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V A R I A B I L I T Y  IN DOSE ESTIMATES ASSOCIATED WITH THE 
FOOD CHAIN TRANSPORT RND INGESTION OF SELECTED RADIONUCLIDES 

F .  0 .  Hoffman, R .  H. Gardner, and K. F. Eckerman 

ABSTRACT 

Dose p red ic t ions  f o r  the  inges t ion  of "'Sr and 137Cs ,  using aqwatic 
and t e r r e s t r i a l  food chain t r anspor t  models s imi l a r  t o  those i n  the 
Nuclear- Regulatory Commission's Regulatory Guide 1.109, a r e  evaluated 
through es t imat ing  the  v a r i a b i l i t y  of model parameters and determining 
the  e f f e c t  of t h i s  v a r i a b i l i t y  on model output .  The v a r i a b i l i t y  i n  the  
pred ic ted  dose equivalent  i s  determined using a n a l y t i c a l  and numerical 
procedures.  In  addi t ion ,  a d e t a i l e d  d iscuss ion  i s  included on 9"Sr 
dosimetry. The o v e r a l l  es t imates  of uncer ta in ty  a r e  most re levant  t o  
condi t ions  where s i t e - s p e c i f i c  da t a  is  unavai lable  and when model s t r u c -  
t u r e  and parameter es t imates  a r e  unbiased. 

Based on the  comparisons performed i n  t h i s  r epor t ,  i t  i s  concluded 
t h a t  the  use of the  generic  de fau l t  parameters i n  Keqdlatory Guide 1.109 
w i l l  usua l ly  produce conservat ive dose es t imates  t h a t  exceed the  90th 
p e r c e n t i l e  of the predic ted  d i s t r i b u t i o n  of dose equivalents .  A n  excep- 
t i o n  i s  the meat pathway f o r  s37Cs 
r e s u l t s  i n  a dose es t imate  a t  the  W h  p e r c e n t i l e .  
pathways of exposure, the  non-leafy vegetable  pathway i s  the  most impor- 
t a n t  f o r  90Sr.  For "Sr, the  parameters f o r  s o i l  r e t e n t i o n ,  s o i l - t o -  
p l a n t  t r a n s f e r ,  and i n t e r n a l  dosimetry cont r ibu te  most s i g n i f i c a n t l y  
t o  the  v a r i a b i l i t y  i n  the  pred ic ted  dose f o r  the  combined exposure t o  
a l l  t e r r e s t r i a l  pathways. F o r  537Cs, the  meat t r a n s f e r  c o e f f i c i e n t ,  the  
mass in t e rcep t ion  f a c t o r  fo r  pas ture  Eorage, and the inges t ion  dose 
f a c t o r  a r e  the mast important parameters- The freshwater f i n f i s h  bio- 
accumulation f a c t o r  i s  the  most important parameter f o r  the  dose predic-  
t i o n  of 9%r and 137Cs t ranspor ted  over the  water-fish-man pathway. 

i n  which use of generic  de fau l t  values  .% t 
Among t h e  t e r r e s t r i a l  

The conservatism assoc ia ted  with the  models and parameters i n  Regu-  
l a t o r y  Guide 1-109 i s  a l s o  evaluated f o r  the  inges t ion  of food containing 
3H and s4C. Dose pred ic t ions  t o  the  t o t a l  body using the  Regulatory 
Guide a r e  compared with upper-l imit  p red ic t ions  est imated with s p e c i f i c  
a c t i v i t y  models which assume complete equi l ibr ium between the s p e c i f i c  
a c t i v i t y  i n  the  receptor  and the  atmosphere. 
of the  Regulatory Guide a r e  approximately 33% of an upper- l imit  es t imate .  
For l*C, the  Regulatory Guide p red ic t ions  a r e  approximately 28% of  the 
maximum - 

For 3H, the  dose p red ic t ions  

v i i  





1- INTRODUCTION 

1 . 1  PIIRPOSE OF THE REPORT 

Use of the  models and parameter values  provided i n  Regulatory Guide 

1.109 (USWRC, 1977) f o r  p red ic t ing  doses t o  ind iv idua ls  from the  food 

chain t r anspor t  and inges t ion  o f  radionucl ides  i s  subject t o  some uncer- 

t a i n t y  a s  many of the recommended generic  parameter values  e x h i b i t  con- 

s ide rab le  v a r i a b i l i t y  (Hoffman and Baes, 1974). T h i s  r epor t  addresses 

the  magnitude of  the  v a r i a b i l i t y  i n  t he  p red ic t ed  dose equivalent  due 

t o  v a r i a b i l i t y  assoc ia ted  with model parameters f o r  the  aquat ic  and 

t e r r e s t r i a l  food chain t r anspor t  and subsequent inges t ion  of "Sr and 

137Cs. 

t o ry  Guide r e s u l t  in over- o r  underestimations o f  dose equivalent  i s  

a l s o  evaluated under the assumption t h a t  the  madel s t r u c t u r e  i s  an 

appropriate  representa t ion  of the  r e a l  world and t h a t  es t imates  of 

parameter v a r i a b i l i t y  a r e  re levant  and unbiased. 

~ o s e  equiva len ts  to maximally exposed a d u l t s ,  as the  r e s u l t  of a 

continuous r a t e  of- deposit ion of 9QSr and 137Cs onto a g r i c u l t u r a l  land,  

a r e  es t imated f o r  the following exposure pathways: 

The exten t  t o  which the  generic  parameter values  i n  the  Regula- 

deposi t ion j .  pas ture  vegetat ion -+ meat + man, 

deposi t ion -+ pas ture  vege ta t ion  + m i l k  -* man, 

depos i t ion  -+ l e a f y  vegetables  7 man, 

deposi t ion -+ non-leafy vegetables  -3 man. 

The water-fish-man exposure pathway f o r  aquatic re leases  of gost- and 

1 3 7 ~ s  i s  a l s o  considered. ~n add i t ion ,  the p o t e n t i a l  conservatism 

assoc ia ted  with the  Regulatory Guide 1,109 evaluat ion af dose from 

atmospheric r e l eases  o f  'H and I4C is assessed through comparison with 

s p e c i f i c  a c t i v i t y  ca l cu la t ions  which assume carnplete equi l ibr ium. 

This work represents  an extension of the  inves t iga t ions  i n i t i a t e d  

i n  NUREG/CR-1004 (Hoffman and Baes, 1979). Although a d e t a i l e d  examina- 

t i o n  o f  the da ta  ava i l ab le  for  model parameters is not  included i n  the  

present  s tudy,  o ther  sources ,  including WREG/CR-X004, are consul ted 

1 
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which document the v a r i a b i l i t y  of  these da t a .  

judgment was used t o  es t imate  parameter v a r i a b i l i t y  because docwnenta- 

t i o n  of the v a r i a b i l i t y  of parameter values  was unavai lable .  The 

present  study u t i l i z e s  computerized numerical techniques a s  wel l  a s  

a n a l y t i c a l  approaches t o  es t imate  the  ove ra l l  inf luence of combined 

parameter v a r i a b i l i t y  on model output.  

Tn c e r t a i n  c i r c ~ ~ s t a n c e s ,  

1.2 SOURCES OF UNCERTAINTY 

The app l i ca t ion  of mathematical models f o r  environmental rad io logi -  

c a l  assessment r e s u l t s  i n  dose estimates t h a t  a r e  always subjec t  t o  some 

uncer ta in ty .  

which a r e  r e l a t e d  t o  elements of the r e a l  world not accounted f o r  i n  

the mathematical s t ruc tu re  o f  the  model or  i n  the quan t i f i ca t ion  of 

mode1 parameters (Schwarz, 1980; Shaef fer ,  19SO). The se l ec t ion  of a 

model s t r u c t u r e  t h a t  i s  not  an exact representa t ion  of a p a r t i c u l a r  

assessment s i t u a t i o n  can r e s u l t  i n  dose predic t ions  t h a t  a r e  biased. 

I n  addi t ion ,  p red ic t ive  bias  can occur through systematic e r r o r s  i n  the  

s e l e c t i o n  o f  values f o r  model parameters.  For example, small amounts 

of conservatism appl ied t o  the  s e l e c t i o n  of every input parameter value,  

i n  an otherwise unbiased rad io logica l  assessment model., can produce 

la rge  amounts of conservatism i.n the f i n a l  p red ic t ion  of dose equivalent  

(Hoffman and Baes, 1 9 7 9 ) .  

A second source of  uncer ta in ty  is  v a r i a b i l i t y  i n  model parameters. 

This source of uncertaint.y i s  e spec ia l ly  pe r t inen t  when models, such as  

those employed within Regulatory Guide 1.109, use only a s ing le  value 

to quant i fy  each model parameter and thus prodiuce o n l y  a s ing le  predic-  

t i o n  of dose f o r  a given source term and exposed m e  et- of a spec i f i ed  

population group. L i t e ra tu re  values  may range over s eve ra l  orders  05 

magnitude f o r  some model parameters (Hoffman and Baes, 1979; &des e t  a l . ,  

i n  prepara t ion ;  Kocher e t  al., 1980; Ng, i n  p r e s s ) ,  although much of 

t h i s  v a r i a b i l i t y  may be explained by temporal and s p a t i a l  environmental 

f a c t o r s ,  d i f fe rences  in eszperirnental techniques a and random experimental 

e r r o r .  Nevertheless,  same v a r i a b i l i t y  w i l l  p e r s i s t  even a f t e r  s i t e -  

s p e c i f i c  experiments have been r iyorously designed t o  obta in  the  mast 

appropriate  es t imates  of model parameters. 

T h i s  uncer ta in ty  a r i s e s  from a number of  sources ,  most of 
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Considerations f o r  

included i n  Regulatory 

expected between a c t u a l  

these  sources of v a r i a b i l i t y  are  not  e x p l i c i t l y  

Guide l.lQ9. Therefore,  d i f fe rences  must be 

doses incurred lay ind iv idua ls  r e s id ing  i n  the 

v i c i n i t y  of opera t ing  nuclear  f a c i l i t i e s  and Regulatory Guide 1.109 

pred ic t ions  of dose. The expectat ion,  however, i s  f o r  model pred ic t ions  

t o  be b iased  i n  such a manner a s  t o  ensure t h a t  a c t u a l  doses a r e  not 

s u b s t a n t i a l l y  underestimated (USNRC, 1 9 7 5 ) -  

1.3 PROCEDURES FOR ESTIMATING PREDICTIVE UMCERTAINTY 

The b e s t  procedure f o r  es t imat ing  the  unce r t a in t i e s  assoc ia ted  

with model p red ic t ions  i s  a process f requent ly  r e fe r r ed  t o  a s  "model 

validation" (Mankin e t  a l . ,  1977; Schwarz, 1980; Shaef fer ,  1980).  Model 

va l ida t ion  involves t e s t i n g  p red ic t ions  aga ins t  a s e r i e s  of independent 

da ta  representa t ive  of the  range of condi t ions over which appl ica t ion  

of t he  model i s  intended. The primary objec t ive  i s  determining the  

p o t e n t i a l  magnitude of p red ic t ive  e r r o r .  

subsequently determined by deciding what c o n s t i t u t e s  an acceptable  

p red ic t ive  e r r o r  f o r  a given assessment s i t u a t i o n .  

The Walidi ty ' l  of a model i s  

Because of the la rge  amount of time and expense required t o  proper ly  

test  the  models i n  Regulatory Guide 1.109 under the  f u l l  range of condi- 

t i o n s  i n  which these models may be appl ied ,  o ther  methods f o r  addressing 

p red ic t ive  unce r t a in t i e s  must be employed. The methodology used i n  

t h i s  s tudy es t imates  a p robab i l i t y  d i s t r i b u t i o n  of model. p red ic t ions  

from est imated d i s t r i b u t i o n s  of values  f o r  each input  parameter. Uncer- 

t a i n t i e s  a s soc ia t ed  with the  use of the generic  parameters i n  Regulatory 

Guide 1.109 a r e  est imated by comparing Regulatory Guide 1.109 dose 

p red ic t ions  with the  p robab i l i t y  d i s t r i b u t i o n  of dose pred ic t ions  der ived 

from the  combined v a r i a b i l i t y  of a l l  model input  parameters.  This 

approach has been r e fe r r ed  t o  a s  an "imprecision analysis ' '  (Schwarz, 

1980; Schwarz and Hoffman, 1981; O'Meill  e t  a l . ,  1981). The term 

"imprecision ana lys i s"  i s  p re fe r r ed  t o  "uncer ta in ty  anaysis" because no 

d i r e c t  measure of t he  departure  of model p red ic t ions  from r e a l i t y  i s  

possible without edxperimentally t e s t i n g  f o r  the  b i a s  i n  model s t r u c t u r e  

and parameter es t imat ion.  
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The amount of b i a s  inherent  with the  models and parameter values 

i n  Regulatory Guide 1 - 109 ,  i d e n t i f i e d  through rthe use of "imprecision 

ana lys i s , "  i s  l imi t ed  t o  those circumstances when the  s t r u c t u r e  of the  

models and the es t imates  €or the  d i s t r i b u t i o n s  of values  f o r  each model 

parameter a r e  re levant  and unbiased with respec t  t o  a given assessment 

s i t u a t i o n .  Nevertheless,  the model s t r u c t u r e  and est imates  of parameter 

d i s t r i b u t i o n s  may exh ib i t  considerable b i a s .  The relevancy of the  

r e s u l t s  obtained i n  t h i s  s tudy must therefore  await  confirmation through 

experimental v e r i f i c a t i o n .  This caut ionary note i s  not r e s t r i c t e d  t o  

t h i s  s p e c i f i c  r epor t .  Caution should be exercised whenever i n t e r p r e t i n g  

the r e s u l t s  of an ana lys i s  of any model t h a t  has no t  been subjec t  t o  

extensive va l ida t ion  tests. 
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2. METHODS FOR DETERMINING THE VARIABILITP IN DOSE ESTIMATION 

2 . 1  SPECIFICATION OF PAMETER VARIABILITY 

N o  at tempt i s  made i n  t h i s  repor t  t o  analyze the  v a r i a b i l i t y  of 

o r i g i n a l  da ta  reported i n  the  s c i e n t i f i c  l i t e r a t u r e .  Information about 

parameter v a r i a b i l i t y  i s  obtained by consul t ing  o ther  sources ,  including 

the  reviews of da ta  i n  NUREG/CR-1004 (Hoffman and Baes, 1979) and s imi l a r  

reviews and analyses  cu r ren t ly  i n  progress  a t  Oak Ridge National Eabora- 

to ry  (Baes e t  a l . ,  i n  prepara t ion)  and Lawrence Livermore National 

Laboratory (Ng e t  a l . ,  i n  prepara t ion) .  

f i c i e n t  f o r  specifying a d i s t r i b u t i o n  of values  f o r  a s p e c i f i c  parameter, 

judgment i s  used t o  der ive  an approximate d i s t r i b u t i o n  from a l imi t ed  

amount of information. 

by l e s s  than one order  of magnitude, minimum, maximum, and expected 

(most probable or  median) values  a r e  used t o  def ine the  l i m i t s  and mode 

of a t r i a n g u l a r  d i s t r i b u t i o n .  I f ,  on the  o ther  hand, parameters a r e  

expected t o  vary by more than one order  of magnitude, a lognormal d i s -  

t r i b u t i o n  i s  assumed. Lognormality i s  assumed a s  t h i s  d i s t r i b u t i o n  

most f requent ly  descr ibes  da ta  f o r  parameters exh ib i t i ng  l a rge  v a r i a b i l -  

i t y  (Hoffman and Baes, 1979; Shaef fer ,  1980; Baes e t  a l . ,  i n  prepara- 

t i o n )  - 

Where ava i l ab le  da ta  a re  insuf -  

For example, if a parameter i s  expected to  vary 

The s t a t i s t i c a l  p rope r t i e s  of the  lognormal d i s t r i b u t i o n  a r e  der ived 

by assuming t h a t  the  maximum observed value approximates the 99th per- 

c e n t i l e  of  the  d i s t r i b u t i o n  and ass igning  the expected value t o  the 

geometric mean. These procedures permit spec i f i ca t ion  of a mean ( p )  

and var iance ((r ) of logtransformed d a t a ,  (Hoffman and Baes, 1979) 

whereby: 

2 

p = l n  Xm, and 



where 

Xm = the  geometric mean, 

= the  99th cumulative p e r c e n t i l e ,  and 
x99 

2 .33  = the  number of s tandard devia t ions  o f  a s tandard normal 

d i s t r i b u t i o n  r e l a t e d  t o  the 39th cumulative p e r c e n t i l e .  

The geometric s tandard devia t ion  ( s  ) can be obtained d i r e c t l y  
(r 

from the var iance of logtransformed da ta ,  where 

s = exp io2 
g 

For  lognor-mal d i s t r i b u t i o n s  I the geornet:-ic s tandard devia t ion  i s  a 

f a c t o r  t h a t ,  when mul t ip l ied  by the  geometric M ~ Z ~ A  t o  produce an upper 

value and when divided i n t o  the geometric mean t o  produce a lower va lue ,  

def ines  an interval.  which includes 68% o f  the  d i s t r i b u t i o n .  

2 ~ 2 PROPAGATION OF P A W ~ E T E R  VARIWRlLITY 

2 . 2 - 1  Analy t ica l  - methods using lognormal .__.. s t a t i s t i c s  -- 
-__I 

The s implest  procedure f a r  es t imat ing  the  v a r i a b i l i t y  i n  the 

p red ic t ion  of dose equivalent  i s  t o  reduce the  s t r u c t u r e  of the model 

t o  a s e r i e s  of mul t ip l i ca l ive  parameters and use lognormal s t a t i s t i c s .  

