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ABSTRACT 

Methods o f  determining d ie ta ry  exposure and  dose t o  man from environ- 
mental concentrations of ‘’‘Pb and ‘*%a were investigated.  E n v i  ronmental 
t ranspor t  o f  these nuc’lides from so i l  and  a i r  t o  vegetation, meal, a n d  
m i  1 k was qudnt i ta t ive ly  analyzed following a review of  1 i t e r a t u r e  sources. 
Irnplications of s o i l  ingestion by l ivestock as a source o f  21*Pb o r  
226Ra i n  animal products were a l so  examined. 
dose commitment fac tors  were derived f o r  human exposure t o  environmental 
2 2 6 ~ a  and 2 1 0 ~ b .  

t ranspor t  from so i l  t o  vegetables, f r u i t s ,  and grains i s  1 . 0  x lo-’ 
( f r e s h  weight)* while the re la ted  value f o r  forage is  2.0 x 10-I (dry 
weight). Recommended values f o r  t r ans fe r  coe f f i c i en t s ,  f I n  and f f  describ- 
i n g  t ransport  o f  210Pb from forage t o  milk a n d  meat on a da i ly  consumption 
bas is ,  respect ively,  a r e  2 . 5  x d a y / l i t e r  and 8.0 x day/kg. 
Corresponding recommended values fo r  rad ium include a vegetable, f r u i t ,  
and grain CF of 2.0 x lo-’ and a forage CF of 9,O x Equilibrium 
t r ans fe r  of 226Ra from forage t o  milk inay be estimated w i t h  a recommended 
t r a n s f e r  coef f ic ien t  o f  5.9  x day / l i t e r .  A recommended t r ans fe r  co- 
eff ic l ’ent  f o r  226Ra i n  beef  i s  5.1 x 

Until more d i r e c t  data a r e  made ava i lab le ,  the degree o f  210Pb and 
“%a aerosol deposition onto edible  crops a n d  forage i s  best estimated 

provided by the U.S. Nuclear Regulatory Commission. 

Inhalation and ingestion 

21 OPb The  recornmended equil ibrium concentration f ac to r  (CF) f o r  

f o r  ca t t l e . .  

- <  

y the model contained i n  recent: d r a f t s  o f  the Regulatory Guide 1.109 

Fifty-year dose coinmi tment fac tors  f o r  ingestion a n d  inhalation o f  

The c r i t i c a l  organ f o r  210Pb inhalation and ingestion i s  bone. 
2!opb and 226Ra a r e  provided based on calculat ions from recent dosirnetry 
models. 
For 22hRa1 the c r i t i c a l  organ for  inhalation i s  lung, while for  ingestion, 
the c r i t i c a l  organ i s  bone. 

inhalation o f  222Rn and 210Po, nuclides which a r e  l i ke ly  t o  be present 
i n  many aerosols containing 210Pb and 226Ra. 

Appendix  B includes development o f  dose commitment fac tors  f o r  

v i  i 



Appendix B i nc ludes  developinent of dose c o m m i t r r m t  f a c t o r s  f o r  
inhalation o f  222Rn and *"Po, nuclides w h i c h  are likely to be present 
in many aerosols c o n t a i n i n g  *"Pb and '*'Ra. 
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1. INTRODUCTION 

The evaluation of ingestion exposure and dose t o  man from specific 
radionuclides in the environment requires that dietary concentrations o f  
each isotope be determined. When actual site-specific measurements of 
these concentrations are not available, it is possible to predict dietary 
exposure through the use of environmental transport models to quantify 
food-chain transport. 

transfer through food chains to define and evaluate parameters necessary 
to the implementation o f  these predictive models. These nuclides are of 
interest mainly in the assessment o f  radiological impacts associated 
with the operation o f  uranium mills and decommissioning of mill sites, 
although many other sources o f  environmental 'lOPb and '*%a exist. 

226f?a i n  vegetation, Nuclide transport from soil-to-plant tissues and 
plant-ts-animal products important i n  the human diet were evaluated on 
the basis of concentration factors (CF), which are defined as the dimen- 
sionless ratios o f  nuclide concentrations i n  one Compartment to concentra- 
tions i n  the supporting compartment. Transfer coefficients f m  and ff 
characterizing nuclide transport from forage to milk (fm in dayjl iter 
and beef (ff in day/kg) were also calculated. Coefficients were normal- 
ized t o  the total daily isotopic ingestion by cattle. Soil ingestion by 
cattle was considered a potential source of nuclides in animal products. 

in the U .  S. Nuclear Regulatory Commission's (U.S. NRC) Regulatory Guide 
1.709 (drafts, March 1976 and October 1977). Implications o f  the use of 
this model for predicting dietary concentrations i n  a variety of food 
i tems are discussed. 

226Ra This document reviews literature pertinent to "'Pb and 

Both soil and air were recognized as potential sources of 'lOPb and 

Aerosol deposition was evaluated on the basis of a model provided 

Transport parameters were derived for those portions of plants o r  
animals that constitute the diet o f  cattle or humans. Parameters for 
fish, poultry, or eggs were not evaluated due t o  the lack of available 
information concerning the associated food chains. 

In calculating concentration factors for soil-to-plant and forage- 
to-muscle transfer o f  210Pb or 226Ra, the amount of the nuclide aceumula- 
ted in the tissues may depend on the time interval between planting and 
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crop harvest ,  and between b i r th  and slaughter o f  the anitiials. 
of t h i s  temporal dependence, only mature plants and animals were con- 
sidered in t h i s  evaluation. However, va r i ab i l i t y  in these time in te rva ls  
should be noted when applying the CF values reconimended i n  t h i s  study. 
For forage-to-mil k t r ans fe r  of "'Pb o r  226Ra, eqi-iil ibrium concentrations 
in the milk compartinent were used or  estimated in deriving C F ' s  and 
t r ans fe r  coef f ic ien ts  (f,).  

were incorporated into t h i s  review. Any var ia t ion in t ransport  mechanisms 
due t o  isotopic  e f f ec t s  was considered ins igni f icant .  Ne consider 
chemical form and physical s t a t e  o f  the nuclides to  influence uptake t o  
a much greater  exten t .  Chemical a n d  physical descriptions were seldom 
complete f o r  each study, b u t  have been incorporated when avai lable .  4 
brief  discussion o f  radium a v a i l a b i l i t y  fo r  r o o t  uptake i s  presented in 
Sect. 3.1.1 . l .  

Because 

Data from research u t i l i z i n g  e i t h e r  s t ab le  or radioactive isotopes 

Recommended concentration fac tors  and t ransfer  coef f ic ien ts  f o r  
use i n  predicting d ie ta ry  concentrations o f  'lOPb and 226Ra a re  included 
in t h i s  report  along with appropriate inhalation and ingestion dose 
coniinitment f ac to r s .  Rationale beh jnd  the recommended values i s  discussed. 
A summary of the recommended values fo r  transport .  parameters i s  given in 
Sect. 4. 
and 226Ra and  those predicted th rough  implenientation o f  recommended CF' s 
and models were made. T h e  r e su l t s  o f  these comparisons a re  discussed in 
per t inent  sect ions o f  t h i s  report .  

