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I A PROPOSED S S S I F I C A T I O N  SYSTEM -- FOR HIGH-LEVEL 

AND OTHER RADIOACTIVE WASTES 

D .  C .  Kocher and A .  G .  Croff 

ABSTPACT 

This report presents a proposal for quantitative and generally 
applicable risk-based definitions of  high-level and other radioactive 
wastes. On the basis of historical descriptions and definitions of l t igh- 

level waste (MLW) , in which HLW has been defined in terms of its sousce as 
waste from reprocessing of spent nuclear fuel, we propose a more grneral 
definition based on the concept that IILW has two distinct attributes: HL,W 

is (1) highly radioactive and (2) requires permanent isolation. This 

concept leads t-o a two-dimensional waste classification system in which 
o~i i i  axis ~ related to "requires permancnt isolation, l' is associated with 
long-term risks from waste disposal ar.d the other axis ,  related to "highly 
radioactive," is associated with shorter-term risks due to high levels of 
decay heat and external radiation. We define wastes that require 
permanent isolation as wastes with concentrations of radionuclides 
exceeding the Class-C limits that are generally acceptable for near- 
surface land disposal, as specified in the U . S .  Nuclear Regulatory 
Commission's rulemaking 10 C F R  Part 6 1  and its supporting documentation. 
HLTJ then is waste requiring permanent isolation that also is highly 
radioactive, and we define "highly radioactive" as a decay heat (power 
density) in the waste greater than 50 W/m3 or an external radiation dose 
rate at a distance of 1 m from the waste greater than 100 rem/h (1 Sv/h), 
whichever is the more restrictive. This proposal also results in a 
definition of Transuranic (TRU) Waste and Equivalent as waste that 
requires permanent isolation but is not  highly radioactive and a 

definition of  low-level waste (LLW) as waste that does not require 
permanent isolation without regard to whether or not it is highly 
radioactive. 

Since, at the present time, HLW o r  TRU Waste and Equivalent generally 
are associated with disposal in deep geologic repositories, whereas 
"permanent isolation" as used in this ceport also encompasses less 
confining technologies for disposal of relatively dilute wasces in these 
classes, the definitions of HLW and TRlJ Waste and Equivalent also include 
explicit provisions for the acceptability of greater confinement disposal 
(GCD) on a site-, waste-, and technology-specific basis if applicable 
standards for protection of public health and safety are met. A s  a means 
of encouraging development of GCD options for some wastes that are not 
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generally acceptable for near-surface land disposal, this report presents 
an example analysis of concentration limits of radionuclides that w o u l d  he 
acceptable for intermediate-depth burial. 
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EXECUTIVE SUMMARY 

The Nuclear Waste Policy Act (NWPA) of 1982 provides the following 
definition of high-level radioactive waste (HLW): 

" ( A )  the highly radioactive material resulting from the reprocessing 
of spent nuclear fuel, including liquid waste produced directly in 
reprocessing and any solid material derived from such liquid waste 
that contains fission products in sufficient concentrations; and 

( B )  other highly radioactive material that the [U.S. Nuclear 
Regulatory] Commission, consistent with existing law, determines by 
rule requires permanent isolation I' 

The primary purpose of this report is eo develop a generally applicable 
and quantitative definition of WLW that  addresses the description in 
Clause (3) above and also encompasses the description in Clause ( A ) ,  The 

development of a generally applicable definition of NLW also results in 
definitions of  two other waste classes: Transuranic (TRU) Waste and 
Equivalent and low-level waste (LLW). 

from chemical reprocessing of spent nuclear fue l ,  and a source-based 
definition is given in Clause (A)  above, However, wastes from fuel 
reprocessing were recognized as having certain characteristics, related to 
short-term risks from waste operations and to long-term risks from waste 
disposal, that provided the basis for the traditional definitions of  HLW: 

HLW traditionally has been defined in terms oE i t s  source as waste 

- high concentrations o f  shorter-lived fission products, principal1.y 
"Sr and 137Cs, resulting in high heat generation rates and external 
radiation doses; 

- high concentrations of long-lived radionuclides, principally alpha- 
emitting TRU radionuclides, that would resu l t  in high internal 
radiation doses per unit activity of inhaled or ingested material. 

These characteristics are used in this report to develop a generally 
applicable risk-based definition of HLW and the other waste classes. 

historical. precedents for defining wastes from fuel reprocessing, we 
propose the following conceptual definition of HLW: 

On the basis of the definition in Clause (B) of the NWPA and the 

HLW is waste that is - 
(1) highly radioactive 
(2) requires permanent isolation. 
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Thus, we regard HLW as having two distinct attributes that must. be present 
simultaneously. 
waste classification system in which one axis is related to the concept of 
"highly radioactive" and is associated with shorter-term risks, and the 
other a.xi.s is relaced to the concept of  "requires permanent isolation" and 
is associated with long-term risks from waste disposal. 

conceptual definitions of TRU Waste and Equival.enc an3 LLW: 

T1-ri.s conceptual. approach resuli:.s in a two-dimensional . . . . . . . . . . . ... . . . . . .. 

The conceptual. definition of HLW also leads to the following 

- TRU Waste and Equivalent is waste that requires permanent isolation 
but is not highly radioactive; 

- LLW is waste that does not require permanent: isolation, without 
regard to whether or not it is highly radioactive. 

TRU Waste and Equivalent may include radionuclides other than ].on&-lived, 
alpha-emitting TRU radi-onuclides; and the definition o f  ELI. is consistent: 
with the NRC's rulemaking 10 CFR Part 61,19* which considers only risks 
associated with near-surface land disposal of radioactive wastes. 

A quantitative and generally applicable risk-based definition of 
"highly radioactive" is developed by associating this concept with high 
levels of decay heat (power density) or external. radiation dose in a 

manner consistent with the first characteristic of source-based HLW 
described above. On the basis of  analyses of  levels of power density and 
external radiation dose that limit system design or operation i.n 

controlling short-term risks in a variety of waste management activities, 
including disposal, we propose the following generally applicable 
definition: 

"Highly radioactive" means - 
(1) a power density greater than 50 W/m3 - or 
(2) an external dose-equivalent rate at a distance of  1 m from 

the waste greater than 100 rem/h (1 Sv/h). 

Thus, only one of these criteria must be met f o r  a waste to be highly 
radioactive. 

A determination of whether a waste is highly radioactive can be based 
on direct measurements of  power density and external dose rate without 
knowledge o f  radionuclide concentrations in t he  waste. However, we also 
have used these levels of power density and external dose rate t o  derive, 
on thc basis of simple models and calculations, radionuclide 
concentrations that define a Highly Radioactive boundary. These boundary 
concentrations are given in Table ES-1 and can be used to determine 
whether a waste is highly radioact ive when the radionuclide concentrations 



xi, 

Table E S - 1 .  Selected radionuclide concentratiotis corresponding to 
Highly Radioactive boundary in w a s t e  classification systema 

Boundary concentration Boundary concentration 
Nuclide b (ci/m3) Nuclide b (~i/m3> 

C - 1 4  

Ni-63 
S r - 9 0  + d 
CS-137  + d 
Sm-151 
Pb-210 + d 
Ka-226 + d 
Ac-227 -t d 
Th-229 + d 
Pa-231 

2E5 
5E5 

7E3C 

5E3C 

4 E 5  

1E3 
3E2 
2E2 
3E2 

2E3 

U-232 + d 
Pu-238 
Pu- 239 
Pu- 240 
Pu- 241 
Am - 241 
~m-243 + a 
Cm-243 
Cm - 244 

Cm- 245 

2E2 
2E3 
2E3 
2E3 
2E6 
2E3 
1E3 
1E3 
1E3 
2 E 3  

aRoundary Concentration for ariy radionuclide is based on a power 
density of  SO W/m3 or an external dose-equivalent rate at a distance of 
1 m from the waste of 100 rem/h (1 Sv/h) ,  whichever is more restrictive; 
for all radionuclides in this table except C s - 1 3 7 ,  the boundary 
concentration is based on power density. 
wastes containing mixtures of radionuclides is determined from boundary 
concentrations for each radionuclide using sum-of-fractions rule, or may 
be determined from direct measurements of power density and external dose 
rate. 

Highly Radioactive boundary for 

bNotatiori "+ d" means short-lived daughter products are assumed to 
be in secular equilibrium with parent radionuclide. 

=Value corresponds to Class-C limit for near-surface land disposal, 
as specified by the NRC in 10 CFR Part 61 (ref. 1). 
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in the waste are known. It is important to note that the concentrations 
def iriing the Highl-y Radioactive boundary f u r  90Sr and 'I 37Cs correspond to 
thr Class-C limits for near-surface land disposal of these radionuclides, 
as specified by the NRC in 10 CFK Part 61. 1 

A quantitative and generally applicable risk-hased definition of  

"requires permanent isolation" is developed by associating this concept 
with high concentrations of  long-lived radionuclides in a manner 
consistent with the second characteristic of source-based HLW described 
above. We propose the following generally applicable defixt i tion: 

"Requires permanent isolation" means concentrations of radi onucl i drr 
that exceed the Class-C limits that are generally acceptable f o r  

near-surface land disposal, as specified by the NRC in 10 CFK P a r t  6 1  
and its supporting documentation and methodology. 1-4 

Thus, a radionuclide is "long-lived," by definition, if it can occur in 
concentrations greater than its Class-C limit. Furthermore, kriowledge o f  

the concentrations of the most important long-lived radionuclides in the 
waste is needed in determining if the waste requii-es permanent isolation. 
The Concentrations of radionuclides that define the  Permanent Isolation 
boundary according to this definition are given in Table ES-2. 

HLW, TRU Waste and Equivalent, and LLW is depicted in Fig. E S - 1  and is 
summarij.cbd as follows: 

The proposed waste classification system described above f o r  defining 

- XLU is waste in which (1) the power density exceeds 50 W/m3 o r  the 
external dose rate at a distance of 1 m from the waste exceeds 
100 rern/h (1 Sv/h), i.e., radionuclide concentrations excced the 
values in Table E S - 1 ;  and (2) radionuclide concentrations exceed t h e  

Class-C limits that are generally acceptable for near-surface land 
disposal, i.e., the values in Table ES-2. 

- TRIJ Waste and Equivalent is waste in which (1) the power density is 
less than 50 W/m3 and the external dose rate at a distance o€  I m 
from the waste i s  less than 100 remfi (1 Sv/h)  , i. e. , radionucl ide 
concentrations are less than the values in Tab le  E S - 1 ;  and 
(2) radionuclide coricentrations exceed the Class-C limits tha t  are 

generally acceptable for near-surface land disposal, i.e., the values 
in Table E S - 2 .  

- LLW is waste in which radionuclide concentrations are less tzhan the 

Class-C limits that are generally acceptable for near-surface land 
disposal, i.e., the values in Table ES-2, regardless o f  the levels of 
power density o r  external dose rate. 
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Table ES-2. Selected radionuclide concentrations corresponding to 
Permanent Isolation boundary in waste classification systema 

Boundary concentration Boundary concentration 
Nuc 1 ide (~i/m3) Nuc 1 ide (ci/m3) 

C-14 
C -  14b 
Ni - 5gb 
Ni-63 
Ni-63b 
Sr-90 

b Nb - 94 
TC-99 
Ag- 108m 
Sn- 126 
I - 129 
CS-135 
CS-137 
Pb - 210 
Ra- 226 
Ac-227 
Th- 229 
Th-230 

8 
8E1 
2E2 
7E2 
7E3 
7E3 
2E-1 
3 
3E- 2" 
1E-2C 
8E-2 
8 E2 
SE3 
2E2C 
3E-2d 

5E-2' 
6E- 2" 

lC 

Th-232 
Pa-231 
U-232 
U-233 
U-234 
U-235 
U-236 
U- 238 
h'p-237 
TU-238 
Pu-239 
Pu- 240 
Pu-241 
Pu- 242 
h - 2 4 1  
hm- 243 
Cm-243 
Cm - 244 

1E-2' 
3E-2'1~ 
5E-2C 
4E- 1' 
SE- lC 
4 E  - 1 
6 E -  1@ 
5e-1 
4E- 2 
7 
1E-1 
1E-1 
5f 
I E -  1 
1E- 1 
7E-2 
8e1g 
4e1h 

%oundary concentration is defined as Class -C limLt that is 
generally acceptable f o r  near-surface land disposal, as specified 
by the NRC in 10 CFR Part 6 1  and supporting documentation 
(refs. 1-4). Permanent Isolation boundary for wastes containing 
mixtures of radionuclides is determined from boundary concentration 
f o r  each radionuclide using sum-of-fractions rule. 

bRadionuclide i n  activated metals only. 

'Value is not included in the NRC's 10 CFR Part 61 and 
supporting documentation (refs. 1-4.) and is provisional. 

%due assumes Pb-210 is in secular equilibrium with Ra-226. 

eValue assumes Ac-227 is i.n secular equilibrium with Pa-231. 

fValue is 30 times boundary concentration for Am-241. 

gValue is 850 times boundary concentration for Pu-239, 

hValue is 360 times boundary concentration for Pu-240. 
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QUANTI FDC 
CLASSIFI  

C Q  N C E N T R  ATI  6 N S 0 F LO N G - L I V E  
R A Q I O N U C L I D E S  

Fig. ES-1. Depiction of proposed waste classification system. 
Radionuclide concentrations corresponding to boundaries defining High- 
Level. Waste, Transuranic Waste and Equivalent, and Low-Level Waste are 
given in Tables ES-1 and ES-2. 
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In  applying the boundary concentrations in Tables ES-1 and E S - 2  to wastes 
that contain mixtures of radionuclides, the sum-of-fractions rule is used; 
i.c., the quantity to be calculated is the ratio of each radionuclide 
concentration to its corresponding boundary concentration, summed over all 
radionuclides, and the Highly Radioactive or Permanent Isolation boundary 
is exceeded if the appropriate sum of fractions exceeds unity. 

expected radionuclide compositions and waste forms at the time of  final 
disposal. 
contzain explicit reference to requirements for particular technologies for 
waste disposal. At the present time, LLW generally is associated with 
near-surface land disposal', * and HLW' and TRU Waste and Equivalent are 
associated with deep geologic repositories or equivalent, 5-8 primarily 
because these are the only disposal technologies currently recognized in 
law and for which regulatory standards and technical criteria have been 

developed. The association of HLW with disposal in deep geologic 
repositories a l so  is particularly evident in the NWPA. 

repositories OK equivalent for disposal of all wastes defined as HLW or 
TRU Waste and Equivalent according to the proposed classification system 
(i.e., wastes with radionuclide concentrations greater than the Class-6 
limits that are generally acceptable for near-surface land disposal). 
Some of these wastes may be suitable for greater confinement disposal 
( G C D ) ,  which we define as any technology that is more confining than 
near-surface land disposal for Class-C waste1$* but is less confining than 
deep geologic repositories or equivalent. The role of GCD in the waste 
classification system is specified as follows: 

The proposed waste classification system is intended to be applied to 

However, the definitions of the three waste classes do not 

It i s  not our intention, however, to require deep geologic 

- Wastes classified as HLW or "TU Waste and Equivalent may be 
acceptable for greater confinement disposal on a site-, waste-, and 
technology-specific basis provided applicable standards €or 
protection of  public health and safety will be met. 

A variety of GCD technologies for wastes that are not generally 
acceptable for near-surface land disposal are in current use or in various 
stages of planning.' A s  a means of encouraging further development of GCD 
alternatives and appropriate regulatory standards and technical criteria 
of general applicability, an appendix of this report presents an example 
analysis for determining maximum concsntrations of radionuclides that 
would be acceptable for GCD.  The analysis assumes intermediate-depth 
burial as the disposal technology. The concentration limits for GCD then 
are based on the assumption of a solid-waste drilling scenario for an 
inadvertent intruder at the disposal facility'' and a limit on annual 
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committed effective dose equivalent" for an intruder of 0.5 rem (5 mSv). 
The assumed dose limit for an inadvertent intruder is consistent: with the 
li.mit that is implicit i n  the waste classification system for near-surface 
land disposal in the N R C ' s  10 CFR Part 61.122 

that would be acceptable for GCD using intermediate-depth burial indicate 
that it is reasonable to consider GCD as an alternati.ve t o  deep geologic 
repositories for disposal of  some wastes that are classified as HLW or TRU 
Waste and Equivalent. However, we emphasize that i t  is premature to use 
these calculations as the basis f o r  defining a generally applicable set of 
concentration limits for GCD (i.e., minimum concentrations of 
radionuclides that would require deep geologic repositories or 
equivalent), primarily because doses f:o inadvertent intruders likely will 
be highly site- and technology-specific and appropriate regulatory 
standards and technical criteria for GCD have not been developed. Thus, 

at: present, the acceptability of GCD for HLW or TRU Waste and Equivalent 
should be evaluated only on a case-by-case basis. 

The example calcul-ations of concentration limits of radionuclides 

Finally, this report presents a brief analysis of the impacts of the 
proposed waste classification system on selected commercial and defense 
wastes. The waste defini-tions would have minimal impacts on present plans 
f o r  management and disposal of commercial spent fuel and reprocessing 
wastes, because these materials would be classified as HLW. Some defense 
reprocessing wastes at the Savannah River Plant that are to be 
encapsulated in borosilicate glass also would be classified as HLW. while 
more detailed analyses are needed for the wide variety of other de-Fanse 
wastes, the proposed classification system could have an impact on 
management and disposal of these wastes in two respects. 

because of its source as waste from fuel. reprocessi-ng, apparently would be 
cl-assified as TRU Waste and Equivalent or LLW, because of the relatively 
low concentrations of 'OSr, 137Cs, and long-  lived TRU radionuclides. 
However, any reclassification of these wastes need not have adverse 
impacts on plans for disposal, because the proposed waste definitions are 
not associated with requirements for specific disposal technologies or 
disposal in specific facilities. Thus, these wastes could be disposed of 
as if they were HLW (e.g., in deep geologic repositories) or by means of 
any other technology that would meet applicable standards f o r  protection 
of public health and safety. 

Second, the proposed definition of TRU Waste and Equivalent differs 

First, much of the defense waste that currently is called HLW, 

from current: waste acceptance criteria for defense TKU waste at the Waste 
Isolation Pilot Plant (WIPP)'* in two aspects: (1) the use of a limit on 
power density of  50 W/m3 for TRU Waste and Equival-ent, instead of an 

implied limit of 300 W/m3 for remote-handled TRU wast:e at the WIPP, and 
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(2) the use of minimum radionuclide-specific concentrations in Ci/m3 for 
TRU Waste and Equivalent, instead of a single minimum concentration of 
100 nCi/g for all long-lived, alpha-emitting TRU radionuclides at the 
WIPP. The differing limits on power density should not severely impact 
plans for waste disposal at the WIPP, because only a small volume of waste 
that meets current acceptance criteria for the facility has a power 
density between 50 and 300 W/m3. 
radionuclide-specific concentration limits in Ci/m3 ,for defining TRU Waste 
and Equivalent could significantly imprct the volume of contact-handled 
waste that would be acceptable for disposal at the WIPY, primarily because 
our definition includes long-lived, norr-TRU radionuclides in this waste 
class. However, for most defense wastes that contain mainly TRIJ 
radionuclides, the radionuclide-specific concentration limits in Ci/m3 are 
essentially equivalent to the single limit of 100 nCi/g f o r  all long- 
lived, alpha-emitting TRU radionuclides. T h e  principal exception occurs 
with wastes containing significant concentrations of 238Pu, because the 
proposed limit in Ci/rn3 for t h i s  radionuclide is considerably higher than 
100 nCi/g. We also emphasize that the proposed definition of  TRU Waste 
and Equivalent is not intended to preclude the WIPP facility from 
maintaining its current minimum concentration of 100 nCi/g for all long- 

lived, alpha-emitting TRU radionuclides as a waste acceptance criterion; 
and, as discussed above, our proposed classification system supports this 
value for determining wastes that  require permanent isolation. 

On the other hand, the use of 





1. INTRODUCTION 

1.1 Objective and Scope of  Waste C1assificati.on Study 

The Nuclear Waste Policy Act (NTJPA) of  1982 (Public Law 97-425) 
provides a general but qualitative definition of high-level radioactive 
waste (HLW) which has two aspects: (1) a description of HLW as waste from 
reprocessing of  spent nuclear fuel, which reflects the historical emphasis 
on defining HLW on the basis of its source, and (2) a provision that other 
highly radioactive material requiring permanent isolation may be 
classified as I-ILW. The NWPA assigns responsibility for developing a 
generally applicable definition of HLW based on the second description to 
the U . S .  Nuclear Regulatory Commission ( N K C ) ,  and the NRC has indicated 
that a rulemaking on such a definition that also would quantify the 
source-based definition of WLW is forthcoming. 13 

The principal objective of this report is to develop a quantitative 
and generally applicable definition Df HLW to address the second aspect of  

the NWPA definition described above. Such a definition also should 
encompass and quantify the traditional source-based definition of HLW. 

of HLW proceeds as follows. First, we review historical descriptions arid 
definitions of HLW including current definitions in regulations and 
guidances of the NRC, U.S. Department of Energy (DOE), and U . S .  

Environmental Protection Agency (EPA) and in the NWPA. Although HLW 
usually has been defined as waste from fuel reprocessing, descriptions of 
HLW often have indicated that these wastes have certain characteristics 
that. could provide a basis for a generally applicable dcfinition. We also 
review current definitions of transuranic (TRU) waste and low-level waste 

(LLW), because in developing a quantitative definition of HLW we will 
consider and define other classes of radioactive waste. This report does 
not consider the classification of wastes that might be considered 
hazardous because of their chemical toxicities. 

The development of a quantitative and generally applicable definition 

1.2 Constraints for Development of Waste Definitions 

Several important constraints were adopted for the present study, and 
these are summarized briefly as follows. 

[l] The definitions of HLW and the other waste classes should be based 
principally on direct or indirect considerations of risks associated 
with waste management and disposal, and the defi.nitions should have 
a sound technical foundatlon. 
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The was'i-e c l a s s i f i c a t i o n  system should con ta in  a minimal number of 

new waste c l a s s e s  t h a t  a r e  not  current1.y recognized i n  l a w .  

The d e f i n i t i o n s  of w a s t e  c l a s s e s  should be gene ra l ly  a p p l i c a b l e ,  

i . e . ,  app l i cab le  t o  any r ad ioac t ive  w a s t e  r ega rd le s s  of i t s  source 

o r  i s o t o p i c  composition. 

Consis tent  wi.th the  f i r s t  c o n s t r a i n t  given above, t he  d e f i n i t i o n s  of  

waste c l a s s e s  should not  r e s u l t  i n  unnccessary o r  unreasonable 

adverse impacts on wast c1 managemenl: and disposal systems e i t h e r  

e x i s t i n g  o r  planned, f o r  coirmercial and defense wastes .  

l'he waste c l a s s i f i c a t i o n  system shoiil d provide support  f o r  t he  

development of opt ions f o r  g r e a t e r  confinement d i sposa l  (GCD) as 

a l t e r n a t i v e s  t o  deep geologic  r e p o s i t o r i e s  f o r  some types of  wastes 

t h a t  are n o t  gene ra l ly  acceptable  f o r  nea r - su r face  l and  disposal  

The d e f i n i t i o n s  o f  ITLW and the  oi l ier  waste c l a s s e s  should,  t o  tlic 

f u l l e s t  e x t e n t  p o s s i b l e ,  be compatible with e x i s t i n g  l a w  and 

r e g u l a t i o n s  and with h i s t o r i c a l  d e f i n i t i o n s  and d e s c r i p t i o n s  o f  

d i f f e r e n t  t y p e s  of r ad ioac t ive  wastes.  

1 . 3  Outline of the  Report 

The remainder o f  t h i s  r e p o r t  i s  organized as fol lows.  Sect ion 2 

reviews h i s t o r i c a l  d e f i n i t i o n s  and d e s c r i p t i o n s  of HLW and the c u r r e n t  

de f i -n i t i ons  o f  TRU waste and LLlJ. Sect ion 3 desc r ibes  the conceptual. 

approach w e  have used i n  de f in ing  HLW and t h e  o t h e r  waste c l a s s e s  i n  terms 

of t:wo d i s t i n c t  a t t r i b u t e s  - namely, t he  a t t r i b u t e s  "highly radioacti.ve" 

and " r e q u i r e s  permanent isolalzion" - and di-scusses the  i n t e r p r e t a t i o n  of  

these terms. This s e c t i o n  a l s o  d i scusses  (1) the r o l e  o f  time i n  de f in ing  

waste cl-asses and ( 2 )  t he  r e l a t i o n s h i p  between the  d e f i n i t i o n s  o f  waste 

c l a s s e s ,  the s e l e c t i o n  of appropriate  d i sposa l  technologies ,  and t h e  

devel.opment of waste acceptance c r i t e r i a  f o r  s p e c i f i c  f a c i l i t i e s .  

Sect_i.on 4 d e s c r i b e s ,  i n  summary form, t h e  proposed quan t iE ica t ion  of  t he  

d e f i n i t i o n s  of HLIJ and the  o the r  waste c l a s s e s  i n  terms o f  t he  at t r i .butes  

"highly radioacti.ve" and " r e q u i r e s  permanent i s o l a t i o n ,  I' and desc r ibes  

a p p l i c a t i o n  of t he  d e f i n i t i o n s  t o  surface-contaminated wastes .  Sect ion 5 
b r i e  Cly summai:izes impacts o f  t h e  proposed waste c l a s s i f i c a t i o n  sys  te rn  on 

wastre iilanagement and d i sposa l  p l ans  f o r  sei-ected coiiunercial and defense 

wastes. The impacts a n a l y s i s  p a r t i c u l a r l y  focuses on defense wastes t h a t  

c u r r e n t l y  are c l a s s i f i e d  as IIXY because of  t h e i r  source as waste from f u e l  



reprocessing and on TRU wastes that currently are intended for disposal at 
the Waste Isolation Pilot Plant.' 
the proposed waste classification system, including discussions of major 
issues that must be addressed in developing any classification system. 

analyses used to develop and support the proposed definitions of HLW and 
the other waste classes. The appendices discuss (1) quantification of the 
attributes "highly radioactive" and "re quires permanent isolation" used in 
defining HLAW and the other waste classes, (2) an example analysis for 
quantifying maximum concentrations of  radionuclides that could be 
acceptable for GCD, ( 3 )  the relationship between concentration limits fo r  

specific TRU radionuclides in Ci/m3, as used in the proposed definition 
for the waste class called TRU Waste and Equivalent, and the more 
traditional use of a single limit in nC:i/g for a l l  long-lived, alpha- 
emitting TRU radionuclides, ( 4 )  data supporting the analysis of impacts of 
the proposed waste classification system on selected cornmercisl and 
defense wastes, and (5) a description of the current s t a tus  of 
technologies for GCD and associated health-risk assessments. 

Sect ion 6 then presents a summary of 

Several appendices in this report present details of  the technical 
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2. HISTORY OF DEFINITIONS OF HIGH-LEVEL WASTE 
AND OTHER WASTE CLASSES 

As background for the development of quantitative and generally 
applicable definitions of HLW and other waste classes, this section 
briefly reviews historical definitions and descriptions of HLW and current 
definitions of TRU waste and LLW. An important constraint for this study 
i.s that the definitions of waste classes should, to the fullest extent 
possible, be consistent with existing law and regulations and with 
historical definitions and descriptions. 

2.1 High-Level Waste 

2.1.1 Historical Definitions and Descriptions 

The historical development of definitions of HLW has been reviewed by 
Jacobs et al. ,14 and the following discussion is based largely on that 
review. Some of this discussion alsc is based on the Supplementary 
Information in the NRC's advance notjce of proposed rulemaking on a 
definition of HLW. 13 

In the earliest descriptions of HLW, the term "high level" often was 
associated with two attributes of the waste: (1) high levels o f  external 
radiation that would necessitate extensive shielding to protect workers 
during waste handling and (2) high levels of  heat from radioactive decay 
that would necessitate engineering systems for heat removal, e.g., to 
prevent self-boiling or self-dispersal o f  the waste, High levels of 
external radiation and decay heat resulted principally from high 
concentrations of shorter-lived fisslon products. The early descriptions 
of  HLW thus were related only to the need to control short-term risks from 
waste handling and storage, but the descriptions did not consider 
attributes of the waste related to control of long-term risks from final 
disposal. 

external radiation or decay heat, the concept was developed that EILW is 
waste of  a certain origin, i.e., from chemical reprocessing of spent 
nuclear fuel, because this was the only known source of waste with these 
properties. Thus, HLW came to be regarded as waste from fuel reprocessing 
in which most of the shorter-lived fission products have not decayed and 
significant radionuclide separations or waste dilutions have not occurred. 

to exercise jurisdiction over the possession, use, and disposal o f  

commercial nuclear materials. The AEC a l s o  referred to HLW as material 

In addition to the descriptions of HLW in terms of high levels of 

The 7J .S .  Atomic Energy Commission (AEC) was the first Federal agency 



from chemical reprocessing operat ions t:'riat emits r a d i a t i o n  su f f i c i - en t ly  

st:rong t o  reduce the  t i m e  a person cou1.d spend s a f e l y  near t he  source,  but  

t he  AEC f u r t h e r  recognized the need t o  p r o t e c t  t he  publ ic  from p o t e n t i a l  

long-term r a d i o l o g i c a l  hazards foll.owing waste d i s p o s a l .  The AEC thus 

broadened the  d e s c r i p t i o n  o f  HLW t o  i.ncl.ude ma te r i a l  "which by v i r t u e  of 

i-ts radionuclear  concen t r a t ion ,  h a l f  l i f e ,  and biologi.ca1 s i g n i f i c a n c e  

r e q u i r e s  pe rpe tua l  i s o l a t i o n  from the  biosphere.  l5 
r e f l e c t e d  a change i n  emphasis i.n desc r ib ing  IKW from shor t e r - t e rm 

opera ilional concerns r e s u l t i n g  from the presence of high concentrat ions o f  

f i . s s ion  products t o  concerns over long- term r i s k s  from f i n a l  d i s p o s a l .  

The p o t e n t i a l  ri-sks from d i sposa l  r e s u l t e d  from the presence o f  high 

concentrati .ons of longer-l.ived r ad ionuc l ides ,  p r i n c i p a l l y  a lpha -emi t t i ng  

T K U  r ad ionuc l ides ,  t h a t  produce high 1.eveI.s of i n t e r n a l  r a d i a t i o n  dose pe r  

u n i t  a c t i v i t y  of inhal.e& or i.ngested m a t e r i a l .  The hazard p o t e n t i a l  fi:oin 

d i sposa l  o f  HLV w a s  indi.c,atx:tl by the f a c t  t h a t  concentrat ions of some 

long- l ived  radionucl ides  were many o rde r s  of  magnitude g r e a t e r  than 

maximum permissible  concentrat ions i n  dr inking water t h a t  have been 
1 6  e s t a b l i s h e d  t o  ensure the  p r o t e c t i o n  o f  publ ic  h e a l t h  and s a f e t y .  

AEC i.n 10 CFR P a r t  5 0 ,  Appendi-x F . I 7  

This d e s c r i p t i o n  

The first: r egu la to ry  d e f i n i t i o n  of HLW w a s  developed i n  3.970 b y  t he  

The r e g u l a t i o n  s t a t e d  t h a t :  

" . . . . h i g h - l e v e l  l i q u i d  r ad ioac t ive  wastes means t h o s e  aqueous wastes 

r e s u l t i n g  from the  operat ion 01 the f i r s t  cycle  so lven t  e x t r a c t i o u  

sys  tern, o r  equival ent , and t he  concentrated waste!; from subsequent 

e x t r a c t i o n  c y c l e s ,  o r  equ iva len t ,  i n  a f a c i l i t y  f o r  reprocessing 

i r r a d i a t e d  r e a c t o r  f u e l s . "  

The emphasis on wastes from t h e  f i r s t  cycle  so lven t  e x t r a c t i o n  system 

a r i s e s  from the f a c t  t h a t  t hese  l i q u i d s  con ta in  more than 9 9 %  of t he  

nonvolatile fi-ssioti  products removed during reprocessing.  The AEC al-so 

s p e c i f i e d  t h a t  h i g h - l e v e l  l i q u i d  waste should be s o l i d i f i e d  w i t h i n  5 years  

a f t e r  generat ion and the  s o l i d i f i e d  products ,  which a l s o  a r e  r e f e r r e d  t o  

as HLW, s e n t  t o  a Federal  r e p o s i t o r y .  While the def ixi i t ion developed by 

the  AEC i s  quaJ.i.tative and focuses o n  HLW as waste from f u e l  r ep rocess ing ,  

a r ecogn i t ion  t h a t  HLW has c e r t a i n  general  p r o p e r t i e s  r ega rd le s s  o f  i t s  

source i s  implied by the reference i n  the d e f i n i t i o n  to  o the r  concentrated 

wastes from subsequent e x t r a c t i o n  c y c l e s ,  or equ iva len t .  

The f i r s t  s t a t u t o r y  use of the term "h igh - l eve l  r ad ioac t ive  waste" 

appears i n  t h e  Marine P ro tec t ion ,  Research, and Sanctuar ies  Act o f  1 9 7 2  

(Publ ic  Law 9 2 - 5 3 2 ) .  This A c t  adopted t h e  d e f i n i r l o n  of HLW from 10 CFR 

P a r t  50, Appendix F ,  descr ibed above b u t  broadened the  d e f i n i t i o n  t o  

i-nclude unreprocessed spent  f u e l  as wel l  as reprocessing wastes .  The NRC 

e s s e n t i a l l y  adopted t h e  p o s i t i o n  i n  10 CFR P a r t  50 ,  Appendix F, and i n  the 

Marine Sanctuar ies  Act when it declared spent  nuclear  f u e l  t o  be a form of 
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18,19 HLW and when it found TRU-contaminated wastes not to be HLW. 
Another statutory description of KLW appears in the West Valley 

Demonstration Project Act of 1980 (Public Law 9 6 - 3 6 8 ) ,  which authorizes 
the DOE to carry out demonstrations of solidification techniques which can 
be used to prepare HLW for disposal. This Act includes the following 
definition: 

"The term 'high level radioactive waste' means the high level 
radioactive waste which was produced by the reprocessing at the [West 
Valley] Center of spent nuclear fL.el. Such term includes both liquid 
wastes which are produced directly in reprocessing, dry solid 
material derived from such liquid waste and such other material as 
the [Nuclear Regulatory] Commissicn designates as high level 
radioactive waste for purposes of protecting the public health and 
safety." 

The NRC has not yet designated any "other material" as HLW under the West 
Valley Act. Rather, the N R C  has interpreted this term in a manner 
consistent with the definition in 10 CFR Part 50, Appendix F; %.e., NLW is 
the liquid wastes in storage at West Valley and the dry solid materials 
derived from solidification of the liquid wastes. 

2.1.2 Current Regulatory Definitions of the NRC, E P A ,  and DOE 

E.?. Nuclear Regulatory Commission. The NRC's 10 CFR Part GO 
7 contains technical cri-teria for disposal of HLW in geologic repositories. 

'The definition of  HLW in these standards is similar to the definitions in 
10 CFR Part 50, Appendix F, and the Marine Sanctuaries Act discussed in 
Section 2.1.1 above: 

'"High-level radioactive waste' 01: 'HLW' means: (1) irradiated 
reactor fuel, (2) lfquid wastes resulting from the operation of the 
first cycle solvent extraction system, or equivalent, and the 
concentrated wastes from subsequent extraction cycles, or equivalent, 
in a facility for reprocessing irradiated reactor fuel, and 
( 3 )  solids into which such liquid wastes have been converted." 

Again, this definition is only qualitative and will be modified by 
rulemaking13 in response to the definition in the NWPA (see Section 2.1.3 
below). 

- -  U . S .  Environmental Protection Agency. The EPA's 40 CFR Part 191 
contains generally applicable environmental standards for management and 
disposal of spent fuel, HLW, and TRU waste.' 
only to commercial wastes, the disposal of which would be licensed by the 

These standards apply not 
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NRC according t o  (:he t e c h n i c a l  c r i t e r i a  i n  10 CFR Part: 6 0 , 7  b u t  a l s o  t o  

t:he DOE'S defense w a s t e s .  Spcn.t nuclear f u e l  i s  def ined by t h e  KPh as 

" f u e l  t h a t  has been withdrawn from a nuclear  r e a c t o r  following 

i r r a d i a t i o n ,  t h e  c o n s t i t u e n t  elements O F  whieh have not been separated by 

r ep rocess ing , "  and HLW i s  def ined as i n  the  NWPA ( see  Seccion 2 . 1 . 3  

below). The d e f i n i t i o n  of TKU w a s t e  i s  considered i n  Sect ion 2 . 2 .  

The s tandards f o r  d i sposa l  of spent  f u e l ,  HLU, and TRU w a s t e  i n  40 

CFR P a r t  1 9 1  apply t o  any method, except d i sposa l  direct1.y i n t o  the oceans 

o r  ocean sediments.  Although .the EPA's h e a l t h - r i s k  assessments i.n support  

of the s tandards assume d i sposa l  i n  deep geologic r e p o s i t o r i e s , '  the EPA 

permits  a1ternat:ive d i sposa l  technol.ogies ( i .  e .  , GCD) t h a t  meet t he  

requirements i n  the  s tandards o r  i n  any a l t e r n a t i v e  s tandards t h a t  the EPA 

may promulgate. Thus, the EPA does not  impose o r  assume a unique 

correspondence between c l a s s e s  of radi.oactivc waste and particiular 

d i sposa l  techno I. o g i e  s . 

t he  DOE i s  contained i n  Order 5820 .220  and i s  s imi l a r  t o  those used by the 

NRC and EPA.  I1LW i .s defined a s :  

U . S .  _ _  Department . . .. - of  Energy. . . . . . . . . ..- The d e f i n i t i o n  o f  HLW c u r r e n t l y  used by 

"The h igh ly  r ad ioac t ive  w a s t e  material  t h a t  r e s u l t s  f r o i n  the  

reprocessing o f  spent  nuclear  f u r l ,  including l i q u i d  waste produced 

d i r e c t l y  i n  reprocessing arid any s o l i d  wasen derived from ilic l i q u i d ,  

t h a t  con ta ins  a combination o f  TRU waste and f i s s i o n  products i n  

concentrat ions as t o  r e q u i r e  permanent i s o l a t i o n . "  

I n  essence,  t h i s  d s f i n i t i o n  gives  th ree  c r i t e r i a  f o r  i d e n t i f y i n g  HLW: 

(1) t h e  source of the waste i s  reprocessing of spent  nuclear  f u e l ;  ( 2 )  t he  

c o n s t i t u e n t s  of the waste are TRU waste and f l s s i o l l  products ;  and (3)  the 

waste i s  s u f f i c i e n t l y  hazardoils to r equ i r e  permanent i s o l a t i o n .  The 

importance o f  t h e  third.  c r i t e r i o n  is  p a r t i c u l a r l y  evident  from the  

fol lowing s ta tement  i n  Chapter I of the DOE Order: 

"This Chapter e s t a b l i s h e s  p o l i c i e s  and gu ide l ines  f o r  managing the 

Department's h i g h - l e v e l  waste (HLW) and any o the r  m a t e r i a l s  which, 

because of t h e i r  hazardous na tu re  ( h e a l t h  r i s k ,  longevi ty  of  hazard,  

and thermal a c t i v i t y ) ,  a r e  determined by Heads of F i e l d  Organizations 

t o  r e q u i r e  s i m i l a r  handl ing.  I' 

However, no gu ide l ines  a r e  given i n  t he  Order regarding Concentrations of 

TRU w a s t e  and f i s s i o n  producls t h a t  would be s u f f i c i e n t  f o r  reprocessing 

wastes t o  be c l a s s i f i e d  as HLW. 

The DUE Order s p e c i f i e s  t h a t  new and r e a d i l y  r e t r i e v a b l e  e x i s t i n g  HLW 
sha l l  be disposed o f  i n  dcep geologic r e p o s i t o r i e s  ili accordance with the 

NWPA, b u t  e x i s t i n g  WLTJ t h a t  i s  not r e a d i l y  r e t r i e v a b l e  w i l l  be s t a b i l i z e d  

i n  p l ace  i f  t h e  EPh's standards f o r  d i sposa l  i n  40 CFK P a r t  1 9 1 5  a r e  met. 
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Thus, as with the EPA's standards, the DOE Order does not associate HLW 
with wastes that require a particular disposal technology, and the use of 
GCD for wastes that require a degree of isolation greater than near- 
surface land disposal but possibly less than a deep geologic repository is 
permitted explicitly. 

