability 

list of Pettijohn (1941), apatite has an index of 6, putting it beneath biotite and garnet. 

Smithson (1941) from a study of Jurassic sandstones in Yorkshire, England, lists apatite as 

stable in unweathered rock but decomposed in weathered rocks. Graham (1950) lists apatite 

with olivine as least stable and Jackson (1953) puts it low in the second stage of the 

weathering sequence of clay-size mineral particles. Thus, the stability of apatite has yet 

to be firmly shown. 

Strontium apatite results in the solid solution: 

Ca5(P0^)3F -NaCeSr3(P04)3(0H). 

fluor-apatite belovite 

However, belovite is unstable under surface conditions and is readily replaced by rhabdo-

phanite, CePO- H-O; Sr and Na are then rapidly lost (Vlasov 1966). There is unlimited sub

stitution in the systems Ca5(P04)3F-Sr5(P04)3F and Ca5(P04)3(0H)-Srg(P04)3(0H). Sr-apatite, 

found in alkali pegmatites, is readily soluble in acids (Vlasov 1966). 

We can use the solubility criteria laid out in the introduction to this appendix to 

examine the stability of apatite minerals. Although thermodynamic data for Sr-apatite are 

lacking, there are data for fluorand hydroxy-apatite (Naumov et al. 1974). Using these 

-''xta, we can compute the following: 

Ca5(P04)3F + 3H'̂  -> SCa^"^ + 3HP0j + F' (P.2) 

1̂  ^ jQ-33.33 ^ JQ1997.7[1/T-1/298] 

Cag(P04)3F + 6H'̂  -* SCâ "*" + 3H2P0^ + F' (P.3) 

^ ^ lO'^^-'^^ X io2646.8[l/t-l/298] 
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Ca(P04)3(0H) + 4H"̂  -* SCâ "̂  + 3HP0̂  + H2O (P.4) 

K3 = 10-12-17 , io7051.0[l/T-l/298] 

Ca5(P04)3(0H) + 7H^ ̂  SCâ "̂  + 3H2PO4 + H2O (P.5) 

K = lO""^'^^ X io7698.0[l/T-l/298] 

I f we use 2 P0« = 10" m ('v-O.l ppm) and ap- = 1.6 x 10" m ('V'0.3 ppm), typical values for 

ground waters, we obtain the following values for the act iv i ty of calcium in equilibrium 

with the apatites: 

pH/T 

6 

8 

pH/T 

6 

8 

1.04 

1.24 

1.23 

5.83 

Fluor-apat 

Ĉa2-̂  

25°C 

X 10"^m 

X W ^ m 

ite 

5.81 

7.95 

Hydroxy-apatite 

^Ca2^ 

25''C 

X 10"\ 

X 10"̂ m 

2.24 

1.22 

75°C 

X 10"̂ m 

X 10"̂ m 

75°C 

X 10"\ 

X 10"̂ m 

3 
In ground waters, a^ 2+ is typical ly 'vlO m (Rai and Lindsay 1975). Therefore in alka

line environments we expect both apatites to be stable at temperatures from 25°C to 100°C. 

However, in acid environments hydroxy-apatite w i l l not be stable, while f luor-apatite w i l l 

be somewhat stable, more so at higher temperatures. Chi en (1977) has also shown that the 

carbonate substitution may increase the equilibrium dissolution of apatite. 
P.2.4.2 Monazite-Xenotime Family—(Ce.La)PO^-YPO^ 

This family is one of the most promising for the disposal of nuclear wastes. Both 

monazite, (Ce,La)P0. and xenotime, YPO-, as well as their hydrates, rhabdophanite, 

(Ce,Ca)P0^'H20, and churchite, YP0.*H20, are simple orthophosphates. They are always crys

ta l l ine even though they may contain significant amounts of U and Th. Monazite is isostruc-

tural with huttonite, ThSiO., and xenotime is isostructural with zircon (ZrSiO.) and 

cof f in i te (USiO^). Monazite can acquire quite a high content of thorium (28%) by the sub

st i tu t ion Th "̂̂  + Si^"^-^ Ce'̂ '̂  + p̂ "*" ( i . e . , ThSiO -̂CePO^ solid solution). Monazite is a 

selective cerium mineral ( i . e . , large-radius rare earths). I t has lesser amounts of uranium 

(up to 4%) (Deer et a l . 1962, Vlasov 1966). I t is sparingly soluble in acids and is very 

stable under weathering conditions, often collecting in placers formed from the disintegra

tion of monazite-containing granites. I t occurs as an accessory in granites and granitic 

pegmatites and is abundant in metamorphic deposits (Vlasov 1966). I t occurs as a detr i ta l 

mineral in sands from weathering of granites and gneisses. 
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Dryden and Dryden (1946) compared the changes in relative abundance of various minerals 

from the fresh rocks to the weathered products in samples from the Wissahickon schist in 

Pennsylvania and Maryland. They found, by taking the ratios of the number of grains of each 

mineral in fresh and weathered rock, that the resistance of zircon relative to garnet is 100 

(i.e., 93i'net/Zr^^g^j^/garnet/Zr^gg^^g^gjj'\'100), sillimanite 40, monazite 40, chloritoid 20, 

kyanite 7 and all other minerals less than 5. This is in agreement with Pettijohn (1941) 

who ranked monazite in his "weathering sequence" as 3 after zircon (1) and tourmaline (2). 

The general geologic evidence points to a very resistant mineral. 

We can calculate the solubilities for monazite to establish its thermodynamic sta-

bility. Taking EPO^ = 10" m (0.1 ppm), we can compute the solubility of Ce in a natural 

leaching solution as a function of pH and temperature. The thermodynamic data for CeP0« 

were obtained from Naumov, et al. (1974). We obtain: 

CePO^ + 2H*-^ Cê "*" (aq) + HgPO^ (P.6) 

AG" = 3.27 kcal/mole AH° = -11.71 kcal/mole 

CePO^ + H"^- Ce-̂ "̂  (aq) + HPOj (P.7) 

AG° = 12.10 kcal/mole AH" = -10.72 kcal/mole. 

Therefore 

Kg = 4.00 X 10-3 ^ 5893.3[l/T-l/298] 

K7 = 2.46 X 10"10 e 5395.1[l/T-l/298] 

Assuming no complexing, pure solids, and ZPO- = 10" m, then 

pH/T 25°C 50°C 

6 4 . 0 X 1 0 " ^ m 8 . 6 x 10"l°m 
8 2.46 x lO'l^m 6.1 x lO'̂ ^m 

The low values of aQê "*" obtained support the stability evidence from the geologic data. 

