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CONSIDERATIONS A DE - MINIKIS -_I DOSE AND DISPOSAL 
EXEMPT CONCENTRATIONS I- OF RADIOACTIVE WASTES 

D. C. Kocher and F. R. O’Donnell 

ABSTMCT 

This report considers a generally applicable d e  minimis radiation 
dose for members of the general public and its application to determining 
exempt concentrations oE radioactive wastes for purposes of disposal. The 
concept of a d e  minimis dose is reviewed in relation to limits on 

acceptable dose from all sources of exposure, limits on dose from specific 
practices, and application of the A U R A  principle to reductions of public 
exposures. On the basis of current recommendations of radiation 
protection authorities, we propose as a generally applicable d e  minimis 
dose for members of the general public (1) a principal limit on annual 
committed effective dose equivalent averaged over a lifetime of  0.01 mSv 
(1 mrem) and (2) a subsidiary limit on committed effective dose equivalent 
in any year of 0.05 mSv (5 mrem) . We then review existing methodologies 
for using a d e  minimis dose to derive exempt concentrations of 
radionuclides in solid wastes for purposes of disposal, and we present a 
methodology that was developed for application to disposal on the Oak 
Ridge Reservation. Discussion of these methodologies emphasizes 
difficulties associated with their application to determining exempt 
concentrations of uranium-bearing wastes. First, it is illogical to use 
an annual d e  minimis dose of 0.01 mSv (1 mrem) t o  determine exempt 
concentrations of uranium when natural uranium in its undisturbed state 
leads to annual doses much greater than the de minimis value. Second, 
because of the very long  half-lives of uranium isotopes, doses to an 
inadvertent intruder from the drinking water pathway are  likely to be 
important at any non-arid, near-surface disposal site, but there is 
considerable uncertainty in predicting dose from this pathway due to the 
site-specific nature of geohydrologic and geochemical conditions that 
determine mobilization and transport of uranium in water. Third, over 
long time periods, the buildup of 226Ra and daughter products from uranium 
decay can greatly increase potential doses to intruders i f  the uranium in 
the disposal facility remains immobile. These issues are di-scussed with 
reference to a proposal for an exemption level for uranium in solid wastes 
of 30 pCi/g. Finally, we briefly discuss existing methods for measuring 
the uranium content in bulk solid wastes, because such measurements 
probably will be required in exempting uranium-bearing wastes for 
disposal. 
y+ $- ; 1, 8 4  !a p fl 
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1. INTRODUCTION 

Operations at U . S .  Department of Energy (DOE) facilities in Cak 
Ridge, Tennessee, routinely generate large volumes of solid waste 
materials that may contain relatively s m a l l  amounts of radioactivity. 
Procedures for disposal of waste materials must include consideration of 
the most appropriate means of disposal of such low-activity wastes. 

It is widely accepted within the radiation protection community that 
there are levels of radioactivity so l o w  as to be below regulatory concern 
( e . g . ,  see ref. 1); i.e., potential risks from radiation exposures that 
might result from unrestricted use of  such low-activity materials 
generally would be of no concern to members of the public. These so- 
called Irexempt" quantities of radioactive materials then could be handled 
in all respects as if they were nonradioactive; e.g., solid wastes 
containing exempt concentrations of radionuclides could lie treated as 
ordinary trash and placed in a sanitary landfill rather than in a disposal 

facility for low-level radioactive wastes. 

responsibility for establishing so-called "threshold" concentrations of 
low-level radioactive wastes that would require disposal by shallow-land 
burial or greater confinement disposal. * 
below the threshold values then would be acceptable for disposal in a 
sanitary landfill. T h e  primary advantages of establishing thresh01 d 
concentrations of radionuclides in solid waste materials include 
(1) significant reductions in the required capacity o f  radioactive waste 
storage and disposal facilities, (2) reductions in c o s t s  associated with 
storage and disposal of  radioactive materials, and ( 3 )  a potential 
increase in recycling or public sale of waste materials. A reduction in 
the volume of wastes that are placed in a radioactive waste-disposal 
facility a l s o  may lead to significantly improved long- term performance of 
the facility, e.g., by reducing the potential for subsidence of the trench 
cap or infiltration of water through the trench. 

In this report, we generally do not use the term "threshold" adopted 
by the DOE in describing concentrations of radionuclides in solid wastes 
that are below regulatory concern, because this term has the connotation 
that there is a threshold dose below which the risk of radiation-induced 
health effects (i.e., fatal cancers or genetic defects) is zero. Rather, 
we usually will use the term "exempt" to describe quantities of 
radionuclides that are below regulatory concern, because the risk from 
exposure to exempt materials, while very small, may be nonzero. 

relating radiation des$ and exempt concentrations of radionuclides in 
solid waste materials f o r  disposal on the Oak Ridge Reservation. The 

DOE Order 5820.2 assigns to the heads of DOE field organizations the 

Concentrations of racli oriuclides 

The primary purpose o f  this report is to present a methodolo~y 
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outputs of the methodology are estimates of radiation dose per unit 
concentration of radionuclides in the waste for individuals who might 
intrude inadvertently onto the waste disposal site following l o s s  of 
institutional controls over the facility. We focus on postulated exposure 
scenarios for an inadvertent intruder, because doses to an intruder are 
expected to be larger than doses resulting from off-site exposures of 
members of the general public. The dose-assessment methodology then can 
be used in two ways: (1) to derive exempt concenirations of radionuclides 
if a dose that is below regulatory concern for waste disposal has been 
established o r  (2) to estimate doses from exposure to exempt 
concentrations of radioactive wastes if the latter have been determined by 
some means other than establishment o f  a radiation dose that is below 
regulatory concern. 

Concentrations of activity in solid wastes to the radionuclides that are 
anticipated for disposal in the proposed Central Waste Disposal Facility 
(CWDF) in Oak Ridge. IJe particularly emphasize application of the 
methodology to uranium-bearing wastes from the Y-12 Plant in Oak Ridge, 
because of the need to save currently available space for disposal of 
low-level radioactive wastes at that site prior to development of the CWDF 

or an alternative storage or disposal. facility. 

discusses such radiation-protection concepts as (1) limits on acceptable 
dose from al.1 sources of exposure, (2) limits on dose from specific 
practices, ( 3 )  application of the A U R A  ( A s  Low A s  Reasonably Achievable) 
principle for reducing public exposures, and ( 4 )  a generally applicable de 

minimis dose, and the rel-ation of these concepts to the determination of 
exempt concentrations of radionuclides in solid waste materials. 
Section 3 tihen presents a review of current efforts by national and 
i-nternational authorities to establish a generally applicable level of 
radiation dose that would be below regulatory concern, i.e., a d e  minimis 
dose, and presents a recommendation for such a dose. The establishment of 
a genera1l.y applicable de m i n i m i s  dose would provide the most defensible 
means of deriving exempt concentrations of radionuclides in solid waste 
materials. Section 4 briefly describes the methodol.ogies that have been 
developed by various i.nvestigators for relating doses to inadvertent 
intruders at a waste-disposal site to exempt concentrations of 
radionuclides in the wastes. This section also incl.udes an evaluation of 
the concentration limit that has been proposed for determining exempt 
concentrations of uranium-bearing wastes at the Y-12 Plant in Oak Ridge. 
Section 5 presents a summary description o f  the methodology that we have 
developed for relating doses and exempt concentrations of radionuclides 
for disposal on the Oak Ridge Reservation, and presents a comparison of 

In this report, we apply the met:hodology relating radiation dose and 

The remai-nder of this report is organized as follows. Section 2 
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the results of  this methodology with the results obta ined  from the other 
methodologies reviewed in Section 4 .  In this comparison, we again 
emphasize the estimation of exempt concentrations of uranium in solid 
wastes. The methodology developed for the Oak Ridge site is presented in 
detail in Appendix A of this report. Section 6 presents a brief 
discussion of  measurement techniques and associated costs that might be 
u&ed to determine exempt concentrations of uranium in large volumes o f  

solid waste materials. Finally, Section 7 presents a summary of this work 
and the conclusions obtained from the analyses. 





5 

2 .  CONCEPTS I N  RADIATION PROTECTION 

2 . 1  In t roduct ion  

T h i s  s e c t i o n  presents  a d iscuss ion  of  fundamental concepts i n  

r a d i a t i o n  p ro tec t ion  t h a t  i s  intended t o  provide an understanding o f  the  

s ign i f i cance  of exempt concentrat ions of radionucl ides  i n  s o l i d  waste 

ma te r i a l s  and the  bases  f o r  e s t a b l i s h i n g  such concent ra t ions .  The 

concepts discussed here  include (1) l i m i t s  on acceptable  dose f o r  members 

o f  the  general  publ ic  from a l l  sources of exposure,  ( 2 )  l i m i t s  on dose 

from s p e c i f i c  p r a c t i c e s ,  ( 3 )  app l i ca t ion  of the  ALARA p r i n c i p l e  f o r  

reducing publ ic  exposures t o  s p e c i f i c  s i t e s  and s p e c i f i c  p r a c t i c e s  and the  

r e l a t i o n s h i p  between A U R A  and exempt q u a n t i t i e s  of r a d i o a c t i v i t y ,  and 

( 4 )  a genera l ly  appl icable  de minitnis dose.  These concepts and t h e i r  

i n t e r r e l a t i o n s h i p s  a r e  depicted i n  Fig.  1, which i s  adapted from r e f .  1. 
The fundnrncntal goal  of r a d i a t i o n  p ro tec t ion  i s  l i m i t a t i o n  of r i s k s  

from r a d i a t i o n  exposure,  and t h i s  goal normally i s  accomplished by means 

of  a system of  dose l i m i t a t i o n .  A s  recommended by the  I n t e r n a t i o n a l  

Commission on Radiological  Pro tec t ion  (ICRP), f o r  example, the system o f  

dose l i m i t a t i o n  has  th ree  requirements: (1) j u s t i f i c a t f o n  of  the 

p r a c t i c e ,  ( 2 )  op t imiza t ion  o f  exposures,  and ( 3 )  l i m i t a t i o n  o f  dose t o  

maximally exposed ind iv idua ls  .4 
involving r a d i a t i o n  exposures s h a l l  be adopted unless  it produces a 

p o s i t i v e  n e t  b e n e f i t .  Optimization of exposures means t h a t  a l l  exposures 

( i . e . ,  the  populat ion dose) s h a l l  be kept  As Low A s  Reasonably Achievable 

( A U R A ) ,  economic and s o c i a l  f a c t o r s  being taken i r i t o  account.  For  

r e l eases  o f  r a d i o a c t i v i t y  t o  the  general  environment, l i m i t a t i o n  o f  dose 

t o  ind iv idua l s  means t h a t  t he  dose equiva len t  t o  iiicrnbers o f  the  general  

publ ic  from a l l  sources ,  excluding n a t u r a l  background r a d i a t i o n  and 

d e l i b e r a t e  medical. p r a c t i c e s ,  s h a l l  no t  exceed s p e c i f i e d  l i m i t s ,  except 

under unusual circumstances,  regard less  of  the  c o s t  of con t ro l  measures 

t h a t  would be requi red  t o  meet the  l i m i t .  

J u s t i f i c a t i o n  means t h a t  no p r a c t i c e  

2 . 2  L i m i t s  on Acceptable Dose from A l l  Sources 

For exposures o f  the  general  pub l i c ,  dose l i m i t s  from a l l  sources ,  

excluding n a t u r a l  background and d e l i b e r a t e  medical p r a c t i c e s ,  a r e  

intended t o  represent  a l i m i t  on incremental r i s k  t h a t  i s  "acceprable" t o  

m o s t  i nd iv idua l s .  This l e v e l  o f  r i s k  i s  est imated on the  b a s i s  of r i s k s  

from o the r  a c t i v i t i e s  t h a t  a r e  widely accepted by the  general  pub l i c .  The 

t o p  ho r i zon ta l  l i n e  i n  F ig .  1 represents  the  l i m i t  on acceptable  dose t o  

any member o f  t he  general  pub l i c  from a l l  sources o f  exposure. 
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I n  the  U . S . ,  t he  l i m i t  on acceptable  dose f o r  members of the  general  

pub l i c  from a l l  sources o f  exposure i s  e s  tabli.slried i n  r a d i a t i o n  p ro tec t ion  

s tandards of the Nuclear Regul-atory Commission ( N R C )  , and cu r ren t ly  i s  a n  

annual dose equiva len t  from uniform whole-body i r r a d i a t i o n  of 0 . 5  rem 

(5 mSv) . 5  

become an annual dose of 0 . 5  rem ( 5  mSv) which i s  the  sum o f  the  committed 

e f f e c t i v e  dose e,quivalent froin i n t e r n a l  exposure and the  dose equivalent  

t o  whole body from ex te rna l  exposure.' 

equiva len t ,  as def ined i n  ICRP Publ ica t ion  26, i s  a weighted sum of  

committed dose equiva len ts  f o r  s eve ra l  d i f f e r e n t  body organs and tiissues. 

I n  proposed r ev i s ions  of  these  s tandards ,  t he  l i m i t  would 

The committed e f f e c t i v e  dose 

The DOE e s t a b l i s h e s  dose l i m i t s  f o r  i t s  operat ions s imi l a r  t o  those 

of  the  NRC. Current s tandards f o r  DOE operat ions include l-imits on annual 

dose equivalent  of 0 . 5  rem (5 mSv) f o r  occasional  exposures ( i . . e . ,  

exposures t h a t  a r e  temporary i n  na ture  and w i l l  n o t  continue f o r  more than 

5 years )  and 0 . 1  rem (I mSv) f o r  prolonged These limits apply 

t o  the  sum of the  committed e f f e c t i v e  dose equivalent  from i n t e r n a l  

exposure and the  e f f e c t i v e  dose equivalent  from ex te rna l  exposure. 

The r a d i a t i o n  p ro tec t ion  s tandards f o r  DOE operat ions7 a r e  si-milar t o  

cu r ren t  recommendations o f  t he  ICRP which include two dose l imi t s : '  (1) a 

p r i n c i p a l  l i m i t  on annual cornmi-tted e f f e c t i v e  d o s e  equi.valent averaged 

over a l i f e t i m e  o f  1 inSv and ( 2 )  a subs id ia ry  l i m i t  on committed e f f e c t i v e  

dose equiva len t  i n  any year  o f  5 mSv. A s imi l a r  two- t ie red  dose- 

l i m i t a t i o n  system, i . e . ,  l i m i t s  on annual committed e f f e c t i v e  dose 

equiva len t  of 0 . 1  rein (1 mSv) f o r  continuous exposures and 0 . 5  re111 ( 5  mS-v) 

f o r  occasional  exposures,  i s  bei.ng considered by the  National Council on 

Radiat ion Pro tec t ion  and Measurements (NCRP) . 
A use fu l  po in t  of reference f o r  dose limits f o r  publ ic  exposures i s  

provided by l e v e l s  of n a t u r a l  background r a d i a t i o n .  

committed e f f e c t i v e  dose equivalent  from n a t u r a l  background i n  the  U . S . ,  

including cont r ibur ions  from radon daughter products during indoor 

res idence which a r e  about h a l f  of the  t o t a l ,  i s  about 0 . 2  rem 

Y,10 

The average annual 

( 2  mSv) . 1 1 , 1 2  

2 . 3  L i m i t s  on Dose from Speci f ic  P rac t i ces  

Regulacory a u t h o r i t i e s  i n  the  U .  S .  have e s t ab l i shed  genera l ly  

appl icable  l i m i t s  on dose from s p e c i f i c  p r a c t i c e s  t h a t  o f t e n  a r e  well 

below the  l i m i t  on acceptable  dose from a l l  sources .  The s tandards f o r  

s p e c i f i c  p r a c t i c e s  e s s e n t i a l l y  represent  a judgment by the regula tory  

a u t h o r i t i e s  t h a t  t he  dose l i m i t  i s  "reasonably achievable ,  " taking i n t o  

account c o s t s  of achievi-ng the  l i m i t s  with ava i l ab le  technologies  and 

assoc ia ted  reduct ions i n  h e a l t h  r i s k s  t o  the  general  pub l i c .  T h u s ,  the 
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dose l i m i t s  may be viewed as an app l i ca t ion  o f  the ALVA p r i n c i p l e  t o  

standa-rd s e t t i n g  i t s e l f .  

The genera1.l.y appl icable  dose l i m i t  f o r  a s p e c i f i c  p r a c t i c e  i s  

represented by the  second hor i zon ta l  l i n e  i n  F i g .  1. This dose limit 

could apply,  f o r  example, t o  a1.l~ l~ow-level  waste d isposa l  f ac i . l - i t i e s ,  and 

i s  a 1.iinit not t o  be exceeded f o r  t h a t  p rac t i ce  a t  any s i - t e .  

For praciii-ces t h a t  do not  pr imari ly  involve n a t u r a l l y  occurr ing 

rad ionucl ides ,  many of the cur ren t  s tandards of  the  NRC and the  U .  S . 
Envi.ronmenta1 Proi:c?c'iion Agency (EPA) spec i fy  a l i m i t  o n  annual dose 

equivalent  t o  who1.e body o f  25 mrem ( 0 . 2 5  mSv) - i . e . ,  (1) the  EPA's 
standards f o r  var ious operat ions o f  the  uranium f u e l  cycle  , I3  operat ions 

of f a c i l i t i e s  f o r  management o f  spent f u e l ,  h igh-  l e v e l  and transuranium 

wastes ,  '-4 operati-ons o f  thorium processing f a c i l i t i e s  l5 and airborne 

emissions of rad ionucl ides ,  l6 and ( 2 )  the- N K C ' s  s tandards f o r  near -sur face  

d isposa l  of rad ioac t ive  wastes.  The DOE a l s o  has  e s t ab l i shed  an in te r im 

l i m i t  on annual dose equivalent: o f  25 mrem ( 0 . 2 5  mSv) as guidance f o r  
developtrig new disposa l  f a c i l i t i e s  f o r  low-level  radioacti.ve wastes .  18 

I t  i s  important t o  no te ,  however, t h a t  the  dose l i m i t  t h a t  i s  judged 

reasonably achievable may vary from one p r a c t i c e  t o  another .  

the  EPA's remedial. ac t ion  standa.rds f o r  i nac t ive  uranium processing 

s i . t : e ~ ' ~  s e t  l i m i t s  on radium concentrat ions i n  s o i l ,  indoor radon l e v e l s ,  

and indoor gamma rad ia t ion  t h a t  correspond t o  annual dose equivalents  

considerably i n  excess of  25 mrem (0  I 25 mSv) , l9 whereas the  EPA's intetrirn 

s tandards f o r  i -ad loac t iv i ty  i n  dr inking water contain a l i m i t  on annual 

dose equivalent  'to whole body o r  any organ  from man-made, beta/gamma- 

For example, 

emi t t ing  radionucl.i.des o f  4 mrem (0.04 mSv) . 20 

2 . 4  Applicat ion o f  the ALARA Princi.pl.e t o  Public Exposures 

The ALARA pr i .ncj~ple  involves a balancing of reduct:i.oris i n  popul.at:i-on 

dose with the  increased c o s t s  required t o  achieve such r educ t ions ,4  and 

app l i ca t ion  o f  the ATARA p r i n c i p l e  t o  s p e c i f i c  p r a c t i c e s  iiiay reduce doses 

t o  ind iv idua ls  below es t ab l i shed  l i m i t s  f o r  those p rac t i ces  provided it i s  

c o s t - e f f e c t i v e  t o  do s o .  Use o f  the  ALARA p r inc ip l e  f o r  c o n t r o l l i n g  

publ ic  exposures i s  spec i f i ed  i n  the  N R C ' s  cu r r en t  and proposed radia- t ion 

p ro tec t ion  s tandards ,  5 7  

the design o f  nucl.ear power p l an t s21  and the  operat ion of near -sur face  

d i~sposa l  f a c i l i t i e s  f o r  rad ioac t ive  wastes.  l7 

a l s o  i s  required i n  the DOE'S r ad ia t ion  p ro tec t ion  s tandards f o r  the  

and a l s o  i s  spec i f i ed  i n  cu r ren t  s tandards f o r  

Use of  the ALARA princip1.e 

general  pub1 . i~ .  '7 
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The ALARA principle may be applied in two ways: (1) on a site- 
specific basis for a given practice and (2) on a practice-specific basis 
irrespective of site. The doses  to individuals that would result from 
these two applications of the A U R A  principle are indicated by the two 
dashed lines in Fig. 1.. 

Application of the A U R A  principle on a site-specific basis for a 
given practice is illustrated by the N R C ' s  requirement that all near- 
surface disposal facilities for radioactive wastes shall reduce annual 
dose equivalents to whole body for off-site members of the general public 
as far below the limit o f  25 mrem (0.25 mSv) as is reasonably 
achievable. l7 

each facility, so application of the A U M  principle t o  different sites 
generally will result in different maximum doses to off-site individuals. 

General application of  the A U R A  principle to specific practices may 

T h e  determination of what is A U R A  is to be performed for 

lead to the determination of quantities of radionuclides that are "exempt" 
or "below regulatory concern" for that practice, irrespective of site. 
With regard to low-level waste disposal, for example, exempt 
concentrations of  radionuclides would define materials that could be 
disposed of as if they were nonradioactive. 
quantities of radionuclides for a specific practice essentially represents 
a judgment by the regulatory authorities that the doses associated with 
those levels of radioactivity are A U R A  for that practice at any site, but 
the dose associated with exempt quantities of radionuclides may vary froin 
one practice to another. A s  discussed in Section 3.2.1, several NRC 
rulemakings specify quantities of radionuclides that are generally exempt 
from certain licensing requirements. 

The determination of exempt 

2.5 De Minimis Dose 

The concept of a generally applicable de minimis dose arises from the 
consideration that there must be a limit beyond which no further reduction 
in dose should be attempted using the ALARA principle, either at specific 
sites for a given practice or for particular practices irrespective of 
site. The de minimis dose is represented by the lowest line in Fig. 1. 

As described in Section 3.1, a de minimis dose corresponds to a level 
of risk that most individuals in the general public would regard as 
"negligible." Thus, such a dose must be set well below established limits 
on acceptable dose from all sources of exposure and, furthermore, must be 
set below any established dose limit for specific practices. The de 
minimis dose not only is of no concern to regulatory authorities, as are 
doses associated with exempt quantities of radionuclides for specific 
practices, but such a dose also defines a level below which control of 
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1 r a d i a t i o n  exposures would be de l ibe ra t e ly  and s p e c i f i c a l l y  c u r t a i l e d ;  

i . e . ,  it i s  a neg l ig ib l e  dose level. which i s  appl icable  t o  all prac t i ces  

and a l l  s i t e s .  Proposals by regula tory  au thor i t i -es  f o r  a genera l ly  

appl icable  de minimis dose a r e  discussed i n  Sect ion 3 . 2 .  

2 . 6  Summary of Concepts 

The fundamental concepts i n  radiat i -on p ro tec t ion  descr ibed above and 

the i r  inter-relat ionshi .ps  may be summarized a s  fol lows.  A dose 1.i.mit from 

a l l  sources of exposure, excluding na tu ra l  background and d e l i b e r a t e  

medical p r a c t i c e s ,  corresponds t o  a l i m i t  on r i s k  t h a t  i s  genera1l.y 

"acceptable"  t o  members of the  publ.ic and c o n s t i t u t e s  a c e i l i n g  f o r  

applicatzion o f  the  A U R A  p r i n c i p l e ;  i . e . ,  t h i s  dose l i m i t  must be met 

regard less  of c o s t  I except under unusual circumstances.  Regul.at:ory 

a u t h o r i t i e s  then may e s t a b l i s h  Lower dose l i m i t s  f o r  s p e c i f i c  p r a c t i c e s  

( e . g . ,  low-level  waste di-sposal) ,  based on a judgment t h a t  such doses 

genera l ly  a r e  "reasonably achievable ,"  and t h i s  dose L i m i t  may vary from 

one p r a c t i c e  t o  another .  Applicat ion of the  ALARA p r i n c i p l e  leads  t o  

reduct ions i.n doses t o  ind iv idua ls  below the  genera l ly  applicab1.e dose 

l i m i t s  on both a s i t e - s p e c i f i c  and a p r a c t i c e - s p e c i f i c  b a s i s .  The l a t t e r  

app l i ca t ion  a l s o  may l ead  t o  the  determination of q u a n t i t i e s  o f  

radionucl ides  t h a t  a r e  "exeinpt" o r  "below regula tory  concern, I' based on  a 

judgment by regula tory  a u t h o r i t i e s  t h a t  doses assoc ia ted  w i t h  the  exempt 

l e v e l s  a r e  AIAP-4. The genera l ly  appl icable  de minimis dose must be wel l  

below the  l i m i t  on acceptable  dose from all sources and below any dose 

1 . i m i t  f o r  s p e c i f i c  p r a c t i c e s ,  and c o n s t i t u t e s  a f l o o r  f o r  appl i -cat ion of 

the  ALARA p r i n c i p l e ;  i . e . ,  e f f o r t s  t o  reduce closes below the  de minimis 
l e v e l  would, i n  a l l  ca ses ,  be de l i .bera te ly  and s p e c i f i c a l l y  c u r t a i l e d .  

Thus, t he  l i m i t  on acceptable  dose from a l l  sources and t:he de 
minimis dose i n  Fig.  1 a r e  genera l ly  appl icable  limits t h a t  def ine  

boundaries wi th in  which the  A U R A  p r i n c i p l e  opera tes .  I t  must be 

emphasized, however, t h a t  while the  d e  minimis dose c o n s t i t u t e s  a lower 

l i m i t  t o  ATAKA, t h i s  dose i s  not  the  goal of A U R A  s ince  the  dose t h a t  i s  

"as low as  reasonably achievable" f o r  a s p e c i f i c  p r a c t i c e  a t  a p a r t i c u l a r  

s i t e  may be above the de  minimis l eve l . '  

only that: reasonable e f f o r t s  be made t o  reduce and maintain doses a s  f a r  

below appl icable  l i m i t s  a s  i s  p r a c t i c a b l e ,  taking i n t o  account a v a r i e t y  

of technologica l ,  s o c i a l ,  and economic f a c t o r s ,  not  t h a t  doses must be 

reduced t o  de minimis l e v e l s .  

The AIARA p r inc ip l e  requi res  

From the  d i f f e r e n t  concepts depicted i n  Fi.g. 1, i t  i s  evident  t h a t  

two approaches may be used t o  determine exempt concentrat ions of  s o l i d  

waste ma te r i a l s  f o r  purposes of d i sposa l .  The f i r s t  approach involves 
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general application of 
optimization procedure 
doses from disposal of  

the A L A M  principle to waste disposal, and this 
based on n cost-benefit analysis could result in 
exempt concentrations of  radionuclides chat are 

greater than the generally applicable d e  m i n i m i s  dose.  Alternatively, 
exempt concentrations of  radionuclides f o r  solid-waste disposal, or f o r  

any other practice, can be determined on the basis of the generally 
applicable d e  minimis dose itself without the need f o r  a cost-benefit 

analysis based on application o f  the AURA principle, provided a widely 
accepted value for a d e  m i n i m i s  dose can be established. 
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3. RECOMMENDATIONS OF RADIATION PROTECTION 
AUTHORITIES FOR A DE MINIMIS DOSE 

. -  This section presents a review of recommendations by radiation 
protection authorities for a generally applicable d e  m i n i m i s  dose for 
members of the general public, i.e., a dose that would be below regulatory 
concern for any practice at any site. This review also includes 
recommendations related to establishing exempt concentrations of 
radionuclides for purposes of waste disposal. Section 3.1 presents the 
general approach, based on the concept of negligible risk, that normally 
is used in developing a d e  m i n i m i s  dose. Section 3.2 then reviews the 
various recommendations for a d e  m i n i m i s  dose by radiation protection 
authorities. Finally, Section 3.3 presents a proposal for a generally 
applicable d e  n i i n i m i s  dose for members of the general public that we have 
developed on the basis of this review. We reiterate that establishment of 
a d e  m i n i m i s  dose would provide the most defensible basis for deriving 
exempt concentrations of radionuclides in solid wastes. 

