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ERRATA 

Page Cor rec t i on  

i i The page numbers f o r  Sect ions 10.1 through 10.11 should 

be increased by 1. For example, Sec t ion  10.1 a c t u a l l y  

begins on page 10-3. 

6-2 t o  6-4 The primes i n  Sect ion 6.1 a r e  sub jec t  t o  m i s i n t e r p r e -  

t a t i o n .  Primes i n d i c a t e  a secondary organism and 

always r e f e r  t o  t h e  main symbol, n o t  t h e  subscr ip ts .  

7-7, 10-62 For Y-93, LAMBDA 1/SEC should be 1.89E-05 and LAMBDA 

1/HOURS should be 6.80E-2. 

7-10, 7-23, 10-19 The GI-LLI i n g e s t i o n  dose f a c t o r  f o r  H-3 should be 

1 .27E-7. 

7-36 I n  t he  l a s t  l i n e  o f  r u l e  8d, rep lace  "bui lding-wake" 

w i t h  "wind-speed." 
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1. INTRODUCTION 

P r i o r  t o  t h e  issuance of  c o n s t r u c t i o n  permi ts  o r  ope ra t i ng  l i c e n s e s  

f o r  nuc lear  power reac to r s ,  t h e  U.S. Atomic Energy Comniission i s  r e q u i r e d  

by t h e  Nat iona l  Environmental P o l i c y  A c t  o f  1969 t o  prepare D e t a i l e d  Envi-  

ronmental Impact Statements. These statements c o n t a i n  analyses o f  t he  

balance between b e n e f i t s  and cos ts  o f  t he  proposed ac t i on ,  i n c l u d i n g  the  

r a d i o l o g i c a l  impact o f  ope ra t i on  o f  t he  f a c i l i t y .  Personnel o f  B a t t e l l e  

P a c i f i c  Northwest Labo ra to r i es  c o n t r i b u t e d  t o  t h e  development o f  methods 

used f o r  computing environmental  r a d i a t i o n  doses and f o r  eva lua t i ng  r a d i -  

o l o g i c a l  impact.  

One p o s s i b i l i t y  cons idered f o r  t h i s  p r o j e c t  was the  a p p l i c a t i o n  o f  

a  complex model developed as t h e  f i n a l  p o r t i o n  o f  t he  program HERMES. ( 2 )  

Among o t h e r  capabi 1  i t i e s ,  HERMES develops es t imates  o f  r a d i a t i o n  doses 

r e s u l t i n g  from a  nuc lea r  power economy p o t e n t i a l l y  i n  p l ace  i n  t he  yea r  

2000. I n v e s t i g a t i o n  showed t h a t  HERMES was n o t  s u i t a b l e  f o r  p resen t  

purposes, s i nce  i t  would r e q u i r e  coniplex i n p u t  prepared by  a  programmer, 

a  l a r g e  amount o f  computer r unn ing  t ime, and f u r t h e r  man ipu la t i on  o f  

t he  o u t p u t  t o  produce a  form s u i t a b l e  f o r  environmental  statements.  

To b e t t e r  meet c u r r e n t  needs, a  s i m p l i f i e d  model f o r  c a l c u l a t i o n  

of r a d i a t i o n  doses f rom r a d i o a c t i v e  e f f l  uents was developed and programmed 

i n t o  a  conversa t iona l  language, p r o v i d i n g  t h e  f a s t  turnaround t ime  

requ i red .  The new model i s  d i v i d e d  i n t o  f o u r  independent p a r t s ,  each 

w r i t t e n  as a  separate program: 

ARRRG: c a l c u l a t e s  i n d i v i d u a l  and popu la t i on  doses f rom l i q u i d  
e f f l u e n t s  

CRITR: c a l c u l a t e s  i n t e r n a l  r a d i a t i o n  doses t o  f o u r  common c lasses 
of aqua t i c  organisms and t o  organisms which consume them 

FOOD: c a l c u l a t e s  doses f rom consumption o f  food  crops and animal 
products  produced on i r r i g a t e d  farms 

GRONK: c a l c u l a t e s  doses from gaseous e f f l u e n t s ,  t o  i n d i v i d u a l s  
and t o  t h e  t o t a l  popu la t i on  w i t h i n  50 m i l e s  



The model can be used to  calculate radiation doses to  the total body and 

selected organs of indi vi duals and population groups, and to  organisms other 

than man. I t  includes a l l  a i r  and liquid exposure pathways thought to  be 

significant and for  which a reasonable amount of supporting data i s  avail- 

able. Internal doses to man are based on a 1-year radionuclide intake, 

assuming no prior accumulation in the body. The radionuclide content of 

ingested food i s  assumed to be a t  equilibrium with the environment. 

This paper discusses the models in detail  and describes the programs 

A R R R G ,  CRITR and G R O N K ;  the program FOOD i s  s t i l l  being developed and i s  

not included in th i s  report. The question-and-answer format of these 

programs allows them to be used by nonprogrammers. Although the programs 

were originally intended specifically for  nuclear reactors,  they a r e .  

appl icable t o  any nuclear faci 1 i ty which releases radioactive effluents 

to  a i r  or water. 



2. PATHWAYS OF ' EXPOSURE 

The pathways o f  consequence b y  wh ich  man can be exposed t o  r a d i a t i o n  

f r o m  a n u c l e a r  f a c i l i t y  a r e  i l l u s t r a t e d  i n  F i g u r e  2-1. The exposure  p a t h-  

ways f o r  man can be grouped i n t o  t h o s e  a s s o c i a t e d  w i t h  gaseous e f f l u e n t s ,  

t h o s e  a s s o c i a t e d  w i t h  l i q u S d  e f f l u e n t s ,  and those  i n v o l v i n g  exposure t o  

d i r e c t  r a d i a t i o n  f r o m  t h e  f a c i  1  i ty  o r  f rom t r a n s p o r t a t i o n  o f  r a d i o a c t i v e  

m a t e r i a l s  t o  o r  f r o m  t h e  f a c i l i t y .  The exposure pathways a r e  ar ranged b y  

g roup  i n  Tab le  2-1. C a l c u l a t i o n s  f o r  each pathway a r e  made f o r  t hose  

s e l e c t e d  organs wh ich  c o u l d  p o t e n t i a l l y  r e c e i v e  t h e  h i g h e s t  r a d i a t i o n  

dose. (a > 
The pathways o f  consequence by  wh ich  organisms o t h e r  than  man can be 

exposed t o  r a d i a t i o n  f r o m  a n u c l e a r  f a c i l i t y  a r e  i l l u s t r a t e d  i n  F i g u r e  2-2. 