This i s  the  procedure adopted i n  NUKEG/CR-1004 (Hoffman and Baes, 1979) 

and appl ied  i n  t h i s  study fo r  the water-fish-man pathway. The water- 

fish-man pathway can be r ead i ly  descr ibed by a s e r i e s  of mu l t ip l i ca t ive  

par a m  t e i- s : 
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where 

= the  annual dose equivalent  (mrem) f o r  a s p e c i f i c  Ri j 
radionucl ide and organ , j ,  

= the  concentrat ion of the  radionucl ide i i n  water ( p C i / l ) ,  
i w  

= the  radionucl ide-specif ic  bioaccumulation f a c t o r  f o r  
%p 

fish (pCi/kg f i s h  per  pCi / l  wa te r ) ,  

UF = the  annual consumption of f i s h  (kg/yr ) ,  and 

= the  dose equivalent  conversion f a c t o r  (mrem/pCi 
D i j  

inges ted)  f a r  a s p e c i f i c  radionucl ide i and organ j ,  

o r  s e n s i t i v e  t i s s u e  j. 

For such a model, i f  a l l  input  parameters can be descr ibed by lognormal 

d i s t r i b u t i o n s  I the  p red ic t ed  dose equivalent  w i l l  a l s o  be lognormal 

(Schubert ,  Brodsky, and Tyler ,  1967; Hoffman and Baes, 1979; Shaef fer ,  

1980)- The geometric mean and geometric s tandard devia t ion  for  the 

p red ic t ed  d i s t r i b u t i o n  of dose equivalent  can be der ived from the  sum 

of means and var iances  of logtransformed da ta  f o r  each model parameter: 

where 

X [ R . . ]  = t.he geometric mean of the  lognormal d i s t r i b u t i o n  of 
m 1.3 

the  pred ic ted  dose equiva len t ,  

s = the  geometric s tandard devia t ion ,  
SJ 
p = the  mean of logtransformed d a t a ,  and 

o2 = the  var iance of logtransformed da ta .  



a 

For a Boynormal p robab i l i t y  d i s t r i b u t i o n ,  the cumulative p e r c e n t i l e  ( C . P . )  

a s soc ia t sd  with any s i n g l e  value ( X  ) with in  t h a t  d i s t r i b u t i o n  can be 
a 

obtained as follows I 

In xa - In  xm 
I_......II z := 

a I n  s 
Y 

( 7 )  

Where z i s  the iiunnber of s tandard devia t ions  by which In  X depar t s  
a a 

from the mean of a s tandard normal d i s t r i b u t i o n .  The value of z is 

d i r e c t l y  r e l a t e d  through the use of s t a t i s t i c a l  t a b l e s  ( e "  g . ,  Neter 

e t  al., 1978) t o  a s p e c i f i c  l e v e l  of cumulative p robab i l i t y .  For 

e x m p l e ,  values a€ 2; of 1 . 0 ,  1 .3 ,  1 . 6 ,  2.3, and 3.1 a r e  r e l a t e d  t o  the  

84th, 9 Q t h ,  35th, 99th, and 99.9th cumulative p e r c e n t i l e s ,  respec t ive ly .  

a 

a 

The procedure descr ibed above i s  based on the  assumption t h a t  a l l  

parameters i n  the  model a r t  s t a t i s t i c a l l y  independent and uncorre la ted  

(Hoffman and Baes, 1979) - 

2.2.2 Numerical I.--_ methods us ing  Monte Carlo techniques 

Nuverical  methods have been developed t o  inves t iga t e  the combined 

eEfect of parameter variabi. l . i ty on model p red ic t ions  f o r  models of more 

complex s t r u c t u r e  than simple mul t ip l i ca t ive  chains  (McXay, Conover, 

and Beckman, 1979; Rubenstein, 1981; Iman, Conover, and Campbell, 1980; 

Gardner, O 'Ne i l l ,  and Hoffman, 1982) - These methods s e l e c t  a i-andotn 

se t  of parameter values  from prescr ibed  s t a t i s t i c a l  d i s t r i b u t i o n s  and 

obtain a model so lu t ion  f o r  each parameter set .  The r e su l t s  of numero~~s  

{ 500 t o  10,000) i t e r a t i o n s  of model so lu t ions  a r e  s t a t i s t i c a l l y  sm- 

niarized. The advantage of this procedure is that the v a r i a b i l i t y  of 

model predict.:i.ons can. be ca lcu la t ed  based on any nudoer of d i f f e r e n t  

t h e o r e t i c a l  o r  empir ical  d i s t r i b u t i o n s  s p e c i f i e d  f o r  model parameters. 

For f u r t h e r  d e t a i l s ;  see  O'Neill e t  a l .  (19811, Gardner, O 'Ne i l l ,  and 

Hoffman (1982), Matthies e t  a l .  (1981), and Schwarz and Hoffman (1981). 



In  t h i s  r epor t ,  a numerical Monte Carlo approach (Carney e t  a l . ,  

1981) is  appl ied  t o  p r e d i c t  the  d i s t r i b u t i o n s  of food concentrat ions 

and dose equiva len ts  r e s u l t i n g  from the  t r anspor t  of gost- and 137Cs 

over the  l ea fy  vegetable ,  non-leafy vegetable ,  m i l k ,  and meat pathways. 

Direct  depos i t ion  onto p l a n t  sur faces  as wel l  a s  uptake from s o i l  a r e  

considered a f t e r  an assumed continuous r a t e  of deposi t ion over a per iod 

of 15 years .  

f o r  the  case where an ind iv idua l  could be exposed t o  a l l  four t e r r e s t r i a l  

food pathways. 

F ina l ly ,  the  d i s t r i b u t i o n  of dose equiva len ts  is  predic ted  

The conceptual s t r u c t u r e  and mathematical algorithms of the  models 

a r e  s imi l a r  t o  those employed i n  Regulatory Guide 1,109 (USNRC, 19?7), 

with minor modifications t o  account f o r  the  p o t e n t i a l  downward migration 

of 90Sr and 137Cs  out  of the assumed 15  cm s o i l  roo t  zone (see 

Sect ion 3.1.2). Ei the r  a t r i a n g u l a r ,  normal o r  lognormal d i s t r i b u -  

t i o n  i s  spec i f i ed  f o r  each model parameter. S t a t i s t i c a l  ana lys i s  of 

model p red ic t ions  produced by 500 computer i t e r a t i o n s  was performed 

using the  SAS system (Barr,  Goodnight, and S a l l ,  1979). 

2.2.3 Criteria for determination of parameter s iqn i f icance  

Where lognormal s ta t is t ics  a re  used t o  es t imate  the  p red ic t ive  

v a r i a b i l i t y  of simple mul t ip l i ca t ive  chain models, the  importance of a 

given parameter t o  the p red ic t ive  v a r i a b i l i t y  i s  indica ted  by the  magni- 

tude of the  var iance given f o r  the  logtransformed da ta  f o r  t h a t  parame- 

t e r .  The r e l a t i v e  importance of the  v a r i a b i l i t y  of a parameter t o  the  

pred ic t ions  of the  model can be determined by d iv id ing  the  variance of 

the  logtransformed parameter es t imates  by the  var iance of the  logtrans-  

formed d i s t r i b u t i o n  of model pred ic t ions .  

For  more complex models, the  e f f e c t  oE parameter v a r i a b i l i t y  on 

model pred ic t ions  is analyzed using numerical techniques. Parameter 

s ign i f icance  i s  determined by c o r r e l a t i n g  randomly se l ec t ed  parameter 

es t imates  with the  r e s u l t a n t  model predic t ions .  

The r e l a t ionsh ip  between parameter v a r i a b i l i t y  and model pred ic t ions  

i s  measured by the  simple c o r r e l a t i o n  c o e f f i c i e n t ,  r (Snedecor and 

Cochran, 1967, Conover, 1971). This s t a t i s t i c  i nd ica t e s  the degree of 
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r e l a t ionsh ip  between t w o  q u a n t i t i e s -  Values of r may range from -1.0 

t u  1 . 0 .  I f  r = 0 then no r e l a t ionsh ip  between the two q u a n t i t i e s  e x i s t s  

If r i s  e i t h e r  1 or -1 there  is a p e r f e c t  p o s i t i v e  o r  negat ive r e l a t ion -  

sh ip ,  respec t ive ly .  The percent  r e l a t ionsh ip  between two q u a n t i t i e s  

(i-e., what percent  of the v a r i a b i l i t y  i n  dose i s  explained by the  

v a r i a b i l i t y  i n  a p a r t i c u l a r  model parameter) is  expressed by the  squared 

value of  the c o r r e l a t i o n  c o e f f i c i e n t ,  r - In t h i s  r e p o r t ,  we use x- as 

an index of the  r e l a t i v e  importance o f  each parameter with respec t  to 

the  model pred ic t ion .  We consider  values  of r less than 0.2 t o  be 

unimportant because they expla in  l e s s  than 4% of the  v a r i a b i l i t y  of the 

p red ic t ions .  We emphasize here t h a t  a c o r r e l a t i o n  c o e f f i c i e n t  i s  a 

s t a t i s t i c a l  measure and does no t  necessa r i ly  ind ica t e  cause and e f  fecE 

re l a t ionsh ips .  

2 2 
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3 .  EsTrmTroM OF THE VARIABILITY IN THE PREDICTION OF THE 9 0 ~ r  

BONE-SURFACE DOSE EQUIVALENT AND THE l 3?Cs  WQLE-BODY DOSE 

EQUlVALENT DUE TO FOOD CHAIN TKANSPORT AND INGESTION 

The radionucl ides  " 5 ,  and 1 3 7 ~ s  have been se l ec t ed  f o r  ana lys i s  

because of t h e i r  importance as  f i s s i o n  products ,  t h e i r  p o t e n t i a l  f o r  

both aquat ic  and t e r r e s t r i a l  bioaccumulation, and the r e l a t i v e  abundance 

of da ta  t h a t  e x i s t s  €or nucl ide s p e c i f i c  model parameters.  The f o l -  

lowing sec t ions  descr ibe the s p e c i f i c  models through which the  e f f e c t  

of parameter v a r i a b i l i t y  i s  analyzed. 

the  amount of v a r i a b i l i t y  es t imated f o r  each model parameter i s  a l s o  

discussed. The f i n a l  r e s u l t s  a r e  expressed i n  f i f t y - y e a r  conunitted 

dose equivalents  pred ic ted  for  an adu l t  r e s id ing  i n  the  near v i c i n i t y  

of an opera t ing  nuclear  f a c i l i t y .  

The form o f  the d i s t r i b u t i o n  and 

3 . 1  DESCRIPTION QF MODELS FOR SPECIFIC EXPOSURE PATHWAYS 

3.1.1 Aquatic foods 

i n t o  the aquat ic  environment is the  t r anspor t  of "5, and I 3 ? C s  from a 

given concentrat ion i n  water i n t o  the  ed ib le  por t ions  of freshwater 

f i s h .  Of i n t e r e s t  is the  v a r i a b i l i t y  assoc ia ted  with pred ic t ions  of  

the  i n t e r n a l  dose r e s u l t i n g  from the  consumption of t h i s  f i s h  by adu l t  

members of the  human populat ion.  

the mathematical s t r u c t u r e  of the  model i s  a simple mul t ip l i ca t ive  chain 

of  parameters [ E q .  (4)]. 

The concentrat ion in water ( C .  } is assumed t o  be a constant  1 pCi/ l  

f o r  both 9*Sr and 137Cs. the  v a r i a b i l i t y  i n  the  pred ic ted  

dose equivalent  w i l l  be a funct ion of the  v a r i a b i l i t y  assumed for the 

- 
The primary pathway considered f o r  the  r e l ease  of radionucl ides  

As d i s c u s s e d  previously i n  Sec t .  2.2.1, 

IW 
Therefore 

freshwater f i s h  bioaccumulation f a c t o r  ( B .  ) ,  the  annual consumption o f  

f i s h  (U,), and the dose conversion f a c t o r  (I)..)- 
=P 

The values f o r  the  
1 3  

nucl ide-spec i f ic  and non-specif ic  parameters employed i n  E q .  (4) are  

discussed i n  Sect. 3.2. 
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3.1.2 T T r r e s t r i a l  foods 

The analyses fo r  the  m i l k ,  meat, l ea fy  and non-leafy vegetable  
2 

pathways assume a continuous r a t e  of deposi t ion (d) of 1 p C i / m  a d .  The 

conceptual s t ruc tu re  and algorithms of the models used fo r  these path- 

ways a r e  e s s e n t i a l l y  i d e n t i c a l  with those i n  Reyl la tory Guide 1.109 

(USNRC,  1977) .  An add i t iona l  term (A. ) i s  included t o  account f o r  the  
1s 

downward migration of a deposi ted radionucl ide out  of the assumed 15 cm 

root  zone of s o i l .  Loss terms t o  account f o r  r ad io log ica l  decay of the 

radioisotopes between harvest  and human consumption of vegetat ion o r  

animal food products are excluded.  

of 9oSr and 137C5 are on tile order  of 30 years ,  only ;a i iegl igible  amount 

of these nucl ides  i s  l o s t  through rad io logica l  decay during the  com- 

Because the  rad io logica l  h a l f - l i v e s  

pa ra t ive ly  short time period between harves t  and consumption of food 

products 

The basic equation used fo r  p red ic t ing  the t r ans fe r  of "Sr and 

1 3 7 ~ s  i n t o  vegetat ion i s ,  

where 

= the  concentrat ion of radionuclide i i n  veyetat ion 
i v  

( p C i / W )  I 

2 d = the  deposi t ion r a t e  (pCi/m "d) 

r = the  f r a c t i o n  of the depos i t ing  radionuclide t h a t  is  

in t e rcep ted  by s tanding vegeta t ion  ( u n i t l e s s ) ,  

2 '9 = the  s tanding crop biomass (kg/m ) ,  
V 

A = the  r a t e  constant  f a r  the environmental removal of 
-1 W 

surface deposi ted ma te r i a l  from vegeta t ion  (d ) ,  
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= the  r ad io log ica l  decay constant  (d-’), ’i r 

te = the  time per iod  vegetat ion i s  exposed t o  depos i t ing  

radionucl ides  p r i o r  t o  harves t  (d ) ,  

Biv = the  p l a n t / s o i l  concentrat ion r a t i o  (pCi/kg vegeta t ion  

per  pCi/kg s o i l ) ,  

p = the  e f f e c t i v e  sur face  dens i ty  of so i l  assuming a 15 cm 
2 

root  zone (kg/m ) ,  

= the  r a t e  constant  descr ib ing  the migration of a radio- 

nucl ide out  of the  15  cm roo t  zone of s o i l  ( d - I ) ,  and 
‘i 5 

tb = the  assumed midpoint of the l i f e t i m e  of a l i g h t  

water r eac to r  ( d ) .  

and his are recognized 

a s  dependent on the  radionucl ide (or  radioelement).  The parameters r ,  

and B a r e  assumed t o  be s p e c i f i c  t o  the type of vege ta t ion  
Yv‘ Aw’ te’  i v  
being considered: l ea fy  vege tab les ,  non-leafy vegetables ,  and pas ture  

forage. Parameters s p e c i f i c  t o  vege ta t ion  consumed d i r e c t l y  by humans 

a r e  r e fe r r ed  to  on a f r e s h  o r  w e t  weight b a s i s ,  while parameters s p e c i f i c  

to herbaceous forage are r e fe r r ed  t o  on a dry weight basis t o  be con- 

s i s t e n t  with da ta  reported for human and animal d i e t s .  Furthermore, 

the  parameters r and Y a r e  combined i n t o  one s ing le  parameter, the  

mass i n t e rcep t ion  f r a c t i o n  (r/Y >,  because the in t e rcep t ion  f r a c t i o n  i s  

a funct ion of the  s tanding  biomass of  vege ta t ion  (Mi l le r ,  1980; Baes 

e t  a l . ,  i n  p repa ra t ion ) .  

ir’ *iv’ 
In t h i s  model, only the  parameters A 

V 

v 

The bas i c  model s t r u c t u r e  f o r  the  t r anspor t  of radionucl ides  from 

herbaceous pas ture  vegetat ion i n t o  m i l k  and meat i s ,  
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= the  concentrat ion o f  the  radionucl ide i n  milk ( p C i / l ) ,  im 

= the concentrat ion of the radionucl ide i n  meat (pCi/kg) ,  
‘if 

Q = t he  d r y  matter d a i l y  in take  of feed der ived from forage m 
by da i ry  cows (kg/d) ,  

Q = the  dry matter da i ly  in take  of  feed der ived frorn forage f 
by beef c a t t l e  (kg/d) , 

= the  equi l ibr ium mfi1.k t r a n s f e r  c o e f f i c i e n t  t h a t  r e l a t e s  
i m  

the  concentrat ion i n  m i l k  a t  equi l ibr ium t o  the average 

d a i l y  in take  r a t e  o f  the  radionucl ide by a d a i r y  cow,, 

( d / l )  I 

= the  meat t r a n s f e r  c o e f f i c i e n t  t h a t  r e l a t e s  the coneen- 
F i f  

t r a t i o n  i n  meat a t  the time of s laughter  t o  the  

average d a i l y  int.ake r a t e  by beef c a t t l e  (d/kg) ,  and 

= the  concentrat ion i n  animal feed der ived from i v  
pas ture  forage per  u n i t  dry mass vegetat ion (pCi/lrg), 

ca l cu la t ed  using E q .  (8) .  