3.1 General Approach to Defining a De M i n i m i s  Dose 

The approach normally used in developing a generally applicable d e  

r n i n i m i s  dose is based on the concept of negligible risk,' as outlined 
bel.ow. 

On the basis of risks that are widely accepted by the general 
public, a "negligible" lifetime risk from radiation exposure is 
defined. The negligible risk must be well below the limit for 
acceptable risk on which radiation protection standards are based. 

From the negligible lifetime risk from radiation exposure so 
defined, a lifetime d e  m i n i m i s  dose is derived using an accepted 
factor for the risk of fatal cancers and genetic defects per unit 
dose. In radiation protection, the risk factor is based o n  a linear 
no-threshold, dose-response hypothesis, and the value usually is 
assumed to be in the range 1-2 x per Sv (1-2 x per rem). 

From the lifetime d e  m i n i m i s  dose so derived, an annual d e  m i n i m i s  

dose is obtained by assuming exposure over a 70-year lifetime for an 
average individual; i.e., the lifetime d e  m i n i m i s  dose is divided 
into equal annualized increments. 

4 

u9 

The result of  this approach is that a negligible lifetime risk is 
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expressed in terms of a de minimis dose for each year of exposure. 

Alternatively, one can define an annual. negligible risk that forms the 
basis for an annual dc niinimis dose, instead of first derivi.ng a lifetime 
de minimis d o s e ,  but all approaches are based on an assuinption for a 
negligible level of risk. 

The approach to defining a general.ly applicable de minimis dose does 
not involve consideration of particular practices or facility locations. 
However, use of a de minimis dose to derive exempt quantities or 
concentrations of radi-onuclides involves consideration o f  specific 
practices ( e . g . ,  waste disposal) and, perhaps, specific locations (e.g., 
di-fferences in doses per unit concentration from disposal in humid or arid 
environments) . 

3.2 Current Recommendations for a De M.ini .mis  Dose 

This section reviews current recommendations by regulatory 
authorities in the U.S. and other countries for a de minimis dose and for 
defining exempt concentrations of radionuclides for purposes of waste 
disposal. 

3.2.1 U.S. Nuclear Regulatory Commission 

The NRC is considering a generally applicable de minimis dose in 
6 revising its radiation protection standards for the general public. 

Although a proposal for a de minimis dose is not given, the supplementary 
informaLion in the proposed rule presents a calculation of an annual dose 
equivalent of 0.1 mrem (0.001 mSv), based on an assumed negligible 
lifetime risk of The proposed rule also contains an annual dose 
equivalent of 1 mrem (0.01 mSv) as a cutoff level for use in population 
dose evaluations;6 i.e., individual- doses below the cutoff l.evel would be 
excluded in applying the ALAR4 principle to control. of exposures of the 
general public. However, the proposed cutoff level for populati.on dose 
evaluations is not a de miiiimis dose for maximally exposed individuals. 

wastes , I7  tile NRC considered the issue of establishing genera1l.y 
22 applicable exemption levels f o r  radioactivity in waste materials. 

However, i.nstead of developing general cri-teria for defining exempt 
wastes, the NRC chose t;o maintain its policy of considering waste streams 
on a case-by-case basis to determine if they are below regulatory concern. 
The NRC believed that consideration of a variety of waste streams would 
facilitate the desirab1.e goal. of establishing a generally appli.cable de 

In devel.oping its standards for near-surface disposal of radioactive 
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m i n i m i s  dose. In this regard, the N R C ' s  dose-assessment methodology for 
near-surface disposal of radioactive wastes was used to estimate potential 
doses from disposal of different low-activity waste streams. 23 
case, the estimated annual dose equivalent to whole body for an 
inadvertent intruder into the disposal facility was 0.4 mrem (0.004 mSv) 
or less. 

In each 

The NRC recently has issued a policy statement regarding handling of 
petitions for exempting specific radioactive waste streams from disposal 
in a licensed low-level waste disposal facility. 24 
several decision criteria that will be used by the NRC in judging whether 
to grant a petition. Some of these criteria are as follows: (1) the 
maximum expected effective dose equivalent to an individual member of the 
public does not exceed a few mrem per year for normal operations and 
anticipated events; (2) the collective doses to the critical population 
and the general population are small; and ( 3 )  the potential radiological 
consequences of accidents or equipment malfunction involving the wastes 
and intrusion into disposal sites after loss of normal institutional 
controls are not significant. The NRC also has indicated that decision 
criteria for exempting radioactive wastes from disposal in licensed 
facilities will be implemented in a generic rulemaking,25 but the policy 
guidance discussed above will be used on an interim basis until final 
regulations have been adopted. 

that are exempt from certain licensing requirements: 
scintillation materials and animal carcasses containing concentrations of 
3H and 14C less than 0.05 pCi/g 
their radioactivity; 10 CFR Part 30 lists exempt quantities and 
concentrations of many radionuclides that are byproduct materials and 
exempt quantities of radionuclides in such items as resins, self-luminous 
products, and gas and aerosol detectors;26 10 CFR Part 40 describes 
"unimportant" quantities of source and 10 CFR Part 71 states 
that packages containing radioactive materials having a specific activity 
not greater than 0.002 pCi/g are exempt from licensing requirements for 
packaging and transportation. 28 However, the exempt quantities of 
radioactivity in the different NRC rulemakings do not appear to be 
associated with the same dose to members of the general public; i.e., 
considerations other than dose were important in establishing exempt 
levels of radioactivity in each case. Thus, these exempt quantities of 

This guidance provides 

Several current NRC rulemakings specify quantities of radionuclides 
in 10 CFR Part 20, 

* 
may be disposed of without regard to 

* Throughout this report, quantities of radioactivity are given in units 
of pCi ,  rather than in the SI unit of B q ,  primarily because quantities 
of radioactivity generally have been given in the non-SI units in the 
regulations and other documents cited herein. The conversion between 
the two units is 1 DCi = 37 kBq. 
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radioactivity probably do not provide an appropriate basis for developing 
a generally applicable d e  i n i n i m i s  dose. 

3.2.2 U .S. E n v i r o n m e n t a l  P r o t e c t i o n  Agency 

In devel-oping standards for disposal of low-level radioactive 
wastes, 29  the EPA is considering waste streams with activity levels that 
could be below regulatory concern. The EPA has performed dose 
calculations for many low-activity waste streams by assuming a variety of 
exposuxe scenarios and geographical locations for a disposal :facility. In 
about half of the calculations, the estimated annual. dose equivalent to 
whole body was less than 1 mrem (0.01 mSv), but annual dose equi.vaIents as 
large as 70 mrem (0.7 mSv) were obtai.ned. The EPA has not yet indicated a 
dose that might be considered below regulatory concern €or waste disposal 
or any other purpose. 

3 . 2 . 3  U.S. Depar tment  of Energy 

In response to the requirement in DOE Order 5820.2 that exempt 
quantities of low-level radioactive wastes be estahl-ished for disposal at 
DOE sites, two DOE-contractor organizations have developed proposals for 
defining exempt concentrations of radionuclides that could be placed in an 
on-site sanitary landfill. A draft document prepared for the National 
Low-Level Waste Management Program3' contains a recommendation for a 
threshold limit on annual committed effective dose equivalent to an 
inadvertent intruder at a disposal si.te in the range ].-lo mrem (0.01- 
0.1 mSv). A threshold limit is distinguished from a dose that: is d e  

m i n i m i s  or below regulatory concern by the administrative controls that 
would be placed on wastes with exempt: concentrations o f  radionucli-des; 
i.e., wastes below the threshold limit are those generated by the DOE for 
disposal in a DOE-operated sanitary landfill on a DOE-controlled site. 
Thus, a threshold limit dose might reasonably be higher than a generally 
applicable d e  m i n i m i s  dose or a dose from waste disposal that would be 
below regulatory concern at any site. The second DOE-contractor report 
assumes as a d e  m i n i m i s  level an annual committed effective dose 
equivalent of  1 mrem (0.01 mSv) . 

DOE-contractor reports 30931 on the basis of the assumed dose I . i . m i t s  €or an 
inadvertent intruder is di-scussed further in Section 4 . 2 .  

31 

The derivation of exempt concentrations of radionuclides in the two 
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3 . 2 . 4  National Council on Radiation Protection and Measzrementzs 

The NCRP is considering as a de minimis level an annual corniiiitted 
effective dose equivalent of 1 mrem (0.01 mSv), based on an assumed 
negligible risk of 
of the annual limit on acceptable dose from all sources for continuous 
exposures that is being considered by the NCRP (see Section 2 . 2 ) .  The 

NCRP a l s o  is considering a proposal that population dose assessments 
should exclude those individuals who receive annual committed effective 
dose equivalents less than 1 mrem (0.01 mSv). Thus. the proposed de 
minimis dose for maximally exposed individuals is the same as the value 
for truncating population dose calculations. 

per year. 9 , 3 2  The proposed de minimis dose is 1% 

3 . 2 . 5  International Commission on Radiological Protection 

The ICRP has issued a set of recoininendations for exempting sources of 
radiation exposure from licensing, registration, or notification 
requirements. 3 3  

wastes from requirements for disposal as radioactive materials, the 
recommendations a l s o  would apply to any practice. 

Although these recommendations focus on exempting solid 

On the basis of  an assumed negligible risk of per year, the ICRE' 
recommends that an annual committed effective dose equivalent of 0.1 mSv 
(10 mrem) may he  regarded as negligible. However, to take into account 
the possibility that an individual could be exposed to several exempt 
sources, the ICRP further recommends that the exemption criterion be 
reduced to an annual committed effective dose equivalent per source of 
0.01 mSv (1 mrem). Since it seems almost certain that the total annual 
dose equivalent to a single individual from all exempt sources will be 
less than ten times the contribution from the exempt source giving the 
highest dose, the dose limit per source will ensure that the recommended 
negligible dose level will not be exceeded when all exempt sources are 
taken into account. The ICRP also recommends that an exempt source should 
result in a collective committed effective dose equivalent over a defined 
period of operation that does not exceed 1 person-Sv ( S O 0  person-rem). 

if the collective committed effective dose equivalent is less than 
S person-Sv ( S O 0  person-rem) and if this collective dose equivalent is 
made up of annual individual dose equivalents less than 0.01 mSv (1 mrem). 

Thus, in summary, the ICRP recommends that sources could be exempted 
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3.2.6 Atomic Energy Control Board (Canada) 

The Atomic Energy Control Board of Canada has issued a proposal for 
exempt:i.ng the disposal of certain radioactive materials from licensing 
requirements. 34 

radionuclides are to be determined from a de minimis level of an annual 
committed effective dose equivalent of 0.05 mSv (5 iiirem), which i s  based 
on an a-ssumed negli-gible risk of  lo-' per year. A further recommendation 
is that the potential for exposure of large populations to the de minimis 
dose will be smal.1; i . e . ,  the radiological impacts from disposal of  exempt 
materials will be localized. 

The proposal is that exempt concentrations of 

3 . 2 . 7  National Radiological Protection Board (U.X.) 

The U.K.'s National Radiological Protection Board (NRPB) has 
recommended as a de minimis level an annual committed effective dose 
equivalent: of 0.05 mSv (5 mrem) , 3 5  which is 1% of the limit on annual dose 
for members of  the general public recommended in ICRP Publication 26. 
The NRPB also recommends, however, that the de minimis dose from any 
pract:ice he reduced by a factor of 10, i.e,, to an annual committed 
effective dose equivalent o f  0.005 inSv (0.5 mrem), when an individual 
could be exposed to several exempt sources. 

4 

3 . 2 . 8  International Atomic Energy Agency 

The International Atomic Energy Agency (IAEA) has convened an 
advisory group to recommend methods for use in determining exempt levels 
of radioactive waste for disposal in the terrestrial environment. 36 The 
advisory group has recommended that the determination o f  exempt 
concentrations of  radionuclides be derived from a de minimis level o f  an 
annual committed effective dose equivalent o f  0.01 mSv (1 mrem), based on 
an assumed negligible risk of  

points out that the proposed de minimis dose essentially applies only to 
man-made radionuclides, because it is illogical to apply a limit on annual 
dose equivalent of 0.01 mSv (1 mrem) to naturally occurring radionuc1,ides 
which, in their undisturbed state, lead to doses much greater than the de 
minimis value. 

The IAEA also has convened an advisory group  to consider general 

per year. The advisory group also 

e 

principles f o r  exempting radioactive materials f r o m  basic safety 
standards.37 
level an annual committed effective dose equivalent of  0.01 mSv (1 mrem) 

This advisory group a lso  has recommended as a dc minimis 
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and noted the problem of establishing exempt concentrations for naturally 
occurring radionuclides discussed above. A second recommendation is that 
a practice may be left unregulated if the annual collective dose- 
equivalent commitment is less than 1 person-Sv (100 person-rem). 

3.2.9 Summary of recommendations 

The recommendations of various radiation protection authorities that 
could be used as a generally applicable de minimis dose for membzrs of the 
general public are summarized in Table 1. The proposals for an annual 
dose equivalent are in the range 0.001-0.1 mSv (0.1-10 mrem), with most 
recommendations focusing on 0.01 or 0 , 0 5  mSv (1 or 5 mrem). We emphasize 
that the three U.S. Government agencies have not yet endorsed either a 
value f o r  a generally applicable de minimis dose or a dose that could be 
used for establishing exempt concentrations of radionuclides in waste 
materials for purposes of  disposal. The NRC has indicated, however, that 
waste streams giving annual dose equivalents of a few mrem to individual 
members of the public could be exempted from licensing requirements for 
disposal of radioactive wastes. 

3 , 3  Proposal for a De Minimis Dose 

This section presents some comments on the recommendations for a de 
minimis dose discussed in the previous section, and presents a proposal 
based on this review. 

3 . 3 . 1  Comments on recommendations f o r  a de minimis dose 

The following comments are offered on the recoiiimdations by various 
regulatory authorities for a de minimis dose for members of the general 
public. 

[l] A de minimis dose need not be expressed as a limit for each year of 
exposure, as is customary in all of the proposals reviewed, 
primarily because the negligible risks on which the de minimis dose 
are based generally are not constant over a lifetime. 
alternative of expressing the de minimis level as an annual dose 
averaged over a lifetime is more closely related to the fundamental 
goal of limiting lifetime risk while a l s o  encouraging proper 
consideration of the age dependence of dose and risk in deriving 

The 
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Table 1. Recommendations of regulatory authorities 
€or a d e  minimis dose 

Aut:hori ty 
Annual dose 

("iSV) a 

0.01-0.1 U.S. Department of Energy 
Atomic Energy Control Board (Canada) 0.05 
National Radiological Protection Board (U.K.) 0.05" 

0.01 U. S . Department of Energy 
National Council on Radiation Protection and Measurements 0.01 
1nt:ernationnl Coilmission on Radiological Protection 
International Atomic Energy Agency 

U.S. Environmental Protection Agency ? 

b 

d 

0. Ole 
0. Olf 

U. S . Nuclear Regulatory Commissiong 0.001 ( ? )  

aValues are annual committed effective dose equivalents to 
individuals, and may be converted to units of mrem by multiplying by a 
factor of 100. 

bProposal for waste disposal only at. DOE sites for DOE'S National 
Low-Level Radioactive Waste Management Program (ref. 30). 

Recoinmended value is 0.005 mSv when an iiiclividual could be C 

exposed to several exempt sources. 

dProposal for waste disposal only at DOE sites from Paducah 
Gaseous Diffusion Plant (ref. 30). 

Recommended value of 0.1 mSv for exposure to all exempt sources 
is reduced by a factor of 10 to take into account the possibility of 
exposure to several exempt. sources. In additi-on, the collective dose 
equivalent from an exempt source should be less than 1 person-Sv. 

e 

fValue is intended for application only to man-made radionuclides. 
Practice al.so may be left unregulated if annual collecti-ve dose 
equivalent is less than 1 person-Sv. 

EValue obtained from exampl e calculation in Supplementary 
Information for proposed revision of 10 CE'K Part 20 (ref. 6). In 
addition, guidance has been established t h a t  waste streains may be 
exempted from licensing requirements for disposal of radioactive wastes 
if che annual dose equivalent does not exceed a few mrem (ref. 2 4 ) .  
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38 exempt concentrations o f  radionuclides in solid wastes. 
Furthermore, one can specify both a limit on annual dose averaged 
over a lifetime and a higher limit on dose in any year. 

[2] An annual dose equivalent of about 0.2 mSv (20 mrem), which 
corresponds approximately to the standard deviation of natural 
background radiation in the U.S., 3 9 9 4 0  might seem a reasonable 
choice for a de minimis level. However, this dose probably is too 
high to be acceptable as de minimis in the U.S. because of the 
widespread use of an annual dose equivalent of 0.25 mSv (25 mrem) as 
a limit for specific practices, including waste disposal. l3-I7 A de 

minimis dose, by definition, must be below any dose that is o f  

concern to regulatory authorities; and, indeed, the interim 
standards for radioactivity in drinking water2' may preclude an 
annual de minimis dose equivalent as low as 0.05 mSv (5 mrem), 
unless the EPA chooses to replace the different dose and 
concentration limits for various radionuclides by a single dose 
limit, as is being considered in proposed revisions of the 
standards. 41 

[ 3 ]  An annual dose equivalent much below 0.01 mSv (1 mrem) may be too 
low to be reasonable as a de minimis level, because of the 
difficulties that likely would be encountered in measuring 
associated quantities of radioactivity. Furthermore, an annual de 

minimis dose equivalent approaching 0.001 mSv (0.1 mrem) would be 
less than 0.1% of the dose from natural background radiation. Such 
a low de minimis dose for each source perhaps could be justified 
only if exposures of individuals to many exempt sources'were likely. 

3.3.2 A p r o p o s e d  de minimis dose 

From the considerations outlined above, we offer the following 
proposal for a generally applicable de minimis dose for members of the 
general public: 

111 a principal limit on annual committed effective dose equivalent 
averaged over a lifetime of 0.01 mSv (1 mrem) ; and 

[2] a subsidiary limit on committed effective dose equivalent in any 
year of 0.05 mSv ( 5  mrem). 

This proposal is based primarily on (1) the recommendation being 
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considered by 
on acceptable 

the NCRP that the de minimis dose be set at 1% o f  the limit 
dose from a l l  sources of exposure 9 3 3 2  and (2) the two-tiered 

dose-limitation system for continuous and occasional exposures currently 
recommended by the ICRP and being considered by the NCRP (see 
Section 2 . 2 ) .  An annual dose equivalent of 0.01 mSv (1 mrern )  a l s o  has 
been proposed as a de minimis level by Kathren et al. on the basis of a 
cost-benefit analysis, 

naturally occurring radionuclides, as recommended by advisory groups of 
the I A E A . ‘  ’‘ 37 

general.1.y exempt or below regulatory concern wou1.d be determined instead 
from application o f  the A I A M  principle to specific practices. The annual. 
close equivalents to ineinliers of the public resulting from exempt 1.evels of 
naturally occurring radionuclides presumably will be well above the de 
ritinimis level for man-made radionucl.idcs , because naturally occurring 
radionuclides in their undisturbed state lead to doses much greater than 
the proposed de miiiini.i.s value. 

background radiation and, assuming a risk factor of about 2 x 
(2 x IO-’ per Sv) , 4  corresponds to a 1.i.fetime risk from continuous 
exposure 05 about This level o f  risk generally is regarded as 
negligi.ble by most individuals i n  the general public. This is a dummy 

Page * 

42 

The proposed de minimis dose wou1.d apply to man-made but not to 

Levels of  naturally occurring radionuclides that are 

The proposed de minimis dose is about 1% of the dose from natural 
per rein 
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4 .  REVIEW OF METHODOLOGIES FOR DERIVING EXEMPT CONCENTRATIONS 
OF RADIONUCLIDES IN SOLID WASTES 

4 . 1  Introduction 

This section presents a review of selected methodologies developed by 
other investigators for deriving exempt concentrations of radionuclides in 
solid waste materials. The outputs of  these methodologies can be 
expressed as factors that convert radionuclide concentrations in a 
disposal facility to annual dose equivalents to inadvertent intruders at 
the disposal site. The establishment of  an annual de minimis dose thus 
would provide a basis for deriving exempt concentrations of radionuclides 
in solid wastes. 
concentration of radionuclides in solid wastes usually focus on exposures 
of inadvertent intruders, because doses to an intruder generally are 
higher than those to off-site individuals due to the effects of dilution 
in the transport of radionuclides from the disposal facility to locations 
at which off-site exposures occur. 

Annual doses to an inadvertent intruder per unit concentration of 
radionuclides in the disposal facility may be estimated for a number o f  

exposure pathways. The general equation for estimating the annual dose at 
time t from radionuclide i and exposure pathway p is 

The methodologies for estimating annual doses per unit 

4 3  

where 

H = annual dose equivalent, 
C = radionuclide concentration in medium of exposure (air, water, 

soil, or foodstuffs), 
U - usage parameter (annual exposure time or annual intake of 

contaminated material), and 
D = dose conversion factor (annual dose equivalent per unit 

radionuclide concentration in environment for external 
exposure or committed dose equivalent per unit radionuclide 
intake for internal exposure). 

4 We prefer to express H as the annual committed effective dose equivalent, 
which includes the effective dose equivalent from external exposure, but 
this practice has not  been followed by all other investigators. 

The radionuclide concentrations C in eq. (1) are obtained from 
consideration of environmental transport of radionuclides following 
disposal, either by such natural processes as leaching by water and 
infiltration through soil, root uptake by vegetation, or suspension into 
the atmosphere, or by direct actions of the intruder, e.g., excavation of 

4 
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LIE waste materials in a trench. Most models treat the radionuclide 
concentrations in the different exposure media as constant fractions of 
the concentrations in the trench; these are the so-cal1.ed equilibriurn 
models. For example, the ratio of the Concentration in vegetati-on to the 
concentration in contaminated soil is assumed to be a constant for all 
isotopes of a given element. However, some models treat the radionuclide 
concentrati.ons in the exposure media as dynamic variables. In these 
rnodel.s, the transfers of activity between environmental compartments are 
described by fractional transfer rates tAat are constant with time, and 
Khe resulting concentrations in each compartment as a function of time are 
obtained as solutions of sets of simultaneous first-order linear 
differential equations. The asymptotic solutions of these equations give 
the same concentrations as wou1.d be obtained from an equilibrium model. 
The use of the simpler equilibrium models generally is adequate for 
purposes of deriving exempt: concentrations of radionucl-ides in solid 
wastes. 

The usage parameter U and the dose conversion [actor D in eq. (1) are 
treated as constants by most investigators, since the methodologies 
generally focus on exposures of adults. Age-dependent usage parameters 
and dose conversion factors may be needed if exposures of infants and 
children also are considered in the dose analysis. The dose conversion 
factors for i-nternal exposures via ingestion or inhalation are the same 
for all exposure pathways that lead to intakes by the given route. For 
external exposures, however, the dose conversion factors depend on the 
assumed distribution of sources in the environment and the locati-on of the 
exposed individual relati-ve LO the source region. 

Some methodologies for estimating dose to an inadvertent intruder 
expl-i-citly include consideration of such factors as the leachability or 
solubility of the  wastes that affect the concentration of radionuclides in 
the different; exposure media relative K O  the concentration in the disposal 
facility itself. Other methodologies may calculate dose with the 
assumpti-on chat all activity in the trench is available for transport to 
the exposure media, so that additional correction factors may be needed in 
cases where this assumption is not appropriate (e.g., for mobilization of  

activated metals). An advantage of the second method is that t he  dose 
calculations are easily modifi-ed if the assumpti.ons for the correction 
factors are changed. 

Finally, various methodologies may differ in the way they treat an 
assumed time del-ay between disposal of the wastes and the onset of 
intruder exposures, e.g., following loss of institutional controls over 
the facility. Most methodologies calculate annual doses per unit 
concentration of radionuclides initial.1-y in the trench and include in the 
calcul.ations loss by radi-oactive decay or other physical removal processes 
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, 

during an assumed per iod  o f  i n s t i t u t i o n a l  con t ro l s  ( e . g . ,  100 y e a r s ) .  

Other methodologies c a l c u l a t e  annual doses pe r  u n i t  concent ra t ion  o f  

rad ionucl ides  a t  the time exposure occurs ,  s o  add i t iona l  co r rec t ion  

f a c t o r s  a r e  needed t o  c a l c u l a t e  t he  corresponding concent ra t ions  .nt the  

time of  d i sposa l .  The second method has the  advantage t h a t  i t  allows f o r  

f l e x i b i l i t y  i n  descr ib ing  reduccions i n  concent ra t ions  between the  time of 

disposal. and the  time exposures a r e  assumed t o  occur .  

The remainder o f  t h i s  s e c t i o n  presents  a review o f  t he  s e l e c t e d  

methodologies t h a t  can be used t o  es t imate  annual doses t o  an i n a i v e r t e n t  

i n t r u d e r  per  u n i t  concent ra t ion  o f  radionucl ides  i n  a d i sposa l  f a c i l i t y ,  

and the  r e s u l t s  f r o m  some methodologics are t abu la t ed  f o r  s e l e c t e d  

rad ionucl ides .  W e  p a r t i c u l a r l y  emphasize r e s u l t s  f o r  t he  uranium iso topes  

t h a t  occur i n  s o l i d  wastes generated a t  t he  Y - 1 2  Plant  i n  Oak Kiclge, the  

m o s t  important of which a r e  238U and 234U. 
methodologies t h a t  have been developed by the  DOE and i t s  c o n t r a c t o r s ;  

Sec t ion  4 . 3  reviews methodologies t h a t  have been developed by the  NRC and 

i t s  c o n t r a c t o r s ;  and Sec t ion  4 . 4  discusses  a methodology t h a t  has  been 

developed under the  auspices  o f  the XAEA. F i n a l l y ,  Sec t ion  4.5 discusses  

a proposal  t h a t  has  been used by the  DOE f o r  determining exempt 

concent ra t ions  o f  uranium i n  s o l i d  wastes a t  t he  Y - 1 2  P l an t .  

Sec t ion  4 . 2  considers  

4 . 2  Methodologies Developed by t-he DOE 

This s e c t i o n  reviews a number of methodologies developed by the  DOE 

arid i t s  con t r ac to r s  t h a t  can be used t o  es t imate  annual doses t o  an 

inadver ten t  i n t rude r  pe r  u n i t  concent ra t ion  o f  radi.onuc1 ides i n  s o l i d  

was tes .  

arid by J o k e r s t ,  31 s ince  they were developed s p e c i f i c a l l y  t o  der ive  exempt 

concent ra t ions  of  radionucl ides  f o r  d i sposa l  i n  a s a n i t a r y  l a n d f i l l ,  b u t  

o the r  c a l c u l a t i o n s  a lso are d iscussed .  

W e  focus p r imar i ly  on the  methodologies developed by EG&G Idaho 30 

4.2.1 Methodology d e v e l o p e d  by EC&G Idaho 

T h e  methodology developed by EG&C Idaho f o r  D O E ’ S  Nat ional  Low-Level. 

Waste Management Program30 considers  doses r e s u l t i n g  from the  following 

scenar ios  f o r  exposure a t  a d i sposa l  s i t e :  

- exposures o f  workers during the  opera t iona l  per iod  o f  t he  f a c i l i t y ;  
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- exposures of an individual who constructs a home on the site 
following loss of institutional controls (i.e., the intruder- 
construction scenario); and 

- exposures of an individual who inhabits a homestead on the site 
following l o s s  of institutional controls (i.e., the intruder- 
agriculture scenario). 

The exposure pathways for the site-worker and intruder-construction 
scenarios include the following: 

- external exposure to radionuclides in s o i l  and suspended in air; 

- inhalation of suspended radionuclides; 

- ingestion of contaminated soil. 

The exposure pathways for the intruder-agriculture scenario include the 
f o 1 lowing : 

- external exposure to radionuclides in so i l .  and suspended i.n air; 

- inhalation of suspended radionuclides; 

- ingestion of foodstuffs contaminated by atinospheric deposition and 
root uptake from soil; 

- ingestion of animal products (meat and milk) obtained from livestock 
grazing on contaminated vegetation; 

- ingestion of contami-nated water; 

- ingestion of Contaminated soil. 