Many o f  t h e  pathways o f  exposure  f r o m  these  organisms a r e  s i m i l a r  t o  those  

f o r  man. Tab le  2-2 i s  a  more i n c l u s i v e  l i s t  o f  pathways o f  exposure  t o  

organisms o t h e r  t h a n  man. 

I n  t h i s  r e p o r t ,  a q u a t i c  organisms a r e  d e s i g n a t e d  as " p r i m a r y "  

organisms i f  a  b i o a c c u m u l a t i o n  f a c t o r  f o r  them was found i n  t h e  l i t e r a t u r e .  

The b i o a c c u m u l a t i o n  f a c t o r  r e l a t e s  e q u i  1  i b r i  urn c o n c e n t r a t i o n  o f  a  r a d i o n u c l  i de 

i n  t h e  organ ism t o  t h a t  i n  i t s  w a t e r  env i ronment ,  i n c l u d i n g  c o n t r i b u t i o n s  

f r o m  d i r e c t  a s s i m i l a t i o n  o f  n u c l i d e s  from w a t e r  and i n g e s t i o n  o f  f o o d  and 

wa te r .  "Secondary"  a q u a t i c  and t e r r e s t r i a l  organisms a r e  t h o s e  t h a t  f e e d  

upon p r i m a r y  organisms; t h e i r  dose must be c a l c u l a t e d  f r o m  t h e i r  d i e t .  

( a )  Tab le  7.1-1 i n c l u d e s  a  l i s t  o f  t h e s e  organs f o r  each pathway. 



TABLE 2-1 

PATHWAYS OF EXPOSURE TO MAN 

Computer 
Pathways Equat ion Program 

Water Pathways 

Ex te rna l  

Water immersion and water  su r f ace  
Exposure t o  s h o r e l i n e  

I n t e r n a l  

I n g e s t i o n  o f  water  
I n g e s t i o n  o f  aqua t i c  foods 
I n g e s t i o n  o f  i r r i g a t e d  food crops 
I nges t i on - o f  products  f rom animals 

f e d  i r r i g a t e d  foods 

A i r  Pathways 

Ex te rna l  

A i r  submersion 
Exposure t o  depos i ted  m a t e r i a l  s  (b) 

I n t e r n a l  

I n h a l a t i o n  
T r a n s p i r a t i o n  o f  tri ti um ox ide  
I n g e s t i o n  o f  food  crops 
I n g e s t i o n  o f  animal products  

D i r e c t  Rad ia t i on  Pathways 

Ex te rna l  

D i r e c t  r a d i a t i o n  f rom t h e  f a c i l i t y  
Exposure d u r i n g  r nspo r t  o f  f u e l s  
and s o l i d  wastes FbT 

4.4-1 ARRRG 
4.3-3 ARRRG 

4.1-1 ARRRG 
4.2-1 ARRRG - - FOOD 

- - FOOD 

5.1-1 GRONK 
- - - - 

5.1 -1 GRONK 
5.1-1 - - 
5.1-1 GRON K 
5.1-1 GRONK 

( a )  The program FOOD i s  s t i l l  under development and n o t  i n c l u d e d  i n  
t h i s  r e p o r t .  

( b )  Doses f rom these pathways a r e  g e n e r a l l y  i n s i g n i f i c a n t .  

( c )  Reference 3. 



TABLE 2-2  

PATHWAYS OF EXPOSURE TO ORGANISMS OTHER THAN MAN 

Computer 
Pathway and Organism Type Equat ion Program 

Water Pathways 

Ex te rna l  

Water immersion and w t e r  su r face  
(Primary, Secondary)?a) 

Exposure t o  sediment o r  shore1 i n e  
(Pr imary,  Secondary) 

I n t e r n a l  

I n g e s t i o n  o f  water  and aqua t i c  foods 
(Pr imary)  

I n g e s t i o n  o f  water  (Secondary) 
I n g e s t i o n  of p r imary  aqua t i c  foods 

(Secondary) 

A i  r Pathways 

Ex te rna l  

A i r  submersion (Secondary) 
Exposure t o  de o s i t e d  m a t e r i a l s  

(Secondary) (b 7 
I n t e r n a l  

I n h a l a t i o n  (secondary) (b)  

D i r e c t  Rad ia t i on  Pathways 

Ex te rna l  

D i r e c t  r a d i a  i n f rom the  f a c i l i t y  
(Secondary) I b ?  