Obviously monazite is more stable in warm alkaline environments. Increasing the phosphate 

content of the ground water would also further stabilize the monazite. Thus if 

zPO. = 10"^ m (1 ppm), a(̂ g3+ = 4.0 x 10"1° m at pH = 6, T = 25°C and the same for the other 

conditions. 
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Xenotime contains a high amount of yttrium rare earths. I t is widespread in granites, 

pegmaties and metamorphic gneisses (Vlasov 1966). When granites weather, xenotime accumu

lates in placers (e.g. in New Zealand and USSR). Xenotime is very stable under surface 

conditions. 

P.2.5 Iodine Hosts 

P.2.5.1 Iodine Minerals 

Iodine is a relat ively rare element in rocks and minerals. I t occurs in both the I " 

and I valence states. Iodine is easily oxidized to the 5-valent state and appears in many 

of i t s natural compounds as the iodate, IO3 ion. These are: 

Lautarite Ca(I03)„ 
Bellingerite Ci(I03)2*2/3H20 

Salesite Cu(I03)0H 

Schwartzembergite Pbg(I03)Cl303 

Dietzeite Ca2(I03)2CrO^. 

The above compounds are at least s l ight ly soluble in water, and a l l are soluble in solutions 

with low pH. The iodate minerals are found in evaporite deposits or as weathering products 

of ores in very dry environments. 

Marshite, Cul, iodargyrite, Agl, and their solid solution, miersite, occur in nature 

and might be stable in a bedded salt type of repository but in general no natural mineral 

of iodine hints of very long-term s tab i l i t y . 

P.2.5.2 Framework Structures for Iodine 

Two candidate minerals that are composed of three-dimensional frameworks contain 
cavities suf f ic ient ly large to house the I " ion: sodalite and the boracite family. 

Sodalite, Na.Al3Si30-|2Cl, is a member of the feldspathoid group. I t is a three-

dimensional framework and the essential CI" is locked in cage-like interstices. Iodine can 

be substitued for CI" and maintained in this structure. 

Boracite, Mg-B^O-ioCl is a three-dimens,ional framework of B-0 tetrahedra with the CT 

locked in cage structure. Other minerals of the boracite family are er icaite, 

(Fe,Mn)3B70.|3Cl, and chambersite, Mn3B,0,3Cl. However, a very large number of synthetic 

materials with the boracite structure have been synthesized. Many of the synthetics contain 

I " rather than CI" . They are stable under hydrothermal conditions. 

P.2.5.3 Lead Oxyhalides 

There exists a small group of minerals composed of the oxy- or hydroxy-halides of lead. 

These materials usually appear as oxidation products on lead-zinc ores which is evidence for 

their s tab i l i t y in the surface environment. The l i s t includes: 
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Murdochite PbCUg(0,Cl,Br)g 

Mendipite Pb3Cl202 

Penf ie ld i te Pb2Cl3(0H) 

Yedl in i te Pb5CrClg(0,0H)g 

Phosgenite Pb2(C03)Cl2. 

L i t t l e is known of the s t ruc tu res , s o l u b i l i t i e s , and ranges of s t a b i l i t y of these mater ia ls . 

The subs t i tu t ion of iodine fo r ch lor ide in the lead oxyhalide structures should be 

invest igated. 

p.2.6 Uranium Minerals 

+4 +6 +5 

Uranium occurs in nature in both the U and U valence s ta te . The U valence state 

has been postu lated, espec ia l ly i n U30g and other oxides intermediate between UO2 and UO3, 

but i t has not r e a l l y been v e r i f i e d . I t s existence i s not c r i t i c a l to our discussion. 

p.2.6.1 U"^^Minerals 

+4 
Uranium occurs as U in only a small group of minerals. The most important and best 

known is uraninite, UO2, which has the fluorite, CaFg, structure. It is the principal min

eral in most uranium deposits and is found in pegnatites, in sandstones and metasediments, 

and as an accessory mineral in some granites. Natural UO2 is rarely stoichiometric and is 

better described as U02^ where x ranges between 0 and 0.25. Most uraninite from older 

sources is metamict and may be called pitchblende. 

In sandstone deposits the uraninite has formed from circulating ground water by reduc-
+fi 

tion of the U . In the reduced form it is very stable and is cotimon in the placer deposits 

of the Witwatersrand district in Africa. These uraninite grains were carried down streams 

and deposited in energetic depositional environments without chemical breakdown because the 

atmospheric conditions of the time were highly reducing. If uraninite could be maintained 

in its U state it would be a good repository mineral. Unfortunately, it alters rapidly in 

present-day atmospheres. 

Uraninite is usually only uranium bearing in sandstone deposits, but in pegmatites it 

may contain significant quantities of Ce and Th in solid solution. Actually, complete solid 

solutions of these elements can be prepared under laboratory conditions. 

+4 Some of the other U minerals occur in quantities sufficient for them to be called ore 

minerals. Coffinite, USiO^, brannerite, UTi20g, and ningyoite, CaU(P04)2'1.5H20, occur pri

marily in sedimentary or metasedimentary environments probably as syngenetic minerals. 

Other U+4 minerals include lermontovite, (U.Ca.Ce...)3(P04)^-6H20; sedovite, U(Mo04)2; 

uranopyrochlore, U2Nb20g(0,0H,F); cliffordite, UTegOg, and ishakowaite, (U...)(Nb,Ta)0-. 

In addition U occurs as a minor element in many minerals, mostly replacing other group IV 

elements or the rare earths. At the conditions existing at the earth's surface all these 

U minerals readily alter by oxidation and weather by releasing the uranium into the ground 

water system. The W^ may be fixed immediately in new minerals or may migrate for long dis

tances before being redeposited. 
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P.2.6.2 Uranate Minerals 

Uranium as U forms a large group of oxides, hydrated oxides, and uranates. The ura-

nates form compounds with Na, K, Mg, Ca, Ba and Pb. Some of these compounds are anhydrous, 

but most are hydrates. There are many crystalline modifications of UO3 but none occurs 

naturally. Usually the hydrate schoepite, U03'2H20, or one of its polymorphic forms occurs. 

If the other elements are present the tendency is to form the uranate minerals. 

The uranates occur in the immediate vicinity of the source mineral, usually uraninite. 

They develop as a replacement aureole of poorly crystallized phases commonly called gummite. 

The Pb which is common in older deposits is primarily radiogenetic in origin. 

The uranates do not survive further weathering and are replaced by uranyl compounds in 

the main oxidized zone of any ore body. It is doubtful if any uranate would be a good ura

nium repository. 

P.2.6.3 Uranyl Minerals 

Any uranium which finds its way into the ground water system migrates as the uranyl 

ion, UO 2 . oi' as some complex involving the uranyl ion. As the local conditions change the 

uranyl ion may precipitate as one of over 100 mineral species. 

P.2.6.4 Urany Ion 

The uranyl ion is a linear group with the uranium in the center and the oxygen ions on 

the ends. Because of this unique geometry uranyl compounds form their own series of com

pounds in nature with very l i t t l e substitution of other ions. 