Environmental transport of radionuclides for each of the exposure 
scenarios and assoc ia ted  pathways is calculated using the DOSTOMAN 
computer code developed at the Savannah River Laboratory. 44 

contains a dynamic model that performs calculations of time-dependent 
inventories of radionuclides in the different environmental compartments 
of interest. The output of this methodology is given in terms of annual 
doses per unit concentration of radionuclides in the facility at the time 
of disposal. Included in the model are factors that account for decay of 
radionuclides and removal rates from soil by other processes during the 

This code 
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period of institutional controls, which is assumed to be 100 years. 

concentration of radionuclides in the disposal facility at the time of 
disposal were performed for an arid site (i.e., Idaho National Engineering 
Laboratory) and a humid site (i.e., Savannah River Plant). The results of 
the calculations f o r  selected radionuclides for disposal at the Savannah 
River Plant are given in Table 2; this site most resembles the Oak Ridge 
Reservation. For a l l  radionuclides, the limiting exposure scenario (i.e., 
the scenario giving the highest dose per unit concentration o f  

radionuclides) was either the on-site worker or the intruder-agriculture 
scenario. Table 2 includes results only for those radionuclides for which 

the intruder-agriculture scenario was limiting, since occupational 
exposures are not of concern in this report. 

of contaminated drinking water from a well drilled into an aquifer below 
the disposal trench, as well as the contributions from all the other 
pathways that involve activity in the trench itself. The radionuclides 
that could yield doses from the drinking water pathway presumably include 
those with low retardation coefficients in transport through the soil 
column to the aquifer (e.g., 3H, 1 4 C ,  and 99Tc and those with moderate 
retardation coefficients but long half-lives (e.g., the long-lived uranium 
isotopes). However, the importance of the drinking water pathway to the 
results in Table 2 is not indicated in ref. 30. Such information is 
potentially important when comparing these results with those obtained by 
other investigators, because the dose from the drinking water pathway 
generally will be much more site-specific than the dose from the other 
pathways. 

234U. 
ingestion pathways for the intruder-agriculture scenario. Again, however, 
the importance of the drinking water pathway to the dose from 238U is not 
indicated in ref. 30. From the methodology for the Oak Ridge Reservation 
discussed in Section 5 of this report, we expect that the annual dose from 
238U + 234U in secular equilibrium per unit concentration of 238U will be 
about twice the annual dose from 238U alone. 

Calculations of annual committed effective dose equivalents per unit 

The results in Table 2 include possible contributions from ingestion 

The calculations for the Savannah River site included 238U but not 
The annual dose per unit concentration for 238U is based on the 

4.2.2 Methodology of Jokerst 

Jokerst3' has presented calculations of  annual doses per unit 
concentration of  radionuclides in a disposal facility assuming the 
following exposure scenarios: 
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Table 2. Annual doses to an inadvertent intruder per unit 
concentration of radionuclides in disposal facility 

obtained from EG&G Idaho methodologya 

Nuc 1 ide 

b Annual dose 
(mrem/y per p~i/m3) 

H- 3 
c-14  

Ni-63 
Sr-90 
Tc-99 
CS - 137 
U-235 
U- 238 
Pu-239 
Pu- 240 
Pu- 242 
Am- 241 
Am- 243 

7.8E-7 
3.8 
1.7E-4 
2.8E-2 
1.0E-2 
1 . 8  

1.2 
5.7E-1 
5.6E-1 
5.7E-1.  

5.9E-1 
7.2E-1 
2.4 

aFrom r e f .  30; values a r e  f o r  s i t e  a t  Savannah River 
Plant. 

bResults a r e  given as annual committed effective dose 
equivalents p e r  unit concentration at time of d i s p o s a l ,  
and 100 years of i-xistitutional controls i s  assumed before 
exposures occur. 
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- water intrusion and groundwater transport to an access location at 
the site boundary; 

- overflow of the disposal facility and transport to a nearby surface 
stream; 

- an intruder-agriculture scenario. 

The intruder-agriculture scenario was found to limit the radionuclide 
concentrations in most cases. The exposure pathways for this scenario 
include the following: 

- external exposure to radionuclides in soil and suspended in air; 

- inhalation o f  suspended radionuclides; 

- ingestion oE foodstuffs contaminated by atmospheric deposition and 
root uptake from soil. 

These pathways involve only exposures to activity in the disposal facility 
itself; i.e., the dri-nking water pathway is not included in the intruder- 
agriculture scenario. 

The dose calculations for the intruder-agriculture scenario were 
based on the methodology developed by the NRC23 in support of its 
rulemaking on shallow-land disposal of radioactive wastes. The 
calculations give annual committed effective dose equivalents per unit 
concentration of radionuclides at the time of disposal, and they include 
consideration of loss of activity by decay and other physical removal 
processes during the period of institutional controls, which is assumed to 
be 20 years. 

in Table 3. 
most important exposure pathways for 238U + 234U are those involving 
airborne activity and external exposure from the soil volume. The annual 
doses per unit concentration for 238U and 234U in Table 3 are about four 
orders of magnitude less than the value for 238U in Table 2. The source 
of  such a large discrepancy is not known. We attempted to reproduce the 
result for 238U in Table 3 using the sources of data given by Jokerst 
but were not successful. The value we obtained was only about a factor of 
25 less tharr the value from ref. 30 given in Table 2. 

The results of the calculations for selected radionuclides are given 
Both 238U and 234U are included in the calculations, and the 
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Table 3. Annual doses to an inadvertent intruder per  unit 
concentration of  radionuclides in disposal facility 

ohtai-ned from methodology o f  Jokersta 

Nuclide 

b Annual dose 
(mrem/y per  p~i/rn3) 

H - 3  

c - 14 
Sr- 90 
Tc-99 
cs  - 137 
Ra-226 
Th- 232 
U-234 
u-23s 
U-238 
Pu-238 
Fu-239 

~ 

2.6E-5 
1.OE-5 
4 . 2 E - 6  

1.9E-5 
9.1E-4 
4 . 2 E - 3  

4.8E-3 
4.5E-5 
3 . 6 E - 4  

6.7E-5 
1.. I E - 4  

1.4E-4 
__I.. 

aFrom ref. 3 1 .  

bResul.ts are given as annual committed effective dose 
equivalents per unit concentration at time o f  di.sposal, 
and 20 years o f  institutional cont:rols is assumed before 
exposures occur. 
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4.2.3 Other DOE methodologies 

This section discusses results from other methodologies presented in 
DOE and DOE-contractor reports that could be used to calculate dose to an 
inadvertent intruder at a waste disposal facility, We again emphasize 
results for 238U and 234U.  

An analysis of radionuclide migration pathways for the proposed 

Central Waste Disposal Facility in Oak Ridge3 considered doses to 
inadvertent intruders assuming an intruder - agriculture scenario. 45 

following exposure pathways were included in the analysis: 

The 

- external exposure to radionuclides in soil; 

- inhalation of suspended radionuclides; 

- ingestion of vegetables contaminated by root uptake from soil; 

- ingestion of contaminated water. 

Doses were calculated for whole body and for bone, kidneys, and lungs. 

radionuclides are given in Table 4 ;  these results apply to trench disposal 
only but not to disposal in above-ground tumuli. The dose from the 
drinking water pathway is an important contributor to the total dose f o r  

3H, 99Tc, and all the uranium isotopes. The dose from the drinking water 
pathway for all uranium isotopes was determined by the assumed solubility 
limit for uranium in water of 45 pmol/L. 45 

uranium isotope for the drinking water pathway is independent of the total 
concentration of uranium in the disposal facility, provided the 
concentration exceeds the solubility limit. The effect of a solubility 
limit for uranium on the dose from the different uranium isotopes is 
discussed further in Section 5.3. 

The annual doses to whole body per unit concentration for selected 

Thus, the dose from each 

The DOE has published a pathways analysis for estimating doses to 
individuals who would intrude onto contaminated sites that were used for 
storage and processing of uranium and thorium ores.46 
radionuclides of concern to the analysis were 238U, 234U, and their 
daughter products, and 238U and 234U were assumed to be in secular 
equilibrium. An intruder-agriculture scenario was assumed with the 
following exposure pathways: 

The only 

- external exposure to radionuclides in soil and suspended in air; 



32  

Table 4 .  Annual doses to an inadvertent intruder per unit 
concentrati.on of radionuclides in disposal trench 

obtained from methodology of Pin et al.a 

Nuc 1 ide 

b Annual dose 
(mrem/y per p~i/rn3) 

13- 3 

C-14 
Sr-90 
Tc-99 
CS-137 
U-23h 
U-235 
U- 238 

7 . 4 E - 5  

4.OE-1 
5.4E-3 
4.lE-2 
1.6E-2 
4.6E-1' 
5. 6E-2d 
7. 5E-2e 

From Tables 3.3 and 6.7-6.11 of re€. 45. Results do a 

not apply to disposal in above-ground tumuli, 

bResults are given as annual cornmittzed dose 
equivalents to whole body per unit concentration at time 
of disposal, and 100 years of instituti-onal controls is 
assumed before exposures occur ~ 

CContri but ion from vegc table pathway only ; annual 
dose equivalent from drinking water pathway is 34 mrem 
independent of concentration in disposal facility, 
provided total concentration of uranium exceeds assumed 
solubility limit of 45 pmol/L. 

dContribution from vegetable, external exposure, and 
inhalati-on pathways only; annual dose equivalent f rom 
drinking water pathway is 75 mrem independent of 
concentration in disposal facility, provided total 
concentration of uranium exceeds assumed solubility limit 
o f  45 pmol /L .  

eContribution from vegetable and inhalation pathways 
only; annual dose equivalent from dr inking  water pathway 
is 73 mrem i-ndependent o f  concentration in disposal 
facility, provided total concentration of uranium exceeds 
assumed solubility limit of 45 pmol/L. 
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- inhalation of suspended radionucl.ides ; 

.. 

- ingestion of foodstuffs contaminated by atmospheric deposition and 
root uptake from soil; 

- ingesti.on of  meat and milk derived from livestock grazing on 

contaminated vegetation and drinking contaminated water; 

- ingestion of contaminated water; 

- ingestion of contarriiriated fish; 

- ingestion of contaminated soil 

Annual doses per unit concentration for the different pathways were 
calculated for whole body and f o r  bone, liver, kidneys, and lungs .  The 
dose from 238U + 234U in secular equilibrium is determined primarily 'by 
ingestion of contaminated water and external exposure to contaminated 
soil. 
obtained from Table S . l  of ref. 4 6 ,  is 2.5 mrem/y per pCi/g of 238U in 
soil. 
a result of 1.8 mrem/y per pCi/m3, which is within a factor of 3 of the 
result in Table 2 for 238U alone obtained from the EG&G Idaho 
methodol~gy.~' 
238U and 234U each contribute about half of the dose when the two isotopes 
are in secular equilibrium, so the results from refs. 30 and 46 <%ppear to 
be in good agreement. 

The estimated annual dose to whole body from 2 3 8 U  + 2 3 4 ~ ,  as 

If we assume a soil density of 1 .4  g/cm3 (ref. & I ) ,  then we obtain 

As discussed in Section 5 of this report, we expect that 

4 . 3  Methodologies Developed by the NRC 

The NRC deve loped a comprehens ive do s e - a s s es sment me tho do 1 ogy 2 2 , 2 3 , 4 8  

in support of its rulemaking on near-surface disposal o f  radioactive 
wastes.l7 The dose analysis for an inadvertent i-ntruder was used to 
establish the concentration limits for disposal of different radi.onuclides 
that are contained in the rulemaking (i.e., the limits for Class-A, -E, 
and - C  wastes). 17 

The NRC's dose analysis for an inadvertent intruder considered 
intruder-construction and intruder-agriculture scenarios. The intruder- 
agriculture scenario generally was limiting in determining maximum 
radionuclide concentrarions that are generally acceptable for near-surface 
disposal. The following exposure pathways were considered for this' 
scenario : 



- external exposure to radionuclides in soil and suspended in air; 

- inhalation of suspended radionuclides; 

-- ingestion of foodstuffs contaminated by atmospheric deposi.ti.on and 
root uptake from soi.1.  

The calculations give annual doses to whole body and several body organs 
per unit concentration of radionuclides at the time o f  disposal. The 
calculations include consideration of l o s s  of activity by decay during the 
period of insti.tut:ional controls, which is assumed to be 100 years, and 
they include consideration of the dispersibility, leachability, stability, 
and accessibility of the wastes. 

The results of the calculations f0.r sei-ected radionuclides are given 
in Table 5 .  These results apply t o  Class-A wastes, whi.ch have the least: 
stringent requi.rements on stabil-ity of  the waste form17 and, thus, would 
most closely resemble [:he types of  wastes t ha t  would be placed in a 

sanitary landfill. We note that the results for the uranium and 
transuranium isotopes were obtai-ned from ref. 22, rather than the 
rulemaking itself. 17 

the NRC that estimates doses to an inadvertent intruder. 49 

agriculture scenario is assumed with the following exposure pathways: 

The Pacific Northwest Laboratory a l s o  has developed a methodology for 
An intruder- 

- external exposure to radionuclides in soil; 

--- inhalation of suspended radionuclides; 

ingestion of foodstuffs contaminated by atmospheric deposition and 
root uptake from soil; 

- ingestion of contaminated water. 

The user also may construct 0t:hc.r exposure pathways by appropriate 
definition of conditions associated with each pathway. No calculational 
results were presented in the report describing this methodology. 

4 . 4  Methodology Developed by the IAEA 

A methodology for deriving exempt concentrations of  radionuclides in 
solid wastes is being developed by an Advisory Group o f  the The 
exempt concentrati-ons are based on an annual d e  minin2is dose of 0.01 mSv 
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Table 5. Annual doses to an inadvertent intruder per unit 
concentration of radionuclides in disposal Eacility 

obtained from NRC methodology" 

Nuclide 

b Annual dose 
(mrem/y per p~i/m3) 

H- 3 
C-14 
Ni-63 
Sr - 90 
Tc-99 
CS-137 
U-235 
U-238 
PU- 238 
Pu-239 
Pu- 240 
Pu- 242 
Am- 241 
Am- 243 
Cm- 244 

1.3E-5 
6.3E-4 
1.4E-4 
1.3E-2 
1.7E-3 
5.OE-4 
1.3E-2 
1.OE-2 
l.8E-2 
4.8E-2 
4.8E-2 
4.5E-2 
6.3E-2 
7.6E-2 
9.3E-4 

aFrom Tables 1 and 2 of  ref. 17, except from 
Table 4 . 5  of Main Report of  ref. 22 for uranium isotopes 
and from p .  C-135 of Appendix C of  ref. 22 for 
transuranium isotopes. 

bResults are given as annual committed dose 
equivalents to whole body per unit concentration at time 
of disposal, and 100 years of institutional controls is 
assumed before exposures occur. 
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(1 mrem) committed effecti-ve dose equivalent, as recommended by the same 
Advisory Group. 36 The following exposure scenarios are considered: 

- site equipment operator; 

- intruder - construc tion; 

- residexi t i i a l  (i. e. , intruder-agriculture) ; 

- trench f i r e ;  

- groundwater transport; 

- incinerxti.on 

For the intl’utler-agriculture scenario, the followi.ng exposure pathways are 
considered: 

- external exposure to radi.oriuclides in soil; 

- inhalation of suspended radionucl.i.des ; 

- ingestion of foodstuffs contaminated by atmospheric deposition and 
root uptake from s o i l .  

The methodology developed by the Advisory Group is used to calculate 
exempt concentrations for a variety of man-made radionuclides. However, 
no calculati~ons were performed for uranium isotopes because of the view of 
the Advisory Group that: it is not reasonable to apply an annual de minimis 

dose equival.erit of 0.01. mSv (1. mrem) to naturally occurring radionuclides 
(see Section 3.2.8). 

4 . 5  DOE Proposal for Defining Exempt Concentrations o f  

Uranium in Solid Wastes at the Y-12 Plant 

The DOE has developed a proposal for exempting concentrations oE 

uranium in solid wastes within DOE exclusion areas, including the Y-12 
P1 ant in Oak Ridge. 51 
natural, o r  enriched uranium below 30 pCi/g may be placed in sanj tary 
landfills within DOE exclusion areas without restrictions based upon 
radioactivity. 

The proposal i s  that concent r-at5ons o f  depleted, 
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The recommendation of 30 pCi/g as a limit for defining exempt 
concentrations of uranium in solid wastes was not based explicitly on 
selection of. an annual d e  m i n i m i s  dose and calculation of the 
corresponding concentrations using a pathways analysis for shallow-land 
di.sposa1. Rather, the exempt concentrations for uranium were based on the 
EPA’ s cleanup standards for inactive uranium processing sites, I5 w~iic~i 
specify a limit on average 226Ra concentrati.ons in sur~iice soils of 
5 pCi/g, and an analysis by the NRC which concluded that the annual. dose 
from 30 pCi/g of uranium in soil was comparable to the dose from 5 pCi./g 

of radium. 52 

In essence, the EPA’ s standards for cleanup of inacti-ve uranium 
processing sites are based on the principle that is it unreasonable to 
require cleanup of naturally occurring radionuclides to levels that: are 

below natural background for areas where the uranium ore was mined; i.e., 
requiring cleanup of radium only to levels approaching natural background 
is deemed ALAE&. This is a reasonable approach, bec.aiuse requiring more 
stringent cleanup standards would  not significantly reduce the risk f r o m  

exposure to naturally occurring radionucli.des. However, it may be 

questionable whether cleanup standards developed f o r  sites in the western 
U . S .  are appropriate for other locations where concentrations of naturally 
occurring radionuclides may be considerably lower. 

It is important to recognize that the doses associ-ated with the EPA’s  

cleanup standards for inactive uranium processing sites, and thus with a 
limit on exempt concentrations of uranium f o r  waste disposal of 30 pCi/g, 
may be relatively large compared with doses associated with exempt 
concentrations of other radionuclides for other activities as defined by 
the NRC5’26-28 or with an annual d e  znirriniis dose equivalent of 1 mrem 
(0.01 mSv). 
concentrations oE 5 pCi/g to a depth of several feet c,an produce annual 

external dose equivalents above ground of about 80 mrem (0.8 mSv) . 53 
annual doses per unit concentration of 238U given in Sections 4.2.1 and 
4 . 2 . 3  of this report 30 45 3 46 yield estimated annual. dose equivalents for a 
238U concentration of 30 pCi/g of  about 20-80 inrein (0.2-0.8 mSv), assuming 
a waste density o f  1.4 g/cm3 (ref. 4 7 ) .  

following annual dose equivalents from 30 pCi/g of 238U in secular 
equilibrium with all its daughter products: about 100 mrem (1 mSv)  to 

whole body from external exposure; about 65 mrem (0.65 mSv) to the lungs 
from inhalation of resuspended material; and about 400 mrem ( 4  mSv) to 
bone f r o m  ingestion of contaminated vegetation, beef, and milk. These 
results are discussed further in Section 5.3. 

For example, as noted by the EPA,” s o i l s  with radirm 

The 

The NRC a l s o  has estiiiiatied the 
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5. METHODOLOGY FOR DERIVING EXEMPT CONCENTRATIONS OF RADIONUCLIDES 
FOR DISPOSAL ON THE OAK RIDGE RESERVATION 

This section presents a summary description of a methodology that has 
been developed for estimating annual committed effective dose equivalents 
to an inadvertent intruder per unit concentration of radionuclides f o r  

disposal on the Oak Ridge Reservation. 
respects to those discussed in Section 4 .  T h e  various methodologies 
differ primarily in (1) the exposure pathways included in the dose 
analysis f o r  an inadvertent intruder, (2) the parameter values used in the 
models f o r  each pathway, and ( 3 )  the use in some cases of dose equivalents 
to whole body instead of the effective dose equivalent. 

Following a description of the methodology for the Oak Ridge 

Reservation in Section 5.1, Section 5.2 presents a comparison of annual 
doses per unit concentration of radionuclides obtained from the different 
methodologies reviewed in this report. Finally, Section 5.3 focuses on 
the annual doses p e r  unit concentration obtained from the different 
methodologies for the uranium isotopes of importance to solid wastes 
generated at the Y-12 Plant in Oak Ridge. 

The methodalogy is similar in many 

5.1 Description of Hethodology f o r  the O a k  Ridge Reservation 

The methodology for estimating annual committed effective dose 
equivalents to an inadvertent intruder per unit concentration of 
radionuclides thatr. has been developed for the Oak Ridge Reservacion is 
described in detail in Appendix A of this report. 
an intruder-agriculture scenario with the following exposure pathways: 

The methodol.ogy assumes 

- ingestion of contaminated drinking water; 

- ingestion o f  vegetables grown in contaminated soil; 

- ingestion of  Contaminated soil from the vegetable garden; 

- ingestion of milk and meat from dairy and beef cattle that drink 

contaminated water ; 

- external exposure to contaminated soil; and 

- inhalation of suspended activity from Contaminated soil. 
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The assumptions used i n  ca l cu la t ing  annual doses t o  an inadvertent  

i n t rude r  per  u n i t  concentrat ion of  radionucl ides  f o r  each exposure pathway 

a r e  descr ibed as f o l l o w s .  

Drinking Water - An indiv idua l  obtains  a l l  dr inking water from a 

contaminated source on the  d isposa l  s i t e ,  and the  d a i l y  in take  of 

water i s  1 1,. 

Vegetables - An indiv idua l  obtaj-ns a l l  vegetables  from a garden on 

the  d isposa l  s i t e ,  and the  annual in take  of vegetables  i s  90  kg. 

Contaminated s o i l  from the  d isposa l  f a c i l i t y  i s  mixed with na t ive  

s o i l  i n  the vegetable  garden with a dil .ution f a c t o r  o f  0 . 2 ,  and 

radionucli-des a r e  t r ans fe r r ed  t o  the  vegetables  vi.a r o o t  uptake.  

S o i l  Inges t ion  - An indiv idua l  consumes contaminated soi .1  from the  

vegetable  garden i n  conjunction with vegetable  in t akes ,  and the  

d a i l y  in take  of  s o i l  i s  0 . 1  g.  

Milk and Meat - An indiv idua l  ob ta ins  a l l  milk and meat from da i ry  

and beef c a t t l e  t h a t  ob ta in  all t h e i r  dr inking water from the  same 

coritarninatcd source on the disposal  s i t e  chat suppl ies  dr inking 

water f o r  the  ind iv idua l .  The annual in takes  by the ind iv idua l  a r e  

110 L of milk and 90 kg o f  b e e f ,  and the da i ly  in takes  o f  water by 

the  da i ry  arid beef c a t t l e  a r e  60 L and 50 L ,  r e spec t ive ly .  

Extxrnal Exposure - An individual. receives  ex te rna l  exposures whi-le 

working i n  the  contaminated .vegetable garden and while r e s id ing  i n  a 

house t h a t  i s  constructed immediately on t o p  o f  the  d isposa l  

f a c i l i t y .  The dose i n  both cases  takes  i n t o  account the  sh ie ld ing  

provided by fihe s o i l  i n  which the  radionucl ides  a r e  mixed. The 

ind iv idua l  annually spends 100 h i n  the  vegetable  garden and 4 3 8 0  h 

i n  the  house,  and the sh ie ld ing  f a c t o r  during indoor res idence i s  

0 , 7  f o r  a l l  photon-emirti-ng radionucl ides .  

Inha la t ion  -.- An individual  a l s o  receives  inha la t ion  exposures while 

working i n  the  vegetable  garden and res id ing  i n  the  house on the  

d isposa l  f a c i l i t y .  The airborne concentrat ions of radionucli-des a r e  

descr ibed usi.ng a mass-loading approach, and the concentrat ion o f  

suspended s o i l  i s  

and kg/m3 while indoors.  A dose-reduct ion f a c t o r  during indoor 

res idence o f  0 . 2 4  i s  appl ied t o  a l l  radionucl ides  except 3H and 1 ~ 4 C .  

kg/m3 whi.1.e working i n  the  vegetable  garden 



Thus, f o r  two of  t he  assumed exposure pathw,iys, t he  annual dose 

depends on the  concent ra t ions  of  rad ionucl ides  i n  water a t  t he  d i sposa l  

s i t e ,  For the  remaining four  exposure pathways, t he  annual dose depends 

on the  concent ra t ions  of radionucl ides  i n  the  d i sposa l  f a c i l i t y  i t s e l € .  

The c a l c u l a t i o n s  of annual dose p e r  u n i t  concent ra t ion  o f  

rad ionucl ides  i n  water o r  i n  the  d isposa l  f a c i l i t y  a r e  based on t h e  

assumption t h a t  exposures occur with a p r o b a b i l i t y  of  u n i t y  a t  any time 

a f t e r  l o s s  of  i n s t j t u t i o n a l  con t ro l s  over t he  f a c i l i t y .  However, t he  

c a l c u l a t i o n s  do no t  include e x p l i c i t  assuinptioris regarding reduct ions i n  

concent ra t ions  due t o  r ad ioac t ive  decay during the  per iod  o f  i n s t i t u t i o n a l  

c o n t r o l s .  h c o r r e c t i o n  f a c t o r  f o r  dccay i s  eas i ly  appl ied  i f ,  f o r  

example, one assumes that: i n s t i t u t i o n a l  con t ro l s  are maintained f o r  

100 yea r s .  I n  t h i s  case, the  decay co r rec t ion  would be important f o r  such 

rad ionucl ides  as 3 H ,  ’OS,, a r d  1 3 ’ C s .  

Because of t he  assumption o f  u n i t  p r o b a b i l i t y  f o r  t he  occurrence o f  

i n t r u d e r  exposures a t  any t i m e  a f t e r  l o s s  of  i n s t i t u t i o n a l  c o n t r o l s ,  w e  

have attempted t o  choose reasonable  average va lues ,  r a t h e r  than  m?ximum 

poss ib l e  v a l u e s ,  €o r  model parameters t h a t  descr ibe  t r anspor t  o f  

rad ionucl ides  through te r res t r ia l  foodchains and the  in t ake  r a t e s  and 

exposure t i m e s  f o r  an inadver ten t  i n t r u d e r .  W e  be l i eve  it i s  unreasonable 

t o  assume not  only t h a t  an in t rude r  w i l l  be exposed with u n i t  p robab i l i t y  

a t  any t i m e  according t o  each o f  the  assumed parhways, b u t  a l s o  t h a t  an 

in t rude r  w i l l  experience extreme in t ake  r a t e s  and exposure t i m e s .  This 

zpproach agrees  with t h c  recommendation of the  LCRP t h a t  dose l i i i i i t s  

should apply t o  average ind iv idua ls  i n  the  c r i t i c a l  group of maximally 

exposed ind iv idua l s .  Nonetheless,  the  c a l c u l a t i o n s  probably provide 

conservat ive overest imates  of a c t u a l  r i s k s  t h a t  w i l l  be experienced by 

ind iv idua l s  i n  the  genera l  publ ic  a f te r  l o s s  of i n s t i t u t i o n a l  con t ro l s  

over t h e  f a c i l i t y .  

concent ra t ion  oE rad ionucl ides  i n  water o r  i n  the  d i sposa l  f a c i l i t y  i t s e l f  

a t  t he  time in t rude r  exposures occur ,  as obtained from the  methodology f o r  

t he  Oak Ridge Reservat ion,  are given i n  Tables 6 and 7 ,  r e spec t ive ly .  

Resul t s  f o r  a d d i t i o n a l  radionucl ides  a r e  given i n  Tables A - 2 0  and A - 2 1  o f  

Appendix A .  

Table A - 2 0  o f  Appendix A can be r e l a t e d  t o  the  annual dose pe r  u n i t  

concent ra t ion  o f  rad ionucl ides  i n  the  d isposa l  f a c i l i t y  i t s e l f  by means of 

inodels f o r  leaching  o f  w a s t e s  i n t o  w a t e r  and t r a n s p o r t  t o  a source o f  

water f o r  an i n t r u d e r .  For d i sposa l  i n  t r enches ,  which would most c l o s e l y  

resemble d i sposa l  i n  a s a n i t a r y  l a n d f i l l ,  t r anspor t  u sua l ly  i s  assumed t o  

occur via  downward i n f i l t r a t i o n  through s o i l  t o  an underlying aqu i f e r  i n t o  

which a w e l l  i s  d r i l l e d .  For  d i sposa l  i n  above-ground t ~ u l i , ~  t r anspor t  

4 

The annual committed e f f e c t i v e  dose equiva len ts  pe r  uni t 

The r e s u l t s  fox- the  dr inking  water pathways i n  Table 6 and i n  



Table 6 .  Annual doses t o  an inadver ten t  i n t rude r  pe r  u n i t  

concent ra t ion  o f  radioniiclides i n  w a t e r  obta.ined 

f r o m  met.hodology f o r  Oak Ridge Reservationa 

.... ... . ....-. . . . . . . ... 