4.4-1 ARRRG 

4.3-3 ARRRG 

6.1-3 CRITR 

4.1-1 ARRRG 
6.1-7 CRITR 

5.1-1 GRONK - - - - 

5.1-1 GRONK 

(a )  Organism types exposed v i a  t h e  g iven  pathway a r e  l i s t e d  i n  parentheses. 
( b )  Doses f rom these pathways a r e  g e n e r a l l y  i n s i g n i f i c a n t .  
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GASEOUS EFFLUENTS 

EFFLUENTS 

- -  - - -- 

-- 

-- 
- 

- C _  

-c.L__I - 

- - 

--- 

F IGURE 2-2 EXPOSURE PATHWAYS TO ORGANISMS OTHER THAN MAN 



DOSE TO MAN -- BASIC CONSIDERATIONS 

The fundamental equa t ion  f o r  c a l c u l a t i o n  o f  r a d i a t i o n  dose f rom t h e  pathways 

descr ibed  above i s  

where 

Ri pr = dose r a t e  t o  organ r f rom n u c l i d e  i v i a  pathway p  

'i D 
= concen t ra t i on  o f  n u c l i d e  i i n  t h e  medium o f  pathway p 

. r  

U = usage: t h e  exposure o r  i n t a k e  r a t e  assoc ia ted  w i t h  pathway p  
P 

= dose f a c t o r :  a  number s p e c i f i c  t o  a  g i ven  n u c l i d e  i, 
Dipr pathway p, and organ r which can be used t o  c a l c u l a t e  r a d i a -  

t i o n  dose r a t e  f rom exposure t o  a  g i ven  r a d i o n u c l i d e  con- 
c e n t r a t i o n  o r  r a d i o n u c l i d e  i n t a k e  

The t h r e e  terms on t he  r i g h t  o f  Equat ion 3-1 a r e  discussed i n  t h e  f o l l o w i n g  

subsect ions. 

Equat ions t a i  1  ored t o  each s p e c i f i c  exposure pathway a re  de r i ved  from 

Equat ion 3-1. The p r i n c i p a l  d i f f e r e n c e  between pathways i s  t h e  manner i n  

which t h e  r a d i o n u c l i d e  concent ra t ions  a re  ca l cu la ted .  

3.1 CONCENTRATIONS OF NUCLIDES I N  ENVIRONMENTAL MEDIA, C 
i P 

Concentrat ions o f  nuc l i des  i n  a i r ,  water ,  s o i l  o r  food a re  c a l c u l a t e d  

as i n te rmed ia te  s teps i n  t he  computer programs descr ibed  i n  Sect ion 7. Con- 

c e n t r a t i o n s  i n  water ,  i n  aqua t i c  foods, and on s h o r e l i n e  sediment a r e  c a l -  

c u l a t e d  f rom the  r a d i o n u c l i d e  re l ease  ra tes ,  t h e  e f f l u e n t  f l o w  r a t e ,  the  

m i x i n g  and d i l u t i o n  i n  t he  r e c e i v i n g  waters,  and b ioaccumulat ion f a c t o r s  f o r  

aqua t i c  foods. Concentrat ions i n  a i r  and on vege ta t i on  f rom a rea l  depos i t i on  

a re  generated f rom r a d i  onucl  i d e  re1  ease r a t e s  and f rom t h e  equat ions f o r  

atmospheric d i s p e r s i o n  g iven i n  Equat ions 5.1-1 and 5.1-2. 



Concentrat ions o f  nuc l i des  i n  i r r i g a t e d  farm produce a r e  c a l c u l a t e d  

from concent ra t ions  o f  r ad ionuc l i des  i n  t he  i r r i g a t i o n  water ,  i r r i g a t i o n  

r a t e ,  f a c i  1  i ty  1  i fe t ime  (determines 1 ong- term s o i  1  b u i l d u p )  , and decay 

ti me between nuc l  i de re1  ease and produce consumpti on. 

3.2 USAGES, U 

Usage r e f e r s  t o  d u r a t i o n  o f  exposure t o  ex te rna l  sources o f  r a d i a t i o n  

and t o  i n t a k e  r a t e s  o f  i nges ted  wate r  and food. For pathways o the r  than  

a i r  submersion, t h e  usage depends on the  s p e c i f i c  s i t u a t i o n .  Since nob le  

gases a r e  t he  p r i n c i p a l  c o n t r i b u t o r s  t o  a i r  submersion dose, t he  assumption 

i s  made t h a t  t h e  a i r  concen t ra t ions  o f  r ad ionuc l i des  a re  e s s e n t i a l l y  t he  

same indoors  as outdoors.  Thus, no s h i e l d i n g  and occupancy f a c t o r s  a r e  

app l ied ,  and 8766 h r / y r  i s  used f o r  t h e  a i r  submersion pathway. 

I n  t h e  absence o f  s i t e - s p e c i f i c  data,  t he  au thors  employ t h e  usages 

and exposure t imes i n  Table 3.2-1 t o  c a l c u l a t e  i n d i v i d u a l  a d u l t  doses. 

For p o p u l a t i o n  dose c a l c u l a t i o n s  t he  usages o f  t he  average a d u l t  a r e  

mu1 t i p 1  i e d  by t he  s i z e  o f  t he  popu la t i on .  

DOSE FACTORS, Dipr 

Equat ions 

pub l i shed .  (1 2) 
I n t e r n a t i o n a l  C 

f o r  c a l c u l a t i n g  i n t e r n a l  dose f a c t o r s  were p r e v i o u s l y  

They were de r i ved  o r i g i n a l l y  f rom those g i ven  by t h e  

ommission on Radio1 o g i c a l  ~ r o t e c t i  on (4 )  f o r  body burden 

and maximum p e r m i s s i b l e  concen t ra t ion .  For t h i s  study, e f f e c t i v e  decay 

energ ies  f o r  t h e  rad ionuc l  i des  a r e  c a l c u l a t e d  from t h e  I C R P  model , which 

assumes a1 1  o f  t h e  rad ionuc l  i d e  i s  a t  t h e  cen te r  o f  a  sphe r i ca l  organ 

w i t h  an a p p r o p r i a t e  e f f e c t i v e  rad ius .  Where da ta  i s  l ack ing ,  me tabo l i c  

parameters f o r  t h e  Standard Man a r e  used f o r  o t h e r  ages as w e l l .  I n t e r n a l  

dose f a c t o r s  have u n i t s  o f  mrem/yr per  pC i / y r  i n t a k e  v i a  i n g e s t i o n  o r  

i n h a l a t i o n ,  and rep resen t  t h e  f i r s t  y e a r ' s  dose f rom one y e a r ' s  i n t a k e .  
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For c a l c u l a t i n g  ex te rna l  dose f a c t o r s  f rom a i r  submersion o r  water  

immersion, t he  p e n e t r a t i n g  power o f  t he  r a d i a t i o n  em i t t ed  determines 

whether i t  c o n t r i b u t e s  t o  s k i n  dose on ly ,  o r  t o  bo th  s k i n  and t o t a l -  

body dose. Beta and gamma r a d i a t i o n  which can pene t ra te  7  x  l o m 3  cm 

o f  t i s s u e  i s  cons idered t o  c o n t r i b u t e  t o  s k i n  dose; t h a t  which can 

pene t ra te  5 cm o f  t i s s u e  i s  considered t o  c o n t r i b u t e  t o  t o ta l - body  dose 