Uranyl w i l l form complex structures with almost any oxyanion, carbonate, sulfate, phos

phate, arsenate, molybdate, selenate, vanadate and s i l i ca te . The crystal structure of the 

minerals is usually uranyl-oxyanion sheets or chains, which stack so as to contain i n te rs t i 

t i a l low-charge cations and water molecules. Most of the carbonates, sulfates, molybdates 

and selenates and even the si l icates are moderately soluble and w i l l leach as the environ

mental conditions change. The phosphates-arsenates and vanadates appear to be very insol

uble and may be potential repository compounds. The known minerals are l isted in 

Table P.2.4. 

The uranyl phosphates and arsenates are usually considered together because their 

crystal chemistry is very similar and in some cases there is even part ial substitution of 

phosphorus and arsenic. In a l l compounds these ions exist in tetrahedral coordination. 

Vanadium is tetrahedral in a few vanadates, but in most vanadates complex V-Oj, groups of 

pentagonal edge-shared VOg coordination polyhedra are formed. 

As can be seen in Table P.2.4, the phosphates-arsenates-vanadates are usually classi

f ied by their U:X rat io where X is P, As, V. Several ratios exist but the most common is 

the U:X = 1. Within this group are several minerals that have great potential as repository 

minerals. This potential is suggested by the wide range of occurrence, the frequency of 

mineral formation and the extremely low solubi l i ty of the compounds. 
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TABLE P.2.4. Uranyl Phosphates, Arsenates, Vanadates 

U02:X04 

4:2 

3:2 

2:2 

2:3 

2:4 

Arsenuranylite 

Bergenite 

Renardite 

Troegerite 

Huegelite 

Dumontite 

Phosphuranylite 

Carnotite 
Tyuyamunite 
Metatyuyamunite 
Curienite 

Francevil l i te 

Strelkini te 

Autunite 

Meta-autunite I 
Meta-autunite II 
Meta-vanuralite 
Vanuralite 
Vanuranylite 
Dewindtite 

Sengierite 

Coconinoite 

Parsonsite 

Przhevalskite 

Pseudoautunite 

Walpurgite 

Hallimondite 

Ca(UO2)4(As04)2(0H)4'6H20 

Ba(U02)4(P04)2(0H)4-8H20 

Pb(U02)4(P04)2(0H)4-7H20 

(U02)3(As04)2-^2H20 (see 2:2) 

Pb2(U02)3(As04)2(0H)4.3H20 

Pb2(U02)3{P04)2(0H)4-3H20 

Ca(U02)3(P04)2(0H)4.7H20 

K2(U02)2(V20g)-3-5H20 

Ca(U02)2(V20g)-5-8H20 

Ca(U02)2(V208)-3H20 

Pb(U02)2(V208)-5H20 

Ba(U02)2(V20g)-5H20 

Na2(U02)2(V208)-6H20 

Cai_2(U02)2(P04)2-8-12H20 
Caj_2(U02)2(P04)2-6-8H20 

Caj_2(U02)2(P04)2-4-6H20 

A1(U02)2(V04)2(0H).8H20 

A1(U02)2(V04)2(0H)-11H20 

(H30,Ba,Ca,K)j g(U02)2(V04)2-4H20 

Pb(U02)2(P04)2'3H20 

Cu(U02)2(V20g)-8-10H20 

Fe|Al2(U02)2(P04)2{S04)(0H)2-20H20 

Pb4(U02)2(P04)2-2H20 

Pb(U02)2(P04)4-4H20 

(H30)4Ca2(U02)2(P04)4-5H20 

(Bi0)4(U02)2(As04)4.6H20 

Pb2(U02)2{As04)2 

The abundance of uranyl phosphates and arsenates results more from the s tab i l i t y of 

uranyl phosphate and uranyl arsenate complexes in ground water (Langmuir 1978) than from any 

abundance of P or As. The complex polymerizes readily into sheet-like crystal structures, 

which incorporate a variety of low-charge cations and wafer molecules between the sheets. 

Thus, they form a large number of mineral species depending on the available cation. The 

tox ic i ty of As, however makes i t less desirable additive. 

The most important mineral family in the phosphates is the autunite minerals. The 

family is usually broken into three groups--autunite, meta-autunite I , and meta-autunite I I , 
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depending on the number of water molecules involved. Table P.2.5 l i s ts al l the members of 

the autunite family. The variation of water is common to the group but does not seem to 

affect the s tab i l i t y of the species. 
2+ Autunites are known to form compounds with Ca, Mg, Ba, Na, Cu, Fe , K, Zn, Mn, Co, Pb, 

NH4 A l , and H^O. Many synthetic analogs can also be easily formed including Sr and even L i . 

The included cation is easily exchangeable in acid solutions but the autunite structure 

remains unaffected by the many substitutions. 

TABLE P.2.5. The Autunite Family 

Autunites, Rj_2(U02)2(X04)2'8-12H20 

Autunite, Ca(U02)2(P04)2 8-I2H2O 
Fri tschel i te 

Heinrichite 

Kahlerite 

Novacekite 

Sabugalite 

Saleeite 

Sodium autunite 

Torbernite 

Uranocircite 

Uranospinite 

Zeunerite 

Mn 

Ba 

Fe 

Mg 

H,A1 

Mg 

Na,Ca 

Cu 

Ba 

Ca 

Cu 

V 

As 

As 

As 

P 

P 

P 

P 

P 

As 

As 

Meta-autinites, Rj_2(U02)2(R04)2'6-8H20 

Abernathylite K2(U02)2(As04)2'6-8H20 

Bassettite 
Meta-ankoleite 

Meta-autunite I 

Metaheinrichite 

Metakahlerite 

Metakirchleimerite 

Metalodevite 

Metanovacekite 

Metaforbernite 

Meta-uranocircite 

Meta-uranospinite 

Metazeuerite 

Sodium uranospinite 

Troegerite 
Uramphite 

unnamed 

Meta-autunite I I 

Fe'" 

h 
Ca 

Ba 

Fe^-^ 

Co 

Zn 

Mg 

Cu 

Ba 

Ca 

Cu 

NaCa 

P 
P 

P 

As 

As 

As 

As 

As 

P 

P 

As 

As 

As 

(H30)2(U02)2(As04)2'6H20 

NH4 

("30)2 
Ca(U02) 2(P04)j 

P 

P 
•4-6H2O 
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In nature, autunite, Ca(U02)2{P04)2*8-12H20, and meta-autunite I, Ca(U02)2(P04)2*6-8H20, 

are very common anywhere uranium is found. They are found as a secondary mineral in all 

climates; and have been mined as ore minerals in several locations because of their abun

dance. In Cameron, Arizona, they occur in near-surface sandstone lenses and around Sho-

shoni, Wyoming. They are mined from bentonite pits where they form in the desiccation 

cracks of the clay. At Ningyo Prefecture in Japan they are found in sandstone, where they 

were mined extensively until the primary ningyoite zone was encountered. Some very noted 

specimen localities include the Daybreak Mine in Washington, and Cornwall, England. They 

are also common alteration products in uranium-bearing pegmatites. In all these localities 

they have proven to be very stable. The leaching characteristics under various conditions 

still must be tested. 