Nuclide 

b Annual dose 

(mrem/y p e r  pCi/L) 

H -  3 

C-14 

Ni-63 

Sr-90 

T c - 9 9  

C S  - 137 

R a - 2 2 6  

Th-232 

U-233 

U- 234 

U-235 

U- 238 

Pu-238 

Pu-239  

Pu- 242 

Am- 241 

Am- 243 

Cm- 244 

3 . 2 E - l  

9.3E2 

2 . 1 E 2  

5.7E4 

6.4E2 

2.6E4 

3.2E6 

1.8E6 

1.1E5 

1.1E5 

9.8E4 

9.9E4 

1.4E6 

1.6E6 

I. 5E6 

1 . 6 E 6  

1.6E6 

8.5E5 

aFrom Table A-20 o f  Appendix A f o r  d r inking  water and 
milk and meat i nges t ion  pathways. 

bResul ts  are given as annual commit:t:ed e f f e c t i v e  dose 
equiva len ts  pe r  u n i t  concent ra t ion  i n  water a t  the  t: i ine 
i n t r u s i o n  occurs;  cor rec t ions  f o r  radioacti .ve decay during 
peri.od of i n s t i t u t i o n a l  con t ro l s  a r e  no t  included.  
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Table 7 .  Annual doses to an inadvertent intruder per unit 
concentration of radionuclides in disposal facility 
obtained from methodology for Oak Ridge Reservationa 

Nuclide 

Annual dose b 

(mrem/y per p ~ i / m 3 )  

.. 

H -  3 

C - 1 4  

N i - 6 3  

Sr - 90 
TC-99 
C S  - 137 

R a - 2 2 6  

721-232 

U - 2 3 3  

U -  2 3 4  

U-235 

U - 2 3 8  

P u - 2 3 8  

P u - 2 3 9  

Pu- 2 4 2  

Am- 2 4 1  

An- 2 4 3  

Cn- 2 4 4  

3 . 3 E - 3  

l.lE-3 
2 . 4 E - 4  

2 . 9 E - 1  

9 . 4 E - 2  

8 . 2 E - 1  

3 . 7  

4 . 5  

1.2E-2 
1 . 2 E - 2  

1 . 4 1 2 - 1  

3 . 5 E - 2  

6 . 1 E - 2  

6 . 9 E - 2  

6 . 6 E - 2  

7 , O E - 2  

2 . 3 E - 1  

3 . 4 E - 2  

aFrom Table A - 2 1  of Appendix A for vegetable, soil 
ingestion, external exposure, and inhalation pathways. 

'Results are given as annual committed effective dose 
equivalents p e r  unit concentration in disposal facility at 
the time intrusion occurs; corrections for radioactive 
decay during period of institutional controls are not 
inc lude d . 
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usually is assumed to occur via over-ground runoff to a nearby surface 
stream which serves as the source of water € o r  an intruder. 45 
for converting radionuclide concentrations in the disposal facility to 
concentrations in water may be highly complex and are quite site-specific. 
Resul-ts for disposal in trenches on the Oak Ridge Reservation are 
discussed in Sections 5.3.2-5.3.4 below. 

The models 

5.2 Comparison with Results of Other Methodologies 

Table 8 presents a comparison of the results from Table 7 for the 
vegetable, soil ingestion, external exposure, and inhalation pathways for 
disposal on the Oak Ridge Reservation with the results from the various 
methotlologies reviewed in Section 4. Not shown i.n Table 8 is the result 
of Gilbert e t  for 238U + 234U in secular equilibrium discussed in 
Secti-on 4.2.3 of 1.8 mrem/y per pCi/m3 of 238U. 
further in Section 5.3.1. The annual doses per tunit concentration of 
radionuclides in the disposal facility apply in each case to the 
concentrations at the time intrusion occurs, not to the concentrations at 
the time of di-sposal. Thus, the correction factors used i.n some of the 
methodologies that account for radioactive decay during an assumed Lime 

period for institutional controls are not included in obtaining the 
results given in Table 8. 

emphasize again that the results of EG&G Idaho3' and Gilbert t 3 t  a l .  

incl-ude ingestion of contaminated drinking water as well as the pathways 
involving activity in the di.sposa1 facility itself. The importance of the 
drinking water pathway to the total dose for each radionuclide is not 
indicated in the results report:ed by EG&G Idaho, but Table 5.6 of Gilbert 
et a l .  indicates that ingestion of contaminated drinking water contributes 
about 50% of the total dose from 238U +- 234U in secular equil-ibrium. The 
calcu1.ation.s of P i n  e t  a l  .45 for the Central Waste Disposal Facility 
(CWDF) in Oak Ridge also include the drinking water pathway, and this 

pathway is the most important contributor to the dose for 3H given in 
Table 8 .  The drinking water pathway a l s o  is the most important for , 
235U, and 238U in the calculations of Pin e t  a l .  

this pathway was estimated on the basis of an assumed limit on solubility 
of uranium in water, so the dose from each isotope is not proportional to 
its activity concentration in the disposal. facility provided the 
solubi.lity limit is exceeded. The dose from the drinking water pathway is 
not included in the results of Pin et al. for the uraniuiu isotopes in 
Table 8. The other results in Table 8 include only pathways involving 
activity in the disposal facility itself. The methodology for the Oak 

This result is discussed 

In comparing the results from the different methodol.ogies, we would 
4 6 

2 '34u 

However, the dose f r o m  



45 

Table 8. Comparison of annual doses to an inadvertent intruder 
p e r  unit concentration of  radionuclides in disposal facility 

obtained by different investigatorsazb 

Annual dose 

(mrem/y p e r  p~i/rn3) 

Nuclide EG&G IdahoC Jokerstd Pin et a l . e  NRCf This reportg 

.. 

H- 3 
C-14 
Ni-63 
Sr-90 
Tc-99 
C S  - 137 
Ra-226 
Th-232 
U-233 
U-234 
U-235 
U-238 
Pu-238 
Pu-239 
Pu- 240 

Pu- 242 
Am- 241 
Am- 243 
Cm- 244 

2. 2E-4h 
3.8 
3.4E-4 
3.2E-1 
1.OE-2 
1.8E1 

1.2 
5.7E-1 

5.6E-1 
5.7E-1 
5.9E-1 
8.5E-1 
2.4 

8. OE-5h 
1.OE-5 

6.8E-6 
1.9E-5 
1.4E-3 
4.2E-3 
4.8E-3 

4.5E-5 
3.6E-4 
6.7E-5 
1.3E-4 
1.4E-4 

2.1E-2i 
4.OE-1 

6.1E-2 
4.1E-2 
1.6E-1 

3 .  7E-3i 
6.3E-4 
2.8E-4 
1.5E-1 
1 . 7 E - 3  

5.OE-3 

4.6E-lj 
5.6E-2j 
7.5E-2j 

4.OE-2 
4.8E-2 
4.8E-2 
4.5E-2 
7.4E-2 
7.6E-2 
4.3E-2 

3.9E-3h 
1.1E-3 
2.4E-4 
2.9E-1 
9.4E-2 
8.2E-1 
3.7 
4.5 
1.2E-2 
1.2E-2 
1.4E-1 
3.5E-2 
6.1E-2 
6.9E-2 

6.6E-2 
7.OE-2 
2.3E-1 
3.4E-2 

See next page f o r  footnotes 
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Footnotes f o r  Table 8 

Resul ts  apply t o  concentrat ions a t  the  time i n t r u s i o n  occurs ; 
correc t ions  f o r  rad ioac t ive  decay during per iod o f  i n s t i t u t i o n a l  con t ro l s  
that  have been appl ied  by some i nves t iga to r s  a r e  n o t  included.  

a 

’An add i t iona l  r e s u l t  of G i lbe r t  et i.s t h a t  f o r  238U f 2 3 r + ~  i n  
secular equili-hrium, the  dose equivalent  t o  whole body i s  1 . 8  mrem/y per  
p ~ i / m 3  o f  2 3 8 ~ .  

‘Obtained from r e s u l t s  i n  Table 2 

dObtaincd from r e s u l t s  i n  Table 3 .  

e 
Obtained f rom r e s u l t s  i n  Table 4 

‘Obtained from r e s u l t s  i n  Table 5 .  

gResults from Table 7 f o r  vege tab le ,  s o i l  ingesti.on, ex te rna l  
exposure and inha la t ion  pathways; see  Sect ions 5 . 3 . 2  and 5 . 3 . 4  f o r  
d i scuss ion  of r e s u l t s  from drinking water pathway f o r  uranium iso topes .  

hResults a r e  given a s  annual comiiiitted e f f e c t i v e  dose equiva len ts .  

iResul.ts a r e  given a s  annual committed dose equiva len ts  t o  whole 
body. 

jResu l t s  f o r  vege tab le ,  extern-al  exposure, and i.nhalati.on pathways 
only;  see Table 4 f o r  r e s u l t s  from drinking water pathway. 
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Ridge Reservation presented in this report also includes consideration of 
the drinking water pathway, and the calculations for this pathway for the 
uranium isotopes a l s o  are based on an assumed solubility limit in water. 
The effect of a solubility limit on the dose for the uranium isotopes is 
discussed further in Sections 5.3.2 and 5.3.4. 

In Table 8, we find reasonable agreement in many cases between the 
results of the methodology for the Oak Ridge Reservation presented in this 
report and the results of the NRC. 17'22 
this report also compare favorably in many cases. A s  discussed in 
Section 4.2.2, there appears to be a problem with the results of Jokerst 
which tend to be quite different froin all other calculations for most 
radionuclides. The large discrepancies with the results of the MRC are 
particularly puzzling, because Jokerst's work purportedly was based t o  a 
large extent on the models developed by the NRC. 

The differences among the various methodologies other than Jokerst's 
reflect tfferences in the exposure scenarios, environmental parameters, 
and dosimetric data assumed by the different investigators. For example, 
the dose from I3'Cs is determined primarily by the external exposure 
pathway, and the calculations are sensitive to the assumed distribution of 
activity in soil. 
quite uncertain, so it is not surprising that different investigators 
obt-ain significantly different results for this radionuclide. 
and "Tc, the dose i s  most sensitive to the assumed value for the plant: 
to-soil concentration factor describing root uptake by vegetation, and 
there are wide ranges of reported values for rhis parameter. Finally, 
EG&G Idaho3* and the methodology for the Oak Ridge Reservation presented 
in this report calculate effective dose equivalents, whereas Pin e t . a l .  

and the NRC l7 * ** calculated doses to whole body. 
these two dosimetric quantities can be significant for alpha-emitting 
radionuclides that do not irradiate the body uniformly, On the whole, 
however, most of the methodologies appear to give reasonably comparable 
results when the various differences are taken into account. 

The results of EG&G Idaho30 and 

31 

The transport of I4C through terrestrial foodchains is 

For "Sr 
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The differences between 

5.3 Compari.son of Kesults f o r  Uranium Isotopes 

This section presents a comparison of annual dose  equivalents p e r  

unit concentrations of 238U in the disposal facility, as obtained by E G G  

Idaho, 3" Gilbert e t  a l .  ,46 and the methodology for the Oak Ridge 
Reservation presented in this report. W e  a l s o  briefly discuss the 
calculation of  annual dose equivalents per unit concentration for 234U and 
235U in the presence o f  238U. 
difficulties in the calculations that arise from (1) the assumption of a 

The discussion particularly emphasizes the 
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solubility limit for uranium in water and ( 2 )  the possi-bility of long-term 
buildup of daughter products of 234U in the disposal facility which could 
lead to significant increases in doses to intruders at far future times. 

5 . 3 . 1  R e s u l t s  of EG&G I d a h o  a n d  G i l b e r t  e t  a l .  for U-238 

A s  discussed in Sections 4.2.1 and h.2.3, the calculations of EG&G 
Idaho3' and Gi.l.bert: et al..iC6 i.nclude the dri-nking water pathway as well as 
pathways involving exposure of an inadvertent intruder to 238U in the 
di-sposal facility itself. However, only Gilbert et a l "  indicate 
explicitly the importance of the drinking water pathway to the total dose 
per unit concent:rat:ion, and the contri-buti.on from thi.s pathway i.s about 
50%. 
234U per 1mi.t concentratZion of 238U by assuming that: the two i s o t o p e s  are 
in secul-ar equilibrium. 

Each of these methodologies uses. a similar approach for obtaining 

concentrations o f  2 3 8 ~  or 2 3 8 ~  + 23%J in an aquifer below the disposal 
facility. Each uranium isotope is assumed to be leached by infiltrating 
water at a rate proporti.ona1 to its concentration in the solid wastes ~ and 
the resulting solute concentration propagating downward through soil is 
inversely proportional to the retardation factor for uranium in the 
soil/water system. Thus, the resulting concentration of each isotope in 
drinking water is proportional to its concentration in the disposal 
facility, irrespective of the concentration of any other uranium isotopes, 
and the c o n s t a n t  of proportionality is essentially equal to the reciprocal 
of the product of the dilution factor for transport of water from the 
disposal facility to the location at which water is consumed (i.e., a well 
below the di -sposa l  faci.1-ity) and the retxrdation factor  for uranium.. 
is reasonable to assume that the travel time of 238U to an aqu i fe r  is 
sufficiently short that radioactive decay is not important in reducing the 
solute concentra t i-ori . 

W e  also secal.1 that Gilbert e t  a l .  esti-mate the dose from 238U + 

It 

For the 1 eaching and warer- transport scenario descri-bed above, the 
annual dose equivalents per unit concentration for the drinking water 
pathway and for the pathways involving activity in the disposal facili-ty 
itse1.f are addi.t:ive, and ?:he results of EG&G Idaho and Gilbert ei? a l .  in 
Table 8 give t h e  total annual dose equivalent from all pathways for amy 

concentration of 238U in the facility. We repeat these results below: 

Annual dose equivalent per unit concentration o f  238U - 
E:G&G Idaho: 
Gilbert et a l .  : 

0 . 5 7  mrem/y per ,uCi./m3 (dose. f rom 238U only); 
1.8 mrem/y per pCi/m3 (dose from 238U + 234U). 

The dose in each case is the annual. committed effective dose equivalent. 
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Again, t he  EG&G Idaho r e s u l t  app l i e s  only t o  238U, whereas the  r e s u l t  o f  

G i l b e r t  et a l .  gives  the  annual dose f r o i n  238U c 234U i n  s ecu la r  

equi l ibr ium pe r  u n i t  concent ra t ion  o f  238U. 
G i l b e r t  e t  al., t he  dose from 238U + 234U a r i s e s  almost e n t i r e l y  from 

i n t e r n a l  exposures.  Therefore ,  s ince  the  dose commitinent pe r  u n i t  in take  

via  i n h a l a t i o n  o r  i nges t ion  i s  near ly  the  same f o r  these  two i so topes  ( s e e  

Tables A - 2  and A - 3  i n  Appendix A ) ,  each i so tope  con t r ibu te s  about: h a l f  of 

t he  dose from 238U -+ 234U i n  secu la r  equi l ibr ium.  

the  r e s u l t s  of  EG&G Idaho and Gi lbe r t  et al. agree well wi th in  a f a c t o r  o f  

two. 

In the  c a l c u l a t i o n s  o f  

Thus, f o r  238U a lone ,  

5 .3 .2  Results of Oak R i d g e  methodology for U-2.38 

The c a l c u l a t i o n s  f o r  t he  dr inking  water pathway descr ibed i n  

Sec t ion  5 . 3 . 1  do n o t  consider  the  p o s s i b i l i t y  khat t he  concentrat  ion  o f  

uranium i n  t h e  l eacha te  may be l imi t ed  by the  s o l u b i l i t y  o f  uraniuiii i n  

w a t e r ,  i n  which case the  m a s s  concent ra t ion  o f  uranium i n  s o l u t i o n  w i l l  1ic 

til cons tan t  f o r  any concent ra t ion  i n  s o l i d  wastes i n  the  d isposa l  t n c i l i t y  

above the  s o l u b i l i t y  l i m i t .  The r e s u l t i n g  concent ra t ion  i n  dr inking  w a t e r  

and the annual dose from this pathway then would no t  be propor t iona l  t o  

the  concent ra t ion  o f  uranium i n  the d isposa l  f a c i l i t y .  S o l u b i l i t y  l i m i t s  

f o r  uranium and o the r  elements were used by Pin e t  al. i n  the dose 

ana lys i s  f o r  t h e  CWDF i n  Oak Ridge, and the  same model w a s  adopted i n  t K e  

methodology f o r  t he  Oak Ridge Reservat ion presented i n  t h i s  r e p o r t .  

For 238U, which has  a s p e c i f i c  a c t i v i t y  o f  3 .37  x 

l i m i t  on l eacha te  concent ra t ion  i n  the d i sposa l  f a c i l i t y  i s  3 . 6  x 10- 
pCi/L, o r  3 . 6  p C i / c m 3  (3 .6  pCi/m3) . 
near  the s o l u b i l i t y  l i m i t ,  the equi l ibr ium d i s t r i b u t i o n  c o e f f i c i e n t  (Kd) 
f o r  uranium i n  the  so i l /water  system w a s  assumed t o  be 1 L/kg. i'5 

minimum uranium concent ra t ion  i n  s o l i d  waste i n  s o i l  t h a t  would r e s u l t  i n  

a leacha te  concent ra t ion  a t  t h e  s o l u b i l i t y  l i m i t  then i s  3 . 6  pCi/g, o r  

about 5 pCi/m3 f o r  a s o i l  dens i ty  o f  1 . 4  g/cm3. T h u s ,  the proposed exempt 

concent ra t ion  o f  uranium i n  s o l i d  wastes a t  the  Y - 1 2  P lan t  i n  Oak Ridge o f  

30 pCi/g i s  considerably above the  miiiimum value t h a t  would r e s u l t  i n  

s o l u b i l i t y - l i m i t e d  l eacha te  concent ra t ions .  

e f f e c t s  of  d i l u t i o n  and r e t a r d a t i o n  kn t r anspor t  from the  d isposa l  

f a c i l i t y  t o  an underlying aqui fe r  reduce the  s o l u b i l i t y - l i m i t e d  leacha te  

concent ra t ion  i n  t h e  d i sposa l  f a c i l i t y  by a f a c t o r  o f  about 2 2 ,  Thus, the  

r e s u l t i n g  concent ra t ion  of 23% i n  the  aqu i f e r  f o r  any concent ra t ion  i n  

the  d i sposa l  f a c i l i t y  above the  s o l u b i l i t y  l i m i t  i s  1 . 6  x 10-l' p C i / L .  

45 . 

Pin e t  assumed a s o l u b i l i t y  l i m i t  f o r  uranium o f  45 prnol/L. 

3 
Ci /g ,  the  r e s u l t i n g  

Fur ther ,  f o r  l eacha te  concen t r i t i ons  

The 

For d i sposa l  i n  t renches ,  P i n  et ~ 1 . ' ~ ~  f u r t h e r  assumed t h a t  t he  



50 

Appl.i.cation of the  annual dose per  u n i t  concentrat ion of 238U i n  w a t e r  

from Table 6 gives  an annual. cornmitted e f f e c t i v e  dose equi-valent f rom 

of 1 6  mrem f o r  the dr inking watier pathway. Again, t h i s  r e s u l t  i s  

independent of the  concentrat ion of 238U i n  the  d isposa l  f a c i l i t y ,  

provided the  concent ra t ion  exceeds the s o l u b i l i t y  l i m i t .  

t he  annual dose from 238U i s  propor t iona l  t o  the  concent ra t ion  i n  the  

s o l i d  wastes ,  and the  annual. doses i n  Table 7 apply t o  a l l  concent ra t ions .  

Thus, the  r e s u l t s  of t he  Oak Ki.dge methodology f o r  238U can be surnmari-zed 

as fol.l.ows : 

238u 

For the pathways invol.ving a c t i v i t y  tn the  disposal. f a c i l i t y  i t s e l - f ,  

238U concentrat ions i n  t rench above 5 pCi/m3 - 

0.035 mrem/y per  p C i / m 3 .  

Drinking water pathway: 1 6  mrem/y independent: of concentrati-on; 

Other pathways: 

Again, t he  doses a r e  given as annual committed e f f e c t i v e  dose equiva len ts .  

The est imated doses apply t o  238U only and do no t  include poss ib l e  

contri-butions from 231!U as i n  t he  methodology o f  G i lbe r t  e t  a l .  46 

5 . 3 . 3  Comparison of different methodoLogie.9 for U-2.38 

I n  comparing the  r e s u l t s  o f  EG&G Idaho3' and Gilbert: e t  a l . L 1 6  given 

i n  Sect ion 5 . 3 . 1  with those from the  model f o r  the Oak Ridge Reservat ion 

given i n  Sec t ion  5 . 3 . 2 ,  we see  t h a t  t he  comparison depends on  the  assumed 
238u concent ra t ion  o f  238U i n  t 5 e  disposa l  f a c i l i t y .  

concent ra t ion  o f  30 pCi/g, which corresponds approximately t o  40 $Ci/1n3, 

t he  following annual committed e f f e c t i v e  dose equiva len ts  are obtained 

from the  d i f f e r e n t  methodologies : 

F o r  example, f o r  a 

238U concent ra t ion  i n  t rench  o f  30 pCi/g - 
EG&G Idaho: 

G i l b e r t  e e  a l .  : 

Oak Ridge: 

23  m r e m  (dose f r o m  238U on ly ) ;  

72 mrem (dose from 238U + 2 3 % J )  ; 
1 7  mrem (dose from 238U on ly ) .  

Agai.n, i n  the  ca l cu la t ions  o f  G i lbe r t  e t  3 1 . ,  the  dose from 238U alone i s  

about h a l f  of the  value 1ist:ed above. A t  the  low concent ra t ion  o f  

30 pCi/g, the  dose f r o m  the Oak Ridge methodology i s  determined a l m o s t  

e n t i r e l y  by the  dr inking  water pathway. 

the  d i sposa l  f a c i l i t y  i nc reases ,  the  doses from the  EG&G Idaho and Gi lbe r t  

e c  al.. methodologies increase  i n  proport ion t o  the  concent ra t ion ,  but: tihe 

Oak Ridge methodology gives  doses t h a t  i-ncrease more slowly because the  

dose from the  dr inking  water pathway i s  independent o f  238U concent ra t ion  

i n  the  d i sposa l  f a c i l i t y .  

A s  the  concentration of 238U i n  
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5.3.4 Calculations for U-234 and U-235 

The estimation of annual doses per unit concentration o f  23L?l and 
235U also depends on the model used to estimate uranium concentrations in 
the leachate in the disposal facility. If no limit on uranium solubility 
in water is assumed, then the concentrations of the different uranium 
isotopes in water can be calculated independently of one another and are 
proportional to the respective isotope concentrations in the solid wastes, 
as described in Section 5.3.1. Thus, the contributions from the drinking 
water pathway and the other pathways involving activity in the disposal 
facility again are additive for each isotope, and the total dose from all 
pathways for each isotope is proportional to the concentration of that 
isotope in the solid wastes irrespective o f  the concentrations of other 
uranium isotopes. 

On the other hand, if the leachate concentration o f  uranium is 
solubility limited, then the leachate concentrations of the different 
uranium isotopes are not independent of one another and are not 
proportional to the total concentration of uranium in the disposal 
facility. Rather, the amount of each isotope in the leachate will be 
proportional to the fractional abundance of  each isotope in the 
solid wastes. Let us consider natural uranium as an example. For 

concentrations in the disposal facility above the solubility limit of 
45 pmol/L, the mass concentrations of the different isotopes in she 
leachate are proportional to their natural abundances of 0.0055% for 5 

0.72% fOK 235U, and 99.27% for 238U. 
equilibrium in natural uranium, the resulting activity concentrations for 
both 238U and 23% in an aquifer below a disposal trench, as obtained from 
the model for the CWDF on the Oak Ridge Reservation described in 
Section 5.3.2, are 1.6 x l o u 4  pCi/L, and the concentration of 235U is 
7 . 6  x pCi/L. Thus, from the results in Table 6, the annual committed 
effective dose equivalents from the drinking water pathway are 16 mrem f o r  

238U, 18 mrem for 234U,  and 0.7 mrem for 235U. The dose from 235U for the 
drinking water pathway thus can be neglected compared with the 
contributions from 238U and 234U. 

234u 

Since 238U and 234U are in secular 

When the concentration of uranium in the leachate i s  solubility 
limited, one cannot calculate the dose from the drinking water pathway 
without knowledge of the fractional abundance by mass of  each isotope in 

the disposal facility. Uranium that is enriched in 234U/235U will result 
i n  higher doses from the drinking water pathway per unit concentration of  

238U than for natural or depleted uranium. 
will result in lower doses from the drinking water pathway per unit 
concentration of 238U than for natural uranium. 

Conversely, depleted uranium 
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In est.i.mating intruder doses for the exposure pathways involving 
activity in the disposal facility itsel-f, the contributions from the 
different: uranium isotopes can be obtained independently of one another 
using the results in Table 7. For natural uranium, for example, the 
annual committed effective dose equivalents from these pathways per pCi/m3 
of 238U i n  the trench are 0.035 mrem f o r  238U, 0.012 mrem for 23rcU, and 
0.0064 mrem for 235U. 
important f0.r these pathways. 

The contribution from 238U thus is the most 

5 . 3 "  5 Effects of buildup of uranium daughter products 

A further complication in estimating doses froin disposal of 238U and 

234U involves the long- term buildup of '  radiologically significant daughter 
products ~ particularly 226Ra and the daughter products of 222Rn. Possible 
contributions to intruder doses from 234U daughter products are not 
considered in any of  the calculations presented in Sections 5.3.1-5.3.4. 
From the results from the Oak Ridge methodology in Tables 6 and 7, it 
appears that if 225Ra is in secular equilibrium with 238U + 234U at the 
time exposures occur, then the dose from the uranium daughters will 
greatly exceed the dose from the urani.um isotopes themselves. It is 
important: to note, however, that this conclusion is based on the 
assumption that none of the 222Rn produced by the decay o f  226Ra in soil 
escapes to the atmosphere, so that the calculated dose from 22hRa and 
daughter products probably provides a conservative overestimate of actual 
doses to an intruder. 

The potential importance of 226Ra and its daughters to intruder doses 
depends on the rate at which the original uranium in the wastes i.s removed 
f rom the disposal facility by leaching or other physical processes. A s  

shown in Fig. 2, the buildup o f  226Ra and its daughters from an initial 
inventory of pure 238U requires tens o f  thousands of years. 
shown in Fi-g. 3 ,  buildup from an initial inventory o f  238U -+ 234U in 
secular equilibrium requires thousands of years. Thus, if the initial 
inventory of uranium i s  removed from the disposal facility before 
significant buildup of the daughter products can occur, then the daughter 
products will not coiltribute significantly to doses to an inadvertent 
intruder from pathways involving activity in the facility. The removal of 
uranium via leaching is particularly likely to occur at disposal sites 
with abundant rainfall, such as the Oak Ridge Reservation. 

For the drinking water pathway from trench disposal, it i s  likely 
that only the uranium isotopes will reach an underlying aquifer in 
significant concentrations, because the 230Th produced in the disposal 
facility or during uranium transport through soil should be highly 

Similarly, as 
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Fig. 2. Activity of U-238 and daughter products vs time for an 
initial activity of pure U-238. 
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Fig. 3. Activity of U-238 aid daughter products vs time for an 
i n i - t i a l  activity of U-238 and U - 2 3 4  in secular equilibrium. 
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insoluble and highly retarded45 and, thus, should not reach an aquifer 
before decay to 226Ra. 
is also somewhat retarded in water transport through soil, 45 the 
concentrations of 226Ra and daughter products in an aquifer should be much 
less than the concentrations that would result from radioactive deca.y of 
the uranium parent alone. 