(and dose t o  i n t e r n a l  organs) .  The dose f a c t o r s  f o r  a i r  submersion 

and water  imniersion a r e  de r i ved  by assuming t h a t  t h e  contaminated medium 

i s  an i n f i n i t e  volume compared t o  t he  range o f  t he  em i t t ed  r a d i a t i o n s .  

Under t h i s  assumption the  energy em i t t ed  per  gram o f  medium equals t h e  

energy absorbed pe r  gram o f  medium. Cor rec t ions  must be a p p l i e d  f o r  

d i f f e r e n c e s  i n  energy abso rp t i on  between t i s s u e  and a i r  o r  water,  phys i ca l  

geometry o f  t h e  s p e c i f i c  exposure s i t u a t i o n  and the  convers ion f rom MeV 

p e r  d i s i n t e g r a t i o n  per  gram t o  rem. The r e s u l t i n g  dose f a c t o r s  have 
3 u n i t s  o f  mrem/hr pe r  pCi/m o f  a i r  o r  mrem/hr per  p C i / l i t e r  o f  water .  

M a t e r i a l  depos i ted  f rom the  a i r  o r  f rom i r r i g a t i o n  water  on to  t h e  ground 

represen ts  a  f a i r l y  l a rge ,  n e a r l y  un i fo rm,  t h i n  sheet o f  contaminat ion.  

The f a c t o r s  f o r  c o n v e r t i n g  su r f ace  contaminat ion i n  p ~ i / m 2  t o  gamma dose a t  

1  meter above a un i fo rmly  contaminated p lane a r e  descr ibed  i n  References 1, 

2, and 9. Dose f a c t o r s  f o r  exposure t o  s o i l  ( o r  r i v e r  sediment) have u n i t s  
2 o f  mrem/hr p e r  pCi/m o f  su r face .  

A  s e t  o f  dose f a c t o r s  f o r  45 rad ionuc l i des  was c a l c u l a t e d  o r i g i n a l l y  

f o r  t he  Year 2000 Model. These a r e  r e c a l c u l a t e d  us ing  t h e  l a t e s t  

a v a i l a b l e  decay schemes ( l o )  f o r  an expanded 1  i s t  of 136 nuc l i des .  (a  ) 

( a )  The r e v i s e d  l i s t  i s  g i ven  i n  Table 7.1-4. An exp lana t i on  o f  t h e  terms 

"+D" and " D"  appearing i n  t h i s  t a b l e  i s  g iven  i n  Sec t ion  7.6. 



4. DOSE TO MAN -- LIQUID PATHWAYS 

4.1 DRINKING WATER 

The dose r a t e  from inges t i on  o f  water i s  ca l cu la ted  by. 

where 

R = dose r a t e  t o  organ r from a l l  o f  t he  nuc l ides  i v i a  pathway p  
pr (mrem/yr ) 

Ni = reconcentrat ion f a c t o r  as de f ined i n  Sect ion 7.5 

Qi = re lease r a t e  o f  nuc l i de  i (C i / y r )  
3 F = f l ow  r a t e  o f  t he  l i q u i d  e f f l u e n t  ( f t  /sec) 

M = mix ing  r a t i o  a t  the  p o i n t  o f  exposure ( o r  t he  p o i n t  o f  w i th-  
drawal o f  d r i n k i n g  water o r  t he  p o i n t  o f  harvest o f  aquat ic  food) 
as def ined i n  Sect ion 7.5 

t = t r a n s i t  t ime requ i red  f o r  nuc l ides  t o  reach the  p o i n t  o f  
exposure. For i n t e r n a l  dose, t i s  t he  t o t a l  t ime elapsed 
between re lease o f  the  nuclidesPand inges t i on  o f  food o r  
water ( h r )  

i = r a d i o l o g i c a l  decay constant  o f  nuc l i de  i ( h r - ' )  
3 111 9 = a  constant  which converts from ( C i / y r ) / ( f t  /sec) t o  pCi / l  i t e r  

Qi Ni 
The terms - F i n  Equation 4.1-1 de f i ne  the  concent ra t ion  o f  

nuc l i de  i i n  the  e f f l u e n t  a t  t h e  p o i n t  of discharge. The expression 

Qi Ni M exp(-X.t  ) y i e l d s  the concent ra t ion  a t  the  t ime t h a t  the  
F P 1 P 

water i s  consumed. Th i s  l a t t e r  concent ra t ion  i s  t h e  term C i n  
i P 

Equation 3-1 . 



4.2 AQUATIC FOODS 

Concentrat ions o f  rad ionuc l  ides i n  aquat ic  foods are  d i r e c t l y  r e l a t e d  t o  

the concentrat ions o f  the nuc l ides  i n  water. Equ i l i b r i um r a t i o s  between 

the  two concentrat ions,  c a l l  ed bioaccumul a t i o n  f a c t o r s  i n  t h i s  r e p o r t ,  

were taken from References 11 and 12 and are l i s t e d  i n  Table 7.1-4. The 

equat ion f o r  c a l c u l a t i o n  of i n t e r n a l  dose r a t e  from consumption o f  aquat ic  

food i s  

where B i s  t he  bioaccumulat ion f a c t o r  f o r  nuc l i de  i v i a  pathway p  
i P 

(pCi/kg per  pC i / l  i t e r )  . 