The only nuclide-dependent parameters a r e  F a i d  Fif, i n  addi t ion  t o  

. No d i f f e r e n t i a t i o n  i s  e x p l i c i t l y  made between f r e s h  forage and 

s to red  feed consumption because t h e  long rad io loyica l  ha l f  - l ives  o€ 

90Sr and 137Cs would negate any- s i g n i f i c a n t  decay during t y p i c a l  t.i.me 

per iods assumed €or the  delay between harves t  and consumption of s t o r e d  

Feeds. 

t o  account f o r  the  l ike l ihood t h a t  r e l a t i v e l y  uncontaminated concentrates  

and g ra ins  a r e  imported ft-orn outs ide  the  immediate region (see Sec t .  3 . 2 ) .  

i KI 

civ 

However, an adjustment of the mean values  of Qm and Q, is made 

For the. consumption and dosimetry of contaminated foods by hurnans 

the model s t r u c t u r e  i s  the same for a l l  four pathways 
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where 

the  annual dose equivalent  t o  a s p e c i f i c  organ j 

r e s u l t i n g  from the  t r anspor t  oE a radionucl ide i 

over a s p e c i f i c  pathway p (msem/yr), 

t he  concentrat ion of radionucl ide i i n  the  food 

of pathway p (pCi/kg o r  p C i / l i t e r ) ,  

the  annual r a t e  of consumption of food by humans 

from pathway p (kg/yr o r  l k t e r l y r ) ,  and 

the  inges t ion  dose conversion f a c t o r  f o r  a 

s p e c i f i c  nucl ide (mrem/pCi). 

For the  case where a l l  t e r r e s t r i a l  food pathways a r e  considered t o  con- 

t r i b u t e  to the  exposure of a given ind iv idua l ,  the s t r u c t u r e  of the  

model becomes: 

Rii - - D i j  (U1Ci3 + U C I.. U C + U f C i f ) ,  n i n  m i m  

where 

1 = the  pathway for l eafy  vege tab les ,  

n = the  pathway for non-leafy vegetab les ,  

m = the  m i l k  pathway, and 

f = t h e  meat pathway. 

3.2 VARIABILITY OF MQDEL PARAMETERS 

For  each model parameter, the  prescr ibed  type of s t a t i s t i c a l  

d i s t r i b u t i o n ,  as w e l l  as the  mean and s tandard dev ia t i an  a r e  given i n  

Tables 1 and 2. I n  add i t ion ,  estimated m i n i m u m  and maximum extreme 

values  a r e  included to  ind ica t e  the  l e v e l  of t runca t ion  performed when 



Table 1. Variablllty of nucllde-Independent paramerers 

?ax hw a y 

d 
Level of truncation 

Minimum Maximum 
b Standard Xeference 

Paramter Distributiona fieail value deviationC 
Notes* N R C ~  

L 14 kgfyr (2.16) - - -  - - -  Rupp et al. (1980) A 21 kg/yr 
Water-Fish-Man 

[Eq. (4)l uF 

:i. 
Deposition-Leafy 
Vegetables-Man 
[(Eqs. (8 j  and (lzj] r/Yv -2 2 2 Baes et al. (in B , C  0 . s  m2/kg: f i 0.1 m2/kg (1 .82 )  1 x 10 m /kg  1.0  m / X g  

prepararion 

8.7 x d-l 3.5  X 10-I d-l Miller and Hoffman B , C  5 X d-l L 5.7 X d-’ (1 .68)  
Aw ( i981)  

T 75 d 
te 

Shor (private 
communication) 

_ -  40 d 120 d 

Baes and Sharp 
(submitted) 

2 
300 kofm 2 L 213 kg/m (1 .12)  100 kg/m 2 

P 

60 d 

2 
240 kg/m 

- _ -  --- --- 5475 d 

(1.62) 0 kdyr 55 kglyr Rupp (1979, 1980) E , C  64 kgfyr 

C 5475 d 
tb 

L 18 kgfyr 

Deposition-Ron-leafy 

Vegetables-Man f 
[Eqs. ( 8 )  and (12)] r/Yv 

te 

? 

Lb 

un 

2 
1 n 

B , C  G . M  m f k g  Baes et al. (in 
preparation 

L 6.0 x loT2 rn2/kg (2.32) 1 x lo-‘ m2/kg 0 . 8  m2/kg 

B,C: 5 X d-’ L 3.4 x d-l (1.77) 4 . 6  x :3-3 d-l 3 .5  X lo-’  d-l Miller and Hoffman 
(1981) 

T 100 d Shor (private 
communication) 

60 d 180 d 

2 300 kg/m2 Baes and Sharp L 213 kg/m (1.12) 100 kgfm 2 

(submitted! 

60 d 

2 
240 kgfm 

Deposition-Pasture- 
Hilk-Man [(Eqs. (Sj, 
( g ) ,  and (12)l r/yvq L 

_-- ---  --- CSNRC (1977) 5455 d C 5475 d 

B,C,D 520 kglyr 540 kg/yr Hupp (1980) L 45 kg/yr (2.16) 0 k g f y r  

T te 

? L 

C 

N 

tb 

Qm 

2 1.1 m fkg Miller (1979) 
2 

10  in /ky  2 
1.8 m2/kg (1.55) 0 . 3  m /kg 

5.7 X lo-’ d-’ (1.45) 8 .7  x 3.5 X 10 ’ d-l Miller and Hoffman - 1  5 x LO-’ d-’ 
(1981) 

200 d E 30 d 30 d --- 15 d 

2 Baes and Sharp 300 k g f m  2 
(1.12) 100 kg/m 213 kg/m 2 

(submitted) 
240 kg/m2 

2.6 kg/d 4.0  kgfd 25 kgfd Shor et al. (1982) E , F  12.5 kg/d 11.0 kq/d 
Shor and Fields (1979) 

600 L/yr Hupp (1979) A 310 & / y r  I 7  71) 3 L l y r  - r  r ,.... 



Table 1. (continued) 

Pathway 

d 
Level of t runca t ion  

Minimum Maximum 

Parameter D i s t r ibu t iona  Mean value b 5 tandard Reference 
devia t ionC 

Notes* N R C ~  

Deposition-Pasture- 

(1.55) 

L 5.7 X lo-' d-' (1.45) 

T 40 d --- 

2 Meat-Man [ (Eqs .  ( 8 ) ,  

(10) .  and (12)] r/yyg L 1.8 m fkg 

t e  
2 P L 213 kg/m (1.12) 

C 5475 d _ _ -  
tb 

Qf 8.3 kq/d 2.0 kg/d N 

uf L 94 h / y r  (1.65) 

2 
0.3 m /kg 

8.7 x d- l  

15 d 

100 kg/m 
2 

1 0  m2/kg 

3.5 X 10-I d-' 

200 d 

300 kg/m2 

300 kg/yr 

Mil l e r  (1979) 

Mi l l e r  and Hoffman 

E 

Baes and Sharp 
(submitted) 

USNRC (1977) 

Shor e t  a l .  (1979) B,F 
Shor e t  a l .  (1982) 

Rupp (1979, 1980) B 

2 1.1 m /kg 

5 X d-' 

40 d d 

240 kg/m2 

5475 d 

12 .5  kg/d 

110 kg/yr 

'Probabili ty d i s t r i b u t i o n s ,  where L = lognormal, T = t r i a n g u l a r ,  N = normal, and C = cons tan t .  

bFor lognormal d i s t r i b u t i o n s ,  the  "mean value" i s  the  geometric mean; f o r  t r i a n g u l a r  d i s t r i b u t i o n s ,  the  "mean va lue"  i s  the  mode. 

'For lognormal d i s t r i b u t i o n s ,  the  "s tandard  devia t ion"  r e f e r s  t o  the  geometric s tandard  devia t ion  s 

dAssumed extreme values f o r  t runca t ing  the  random s e l e c t i o n  of parameter va lues  using the  Monte Carlo approach f o r  e r r o r  propagation. 

eGeneric de fau l t  values recommended i n  NRC Regulatory Guide 1.109 (USNRC, 1977).  

'Fresh weight. 

'Dry weight. 

hAssumed i n  the  absence of a s p e c i f i c  va lue  i n  Regulatory Guide 1.109. 

( i n  p a r e n t h e s i s ) .  
9 

*Explanation of Notes: 

Values der ived  from a percent  frequency d i s t r i b u t i o n  i n  the re ferenced  r epor t ;  UF i s  der ived  from a survey of 77 Lake Michigan s p o r t  fishermen; 
U 

Cited  re ferences  consul ted  along with the  use of judgment t o  estimat.e an expected va lue  and probable range of va lues .  

Judgment applied i n  determining va lues  considered appropr ia te  for  t h i s  s tudy ,  v a r i a b i l i t y  es t imated  by r e l a t i n g  the  maximum observed va lue  
t o  the  99th pe rcen t i l e  of a lognormal d i s t r i b u t i o n .  

Mean value estimated assuming 75% of the  t o t a l  non-leafy vege tab le  d i e t  i s  obta ined  ou t s ide  the  region of ContaminaKion; 99th p e r c e n t i l e  
value i s  assumed t o  be th ree  times the  average w i t h  100% of the  t o t a l  non-leafy vegetable d i e t  being der ived  from the  s i t e  of res idence .  

Range estimated assuming r o t a t i o n a l  graz ing  for  e s t a b l i s h i n g  a minimum value  and u n r e s t r i c t e d  graz ing  f o r  e s t a b l i s h i n g  a maximum value .  

Dry-matter concent ra tes  and g ra ins  assumed t o  be obtained from outs ide  the  region of contamination f o r  es t imat ion  of the  mean va lue .  
extreme value i s  equiva len t  t o  maximum repor ted  va lue  and assumes a m i n i m u m  in t ake  of concent ra tes  and g r a i n s .  

99th pe rcen t i l e  assumed t o  be th ree  t imes t h e  average; meat consumption inc ludes  pou l t ry .  

i s  based on a da i ly  r e c a l l  survey of 1,980 milk consuming ind iv idua l s .  m 

Maximum 



Table 2.  Variability of nucli8e-dependent parameters 

Pathway 
d Level of truncation 

Minimum I.raxrimcm 

b Standard * Parameter Distributiona Mean value Reference Notes NRCe deviationC 

7.58 X 

rnrem/pCi 

7.97 
mrem/pCi 

This report A 
(Appendix A )  

-, rnrem/pCi 
4 

D . .  (lz7Cs) L 3.: x (1.32) - - -  
1 2  rnrem/pCi 

Schwarz and Dunning A 
( i n  press) 

Fish Bioaccumulation 
B. ("5,) 1P [Eq. ( 4 ) l  L 

L 

11 L/kg 

1303 L/kg 

Hoffman and Baes 
(1979) 

30 L/kg 

2003 L/kg B. (137%) 
IP Hoffman and Baes 

(1979) 

Deposition-Leafy 
L Vegetables [Eq. (S)] Biv ( 90 sr) f 

Elv (137Cs)f L 

0.33 (3.3) 7 x 2.4 1 . 7  x Ng e t  a l .  (in 
preparation); 
Baes et al. 
(in preparation) 

5.5 x (4.5) 1 x Ng et al. !in 
preparation); 
Baes et a:. 
(in preparation) 

Deposition-Non-Leafy- 
Vegetables [Eq. (8j] Biv ( 90 Sr)f 

Y. ( 1 3 7 4  .. 
1v 

5 . 5  x (3.9) 8 x 3.4 L 1.7 x Ng et al. (in 
preparation) ; 
Baes et al. 
(in preparation) 

5 15-3 (4 .5)  1 I.lg et al. (in 
preparation); 
Baes et ai. 
(in preparation) 

Deposition-Pasture 
L Vegetation [ E q .  (S)] Biv ( 90. 5r)- cl 

B. 137Cs)g L 
1v ( 

(3.42) 6 X LO-' 

(3.82) 7 x 

I .4 

4.4 x 10-2 

46 Ng et al. (in 
preparation); 
Baes et a:. 
(in preparation) 

Ng et al. (in 
preparation); 
Baes et al. 
(in preparation) 

1 .2  



Table 2 .  (continued) 

d 
Level of t runca t ion  * 

Notes NRCe 
Standard 
deviat ionC 

Reference 
b Parameter D i s t r ibu t iona  Xean value 

Minilnm Maximum 
Pathway 

Rate Constant f o r  Loss 
from S o i l  Root Zone 
[Eq. (8)) - a l l  
pathways ("sr) (7 .4 )  

(6 .7)  

(1.52) 

(1.79) 

(3.3) 

(2 .0)  

--- 
--- 

Baes and Sharp 
(submitted) 

Baes and Sharp 
( subn i t t ed )  

2 x d,'L 

1 . 2  X d/L 

Hoffmaii and Baes 
(1979}; Ng (1581) 

Hoffman and Baes 
(1979 j 

90 
Pasture-Meat LEq. (lo)] Flf ( S r )  4 x djkg 

3 X d/kg 

L 

L 

X g  e t  a i .  ( i n  
p repa ra t ion  

Ng e t  a i .  ( i n  
p repa ra t ion  

Radiologicai  Decay 

C 

C 

90 

137 

Constant - a l l  
Pathways [Eq. (S)] *Iir ( S r )  

Air { Cs)  

Kocher (1981) 

Kocher (1981) 

~ ~~________ ~~ 

aProbab i l i t y  d i s t r i b u t i o n ,  where L = lognormal and C = consta:i t .  

bFor lognormal d i s t r i b u t i o n s ,  t h e  "mean value" is the geometric mean S . 
'For lognormal d i s t r i b u t i o n s ,  t h e  "s tandard deviat ion" r e f e r s  t o  the  geometric s tandard d e v i a t i s n  s 

dAssumed extreme values  f o r  t runca t ing  the  random s e l e c t i o n  of parameter v a l u e s  us ing  the  Monte Carlo approach f u r  e r r o r  propagat ion.  

eGeneric de fau l t  values  recommended i n  NRC Regulatory Guide 1.109 (USNRC, 1077j .  

fFresh weight vege ta t ion ,  dry  weight s o i l .  

'Dry weight vegetat ion,  dry weight so i l .  

m 
( i n  pa ren thes i s ) .  

4 

*Expianation of notes:  

A The D ,  . f o r  13'Cs i s  s p e c i f i c  t o  t h e  whole-body; t h e  3 .  , f o r  "Sr i s  s p e c i f i c  t o  the  bone su r face  ( endos tea l  c e l l s ) ;  t he  NRC d e f a u l t  D .  , f o r  
11 17 ;3 

''5, i s  s p e c i f i c  t o  t h e  t o t a l  bone. 

B Judgment exe rc i sed  i n  the  review of t h e  c i t e d  r e fe rences  t o  de r ive  a mean value and s tandard dev ia t ion ;  8 .  f o r  pas tu re  vege ta t ion  has been 

determined f o r  t he  dry weight of vege ta t ion ;  13.  f o r  l ea fy  vegetables  and non-leafy vegetables  has been determined on a f r e s h  weight b a s i s .  
1V 

1v 

C Values a r e  es t imated assuming a cons t an t  r a t e  of  moisture i n f i l t r a t i o n  i n t o  s o i l  of 60 cm/yr; t h e  v a r i a b i l i t y  i n  A .  is dominated by t he  
IS 

v a r i a b i l i t y  i n  Kd ( so i l /wa te r  d i s t r i b u t i o n  c o e f f i c i e n t ) .  
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using the Monte Carlo approach, thus r e s t r i c t i n g  the s e l e c t i o n  of 

parameter values  from t h e i r  p rescr ibed  d i s t r i b u t i o n .  In  genera l ,  these  

iiiinimum and maximum values  have been s e t  f o r  a range t h a t  i s  €our times 

larger- than t.he observed range - Although this choice i s  a r b i t r a r y ,  

p a s t  i nves t iga t ions  have not  shown the  sel .ection o f  minimum and maximum 

extremes t o  have a profound e f f e c t  on the numerical generat ion of d i s t r i -  

but-ions of dose predic t ions  (Schwarz and Hoffman, 1981) 

Table 1 l i s t s  parameters t h a t  a r e  nucl ide independent, and Table 2 

l i s t s  parameters t h a t  a r e  dependent on the  nucl ide (o r  element) of  

j . i?terest .  A s  mentioned previously (Sect.. 2 - l . ) ,  s t a t i s t i c a l  p rope r t i e s  

fo r  each parameter are based on a c a r e f u l  review of o r i g i n a l  references 

by o the r  i nves t iga to r s  ( c i t e d  i n  Tables 1 and 2 )  and on t he  u s e  of judg- 

ment t o  es t imate  means, stanclard devia t ions ,  and minimum and maximum 

extreme values  foz- parameters assoc ia ted  with l imi t ed  da ta .  Notes .in 

the tables  i d e n t i f y  s i t u a t i o n s  i n  which add i t iona l  i n t e r p r e t a t i o n  and 

judgment was necessary.  The parameters for  which judgment formed the 

primary b a s i s  f o r  specif icat- ion of va lues  i n  Tables 1 and 2 a re :  

r / Y v  f o r  l e a f y  and non-leafy vege tab les ,  

A f a r  non-leafy vege tab les ,  

Q f o r  beef c a t t l e ,  and 

U far meinhers of the  exposed human populat ion group. 

W 

f 

f 

Adjustments were made i n  es t imat ing  the  mean values  o f :  

Q f o r  da i ry  c a t t l e ,  
li! 

Q, f o r  beef c a t t l e ,  and 

U 

L 

f o r  members of the  exposed human populat ion group, 
n 

t o  account f o r  the l i k e l y  consumption of animal feeds and food crops 

produced outs ide  the immediate region of contamination (assumed t o  be 

not greater than a f e w  kilometers  from the r e l ease  source) .  For da i ry  

and beef c a t t l e ,  respec t ive ly ,  the  mean values  of Q and Qf i n  Table 1 m 



2 1  

were der ived assuming a l l  g ra ins  and concentrates  a r e  imported 

from outs ide  the immediate region. 

assumes only 25% of the  t o t a l  ingested amount of non-leafy vegetables  

i s  home grown. Maximum values  €or  these parameters were s e t  equal t o  

maximum reported values with no importation of feed or food from outs ide  

the immediate region. 