The appendices of t h i s  report  include a discussion o f  dose corriniit- 
ment fac tors  appropriate fo r  estimating dose due to  inhalation of 2 2 2 R r ~  
and 210Po. Environmental t ransport  parameters for  these nucl ides have 
n o t  been reviewed. 

Comparisons between measured dietary concentrations o f  "'Pb 

2. RECOMMENDATIONS O F  ENVIRONMENTAL TRANSPORT PARAMETERS AND 
DOSE CONVERSTON FACTORS FOR 'l0Pb 

To assess radiat ion doses associated with dietary ingestion o f  

""Pb, several erivi ronmental t ransport  a n d  internal dosimetry parameters 
m u s t  be quant i f ied,  This chapter addresses these needs and p r e s e n t s  
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recommendations o f  values believed t o  be  most appropriate fo r  use i n  
dose assessments based on information current ly  avai lable .  

2.1 Environmental Transport Parameters 

Human d ie ta ry  concentrations of *'OPb a re  re la ted to  the extent o f  
elemental t ransport  through food chains. To quantify t h i s  t r a n s p o r t ,  i t  
i s  necessary t o  consider both f o l i a r  deposition of aerosol *"Pb and 
roo t  uptake of "'Pb from s o i l ,  w i t h  subsequent translocation t o  edible  
plant  portions. 
following ingestion o f  contaminated feed o r  forage must be considered. A 
review of lead dynamics i n  food chains based on data f o r  "'Pb and 
s t a b l e  lead isotopes follows. 
various modes of '"Pb entry into food chains a re  included in the discussions. 

In addi t ion,  t ransfer  of the isotope t o  animal products, 

Recamendations o f  uptake parameters fo r  

2.1.1 -- The source of "'Pb in edible  crops 

The natural source o f  *''Pb in the environment i s  i t s  natural ly  
occurring gaseous precursor 222Rn,  which i s  present in s o i l  and a i r  due 
t o  decay of '*'Ra i n  s o i l .  Technoloqically enhanced sources o f  21 O P b  - 
include other sources of 222Rn,  f l y  ash from coal-fired power p lan ts ,  
gasoline combustion products, and nuclear explosions (Moore af; U Z .  

1976; Jaworows k i  and Grzybows ka, 1977; Jaworows ki and Kownac ka, 1976). 
Sources of s t a b l e  lead in the environment include natural lead i n  s o i l  
and a i r ,  smelters,  pest ic ides ,  coal-f i red power p lan ts ,  and  leaded 
gaso'll ines (Jaworows ki and Kownacka .) 1976; Koeppe, 1977) .  
SOUP"CE"S provide aerosol as  well as  so i l  concentrations of lead isotopes 
(Sharma and Shupe ,  1977) .  

radioactive lead have led t o  diverse conclusions regarding the r e l a t ive  
s ignif icance of  so i l  and aerosol lead in plant lead concentrdtions. Much 
o f  the  apparent d i spar i ty ,  however, may be  a t t r i b u t e d  t o  va r i ab i l i t y  in 
environmental conditions between s tudies ,  and t o  differences in iiiorpholog- 
ical  cha rac t e r i s t i c s  of the plant par ts  assayed. I f  so i l  i s  a r t i f i c i a l l y  
enhanced w i t h  s t a b l e  lead o r  "'Pb, as i s  the case in many invest i -  
gat ions,  the s ignif icance of aerosol-derived lead with respect t o  the 
t n t a l  plant lead may be masked. 

A 1  1 of these 

Results of various empirical s tudies  on plant uptake o f  s t ab le  o r  
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I n  studying lead uptake by crops., i t  i s  important t o  dis t inguish 
the edible  portion from the remaining plant parts,  
edible  portion o f  the plant may be well-protected from aerosol deposit ion,  
a s  w i t h  corn kernels o r  root crops o r ;  well-exposed, as  with l e t tuce  
leaves or  pasture grass .  
importance of aerosol vs so i l  lead will  be species dependent. 

uptake of '"Pb must be evaluated. 
source i n  a pa r t i cu la r  s i t ua t ion  will  vary depending on the conditions 
of 210Pb environmental contamination, and on the food items determined 
t o  be important i n  the  human d i e t .  

I n  some cases,  t h i s  

Therefore, il; i s  expected tha t  the r e l a t i v e  

In summary, i t  i s  apparent t ha t  both f o l i a r  deposition and root 
The r e l a t ive  importance of each 

2 .1 .2  Root uptake and d is t r ibu t ion  of 210Pb by vegetation _̂-.I. ~- 

In order to quantify root uptake and subsequent t ranslocat ion o f  
*l0Pb t o  edible  portions of crops,  concentration fac tors  may be calculated.  
These uni t less  fac tors  express the r a t i o  of the 210Pb concentration i n  
p lant  portions t o  t h a t  i n  supporting s o i l .  

A l a rge  number of s tud ies  have been undertaken t o  determine these 
so i l -p l an t  re la t ionships  f o r  lead, However, only a portion o f  the 
s tudies  reviewed here were designed to  discriminate between the atmospheric 
and so i l  contribution o f  lead to  "edible  portions" o f  plants  (Dedolph e t  

aZ. , 1990; Rabinowitz, 1972; Ter Haar, 1970; John and Van Laerhoven, 
1972a, b ) .  
atmospheric lead involved the use of growth chambers o r  qreenhouses w i t h  
f i l t e r e d  a i r  (Dedolph e t  al,, 1970; Ter Haar, 1970; John and Van Laerhoven, 
1972a). In one study of lead uptake by l e t tuce  i n  growth chambers, i t  
i s  not c l ea r  i f  the intake a i r  was f i l t e r e d  (John and Van Laerhoven, 
1972b). Since so i l  lead content was experimentally enhanced t o  1000 ppm 
i n  th i s  study, natural aerosol lead should not have contributed s i g n i f i -  
cant ly  t o  plant lead. 
and  oa ts  from so i l  i n  the presence of atmospheric lead by preparing so i l  
w i t h  a lead isotopic  composition d i f f e ren t  from t h a t  o f  normal atmospheric 
1 ead 

Some o f  the experiments which discriminate between so i l  and 

Rabinowitm (1972) estimated lead uptake by l e t t u c e  

Table 2.1 l i s t s  the soi l - to-plant  concentration fac tors  (CF 
derived f r o m  those  studies i n  which aerosol contributions o f  lead were 

SY 
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Table 2.7 e Cancentration fac tors  representing soi l - to-plant  
[ 21 0 Pbjsoil) without 