4.3 SHORELINE DEPOSITS 

The c a l c u l a t i o n  o f  sediment load, t ranspor t  and concentrat ions o f  rad io-  

nuc l ides  associated w i t h  suspended and deposited ma te r ia l  s  i s  a  complex 

problem. One approach t o  t h i s  problem was used i n  the  Year 2000 Study. (2) 

For the  program ARRRG, a  s i m p l i f i e d  scheme f o r  ob ta in ing  an order  o f  mag- 

n i tude  est imate o f  the concentrat ion o f  shore l ine  sediments was developed. 

The concent ra t ion  o f  nuc l i de  i i n  the  sediment can be est imated from 

where 

Si = concent ra t ion  o f  nuc l i de  i i n  sediment (pCi/kg) 

Ai = concent ra t ion  o f  the  nuc l i de  i i n  the  water adjacent  t o  t h e  
sediment (pC i / l  i t e r )  

K = assumed constant  i n  u n i t s  o f  l i t e r / k g - d  

ts = t o t a l  t ime t h e  sediment i s  exposed t o  the contaminated water, 
nominal ly  taken t o  be the  opera t ing  l i f e t i m e  o f  the  f a c i l i t y  ( h r )  



I n  the  o r i g i n a l  eva lua t ion  o f  t he  equation, hi was chosen t o  be the  

r a d i o l o g i c a l  decay constant,  a1 though the t r u e  value should i nc lude  an 

unknown "environmental " removal constant.  I f  the  presence o f  a rad io-  

nucl i d e  i n  water and sediment i s  c o n t r o l l e d  p r i m a r i l y  by rad ioac t i ve  

e q u i l i b r i m  w i t h  i t s  parent  nuc l ide ,  then t h e  water concentrat ion and 

h a l f - l i f e  o f  t h e  parent  should be used i n  t h e  equat ion. 

The r e l a t i o n s h i p  was tes ted  and the  value o f  K der ived from rad io-  

nuc l i de  concentrat ions measured i n  water and sediment samples c o l l e c t e d  

over a pe r iod  o f  several years i n  the  Columbia R iver  between Richland, 

Washington and the r i v e r  mouth and i n  T i 1  lamook Bay, Oregon, 75 km (47 m i l e s )  

south o f  the  r i v e r  mouth. (13y14) Since the pr imary use o f  the equat ion 

i s  t o  f a c i l i t a t e  est imates o f  the exposure r a t e  from gamma emi t te rs  one 

meter above the sediment, an e f f e c t i v e  surface contaminat ion was devised. 

This  sur face contaminat ion l e v e l  was taken t o  be a l l  o f  the  nucl ides 

contained w i t h i n  the  top  2.5 cm (1 i n . )  o f  sediment. (a )  The dose con- 

t r i b u t i o n  from the  rad ionuc l ides  below 2.5 cm i n  depth was ignored. The 

r e s u l t i n g  equat ion i s  

where 
2 S; = " e f f e c t i v e "  sur face contaminat ion (pCi/m ) 

T~ = r a d i o l o g i c a l  ha l f - 1  i f e  o f  nuc l i de  i ( d )  

W = shore w id th  f a c t o r  ( u n i t l e s s )  

Shore w id th  f a c t o r s  were der ived from data given i n  F igure 3.1 (5 )  of 

Reference 15 and are  summarized i n  Table 4.3-1. 

(a )  Calculated by mu1 t i p l y i n g  the  concentrat ion (pCi/kg) by a mass thickness 
(40 kg/m2 ) . 



TABLE 4.3-1 

SHORE WIDTH FACTORS FOR USE I N  EQUATIONS 4.3-2 AND 4.3-3 

Exposure S i  t u a t i  on Shore Width Fac to r  ( W )  

D ischarge canal bank 

R i  v e r  shore1 i ne 

Lake shore 

Nominal ocean s i t e  

T i d a l  bas i  n  

Organisms o su r f ace  o r  
i n  burrow(a P 

(a )  Since t he  rad ionuc l  i d e  concen t ra t i on  normal l y  decreases w i t h  depth 
i n  t h e  mud, t h e  dose t o  a  b u r i e d  organism i s  p robab ly  no h i ghe r  
than t h a t  t o  one l y i n g  on t h e  mud sur face .  

The combinat ion o f  Equat ions 4.3-2 and 3-1 y i e l d s  t h e  equat ion  below 

f o r  c a l c u l a t i o n  o f  r a d i a t i o n  dose f rom exposure t o  s h o r e l i n e  sediments. 

4.4 SWIMMING AND BOATING 

4 

The equat ion  f o r  c a l c u l a t i o n  o f  e x t e r n a l  dose t o  t h e  s k i n  and t o t a l - b o d y  . Q 

f rom swimming (water  immersion) o r  b o a t i n g  (water  su r f ace )  i s  

where K i s  a  geometry c o r r e c t i o n  f a c t o r  equal t o  1  f o r  swimming and 2  f o r  
P 

boa t ing .  



5. DOSE TO MAN -- GASEOUS PATHWAYS 

5.1 A I R  SUBMERSION 

The formulas used t o  c a l c u l a t e  doses from a i r  submersion are  Equations 

5.1-1 and 5.1-2 below (Ref. 16, p. 113). 

where 

R (x,8,d) = ex terna l  dose r a t e  from a l l  o f  the  nucl ides i v i a  pathway p t o  
P r organ r o f  a  person l oca ted  a  p o i n t  x  meters from the source i n  

a  d i r e c t i o n  d, averaged over a  sec tor  w id th  o f  8 radians (mremlyr) 

= 8766 h r / y r  f o r  a i r  submersion 

= dose f a c t o r  f o r  nuc l i de  i v i a  pathway p  t o  organ r based on a  
Dipr ha1 f - i n f i n i  t e  c loud geometry and cor rec ted  f o r  the  f r a c t i o n a l  

penet ra t ion  o f  beta and gamma r a d i a t i o n s  t o  the  depth o f  
7 x 10-3 cm f o r  s k i n  and 5 cm f o r  t o t a l  body (mremlhr per  
p ~ i  /m3) 

and 

J ' '""" 1' 1" 