2 . 1 . 3  Nuclear Waste Policy Act  of 1982 

In the NWPA, HLW is defined as: 

"(A) the highly radioactive material resulting from the reprocessing 
of spent nuclear fuel, including liquid waste produced directly in 
reprocessing and any solid material derived from such liquid waste 
that contains fission products in sufficient concentrations; and 

(B) other highly radioactive material that the [Nuclear Regulatory] 
Commission, consistent with exis-ing law, determines by rule requires 
permanent isolation." 

The definition in Clause (A) is similar to that in 10 CF'R Part 5 0 ,  

Appendix F, described in Section 2.1.1 above (i.e., HLW is waste from 
reprocessing of spent nuclear fuel), But inclusion of the phrases "highly 
radioactive material." and "contains fission products in sufficient 
concentrations" not contained in previous definitions is noteworthy. 
However, the WWPA provides no guidancz on quantifying these phrases or the 
phrases "other highly radiaactive material'n and "requires permanent 
isolation" in Clause (B). However, the definition in Clause (B) clearly 
points to the development of a generally applicable definition of HLW, 

i.e., one that is not based on the source of the waste. 

wastes unless commercial and defense wastes are commingled, However, the 
NWPA definition presumably will be applied to defense wastes by means of 
its adoption in the EPA's 40 CJX Part 191,' which specifically applies to 
any facility operated by the DOE as well as to commercial facilities. 

repositories. Again, however, the EPA's 40 CFR Part 191 permits disposal 
of HLW using alternative technologies, 5 ' 6  and this provision presumably 
will be applicable to disposal of defense wastes. 

The definition of HLW in the NWPA does not apply to the DOE'S defense 

The NWPA addresses disposal of HLW only in deep geologic 



2 . 1 .4 Sun?mary 

HLW traditionally has been defined on the basis o f  its source as 
waste from reprocessing o f  spent nuclear fue l .  However, existing 
definitions generally have recognized that wastes from fuel reprocessing 
have certain characteristics related to short-term risks f rom w a s t e  

operations and to long-term risks from waste disposal. These 
characteristics include: 

- high concentrations of shorter-lived fission products, resulting in 
high rates of  heat generation and external radiati-on; 

- high concentrations of  long-lived radionuclides, principally alpha- 
emitl irig TRU radionuclides, that would result in high internal 
radiation doses per unit activity of  inhaled or ingested material 

These characteristics refer in a general. way to HTM belng "highly 
radioacti.ve" and "reqi.ii.riq permanent isolation, I t  irrespective o f  the 
source of the waste. The definitions in the NVPA and DOE Order 5820.2 
point clearly to a generally applicable definition o f  HLW, i.e., a 
definition based on i-ntrinsic characteristics of the waste and not on ies 
source. 

H U i  often has been associated with disposal in deep geologic 
repositories, because the wastes require a high degree of isolati.on from 

the biosphere in order t o  provide long-term protection o f  p u b l i c  health 
and safety. However, current regulations o f  the EPA and DOE recognize t-he 

potential acceptability of alternati-ve disposal technologies for 1IJ.M i f  
applicable health-protection standards are met. Thus ,  these regulations 
have establjshed that wastes called X1LW need not be associated with a 
pa r t i c u J. a r d i s p o s a 1 tech no 1 o g y . 

2.2 Transuranic Waste 

TRU waste traditi.onally has referred to materials that contain 
suf f i.cient concentrations of long-  1 ived a lpha  -emi tting TRU radioniicl ides 
but lower levels of beta/gamina-emitting radionuclides ( i . e . >  lower 1.evels 

of  decay heat and external radiatxion) than spent fuel or HLKJ from fuel 
repx-ocessing. TRU w a s t e  arises principally Prom fuel reprocessing and 
fabrication o f  plutonium weapons and plutonium-bearing reactor fue7.. 
separate waste class was developed for these materials in recognitton of 
the high  potenc ia1  hazard from inhalation and ingestion of  TRU 
radionuclides and, thus, the need f u r  long-term isolation from Lhe 

2 1  A 
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biosphere in limiting risks to the public from waste disposal. 

2.2.1 Current Regulatory D e f i n i t i o n s  of the EPA,  DOE, and NRC 

Current definitions of TRU waste are given in the EPA's 40 CFR Part 
1915 and DOE Order 5820.2.20 
discusses disposal requirements for long-lived TRU radionuclides. 

TRU waste is defined as: 

In addition, the NRC's 10 CFR Part 61ls2 

Y.S. Environmental Protection Agency. In the EPA's 40 CFR Part 191, 
5 

"....waste containing more than 100 nanocuries of alpha-emitting 
transuranic isotopes, with half-lives greater than twenty years, per 
gram of waste, except for: (1) high-level radioactive waste; 
(2) wastes that the Department [of Energy] has determined, with the 
concurrence of the Administrator, do 
required by this Part; or (3) wastes 
Commission has approved for disposal 
accordance wi.t:h 10 CFR [Part] 61." 

Thus, the principal characteristic of TRU 

not need the degree of  isolation 
that the [Nuclear Regulatory] 
on a case-by-case basis in 

waste is a minimum concentration 
of 100 nCi/g for alpha-emitting TRU raldionuclides with half-lives greater 
than 20 years. The exception that HLk7 is not TRU waste recognizes 
implicitly that the former contains high concentrations of fission 
products not present in the latter, but the definition provides no 
guidelines regarding minimum concentrations of fission products that would 
distingui-sh HLW from TRU waste. The other two exceptions refer to wastes 
that can be disposed of  safely by methods more confining than near-surface 
land disposal132 but less confining than a deep geologic repository. A s  

discussed in Section 2.1.2 above, the EPA's standards emphasize disposal 
of  TRU waste in deep geologic repositories, but alternative disposal 
technologies are. permitted if appropriate health-protection requirements 
are met. 

U.S. Department of Energy. In DOE Order 5820.2, TRU waste is defined 
.20- as. 

"Without regard to source or form, radioactive waste that at the end 
of institutional control periods is contaminated with alpha-emitting 
transuranium radionuclides with half-lives greater than 20 years and 
concentrations greater than 100 nCi/g. Regarding the Waste Isolation 
Pilot Plant, high-level waste and spent nuclear fuel as defined by 
this Order are specifically excluded by this definition. I' 

The definition of  TRU waste thus is the same as in the EPA's 40 CFR Part 
191, and the definition a l s o  is explicit in excluding HLW and spent fuel. 
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Again, however, the definition does not indicate how NLW is distinguished 
from TRU waste that contains simjlar concentrations of TRU radionuclides 
but differing concentrations of fission products. 
disposal oE defense TRU waste at the Waste Isolation Pilot Plant (W3:PP) 

are discussed in SectIion 2.2.2 below. 

Acceptance criteria for 

U . S .  ,... Nuclear Regulato-rr- ~+mi.ssion. The NRC's 10 CFR Part 61 does 
not explicitly define TRU waste, but the standards set a conceatration 
liiiiit: o f  1.00 nCi/g for the general acceptability o f  near-surface land 
disposal for alpha-emitting TRU radionuclides with half-1-ives greater than 
5 years. Higher concentrati.on limits for near-surface land disposal were 
set. :Cor 241Yu and 242Cml which are short-lived but decay to longer-lived, 
alpha-emitting daught:er products. 

disposal o f  TRU radionuclides is consistent with t h e  definition of TKU 
5 waste in the E Q A ' s  40 CFR Part 191 and in DOE Order 5 8 2 0 . 2 , 2 0  but the 

lower 1i.mit on half-life is 5 years instead of  20. The source o f  this 
seeming inconsistency is the di. ffci-ent di.sposa1 technologies to 57his.h the 
various regulations generally apply. The NKC's standards apply to near -  

surface 'land disposal, and t.he -val.ue of 5 years is appropriate in this 
case because, for i i t i  assumed period o f  institutional controls over a 
facility of 100 years,' radionuclides with half-1ives less than 5 yea r s  

w i l . 1  decay to innocuous 1evel.s wi.tl1i.n the control peri.od a n d ,  thus, w i l l  

not present a potential health risk to the publi.c. However, the EPA's 
standards and the DOE Order apply to wastes that generally are intended 
f o r  disposal. in deep geologic repositories o r ,  alternati~vely, using other 
technologies t h a t  provide greater long- tertii isol.ati.on from the biosphere 
than near-surface land di.sposal; and a lower limit for the half-life of 
20 years is regarded by the EPA and DOE as appropriate for defining TRIJ 

radionuclides that could present a potential long-term health risk using 
the more corif ining disposal technologies. 

Amendments Act (LLRWPAA) of  1985 (M.R. 1083) ex.plicitly refer to TRU 
waste. Thus, TRU waste has been defined only by the EPA and D O E ;  and, 
again, the existing definitions do not provide clear guidance for 
di-stinguishing between HLW and TRU waste. 

The NRC's concentration limit of 100 nCi/g f o r  near-surface land 

Finally, neither the NTJPA nor the Low-Level. Radioactive Waste Policy 

2.2.2 WasCe Acceptance C r i t e r i a  f o r  the WIPP Facility 

TKU waste is generated principally in defense activities, and the DOE 
TRU wastes is developing the WIPP facility8 for disposal of these wastes. 

that cannot be cerc:i.fied for disposal at the WIPP shall be evaluated for 
alternative disposal. 20 
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In certifying TRU waste for disposal at the WIPP, two types of waste 
are considered: contact-handled (CH) and remote-handled (RH) waste. This 
section briefly discusses acceptance criteria for CH and !AH TRU waste that 

could be used in developing generally applicable definitions of waste 
classes. Again, as defined in DOE Order 5820.2,20 both types of TRU waste 
contain greater than 100 nCi/g of alpha-emitting TRU radionuclides with 
half-lives greater than 20 years. 

Acceptance criteria for CH TRU waste at the WIPP include the 
following. 12 

- Waste packages shall have a surface dose-equivalent rate no greater 
than 0.2 rem/h, and neutron contributions greater than 20 rnrem/h 
shall be reported separately. 

- Waste packages or package assemblies shall have a removable surface 
contamination no greater than 50 pCi per 100 cm2 for alpha-emi-tting 
isotopes and 450 pCi per 100 cm2 for beta/gamma-emitting isotopes. 

- Average thermal power densities which exceed 3 . 5  W/m3 for individual 
waste packages shall be recorded. 

- The fissile or fissionable isotope content for waste packages shall 
be no greater than the following values, expressed in 239Pu fissile 
gram-equivalents: 200 g per 55-gallon drum; 100 g per 30-gallon 
drum; 500 g per Department of Transportation 6M container; and 
5 g/ft3 in boxes, up to 350 g mslximum. 

- Waste packages shall not contain more than 1000 Ck of  239Pu- 
equivalent activity. 

The limits on 239Pu fissile gram-equivalents are based on the need to 
prevent nuclear criticality in the waste. The limits on 239Pu-equivalent 
activity are derived from maximum permissible concentrations of TRU 
radionuclides in water, which are based on the requirement that radiation 
doses to the public will not exceed applicable standards for long-term 

Acceptance criteria for RH TRU waste at the WIPP include the 

performance of the repository. 12 

following. 12 

- Waste packages sha l l  have a surface dose-equivalent rate no greater 
than 100 rem/h. Neutron contril>utions are limited to 270 mrem/h, and 
contributions greater than 20 m-cem/h shall be reported. On an 
exception basis, canisters with a dose-equivalent rate in excess of  
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100 rem/h bu t  l e s s  than 1000 rem/h may be approved. 

- Waste packages s h a l l  have a removable su r face  contamination no 

g r e a t e r  than 50 y C i  per  100 cm2 f o r  a lpha-emi t t ing  i so topes  and 

450 p C i  pe r  100 cm2 f o r  beta/gamma-emitting i so topes .  

- The thermal power i n  any waste package shall .  not  exceed 300 W .  

.- The f i s s i l e  o r  Eissi-onable i so tope  content; o f  the  waste s h a l l  no t  

exceed 1 . 9  g /L ,  averaged over any 5 I, wi th  a maximum SO% void  space.  

I f  such a di .s t r ibut ion cannot be ensured,  then the  c a n i s t e r  i s  

li-mited t o  240 g t o t a l  i n  239Pu  fissile gram-equivalentx.  The 

c a n i s t e r  may he loaded with Department: o f  Transpor ta t ion  1 7 C  o r  17H 

druriis, which w i l l  provide i n t x r n a l  p a r t i t i o n i n g  and inc rease  the  

l i m i t s  t o  1-00 g each f o r  30-ga l lon  drums and 200 g each f o r  55-gal.lon 

drums. 

- Waste packages s h a l l  no t  contai.n more than 1000 C i  of  239Pu- 

equi-valent a c t i v i t y .  

i n  a d d i t i o n ,  lppI TRU waste must: he packaged i n  s tandard  con ta ine r s  o f  

nominal volume 1 m 3 .  

can be converted t o  an equiva len t  l i m i t  on power densi-ty o f  300 W/m3. 

shows that: CH and RH waste d i f f e r  primaril-y i n  the  l i m i t s  on thermal power 

and e x t e r n a l  dose-equiva len t  r a t e  a t  the  su r face  o f  a waste package. 

Again, these  a r e  the  t w o  common measures of t he  a t t r i b u t e  "hhi.ghly 

r ad ioac t ive"  t h a t  has been a s soc ia t ed  with HLW from f u e l  reprocess ing .  

Thus, t he  l i m i t  on thermal power per  waste package 

Comparison of t he  acceptance c r i t e r i a  f o r  t he  two types o f  TKU waste 

2 . 3  Low-Level Waste 

Current d e f i n i t i o n s  of LLW d i f f e r  f rom t h o s e  for HI& and TRU waste i n  

t he  sense t h a t  LLW i s  def ined by exc lus ion .  

LLW as "Radioactive waste not c l a s s i f i e d  a s  h i g h - l e v e l  was t r ,  TRU waste ,  

spent  nuc lear  f u c l ,  o r  byproduct ma te r i a l  as defined by t h i s  Order ."  I n  

the XI,RWP,W, LLW i s  m a t e r i a l  t h a t  " ( A )  i s  not  h i g h - l e v e l  r ad ioac t ive  

was te ,  spent  nuc lear  f u e l ,  o r  byproducc ma te r i a l  . . ;  and ( E )  t he  Nuclear 

Regulatory Commission, co i i s i s ten t  with e x i s t i n g  law and i n  accordance with 

paragraph ( A ) ,  c l a s s i f i e s  a s  low- leve l  r ad ioac t ive  was te . "  The absence o f  

any re ference  t o  TKU waste i n  the  LLRWPAA de f i r l i t i on  i s  notewoithy, 

because the  d e f i n i t i o n  i n  Clause ( A )  implies  t h a t  TRU waste could be 

included i n  LLW. Thus, t o  t he  e x t e n t  t h a t  unambiguous d e f i n i t i o n s  o f  HLW 

DOE Order 5 8 2 0 . 2 2 0  def ines  
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and TRU waste are lacking, an unambiguous definition also is lacking for 
LLW . 

The NRC's 10 CFR Part 61 gives limits on concentrations of 
radionuclides that are generally acceptable for near-surface land 
disposal. Although these standards do not explicitly define LLW, 

materials with concentrations below the limits for near-surface land 
disposal generally are regarded as LLW. 

LLW is not given by the NRC, wastes with concentrations greater than the 
limits that are generally acceptable for near-surface land d.isposal also 
could be classified as LLW. 

However, since a definition of 

Wastes are classified in 10 CFR Part 61 only in relation to risks 
associated with waste disposal, but risks associated with waste operations 
have no bearing on the concentration limits in the standards. Thus, this 
approach differs fundamentally from the historical approach to defining 
HLW. Indeed, wastes acceptablk for near-surface land disposal may have 
levels of decay heat or external radiation at the time of disposal that 
are much higher than those in spent fuel or HLW (e.g., 6oCo which emits 
intense, high-energy photons is generally acceptable for near-surface land 
disposal in any concentration). However, the radionuclides in these cases 
must have sufficiently short half-lives that the activity will decay to 
acceptable levels for ensuring protection of inadvertent intruders by the 
end of the 100-year period of active institutional controls over the 
disposal facility. 1 9 2  

LLW generally is associated with near-surface land disposal. 
However, DOE Order 5820.2 contains the explicit provision that LLW shall 
be disposed of by shallow-land burial o r  GCD.?' Furthermore, although GCD 

is not mentioned explicitly in 10 CFR Part 61, the NRC permits alternative 
disposal methods on a case-by-case basis for wastes with radionuclide 
concentrations greater than those that are  generally acceptable for near- 
surface land disposal.' Thus, as with liLW and TRIJ waste, the current 
definitions and descriptions of LLW do not associate these wastes with a 
particular disposal technology. 
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3. CONCEPTUAL DEFINITIONS OF HIGH-LEVEL WASTE 
AND OTHER WASTE CLASSES 

This section presents the conceptual approach used in this report to 
obtain quantitative and generally applicable risk-based definitions of HLW 

and other waste classes. 
study are called TRU Waste and Equivalent and LLW. 
discusses other aspects of the proposed. waste classification system 
including (1) the role of  time in defining waste classes and (2) the 
relationship between the definitions of waste classes, the choice of a 

disposal technology, and the development of waste acceptance criteria for 
specific facilities. 

The other two waste classes defined in this 
This section also 

3.1 Conceptual Definition of High-Level Waste 

A s  discussed in Section 2.1, HLW (i.e., waste from fuel reprocessing) 
(1) the traditionally ha5 been described in terms of two characteristics: 

presence of high concentrations of shorter-lived fission products, 
resulting in high rates of external radiation and heat generation that 
necessitate extensive shielding and systems for heat removal to limit 
short-term risks from waste handling and storage, and (2) the presence o f  

high concentrations of long-lived radi-onuclides, principally alpha- 
emitting TRU radionuclides, that necessitate a high degree of isol-ation 
from the biosphere to limit long-term risks from waste disposal. 
discussed in Section 3.1.2 below, high heat generation rates also must be 

considered in the design of  repositories f o r  disposal o f  HLW. 

above provide a suitable basis for developing a generally applicable 
definition of HLW. The view that HLW has t hese  characteristics, 
regardless of the source of the waste, is supported by the definition in 

Clause (B) of the NWPA (see Section 2.1.3); i.e., HLW is "other highly 
radioactive material that . . .  requires permanent isolation." 

A s  

In this report, we assume that the two characteristics described 

3.1.1 Statement and Interpretation of Conceptual Definit ion 

On the basis of historical precedents for defining HLW and the 
definition in Clause (B) of the NWPA, we propose the following conceptual 
definition of HLW: 
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HLW i s  waste t h a t  i s  - 
(1) h i g h l y  r ad ioac t ive  

( 2 )  r e q u i r e s  permanent t s o l a t i o n .  

Thus, w e  regard HLW as having two d i s t i n c t  a t t r i b u t e s  that: must be p re sen t  

simultaneously.  T h i s  conceptual approach r e s u l t s  i n  a two-dimensional 

waste c l a s s i f i c a t i o n  system i n  which one a x i s  3.s r e l a t e d  t o  the  concept of 

"highly r ad ioac t ive"  and t h e  o t h e r  a x i s  t o  t he  concept o f  " r equ i r e s  

permanent i s o l a t i o n .  " 

conceptual. d e f i n i t i o n s  of t h e  o t h e r  two waste classes, whi.ch are given i n  

Sec t ion  3 .2 .  

The approach t o  implementing the gene ra l ly  app l i cab le  conceptual 

The conceptual d e f i n i t i o n  of  HLW a l so  l e a d s  t o  

d e f i n i t i - o n  of HLW i s  t o  develop q u a n t i t a t i v e  boundaries d e f i n i n g  "highly 

r ad ioac t ive"  and "requi-res permanent: i s o l a t i o n .  

quan t i fy ing  these  a t t r i b u t e s  are descr ibed i n  Sect ions 3 . 1 . 3  arid 3 . 1 . 4 .  

The approaches t o  

3 .1 .2  Discussion o.f Conceptual Definition 

The word "and" contained i n  the  proposed conceptual defini-i: 

given above does n o t  a p p e a r  exp1icit:l-y i n  Clause ( B )  of t h e  NWPA 

d e f i n i t i o n .  Thus, a l t e r n a t i v e  i n t e r p r e t a t i o n s  of the NWPA d e f i n  

i t s  h i s t o r i c a l  precedents ,  are p o s s i b l e .  

on of  HLW 

t i o n ,  and 

One a l t e r n a t i - v e  i n t x r p r e t a t i o n  of Clause ( R )  of t he  PJWPA d e f i n i t i o n  

is  t h a t  HI,W r e q u i r e s  permanent i s o l a t i o n  because it is  highly r a d i o a c t i v e .  

I n  t h i s  i - n t e r p r e t a t i o n ,  "highly r ad ioac t ive"  and " requ i r e s  permanent 

i s o l a t i o n "  are e s s e n t i a l l y  synonymous and, t h u s ,  would n o t  desc r ibe  

d i s t i n c t  a t t r i b u t e s  of the waste. The d e f i n i t i o n s  o f  HLM and t h e  o the r  

waste c l a s s e s  then would be based only on those c h a r a c t e r i s t i c s  of  t he  

waste r e l a t e d  t o  requirements for l i -mitat ion of  l o n g - t e r n  r i s k s  from w a s t e  

d i s p o s a l  b u t  no t  on cons ide ra t ions  of  sho r t e r - t e rm r i s k s  due t o  high 

levels of  decay heat and e x t e r n a l  r a d i a t i o n .  As discussed i n  Sect ion 2 . 3 ,  

t h i s  approach would be c o n s i s t e n t  with t h a t  taken by t h e  NRC i n  10 CFR 

P a r t  6 1  i n  c l a s s i f y i n g  wastes t h a t  are gene ra l ly  acceptable  f o r  nea r -  

su r f ace  l a ~ i d  d i s p o s a l ,  More gene ra l ly ,  s i n c e  the primary i n t e r e s t  i n  

defini-ng w a s t e  c l a s s e s  i s  i n  relat-ion t o  requirements f o r  d i s p o s a l ,  t h i s  

i n t e r p r e t a t i o n  could provide an approach i n  which each waste class w o u l . d  

be a s s o c i a t e d  with a p a r t i c u l a r  d i sposa l  technology. 

h i s t o r i - c a l  d e f i n i t i o n s  of HLU t h a t  "highly r ad ioac t ive"  i s  an a t t r i b u t e  

d i s t i n c t  from " requ i r e s  permanent i s o l a t i o n ,  even when disposal. i.s the  

principal.  concern of waste management:. F t r s t ,  high concentrat ions of  

s h o r t e r - l i v e d  radionucl ides  t h a t  produce high levels of decay h e a t  or 

___I..... 

I t  appears d e s i r a b l e ,  however, t o  r e t a i n  t h e  concept expressed i n  
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external radiation, such as 'OS, and 137Cs, still can provide potentially 
significant hazards beyond the 500-year time period for prevention of 
exposures of inadvertent intruders that was assumed by the NRC in deriving 
the Class-C concentration limits for near-surface land disposal in 10 CFR 

Part 61.1F2 Second, high levels of decay heat and external radiation are 
important in the design of disposal systems, so there is a need to 
distinguish between wastes that are highly radioactive and those that are 
not even when both types of waste require permanent isolation. 
example, the NRC's technical criteria for disposal of HLW in geologic 
repositories in 10 CFR Part 60 include a requirement for substantially 
complete containment of radionuclides within waste packages for a time 
period of at least 300 years, because the NRC believes that there are 
large uncertainties in predicting radionuclide transport during the period 
of high heat generation in the waste.7 
presumably would not be needed for wastes with similar concentrations of 
long-lived TRU radionuclides but relatively low heat generation rates from 
fission-product decay. Finally, the NRC has indicated that it would not 
find tenable the argument that a waste requires permanent isolation 
because it is highly radioactive, primarily because the need for permanent 
isolation correlates with the length of time the waste will remain 
hazardous, whereas long half-lives correlate with low rather than high 
levels of radioactivity. 

recognized in practice and in regulations for many years, but this 
distinction would no longer be maintained if "highly radioactive'' were 

essentially synonymous with "requires permanent isolation." 
in Section 1.2, it is desirable to be consistent with existing law and 
historical precedents to a reasonable .sxtent, and we find no compelling 
reason to abandon the historical distinction between TRlJ waste and HLW. 

For 

However, such a requirement 

13 

The existence of TRU waste as a cl.ass distinct from HLW has been 

As emphasized 

3.1.3 Approach to Defining "Highly Radioactive" 

From the discussion in Section 2.1 on historical precedents f o r  
defining HLW, it is evident that the Cttribute "highly radioactive" has 
been associ-ated with shorter-term risks resulting principally from high 
levels of heat and external radiation produced by the decay of shorter- 
lived fission-product radionuclides. Therefore, we assume that "highly 
radioactive" is a general attribute of waste that is related to the 
potential for signtficant shorter-term risks and is associated with high 
heat generation rates (power densftier;) or external dose rates. Power 
density and external dose rate generally are proportional to the 
concentrations of all radionuclides in the waste, but high levels o f  these 



q u a n t i t i e s  gene ra l ly  a r e  a s soc ia t ed  only wi th  h igh  concent ra t ions  of  

s h o r t e r - l i v e d  r ad ionuc l ides .  

The approach iso quant i fy ing  "highly r ad ioac t ive"  i s  t o  es t imate  

l e v e l s  of  power  dens i ty  o r  ex t e rna l  dose r a t e  t h a t  cou1.d have an adverse 

impact on shor t e r - t e rm r i s k s  i f  appropr ia te  con t ro l  measures were no t  

app l i ed .  Important c o n t r o l  measures include containment and hea t '  removal 

t o  prevent  s e l f - d i s p e r s a l  and s e l f - b o i l i n g  of t he  wastes a n d  sh i e ld ing  t o  

prevent  unacceptable r a d i a t i o n  exposures .  Any waste wit:h a power dens i ty  

o r  e x t e r n a l  dose r a t e  above the l e v e l s  so  est imated would be h ighly  

r ad ioac t ive .  

A s  descr ibed  i n  Sec t ion  2 . 1 . 1 ,  e a r l y  desc r ip t ions  o f  HLW i n  terms o f  

hi.gh l e v e l s  of decay h e a t  and ex te rna l  r a d i a t i o n  focused on con t ro l  of 

sho r t - t e rm ri-sks from waste handl ing and s t o r a g e .  However, s ince  waste 

d i sposa l  i .s now the primary concern, we focus on de f in ing  "highly 

r ad ioac t ive"  on the  b a s i s  o f  1-evels of decay heat. and external.  r a d i a t i o n  

t h a t  could have an impact on shor t - t e rm r i s k s  from d i sposa l .  The 

q u a n t i f i c a t i o n  o f  "highly rad ioac t ive"  i s  discussed i n  Sec t ion  4 . 2 .  

3 .  I .4 Approach to Def in ing  "Requires  Permanent  Isolation" 

A s  discussed  i n  Sec t ion  2 . 1 ,  the  concept t h a t  HLW ' ' requires permanent 

i so l -a t ion"  c1earl.y i s  concerned w i t h  the l i m i t a t i o n  of long-term risks 
f r o m  d i s p o s a l  of high concent ra t ions  o f  1-ong- l i v e d  radi.oriuclides 

principa1l.y a lpha-emi t t ing  TRU rad ionucl ides .  However, t h i s  coiicept a l s o  

has been used m o r e  gene ra l ly ,  s o  the  meaning of "permane:it i s o l a t l o n "  i n  

the  p re sen t  waste c l a s s i f i . ca t ion  system requ i r e s  expla.nation. 

The concept o f  "permanent i s o l a t i o n "  o r  "permanent d i sposa l"  has  been 

a p p l i e d  t o  the  d i sposa l  of a l l  types o f  r ad ioac t ive  w a s t e ,  a s  evidenced by 

the  s i m i l a r i t y  o f  d e f i n i t i o n s  of  "d isposa l"  o r  " i s o l a t i o n "  appl icable  t o  
5 HLW, TRU waste ,  o r  LLW given i n  the  NCJPA, t he  L.LRWPAA, 40 CFR P a r t  1 9 1 ,  

10 CFR P a r t  6 0 , 7  1 0  CFR P a r t  61 , '  and DOE Order- 5820.2.  *'  or any waste ,  

"perriianent" means t h a t  t he re  i s  no i n t e n t  t o  recover the  waste a f t e r  

d i s p o s a l ,  r ega rd le s s  of where i t  i s  p laced ,  and " i s o l a t i o n "  r e f e r s  t o  the 

requi-rement t h a t  amounts and concent ra t ions  o f  rad ionucl ides  i n  man's 

exposure environment w i l l  be kept  w i th in  prescr ibed  l i m i t s  t h a t  provide 

long-term p ro txc t ion  o f  publ.ic h e a l t h  and s a f e t y ,  r ega rd le s s  o f  t he  

disposal. technology used,  

Since our primary focus i.s on def in ing  X L W ,  t he  term " requ i r e s  

permanent i s o l a t i o n "  a s  used i n  t h i s  r epor t  means d i sposa l  by any 

technology t h a t  i s  more confining than near - su r face  land d i s p o s a l ,  as 

descr ibed  by the  NRC i n  10  CFR Pa r t  6 1 . l y 2  

I' r e  qu i  r e s  permanent i so  l a t  i o n t T  thus involves  determining maximum 

The approach t o  quant i fy ing  
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concentrations of radionuclides that would be generally acceptable for 
near-surface land disposal. The quantification of "requires permanent 
isolation" is discussed in Section 4 . 3 .  The issue of selecting disposal 
technologies that are acceptable for waste that requires permanent 
isolation is discussed in Section 3 . 4  below. 

3.2 Conceptual Definitions of Other Waste Classes 

From the proposed conceptual definition of HLW as waste that 
simultaneously is highly radioactive and requires permanent isolation, 
conceptual definitions of the other waste classes assumed in this study, 
i.e., TRU Waste and Equivalent and LLW, then follow immediately: 

[l] TRU Waste and Equivalent is waste that requires permanent isolation 
but is not highly radioactive; 

[ Z ]  LLW is waste that does not require permanent isolation, without 
regard to whether or not it is highly radioactive. 

The definition of TKU Waste and Equivalent differs from the definitions of 
TKU waste discussed in Section 2.2 in that our definition applies to high 
concentrations of any long-lived radionuclides, not just to long-lived TRIJ 

radionuclides. While TRU radionuclides will be the most important 
constituents of many wastes classified as TRU Waste and Equivalent, this 
class also may contain wastes in which the principal constituents include, 
for example, 14C, "TC, 126Sn, and 1291 

The conceptual definitions of the three waste classes are depicted in 
Fig. 1. Again, the assumption that "highly radioactive" and "requires 
permanent isolation" are distinct attributes results in a two-dimensional 
waste classification system. The vertical line labeled PERMANENT 
ISOLATION BOUNDaRY represents the limits on concentrations of long-lived 
radionuclides that are generally acceptable for near-surface land 
disposal, and this boundary separates LLW from HLW or TRU Waste and 

Equivalent. 
determined by levels of power density or external dose rate that could 

have an adverse impact on short-term risks, absent adequate control 
measures, and this boundary separates HLW from TRU Waste and Equivalent. 
The Highly Radioactive boundary does n o t  extend to the left of the 
Permanent Isolation boundary because, as discussed in Section 2 . 3 ,  l e v e l s  

of decay heat or external radiation are not taken into consideration in 
determining wastes that are generally acceptable for near-surface land 
disposal. 

The horizontal line labeled HIGHLY RADIOACTIVE BOUNDARY is 
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F i g .  1. Qual i - ta t ive depict:-i.on of  proposed waste c l a s s i f i c a t i o n  
The v e r t i c a l  a x i s  r e l a t e d  t o  sho r t - t e rm r i s k ,  which depends system. 

p r imar i ly  on  the concentrat ions o f  s h o r t e r - l i v e d  r ad ionuc l ides ,  i s  
a s s o c i a t e d  with the  at:t:ribute "hi.ghly r ad ioac t ive"  and is  det1ermined by 
the  levels  o f  power d e a s i t y  o r  external dose r a t e .  The h o r i z o n t a l  axi-s 
r e l a t e d  t o  long-term risk from d i s p o s a l ,  which depends an t h e  
concentrat ions o f  long-li-ved r ad ionuc l ides ,  i s  a s soc ia t ed  with the 
a t t r i b u t e  "iequi.res permanent i so l . a t ion .  It 
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3 . 3  Role of Time in Waste Definitions 

The definitions of HLW and the other waste classes developed in this 
report do not specify a particular time for classification of  wastes. 
However, since disposal is the primary goal of waste management, we intend 
that the waste classification system should be applied to expected 
radionuclide compositions and waste forms at the time of final disposal. 
Issues related to short-term handling and storage of waste are different 
from those related to disposal. A n  example discussed in Section 2.3 is 
that waste classified as LLW could require more stringent control of 
short-term risks due to heat generation and external radiation than wastes 
classified as HLW. Furthermore, good waste management practices often 
will involve decontamination, concentcation, solidification, partitioning, 
o r  other treatment of wastes that could change the waste classification 
from that at the time of generation, and defining waste classes at the 
time of disposal would encourage flexibility in developing such practices. 

We do not intend, however, that waste disposal can be postponed 
indefinitely in order to achieve a change in waste classification by 
radioactive decay. On the contrary, sxpeditious disposal should be an 
important goal of waste management. 
100 years after waste generation be placed on the assumed time for final 
disposal. This limit corresponds to the assumed period €or active 
institutional controls over near-surface land disposal facilities’ arid 

deep geologic repositories. 

Thus, we suggest that a limit of 

5 

3 . 4  Relationship Between Waste Definitions, Disposal 
Technologies, and Waste Accept-ance Criteria 

In Section 2, we emphasized that current and histarical definitions 
of HLW, TRU waste, and LLW generally have not contained requirements that 
specific disposal systems be used with each type of waste. 

exception is that the NWPA implies that commercial spent fuel and 
reprocessing wastes (if commercial reprocessing is institutefi) require 
deep geologic repositories. In this report, we retain the view that it is 
neither necessary nor desirable to associat-e the three waste classes 

deEined herein with particular disposal systems. 
A decoupling of the definitions of  waste classes from requirements 

for particular disposal systems has two important implications. First, 
although near-surface land disposal (for LLW) and deep geologic 
repositories (for HLW and TRU waste) are the only disposal technologies 
currently recognized in law and for bhich regulatory standards and 
technical criteria have been developed, wastes classified as HLW or TRU 

The one 
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Waste and Equivalent would not necessa r i ly  r equ i r e  deep geologic  

r e p o s i t o r i e s .  Vari-ous GCD a l t e r n a t i v e s  might be considered f o r  r e h t i v e l y  

dLl.ute wastes tha t  a r e  not  genera l ly  acceptab le  f o r  nea r - su r face  land 

d i s p o s a l ,  provj-ded s tandards  f o r  long- term p ro tec t ion  of  publ ic  heal.th and 

s a f e t y ,  i . e . ,  those i n  t he  EPA‘s 40 C F R  P a r t  ~ 1 , ~  a r e  met;. Secqnd, waste 

d i sposa l  could involve technologies  more confining than those t h a t  would 

be requi red  t o  meet app l i cab le  s tandards  f o r  long-  term p r o t e c t i o n  o f  

pub l i c  h e a l t h  and s a f e t y ;  e . g . ,  relat-i-vely d i l u t e  E K W  o r  TRU Waste and 

Equivalent- could be placed i n  deep geo1ogi.c r e p o s i t o r i e s  even though l e s s  

conf in ing  technologies  would provide s a f e  disposal.” Thus, the waste 

c l a s s i f i c a t i . o n  system encourages f l e x i b i l i t y  i n  selecLing d i sposa l  

Lechnol.ogies t h a t  no t  only p r o t e c t  publ ic  h e a l t h  and s a f e t y  but: a l s o  do so  

i n  a c o s t - e f f e c t i v e  manner. 

F i n a l l y ,  i t  must be emphasized t h a t  although LLW genera.lly would be 

a s soc ia t ed  with nea r - su r face  land di.sposa1 and HLV and TRU Waste and 

Equivalent with deep geologic r e p o s i t o r i e s  o r  var ious  forms o f  G C D ,  

provj~ded GCD becomes an accepted technology wi.th an appropr ia te  l e g a l  and 

regu1at:ory framework, t:he waste c l a s s i f i c a t i o n  system does not  provi.de a 

s u b s t i t u t e  f o r  s i - t e - s p e c i f i c  analyses  o f  t he  long-term performance o f  any 

d i sposa l  system, r ega rd le s s  of t he  type of  waste L o  be emplaced the re in .  

I n  a l l  cases, incI.uding t h o s e  where a p a r t i c u l a r  type of waste reqiii-res a 

s p e c i f i c  disposal. technology by law, i t  always w i l l  be necessary t o  a s ses s  

t:he 1.ong- term performance of the d i sposa l  system on a s i t e - s p e c i f i c  b a s i s  

t o  ensure t h a t  appl icabl  e h e a l t h - p r o t e c t i o n  standa~rds and t echn ica l  

c r i t e r i a  a r e  met. 

acceptance c r i t e r i a  e i t h e r  f o r  t he  p a r t i c u l a r  technology and s i t e  o r  o f  a 

more genera l  app l i . cab i l i t y .  An example o f  w a s t e  acceptance c r i t e r i a  o f  

general- a p p l i c a b i l i t y  i s  provided by {:.he concent ra t ion  l~ii i i i ts  f o r  C l a s s  - C 

wastes t h a t  a r e  gene ra l ly  acceptab le  f o r  nea r - su r face  land  d i s p o s a l ,  as  

s p e c i f i e d  i n  t he  N R C ‘ s  10 CFR P a r t  61.1,2 
c l . a s s i f i c a t i o n  system i s  no t  equiva len t  t o  waste acceptance c r i t e r i a ,  bu t  

se rves  mainly t o  i n d i c a t e  the  type o f  di sposa l  techriol.ogy t h a t  1~ i.kely w i l l  

be acceptab le  f o r  a part:icul.ar type o f  waste .  

T h i s  process  may r e s u l t  i n  t he  development of waste 

However, t he  waste 
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4 .  QUANTIFICATION OF DEFINITIONS OF HIGH-LEVEL 

WASTE AND OTHER VASTE CLASSES 

In Section 3.1, HLW was defined conceptually as waste that ,s highly 
radioactive and requires permanent isolation. 
Section 3.2, this definition also leads to conceptual definitions of  TRU 
Waste and Equivalent and LLW, and the resulting waste classification 
system is depicted qualitatively in Fig. 1. 

Highly Radioactive and Permanent Isolation boundaries that define HLW and 
the other two waste classes. Since one of the constraints for this study 
is to define waste classes based on considerations of risk, we first 
discuss the interpretation of "risk" in relation to defining "highly 
radioactive" and "requires permanent isolation. 'I Following presentation 
of the proposed quantification of the waste classification system, we 
discuss (1) the resulting boundary concentrations for the important 
fission products ''5, and 137Cs, (2) the role of greater confinement 
disposal (GCD) in the waste classification system, (3) a proposal for 
classifying surface-contaminated wastes, and ( 4 )  the volume of a waste 
package to which the proposed definitlons apply. 

As discussed in 

This section presents, in summary form, the quantification of the 

4.1 Interpretation of Risk in :he Waste Classification System 

As outlined in Section 1.2, an important constraint in developing 
quantitative and generally applicable definitions of HLW and the other 
waste classes is that the definitions should be based principally on 
direct or indirect considerations of risks associated with waste 
management and disposal, and that the definitions should have a sound 
technical foundation. As discussed in Section 3.1, the definitions of 
waste classes should focus primarily on r i s k s  from waste disposal. T h i s  

section describes the interpretati.on of "risk" in relation to defining the 
attributes "highly radioactive" and "requires permanent. isolation. 'I 

including waste management and disposal, a primary concern is limitation 
o f  radiation exposures of individuals (either radiation workers or members 
o f  the public) to levels corresponding to risks that generally are 
acceptable to those individuals. Thr  term ''i-isks1 in this context has two 
components : 22  (1) the probability of an initiating event or process that 
gives rise t o  a particular radiation dose (or any other potentially 
harmful consequence) and (2) the probability of a deleterious health 
effect (e. g .  , latent cancer fatal ities or genetic defects) resulting from 
the particular dose (or any other type of  insult). Coiisideratlon of these 

In any practice involving radiation o r  radioactive materials, 



two components o f  r i s k  l eads  t o  somewhat d i f f e r e n t  i n t e r p r e t a t i o n s  o f  r i s k  

1 i m i t a C : i  on i n  r e l a t i o n  t o  t h e  proposed d e f i n i t i o n s  of "highly r ad ioac t ive"  

and "requires pelcrnanent i s o l a t i o n .  