P I  a n t :  t r ans fe r  a f  *lOpb ( c ” ’ O P ~ ~  

aerosol “ O P ~  con t r ibu t ion  

-- II I ------------------ 

Edib le  
g l  ant  

portion 

._--I ----------_I_ -..-. __ - ___--1_1 -__l_l___l -I_._I. __  
Vegetables ( f resh w e i g h t )  

Bean 7.8 9 b 
0.8 2 0.6-1 .0 (3  

Cabbage 4.8 7 h 
c a r r o t  75 3 2.0-24 b, c 

0.5 2 0.4-0.5 (7 

CQrn 4.2 1 h 
Lettuce 2.3 15  0.5-9.9 h-e 
Po ta t o  4.2 1 b 

3.6 4 0*3-7*  1 (?, f 
Sp s’nach 2.9 2 e 
Tonla tQ 2.5 1 b 

B r o C C Q l  i 

Caul iflawer 

Rifdish 

M n we i g h t e d a ve ra g e 4.5 33 0.3-24 
Gra i n  (fresh wei g h t )  

Oats 5.5 2 1.8-9.1 c 
Wheat 9 ,1  1 9.1  b 

Unweighted average 7.3 3 1,8-3.1 
Forage, hay, feed (dry w e i g h t )  

Oat t ops  90 12 20-230 d ,  e 
Fadder 40 1 40 b 

140 2 90- 1 90 f Forage 

Unweighted average 90 15 20-290 
-_ . . - ~  ---- - -. _-___-- l-l____ 

values express r a t i o s  of fresh weight * ’ * ~ b  concentrations i n  plants 
t o  dry weight concentrations i n  so-il for  a l l  food crops d i rec t ly  edible by 
man, Dry-weight concen t ra t i ons  i n  both p l a n t s  and so i l  were used f o r  fo rage,  
hay, 2 n d  feed ca’l CUI a t  ions a 

T e r  Haar-, 1970. 
‘:John and  Van Laerhoven, 1972(a) .  
%abi nowi t r  , 1970. 
p o h n  and Van Laerhoven, 1972(b), 

(7 

Dedolph et a l . ,  1970. 
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ins igni f icant .  Thus, the C F  I s  represent so i l - to-p lan t  trans-fer alone. 
Vegetable and grain CF ' s  a r e  g i v e n  on a f r e s h  weight basis per dry 
weight concentration in s o i l ,  while forage, feed, and hay CF ' s  a r e  
presented on a dry weight basis.  in this way, lead concentrations i n  
crops d i r ec t ly  consiumed by man may be readi ly  estimated on a f resh 
weight bas i s ,  which i s  usually desirable .  Concentrations i n  forage, 
feed, and hay a r e  more d i r ec t ly  useful if  given on a dry weight basis 
( s ee  Sect. 2 - 1 . 4 ) .  

s P  
S P  

S P  

By comparing lead concentrations i n  edible  portions o f  crops to  
those in s o i l ,  root uptake a n d  t ranslocat ion w i t h i n  the plant a r e  siniul- 
taneously quantified.  
such a s  so i l  pH, organic and phosphorous content o f  the  s o i l ,  plant 
species ,  and the physiologic condition of the p1an.t i n  question (Menzeil, 
1965; MacLean e t  ai?. , 1969; Dedolph e t  aZ., 1970; Ra ins ,  1971; Cox and 
Rains, 1972; John, 1972 ;  John arid Van Laerhoven, 1972a; Zimdahl and 
Foster,  9976; Koeppe, 1977). T h u s ,  the  CF values i n  Table 2.1 not 
only represent averages over v a r i o u s  isotopes and chemical forms o f  lead 
b u t  a l s o  averages over a r a n g e  o f  so i l  a n d  plant conditions. 

Translocation of lead isotopes within p l an t s  following root l iptake 
i s  o f  a r e s t r i c t ed  nature.  Thus, one would expect edible  root crops to  
accumulate more 1 ead than above ground edibl e crops (I-ievesy, 1923; 
MacLean et- aZ., 1969; Miller and Koeppe, 1970; Rains, 1971; John and Van 
Laerhoven, 1972a; Rabinowitz, 1372; Jones e t  a l . ,  1973; Koeppe, 1977). 
This expectation appears t o  be reinforced w i t h  the  data given i n  Table 
2 . 1 ,  where the C F  for car ro ts  is  greater- t h a n  the C F  fo r  other 
crops. 
CFsp values precludes a s t a t i s t i c a l  test of s igni  F i c a n t  differences 
between CF 

These processes a r e  very dependent on properties 

S P  

S P  S P  
tiowever, the l imited number of values used t o  obtain average 

' s  o f  di.fferent vegetable species.  
S P  

An unwe-n'ghted average CF f o r  each food category of vegetables, 
S P  

grains ,  and forage,  feed, and hay was determined and i s  given i n  'Table 
2 , l .  More complete s t a t i s t i c a l  analysis  of the d is t r ibu t ion  o f  values 
around a mean was not possible s ince the extent of  the data base compris-  
i n g  a derived CF 
average f resh  weight CF 
t o  d i f f e r  by l e s s  than an order o f  magnitude, T h u s ,  these food categories 

value i s  n o t  c lea r  i n  some l i t e r a t u r e  sources. The 
S P  

' s  determined f o r  vegetables and grains appear 
S P  
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were combined when 
predicting d ie ta ry  
of the isotape.  

recommending an unweighted average CF 
concentrations o f  * l o P b  with a given so i l  cuncentration 

t o  be used in 
SP  

I f  we assume an average CF f o r  vegetables and grains o f  4.9 x 
' s  in b o t h  categories ,  and an 

S P  
obtained by averaging a l l  mean CF 

S P  
average U.S. s o i l  concentration o f  1 . 5  pCi/g dry s o i l  (Ter Haar CL al. 
7967; Fisenne, 1968) ,  d ie ta ry  concentrations o f  7.4  pCi/kg f o r  f resh 
vegetables and grains may be predicted. I t  i s  not c l e a r ,  however, i f  
the soils assayed included f e r t i l  ired s o i l s  i n  which 210Pb concentrations 
may be enhanced. Measured concentrations of 210Pb in various food items 
have been reported f o r  a New York City market survey (Morse and  Wclford, 
1971), and a r e  l i s t e d  i n  Table 2 .2 .  
does not d i f f e r  grea t ly  from the measured values, although i t  i s  consis- 
t e n t l y  greater .  This difference may be much grea te r  in r e a l i t y ,  s ince 
deposit ion o f  aerosol 210Pb may have contributed s ign i f i can t ly  t o  t h e  
2'oPb concentrations measured i n  New Yark C i t y  food items. Sorne lead 
would be expected t o  be l o s t  d u r i n g  food preparation and processing. 