Among the other uranyl phosphates several other candidates are also evident as possible 

repositories. In particular we should consider the phosphyranylite Ca(U02)4(P04)2(0H)4'7H20. 

It is a much rarer mineral than autunite but has a higher loading factor because the U:P 

ratio is 3:2. Considerably less is known about the stability of this phase. Its conditions 

of formation and synthesis are less well known but it occurs similarly to autunite. 

One must not overlook the vanadates as potential repository minerals, in particular 

carnotite, K2(U0202V2)g*3-5H20; tyuyamunite, Ca(U02)2V20g*5-8H20, and metatyuyamunite, 

Ca(U02)2V20g'3H20. These three minerals occur extensively throughout the Colorado Plateau 

and have been mined for uranium. They usually occur in sandstone lensesand are found in 

intersticed among the sand grains. Once formed, they appear to resist weathering and alter

ation even at surface conditions. Strontium analogs might easily be made. Ion exchange, 

common in the autunites, does not seem to occur in the vanadates. 

P.2.7 Technetium Hosts 

Since the element technetium is not known in nature, it follow that no minerals exist 

with technetium as an essential element. Technetium exists mainly in valence states Tc 

and Tc with the latter forming the very soluble pertechnatate ion. Technetium forms 

stable solid oxide phases and, because of a similar ionic radius, behaves much like Ti . 

Many titanium analogs have been synthesized (Muller et al. 1964) including spinels, pyro-

chlores, perovskites, and a stable solid solution between Ti02 and TCO2. Titanium minerals 

may be the best hosts for technetium if reducing conditions are maintained in the 

repository. 
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P.3 MINERAL TABLES 

P.3.1 Hosts for Radionuclides 

Table P.3.1 lists selected minerals which have potential as hosts for radionuclides. 

The entries in Table P.3.1 were selected according to the criteria listed below. 

Approximately 2500 mineral species have been identified. These have been compiled into 

reference sources of which those of the Dana system (Palache et al. 1944, 1951), Deer, Howie 

and Zussman (1962), Strunz (1970), and Roberts, Rapp and Weber (1974) were consulted. Each 

of the 2500 minerals was reviewed and in a first sieving all minerals that were known to be 

water-soluble, chemically undesirable or crystal-chemically unsuitable as radionuclide hosts 

were eliminated. A much shortened list of about 100 minerals remained. A second sieving 

eliminated minerals of great chemical complexity that would be difficult to synthesize. The 

minerals that remained were separated according to the radionuclide for which they were to 

serve as host and these groups were then roughly ranked with the best candidates listed 

first. 

Table P.3.2 is the final listing. In addition to mineral name and formula, the table 

lists some available information of the occurrence of these minerals in nature, which pro

vides clues to their stability in the repository environment, and on alteration processes 

where known, it must be emphasized that the data on these later categories are very sparse 

although this study does not claim to be an exhaustive literature survey. Table P.3.2 is 

intended as a guide for future research rather than finalized data for engineering design. 

P.3.2 Commentary on Table P.3.1 

The lack of silicate minerals on the listing is perhaps unexpected. Silicates make up 

the bulk of the rocks on the earth and many of them are very stable. However, the common 

silicate structures utilize the most abundant elements of the earth and the critical radio-
90 

nuclides from nuclear waste are, with the exception of Sr, unusual elements, either too 

large or too small to fit into available sites in the silicate minerals. Furthermore, 

silicates are relatively less resistant to weathering and only a few, or which zircon is an 

outstanding example, survive the weathering process to become detrital minerals. Even fewer 

survive to become placer minerals. 

Phosphates and oxides are the first and second most stable minerals in a wide variety 

of geochemical environments from initial formation at high temperatures and pressures, 

through weathering transport, contact with salt water in oceanic depositional basins, 

burial, diagenesis, upheaval, and in some cases a complete second cycle of weathering. 

A very large number of phases on the list occur in pegmatites or in alkaline rocks that 

are closely related. The minerals, by implication, are stable in the presence of aqueous 

solutions at temperatures to 600'"C and pressures to several ki lobars. Chemical compatibility 

with granite rocks is implied. Whether many of these minerals are compatible with other can

didate repository rocks, basalts, and shales require research. The fact that the minerals 

do not occur in these rocks in nature means only that the chemistry for their formation was 

not correct, not that the minerals are necessarily incompatible. 
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TABLE P.3.1. Selected Host Minerals for Radionuclides 

Element Host Mineral 

Cs pollucite 

Sr anorthite 
(feldspar) 

Sr-apatite 

belovite 

celestine 

Sr-autunite 

goyazite 

lamprophyllite 

lusangite 

bogildite 

danburite 

attakolite 

cuspidine 

rankinite 

melillte 

umbozerite 

scheelite 

powellite 

Formula 

Cs2.xNaxAl2Si40i2 H2O 

Cai.xNaxAl2.xSi2+x08 

Sr5(P04)3(0H,F) 

(Sr.Ce,Na.Ca)5(P04)3(0.0H) 

SrS04 

Sr(U02)2(P04)2 

SrAl3(P04)2(0H)5H20 

Na2(Sr,Ba)2Ti3(SiO^(OH,F)2 

(Sr.Pb)Fe3(P04)2(0H)5.H20 

Na2Sr2Al2P04F9 

CaB2Si208 

(Ca.Mn.Sr)3Alg(P04,SO,)7-3H20 

Ca4Si207(F.0H)2 

Ca3Si207 

Ca2Hgi.xAl2xSi2-x07 

Na3Sr4ThSi8(0,0H)24 

CaU04 

0^004 

Substitution(a) 

E 

R 

E 

SS 

E 

E 

E 

SS 

SS 

E 

R 

SS 

R 

R 

R 

E 

R 

R 

Occurrence 
in Nature 

granite 
pegmatites 

basalt 

alkalic 
pegmatites 

alkalic 
pegmatites 

oxidation zones 
in sulfur 
deposits primary 
precipitation 

strata-bound 
ore deposits 

pegmatite 

nepheline syen
ites alkali-rich 
pegmatites 

pegmatite 

cryolite 

andesite 

metamorphic 
rocks lime
stone con
tact zones 

strain 

zones 

extrusive 
rocks 

pegmatites 

pegmatites 

Alteration 

slow break
down into 
clay minerals 
under surface 
weathering 
conditions 

breakdown at 
low pH 

deposits 

xenoliths 

gelatinizes 

readily at 
low pH 
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TABLE P.3.1. (continued) 