A s  descr ibed i n  Sect ion 3 . 1 . 4 ,  " requ i r e s  permanent i s o l a t i o n "  i s  

associ.ated with long- term risks from waste d i s p o s a l .  A s  summarized i n  

Sect ion 4 . 3  bei.ow, q u a n t i f i c a t i o n  o f  t he  Perinanent I s o l a t i  0x1.  boundary 

invo7.ve:; t h e  assumption t h a t  t h e  expected performance of a d i s p o s a l  system 

w i l l  r e s u l t  i n  exposures o f  some i nd iv idua l s  with a prob&i. l i ty  o f  u n i t y .  

In  t h i s  c a s e ,  l i m i t a t i o n  o f  r i s k  t o  acceptable  l e v e l s  ixwoIves l i m i t a t i o n  

o f  r a d i a t i o n  exposures from expected events  and processes ,  and l i m i t s  on 

r a d i a t i o n  dose normally are used as surrogat:es f o r  l i m i t s  or1 r i s k  based on 

an assumed dose-response r e l a t i o n .  Thus, f o r  expected long-term 

performance o f  a waste d i sposa l  system, 1imita.t.ion of r i s k  i.nvolves a 

re l a  t: i.ve l y  s t r a ig l i  t fo rrwaxd procedure o f  e s t ima t ing  1 i mi. t:s on q u a n t i t i e s  o r  

coricentrati  ons o f  radionucl ides  f o r  d i sposa l  suck t h a t  expected doses t o  

indl'.vitlirals w i l l  nog exceed p resc r ibed  l i m i t s .  

As descr ibed i n  Sect ion 3 . 1 . 3 ,  "highly radi-oactive" i s  a s soc ia t ed  

with sho r t e r - t e rm risks due t o  high levels  o f  decay hea t  and e x t e r n a l  

radi-at ion.  Kere , "'risk" has a somewhat d i f c e r e n t  interpre tzatioii than thai: 

descr ibed above E0.r " r e q u i r e s  permanent %sol-at ion,  " because r i s k  

1 i . m i t a t i o n  p r imar i ly  involves prevent ion o f  acc iden ta l  o r  unexpected 

events  and processes  chat  l i k e l y  would l e a d  t o  unacceptable exposures of 

ind iv idua l s  ; i . e .  , t:he emphasi-s i s  on preventi-on o f  exposure..; r a t h e r  than 

l imi t z t i -on  of exposures t h a t  are expected t o  occur .  I n  t h i s  case, a dose 

l i m i t  i s  not  a sui.t:ahle sur roga te  f o r  a l i m i t  on r i s k .  A s  siilrirnarized i.n 

S e c t  Lon 4 . 2  below, q u a n t i f i c a t  i.on of the High.ly Radioactive boundary i s  

based on the concept t h a t ,  f o r  S Q I E  l e v e l s  o f  decay hea t  o r  e x t e r n a l  

radiat- ion,  engineered systems o r  o the r  design cons ide ra t ions  i~iusil: be used 

t o  prevent  a c c i d e n t a l  occurrences t h a t  could r e s u l t  i n  unacceptable 

exposures . 

definit i-oris of "highly r ad ioac t ive"  and " requ i r e s  permanent i s o l a t i o n ,  " i t s  

i s  apparent from t h e  analyses  sunmarized i n  Sect ions 4 . 2  and 4 . 3  below 

t h a t  a ri-garous and o b j e c t i v e  q u a n t i f i c a t i o n  of  t hese  a t t r i . b u t e s  based on 

considerati .ons of ri.sk i s  not  achi.evab3.e , because techni-cal  analyses  alone 

do n o t  provide a cl .ear dernarcat i.on between wastes t h a t  are hi.ghly 

r a d i o a c t i v e  and those that are not o r  between wastes t h a t  r equ i r e  

permanent i s o l a t i o n  and those t h a t  do n o t ,  Rather ,  the t e c h n i c a l  analyses  

based on cons ide ra t ions  o f  r i s k  i n d i c a t e  a range o f  poss ib l e  

q u a n t i f i c a t i o n s  f o r  t h e s e  a t t r i b u t e s ,  and sihj e c t i v e  judgiiierits then must 

be used t o  s e l e c t  che q u a n t i t a t i v e  d e f i n i t i o n s  t h a t  appear most 

reasonable .  These judgments gene ra l ly  involve cons ide ra t ion  of  t h e  

consequences of  t:he possi .ble  range of choices .  

Although the goal of  this stxdy i s  to d:?velop objecti-ve r i sk -based  
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4.2  Quantification of Highly Radioactive Boundary 

This section presents the proposed quantification of  the High1.y 
Radioactive boundary tihat separates HLW from TRU Waste and Equivalent (see 
Fig .  1 in Section 3.2). Again, "highly radioacti.ve" is associated with 
shorter-term risks resulting from high levels of decay heat (power 
density) or external radiation that are due primarily to high 
concentrations of shorter-lived radionuclides, and the primary focus in 
quantifying "highly radioactive" is on 1 imitation of short- term risks from 
waste disposal. 

4 . 2 . 1  Data to Support Level o f  Power Density T h a t  Defines "lii.ghly 

Radi oa G ti v e I' 

Control o f  short- term risks resulting from high levels of power 
density in waste materials involves measures for heat removal, e.g., t u  

prevent self-dispersal o r  self-boiling of the waste or boiling of liquid 
that might contact the waste. The determination o f  a level. of  power 

density that defines "1-1ighl.y radioactive" is based on the assumption that 
such accidental occurrences should be prevented i n  order to li.nrit r i s k  to 
acceptable levels. As discussed i n  Section 3.1.2, the NRC also regards 
heat generation rate as an important consideration in the design of 
disposal systems for HLW. 

In order to estimate a level of  power density t ha t  defines the 
proposed Highly Radioactive boundary, cre exnrnlned a variety oE waste 
handling, transport, storage, and disposal systems and estimated the 
levels o f  power den5i.t~ that would limit system design or operation if 
effective control measures were n o t  taken to prevent accidental 
occurrences. The results of  these inv.2stigations are summarized below and 
are discussed in more detail in Section A . l  o f  Appendix A .  

7 

- A limit on power density of about 50 W/m3 would be required to limir. 
the temperature rise to less t h a n  55 OC (100 OF) in a stack of waste 
containers with a nominal diameter of 5 I I I .  Such a limit on 
temperature rise should he sufficient to prevent degradation of waste 
materials or boiling o f  any water that contacts the waste containers. 

- Power densities in the range 10-50 W/m3 require active cooling 
systems to prevent self-boiling o f  liquid wastes in large storage 
tanks . 
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- The power dens i ty  i n  a t r a n s p o r t  con ta ine r  for contact-handled ( C H )  

defense TRU waste is  l i m i t e d  t o  40 W / r n 3 . 2 3  

- For stacki-ng of con ta ine r s  for CH TRU waste i n  the WIPP f a c i l i t y ,  

with no c red i t .  caken f o r  void spaces betweern c o n t a i n e r s ,  the power 

d e n s i t y  i s  l i m i t e d  t o  15 W / m 3 ;  and f o r  remote-handled (RH) TRU waste 

which w i l l  be emplaced wi-th a prescrj-bed a r e a l  dens i ty  o f  waste 

packages, the  nominal l i m i t  on power dens i ty  f o r  t he  s tandard w a s t x  

package i s  300 W/m3.12 

- A nominal power dens i ty  o f  3.00 U/m3 requj.res s p e c i a l  cons ide ra t ions  

i n  the  design of  deep geologic reposit0ri.t.s i.n a vari.er,y o f  
r e p o s i t o r y  enviromentzs. 24 

4 . 2 . 2  Choice of Power Densicy T h a t  Def ines  "Highly Radioaci Lvc" 

The analyses  summarized ahovc? i n d i c a t e  tlia'c power d e n s i t i e s  i n  the 

range 15-300 W/m3 r equ i r e  s p e c i a l  control. measures to m i t i g a t e  p o t e n t i a l  

sho r t - t e rm r i s k s  i n  a variet:y o f  waste systems. O f  the  systems analyzed, 

the most: r e l e v a n t  one f o r  estimati.rig a l eve l  o f  power rierwity t h a t  de r ines  

"highly r ad ioac t ive"  f o r  purposes of waste d i s p o s a l  i s  the  need i o  l i m i t  

the  temperature r ise i n  a stack of  waste con ta ine r s .  

s i t u a t i o n  gave a l imit:  of  about  50 W/m3 f o r  a s t a c k  s i z e  t h a t  wou1.d be 

reasonable fo r  d i s p o s a l ,  e . g . ,  i n  a shallow t r ench .  Additi-onal s u p p o r t  

f o r  a power d e n s i t y  o f  about 50 W/m3 t o  deTi.ne "high1.y radioact:I.ve" i s  

obtxined from the 1.evels t h a t  would r equ i r e  a c t i v e  cool ing measures t o  

prevent s e l f - b o i l i n g  i n  l a r g e  l i q u i d  waste t anks ,  b u t  t h i s  s i t u a t i o n  makes 

a somewhat weaker case because l.i.quid wastes a r e  no t  i n  a form appropriate  

f o r  final.  d i sposa l  ~ 

and the  nominal l i m i t  on power densiiiy that would r equ i r e  s p e c i a l  design 

consi.derations f o r  deep geologic r e p o s l t o r i e s  i n  a vari .ety o f  

environments24 a l s o  a r e  r e l e v a n t  For  waste d i sposa l  and provide support  

f o r  a power d e n s i t y  snniewhat g r e a t e r  than 50 W/m3 f o r  de f in ing  "high1.y 

r a d i o a c t i v e . "  However, t hese  l i m i t s  a r e  base? on  analyses  o f  t he  effects 

o f  decay h e a t  on p a r t i c u l a r  r epos i to ry  environments r a t h e r  than on the 

waste i t s e l f ,  and the e f f e c t s  o f  heat; on the  wast.e are m o r e  r e l evan t  f o r  

An a n a l y s i s  o f  t h i s  

1 2  The l i m i t  on power dens i ty  f o r  RH TRU wast-e a t  t he  WIPP f a c i . l i t y  

ob ta in ing  geuernl ly  app l i cab le  1 i . m i . t ~  on power dens i ty  t h a ~  are r e l a t , ,  ad t o  

mitigat-i.on o f  p o t e n t i a l  sho r t - t e rm r i s k s .  On the o the r  hand, i t  i s  

noteworthy t h a t  the 1irni.ting power d e n s i t i e s  f o r  the iwo si.t;uations do noC 

d i f f e r  g r e a t l y .  



Thus, we propose a power density of 50 W/m3 as one aspect of a 
quantitative and generally applicable definition of "highly radioactive. It 

In Section 4.5 below, we suggest further that this choice has desirable 
consequences with regard to the concentration of the important fission 

product "Sr that corresponds to the Highly Radioactive boundary, 

4.2.3 Level of External Dose R a t e  That  Defines  "Highly  Radioactive" 

The second aspect of a quantitative and generally applicable 
definition o f  "highly radioactive" is the level of  external radiation. 
While the analysis in Sections 4.2.1 am1 4 . 2 . 2  suggests that there are 
reasona%le technical arguments for selecting a level of power density that 
is "highly radioactive" based an consilerations of risk, such is not the 
case f o r  external radiation f o r  the following reasons. 

limitation of short-term risks from waste disposal than control of decay 
heat. High levels of beta and gamma r a f t a t i o n  can affect: the leaching 
behavior of waste f o r m s ,  but studies on borssi.licate glass and other 
9nateri.als indicate only minor changes in dissolution rates due to self- 
ir-rradiation, and other effects of radistion on waste-form properties 
appear to have 'Little impact on waste-package performance. 25 
by alpha, beta, and gamma radiation can change the chemistry of water and, 
thus, affect the leachability of waste forms. However, the effects of  

radiolysis often are observed to be uni.mportant even for gamma dose rates 
in excess of 1 Mrad/h,25 so radiolysis does not appear to provide n 

suitable basis for defining "highly radi.oactive . 

First, control of extxrnal. radiation generally is of less concern for 

Radiolysis 

Second, levels of  external radiati-on during waste operations that 
wou1.d not require shielding or limits on exposure time:; i n  order to 
prevent unacceptable doses to workers (i.e., annual dose equivalents to 
whole body greater than 5 rem)" appeal: to be much too law to provide a 
suitable basis for defining wastes that are highly radioactive. 
Furthermore, for any situation that requires shielding for 1imitati.on of 
external dose, additi.ona1 shi.elding always can be added to reduce doses to 
acceptable levels. 

Thus, selection of a level of external radiation f o r  defining wastes 
that are high1.y radioactive is rather arbitrary. We propose that an 
external dose-equivalent rate of 100 r<tm/h (1 Sv/h) at a distance of 1 m 
from the surface of a waste package be used to define this aspect of  

"highly radioactive." The dose rate includes contributions from neutrons 
a s  well as photons, and the definition applies to the waste package that 
is intended for use in final disposal. 
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Support f o r  t h i s  a spec t  of  the deEin i t ion  of  "highly r ad ioac t ive"  i s  

provided by the  acceptance c r i t e r i o n  f o r  RH TKU waste a t  t he  WIYP f a c i l i t y  

of  a l i m i t  on dose-equiva len t  r a t e  a t  the  su r face  of  a waste package of 

100 rem/h,  which i s  based on the  aiiioutit o f  shieldi-ng t h a t  can be 

accommodated routi.tie1.y by waste handl ing systems a t  the f a c i l i t y .  Our 

d e f i n i t i o n  d i f f e r s  from the  WIPP acceptance cri-t-erion with r e spec t  t o  the  

l o c z t i a n  a t  which the  l i m i t  on dose r a t e  is  app l i ed .  We chose R d i s t ance  

o f  l m from the  su r face  sf a waste package i n s t ead  of  the  su r face  i t s e l f ,  

because the former i s  a more l i k e l y  l o c a t i o n  of individua1.s who might 

r ece ive  acc iden ta l  exposures. For expected s i z e s  o f  waste packages, 

however, an a n a l y s i s  .in Sec t ion  A . 3 . 4  of  Appendix A suggests  t h a t  t he  dose 

r a t e s  a t  1 m and a t  t he  surface: w i l l  list d i f f e r  by imie than an order  of 

magnitude. That t h i s  d i f f e rence  i.s r e l a t i v e l y  in s i -gn i f i can t  is  ind ica t ed  

by the  WIPP acceptance c r i t e r t n n  which a l s o  permits  disposal. o f  wastes 

with su r face  dose-equi-valent r a t e s  up t o  t en  tiiiies hisher than 100 r e m / %  

on an except ion b a s i s .  12 

Although the  proposal  t o  def ine  one a spec t  o f  "h ighly  r ad ioac t ive"  as  

an e x t e r n a l  dose-equi-valent r a t e  of  100 rem/h (1 Sv/h) i s  l a r g e l y  

a r b i t r a r y ,  we suggest; i n  Sec t ion  4 . 5  below t h a t  t h i s  choice has d e s i r a b l e  

consequences wa'. t h  regard t o  t he  concent ra t ion  of  the important :Ci.ssion 

product 1-37Cs t h a t  corresponds t o  the  Highly Radioact ive boundary. 

h . 2 . 4  Summary of Definition o f  "Highly Radioactive" 

Based on the  ana lyses  summarized i n  Sect ions 4 . 2 . 1 - 4 . 2 . 3 ,  we ob ta in  

the fol lowing quant - i tx t ive  and genera l ly  app l i cab le  d e f i n i t i o n  of wastes 

t h a t  a r e  h igh ly  r ad ioac t ive :  

"Highly radioacti.ve" means - 
( 1 )  a power dens i ty  g r e a t e r  than 50 W / m 3  

( 2 )  an e x t e r n a l  dose-equivalent  r a t e  a t  a d i s t ance  o f  1 in from 

the  waste g r e a t e r  than 100 rem/h (1 Sv/h). 

Thus, a waste i s  h igh ly  r ad ioac t ive  i f  e i t h e r  c r i t e r i o n  i s  met 

4 . 2 . 5  Radionuclide Concentrations Corresponding to Highly  Radioactive 

B oun d ary  

The l e v e l s  o f  power dens i ty  o r  ex te rna l  dose r a t e  t h a t  de f ine  the  

Highly Radioactive boundary a r e  genera l ly  app l i cab le  t o  any waste, and a 

determinat ion o f  whether a waste i s  hi-ghly r ad ioac t ive  can be based on 

di r e c t  measurements of these  p r o p e r t i e s  without knowledge of rad i~onucl ide  
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compositions. Direct measurements would be particularly appropriate in 
determining external dose rates relative to the boundary value. 

many wastes, in which case it may be more useful to determine radionuclide 
concentrations that correspond to the Highly Radioactive boundary. This 
section summarizes the methods and results for converting the boundary 
values of power density and external dose rate to equivalent radionuclide 
concentrations. 

A s  described in detail in Section A . 2  of Appendix A ,  the calculation 

On the other hand, radionuclide cortcentrations can be estimated for 

of radionuclide concentrations corresponding to a given power density is 
quite straightforward. 
a radionuclide (Ci/m3) is proportional to the total energy (MeV) per 
disintegration (dis) of  all ionizing radiations emitted in the decay, and 
the constant of proportionality is the product of the conversion factors 
1.6 x J/MeV and 3 . 7  x lolo dis/s per Gi. 
concentration Ci corresponding to the Highly Radioactive boundary o€ 
50 W/m3 is given in terms of  the total decay energy ET by 

The power density (W/m3) per unit concentration o f  

Thus, the radionuclide 

Ci(Ci/m3) = ( 8 . 4 5  x 103)/E~(MeV/dis) , 

where the constant has units of MeV-Ci/dis-rn3. 
decay energy of  9oSr and its short-lived decay product ''Y is 1.13 MeV, 
so the concentration of corresponding to the High1 y Radioactive 
boundary is about 7 x lo3 C i / m 3 .  

The calculation o f  radionuclide concentrations corresponding to a 
given external dose rate is considerably mare comples than the calculation 
f o r  power density described above. 
photons, the dose rate per unit concentration of a radionuclide depends on 
the size, geometrical configuration, and orientation of  the waste package, 

the amount of self-shielding provided by materials in the waste package, 
and any shielding between the waste package and the assumed receptor 
location. Thus, a model must be assumed for relating external dose rate 
to radionuclide concentrations in the waste. 

For example, the total 
26 

In addition to the decay spectrum of  

In this analysis, we have assumed ixhat the waste package consists o f  
a 55-gallon drum in which radionuclides are mixed uniformly yith dirt, 
polyethylene, concrete, or air in order to simulate a variety of filler 
materials. The assumed waste package is typical of those that are used 
for near-surface land disposal. Thus, the source is is assumed to be a 
right-circular cylindrical volume, and the self-shielding provided by the 
source volume is determined by the density of the filler material and the 
average atomic number of its constituents. 

were calculated as described in Section A . 3  o f  Appendix A .  

calculations assume a uniform concentration of 137Cs because, as discussed 

External dose rates from a self-absorbing cylindrical volume source 

The 
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i n  Sect ion A .3 .3  of Appendix A ,  t h i s  is  the  only radionucl ide t h a t  i s  

expected t o  e x i s t  i n  concentrat ions sufficient t o  exceed t h e  Highly 

Radioactive boundary f o r  whi.ch the l i m i t  on e x t e r n a l  dose-equivalent  rate 

o f  100 rem/h (1 Sv/h) i s  more r e s t r i c t i v e  than the  l i m i t  on power dens i ty  

of 50 W/111~. For a l l  o the r  radionucl.i.des of p o t e n t i a l  importance i n  waste 

m a t e r i a l s  power dens i ty  i s  more r e s t r i c t i . v e  than e x t e r n a l  dose r a t e ,  the 

expected concentratzions i n  wastes a r e  f a r  below the  Highly Radioactive 

boundary, o r  the h a l - f - l i f e  i s  s u f f i c i e n t l y  long t h a t  the radionucl ide 

cannot reasonably occur i n  concentrat ions t h a t  would give an e x t e r n a l  

dose - equ iva len t  ra te  approaching 100 rem/h. 

show thar; t he  ex te rna l  dose ralx ,at a d i s t ance  of  1 m from a c y l i n d r i c a l  

volume source can vary by about a factOK o f  h ,  depending on the assumed 

f i l l e r  m a t e r i a l  i n  t he  waste package and the o r i e n t a t i o n  of the cyl-iiider 

r e l a t i v e  t.o 'ihe r ecep to r  I.ocation. 'Taking i n t o  account tliLs range o f  

v a l u e s ,  we e s t ima te  t h a t  a 137Cs concen t r a t ion  of about 5 x 10 Ci/m3 
provides a nominal external. dose-equi.valent ra te  of 100 rero/h (1 Sv/h) a t  

a distiailce of 1 m fz-om a waste package. 

Concentrations o f  s e l e c t e d  radionucl ides  t h a t  correspond t o  the 

I-ljghly Radioactive boundary a r e  given i n  Table 1. A l l  ent:ri.es a r e  based 

on a power dens i ty  oE 50 W/ui3, except t he  e n t r y  f o r  137Cs i s  based on an 

e x t e r n a l  dosk-equivalent  ra te  o f  100 rem/h (1 Sv/h) . I n  cal .culat ing the 

boundary concent-rations based on  power d e n s i t y ,  t he  t o t a l  decay energy of 

radionucl ides  and .i.iieir s h o r t - l i v e d  daughter products w a s  obtained f r o i n  

r e f .  2 6 .  Tlie corresponderice between t h e  Highly Kadi-oactive boundary 

concentrat ions f o r  'OS, and l 3 I C s  and t h e  l i m i t  f o r  d i sposa l  as Class-C 

waste i s  discussed i n  Sect ion 4 . 5 .  

i n  Tabl~e 1, except 241Pu and 24LCrn which decay t o  l o n g e r - l i v e d  daughter 

products .  Again ~ according t o  t he  w a s t e  c l a s s i f i c a t i o n  system descr ibed 

i n  Sect ion 3.2 and depicted i n  F i g .  1, radionucl ides  w i t h  h a l f - l i v e s  l e s s  

than about: 20 yea r s  would be c l a s s i f i e d  as LlM r ega rd le s s  o f  t h e i r  

concen t r a t ion  ( i . e , ,  r ega rd le s s  of whethear or no t  t he  Highly Radioactive 

boundary is  exceeded),  because they cannot e x i s t  i n  s u f f i c i e n t  

concentrat ions t o  exceed the  Permanent I s o l a t i o n  boundary. Conversely, no 

radionucl ides  with h a l f - l i v e s  g r e a t e r  than a f e w  t e n s  of  thousands o f  

yea r s  are l i s t e d  i.n Table 1, because such radionucl ides  have low specif i -c  

a c t i v i t i e s  and cannot: c?xi.st i n  s u f f i c i e n t  concentrat ions t o  exceed the  

Highly Radioactive boundary. 

f o r  i nd iv idua l  radionucl ides  a For wastes containing mixtures Q f  

r ad ionuc l ides ,  t h e  deternilnation o f  whether t;he waste is  h igh ly  

r a d i o a c t i v e  i s  based on  the sum-of-fract ions r u l e ;  i . e . ;  a mixture of 

The c a l c u l a t i o n s  f o r  1 3 ' / C s  presented i n  Sect ion A.3.2 o f  Apppendix A 

3 

Only radionucl ides  with h a l f - l i v e s  g r e a t e r  than 20 years  a r e  l i s t c d  

The ccncen t r a t ions  i n  Table 1 de f ine  the  Highly Radioact-i.ve boundary 
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Table 1. Selected radionuclide concentrations corresponding to 
Highly Radioactive boundary in waste classification systema 

Boundary concentration Boundary concentration 
Nuc 1 i de b (~i/m3> Nuclide b ( c i/m3 ) 

C-14 
Ni - 63 
Sr-90 + d 
CS-137 + d 
Sm- 151 
Pb-210.+ d 
Ra-226 + d 
Ac-227 + d 
Th-229 -t- d 
Pa-231 

2E5 
5E5 
7E3' 
5E3' 
4E5 
1E3 
3E2 
2E2 
3E2 
2E3 

U-232 f d 
Pu-238 
Pu- 239 
Pu- 240 
Pu- 241 
Am- 241 
Am-243 + d 
Cm- 243 
Cm-244 
Cm- 245 

2E2 
2E3 
2E3 
2E3 
2E6 
2E3 
lE3 
1E3 
1E3 
2E3 

aBoundary concentration for any radionuclide is based on a power 
density of 50 W/m3 or an external dose-equivalent rate at a distance of 
1 rn from the waste of 100 rem/h (1 Svlh), whichever is more restrictive; 
for all radionuclides in this table except Cs-137, the boundary 
concentration is based on power density. 
wastes containing mixtures of radionuclides is determined from boundary 
concentrations for each radionuclide using sum-of-fractions rule, or may 
be determined from direct measurements of power density and external dose 
rate. 

Highly Radioactive boundary for 

'Notation "+ d" means short-lived daughter products are assumed to 
be in secular equilibrium with parent radionuclide. 

Value corresponds t o  Class-C limit for near-surface land disposal, C 

as specified by the NRC in 10 CFR Part; 61 (ref. 1). 
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radionucl ides  i s  h i g h l y  r ad ioac t ive  il: the r a t i o  o f  1-5acl.i radionucl i de 

concen t r a t ion  t o  t h e  corresponding boundary concentrat ion i n  Table 1, 

summed over a l l  r ad ionuc l ides ,  exceeds u n i t y .  While t h i s  procedure i s  no t  

s t  r i c - t ~ y  c o r r e c t  f o r  wastes t h a t  con ta in  13'cs mixed wir t i  o t h e r  

r ad i  onmclides , because the  b a s i s  f o r  t he  boundary concen t r a t ion  f o r  13'Cs 

i s  e x t e r n a l  dose r a t e  but power dens i ty  i s  used f o r  the o the r  

r ad ionuc l ides ,  use o f  t h e  sum-of-fract ions rule does not- l e a d  t o  s c ~ i o u s  

e r r o r s  i n  t h i s  case because t h e  bouvdary concentrat ion f o r  1 3 7 C s  which 

would be based on a power d e n s i t y  of 50 W/m3 i s  g r e a t e r  than the  value i n  

Table 1 by only about a f a c t o r  of 2 .  

4 . 3  Quantif icat i -on of Permanent I s o l a t i o n  Boundary 

As descr ibed i n  Sect ion 3 . 1 . 4 ,  the proposed waste c l a s s i f i c a t i o n  

sys  t e r n  a s s o c i a t e s  " r equ i r e s  permanent isolacj.on" with coticentrations o f  

l ong- l ived  r ad ionuc l ides  g r e a t e r  than those that would be gene ra l ly  

acceptable  f o r  nea r - su r face  l and  disposal. (but  would n o t  necessari1.y 

r e q u i r e  deep geologic r e p o s i t o r i e s  o r  equ iva len t )  . The PemanenL 

I s o l a t i o n  boundary sepa ra t e s  T,LW f rom HTN and TRU Waste and Equivalent 

( s e e  F i g .  1 i n  Sect ion 3 . 2 ) .  

I n  10 CFR P a r t  61,  t he  NRC has  e s t a b l i s h e d  concen t r a t ion  I - i r n i t s  f o r  

radi-onuclides t h a t  are gene ra l ly  accepixb1.e f o r  near  - su r face  land 

d i s p o s a l ;  these are the concentrat ion l i m i t s  f o r  C l a s s - C  wastes .  

b a s i s  f o r  t hese  concentrat ions i s  a 1i.niit on anni.ia1 dose equi-valent t o  

whole body f o r  an inadve r t en t  i n t r u d e r  i n to  t h e  d i sposa l  f a c i l i t y  o f  

0 . 5  rem a t  500 years  a f t e r  d i s p o s a l ,  and the  o the r  assumptions used by the 

NRC t o  d e r i v e  the C l a s s - C  l i m i t s  a r e  discussed b r i e f l y  i n  Sect ion B.3. of  

Appendix B .  

I n  t h i s  s tudy ,  t he  concen t r a t ion  liniits f o r  Class-C w a s t e s  obtained 

I '  The 

from 10 CFR P a r t  6 1  and i t s  a s soc ia t ed  methodology are used t o  de f ine  

r ad ionuc l ide  concentrat ions corresponding t o  t he  Permanent Isolat i .on 

boundary. The r e s u l t i n g  boundary concentrat ions f o r  s e l e c t e d  long- I-ived 

r ad ionuc l ides  are given i n  'Table 2 ,  and were obtained from t h e  fol lowing 

so1IrC"s : 

- Tables 1 and 2 of t he  F ina l  Rule f o r  10  CFR P a r t  6 1  f o r  I 4 C ,  5 9 N i ,  

6 3 N i ,  'OS,, 9 4 N b ,  "Tc, 1291, and 137Cs;1  

- Sec t ion  7 of  Appendix C of  the Final. Environmental Impact S t a t e m e n t  

( F E I S )  f o r  10 CFR P a r t  61 f o r  a l l  TRU radionucl.ide!;;2 
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Table 2. Selected radionuclide concentrations corresponding to 
a Perinanent Isolation boundary in waste classification system 

Boundary concentration Boundary conccntrat j.on 

Nuclide (~i/rn3) Nuc1 i.de (~i/m3) 

c - 14 
C- 14b 
Ni-5gb 

Ni-63b 
Sr-90 
Nh - 9qb 

Ni - 63 

TC-99 

A g -  108m 
Sn-126 
1-129 
CS-135 
CS-137 
Pb-210 
Ra-226 
Ac-227 
Th- 229 
Th- 230 

8 

8E1 
2E2 
7E2 
7E3 
7E3 
2E-1 
3 
3E- 2' 
1 E -  2' 
8 E - 2  

8 E 2  

5E3 
2E2C 
3 E -  2d 
lC 
5E-2C 
6E-2C 

Th-232 
Pa-231 
1J-232 
IJ-233 

U-234 
U- 235 
TJ- 236 
U-238 

Np-237 
Pu-238 
Pu-239 
Pu- 240 
Pu- 241 
Pil-  242 
Am-261 
Am- 243 
Cm- 243 

Cm- 244 

1.E- 2" 
3E-2C * @ 

4E-1" 
5E- 2c 

5E-1" 
4E-1 
6e-1c 
5E- 1 

4E-2 
7 
1.E- 1 
1 E -  I. 
f 5 

1E-1 
1 E - 1  

7E-2 
$ E 1 8  

4e1h 

Boundary concentration is defined as Class-C 1irni.t that is a 

generally acceptable  f o r  near-surface la~id disposal, as specified 
by the NRC in 10 CFR Part 61 and supporting documentation 
(refs. 1-4). Permanent Isolation boundary for wastes containing 
mlxtures of radionuclides is determined from boundary concentration 
for each radionuclide using sum-of-fractions rule. 

bRadionuclide in activated metals only. 

'Value is not included in the NRC's 10 CFR Part 6 1  and 
supporting documentation (refs. 1-4) and is provisional. ' 

dValue assumes Pb-210 is in secular equilibrium with Ra-226. 

eValuFi assumes Ac-227 is in secular equilibrium wlth Pa-231. 

fValue is 30 times boundary Concentration f o r  Am-241. 

gValue is 850 times boundary concentration for Pu-239. 

hValue is 360 times boundary concentration for Pu-240. 
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- Table 4 . 5  o f  t h e  Main Report of the E’ETS f o r  10 CFK P a r t  6 1  f o r  ’ 35cs,  2 3 5 U ,  arid 238u .2  , 

- Table h - 3  o f  Volume 2 of the  r ev i sed  impacts a n a l y s i s  methodology f o r  

10 CFR P a r t  6 1  f o r  2 2 6 ~ a ; 4  

_- Calculat ions of Class-C l i m i t s  which w e  performed using t he  r ev i sed  
10&n 126s11, 

impacts ana1ysi.s methodology f o r  10  CFR P a r t  6 1  f o r  k g  7 

210Pb, 227Ac, 229Th, 230Th 232Th, 23lPa 232u 233u 2341j1 and , , 3 , 
236u 3 , 4  

The boundary concentrnt i~ons i n  Table 2 a r e  discussed f u r t h e r  i n  

Sect ions B . 2  and B.3 of Appendix R ,  p a r t i c u l a r l y  w i t h  regard t o  the 

provisional.  na tu re  of t h e  va lues  which we c a l c u l a t e d  from the NRC’s 
r ev i sed  impacts anal.ysis methodology. 3 9 4  The use of s epa ra t e  

concen t r a t ion  l imits  f o r  each ’IXU radionucl ide and f o r  2 2 6 R a  i n  u n i t s  of 

~ i / m 3 ,  inst:c:ad o f  t he  s i n g l e  l i m i t  f o r  a l l  l o n g - l i v e d ,  a lpha-emit t ing ‘mu 
radionucl ides  of 100 nCi/g given i n  Tab1.e 1. of  the  F ina l  Rule f o r  10  CFR 

P a r t  6 l . I  and the  l i m i t  for 226Ra of 20 nCi/g given i n  Table 4 -3  o f  

Volume 2 of  the r ev i sed  impacts a n a l y s i s  m e t h ~ d o l o g y , ~  is  discussed i n  

d e t a i l  i n  Appendix D .  I n  essence,  we use r a d i o n u c l i d e - s p e c i f i c  

concen t r a t ion  l i m i t s  i n  C i / m 3  f o r  t hese  radionucl-ides because (1) such 

concentrat ions are the  measure o f  a c t i v i t y  t h a t  i s  direct ly-  r e l a t e d  t o  

r i s k  from waste disposal. and ( 2 )  t h i s  approaeh provides a gene ra l ly  

app l i cab le  d e f i n i t i o n  o f  t he  Permanent I s o l a t i o n  bouiadary . 
The concen t r a t ion  l i . m i t s  f o r  2 2 6 R a  and 231Pa i n  Table 2 include the 

c o n t r i b u t i o n s  from t h e i r  daughter products 210Pb and 2’7Ac, r e s p e c t i v e l y ,  3 

arid t h e  daughters a r e  assumed t o  be i.n s e c u l a r  equi l ibr ium with the  pa ren t  

radionucl ides  a t  t he  time i n t r u s i o n  occurs .  The concen t r a t ion  l i m i t s  f o r  

t he  r e l a t i v e l y  s h o r t -  l i v e d  radionucli-des 241Pu, 2Cc3Cm, and 244Cm a r e  

determined by the  l i m i t s  f o r  t h e i r  l onge r - l i ved  daughter products 241-Am, 

239Pu, and 240Yu, r e s p e c t i v e l y ,  and the  h a l f - l i v e s  of t he  parent: and 

daughter i n  each case .  

Although the  N R C ‘ s  impacts a n a l y s i s  methodology and the  r e s u l t i n g  

concen t r a t ion  l i m i ~ t s  of radionucl ides  f o r  Class-C wastes a r e  we l l  

e s t a b l i s h e d ,  i t  should be recognized t h a t  t h e r e  i s  considerable  

u n c e r t a i n t y  i n  e s t ima t ing  these concentrat ions on the  b a s i s  o f  a dose 

I . i r n i t  f o r  an inadve r t en t  i n t r u d e r .  Not only i s  i t  somewhat a rb i - t r a ry  t o  

assume t h a t  i n t r u d e r  exposures occur at: 500 yea r s  a f t e r  d i s p o s a l ,  but: 

there a l s o  i s  considerable  unce r t a in ty  i n  de f in ing  appropr i a t e  exposure 

scena r ios  f o r  an i n t r u d e r  and i n  choosing the  parameter values  used i n  the 

models f o r  e s t ima t ing  annual. doses pe r  uxii t: radionucl ide coneen t r a t i  on f o r  

the pos tu l a t ed  exposure scena r ios .  Furthermore, f o r  a few o f  the  most 
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important radionuclides listed in Tables 1 and 2 of the Final Rule for 10 
CFR Part 61,l subjective judgment evidently was applied in adjusting the 
concentration limits calculated from the dose-assessment methodology to 
obtain the final results.* 
Permanent Isolation boundary from the 10 CFK Part 6 1  methodology appears 
to have a sound technical foundation based directly on limitation of risk 
from waste disposal, the correspondence between the radionuclide 
concentrations that define this boundary and a limit on risk perhaps is no 

iiiore rigorous than the correspondence with risk provided by the 
concentrations that define the Highly Radioactive boundary in Table 1. 

f o r  individual radionuclides. As with the results in Table 1, the 
determination of whether a mixture of radionuclides requires permanent 
isolation is obtained by use of the sum.of-fractions rule. 

Thus, although a determination of  the 

The concentrations in Table 2 define the Permanent Isolation boundary 

4 . 4  Depiction of  Quantitative Waste Classification System 

The qualitative definitions of HLW, TRU Waste and Equivalent, and I.LW 

were summarized i n  Section 3 . 2  and depicted in Fig. 1. In Section 4 . 2 ,  we 
developed the quantitative definition that wastes are highly radioactive 
if the power density exceeds 50 W/m3 or the external dose-equivalent rate 
exceeds 100 rem/% (1 Sv/h). This boundnry separates HLW from TRU Waste 
arid Equivalent but is not applied to LLY, since neither power density nor 
radiatlon dose is a factor in determining wastes that are generally 

acceptable for near-surface land disposal.' l 2  

developed the quantitative definition that wastes require permanent 
isolation if the radionuclide concentrations exceed the Class-C limits 
that are generally acceptable for near-surface land disposal, as specified 
in the NRC's 10 CFR Part 61.1-4 

The quantitative waste classification system that results from these 

In Section 4 . 3 ,  we 

definitions i s  depicted in Fig. 2. Radionuclide concentrations 
corresponding to the Highly Radioactive boundary of 50 W/m3 or 100 rem/h 
(1 Sv/h) are given in Table 1, and concentrations corresponding to the 
Permanent Isolation boundary are given in Table 2. 

to define quantitatively what is meant by a "long-lived" radionucl€de. 
Rather, for purposes of the proposed waste classification system, it is 
sufficient to recognize that a radionuclide is "long-lived" if it can 
exist in concentrations greater than its Class-C limit. The lower limit 
for the half-life that is rllong-lived" depends on the particular 
radionuclide , but generally is about 20 years. 

With regard to the Permanent Isolation boundary, it is not necessary 
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Fig. 2 .  Depiction of proposed waste classification system. 
Radionuclide concentrations corresponding to boundaries deFiri ing Hlgh- 
Level Waste, Transuranic Waste and Equivalent, and Low-Level Waste are 
given in Tables 1 and 2. 
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4 . 5  Boundary Concentrations f o r  and 137Cs 

The fission products "Sr and 137Cs are two of the most important 
constituents of  spent fuel, reprocessing wastes, and a variety of  other 
wastes. In the proposed waste classification system summarized in 
Tables 1 and 2 ,  these radionuclides are used in defining the Permanent 
Isolation and the Highly Radioactive boundary; and, for each radionuclide, 
the same concentration is used to define the two boundaries. Thus, 
concentrations of either of these radionuclides by themselves that exceed 
their respective Class-C limits would be classified as HLW. 

Inclusion of  "Sr and 137Cs in defining the Permanent Isolation 
boundary appears somewhat at odds with the historical precedents discussed 
in Section 2.1 for describing HLW from fuel reprocessing. The attribute 
"requires permanent isolation" clearly is associated with long-term r i s k s  

from waste disposal; but, historically, such risks were regarded as 

resulting principally from high concentrations of long-lived, alpha- 
emitting TRU radionuclides and not from the shorter-lived "Sr and 137Cs. 