sample d i s t r ibu t ion  about a mean with a cer ta in  degree 05 s t a t i s t i c a l  
ce r t a in ty .  Therefore, i t  i s  recommended t o  use a CF fo r  a l l  vegetables 
and grains which represents a conservdti ve average of derived values 
obtained i n  t h i s  review, such t h a t  the  probabi l i ty  o f  underestimating 
d ie ta ry  cancentrations o f  '"Pb f o r  t he  t o t a l  d i e t  i s  reduced. 
o f  1.0 x 

S P  
i s  thus recomended. T h i s  value i s  lower than the s imi la r ly  de f ined  
value of B i v  given i n  the March I 9 7 6  d r a f t  o f  the U.S. N K ' s  Regulatory 
Guide 1.109 (1976) of 6.8 x This l a t t e r  va lue  i s  derived from d a t a  
provided by Ng e f ;  aZ. (1968).  

vegetables and grains for  forage, hay, and feed, a dry-weight CF 
x IO-' i s  recommended. 
sion based QFI da ta  provided i n  Appendix A o f  t h i s  report  f o r  foh-age, 
hay, and feed,  the recornmen ed dry-weight CF corresponds t o  f resh-  
weight CF 9.8 x I O - ' ,  and  7 . 7  x I Q - 2 5  respect ively.  
These fresh-weight values f o r  ruminant d i e t s  c losely approximate the 

The predicted value o f  7 . 4  p C i j k g  

As was indicated e a r l i e r ,  adequate d a t a  do not e x i s t  t o  generate a 

S P  

A value 
f o r  a fresh-weight CF f o r  crops d i r e c t l y  edible  by man 

Using the same ra t iona le  as t h a t  described in se lec t ing  a value fo r  
o f  2 

S P  
Assuming fac tors  f o r  dry- t o  fresh-weight conver- 

SP  
' s  of 4 x 

SP 
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Table 2 . 2  Measured d ie ta ry  concentrations o f  *'%h i n  
selected New York City food itenis 

Food 
category '' 'Pb concentrations (pCi/ kg 1" 

~- ___ 

Fresh vegetables 
Canned vegetables 
Root vegetables 
Potatoes 
Flour 
Whole grain products  
Milk 
Mea t 

1.1 
0.44 
0.21 
1.5 
1.3 
2 . 2  
0.29 
0.49 

Morse and Welford, 1971. a 
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fresh-weight B i v  value o f  6.8 x lo-* given in the 1976 d r a f t  of the U.S. 

NRC regulatory guide. 

2,1.3 Deposition o f  aerosol 210Pb o n t o  vegetation 

Deposition of aerosol lead on crops may contr ibute  
t ion o f  this element in edible  portions.  The degree o f  
dependent on environmental conditions and plant species 

to  the concentra- 
contribution i s  
(Sect.  2 .1 .1 ) .  

The r e su l t an t  d ie ta ry  lead concentrations due to  deposition may be 
fur ther  influenced by the handling of the food item before consumption. 
For example, washing o f  f resh vegetables may remove some 'l0Pb which has 
deposited on the  food item b u t  has not been incorporated in to  p l a n t  
t i s sues .  

Some invest igators  have conducted lead uptake s tudies  fo r  edible  
crops in environments where aerosol lead was present i n  s ign i f i can t  
amounts. These s tudies  were conducted outdoors, where natural and techno- 
log ica l ly  enhanced sources could contr ibute  t o  the crop concentrations. 
Values o f  CF 
source, ra ther  than so i l  alone) derived from these s tudies  a re  l i s t e d  in 
Table 2.3.  These so i l - to-p lan t  ratios were calculated in the  same manner 
as  those f o r  Table 2.1. Each mean CF value i s  ident i f ied  as t o  whether eP 
the  samples were washed o r  n o t  when possible. Unfortunately, the infor- 
ma t ion  was n o t  s u f f i c i e n t  t o  allow a comparison between washed and 
unwashed samples, although i t  seems possible tha t  washing could remove 
sane o f  the deposited lead before analysis .  

(where the subscr ipt  "ep" designates the to ta l  environmental eP 

Comparison of d a t a  i n  Table 2.3 w i t h  t h a t  in Table 2 . 1 ,  where 
aerosol lead did not contr ibute  t o  the plant concentrations,  indicates 
t h a t  aerosol lead may have a more s ign i f i can t  ro l e  in determining edible  
plant concentrations for  forage and some grains t h a n  fo r  vegetables. To 
compare fresh-weight C F  ' s ,  the average forage, feed, and hay CF may 
be converted from 3.5 xeF0-l t o  7 .0  x 1.3 x l o - ' ,  and 3.2 x 10 

ep -1 

f o r  these crops,  respect ively,  using information ava i lab le  in Appendix A 
( s e e  Sect.  2.1.2). I t  seems reasonable t h a t  the CF fo r  crops which 
have a r e l a t ive ly  large surface-to-volume r a t i o ,  such as grasses and 

possibly grains ,  would exceed t h a t  f o r  more protected crops w i t h  lower 
surface-to-volume ra t io s .  The CF fo r  edible  portions o f  vegetable eP 

eP 
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Table 2.3. Concentration f ac to r s  representins so i l - to-u lan t  t r ans fe r  o f  
I 

"OPb ( [210Pb]plant:  [ 21 0 PbIsoi, ) including aerosol 

"Pb contribution 

Edible 
p l  a t i t  

portion 

Mean concentrdtizn Number of 

eP 
f ac to r s  ( C F  ) derived Range Reference 

va 1 ms ___ 

( X I  o-3)  ( x 1 ~ - 3 )  

Vegetables ( f resh  weight;) 
Bean 
Cabbage 
Carrot 
Corti 
Lettuce 
Potato 
Radish 
Tomato 

Unwe i g h ted average 
Grain (fresh weight) 

Oats 
Wheat 

Unwe i ghted average 
Forage, hay, feed (dry w e i g h t )  

Oat t o p s  
Fodder 
Forage 

Unweighted average 

3.7 
1 .5  
4 .7  
3.7 
7 .3  
3.6 
1 .3  
1.9 
3.5 

11 
1 2  
1 2  

370 
2 50 
420 
350 

3; 3.3-4.4 e 
0.7-2.2 e 
2.4-7.1 e 
1.3-7.9 c 

1.6-4.4 c 
0.6-1.9 f,g 

3b 
2b 

1 I b  3d 1.6-14 e,e,J c 

3d 

2 <0.1-3.5 e,$ 

46 <o. 1-1 4 

'4 3.6-18 e 
9.0-18 e "b 3 

5 3-6-18 

110-1300 e 

140-1 400 g, i , j  
11-510 e 8: 

29 'd 

46 11 -1400 
___._ .. . . . . .. . .... ~ - I .  

Values express r a t i o s  of f resh  weight *l0Pb concentrations i n  plants 
t o  dry-weight concentrations i n  s o i l  f o r  a l l  food crops d i r e c t l y  edible by 
man. Dry-weight concentrations i n  both plants  and s a i l  were used f o r  
foragg, hay, and feed calculat ions.  