The geometric mean value f o r  Un 

Estimates given f o r  

h f o r  l e a f y  vegetables ,  

t f o r  a l l  t e r r e s t r i a l  pathways, 

ff for  l e a f y  vegetable consumption, and 

U f o r  non-leafy vegetables ,  

W 

e 

1 

n 

were derived from reported median and maximum values  us ing  the approaches 

descr ibed i n  Sect .  2.1. 

Estimates for  

U f o r  m i l k  consumption, and 

U f o r  f i s h  consumption, 

m 

F 

a r e  based on published percent  frequency d i s t r i b u t i o n s  t h a t  summarize 

the  r e s u l t s  of s p e c i f i c  surveys.  The v a r i a b i l i t y  expressed for U 

should be conservat ively biased because the  survey i s  based on d a i l y  

r e c a l l  responses t o  a s i n g l e  interview,  although the  number of m i l k  

consuming persons questioned was s u b s t a n t i a l  (1,980 ind iv idua l s ) .  The 

v a r i a b i l i t y  i n  d a i l y  p a t t e r n s  of m i l k  consumption is expected t o  be 

g rea t e r  than f o r  consumption r a t e s  averaged over time spans s imi l a r  t o  

those addressed by the model (on the  order  of  one year) .  

m 

The l a r g e  v a r i a b i l i t y  es t imated f o r  h f o r  both and 137Cs 
i s  

r e f l e c t s  the  wide spectrum i n  values  reported f o r  the  s o i l  (sediment)- 

to -so lu t ion  d i s t r i b u t i o n  c o e f f i c i e n t  (K ) f o r  the  elements strontium 

and cesium. This v a r i a b i l i t y  i s  the  consequence of a l a rge  d i v e r s i t y  

i n  s o i l  chemistry and experimental procedures used t o  determine K 

d 

d 
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(Baes and Sharp, submitted).  I n  addit-ion, s t rong  c o r r e l a t i o n s  a r e  

expected between B and K (Baes e t  a l . ,  i n  prepara t ion) .  Thus, 

because of the .inverse r e l a t ionsh ip  between K 

B .  should correspond t o  high values of his- 

t h i s  study t o  expl - ic i t ly  account f o r  the e f f e c t  o f  c o r r e l a t i a n s  between 

B .  and h 

i v  d 
and his, high values of 

N o  at tempt i s  made i n  
a 

1 V  

I V  i s .  
Estirnat-es f o r  the "51- dose f a c t o r s  D f o r  the endosteal  region 

i j  
and a c t i v e  red marrow of the bone a r e  der ived from measured v a r i a b i l i t y  

i n  '*Sr bone concentrat ions (Schubert e t  a . l . ,  1967) and equat ing the 

inges t ion  dose factor- f o r  90Sr der ived from TCRP-30 (19'79) t o  the geo- 

metri.c mean of a lognormal d i s t r i b u t i o n  (see Appendix A ) .  I n  Table 2 ,  

only the D1, f o r  the endosteal  region of the bone i s  l i s t e d .  For 
IJ137 the ir igestion of C s ,  whole body D i j  e s t imates  a r e  taken d i r e c t l y  from - 

a d e t a i l e d  s t a t i s t i c a l  ana lys i s  performed by Schwarz and Dunning 

C s  D es t imates  include the e f f e c t  of observed 
137 

( i n  p re s s )  - These 

co r re l a t ions  between age,  body mass, and whole body r e t en t ion  of  C s .  
i j  

137 

Further  cons idera t ions  €or  o ther  parameters no t  discussed i n  the  

t e x t  of t h i s  r epor t  a r e  noted i n  Tables 1 and 2 .  

The a p p l i c a b i l i t y  of these  es t imates  of parameter v a r i a b i l i t y  (and 

t h e i r  underlying assumptions) t o  condi t ions p reva i l i ng  a t  a s p e c i f i c  

s i t e  i s  obviously subjec t  t o  quest ion.  Nevertheless,  we expect the 

est imates  presented i n  Tables 1 and 2 t o  encompass s i t e - s p e c i f i c  condi- 

t i ons  averaged fo r  time per iods of comparable length  t o  t h a t  considered 

by the model. Parameter v a r i a b i l i t y  estirnat-ed from a review of da ta  

reported i n  the ava i l ab le  I j . t e r a tu re  w i l l  l i k e l y  exceed the v a r i a b i l i t y  

o f  parameter values  f o r  a s p e c i f i c  s i t e .  

I n t e r p r e t a t i o n  of the results of t h i s  study should be r e s t r i c t e d  

t o  s i t u a t i o n s  where sit-e-speci-Eic information i s  not  ava i l ab le .  Wow- 

ever ,  s i t e - s p e c i f i c  da t a ,  when ava i l ab le ,  should always have p r i o r i t y  

over the  values  l i s t e d  i n  Tables 1 and 2 .  I n  the absence of such da ta ,  

ranking of the importance o f  the present  es t imates  of model paramet.er-s 

(with respect  t o  the v a r i a b i l i t y  i n  the p red ic t ion  of dose equiva len t )  

should provide d i r e c t i o n  f o r  the  acqu i s i t i on  of improved parameter 

estimates. 
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3 . 3  RESULTS QF COIfBINED PARAMETER VARIABILITY 

The d i s t r i b u t i o n  of pred ic ted  dose equiva len ts  a r i s i n g  Erom the  

var ious food chain pathways is represented i n  Tables 3 and 4 through 

values  of the geometric mean ( X  ) and the  geometric s tandard devia t ion  

( s g ) .  

generic  parameter values  i n  Regulatory Guide 1.109 (USNRC, 1977) a r e  

l i s t e d  and compared with the  d i s t r i b u t i o n  of pred ic ted  dose equiva len ts  

der ived from es t imates  of parameter v a r i a b i l i t y .  The degree of poten- 

t i a l  conservatism assoc ia ted  with the  Regulatory Guide 1.109 predic-  

t i o n s  i s  given by the  cumulative p robab i l i t y .  

i nd ica t e s  the  chance t h a t  pred ic ted  dose equiva len ts  der ived from e s t i -  

mates o f  parameter v a r i a b i l i t y  w i l l  be equal t o  o r  l e s s  than the  Regula- 

t o ry  Guide 1.109 pred ic t ion .  For example, cumulative p r o b a b i l i t i e s  on 

the order  of 0.90 i nd ica t e  only one of 10 predic ted  doses a r e  expected 

t o  exceed the  regula tory  guide dose es t imate ,  while a cumulative prob- 

a b i l i t y  of 0.99 ind ica t e s  t h a t  the  regula tory  guide dose est imate  w i l l  

only be exceeded one ou t  of 100 t i n e s .  

m 
I n  these  t a b l e s ,  the  dose equiva len ts  ca l cu la t ed  using the  

The cumulative p robab i l i t y  

The r e l a t i v e  importance of model parameters and individual.  pathways 

t o  the  v a r i a b i l i t y  of the  pred ic ted  dose equivalent  i s  given i n  Tables 5 

and 6 .  The values  l i s t e d  under "importance index" represent  the f r a c t i o n  

of the  t o t a l  v a r i a b i l i t y  i n  the  pred ic ted  dose accaunted fo r  b y  v a r i a b i l -  

i t y  i n  the  model parameter o r  pathway. 

doses for each ind iv idua l  exposure pathway occur i n  d i r e c t  proport ion 

to the  number of parameters shared ( i - e - ,  a l l  pathways share  the  parame- 

Corre la t ions  among the  pred ic ted  

) - A l l  t e r r e s t r i a l  pathways share the parameters Ais, p ,  Air ,  
ter D i j  
and tb. 

t e r s  r / K v ,  Aw, and Biv. 

parameters in the  ana lys i s  of the dose received through combined pathways 

of exposure than i s  a t t a i n e d  by these parameters i n  the ana lys i s  05 

ind iv idua l  exposure pathways (Tables 5 and 6 ) .  

I n  add i t ion ,  the  meat and m i l k  pathways a l s o  share  the  parame- 

A higher importance rank i s  a t t a i n e d  by shared 



Table 3 .  V a r i a b i l i t y  i n  p red ic t ed  dose equiva len ts  t o  the  bone 

surface f o r  "Sr i nges t ed  v i a  s e l e c t e d  food cha in  pathways 

Pathway 
a 

d Methode 
b 

S (percentile) 
4 

Water-Fish-Man 

(mrem per p C i / l )  

Deposition-Leafy Vegetables- 

Mail (mrem per  p C i / m  -d )  
2 

Deposition-Non-leafy 

Ve ge t a b  1 e s -Plan 

(nirem per pCi/rn ' d )  
2 

Depas i t ion-Pas tu~e-Milk-  

Man (muern pe r  pCj/,n2 *d)  

Deposj tion-Pasture-Pleat- 
2 

Man (mrem pe r  pCi/rn ad) 

Deposition-All Te r re s t r i a l  

Pathways -Elan 
L 

(mrem per  p C i / m  . d )  

0.25 7.2 

0.27 3.0 

0.34 3.7 

0.15 3.7 

0.055 4.2 

1 .2  2 - 4  

4.8 A 

(0.93) 

1.1 

(0.90) 

0.43 

(0.79) 

0.13 

(0.73) 

R 

B 

10.3 B 

(>O -99)  
_-_.......I- ....I__ _.._- 

a Geometric mean. 

*Geometric st-andard dev ia t ion ,  uni t less .  
C Predic ted  dose equivalent  f o r  t o t a l  bone u s i n g  va lues  i n  

Regulatory Guide 1.109 (USNRC, 1977). 

dC~mu7.ative p r o b a b i l i t y  assoc ia ted  with NRC pred ic t ion .  
e 
Explanation of  metl-iod used f o r  error propagation of model 

parametPrs: A = logxiorma1 s t a t i s t i c s  (Sect ion 2.2.1) : B = Monte Carlo 
C O I T I F U ~ I : ~  techniques { Seetioil  2.2 ~ 2 )  - 
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Table 4. Variability in predicted dose equivalents to the whole 

body for  137Cs ingested via selected food chain pathways 

Pathway NRcc d Methode b 
S 9 (percentile) 

Water-Fish-Man 

(mrem per pCi/L) 

Deposition-Leafy Vegetables- 
Man (mrem per pCi/m 2 *d) 

Deposition-Non-leafy 

Vegetables-Man 

(mrem per pCi/m *d) 
2 

Deposition-Pasture-Milk- 

Man (mrem per pCi/m2*d) 

Deposition-Pasture-Meat- 
Plan (mrem per pCi/m 2 *d) 

Deposition-All Terrestrial 

Pathways-Man 

(mrem per pCi/m ad) 
2 

3 . 3  0.67 

1.4 X 2.4 

3.4 x lom3 3.3 

8.2 X l o m 3  3.2 

2.1 X 2.9 

4.4 x 2.2 

3 . 3  A 
(0.91) 

1.1 x B 
(>o -99) 

8.7 x B 
(>0.99) 

6.4 X lo-' B 

(0 .96 )  

9.0 x B 
(0.21) 

0.17 B 
(0.96) 

a Geometric mean. 

bGeometric standard deviation, unitless. 

Predicted dose equivalent for total bone using values in c 

Regulatory Guide 1.109 (USNRC, 1977).  

dCumulative probability associated with NRC prediction. 
e Explanation of method used f o r  error propagation of model 

parameters: 
computer techniques (Section 2 .2 -2 ) .  

A = lognormal statistics (Section 2.2.1); B = Monte Carlo 



Table 5. Ranking of parameter and pathway importance to variability in the dose prediction for 'OS, 

Importance rank Importance index 
Pathway Par a m k e  r 

(Pathway) Parameter (Pathway) Parameter 

Water-Fish-Man B 
iP 

% 
Dij 

'is 

Deposition-All Terrestrial 
Pathways-Man 

Di j 

un 

Biv 

Biv 

C 

d 

e 
Biv 

Deposition-Mon-leafy 
Vegetables -Man 

'n 

'iv 

r/Yv 

'is 

Dij 

1 

2 

3 

0 - 82a 

b 
I 0.18 

b 

b 

b 

b 

b 

0.10 

0.10 

0.08 

0.08 

0.06 

(0.50b) 

1 0.32 

2 0.26 

b 

b 

b 

b 

b 

0.12 

0.07 

0.05 



Table 5. (cont inued)  

Importance rank Importance index 
Pathway P a r  anfe t e r 

(Pathway) Parameter (Pathway) Parameter 

Deposition-Leafy 
Vege tables-Man 

Deposition-Pasture-Milk-Man 

Deposition-Pasture-Heat-Man 

( 2 )  

1 

2 

3 

4 

13 i v  

u1 

'is 

'i j 

B i v  

I? i m  

Di j 

(4) 

Fif 
'iv 

uf 

(0.34b) 
b 

b 

b 

b 

0 -45 

0.17 

0.15 

0.07 

( 0  - 2 8 )  
b 0 . 3 5  
b 

b 

b 

0 -21 

0.16 

0 . 0 5  

b ( 0 . 0 3  ) 
b 

b 

b 

0.52 

0.15 

0.11 

a Determined by d iv id ing  the  var iance  of logtransformed parameter d i s t r i b u t i o n  by the  
var iance  of t he  logtransformed d i s t r i b u t i o n  of dose p r e d i c t i o n .  

bDeterrnined by squaring the  c o e f f i c i e n t  for  the  rank order  c o r r e l a t i o n  between parameter 
va lues  and the p red ic t ed  dose; only va lues  above 0 - 0 4  a r e  included i n  t h i s  t a b l e .  



Table 6 .  Ranking of parameter-and pathway importance to variability in the dose prediction for 137Cs 

Importance rank Importance index 
Pathway Parame te I- 

(Pathway) Parameter (Pathwaiyj Parameter 

Water-Fish-Man 

Di j 

Fif 

Deposition-All Terrestrial 
Pathways-Man 

r/Y (pasture) 
V 

j 
h (pasture) 

uf 

W 

u rn 
Deposition-Pasture-Meat-Man 

Fif 

uf 
r/Yv 

hw 
Di j 

Deposition-Pasture-Milk-Man 

F ,  
i m  

1 

2 

0 .  52a 

0 .42a 

3 0 A S a  

b 1 0 . 2 5  
b 2 0.15 
b 3 0.12 
b N 

4 0.G9 33 

b 4 0.04 
b 5 0.07 

( 0 . 7 3 ) b  
k 

b 

b 

b 

b 

0 -43 1 

2 0.19 

3 0.14 

4 0.08  

5 0.07 

(0.34p 

P 

2 

b 

b 
0 - 4 6  

0.22  



Table 6 -  (continued) 

Importance rank Importance index 
Pathway Parameter 

(Pathway) Parameter {Pathway) Parameter 

Deposition-Pasture-Milk- 
Man {continued) 

b 

b 

b 

0.10 

0.06 

0.05 

b 
( 0 . 0 5 )  Deposition-Non-leafy-Vegetables-Man ( 3 )  

b 

b 

b 

b 

6.40 

0.31 

0.13 

0.06 

b 
( 0 . 0 3 )  Deposition- Lea fy-Ve ge table s -Man 

b 

b 

b 

b 

b 

0.30  

0 .25  

0.18 

0.11 

0.05 

a Determined by dividing the variance of logtransformed parameter distribution by the 

Determined by squaring the coefficient for the rank order correlation between parameter 
variance of the logtransformed distribution of dose prediction. 

values and the predicted dose; only values above (3.04 are included in this table. 

b 
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3 - 3 1 Water-fish-man pathway 

For both '*Sr (Table 3 )  and 137Cs (Table 4 ) ,  the Regulatory Guide 

p red ic t ion  of dose equiva len ts  exceeds the 90th p e r c e n t i l e .  The f resh-  

water f i s h  bioacrswnulation f a c t o r  i s  the  most important parameter f o r  

both nuc l ides ,  although t h i s  parameter is of predominant importance f o r  

9*Sr (Tables 5 and 6 ) -  Much o€ t h i s  v a r i a b i l i t y  i n  the dose p red ic t ion  

f o r  t h i s  pathway might be reduced i f  the  bioaccwnulation f a c t o r  f o r  

"Sr and 137Cs were derived on a s i t e - s p e c i f i c  b a s i s  us ing  da ta  on water 

q u a l i t y ,  the t rophic  l e v e l  of f i s h  consumed, and the exchangeable calcium 

and potass i  iiin content  i n  water (Hoffman and Baes, 1979 ; Vanderploeg 

e t  a l . ,  19753. 

3 . 3 . 2  D e p o s i t i o n - t e r r e s ~ r i a l  food pathways -I--- - man 

137 

for "Sr than cs (Tables 3 and 4 ) .  The most va r i ab le  pathway i s  the  

m a t  pathway f o r  9 0 ~ r ,  w i t 1 1  a geometric s tandard devia t ion  ( s  ) of 4.2. 

and the  non-leafy vegetable pathway €or 137Cs with a 5 

l ea fy  vegetable pathway i s  the most i.mpr-tant cont r ibu tor  (50%) t o  the 

combined exposure v i a  a l l  pathways for t he  inges t ion  of 9QSr (Table 51, 

while the meat. pathway i s  dominant (73%) f o r  the combined pathway expo- 

sure  t o  137Cs (Table 6 ) .  

The p red ic t ion  of  dose equivalent  fo r  t he  inges t ion  of ' O S ,  and 

C s  inges ted  v i a  t e r r e s t r i a l  food pathways appears t o  he more var i ab le  
137 -, 

c! 
o f  3 . 3 .  The non- 

Ci 

Frequency d i s t r i b u t i o n s  of the  pred ic ted  dose equivalent  due t o  

the  exposure to a l l  t e r r e s t r i a l  pathways have been generated through 

500 computer i t e r a t i o n s  using the  Monte Carlo approach. The d i s t r i b u -  

t i o n s  a re  skewed and a re  approximately lognormal ( F i g s .  1 and 2 ) .  Er rors  

assoc ia ted  with the 9 5 t h  p e r c e n t i l e  es t imates  of these d i s t r i b u t i o n s  

a r e  about k lS%,  whereas the  991% p e r c e n t i l e s  may vary by f30%. 