'Q"; ( 
[ ( A:;)] 

X i  
exp - exp - - (5.1-2) 

J=1 i j  x 

where 

3  Xi = annual average concentrat ion (pCi lm ) o f  nuc l i de  i a t  p o i n t  (x,e,d) 

f j  
= percent  o f  t ime wind blows i n  d i r e c t i o n  d  under meteorological condi-  

t i o n  J 

1  012 = p i cocu r ies  per  c u r i e  

P/ = re lease r a t e  o f  nuc l i de  i (Ci/sec) 

8 = sec tor  w id th  = 2 ~ / n  radians, where the  number o f  sectors n  i s  
normal ly  16 

x = downwind d is tance (meter) 
- 
u  = average wind speed f o r  meteorological  cond i t i on  J (meter lsec) 
j 



2 - = t ravel  time of released material t o  point (x,0,d) under 
u 
j meteor01 ogi cal condition J ( sec)  

Ai  = radiological decay constant f o r  nuclide i ( s ec - ' )  

h = height of eff luent  re lease  (meter) 

= standard deviation of ver t ica l  dispersion under meteorological 
(*z)J condition J (mete$) 

J '  = number of meteorological conditions ( " s t a b i l i t y  c lasses" )  

The standard deviation of ver t ica l  dispersion may be derived fo r  the Hanford 

(Fuquay-Simpson) four-stabi 1 i ty-cl ass method from equations given on pp. 141 and 

392 of Reference 16, o r  from tables  of oZ versus x by Pasquill s t a b i l i t y  category 

on p .  409 of Reference 16. Both the Hanford and the Pasquill formats a re  pro- 

grammed into  G R O N K  s ince raw meteorology data may be given i n  e i t he r  format, 

depending upon the par t i cu la r  system employed a t  the nuclear f ac i l  i ty .  

Equation 5.1-1 yie lds  the  yearly external dose t o  a person located a t  point 

(x,8,d).  The population dose i n  man-remlyr i s  determined by multiplying t h i s  

dose by the population located w i t h i n  the sector  of the  annulus of concern. 

Values of the dose a t  the point (x,8,d) a r e  assumed to  apply t o  a l l  indi-  

vidual s located in t ha t  sector .  

5.2 THYROID DOSES FROM RADIOIODINE 

Equation 5.1-1 may a l so  be applied t o  the  calculation of thyroid dose from 

airborne radioiodine. Pathways of importance are  inhalation,  ingestion of 

vegetation contaminated via radioiodine deposition on agr icul tura l  land, and 

ingestion of milk from cows which consume such vegetation. The program pro- 

vides f o r  calculat ion of thyroid doses t o  d i f f e r en t  ages, s ince the  thyroid 

dose i s  usually greater  t o  children than t o  adul ts .  

A standard value f o r  the usage parameter, U i s  assumed f o r  each of 
P ' 

the above pathways and standard t rans fe r  factors  between a i r ,  vegetation, 
cow, milk and humans a re  assumed. For ease of calcula t ion,  these standard 

values a re  multiplied in to  the  thyroid dose factors  t o  create  a modified 

dose f ac to r  which converts a i r  concentrations of radioiodine d i r ec t l y  



i n t o  dose r a t e .  The user  need o n l y  cons ider  those parameters which 

a l t e r  t h e  s tandard usages: g raz ing  season, vege ta t i on  growing season and 

vege ta t i on  consumpti on r a t e s  . 

Parameters used t o  d e r i v e  t he  t h y r o i d  dose f a c t o r s  a re  de r i ved  f rom t h e  

food  pathway model used i n  the  Year 2000 study'') and a r e  l i s t e d  i n  Table 5.2-1. 

The dose f a c t o r s  obta ined from these para.meters a r e  l i s t e d  i n  Tables 5.2-2, 

5.2-3 and 5.2-4. 



TABLE 5.2-1 

METABOLIC PARAMETERS USED I N  THE THYROID DOSE FACTORS (a ) ( 2 )  

Parameter 2 y r  4 y r  14 yr A d u l t  

F rac t i ona l  uptake v i a  i nges t i on ,  fw 0.5 0.5 0.37 0.3 

F rac t i ona l  uptake v i a  i n h a l a t i o n ,  fa 0.2 0.2 0.2 0.23 

B i o l o g i c a l  h a l f - 1  i f e  i n  t h y r o i d  ( d )  8 13 3 0 138 

Thy ro id  mass (g )  2 5 15 2 0 

Thy ro id  r a d i u s  (cm) 1.4 2 2.7 3 

3 I n h a l a t i o n  r a t e  ( m  / d )  5.6 7 .O 13.5 20 

E f f e c t i v e  MeV p e r  d i s i n t e g r a t i o n  ( b )  1291 0.047 0.047 0.048 0.048 
1 301 0.388 0.427 0.472 0.490 
131 I 0.206 0.213 0.221 0.224 
1 3ZI 0.581 0.624 0.673 0.693 
1 331 0.467 0.478 0.491 0.497 
1 341 0.779 0.838 0.906 0.934 
1 3s1 0.481 0.514 0.551 0.566 

(a )  More r e c e n t  va lues f o r  some o f  these parameters a re  be ing  cons idered 
and w i l l  be used t o  r e v i s e  t h e  dose f a c t o r s .  P ro jec ted  changes i nc l ude :  

References t o  2- yr  o l d  w i l l  be rep laced  w i t h  1 -yr o ld .  
B i o l o g i c a l  h a l f - l i f e  i n  t h e  t h y r o i d  f o r  ages 1 yr, 4 r 14 yr and 

a d u l t  w i l l  be 20, 20, 50 and 100 d, r e s p e c t i v e l y .  (13-31 ) 
A d u l t  values o f  fw and fa w i l l  be a p p l i e d  t o  a l l  ages. 