If the initial inventory of uranium in the disposal f,cility is 
expected to remain there for thousands of years or more, then the 
contributions from uranium daughters should be considered in evaluating 
intruder doses from the pathways involving activity in the facility. 
Since the drinking water pathway is unimportant if no leaching occurs, the 
maximum dose from 238U and daughter products at any t ime in the future can 
be obtained from the results for the Oak Ridge methodology in Table 7. 
Thus, we obtain the following result f o r  a no-leaching scenario: 

Since 226Ra has a relatively short half-life and 

238U I- daughters in secular equilibrium in the disposal facility -- 
Oak Ridge: 4 mrem/y per pCi/m3. 

The annual committed effective dose equivalcrit is normalized to an initial 
concentration of 238U in the trench. Again, this result assumes no escape 
of 222Rn from soil. 
intruder at any time in the future for an initial concentration of 238U of 
30 pCi/g then would be about 160 mrem. We re-emphasize, however, tliat, 

such a no-leaching scenario is credible only for disposal in arid sites, 
because isolation of the wastes from infiltrating water usi-ng engineered 
barriers probably cannot be demonstrated for tens o f  thousands of years 
for disposal at non-arid sites. 

For this scenario, the maximum annual dose to an 

5 . 4  Sununary of Kesults for Disposal of Uranium 
on the Oak Ridge Reservation 

The estimation of doses to an inadvertent intruder from trench 
disposal of long-lived isotopes of uranium is complicated by the fact t h a t  

scenarios for leaching of wastes into water and transport to an underlying 
aquifer need to be treated on a site-specific basis. The estimated 
concentrations of uranium in an aquifer depend on such factors as the rate 
o€ infiltratj-on of water through the disposal facility, the extent to 
which water contacts uranium in the wastes, the leachability of the 
materials containing uranium, the solubility of uranium in water, the 
equilibrium distribution coefficient for uranium in the soil/water system, 
the distance of water travel from the disposal facility to the aquif-er, 
the dilution of contaminated water in travel t o  the aquifer, and the  

retardation factor €or uranium in the soil/water system, If the 
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mobil izat ion o f  uranium i s  s o l u b i l i t y  l.i.mited, then the  r e s u l t i n g  dose 

from the dr inking water pathway w i l l  not be propor t iona l  t o  the  

concentrat ion of uranium i n  s o l i d  wastes i.n the  d isposa l  facility. 

Using the  model of Pi.n e t  f o r  mobil izat ion and water t r anspor t  

of uranium f o r  izrench d isposa l  a t  a s i t e  o n  the  Oak Kidge ReservatLon, w e  

es t imate  an annual committed e f f e c t i v e  dose equivalent  from 238U i n  

dri-nking water of  1 6  mrem independent o f  the concentrat ion i n  the  d isposa l  

f a c i l i t y ,  provided the  concentrat ion i.11 the  s o l i d  waste i s  g rea t e r  than 

about 5 pCi/m3 ; above t h i s  concentrat ion,  the  leacha te  concentrati .on i n  

the  t rench w i l l  be s o l u b i l i t y  l imi t ed .  This concentrat ion i s  considerably 

less than the  proposed exempt concentrat ion of  30 pCi/g f o r  uranium wastes 

a t  the  Y - 1 2  P lan t  i n  Oak Kidge. For the  pathways involving exposure t o  

238U i n  the  d isposa l  f a c i l i t y  i t s e l f ,  we est imate  an annual committed 

e f f e c t i v e  dose equivalent: of 0.035 mrem/y per pCi/m3. 'Thus, f o r  a 238u 

concentrat ion o f  30 pCi /g ,  which i s  about 40 , u C i / m 3 ,  the  annual committed 

e f f e c t i v e  dose equivalent  t o  an inadvertent  i n t rude r  i s  est imaied t o  be 

17 mrem and i.s due almost e n t i r e l y  t o  the  dose from the  dr inking water 

pathway. For 238U + 234U i n  secular  equi l ibr ium, and f o r  na tu ra l  uranium 

a s  w e l l ,  the  cont r ibu t ion  t o  the  dose : for  the  dr inking water pathway from 

234U i s  about 10% g rea t e r  than t h a t  from 238U,  and the  annual committed 

e f f e c t i v e  dose equivalent  for a 238U concentrat ion i n  che t rench o f  

30 p C i / g  woul.d be about 34 mrem f o r  the  dr inking water pathway, 

independent of  the  t o t a l  uranium concentrat ion i n  the d isposa l  f a c i l i t y .  

A t  t h i s  concent ra t ion ,  t:he dose from exposures t o  the  contents  of the 

f a c i l i t y  i t s e l .  E again would he neg l ig ib l e .  

cont r ibu t ions  t o  the  dose from 235U would be re1ativel.y small  f o r  al.1 
pathways coinpared with the  cont r ibu t ions  from 238u and 23hU 

F o r  na tu ra l  uranium, the  

I f  uranium i n  the  di-sposal f a c i l i t y  i s  not  removed by leaching o r  

ses  over tens  o f  thousands of yea r s ,  then the  concentrat ions 

of uranium daughter products ( p r i n c i p a l l y  230Th, 22612a., and short- l - ived 

daughters of 226Ra) i n  the  f a c i l i t y  w i l l  increase with time u n t i l  secular  

equi l ibr ium i s  achieved, and the r e s u l t i n g  dose t o  an in t rude r  may g r e a t l y  

exceed the  dose from the  uranium isotopes alone.  For 226Ra i n  equi l ibr ium 

with 2 3 8 ~  and 2 3 4 ~  i n  t ~ i e  f a c i l i t y  and assuming no escape o f  * 2 2 ~ n  from 

s o i l  we es t imate  an annual committed e f f e c t i v e  dose equivalent  of  

4 rnrem/y p e r  pCi/m3 of 238U, due almost e n t i r e l y  t o  226Ra and daughter 

products .  

d i sposa l  facil.i .ty could produce annual. doses t o  an inadver ten t  i-ntruder i n  

excess of 150 mrem, but  only f o r  times a f t e r  di-sposal exceeding lo5 yea r s .  

Thus, an i n i t i a l  concentrat ion o f  238U of 30 pCi/g i n  the  

For di.sposa1 i n  a wet: environment such a s  Oak Ridge, however, a no- 

leaching scenario f o r  d i sposa l  of  uranium seeins h ighly  un l ike ly .  I[: i s  

more l i k e l y  t h a t  i n f i l t r a t i n g  water would remove most of the  uranium from 

the disposa l  Ea,c:ili.ty before  the  buildup of  226Ra would  reach l.evels near  
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secular equilibrium with the uranium parents, so the resulting annual dose 
equivalents to an inadvertent intruder probably would be considerably less 
than LOO mrem. Thus, it clearly is important to evaluate the long-term 
retention and transport of uranium placed in the disposal facility on a 
site- spec if ic basis. 

An additional complicating factor for estimating intruder doses at 
far future times from the buildup of  uranium daughter products is the 
potential for escape of 222Rn from soil, which is not taken into account 
in the methodology for the Oak Ridge Reservation. 
increase inhalation doses ,  but would also decrease doses for the other 
pathways from the 222Rn daughter products. 
for increases in inhalation doses, we note that the NCRP has estimated 
that inhalation of  radon daughter products during indoor residence 
presently contributes about half of the total average annual committed 
effective dose equivalent from natural background radiation in the 
U.S.11912 
few meters or more, then escape from the soil to the atmosphere before 
radioactive decay occurs is unlikely. 

This effect would 

With regard to the potential 

In addition, if the 222Rn is produced at depths in soil of  a 
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6 .  SURVEY O F  METHODS FOR MEASURING URANIUM CONTENT 

IN BULK S O L I D  WASTES 

... - 

6 . 1  Introduct ion 

If a l i m i t  on exempr concent ra t ions  of  uranium in s o l i d  wastes i s  

e s t a b l i s h e d ,  then r e l i a b l e  measurement techniques probably w i l l  be needed 

t o  ensure t h a t  wastes placed i n  a s a n i t a r y  l a n d f i l l  conta in  ui-anium 

concent ra t ions  below the  l i m i t .  This s e c t i o n  b r i e f l y  d iscusses  a v a r i e t y  

o f  methods f o r  assaying bulk s o l i d  wastes f o r  uranium content  and t h e i r  

a s soc ia t ed  c o s t s .  

The uranium content  of  bulk s o l i d  wastes can be determined e i t h e r  by 

pass ive  photon d e t e c t i o n  o r  by a c t i v e  pulsed thermal-neutron 

i n t e r r o g a t i o n .  These techniques d i f f e r  both i n  the  type o f  r a d i a t i o n  

measured (photons vs  f i s s i o n  neutrons) and i n  the  uranium isotope assayed 

(238U v s  235U) .  

t h a t  a l l  uranium ( inc luding  t h a t  which i s  deple ted)  conta ins  235U, and the 

method i s  q u i t e  s e n s i t i v e  t o  the  presence of  s m a l l  amounts of  the  f i s s i l e  

m a t e r i a l .  Both techniques have been wel l  cha rac t e r i zed  and a r e  i-n use a t  

a number o f  f a c i l i t i e s .  

use a t  the  Y - 1 2  P lan t  i n  Oak Ridge5' and i s  being used i n  assay 5,ysterns 

f o r  t r ansu ran ic  (TRU) wastes a t  Oak Ridgc National Laboratory and 

elsewhere.  5 5 - 5 7  

used,  i n  conjunct ion with a c t i v e  and passive photon de tec t ion  and passive 

neutron d e t e c t i o n ,  f o r  assaying drums and l a rge  conta iners  o f  TRLJ 

wastes .  

The thermal-neutron method takes  advantage of the  f a c t  

Passive photon de tec t ion  i s  being developed f o r  

Active pulsed thermal-neutron i n t e r r o g a t i o n  i s  being 

5 5 , 5 8 - 6 0  

6 . 2  Exis t ing  Measurement System a t  the  Y - 1 2  P lan t  

Passive photon de tec t ion  systems a r e  being developed a t  the  Y - 1 2  

P lan t  f o r  determining the  uranium content  of  dumpsters and b a r r e l s  

conta in ing  s o l i d  waste ma te r i a l s .  The dumpster assay system uses two 

sh ie lded  and co l l imated  12.7-cm N a I ( T 1 )  de t ec to r s  and a s soc ia t ed  

e l e c t r o n i c s ,  with each de tec to r  f ac ing  the  opposi te  s i d e s  of a clunpster. 

The b a r r e l  assay system c o n s i s t s  o f  a s i n g l e  de t ec to r  of the. same type and 

a t a b l e  f o r  r o t a t i n g  the  b a r r e l  being assayed. 

assay systems a r e  based on de t ec t ion  o f  766-  and 1001-keV photons from 

b e t a  decay o f  t he  s h o r t - l i v e d  isotope 234mPa, which is produced i n  the  

decay of  238U. 
photons being de tec ted  are ubiqui tous i n  n a t u r a l  background radiat i .on.  

The dumpster and b a r r e l  

Thus, an obvious disadvantage of  t h i s  method i s  t h a t  the  
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A s  repor ted  i n  r e f .  5 4 ,  a t e s t  system cons i s t ing  o f  a s i n g l e  de t ec to r  

has produced r a t h e r  uncer ta in  est imates  of uranium content  i.n con t ro l l ed  

measurements on f u l l  and empty dumpsters. For  example, the  measured 

urani-um content  o f  an empty dumpster va r i ed  by a s  much as a f a c t o r  o f  1.7 

depending on. the  loca t ion  of the  uranium wi.thin the  dumpster; i . e . ,  the  

number o f  counts above background i n  the  de t ec to r  was about a f a c t o r  of 17 
higher  f o r  a po in t  source loca ted  a t  the  center  of  the  dumpster than f o r  

the  same source loca ted  i n  a corner .  Although the  da t a  ind ica ted  t h a t  

masses o f  depleted uranium i n  the dumpster as l.ow a s  37 g could be 

de t ec t ed ,  i t  was not  poss ib le  t o  d i f f e r e n t i a t e  q u a n t i t a t i v e l y  between 

amounts of uranium f o r  masses below 100 g .  The measurement Uncertainty i s  

due pr imar i ly  t o  the  l a rge  s i z e  of a dumpster, bu t  var ia t i .ons i n  the  waste 

composition i n  a p a r t i c u l a r  dumpster could f u r t h e r  increase  the  

uncer ta in ty  and the  de t ec t ion  l i m i t  f o r  the  measurements. Although use of  

t w o  de t ec to r s  should yi-eld b e t t e r  accuracy than the  t e s t  system involving 

a s i n g l e  d e t e c t o r ,  geometrical  con t r a in t s  ( i . e . ,  the  use o f  f i xed  

de tec to r s  t o  assay a l a rge  volume o f  waste) may severely l i m i t  the  

accuracy of the  technique 

More recent  studi-es o f  the  de t ec t ion  system a t  the  Y - 1 2  Plant  

i nd ica t e  t:hat the  lower l i m i t  of de t ec t ion  f o r  depleted uranium i n  a 

dumpster is s l i g h t l y  l e s s  than 200 g at the  95% confidence l e v e l  ( K .  F .  

Symon, p r i v a t e  communication), This would correspond t o  about 120  pCi/g 

f o r  a t y p i c a l  t r a s h  loading,  and i s  about a f a c t o r  of 4 higher  than the  

proposed exemption l e v e l  f o r  uranium i n  s o l i d  wastes o f  30 pCi/g (see 

Sect ion 4 . 5 )  . 
The performance of the  dumpster and b a r r e l  assay systems could be 

improved by providing f o r  b e t t e r  geometrical  coverage of tAe waste volumes 

by the  photon de txc to r s .  Three a l t e r n a t i v e s  appear t o  warrant f u r t h e r  

s tudy.  F i r s t ,  a s u f f i c i e n t  number of de t ec to r s  can be added t o  the  syst:em 

t o  1.i.mit the  measurement uncer ta in ty  f o r  empty dumpsters t o  an acceptable  

l e v e l  ( e . g . ,  C50%).  The optimum number of de t ec to r s  could be pred ic ted  

from geometrical  considerat ions and v e r i f i e d  empir ica l ly .  For  exampl-e, 

the  use of t h ree  v e r t i c a l l y  a l igned de tec to r s  should improve the  

performance o f  the  b a r r e l  assay system. Second, f o r  the  dumpster assay 

system, a s i g n i f i c a n t  improvement i n  measurement c a p a b i l i t i e s  should be 

obtained by p lac ing  a number o f  v e r t i c a l l y  a l igned  de tec to r s  on each s i d e  

of  the  dumpster and moving the  source ho r i zon ta l ly  p a s t  the  de t ec to r s  

during a measurement. Third,  the  t w o  de t ec to r s  i n  the  present  dumpster 

assay system could be placed above the  dumpster and the source moved 

hor i zon ta l ly  p a s t  the  de t ec to r s  I For the  b a r r e l  assay sys t:ern, the  s i n g l e  

de t ec to r  could be placed above the  b a r r e l  and the  source r o t a t e d  about a 

v e r t i c a l  a x i s .  The choice o f  s u i t a b l e  modif icat ions of  the  present  

systems presumably would be de(:ermined by comparing the  c o s t s  o f  using 
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additional detectors with a fixed source with the costs of relocating the 
present detectors and, in the case of the dumpsters, moving the source 
during the measurement. The use of additional detectors is being studied 
in test measurements (K. F. Symon, private communication). 

6 . 3  Segregation at the Point of Waste Generation 

The results of a dumpster survey given in Table 8 of ref. 54 suggest 
that it could be cost-effective to identify contaminated wastes by 
surveying and segregating the wastes at the point o f  generation. In the 
dumpster survey, components that occupied at least half o f  the volume of 
the dumpster apparently were not contaminated and seem unlikely to be 
contaminated. Portable photon detectors could be used to segregate 
contaminated and uncontaminated wastes at the point of generation. 
Several instruments are available for this purpose at costs rangfng from 
$500 to $1,500. 61 

services of  a waste surveyor as well as administrative controls on the 
waste streams from each potential source. The uranium content of  

dumpsters filled with segregated wastes likely would require verification 
by one of the bulk assay techniques before final disposal. 
waste segregation is a promising method for reducing the volume of 
contaminated wastes that would be sent to a radioactive waste disposal 
facility. 

Implementation of a waste segregation program would require the 

Nofiktheless, 

6 .4  An Alternative System for Uranium Assay 

An alternative to photon measurements from the decay of 238U for 
determining the uranium content of wastes is active pulsed thermal-neutron 
interrogation of the 235U contained in depleted, natural, o r  enriched 
uranium. This technique has been adapted successfully to the 
determination of quantities of  fissile materials in TRU wastes. Systems 
are currently in operation that can detect 1-mg quantities of fissile 
materials in standard 208-L barrels filled with a variety of common 
wastes . 5 7 9 5 8  We note that 1 mg of 235U corresponds to 0.36 g of depleted 
(0 .28%)  uranium or 0.033 g of enriched ( 3 % ) .  uranium, so the method 
apparently is quite sensitive to the presence of small amounts of uranium 
in the wastes if no other fissile materials are present. Systems capable 
of assaying containers that are much larger than a standard dumpster also 
are in use, 5 9 9 6 0  so the s i z e  of the source is not a limitation on use of 
the method. The overall accuracy of the method for a large container 
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system appears to be about ?50%.  

A pulsed therinal-neutron interrogation system consists of a specially 
designed graphite- and polyethylene-moderated chamber that contains a 
commercially available source of 14-MeV neutrons, the waste container, a 
bank of cadmium-shiel.ded fast-neutron detectors 
proportional counter. System operation involves generation of a pulse of 
14-MeV neutrons that are rapidly moderated t;o thermal velocities. The 
thermal neutrons then are absorbed by the fissile material. in the wastes, 
e.g., by the 235U present in a1.I uranium. 
prompt fission of the 235U are detected with a high probability. 
details of system operation can be found in refs. 57-60. 

and a bare 31-Ie 

The resulting neutrons from 
Further 

The costs of the pulsed thermal -neutron interrogation sys tern will 
vary with the size o f  the containers to be assayed. A barrel assay system 
developed in 1981 cost $136,000.s8 A more recent estimate is $2SO,OOO for 
the barrel assay system at Oak Ridge National Laboratory and $450,000 for 

a comparable dumpster assay system (F. J .  Schultz, private communication). 
These costs do not include those associated with operation and maintanence 
of the system. 

6.5 Summary 

From our review of  current efforts to establish a system for assaylng 
large volumes of uranium-contaminated wastes at: the Y-12 Plant based on 
passive photon detection of a decay product of 238U,  it is not yet evident 
that the proposed sys [:em is capable of measuring with reasonable accuracy 
and on a routine basis concentrations as low as 30 pCi/g, which i.s the 
proposed limit on exempt concentrations of uranium in solid wastes. In 
order for an exempt concentration of 30 pCi/g to achieve widespread 
acceptance, it probably will be necessary to measure such concentrations 
with reasonable accuracy (e.g., 2 5 0 % ) .  

The present passive photon detection system probably could be 
improved significantly by use of an increased number of detectors, 
di.fferent detector locations relative to the source volume, and movement 
of the sources past a fixed detector systeiii. 
segregati.on of the wastes at the source of  generation a l s o  may lead to 
substantial reductions in the volume of materials that would need to be 
sent to a radioactive waste disposal facili-ty. These methods would not: 
entail great costs or iiiajor changes in system design. 

in the wastes has been developed and used successfully by a number of 
investigators. This system appears to be capable of detecting much 
smaller quantities of uranium than the passive photon detection system, 

A system involving assay arid 

A system based on active pulsed thermal-neutron interrogation of 235u 
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because problems with relatively high background levels of radiation that 
limit the capabilities of the photon detection system are largely 
eliminated. While the costs of  existing thermal-neutron systems are high 
relative to the costs of the present photon detection system, a system 
that is satisfactory f o r  use at the Y-12 Plant may be considerably less 
expensive than the systems that have been developed elsewhere. 

- .  





7. SUMMARY AND CONCLUSIONS 

This report has discussed a number of issues associated with the 
determination of exempt quantities of radionuclides in solid waste 
materials. General acceptance o f  exemption levels for radioactivity in 
solid wastes could lead to significant reductions in the required capacity 
and associated costs of  facilities for storage and disposal of low-level 
radioactive wastes, because exempt materials could be handled in all 
respects as if they were nonradioactive. 

methodology developed for application to waste disposal on the Oak Ridge 
Reservation that relates concentrations of radionuclides in solid waste 
materials to radiation doses that might be received by individuals who 
inadvertently intrude onto the disposal site after l o s s  of institutional 
controls. The methodology provides estimates o f  annual committed 
effective dose equivalents per unit concentration o f  radionuclides placed 
in a disposal facility and can be applied in two ways. First, if 
regulatory authorities establish a generally applicable limit on radiation 
dose to members of the general public that is de minimis or below 
regulatory concern, then the methodology can be used to derive limits on 
exempt concentrations of  radionuclides for purposes of waste disposal. 
Alternatively, if limits on exempt concentrations of radionuclides for 
purposes of  waste disposal can be determined on some basis other than a de 
minimis dose, e.g., by application of  the A U R A  principle to waste 
disposal, then the methodology can be used to estimate annual dose 
equivalents that would result from disposal of exempt concentrations of 
different radionuclides. 

An important aspect of  this report has been the discussion of  a 

While the dose assessment methodology for waste disposal on the Oak 
Ridge Reservation can be applied to any radionuclide, this report has 
focused on the determination of  annual dose equivalents per unit 
concentration that would result from disposal of uranium-bearing wastes 
generated at the Y-12 Plant. A limit on exempt Concentrations of 30 pCi/g 
for depleted, natural, o r  enriched uranium has been proposed for use 
within DOE exclusion areas. 51 

on the cleanup standard of  5 pCi/g established by the EPA for 226Ra in 
soils at inactive uranium processing  site.^'^,^^ and, second, on an 
analysis by the NRC which concluded that annual doses associated with 
disposal of 30 pCi/g of uranium would be comparable to those from disposal 
of 5 pCi/g of  radium. The proposed limit on exempt concentrations of  

uranium in solid wastes thus results from an application of the ALARA 

principle to the cleanup of naturally occurring radionuclides, rather than 
a generally applicable de minimis dose. 

This concentration limit is based, first, 



The p r i n c i p a l  conclusions and recommendations obtained from the  

analyses  presented i n  t h i s  report: are sunimarized i n  the fol lowing 

paragraphs.  

[l] The concept of  a genera l ly  appl icable  d e  m i n i m i s  dose f o r  members o f  

the general  publ ic  must be understood wi th in  the  contex t  of 

e s t a b l i s h e d  limits on acceptable  dose from a l l  sources o f  exposure,  

l i m i t s  on dose from s p e c i f i c  p r a c t i c e s  (e .g . ,  low-level  waste 

d i s p o s a l ) ,  and app l i ca t ion  of the  ALARA p r i n c i p l e  t o  s p e c i f i c  s i t e s  

and s p e c i f i c  p r a c t i c e s .  A de m i n i m i s  dose corresponds t o  a level  of  

r i s k  t h a t  would be regarded as neg l ig ib l e  by most i nd iv idua l s  and i s  

a dose below which con t ro l  of  r a d i a t i o n  exposures would be 

d e l i b e r a t e l y  and s p e c i f i c a l l y  c u r t a i l e d .  Thus, a de m i n i m i s  dose 

c o n s t i t u t e s  a lower l i i i i i t  f e r  app l i ca t ion  o f  the ALARA p r i n c i p l e  t o  

any s i t e  and any p r a c t i c e ,  and a d e  n i i i i m i s  dose  nus st be s e t  wel l  

beelow the  l i m i t  on acceptable  dose from a l l  sources  o f  exposure and 

below any dose from s p e c i f i c  p r a c t i c e s  t h a t  i s  of concern t o  

regula tory  a u t h o r i t i e s .  

de i n i n i i n i s  dose would provide the  most defens ib le  b a s i s  f o r  

determining exempt concentrat ions of  radionucl ides  f o r  purposes o f  

waste d i sposa l .  

The establ ishment  of a genera l ly  appl icable  

Exempt l e v e l s  of r a d i o a c t i v i t y  f o r  s p e c i f i c  practi ices can be based 

on  app l i ca t ion  of the  ALARA p r i n c i p l e  t o  those p r a c t i c e s .  This 

procedure may r e s u l t  i n  doses t h a t  g r e a t l y  exceed a genera l ly  

appl icable  de m i n i m i s  dose. For example, t he  E P A ' s  cleanup s tandard 

f e r  radium i n  s o i l  descr ibed above r e s u l t s  i n  an est imated annual 

dose equiva len t  of about 80 mrem. l9 Furthermore, the  doses 

a s soc ia t ed  wi th  exempt: q u a n t i t i e s  of radionucli-des may d i f f e r  

g r e a t l y  from one p r a c t i c e  t o  another ,  because of t he  wide v a r i a t i o n  

i n  c o s t s  associ-ated with achieving a given dose l i m i t  f o r  d i f f e r e n t  

p r a c t i c e s .  

[ 3 ]  Various na t iona l  and i n t e r n a t i o n a l  a u t h o r i t i e s  are involved i n  

e f f o r t s  t o  e s t a b l i s h  a genera l ly  appl icable  de m i n i m i s  dose.  The 

va lues  c u r r e n t l y  under cons idera t ion  are an annual dose equiva len t  

i n  the  range 0.001-0.3.  mSv (0 .1-10 mrern) . We be l i eve  t h a t  a value 

above the  upper end of t h l s  range would be t o o  h igh  t o  be reasonable 

f o r  w a s t e  d i sposa l ,  because of t he  e x i s t i n g  l i m i t  o n  annual dose 

equiva len t  f o r  t h i s  pracc ice  of 2 5  m r e m  ( 0 . 2 5  mSv) . A value 

toward the lower end of  t h i s  range may be t o o  low f o r  p r a c t i c a l  

a p p l i c a t i o n ,  because o f  the  d i f f i c u l t i e s  t h a t  would be encountered 

i n  measuring associatiod q u a n t i t i e s  o f  rad ionucl ides .  



67 

[ 4 ]  As a generally applicable d e  m i n i m i s  dose f o r  the general pihlic, w p  

recommend a principal limit on annual committed effective dose 
equivalent averaged over a lifetime of 0.01 mSv (1 mrem), with a 
subsidiary limit on committed effective dose equivalent in any year 
of 0.05 mSv (5 mrem). This proposal is based on the recommendation 
of the NCRP that a limit on d e  m i n i m i s  dose be set at 1% of the 
limit on acceptable dose from all sources of exposure,32 and that 
the limit on acceptable dose be set at an annual committed effective 
dose equivalent of 1 mSv (0.1 rem) for continuous exposures and 
5 mSv (0.5 rem) for occasional exposures. 9310 

m i r i i m i s  dose corresponds to a risk from continuous l i  feti-me exposure 
of about 

The proposed d e  

[51 The proposed d e  r n i n i i i ~ i s  dose presented above should be applied to 
the determination of exempt concentrations for waste disposal only 
for those radionuclides that are man-made. As noted by advisory 
groups of the I A E A ,  3 6 9 3 7  it is illogical to apply a limit on annual 
dose equivalent of 0.01 mSv (1 mrem) to naturally occurring 
radionuclides which, in their undisturbed state, lead to doses much 
greater than the de  m i n i m i s  value. Thus, in particular, the 
establishment of a generally applicable d e  m i n i r n i s  dose would not be 
useful in establishing exempt concentrations of uranium i.n solid 
wastes. 

Estimates of doses that could be received by an inadvertent intruder 
at a waste disposal site can be obtained from standard methodologies 
that are based on appropriate definitions of scenarios for intruder 
activities and pathways for radiation exposure. However, the doses 
estimated by various investigators may vary by 1-2 orders of 
magnitude or more for a given radionuclide because o f  differences in 
the disposal site, exposure scenarios, environmental parameters for 
the various exposure pathways, and dosimetric data assumed in each 
case. Thus, unless site-specific data are obtained, estimated doses  

to an inadvertent intruder from radioactive waste disposal at any 
site probably will have large uncertainties for many radionuclides. 