The dose from exposure t o  a l l  t e r r e s t r i a l  pathways has lower v a r i -  

a b i l i t y  assoc ia ted  with i t  t!ian f o r  any s i n g l e  pathway (Tables 3 and 4 ) -  

This e f f e c t  i s  at t r ibinted t o  the process  of adding independent d i s t r i b u -  

t i o n s ,  which should r e s u l t  i n  a decreasing r e l a t i v e  e r r o r  (Rendat and 

P i e r s o l ,  1966) .  f o r  combined pat.hway exposure i s  2.4 f o r  ''St- 

and 2.2 f o r  137C5. 

( l ea fy  vegetables)  are 3 . 0  and 2.4 f o r  sag S r  and 13"7s respec t ive ly .  

The s 
i7 

The lowest values  of s f o r  a s ing le  exposure pathway 
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ORNL- DWG 8 9- 18625A 

0 0.5 

1 

I 
4.2 

I 

I .8 

X84 

99 

2.8 5.2 8.3 

F i g .  1. A frequency distribution of the predicted Strontium-YO ingestion dose to bone 
surface via terrestrial food pathways subsequent to a continuous rate of deposition of 1 pCi/m2.d 
for 15 years. 
of the distribution, respectively. 

Xm, X, X,,, X95, and X,, are the median, mean, 8 4 a ,  95th ,  and 99 th  percentiles 



QRNL- DWG 81 - 1  86 248  

- 
X(O.68) 

0 0.02 0.04 0.06 0.09 0.1 5 8.20 0.25 0.30 
INGESTION DOSE fmrem per pCi/m2-dj  

Fig. 2. W frequency d i s t r i b u t i o n  of  the  p red ic t ed  Cesim-137 inges t ion  dose t o  t o t a l  body 
v i a  t e r r e s t r i a l  food pathways slrbsequent t o  a continuous r a t e  of depos i t ion  of 1 pCi/m2*d for 
1 5  years .  X , X ,  X84, Xg5, and Xg9 are  t h e  median, mean, 84Sh, 9 5 t h ,  and 99th p e r c e n t i l e s  of  
t h o  d < c + v < L ” ! P ~ . . ~  - - - - - - - .  7 

w 
hi 
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For the combined pathway exposure t o  'OSr, the  parameters his, 

a r e  ranked h ighes t  i n  importance (Table 5 ) .  The importance 
D i j '  and ' n 
of Ais i s  due t o  the  s ign i f i cance  of the  s o i l  as a secondary source of 

''Sr a f t e r  15 years  of continuous depos i t ion  and the  f a c t  t h a t  Ais i s  

shared by a l l  pathways. For  combined pathway exposure t o  137Cs,  t he  

parameter F i s  ranked h ighes t  i n  importance, followed by the  i n t e r -  
i f  

cep t ion  (r/Y ) and r e t e n t i o n  ( A  ) parameters f o r  pas ture  vege ta t ion  

(Table 6 ) .  and Aw d i r e c t l y  a f f e c t  the  v a r i a b i l i t y  

of the concent ra t ion  of deposi ted 137Cs i n  vege ta t ion  consumed by both 

milk and meat producing animals ~ 

V W 

The parameters r/Y 
V 

The Regulatory Guide 1.109 (USNRC, 197'7) p red ic t ion  of dose equiva- 

l e n t  due t o  exposure t o  a l l  four  t e r r e s t r i a l  pathways exceeds the  5Kh4iW '?;& 

p e r c e n t i l e  f o r  90Sr (Table 3 )  and the  9W.h p e r c e n t i l e  f o r  137Cs (Table 4 ) .  

Much sf t h i s  apparent conservatism i s  assoc ia t ed  with the  d i e t a r y  h a b i t s  

U assumed i n  Regulatory Guide 1.109 €or maximally exposed ind iv idua ls  

(Table 1 ) .  However, conservat ive b i a s  i s  a l s o  a s soc ia t ed  with the  NRC 

s e l e c t i o n  of i nges t ion  dose f a c t o r s  D i j  for 9oSr and 137Cs (Table 2 ) .  

Nevertheless ,  we note  t h a t  the  NRC dose es t imates  f o r  "Sr a r e  not  

d i r e c t l y  comparable t o  the  p red ic t ed  d i s t r i b u t i o n  of doses i n  Table 3 

because of  d i f f e rences  i n  the  assumed t a r g e t  t i s s u e  of the  bone 

(Appendix A). The NRC 

va lues  of D used t o  analyze the  v a r i a b i l i t y  of model p red ic t ions  is 

s p e c i f i c  f o r  the  endos tea l  c e l l s  of the  bone sur face .  S u b s t i t u t i n g  the  

ICRP-30 (1979) gost- endos tea l  c e l l  D f o r  the  t o t a l  bone D i j  used i n  

Regulatory Guide 1-109 would reduce the  MRC estimates i n  Table 3 by a 

f a c t o r  of 4.7 - 

conservat ive i s  the 137Cs meat pathway (Table 4). 

t o  the  gener ic  value f o r  F given i n  Regulatory Guide 1.109 which is 

near  the  lower end of t he  range of va lues  repor ted  f o r  t h i s  parameter 

(Ng, Colsher,  and Thompson, i n  prepara t ion ;  Hoffman and Baes, 1979). 

The p red ic t ion  of the  concentrat ion of 9oSr and 137Cs i n  t e r r e s t r i a l  

foods (Tables 7 and 8) is less va r i ab le  than the  p red ic t ion  of dose, due 

t o  the  inf luence of fewer parameters.  Less conservatism is a l s o  evident  

with Regulatory Guide 1.109 pred ic t ions  of food concentrat ions than f o r  

* 

'1 7 ,% 

P 

i s  s p e c i f i c  t o  the  t o t a l  bone while t he  
90 

S r  D i j  

ij 

i j  

The only pathway i n  which the NRC es t imates  appear t o  be l e s s  than 

This i s  a t t r i b u t a b l e  

i f  
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Table 7 - Variability in predicted "Sr food concentrations 
f o r  selected terrestrial pathways 

Pathway b NRCC 
S 

xma g (percentile ) 

Deposition-Leafy Vegetables 
[ E q -  (we 

Deposition-Non-leafy 
Vegetables [ E q .  ( 8 ) ]  

9.0 pCi/kq 2.6 2.2 pCi/kg 
(0.07) 

4.5 pCi/kg 2.7 2.2 pCi/kg 
(0.24) 

2.7 0.18 p C i / L  0.96 p C i / L  
(0.05) 

0.35 pCi/kg 3.7 0.15 pCi/kg 
(0.26) 

a Geometric mean. 

bGeometric standard deviation, unitless - 
c Predicted food Concentrations using values in Regulatory Guide 

1.109 (USNRC, 1977). 

dCurnulative probability associated with NRC prediction. 
e 

Food concentrations resulting from a constant deposition of 
1 pCi/m2*d over a period of 15 years; error propagation performed us ing  
Monte Carlo computer techniques (Section 2.2.2).  
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Table 8 .  Variability in predicted 137Sr food concentrations 
for selected terrestrial pathways 

Pathway 
xma 

b mcC 
S 4 (percentile) 

Deposition-Leafy Vegetables 
CEq. ( & > l e  2.1 pCi/kg 2.0 

Deposition-Non-leafy 
Vegetables [ E q .  ( S ) ]  2.1 pCi/kg 2 - 4  

Deposition-Pasture-Milk 
[Eq- (8) and (911 2.4 pCi/L 2.2 

Deposition-Pasture-Meat 
[ E q .  (8) and (10) 6.2 pCi/kg 2 -4 

2.1 pCi/kg 
(0.50) 

2.1 pCi/kg 
(0.50) 

2.6 pCi/L 
(0.54) 

1 .O pCi/kg 
(0.02) 

a 

bGeornetric standard deviation, unitless - 
Geometric mean. 

C Predicted food concentrations using values in Regulatory Guide 
1.109 (USNRC, 1977). 

dCumulative probability associated with NRC prediction. 
e Food concentrations resulting from a constant deposition of 

1 pCi/m2*d over a period of 15 years; error propagation performed using 
Monte Carlo computer techniques (Section 2.2.2). 
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predictions of  dose. The most. pronounced indication of potential NRC 

underestimation of food concentrations is f o r  the prediction of 'OS, in 

milk and leafy vegetables, and f o r  137Cs in meat. 

concentrations f o r  'OSr in leafy vegetables and milk, and for 137Cs in 

meat are factors of 4.1, 5.3,  and 6.2, respectively, lower than the 

predicted geometric mean. These concentrations occur respectively at 

the 7 t h ,  5 t h ,  and 2nd cumulative percentile of the distributions of food 

concentrations produced using Monte Carlo computer techniques, 

The predicted NRC 
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4. TRITXUPf AND CBRBOM-14 SPECIFIC ACTIVITY HODELS 

The " spec i f i c  a c t i v i t y "  approach is  commonly employed f o r  p red ic t ing  

the environmental t r anspor t  and dosimetry of 3H and assuming the 

predominant chemical form of these radionucl ides  i n  t h e  atmosphere i s  

t r i t i a t e d  water vapor (HTO) and 1 4 ~ ~ 2 ,  respec t ive ly .  

a c t i v i t y  approach assumes t h a t  the environmental behavior and f a t e  of a 

radionucl ide is approximately the  same a s  f o r  s tab le  i so topes  of the  

same element. The s p e c i f i c  a c t i v i t y  approach f o r  tritium i s  usefu l  

because most of  the  hydrogen i n  the  body i s  assoc ia ted  with body water 

and most of the  body water can be accounted f o r  through inges t ion  a€ 

food and beverages,  and absorpt ion of atmospheric water through the 

skin o r  the  r e sp i r a to ry  system ( T i l l  e t  a l . ,  1480a). Ultimately,  the  

source of t h i s  water i s  assumed t o  be the atmospheric humidity (which 

also forms r a i n ,  the primary source of water f o r  animal and p l a n t  food 

products and beverages).  

u se fu l  because most of the carbon i n  the  body is der ived from carbon i n  

food, beverages, and the  atmosphere- The carbon i n  food and drinks  

ul t imate ly  o r ig ina t e s  from C02 i n  the  atmosphere v i a  e i t h e r  d i r e c t  

absorpt ion by green p l a n t s  or f i x a t i o n  through photosynthesis (Killough 

and Rohwer, 1978). 

 he specif ic  

The spec i f ic  a c t i v i t y  approach f o r  I4C i s  

4 .1  MODEL STRUCTURE AND ASSUI'IPTIONS 

The bas i c  s t r u c t u r e  of " spec i f i c  a c t i v i t y "  models i s  a mul t ip l ica-  

t i v e  chain of parameters which r e l a t e  the  atmospheric s p e c i f i c  a c t i v i t y  

( a c t i v i t y  o f  the  radionucl ide per  n w s s  of s t a b l e  element) t o  the  s p e c i f i c  

a c t i v i t y  i n  the  body. Dose equivalent  is predic ted  using a dose-rate  

f a c t o r  appropriate  for s teady-s ta te  condi t ions when the  body s p e c i f i c  

a c t i v i t y  has approached equi l ibr ium. Under the  assumption of complete 

equilibrium: 

Annual Dose =  SPA)^ * (DRF)ij, i j  

. . . . . . . .... , . . , . . . . . . . . . . . , . ........., ... __,.. ......... ~ .... ,... 
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where 

(SpA)  = the  atmosphere s p e c i f i c  activity r e l a t i v e  t o  

the radionuclide i of concern and i t s  s t a b l e  

element, and 

( D R F l i j  = the  conversion f a c t o r  that r e l a t e s  the  body 

s p e c i f i c  a c t i v i t y  of radionucl ide i and i t s  

stable element t o  a dose equivalent  r a t e  a t  

equilibrium f o r  a given organ, t i s s u e ,  or the 

whole body ( j )  - 

where 

3 3 x =; the  ground-level a i r  concentrat ion of H ( p C i / m  ) ,  

and 

W = the  absolute  humidity o f  the  ground-level atiiiosphere 

For Carbon-14, 

w h e  IC e 

14 x = the  ground-level air concentrat ion of C (pCi/n3), 

and 
3 

C = the  concentrat ion o f  airborne carbon (g/m ) - 
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4.2 SOURCES OF UNCERTAINTY 

The primary sources of uncer ta in ty  assoc ia ted  with the s p e c i f i c  

a c t i v i t y  approach a r e  r e l a t e d  t o :  

(1) the  chemical form of the  radionucl ide and the  chemical 

form of the s t a b l e  isotope of the same element, 

(2 )  the  est imat ion of the  concentrat ion of the radionuclide 

i n  a i r ,  

( 3 )  the  est imat ion of the  concentrat ion of the  s t a b l e  isotope 

i n  a i r ,  and 

(4) the  assumption t h a t ,  a t  complete equi l ibr ium, all of 

the radionucl ide and the  stable isotope i n  the  body is 

derived from the  atmospheric s p e c i f i c  a c t i v i t y  a t  a 

given loca t ion .  

For tritium and ‘*C, chemical forms o ther  than HTO or  ‘‘CO 

atmosphere, and condi t ions o ther  than complete equi l ibr ium between a 

receptor  and the  environment, w i l l  r e s u l t  i n  a reduction i n  the e s t i -  

mated r ad io log ica l  impact. These condi t ions a r e  l i k e l y  t o  occur. 

Releases of chemical forms of tritium other  than ZIT0 have been reported,  

such as  HT, TT, and t r i t i a t e d  hydrocarbons ( K a h n  e t  al., 1971;  Blanchard 

e t  al., 1976; Hurphy and Pendergast, 1979) a s  well  as chemical forms of 

14C o the r  than CQz,  such as “CO, and I4CK4 and o ther  hydrocarbons 

containing “C (Schwibach, Riedel ,  and Bretschneider ,  197’8) . These 

chemical forms are  less  ava i l ab le  f o r  incorporat ion i n t o  b io log ica l  

systems than H 0 and CO Furthermore, complete equi l ibr ium assumes 

t h a t  a l l  of the hydrogen and carbon i n  the  body is  derived from the 

carbon and hydrogen i n  the atmosphere a t  a given loca t ion .  The in take  

of carbon and hydrogen from loca t ions  with s u b s t a n t i a l l y  lower s p e c i f i c  

a c t i v i t i e s  would Lead t o  a reduct ion i n  the  body s p e c i f i c  a c t i v i t y  from 

t h a t  assumed a t  complete equilibrium. 

i n  the  2 

14 

2 2’ 

Aside from the  obvious, i - e . ,  import of food products and beverages 

from outs ide  the  l o c a l i t y  of concern, a v a r i e t y  of condi t ions can l ead  

t o  an e f f e c t i v e  in take  of carbon or  hydrogen from loca t ions  with lower 

s p e c i f i c  a c t i v i t i e s .  For example, a t  the  loca t ion  of the  maximum 

atmospheric s p e c i f i c  a c t i v i t y  of tritium, i r r i g a t i o n  with water from 
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streams or deep aqui fe rs  k r i l l  provide vegeta t ion  with a soiirce of water 

of p o t e n t i a l l y  lower t r i t i u m  s p e c i f i c  a c t i v i t y .  A s imi l a r  condi t ion is  

expected when r a i n  i s  formed above a p l u w  containing tritium. T h e  

opposite e f f e c t  may occur when food crops are grown s o  c lose  t o  an e l e -  

va ted  source of  tritium that the  p l w e  does not  e f f e c t i v e l y  reach ground 

l e v e l  (Vogt, 1979).  I n  t h i s  s p e c i a l  case,  the  s p e c i f i c  a c t i v i t y  of 

r a i n  will be g r e a t e r  than the s p e c i f i c  a c t i v i t y  of  the ground-level 

atmospheric humidity. For I 4 C ,  the importation of feeds f o r  l o c a l  

domestic animals used as a food source,  and the ingest<-on o f  l o c a l  

aquat ic  foods whose carbon source o r i g i n a t e s  outs ide  the  region of 

contamination, w i l l  a l s o  r e s u l t  i n  a rec~uct ion i n  ttie s p e c i f i c  

a c t i v i t y  i n  the human body from t h a t  assumed a t  complete equi l ibr ium. 

The s p e c i f i c  a c t i v i t y  approach under the assumption of complete 

equilibrium I should produce an upper l i m i t  es t imate  o f  dose I provided 

t h a t  I 

(1) the atmospheric speci. f i e  a c t i v i t y  has been co r rec t ly  

estimated, and 

( 2 )  the  atmospheric spec i f ic  ac t iv i t -y  a t  the  loca t ion  of 

concern is not. less than a t  other  l oca t ions  ( inc luding  

loca t ions  above the  plu~ne)  from which the  human body 

could receive carbon or hydrogen. 

For the  case where complete equilibrium i s  assumed, s p e c i f i c  

a c t i v i t y  ca l cu la t ions  are independent of the age of the receptor .  The 

est imat ion of the body spec i f i c  a c t i v i t y  and the dose ra te  factor  do 

not requi re  information on body mass I physiological  uptake and r e t en t i an  

o f  the  radionucl ides ,  and r a t e s  of  i nha la t ion  and inges t ion -  T h i s  

information i s  of importance f o r  the 3H and I 4 C  dose ca l cu la t ions  per- 

formed with the  models assumed i n  Regulatory Guide 1.109 (USNRC, 19771, 

a s  complete equi l ibr ium i s  not  assumed between the  human receptor  2nd 

the atmospheric s p e c i f i c  ac t - iv i ty .  