(b )  Ca l cu la ted  f rom formulas o f  Reference 4, p. 28, and decay schemes of 
Reference 10. 



TABLE 5;2-2 

FACTORS FOR CONVERTING A I R  CONCENTRATIONS OF DIOIODINE 
To THYROID DOSE VIA INHALATION ( . aY  

(mrem/yr per  p ~ i  /m
J

) 

1 2gI 1 301 131 I 13Z1 1331 1341 1351 
Age - 

14 y r  6.94 1.17 6.76 0.311 2.03 0.158 0.750 
,4 

Adu 1 t 34.3 1.57 0.414 2.70 0.209 0.985 10.6 rl 7$'' 

( a )  Organic and i no rgan i c  forms of r a d i o i o d i n e  g i v e  t he  same dose v i a  
i n h a l a t i o n .  
Factors i n c l u d e  a b r e a t h i n  r a t e  f o r  ages 2 yr, 4 yr,  14 yr and adul t 9 o f  5.6, 7.0, 13.5 and 30 m /d,  r e s p e c t i v e l y .  



TABLE 5.2-3 

FACTORS FOR CONVERTING A I R  CONCENTRATIONS OF RADIOIODINES 
TO THYROID DOSE VIA  MILK(^) 

3 
(mremlyr pe r  pCi /m ) 

1 2g1 1 301 131 I 132 I 1331 1341 1351 
Age 

2 Y r  3600 83.0 3620 4.58 262 0.911 31.2 

4 Y r  21 70 34.5 1730 1.82 103 0.363 12.4 

14 y r  669 10.4 4 97 0.524 28.4 0.104 3.53 

Adul t 31 40 6.61 448 0.330 18.7 0.0655 2.28 

Fac to rs  i n c l u d e  t h e  f o l l o w i n g  assumptions: 
Grazing season i s  365 d / y r .  
M i l k  consumption i s  1 l i t e r / d  f o r  a l l  ages. 
There i s  no decay between m i l k i n g  and consumption. 
Radio iod ine i s  100% i n o r g a n i c  ( o rgan i c  forms o f  r a d i o i o d i n e  c o n t r i b u t e  

i n s i g n i f i c a n t l y  t o  dose v i a  t h i s  pathway). 
Long- term accumulat ion i n  t h e  s o i l  i s  ignored  f o r  1291 (adds ~ 1 . 4 %  i n  

1 y r  o r  42% i n  30 y r ) .  



TABLE 5.2-4 

FACTORS FOR CONVERTING A I R  CONCENTRATIONS OF A IOIODINE 5 9 TO THYROID DOSE V I A  LEAFY VEGETABLES a 

3 (mremlyr per  pCi/m ) 

Age 1 2gI 1301 131 I 132 I 1331 1341 1351 
.- 

2 Yr  1485 26.8 1190 1.48 84.1 0.293 10.0 

4 Y r  1720 21.4 1090 1.13 63.5 0.224 7.62 

14 y r  1650 10.0 594 0.507 28.5 0.101 3.53 

Adu 1 t 51 90 8.53 589 0.428 24.1 0.0844 2.94 

Fac to rs  i n c l  ude t h e  f o l  l ow ing  assumptions : 
Vegetables a r e  f rom home gardens. 
There i s  no decay between garden and ,tab1 e . 
Vegetables a r e  exposed 3 mo above ground t o  a i r .  
25% o f  depos i ted  m a t e r i a l  remains on vegetables (remainder on ground) 

w i t h  "env i ronmenta l"  h a l f - l i f e  o f  14 d .  
Radio iod ine i s  100% ino rgan i c  (o rgan ic  forms of r a d i o i o d i n e  c o n t r i b u t e  

i n s i g n i f i c a n t l y  t o  dose v i a  t h i s  pathway) . 
Long- term accumulat ion i n  t h e  s o i l  i s  ignored  f o r  '"1 (adds %1.4% 

i n  1 y r  o r  42% i n  30 y r ) .  
Maximum i n d i v i d u a l  vegetable consumption f o r  ages 2 yr, 4 yr, 14 y r  

and a d u l t  a r e  18,32, 54 and 72 kg /y r ,  r e s p e c t i v e l y .  



6. DOSE TO ORGANISMS OTHER THAN MAN 

Pathways o f  exposure assoc ia ted  w i t h  1 i q u i d  e f f l u e n t s  a r e  g e n e r a l l y  t h e  

most s i g n i f i c a n t  c o n t r i b u t o r s  t o  r a d i a t i o n  dose t o  organisms o t h e r  than man, 

s i nce  aqua t i c  organisms can concent ra te  r a d i  onucl  i des  f rom t h e i r  water  

environment e i t h e r  d i r e c t l y  o r  v i a  t h e i r  food  chains.  For purposes o f  

c a l c u l a t i n g  equi  1 i br ium concent ra t ions  of r ad ionuc l  ides,  organisms o t h e r  than 

man a re  d i v i d e d  i n t o  two c l a s s i f i c a t i o n s :  " p r imary  organisms" which a r e  

aqua t i c  and f o r  which b ioaccuniu la t ion f a c t o r s  a r e  a v a i l a b l e ,  and "secon- 

dary  organisms" which feed upon p r imary  organisms. 

Radionuc l ide concent ra t ions  f o r  p r imary  organisms can be c a l c u l a t e d  

d i r e c t l y  f rom t h e  wate r  concen t ra t ions  and bioaccumul a t i o n  f a c t o r s .  The 

p r imary  organisms a r e  f i s h ,  crustacea, mol luscs and p l a n t s .  Radionucl i d e  

concent ra t ions  f o r  secondary organisms must be c a l c u l a t e d  f rom the1 r d i e t  of 

p r imary  organisms. Representat ive secondary b i r d s  and mammals were se lec ted  

such t h a t  each p r imary  organism would be i n  t h e  d i e t  o f  a t  l e a s t  one secondary 

o rgan i  sm. The p reda to ry  b i r d s  and mammal s commonly se l  ec ted  a r e  herons, 

raccoons, muskrats and p l a n t - e a t i n g  ducks. 