[7] Application of the dose assessment methodology for the Oak Ridge 
Reservation to the disposal of uranium-bearing wastes involved the 
important assumption that the concentration of uranium in waste 
leachate will be solubility limited. Thus, €or uranium 
concentrations in the disposal facility greater than those that 
would result in solubility-limited leachate concentrations, the 
predicted uranium concentration in the leachate is a constant 
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independent of the  concentrat ion i n  the  s o l i d  wastes.  For  trench 

d i sposa l ,  the  leacha te  then i s  assumed t o  be t ranspor ted  t o  an 

aqu i f e r  below the t rench from which an inadver ten t  i i i t ruder  obtains  

a l l  dr inking water .  

45 pmol/L and an equi.l.ibrium d i s t r i b u t i o n  coef f ic ien t :  f o r  uranium i n  

the  so i l /water  system of 1 L/kg,45 which correspond t o  a minimum 

concentrat ion of 238U i n  s o l i d  wastes i n  the trench t h a t  would 

r e s u l t  i n  s o l u b i l i t y - l i m i t e d  leacha te  concentrat ions of about 

5 pCi/m3. 

than the  proposed exempt concentrat ion o f  30 pCi/g f o r  deple ted ,  

n a t u r a l ,  and enriched uranium froin the Y - 1 2  P l an t .  51 We f u r t h e r  

assumed t h a t  the  uranium concentrat ions i n  the  aqui fe r  would be 

reduced by a f a c t o r  of 2 2  from those i.n the  trench l eacha te ,  due t o  

the  e f f e c t s  of d i l u t i o n  o f  i n f i l t r a t i n g  water and r e t a r d a t i o n  o f  

uranium i n  the  s o i l  /water system. 45  Thus, the  s o l u b i l i t y - l i m i t e d  

concentrat ion of 238U i n  the  aqui fe r  was assumed t o  be 1 . 6  x lo-'' 
pCi/L. For  mFxtures o f  uranium isotopes i n  the  wastes ,  the  a c t i v i t y  

concentrat ion of each isotope i n  the  t rench leacha te  i s  determined 

by the  f r a c t i o n a l  abundance by mass of  each isotope i n  the s o l i d  

wastes and t h e i r  known specific.  a c t i v i t i e s .  Thus, f o r  example, the 

concentrat ions i n  pCi/L i n  the  aqui fe r  f o r  the  d i f f e r e n t  isotopes i n  
6 n a t u r a l  uranium would be 1 . 6  x f o r  238U and 2 3 4 U  and 7 . 6  x 1.0- 

f 0 1- 235U.  The f a c t o r s  f o r  converting concentrat ions i n  the  aqui fe r  

t o  annual. committed e f f e c t i v e  dose equivalents  f o r  the  uranium 

iso topes ,  i n  u n i t s  of mrem/y per  pCi/L, are as foll.ows: 

f o r  2 3 4 U s  9.8  x l o 4  f o r  235U,  and 9 . 9  x 10  

We assumed a solubi . l i ty  l i m i t  f o r  uranium of 

This concentrat ion i s  about an order  of magnitude I.ess 

1.1 x lo5 
4 238u f o r  

[ 8 ]  The dose assessment methodology f o r  the  Oak Ridgs Reservation a l s o  

i-ncluded seve ra l  exposure pathways involving ac t iv i - ty  i n  the  

d isposa l  f a c i l i t y  i t s e l f ;  i . e . ,  inges t ion  o f  vegetables  grown i n  

contaminated soi.1, inges t ion  of contaminated soil. from the  vegetable  

garden, external. exposure t o  contaminated s o i l  while working i n  the 

vegetable  garden and l i v i n g  i n  a house constructed on t o p  of the  

t r ench ,  and inha la t ion  of  suspended a c t i v i t y  from contaminated soi.1. 

while working i n  the  vegeta1,l.e garden and l i v i n g  i n  the  house. For  

any rad ionucl ide ,  the annual dose equival~ent  from t:hese pathways i s  

d i r e c t l y  propor t iona l  t o  the  concentrat ion i.n the  d isposa l  f a c i l i t y  

a t  the  time i -ntrusion occurs .  F o r  the  uranium isotopes i.n deple ted ,  

n a t u r a l ,  o r  enr.iched uranium, the  f a c t o r s  f o r  converting 

concentrat ions i n  the  d isposa l  f a c i l i t y  t o  annual committed 

e f f e c t i v e  dose equiva len ts ,  i n  u n i t s  of m-rem/y per  pci/m3, a r e  as 

follows: 0 . 0 1 2  f o r  234U, 0.14 f o r  235U, and 0 . 0 3 5  f o r  238U.  
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[ 9 ]  Based on the  r e s u l t s  i n  the preceding t w o  paragraphs,  the following 

es t imates  of annual committed e f f e c t i v e  dose equiva len ts  t c  an 

inadver ten t  i n t rude r  r e s u l t i n g  from disposa l  of n a t u r a l  uranium a t  

the  proposed exempt concentrat ion of 30 pCi/g (i .  e .  , approximately 

15 pCi/g each of 238U and 234U) a r e  obtained: 

0 . 7  mrem from 235U,  and 1 6  mrem from 238U.  Thus, the  t o t a l  annual 

committed e f f e c t i v e  dose equivalent  from disposa l  o f  t h i s  

concentrat ion of n a t u r a l  uranium i s  about 35 mrem. Because o f  the 

s o l u b i l i t y  l i m i t  f o r  uranium assumed i n  the  c a l c u l a t i o n s ,  the  dose 

from each isotope f o r  t h i s  Concentration of  uranium i n  the  d isposa l  

t rench  i s  due almost e n t i r e l y  t o  the  dose from the  dr inking water 

pathway and, thus ,  i s  e s s e n t i a l l y  independent of concentrat ion i n  

the  t rench .  

18 mrem from 2 3 4 U ,  

[lo] A s  the  concentrat ion o f  uranium i n  the  t rench increases  above the 

proposed exempt concentrat ion of 30 pCi/g,  t he  dose f r o m  the  

dr inking water pathway i s  unchanged but  the cont r ibu t ion  f r o m  t h e  

o ther  pathways increases  i n  proport ion t o  the concent ra t ion .  Thus, 

f o r  example, i f  a l i m i t  on concentrat ions of uranium t h a t  would lie 

acceptable  f o r  d i sposa l  i n  a near -sur face  f a c i l i t y  f o r  low-level  

r ad ioac t ive  wastes were based on a limit on annual committed 

e f f e c t i v e  dose equivalent  t o  an inadvertent  i n t rude r  o f  1 mSv 

( 0 . 1  rem),38 then about two-thirds  of the t o t a l  dose ( i - e . ,  65  mrem) 

would r e s u l t  from d i r e c t  - intrusion i n t o  the  waste and the  

concentrat ion l i m i t  f o r  n a t u r a l  uranium would be about 2 .4  x 10 

pCi/m3 ( 1 . 7  x 10 

than the  proposed exempt concentrat ion of 30 pCi/g. 

3 

3 pCi/g) ~ o r  near ly  t w o  orders  of magnitudc g rea t e r  

A p o t e n t i a l l y  important f a c t o r  t h a t  usua l ly  i s  not  taken i n t o  

account i n  es t imat ing  doses from disposa l  of  uranium is the long- 
term buildup o f  226Ra and s h o r t - l i v e d  daughter products from t J p  

decay of 23rcU and 230Th. 

remains the re  f o r  tens  of thousands o f  years  o r  more, then the 

buildup of  226Ra and daughters can r e s u l t  i n  doses t o  an i r adve r t en t  

i n t rude r  t h a t  a r e  considerably higher  than the  doses from exposure 

t o  the  uranium alone.  

equi l ibr ium with 238U and 234U i n  the  d isposa l  f a c i l i t y  and assuming 

no escape of 222Kn from s o i l ,  we have est imated an annual committed 

e f f e c t i v e  dose equivalent  o f  about 4 mrem/y per p C i / m 3  of 

Under these  condi t ions ,  a uranium concentrat ion o f  30 pCi/g would 

r e s u l t  i n  an annual committed e f f e c t i v e  dose equivalent  t o  an 

inadver ten t  i n t rude r  o f  about 160 i n r e m ,  a value t h a t  i s  corsiderably 

i n  excess of n a t u r a l  background l e v e l s  i n  Oak Ridge. Thus, i f  

I f  the uranium placed i n  the  t r e r c h  

For  226Ra and daughters i n  secu la r  

238u 
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uranium i.s not  removed from the  t rench by i n f i l t r a t i o n  of water o r  

o ther  phys ica l  removal processes before  s i g n i f i c a n t  buildup o f  226Ra 

and daughters occurs ,  then 30 pCi/g of uraniurii probably could not  be 

regarded a s  an exempt concentrat ion.  

exempt concentrat ions f o r  deple ted ,  n a t u r a l ,  and enriched uranium 

probably should be reduced t o  5 pCi/g, which i s  the  EPA's cleanup 

s tandard f o r  2 2 6 R a  i n  soi ls .15919 

ana lys i s  probably would be required t o  j ust:i.Ty an exeinption l e v e l  

f o r  uranium t h a t  i.s considerably above n a t u r a l l y  occurr ing l e v e l s  

uranium i n  s o i l s  on the Oak Ridge Reservation. 

emphasize, however, t h a t  any appreciable  i n f i l t r a t i o n  o f  water i n t o  

the  s o l i d  wastes ,  such as would be expected a t  a s i t e  with 

consi-derable r a i n f a l l ,  and an appreciable  s o l u b i l i t y  of  uranium i n  

water probably w i l l  r e s u l t  i n  m o s t  of the  ura.nium being removed from 

the  d isposa l  f a c i l i t y  before  a s i g n i f i c a n t  buildup of 2 2 6 R a  and 

daughter products occurs .  

I n  t h i s  ca se ,  the  l i m i t  on 

I n  any event ,  a c o s t - b e n e f i t  

We would a l s o  

[ 1 2 ]  Given the  importance o f  transport: i n  wat:er f o r  determi-ning the  dose 

t o  an inadver ten t  i n t rude r  from disposa l  of uranium and f o r  

determining the  dose from . t h e ?  long-term buildup of  2 2 6 R a  and 

daughter products ,  a s i t e - s p e c i f i c  determinati-on of the: 1.ong- term 

behavior of  uranium i n  the soi l /water  system c l e a r l y  i s  q u i t e  

important.  Rel iable  information i s  needed on such f a c t o r s  as the  

i n f i l t r a t i o n  r a t e  o f  water through the  t rench ,  the  l e a c h a b i l i t y  o f  

uranium i n  the  s o l i d  wastes ,  the  s o l u b i l i t y  l i m i t  of  uranium i n  

water ,  the  equ i l ib r i im  distributzlon c o e f f i c i e n t  f o r  uranium i n  the  

so i l /water  system, the  water t r a v e l  time t o  an underlying aqui-fer ,  

and t he  r e t a r d a t i o n  f a c t o r  f o r  t r anspor t  of  uranium i n  the  

soi.l/water system. I n  the  absence of such information,  any 

est imated doses from disposa l  o f  uranium a r e  qu i t e  unce r t a in .  

[13] The establ ishment  of a l i m i t  on exempt Concentrations of  uranium i n  

s o l i d  wastes ,  e . g . ,  30 pCi/g, probably requi res  a re1iabl.e technique 

f o r  measuring such concentrat ions i n  order  f o r  the  wastes t o  be 

acceptable  €o r  d i sposa l  i n  a s a n i t a r y  l a n d f i l l .  The Y - 1 2  Plant 
cur ren t ly  i s  developing a uranium assay system based on passi.ve 

det:ect:ion of high-energy photons emit ted i n  the  decay of a s h o r t -  

l i v e d  daughter product o f  2 3 8 ~ .   he information we have received on 

t h i s  system ind ica t e s  t h a t  it does not  y e t  provide a re]- iable  means 

of  assaying small  q u a n t i t i e s  o f  uranium i n  l a rge  conta iners .  

concentrat ion in fe r r ed  from the  measurements v a r i e s  g r e a t l y  with the 

loca t ion  of uranium wi th in  the  source volume, and the  de t ec t ion  o f  

small  q u a n t i t i e s  o f  238U i s  hi.ndered by the  ubiqui tous background 

The 
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f r o m  n a t u r a l  sources .  The r e l a t i o n s h i p  between t h e  measurements of 

th is  system and the  proposed exempt concent ra t ion  of 30 pCi /g  f o r  

uranium thus does no t  appear t o  have been e s t a b l i s h e d  

sat  i s  f a c t o r  i l y  . 

[ 141 A number of suggest ions f o r  improving the  gamma- ray measurement 

system being developed a t  the  Y - 1 2  P l an t  were considered.  These 

involved us ing  a d d i t i o n a l  d e t e c t o r s  and moving the  source voI.ume 

through t h e  d e t e c t i o n  system during the  measttrements. 

modi f ica t ions  should a l l e v i a t e  some of the geometr ical  problems 

a r i s i n g  from use of only one o r  two fixed de tec to r s  i n  conjunct ion 

wi th  l a r g e  s t a t i o n a r y  volumes o f  waste m a t e r i a l s .  We also suggested 

t h a t  t h e  segrega t ion  of  contaminated and uncontaminated wastes a t  

t h e  p o i n t  o f  genera t ion  using po r t ab le  photon de tec to r s  could be a 
c o s t - e f f e c t i v e  means o f  reducing the volume o f  wastes t h a t  would be 

s e n t  t o  a r ad ioac t ive  was te-d isposa l  f a c i l i t y .  

There 

[15]  A promising a l t e r n a t i v e  f o r  assaying uranium wastes involves  a c t i v e  

pulsed  thermal -neutron i n t e r r o g a t i o n  o f  the 235U contained i n  

dep le t ed ,  n a t u r a l ,  o r  enr iched uranium. This technique has  been 

used success fu l ly  i n  assaying very s m a l l  q u a n t i t i e s  of fissile 
materials i n  TRU wastes .  This method l a r g e l y  e l imina tes  the  problem 

of competing n a t u r a l  background r a d i a t i o n  a s soc ia t ed  wi th  the 

pass ive  gamma-ray technique.  The c o s t s  o f  a pulsed thermal-neutron 

system are somewhat h igher  than f o r  t he  pass ive  gamma-ray system, 

b u t  t h e  d e t e c t i o n  l i m i t s  f o r  uranium appear t o  be much l o w e r  and the 

accuracy q u i t e  acceptab le  even f o r  l a r g e  source volumes. Thus, t h i s  

method may be considerably more s a t i s f a c t o r y  f o r  v e r i f y i n g  that 

concent ra t ions  of uranium i n  bulk s o l i d  wastes a r e  below any 

proposed exemption l e v e l .  
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APPENDIX A 

DOSE ANALYSIS FOR AN INADVEKTENT INTRUDER 

This appendix presents a methodology for estimating annual dose 
equivalents to an inadvertent intruder at a near-surface disposal. facility 
containing radioactive materials. The methodology assumes that all 
radionuclides may be transported in the environment according to the 
postulated scenarios. 

Section A . l  presents the general equation for estimating annual 
committed effective dose equivalents to an inadvertent intruder. In 
Section A.2, the general equation is applied to the different exposure 
pathways that are assumed to occur. In Section A . 3 ,  tables of factors are 
developed for each exposure scenario that convert radionuclide 
concentrations in the various environmental media to annual committed 
effective dose equivalents. These factors can be used to derive limits on 
concentrations o f  radionuclides that can be placed in the disposal 
facility on the basis of a limit on annual dose equivalents to an 

inadvertent intruder, an assumed time delay between disposal and the 
occurrence of  intruder exposures, and estimates of  removal o f  

radionuclides from the disposal facility prior to the exposures. The 

results of  the intruder dose analysis are summarized in Section A . 4 .  

A . 1  General Equation for Radiation Dose 

The general equation for estimating the annual dose equivalent to an 
.’ 1 individual at time t from radionuclide i and exposure pathway p is 

where 

H - annual dose equivalent, 
C = radionuclide concentration in medium of exposure (air, water, 

soil, or foodstuffs) , 
U = usage parameter (annual exposure time or annual intake of 

contaminated material), and 

D = dose conversion factor (annual dose equivalent per unit 
radionuclide concentration in environment for external 
exposure or committed dose equivalent per unit radionuclide 
intake for internal exposure). 

We express H as the annual committed effective dose equivalent,2 and the 
time dependence of  the annual dose equivalent and the environmental 
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concentration C generally is suppressed in writing eq. (A-1) for each 
exposure pathway. The dose conversion factors for internal exposures via 
inhalation or ingestion are the same for all pathways leading to intakes 
by the given route. For external exposures, however, the dose conversion 
factors depend on the assumed distribution o f  sources in the environment 
and the location of  the exposed individual relative t x o  the source region. 

A.2 Equations for Specific Exposure Pathways 

In this section, eq. (A-1) is applied to the specific pathways for 
exposures of  inadvertent intruders t ha t  are considered in this analysis. 
We assume an intruder-agriculture scenario in which thc following exposure 
pathways occur: 

- ingesti-on of contaminatxd drinking water; 

- ingestion of vegetables grown in contaminated soil; 

- ingestion of  contaminated soil from the vegetable garden; 

- ingestion of milk and meat from dairy and beef cattle that drink 
contaminated water; 

- external. exposure to contaminated soil; and 

- inhalation o f  suspended activity from contaminated soil 

Sections A.2.1-A.2.6 present the model equations f o r  estimating annual 
dose equivalents from each exposure pathway. 

A.2.1 Ingestion of contaminated drinking water 

The annual committed effective dose equivalent: in rem per year f r o i n  

ingestion of  radionuclide i in drinking water (w) is given by 

where 

Ciw = concentration of radionuclide i in drinking water (pCi/L), 
Uw = annual consumption of drinking water (liters per year), arid 
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Di - dose conversion factor for ingestion of radionuclide i (rem 
per pCi ingested). 

We assume that all drinking water consumed by an intruder comes from a 
contaminated source on the disposal site. 

A.2.2 Ingestion of contaminated vegetables 

The annual committed effective dose equivalent in r e m  per year from 
ingestion o f  radionuclide i in vegetables (v) is given by 

Hiv = CivU,Di , ( A - 3 )  

where 

Civ = concentration of radionuclide i in vegetables (pCi/kg), 
Uv annual consumption o f  vegetables (kg per year), and 
Di = dose conversion factor for ingestion of radionuclide i (rem 

per pCi ingested). 

We assume an exposure scenario in which an intruder mixes contaminated 
soil from the disposal facility with native soil in the vegetable garden, 
and the radionuclides are transferred to the vegetation via root uptake. 
Radionuclide concentrations in vegetables then are given by 

( A - 4 )  

where 

Biv = plant-to-soil concentration ratio for radionuclide i (pCi/kg 

Cis = concentration of  radionuclide i in s o i l  in vegetable garden 
wet weight in vegetation per pCi,’kg dry weight in soil), 

(&i/m3) 9 

p s  - density of soil (kg/m3), 
C i t  = concentration of  radionuclide i in disposal facility (pCi/m3), 

fis = dilution factor for mixing of  radionuclide i from disposal 
and 

facility into soil in vegetable garden. 

We assume that all vegetables consumed by an intruder are grown in the 
contaminated garden. 
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A .  2.3 Ingestion of contaminated soil 

The annual committed effective dose equivalent in rem per year from 
direct ingestion of radionuclide i i.n contami-nated soil ( s )  is gi.ven by 

(A-5) 

where 

Cis .-.-* concentration of radionuclide i in soil in vegetable garden 

(/ICi/kg), 
IJs --.z annual consumption of contaminated soil (kg per year), and 
Di = dose conversion factor for ingestion o f  radionuclide i (rem 

per pCi ingested). 

As with the scenario for ingestion of contaminated vegetables, we assume 
tha t  an intruder mixes Contaminated soil from the disposal facility with 
native soil in the vegetable garden, and that a quantity of contaminated 
soil is ingested in conjunction with vegetable intakes. As in eq. (A-4), 
radionuclide concentrations in contaminated soil in the vegetable garden 
are given by 

where 

Cit = concentration of radionucli.de i in disposal facility (pCi/m3), 
f i s  = dilution factor for mixing of radionuclide i from di-sposal 

facility into soil in vegetable garden, and 
p s  = density of soil (kg/m3). 

A.2.4 Ingestion of contaminated milk and meat 

The annual committed effective dose equivalerrts in rem per year from 
ingestion o f  radionucli.de i in milk (m) and meat (f) are given by 

respectively, where 

(A-7) 

(A-8) 

Cim = concentration of radionuclide i in milk (pCi/L), 
Cif = concentration of radionucl.i.de i in meat (pCi/kg), 
Um = annual consumption of milk (liters p e r  year), 
Uf = annual consumption of meat (kg per year), and 
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Di - dose conversion factor for ingestion of radionuclide i (rem 
per pCi ingested). 

We assume an exposure scenario in which dairy and beef cattle drink 
contaminated water from the disposal site. Radionuclide concentrations in 
milk and meat then are given by 

Cim = CiwQwmFim 7 ( A - 9 )  

respectively, where 

Ciw - concentration o f  radionuclide i in drinking water (pCi/L), 
Qm = daily consumption of drinking water by dairy cattle (liters 

Qwf = daily consumption of drinking water by beef cattle (liters per 

Fim = ratio of equilibrium concentration of radionuclide i in milk 

Per day) 9 

day) 9 

to daily intake by dairy cattle (pCi/L in milk per pCi/d 
intake), and 

Fif = ratio of equilibrium concentration of radionuclide i in meat 
to daily intake by beef cattle (pCi/kg in nneat per pCi/d 
intake). 

We assume that all milk and meat consumed by an intruder come from 
contaminated dairy and beef cattle and that the dairy arid beef cattle 
obtain all drinking water from the same contaminated source on the 
disposal site that supplies drinking water for the intruder. 

A .  2.5 Ext-ernal exposure t o  contaminated so i l  

We assume two scenarios for external exposure of an inadvertent 
intruder. In the first, an intruder spends some fraction of the time 
working in the vegetable garden that is contaminated with s o i l  from the 
disposal facility. In the second, an intruder spends some fraction of the 
time indoors in a house that is constructed immediately on top of the 
disposal facility. 

garden, the annual effective dose equivalent in rem per year from 
radionuclide i is given by 

For external exposure (e) to contaminated s o i l  in the vegetable 

Hie ,== CisUsDis 9 ( A - 1 1 )  

where 
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Cis = concentration of radionuclide i in s o i l  in vegetable garden 

(.uCi/m3), 
Us = fraction of the year during which external exposure to 

contaminated soil in vegetable garden occurs, and 
Dis = dose conversion factor for external exposure to radionuclide i 

in soil (rem/y per p~i/m3). 

A s  in Sections A . 2 . 2  and A . 2 . 3 ,  the concentration o f  radionuclide i in 
soil in t:he vegetable garden is given by 

Cis = fiscit 9 ( A -  1 2 )  

where 

Cit = concentration of radionuclide i in disposal facility (pCi/1n3) , 

fis = dilution factor f u r  mixing of radionuclide i froiii disposal 
and 

facility into soil in vegetable garden. 

The dose conversion factors, Dis, are based on  the assumption that the 
activity is uniformly distributed within a slab of soil of depth 15 cm, 
i.e., within the depth of the plowed layer, and that the exposed 
individual is standing on the ground surface. 

indoor residence, the annual effective dose equivalent in rem per year 
from radionuclide i is given by 

Fox- external exposure to the contents of the disposal facility during 

where 

Cit = concentration of radionuclide i in disposal facility (pCi/m3), 
Ut = fraction o f  the year during which external exposure to 

disposal facility durihg indoor residence occurs, 

in disposal facililzy (rem/y per ,uCi/m3), and 
Dit = dose conversion factor for external exposure to radionuclide i 

si :.= shielding factor for radionuclide i during indoor residence. 

The dose conversion factors, Dit, are based on the assunliption that the 
activity is uniformly distribuked in a semi- i -n f in i t e  slab source beginning 
at the ground surface, and that the exposed individual is standing at 
ground level. We not:e that a depth of C h e  source region below ground 
greater than about 1 m is effective1.y semi-infinl.te for t:he purposes of  

estiinating external dose above ground. 3 
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A.2.6 Inhalation of suspended  activity f rom contaminated soil 

I 

We assume two scenarios for inhalation exposure that are similar to 
those for external exposure described in Section A.2.5. In the first, an 
intruder spends some fraction of  the time working in the vegetable garden 
that is contaminated with soil from the diTposal facility. In the second, 
an intruder spends some fraction of  the time indoors in a house that is 
constructed immediately on top of the disposal facility. 

The annual committed effective dose equivalent in rem per year from 

inhalation of radionuclide i in air (a) is given by 

(A- 1.4) 

where 

Cia = concentration of radionuclide i in air ( p C i / 1 n 3 ) ,  

fa - fraction of the year during which inhalation exposure occurs, 
Di - dose conversion factor for inhalation of radionuclide i (rem 

Ua = annual air intake (m 3 per year), and 

per pCi inhaled). 

We estimate concentrations of suspended material in air using a mass- 
loading approach,' which is based on observations of airborne 
concentrations of naturally occurring materials, such as uranium and 
thorium, relative to their concentrations in surface soils. In this 
model, .the airborne concentration of radionuclide i is given by 

Cia - CisLa/Ps , (A-15) 

where 

Cis = concentration of radionuclide i in soil (pCi/m3), 
La = mass loading of soil in the atmosphere (kg/m3), and 
Ps - density of soil (kg/rn3). 
For inhalation of contaminated soil suspended Erom the vegetable 

garden, the concentration of  radionuclide i in soil again is given by 

Cis fisCit , (A- 16) 

where 

Cit = concentration of radionuclide i in disposal facility (pCi/m3), 

fis - dilution factor for mixing of  radionuclide i f r o m  disposal 
and 

facility into soil in vegetable garden. 

For inhalation exposures during indoor residence, the airborne 
concentration of radionuclide i is given by 
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(A-1.7) 

where 

Si = ratto of indoor to outdoor air concentration for 
radionuclide i, 

Cit = concentration of  radionuclide i in disposal facility (pCi/m3), 
T..a = mass loading of  soil in the atiiiosphere (kg/m3), and 
p s  = densi.t:y of soil (kg/m3). 

A .  3 Dose Calculations for Specific Exposure Pathways 

This section presents the data used i.n estimating annual committed 
effective dose equivalents for the different exposure pathways assumed in 
this analysis. 
committed effective dose equivalents per unit radionuclide concentration 
for each pathway; for external exposure pathways, the committed dose is 
the same as the dose received. 