However, since we have defined "requires permanent isolation" in terms of  

the concentration of any radionuclide that exceeds its Class-C limit for 
near-surface land disposal, 90Sr and 137Cs are included in the class o f  

radionuclides that could require permanent isolation. 
On the other hand, inclusion of "Sr and 137Cs in defining the Highly 

Radioactive boundary is in accord with Ilistorical precedents for 
describing HLW from fuel reprocessing, because these radionuclides are the 
most important sources of high levels of decay heat and external radiation 
in reprocessing wastes that have been aged for a few years. 
use of the Class-6 limits for ''SI- and 137Cs in defining the Highly 
Radioactive boundary appears somewhat arbitrary, because the Class-C 
limits are based only on consideration of risks from waste disposal arid 
not on consideration of risks from decay heat or external radiation. 
However, we re-emphasize that the analyses in Section 4 .2  related t o  the 
definition of the Highly Radioactivs boundary as a power density of  

50 W/m3 or an external dose-equivalent rate of 100 rem,% (1 Sv/h) were not 
based on the Class-C limits for 90Sr and 137Cs. Rather, the analyses 
showed that a range of power densities and external dose rates would 
provide a reasonable risk-based definition of "highly radioactive," and 
the Class-C limits f o r  'OSr and 137Cs correspond to values of power 
density and external dose rate, respectively, that lie within these 
ranges. Thus, although the choice of the Class-C limits for "Sr and 
137Cs to define the Highly Radioactive boundary is partly a matter of  

subjective judgment, the choice still is related to short-term risks 
resulting from decay heat and external radiation. 

Nonetheless, 

1,2 
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Use ZI? t he  C l a s s - C  l i m i t s  f o r  90Sr and 137Cs i n  de f in ing  the 

Permanent I s o l a t i o n  and tiirct 1iighl.y Kadioactive boundary has s e v e r a l  

d e s i r a b l e  consequences which provide j u s t i f i c a t i o n  f o r  t he  choice.  F i r s t ,  

i f  9 0 S r  and 137Cs w e r e  used i.n de f in ing  only the Highly Radioact:i.ve 

boundary ( i .  e .  , were not. regarded as " long- l ived"  f o r  purposes of de f in ing  

the Periiiatrent: Isol.atioii  boundary) , then these radionucl ldes  wou ld .  be 

c l a s s i f i e d  a s  LL6J regardlc:;s o f  concen t r a t ion .  IIowever t h e r e  e x i s t  ''ST 

and 137Cs  wastes i n  which the  concentrat ions exceed the C7.ass-C 1 - i . m i t s  by 

as much as a factoi' o f  4 x loLt;*' and it seems iilolie reasonable iAa t  such 

wastes shou1.d be cal.led HLW than great than Class-C LLW, pii-t:t:icularly 

s i n c e  they may r e q u i r e  d i sposa l  i n  deep geoJ.ogic r e p o s i t o r i e s  o r  

equi.valect f o r  p r o t e c t i o n  o f  yub1.i~~ hea7.th and s a f e t y  (see Sect ion C . l  o f  

Appendix C) .  

Second, i f  9 0 S r  and 137Cs are used i n  de f in ing  both boundaries i n  the 

waste classi.Ei.cati.on systern, then use o f  i:lle Glass-C l i m i t s  f o r  e .xh  

boundary means t h a t  trhese radionucl i~des by themselves would be c l a s s i f i e d  

as e i t l i e r  LLIJ o r  HLW, bul; no t  as TKU Waste and Equivalent.  Conversely, i f  

the Highly Kadi-oactive boundary f o r  t hese  radioriuclides d i d  not  col-respoi ld  

t o  the C l a s s - C  l i m i t s ,  then tiiese radionucl ides  could e x i s t  i n  any of  Lbe 

t h r e e  waste c l a s s e s .  The d e s i r a b l e  a spac t s  of  such a p o s s i b i l i t y  are not  

appa ren t ,  p a r t i c u l a r l y  si.nce the exz lus i cn  froin 'I'RU Waste and Equivalent: 

o f  9 0 ~ r  and I37cs i.n concentrat-ions great 

agrees  with the  h i s t o r i c a l  precedent t h a t  TRU was t e  contai.ns r e l a t i v e l y  

low concentrat ions o f  f i s s i o n  prodiici:s compared with waste from fuel 
r ep rocess ing .  

'ihan t h e i r  Class-C l imi t s  

F i n a l l y ,  one purpose o f  t-he proposed waste c l a s s i f i c a t i o n  system i s  

110 quan t i fy  the h i s t o r i c a l  source-based d e f i n i t i o n s  o f  HLFJ, p a r t i c u l a r l y  

the  definitzion i n  Clause (P.) of the  NWPA ( see  Sect ion 2 . 1 . 3 )  which r e f e r s  

t o  "highly radioact:ive ma te r i a l "  from f u e l  reprocessi  ng t h a t  "contains  

f i s s i o n  products  i n  su f f i c i - en t  concent:rations Thus, t he  was.te 

c l - a s s i f i c a t i o n  system e s s e n t i a l l y  de f ines  "contai  11s Cission products i n  

s u f f i c i e n t  concentrat ions"  f o r  aged reprocessing w a s t e s  as concentrat ions 

o f  ''ST and 137Cs t h a t  exceed t h e i r  Class-C: l j m i t s .  T h i s  i s  H reasonable 

choice ~ because reprocessing wastes t h a t  con ta in  concentrat ions of "Sr 

and L 3 7 C s  i n  excess of  t h e i r  Class-C l i . m i t s  a l s o  con ta in  concentrat ions of  

l o n g - l i v e d ,  alpha-emi.t:t:ing TKU radionucl ides  that exceed t h e i r  Cl-ass-C 

limits, and it seems proper t h a t  such wastes should be c l a s s i f i - e d  as 

HLlJ. Thus, the waste c l a s s i f i c a t i o n  system provides a reason3ble 

r e c o n c i l i a t i o n  between the d e f i n i t i o n s  i n  Clauses (A) and ( R )  o f  t h e  NWPA. 
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4 . 6  Provision for Greater Confinement Disposal 

As discussed in Section 3 . 4 ,  the proposed waste classification system 
does not associate the three waste classes with requirements for 
particular disposal technologies, even t'iough LLW generally is associated 
with near-surface land disposal and HLW and TRU Waste and Equivalent are 
associated with deep geologic repositories or equivalent. Again, these 
are the only disposal technologies currently recognized in law and f o r  

which regulatory standards and technical criteria have been developed, but 
the waste classification system should not preclude alternatives €or waste 
disposal that would protect public health and safety. 

repasiCories or equivalent would involve technologies for GCD which 
presumably provide intermediate waste-isolation capabilities. 
GCD in the proposed waste classification system is specified as follows: 

Alternatives to near-surface land disposal and deep geologic 

The role of 

- Wastes classified as HLV or TRU Waste and Equivalent may be 
acceptable for greater confinement disposal on a site-, waste-, and 
technology-specific basis provided applicable standards for 
protection o f  public health and safety will be met. 

Thus, GCD would constitute "permanent isolation" for sufficiently dilute 
wastes that exceed Class-C limits, just as near-surface land disposal 
cons titu t;es "permanent isolation" for LLW. 

The use of GCD technologies is  under active consideration by the 
DOEgy2* and the NKC. 2 9 - 3 3  

their current status of development is given in Appendix F. GCD 
technologics currently in use o r  under investigation include (1) above- 
grade Confinement in engineered structares, ( 2 )  below-grade confinement 
involving deep trenches, augered shafts, concrete structures, underground 
mines, rock cavities, o r  hydrofracture, and ( 3 )  improved waste forms and 
high- integrity containers. 

T h e  use of GCD is related only to limitation of long-term risks f r o m  

waste disposal (i.e., to the horizontal axis in F i g s .  1 and 2) but is not 
relevant to limitation of  shorter-term risks from wastes that are highly 
radioactive. For radionuclides with half-lives comparable to or longer 
than any time period over which contj.riued integrity of waste containers 
and waste forms may reasonably be assumed (e.g., 500 years), the 
primary benefit of GCD compared with conventional near-surface land 
disposal is the potential for elimina2ing particular exposure scenarios 
for inadvertent intruders (i.e., the so-called intruder-agriculture and 
intruder-construction scenarios) which were used by the NRC in 10 CFR Part 
61 to determine concentration limits of many radionuclides for near- 

A brief description of GCD technologies and 

- -  
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su r face  land d i s p o s a l , 2  

ground su r face  wou1.d be needed t:o e l imina te  t:hese i n t r u s i o n  scena r ios  for 

long time pe r iods .  

A s  a means of encouraging f u r t h e r  development of  GCD txchnologies ,  

methodologies f o r  hc?a l th - r i sk  assessments 

standards and t echn ica l  c r i t e r i a  ~ Sec t ion  C .  1 of  Appendix C presents a11 

exarrq>le a n a l y s i s  f o r  e s t ima t ing  tnaximwt concentrat ions t h a t  w o t r l d  be 

acceptxble  f o r  GCD f o r  the I.ong-li.ved radionucl ides  l is ted Z.n. Table 2 ,  

'I'hc? a n a l y s i s  assumes in.termediate-depth b u r i a l  as the  d i sposa l  technology, 

aga in  because enhanced su r face  or near - su r face  1.and disposal. presumably 

would n o t  19e e f f e c t i v e  i n  reduci-ng doses to i nadve r t en t  l n t rude r s  f o r  

r a d i o m c l i d e s  with h a l f  -lives loplgei: than a few hundred yea r s  I Radiation 

doses t o  i nadve r t en t  i n t r u d e r s  per  u n i t  concerr2:ration o f  radionucl ides  i n  

the f a c i l i t y  a r e  es t imated on t h ?  b a . s i s  of  a so l id -was te  d r i l l i n g  

scenario'' t h a t  i.s a s s m e d  t o  occur a t  500 yea r s  a f t e r  di.sposa1. 

scenario, an int:riider 1 iving on the si.t:e d r i l l s  through the di.sposa1 

f a c i l i t y  ( e . g . ,  f o r  the purpose of  cons t ruc t ing  a we l l  f o r  trhe i n t r u d e r ' s  

water s u p p l y ) ,  radionucl ides  are brought: t:o t h e  su r face  i n  t h e  s o l i d  

d r i  ].ling wastes, and the  r ad ioac t ive  wastes are mixed with nat:rive s o i l  i n  

a vegetable  garden.  Doses t o  t he  i n t r u d e r  then ~ e s u 1 . t  f r o m  the f o l l o w i n g  

exposure pathways : (1) i-ngestiort o f  contarnl.nattzd vegetabi-2s f rom the  

garden, ( 2 )  ingestlion of contanii.nated soil. f r o m  t h e  garden i n  conjuuceion 

with vegetable i n t a k e s ,  ( 3 )  i n h a l a t i o n  of suspended radionucl ides  from the 

garden, ant1 ( 4 )  ex te rna l  exposure t o  contarniiiat:e?d s o i l  i n  t he  garden. The 

maximum concen t r a t ions  of radionucl-ides that: would be acceptable  f o r  

i.nt6.i:riiediate-dept.h buria.1 then are obtained by assuming a 1.i.mii; on ani*al. 

committed e f f e c t i v e  dose erquivalent f o r  an i n t r u d e r  o f  0 . 5  rem. This 

choice of  a dose P i n i t  is  discussed i n  Sect ion R . 3  of  AppenzdLx R .  

T h e  a n a l y s i s  i n  Sect ion C.1- of  Appendix. C provides reasonable l i m i . i : s  

on r ad ionuc l ide  concentrati.ons that: would be acceptable  f o r  intermediate- 

depth b u r i a l ,  i n  the .sense t h a t  the l i m i t s  f o r  t he  most important 

ratl-i owxIidt?s  i n  cornmun1.y e x i s t i n g  w:i.ster; l i e  between the l i m i t s  f o r  

Class - C  LLM give11 i n  Table 2 and the eoncentrat ions typica1.l.y found i n  

commercial spen t  fue l  arid reprocessi  rig wastes 2 5  77 tha.t probably r e q u i r e  

deep g e o l o g i c  r e p o s i t o r i e s  O K  equ iva len t  f o r  p r o t x c t i o n  of pub l i c  heal.th 

and safety. We emphasize, however, that t h i s  analysis does no t  provide a 

s u i t a b l e  b a s i s  f o r  d e f i n i n g  genei-al.3.y app l i cab le  concent:ration l i m i t s  f o r  

GCD (i. e .  , nlnimum concentrat ions of radionucl ides  t h a t  genera1-P~ wou1.d 

r e q u i r e  deep geologic r e p o s i t o r i e s  o r  equi.-valent) . F i r s t  while the 

so l id -was te  d r i l l i n g  scena r io  i s  reasonably gene r i c ,  t he  parameters used 

i n  the dose a n a l y s i s  For t h i s  s cena r io  may be qut te  s i t e - s p e c i f i c  and 

s u b j e c t  t o  considerable  unce r t a in ty .  Second, t he  a n a l y s i s  oE the snlid- 
wast:e d r i l l i n g  scena r io  does no t  t ake  i n t o  account p o t e n t i a l l y  impori:atjl: 

A form of GCD lnvolvitig a f a c i l i t y  w e l l  belcev the  

and appropr i a t e  r egu la to ry  

In t h i s  
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contributions to dose from radionuclides that are leached from the 
disposal facility and transported to an aquifer that is used as a source 
of drinking water for an intruder (see Section C.2 of Appendix C). Third, 
until regulatory standards and technical- criteria are developed for GCD, 
there is considerable uncertai.nty over the required performance of waste 
packages and engineered facilities; and these uncertainties could affect 
the validity of  the exposure scenario chosen fo r  analysis, so that other 
exposure scenarios might be more appropi:iate. Finally, the analysis 
considered only intermediate-depth burial, and similar analyses for other 

GCD technologies could result in significantly different concentration 
limits of radionuclides ~ 

Thus, the analysis in Section C.1 of Appendix C is intended only as a 
demonstration that it is rea.son.able to consider GCD as an alternative to 
deep geologic repositories for disposal of  relatively dilute wastes 
classified as HLW or TRU Waste and Equivalent-. At present, however, the 
acceptability of GCU should be evaluated only on a site-, waste-, and 
technology-specific basis. A number of such evaluations and the 
deve1.opirrent of  an appropriatx: regulatory Eramework for GCD could lead to 
the definition of a generally applicable GCD-Permanent Isolation boundary, 
which would specify HEW o r  TRU Waste and Equivalent that requires deep 
geol.ogic repositories or equivalent for protection of puib1i.c health and 

safety. 
Finally, we re-emphasize that the acceptability of GCU for disposal 

of some HLW or TRU Waste and Equivalent would not affect the definitions 
of these wastes in the proposed classification system. However, the waste 
classification system does not preclude the possibility of defining sub- 
classes of HLW and TRU Waste and Equivalent correspondimg to wastes that 
are acceptable for GGD vs those that require deep geologic repositories o r  

equivalent. A precedent for defining such sub-classes i .s  provided by the 
specification of criteria for near-surface land disposal of three classes 
of  waste in the NRC’s 10 CFR Part 6 1 . l ~ ~  

4 .7  Classification System for Surface-Contaminated Wastes 

The waste classification system developed in this report assumes 
implicitly that the radionuclides are dispersed throughout a waste volume. 
This section presents a proposal for classifying surface-contaminated 
wastes on the basis of the classification system for volume-contaminated 
wastes. 

The need for a classification system for surface-contaminated wastes 
is indicated by the fact that many wastes for which activity is reported 
on a per unit volume or mass bas i s ,  and for which analyses of  risks from 
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waste d i s p o s a l  assume vol-urne contamination, are surface-contaminated. For 

example, i n  oiany types of LLW ( e . g . ,  compactible o r  noncompacti-ble t r a s h  

and f i l t e r  c a r t r i d g e s ) ,  radionucl ides  are deposi ted on s u r f a c e s  of g l a s s ,  

paper ,  m e t a l  c l o t h i n g  ~ glove boxes e t e .  S i m i l a r l y ,  an i n v e s t i g a t i o n  w e  

performed of  avai1abl.e d a t a  on TRU w a s t e  indi-cates t h a t  about by 

volume of t h e  waste c u r r e n t l y  i n  s to rage  probably i s  surface-contaminated. 

However, a sepa ra t e  t reatment  of  s~arEace-csntaminae:ed wastes i n  t h e  

proposed waste c l a s s i f i c a t i o n  system probably i s  needed only f o r  l a r g e  

waste forms ( e . g . ,  glove boxes and l a r g e  metal  forms) t h a t  are 

noncompactible. 0therwl.se the  surEace-contaminated wastes w i l l  be 

e f f e c t i v e l y  d i spe r sed  throughout a volume when prepared f o r  di sposa l  and 

can be t r e a t e d  as volume-contami.nated waste without f u r t h e r  cons ide ra t ion .  

We propose t h a t  c l a s s i f i c a t i o n  of surface-contaminated wastes needing 

separate treatrnerrt be based on t h e  su r face  area-to-volume r a t i o  f o r  the 

waste form; i . e . ,  a given concentrat ion of a radionucl.ide pe r  u n i t  a r e a  on 

the  su r face  would be mul-tiplied by the r a t i o  of the su r face  a r e a  t o  the  

volume of t he  s o l i d  waste form t o  give the  appropr i a t e  concentrat ion per 

uni-t  volume f o r  use i n  the  w a s t e  c l a s s i f i c a t i o n  system. This  method would 

be app l i ed  t o  tile determinat ion o f  power d e n s i t y  i.n r e l a t i o n  t o  the Highly 

Radi-oactiv-e boundary and t o  the determinat ion of radionucl ide 

concentrat ions i n  r e l a t i o n  t o  che Permanent I so l a t i -on  boundary. However, 

t he  determinat ion of e x t e r n a l  dose rat;e i n  r e l a t i o n  t o  the Highly 

Radioactive boundary f o r  surface-eontamiTiated wastes would be obtained 

most e a s i l y  f r o m  d i r e c t  measurement o r  wmld  r e q u i r e  a sepa ra t e  

c a l c u l a t i o n  based on cons ide ra t ion  of the parti.cul.ar waste form. 

area-to-volume r a t i o  i s  c a l c u l a t e d  e a s i l y .  For example, f o r  a rf-ght-  

c i r c u l a r  cyli.nder o f  r ad ius  r ,  the r a t i o  i s  2/r f o r  any he igh t  of the  

c y l i n d e r ;  f o r  a sphere o f  r ad ius  r ,  the  r a t i o  i s  3 / r ;  and f o r  a r ec t ang le  

of dimensions x, y ,  and z ,  t he  r a t i o  i s  2/(x+y+z). 

f o r  acceptance of TRU w a s t e  o f  50 pCi per 100 cm2 for alpha-erni t t lng 

radionucl ides  and 450 p C i  pe r  100 cm2 f o r  b e t a / g a ~ a - e r ~ ~ i t t i n g  

r ad ionuc l ides .  l2 
experience that t hese  l e v e l s  a r e  reasonably achievab1.e and w a > u l d  maintain 

an e s s e n t i a l l y  contamination-free environment i n  a waste-handling f a c i l i t y  

during continuous ope ra t ion .  One c0u:l.d consider  applying these c r i i x r i a ,  

p a r t i c u l a r l y  f o r  gamma-emittlng r ad ionuc l ides ,  i n  d e f i n i n g  1eveJ.s o f  

su r f ace  contamination that are "high1.y r a d i o a c t i v e .  I' However ~ a cursory 

a n a l y s i s  i n d i c a t e s  t h a t  e x t e r n a l  dose rates r e s u l t i n g  from the s p e c i f i e d  

l i m i t s  on su r face  contamination a r e  f a r  t o o  low t o  provide a reasonable 

b a s i s  f o r  de f in ing  "highly r ad ioac t ive"  i n  t h e  waste c l a s s i f i c a t i o n  

s y s t e m  . 

For s i m p l e  geometrical  conf igu ra t ions  f o r  the w a s t e  form, the su r face  

The WIPP f a c i l i t y  a p p l i e s  limits on removable su r face  contamination 

The l i m i t s  on su r face  contamination are based on 
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4.8 Volume of Waste Package for Application of 
Waste Classification System 

The proposed waste classification system does not specify a volume of 

waste or size of a waste package to whtch the definitions apply. Since 
the waste classi-fication system focuses primarily on disposal. ~ we intend 

that the radionuclide concentrations to he compared with the Highly 
Radioactive and Permanent Isolation boundaries in Tables 1 and 2 should be 
obtained by averaging the concentrations over the vol.ume o f  the waste form 
or waste package that is to be used f o r  final disposal. Thus, it usually 
is improper to change a waste classification simply by placing a 
rel-ntively small-volume waste form in a mnuch larger waste package than is 
needed'for disposal. An exception is chat some wastes ( e - g . ,  small. 

sources of 
radioactive that it would be reasonable to dispose of the wastes usi.rig 

packages much larger than the source itself in order to provide adequate 
protection o f  workers during waste hardling operations, 
propose that the radionuclide cancentration c:an be averaged over a volume 
not to exceed 1 m3. 
waste package for RH TRU waste at the VIPP facility. l2 
averaging procedure for very small sources should have no significant 
effect on the risks that would result from their disposal. 

Inhomogeneities in radionuclide concentrations throughout a waste 
volume could be of concern during storage of liquid wastes or sludges. 
Thus, if it is desirable to classify wastes on an interim basis prior to 
final disposal, then the varlability of  radionuclide concentrations i n  a 
given waste storage unit should be taken into account. 

and 137Cs) may be of  such sinall volume but so  highly 

In such c a s e s ,  we 

This 1 . i . n i L t  corresponds to the nominal volume of a 
The use of such an 
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5. IMPACTS OF PROPOSED WASTE CLASSIFICATION SYSTEM 

This section discusses impacts of the proposed waste classification 
system, as summarized in Tables 1 and 2 and Section 4.4 and depicted in 
Fig. 2 ,  on selected commercial and defwise wastes. The impacts analysis 
is restricted to (1) the waste classifications that would apply to 
commercial spent fuel arid reprocessing wastes and to defense wastes that 
have been called HLW because of their source as waste from fuel 
reprocessing and (2) a discussion of platential impacts of differences 
between the waste classification systeim and the acceptance criteria for 
disposal of defense TRU waste at the WIPP facility. 

5.1. Impacts on Commercial Spent Fuel and Reprocessing Wastes 

Tables E-1 through E-4 in Section E,1 of Appendix E present selected 
data on radionuclide concentrations i n  10-year old commercial spent fuel, 
liquid reprocessing wastes, and reproc2ssing wastes that have been 
solidified in borosilicate g l a s s .  2 5 9 2 7  

concentrations are compared with the concentrations that correspond to the 
Highly Radioactive and Permanent 1Xsolati.on boundaries, as given in 
Tables 1 and 2. The waste classification then is determined from 
application of the sum-of-fractions rule to the t:wo boundaries. T h e  

comparison of radionuclide concentrations with the GCD boundary is 
discussed in Appendix E and is based on the analysis presented in 
Section C.1. of  Appendix C and discussed i n  Section 4 . 6 .  

Irrespective of  the diEferences in the reported radionuclide 

I n  each table, the reported 

concentrations fo r  the two types o f  spent fuel and reprocessing wastes in 
Ta.bles E-1 through E - Q ,  each of  these vastes clearly would be classified 
as HLW in the proposed classification system; i.e., the radionuclide 
Concentrations greatly exceed the Highly Radioactive and the Permanent 
Isolation boundary. 
reasonable waste classification s y s ~ e m .  

as expected, that these wastes are highly radioactive, primarily because 
of the high concentrations of the fission products 9oSr and 137Cs. 
a l s o  is interesting to consider the waste classifications that would 
result 1.f all fission products were removed and only the TRU radionuclides 
remained. Commercial spent fuel absen-t all fission products still would 
he highly radioactive (and thus HLW), because the concentrations of 
various i.sotopes of Pu, Am, and Cm each exceed the boundary concentrations 
i.n Table 1. However, the reprocessing waste in borosilicate glass would 
just barely exceed the Highly Radioactive boundary, due primari1.y t o  the 

Such a result intui.tively would be required of any 

The data for commerei.al spent fuel and reprocessing wastes also show, 

It 
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concen t r a t ion  of 241h, and the  1iqui.d reprocessing waste would no t  be 

h igh ly  r a d i o a c t i v e  i f  izhe 244Cm were allowed t o  decay for a few y e a r s .  

Thus, t he  l i q u i d  waste wi.tliout f i s s i o n  products would be c l a s s i f i e d  a s  TRU 

Waste and .Equivalent, b u t  we cau t ion  tha t  thpse concentrat ions might not  

adequately r ep resen t  those i n  s o l  i -d i f i ed  waste prepared f o r  d i s p o s a l .  

Alkali-ne (1iqui.d and sludge) and aci.d wastes from reprocessing o f  

spent  f u e l  a r e  being stlored a t  the West Valley Demonstrati-on P r o j e c t  i n  

New York, and these wastes r ep resen t  an a c t u a l  waste inventory r equ i r ing  

d i s p o s a l .  The radionuc1.ide concentrat ions i n  the West Valley was ties 

gene ra l ly  are less  than those i n  the commercial reprocessing wastes 

discussed above, because some o f  the wastes a r i s e  from thorium-uranium 

fue l  o r  include DOE reprocessing wastes ,  both of which gene ra l ly  involve 

lower f u e l  burnups than i n  coincnercial. r e a c t o r s ,  

compiled by t h e  DOE21 i n d i c a t e  t h a t  the a c i d  wastes and t h e  alkal.i.ne 

sl-udges i n  t h e i r  p re sen t  form would be c l a s s i f i e d  a s  HEW, b u t  zhe a l k a l i n e  

1.iquids would be c l - a s s i f i e d  a s  TRU Waste and Equi-valent. Again, however, 

t hese  c l a s s i f i c a t i o n s  do not n e c e s s a r i l y  app1.y t o  s o l i d  waste prepared f o r  

d i s p o s a l ,  and they do no t  take i n t o  account [:hat f u r t h e r  wastc processi-ng 

may occur ( e . g . ,  removal. of  137Cs from the supernatant)  pri.or t o  

s o l ~ i d i f i c a t i o n .  

20 

We have no t  evaluated the  West Valley wastes i n  d e t a i l ,  bu t  d a t a  

34 

5.2 Impacts on Defense Reprocessing ‘Mastes 

Defense wastes c u r r e n t l y  c a l l e d  HEW, became of  t h e i r  source as waste 

from f u e l  r ep rocess ing ,  a r e  s t o r e d  a t  t he  Savannah Ri.ver P l a n t ,  the Idaho 

N a t i o n a l  Engineeri-ng Laboratory,  and the Hanford Reservation. These 

wastes occur i n  a vari.ei:y o f  forms and with raidely varying radionucl ide 

concent-rations , because of  di .fferences i.n the  c h a r a c t e r i s t i c s  of t he  fuels 

chat  have been reprocessed a t  each s i t e  and d i f f e r e n c e s  i n  p l a n t  ope ra t ing  

p r a c t i c e s .  

We have considered i n  d e t a i l  t he  impacts o f  t:he proposed waste 

c l a s s i f i c a t i o n  system only f o r  one type of defense reprocessing waste - 
namely, t he  s ludge-supernate  g l a s s  waste a t  Savannah R ive r ,35  whi.ch i s  i n  

a form appropr i a t e  f o r  d i s p o s a l .  The r epor t ed  radionucl ide concentrat ions 

i n  b o r o s i l i c a t e  g l a s s  a r e  compared with the  concentrat ions t h a t  correspond 

t o  t he  Highly Radioacti~ve and Permanent I s o l a t i o n  boundaries i n  Table E - 5  

i n  Sect ion E . 2  of  Appendix E .  T h i s  waste c l e a r l y  would be c l a s s i f i e d  a s  

NLU, sirice both boundaries a r e  exceeded considerably.  The r epor t ed  da ta  

on power d e n s i t y  and e x t e r n a l  dose rate35 also i n d i c a t e  t h a t  t h i s  waste i.s 

h igh ly  r a d i o a c t i v e .  Absent any f i s s i o n  products ,  t h s  waste would j u s t  

bare1.y exceed the  Highly Radioactive boundary (and thus be I i IM) ,  due t o  
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the high concentration o f  238Pu. 

reported. 3 5  With the exception of 137Cs, the radionuclide concentrati.ons 
in this waste generally are somewhat greater t:han in the sludge-supernate 
glass waste discussed above. 
be cl-assified as HLW. 

have been compiled by the DOE.21 
probably would be classified, on average, as TRU Waste and Equivalent 
rather than HLW, because they do not appear to contain sufficient 
concentrations of ''5, and 137C.s to be highly radioactive. 
many o f  the wastes at Hanford in the form of liquids, sludges, salt cake, 
and slurries would be classified, on average, as TRU Waste and Equivalent 

or eve.n I.I,bJ. 

HLW . 
We re-emphasize, however, that most of the defense reprocessing 

wastes for which data are reported by the DOE21 are not in a form 
appropriate for disposal, and the radionuclide concentrations could change 
significantly with further processing and solidification prior to 
disposal.. Furthermore, the radionuclide concentrations reported by the 
DOE generally are averages over a large number of waste storage units, 
particularly €or the EIanford wastes, and these data may not adequately 
represent the concentrations in a significant number of individual storage 
units. Therefore, these data should be used only to indicate the 
possibility that much o f  the. defense waste currently called FILW, because 
of its source as waste from fuel reprocessing, may be classified according 
to our proposed system as TRU Waste and Equivalent or even LLW, due to the 
low fuel burnups compared with those in commercial reactors and to the 
varieties of  processing applied t o  the wastes. 
needed on particular wastes and on expected waste forms for disposal in 
reaching definitive conclusions on the classification of  these defense 
reprocessing wastes. 

Data for sludge-only glass waste at Savannah River also have been 

Thus, the sludge-only glass waste a l s o  would 

Data on wastes at the other two sites that currently are called HLW 
The Idaho wastes in calcine form 

Similarly, 

Only the capsules of 'OS, and 137Cs would be classified as 

More detailed analysis is 

5 . 3  Impacts on Acceptance Criteria for Disposal of 
TRU Wastes at the WIPP Facility 

Defense wastes currently called TRU waste are being generated and 
stored at several DOE sites, and retrievable wastes that can be properly 
certified are intended for disposal at the WIPP facility.*' We have not 
evaluated the data on defense TRU waste at the various sites compiled by 
the DOE2' because (1) much of the waste is not in a form acceptable for 

disposal at the WIPP facility and ( 2 )  the data generally represent 
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averages over a l a r g e  number o f  ind iv idua l  waste u n i t s  and, t h u s ,  

p o t e n t i a l l y  s i g n i f i c a n t  d i f fe r r r ices  i n  rad ionucl ide  concent ra t ions  among 

these  u n i t s  a r c  no t  appai-ent. Rather ,  t h i s  s e c t i o n  d i s r u s s e s  the  

p o t e n t i a l  impacts oE the  proposed waste c l a s s i f i c a t i o n  system on the  waste 

accrptance c r i t e r i a  f o r  t he  W I P P  f a c i l i t y  ,” which a r e  summarized i n  

Sec t ion  2 3 2 .  

5.3.1.  P o t e n t i a l  Impacts of Highly  Radioactive Boundary 

The proposed Highly Radioactive bounda.ry, which sepa ra t e s  HLW from 

TRU Waste and Equivalent ,  i s  def ined a s  a power derisity o f  50 W/m3 o r  an 

external. dose-equi .valent  r a t e  a t  a d i s t ance  o f  1 rn f r o m  the  waste package 

of 100 rem/h (1 Sv/h), whichever i s  the iiiore r e s t r i c t i v e .  

waste a t  t he  WIPP f a c i l i t y  i s  a l i m i t  of 100 rern/’o. a t  the su r face  o f  t he  

waste c a n i s t e r ,  s o  t he  WIPP c r i t e r i o n  i s  more r e s t r i c t i v e  than t he  J - h i t  

i n  the  waste c l a s s i f i c a t i o n  system due t o  t he  d i f f e r e n t  1-ocations a t  which 

Lhe l i m i t  a p p l i e s .  Thus, some wastes t:hat we w o u l ~ d  c l a s s i f y  a s  TRU W a s t e  

and EquFvalent could exceed the  WIPP l i m i t  f o r  e x t e r n a l  dose r a t e .  

However, the  NIPP  c r i - t e r ion  aLso allows f o r  acceptance o f  waste c a n i s t e r s  

with su r face  dose-equival.ent r a t e s  as high as 1000 rern/h on ail excepLion 

b a s i s .  Therefore ,  s ince  the  dose rate a t  1 in probably w i l l  be wi th in  a 

f a c t o r  of  10 o f  t he  dose r a t e  a t  t he  s u r f a c e , 3 5  the WIPP c r i t e r i o n  appears 

to be roughly equiva len t  t o  t he  l i m i t  i n  the waste c1 .ass i f ica t ion  system 

and any d i f f e r e n c e s  probably would not  have a s ign i f icant :  i-inpact 011 the 

q u a n t i t i e s  05 TRU waste t h a t  could be acceptab le  f o r  d i sposa l  a t  t he  WTPP 
f ac i. 1 i ty . 

The acceptance c r i t i e r ion  on ex te rna l  dose-equival-ent r a t e  f o r  R1-l TRU 

The acceptance criteri.91-1 on thermal power f o r  RI-I TRU waste a t  t:lxe 

WIPP f a c i l i t y  i s  a limit of 300 W per  waste package. When combined with 

the  nominal volume of 1 m3 f o r  the s tandard RH waste conts i -ner ,  t h i s  limit 

i s  equiva len t  t o  n l i m i t  on power dc:isity of 300 W/m3, which i s  a f a c t o r  

o f  G g r e a t e r  than the  l i m i t  f o r  TRU waste and Equivalenr i n  the  pi-oposed 

waste c l a s s i f i c a e i o n  system. This d i f f e rence  i n  the  l i m i t  on  power 

dens i ty  could a f f e c t  waste acceptance a i  t he  WlPP f a c i l i t y  i n  t w o  ways. 

F i r s t ,  any waste c u r r e n t l y  c l a s s i f i e d  a s  RW TRU waste wit:’n a power 

d e n s i t y  between 50 and 300 W/m3 would be r e c l a s s i f i e d  as HLW and, thus, 
would not  be e1igi.bl.e f o r  d i~sposa l  a t  t he  WIPP f a c i l i t y . 2 0  

c u r r e n t  volume o f  waste having a power densi.ty betwee-n these  two l i m i ~ t s  

t h a t  al .so meets all o the r  acceptance c r i t e r i a  f o r  the  WIPP f a c i l i t y  i s  

only about 20 in3 and, t hus ,  i s  only a small f r a c t i o n  o f  t he  t o t a l  volume 

of KH waste t h a t  i s  po ten t i - a l ly  cer t i f iah1.e  f o r  d i sposa l  ( M .  H .  McFadden, 

p r i v a t e  communication) . ‘Therefore, the p o t e n t i a l  impact o f  e l imiha t ing  

However, the  
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waste from eligibility for disposal at the WIPP facility on account of a 
reduced limit on power densi.ty appears insignificant, and the small volume 
of waste involved easily could be disposed of elsewhere, e.g., in a 
repository for HLW, 

of 50 W/m3 in the proposed waste classification system may result in a 
reclassification of much of  the defense waste currently called HLW, 
because of its source as waste from fuel reprocessing, as TRU Waste and 

Equivalent due to the relatively low concentrations of  90Sr and 137Cs. 
these wastes also have concentrations of  long-lived, alpha-emitting TRU 

radionuclides in excess of 100 nCi/g, w h i c h  is likely, then they probably 
would meet the acceptance criteria for the WIPF facility. 
impact on the WIPP facility then would be the possibility that the volume 
of waste t h a t  would be eligible for disposal would be significantly 
greater than previous1.y assumed in planning for waste handling and 
disposal capacity.8 It also i s  noteworthy that the voluiiie o f  defense 
reprocessing waste that could be reclassified as TRU Waste and Equivalent 
would increase even more if the Highly Radioactive boundary were increased 
to 300 W/m3 to agree with the WIPF criterion, 

reprocessing wastes currently in storage that would be reclassi fi.ed as TKU 

Waste and Equivalent could be retrieved and properly certified €or 
d-i.sposa1 at the WlPP facility. For example, some wastes, particularly 
those with high c0ncentration.s o f  238Pu,  may not meet the acceptance 
criterion of a limit on 239~u-equiva~ent activity of 1000 ci per waste 
package. Furthermore, even if wastes are eligible for disposal at the 
WIPP facility, it is neither necessary nor  desirab1.e to require disposal 
there if serious distortions of existiag agreements or planned operations 
would result. As emphasized in Sections 3 . 4  and 4 . 6 ,  many of these wastes 
may be suitable candidates for GCD, either in s i t u  at the current storage 
location or in another faci-lity developed specifically for these wastes. 
Decisions regarding wastes that would be sent to the WIPP facility then 
could be based on analyses of the tradeoffs between expanding an existing 
facility vs developing new disposal technologies at different sites. 

Second, as discussed in Section 5.2, the Highly Radioactive boundary 

If 

The primary 

However, it is not evident without further analysis that all defense 

5.3.2 P o t e n t i a l  Impacts of P e r m a n e n t  Isolation Boundary 

The proposed Permanent Isolation boundary, which separates LLW froin 
HLW and TRU Waste and Equivalent, is defined in terms of Class-C limits on 
radionuclide concentrations that are generally acceptable for near-surface 
land disposal. 1-4 
boundary on disposal of TRU waste at the WIPP facility arise from (1) use 

The potential impacts of  the Permanent Isolation 
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i.n the waste classification system of radionuclide-specific concentration 
limits for long-lived TRU radionuclides in Ci/m3, rather than the WIPP 
limit of 100 nCi/g for all long-lived, alpha-emitting TRU radionuclides, 
and ( 2 )  the inclusion 0.f long- li-ved, non-TRU radi.oriuclides in '1'RU Waste 
and Equivalent. 

concentration limits for long- lived TRU radioniicl.ides in Ci/m3 is 
discussed in detail in Appendix D. O u r  choice f o l l o w s  essentially from 
the recogni-tion that limitation of  long- term risk to inadvertent: 
intruders, which is the h a s i s  for the definition of the Permanent 
Isolati.on boundary, depends on limitation o f  radionuclide concentrations 
per unit volume rather than concentrations per unit mass; i.e., analyses 
of doses to an intruder from waste Concentrations expressed in nCi/g must 
involve a conversion to activity pcr unit vol.ume using an assumed density 
for the waste material.. Furthermore, f o r  existing TRU wastes, the most 
important TRU radionuclides usually are 239PuI 240~u, and "+'h, 21 and we 
show in Appendix D tillat the radionuclide-speci-fic concentration limits for 
these radi-onuclides in Ci/m3 in Tab1.e 2 that correspond to the Permanent 
Isolation boundary are essentially equivalent to a limit of 1-00 rlCi/g for 
all long-lived, alpha-emitting TRU radionuclides. Thus, the WIPP 
definition of the lower boundary for TRU waste (i.e., 100 nCi/g) is 
consistent with and supported by the waste classification system proposed 
herein. The one exception occurs with wastes that contain the shorter- 
lived 238Pu as a principal constituenE. 
in Table 2 that corresponds to the Permanent Isolation boundary is one- 
to-two orders of magnitude greater than 100 nCi/g for expected densities 
of waste materials. 
Table 2 is greater than the minimum concentration for disposal at the WIPP 
facility, and the waste classification system does not preclude the WIPP 
facility f r o m  accepting 238Pu-contami.nated wastes in concentrations less 
than the Class-C 1.imit we have adopted but greater than 100 nCi/g. 