Element Host Mineral 

sodalite 

boracite 

ericaite 

chambers 1te 

Formula 

Na8Al6Si6024Cl2 

Hg3B70i3Cl 

(Fe.Mn)3B70i3Cl 

Mn3870i3Cl 

parahilgardite Ca2B508Cl(0H)2 

murdochite 

mendipite 

penfieldite 

yedl in i te 

phosgenite 

marshite 

ijodargyrite 

miersite 

PbCu6(0,Cl,8r)8 

Pb3Cl202 

Pb2Cl3(OH) 

Pb6CrCl6(0.0H)8 

Pb2(C03)Cl2 

Cul 

Agl 

(Ag.Cu)I 

Tc perovskite CaT103 

ca lz l r l t e CaZr3T10g 

yttrocrasite (Y,Th,U,Ca)2Ti40ii 

Substltutlon(a) 

R 

;i 
R 

R 

R 

R 

R 

R 

E 

E 

E 

R 

R 

Occurrence 
in Nature 

nepheline-
syenite rocks 

salt domes 
and salt 
deposits 

salt domes 

oxidation zones 
of Pb-Zn 
deposits 

associated 
with copper 
ores 

secondary min
eral in si lver 
ores 

associated 
with copper 
ores 

basic igneous 

carbonatite 

Alteration 

occurs in the 
"water insol
uble" frac
tions of sal t 
deposits 

occurs in 
"water insol
uble" f ract ion 

darkens on 
exposure to 
air 

rocks 

par t ia l l y dis
solves in low 
pH solutions 
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TABLE P.3.1. (continued) 

Element Host Mineral Formula Substitution(*) 

Tc bat is i te Na2BaTi2Si40x4 

brannerite (U,Ca,Ce)(Ti,Fe)206 

Lantha- monazite 
nides, 
Acti-
nides 

cheralite 

xenotime 

rhabdophanite 

brockite 

grayite 

churchite 

baddeleyite 

(Ce,La)P04 

(Ce,Ca,Th) (P,S i )04 

YPO4 

(Ce,La)P04.H20 

(Ca,Th,Ce)P04.H20 

(Th,Pb,Ca)P04.H20 

YPO4 2H2O 

ZrSi04 

Zr02 

SŜ  

Occurrence 
in Nature 

nepheline 
syenite 

hydrothermal 
mineral 

granites. 
pegnatites, 
placers. 
hydrothermal 
deposits 
metamorphic 

rocks 

granites. 
pegnatites. 
placers, 
hydrothermal 
deposits. 
sandstones 

alkali peg
matites. 
hydrothermal 
deposits. 
sandstones 

alkali massifs 
limonite ores 

acid and alkali 
igneous rocks 
pegmatites. 
placers 

carbonatites. 
gabbro, 
placers. 
basalts 

Alteration 

extremely 
stable 

sometimes yel
low crust of 
rhabdophanite 

very stable 
alters to 
churchite 

very stable 
forms from 
monazite but 
dehydrates to 
monazite on 
prolonged 
storage 

forms from 
zenotime 

metamict 
highly resis
tant to wea
thering 

highly 
stable 
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TABLE P.3.1. (continued) 

Element 

Lantha-
n ides, 
A c t i -
nides 

Host Mineral 

t ache ramte 

b a z i n t e 

z i r k e l i t e 

t h o r i t e 

h u t t o n i t e 

t h a l e n i t e 

y t t n a l i t e 

t h r o t v e i t i t e 

bastnaes i te 

c o r d y l i t e 

p a n s i t e 

synchys i te 

ran t gem te 

c e n a m t e 

d a v i d i t e 

euxemte 

polycrase 

de l o renz i t e 

f e r s m i t e 

Formula 

(Zr ,Ca,T i )02 

BaZrSi309 

Zr(Ca,Th,Ce)(Ti ,Nb 

ThSi04 

ThSi04 

Y2S12O7 

(Y,Th)2Si207 

(Sc.Y)2Si207 

(Ce,La)C03F 

Ba(Ce,La)2(C03)3F2 

Ce2Ca(C03)3F2 

CaCe(C03)2F 

Ce3Ca2(C03)5F3 

(Ce,Th)02 

(Fe,La,Ce,U)2(Ti ,F 

Y(Nb.Ti)2(0,0H)6 

Y(Ti.Nb)2(0,OH}6 

Y(Ta,Nb)2(0,0H)6 

(Ca,Ce)(Nb.Ti,Fe)2 

)207 

e)50l2 

(0.0H,F)6 

S u b s t i t u t i o n { a ) 

R 

R 

SS 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

SS 

' ) 

ll 

Occurrence 
in Nature 

a l k a l i massifs 

gran i tes 

magnetite 
deposits 
pyroxeni tes 

greisens from 
gran i tes 

sands 

pegmagites 

pegmatites 

hydrothermal 
depos i ts , 
pegmati tes, 
gran i tes 

a l k a l i syeni te 

d e t r i t a l , 
hydrothermal 
depos i t s , peg
m a t i t e s , car
bonate ore 
bodies 

a l k a l l e syen i te 
pegmatite 

pegmatite 

carbonates 
pegmatites 

gran i tes 
skarns, peg
m a t i t e s , w i th 
vein minerals 

pegmatites 
gran i tes 
p lacers 

A l t e r a t i o n 

metamict 

a l t e r s t o 
Y-bastnaesi te 

gradual 
a l t e r a t i o n 
to lan tha-
n i t e , rha -
dophanite or 
c e n a n i t e 

replaced by 
bas tnae is i te 

can be 
a l te red but 
somewhat 
s tab le 
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TABLE P.3.1. (continued) 

Element Host Mineral Formula 

Lantha- colunbite 
nide, 
Acti- tantalite 
nide 

perovskite 

loparite 

aeschynite 

polynignyte 

sinlcite 

fergusonite 

formanIte 

sanarskite 

pyrochlore 

betafite 

zirconolite 

micro!ite 

obruchevlte 

djalmaite 

pandaite 

(Fe,Mn)(Nb,Ta)206 

(Fe.Mn)(Ta,Nb)206 

CaT103 

(Na,Ce,Ca)(Ti.Nb)03 

(Ce,Nd.Th,Y)(Ti,Nb)206 

(Ca,Fe,Ce)(Zr,T1.Nb)206 

(Ce,Nd,Th,U)(Ti.Nb)206 

YNb04 

YTa04 

(Fe.Y,U,)(Nb,Ti,Ta)207 

(Na,Ca,U,Ce,Y)2.x 
{Nb,Ta,Ti)206.x(0H.F)i+x 

(U,Ca2.x(Nb,Ti,Ta)2 

O6-x(0Hl+x 

CaZrTi2)7 

(Ca.Na)2Ta206(0,OH.F) 

(Y.U,Ca)2.xNb206(0H) 

(Ca,Na,U)2Ta206(0,0H,F) 