Er rors  i n  the ca l cu la t ion  of the  annual average a i r  concentrat ions 

from pa in t  source r e l eases  a r e  expected t o  be f a c t o r s  of about 2 t o  4 

fo r  d i s tances  less  than 10  km under non-complex t e r r a i n  conditions 

( L i t t l e  and Mi l l e r ,  1979; Crawford, 19i8)- Seasonal and d iu rna l  
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meteorological condi t ions may r e s u l t  i n  annual average atmospheric 

d i spers ion  ca l cu la t ions  f o r  e leva ted  r e l eases  underestimating p l a n t  

f i x a t i o n  of CD Unstable weather ca tegor ies  a r e  most prevalent  during 

the  dayl ight  hours of  the  growing season when photosynthesis i s  ac t ive  

(KilLough and Rohwer, 1978).  These ca tegor ies  tend t o  increase the 

v e r t i c a l  d i spers ion  of p o l l u t a n t s  i n  the  atmosphere, leading t o  higher 

ground-level a i r  concentrat ions near the  saurce of an e leva ted  r e l ease  

than during more s t a b l e  weather condi t ions.  An example given by Killough 

and Rohwer (1978) ind ica t e s  t h a t ,  f o r  r e l a t i v e l y  sho r t  downwind d is tances  

from a 185 m high source,. ca l cu la t ed  annual 24-hr. average a i r  eoncen- 

t r a t i o n s  of ‘*C were a f a c t o r  of 3 lower than ca l cu la t ed  a i r  concentra- 

t i ons  using daytime meteorology averaged over a growing season. 

2 ’  

The annual average v a r i a b i l i t y  of atmospheric hydrogen ( i n  the  form 

of  W O vapor) is r e l a t i v e l y  small ,  bu t  l a r g e r  than the  annual average 

v a r i a b i l i t y  of atmospheric carbon ( i n  the  farm of  CQz) .  

average absolute  humidity throughout the United S t a t e s  ranges from 3 t o  

17 g / m 3  (E tn ie r ,  1980), whereas i n  non- indus t r ia l  l oca t ions  the annual 

average atmospheric carbon ranges from about 0.16 t o  0.20  g/m (Re i t e r ,  

1971). The atmospheric carbon concentrat ion assumed by the  NRC i s  

0.16 g/m3 (USNRC, 1977), and the absolute  humidity i s  8 g/m3 (Eckerman 

e t  a l . ,  1980). 

2 
The annual 

3 

For tritium, add i t iona l  sources of uncer ta in ty  a r e  pr imar i ly  

r e l a t e d  t o  i n t e r n a l  dosimetry. The value of the appropriate  “ q u a l i t y  

f a c t o r “  (QF) has r ecen t ly  come i n t o  ques t ion .  Based on a review of the  

l i t e r a t u r e ,  T i l l ,  E tn i e r ,  and Meyer, (1980b) recommend a QF f o r  i n t e r -  

n a l l y  deposi ted tritium of 2 r a t h e r  than the  value of 1.0 recommended 

by the  NCRP (1979). The inf luence of organica l ly  bound tritium on the  

magnitude of the  dose r a t e  f a c t o r  a l s o  mer i t s  f u r t h e r  i nves t iga t ion  

( T i l l  e t  a l - ,  1980a). In  genera l ,  i t  i s  assumed t h a t  dose es t imates  

based on only the  body water tritium cont r ibu t ion  may be increased by 

20% t o  adequately include the  dose cont r ibu t ion  from organica l ly  bound 

tritium (Rohwer, 1976; NRCP, 1979). The v a l i d i t y  of t h i s  assumption is  

cu r ren t ly  being re-assessed a t  Oak Ridge National Laboratory (Killough, 

1982) - 
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4 . 3  COMPARISON OF NRC TERRESTRIAL PATHWAY MODEL PREDICTIONS 

WITH SPECIFIC A C T I V I T Y  MODEL PREDICTIONS FOR 'H AND I 4 C  

A comparison between total-body dose equivalent  es t imates  f o r  'H 

and 1 4 C  us ing  the s p e c i f i c  a c t i v i t y  approach and the t e r r e s t r i a l  pathway 

models i n  NRC Regulatory Guide 1.109 (USNRC, 1977) is  of i n t e r e s t  t o  

determine the  r e l a t ionsh ip  of the  NRC pathway p red ic t ions  t o  values  

considered t o  be upper l i m i t s .  For the purposes of t h i s  cornparison, 

ground-level a i r  concentrat ions of 'H and l 4 C  a r e  assumed t o  he exac t .  

The s p e c i f i c  a c t i v i t y  approach i s  used assuming complete equ i l ib r i im  

between the  s p e c i f i c  a c t i v i t y  i n  the  receptor  and the atmosphere, with 

no hydrogen o r  carbon imported from outs ide  the region of concern. 

PI o r  1 4 C  i n  the  ground- 

l eve l  atmosphere and the water vapor and carbon content  i n  the  atmos- 

phere t o  be 8 g / m 3  and 0.16 g/m , respec t ive ly ,  the  ground-level atmos- 

pher ic  s p e c i f i c  a c t i v i t i e s  f o r  these radionucl ides  would be: 

3 
Assuming a concentrat ion of 1 pCi/m3 of 

3 

0.125 pCi of 3 H / g  H20 

arid 

6 . 2 5  pCi of 14C/g carbon. 

The maximum total-body dose equivalent  r a t e  f o r  an ind iv idua l  i s  cal-  

cu la t ed  ( E q .  12)  through mul t ip l i ca t ion  of the above values  times the  

appropriate  dose-equivalent r a t e  f a c t o r s  ( D R P )  
i j -  

For the es t imat ion  of the total-body dose due t o  inges t ion  of 

tritium, a ( D R F ) ~ ~  of 9.5 x 

e t  a l .  (1980a). This value should be r a i s e d  by a f a c t o r  of  2 i f  a 

tritium q u a l i t y  f a c t o r  (QF) of 2.0 i s  considered more appropr ia te  than 

a QF of 1.0 ( T i l l ,  E t n i e r ,  and Meyer, 1980b). 

For 1 4 C ,  the  total-body inges t ion  (DRF) 

mrem/yr pe r  p c i / g  13 o i s  given by T i l l  
2 

i s  2.1 X 10-1 mrem/yr 
i j  

pe r  pCi/g C (Killough and Rohwer, 1978). The maximum annual dose equiva- 

l e n t  us ing  the  s p e c i f i c  a c t i v i t y  approach ( E q .  11) is:  
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1.2 x IO-' mrem f o r  tritium 

(or  2.4 X lom2 mrem assuming a QF of 2 . O )  , and 

1 .3  mrem for 14c. 

I n  Regulatory Guide 1.109 (USNRC,  1977), the s p e c i f i c  a c t i v i t y  

approach is  used t o  es t imate  the  t r a n s f e r  of 3H and 1 4 C  from a i r  t o  

vege ta t ion .  

is  est imated i n  Reg. Guide 1.109 by mult iplying the  vege ta t ion  s p e c i f i c  

a c t i v i t y  by the  f r a c t i o n  of the t o t a l  mass of the ed ib le  t i s s u e  of 

vege ta t ion  assumed t o  be composed of water o r  carbon. For vege ta t ion ,  

75% of the  t o t a l  f r e s h  mass of ed ib l e  t i s s u e  is assumed t o  be water,  

while 11% of the  t o t a l  f r e s h  mass of ed ib l e  t i s s u e  i s  assumed t o  be 

carbon. In  add i t ion ,  the  s p e c i f i c  a c t i v i t y  of tritium i n  the  water 

content  of vege ta t ion  is  assumed t o  be only 50% of the  s p e c i f i c  a c t i v i t y  

of atmospheric t r i t i a t e d  water vapor. 

approach (USNRC, 1977), a 1 pCi/m3 concentrat ion of 3H or  14C i n  the  

above-ground atmosphere would r e s u l t  i n  a ca l cu la t ed  vegeta t ion  concen- 

t r a t i o n  of: 

The concentrat ion of  3H o r  I4C per  mass vegetat ion ( C .  ) 
1 V  

Using the Regulatory Guide 1.109 

3H = (1 pCi m 3 )(1/8 g m-3)(0.50)(0.75)(1000 g kg-l)  
cV 

= 47 pCi/kg f r e s h  weight, 

l4C = (1 pCi/m 3 )(1/0.16 g m-3)(0.11)(1000 g/kg-l) 
cV 

= 690 pCi kg-' f r e s h  weight. 

The NRC t e r r e s t r i a l  pathway models f o r  3H and '*C a r e  s imi l a r  to 

those used f o r  'OS, and 137Cs [Eqs. (8 ) ,  ( 9 ) ,  (lo), and (11)]- The 

de fau l t  values  f o r  nuclide-dependent parameters recommended i n  Regula- 

t o ry  Guide 1.109 f o r  3H and 1 4 C  i n  the  absence of s i t e - s p e c i f i c  da ta  

a r e  l i s t e d  i n  T a b l e  9- Nuclide-independent values  a r e  given i n  Table 1. 



1.109 
Table 9 .  Nuclide-dependent parameters used i n  Recgulatory Guide 

for  the terrestrial t r anspor t  and dosimetry of 3H and I4C 

a 
Par aine t e r Nuclide Parameter value 

Milk  t r a n s f e r  coe f f i c i en t  

Fll, ( d / l )  3H 1.0 x 

(11 1.2 x 14 

Meat t r a n s f e r  c o e f f i c i e n t  

Ff (d/kg)  3H 1.2 x 

(1 3.1 X low2 14 

b 
Ingest ion dose conversion f a c t o r  

1.05 X 

5.68 x 

a 

"Dose f a c t o r s  a r e  s p e c i f i c  f o r  the  t o t a l  body. 

All values  have been der ived from t h e  s p e c i f i c  activity approach 

C Value based on QF of 1 .7 .  



45 

Because the  concentrat ion of 3H and "C i n  vege ta t ion  is  calcu- 

l a t e d  on a f r e s h  weight b a s i s ,  t he  NRC values  f o r  the d a i l y  dry matter  

consumption of grazing animals (Q and Q,) L is ted  i n  Table 1 should be 

mul t ip l i ed  by four  t o  convert  back t o  t he  f r e s h  weight values  (50 kg/d) 

recommended i n  Regulatory Guide 1.109 (USNRC, 1977). 

m 

3 
For both H and l 4 C ,  the  inges t ion  dose ca l cu la t ed  with the pathway 

models i n  Regulatory Guide 1.109 is dominated by the consumption of 

vegetables ,  assuming a l l  vegetables  a r e  grown a t  the loca t ion  of maximum 

exposure (Table 10). The comparisons of model p red ic t ions  (Table 10) 

i nd ica t e  t h a t  the ca l cu la t ed  annual total-bady H dose equivalent  f o r  

a l l  t e r r e s t r i a l  pathways using the Regulatory Guide 1.109 approach is 

approximately 33% of the maximum upper l i m i t ,  whereby the NRC dose 

es t imate  for I4C i s  approximately 28% o f  the maximum- A lower percent-  

age (16%) would be obtained by the NRC pathway ca l cu la t ions  €or tritium 

i f  the s p e c i f i c  a c t i v i t y  dose r a t e  f a c t o r  (DRF)ij were t o  be based on a 

q u a l i t y  f a c t o r  (QF) of 2 - 0  i n s t ead  of 1.0. Pry comparison, the QF 

assoc ia ted  with the tritium D used i n  the pathway ana lys i s  of NRC 

i s  1.7 (Till e t  a l . ,  1980a). 

3 

ij 
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Table 10. A comparison between Regulatory Guide 1.109 and s p e c i f i c  a c t i v i t y  ca l cu la t ions  of annual 

dose equivalent  t o  a maximally exposed ind iv idua l  f o r  a given concentrat ion of 'H and I 4 C  

~ ~~ ~ ~- 
a 

Annual dose equivalent  
Calcu la t iona l  approach Pathway 

3p3 I4c 

Regulatory Guide 1.109 air-vege tabbes-man 2.9 x 2.3  X 10-1 

Regulatory Guide 1.109 air-vegetation-milk-man 7.7 x 1 f 4  7 . 3  x 
2- 
0 

Regulatory Guide 1.109 air-vegetation-meat-man 3 . 3  x 10-* 6.7 X IO-' 

Regulatory Guide 1.109 a i r - a l l  t e r r e s t r i a l  pathways-man 4.0 x IC3 3.7 x 10-1 

-2 c 
a l l  pathways 1.2 x 10 1.3 

b 
Speci f ic  a c t i v i t y  

a 

bAssuming complete equilibrium between the  atmospheric s p e c i f i c  a c t i v i t y  and the  hwnm body; 

Annual dose equivalent  (mrem/yr) r e s u l t i n g  from 1 p C i / m 3  i n  above-ground a i r .  

dose equiva len ts  therefore  represent  maximum upper- l imit  es t imates .  
C 

For a q u a l i t y  f a c t o r  of 2 .0  ( T i l l  e t  a l . ,  1980a; T i l l ,  EtnFer, and Meyer, 1980b) t h i s  value 
should be r a i sed  by a f a c t o r  of 2 .  
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5. S W R Y  AND CONCLUSIONS 

The comparison o f  Regulatory Guide 1.109 estimated doses with 

pred ic ted  s t a t i s t i c a l  d i s t r i b u t i o n s  of dose equiva len ts  i nd ica t e s  a 

high l e v e l  oE conservatism when r ad io log ica l  assessments a r e  performed 

using the  si te-independent d e f a u l t  values recommended i n  the  Regulatory 

Guide. Usually,  dose p red ic t ions  made with Regulatory Guide 1.109 a re  
c,L~v&x 
a+4ees.t one ordeu- of magnitude g rea t e r  than the  pred ic ted  geometric 

mean- 

The Regulatory Guide 1.109 est imate  is less than the  pred ic ted  geometric 

mean f o r  t h i s  pathway by approximately a f a c t o r  of 2 ,  which i s  the r e s u l t  

of a law value se l ec t ed  i n  the  R e p l a t o r y  Guide f o r  the  1 3 7 ~ s  meat 

t r a n s f e r  c o e f f i c i e n t  (F. >. 

An exception i s  the deposition-pasture-meat-man pathway f o r  ' 3 7 C s  - 

If 
For gost-, much of the  canservatism assoc ia ted  with the  Regulatory 

Guide es t imates  i s  due t o  the  NRC s e l e c t i o n  of the  dose conversion f a c t o r  

(P..) f o r  the  t o t a l  bone r a t h e r  than the  bone sur face .  The d i f fe rences  

i n  the dose conversion f a c t o r s  f o r  hone sur face  and t o t a l  bone accounts 

f o r  a f a c t o r  of approximately 5 ,  with the  highest  values being f o r  t o t a l  

bone. Additional sources of conservatism can be a t t r i b u t e d  t o  the  high 

values  assumed f o r  the  consumption of non-leafy vegetables  i n  the  Regula- 

t o ry  Guide. I n  our ana lys i s ,  one i n  one hundred ind iv idua ls  i nges t  

l o c a l l y  produced non-leafy vegetables  a t  a r a t e  comparable t o  t h a t  

assumed i n  the  Regulatory Guide (520 kg/yr) .  

I f  values  o ther  than the  recoinmended d e f a u l t  parameters i n  Regula- 

17 

t o ry  Guide 1.109 a r e  employed, t he  conservatism assoc ia ted  with the  

Regulatory Guide p red ic t ions  may be reduced. For example, not  a l l  of 

the  radionuclide-dependent parameters (Table 2 )  recommended i n  the  

Regulatory Guide a r e  conservat ive-  Most of the  conservat ive Regulatory 

Guide parameters a r e  those l i s t e d  a s  radionuclide-independent (Table I), 

and many of these  can be e a s i l y  revised with r ead i ly  ava i l ab le  s i t e -  

s p e c i f i c  information on a g r i c u l t u r a l  p rac t i ces  and d i e t a r y  hab i t s .  

Thus, the  use of s i t e - s p e c i f i c  da ta  f o r  these parameters,  while r e t a in ing  

the recommended Regulatory Guide generic  d e f a u l t  values  for parameters 

which a r e  l e s s  readily amended on a s i t e - s p e c i f i c  b a s i s ,  may lead  t o  
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r e s u l t s  t ha t  a re  s u h s t a n t i a l l y  l e s s  conservative than ind ica ted  by the  

present  ana lys i s .  

Ultimately,  the  f i n a l  evaluat ion of  the models and parameters 

recommended i n  Regulatory Guide 1 109 should come from the r e s u l t s  of 

experimental va l ida t ion .  Nevertheless,  p r i o r i t i e s  €or experimental 

va l ida t ion  can be e s t ab l i shed  through i d e n t i f i c a t i o n  of the exposure 

pathways and parameters t h a t  cont r ibu te  most t o  the uncer ta in ty  i n  the  

overa l l  dose equivalent .  I n  t h i s  study, the parameters €or s o i l  re ten-  

t i o n ,  so i l - to -p l an t  t r a n s f e r ,  and inges t ion  dosimetry cont r ibu te  most 

s i g n i f i c a n t l y  t o  the v a r i a b i l i t y  i n  the pred ic ted  'OS, dose f o r  the 

combined exposure t o  a l l  t e r r e s t r i a l  pathways. For 137Cs,  the  meat 

t r a n s f e r  c o e f f i c i e n t ,  the  mass i n t e r c e p t i s n  f a c t o r  for pas ture  forage,  

and the inges t ion  dose f a c t o r  are the most important parameters. The 

freshwater f i n f i s h  bioaccumulation f a c t o r  i s  the most  important parameter 

f o r  the dose p red ic t ion  of 'OS, and 137Cs t ransported over the  water- 

fish-man pathway. 