The inclusion of 1-ong-lived, n o n - T R U  radionuclides in TRU Waste and 

T h e  use in the waste classification sys*ieni of radionucli.de-specific 

In this case, the concentration 

However, the boundary concentration for 238Pu in 

Equivalent means that these wastes could contain little or no TRU 

radionuclides. 
1i.ved Yu isotopes each i n  concentrations one-third of  t he i r  Class-C limits 
o r  wastes that contained only such radi.onuclides as , 
126Sn, and I2'I in concentrations greater than the i r  Class-C limits would 
be classified as TRU Waste and Equiva1.ent. This consequence of the waste 
classifi.cation system apparently conflicts w i t h  the definition of TRU 

waste in Current regulations and in the acceptance criteria f o r  the WIPP 
facility, which specify a minimum concentration o f  long-lived, alpha- 
emitting 'IXU radionuclides of 100 nCi/g (i.e., the Class-C limit for the 
TRU radionuclides only), and the WXPP facilicy currently may not accept 

For example, wastes that contained 'OS, ~ 7 - 3 7 c s ,  and long- 

14C 94Nb, 9gTC, 
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8,12,20 waste with concentrations of TRU radionuclides less than 100 nCi/g. 

proposed definitions of waste classes as equivalent to waste acceptance 

criteria for particular disposal facilities. In particular, the waste 
classification system does not preclude the WIPP facility from maintaining 
its current requirement that wastes m u s t  have concentrations of: long- 

lived, alpha-emitting TKU radionuclides greater than 100 nCi/g. Wastes 
t:hat. do no t  meet this cri . terion but would be classified as TRU V a s t e  and 

Equivalent. i.n our system then would reqJi.re disposnl elsewhere ~ presumably 
usi-ng some form of GCD unless the concentrations of t.he r i m - T R U  

ra.dionuclides w e r e  so high that GCD were not acceptable, in which case a 
deep geologic repository or equivalent xould be required. 

However, as emphasized in Sections 3 . 4  and 4 . 6 ,  we do not regard the 
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6. SUMMARY AND CONCLUSIONS 

The primary purpose of this report has been to develop a quantitative 
and generally applicable risk-based definition of high-level radioactive 
waste (HLW), which has been defined historically as waste from 
reprocessing of spent nuclear fuel, The need f o r  such a definition arises 
from a description in the Nuclear Waste Policy Act (NWPA) of 1982 that H L W  

is "other highly radioactive material that . . . .  requires permanent 
isolation. 

In developing a quantitative and generally applicable definition of  

HLW, similar definitions of other waste classes also are obtained. The 
proposed waste classification system presented herein supersedes the 
summaries of preliminary versions of this work that were published 
previously. 3 6 , 3 7  

6.1 Summary of Proposed Waste Classification System 

On the basis of the description of HLW in the NWPA, and other 
historical precedents, and the characteristics o f  reprocessing wastes 
involving (1) high levels of decay heat: and external radiation due to high 
concentrations of shorter-lived fission products and (2) high 
concentrations of long-lived, alpha-emitting TRU radionuclides, we 
developed the following conceptual definition of  HLW: 

HLW is waste that is -. 

(1) highly radioactive 
(2) requires permanent isolation. 

Thus, HLW is assumed to have two distinct attributes; and "highly 
radioactive" is associated with shorter-term risks due to high levels o f  

decay heat and external radiation, and "requires permanent isolation" is 
associated with long-term risks from waste disposal. 

definitions of Transuranic (TRU) Waste and Equivalent and low-level waste 
The conceptual definition of HLW then led to the following conceptual. 

(LLW) : 

- TRU Waste and Equivalent is waste that requires permanent isol.ation 
but is not highly radi-oactive; 

- LLW is waste that does not require permanent isolation, without 
regard to whether or not: it is highly radioactive, 

TRU Waste and Equivalent may include nan-TRU radionuclides; and the 
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definition of  LLW is consistent with Lhe NRC's 10 CFR Part 61,l" which 
classifies waste only in relation to risks associated with near-surface 
larid disposal. 

based on analyses o f  levels o f  power density and external radiation that 
would limit system design or operation in controlling short-term risks in 
a variety of waste management activities, including disposal. From these 
analyses, we proposed the following generally applicable definition: 

Development o f  a quantitative definition of  "highly radioactitel' was 

High 1 y radio a c t ive I t  means - 
(1) a power density greater than 50 W/m3 or 
(2) an external dose-equivalent rate at a distance of  1 m from 

the waste greater than 100 R/'n (1 Sv/h) . 

A determination o f  whether wastes are highly radioactive can be based 
directly on est-irnates of power density and external dose rate, but it may 
be more convenient in some cases to base this determination on known 
radionuclide concentrations in the waste. Simple models were used to 
derive concentrations o f  radionuclides that are equivalent to thz  limits 
on power density or external dose rate and that correspond to the Ilighly 
Radioactive boundary. These concenLrations are given in Table 1. 

relation to limitation of long-term risks from waste disposal was based on 
the following definition: 

The proposed quantification of "requires permanent isolaeion" in 

"Requires permanent isolation" means concentrations of radionuclides 
that exceed the Class-C limits that are generally acceptab1.e for 
near-surface land disposal, as defined by the NKC in 10 CFR Part 61 
and its supporting documentation and methodology. 1-4 

Thus, a radionuclide is "1.ong-lived" if it can occur in concentrations 
greater than i t s  Class-C limit, and knowledge of the concentrations of the 
most important long-lived radionuclides in the waste i s  needed in 
determining if the waste requires permanent isolation. The concentrations 
of radionuclides that correspond to the Permanent Isolation boundary are 
given in Table 2. 

and generally applicable definitions of HXY, TRIJ Waste and Equi-valent , and 

LLW is depicted in F i g .  2. The defi-nition o f  IILW also embodies and 
quantifies the historical. source-based definition sf HLU as waste from 

f u e l  reprocessing. We intend that the waste classification system be 
applied to expected radionucli.de compositions and waste forms aZ: the C i m e  

o f  final. disposal. 

The proposed waste classification system that provides quantitative 
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6.2 Summary of Issues in Developing the 
Waste Classification System 

In Section 1.2, a number of important constraints are described that 
were applied in developing the proposed waste classification systeiii. In 
atLempting to comply with these constraints, a number of fundamental 
issues wese encountered. These issues ,are discussed in this sect;ion. 

6.2.1 Risk  B a s i s  for D e f i n i t i o n s  of Waste Classes  

An important goal of this study was to develop definitions of  waste 
classes from considerations of risks associated with waste management and 
disposal, with primary emphasis on dispssal. Furthermore, the definitions 
should have a sound technical foundation. 

In the course of this study, howevzr, it became apparent that 
rigorous risk-based definitions of waste classes based primarily on 
defensible and objective technical analyses probably are not achievable. 
The technical analyses in support of the definitions of the llighly 
Radioactive and Permanent Isolation boundaries indicated a range of 
reasonable quantifications rather than definitive values. T h u s ,  the 
definitions of the two boundaries also irivolved subjective judgments based 
on consideration of the consequences of possible choices. More generally, 
our experience indicates that any efforts to define generally applicable 
waste classes using alternative conceptual models also will involve a 
significant degree of subjective judgment that cannot be based directly on 

rigorous technical analysis. 

6.2.2 Nr1nibe.r of Waste Classes t o  be Defined 

In response to the description of HIAW in the NWPA, it would be 
reasonable to develop a quantitative and generally applicable definition 
for HLW only, but. to leave other wastes defined essentially 5s they are in 
current regulations. However, it is natural to define other waste classes 
from the proposed definition for HLW, S O  that a consistent set of 
generally applicable definitions of all wastes would be obtained and a 
reasonable framework for decision-making in waste management would be 
established, 

From the discussions of  current definitions of HLW, TRU waste, and 
LLW in Section 2, it is apparent that nsne of  these wastes are defined 
adequately at present. All definitions of HLW are based on the source of 
the waste, but these definitions have n3t yet been quantified. Then, 
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since current deffni tions of TRU was1 (1 and LLW explicitly exclude HLW, the 
definitions o f  these waste classe>, a l s o  have not been? quantirird. The 
interrelationships between current tieTini tions of  iWd, TRU waste, and LLW 

argue strongly in favor of  developing an all-encompassing waste 
classiflcation system at this time. 

5 . 2 . 3  R e l a t i o n s h i p  Rctwcen Waste Dcf ini tions and Choice of Disposal 

Technologies  

A n  important issue that must be considered in developi-ng any waste 
classification system is whether the definitions o f  waste classes should 
be associated with particular disposal technol.ogies. This study has 
adopted the position that such an association is neither necessary nor 
desirable, pri.narily Secause it could limit the flexibility of waste 
management programs i.n developing di.sposa1 systems that protect public 
hea1t:h and safety in a cost-effective manner. 

There are two potential disadvantages with deEining waste cl-asses in 
association with particular disposal. technologies. F i r s t ,  there would be 
a disincenti-ve to distinguish between existing wastes that contain high 
concentrations of  both fission products and long-lived, alpha-emitting TRU 
radionui:l.i.des (e. g .  , commercial spent fuel axid reprocessing wastes) and 
wastes with similar concentrations of  TRU radionucl-ides but much 1-ower 
concentrat:i.ons of fission products, because both types o f  waste would 
require disposal in deep geologic repositories o r  equivalent due to the 
concentrations of TRU radionuclides. However ~ not dist~ingui-shing between 
these types of waste wou1.d be incon1pati.bl.e with existing law and 
regulations and with historical definitions o f  waste classes, and might 
have unnecessary adverse impacts on current pl-ans f o r  disposal. of defense 
TRU wastes. Furthermore, as discussed in Section 3.1.2, there are 
important technical cons i.derations in the design o f  di-sposal systems, 
based on consideration of heat generation rates, that indicate the 
desirability of disti.nguishing between HLW and TLCU waste even if both 

t y p e s  of waste require deep geologic repositories or equivalent f o r  long- 
term protection of  public heal.th and safety. 

Second ~ an association of waste cl-asses with particular disposal 
t:echnologies might discourage disposal options involving technologies more 
confining than are necessary for protection o f  public hea1t:h and safety. 

This possibility is undesirable, because cost-effective solutions to 
disposal. problems cou1.d involve co-disposal o f  lower- and higher-activity 
wastes in a facility designed for the higher-activity component. 
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On the other hand, a potentially desirable aspect of associating 
waste classes with specific disposal technologies arises with HLW, because 
this type of waste generally i s  associated with disposal in deep geologic 
repositories or equivalent. However, we have emphasized that the proposed 
definition of HLW covers a broad spectrum of possible radionuclide 
compositions and concentrations ( e .  g. , nany forms of NLW worxld contain 
radionuclide concentrations considerably lower than those in commercial 
spent fuel and reprocessing wastes), and wastes in this elass could be 
associated with a variety of disposal technologies of differing waste- 

isolation capabilities and still protect public health and safety, 

6 . 2 . 4  . Role of Greater Conf.i.nement Disposal  

Although the proposed waste classification system does not associate 
each waste class with a particular disposal technology, at the present 
time LLW generally is associated with near-surface land disposal and HLW 
and TKU Waste and Equivalent with deep Geologic repositories or 
equivalent, primarily because these are the only  disposal technologies f o r  

which generally appl. icable regula tory standards and technical criteria 
have been developed. Again, however, the development of  alternatives for 
waste disposal is desirable and should not be precluded by the waste 
classification system. 

Alternatives to near-surface land disposal and deep geologic 
repositories or equivalent would involve technologies for greater 
confinement disposal (GCD) which provide intermediate waste-isolation 
capabilities. 
is specified as follows: 

The role of GCD in the proposed waste classification systerrl 

- Wastes classified as HLW or  TRU Waste and Equivalent may be 
acceptable for greater confinement disposal on a site-, waste-, and 

technology-specific basis provided applicable standards for 
protection of public health and safety are met. 

The essential aspect of this statement is that the waste classification 
system encourages_ but does not require G C D .  

developed and regulatory standards well established, then it would be 
reasanable to define HLW based on the concept that such wastes are not 
generally acceptable for GCD; i.e., HLW then would be defined in 
association with a requirement for disposal in deep geologic repositories 
or equivalent. At the present time, however, GCD is not sufficiently 
developed to provide a basis for defining waste classes, and disposal of 
any wastes using GCD must be considered on a case-by-case basis. 

If GCD technologies were well 



In o~der to encourage further development of GCD technologies, 
regulatory standards, and methodologies for health-risk analysis, 
Section C . l .  o f  Appendix C presents an example analysis of maximum 
concentrations of  radionuclides that could be acceptable for GCD assuming 
intermediate-depth buxi al. The analysis provides emouraging results 
hecause the boundary concentrattons generally are intermediate between the 
limits that are generally acceptab1.e fur near-surface land disposal and 
the coneen[:rations occurring in commercial spent fuel and reprocessing 
wastes which probably require deep geologic repositories or equivalent for 
protection olr public health and safety. However, as discussed in 
Section 4 . 6 ,  this analysis does not yet provi.de a defensible basis for 
defining a generally applicable set o f  concentration 1.imits for GCD I 

requires site-specif ic performance assessments to determine compl.iance 

with applicable standards and technical criteria, regardless of  how waste 
classes are defined, and the performance assessments may lead 1x0 

development of  waste accepcance criteria for that site. However, the 
proposed waste classification systcm i s  not equivalent to waste acceptance 
criteria for any disposal technology at any site, but serves mainly to 
indicate those technologies that may be acceptable for disposal of various 
wastes. 

Finally, we have emphasized that waste disposal by any method 

6 . 2 . 5  C l a s s i f i c a t i o n  of Non-TRU Radionuclides 

This section considers the classification of long-lived, non-TRU 
radionuclides. The most important of these are the shorter-lived fission 
products "Sr and 137Cs, which are important constituents of  many existing 
wastes, and such longer-lived radionuclides as I 4 C ,  94wb, "Tc I and 
IZ9I. 

The classification of wastes containing primarily 'OS, and 137Cs in 
concentratZions greater than their Class-C limits is an important 
consideration because of the substantial quantities of such wa.stes that 
presently exist. However, the classification o f  these wastes is a 

di.fficult issue to resolve on technical grounds alone because o f  the 
relatively short half-lives of "Sr and 137Cs .  As discussed in 
Section 4 . 5 ,  one choice would be tu use concentrati.ons sf these 
radionuclides only in defining the Highly Radioactive boundary in the 
waste classification system, in which case these radionuclides probably 
would be classified as LZB in any concentrations. 
included these radionuclides in defining the Permanent Isolation boundary 
as well because they can exist in concentrations greater than their 
Class-C limits. 

However, we have 



Our choice has the  consequence tha'r. concent ra t ions  of 90Sr  and 137Cs 

g r e a t e r  than t h e i r  Class-C l i m i t s  a r e  c l a s s i f i e d  as HLW. Support f o r  t h i s  

choice i s  provided by the  ex i s t ence  of wastes with concent ra t ions  o f  these  

rad ionucl ides  more than l o 4  times g r e a t e r  than t h e i r  Class-C l i m i t s ;  and 

it seems reasonable  t h a t  such high concent ra t ions  of t hese  rad ionucl ides  

should he c l a s s i f i e d  as HLW, r a t h e r  than LLW, due t o  t he  long t i n e  per iod 

requi red  f o r  these  wastes t o  decay t o  l e v e l s  t h a t  would be genera l ly  

acceptab le  f o r  nea r - su r face  land d i sposa l .  I n  a d d i t i o n ,  use o f  t h e  

Class-C l i m i t s  f o r  'OSr and 137Cs i n  de f in ing  t h e  Highly Radioact ive 

boundary provides  a reasonable  b a s i s  f o r  quant i fy ing  one aspec t  of 

source -based HLW. 

The c l a s s i f i c a t i o n  of  concent ra t ions  of l o n g e r - l i v e d ,  non-TKU 

radionucl ides  that: exceed t h e i r  Class-C l i m i t s  a l so  i s  a mat te r  of  choice 

t h a t  does no t  have a f i rm t echn ica l  basEs. One p o s s i b i l i t y  would be t o  

c l a s s l f y  these  rad ionucl ides  i n  any concent ra t ion  as LLW, h u t  t o  recognize 

t h a t  some form of  GCD involving b u r i a l  wel l  bel.ow the su r face  probably 

wou1.d be r equ i r ed  f o r  Concentrations exceeding the  Class-C l i m i t s .  

However, we have c l a s s i f i e d  concent ra t ions  o f  these rad ionucl ides  g r e a t e r  

than t h e i r  Class -6  limits a s  TRU Waste and Equivalent ,  p r imar i ly  becanse 

the concent ra t ions  of t he  non-TRU and TRU radi.onuclides i n  t11i.s c l a s s  

wou1.d involve comparable r i s k s  f r o m  waste d i s p o s a l .  

6 . 3  Impacts of  Waste C l a s s i f i c a t i o n  System 

An important requirement of any reasonable  waste c l a s s i f i c a t i o n  

system i s  t h a t  it not  impose unnecessary adverse d i s t o r t i o n s  on c u r r e n t  

waste management and d i sposa l  programs. A b r i e f  a n a l y s i s  of  t he  impacts 

of  t he  proposed waste c l a s s i f i c a t i o n  system on s e l e c t e d  commercial spent  

f u e l  and reprocess ing  wastes and defensc wastes from f u e l  reprocess ing  was 

presented  i n  Sec t ion  5 .  As expected, t he  commercial wastes c l e a r l y  would 

he c l a s s i f l e d  as HLW. The defense wastes from the  Savannah River P lan t  

t h a t  a r e  encapsulated i n  a g l a s s  waste form appropr i a t e  f o r  d i s p o s a l ,  

a l though they a r e  der ived  from f u e l  with lower burnups than commercial 

was tes ,  a l s o  would be c l a s s i f i e d  a s  HLW. On the  o the r  hand, s u b s t a n t i a l  

q u a n t i t i e s  of defense wastes t h a t  have r o t  been s o l i d i f i e d  i n  a form f o r  

d i sposa l  apparent ly  would be c l a s s i f i e d  i n  t h e i r  p re sen t  s t a t e  as TRU 

Waste and Equivalent o r  even LLW. Again, however, t he  waste 

c l a s s i f i c a t i o n  system does not  preclude d ispos ing  of any o f  these wastes 

a s  i f  they were HLW, but  i t  a l s o  encourages development of s a f e  and c o s t -  

e f f e c t i v e  a l t e r n a t i v e  d i sposa l  methods. 
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This report al.so discussed the poterrti-a1 impacts of the proposed 
waste classification system on the acceptance criteria Eor defense ‘IIKIJ 

waste at the WIPP facility. Both the Highly Radioactive and the Permanent 
Isolation boundary involve definitions that differ from t-he WIPP 
ac.ceptance criteria. The resulting impacts on the quantities of waste 

that might be acceptable for disposal at the WIPP facility could he 
substantial, primarily because of the existing defense reprocessing wastes 
that might be classified as TRU waste according to the WLPP criteria. 
However, since one of the constraints of this study is not to disrupt 
existing plans for waste disposal at the WIPE’ facility, the preferred 
solution tu thi.s apparent conflict is to retain the generally applicable 
defini-tions of waste classes proposed in thi.s report E but to emphasize 
that the waste classification system does not preclude t:he appllcati.ot-1 o f  

different criteria for disposal. o f  wastes at the WIPP facility. The same 
general principle would be applied to waste di-sposal at any other 
faci-lity, since the waste classification system does not associate waste 
classes with specific disposal technologies. 

An important general conclusion was obtained from the analysis of 
impacts o f  the waste classification system on defense reprocessing and TRU 
wastes. Because of the nature of the WIPP acceptance criteria and the 
historical precedents for defining HLW as waste from fuel reprocessi-ng, it 
became apparent that any generally applicable, risk-based definitions o f  

HLW and the other waste classes gscessari-ly would either conflict wi.th 
current definiti-ons of defense HLW and TRU waste o r  could significantly 
affect the quantities of waste that might he acceptable fob- disposal at 
the WIPP faci.Iity. This general conclusion again emphasizes the 
importance of distinguishing between a generally applicable waste 
classification system and site-specific waste acceptance criteria. 

6 . 4  Conclusion 

The waste classification system developed in this report is 
potentially useful because it does not appear to have arbitrary or 
unnecessary adverse impacts on existing plans an3 methods for management 
or disposal of  cormnercial and defense radioactive wastes. The change from 
a source-based to a risk-based definition for HLW would have the desirable 
effect of removing any legal obstacles to partitioning and other advanced 
waste management technologies. However, the use of such technologies is 
not mandatory in the waste classification system, because lower-activity 
wastes always can be combined with higher-activity wastes for more 
confining disposal if such methods would reduce risks in a cost-effective 
manner. Furthermore, the proposed waste classification system has a 



6 3  

reasonably firm basis in health and safety considerations, offers 
reasonable compatibility with existing law, and can be applied early and 
unambiguously in any waste management program. 
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APPENEIX A 

ANALYSES RELATED TO QUANTIFICATION OF 
HIGHLY RADIOACTIVE BOUNDARY 

This Appendix discusses the analqses used in Section 4 . 2  to develop a 
quantitative and generally applicable definition of waste that is highly 
radioactive. The definition of the Highly Radioactive boundary is based 
OTI levels of power density and esterns.l dose rate that necessitate control 
measures for limiting shorter-term risks in a varicty of waste management 
and disposal activities. Three aspects of the quantification of the 
Highly RadLoactive boundary are discussed in this  appendix: 
'levels of power density and external dose rate that provide the basis for 

the proposed definition, (2) the calculation of power density for a given 
concentration of a radionuclide, and ( 3 )  the calculation of external dose 
rate for a etven Concentration of a redionucli de. 

(1) data on 

A .  1 Data to Support Def initi.on of "Highly RadioactTve" 

The quantitative and generally applicable definition n f  "highly 
radioactive" developed in Section l 4 . 2  - i.e., a power density greater than 
50 W/m3 or an external. dose-equivalent rate at a distance of 1 rn from the 
waste greater than LOO rem,% (1 Sv/h) - is based on data discussed in the 
following sections. 

A . l . l  Package Stacking L i m i t s  for Waste Containers 

Waste packages often are stacked together for storage or disposal, in 
which case the heat generated in the waste can result in a higher 
temperature in the interior of the stick than on the outside. This 
temperature difference depends on the diameter of the stack and the heat 
generation rate per unit: volume of waste (i-e., the power density). T h e  

maximum size of a stack then should be limited by the temperature rise in 
the interior that would exceed the boiling point of water or would be 
sufficient to decompose typical organic waste materials. 

that the stack is a cylinder of infinite length. T h e  heat transfer 
equation in this case is 

A heat transfer calculation was prformed based on the assumption 

1 

( d  2 /&)PD = 4KfTr , 

where d is the diameter of the stack i n  m, P D  is the power density i n  
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W/m3, Kf is the thermal conductivity oE the was tcs  i.n W/m-OC, and Tr is the 
temperalxrt? rise froin the center o f  the stack to the outside edge in O C .  

The thermal conductivity in the waste i.s assumed t o  be 1 KTU/h-ft-OF 
(1.7 W / R ~ - ~ C ) ,  whi-ch i.s a value t:ypica,l of inorganic solids, and the 

maximum allowable temperature rise in the waste is assu~iied t o  be 100 OF 

(55 C) i n  order to prevent boil.i.ng of water o r  degradation of ;:he waste. 
On the  basi.s o f  the mode1 and assumptions described above, the 

0 

allowab1.e 1irni.t on power density as a functi-on of stack diametei- was 
tal-culated, and the resu1t:s are given in Table A - 1 .  Wastes s to red  in 

caverns and other facilities sel-dom are piled more than a f e w  meters in 
any direction, due to si-ze lirnitat:ic>ns of fork-lift trucks and other 
package-handling equipment. The results in Table A - l  show, for example, 
that a nominal stacking diameter of 5 m, which is a reasonable maximum 
stack size, corresponds to a limit: on power density of about 50 W/m3. 

A . I . 2  L i m i t s  on Power Densi ty  i n  L i q u i d  Waste Tanks 

Liquid wastes from fuel reprocessing at the Hanford s i t e  have been 
characterized as self-heating o r  non-heating; depending on whet:her the 
decay heat would raise the temperature to the boiling point when the wastle 

is placed in large, underground tanks. If the temperature could reach the 
boil.i.ng point, then the wastes were placed in special tanks with 1.arge 
cooling systems to prevent boiling. In non-heating wastes, t i he  natural 
thermal. conductivity from the tank to the surrounding earth is suff i .cient 

to keep temperatures below the boiling point. 

at the Hanford site to be self-boiling have been estimated as 8-40 W/m3 

and 20-50 W/m3.233 
cooling measures in large liquid waste storage tanks appears to be in the 
range 10-50  W/m3. 

The limiting values of  power density that would cause liquid wastes 

Thus, the power density that would require active 

A.1.3 L i m i t s  on Power Densi ty  i n  Waste Transport Containers  

Special casks a r e  used to transport radioactive materials, and the 
heat generation rate in the waste may be important in determining design 
requirements. For example, casks for shipping of spent fuel o r  defense 
reprocessing wastes are designed to accommodate power densities in the? 

range 500-28,000 W/m3,4-6 and such power densities are a major 
consideration in design of  the casks. 
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Table A - 1 .  Power density v:; diameter of waste stack 
for a maximum temperature rise in the center 

of the stack of 100 O F  (55 OC)” 

Power density 

(W/m3 1 
D i ame t e r 

(m> 

1 
10 
50 
100 
500 

1,000 
10,000 

39 

1 2  

5 . 6  

3 . 9  

1.8 
1 . 2  
0 . 4  

aCalculations are described in Section A . 1 , l .  

Of greater relevance to a determination of the Highly Radioactive 
boundary is the limit on power density in a transport container for 
contact-handled (CH) defense TRU waste, since heat generation is not a 
major consideration in the design of these containers. 
density in a transport container for C:-i TRU waste is about 40 W/m3.7 

The limit on power 

A . 1 . 4  Waste Acceptance Criteria f o r  the WIPP Facility 

8 The acceptance criteria for defense TRU wastes at the WIPP facility 
were reviewed in Section 2.2.2. A s  sunmarized in Section 4.2.1, the power 
density for CH TKU waste is limited to 15 W/m3 for close stacking of 
containers for disposal. 
affect the waste except under very unusual circumstances. 
handled (RH) TKU wastes, which have higher power densities, the limit for 
the standard waste container is about 300 W/m3. 
generation will be an important considiration in waste disposal, and the 

Power densities less than 15 W/m3 should not 
For remote- 

A t  this level, heat 

areal density of RH waste containers is limited accordingly. 8 

A s  described in Section 4 . 2 . 3 ,  ths waste acceptance criteria for the 
WIPP facility also include limits on external radiation dose. For Iir-I TRU 
waste, the dose-equivalent rate at the surface of a waste package is 
limited to 100 rem/h. This limit is based on the maximum size and weight 
of shielding for waste packages that can be accommodated routinely at the 
facility. However, wastes with surface dose-equivalent rates up to 
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1000 rem/Xi also may be accepted on an exception basis. 

A .  1.5 L i m i t s  011 Power Densi ty  in Geologic Repositories 

A recent report has reviewed optiions for management and disposal of 
low- and intermediate-level solid radioactive wastes. This report 
suggests that a nominal. power density of 100 W/m3 is a limit above which 
heat generation w01.il.d require special considerations iri the design of deep 
geologic repositories. 

A . 2  Relarionship Between Power Density and 
Radionucl. itle Concentrations 

Calculation of  radionuclide concentratLons corresponding to a given 
power density is quite straightforward, because 1:he power density per unit 
concentration depends only on the total energy of all ionizing radiations 
emitted in the decay. The radiations that must be taken into account 
include alpha particles, el.ectrons (discrete Auger and internal conversion 
electrons and the continuous spectrum of el.ectrons from beta decay), and 
photons (including X-rays from atomic de-excitations). Possible 
contribi1t:ions f r o m  nuclear recoil and the emission of neutrons or 
spontaneous fission products generally can be neglected. 

t o t a l  decay energy in MeV per disintegration (dis), then the power 
density, P D ,  in W/m3 is given in terms of the conversion factors from MeV 
to joules arid from curies to dis/s by the following expression: 

If Ci denotes tihc: concentration o f  a radionuclide in Ci/rn3 and ET the 

PD = (1.6 x J/MeV)(3.7 x lolo di.s/Ci-s)ETCi 
== (5.92 x W-dis/MeV-Ci)ETCi . 

Thus, for the power densi-ty of 50 W/m3 that defines the Highly Radioactive 
boundary, the radionuclide concentration in Ci/m3 corresponding to this 
power density is given by 

ci- r (50 W/m3)/[ (5.92 x W-diS/MeV-Ci)fi:~] 
<= ( 8 . 4 5  x l o 3  MeV-Ci/dis-m3)/E~ . 

This equation is used to calculate the radionuclide concentrations 
corresponding tu the Highly Radioactive boundary in Table 1 in 
Section 4 . 2 . 5 ,  except t:he value €or I 3 ? C s .  

10 each radionuclide was obtained from a published compilation. 
Thc total decay energy for 
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A.3 Relationship Between External Dose Rate 
and Radionuclide Concentrations 

A.3.1 Description of Calculational Method 

Calculation of the external dose rate for a given concentration of a 
radionuclide in the waste is considerably more complex than the 
calculation of power density described above. In addition to the decay 
spectrum of photons, the dose rate per unit concentration of a 
radionuclide depends on the compositior-, geometrical configuration, and 
size of the waste package, the loeatior, relative to the waste package at 

which exposures occur, and the thickness and composition of any shielding 
materials between the source and receptor locations. 

In this analysis, we assume that exposures occur at a distance of 1 m 
from a 55-gallon drum in which radionuclides are mixed uniformly with dirt 
or other materials that could be used a s  filler in the waste package. 
Thus, the source is assumed to be a self-absorbing, right-circular 
cylinder, and the self-shielding provided by the source i s  determined by 
the density of the filler material and the average atomic number of its 
constituents as well as the thickness and composition of the walls of the 
drum. 

External dose rates from a self-absorbing cylindrical volume source 
are estimated using the point-kernel method. 

configuration, the point-kernel method does not yield a closed-form 
solution for the external dose rate, so numerical solutions must be used, 
In order to simplify the calculations, we assume that the receptor is 
located either along the perpendicular bisector of the axis of the 
cylinder (i.e., at the side of the source) or along the axis itself (i.e., 
at the end of the source). For exposures along the perpendicular bisector 
of the axis of the cylinder, eq. (6.4.-38) of ref. 11 approximates the 
photon flux density as a function of concentration for a monoenergetic 
photon emitter. 
eqs. (6.4.-40)-(6.4.-43) of ref. 11 give two pairs of equations that 
provide upper and lower bounds for the photon flux density, with the 
particular pair that is appropriate depending on the product of the photon 
linear attenuation coefficient in the filler material and the height of 

the cylinder. We then assume that the photon flux density is given by the 
average of the appropriate upper- and Lower-bound estimates. 

self-absorbing cylindrical drum was implemented using the CONDOS I1 
computer code,'* and Appendix B of the code documentation lists the 
equations and parameters used in the calculations. Since the exposures 
are assumed to occur at a distance of only 1 m from the source with no 

For the assumed source 

For exposures along the axis of  the cylinder, 

The point-kernel method for estimating external dose rates from the 



s h i e l d i n g  m a t e r i a l s  ou t s ide  the  drum o the r  than a i r  ~ the  photon buildup 

f a c t o r  i n  a i r  can be negleetxd compared with the  bui.l.dup f a c t o r  i n  t:he 

f i l l e r  m a t e r i a l  and the w a l l s  o f  the druiri and i.s s e t  t o  iini.t:y i n  a l l  

cal culati.oais. 

The cy l ind r i - ca l  drum is  assumed t o  have a he igh t  o f  0 . 8 9  m and a 

diameter of  0 .61  in. The w a . l l s  of the drum a r e  assumed t o  be i r o n  o f  

trhi.ckness 0 .13  ern and dens i ty  7.86 g/cm3. 

of the drum i s  inc7.uded i n  a l l  c a l c u l a t i o n s .  

Shielding provided by the w a l ~ 1 - s  

Ca lcu la t ions  were performed f o r  four  d i f f e r e n t  f i l l e r  materia1.s i.n 

t he  source volume. '1'Zie base case assumes t h a t  t he  radionucl ides  are mixed 

with s o i l  of d e n s i t y  1 . 6  g/cm3 and a composit:.i.on by weight of h 9 . 6 %  0 ,  

7 .8% A l ,  3f+.5% S i . ,  and 8.1% Fe .  Calculat ions also were performed assuming 

conc re t e ,  polyethylene,  o r  a i r  as f i l l e r  materi.als; a i r  w a s  included i n  

order  to i n v e s t i g a t e  t h e  e f f e c t  on the e x t e r n a l  dose ra te  o f  a s i g n i f i c a n t  

f r ac t i -on  of  void spaces i n  (;lie source volume. Concretx i s  assumed t o  have 

a dens i ty  of  2 . 3  g/cm3 and a composition by wei.ght o f  0 . 6 %  11, 4 9 . 8 %  0, 

1..7% N a ,  0 .2% Mg, 4 . 6 %  A l ,  3 1 . 6 6  S i ,  0 .1% S ,  1..9% K ,  8 . 3 %  C a ,  and 1 . 2 %  F e .  

Polyethylene i s  assumed t o  have a dens i ty  o f  0 .92 g/cm3 and t o  be composed 

of  C and H i n  an atoin r a t i o  of  1:2. A i r  i s  assumed t o  have a d e n s i t y  of 

0.0017_ g/cm3 and t o  be composed p r i n c i p a l l y  of N and 0 i n  the  approximate 

atom r a t i o  of 4:1. The l i n e a r  a t t e n u a t i o n  coeff ic ient ls  AS a func t ion  o f  

photon energy f o r  a l l  elements i n  the  f i l l e r  materials a r e  given i n  data  

l i b r a r i e s  i n  t h e  CONDOS I1 code- 12 

A.3.2 Kesu1t.s of C a l c u l a t i o n s  for 137Cs 

Calcu la t ions  of  e x t e r n a l  dose r a t e s  w e r e  performed assuming a 137Cs 

source of  concentrat:ion 1 C i / m 3  uniformly d i s t r i b u t e d  throughout t he  

source volume. The r e s u l t s  o f  t hese  c a l c u l a t i o n s  a r e  given i n  Table A - 2  

as e.rEective dose equ iva len t s ,13  which a r e  weighted sums o f  dose- 

equi.vaJ.ent r a t e s  t o  d i f f e r e n t  body organs with t h o  weighting f a c t o r  f o r  

each organ being proport ional  t o  t he  r i s k  from uniform whol-e-body 

i r r a d i a t i o n .  

u n i t  concen t r a t ion  of  137Cs v a r i e s  by about a f a c t o r  o f  4 depending on the 

assumed f i l l e r  matxrial i n  the drum and the 1-ocation of t he  exposed 

individual.  ~ Taking i n t o  account: these v a r i a t i o n s ,  we conclude t h a t  a 

137Cs concen t r a t ion  of 5 x l o 3  C i / m 3 ,  which corresponds *Lo t h e  C l a s s - C  

l i m i t  for nea r - su r face  l and  di-sposal i n  the  N R C ' s  10 CFR P a r t  5 1 ,  

nominally y i e l d s  an e x t e r n a l  dose-equivalent  r a t e  of  100 rem/h (1 Sv/h),  

which i.s one of the d e f i n i t i o n s  of the Highly Radioactive boundary 

proposed i n  Sect ion 4 . 2 , 3 .  

The c a l c u l a t i o n s  i n  Table A - 2  show t h a t  t he  extxirraal dose ra te  pe r  

1 ft 
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Table A - 2 .  Estimated external dose-equivalent rates at a distance 
of 1 m from a 55-gallon drum containing 1 Ci/m3 of 137Cs 

Dose-equivalent rate (rem,h)a 

Filler material Top of drum Side of drum 

Soil 
Concrete 
Polyethylene 
Air 

0.008 
0.006 
0.011 
0.030 

0.013 
0.011 
0.018 
0.034- 

______...I_I 

a The values calculated are effective dose equivalents13 to 
exposed individuals at the receptor. location. 

A .  3 . 3  Calculations for Other Radionuclides 

An analysis similar to the one for 137Cs presented above can provide 
estimates of  concentrations of  any radionuclide that would yield an 
external dose-equivalent rate o€ 100 rem/h (1 Sv/h). However, as 
discussed below, the concentration giving this dose r a t e  will be greater 
than the concentrarion giving a power density of 50 W/m3, which is the 
other criterion for defining "highly ra-dioactive, unless a substantial 
fraction o f  the decay energy is in the form of high-energy photons (i.e., 
photons with energies of a few hundred keV o r  more). Thus, f o r  most 
radionuclides that could be classified as either EILW or TRU Waste arid 
Equivalent (i.e., those that can exist in concentrations greater than 
their Class-C limits), the concentraticn corresponding to the Highly 
Radioactive boundary is determined by the limit on power density rather 
than external dose rate. 

For 137Cs, the concentration limit for Class-C wastes14 of 5 x l o 3  
C i / m 3  corresponds to a power density of nearly 25 W/m3, and about 70% of 
the decay energy occurs as high-energy photons. lo 
sufficient additional decay energy from non-penetrating radiations to 
increase the power density to 50 W/m3, the fraction of the decay energy in 
the form of high-energy photons would be about 35%; i . e . ,  about one-third 
of the total decay energy of a radionuclide must be in the form of  high- 
energy photons for the external dose rate to be more restrictive than the 
power density in determining the concentration corresponding to the Highly 
Radioactive boundary. 

Thus, if there were 
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The minimum half-life of radionuclides that can exist in 
concentrations greater than their Class-C limits is about 20 years, bu t  

there are very f e w  such radionucl.ides expected to occur i.n radioactive 
wastes that have at l ea s t  one-third of  their total decay energy in the 
form of high-energy photons. Of the radionuclides listed in Tables 1 
and 2 of Sections (4.2.5 and 4 . 3 ,  respectively, including any short-lived 
daughtor products, the only radionuclides in addition to 137Cs that m e e t  

these t w o  criteria are 9 4 N b ,  

generally is an unimportant constituent of  radioactive and, thus, 
is not 1i.kely to occiir i n  sufficiently high concentrati.ons to yield 
external dose-equivalent: rates approaching 100 rem/h; and the half-lives 
of 9GNb and 1~2hSn are too long for these radionuclides to occur in 
sufficient concentrations to yield such a high exixrna l  dose rate. Thus 

we expect that l3’Cs w i l - l  be the principal radionuclide of concern in 
waste materials with regard to the: limit on external dose -equivalent rate 
that defines the Highly Radioactive boundary. 

Ag 
708mAg, and 126sn. However, 108m 

A.3.4 V a r i a t i o n  of External Dose Kate w i t h  Distance f r o m  WasL-e Package 

As noted in Section 4 . 2 . 3 ,  t h e  proposed deEinLtion o f  the Highly 
Radioactive boundary ?.xi terms o f  a n  external dose-equivalent rate of 
100 rem/h (1 Sv/h) at a distance of Z rn from tli.e waste package differs 
from the waste acceptance criterion f o r  the WIPP facility of a l i .m i t  of 
100 rem/h at the surCace of t.l.rc: waste container.8 
to compare expected dose rates at tlie surface with the dose rate at 1 m. 

Thus, it is of interest 

We have not performed calcul-ations o f  external dose rate vs drstance 
f o r  the waste package in the form o f  a 55-gallon druni assumed i n  this 
analysis. However, f o r  exposures at the side of the drum, the dose rate 
varies as l/(a+z), where a is the distance from tlie surface of the drum to 
the receptor location and z is the self-ahsorption distance, which is the 
distance from the surface o f  the drum to an interior line source that 
would yield the same photon flux and which depends only on the absorbing 
properties of the filler materials in the  drum. Thus, tile variation of 
external. dose ratie with distance from the surface of the d r u m  varies l e s s  

rapidly than the inverse of t he  distance. 
Calculations have been presented of external dose rates at various 

distances f rom cyl.indrical canisters containing defense reprocessing 
wastes encapsulated in glass from the Savannah River Flant:. While t he  

dimensions of the canister are somewhat different from those for the 55- 
gallon drum assumed in our analysis, the calcu1.ation.s show that the dose 

rate at the surface is no more than a factor of 10 greater than the dose 
rate at 1111, T h i s  difference seems substantial, but we note again that 
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the WIPP facility may accept wastes on an exception basis with surface 
dose-equivalent rates up to 10 times greater than the normal limit of 
100 rem/h. * 
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APPENDIX B 

ANALYSES RELATED TO QUANTIFICATION OF 
PERMANENT ISOLATION BOUNDARY 

In Section 4 . 3 ,  a quantitative and generally applicable definition o f  

wastes that require permanent isoktion was developed on the basis of the 
assumption that such wastes have concentrations of long-lived 
radionuclides greater than the Class-C limits that are generally 
acceptable for near-surface land disposal, as specified in the NRC‘s 10 
CFR Part 61.1-4 
Figs. 1 and 2 in Sections 3-2 and L . 4 ,  respectively, the Permanent 
Isolation boundary separates LLW from HLW or TRU Waste and Equivalent. 
Furthermore, the definition of this boundary does not depend on the 
particular technology that would be used for disposal of wastes in which 
radionuclide concentrations exceed Class-C limits. The radionuclide 
concentrations corresponding to the Permanent Isolation boundary are given 
in Table 2 in Section 4.3. 