(Ba,Sr)2_^(Nb.Ti)207_j^-7H20 

Substitution(a) 

R 

R 

• 

R 

SS 

SS 

SS 

SS 

E) 
1 

EI 

SS 

occurrence 
in Nature 

granites,peg
matites, quartz 
veins, greisen 
deposits, 
placers 

basic Igneous\ 
rocks 1 

alkal i | 
syenites / 

a lkal i massifs 
pegmatites 

granitoid for
mations. 
placers, gran
i tes , pegma
t i tes 

pegmatites, 
gold placers 

Alteration 

very resistant 
to weathering 

can be altered 
to metalopa-
r i t e but 
retains 
lanthanides 

usually 
weathers 

f a i r l y stable 
often asso
ciated with 
monazite in 
placers 

SS 

SS\ 

R 

R 

SSI 

SSI 

R 

Alka l i rock 
massifs 

pervasively 
altered 
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TABLE P .3 .1 . (continued) 

E1ement Host Mineral 

uraninite 

Formula 

carnotite 

tyuyamunite 

autunite 

K-autunite 

Sr-autunite 

UO2 

K2(U02)2(V04)2 

Ca(U02)2(V04)2 

Ca(U02)2(P04)2 

K2(U02)2(P04)2 

Sr(U02)2(P04)2 

phosphuranylite Ca(U02)4(P04)2(0H)4 7H2O 

ningyoite (U,Ca,Ce)2(P04)2 I-2H2O 

lermontovite 

co f f in i te 

ekanite 

weeksite 

soddyite 

(U,Ca,Ce)3(P04}4 6H2O 

U(Si04)i.x(0H)4x 

(Th.U)(Ca,Fe,Pb)2Si8020 

K2(U02)2Si60i5 4H2O 

(U02)5Sl20g 6H2O 

Substitution(a) 

E 

E1 

SS 

in Nature 

pegmatites 

sandstone 

pegmatites, 
sandstone, 
sedimentary 
breccia 

U-schists, 
pegmatites 

sedimentary 
rocks 

sandstone, 
sedimentary 
breccia, 
U-schists 

pegmatite 
veins 

Alteration 

rapid in 
oxidizing con
ditions but 
very stable in 
reducing 
conditions 

relat ively 
insoluble 

insoluble 

pegmatite 

(a) Substitution of radionuclide into host mineral: E = essential element; SS = solid solution; R = replacement 
of another element by radionuclide. 
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TABLE P.3.2. Systematic Tabulations of Metamict Minerals (a) 

SIMPLE OXIDES 
•Uraninite (U02)(t',c) 

*Rutile (Ti02) 

PHOSPHATES 

•Monazite (Conybeare and Ferguson 1948, 
Brooker and Nufield 1950) 

•Xenotime (Sidorenko 1963) 

•Griphite (Peacor and Simmons 1972) 

SILICATES 

Nesosilicates (Si:0 = 1:4) 

•Zircon 

•Thorite 

•Coffinite 

•Titanite (Higgins and Ribbe 1976) 

•Huttonite 

•Steenstrupine-Cerite 

• B r i t h o l i t e group 

•Lessingi te 
Karnasurt i te 
Karnocerite 
Tr i tomi te 
Spend te 
Rowlandite 
Gadol ini te 

Sorosilicate (Si:0 = 2:7) 

Thortveitite group 

•Thalenite 
Yttrialite 

•Hellandite 
•Rincolite 
Epidote group 

•Allanite 
•Chevkinite 
•Perrierite 

•Vesuvianite (Bouska 1970) 

Cyclosilicates (Si:0 = 1.3) 

•Eudialyte 
Cappelenite (Faessler 1942) 

Nb-Ta-Ti OXIDES (A = U, Th. REE, Co, Na, K) 
Mg,Mn,Fe+2,Pb = Nb, 
Ta,Ti,Fe+3,w) 

ABO3 (Perovskite s t ructure) 

•Lopar i te 
I r i n i t e 

•Knopite 

A2-XB2O7.3 nH20 (Pyrochlore 
structure) 

•Pyrochlore 
Betaf i te 

•M i c ro l i t e 
Djalmaite 
Obruchevlte 

•Zirconolite 

I^Z^S^IS (Davidite structure) 

•Davidite 

ABO4 (Fergusonite s t ructure) 

Formanite 
•Fergusonite 

R isor i te 

AB2O5 (Columbite st ructure) 

•Columbite (Hutton 1959, 
Ewing 1976b) 

AB2O5 (Euxenite s t ructure) 

•Euxenite (Ewing 1976a) 
Polycrase 
Delorenzite 

•Fersmite 

AB2O6 ( P r i o r i t e ) 

• P r i o r i te 
•Aeschynite 
•Bloomstrandine 
Polymignite 

AB2O4 (Samarskite s t ructure) 

Samarskite 
Chlopini te 
Loranskite 
Yt t rocras i te 

AB2O5 (Brannerite s t ructure) 

•Brannerite 
Thorut l le 

AB2O7 ( Z i r k e l i t e s t ructure) 

Z i r k e l i t e 

(a) After Bouska (1970). 
(b) The asterisk (•) indicates that the mineral also occurs as a partially or completely 

crystalline phase. 
(c) A reference indicates that inclusion of the mineral in this table is based only on a 

single or poorly documented occurrence. 
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The rankings, except for the top few entries, are almost arbitrary. Although available 

mineralogical evidence suggests that these minerals are stable in the temperature and pres

sure regimes generally thought to exist around nuclear waste repositories, their relative 

s tabi l i t ies are not known. Likewise, the relative solubi l i t ies of these generally insoluble 

phases are not known. Thus, detailed ranking or the construction of any sort of figure of 

merit cannot be done under the present state of knowledge. 

Many of the oxide minerals are highly stable and insoluble because of a particular oxi

dation state. Lower oxidation states of the transit ion metals and of uranium form less sol

uble compounds than do the high oxidation states. The state of oxidation in a repository 

w i l l be controlled by the oxidation potential and oxygen buffer capacity of the host rocks 

since these wi l l be present in vastly larger volumes than the volume of the waste. Likewise 

the solubi l i t ies of many of the minerals are a sensitive function of the acidity of any c i r 

culating solutions. The fluorocarbonates are an example of minerals with low solubi l i t ies 

in neutral or alkaline solutions that become progressively more soluble as the ph decreases. 

The host rock in which the repository is formed wi l l play an important role in buffering the 

oxidation potential and acidity of any circulating ground water that might contact the syn

thetic minerals of the waste form. 