6.1 INTERNAL DOSES V I A  LIQUID PATHWAYS 

The tota l- body dose r a t e  t o  an aquat ic  organism i s  

where Rc = dose r a t e  t o  t o t a l  body o f  organism c (mradiyr)  

E = e f f e c t i v e  absorbed energy i n  MeV per  d i s i n t e g r a t i o n  ic ( d i s )  f o r  nuc l i de  i i n  organism c 

bi c = s p e c i f i c  body burden o f  nuc l i de  i i n  organism c (pCi/kg) 

0.0187 = conversion f a c t o r  ca l cu la ted  as fol lows: 

For a pr imary organism, bic i s  g iven by 

where the  symbols a re  as g iven i n  Sect ions 4.1 and 4.2. Combining 6.1-1 

and 6.1-2 y i e l d s  

The to ta l- body dose factor ,  dii, f rom nuc l i de  i f o r  a secondary organism 

k i s  (1 1 

-A;i t 
0.0021 (f,) j E~ i (1 -e 1 mrad/yr 

pCi /y r  i n t a k e  



where 

( f w ) /  = f r a c t i o n  o f  i nges ted  n u c l i d e  i r e t a i n e d  i n  secondary organism 
(un i  tl ess) 

mk = mass o f  secondary organism k (g )  

XEi = hi + h i i  = e f f e c t i v e  decay cons tan t  o f  n u c l i d e  i i n  secondary 
organism (h r -1 )  , where 

= b i o l o g i c a l  removal cons tan t  of n u c l i d e  i i n  secondary organism '" (hr - I ) ,  

t = p e r i o d  o f  exposure ( h r )  

E '  = e f f e c t i v e  absorbed energy i n  MeV p e r  d i s i n t e g r a t i o n  f o r  
secondary o rgan i  sm k. 

The parameters ( f w ) /  and A E i  a re  taken t o  be t h e  same as those f o r  

Standard Plan because data f o r  o t h e r  organisms are l a c k i n g .  Since . the 

dose f a c t o r s  t a b u l a t e d  f o r  t h e  ARRRG program i n c l u d e  t o t a l - b o d y  dose 

f a c t o r s  f o r  man, i t  i s  convenient t o  use an a l t e r n a t e  fo rmu la t ion  f o r  

Equat ion 6.1 -4 

I m '  D ' Ei k man i ,man = Ei[ 
70,000 Di ,man 

I 

mk E 
'i ,man i ,man 

where 70,000 g i s  t h e  t o t a l  body mass o f  t h e  a d u l t .  

The r a d i a t i o n  dose r a t e  t o  t h e  t o t a l  body o f  t h e  secondary organism 

expressed i n  t h e  format  o f  Equat ion 3-1 i s  
136 - 

where PC; = consumption r a t e  o f  p r imary  organism c by secondary organism k 
( g l d )  

S u b s t i t u t i n g  t h e  va lues o f  bic and D i i  from Equat ions 6.1-2 and 6.1-5, 

r e s p e c t i v e l y ,  i n t o  Equat ion 6.1-6 y i e l d s  



where 

2.86 x  l o 7 =  (0.365) (1119) (70,000). 

The va lues f o r  E and E '  a re  determined f rom the  e f f e c t i v e  r a d i u s  of 

t h e  organism. Table 10.6 t abu la tes  E f o r  seven e f f e c t i v e  r a d i i  f o r  organisms 

o t h e r  than  man and f o r  t h e  t o t a l  body o f  man f o r  each of t h e  136 nuc l i des .  

I n  t h e  absence o f  s i t e - s p e c i f i c  data,  t h e  va lues o f  t h e  parameters i n  

Table 6.1-1 may be used f o r  Equat ion 6.1-7. 

OTHER DOSES TO AQUATIC AND TERRESTRIAL ANIMALS 

Primary and secondary organisms a re  a l s o  exposed v i a  wate r  immersion, 

water su r face ,  bottom sediment and sho re l i ne  s i l t .  Al though these doses a r e  

usual l y  re1  a t i  v e l y  i n s i  gni  f i  cant ,  they  may be c a l c u l a t e d  us ing  t he  methods 

o f  Sec t ion  4 o r  by the  program ARRRG. For shore1 i n e  exposure, a  c o r r e c t i o n  

must be niade f o r  t he  d i f f e r e n c e  i n  h e i g h t  o f  exposure between animals and 

men. For smal l  organisms t h i s  c o r r e c t i o n  f a c t o r  i s  2, and has been i n c o r p o r -  

a ted  i n  t h e  shore w i d t h  f a c t o r  o f  2.0 i n  Table 4.3-1. 

Secondary organisms a re  exposed v i a  a i  r submersion, i n h a l a t i o n ,  and 

r a d i a t i o n  f rom m a t e r i a l s  deposi ted by a i r .  A i r  submersion doses a re  o f  

poss ib l e  s i  gni  f i  cance , depending upon t he  p a r t i  c u l a r  nuc lear  f a c i  1  i ty  i nvo l ved ,  

and may be c a l c u l a t e d  us ing  the methods o f  Sec t ion  5  o r  by t he  program GRONK. 

Exposure from i n h a l a t i o n  and m a t e r i a l s  depos i ted  by a i r  a re  u s u a l l y  r e 1  a t i v e l y  

i n s i g n i f i c a n t .  I n h a l a t i o n  doses cannot be c a l c u l a t e d  d i r e c t l y  a t  t h i s  t ime,  

s ince  t h e  d e t a i l e d  behav io r  o f  i n h a l e d  rad ionuc l i des  i n  animals i s  n o t  y e t  

known. 






















































































































































































































































