These data then are used to produce tables of  annual 

The dose analysis assumes that the probability of  occurrence for each 
exposure scenario is unity, and that inadvertent intrusion may OCCUK at 
any time after l o s s  of  institutional controls over the facility. Because 
these assumptions probably result in overestimates o f  r i s k  to inadvertent 
intruders, we believe it i s  most appropriace to choose reasonable average 

values for parameters that describe transport of radionuclides through 
t:arre:;trial foodchains and the annual intakes and exposure times for an 
inadvertent intruder, rather than maximum possible values. That i s  we 
be1.ieve it is unreasonable to assume not on1.y that an inadvertent intruder 
will be exposed wi.th unit probability at any time according to each of the 
pathway scenarios, but also that an intruder will experi-enoe extreme 
i.ntakes and exposure times. This approach is consistent with the intent 
o f  the International Comissi.on on Radiologi-cal Protection ( I C R P )  that 
limits on radiation dose should apply to average individuals withln the 
critical group of  maximally exposed individuals, rather than the single 
individual who might receive the highest dose. 2 

A.3.1 Radionuclides of potential importance to intruder exposures 

The radionuclides that are assumed to be o f  potential importance to 
exposures of inadvertent intruders are listed in Table A - 1 .  These 
radionuclides are expected to be contained in waste streams generated af 
the three plants on the Oak Ridge Reservation. Since institutional 
controls are expected to prevent intruder exposures for at least 100 years 
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Table A - 1 .  Radionuclides of potential importance t o  

exposures of inadvertent intruders 

Nucl idea Half-lifeb Nucl idea Half-lifeb 

H-3 
Be - 10 

CO - 60 
Ni-63 
Sr - 90 

C-14 

Y-90 
Z r -  93 
Nb-93m 

Tc-99 
Cd- 113m 
Sn- 121m 
CS-137 
Sm-151 
Eu-152 
Eu-154 
Eu-155 
Ra-226 

Pb-214 
Bi-214 
Pb-210 
Po-210 

Th-232 

Ra- 228 
Ac-228 
Th-228 
Ra- 224 
Pb-212 
Bi-212 
T1-208 

12.28 y 
1.6E6 y 
5730 y 
5.271 y 

28.6 y 
64.1 h 

1.53E6 y 
14.6 y 

2.13B5 y 
13.7 y 

30.17 y 

13.6 y 
8.8 y 

4.96 y 
1600 y 
26.8 m 
19.9 m 
22.26 y 

138.378 d 
1.405E10 y 

6.13 h 
1.9132 y 
3.62 d 

LO. 643 h 
60.55 m 

3.053 m 

100.1 y 

5 5  Y 

90 Y 

5.75 y 

U-232 
Th-228 
Ra- 224 
Pb - 212 
Bi-212 
TI-208 

U-233 
U-234 
U- 235 
Th-231 

U-236 
U-238 
Th- 234 
Pa- 234m 
Pa-234 

Np-237 
Pa-233 

Pu- 238 
Pu-239 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 
Np-239 

CIII- 244 
Cf - 249 

72 Y 
1.9132 y 

3.62 d 
1.0.643 h 
60.55 rn 
3.053 m 

1.532E5 y 
2.445E5 y 
7.038E8 y 
25.52 h 

2.3415E7 y 
4.468E9 y 

24.10 d 
1.17 m 

6.70 h 
2.14E6 y 

27.0 d 
87.75 y 
24131 y 
14.4 y 

3,758E5 y 
432.2 y 
7.38E3 y 
2.355 d 
18.11 y 
350.6 y 

aIndented entries are radiologically 
significant daughter products. 

bValues from ref. 5 .  



after disposal., a radionuclide is listed in Table A-1 only if its h a l f -  

1i.fe is sufficiently long that the inventory of the radionuclide would not 
be depleted within 100 years due to radioactive decay. Tab1.e A-l al.so 

lists any relatively short-lived radioactive daughter products that could 
contribute significantly to either external or internal exposures 
following the period of institutional controls. In most cases, it is 
reasonable to assume that the short-lived daughters are in secular 
equilibrium with the 1.ong-1-ived parent for the purpose of estimating 
environmental concentrations of the daughters, and the tables o f  annual 
dose equivalents per unit concentration of radionuclides in the 
environment presented in this report are based on this assumption. Thus, 
the annual dose equivalents from short-lived daughter products assume unit 
concentrations of the longer-lived parent and the known decay branching 
fsa~tions.~ It is imporhnt: to note, however, that 241Am also is produced 
in the decay of 241Pu, and this production should be taken into account in 
estimating concentrations of *‘‘Am over time. 

A.3.2 Dose conversion factors f o r  inhalation and ingestion 

The dose conversion factors for i-nhalation and ingestion o f  

radionucl.ides are given in Tables A-2 and A-3, i-especti-vely. These data 
represent 50-year committed ef€ective dose equivalents in rein from an 
acute intake of 1 ,pCi by each intake route and are calcul-ated using models 
and data bases developed by the ICRP.6 
clearance class6 assumed for each inhaled radionuclide, and Table A-3 
gives the GI-tract uptake fraction assumed for each ingested radionuclide. 
Dose conversion factors are listed for radioactive daughter products only 
if the daughter could contribute significantly t o  i-nternal dose from 
intakes o f  a parent and its daughters in secular equilibrium. 

Table A-2 gives the respiratory 

A.3.3 Annual doses from ingestion of contaminated drinking water 

The aniiual. committed effective dose equivalents per unit 
concentration o f  radionucl ides in drinking water are gi-ven in Table A-4. 
These data were obtained from e ¶ .  (A-2) and assume an annual consumption 
of contaminated water by an average adult of 

U, = 370 liters per year (1 liter per day), 

7 

and the dose conversion factors in Table A - 3 .  
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Table A-2. Committed effective dose equivalents from 
inhalation of radionuclides 

- 

Clearance Rem per p C i  Clearance Rem per pCi 
inhal edc b inhale dC Nuclidea class b Nuclidea class 

€1- 3 
Be - 10 

CO-60 
Ni-63 
Sr-90 
Zr-93 

C-14 

Nl3-93m 
Tc-99 
Cd- 113m 
Sn- 121m 
CS-137 
Sm- 151 
Eu- 152 
Eu- 154 
Eu-155 
Ra- 226 

Pb - 210 
Po - 210 

W 

Y 

W 
Y 
Y 
Y 
W 
D 

W 
D 
W 
W 
W 
W 
W 
D 
D 

6.30E-5 
3.55E-1 
2.36E-5 
2.19E-1 
2.30E-3 
1.30 
7.40E-2 
2.93E-2 
8.32E-3 
1.53 
1.15E-2 
3.20E-2 
3.00E-2 
2.21E-1 
2.86E-1 
4.15E-2 
8.58 
1.3GE1 
9.41 

Th- 232 
Th- 228 

U-232d 
U-233 
U- 234 
U- 235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 
Cm- 244 
C f  - 249 

Y 
Y 
Y 
Y 
Y 
Y 
Y 

Y 
W 
W 
W 
W 
W 
W 
W 
W 
W 

1.15E3 
3.42E2 
6.59E2 
1.35E2 
1.33E2 
1.23E2 
1.26E2 
1.18E2 
4,80E2 
4.G3E2 
5.17E2 
1.04E1 
4.92E2 
5.31E2 
5.30E2 
2.82E2 
5.62E2 

aIndented entries are radiologically significant daughter 
products. 

bClearance from respiratory passages €or radionuclides in 
particulate form in a matter of days (D), weeks (W), or years (Y). 

‘50-year dose commitment for particle size o f  1 pm. 

dEntry for Th-228 daughter product is given under Th-232 above. 
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Table A-3. Committed effective dose equivalents from 
ingestion oE radionuclides 

Kern per pCi 
ingested' Nuclidea 

.... .. . .. . . . . . 

Nucl idea 

Rem per pCi 
inges redC 

w- 3 
Be - 10 
C-14 
CO-60 
Ni-63 
S r - 9 0  

Y - 3 0  

Zr-93 
N b - 9 3 m  

Tc-99 
Cd- 113m 
Sn- 12111-1 
CS-137 
Sm- 1.51. 

Eu- 152 
Eu- 154 
Eu- 155 
Ra-226 

Ph-21.0 
Po - 210 

1.0 
0.005 
0.95 
0.3 
0.05 
0.3 
0.0001 
0.002 
0.01 
0.8 
0.05 
0.02 
1.0 
0.0003 
0.001 
0.001 
0.001 
0.2 
0.2 
0.1 

6.3OE-5 
4.67E-3 
1.5bE-3 
2.69E-2 
5.76E-4 
1.43E-1 
1.08E-2 
1.66E-3 
5.23E-4 
1.46E-3 
1 . 6 1 E - 1  

1.55E-3 
5.02E-2 
3.88E-4 
6.50E-3 
9.56E-3 
1.53E-3 
1.33 
5.37 
1.90 

'1'21-232 
Ra-228 
Th-228 
Ka-224 
Pb-212 

U-232d 
U-233 
U-234 
U-23.5 
U-236 
U-238 

Th-234 
Np-237 

PU-238 

Pu-239 
Pu- 241 
Pu- 242 
Am- 241 
ANI- 243 
Cm- 244 
CE-249 

0.0002 
0.2 
0.0002 
0.2 
0.2 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.0002 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.0005 

2.73 
1.44 
3.97E-1 
3.66E-1 
4.5SE-2 
1.31 
2.89E-1 
2.84E-1 

2 I 66E-1 
2.6912-1 
2 I S5E-1 
1." 37E-2 
4.00 
3 ~ 81. 

4.27 
8 . 6 6 6 - 2  

4.06 
h.37 
4.34 
2.30 
2.33 

aIndented entries are radiologically signi.ficant daughter 
products. 

'Fraction of ingested radionuclide absorbed into blood f r o m  
the GI tract. 

50-year dose commitment. C 

dEntries f o r  Th-228, Ra-224, and Ph-212 daughter products 
are given under Th-232 above. 
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Table A-4. Annual committed effective dose equivalents per unit 
concentration of  radionuclides in drinking watera 

Annual dose Annual dose 
(rem/y per pCi/L) b Nuclideb (rem/y per pCi/L) Nuc 1 i de 

H- 3 
Be - 10 
C - 1 4  

GO-GO 

Ni-63 
Sr-90 
Y-90 

Zr-93 
Nb-93m 

Tc-99 
Cd- 113m 
Sn- 121m 
CS-137 
Sm-151 
Eu-152 
Eu-154 
Eu-155 
Ra-226 
Pb-210 
Po-210 

2.3E-2 
1.7 
5.7E-1 
1. OEl 
2.1E-1 
5.3E1 
4 . 0  

6.1E-1 
1.9E-1 
5.4E-1 
6 .  O E l  

5.7E-1 
1.9E1 
1.4E-1 
2.4 
3.5 
5 . 7 E - 1  

5.7E-1 
2.OE3 
7.OE2 

Th- 232 
Ra-228 
Th-228 
Ra- 224 
Pb-212 

U-232" 
U-233 
U-234 
U-235 
U-236 
U-238 

721-234 
Np-237 
Pu-238 
Pu- 239 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 
Cm- 244 

C f  - 249 

1.OE3 
5.3E2 
P.5E2 
n , 4 ~ 2  
P.7E1 
4.8E2 
I, 1E2 
1, LE2 
9.8E1 
I. OE2 
9,4E1 
5.1 
k.5E3 
B,4E3 
1. GE3 
3 . 2 E 1  

I, 5E3 
1. GE3 
E. 6E3 
8.5E2 
8.6E2 

aAssumptions for calculations are described in 
Sections A.2.1 and A.3.3. 

bIndented entries are radiologically significant daughter 
products; doses from daughters assume secular equilibrium 
between parent and daughters. 

'Entries f o r  Th-228, Ra-224, and Pb-212 daughter products 
are given under Th-232 above. 



A. 3 . 4  Annual doses  froni h g e s t i o n  of contaminated vegetables 

From eqs. (A-3) and ( A - 4 ) ,  the annual committed effective dose 
equivalents from ingestion of contaminated vegetables depend on the 
plant-to-soil concentration ratios, Riv, for each radionuclide. The 
concentration ratios assumed in this analysis are given in Table A-5. The 
values from Table 4.1 of ref. 8 are the reported arithmetic means. The 
values from Tables 5 . 1 6  and 5.18 of  ref. 10 are the reported ari-thmetic 
means for different edible foods but exclude the values that represent 
gross plant-to-soil concentration ratios including external contamihation 
of the pla.nt:s by deposited and resuspended materials; for the exposure 
scenario assumed in this analysis, we are interestic:tl only in direct 
transfer from soil to plants via root uptake. The value from Table 10 of 
ref. 9 is an estimated arithmetic mean f o r  the reported range of values. 
The values for Sn and Cf are estimated from the values for other elements 
that are chemical analogs. The value for C is obtained from the value in 
Table E - 1  of ref. 7 and the assumption that 1% of the carbon in plants 
comes from root uptake from soil; the remaining 99% is assumed to come 
from photosynthesis of atmospheric carbon. 

The adopted plant-to-soil concentration ratios in Table A - 5  are 
subject to large uncertainties that may approach 1-2 orders o f  magnitude 
for some elements, because reported values often show large variations 
depending'on the particular food crop and properties of the soil. 
selecting the values in Table A - 5 ,  our objective was to chose a reasonable 
mean value from the available data rather than the largest value f o r  any 
type of food or soil. condition. The resulting doses from consumption of 
contaminated vegetables still should be somewhat conservative, however, 
because the mean value of Biv generally lies toward the upper end of the 
range o f  reported values and all Vegetables consumed liy an inadvertent 
intruder are assumed to be grown in the contaminated garden. 

The annual committed effective dose equivalents for the vegetable 
pathway per unit concentration of radionuclides in the disposal facility 
at the time intrusion occiirs are given in Table A - 6 .  These data were 
obtained from eqs. ( A - 3 )  and (A-4) and assume the plant-to-soil 
concentration ratios in Table A - 5 ,  a dilution factor for mixing of all 
radionuclides from the disposal facility into the native soil of the 

In 

vegetable garden of 11 

f i s  = 0 . 2 ,  

12 a soil densi.ty of 

p s  = 1 . 4  x lo3 kg/m3, 

an annual consumption of contaminated vegetables by an average adult 
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Table A - 5 .  Elemental p l a n t - t o - s o i l  concentrat ion 

r a t i o s  i n  vegetables  

Element ~i~~ Source 

H 

Be 

C 

C O  

N i  

S r  

Y 

Z r  

Nb 
T c  

Cd 

Sn 

CS 

Sm 

EU 

Pb 

Po 

Ra 

Th 

U 

NP 
Pu 

Am 

Cm 

C f  

4.8 
3.7E-1 
5.5E-2 
3.OE-2 
3.3E-2 
1.6E-1 
2.4E-2 
3.23-3 
5.OE-2 
5.0 
1 . 6 E - 1  

3.2E-3 
9.5E-3 
4.83-3 

4.8E-3 
1.OE-2 
2.4E-4 
2 . 6 E - 2  

5.OE-4 
1 . 7 E - 4  

7.93-2 
8.OE-5 

2.2E-5 
1.5E-5 
8.OE-5 

Ref. 7 ,  Table E - 1  

b 

C 

Kef. 8 ,  Table 4 . 1  
Ref, 8 ,  Table 4 . 1  

R e f .  8 ,  Table 4 . 1  

Kef. 8 ,  Sect ion 5 . 3  

Kef. 8, Table 4 . 1  

Ref. 8 ,  Sect ion 5.4 
Ref. 8 ,  Section 5.5 

d 

e 

Ref. 8 ,  Table 4 . 1  

Ref. 8 ,  Sect ion 5.3 
Ref. 8 ,  Sect ion 5.3 
From r e f .  9, Table 1 0  

From r e f .  1 0 ,  Tables 5.16 and 5.18 
From r e f .  1 0 ,  Tables 5 . 1 6  and 5 .18  

From r e f .  1 0 ,  Tables 5.16 and 5.18 
From r e f .  10 ,  Tables 5 . 1 6  and 5.18 
Ref. 8 ,  Table 4 . 1  

From r e f .  10 ,  Tables 5.16 and 5.18 
From r e f .  1 0 ,  Tables 5.16 and 5.18 

From r e f .  1 0 ,  Tables 5 . 1 6  and 5.18 
f 

apCi/kg w e t  weight of vege ta t ion  per  pCi/kg dry 

bValue i s  assumed t o  be the same as f o r  Zn. 

‘Value i s  assumed t o  be 1% of the  value given i n  

weight of s o i l .  

r e f .  7 ,  Table E - 1 .  

dValue is assumed t o  be the  same a s  f o r  S r .  

eValue i s  assumed t o  be the  same as f o r  Z r .  
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Table A-6. Annual committed effective dose equivalents from 

vegetable pathway per unit concentration of radionuclides 
in disposal facility at tiiiie intrusion occursa 

Annual dose Annual dose 
Nuc 1 ide (rem/y per pCi/m3) Nuclideb (rern/y per  pCi/m3) 

H- 3 
Be - 10 
C-14 
CO-60 
Ni-63 
sr-90 
Y-90 

Zr-93 
Nb - 9 3111 

Tc-99 
Cd-113m 
Sn- 121m 
CS-137 
Sm- 151 
Eu-152 
Eu- 154 
Eu-155 
Ra-226 

Pb-210 

3.9E-6 
2 . 2 E - 5  

l.lE-6 
1.OE-5 
2.4E-7 
2.9E-4 
3.3E-6 
6.8E-8 
3.4E-7 
9.4E-5 
3.3E-4 
6.4E-8 
6 . 1 E - 6  

2.4E-8 
4.OE-7 
5 . 9 E - 7  

9.4E-8 
4.43-4 
6.9E-4 

Th-232 
Ra-228 
Th-228 
Ka-224 
Pb-212 

u-232c 
U-233 
lJ-234 
U- 235 
U-236 
U-238 

Th-234 
Np-237 
Pu-238 
Pu- 239 
Pu- 241 
Pu- 242 
Am- 24’1. 

Am- 2&3 
Cm- 244 
Cf-249 

1 ~ 8 E - 5  

4 .  8 E - 4  

2.6E-6 
1.2E-4 
5.9E-6 
2.9E-6 
6,3E-7 
6.2E-7 
5.8E-7 
5.9E-7 
5.6E-7 
8.8E-8 
4.1E-3 
3.9E-6 
4.4E-6 
8.9E-8 
4.2E-6 
1.2E-6 
1.2E:-6 

4.4E-7 
2.43-6 

aAssiimptions €or calculations are described in 
Sections A.2.2 and A.3.4. 

bIndented entries are radiological.1-y significant 
daughter products; doses f o r  daughters assume secular 
equilibrium between parent and daughters. 

‘Entries for Th-228, Ra-224, and Pb-212 daughter 
products are given under Th-232 above. 



95 

. 

.f7 I 1 3  

Uv - 90 kg per year, 
and the dose conversion €actors in Table A - 3 .  

A. 3.5 Annual doses f r o m  ingestion of contaminated soil 

The annual committed effective dose equivalents from direct i-ngestion 

These data 
o f  contaminated soil from the vegetable garden per unit concentration of 
radionuclides in the disposal facility are given in Table A-7. 
were obtained from eqs. ( A - 5 )  and (A-6) and assume a dil-ution factor for 
mixing o f  all radionuclides from the disposal facility into the native 
soil of the vegetable garden of  11 

fis - 0.2, 
12 a soil density of 

p s  = 1.4 x 10 3 kg/m3, 

an annual consumption of  contaminated soil from the vegetable garden by an 

average adult of 14 

Us = 0.037 kg per year (0.1 g per day), 

and the dose conversion factors in Table A - 3 .  

A . 3 . 6  Annual doses from ingestion of contaminated milk and meat 

From eqs. (A-7)-(A-10), the annual committed effective dose 
equivalents from ingestion of contaminated milk and meat depend on the 
transfer coefficients of radionuclides from intake to milk for dairy 
cattle, Fim, and from intake to meat for beef cattle, F i f ,  respectively. 
The values of  the milk and meat transfer coefficients assumed in this 
analysis are given in Tables A-8 and A-9, respectively. The adopted 
values are means of the reported data. 

The annual committed effective dose equivalents f o r  the milk pathway 
per unit Concentration of  radionuclides in water consumed by dairy cattle 
are given in Table A-10. These data were obtained from eqs. (A-7) and 
(A-9) and assume the milk transfer coefficients in Table A-8, a daily 
consumption of contaminated water by dairy cattle of 7 

Q m =  60 liters per day, 

an annual consumption of  contaminated milk by an average adult of 7 , 1 3  
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Table A-7. Annual committed effective dose equivalents from soil 
ingestion pathway per unit concentration o f  radionuclides 

in disposal facility at time intrusion occursa 

Nucl ideb 
Annual dose 

(rem/y per p~i/m3) Nuc 1 ideb 
Annual dose 

(rem/y per p ~ i / m 3 )  

H-3 
Be-10 

C-14 
CO - 60  

Ni-63 
Sr-90 

Y-90 

Zr-93 
Nb-93m 

Tc-99 
Cd- 113m 
Sn- 121m 
CS - 137 
Sm- 151 
Eu-152 
Eu-154 
Eu- 155 
Ra-226 

Pb - 210 
Po - 210 

3.3E-10 
2.5E-8 
8.1E-9 
1 . 4 E - 7  

3.OE-9 
7.6E-7 
5.7E-8 
8.8E-9 
2. a E - 9  

7.7E-9 
8.5E-7 
8.2E-9 
2.7E-7 
2.1E-9 
3.4E-8 
5.1E-8 
8.1E-9 
7.OE-6 
2.8E-5 

1.OE-5 

Th-232 
Ra-228 
Th-228 
Ra-224 
Pb-21.2 

U-232' 
u-233 

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

Th - 2 3 4 

Np - 237 
Pu- 238 
P u -  239 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 
Cm- 244 
Cf - 249 

1.4E-5 
7.6E-6 
2.1E-6 
1. ~ 9E-6 
2.4E-7 
6.3E-6 
1.5E-6 
1.. 5E-6  

1 . 4 E - 6  

1 . 4 E - 6  

1.3E-6 

7.2E-8 
2.1E-5 
2.OE-5 
2.3E-5 
4.6E-7 
2.1E-5 
2.3E-5 
2.3E-5 
1.2E-5 
1.2E-5 

aAssumptions for calculations are described in 
Sections A.2.3 and A.3.5. 

bIndented entries are radiologically significant daughter 
products; doses for daughters assume secular equilibrium between 
parent and daughters, 

'Entries for Th-228, Ra-224, and Pb-212 daughter products 
are given under Th-232 above. 
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Table A - 8 .  Elemental intake-to-milk transfer 
coefficients for dairy cattle 

Element Fim(d/L)a Element Fim(d/L) a 

H 
Be 
C 
CO 
Ni 
Sr 
Y 

Zr 
Nb 

Tc 
Cd 
Sn 
cs  

1.4E-2 
9.1E-7 
1.5E-2 
2.9E-3 
1.OE-3 
1.4E-3 
2. OE-5b 

2.0E-2b 
9.9E-3h 

3.OE-5 

1.5E-3 
1.2E-3 
7.LE-3 

Sm 
Eu 

Pb 
Po 

Ra 
Th 
u 
NP 
Pu 

Am 

Cm 
Cf 

6.OE-5' 
6.OE-5' 
2.6E-4 
3.4E-4 
4.OE-4 
5.0E-Gb 

5. OE-6b 
3.7E-4 

l.OE-7 
4.1E-7 
2.0E-5b 
2. OE- 5' 

aValues from Table 4 of ref. 9, unless 
otherwise noted. 

bValue from Table 7 of ref. 15. 

CValue is assumed to be the same as for 
Ce in Table 4 of ref. 9. 
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T a b l e  A-9. E l e m e n t a l  in take- to-meat  transfer 

c o e f f i c i e n t s  f o r  beef c a t t l e  

. . . . ... . .... ... . . . . . .... ... ..... ._. . 

E l e m e n t  F i f ( d / k g )  S o u r c e  

H 

B e  

C 

co 
N i. 

S r  

Y 
Z r  

Nb 

T c  

C d  

Sn  

cs 
Sm 

EU 

Pb 
Y O  

R a  

T h  

U 

NP 
PU 

Am 

Cm 

C f  

I. . 2 E - 2 

1 ~ 8E-2 
3.1E-2 
9.7E-3 
2.OE-3 
3 . O E - 4  
1.OE-3 
2.1E-2 
2.5E-1 
1,OE-3 
3 . 5 E - 4  
2.1E-2 
2.OE-2 
7 . 5 E - 4  
7. S E - 4  

P . O E - 3  

4.OE-3 
5.OE-4 
2" O E - 4  
3. (+E-4 

1.OE-6 
1.OE-6 
3.6E-6 
3.6E-6 
3.6E-6 

R e f .  7 ,  T a b l e  E - I  

a 

R e f .  7 ,  T a b l e  E - 1  

R e f .  9 ,  T a b l e  7 

R e f .  9 ,  T a b l e  7 

R e f .  9 ,  T a b l e  5 
R e f .  1 6 ,  T a b l e  7 . 1  

R e f .  9 ,  T a b l e  7 
R e f .  9 ,  T a b l e  7 
R e f .  1 6 ,  S e c t i o n  8 

R e f .  1 6 ,  T a b l e  7 . 1  

b 

R e f .  9 ,  T a b l e  5 

C 

C 

R e f .  9 ,  T a b l e  8 

R e f .  9 ,  T a b l e  8 
R e f .  9 ,  T a b l e  8 

R e f .  1 0 ,  T a b l e  5.37 
R e f .  1 0 ,  T a b l e  5.37 

R e f .  9 ,  T a b l e  5 
R e f .  9 ,  T a b l e  6 

R e f .  1 0 ,  T a b l e  5.37 
R e f .  1 0 ,  T a b l e  5.37 

d 

%slue i s  assumed t o  be the same as €or  
Mg from T a b l e  7 . 1  o f  re f .  1 6 .  

b V a l u e  i s  assumed t o  be the s a m e  as f o r  
Zr . 

V a l u e  i s  assumed t o  be the s a m e  as f o r  c 

Ce i n  T a b l e  5 o f  ref. 9. 

'Va lue  i s  assumed t o  be the same as f o r  
PU . 
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Table A-10. Annual committed effective dose equivalents from milk 
pathway per unit concentration of  radionuclides in watera 

Annual dose Annual dose 
Nuc 1 ide (rem/y per pci/L) Nuc 1 i de b (rern/’y per pCi/L) 

H- 3 
Be - 10 

CO-60 
Ni-63 
Sr-90 
Zr- 93 

C-14 

Nb-93m 
Tc-99 
Cd-113111 
Sn-12lm 
C S  - 137 
S m - 1 5 1  

Eu- 152 
Eu- 154 
Eu-155 

Ra-226 
Pb-210 

Po - 210 

5.8E-3 
2.8E-5 
1.5E-1 
5.1E-1 
3.8E-3 
1 . 3  

3.3E-4 
6.9E-2 
9.5E-2 
1.6 
1.2E-2 
2 . 4  

1.5E-4 
2.6E-3 
3.8E-3 
6.1E-4 

3.5 
9.2 
4.3 

Th- 232 
Ra-228 
Ra-224 

U-232‘ 
U-233 
U-234 
U-235 
U- 236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu- 241 
Pu- 242 
AID- 241 
Am-243 
Cm- 244 
Cf - 249 

9.OE-2 
3 . 8  

9.7E-1 
3.2 
7.1E-1 
6.9E-1 
6.5E-1 
6.6E-1 

6.2E-1 
1.3E-1 
2.5E-3 
2.8E-3 
5.7E-5 
2.7E-3 

1.2E-2 
1.2E-2 
3.OE-1 
3. LE-1 

aAssumptions f o r  calculations are described in Sections A.2.4 
and A.3.6. 

bIndented entries are radiologically significant daughter 
products; doses for daughters assume secular equilibrium between 
parent and daughters. 

‘Entry for Ra-224 daughter product is given under Th-232 
above. 



100 

U, = 110 liters per year, 

and the dose conversion factors in Table A-3. 
The annual committed effective dose equi-valents for the neat pathway 

per unit concentration of radionuclides in water consumed by beef cattle 
are given in Table A - 1 1 .  These data were obtained from eqs. (A-8) and 
(A-10) and assume the meat transfer coefficients in Table A - 9 ,  a daily 
consurnption of contaminated water by beef cattle of 7 

Qwf = 50 liters per day, 

7,13 an annual consumption of contaminated meat: by an average adult of 

and the dose conversion factors in Table A-3. 

A.3.7 Annual doses f rom ex te rna l  exposure t o  contaminated soil 

The annual. effective dose equivalents from external exposure to 
photon-emitting radionuclides in soil depend on the assumed vertical 
distribution of the sources in soil. As described in Secti.on A.2.5, two 
exposure scenarios with different source distributions were assumed: 
(1) a slab source with upper boundary at the ground surEace and thickness 
of 15 cm for exposures while working in the vegetable garden, and (2) a 
slab .source with upper boundary at the ground surface and a thickness that 
is effectively infinite for exposures during indoor residence. In both 
cases, the radionuclides are assumed to be uniformly distributed 
throughout the source region. 

distributions per unit concentrat ion of photon- emi t t ing radionucl. i.des in 
soil for an individual standing on the ground surface are given in 
Tables A - 1 2  and A - 1 . 3 .  These results assume that the ratio of effective 
dose equivalent to absorbed dose in air for a given radionuclide is the 
same for sources in soil as for immersion in a semi-infinite atmospheric 
cloud. The absorbed dose i-n air for slab sources in soil i.s based on 
cal.culations for monoenergetic sources3 and the known photon spectrum for 
each radionuclide. The ratio o f  effective dose equivalent to absorbed 
dose in air for immersion in a semi-infi.ni.te atmospheric cloud is obtained 
from available data, l7-I9 and the va’ .E? is about 0.65-0.70 for most 
radionuclides. 