Washed sampl es. 
Ter Haar, 1970. e 

'Cornbinat ion o f  washed and unwashed sarnpl es. 
eRabinowitm, 1970. 
fRoberts e t  aZ., 1974. 
gDedolph e t  aZ., 1970. 
!Unknown i f  samples were washed. 
.Chow, 1970. 

dSharnia and Shupe, 1977. 

U 

2 



crops i s  qu i te  s imi la r  t o  the CF 
expect l e t t u c e  t o  in te rcept  s ign i f i can t ly  more aerosol lead per u n i t  
weight t h a n  other  non-leafy vegetable types, as i s  indicated i n  a compari- 
son o f  C F  and CF f o r  t h i s  crop. 

f o r  these same crops. One m i g h t  
S P  

SP  eP 

crops on the basis of t h i s  data .  
t r a t i o n s  in ed ib le  portions of crops t o  aerosol concentrations alone i s  
not ava i lab le  s ince the s o i l  in which crops a r e  grown always contains 
some concentration of the element due t o  the airborne lead. 
a f ac to r  expressing the r a t i o  of  atmosphere lead concentrations t o  those 
j n  crops cannot readi ly  be derived. 

The U.S. NRC Regulatory Guide 1.109 ( d r a f t s ,  March 1976 and October 
1977) provides a model t o  estimate the concentration o f  radionuclides i n  
table-ready food cropsy C i ,  due bo th  t o  d i r e c t  aerosol deposition on 
vegetative t i s sues  and t o  deposition on s o i l  with subsequent roo t  uptake. 
This model i s  expressed, f o r  the location ( r , @ ) ¶  as:  

I t  i s  important to  quantify aerosol deposition o f  lead on some 
Empirical d a t a  r e l a t ing  lead concen- 

Therefore, 

V 

where 
2 d i  = the  deposition r a t e  of nuclide i ( p C i / m  -h r )¶  

r = the  f r ac t ion  of deposited a c t i v i t y  retained an crops 
(dimension1 e s s )  

crops (h r - '  ) , fo r  a1 1 loss processes except radioactive decay, 
te = the  time period t h a t  crops a r e  exposed t o  contamination during 

the  growing season (hours) ,  
Y,, = the agr icu l tura l  productivity (kg/m wet weight),  

X E i  = the e f f ec t ive  removal r a t e  constant for  radionuclide i from 

2 

= the  concentration fac tor  fo r  uptake of radionuclide i from BiV 
s o i l  by edible  par t s  of crops ( f resh  weight r a t i o ) ,  

X i  = the radioactive decay constant of nuclide i (hr- ' )> 
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t b  = t h e  p e r i o d  o f  t i m e  f o r  which s o i l  i s  exposed t o  contaminated 
water  (hours )  , 

P = t h e  e f f e c t i v e  s u r f a c e  d e n s i t y  o f  s o i l  (kg/m d r y  s o i l ) ,  

(hours ) .  

2 

t h  = t h e  t i m e  i n t e r v a l  between h a r v e s t  and consumption o f  t h e  food 

The f i r s t  term i n  t h i s  model i s  o f  i n t e r e s t  i n  q u a n t i f y i n g  aerosol  
d e p o s i t i o n  o f  210Pb a lone,  and thus t h e  term 

- exp(-xith)] 
PAi ' i v  

w i l l  be i g n o r e d  i n  t h e  c a l c u l a t i o n  f o r  t h e  present  purposes. 
Using t h e  va lues o f  r, XEi, t,, and Y v  suggested i n  t h e  gu ide  f o r  

fo rage and o t h e r  crops,  t h e  d i e t a r y  c o n c e n t r a t i o n  o f  'l0Pb may be pre-  
d i c t e d  i n  these i tems i f  a d e p o s i t i o n  r a t e  di i s  g iven .  

3 x l o m 3  m/sec i s  assumed, which corresponds t o  a 4-day aerosol  res idence 
tirile f o r  'l0Pb ( T r a v i s  e$ a l . ,  1978), a d e p o s i t i o n  r a t e  o f  3 x 10- 

2 
pCi/m -sec may be determined.Using t h i s  va lue  and t h e  U.S. NRC model, va lues 
o f  1.1 x 10 
f o r a g e  and o t h e r  crops, r e s p e c t i v e l y ,  may be c a l c u l a t e d .  
U.S. a i r  c o n c e n t r a t i o n  o f  'l0Pb i s  assumed t o  be 2 x lo-* pCi/m 
e t  a l . ,  1970), t h e  c o n c e n t r a t i o n  o f  'l0Pb i n  d i e t a r y  f o o d s t u f f s  due t o  
aerosol  d e p o s i t i o n  i s  22 pCi /kg f o r  fo rage ( f r e s h  we igh t ) ,  and 9.8 
pCi /kg f o r  o t h e r  crops ( f r e s h  we igh t ) .  Again, comparing these va lues t o  
measured va lues r e p o r t e d  i n  Table 2.2 (Sect.  2.1.2), t h e  p r e d i c t i o n s  
based on t h e  NRC model f o r  aeroso l  d e p o s i t i o n  overes t imate  t h e  a c t u a l  
c o n c e n t r a t i o n s  even more so than t h e  root  uptake p r e d i c t i o n s .  
because i n f o r m a t i o n  t o  q u a n t i f y  d e p o s i t i o n  more a c c u r a t e l y  i s  l a c k i n g ,  
i t  i s  recommended t h a t  t h i s  model be used f o r  t h e  present .  

I f  a t o t a l  d e p o s i t i o n  v e l o c i t y ,  i n c l u d i n g  wet and d r y  processes, o f  

3 

3 2 pCi /kg and 4.9 x 1 0  pCi /kg per  pCi 210Pb/m3 i n  a i r ,  f o r  
I f  t h e  average 

3 (Magns 

However, 

2.1.4 Uptake and d i s t r i b u t i o n  -_- o f  "OPb b y - T a z i n g  animals 

The d i s t r i b u t i o n  o f  "OPb i n  t i s s u e s  of  c e r t a i n  h e r b i v o r e s  follow- 
i n g  i n g e s t i o n  i s  i m p o r t a n t  w i t h  r e s p e c t  t o  t h e  p o t e n t i a l  f o r  human con- 
sumption o f  t h e  contaminated t i s s u e .  
muscle and m i l k  o f  c a t t l e  i n g e s t i n g  contaminated feed and fo rage has 