The v a r i a b i l i t y  ind ica ted  by our ana lys i s  f o r  exposure t o  a l l .  

t e r r e s t r i a l  b o d  pathways exceeds the  v a r i a b i l i t y  observed f o r  la rge  

population groups exposed t o  9QSr and 137Cs i n  weapons f a l l o u t -  For 

example, Schubert e t  al. (1967) repor t  a geometric standard deviat ion 

for "Sr per  gram bone from 224 ind iv idua ls  l e s s  than 25 years o ld  of 

s = 1.55. Schwarz and Durining (submitted) in t h e i r  review of the 

l i t e r a t u r e  suggest t h a t  the ove ra l l  v a r i a b i l i t y  f o r  137Cs per  gram of  

body t i s s u e  from mult iple  pathways of exposure i s  s = 1.4. The v a r i -  

a b i l i t y  ind ica ted  by our ana lys i s  i s  s 

dose equivalent  and s = 2.2 f o r  t he  total .  body 13'7Cs dose equivalent .  

4 

g 
= 2.4 for the  ''5, bane surface 

g 

4 
I n  addi t ion  t o  the  nuinerous sources of  b i a s  assoc ia ted  with the  

est imat ion of parameter v a r i a b i l i t y ,  unaccounted co r re l a t ions  between 

model parameters might a l so  explain the  d i f fe rences  between observed 

and predic ted  geometric s tandard devia t ions  ~ The a s s ~ m p t i o n  of inde- 

pendent and uncorrelated niodel parameters was used i n  our ana lys i s  i n  

the  absence o f  data  cont rad ic t ing  t h i s  assumption. However, the e f f e c t  

of co r re l a t ions  between parameters on the  v a r i a b i l i t y  of model pi-edic- 

t i ons  could be s u b s t a n t i a l -  For example, Schwarz and Dunning (submitted) 

and 0' N e i l l ,  Gardner, and Mankin (1980) have demonstrated that small  
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cor re l a t ions  among model parameters s i g n i f i c a n t l y  reduced the  t o t a l  

v a r i a b i l i t y  i n  model p red ic t ions  over t h a t  es t imated assuming such 

co r re l a t ions  were non-existent.  Future ex ten t ions  of the  work presented 

here in  should address the  e f f e c t  of poss ib l e  c o r r e l a t i o n s  among model 

parameters.  

The ana lys i s  for 3H and 14C ind ica ted  t h a t  ca l cu la t ions  performed 

with the  models and parameters i n  Regulatory Guide 1.109 a re  approxi- 

mately f a c t o r s  of 3 and 3 - 6 ,  r e spec t ive ly ,  l e s s  than upper- l imit  e s t i -  

mates. 

body i s  der ived from the  3H i n  atmospheric water vapor and t h a t  all “C 

i n  the body is derived from I4C i n  atmospheric CO 

sen t ing  maximum atmospheric s p e c i f i c  a c t i v i t i e s .  These upper- l imit  

es t imates  a r e  r e l i a b l e  provided t h a t  the  ca l cu la t ion  of the  atmospheric 

s p e c i f i c  a c t i v i t y  of these  radionucl ides  i s  accurate  and t h a t  the  in take  

of a i r ,  beverages, o r  food der ived from loca t ions  with g rea t e r  s p e c i f i c  

a c t i v i t i e s  does not occur. 

The upper-l imit  es t imates  assume t h a t  a l l  o f  the  3H i n  the  human 

a t  loca t ions  repre- 2 
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DOSIWETRP OF RADIOSTRONTIUPI EXPOSURE 

K .  E .  Eckerman 

A.I. In t roduct ion  

The purpose of t h i s  Appendix i s  t o  summarize the cur ren t  approach 

to  the  dosimetry of radiostront ium (a bone seeker)  and t o  s e t  f o r t h  

es t imates  of the dose conversion f a c t o r ,  i.e-, committed dose equivalent  

per  u n i t  i n t ake ,  and i t s  v a r i a b i l i t y  f o r  the inges t ion  of  '*SI-- 

dosimetr ic  approach t o  bone seeking radionucl ides  has been rev ised  i n  

recent  recommendations o f  the In t e rna t iona l  Commission on Radiological 

pro tec t ion  ( I C W )  a s  contained i n  Publ ica t ion  30 (IcRP, 197%). These 

recommendations supersede those contained i n  I C R P  Publ ica t ion  2 ( ICRP,  

1960) upon which the dose conversion f a c t o r s  of Regulatory Guide 1.109 

(USMRC, 1977) a r e  based. 

The 

Strontium is a member of the  a l k a l i n e  e a r t h  chemical family and i s  

metabolized by the  body i n  a manner s imi l a r  t o  calcium. The major s i t e  

of depos i t ion  and r e t en t ion  of ''Sr i n  the body i s  the  bone mineral 

matrix of the ske le ton .  Because 90Sr (T  1/2 = 28.6  y)  and i t s  daughter 

(T 1/2 = 64.1 h) both a r e  be ta  e m i t t e r s ,  the t i s s u e s  which a r e  sub- 

j e c t  t o  s i g n i f i c a n t  i r r a d i a t i o n  a r e  those of the skeleton.  

A.2. Tissues of the Skeleton 

The skeleton is  a complex s t r u c t u r e  composed of bone mineral (5  kg), 

yellow ( f a t t y )  marrow (1.5 kg ) ,  red ( a c t i v e )  marrow (1.5 k g ) ,  and assor ted  

connective tissues (2  kg) ( I C R P ,  1975) .  The numerical values  given here 

and throughout the  t e x t  a r e  f o r  the a d u l t .  Bone can be divided i n t o  

two ca t egor i e s ,  s t r u c t u r a l  bone and metabolic bone. "S t ruc tu ra l "  is i n  

reference t o  the mechanical funct ion of the  ske le ton ,  and "metabolic" 

r e f e r s  t o  the r o l e  the bone mineral  p lays  i n  regula t ing  t h e  e x t r a c e l l u l a r  

calcium l e v e l s ,  p a r t i c u l a r l y  blood plasma. I n  t h i s  t e x t ,  bone r e f e r s  t o  

the s k e l e t a l  mineral ,  i . e . ,  the 5 kg of mineral .  

In terms of t h e  r a d i o s e n s i t i v i t y  of the  ske le ton ,  there  now i s  

general  agreement t h a t  the  r ad iosens i t i ve  t i s s u e s  a r e  the hemotopoietic 



stem c e l l s  of the ac t ive  (red)  marrow and the  osteogenic c e l l s ,  pa r t i eu -  

l a r l y  those on the  endosteal  sur faces  of bone ( I C R P ,  1368)- Developing 

red blood c e l l s  are found i n  var ious  s t ages  of maturation within the 

ac t ive  marrow- 

t i s s u e  with respec t  t o  leukemia induct ion.  'The osteogenic c e l l s  are 

the precursors  of the c e l l s  involved i n  the  formation of new bone 

(os t eob la s t s )  and the resorp t ion  o f  bone (os t eoc la s t s )  and a r e  of con- 

cern as a t a r g e t  t i s s u e  with respec t  t o  induct ion of bone cancer.  Note 

t h a t  bone i s  not  considered a t i s s u e  a t  r i s k ;  only s o f t  tissix regions 

of the skeleton a r e  considered t o  be a t  risk. 

'Thus the a c t i v e  inarrow i s  of primary concern a s  a t a r g e t  

I n  the  p a s t ,  the  dose equivalent  a s soc ia t ed  with bone seekers  was 

averaged over the e n t i r e  bone; a mass of 7 k g  was assumed i n  Publica- 

t i o n  2 (ICRP, 1960). The e f fec t ive  energy deposi ted i n  bane by the  

nucl ide of  i n t e r e s t  was compared with t h a t  of radium. I n  es t imat ing  

the e f f e c t i v e  energy, a rnodifpirig f a c t o r  o f  5 was appl ied  t o  a l l  non- 

radium iso topes  to account fo r  lack of knowledge of the  deposi t ion 

p a t t e r n  and i t s  r e l a t ionsh ip  t o  t i s s u e s  a t  r i s k .  In p re sen t  day evalua- 

t i o n s  of the  i r r a d i a t i o n  of the  t w o  t i s s u e s  considered a t  r i s k ,  i t  i s  

necessary t o  c l a s s i f y  the bone int.0 two regions t rabecular  and c o r t i c a l  

bone - 
I n  the  mature ske le ton ,  two bone types are reasonably d i s t i n c t  i n  

terms o f  both appearance and their- r e t en t ion  of bone seekers  (TCRP,  

1968; I C R P ,  1973; and ICRP,  1975). Cort.ica1. bone i s  the  hard compact 

bone found l a r g e l y  i n  the  s h a f t s  o f  the  long bones. This bone type 

c o n s t i t u t e s  about f o u r - f i f t h s  of the  skeletal .  mineral ,  i - e - ,  4 kg ( I C R P ,  

1975).  The dominant. microscopic s t r u c t u r e  of c o r t i c a l  bone i s  the  

Haversian system. 

containing blood vessels ,  osteob1.asts (bone-forming c e l l s ) ,  and undi f fe r -  

e n t i a t e d  c e l l s .  These cana ls  a r e  t y p i c a l l y  50 microns i n  diameter 

( I C R P ,  1975) and with support ing channels serve t o  supply n u t r i e n t s  t o  

the  i n t e r i o r  of the  ske le ton .  The s o f t  t i s s u e s  l i n i n g  the Haversian 

system a r e  a component of the  endosteal  t i s s u e  considered a t  r i s k  f o r  

bone cancer ( I C R P ,  1968; I C R P ,  1979a). 

Each Haversian system cen te r s  around a cana l  or space 

Trabecular bone, sometimes r e fe r r ed  t o  as cancel lous bone, is the  

s o f t  spongy bone composed of an apparent ly  f r a g i l e  l a t t i c e w o r k  which 
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l i e s  t o  the i n t e r i o r  of the f l a t  bones and t h e  ends of the  long bones 

of the  body. The i n t e r l a c i n g  s p l i n t e r s  o f  bone mineral ( t rabeculae)  

form c a v i t i e s  i n  which the ac t ive  ( red)  marrow i s  found. By mass, 

t rabecular  bone comprises about one - f i f th  (1 kg) of the  s k e l e t a l  mineral 

( I C R P ,  1975) .  As the  ac t ive  marrow i s  contained i n  t rabecular  bone 

t h i s  mineral  region represents  the  major source region from which be ta  

p a r t i c l e s  i r r a d i a t e  the ac t ive  marrow. 

A . 3 .  Dosimetric Formulation 

The "Sr committed dose equivalent  per  un i t  in take ,  i - e . ,  the  dose 

conversion f a c t o r ,  €or t h e  two rad iosens i t ive  t i s s u e s  of the skeleton 

can be wr i t t en  as ( I C R P ,  1979a): 

HS0 (Red narrow) = K - U  (Trabecular bone) SEE 59 

(Red marrow Trabecular bone) 

and 

(Bone sur face)  = K[U (Cor t i ca l  bone) SEE (Bone sur face  + 
50 

Cor t i ca l  bone) + U (Trabecular bone) SEE 

(Bone sur face  c- Trabecular bone) ] ,  
50 

where 

HS0(T) = committed dose equivalent  fo r  t i s s u e  T per  u n i t  

in take  of 

us0(s) = number of nuclear  transformations of ''5, occur- 

r i ng  i n  source region S over a per iod of f i f t y  

years  following the  intake of a u n i t  a c t i v i t y ,  

SEE(T+S) = s p e c i f i c  e f f e c t i v e  energy absorbed i n  the t a r g e t  

region T per  nuclear  transformation of 'OS, i n  

source region 5, and 

K = any constant  required by the  u n i t s  of U and SEE. 



The  reader w i l l  note  t h a t  the dosf.meiric expressions have heen somewhat 

s impl i f i ed  i n  t h a t  we have assumed w i l l  be i n  e q u i - l i b r i m  w i t h  i t s  

parent  ( I C R P ,  1979b) .  The numerical value o f  SEE should then inc lude  

the energy cont r ibu t ion  from both 9oSr and 

The es t imat ion  of the dose conversion f a @ t o r  and i t s  possible 

v a r i a b i l i t y  cen te r s  <rround two der ived parameters;  U and SEE - The 

former represent ing  the rnekabul i s m  a€ st ront ium and the l a t t e r  involving 

the anatomical r e l a t ionsh ip  between the  source and tarye t regions 

A.4. Strontium Metabolism 

Strontium, a s  a member of the  a lka l ine  e a r t h  cheinical Eamily, i s  

metabolized by the body i n  a manner similar to  calcium and the  widely 

s tudied  radionuclide radium. In  the 1959 recomnendations of the  I C R P  

( I C R P ,  1960) the  uptake of strontium from the gastroint .es t ina.1 tract t o  

blood was charac te r ized  by a f r a c t i o n a l  value o f  0 . 3  ( t h e  E parameter) 

with 95% o f  the  s t ront ium en te r ing  h losd  assumed t o  be deposi ted i n  the 
4 ske le ton  where it was r e t a ined  with a b io log ica l  half- t ime o f  1.8 X 10 

day (50 yr). 

day. I t  was known at. t h a t  time t h a t  t he  r e t en t ion  of bone-seeking radio-  

nucl ides  o f t en  could not  be reasonably charac te r ized  by a s i n g l e  exyonen- 

t i a l  tsrm, i - e . ,  a constant  f r a c t i o n  being el iminated pe r  u n i t  t i m e ,  

and i n  an Appendix t o  Publicativn 2 ,  the use of  a power func t ion  was 

invest-igated.  Application of these funct ions yielded #YC (maximum 

permissible  concentrat ion)  values  t h a t  were higher  (less r e s t r i c t i v e )  

than the s i n g l e  exponent ia l  model by a f a c t o r  of 6 t o  8 depending un 

the parameter va lues  of the  power func t ion  ( I@RP,  1960). 

1 

3 
The e f f e c t i v e  half t$@e f o r  r e t en t ion  i s  then 6.4 X 10  

Following the issuances of Publ ica t ion  2 ,  Committee Z ~f t he  ICRP 

formed a Task Group t o  develop fu r the r  t h e  quant . i ta t ive information on 

the d i s t r i b u t i o n  arid r e t en t ion  o f  a l k a l i n e  e a r t h  radionucl ides  i n  bone. 

T h i s  t ask  group proposed a metabolic model, XCXP Publ ica t ion  2 0 ,  f o r  

these radionucl ides  which i s  i n  accordance with all. t he  major w e l l  

e s t ab l i shed  b io log ica l  da ta  for the  chemical f a m i l y  ( I C R P ,  1973). The 

a l k a l i n e  e a r t h  met.abolic model i s  probably the most comprehensive meta- 

b o l i c  model used i n  r ad ia t ion  dosimetry. The development o f  the  model, 
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choice of parameter va lues ,  and discussion of var ious t e s t s  of the model. 

a r e  contained i n  ICRP Publ ica t ion  20 (1973) .  

t o  e x i s t i n g  data  was s t a t e d  t o  be about 20%. 

The accuracy with respect 

The number of nuclear transformations occurr ing i n  a source region 

per  u n i t  a c t i v i t y  en te r ing  blood is given by the  i n t e g r a l  of the reten-  

t i o n  funct ion f o r  the  region. 

and c o r t i c a l  (compact) bone r e t en t ion  functiorrs for 50 years  following 

a u n i t  input  t o  the  blood a r e  given (see Table 34 of I C R P  Publ ica t ion  20, 

1973) a s  157 and 398 days,  respec t ive ly .  This i s  equivalent  to a 

555 pCi-day residence i n  bone pe r  p C i  en te r ing  the  blood. The cor-  

responding value for  the  s ing le  exponential  r e t en t ion  model of Publica- 

t i o n  2 ( I C R P ,  1960) i s  7560 pCi-day per  p C i  en te r ing  blood. Thus the  

s ing le  exponent ia l  model presented i n  I C R P  Publ ica t ion  2 (ICKP, 1960) 

and employed in Regulatory Guide 1.109 (USNRC, 1977)  grossly overes t i -  

mates the  r e t en t ion  of 'OS,, a f a c t o r  g rea t e r  than ten r e l a t i v e  t o  the  

more soph i s t i ca t ed  a l k a l i n e  e a r t h  model. 

The i n t e g r a l  of the  t rabecular  (cancel lous)  

The number of nuclear  t ransformations occurr ing i n  source regions 

of bone per u n i t  a c t i v i t y  ingested i s  given by fl times the  above 

i n t e g r a l  values .  Thus, 

0.3 p C i  t o  blood 
pCi-ingested 

157 days (Trabecular bone) = 
Is50 

VCi-day 
pCi-ingested 

= 47 

6 
or  4.1 X 10 nuclear  transformations/Bq-ingested, and 

0 . 3  p C i  t o  blood 398 day = Ci-da 
Us0 (Cor t i ca l  bone) = VCi-ingested 120 pcy-ingezted 

7 or 1.0 x 10 nuclear transformationlBq-ingested.  



In  the  supplement t o  I C R P  Publ ica t ion  30, P a r t  1 ( I C R P ,  1979b), Us0 

(Trabecular bone) is given a s  4.6 X 10 

1 - 1 X l o 7  nuclear  t r a n s ~ a r m a t i o n s / R q - i n g e s t e ~ ~  The d i f f e rence  noted 

here i s  a r e s u l t  of reeva lua t ion  of the  mathematical expressions o f  the  

a lka l ine  e a r t h  model no t  a r e s u l t  of change i n  parameter values  and a r e  

within the  20% e r r o r  es t imate  given i n  Publ ica t ion  20 ( I C R P ,  1975) .  