The annual effective dose equivalents for the t w o  source 

The annual effective dose equivalen-ts froto external exposure per unit 
concentration of radionuclides in the disposal facility for an indiv.idua1 
working in the contaminated vegetable garden are given in Table A - l l c .  
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Table A - 1 1 .  Annual committed effective dose equivalents from meat 
pathway p e r  unit concentration of radionuclides in water" 

A n n u a l  dose Annual dose 
(rem/y per pCi/L) b Nuclideb (rem/y per pCi/L) Nuclide 

H-  3 

Be - 10 
C-14 
CO-60 
Ni-63 
Sr-90 
Y-98 

Zr-93 
Nb-93m 

Tc-99 
Cd- 1 1 3 m  

Sn-12lm 
CS - 137 
Sin-151 

Eu- 152 
Eu- 154 
Eu- 155 
Ra-226 

Pb-210 
Po-120 

3.4E-3 
3.8E-1 
2.1E-1 
1.2 
5.2E-3 
1.9E-1 
4.9E-2 
1.6E-1 
5.9E-1 
6.6E-3 
2.5E-1 
1.5E-1 
4.5 
1 . 3 E - 3  

2.2E-2 
3.2E-2 
5.2E-3 
3 . O  
2.4E1 
3.4El 

Th-232 
Ra-228 

Ra-224 
721-228 

Pb-212 
U-232'  

u-233 
U- 234 
U -  235 
U-236 
U-238 

Th-234 
Np-237 
Pu-238 

Pu-239 
Pu- 241 
Pu- 242 
Am- 241 

Cm- 244 
Am- 2 4 3  

Cf - 249 

2.5 
3.2 
3. G E - 1  

8 . 2 E - 1  

2.OE-1 
2.0 
[+ .4E - 1 
4.3E-1 
4.1E-1 
4.lE-1 
3 . 9 E - 1  

1.2E-2 
1.8E-2 
1.7E-2 
1.9E-2 
3.9E-4 
1.8E-2 
7.1E-2 
7 . Q E - 2  

3 "7E-2 
3.8E-2 

aAssumptions €or calculations are described in Seeti.ons A .  2.4 
and A.3.6. 

bIndented entries are radiologically significant daughter 
products; doses f o r  daughters assume secular equilibrium between 
parent and daughters. 

'Entries for Th-228, Ra-224, and Pb-212 daughter products are 
given under Th-232 above, 
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Table A - 1 2 .  Annual e f f e c t i v e  dose equiva len ts  from ex te rna l  exposure 

above ground p e r  unitl concentrat ion of  radionucl ides  

i n  a 15-crn thickness  of s o i l  

Annual dose Annual dose 

Nucl.idea (rem/y per  pCi/rn3) Nuc 1 idea (rem/y per  p ~ i / m 3 )  

CO-60 

CS - 137 

Eu- 152 

Eu- 154 

Eu- 1-55 

R a - 2 2 6  

Pb - 214 

Bi-214 

Th-232 

Ac-228 

Pb - 2 1 2  

B i - 2 1 2  

TI-208 

8.30E-3 

1.97E-3 

3.74E-3 

4 .15E-3  

8.05E-5 

1.6'7E-4 

7.70E-4 

5.13E-3 

3.14E-3 

3.71E-4 

6.26E-4 

4.17E- 3 

U-232b 

U -  235 

Th- 231 

u-  238 

Th- 234 

P a -  234m 

Pa-234 

Np-237 

Pa-233 

Am- 241 

Am- 243 

Np-239 

C f -  2h9 

3.68E-4 

1. . 0 2 E  - 5 

9.4lE-6 

3.88E-5 

1.05E- 5 

2.79E-5 

6.24E-4 

1..45E-5 

5.45E-5 

3.9lE-4 

1.07E-3 

~ ~ 

alndented e n t r  i e s  a r e  radio1 ogica l  l y  s i g n i f i c a n t  daughter 
products ;  doses f o r  daughters assume secu la r  equi l ibr ium between 
pa ren t  and daughters .  

bEnt r ies  f o r  Pb-212, B i - 2 1 2 ,  and Tl-208 daughter products  are 
given under Th-233 above. 
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Table A-13. Annual effective dose equivalents from external exposure 
above ground per unit concentration of radionuclides 

in an infinite thickness o f  soil 
_. ______- 

Annual dose Annual dose 
Nuclidea (rem/y per pCi/m3) Nuc 1 id ea (rern/y per p~i/rn3) 

CO-60 
CS-137 
Eu-152 
Eu- 154 
ELI-155 
Ea-226 

Pb-214 
Bi-214 

Th-232 
Ac-228 
Pb-212 
Bi-212 
T1- 208 

1.07E-2 
2.33E-3 
4.63E-3 
5.14E-3 

a.i7~-5 
1.76E-5 
8.65E-4 
6.60E-3 

3.87E-3 
3.97E-4 
7.80E-4 
5.7lE- 3 

U-232b 
U-235 

Th- 231 
u- 238 

Th-234 
Pa-234111 
Pa-234 

Np-237 
Pa-233 

hm- 241 
Am- 243 
Np-239 

C f  - 249 

3.88E-4 
1.03E-5 

9.57E-6 

4.77E-5 
1.28E-5 
2.85E-5 
6.87E-4 
1.45E- 5 
5 . 4 9 E - 5  

4 ~ H E - 4  
1.20E- 3 

aIndented entries are radiologically significant daughter 
products; doses for daughters assume secular equilibrium between 
parent and daughters. 

bEntries for Pb-212, Bi-212, and T1-208 daughter products are 
given under Th-232 above. 
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Table A-14. Annual effective dose equivalents from external exposure 
per unit concentration of radionuclides in disposal facility 

at time intrusion occurs for individual working 
in contaminated vegetable gardena 

Annual dose Annual dose 
Nuclideb (rern/y per pCi . /m3)  Nucl ideb (rem/y per p~i/m3) 

C O - 6 0  
CS-137 
Eu-152 
Eu- 154 
Eu-155 
Ra-226 

Pb-214 
Bi-214 

Th- 232 
Ac-228 
Pb-212 
Bi-212 
T1-208 

1.7E-5 
3.9E-6 
7.5E-6 
8.3E-6 
1,6E-7 

1.5E-6 
1.OE-5 

6.3E-6 
7 . 4 E - 7  

1.3E-6 
8.3E-6 

U- 232c 
U-235 
Th- 231 

U- 238 
Th- 234 
Pa-234111 

Pa-234 
Np-237 

Pa-233 
Am- 241 
Am- 243 
Np-239 

Cf - 249 

7.4E-7 
2.0E-8 

1.9E-8 
7.8E-8 
2.1E-8 
5.6E-8 
1.2E-6 
2.9E-8 
1.1E-7 
7.8E-7 
2.1E-6 

Assumptions f o r  calculations are described in Sections A.2.5 a 

and A.3.7. 

bIndented entries are radiologically significant daughter 
products; doses froin daughters assume secular equilibrium between 
parent and daughters. 

CEntries f o r  Pb-212, Ri.-212, and T1-208 daughter products are 
given under Th-232 above. 
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These data were obtained from eqs. ( A - 1 1 )  and (A-12) and assume a dilution 
factor for mixing of  all radionuclides from the disposal facility into the 
native soil of the vegetable garden of 11 

fis = 0.2, 

a fraction of the year during which exposure occurs of 

us = 0 .01 ,  

which corresponds to an annual exposure time of 100 hours per year,20 and 
the dose conversion factors in Table A-12. 

The annual effective dose equivalents from external exposure per unit 
concentration of radionuclides in the disposal facility €or an individual 
living in a house that is constructed immediately on top of the facility 
are given .in Table A-15 .  These data were obtained from eq. (A-13) and 
assume a fraction of  the year during which exposure occurs o f  

ut - 0.5, 
which corresponds to an annual exposure time of 4380 hours per year,20 a 
shielding factor from indoor residence for a l l  radionuclides of 7 

si = 0.7, 

and the dose conversion factors in Table A - 1 3 .  

Comparison of the results in Tables A-14 and A-15 shows that the 
estimated external doses from working in the contaminated vegetable garden 
are negligible compared with the external doses from residence in a house 
located on top of the disposal facility. The greater importance of the 
indoor exposures results primarily from the assumed dilution factor for 
mixing of  radionuclides in the vegetable garden and the much greater time 
spent indoors. 

A . 3 . 8  Annual doses from i n h a l a t i o n  of contaminated so i l  

A s  described in Section A.2.6, the two exposure scenarios assumed for 
inhalation of suspended activity froin soil are essentially the same as the 
two scenarios for external exposure. The airborne concentration of 
radionuclides in each case is described using a mass-loading approach. 

unit concentration of radionuclides in the disposal facility for an 
individual working in the contaminated vegetable garden are given in 
Table A-16. These data were obtained from eqs. (A-14)-(A-16) and assume a 
dilution factor for mixing of a l l  radionuclides from the disposal facility 

into the native s o i l  of the vegetable garden of 

The annual committed effective dose equivalents from inhalation per 

11 
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Table A - 1 5 .  Annual effective dose equivalents f r o m  external exposure 
per unit concentration o f  radionuclides in disposal. facility 

at time intrusion occurs for individual living 
in house on the facilitya 

Annual dose Annual dose 
Nuclideb (rem/y per pCi/m3) Nuclide b (rem/y per p~i/un3) 

GO-GO 
C S  - 1.37 
Eu-152 
Eu- 154 
Eu-155 
Ra-226 
Pb-214 
R i - 2 1.4 

Th-232 
AC-228 
Pb - 212 
Bi-21.2 
T1- 208 

3.7E-3 
8.2E-4 
1 . 6 E - 3  

1.8E-3 
2.9E-5 

3.OE-4 
2.3E-3 

1 . 4 E - 3  

1.4E-4 
2.7E-4 
2 .OE-3 

U-232c 
U-235 
Th- 231 

U- 238 
Th-234 
Pa- 234m 
Pa- 234 

Np-237 
Pa-233 
.h- 241. 

Am- 243 
Np-239 

Cf- 249 

1. I 4E-4 

3. GE-6 

3.3E-6 
1.7E-5 
4.5E-6 
1.OE-5 
2.4E-4 
5 . I E - 6  

1.9E-5 
1.5E-4 
4.2E-4 

aAssumptions for calculations are descri-bed in Sections A .  2.5 
and A.3.7. 

"Indented entries are radiologically sigriif icant daughter 
products; doses from daughters assume secular equilibrium between 
parent and daughters. 

'Entries for Pb-212, Bi-21.2, and TI-208 daughter products are 
given under Th-232 above. 
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Table A-16. Annual committed effective dose equivalents from inhalation 
per unit concentration of  radionuclides in disposal facility 

at time intrusion occurs for individual. working in 
contaminated vegetable gardena 

Annual dose Annual dose 
Nuclide (rem/y per p~i/m3) N u c  1 ide b (rem/y per &i/m 3 ) 

H-3 
Be-10 

CO-60 
Ni-63 
Sr-90 
Zr-93 

C-14 

Nb-93m 
Tc-99 
Cd- 1 1 3 m  

Sn- 121m 
CS -137 
Sm-151 
Eu- 152 
Eu- 154 
Eu- 155 
Ra- 226 

Pb-210 

Po-210 

7.2E-13 
4.1E-9 
2.7E-13 
2. S E - 9  

2.6E-11 
1 . 5 E - 8  

8.5E-10 
3.3E-10 
9.5E-11 
1.7E-8 
1.3E-10 
3.7E- 10 
3.4E-10 
2.SE-9 
3.3E-9 
4.7E- 10 
9.8E-8 
1 . 6 E - 7  

1 .1 .E-  7 

Th-232 
Th- 2.28 

U- 232c 
U-233 
U-234 
U-235 
U-236 
U- 238 
Np-237 
Pu-238 
Pu-239 
Pu- 241 
Pu- 242 
Am- 241 
Am- 243 
Cm- 244 
Cf I249 

1 . 3 E - 5  

3.9s-6 
7.5E-6 
1.5E-S 
1.5E-6 
1.4E-6 
1.4E-6 
1.3E-6 
5 . 5 E - 6  
5.3E-6 

5 . 9 E - 6  

1.2E-7 
5.6E-6 
6 . 1 E - 6  

6 . 1 E - 6  

3.2E-6 
6 .4E - 6 

aAssumptions for calculations are described in Sections A .  2.6 and 
A . 3 . 8 .  

bIndented entries are radiologically significant daughter products ; 
doses from daughters assume secular equilibrium between parent and 
daughters" 

'Entry for Th-228 daughter product is given under Th-232 above 

. 
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fis = 0.2, 

a fraction of  the year during which exposure occurs of 

fa = 0.01, 

which corresponds to an annual exposure time of  100 hours per year,20 an 
atmospheric mass loading of  soil of 

La 7 kg/m3, 

which is ten times greater than the average background value4 and takes 
into account the increased suspension during gardening activities, a soil 
density of 12 

an annual air intake by an average adult of 7 

3 p s  = 1.4 x 10 kg/m3, 

Ua = 8 x 10 3 3  m per year, 

and the dose conversion factors in 'l'able A-2. 
The annual committed effective dose equivalents from inhalation per 

unit concentration of radionuclides in the disposal facility for an 
individual living in a house located immediately on top of the facility 
are given in Table A - 1 7 .  These data were obtained from eqs. (A-14) and 
(A-17) and assume a fraction of the year during which exposure occurs o f  

fa = 0.5, 

which corresponds to an annual exposure time of 4380 hours per year,20 an 
atmospheric mass loading of soil of 

La = kg/m3, 

which is the average background value,4 a soil density of 12 

3 p s  = 1.4 x 10 kg/m3, 

a ratio o f  indoor to outdoor air concentration for all radionuclides 
except 311 and I4C ,  for which no reduction in indoor concentrations is 
assumed, of 21 

Si = 0 . 2 4 ,  

7 an annual air intake by an average adult of 

Ua = 8 x l o 3  rn3 per year, 

and the dose conversion factors in Table A-2 
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Table A-17. Annual committed effective dose equivalents from inhalation 
per unit concentration of radionuclides in disposal facility 

at time intrusion occurs for individual living in 
house on the facilitya 

Annual dose Annual dose 

Nuclide (rem/y per p~i/m3) Nuclide b (rem/y per p~i/m3) 

H- 3 
Be - 10 
C-14 
(20-60 
Ni-63 
Sr-90 
Zr-93 
Nb-93m 

Tc-99 
Cd- 113m 
Sn- 121m 
CS - 137 
Sm- 151 
Eu- 152 
Eu-154 
Eu-155 
Ra-226 

Pb-210 
Po - 210 

1.8E-11 
2.43-8 
6.73-12 
1.5E-8 
1.6E-10 
8.9E-8 
5.1E-9 
2.OE-9 
5.7E-10 
1.OE-7 
7.9E-10 
2.2E-9 
2.1E-9 
1.5E-8 
2.OE-8 
2.83-9 
5.9E-7 
9.3E-7 
6.53-7 

Th-232 
Th-228 

U-232' 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu- 239 
Pu- 241 
Pu-242 
Am- 241 
Am- 243 
Cm- 244 
Cf - 249 

7.9E-5 
2.3E-5 
4.5E-5 
9.3E-6 
9.1E-6 
8.4E-6 
8.6E-6 
8 . 1 E - 6  

3.3E-5 
3.2E-5 
3.5E-5 
7.1E-7 
3.4E-5 
3.6E-5 
3.6E-5 
1.9E-5 
3.9E-5 

Assumptions for calculations are described in Sections A.2.6 and a 

A.3.8. 

bIndented entries are radiologically significant daughter products ; 
doses from daughters assume secular equilibrium between parent and 
daughters. 

CEntry for Th-228 daughter product is given under Th-232 above. 
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Comparison of the results in Tables A - 1 6  and A-17 shows that, except 
H and I4C, the inhalation exposures from worki-ng in the vegetable 3 for 

garden are about one-sixth of those from residing in the house on the 
disposal facility. In this case, the effects o f  dilution o f  the 
radionuclides in soil and the smaller exposure time while working outdoors 
are somewhat compensated by the assumptions for indoor exposures of the 
smaller atmospheric mass loading and the reduct:j.on in air concentration 
provided hy the building. 

A .  3 . 9  C o m p a r i s o n s  of annual doses for d i f f e r e n t  pathways 

The tables of  annual committdd effective dose equivalents per unit 
concentration of radionuclides in the environment developed in 
Sections A.3.3-A.3.8 are normalized ei-ther to a 1ni.t: concentration in 
water o r  to a unit concentration in the disposal facility itself at the 
tihe intrusion occurs. Therefore, the results f o r  the different exposure 
pathways that result from activity in the same environmental compartment 
can be compared directly to evaluate their relati.ve importance f o r  each 
radionuclide. 

The relative contributions from the drinking water, milk, and meat 
pathways that result from intakes of radionuclides in contaminated water 
are given in Table A-18. The contributions from these pathways are 
obtained from Tables A-4, A-10,  and A-11, and the results are normalized 
to unity for the drinking water pathway. The results for parent and 
daughter radionuclides are combined into a single entry by assuming that 
the parent: and daughters are in secular equilibrium. The table shows 
that, for the assumptions used in the analyses, the milk and meat pathways 
are important relative to the drinking water pathway only for a few of the 
fission ant1 activation products" For all o t h e r  radi-onuclides the 
drinking water pathway is the only one that needs t:o be considered in 
evalua ti-ng annual dose equivalents from contaminated water. 

external exposure, and inhalation pathways that result from radionuclides 
in the disposal facil-ity i.tself at the time intrusion occurs are given in 
Table A - 1 9 .  The contributions from these pathways are obtained from 
Tables A-6, A-7, and A-14 through A-17, and the results are normalized to 
unity for the vegetab1.e pathway. The entries for parent and daughter 
radionuclides again are combined by assuming that the parent and daughters 
are in secular equilibrium. The table shows that: while the vegetab7.e 
pathway is usually the most important: f o r  the fission and activation 

products, with the exception of 6oCo, 1-37Cs, and the Eu isotopes which are 
a l l  strong photon emitters, ingestion of contarni.nated soil and external 

The relative contributions from the vegetable, soil ingestion, 
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Table A-18. Relative contribution to intruder doses from 
exposure pathways resulting from radionuclides in water 

Nuc 1 idea Drinking water Milk Meat 

H- 3 

Be - 10 

G O  - 60 

Sr-90 + d 
Zr-93 + d 

Cd-113rn 
Sn-12lm 

C-14 

Ni-63 

Tc-99 

C S  - 137 
Sm- 151 
Eu- 152 
Eu- 154 
Eu- 155 
Ra-226 + d 
Th-232 + d 
U-232 + d 
U-233 
U-234 
u-235 
U-236 
U-238 + d 

Np-237 
Pu-238 
Pu-239 
Pu- 241 
h- 242 
Am- 241 
Am- 243 
Cm- 244 
Cf - 249 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 . 0  

1.0 
1 . 0  

1.0 
1.0 
1 . 0  

1.0 
1.0 
1.0 
1 . 0  

1 . 0  

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.25 

2E- 5 
0.26 
0.05 
0.02 
0.02 
0.09 
0.18 
0.03 
0.02 
0.13 
0.001 
0.001 
0.001 
0.001 
0.005 
0.003 
0.005 
0.006 
0.006 
0.006 
0.006 
0.006 
9E- 5 
2E- 6 

2E- 6 
2E- 6 
2E-6 
8E-6 
8E-6 
4E-4 
4E-4 

0.15 
0.22 
0.37 
0.12 
0.03 
0.004 

0 . 9 4  

0.01 
0.004 

0.26 
0.24 
0.009 
0.009 
0.009 
0.009 
0.02 
0.004 

0.004 

0.004 
0.004 
0.004 

0.004 
0.004 
1E- 5 
1 E -  5 
1E-5 
1E-5 
1 E -  5 
4E- 5 
4E- 5 

4E-5 
4 E -  5 

a"dtt denotes radioactive daughter products that are 
assumed to be in secular equilibrium with the parent. 
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Table A-13. Relative contribution to intruder doses f rom exposure 
pathways resulting from radionuclides in disposal 

facility at time intrusion occurs 

Nuclidea Vegetables Soil ingestion External Inhalation 

11- 3 
Re-10 
C-14 
CO-60 
Sr-90 + d 
Zr-93 + d 
Tc-99 
Cd- 113111 
Sn-12lm 
cs-137 
Sin-151 
Ell- 152 
Eu- 154 
Eu-155 
Ra-226 + d 
Th-232 + d 

U-232 + d 
U-233 
U-234 
U-235 + d 
U- 236 
U-238 + d 
Np-237 + d 
Pu-238 
Pu-233 
Pu- 241 
Pu- 242 
Am- 241 
Am-243 + d 
Cm- 244 
Cf - 249 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 . 0  
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 . 0  

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 . 0  

8E- 5 
0.001 
0.007 
0.01 
0.003 
0.03 
8E- 5 
0.003 
0.13 
0.04 
0.09 
0.09 
0.09 
0.09 
0.04 
0.04 
0.08 
2.4 
2.4 
2 . 4  

2.4 
2.2 

0.005 
5.1 
5.1 
5.1 
5.1 
19 
19 
27 
5.1 

3.7E2 

1,3E2 

4" OE3 
3.1133 
3.1E2 
2.3 
6.0 

18 

2.4E2 

38 

0.06 

4.3 
1. LtE2 

1.8E2 

5E- 6 
0.002 
6E- 6 

0.002 
4E-4 
0.02 
7E-6 
4E-4 
0.01 
4E-4 
0.10 
0.04 
0.04 
0.04 
0.002 
0.19 
0.61 
17 
17 
17 
17 
14 
0.009 
9.6 
9.6 
9.6 
9.6 
35 
35 
50 
19 

atrdlr denotes radioactive daughter products that are assumed 
to be in secular equilibrium with the parent. 
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and inhalation exposures are the most important for all actinides and 
their daughter products. 

A . 4  Summary of Dose Calculations 

This appendix has presented a methodology for estimating annual 
committed effective dose equivalents resulting from inadvertent intrusion 
into a near-surface radioactive waste disposal facility. Six different 

exposure pathways were assumed to occur: (1) ingestion of contaminated 
drinking water from a source at the site, (2) ingestion of vegetables 
grown in native s o i l  that is contaminated by soil from the disposal 
facility, (3) direct ingestion of contaminated soil from the vegetable 
garden, ( 4 )  ingestion of milk and meat from dairy and beef cattle that 
drink contaminated water from a source at the the site, (5) external 
exposure to contaminated soil while working in the vegetable garden or 
residing in a house located on the disposal facility, and ( 6 )  inhalation 
of suspended activity from contaminated soil while working in tlie 
vegetable garden or residing in a house located on the disposal facility. 
The two scenarios involving ingestion of water by man or by dairy and beef 
cattle result from release of radionuclides from the disposal facility 
into a source of drinking water (i.e., an aquifer or a surface stream). 
The other four scenarios result from exposure to radionuclides retained in 
the disposal facility itself at the time intrusion occurs. 

The dose estimates obtained from this analysis are summarized in 
Tables A - 2 0  and A-21, which give annual committed effective dose 
equivalents per unit concentration of  radionuclides in water or in the 
disposal facility itself, respectively. These results then can be 
multiplied by estimates o f  the concentrations of each radionuclide in the 
two environmental media at the time intrusion is assumed to occur, as 
obtained from considerattons of radioactive decay and environmental 
transport of radionuclides placed in the disposal facility, to obtain 
estimates of annual dose equivalents to intruders. 

realistic estimates of parameters for food-chain transport of 
radionuclides and for exposure times or annual intakes of contaminated 
materials. However, since the probability that the intrusion scenarios 
occur is assumed to be unity at any time following l o s s  of institutional 
controls, the calculations are believed to provide conservative 
overestimates of actual risks to inadvertent intruders. 

The dose analysis for an inadvertent intruder was based on reasonably 

The results in Tables A - 2 0  and A - 2 1  can be used to determine limits 
on concentrations of radionuclides that may be placed in a disposal 
facility. For the pathways involving exposure to radionuclides in the 



Table A-20. Summary of  annual committed effective dose equivalents 
per unit concentration o f  radionuclides in watera 

Annual dose Annual dose 
(rem/y per ,uCi/E) h Nuclide (rem/y per pCi/L) Nucli.de 

H- 3 
B e  - 10 
C-14 
co-60 
Ni-63 
Sr-90 + d 
Zr-93 + d 
Tc-99 
Cd- l13m 
Sn- 121m 
CS - 137 
Sm-151 
El1 - 15 2 
Eu-154 

Eu-155 

Ra-226 + d 

3.2E-2 
2.1 
9.3E-1 
1.2E1 
2.1E-1 
5 . 7 E 1  

1.6 
6.4E-1 
6. OEl 
7.2E-1 
2 I 6E1 
1.4E-1 
2.4 
3.5 
5 . 7 E - 1  

3.2F.3 

Th-232 -+ d 
U-232 C d 
u-233 
U- 234 
u-235 

U- 236 
U-238 + d 
Np-237 
Pu- 238 
Pu-239 
Pu- 241 
Pu- 242 

Am- 241 
Am- 243 

Cm- 244 
C f -  249 

1.8E3 
7.9E2 
1.1E2 
1.1E2 
9.8E1 
1. 0E2 
9 . 9 E 1  

1.5E3 
1.4E3 
1.6E3 
3.2E1 
1.5E3 
1.6E3 
1.6E3 
8.5E2 
8.6E2 

aResults are sum of  annual dose equivalents per unit 
concentrat Loxi from drinking water, milk, and meat pathways in 
Tables A - & ,  A-10, and A-11, respectively. 

b'ld" denotes radioac t:ive daughter products that are assumed 
to be in secular equilibrium with the parent. 
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Table A - 2 1 .  Summary of  annual committed effective dose equivalents 
per unit concentration o f  radionuclides in disposal facility 

at time intrusion occursa 

Annual dose Annual dose 
Nuclideb (rem/y per pCi/rn3) Nuclide b (rem/y per pci/rn3) 

H- 3 

Be - 10 

CO-60 
Ni-63 
Sr-90 + d 

C-14 

Zr-93 + d 
Tc-99 + d 
Cd- 113m 
Sn- 121111 
CS-137 
Sm- 151 

Eu- 152 
Eu- 154 
Eu- 155 
Ra-226 + d 

3.9E-6 
2 . 2 E - 5  

l.lE-6 
3.7E-3 
2.43-7 
2.9E-4 
4.1E-7 
9.4E-5 
3.3E-4 
7.2E-8 
8.2E-4 
2.9E-8 
1.6E-3 
1.8E-3 
2.9E-5 
3.7E-3 

Th-232 + d 
U-232 + d 
U-233 
U-234 
U-235 + d 
U-236 

U-238 + d 
Np-237 + d 
Pu- 238 

Pu-239 
Pu- 241 

Pu- 242 
Am- 241 
Am-243 + d 
Cm-244 
Cf - 249 

4.5E-3 
2 . 4 E - 3  

1 . 2 E - 5  
1.2E-5 
1.4E-4 
1.2E-5 
3.5E-5 
4.3E-3 
6 . 1 E - 5  

6.9E-5 
1 . 4 E - 6  

6.6E-5 
7.OE-5 
2.3E-4 
3.4E-5 

4.9E-4 

aResults are sum of annual dose equivalents per unit 
concentration f r o m  vegetable, soil ingestion, external exppsure, 
and inhalation pathways in Tables A-6, A - 7 ,  A-14 and A-15, and A - 1 6  
and A - 1 7 ,  respectively. 

b''d" denotes radioactive daughter products  that are assumed 
to be in secular equilibrium with the parent. 
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disposal facility itsel-f, f o r  example, a limit on annual dose equivalent 
to an inadvertent intruder divided by the factor i.n Table A - 2 1  gives a 
concentration limit for each radionuclide at the time intrusion i s  assumed 
to occur, provided the dose from transport to a sotirce of drinking water 
is unimportant. These concentration limits then can be increased for 
those radionuclides that decay significantly over the period of  

institutional controls to give concentration liinits f o r  placement: in the 
disposal facility. 
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