The t r a n s f e r  o f  s t a b l e  l e a d  t o  t h e  
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been investigated f o r  a variety o f  lead sources including lead  mines and 
smelters (Hammond and AronSQn, 1964; DonoVan c-t a l .  1969; Djuric c ? t  

al.. 1971; Kerin and Kerin, 19711, automobile exhaust (Bovay, 1 9 7 1 ) ,  and 
sewage sludge containing lead (Nelmes c ? t  aZ., 1974) .  I n  ad 
t r ans fe r  a f  *"Pb to  caribou and reindeer iiiuscle from rumen contents has 
been studied as  a potent ia l  source o f  human exposure in cer ta in  popula- 
t ions  [Holtzman, 1966; Blanchard and Kearney, 1967) .  The r e su l t s  of 
these s tudies  have been used i n  the following sect ions to  derive fac tors  
describing the re la t ionship  between 210Pb i n  meat and milk and  ruminant's 
d i e t a r y  intake of the  isotope. 

resu l t ing  from ingestion of contaminated feed by dairy c a t t l e  (Donovan 
ei, a l a ,  1969; Bovay, 1971; Q j u r i c  et a l . ,  ?971; Kerin a n d  Kerin, 1971; 
Nelmes ci aZ., 1974) o r  acute doses of lead (Stanley e-t aZ., 1971) have 
been measured. Concentration f ac to r s ,  CF,, expressing the equilibrium 
lead concentration o f  milk as a f rac t ion  o f  the chronically ingested 
concentration i n  feed were derived from these measurements, along with 
the  t r ans fe r  coe f f i c i en t s ,  f m 9  o r  the f rac t ion  o f  the cow's dai ly  inges- 
t ion  o f  lead secreted per l i t e r  o f  m i l k  a t  equilibrium. The values are  
presented i n  Table 2.4. Data from the study involving an acute intake o f  
lead by dairy cows (S tan ley  e t  a l . ,  1971) were  u t i l i zed  t o  ca lcu la te  an 
fll,$ a s  suggested by Ng, c-t c t l .  (19771, by dividing the to t a l  a c t i v i t y  
recovered i n  milk by the  dai ly  r a t e  of milk secret ion.  
quently calculated by multiplying the t r ans fe r  coef f ic ien t  by the da i ly  
dry-weight intake i n  kgjday assumed f o r  c a t t l e  (Garner, 1971; Ng et. 

ul., 1977) .  The C$,,'s and f m ' s  f o r  the "control"  in two o f  the s tudies  
d i f f e r  s l i g h t l y  from those o f  animals exposed to  lead i n  auto exhaust o r  
sewage sludge (Table 2 . 4 ) .  I t  i s  possible t h a t  t h i s  difference r e su l t s  
from exposure t o  d i f f e ren t  chemical forms o f  lead present in contaminated 
and uncontaminated cnviranmcnts, ra ther  than from na tu ra l  var ia t ion 
alone. 

2.1.4.7 _I Qistribution __..__--I in milk. Concentrations o f  lead in milk 

A CFm was subse- 

The average f m  of 1 . 2  x d a y l l i t e r  obtained i n  t h i s  review i s  

d a y l l i t e r  given by Ng e t  

provided in the March 1976 d r a f t  o f  t h e  U.S. N R C  Regulatory Guide 

o n l y  s l i g h t l y  less t h a n  the f, o f  2.59 x 
a%. (1977) ,  and i s  o f  the same order o f  magnitude a s  the fm o f  6.2 x 
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Table 2.4. Concent ra t ion  f a c t o r s  f o r  * l0Pb t r a n s f e r  f rom d i e t  t o  

m i l k  ( [2 ’oPb] milk: [210Pb] diet) i n  d a i r y  c a t t l e  

Lead 
source 

Mean CF.‘’ Mean fm‘ Number o f  d e r i v e d  Reference 

( x ~ O - ’ ;  ( x ~ O - ~  d a y l l i t e r )  values 

I n d i v i d u a l  s t u d i e s  

Lead mine 0.31 0.31 4 

Auto exhaust 
Cont ro l  

0.56 0.56 
2.0 2.0 

Sewage sludge 1.3 1.3 
Co n t i ‘ o l  1.6 1.6 

2 
1 

1 
1 

Lead s m e l t e r  2.5 2.5 4 

Acute l e a d  dose 0.11:; 0.11 1 

Unweighted average 1.2 1 . 2  14  

Range’ 0.018-4.3 0.01 8 -4 .3  

.... . .... __ __ .... ~.___~...___ ________ ___. 

“Concent ra t ion  f a c t o r s  CF 

bTrans fer  c o e f f i c i e n t s  ( f  ) d e f i n e d  as the  f r a c t i o n  o f  t h e  element inges ted  d a i l y  t h a t  

dDonovan e5 n l . ,  1969. 

:Aelmes e t  nZ., 1974. 
’ K e r i n  and Ker in .  1971. 

d e r i v e d  from l e a d  concent ra t ions  i n  d i e t  ( d r y  w e i g h t )  and 
m i l k  ( f r e s h  w e i g h t ) ;  s o i l  i n g e T t i o n  n o t  eva lua ted  as p a r t  o f  d i e t .  

i s  sesre ted  per l i t e r  o f  m i l k  %t e q u i l i b r i u m .  

Bovay, 1971. 

?Ca lcu la ted  from.the d e r i v e d  fm by m u l t i p l y i n g  by 10 kglday average dry -we igh t  i n g e s t i o n .  
!Stanley e t  a?., 1971. 
‘Range o f  i n d i v i d u a l  values o v e r  a l l  s t u d i e s .  
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7,109., 
which represents the upper l imi t  of the mean values obtained here. 
Using t h i s  value, a dry matter intake o f  10 kglday, the CF 

concentration o f  1 . 5  p c { / g ,  a *'%b concentration in m i l k  o f  0,75 p ~ i / k g  
may be predicted due  t o  * ' O P ~  in s o i l .  T h i s  value i s  approximately 2 .5  
t i m e s  t h a t  measured f o r  milk i n  the N ~ L J  York City food  items (see  Table  
2*2). 
inaccurate,  although aerosol contributions to the ruminant's d i e t  were 
neglected in t h i s  predict ion,  which would result in an even greater  
overpred i c t  i on i f i nc 1 uded . 

I t  i s  recommended t h a t  a value o f  2.5  x l f 4  dayjliter be used, 

dry-weight) recommended in Sect. 2 .1 .2 ,  and an average U.S. 

Therefore, the fill recommended does n o t  appear t o  be great ly  

2.1.4.2 - Distribution I_-_ in - _--- meat. A concentration fac tor  CFf represent- 
i n g  the r a t i o  o f  lead concentrations i n  muscle o f  mature aniriials t o  
those i n  feed or  rumen contents,  and a t ransfer  coef f ic ien t  f f  defined 
a s  the f rac t ion  o f  the to t a l  dai ly  lead  ingestion by the herbivore which 
i s  present per kg o f  f l e sh ,  in day/kg, were calculated from data supplied 
by several per t inent  s tud ies  on lead ingestion by c a t t l e  arid caribou. 
The v a l u e s  o f  these parameters a re  presented i n  Table 2.5.  
based on dry-weight intake values o f  10 and  2.8 kglday f a r  c a t t l e  and 
car ibou,  respect ively,  (Garner, 1971 1 .  The overall  mean muscle C F f ' 5  

f o r  c a t t l e  and caribou, were ca'iculated t o  be 3.1 x and 1 . 1  x 

respect ively,  and the respective mean f ' s  for  c a t t l e  a n d  caribou were 
determined t o  be 7 .1  x and 3 .9  >I 10 day l kg .  For c a t t l e ,  dietary 
lead concentrations were based on those determined f o r  feed o r  forage, 
while f a r  caribou, the concentrations were based on the lead measurements 
made on rumen contents.  