This Appendix reviews the bases for the concentration limits for 
Class-C wastes developed by the NRC in 10 CFR Part 61.lY2 
sources for the particular concentration limits of radionuclides that 
correspond to the Permanent Isolation boundary are described. Finally, we 
discuss the provisional nature of the concentration limits for Class-C 
wastes, which arises from (1) the use of different methodologies for 
various radionuclides that are not entirely consistent with one another 
and (2) the different choices for a dose limit to an inadvertent intruder 
at a near-surface land disposal facility as one of the bases for defining 
the Permanent Isolation boundary. 

Thus, in the waste classification system depicted in 

Then, the 

B.1 Bases for Concentration Limits for Class-C 
Wastes in 10 CFR Part 61 

The concentration limits of rhdionuclides that are generally 
acceptable for near-surface land disposal, as developed in the NRC’s 10 
CFR Part 61, were based on the requirement that any individual who might 
inadvertently intrude into the disposal facility after loss of active 
institutional controls could not  receive an annual dose equivalent to 
whole body greater than 0.5 rem. Inadvertent intruders were assumed to 
be exposed to the waste according t.o postulated scenarios, i.e., the 
intruder-construction, intruder-agriculture, and leaching and migration 
scenarios. The intruder-construction scenario is acute (i. e. , occurs 
only once in an intruder’s lifetime: with an assumed duration of 500 hours) 
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and M ~ S  based on the assumption that an intruder di.gs a foundation hole 
for a house at the I -oca t ion  of  the buried wastes. The intruder- 
agriculture sceiiario is chronic (i.e.> occ11rs continuously over an 
intruder's lifetime) and was based on the assmptioiz that an intruder 
lives on the facility and consumes food  grown in contaminated soil. 
leaching and migration scenario a lso  is chronic and was based on the 
assumption that an intruder uses contaminated ground water f rom a we11 on 

the disposal site. The annual dose per unit: concentration o f  
radi-onuclides in the waste for each scenario was estimated from an 
ana1.ysi.s of the relevant ingestion, inhalation, and external exposure 
pathways. 

The concentration limit o€ a radionuclide that is generally 
acceptable for near-surface land disposal then was based on the exposure 
scenario that is most restrictive, i.e., gives the highest: dose per unit 
concentration in t:he waste, combined with the limit on annual dose 
equivalent o f  0.5 rem. For most radionuclides, either the intruder- 
construction or intruder-agriculture scenario was the most restrictive. 

The 

The NRC developed Concentration limits for near-surface I.and disposal. 
for three classes of waste, i.e., Class A, B, and 6.  he concentration 

limits for all classes were based on the assumption that active 
institutional controls prevent exposures o f  inadvertent intruders for a 
period o f  100 years. 
disposal o f  Class-B and - C  wastes that reduce estimated doses to intruders 
per unit concentration o f  radionuclides in the waste compared with doses 
from Class-A wastes and, thus, increase the concentration 1.i.mits that are 
acceptable for disposal. 

stringent and include two aspects that are important for reducing iritruder 
doses: 
inhi-bit mobilization of radionuclides into soil or water and (2) disposal 
at depths greater than a few meters o r  the use of  engineered barriers to 
preveriti intruder exposures for a time period as long as 500 years. For 
all radionuclides, the requirements on stability of  the waste form result 
in concentration limits for Class-C wastes that are a factor of 10 higher 
than the limits for Class-A wastes. However, prevention of intruder 
exposures for as long as 500 years affects the concentration limits for 
Class-C wastes relative to Class-A wastes only for those radionuclides 

that decay significantly over that time period ( e . g . ,  9oSr  and 137Cs) but 
not for longer- lived radionuclides (e. g .  , "Tc and 239Pu) . 

be less accessible t o  an intruder than other solid wastes. For activated 
metals, the NRC set the concentration limit f o r  disposal. as any waste 
class at: a factor of 10 higher than the corresponding limit for other 

In addition, requirements were placed on the 

The requirements for disposal o f  Class-C wastes are the most 

(1) rigorous requirements on the stability o f  the waste Eorm to 

Some radioactive wastes occur as activated metals which are I.ikely to 
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solid wastes. 192 

B.2 Sources of Radi.onuc1i.de Cortcentrations Corresponding 
to Permanent I s o 1 at: ion Boundary 

The concentration limits for Class-C wastes that correspond to the 

1 
Permanent Isolati.on boundary in Table 2 in Section 4 . 3  i.nclude values for 

radionuclides that are not given in the Final Rule for 10 CFR Part 61. 
However, all of the additional radionucl.ides have been considered in the 
NRC's impacts analysis methodology. * These radionuclides are included 
in Table 2 because they could be important in wastes that are not common 
in existing commercial LLW, and a goal of the proposed waste 
c1assificat:ion system is that it be generally applicable to any wastes e 

T h i s  section describes the sources for the radionuclide concentrations 
that correspond to the Permanent Isolation boundary. 

obtained di-rectly from Tables 1 and 2 of the Final Rule f o r  10 CFR Part 
61: 
Section B . l  above, the distinction between the two tabl.es i n  10 CFR Part 
61. is related strictly to whether or not: the radionuclides have half-lives 
sufficiently short chat the assumed 500-year intruder barriers are 
effective in reducing doses. However, this distinction is not important 
in the proposed waste classification system, because the only concern in 
defining the Permanent Isolation boundary for a radionuclide is whether 
the half-life is sufficiently long that it could exist in concentrations 
exceeding its Class-C limit. 

The houndary concentrat:i.ons for all. TRU radionuclides were obtained 
from tables in Sec t ion  7 of Appendix C of the Final Environmental Impact 
Statement (FEIS) for 10 CFR Part 61.2 Thus, we did not use the limit o f  

100 nCi/g for a1.l long-lived, alpha-emitting TRU radionuclides as given in 
Table 1 of the Final Rule itself.' 
radi.oriuclide-specific Concentration limi.ts in Ci-/m3 from the FEIS, rather 
than the single value in nCi/g for many TRU radionuclides froin the Final 

The boundary concentrations for the following radionuclides were 

14C, 59Ni, 6 3 N i  , 90Sr, 94Nb ,  "Tc, 12'1, and 137C.s~1 A s  discussed in 

The rationale for choosing 

Rule, is discussed in Appendix D. 
The boundary concentrations for 135Cs, 235U, and 238U were obtained 

from Table 4 . 5  of the Main Report of the FEIS for 10 CFR Part 61.L 
limits were not included in the Final Rrle because of the NRC's evaluation 
that existing commercial wastes do not contain concentrations of these 
radionuclides approaching their Class-C limits. 

Vol. 2 of the documentation for the revised impacts analysis methodology. 
The Class-C limit is gFven in that report as 20 nCi/g, and this value was 

These 

The boundary concentration for 226Ra was obtained from Table 4 - 3  of 
4 
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converted to C 
The bound 

12GSn, 210Pb, 

i/m3 using an assumed waste density of 1.6 g/cm 3 2  . 

A g  9 

108m .arp concentrations for the remai-ning radionuclides 
227Ac , 229Th, 230Th, , , 9 I 

232,rh 231Pa 232u 233u 2341J, and 

236U were ob-tained from cal.culations whi~ch we performed using the NRC's 
reviseA impacts anal.ysis methodology. 3,'  he calculations assumed that 
the wastes do not occur as activated metal-s, and the results were based on 
the more restricttve of the intruder-construction and i-ntruder-agriculteu'e 
scenarios and a limit on annual committed effective dose equivalent' to an 
intruder o f  0.5 rem. Concentration liiiiits were czlculated for Class-A 
wastes assuming an institutional control period of 100 years and 

prevention o f  intruder exposures f o r  500 years by the disposal system. 
The concentration 1.i.mits for Class-C wastes then were assumed to be 10 
times the Class-A limits. 2 

R .  3 Provisional Mature of  Concentration 
Limits f o r  Class-C Wastes 

The concentration limits for disposal of radionuclides as Class-C 
wastes, which are used to obtain the Permanent Isolation boundary in the 
proposed wasi:e classificati.on system, may be provisional and thus subject 
to future change. The provi-sional nature of  these limits arises f rom t w o  

sources : (1) inconsistencies in the methodol-ogies used in derlviug the 
concentration limits for vari-ous radionuclides and (2) questions 
concerning the most appropriate dose limit: for an inadvertent intruder at 
a disposal Eaci.l.iity for L L W .  

B . 3 . 1  Inconsistencies in Calculational Methodologies 

The concentration limits of various radionuclides corresponding to 
the Permanent Isolation boundary in Table 2 in Section h . 3  were obtained 
using methodologies that differ in some respects. First, the revised 
impacts ana1ysi.s methodology, * 4  which we used to calculate concentration 
limits for a large number o f  radionuclides for which limits have not been 
given by the NRC, contains models and parameter values for estimating 
intakes o f  radionuclides and external exposures per untt concentration in 
the disposal faci-lity for the various exposure scenarios that differ in 
scum cases from the assumpti.ons used i.n developi-ng the Class-C 
concentration limits i.n the Final Rule for 10 CFR Part 61. 2 ~ 5   he exteni: 
of  i.nconsist:c?ncies in results arising from the use of different exposure- 
assessment methodologies is difficult t o  evaluate but probably is not 
large for most radionuclides. 
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Second, the concentration limits we obtained from the fevised impacts 
were based on an assumed limit on annual committed analysis 

effective dose equivalent to an inadvertent intruder of 0.5 rem, whereas 

the concentration limits developed by the NRC in 10 CFR Part 61 were based 
on a 1imi.t on annual dose equivalent to whole body of 0.5 rem. 
effective dose equivalent is a weighted sum of doses to several body 
organs and is intended to be proportional to risk €or either uniform or 
nonuniform irradiations of the body. The effective dose equivalent from 
intakes of a radionuclide by ingestion or inhalation may be substantially 
different from the dose equivalent to ;Jhole body for radionuclides that 
deposit preferentially in particular organs and emit mostly non- 
penetrating radiations, since such situations do not result in uniform 
whole-body irradiations. Important examples of radionuclides for which 
the effective dose equivalent from internal exposures is substantially 
different from the dose equivalent to *hole body include the bane-seeking 

129 I radionuclides "ST, 239Pu, and other TRU radionuclides, and "Tc and 
which deposit Preferentially i.n the thyroid. 

Finally, the whole-body doses per unit intakes of radionuclides used 
in the methodology for 10 CFR Part 615 were based on outdated methods for 
calc\ilati.ng internal dose,  but these dosimetry data have been replaced in 
the revised impacts analysis methodology3 by results based on current 
methods. Thus, even for radionuclide; that irradiate the body reasonably 
uniformly following ingestion or inhalation, the doses calculated for the 
Final Rule in 10 CFK Part 6 1  and those obtained from the revised 
methodology may differ somewhat. 

limits of radionucl.i.des that correspond to the Permanent Isolation 
boundary on the basis of the same exposure- and dose-assessment 
methodologies and the same dose  limit for an inadvertent intruder. 
However, as indicated by the following discussion, this goal is not easily 
achievable. 

The 

It clearly would be desirable to-develop all Class-C concentrathnr 

Since the concentration limits for Class-C wastes in 1.0 CFR Part 61 
are well established, one way of obtaining a consistent set of 
radionuclide concentrations correspondLng to the Permanent Isolation 
boundary would be to base the calculatlons for all radionuclides on the 
methodologies and the dose limit that were used in developing the current 
regulations. * However, this option has two drawbacks ~ First, some o f  

the long- lived radLoriuclides which probably should be i.11clude.d in def in tng  

the Permanent Isolation boundary ( i -"  e "  I IO8* A g  9 126sn, and 2 3 2 ~ )  were not 
considered by the NRC in developing 10 CFR Part 61, and it was not 
poss lb l e  to augment the data base for the NRC's calculati.oris t:o include 
these radionucl.i.des . Second, it is unreasonable and undesirable to use 
outdated calculational methodologies for radionuclides for which 
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concentrat:ion limits are not listed in the FFnal R u l e  o r  FEIS for 10 CFR 
Part 61, when the NRC recently has revised the methodologies to 

3 incorporate current recommendations. 

f o r  Class-C wastes on the revised impacts analysis methodology3 and a 
limit on annual commi.tted effective dose equivalent f o r  an int:vrrder of  

0 , 5  rem, since all aspects of the cal.culations would incorporate current 
dose-assessment methodologies. However, this option also has two 
drawhacks. First, for many of the radionuclides in Tables 1 and 2 of the 
Final Rule for 10 CFR Part 61,’ the concentration limits based on the 
revised methodology would not be the same as the lirni-ts in the current 
regulations that are well established arid wi-dely accepted. Vnen we 
consider that one of the constraints for this study i s  to maintain 
consistency wi.th existi-ng regulations to a reasonable extent, then there 
is no apparent advantage in attempting to estab’lish a different set of 
Class-C limits far these radionuclides without concurrence of  the NRC even 
when the methodology associated wi.t l -I  the revised limits I s  more 
defensible. Second, in calculating Class-C limits f o r  some o f  the 
important radionuclides in Tables 1 and 2 of the Final Kule, the NRC 

evidently applied subjective judgments in adjusting calculated values to 
0btal.n the f i n a l  results gi-ven in the regulations.* 
calculate revised concentration limits for these radionuclides using the 
NKC’s updated methodology, we would not know how to a d j u s t  these values to 
reflect the subjective judgments previously applied by the NRC, and the 
result cou1.d be revised limits that have unnecessary adverse impacts on 
current disposal practices f o r  LLW. 

Concentration limits for Class-C wastes that correspond to the Permanent 
Isolation boundary if the goal is to obtain results f o r  all radionuclides 
based on a single, self-consistent mechodology and s e t  of assumptions. 
Our choices in defining the Permanent Isolation boundary seem the most 
reasonable, because they preserve the concentrat5on limits that are well 
established in 10 CFR Part 6 1  and its F E I S  while usi.xig current dase- 
assessment methodologies f o r  the remaining radionuclides. Because of the 
inconsistencies in methodologies, however, we regard the concentration 
limits in Table 2 in Section 4 . 3  that we calculated from the revised 
impacts analysis methodol.ogy as provisional. 

A reasonable alternative would be to base all concentration l . i . in i t s  

In attemptiirng to 

Thus, there is no entirely satisfactory opt ion  for developing the 
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3.3.2 Choice o.f Vose Limit f o r  .inadvertent In truder  

There are two important questions regarding the dose limit that 
should be applied to an inadvertent intruder in establishing t h e  

concentration limits for Class-C wastes that correspond to the Permanent 
Isolation boundary. The first involves the manner in which the dose limit 
is expressed, and the second involves th3 magnitude of the dose limit. 

of a limit on dose equivalent to whole bDdy, as used by the NRC in 
developing 10 CFR Part 61,lS2 vs a limit on committed effective dose 
equivalent, as recommended by the International Commission on Radiological 
Protection. The potential impact of this choice on the concentration 
limits for Class-C wastes was discussed in Section R.3.1 above. 

The manner in which the dose limit is expressed refers to the option 

The use of a limit on dose equivalent to whole body in 10 CFR P a r t  6 1  

is patterned after current radiation protection standards o f  the NRC in 10 
CFR Part 20. However, proposed revisions of these radiation protection 

10 standards would specify limits on committed effective dose equivalent. 
If we make the reasonable assumption that the Final Rule for the revised 
10 CFR Part 20 will contain dose limits in the latter form, then the NRC 
may need t o  revise 10 CFR Part 61 by calculating concentration limits f o r  

Class-C wastes based on use of the committed effective dose equivalent in 
order to maintain consjstency between the two regulations, Again, as 
discussed previously, this revision could result in substantial changes i n  

the Class-C concentration limits for some radionuclides that do not 
irradiate the body uniformly following inhalation or ingestion. On t:he 
other hand, the NRC could choose to maintain the existing concentration 
limits in 10 CFR Part 61 if revisions would have unnecessary adverse 
impacts on current and future disposal practices without a commensurate 
reduction in risks to the general public. 

The numerical value of the dose limit to an inadvertent intruder, 
i.e., an annual dose equivalent of 0 . 5  yem, also is patterned after the 
radiation protection standards for the public in 10 CFR Part 20,’ and this 
value is maintained in the proposed revisions of the standards. 
However, national and international authorities have recommended that t he  

limit on annual dose equivalent for members of the public be lowered to 
0.1 rem for chronic exposures, 8911212 and the lower dose limit has been 
adopted in revisions of  the DOE’S radiation protection orders for the 
public. l3 
in 10 CFR Part 61 were based on scenarios involving chronic exposures, 
the lower dose limit perhaps should be considered for application to 
inadvertent intruders. 

10 

Since most of the Class-C coxentration limits of radionuclides 
2 



However9 there are four reasons why C i -  i.s reasonable to rei.il7;n a 
limit on annual dose equivaler'ri o f  0 . 5  rem €or an inad-vertent iiitruder 
even if the dose limit for chronic exposures  of members o f  (:he ptiblic is 
reduced t:o 0.1 rem i n  radi ation protection srxndar-ds. First, dose limits 
for the public are intended, stric:tl.y speaking, only f o r  appl . i .cat ion te 
routine exposure si triaiii ons tha t  are expected to occur w i t h  a probabi1i.i:y 
that is essentially unity. In this c a s e ,  a limit o n  annual d o s e  

equivalent of  0.1 rem then corresponds to an assumed 7 . i m i . t  on acceptable 
risk from a lifetiins's exposure, For waste disposal, however, the 
probabi-lity of  exposures of  inadvertent intruders according to the 
postul-a.ted scenarios probably w i l l  not be unity and may be considerably 
less. Thus, retention of the higher dose l i m L t :  of  0.5 rem still may 
result in a linzLt on risk from a lifetime's exposure that i s  well within 
acceptable bounds, because risk is tine product of  the probability tha t  a 
dose w i l l  he received and the probab i l i t y  that the dose w i l l  give rise to 
a deleterious health effect. l4 Second, the dose limits themselves are 
somewtiat arbitrary because of large uneertainti.es in the assumed dose- 
response relation at low doses ,  and a limit on annual dose equivalent of 

0.5 rem or any lower limit thus does n o t  represent a well defined limit on 

acceptable risk. T h i r d ,  even if inadvertent intruders receive muck higher 
doses than off-site individuals, whose annual dose egui.valents from 
disposal o f  LLW are limited to 25 mrem,' the effect on the population dose 
probably will. be negligible because of  the snal.1 number of inadvertent 
intruders compared with t h e  size of  the off-site population that would be 
exposed. Finally, retention of  a limit on anritial. dose equivalent of 
0.5 rem f o r  an inadvertent intruder maintains consistency with the  value 
used in developing the Class-C concentration l i m i f - s  i n  10 CFR Part 6lS1,* 
and there i s  no evident need o f  changing the dose limit for our analysis 
unless the NRC chooses to do so and revises the l i m i . t s  in 10 CFR Part 61 
accordingly. 



89 

References for Appendix B 

1. 

2 .  

3 .  

4 .  

5 

6 .  

7 .  

8. 

9 .  

10.  

11. 

U . S .  Nuclear Regulatory Commission, "Part 61 - Licensing Requirements 
for Land Disposal of Radioactive Waste," p .  628 in Code of Federal 
Regulations, Title 10, Parts 0 to 199 ,  U.S. Government Printing 
Office (1986); see also Fed. Registr. 4 7 ,  57446 (1982). 

U . S .  Nuclear Regulatory Commission, Final Environmental Impact 
Statement on 10 CFR Part 61 "Licensing Requirements for Land Disposal 
of Radioactive Waste,n NUREG-0945, Vol. 1 - 3  (1982). 

0. I. Oztunali and G .  W. Roles, Update of Part 61 Impacts Analysis 
Methodology - Methodology Report, NUREG/CK-4370, Vol. l., Envirosphere 
Company and U . S .  Nuclear Regulatory Commission (1986). 

0 .  I. Oztunali, W. D. Pon, It. Eng, and G .  W. Roles, Update of Part 61 
Impacts Analysis Methodology - Ccdes and Example Problems, NUREG/CR- 
4370, V o l .  2, Envirosphere Company and U . S .  Nuclear Regulatory 
Commission (1986). 

0. I. Oztunali, G. C. Re, P. M. Hoskowitz, E. D. Picazo, and 
C. J. Pitt, Data Base for Radioactive Waste Management - Impacts 
Analysis Methodology Report, NUREG/CR-1759, V o l .  3, Dames and Moore, 
Inc. (1981). 

International Commission on Radiological Protection, "Recommendations 
of the International Commission Qn Radiological Protection," ICRP 
Pub1icat:ion 26, Ann, ICRP 1, N o ,  3 (1977). 

International Commission on Radiological Protection, Recommendations 
of the International Commission on Radiological Protection, ICRP 
Publication 2, Pergamon Press, Oxford (1960). 

International Commission on Radiological Protection, "Limits for 
Intakes of  Radionuclides by Workers,'1 ICRP Publication 3 0 ,  Part 1, 
Ann. ICRP 2, N o .  3/4 (1979). 

U . S .  Nuclear Regulatory Commission, "Part 20 - Standards for 
Protection Against Radiation," p .  253 in Code of Federal Regulations, 
Title 10, Parts 0 to 199, 7J.S. Government Printing Office (1986). 

U.S. Nuclear Regulatory Cornisston, "1.0 CFR Parts 19, 20, 30, 31, 32, 
34, 40, 5 0 ,  61, and 70 - Standa-ds for Protection Against Radiation," 
Proposed Rule, Fed. Registr. 51, 1092 (1986). 

International Commission on Radiological Protection, "Statement from 
the 1985 Paris Meeting of the International Commission on 
Radiological Protection," p .  i in ICRP Publication 4 5 ,  Ann. I C R P  15, 
No. 3 (1985) .  



12 Natioiia! Counebl. on Radiat ion Protcction and MaCasurements 
RecomuendaCions on Rsdiat ion Exposrare Limits I draft r epor t  ( Ju ly  2 5  
1985)  I 

13.  u .  S . DeFamrtmcnt o f  Energy, "Radii ~ ' E I  on SP;anrd,~r-ds f o r  Pro9 r ~ c t i O 1 1  of ?tic 
Fublic  i o  the Vic in i ty  of DOE F a c i l i t i e s "  (August 5 ,  1955) .  

14. In t  ernattonal Comnissj on on R a d i  o log ica l  P r o  t e c t i  on,  "Radiat ion 
P ro tec t ion  P r i n c i p l e s  for the Disposal of  Solid Kadioactive Waste," 
I C R P  l 'ub l ica t ion  4 6 ,  Ann. ICRP 1 5 ,  No, & (1985) .  



91 

APPENDIX C 

ANALYSES RELATED TO QUANTIFICATION O F  

GCD-PERMANENT ISOLATION BOUNDARY 

Sect ions  3 . 4  and 4 . 6  of this  r e p o r t  Z.iscuss the  role of  g r e a t e r  

confinement d i sposa l  (GCD) i n  t he  proposed waste c l a s s i f i c a t i o n  system. 

At the  present  t ime,  nea r - su r face  land d i sposa l  ( f o r  LLW) and deep 

geologic r e p o s i t o r i e s  ( f o r  HLW and TRU Waste and Equivalent)  are t h e  only 

d i sposa l  op t ions  that: are recognized i n  l a w  and f o r  which r egu la to ry  

s tandards  and t echn ica l  cri teria have beel? developed. However, t h e  waste 

c l a s s i f i c a t i o n  system e x p l i c i t l y  does not  preclude the use of  technologies  

f o r  GCD ~ which would provide w a s t e -  i s o l a t i o n  c a p a b i l i t i e s  intermediate  

be tween those f o r  near -  surface land d isposa l  and deep geologic  

r e p o s i t o r j e s  o r  equ iva len t .  Thus, some forins of GCD could be appropr ia te  

f o r  re1ativel.y d i lu t e  w a s t e s  i n  w h i c h  the concent ra t ions  o f  radioriuclides 

exceed the  Class - C  l i m i t s  t h a t  are genelrally acceptabI.e f o r  near- surface 

land  disposal '  * and t t i a t  define the Perrianent I s o l a t i o n  boundary i n  the 

waste c . l a s s i f i c a t i o n  system. These concant ra t ions  a r e  l i s t e d  i n  Tab1.e 2 
i n  Sec t ion  4 . 3  and depic ted  i n  F i g .  2 i n  Secti.on 4 . 4 .  

l i m i t s  on rad ionucl ide  concentrat%ons t h a t  w o u l d  be acceptab le  f o r  GCD. 
These concent ra t ion  1i.mits could be used t o  de f ine  a genera l ly  app l i cab le  

GCD-Permanent I s o l a t i o n  boundary, anal-ogous t o  the  Permanent I s o l a t i o n  

boundary i n  the  proposed waste c l a s s i f i c a t i o n  system. 

Permanent I s o l a t i o n  boundary could be def ined ,  then the  concept of 

"permanent i s o l a t i o n "  would refer t o  diziposal i n  deep geologic  

r e p o s i t o r i e s  o r  equival.ent. whereas i n  t h i s  r epor t  "permanent i s o l a t i o n "  

refe.rs t o  any disposal t-eehnology more confini.ng than near  - su r face  land 

d i sposa l  ( see  Sec t ion  3 . 1 . 4 ) .  

As desc.ribed i n  Appendix F ,  R -number of  GCD technologi-es are under 

cons ide ra t ion  o r  a c t i v e  development involving above-grade conEinement , 
below-grade confinement, improved waste forms, and h i g h - i n t e g r i t y  

con ta ine r s .  

that intermediate-depth b u r i a l  (i  .e. , b u r i a l  a t  depths g rea tk r  than about 

10 m bu t  less than the  depth o f  a geologic  r epos i to ry )  gene ra l ly  would be 

the  most appropriat .e d i sposa l  technolog*y f o r  wastes i n  which rad ionucl ide  

concent ra t ions  exceed t h e i r  C l a s s - C  l i m i t s .  

form o f  GGD compared with near -sur face  land  d i sposa l  is the e l imina t ion  o f  

the  in t rude r -cons t ruc t ion  arid i n t r u d e r - a g r i c u l t u r e  scenar ios  t h a t  u sua l ly  

are the  most important i n  detcrinini.rtg the  concent ra t ion  l i m i . t s  f o r  Class-C 

wastes ( see  Appendix B ) .  T h e  a l t e r n a t i v e  of  developing a near -sur face  

land d i sposa l  f a c i l i t y  t h a t  would inclxlde improved waste forms, high-  

This Appendix presents  an examp1.e ana lys i s  t h a t  provides  es t imates  of 

If such a GCD- 

In the example ana1.ysi.s p resented  i n  t h i s  Appendix, we assume 

The primary berief i t  of t h i s  



i n t e g r i t y  c o n t a i n e r s ,  or (9ther engineered f e a t u r e s  t o  delay t h e  

p o s s i b i . l i t y  f o r  onset  of  human i n t r u s i o n  could be e f f e c t i v e  in reduci.ng 

doses to i n t r u d e r s  f o r  s h o r t e r - l i v e d  radionucl.ides ( e . g . ,  " S T  and 137Cs) 

but: does n o t  appear t o  be a reasonable op t ton  f o r  t he  longer-l i .ved 

radionucl ides  t h a t  are Lmpontant in riiany wastes ( e .  g .  , 239Pu) 

pi.*cvention of  i n t r u s i o n  us ing  engineered b a r r i e r s  for the I.nng t iiiics that 

would be requt red  f o r  s ign i  fi .cant decay of  these radionucl ides  t o  occur 

probably cannot be demonstrated w i t %  reasonable assurance 

because 

The example ana1ysi.s of the GCD-Yermanent I s o l a t i o n  boundary f o r  

i-ntermediate -depth b u r i a l  assumes t h a t  t he  wastes are pl.aced i n  s o i l  i n  

the unsa tu ra t ed  zone. 111 a manner simil.ar t o  the determination of the  

Class - C concen t r a t ion  l i m i t s  of radionucl  i des  that: are genera l ly  

acceptable  f o r  n e a r - s u r f a c e  land disposal , I p 2  w e  assume a hypotlhetical 

so l id -was te  d r i l l i n g  seenari~ f o r  an inadve r t en t  i n t r u d e r  i n  whi.ch an 

i n t r u d e r  l i v i n g  o n  t h e  s i t e  d r i l l s  through the d i sposa l  fac i l  it;y ( e .  g .  , 
f o r  t h e  purpose o f  cons t ruc t ing  a wel l  f o r  the i n t r u d e r ' s  water s u p p l y ) ,  

radionucl ides  are brought t o  the surface i n  the s o l i d  d r i l l i n g  wastes,  and 

the r a d i o a c t i v e  wastes are mixed w i t h  native s o i l  i n  a vegetable  garden. 

An a n a l y s i s  o f  i n g e s t i o n ,  i n h a l a t i o n ,  and external exposure pathways i s  
performed w h i c h  y i e l d s  annual doses p e r  u n i t  concen t r a t ion  of  

r ad ionuc l ides  i n  t h e  waste a t  the 'ii.me of d i s p o s a l .  The l i m i t s  on 

radionucl ide concen t r a t i  ons t h a t  would be acceptab1.e f o r  intermediate  - 
depth b u r i a l  then are  based ow a l i . i n i t  on  annual c o m m F t t e d  e f f e c t i v e  dose 

equii.valcnt4 t o  an i n t r u d e r  o f  0 . 5  rem. Use o f  Lhe committed e f f e c t i v e  

dose e q u i v a l e n t ,  r a t h e r  than the  dose equ iva len t  t:o whole body used by the 

NKC i n  determining t h e  concen t r a t ton  l i m i t s  for Class-C wastes i.n 10 CFR 
P a r t  6 1 , ' * *  i s  discussed i n  Sect ion R.3 of Appendix E .  

concen t r a t ion  l i m i t s  of radionucl ides  f o r  intermediate-depth burial then 

de f ine  the example GCD-Permanent Isolation boundary. 

An al ternat ive means of exposure of fnadvertent  i n t r u d e r s  from 

intermediate-depth burial .  i s  a well-water s cena r io  In which radi.onuclides 

are leached from t h e  s o l i d  waste by i n f i l t r a t i n g  water and t r anspor t ed  t o  

an underlying a q u i f e r ,  and contaminated water is  withdrawn through a well 
f o r  use by the  i n t n r ~ d e r . ~  

Sect ion C . 2  of t h i s  Appendix b u t  i s  not  used i n  obtaining the sx.ample 

GCD - Pe rmaiient I s o  l a t i n n  boundary. 

3 

The est imated 

T h i s  scena r io  i s  discussed b r i e f l y  i n  

C . 1  Analysis o f  Solid-Waste D r i l l i n g  Scenario 

The so l id -was te  d r i l l i n g  scenario for an inadve r t en t  Cntruder a t  an 

intermediate-depth b u r i a l  s i t e  w a s  proposed i n  developing d i s p o s a l  

c r i t e r i a  f o r  239Pu a t  the Manford s i t e . 3  This s c e m r i o  was n o t  used by 
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the NRC in developing concentration lintits of radionuclides that are 
generally acceptable for near-surface land disposal in 10 CFR Part 61,lY2 
because the scenario generally is less restrictive than the intruder- 
construction or intruder-agriculture scenarios for near-surface land 
disposal. 
models and parameter values described in the following section. 
Section C . 1 . 2  then summarizes the example analysis and presents the 
radionuclide concentrations corresponding to the example GCD-Permanent 
Isolation boundary that result from the analysis. Finally, Section C .  1 , 3  
discusses some of '  the sources of  uncertainty in analyzing the solid-waste 
drilling scenario. 

The analysis of the solid-waste drilling scenario is based on 

C.  1.1 Model E q u a t i o n s  and Parameter Values 

T h e  solid-waste drilling scenario assumes that 0 . 5  m3 of  contaminated 
soil from the disposal facility is brought to the surface by dsillitig 
activity and i s  mixed uniformly with native soil i n  a vegetable garden to 
a depth of 0.15 m (i.e., the depth of the plowed layer of  surface soil) 
over an area of 2500 m2.3 Thus, the concentration of a radionticlitle in 
soil in the vegetable garden relative to the concentration i n  the w a s t e  at 

the time of disposal is given by the following equation: 

C ,  - (0.5 m3)/[(0.15 m)(2500 m')] x f, x f1, 
= ( 1 . 3  fo fL , 

where 

Cs = radi.onucli.de concentration in soil in the vegetable garden per 

f o  = tine delay factor, and 
f~ = waste leachability/accessil,ility factor. 

The tihe delay factor, fo, takes into account the assumed time delay 

unit concentration in the waste at time of disposal, 

hetween waste disposal and the onset of drilling intrusion. If td denotes 

the time delay for intrusion and T1/2 the radionuclide half-life, then the 
time delay factor is given by 

Ve assume that the disposal system for intermediate-depth burial contains 
engineered barriers that prevent intrusion for 500 years, which is the 
same delay t i m e  assumed by the NRC f o r  near-surface land disposal o f  

Class-C wastes in 10 CFR Part 61.122 Thus, 
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where T1/2 is expressed in years. 
The waste. leachability/accessibility factor for drill ing into solid 

wastes a l s o  was developed by the NRC in establishing concentration limits 
for near-surface land disposal ~ This parainaeter takes into account that 
radionuclides in the form of activated metals are less accessible to 
removal by drilling i.ntKUSiOn t h m  radionuclides in the form o f  bulk solid 
wastes mixed with soil. Based on the assumption used by the NRC for the 
leachability of activated metals into soils relative to the leachability 
of bulk solid wastes ~ * the waste l eachabi l i ty /access ib i l i ty  factor is 
assigned the following values: 

f L  = 1, bulk solid wastes, 
= 0.01, activated metals. ( C - 4 )  

In the analyses for near-surrace land disposal, the MRC also used a 
peak-to-average concentration ratio of 10 in establishing concentration 
limits f o r  disposal of  bulk solid wastes, in order to account for the 
expected inhomogeneities in radionuclide concent:rations over the large 
disposal volume that could be accessed by an intruder. However, this 
peak-to-average ratio for large waste volumes is not applied to the 
solid-waste drilling scenario, because only a small volume o f  waste (i~e.? 
0.5 in3) is assumed to be accessed by an intruder. 

vegetilblc garden by means o f  the foll-owing pathways : 
An intruder is assumed to be exposed to contaminated soil in the 

- ingestion of vegetables grown in contaminated soil in the garden; 

--. ingestion of contaminated soil from t b t ?  garden in conjunction with 
the vegetable intakes; 

- inhalation of suspended radionuclides in contaminated soil from the 
garden; and 

- external exposure to contaminated soil. in the garden. 

With the exception o f  ingestion of contaminated soil, these pathways also 
were considered in the analysis oE disposal criteria f o r  239Pu at the 
Hanford site3 (but external exposure is not important for 239Pu) .  

equations and parameter values for each exposure pathway are described in 
the following paragraphs. 

All vegetables consumed by an 
intruder are assumed to be contami.nated by root uptake o f  radionuclides 
f r o m  soil in the garden. 
grown in contaminated soil per unit concentrati-on o f  a radionuclide i n  the 

The 

Ingestion of Coctminated Vegetables. 

The annual dose f rom ingestion of vegetables 
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waste at the time of  disposal is given by the following equation: 

where 

Hing = annual committed effective dose equivalent from ingestion of 
Contaminated vegetables per unit concentrat'ion of  a 

radionuclide in the waste at time of disposal (rem/y p e r  

Ci/m3), 

uptake (Ci/kg wet weight in vegetation per Ci/kg dry weight 
in soil), 

B, = radionuclide plant-to-soil concentration ratio from root 

p s  - density of soil (kg/m3), 
U, - annual consumption of  vegetables (kg per year), 

Ding = committed effective dose equivalent per unit activity of a 
radionuclide ingested (rein per Ci ingested), 

and C, is the radionuclide concentration in soil in the vegetable garden 
relative to the concentration in the waste at the time of disposal and is 
obtained from eqs. (C-1), (C-3), and ( C - 4 ) .  

contaminated vegetables in eq. (C-5) are described as follows: 
The data used in estimating the annual dose from ingestion of 

- the radionuclide plant-to-soil concentration ratios are the 
14c underlined values in Table D-11 of ref. 5, except the value for 

is reduced by a factor of 10 in accordance with footnote (b) of that 
table ; 

- the density of  soil is 1600 kg/rn3, as given in Table D-16  o f  ref. 5; 

- the annual consumption of contaminated vegetables is 60 kg;3 and 

- the committed effective dose equivalent per unit activity of a 
radionuclide ingested is given in 'Table D-6 of ref. 5. 

The assumed annual consumption of vegetables is a value appropriate for an 
average adult, rather than the maximum value of  190 kg assumed by the NRC 
in evaluating intruder scenarios for near-surface land disposal. The use 
of an average annual consumption for an intruder is consistent with the 
recommendation of the International Commission on Radiological Protection 
( I C R P )  that dose limits should apply to average individuals within the 
critical group of maximally exposed individuals, rather than those 
individuals who might receive the highest dose.4 
dose equivalent per unit activity of  a radionuclide ingested from 

The committed effective 
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Table D-6 of ref. 5 is the entry labelled "ICRP;" and if values are given 
for more than one solubility class, then the value for the class of lowest 
solubility is used. Relatively insoluble forms of radionuclides are 
expected to be contained in wastes prepared for GCD, in order to minimize 
the potential for mobilization and transport in water. 

contaminated soil from the garden in conjunction with intakes of 
vegetables. The annual dose from ingestion o f  contaminated soil per unit 
concentration of a radionuclide in the waste at the time of disposal is 
given by the following equation: 

- Ingestion .. . .. . . ..-.-.. . . .. - of Contaminated -. Soil. An intruder i.s assumed to ingest 

where 

Hing = annual committed effective dose equivalent from ingestion of 
contaminated soil per unit concentration of a radionuclide 
in the waste at time of disposal (rem/y per Ci/m3), 

p s  = density of soil (kg/m3), 

Us = annual consumption of  contaminated soil (kg per year), 
Ding = committed efEective dose equivalent per unit activity of a 

radionuclide ingested (rem per Ci ingested), 

and Cs again is the radionuclide concentration in soil in the vegetable 
garden relative to the concentration in the waste at the time of disposal 
and is obtained from eqs. ( C - l ) ,  (C-3), and (C-4). 

contaminated soil in eq. (C-6) are described as follows: 
The data used in estimating the annual dose from ingestion of 

- the density of soil is 1600 kg/m3, as given in Table D-16 of ref. 5; 

- the annual consumption of contaminated soil is 0.037 kg;6 and 

- the coinrnitted effecti-ve dose equivalent per unit activity of a 
radionuclide ingested is given in Table D-6 of ref. 5. 

The assumed annual consumption of contaminated soil corresponds to a daily 
consumption of 0.1 g and i s  a value appropriate for an average adult. 
Again, the committed effective dose equi-valent per unit activity of a 
radionuclide ingested from Table D-6 of ref. 5 is the entry labelled 
" I C R P , "  and the value for the lowest solubility class is used. 

Inhalation of Suspended Activity. An intruder is assumed to inhale 
contaminated soil suspended from the vegetable garden. 
from inhalation of contaminated soil suspended in air per unit 
concentration of a radionuclide in the waste at the time of disposal is 

The annual dose 
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where 

Hinh = annual committed effective dose equivalent from inhalation of 
contaminated air per unit Concentration of a radionuclide 
in the waste at time of disposal (rem/y per Ci/m3), 

fa 5 fraction of the year during which inhalation exposure occurs, 
Ua = annual air intake (m3 per year), 

Dinh = committed effective dose equivalent per unit activity of a 
radionuclide inhaled (rem per Ci inhaled), and 

the waste at time of dispDsa1. 