The large number of minerals that are l isted as occurring in pegmatites is to be 

expected. Pegmatites are complex mineral assemblages that form from a residual high-water 

content f l u id that remains after the crystal l izat ion of granitic rocks. Ions that are too 

big or too small or have the wrong charge or the wrong electronic structure to f i t into any 

of the common granite minerals—quartz, feldspars, micas, and amphiboles, are concentrated 

in the residual f l u id and f i na l l y crystal l ize into pegmatites. I t is not the pegmatite-

forming temperature and pressure regime that is c r i t i ca l but rather the complex solution 

chemistry that allows these minerals to be formed. Many of these minerals can be synthe

sized by ent irely different methods but their occurrence in pegmatites does imply a substan

t i a l degree of mutual compatibility among the phases. 



P.44 

P.4 METAMICTIZATION 

Metamict minerals are a special class of amorphous materials which were i n i t i a l l y crys

ta l l ine (Broegger 1893). Although the mechanism for the transit ion is not clearly under

stood, radiation damage caused by alpha particles and recoil nuclei is certainly c r i t i ca l 

to the process (Graham and Throber 1974, Ewing 1975). The study of metamicitzation of natu

ra l l y occurring materials allows for the evaluation of the long-term effects that result 

from this type of radiation damage, part icularly changes in physical properties. Comparison 

of metamict and non-metamict crystall ine phases addresses the question of the susceptibi l i ty 

of different bonding and structure types to radiation damage and provides useful insights 

into defining radiation damage experiments. 

P.4.1 Properties 

The l i s t below is an amplified tabulation of metamict mineral properties l is ted by 

Pabst (1952). 

1. They are generally opt ical ly isotropic but may show varying degrees of anisotropy. 

Reconstitution of birefringence with heating is common. 

2. Metamict phases lack cleavage. Conchoidal fracture is characteristic. 

3. Some mineral species are pyronomic, that i s , they glow incandescently on heating. 

In many cases, however, recrystal l ization may occur without observable glowing. 

4. Crystalline structure is reconstituted by heating. The metamict material recrys-

tal l izes to a polycrystalline aggregate with a concomitant increased resistance 

to attack by acid. During recrystal l ization several phases may form, the particu

lar phase assemblage is dependent on the conditions of recrystal l ization (e.g. , 

temperatue and type of atmosphere). In many cases the original pre-metamict phase 

may not recrystal l ize due to compositional changes caused by post-metamict 

alteration. 

5. Metamict minerals contain U and Th, although contents may be quite variable (as 

low as 0.41% Th02 in gadolinite from Ytterby, Norway). Rare-earth elements are 

also common ( in some cases over 50 wt%). Water of hydration may be high (up to 

70 mol e%). 

6. They are x-ray amorphous. Part ial ly crystal l ine metamict minerals display dis

t inct l ine broadening and decreased l ine intensi t ies. A shi f t of lines to lower 

values of two-theta is observed in specimens with a reduced specific gravity. 

7. Some phases occur in both the crystal l ine and metamict state, and in these cases 

there is l i t t l e chemical difference. 

The most common methods of analysis of the metamict state are x-ray di f f ract ion analy

sis of annealed material (Berman 1955, Lima-de-Faria 1964, Mitchell 1972, Ueda and 
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Koreskawa 1954) and dif ferent ial thermal analysis (DTA) (Kerr and Hollan 1951, Orcel 1953, 

Kurath 1957). Most of the effort by mineralogists has been directed at establishing identi

f icat ion c r i te r ia . 

Elemental analysis is commonly completed by wet chemical means on mineral separates or 

by standard electron microprobe analysis. The presence of water, both structural and 

absorbed, and the preponderance of rare-earth elements make a complete chemical analysis a 

ra r i t y in the l i terature. 

Although radiation damage experiments are voluminous, there have been only limited and 

unsuccessful efforts to simulate the process of metamictization under laboratory conditions 

(Mugge 1922, Primak 1954). 

P.4.2 Summary of Observed Metamict Phases 

To understand the compositional and structural controls on the process of metamictiza

t ion, i t is useful to tabulate naturally occurring metamict phases. Table P.3.2 l isted 

those phases described as being par t ia l ly or completely metamict in a review of the l i t e ra 

ture by Bouska (1970). This tabulation l i s ts only the major compositional end-member. As 

one might expect for mineral groups of complex compositions (e.g., compare the A:B ratios 

for fergusonite and samarskite) that are metamict and much altered, the nomenclature of any 

single mineral group is quite complicated and much confused by the proliferation of varie

tal names (Ewing 1976). For a more detailed l i s t ing and discussion of the mineralogical 

l i terature the reader is referred to Bouska (1970). 

The asterisk by each mineral name indicates i t also occurs as a part ia l ly or completely 

crystal l ine phase. In some cases (e.g. , monazite, xenotime and vesuvianite) the inclusion 

of a mineral phases as metamict is based only on a single or poorly documented occurrence. 

In these instances the cr i t i ca l reference is indicated. In other cases (e.g. , ru t i le ) the 

radiation damage was not caused by constitutent uranium and thorium nuclides but rather 

occurred only along grain boundaries where the ru t i l e was in epitaxial contact with radioac

t ive davidite. 

The uranium and thorium contents of phases that occur in both crystall ine and metamict 

forms are interesting. Table P.4.1 gives the average U,Og and ThOp contents of orthorhombic 

AB20-type Nb-Ta-Ti oxides. Although the data in the l i terature are l imited, in general 

those specimens of euxenite, fersimite, aeschynite and lyndochite found in the crystal l ine 

state have d is t inc t ly lower uranium and thorium contents than their metamict euxenite and 

aeschynite counterparts. A similar relation has been demonstrated for zircons (Holland and 

Gottfried 1955, Krasnobayev et a l . 1974). 

Table P.4.2 is a compilation of radioactive minerals which are said to be always crys

ta l l i ne . Comparison of Tables P.3.2 and P.3.4 quickly reveals inconsistencies in the l i t e r 

ature. Huttonite is l isted as always crystall ine (Pabst 1952) and par t ia l ly metamict 

(Bouska 1970). Many of these inconsistencies may be resolved by very detailed and specific 

examinations of nomenclature. Also, note that among the phases l isted as metamict (e.g., 

columbite and s t i tb io tan ta l i te ) , their structures probably wi l l not accommodate either 
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TABLE P.4.1. Uranium and Thorium Content (wt%) of Non-Metamict and Metamict AB205~ 
Type Nb-Ta-Ti Oxides 

U3O3 ThO? 

Non-metamict 

euxenite (Nefedor 1956) 

fersmite (Alexandrov 1966) 

aeschynite (Alexandrov 1962 and 1966) 

allanite (Cech, Vrana and Povondra 1972) 

lyndochite (Gorzhevskaya and Sidorenko 1962) 

Metamict 

euxenite (mean value of 28 analyses) 

aeschynites (mean value (of 22 analyses) 

(a) 

(a) 
not detected 
0.25(b) 

0.08^^) 

9.31 

1.2 

(a) 

(a) 

0.72 

2.26('') 

3.75 

3.08 

10.73 

(a) Semiquantitative analysis, no U or Th reported. 
(b) Analysis by R. C. Ewing, University of New Mexico. 
(c) Reported as UO3. 