The average ff n f  7 . 1  x l o m 4  day/kg f o r  c a t t l e  derived i n  t h i s  
study compares with a value o f  2 . 9  x l o m 4  day/kg given in the March 1976 
d r a f t  of the U.S. NRC regulatory guide. A value o f  8.0  x 

i s  a conservative estimate o f  the average f f  derived here for  c a t t l e ,  i s  
recommended. 

2.1.4.1, a meat concentration o f  2.4 pCi 2"Pb/kg may be predicted,  
concentration o f  '"Pb in meat riieasured in New York City (see Sect. 
2.1.2)  was 0.49 pCi /kg.  
estimates o f  "'Pb concentrations in meat, although the degree o f  

The f f ' s  a re  

f -  4 

daylkq,  which 

Using t h i s  recommended value, and  the assumptions s ta ted  in Sect. 
The 

Thus, the f f  recommended may r e s u l t  i n  over- 



1 6  

Table  2 .5 .  
21 0 

Concent ra t ion  f a c t o r s  f o r  'l0Pb t r a n s f e r  from d i e t  t o  muscle 
) i n  beef c a t t l e  and c a r i b o u  ( [  Pb]  muscle '  

Lead Mean CFf"* Mean f f  ' Number o f  References 
der;  ved ( x l ~ - 4  d a y / w  va lues  An i ma 1 source 

Indiv idua l  s t u d i e s  
cow Auto e x h a u s t  2 .4  2 . 4  1 c= 

Control  8 .0  8 .0  1 c 

cow Sewage sludge 11 1 1  1 1 

Control 7.1 7.1 1 i? 

Caribou Natural  f a l l o u t  0 .97  3 .5  12 e 

Caribou Natural  f a 1  l o u t  1 . 2  4.3 1 s 
Unweiyhted average  

cow 
Caribou 

7.1 7.1 4 
1.1 3 .9  13  

Ran yeg 

cow 2.4-11 2.4-11 

Caribou 0.25-2.9 0.89-10 

'Concentration f a c t o r s  ( C F  ) derived from l e a d  c o n c e n t r a t i o n s  i n  d i e t  
(dry  w e i g h t )  and animal muscle f f r e s h  w e i g h t ) ;  s o i l  i n g e s t i o n  n o t  e v a l u a t e d  
as pa t o f  d i e t  For COWS o n l y .  

ingesLed d a i l y  w h i c h  a p p e a r s  ifi each kg o f  f l e s h .  
T r a n s f e r  c o e f f i c i e n t s  ( f  ) defined a s  t h e  f r a c t i o n  o f  t h e  eleriient 

Bovay, 1971. 
dNelmes e t  aZ., 1974. 

$01 tzman , 1966. 
gRange o f  i n d i v i d u a l  v a l u e s  o v e r  a l l  s tudies.  

lanchard  and Kearney, 1967. 
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c e r t a l ' n t y  t h a t  th i s  s i n g l e  measured va lue  i s  representat ive o f  an dverage 
meat. c o n c e n t r a t i o n  i s  extreinely low. 

sotirce o f  l e a d  f0r c a t t l e  i n  these  s tudies ,  a l though  l"t .is known t h a t  
animals  may ingest  s i g n i f i c a n t  amounts o f  s o i i  while grazing ( F i e l d ,  
1964; ilealy, 1968; Hea'sy ct ax., 1970; Mayland et (nl., 1975; a n d  Suttle 
e t . >  1975) Depending on pas ture  cond?"t ion.s and other f a c t o r s ,  so i l  
I'nges-tirsn can c o n s t i t u t e  up t o  14% of t h e  dry-.ri?atter i r - t take by c a t t l e  
(Su t t l e  Q L  <.TZ., 3975) b u t  averages less t h a n  2% over the yea r  (Healy, 
1968; Hea1:J P $  aZ., 1970; Mayland ; z t ,  ( ~ 2 ~ ~  1975). Thus, i f  s o i l  l e a d  i s  
d i rec t ly  i nges ted  on a regialar b a s i s  b u t  n o t  accounted f o r  a l o n g  with 
t h e  forage lead ingested by grazing animals, the calculated v a l u e s  of 
CFrr12 GFf, f,,, and ff may overestimate the  true relationship between 
tissue lead a n d  f o rage  l ead ,  By measuring rumen contents,  a s  was done 
fo r  ca r ibou ,  the dietary lead c o n c e n t r a t i o n s  account f o r  ingested soi l  
1 e a d ,  

2 .1 .4 .3  -I_ Soi l  i n i e s t i o n .  I---I. S o i l  has not been cons ide red  a s  a d i r e c t  

Many physical forms o f  lead fotrnd i n  s o i l  may d i f f e r  i n  t h e i r  

digestibility from forms of  l e a d  which have been inc;orporated i n t o  p l a n t  
t i s sues ,  even tirough i t  has been suggested tha t  t h e  cheniical so% uhi 1 i t y  
o f  the  ingested lead cumpourid exerts 1 i t t l e  inf'luerlce o t a  gastrointest inal  
(GI )  a b s o r p t i o n  o f  lead (Stanley aI,*, 1 9 7 1 ) .  F-ie'ld (1364)  assuiiies 
s a i l  t o  be ind iges t ib le  except for  some nutritionally important m i n e r a l s ,  

w h i l e  Hea'ly (7968) assumes a 70X s o i l  d i g e s t i b i l i t y .  Thus, i t  i s  d i f f i -  
c u l t  t o  e s t i m a t e  the contribution o f  ingested s o i l  Bead t o  the lesd 
ac tua l ly  incorporated into musc?e or- m i l k  i n  c a t t l e .  Kowever, s ince  the 
c o n c e n t r a t i o n  o f  lead i n  soil tends t o  be much greater than t ha t .  -in 
f o r a g e  c r o p s ,  so i l  ingestion by c a t t l e  i s  pot,entia. l ly a s i g n i f i c a n t  
source o f  d i e t a r y  l e a d  f o r  c a t t l e ,  and ult imately,  for  huri:ans. 