Concentrations of suspended radionuclidis in air are estimated using a 
mass - loading approach, which is based an observations of airborne 
concentrations of naturally occurring uranium and thorium relative to 
their concentrations in surface soils. In this model, the concentration 
of a radionuclide in air per unit concentration in the waste at the time 
o f  disposal is given by the following elquation: 

Ca = radionuclide concentration in air per unit concentration in 

Ca = (Iaa/Ps) x C, 7 ( C - 8 )  

where 

La = mass loading of soil in the atmosphere (kg/m3), 
p s  = density of soil (kg/m3), 

and C, again is the radionuclide concentration in soil in the vegetable 
garden relative to the concentration in the waste at the time of disposal 
and is obtained from eqs. ( C - 1 ) ,  ( C - 3 ) ,  and (C-4). 

contaminated air in eqs. . ( C - 7 )  and ( C - 8 )  are described as follows: 
The data used in estimating the animal dose from inhalation of 

- the fraction of the year during which inhalation exposure occurs is 
258, i.e., approximately 2000 hour:; per year; 3 

- the annual air intake is 8000 m 3 ; 8  

- the committed effective dose equivalent per unit activity of a 
radionuclide inhaled is given in Table D-7 of ref. 5 ;  

- the mass loading of  soil in the atmosphere is and 
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- the density of soil is 1600 kg/m3, as given in Table I)-16 O C  ref. 5. 

The assumed annual ai.r intake i s  a value appropriate for an average adu1.t. 
The assumed atmospheric iiiass loading of suspended s o i l  is approximately 
the average background level I 

and atmospheric mass 1nadi.ng of soil takes into accsunt rhat  inhal a t l o n  

exposures can occur at times when the intruder is residing near the garden 
as well as when work:i.ng in the garden, and t;hat the resi-dence t i . m e  near 
ths garden i.s likely I 3 9  he the greater o f  the t w o .  The coiiiinitted 
effective dose equivalent per unit activity of a radi-onuclide inhaled froin 

Table D - 7  of ref. 5 i.s the entry labelled "'ICRP, and the value f o r  the 
lowest solubility class again i s  used. 

The combination of assumed exposure tliilt: 

External I_ Ex-ure _- - to - Contami-nated soil. An tntruder is assimed t o  

receive an external exposure while working in o r  residing near the 
vegetable garden. T h i s  exposure pathway is considered only  for 
radionuclides that emit significant intensities o f  photons wi . th  energies 
of a few hundred keV o r  greater. The annual dose E r o m  external exposure 
to contaminated soi.1 per unit concentration of a radionuclide in the waste 
at the time of disposal is given by the following equation: 

where 

Hexc = annual. effective dose equivalent from external exposure to 
contaminated soil per u n i t  concentration of a radionuclide 
in the waste at time of disposal (rern/y per Ci/m3), 

f, :.= fraction of  the year during which external exposure occurcj, 
Dext = effective dose equivalent f o r  external exposure per  unit 

concentrarion of a radionuclide in contaminated soil (rem/y 
per ~i/m3), 

and C, again is the radionuclide concentration in soil in the vegetable 
garden relative to the concentration in the waste at the time o f  disposal 
and i s  obtained from eqs. ( C - l ) ,  (C-3), and ( C - 4 ) .  

contaminated soil in eq. ( C - 9 )  are described as foll .ows: 

The data used in estimating the annual dose f rom external exposure to 

- the fraction of t . 1 ~  year during which external exposure occurs is 
3 2 5 % ,  i.e., approximately 2000 hours per year; 

- the effective dose equivalent for external exposure per unit 
concentration of a radionuclide in a uniforrrily contaiiiinated slab 
source of thickness 0.15 10. is obtained from the absorbed dose rates 
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* 
in air above ground given in Appendix H of ref. 9 ,  multiplied by a 
factor of about 0.7 which converts absorbed dose in air to effective 
dose equivalent. 10-12 

T h e  assumed fraction of the year during which external exposure occurs is 
the same as the value for inhalation exposures and takes into account the 

time spent residing near the garden as well as wosking in the garden. 
This assumption probably overestimates external dose, because the dose 
received while residing near the garden would be less than the dose 
received while working in the garden and it is the latter that is 
calculated in eq. ( C - 9 ) .  The absorbed dose sates in air above ground per 
unit concentration of a radionuclide in a uniformly contaminated slab 
source of t-hickness 0.15 in, which is the depth of the plowed layer of 
sii-t-face soil in the garden, were calculated according to the model. in 
ref. 13. The external dose rate f o r  each long-lived radionuclide in the 
waste includes contributions from any sPior t -1  ived daughter products, which 
are assumed t o  be in secular equi1ibri.m with the parent. The external 
dose rates per unit concentration in s'z~il in the garden d i f f e r  somewhat 
from those in Table D-8 of ref. 5, because the latter apply to a volume 
S O I L ~ C ~  of  infinite thickness. 

C . I .  2 Radionuclide Concentrations Corresponding to GCB-Permanen t  

Is0 1 a t .i on B ourzdax-y 

- Summary of Dose Analysis. As pseaent:ed in Section C . l . l ,  the dose 
analysis f o r  an inadvertent intruder for the solid-waste drilling scenario 
i s  comprised of two separate factors: 

[l] the concentration o f  a radionuclide in soil in an intruder's 
vegetable garden relative to the concentration in the waste a t  the 
time of disposal; and 

[ 2 ]  the annual dose to an intruder per unit concentration ,of a 
radionuclide in the vegetable gasden from the different ingestion, 
inhalation, and external exposure pathways. 

These two factors are summarized in Tables C-1 and 6 - 2 ,  respectively, and 

their product gives the annual dose to an intruder per unit concentration 
oE a radionuclide in the waste at the ",me of  disposal. The radionuclides 

* The data i n  Appendix H of  ref. 9 have been increased by a factor of  
920 to correct an error in the tabulation. 
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Table C - 1 .  Concent:rations o f  radionuclides in soil in an intruder's 
vegetable garden relative to concentrations in the waste at time 

of disposal assumed for solid-waste drilling scenarioa 

Nuc 1 ide Half -lifeb e foC f Ld C, 

c - lh 
C-14f 
Ni-59 
Ni-63 
Ni-63' 
Sr - 90 
Nb - 91+f 

A g -  108m 

f 

CS-137 
Pb - 210 
Ra-226 
Ac-227 
T h - 2 2 9  

u-232 
Pu-238 
Pu- 241g 
Am- 241 
Am- 243 
Cm- 243h 
Cm- 244i 
Others 

5730 y 
5730 y 
7.5E4 y 
100.1 y 
1 0 0 . 1  y 

28.6 y 
2.03E4 y 

127 y 
30.17 y 
22.26 y 
1600 y 

21.773 y 
7.34E3 y 

72 Y 
87.75 y 
14.. 4 y 
432.2 y 
7.38E3 y 
28.5 y 
18.11 y 

0.94 1 1.2E-3 
0.94 0.01 1.2E-5 
1.0 0.01 1.3E-5 
3.1E-2 1 4.1E-5 
3.1E-2 0.01 4 .1E - 7 
5.5E-6 1 7.1E-9 
0.98 0.01 1.3E-5 
6.5E-2 1 8.511:-5 
1 . O E - 5  1 1.3E-8 
1 "7E-7 1 2.3E-10 
0.81 1 l.lE-3 
1.2E-7 'I 1.6E-10 
0.95 1 1.2E-3 
8.1E-3 1 l.lE-5 
1.9E-2 1 2.5E-5 

0.45  1 5.8E-4 
0.95 1 1.2E-3 

1.0 1 1.3E-3 
........ ......... _....._ ~ 

See following page f o r  footnotes 
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Footnotes f o r  Table C - 1  

% a l c u l a t i o n s  a r e  descr ibed  i n  eqs. ( C - 1 )  through (C-4) i n  
Sec t ion  C . l . l .  

bValues from r e f .  14.  

CTime delay f a c t o r ,  based on assumed delay of 500 years  between waste 
d i sposa l  and onse t  of i n t r u s i o n .  

dSjaste accessibi l i ty/ leachabi l i ty  f a c t o r .  

‘Concentration i n  s o i l  i n  vegetat31e garden r e l a t i v e  t o  concent ra t ion  
i n  waste a t  time o f  disposal . ,  based on values of f o  and fL and d i l u t i o n  
f a c t o r  of 1 . 3  x 
w a s t e  with natzive. s o i l  o f  vegetable  garden. 

f o r  mixing of contaminated s o i l  from s o l i d  d r i l l i n g  

fRadionuclide i n  a c t i v a t e d  metals  only.  

gRadionuelide decays t o  l onge r - l i ved  Am- 241 ; maximum concent ra t ion  o f  
Am-2/41 resulting from decay of Pu-241 wi. l .1  be 1/30 of  the concent ra t ion  o-E 
Pu-242 a t  t i m e  of disposal. 

hRadionuclide decays t o  longe r - l i ved  Pu-239; maximum concent ra t ion  of  
Pu-239 r e s u l t i n g  from decay of  Cm-243 will be 1/850 of t h e  concent ra t ion  
o f  Cm-243 a t  time o f  d i s p o s a l .  

iRadionucl.ide decays t o  l onge r - l i ved  Pu-240; maximum concent ra t ion  of 
Pu-240 r e su l t i . ng  f rom decay o f  Cm-244 w i l l  be 1/360 of  the concent ra t ion  
o f  Cm-244 a t  time o f  d i s p o s a l .  
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Table C-2. Annual commi.tted effective dose equivalents to an intruder 
per unit concentration of radionucli-des in soil in vegetable gardena 

..__ ~ ___ I_ . .. . ..... . .. 

Annual dose per unit concentration 
(rem/y per ~i/m3) 

Vegetable Soil External 
Nuclide ingestion ingestion Inhalation exposure 

C-14 
Ni-59 
Ni-63 
Sr - 90 
Nb-94 
Te-99 
A g -  108m 
S n -  126 
1-129 
CS-135 
CS - 137 
Pb-210 
Ra- 226 
Ac-227 
Th-229 
Th- 230 
Th- 232 
Pa-231 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu- 238 
Pu-239 
Pu-240 
Pu- 242 
Am- 241 
Am- 243 

3.1El 
1.7E-1 
4.6E-1 
3.1El 
2.5 
4.1El 
4.3EP 
1.9 
3.9F.1 
2.1 
1.5E1 
1.2E2 
8.6E2' 
5.2E2 
2 1E2 
9.9E1 
5.6E2g 
1.4E3j 
6. 6Elm 
2.3 
2.3 
2.3 
2.3 
2.1 
1.1E4 
2.9 
3.4 
3.4 
3.2 
9.7E2 
9.9E2 

3.5E-2 
4.9E-3 
1.3E-2 
2.5E-1 
1.6E-1 
2.3E-2 
1 ~ 8 E - 1  

4.6E-1 
5.3 
2" 5E-1 
1.9 
1 . 8 E 1  

5. OEIC 
1.3E2 
3 .OEl 
1.5E1 
3.9Elg 
3.5E2j 
1 3Elm 
5.8E-1 
5.8E-1 
5.6E-1 
5.6E-1 
5.1E-1 
1.1E2 
3.2 
3.7 
3.7 
3.5 
1 ~ lE2 
1.1E2 

1.4E-6 
1.2E-4 
2.9E-4 
1.9E-1 
5.1E-2 
9.lE-4 
3.5E-2 
1.3E-2 
1.9E-2 
8.4E-4 
6.OE-3 
3.3E-1 
1.4' 
6.5El 
a .  o ~ i  

5. QEP 
3.3E1 

1.5Elj 
5.6El" 
1.4E1 
1.4E1 
1 I 3E1 
1.3E1 
1.2El 
4.4E1 
3.9E1 
4.4E1 
4.4E1 
4.3E1 
4.4El 
4.4El 

1.4E3 

1 ~ 4 E 3  

1. 7E3b 

5.OE2 

1. 4E3d 
2.9E2" 
2 ~ 2E2' 

2. 1E3i 
2. 9E2k 
1 I 4E3" 

- 

9.6El" 

1 I 5E1P 
1.7E2q 

3.8 
1.1E2' 

T o t a l  

3. I E l  

1.7E-1 
4.7E-1 
3.1El 
1 . 4 E 3  

4.1El 
1.4E3 
I. 7 E 3  

L c .  4E1 
2.4 
5 .2E2  

1.4E2 
2.3E3 
l.OE3 
5.4E2 
1.. 5E2 
2.8E3 
2.1E3 
1.5E3 
I. 7E1 
1 . 7 E 1  

1.. 1E2 
1 . 6 E 1  

3. OEl 
1.1E4 
4 . 5 E 1  

5.1El 
5.1El 
5. OEl 
1.1E3 
1.3E3 

..... 

See following page f o r  footnote:: 
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Footnotes for Table C-2 

Model equations and parameter values €or each exposure pathway are 
described in eqs. (C-5) through (C-9) in Section C.l.l, but calculations 
in this table exclude the factor Cs that is given i n  Table C-1. 

a 

bValue assumes Sb-126m and Sb-126 are in secular equilibrium with 
Sn- 126. 

'Value assumes Pb-210 is in secular equilibrium with Ra-226. 

dValue assumes Pb-214 and Bi-214 are in secular equilibrium with 
Ra-226. 

%slue assumes Th-227, Ra-223, Rn-219, Pb-211, and Bi-211 are in 
secular equilibrium with Ac-227. 

fValue assumes Fr-221, Ri-213, and Tl-209 are in secular equilibrium 
with Th-229, 

gValue assumes Ra-228 and Th-228 are in secular equilibrium with 
Th-232. 

hValue assumes Th-228 i.s in secular equilibrium with 'I%-232. 

'Value assumes Ac-228, Pb-212, Bi-212, and T1-208 are in secular 
equilibrium with Th-232, 

JValue assumes Ac-227 is in secular equilibrium with Pa-231. 

kValue assumes daughter products of Ac-227 are in secular equilibrium 
with Pa-231 (see footnote e). 

mValue assumes Th-228 is in secular equilibrium with U-232. 

n 

with U-232. 
Value assumes Pb-212, Ri-212, and T1-208 are in secular equilibrium 

OValue assumes Th-231 is in secular equilibrium with U-235. 

PValue assumes Th-234, Pa-234m, and Pa-234 are in secular equi-librium 
with U-238. 

qValue assumes Pa-233 is in secular equilibrium with Np-237. 

'Value assumes Np-239 is in secular equilibrium with Am-243. 
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included i n  t he  a n a l y s i s  a r e  those l i s t e d  i n  Table 2 i n  Sect ion 4.3. 
Again, t hese  rad ionucl ides  a r e  s u f f i c i e n t l y  long-1.i.ved t h a t  they can e x i s t  

i n  concent ra t ions  g r e a t e r  than the Class-C l i m i t s  t h a t  a r e  genera l ly  

acceptab le  f o r  near  - su r face  ].and disposal’’ and t h a t  def ine  the  Permanent 

I s o l a t i o n  boundary i n  t he  proposed waste c l a s s i f i c a t i o n  system (see  F i g .  2 

i n  Sec t ion  4 . 3 ) .  

Tab1.e C - 1  presen t s  t he  concent ra t ion  o f  rad ionucl ides  i n  soi.1 i n  the  

vege tab le  garden per u n i t  concent ra t ion  i n  the  waste at t he  t i h e  o f  

d i - s p o s a l ,  which i s  denoted by C,. This parameter i s  developed i ~ n  

eqs .  ( C - 1 )  through (C-4) and consi.st:s of t h ree  f a c t o r s :  (1) the  d i l u t i o n  

f a c t o r  f o r  mi.xing o f  cont:aminated soi.1. f r o m  the  s o l ~ i d  d r i l l i - n g  wastes i n t o  

n a t i v e  s o i l  i n  t he  vege tab le  garden, which i s  calcul.ated t o  be 1.3 x 

f o r  a l l  r ad ionuc l ides ,  ( 2 )  t he  time delay f a c t o r ,  f, ,  which t akes  i n t o  

account reduct ions  i n  radi-onuclide concent ra t ions  i n  the  waste due t o  

radi .oact ive decay over an assumed delay time of 500 years  before  the  onset  

o f  in t rus j .on ,  and (3) the  waste accessibility/l.eachability f a c t o r ,  f L ,  

which i s  u n i t y  f o r  a l l  rad ionucl ides  i n  the  form o f  bulk s o l i d  wastes bu t  

i s  assumed t o  be 0.01 f o r  rad ionucl ides  i n  the  form of  a c t i v a t e d  meta ls .  

4 sepa ra t e  e n t r y  i s  given f o r  a rad ionucl ide  only i f  t he  t h e  delay f a c t o r  

o r  the waste accessibility/leachability f a c t o r  d i f f e r s  from uni t y ;  

otherwi-se, Cs has the  value 1.3 x f o r  a l l  r ad ionuc l ides .  A s  noted i n  

t h e  t a b l e ,  t h e  dose t o  an i n t r u d e r  from the  relatively shor t - l i -ved  241Yu, 

243C111, and 2 4 4 6 ~  a f t e r  a t i n e  delay of 500 years  w i l l  be determined by the  

concent ra t ions  of the  ~ .onge r -  l i v e d  daughter products  2 4 1 ~ ,  2 3 9 ~ u ,  ani: 

240Pu ,  r e s p e c t i v e l y ,  r e s u l t i n g  from decay o f  t he  parent  radionuc1.ides. 

Table C - 2  p re sen t s  the annual doses t o  an i n t r u d e r  per  u n i t  

concent ra t ion  of rad ionucl ides  i n  the  vege tab le  garden from (:he d i f f e r e n t  

exposure pathways, and the  sum of  the  doses from a l l  pathways i s  given i n  

the  l a s t  column of  the  [:able. These r e s u l t s  a r e  obtained from eqs .  ( C - 5 )  
through (C-CJ) ,  except  t he  f a c t o r  Cs l i s t e d  i n  Table C-1 i s  not:: incl-uded. 

The parame Ler va lues  assumed i n  t:he equat ions f o r  t he  d i f f e r e n t  pathways 

a r e  descr ibed  i n  Sec t ion  C.l.l. S i g n i f i c a n t  con t r ibu t ions  t o  t h e  dose f o r  

each pathway from relatih-ve1.y short-1.i.ved daughter products a r e  included 

whenever the  h a l f - l i v e s  of t he  daughters a r e  l ess  than the  assumed time 

delay f o r  the onse t  of i n t r u s i o n  a f t e r  disposal. of 500 y e a r s ,  and al.1 such 

daughters  a r e  assumed t o  be i n  secu la r  equilibriunr with the  pa ren t .  N o  

e n t r i e s  a r e  given i n  t h i s  t a b l e  f o r  241Pu, 2436m, and 244Cm because,  a s  

noted i n  Table 6 - 1 ,  t he  doses froin these  rad ionucl ides  a r e  deterrnined by 

the  con t r ibu t ions  from their  longer -  l i v e d  daughter products  which a r e  

l i s t e d  s e p a r a t e l y .  

d i f f e r e n t  exposure pathways depends on the  p a r t i c u l a r  radionueli.de. 

D i rec t  i-nigestion o f  contaminated s o i l  i s  important r e l a t i v e  t o  i nges t ion  

The resu l . t s  i n  Tab1.e C-2 show t h a t  the  r e l a t i v e  importance of the  
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of contaminated vegetables only for radionuclides with low values for the 
plant-to-soil concentration ratio, Bv. The inhalation pathway is 
important relative to the ingestion pathways only for the alpha-emitting 
actinides and is the most important pathway in many cases. Finally, 
external exposure often is the dominant pathway when a radionuclide and 
its short-lived daughter products in secular equilibrium emit high 
intensities of high-energy photons. 

GCD-Permanent Isolation Boundary. As indicated above, the annual 
dose to an inadvertent intruder per unit concentration of a radionuclide 
in the waste at the time of disposal, denoted by HT, is given by the 
product of the factor Cs from Table C-1 and the total dose from Table C - 2 ;  

and HT has units of rem per year per Ci/m3. 
annual committed effective dose equivalent for an intruder is assumed to 
be 0.5 rem, the limit on concentration of a radionuclide that would be 
acceptable for disposal, denoted by C 

Then, since the limit on 

in units of Ci/m3 is given by 
W' 

(C-10) 

The resulting concentration limits of radionuclides that would be 
acceptable for intermediate-depth burial, based on the solid-waste 
drilling scenario, are given in Table C - 3 .  These concentration limits 
define the example GCD-Permanent Isolation boundary. The notation "No 
limit" indicates a calculated concentration that exceeds the specific 
activity of the pure radioisotope. Again, the concentration limits for 
the relatively short-lived radionuclides 241Pu, 243Cm, and 244Cm are 
determined by the limits for their longer-lived daughter products and the 
half-lives of the parent and daughter in each case, 

to the example GCD-Permanent Isolation boundary with the Class-C 
concentration limits that correspond to the Permanent Isolation boundary 
in the waste classification system, as obtained from Table 2 in 
Section 4 . 3 .  In most cases, we obtain the expected result that the 
concentration limit that is generally acceptable for GCD is greater than 
the limit for near-surface land disposal. 
is the ratio of the GCD boundary concentration to the Class-C limit less 
than or equal to unity, and the largest excursion below unity is only a 
factor of 3 .  Given that the concentration limits for GCD were estimated 
on the basis of an exposure scenario that was not considered by the NRC in 
obtaining Class-C limits for near-surface land disposal, ',* given the 
differences in the dosimetric models for ingestion and inhalation used in 
the two analyses (see Section B.3 of Appendix B), and given the 
uncertainties in parameter values contained in the models (see 
Section C.1.3), the few results that give GCD-Permanent Isolation boundary 
concentrations at or below Class-C limits are not cause for concern. 

Table C-3 also compares the radionuclide concentrations corresponding 

Only for I4C, 135Cs, and 237Np 



106 

Table C-3. Concentration limits of radi-onuclides that are acceptable 
for greater conf inement: disp(xa1. via intermediate-depth burial 

assuming a solid-waste drilling scenario" 
.... . ...- ..l...__l_. l,__l . . . . . . . . . . .. . . .. . . . . . . . . . . . - 

Concentration Ratio to Concentration Ratio to 
b Nuclide (~i/m3) Class-Cb Nuclide (ci/m3) Class - C 

e - 14 
C - 14' 
Ni. 59c 
Ni-63 
Ni - 63' 
S r -  90 
Nb - 94c 

Tc-99 
A e -  l08m 

S n - 1 2 6  

1-129 
CS-135 
CS-137 
Pb - 210 
Ra-226 
Ac-227 
Th-229 

Th-230 

1 E l  
1E3 
2E5  

3 E 4  

3E6 
2E6 
3E1 
9 
4 
2E-  1 
9 
2E2 
7 E4 
2E7 
2E- Id 
3E6 
8E- 1 
3 

1 
].El. 

1E3 
4El 
4E2 
3E2 
2E2 
3 
1E2 
2E1 
1E2 
3E-1 
1 E l  

1 E 5  

7 
3E6 
2 E l  

5 E 1  

Th-232 
Pa-231 
U-232 
u-233 
U-234 
U-235 
u- 236 
U- 238 
Np-237 
Fu- 238 
Pu- 239 
Fu- 240 
Pti- 241 
Pu- 242 
Am- 241 
Am- 243 
Cm- 243 
Cm- 244 

1E- 1 
2E-1" 
3E1. 

2 E l  

2E1 
4 

2E1 
No 1irni.t 
4E- 2 
4 E 2  

8 
8 
2 El f 

a 
8E- 1 
3E- 3. 
6E38 

h 3E3 

1 E l  

7 

6S2 

5EP 

4E1 
1 E l  

3E1 

1 
6E1. 

8E1 
8E1 
8 
8E1 
8 
4 
8E7. 
8E1 

Calculations are described in Sections C.l.1 and C.1.2. a 

Concentration limits define example GCD-Permanent Isolation boundary, 
and boundary f o r  wastes containing mixtures of radionucljdes j s  
determined from boundary concentration for each radionuclide using 
sum-of -fractions rule I 

bCl.ass - C  concentration limits for near- surface land disposal are 
given in Table 2 in Section 4.3. 

Radionuclide in activated metals only. c 

dValue assumes Pb-210 is in secu1.a~: equilibrium with Ra-226. 

Value assumes Ac-227 is in secular equilibrium with Pa-231 e 

fValue is 30 times concentration limit for Am-241. 

gvalue is 850  times concentration limit: for Pu-239. 

hvalue. is 360 times concentration limit for Pu-240. 
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The role of the example GCD-Permanent Isolation boundary in the waste 
classification system is depicted in Fig .  C-1. The GCD-Permanent 
1sol.ation boundary, which corresponds to the concentrations in Table C - 3 ,  
generally is a vertical line that is displaced toward higher 
concentrations from the Permanent Isolation boundary corresponding to the 
Class-C limits for near-surface l a n d  disposal.. The depiction of  the G C D -  
Permanent Isolation boundary as a cross-hatched bar, rat:her than a line, 
is intended to represent the uncertainty that is inherent in its 
determination, due primarily to uncertainties in the analyses used in 
defining the boundary (see Section C.1.3), the possible site-specific 
nature of the assumed exposure scenario, and the lack of  similar analyses 
f o r  other possible GCD technologies. 

The depiction in 1Fi.g. C-1. also emphasizes that the example analysis 
for obtaining a generally applicable GCB-Permanent Isolat:.i.on boundary has 
no bearing on the definitions of  HUJ and TRU Waste and Equivalent in the 
proposed waste classification system. 
distinguish between relatively dilute HLW and TRU Waste and Equivalent 
that w o d d  be acceptable f o r  GCD and re1ativel.y concentrated wastes in 
these classes that would require deep geologic repositories o r  @qui-valent 
for protection of public health and safety. 

T h i s  boundary would be used only to 

C ~ 1 . 3  Uncertainties in Analys i s  of S o l i d - W a s t e  Drilling Scenario 

The analysis  of the solid-waste erilling scenario in Section C.l.l, 
which was used to obtain an example GC:D-Permanent Isolation boundary, w a s  

based to a large extent on models and parameter values used by the NRC in 
10 CFR Part: 61 in developing the Class-C concentration limits of 
radionuclides that are generally acceptable Eor near-surface land 
disposal, and which correspond t o  the Permanent Isolation boundary in 
the proposed waste classification syst:em. This approach was adopted i.n 

order to provide a measure of consistency in the determinations of the t w o  

sets of concentration limits. H o w e v e r ,  the anal.ysis of the solid-waste 
drilling scenario involves a number of impartant sources of.uncertainty 
which could affect the validity of  the results. 

* ' 

This section discusses some of  the sources of  uncertainty in the 
models and parameter values for the solid-waste drilling scenario. The 
discussion emphasi.zes uncertainties or possible errors in Che estimates of  

annual dose to an inadvertent intruder. It is impartant to bear in mind 
that:, from a regulatory perspective, the objective of such a dose analysis 
is to obtain estimates of  dose that are not: likely to be exceeded, rather 
than best estimates of  actual doses that would be received. Therefore, 
uncertainties or possible errors in the analysis that would result in 
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C L A S S - C  --.* 
L I M I T  

rn S I T E - S P E C I F I C  
G C D - P E R M A N E N T  

CON C E NTRATI  0 M S 0 F LON 6 - hlV E 

Fig. C - 1 .  Depiction of proposed waste classification system 
including site-specific GCD-Permanent Isolation boundary. 
classification system is the same as depicted in Fig. 2, and radionuclide 
concentrations corresponding to the example GCD-Permanent Isolation 
boundary are given in Table C-3. 

The waste 
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underestimates of dose are of  greater concern than those that would result 
in overestimates. As indicated in eq. (C-lo), underestimates of  dose 
would result in overestimates of concentration limits of radionuclides 
that would be acceptable for intermediate-depth burial, and vice versa. 
Some of the sources of uncertainty or possible error in analyzing the 
solid-waste drilling scenario are discussed in the follow%ng paragraphs. 

The value of the dilution factor for mixing of contaminated soil from 

the solid drilling wastes into native soil in an intruder's vegetable 
garden, which was assumed to be 1.3 x for this scenario3 [ see  

eq. 
contaminated soil brought to the surface by drilling and the s i z e  of the 

vegetable garden. 
as much as an order of  magnitude, although a value much smaller than 

assumed in this analysis seems unlike'y because the assumed size o f  the 
vegetable garden (2500 m2) is quite large. 
factor may result in underestimates of  dose. 

( C - l ) ] ,  is highly subjective and depends on the assumed volume of 

This dilution factor conceivably could be uncertain by 

Thus, the assumed diluti.on 

In this ana1.ysi.s , the committed effective dose equiva1.e-nts from 
i-ngestion or inhalation of  a unit activity of radionuclides, which also 
are referred to as dose conversion factors, ostensibly were calculated by 
the NRC5 on the basis of models and parameter values currently recomrnended 
by the ICRP. "15 However, w e  have no.:ed several discrepancies between the 
dose conversion factors given by the NRC arid an independent s e t  of values 
obtained from the ICRP methodology. In particular, the ingestion dose  

conversion factors for 210Pb, 227Ac, 229Th5 and 232Th used in this 
analysis apparently are underestimated by factors of 3-7, the value for 
232U is overestimated by a factor of  5, and the inhalation dose conversi-on 
factors for *IoPb,  227Ac, 228Th, 229Th, and 232Th are underestimated by 
factors of 3-5. Furthermore, the ingestion dose conversion factors f o r  

all isotopes of plutonium used in thi.3 analysis do not take into account: 
the recent recommendation of the ICRP that the fraction OS ingested 
plutonium absorbed in the gastrointestinal (GI) tract should be increased 
to in estimating dose to members of the public, unless the pluto-nium 
is known to be in the form of insoluble oxides and free of very small. 
particles ; l6 and the exception conditions cannot reasonably be assumed at 
times far into the future. Thus, the ingestion dose conversion fac.tors 
for all isotopes of plutoni.um may to be underestimated by a factor o f  
about'25. Underestimates of dose conversion factors for ingestion or 
inhalation would result in underestimates of dose. 

* 

* The calculati.ons of  dose conversion factors for ingestion and 
inhalation kindly were provided by D. E. Dunning, .Jr.,  of Maxima 
Corporation and K. F. Eckerman of  Oak Ridge National Laboratory. 
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For marly elements, the plant-to-soil concentration ratio froin root 
uptake, which is important in determining dose from ingestion of  

contaminated vegetables, is highly uncertain. In particular, the values 
used in this analysis' for isotopes of  Nb, Tc, Th, U, Pu, Am, and Cm 
differ by factors o f  5-250 from mean values obtained from published 
evaluati-ons of  available data. l7,I8 
analysis may be overestimates f o r  all elements except Nb and Tc and, thus, 
would result in overestimates of dose from the vegetable pathway in most 
cases. Furthermore, as indicated by the results in Table C - 2 ,  
uncertainties in annual dose from the vegetable pathway €or isotopes of 
the elements listed above would have a significant effect on the total 
dose from all pathways only for 99Tc, 230Ths 241Am, and 243Am, due to the 
greater importance of the inhalation and external. exposure pathways for 
the other radionuclides. Thus, the uncertainty in the plant-to-soil 
concentration ratio f o r  "Tc is of greatest concern for this analysis. 
addition, the concentration ratio f o r  I4C used in this analysis may be 
overestimated by at least an order of magnitude, since most of the  carbon 
i.n plants results from photosynthesis of atmospheric carbon rather than 
root uptake from soil, and the vegetable pathway is the only one of 
importance for this radionuclide. Finally, reliable data on plant-to-soil 
concentration ratios for many elements probably can be obtained only from 
site-specific measurements, particularly in cases where the values are 
relatively low and the available data for different food crops and types 
of soil vary by an order of magnitude or more. 

vegetable garden, the values of  the fraction of the year during which 
inhalation exposure occurs and the mass loading of contaminated soil in 
the atmosphere are highly subjective and uncertain. In this analysis, we 
assumed that an intruder is exposed to background levels of  suspended 
contaminated soil while residing near the garden for a substantial 
fraction o f  the year (25%). This assuuption may lead to erroneous 
estimates of  dose because an intruder also will receive inhalation 
exposures while working in the garden, and the atmospheric mass loading of 
contaminated soil during gardening activities likely will be greater than 
background levels by an order of magnitude or more. 3 ' 5  

higher concentrations of radionuclides inhaled likely will be compensated 
by a much sma1.ler time spent working in the garden compared with Che time 
spent residing near the garden.5 
loadings of contaminated soil probably require site-specific measurements, 
particularly since the values may vary greatly between arid, sparsely 
vegetated locations and locations with plentiful rainfall and extensive 
vegetation. 

However, the values used in this 

i n  

In estimating dose from inhalation of suspended activity from the 

However, the 

Reliable data on atmospheric mass 
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The dose from the external exposure pathway also is uncertain due to 
the subjective assumption for the Eraction of the year that an intruder 
spends working in or rc.siding near the garden. A s  emphasized in 
Section C.1.1, our analysis probably overestiinates dose froin this pathway, 
because the calculations are based on an exposure in the gardcn for 25% o f  

the time . 
There are three additional noteworthy points concerning the sources 

of uncertainty in the solid-waste drilling scenario. First, for some 

radionuclides, possible errors in the calculations resulting from the 
different sources of uncertainty may compensate one another; i.e., some 
factors in estimating dose may be overestimated while others are 
underestimated. Second, many of the sources of uncertainty in developing 
the concentration limits of radionuclides for intermediate-depth burial in 
Table C-3 also occur in estimating the Class-C limits of radionuclides 
that are generally acceptable for near-surface land disposal in Table 2 in 
Section 4.3, Thus, the ratio of the two concentration limits for some 
radionuclides may be relatively insensitive to uncertainties in the models 
and parameter values. Third, there always will be a significant degree of 
subjective scientific judgment involved in any dose analysis performed for 
the purpose of establishing generally applicable concentration limits of 
radionuclides for disposal, and these judgments may be more important than 

some sources of uncertainty that can be quantified. 
Finally, there are other important sources of uncertainty in 

developing a generally applicable GCD-Permanent Isolation boundary besides 
uncertainties in the models and parameters for estimating dose to an 
inadvertent intruder. 
in Section 4.6. 

Some of these sources of uncertainty are discussed 

C.2 Discussion of Well-Water Scenario 

A well-water scenario for exposure of  inadvertent intruders also can 
be analyzed to obtain concentration limits of radionuclides that would be 
acceptable for intermediate-depth burial. This scenario assumes that 
radionuclides in solid wastes in the unsaturated zone are leached by 
infiltrating water and migrate downward to an aquifer, and contaminated 
water is withdrawn from a well at the disposal site for use by an 
intruder. 

developed by the NRC f o r  near-surface land disposal.5 
reasons discussed below, we have not used this scenario in the example 
analysis for obtaining a generally applicable GCD-Permanent Isolation 
boundary. 

The well-water scenario can be analyzed using the methodology 
However, for the 
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- The downward f l u x  o f  i n f i l t r a t i n g  water through the  unsa tura ted  zone, 

t he  f l u x  o f  water i n  the  underlying a q u i f e r ,  and the  l o c a t i o n  of t he  

s o l i d  wastes r e l a t i v e  t o  t he  aqu i f e r  a r e  expected 1.0 be h ighly  s i t -e -  

s p e c i f i c .  

- The so lu t ion /so l i .d  p a r t i t i o n  c o e f f i c i e n t s  f o r  rad ionucl ides  i n  s o l i d  

wastes i n  s a t u r a t e d  s o i l s  and the  c o r r e c t i o n  f a c t o r s  t o  the  p a r t i t i o n  

coef f  icient:s t h a t  take i n t o  account t he  t r a n s i e n t  and p a r t i a l l y  

s a t u r a t e d  condi t ions  under which water con tac t s  t he  waste i n  the  

unsa tura ted  zone5 a r e  h ighly  unce r t a in  and 1ikel.y t o  be h ighly  s i t e -  

s p e c i f i c .  Thus, the source term desc r ib ing  r a t e s  of  r e l ease  of 

rad ionucl ides  from the d isposa l  f a c i l i t y  would be very poorly known 

without  s i t e - s p e c i f i c  ana lys i s  ~ 

- For  many r a d i o n u c l i d r s ,  t:he r e t a r d a t i o n  c o e f f i c i e n t  used i n  

desc r ib ing  t r anspor t  i n  water i n  the  unsa tura ted  and s a t u r a t e d  zones 

i s  h igh ly  unce r t a jn  and l i k e l y  t o  be h ighly  s i t e - s p e c i f i c .  19 

-- The concent ra t ion  o f  a rad ionucl ide  a t  any l o c a t i o n  i n  an aqu i f e r  

underlying the d i sposa l  f a c i l i t - y  is  not  simply r e l a t e d  t o  the  

concent ra t ion  i n  s o l i d  wastes ,  but. depends i n  a r e l a t i v e l y  

complicated way on the  t o t a l  a c t i v i t y  of  the  rad ionucl ide  and the  

s i z e  of  t x h e  d i sposa l  f a c i l i t y .  Thus I generic  est innates of 

rad ionucl ide  concent ra t?  ons i n  an a q u i f e r  are h igh ly  specul a t i v e .  

On the b a s i s  of the f a c t o r s  discussed above, WE: conclude t h a t  

a n a l y s i s  o f  a wel l -water  scenar io  i s  so s i t e - s p e c i f i c  tha t  a genetric 

a n a l y s i s  f o r  developing an example GCD- Perrriarient I s o l a t i o n  boundary would 

be l a r g e l y  rileaningless . IIowever a s i t e - s p e c i f i c  ana lys i s  o f  a wel.l.-water 

s cena r io  probably w i l l  be an e s s e n t i a l  aspec t  of  performance assessments 

f o r  determining compliance O F  any GCD f a c i l i t y  with app l i cab le  s tandards  

f o r  p r o t e c t i o n  o f  pub l i c  h e a l t h  and s a f e t y ,  i . e . ,  f o r  determining wastie 

acceptance c r i t e r i a  f o r  p a r t i c u l a r  d i sposa l  technologies  a t  p a r t i c u l a r  

s i t e s .  For p a r t i c u l a r  combinations of  s i t e  and type of  f a c i l i t y ,  such an 

anal.ysis may r e s u l t  i n  concent ra t ion  1 . i . m i t s  f o r  disposa'l. of some 

rad ionucl ides  t h a t  a r e  s i -gni - f ican t ly  l e s s  than the  example l i m i t s  i n  

Table 6 - 3  f o r  t he  more gener ic  so l id-was te  d r i l l i n g  s c e n a r i o ,  
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APPENDIX D 

CONCENTRATION LIMITS FOR TRU RADIONUCLIDES THAT 
CORRESPOND TO PERMANENT ISOLATION BOUNDARY 

An important aspect of the Permanent Isolation boundary developed in 
Section 4.3 of  this report is the inclusion of  radionuclide-specific 
concentration limits for TRU radionuclides in units of Ci/rn3, rather than 
the sing1.e concentration limit of 100 nCi/g for all alpha-emitting TRU 

radionuclides with half-lives greater thai? 5 yt?ars contained in Table 1 of 
t he  Final Rule for 10 CFR Tart 61.’ The single limit o f  100 .nCi/g for 
these rac:lionuclides al.so agrees with current definitions of TRU waste used 

by the DOE2 and the EPA,3 as reviewed in Secti.on 2.2.1. 
disciisses (1.) the rationale for using radionuclide -specific concentrat: i.on 

limits for TRU radioni.iclides in Ci./m3 in the proposed  waste classification 
system and (2) the essential. equivalence of the radionuclide- specific 
concentration limits in C i / m 3  w i t h  the single limit o f  100 nCi/g f o r  many 
existing wastes containing TRU radionwlides. 