6 
and Us0 (Cor t i ca l  bone) as 

A.5. Estimation of energy depos i t ion  

The est imat ion o f  energy deposi t ion i n  the t a r g e t  regions a t  risk 

per  nuclear  t ransformation occurr ing i n  source regions of bone i s  a 

complex problem due t o  the geometric r e l a t ionsh ips  between thesc regions 

The t rabeculae (mineral  region)  and the  marrow c a v i t i e s  they form i n  

t rabecular  bone cannot be represented by simple s o l i d  geometric forms. 

To der ive  an est imate  of the energy depos i t ion  i u  the  marrow c a v i t i e s ,  

one considers  t he  potential .  pa th  a be t a  p a r t i c l e  may take i n  i t s  tra- 

v e r s a l  of t rabeculae and marrow c a v i l i e s .  The p a r t i c l e ' s  energy upon 

en te r ing  a cav i ty  w i l l  depend on i t s  i n i t i a l  energy and t h a t  d i s ipa t ed  

i n  t r ave l ing  t o  the  cavi ty .  The amount o f  energy deposi ted wi th in  the 

cav i ty  i s  dependent on the pa th  the p a r t i c l e  t a k e s  through the cav i ty  

and the  energy it had on entrance.  I f  the p a r t i c l e  has s u f f i c i e n t  

energy t o  t r ave r se  the  cav i ty  it w i l l  encounter the  t rabeculae on the 

" f a r s ide . "  Then, if ene rge t i ca l ly  poss ib l e ,  i t  w i l l .  t r ave r se  and e n t e r  

another cav i ty .  Calculat ions of t he  energy depos i t ion  have been f a c i l -  

i t a t e d  by compilations of pathlength d isLr ibut ions  through t rabeculae 

and c a v i t i e s  f o r  var ious  bones of the  body (Beddoe, Darley, and Sp ie r s ,  

1976) .  

of be ta  p a r t i c l e s  can be s imulated,  as  ou t l ined  above. The r e s u l t s  o f  

such ca l cu la t ions  by Whitwell and Spiers  (1976) a r e  shown i n  Table A-l 

along with the d i s c r i p t i v e  parameters f o r  the  var ious  bones. 

Using these  data and Monte Cdrlo sampliny techniques,  the f l i g h t  

As shown i n  Table A - 1 ,  Whitwell and Spiers  normalize t he i r  Nonte 

Carlo es t imates  of the  dose f o r  the endosteal  ( D  ) and marrow (B ) 

Lissues t o  the absorbed dose i n  a small  s o f t  t i s s u e  inc lus ion  within 

mineral  bone, i - e - ,  the  Eragg-Gray dose denoted as  D - The Bragg-Gray 

dose D i s  given as 

s M 

0 

0 



Table A-1 - Skeletal and dosimeter parameters f o r  9oSr-90Y 

Mean path- length (vm) s/va b c 
Bone 2 3  Ds’Do Dm’D* 

Cavi t ies  Trabeculae cm /cm 

P a r i e t a l  389 514 78 0.690 0.653 

Rib 1706 

I l i ac  c r e s t  907 

Ce rvic a 1  ver tebra  914 

Lumbar ver tebra  1237 

Head of femur 1156 

265 185 0.245 0. I82 

232 172 0.365 0.315 

271  166 0.285 0 - 229 

244 197 0.332 0.295 

220 191 0.282 0.235 
Neck of femur 1656 320 154 0 - 281 0.218 

a 
Surface t o  volume r a t i o .  

bRatio of the  dose t o  the endosteal  l aye r  t o  the dose t o  a small  tissue inc lus ion  i n  mineral  bone. 
C 
Ratio of the  mean dose absorbed to marrow t o  the  dose to a small  tissue inc lus ion  i n  mineral bone. 
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Do = kDb, 

where 

k = r a t i o  of the  mass stopping power of soft. t i s s u e  and 

bane f o r  the beta p a r t i c l e ,  and 

Db = equi l ibr ium dose t o  bone, i . e . ,  the energy absorbed 

per u n i t  mass being equal  to t he  energy emitted per 

u n i t  mass- 

The da ta  of Table A - 1  i nd ica t e  the  ex ten t  these  r a t i o s  o r  dose f ac to r s  

vary among the  var ious bones of t he  body. 

a€ the p a r i e t a l  bone of the  s k u l l  the  D /D and D /U values  are similar- 

The par ie ta l  bone is no t  t y p i c a l  i n  t h a t  the mean pathlength through 

the trabeculae i s  g r e a t e r  than t h a t  through the  c a v i t i e s  whi1.e Lhe 

inverse holds f o r  all othen- t i s s u e s .  

Note t h a t  with the  exception 

s o  m o  

The data presented i n  Table h-l can be used t u  der ive  estimates of  

the SEE parameter as  out l ined  i n  Publ ica t ion  30 ( I C R P ,  197%). The 

results o f  t h a t  e f f o r t  y i e l d s  the  following SEE values  for  9oSr-9QY 

(ICKP, 1979b): 

SEE (Red marrow TrabeCUhK bone) = 2 - 7  X 10 -4 MeV/y-n-t., 

SEE (Bone surface + Trabecular bane) == 2.3 x IO-' NeM/g-n.t., 

SEE (Bone surface Cor t i ca l  bone) = 1.4 X l o e 4  M e V / g - n . t . ,  

where n. t. deno%es nuclear  transformation. Using these data i n  con- 

junc t ion  with the ntuarber of nuclear  t ransformation da ta  per in take  

inges ted ,  then application of E q .  (A -1 )  with K = 1.6 x 10  -10 jou les -  

g/MeV-kg (note Sv = jouleikg) y i e l d s  the  co i t t e d  dose equivalent  per 

u n i t  a c t i v i t y  ingested:  
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D (Red marrow 3 = 1.9 X lom7 Sv/Bq ( 7 . 2  X IOm4 mrem/pCi), 

-7 
D (Bone surface) =: 4 . 2  x 10 Sv/Bq ( 2 . 6  X 1Q-3 mrem/pCi). 

Other organs of the  body experience a committed dose equivalent  pe r  

u n i t  in take  ranging from 5.7 X t o  1 . 5  x Sv/Bq (Eckerman, Ford, 

and Watson, 1981). 

B . 6 .  V a r i a b i l i t y  Associated with Sr-90 Dose Conversion Factor 

V a r i a b i l i t y  i n  the  9QSr dose conversion f a c t o r  for red marrow and 

the  endosteal  tissues, i. e .  I the  committed dose equivalent, per u n i t  

i n t ake ,  a r i s e s  a s  a consequence of v a r i a b i l i t y  i n  both metabolism and 

energy deposi t ion.  The l a t t e r  r e f l e c t s  the anatomical r e l a t ionsh ips  

between the  bone mineral  matr ix  (source region) and the  t a r g e t  t i s s u e s  

of i n t e r e s t .  V a r i a b i l i t y  i n  metabolism is l a r g e l y  assoc ia ted  with 

unce r t a in t i e s  i n  the  f r a c t i o n a l  absorpt ion t o  blood of the  ingested 

a c t i v i t y ,  t he  P parameter-, and the r e t en t ion  within the bone. I 
Calculat ion of  the energy deposi t ion wi th in  the  endosteal  t i s s u e s  

and the  marrow c a v i t i e s  i s  a complex problem. Information on the  micra- 

scopic d e t a i l s  as  t o  the  d i s t r i b u t i o n  of pathlength which be ta  p a r t i c l e s  

might follow i n  t r ave r s ing  the  mineral  and s o f t  t i s s u e  regions a r e  

required.  

Bone Dosimetry Research Uni t  a t  k e d s  Universi ty  i n  Great B r i t a i n  

(Darley,  1968; Beddoe, DarPey, and Sp ie r s ,  1976; and Beddoe, 1977), 

however, a5 f a r  as i s  known, there  is no equivalent  s e t  of da ta  ava i l -  

able  f o r  any d i r e c t  comparison. Beddoe and Spiers  (1979) es t imate  t h a t  

the  path- length d i s t r i b u t i o n s  have s tandard e r r o r s  t y p i c a l l y  of 5%- 

They r epor t  the  r e s u l t s  0.E a s e r i e s  of measurements c a r r i e d  ou t  on 

lumbar ver tebra  samples from a number of ind iv idua ls .  The c o e f f i c i e n t  

of v a r i a t i o n  on the  marrow dose f a c t o r ,  Dm/Do, var i ed  between 11 and 20% 

depending on the  energy of  the  be t a  p a r t i c l e s ,  whereas t h e  endosteal  

dose f a c t o r ,  Ds/Do, varied between 1 and 12%, again dependent on energy 

(Beddoe and Sp ie r s ,  1979).  These data provide some i nd ica t ion  of the  

v a r i a b i l i t y ,  however they e x i s t  only f a r  a s ing le  bone type.  

Compilation of such information has been c a r r i e d  out  by the  



While an adequate da ta  base does not  e x i s t  f o r  assessing the  var i - .  

a b i l i t y ,  o ther  observat ions suggest i t  probably i s  small. The be ta  

p a r t i c l e s  emit ted i n  the  ''Sr- Y decay a r e  q u i t e  emrget.i.c, exterading 

up t o  an endpoint energy of 2.28 MeV. The range of such p a r t i c l e s  i n  

s o f t  t i s s u e  i s  about one-half e m  and thus one can expect t h a t  s t r u c t u r a l  

f e a t u r e s  o f  l i n e a r  dimension on the order  o f  iOO's of microns do not  

s i g n i f i c a n t l y  a l t e r  t he  energy deposi t ion p a t t e r n .  One also not-es t h a t  

the dose f a c t o r s ,  Dm/Do and Ds/Do,  f o r  90Sr-90Y a r e  numerical.ly the 

same f o r  ei.tlaer a volume o r  sur face  d i s t r i b u t i o n  of the a c t i v i t y  (Ecker- 

man, i n  prepara t ion) .  Thus i t  appears reasonable t o  suggest t h a t  f o r  

99Sr-90Y the  variabi.l.ity i n  energy deposi t ion w i l l  not  be a s i g n i f i c a n t  

cont r ibu tor  t o  uncer ta in ty  i n  the committed dose equivalent  per u n i t  

in take  

90 

The quest.ion of poss ib le  b i a s  i n  the  est imat ion of  energy depos i t ion  

however needs t o  be addressed. Recent ca l cu la t ions  of  the  energy depo- 

s i t i o n  i n  the endosteal  l aye r  of t rabecular  bone (Eckcrman, i n  prepara- 

t i on )  ind ica%es  t h a t  i n  the e a r l i e r  work of Whitwell and Spiers  (1976)  

the  energy depos i t ion  was underestimated. I n  t h e i r  s tudy,  the assumption 

had t o  be made t h a t  the energy deposi ted per be t a  p a r t i c l e  t .raversing 

the endosteal  region was the  same as t he  energy deposi ted by a p a r t i c l e  

t r ave r s ing  an average pa th  through the region. Eckerman { i n  p repa ra t ion ) ,  

formulating the  ca l cu la t iona l  procedure in a d i f f e r e n t  manner, was ab le  

t o  simulate the var ious  paths be t a  p a r t i c l e s  could take through t h i s  

region. 

the r e s u l t s  of h i s  ca l cu la t ions  ind ica t e  abaut a f a c t o r  af two higher 

energy deposi t ion i n  the endosteal  region of t rabceular  bone then t h a t  of  

Whitwell and Spiers .  These r e su l t s  have been discussed with D r .  Sp iers  

by Eckerman. Note the  above i s  with respec t  t o  the  endosteal. region of 

t rabecular  bone, dose es t imates  fo r  the  endosteal  region of c o r t i c a l  

bone a r e  not  suh jec t  t o  t h i s  r ev i s ion .  The overa1.l e f f e c t  on the cam- 

mi t ted  dose equivalent  per. u n i t  in take  f o r  the  endosteal  t i s s u e ,  t h a t  

is  the endosteal  t i s s u e s  of both car t ica l .  and t r abecu la r  bone, will be 

about a 50% increase i.n the  value reco*unended here .  

Using the  cha rac t e r i za t ion  o f  t he  bones from the  group at Leeds, 
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The metabolism of "Sr i n  the  body is s t rongly  influenced by meta- 

b o l i c  processes assoc ia ted  with calcium. 

i s  such t h a t  Leggett ,  Eckerman and W i l l i a m s  ( i n  p re s s )  were able  t o  

cons t ruc t  an age-dependent strontium model using only phys io logica l ,  

anatomical, and calcium metabolic da ta .  The calcium content  of body 

f l u i d s ,  i n  p a r t i c u l a r  blood plasma, must be maintained within r a the r  

c lose  to le rances ;  9 t o  11 mg calcium per  100 m l  of plasma i s  required 

for proper muscle ac t ion .  

tolerance on d a i l y  d i e t a r y  intake but  r e f l e c t  the  regula t ion  of both 

the r a t e  of resorp t ion  of s k e l e t a l  mineral  and the i n t e s t i n a l  uptake of 

calcium. 

The ex ten t  of t h i s  assoc ia t ion  

These l e v e l s  a r e  not t he  r e s u l t  of a s imi l a r  

The major source of uncer ta in ty  i n  metabolic models genera l ly  l i e s  

with the  f parameter, the  f r a c t i o n  of the  radionuclide t r ans fe r r ed  

from the  g a s t r o i n t e s t i n a l  t r a c t  t o  blood. As noted above, i n  I C R P  

Publ icat ion 30 ( ICRP,  1979a) an f l  value of 0.3 was used f o r  soluble 

strontium compounds i n  s e t t i n g  the occupational guidance- A value of 

0.2 was suggested i n  the  a l k a l i n e  e a r t h  metabolic model of ICRP Publica- 

t i o n  20 (ICRP, 1973), based on the observed l e v e l s  i n  human bone of 

1 

from weapon's f a l l o u t .  This  value is more cons i s t en t  with environ- 

mental concerns then the value assumed i n  ICRP Publ icat ion 30. As noted 

by Leggett ,  Eckerman, and Williams ( i n  p r e s s ) ,  during per iods of s k e l e t a l  

growth or  dec l ine  i n  minera l iza t ion  with age,  the g a s t r o i n t e s t i n a l  uptake 

may be enhanced o r  reduced. Assuming young a d u l t s  and a typ ica l  d i e t  

supplying about a gram per  day of calcium, the  bodies regulatory mecha- 

nisms l i m i t  the v a r i a b i l i t y  i n  the  f parameter. 
1 

Retention of  strontium i n  the  mineral  matrix of the  skeleton i s  

influenced by t he  continuously occurr ing remodeling of the skeleton.  

The da ta  which might be reviewed t o  a s ses s  v a r i a b i l i t y  i n  r e t en t ion  is 

l imi ted .  However, a wealth of human da ta  has been compiled f o r  the 

continuous d i e t a ry  exposure t o  f a l l o u t  "5,. I n  order t o  use these 

da ta  t o  examine v a r i a b i l i t y  i n  r e t en t ion ,  one must employ a metabolic 

model due t o  the  continuous and time dependent nature  of t he  in take .  

Given t h i s  da ta  base it is more appropriate  t o  examine the  observed 

v a r i a b i l i t y  i n  the  s k e l e t a l  concentrat ions and cont r ibu te  i t  t o  metabolic 

processes.  

~ ................_.. . ...... 
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Schubert , Brodsky , and Tyler (1967 ) and more r ecen t ly  Cuddil\y, 

McClellan, and G r i f f i t h  (1979) examined the da ta  on 9oSr concentrat ion 

i n  human bone i n  e f f o r t s  t o  understand the va r i ab i l i t -y  i n  the  exposed 

population. These da ta  were found t o  be lognormally d i s t r i b u t e d  with a 

geometric s tandard devia t ion  ranging from 1.4 t o  1 .6 .  T h i s  v a r i a b i l i t y  

would include components a r i s i n g  Prom d i e t a r y  preferences ,  v a r i a b i l i t y  

of ' '5 ,  t r a n s f e r  i n  food pathways and t h a t  a r i s i n g  from metabolism. 

Since the  former components are p a r t  of v a r i a b i l i t y  i n  environmental 

t r anspor t ,  not  the dose conversion f a c t o r ,  we have assumed t h a t  the 

lower range of the observed v a r i a t i o n  might be assigned t o  the metab- 

olism. Furthermore, s ince  the v a r i a b i l i t y  i n  the  committed dose equiv- 

a l e n t  pe r  u n i t  in take  i s  suggested t o  be dominanted by t h e  metabolism 

we ass ign  the  above v a r i a b i l i t y  t o  the  dose f a c t o r .  For purposes o f  

assess ing  the  uncer ta in ty  i n  assessment models, w e  recommend t h a t  the  

numerical va lues  f o r  the  committed dose equivalent  pe r  in take  f o r  the 

a c t i v e  red inarrow and the endos tea l  region c i t e d  above be taken a s  the 

geometric mean and t h a t  a lognormal geometric s tandard devia t ion  (s ) 

of 1-4 be assigned t o  cha rac t e r i ze  the  d i s t r i b u t i o n .  
g 

A . 7 .  9oSr  dose f a c t o r s  of MRC Regulatory Guide 1.109 

Regulatory Guide 1.109 (USNRC, 1977) presents  no value f o r  t he  

dose f a c t o r s  of the a c t i v e  marrow and endosteal  ce l l s  of  the bone 

because the  dosimetr ic  approach employed d i d  not  address these  t i s s u e s .  

 he numerical value for  the  'OS, inges t ion  dose canversion f a c t o r  f o r  

the t i s s u e  "bsne" (Table 2 )  i s  g r e a t e r  than e i t h e r  the endos tea l  o r  

a c t i v e  marrow va lues  c i t e d  on page 69. T h i s  i s  l a rge ly  due t o  an over- 

es t imat ion  of "Sr r e t en t ion  i n  the  "bone" and the  use of a modifying 

f a c t o r  a€ 5 i n  computing the  e f f e c t i v e  energy foi- the 90Sr dose con- 

vers ion f a c t o r  used i n  Regulatory Guide 1.1.09. 
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