TABLE P.4.2 Radioactive Minerals Reported as Always Crystalline(a) 

autunite Ca(U02)2-10-12H20 

bastnaesite (Ce,La)(C02)F 

carnotite K2(U02)2(VO^)2'3H20 

columbite (Fe,Mn)(Nb,Ta)20g 

gummite U02'nH20 

huttonite^^) ThSiO^ 

metatorbernite Cu(U02)2(P04)2'8H20 

monazite^'') (Ce,Th)PO^ 

stibiotantalite Sb(Ta,Nb)0-

thorianite^'^) Th02 

thortveitite (Sc,Y)2Si207 

tyuyamunite Ca(U02)2(V0^)2«nH20 

uvanite U2Vg022*15H20 

xenotime^'') (Y,U)P04 

yttrofluorite ^^3^^g 
titanite CaTiSiOg 

uranite^'') UO2 

baddeleyite(^) ZrO, 
2 

(a) After Ueda (1957). 
(b) Primary phases which are invariably crystal

line, even with high concentrations of uranium 
and throium. Note that in some rare caaes even 
these minerals have been reported as being par
tially metamict. 
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uranium or thorium. Reports of radioact ive columbites are almost ce r ta in l y mixtures of c o l -

imbite and metamict m i c ro l i t e (Lima-de-Faria 1964). A number of the phases (bastnaesite and 

a l l hydrated phases) are a l t e ra t i on products. The primary phases that consistent ly occur 

in c r ys ta l l i ne form, even wi th high concentrations of uranium or thorium, are indicated by 

aster isks . 

P.4.3 Rate of Metamictization 

The rate of metamict izat ion of a given mineral to a f i r s t approximation, depends on: 

1) the inherent s t a b i l i t y of i t s s t ructure and 2) the alpha pa r t i c l e f l u x resu l t ing from the 

presence of uranium, thorium and t h e i r unstable daughter nuclides (Pabst 1952). 

Pabst calculated that a minimum of 110,000 years is required fo r gado l in i te , 0.4% Th, 

to become metamict. This f i g u r e , which could be low by a fac tor of 1000 (Ueda 1957, Lipova 

1966, Hurley and Fairbain 1953), was obtained by assuming that a l l of that alpha decay 

energy was spent in disorder ing the s t ructure and tha t t h i s energy was measurable by DTA 

(Pabst 1952). 

Most zircons become metamict upon receiv ing a rad ia t ion dose of about 10 a/mg 

(Holland and Got t f r ied 1955). Using t h i s dosage c r i t e r i o n , the fo l lowing table gives e s t i 

mates of the time required f o r some radioact ive zircons to become metamict. 

I n i t i a l radionucl ide content Estimate time (yrs) 

1% Th 1.4 X 10^ 

1% U 3.3 X 10^ 

10% U 3.2 X lO'^ 

1% Pu^'^^ (does not ex is t i n nature) 2.0 

There are, however, zircons and tho r i tes ( t h o r i t e has 'the zircon st ructure and is 

expected t o show s imi la r rad ia t ion e f fec ts ) which show anomalous rad ia t ion e f fec t s . Some 
15 

zircons that have had rad ia t ion doses of only 2.8 x 10 a/mg are metamict (Krasnobayev et 

a l . 1974). On the opposite extreme is a report of a non-metamict t h o r i t e containing 10% 
g 

uranium that is at least 1.2 x 10 years o ld (Hutton 1950). I f t h i s age i s cor rec t , then 

the t ho r i t e specimen has withstood a rad ia t ion dose of about 9 x 10 a/mg. These data 

suggest tha t fac tors other than s t ruc tu ra l s t a b i l i t y and alpha pa r t i c l e f l u x are important 

in determining the ra te of metamict izat ion. 

P.4.4 A l te ra t i on Ef fects 

Minerals that occur in the metamict s tate are often severely a l te red , e i ther as a 

resu l t of hydrothermal a l t e ra t i on or surface weathering. The resu l t i ng complicated composi

t i ona l variates are in part responsible fo r the very complex mineral nomenclature. Most of 

the avai lable data on a l te ra t i on ef fects pertains to various Nb-Ta-Ti oxides (Ewing 1975, 

Wambeke 1970) and z i r con , (Zr,U)SiO-. In both cases a l te ra t i on may be extensive and f o l 

lowed by r e c r y s t a l l i z t a t i o n of phases qui te d i f f e ren t from the o r ig ina l pre-metamict phase 

(Ewing 1974). 



p. 48 

For metamict, ABgOg-type, Nb-Ta-Ti oxides (A = REE, Fe , Mn, Ca, Th, U, Pb; B = Nb, 

Ta, T i , Fe ) primary hydrothermal alteration causes a consistent increase in calcium con

tent , generally a decrease in the uraniun and thorium content, a decrease in total rare-

earth concentrations, a sl ight decrease in B-site cations, and an increase in structural and 

absorbed water. Secondary alteration caused by weathering is similar in effect but produces 

a decrease in Ca content, an increased leaching of A-site cations and a relative increase 

in B-site cations. Refractive index, specific gravity and reflectance decrease with both 

types of al terat ion, but VHNCQ remains approximately constant. I t is important to note that 

although alteration effects in these natural materials have been carefully documented, there 

are no experimental data on hydrothermal alteration effects, so lub i l i ty as a function of 

degree of metamictization, or the kinetics of these reactions. 

There is an abundant l i terature on metamictization and alteration effects observed in 

zircon, (Zr,U)SiO-, a phase commonly used by geologists in U/Pb radiometric dating. A sum 

mary of this l i terature is beyond the scope of th is Appendix, but i t should be the subject 

of future research. Discordant ages reported for metamict zircons indicate that the U/Pb 

rations can be clanged or s l ight ly disturbed by alteration (Krogh and Davis 1975). Labora

tory experiments involving zircon have demonstrated that altered regions are more rapidly 

dissolved by 48% hydrofluoric acid. There are some data which suggest that zircons that 

have become metamict are susceptible to attack by solutions that can cause alteration (Krogh 

and Davis 1975; Larsen et a l . 1953). However, Mumpton and Roy (1961) have recrystall ized 

numerous metamict zircons by hydrothermal treatment at temperatures of SOO'C and above, and 

found that the Zr:Si rat io remained close to 1:1. This is an indication that neither ele

ment was selectively dissolved. They also demonstrated that the water often found in meta

mict zircons was molecular H2O and not the result of H ion exchange leaching. The data are 

s t i l l too limited to draw broad conclusions regarding the effect of metamictization on solu

b i l i t y , even for metamict zircons. Yet, at worst, this does not seem to be a major problem. 

Monazite, a mineral that apparently does not metamictize, was chosen as the lanthanide and 

actinide synthetic mineral in the reference scenario (see Section 3.2.1.3). 
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