T h e  use o f  radi.oauclide- specific concentration 1imit.s f o r  TRU 
radionuclides in units of C i / m 3  for pL:rposes oE defining t:he Permanent 
Isolation boundary in the proposed waste classification system is based 
essentially on the rationale described by the NKC in Section 7 of  

Appendix C of the Final Environmental Impact Statement (FEIS) for 10  CFIC 

Part 61. The NRG’s rationale f o r  development: of the Class-C I.i.mits f o r  

near-surface land disposal o f  TRU radionuclides is described its follows. 
First, the NRC’ s rne-t;hodel.ogy- for analyzing the int:i:uder-construc t i o n  

and intruder- agriculture scenarios f o r  exposures of inadvertent intruders 
at a near-surface land disposal facility yields concentration li-mits f o r  

disposal of all radionuclides that depend on activity per unit volume, 
rather than activity per unit mass. 4’ 5 (The leaching and migration 
scenarios were no t  considered impor t x r i t  for TRU radionuclides because of 
their relatively I.ow solution/solid partition coefficients and relatively 
high retardation coefficients for transport in water.) Thus, radionuclide 
activity per unit volume is the measure that is directly rel$ted to long- 
term risk from waste disposal, not activity per unit mass. 

inadvertent intruder, the NRC developed Class-C concentration limits for 
near-surface land d i s p o s a l  for a number of TRlJ radionuclides ,4 and these 
limits are given in Table D-1. The concentration limits for the longer- 
lived radionuclides that do not d2cay significantly within the 500-year 
time period during which intruder exposures are assumed to be prevented by 
the disposal systeni13/’ vary only from about 0 . 0 4  to 0.11 Ci/m3, or by less 
than a f a c t o r  of  3 ,  

This Appendix 

4 

Based on analyses of  the relevant: exposure scenarios for an 

Furthermore, the concentration 1imi.t f o r  241h , for 
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Table D - 1 .  Class-C concentration limits for 
near-surface land disposal of TKU 

radionuclides developed by the NRCa 

concentration 
Niic I ide (Ci/& 

Np-237 
Pu-238 
Pu-239 
Pu- 240 
Pu- 241 
Pu- 242 
Am- 241 
Am- 2h3 
Cm- 243 
Cm- 244 

0.041 
6.8 
0.11 
0.11 
4.9b 
0.11 
0.14 
0.068 

7GC 
d 4 1. 

%slues obtained from Section 7 of 
Appendix C o€ the Final Environmental Impact 
Statement f o r  10 CFR Part 61 (ref. 4 ) .  

bValue is based on concentration limit 
SOK longer-lived daughter product Am-241 and 
half-lives o f  Pu-241 and h-2hl. 

‘Value is based on concentration limit 
for longer-lived daughter product Pu-239 and 
half-lives o f  Cm-243 and Pu-239. 

dValue i s  based on concentration limit 
for longer-li-ved daughter product Pu-240 and 
half-lives of Cm-244 and Pu-240. 
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which the initial inventory is reduced by slightly more than a factor of 2 
by radioactive decay over 500 years, is barely outside the range of 
concentration limits for the longer-lived radionuclides. On the other 
hand, the concentration limit for 238Pu is significantly higher than the 
limits for the longer-lived radionuclides, because its half-life of 
87.75 years is considerably less than 500 years. The concentration limits 
in Table D - l  were used directly in defining the Permanent Isolation 
boundary f o r  the proposed waste classification system in Table 2 in 
Section 4.3. 

Second, in the interest of easing compliance by disposal site 
operators with the C l - a s s - C  concentration limits in Table D-1, the NRC 

investigated the desirability of combining the limits for individual 
isotopes into a single limit. The NRC' concluded that it still wou'ld be 
necessary t o  maintain a 1.i.mit for 241.Fu separate from the limit: for its 
longer-lived daughter product 241Am, because of the importance of 241Pu in 
various commercial wastes containing 7'RU radionuclides. However, the NRC 

also concliided that maintaining separate limits €or the longer- lived TRU 

isotopes w a s  no t  cost-effective for most licensees. 
A single concent:ration limit for long-lived, alpha-emitting 'P'RU 

radionucl.ides co1ul.d be based on the smallest value in Table D - I . ,  i.e., the  

limit for 23'7Np. 

overly restrictive, because 237Np WRS expected t:o occur in commercial 
wastes only in very small quantities = The preferred altern.nt:ive was to 
consider variations in expected isotiopic composi-tions o f  TRU radionuclides 
for individual commercial waste streams. On the basis of dat:a assembl.ed 

f o r  the FEIS for 'LO CFK Part 6'L,4 the equival.ent gross Class-C 
concentration limit for long-lived, alpha-emit:ting TRU radionuclides €or  

1.4 commerci.aJ. waste st:reams was found to be in the range 0 . 1 1 - 0 . 6 2  C i / m 3 ,  

but 12 of  the 14 waste streams had C l a s s - C  concentration 1.imits in the 
range 0.11-0.30 Ci/m3 I Furthermore, the mos t  important TRU radionuclides 
in the commerciab wastes generally w e r e  239~u, *4O~u, and 2 4 1 ~ .  

single Class-C concentration limit fo-r long-lived, alpha-emitting TRU 
radionuclides. First:, the NRC concluded that the single concentration 
limit should be expressed in units of  nCi/g, rather than Ci . /n3 ,  in order 
t o  be consistent with historical definitions of TRU waste. Second, the 
conversion of concentration limits from ~i/m3 to nci/g required an 
assumption for the density of the waste. The NRC's analysis of  existing 
commercial wastes led to the concJ.usion that the densities possibly could 
be in the range 1-6 g/cm3 but more typically should be 1-2 g/c1n3. 

then assumed an average waste density of  1.6 g/cm3, which resulted in 
Class-C concentration limits for long-lived, alpha-emitting TRIJ 

radionuclides in the range 60-190 nCi./g. 

However, the NRC coricluded that this approach would be 

A n  exercise of judgment then was required by the NRC in obtaining a 

The NRC 
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From the result given above, the NRC concluded that a reasonable 
gross  Class - C concentration limit: for long-  lived ~ alpha-emitting TRU 

radi-onuclides would be about 100 n@ijg, and this va.1.ue was adopted for use 

in Table 1 of the Final Rule for 10 CFR Part 61..’ 
such as differences i n  waste mixsses, dilution by lower activity wastes, 
use of  volume reduction, improvements in health physics considerations, 
and s i t e  - specif i c :  environmental conditions could provide r;ati.onales for 
raising or lowering this concentration limit. However, the NRC concluded 
tha t  there are about an equal number of factors tending to raise or lower 
the limit, and that the 1imi.t: of 100 nCi/g will result in a high 
probability that the performance objective for protection of  inadvertcmt: 
intruders (i.e., a limit on annual dose equivalent to who1.e body of 

0.5 rem)lV4 will not be exceeded at any new site. 
‘l’he rationale for use o f  radionuclide-specific concentration limits 

in C i / m 3  for long-lived, alpha-emitting TRU radionuclides in defining the? 
Permanent Xsolatii.on bounda.ry in the proposed waste classifi-cation system 
then may be summarized as fo l lows .  

Other considerations, 

-- Radionucl ide c0ncentrat.i-ons in Ci/m3 are the appropriat e measure of 

activity for estimating risk to an inadvertent intruder, and separate 
limits for all radionuclides would provide a classification system 
that i s  generally applicable to any wastes. 

- With a separate concentration limit for 241Pu based on the limit for 
the longer-lived daughter product 241-Arn, the Class-C limits for all 
long-lived, alpha-emitting TRU radionuclides ~ excluding 238Pu, vary 
by less than a fa-ctor of 3 .  

- The most important TRU radionuclides in existing commercial wastes, 
other than 241Pu, are 239Pu, 240Pu, and 241Am. 

1 . 6  g/cm3 is assumed, then the Class-C concentration limit f o r  most 

existing commercial wastes is well approximated by the single limit 
of  100 nCi/g for all long-lived, alpha-emitting TRU radionuclides. 

If a waste density of  

Thus, radionuclide- specific Class-C concentration limits in @i/m3 are 
essentially equivalent to a single limit of 100 nCi/g for a1.l long-lived, 
alpha-emitting TRU radionuclides. However, the advantage of the former 
approach is that the concentrat.ion limits provi.de a risk-based definiti-on 
o f  the Permanent Isolation boundary which is generally applicable to 
wastes containing any compositions of  TRU radionuclides. 

The NRC’s analysis described above applies only t o  expected 
commercial wastes but not to defense wastes that contain significant 
concentrations of TRTJ radionuclides. However, a cursory examination of 
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published data on defense TKU wastes6 iiidicates that: the most important 
alpha-emitting isotopes are 238~u, 23gP, , 240Pu, and 241Am . 
assume that the density of defense wastes does notr di.ffer greatly from the 
average value of 1 . 6  g/em3 assumed by tl-.e NRC f o r  commercial wastes, then 
the radionuclide -specifi.c concentration limits f o r  239Pup 240Pu,  arid 24’-Am 

that defi.ne the Permanent Isolation boundary in Table 2 in Section 4 . 3  

a l s o  should be essentially equivalent for most defense TRTJ wastes to the 

single limit of 100 nCi/g for all long-lived, alpha-emitting TRU 
radionuclides. Exceptions will occur for wastes containing si.gnificant 
concentrations of 238Pu,  due to the relatively short half-life of this 

isotope. 
to n risk to an inadvertent intruder that is considerably less t han  the 
risk from disposal of  100 -nCi/g of  the longer-lived, alpha-emitting TKIJ 

isotopes. Thus, the single limit of  100 nCi/g for a l l  long-lived, alpha- 

emitting TRU isotopes agai-n appears to provide reasonable protection of 
inadvertent intruders from disposal of existing defense TRU wastes. 

Thus, if we 

In these cases, a limit of 100 nCi/g for 238Pu would correspond 
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APPENDIX E 

DATA TO SUPPORT ANALYSES OF IMPACTS OF WASTE CLASSIFICATION 
SYSTEM ON SELECTED COMMERCIAL AND DEFENSE WASTES 

Sections 5.1 and 5.2 of this report discussed impacts of the proposed 
waste classification system on selected commercial and defense waztes. 
Since the primary purpose of this study was to develop a quantitative and 
generally applicable definition of HLW, the impacts analysis focused on 
the resulting waste classifications that would apply to commercial spent 
fuel and reprocessing wastes and to defense wastes that have been called 
HLW because of their source as waste from fuel reprocessing. Further, the 
impacts analysis for defense wastes focused on sludge-supernate waste 
encapsulated in borosilicate glass from the Savannah River Plant, since 
this waste form is appropriate for disposal. This Appendix presents the 
data on radionuclide concentrations in the selected commercial and defense 
wastes that were discussed in Sections 5.1 and 5.2 and compares the 
concentrations with the different boundaries in the proposed waste 
classification system. 

relationship of these concentrations to the proposed waste classification 
system are presented in tabular form. Each table for a particular type of 
waste lists reported radionuclide concentrations and a comparison of these 
concentrations with those that correspond to the Highly Radioactive and 
Permanent Isolation boundaries, as given in Table 1 in Section 4 . 2  and 
Table 2 in Section 4 . 3 ,  respectively. This comparison involves a 
calculation of the ratio of reported radionuclide concentrations to the 
corresponding values for each boundary. According to the sum-of-fractions 
rule, the determination of whether a particular type of waste is "'highly 
radioactive" or "requires permanent isolation" then is obtained by summing 
these ratios over all radionuclides arid comparing with unity. 
summarized in Section 4 . 4 ,  a waste is classified as HLW if the sum-of- 
fractions exceeds unity for the Highly Radioactive and the Permanent 
Isolation boundary. 

Each table also contains a comparison of reported radionuclide 
concentrations with those that correspond to the example GCD-Permanent 
Isolation boundary, as calculated in Section C.l of Appendix C and listed 
in Table C-1. A sum-of-fractions less than unity indicates that the waste 
could be a candidate for GCD via intermediate-depth burial, whereas a 
value greater than unity indicates thst a deep geologic repository or 
equivalent may be required for protection of public health and safety. 
However, as discussed in Section 4 . 6  and in Section C.1.3 of Appendix C ,  
comparisons of radionuclide concentrations with the sum-of-fractions for 

The data on radionuclide concentrations in existing wastes and the 

Thus, as 
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the example GCD-Permanent Isolation boundary do not yet provide a firm 
basis for decisions on appropriate disposal technologies. There are large 
uncertainties in thc calculation of the GCD-Permanent Isolation boundary 
due to uncertainties i n  the models and parameter values for estimating 
annual dose to an inadvertent intruder at the disposal site, the site- 
specific nature of the dose analysis, the absence of an appropriate 
regulatory framework f o r  GCD, and the consideration of only a single 
technology for G C D .  

E .  1 Data on Coimnercial Spent Fuel and Reprocessing Wastes 

Tahl-es E-S. through E-4 present selected data on concentrations of 
radionuclides in 10-year old commerci-a1 spent fue l ,  liquid reprocessing 
wastes and reprocessing wastes t:lint have been solidified in borosi.licate 
glass. l 3  In comparing these data with the coriceritrations that correspond 
to the Highly Radioacti-ve, Permanent Isolation., and GGD-Permanent 
Isolation boundaries, results for a particular radionuclide are given only 
if the reported concentration is at least 0.1% of  the corresponding 
houndary concentration. 

1 The radionucl-ide concentrations for spent fuel. reported by the NKC 

i.n Table  E - l  generally are about a factor of  3 greater than those reported 
by the Waste Isolation Systems Panel2 in Table E - ? .  

notes that their data. do not take into account the dil .ut ing effects of 
cl-adding, hardware, and void spaces between fuel pins and, t:hus, 

overesti.iiial:r: expected radionuclide concentrations in a waste package 
containing spent fuel. Considerable differences also are observed between 
the data f o r  reprocessing wastes in Tables E - 3  and E - 4 ,  but: I ihe magnitude 
of the difference depends on the radionuclide. These differences 
undoubtedly result in part from the different waste forms assumed i n  the 
two sets of data; i.e., the data compiled by the NRC apply to liquid 
wastes that are  not in a form appropriate for disposal, whereas the data 
compiled by the Waste Isolation Systems Panel apply to solidifi-ed wastes 
in the expected form for  disposal. 

However, the NRC 

Each of  the wastes characterized in Tables E - 1  through E - 4  clearly i s  

highly radioactive and requires permanent isolation and, thus, would 
classified as HLW accordi-ng to the waste classification system proposed in 
this report. The comparison of radionuclide concentrations with Che 
example GCD-Permanent Isolation boundary also suggests that none of these 
wastes are J-ikely to be suitable candidates : for  GCD and, thus, would 

require disposal in deep geologic repositories or equivalent. 



123 

Table E-1. Comparison of radionuclide Concentrations in commercial 
spent fuel with boundary concentrations in 

proposed waste classification system 

Ratio to boundary concentration 

Concentration High1.y Permanent 
Nuclide ( c i/m3 1 a radioactive b is o lat ionC G C D ~  

Sr-90 
TC - 99 

Sn- 1 2 6  

1 - 1 2 9  

CS ~ 135 

C S  - 1 3 7  

sm- 151 
Np-237  

P u - 2 3 8  

P u - 2 3 9  

Pu- 2 4 0  

Pu- 2 4 1  

Am-241 

Am- 2 4 3  

Cm- 244 

SUm 

5E5  

1 E 2  

1 E l  

3 E - 1  

3 
8E5  

l E 4  

3 

2E4  

3 E 3  

5 E 3  

7E5  

2 E4  

1 E 2  

9E3 

7E1 

2E2 

3 E -  2 

1 E l  

2 

3 

4 E -  1 

1El 
1E-1 
9 

3E2 

7E1 
3 E 1  

1 E 3  

4 

4 E -  3 

2E2 

8EL 

3E3  

3 E4 

5 E4 

1E.5 
2E5 

1 E 3  

2E2 

4 E 5  

3 E - 1  

1 E l  

5 E 1  

3 E - 2  

2 E - 2  

1 E l  

8 E 1  

5E.l 

4E2  

6E2  

4 E 4  

3 E4 

3E2 

3 

7 E 4  

aValues for 10-year old spent fuel from Table 1 of ref. 1. 

bRadionuclide concentrations corresponding to Highly 
Radioactive boundary are given in Table 1 in Section 4 . 2 .  

‘Radionuclide concentrations corresponding to Permanent 
Tsolation boundary are given in Table 2 in Section 4 .3 .  

dRadionuclide concentrations corresponding to GCD-Permanent 
Isolation boundary are given in T a E l e  C-1 in Appendix C. 
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Table E- 2. Cornpari.son of radionuclide concent:rations in commercial 
s p e n t  fuel from pressurized-water reactors with boundary 
concentrations in proposed waste classification system 

Ratio to boundary concentration 

Nuclide 
C o tic e n t r a t ion Highly Permanent 

(Ci/m3 a radioactive iso lat ion" GCDd b 

c - 14 
S r - 9 0  

Tc-99 
Sn- 1 2 6  

1 - 1 2 9  

CS-135 

C S  -137 

u-  2 3 4  

U -  2 3 8  

N p - 2 3 7  

P u - 2 3 8  

Pu-239 
Pu- 240 
Pu- 241 
Pu- 2 4 2  

Am- 241. 

Am- 2 4 3  

S W  

4 

2E5 

3 E 1  

2 
8 E - 2  

9E-1 
2E5 

3 

8 E - I  

8 E -  I 
5E3  

8E2 

1 E 3  

2E.5 

5 

4E3  

4E1. 

3EI 

4 E 1  

3 

4E - 1 

5 E - 1  

1 E - 1  

2 
4 E - 2  

$El 

~ 

5E-  1 

3E1 
].El 

2E2 

1 
I E -  3 

4 E 1  

6 

2 

2E1 
7 E2 

8E3  

1E4 
4 E 4  

5 E 1  

4E4 
6E2 

1 E 5  

4 E -  1. 

1 E -  1 
3 

1 E l  

9E- 3 

5 E -  3 

3 

2 E - 1  

2 E 1  

1El 
1 E 2  

lE2 
1 E4 

6 E - 1  

5 E 3  

1 E 2  

2 E 4  

Values f o r  10-year old spent-fuel assemblies from Table 4-4 a 

of ref. 2. 

bRadionuclide concentrations corresponding to Highly 
Radioactive boundary are given in Table 1 in Section 4 . 2 .  

'Radionuclide concentra t:ions corresponding to Permanent 
Isolation boundary are given i t 1  Table 2 in Section 4 . 3 .  

dRadionuclide concentrations corresponding to GCD-Permanent 
Isolation boundary are given in Table 6-7 in Appendix C. 
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Table E-3. Comparison of radionuclide concentrations in commercial 
liquid reprocessing waste with boundary concentrations 

in proposed waste classification system 

Ratio to boundary concentration 

Concentration Highly Permanent 
Nuclide ( c i/m3 ) a radioactive b isolat ionC G C D ~  

Sr - 90 
Tc-99 
Sn- 126 
I - 129 
CS-135 
CS-137 
Sm- 151 
Np-237 
Pu-238 
Pu- 239 
Pu- 240 
Pu- 241 
Am- 241 
Am- 243 
Cm- 244 

9 E4 
2E1 
2 
3E-4 
5E-1 
1E5 
2E3 
8E- 1 
5E1 
2 
6 
6E2 
6E2 
2E1 
1E3 

Sum 

1Ef 

2E1 
5E- 3 

3E-2 
1E-3 
3E- 3 

3E-4 
3E- 1 
2E-2 
1 

3E1 

1El 
7 
2 E2 
4E-3 

2E1 

2E1 
7 
2E1 
6El 
1E2 
6E3 
3E2 
3E1 

7E3 

5E- 2 
2 
1El 

3E- 3 
2 

2E1 
1E- 1 
3E- 1 
8E- 1 
3E1 
8E2 
7E1 
3E-1 

9E2 

aValues for 10-year old reprocessing wastes from Table 1 of 
ref. 1. 

bRadionuclide concentrations zorresponding to Highly 
Radioactive boundary are given in Table 1 in Section 4.2. 

‘Radionuclide concentrations zorresponding to Permanent 
Isolation boundary are given in Table 2 i n  Section 4.3. 

dKadionuclide concentrations zorresponding to GCD- Permanent 
Isolation boundary are given in Taale C - 1  in Appendix C. 
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Table E-4. Comparison o f  radionuclide concentrations in commercial 
reprocessing waste in borosilicate glass w i t A  boundary 
concentrations in proposed w a s t e  classification system 

Ratio to boundary concentration 

Concentration Highly Permanent 
Nuclide (ci/rn3la radioactive is ola t ionc GCDd b 

C-14 
Sr - 30 
Tc-99 
Sn-  126 
1-129 
C S  - 135 
CS-137 
U-234 
U-238 
Np-237 
Pu- 238 
Pu- 239 
Pu- 240 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 

2E-2 
6E5 
1E2 
8 
3E-4 
3 

8ES 
9E-2 
2E-2 
3 
1E3 
2E1 
4E1 
4E3 
9E- 2 
2E3 

2E2 

9El 

2E2 

5E- 1 
1 E -  2 
2E-2 
2E- 3 

1 
2E-1 

3E- 3 
9E1 
3E1 
8E2 
4E- 3 

4E- 3 

2E2 
2E- 1 
4E-2 
8 E I  

1E2 
2E2 
4E2 
8E2 
9E- I 
2 E4 
3E3 

2E- 3 
3E-1 
1El. 
4El 

2E- 2 
1El 
5E-3 

8E1 
3 
3 
5 
2E2 
1E-2 
3E3 
7 E2 

Sum 3E2 3 E4 4E3 

aValues for 10-year old reprocessing waste from Table 4-6 of  
ref. 2. 

bRadionuclide concentrations corresponding to Highly 
Radioactive boundary are given in Table 1 in Section 4.2. 

‘Radionuclide concentrations corresponding to Permanent 
Isolation boundary are given in Table 2 in Sect ion 4.3. 

dRadionuclide concentrations corresponding to GCD- Permanent 
Isolation boundary are given in Table 6-1 in Appendix C. 
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E.2 Data on Defense Reprocessing Wastes in Borosilicate Glass 

Defense reprocessing wastes are bejng  prepared at the Savannah River 

Plant in the form of borosilicate g las s ,  which is the intended form for 
disposal. Table E-5 presents data on concentrations of radionuclides in 
one f o r m  of Savannah River waste, i.e., the sludge-supernate glass waste. 
A comparison of the data in this table with the data for commercial spent: 

fuel and reprocessing wastes in Tables E-l through E-4 shows that the 
defense waste generally contains lower concentrations of fission products 
and TRU radionuclides, which is the expected result due to the lower fuel 
burnups involved with the defense waste. Nonetheless, the radionuclide 
concentrations in this particular form '3f defense waste exceed the Highly 
Radioactive and Permanent Isolation boundaries by substantial amounts and, 
thus, would be classified as HLW according to the proposed waste 
classification system. Furthermore, the radionuclide concentrations also 
exceed the example GCD-Permanent Isolation boundary by a large factor, 
which suggests that this waste also would require disposal in deep 
geologic repositories or equivalent. 

3 
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Table E-5. Comparison of  radionuclide concentrations in sludge-supernate 
defense waste in borosilicate glass from Savannah River Plant with 
boundary concentrations in proposed waste classification system 

.I-....... _I_ ____......____. ........._.i_ ______ . .. . . ....... _ _ _  ..... 
R a t i o  to bounda.ry concentration 

Concentration Highly Permanent 
Nuclide (ci/m31a radio act  i.ve b isolation' GCDd 

Ni-59 
Ni-63 
S r  - 90 
Nb-94 
Tc-99 
S n -  126 
CS - 137 
S m - 1 5 1  

U-232 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu- 240 
Pu- 241 
Pu- 242 
Am- 241. 
Am-243 
Cm- 244 

Sum 

3 
4E2 
7 E4 
2E-3 
3 
3E-1 
6 E 4  

4E2 
2E- 1 
8E- 1 
3E-3 
6E-2 
2E-2 
2E-2 
2E3 
2EP 
1EP 
2E3 
lE-2 
2E1 
1 E - 2  

3E-1 

1 E l  

1El 
1E- 3 

1E- 3 

1 
1E- 2 
5E-3 
1 E -  3 

1E-2 

2 El 

2E-1 
6E- 1 
1El 
1E- 1 
1 
3E1 
1 E l  

4 
2 
8 E -  3 
3.E- 1 
/+E - 2 
5E-1 
3E2 

2E2 
1 E 2  

4E2 
1 E - l  

2E2 
1 E - 1  

8E-3 

1E3 

2E-3 
1.E-2 

[+E - 2 
7 E - 3  

3E- 1 
2 
1 

7 E -  3 

4 E -  2 

3E-3 

5 E - 1  

5 
3 
1 
1E2 
1 E -  3 
3 El 
3 E - 2  

1E2 

%slues from Table 11 of  ref. 3. 

bKadionucl.ide concentrations corresponding to Mi ghly Radioacti ve 
houndary are given in Tah1.c 1 in Section 4.2. 

CRadionuclide concentrations corresponding to Permanent Isolation 
boundary are given in Table 2 in Section 4 . 3 .  

dRadionuclide concentrations corresponding to GCD- Permanent 
Isolation boundary are given in Table C - 1  in Appendix C. 
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APPENDIX F 

DESCRIPTION OF TECHNOLOGIES FOR GREATER CONFINEMENT DISPOSAL 

A number of alternatives, ranging from planned but undeveloped 
concepts to demonstrated practices, currently are being considered as 
technologies f o r  greater confinement disposal (GCD). This Appendix 
presents a summary description of various GCD technologies and of the 
health-risk assessments that have been performed for GCD. 

A number of publications have diszussed proposed, planned, or 
operating technologies for GCD. Thase sources indicate that GCD 
technologies may he grouped into six categories: (1) augered shafts, 
(2) deep trenches, ( 3 )  engineered structures, ( 4 )  hydrofracture, 
(5) improved waste forms, and ( 6 )  high-integricy containers. 

several alternative disposal methods6 to assist in defining the range of  

design characteristics that: are consid3red to be within the framework o f  

existing regulatory requirements in 10 CFR Part 61 for near-surface land 
disposal. ' Descriptions are given for below-ground vaults ~ above-ground 
vaults, earth-mounded concrete bunkers, and shaft disposal. Each of these 
disposal. alternatives is included in one of the six categories listed 
above. 

The NRC has provided descriptions of general design concepts for 

F . l  Description of GCD Technologies 

This section presents a general description of each of the six 
categories of GCD technologies listed above. This information has been 
summarized from ref, 2 ,  

F . 1 . 1  Augered Shafts (Boreholes) 

An augered shaft i s  a hole bored i n  the earth which has a large rat:i.o 

of  length to diameter and is of sufficient depth that the waste is highly 
unl-ikely to be accessed by p1.ant; roots, animals, and human intruders. 
Although the term "augered shaft'' reflects the type of equipment that 
normal.ly is used in making the excavation, the term applies to any hole o f  

this general description that is constructed by any method. The concept 
is i1.l.ustrated by t w o  demonstrations t E . a t  are currently in progress i n  the 
U. S , both  of which have been deveI.oped. to the p o i n t  where wastes are 

being emplaced. 
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The type of s h a f t  used a t  the  Savannah River Plant’ has a depth of 

9 m and a diameter of  2 . 7  m .  The waste l a y e r  is  G m i n  th i ckness ,  and 

wastes a r e  emplaced i n  a f i b e r g l a s s  I-iner of vol.une 22 m 3 .  

b a c k f i l l e d  with soil .  and capped wi.th c l a y .  The f i b e r g l a s s  l i n e r ,  whtch i s  

f i x e d  i n t o  cement a t  t he  bottom of the s h a f t ,  could be coizsi.dered a waste 

contai.ner as w e l l  as a l i n e r .  

The s h a f t  i s  

The type of s h a f t  used a t  the Nevada Test S i t e l ’  has  a depth of 37 m ,  

a diameter of  3 m, and a waste l a y e r  1.2 m i n  th i ckness .  The d i~sposa l  

volume thus i s  about 90 m3. The s h a f t  has  no l i n e r  and i s  b a c k f i l l e d  w i L h  

s o i l .  

F. 1,2 B e e p  Trenches 

The concept of a deep t rench descr ibed he re  was suggested i n  an ear1.y 

study o f  a l t e r n a t i v e  methods f o r  d i sposa l  of  1.LW~” The design d i f f e r s  

from the  o rd ina ry  t rench f o r  shallow-land b u r i a l  mainly i n  having twice 

the  depth.  Thus, t h e  bottom of the  t rench w a s  about 1 6  m i n  depth and 

would have a waste 1.ayer about 7 m i n  t h i ckness .  

A concern regarding deep t renches i s  the s t a b i l i t y  of t he  wa1l.s 

during the emplacement per iod.  To keep the  wal1.s f r o m  crumbl.irig, they 
must e i t h e r  be shored o r  have a gen t l e  sl.oge equal t o  o r  l e s s  than the 

maximum s a f e  s lope  determined from a s l o p e - s t a b i l i t y  a n a l y s i s  o f  t he  s o i l .  

I f  a gent1.e s lope i s  used,  then a l a r g e  a r e a  i s  r equ i r ed  f o r  the open 

t r ench .  The unusually l a r g e  width of  a deep, tinshored t rench may impose 

special. requirements on equipment and procedures i f  wastes are t o  be 

emplaced from the  edges using cranes.  

The deep t rench discussed i n  r e f .  11 empl.oys a f l o o r  l i n e r  t h a t  i s  

capable of  i on  exchange t o  r e t a r d  the  migrat ion o f  r ad ionuc l ides .  Design 

f e a t u r e s  include a f l o o r  with small. end-to-end and s i d e - t o - s i d e  s l o p e s ,  a 

l a y e r  of  sand o r  gravel f o r  drainage,  and a French d r a i n  along the  lower 

s i d e  t o  conduct any seepage of water t o  a sump. I f  a French d r a i n  were 

used,  then pipes  s tanding up r igh t  i n  the  d r a i n  might permit monitoring 

a f t e r  f a c i l i t y  c l o s u r e .  

and t o p s o i l  of t o t a l  thickness  about 9 m. The out:errnost l a y e r  o f  s o i l  

would be covered with vege ta t ion .  No s p e c i a l  i n t r u d e r  b a r r i e r s  a r e  

considered necessary because o f  t he  depth of t he  t rench.  

Another concept: o f  a deep d i sposa l  u n i t  involves a c i r c u l a r  p i t  

r a t h e r  than a trench.’* 

diameter of 410 m ,  and a top diameter of 480 m .  ‘This concept has no t  been 

developed beyond a prel iminary suggest ion.  

The wastes would be covered with layers o f  c l ay  

The p i t  would have a depth o f  34 m ,  a bottom 
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F . 1 . 3  Engineered S t r u c t u r e s  

An engineered s t r u c t u r e  i s  a d i sposa l  u n i t  i n  which the  most 

important b a r r i e r  f o r  prevent ion  o f  human i n t r u s i o n  and leakage of 

r ad ionuc l ides  from the f a c i l i t y  i s  a chamber with a volume of s e v e r a l  

hundred t o  s e v e r a l  thousand cubic  meters t h a t  i s  cons t ruc t ed  with a 

s y n t h e t i c  m a t e r i a l ,  u s u a l l y  concre te .  The most important performance 

requirements f o r  such a s t r u c t u r e  a r e  long-term s t a b i l i t y  and low 

permeabi l i ty .  The l a t t e r  i s  a requirement t h a t  concrete  s t r u c t u r e s  cannot: 

he  expected t o  f u l f i l l ,  because they normally develop cracks over t ime. .  

Thus, the des ign  o f  engineered s t r u c t u r e s  usua l ly  s p e c i f i e s  t h a t  concrete  

should be coa ted  with a s p h a l t  t o  reduce i t s  permeabi l i ty .  Drainage i s  an 

important element of des ign  t o  preserve waste con ta ine r s  and t o  provide 

s t a b i l i t y  €or the engineered s t r u c t u r e ,  and most designs include both 
e x t e r n a l  and i n t e r n a l  drainage systems. 

Because of  the  v a r i e t y  o f  des igns ,  d e s c r i p t i o n  of a reference concept 

f o r  an engineered s t r u c t u r e  i s  not  p a r t i c u l a r l y  u s e f u l .  Ins tead ,  w e  

desc r ibe  s e v e r a l  s p e c i f i c  examples including the Canadian concre te -wal led  

t r ench ,  the  French tumulus , the  concrete  - shored t r ench  a t  the  Savannah 

River P l a n t ,  t he  concre te -wal led  t r ench  d iscussed  by the  NRC, and a 

concrete  chamber proposed by the  Univers i ty  of Arizona. 

rei .nforced concre te .  

b e n t o n i t e  and sand mixture.  The emplaced wastes a r e  capped with a l a y e r  

of  compacted c l a y ,  then an arched concrete  cover ,  and f i n a l l y  a l a y e r  of 

s o i l .  

p a r t l y  helow the surrounding land su r face .  

r e c t a n g u l a r ,  compartmented s t r u c t u r e  of poured concrete  f l o o r s  and w a l l s .  

Af t e r  be ing  f i l l e d  wi th  waste ,  the compartments a r e  b a c k f i l l e d  with grout  

and covered with a l aye r  of a s p h a l t .  

l e v e l  a s  t he  surrounding l a n d ,  and serves  a s  the  f l o o r  for an above-grade 

s t r u c t u r e  with w a l l s  o f  s tacked concreze cy l inde r s .  The w a s t e - f i l l e d  

above-grade po r t ion  i s  b a c k f i l l e d  with grave l  and capped with a Layer o f  

cl.ay and Einal1.y a l a y e r  of soi.1,  

excavating a t rench 3 m i n  depth with boundaries 15-30 m by 60-150 m .  

Shoring w a l l s  of  concrete  with a thickness  of 0 . 5 - 1 . 5  m then a r e  i n s e r t e d  

i n t o  the ground, o u t l i n i n g  the  t rench ,  i n  order  t o  support  the  surrounding 

e a r t h  while a second t rench i s  excavated wi th in  the f i r s t  t o  an a d d i t i o n a l  

depth of 6 m .  
e a r t h  o r  a concrete  f l o o r ,  which i s  sloped to  a sump f o r  drainage 

c o l l e c t i o n .  

The Canadian concept3 c o n s i s t s  of a r ec t angu la r  t rench wi th  w a l l s  o f  

The f l o o r  i s  a layer  of grave l  over a l a y e r  of a 

The French tumulus13 i s  a s t r u c t u r e  t h a t  i s  s i t u a t e d  p a r t l y  above and 

The subsurface p o r t i o n  i.s a 

The a s p h a l t  sur face  is a t  the same 

The engineered s t r u c t u r e  a t  the  Savannah River Plant’ i s  formed by 

Wastes a r e  emplaced i n  the  deeper t r ench  onto compacted 
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The concrete-wal led t rench discussed by the  NRCI2 is formed by 

concrete  wal.ls s e t  onto a concrete  s l a b  1yi.ng a t  about the  same depth as 

the  bottom of  a shallow trench (8 m ) .  After  f i l l i n g  the  u n i t  t o  a depth 

o f  7 m, it  i s  capped wi.th a l a y e r  o f  concrete  and then a l a y e r  o f  s o i l .  

The void  spaces i n  the  wastes a r e  f i l l e d  with s o i l  o r  g rout .  

The Arizona c ~ n c e l p t ~ - ~  i s  a re inforced-concre te  s h e l l  with an arched 

roof t h a t  i.s set  on the  top edges of  the wa l l s  a f t e r  the  wastes a r e  

emplaced. This s t r u c t u r e  would be placed e n t i r e l y  underground i n  a r i d  

regions o r  on the  ground sur face  i n  humid regi-om. For pl-acement on the 

ground su r face ,  the s t r u c t u r e  would be mounded wi.th a l a y e r  of s o i l .  

F .  1 .4  Hydrofracture 

I n  the hydrof rac ture  technique,  wastes are mixed with cement and the 

r e s u l t i n g  grout  s l u r r y  i s  i n j e c t e d  i n t o  approxi-mately ho r i zon ta l  f r a c t u r e s  

prev ious ly  induced i n t o  rocks a t  depths f a r  below the  ground su r face .  The 

cement s o l i d i f i e s  as a t h i n  shee t  t h a t  is f ixed  i n  the  hos t  rock. 

Progressive grout  i n j e c t i o n s  a r e  made a t  s eve ra l  l e v e l s  a t  t he  same 

wellhead, r e s u l t i n g  i n  a s t ack  o f  grout  shee ts  t h a t  are separa ted  by 

v e r t i c a l  d i s t ances  of about 3 m .  Each grout  shee t  i s  t y p i c a l l y  1 c m  t h i c k  

and several. hundred meters w i d e .  

The hydrof rac ture  technique has been p rac t i ced  a t  Oak Ridge National 

Laboratlory f o r  s eve ra l  yea r s .  Although the  process  was developed t o  

dispose o f  a s p e c i a l  type o f  waste a t  a s p e c i f i c  s i t e ,  i t  has  been 

suggested t h a t  s eve ra l  types o f  waste could be disposed of by 

hydrof rac ture  a t  o the r  appropr ia te  s i tes .  15 

F . 1 . 5  Improved Waste F o r m s  

Several  processes  f o r  incorpora t ing  LLW i n t o  matr ices  o f  o the r  

ma te r i a l s  i n  order  t o  produce consol idated waste forms have been used f o r  

many years.  Some of these  processes  provide volume reduct ion ,  while 

o the r s  r e s u l t  i n  a disadvantageous volume increase .  The primary reasons 

f o r  convert ing wastes t o  consol idated forms include (1) reduct ion  of  the 

d i s p e r s i b i l i t y  of  wastes i n  case of acc idents  during handl ing and 

t r a n s p o r t  and ( 2 )  reduct ion  of the  l e a c h a b i l i t y  of  radionucl. ides i n  

contac t  with water .  Because no s i n g l e  consolidatLon process has  been 

e n t i r e l y  s a t i s f a c t o r y ,  t he  development of improved techniques i s  ongoing. 

modi f ica t ions ,  and bitumen. Other s o l i f i c a t i o n  agents  t h a t  have been 

inves t iga t ed  include polyethylene,  po lyes t e r  r e s i n s ,  epoxy r e s i n ,  

The most commonly used s o l i d i f i c a t i o n  agents  a r e  cement, and i t s  many 
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synthetic minerals, glass ,  polymer-modified gypsum cement (Envirostone), 
and polymer-impregnated concrete. 

F.l.6 High-Integrity Containers 

A high-integrity contai.ner is any waste container that is capable of 
providing structural stability and containment of radionuclides over long 
time periods. The primary purpose of  requiring container stability is to 
preserve the stability of the disposal unit by preventing settling and 
subsidence. General use o f  high-integrity containers has been suggested 
for wastes containing relatively high concentrations of radicnuclides and 
radionuclides with relatively long half-lives (i.e., greater than 

5 years ) .  

E f f o r t s  to develop high-integrity containers have involved the 
formulation n f  perforniance criteria and the fabrication and tx?sting o f  

models by iridustrial corporations. Organizations that have def Ined 
criteria mi acceptable, performance include the NWC, l6 the S t a t e  o f  South 
carolinn, ' 7  amil EGK Idaho, ~ n c ,  '8 me U. s . Department of  Transportation 
(DOT) is involved indirectly i n  bLhe definition o f  acceptable  high-  

integrity cconisniners, because some o f  the criteri.a developed by the other 
nrgani z at ions spec i f y  cornp 1 i. a ace wi- th s e le c t ed DOT regulations on 
packaging. It is not: l . ikely that: any o f  the containers that have been 

commonl.y iised for transportation and dlsposal of  L L W  would mee.t all of  t h e  

proposed criteria for high-integrity containers. 
materials th3. t  have been proposed f o r  m o s t  cont:a:i.rier designs are either 
concrete or polyethylene because of the desirability of  usi.ng hert 

The purpose of  using a high-integrity container is that the 
container I rather than t:he surrounding geologic rnedlem, shoii1.d provide 
isolation of the waste from the environment. ?"ius, .ilr should be possible 
to p l a c e  appropriately designed containers in a conventional shallow 
t:renc.h. T h i s  assumption is  expected to be c l a r i f i e d  in rules for 
acceptance, handl.ing, and emplacement d.eveloped by the NRC f o r  commercial 
wastes and hy individual facilities f o r  DOE wastes. 

The construction 

I I l a t f r K i a l S .  

F. 2 Heal-th-Risk Assessmenes of  GCD Technologies 

Assessments of potential health risks to the public from the use o f  

particular GCD technologies at specific sites generally have not been 
performed. The EPA has performed generic he.alth-risk assessments for 
sanitary landfills, shallow-land burial, and improved shallow-land 



disposal, as well as some analyses on hydr0fra~ture.l~ 
assessments of the impacts of GCD technologies are presented in ref. 1. 
In the latter study, estimated doses for various GCD technologies were 
accompanied with the cautionary statement t h a t  the associated 
uncertainties are very large and that individual case studies, rather than 
a generic treatment, are needed. 

Thus, while it remains a reasonable presumption that the use of 

Other generic 

various GCD technol-ogies can result in reductions in doses to the pub1.i-c 
compared with the doses froin conventional near-surface land disposal, the 
extent of these reductions is not well established. We s u p p o r t  the 
recommendation that health-risk assessments o f  particular technologies at 
specific sites are needed. 1 
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