21 [IPb 2 . 2  Dose Conversion Factors  f o r  

2 .2 .7  Inh ,3 l ; , t i on  

Inhalation o f  a i rbo rne  "Opt? relpased t o  the  environwent from a 
large number o f  sources (5ee Sect.  2 . 1 * 7 !  w i l l  resul t  i n  an i v t e rna l  
r a d i a t - i o n  dose. 
i n h a l e d  i s  hone clue t o  t h e  r e l a t ive ly  l o n g  e f f e c t i v e  h a l f - t i n i p  o f  tllte 

i so tope  i n  t h i s  organ (Hurst, 1973; T o r v i k  - f  f~?., 1974; Lloyd C /  T ; ~ ,  

2: The organ recei i l inc j  the highest dose per u n i t  
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1 9 7 5 ) .  F i f t y - y e a r  dose commitment f a c t o r s  ( D C F )  a r e  provided for 
s e v e r a l  o r g a n s ,  i l ic luding bone, l u n g ,  kidney,  1 iver,  and whole body; 
assuming a q u a l i t y  Fac tor  ( Q F )  o f  1 0  f o r  a lpha  r a d i a t i o n .  

Dose f a c t o r s  were d e r i v e d  from use o f  &.he INREM-II compuicr code 
(Ki l lough ~t aZ., 1 9 7 8 ) ,  w h i c h  i s  an impleirip7ntatioi-i o f  the  Task Group 
lung  model (Task GroL;p on L u n q  Dynamics, 1966) and o thz r  iiiodels. 
R e t e n t i o n  f u n c t i o n s  and o t h e r  metabol ic  parameters  f o r  210Pb,  "Ob i  

1 i t e r a t u t - e  (see Ounnirig e t  oi., i n  p r e p a r a t i o n ) .  Redis t r ih t i%ion  o f  
"OPb d a u g h t e r s  i n i t i a l l y  d e p o s i t e d  i n  one organ to  o t h e r  organs was not  
c o n s i d e r e d  due  t o  i n s u f f i c - i c n t  d a t a ,  a l t h o u g h  r e d i s t r i b u t i o n  has been 
suggested by several i n v e s t i g a t o r s  (B1 snchard  and Moore, 1971 ; Ladi lnskaya 
ct aZ., 1973; Torvik et a l . ,  1974).  

i t y  c lass  W was acsumed i n  the c a l c u l a t i o n  o f  *'OPb i t i l i a la t ion  DCF. 
v a l u e  f l ,  uptake t o  blood from the  g a s t r o i n t e s t i n a l  tract, was assurnrd 
t o  bc 0.08 ( I n t e r n a t i o n a l  Commission o f  Radio logica l  P r o t e c t i o n  ( I C R P ) ,  
7975) f o r  210Pb. Rcten t ion  f u n c t i o n s  for  'l0Pb irr v a r i o u s  t i s s u e s  w ~ r e  
adapt& f o r  implementat ion f r m  Bernard (1917)  , who u t i1  ired empirica: 
d a t a  f r om r a t s ,  d o g s ,  and baboons t o  d e r i v e  his v a l u e s .  

contr- i  b u t  ions o f  zhe 21 'Eli and 
i s  r e t a i n c d  must be c o n s i d e r e d .  In  a d d i t i o n ,  a sinal1 arilouflt o f  
and 710Po w i l l  be famed b e f o r e  "OPb i s  d e p o s i t e d  i n  an organ.  
v a l u e s  o f  m e t a b o l i c  parameters  f o r  * l0gi  and 2 ' o ~ o  a r e  nccessary. 

L i t t l e  i s  k n o w  about  the norms1 metabolism of  'l0Bi i n  man ( I C R ? ,  
1915) .  
a b s o r p t i o n  o f  21%i formed b e f o r e  a b s o r p t i o n  o f  '''P~I f rom the GI t r a c t .  
i s  comple te .  
given  in  ICKP P u b l i c a t i o n  2 and i n  ICRP P u b l i c a t i o n  23 (1959 and 1975, 
r e s p e c t i v e l y ) .  
o f  2 ' o ~ b  while i n  tire lungs  c a s  assumed; t h i s  i s  c h a r a c t e r i s t i c  O F  m o s t  
b i s m u t h  compounds (Task Group on t u n g  Dynainics, 1966) .  
f u n c t i o n  f o r  'l0Bi i n  a l l  organs was assumed t o  be i d e n t i c a l  t o  t h a t  
measured f o r  the  kidney,  where *l0i3i has a b i o l o g i c a l  h a l f - t i m e  o f  f i v e  

and 
were s e l e c t e d  f o r  use i n  th i s  code f r o m  in format ion  i n  a v a i l a b l e  21 opo 

An a c t i v i t y  median aerodynamic dian-seter (AMAD) o f  0 .3  ~ I I I  aad s o l u h i l -  
T h e  

I n  calculating doses frorfi i n h a l a t i o n  o f  "oPb, bu i ldup  and dose  
'Po d a u g h t e r s  w i  t h i  1-1 organs where 'Pb 

21 OBi 

Ihus, 

A value  of 0.05 was adopted for  f l y  represpntiny f r a c t i o n a l  GI 

This f l  v a l u e  represents a midrange  v a l u e  between  tho^^ 

A s o l u b i l i t y  c l a s s  Cd For any bisrnenlti produced from decay 

T h e  retention 
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31 O B i  days (JCRI', 5959; ~~a~~~~~ c t  a l e ,  1964).  
f rom b lood has been found to occur i n  the kidney (Sollman, 1957; Durbin, 
1960; E r i d a n i  ct a%,., 1964), which was found t o  contain about one-n inth 
of  t he  t o t a l  body burden o f  bismuth a f t e r  intramuscular i n j cc t im  (Sollman, 
11957). It: was assumed, therefore ,  t h a t  10% o f  "'5i a c t i v i t y  absorbed by 
the blood i s  absorbed by t he  kidney, 
be distributed dmong a71 o t h e r  organs o f  the body i~ equal portions 
aCCG?rding t23 Qr$ldn mass. 

The hiqhest u p t a k e  o f  

The remain ing 90% was assumed t o  

 he f l  v a l u e  f o r  a b s o r p t i o n  o f  "%o farmed before ingested 21%b 
i s  absorbed f r ~ m  the GI t r a c t  was assumed t be 0.1, based can available 
empiricaf da t a  ranging frani 3 6 %  (Anthony et- u L ~ ,  1956) f o r  r a t s  to  IO?; 
( F j n k 5  1951)) f o r  man. Again, a s ~ l ~ ~ ~ l ~ t . ~  elass bj was choscn, w h i c h  
a p p I  i e s  t o  oxides a hydroxides, and n i t r a t e s  o f  po'ioninm (Task Group on 
I-ting Dynan'cs, 1366).. The biological half-time o f  '''PO in any organ 
was assumed t o  tie 50 days,  base on a summary o f  human excretior-~ data 

produced by "'Pb i n  the skeleton may be e q ~ l  t o  that  o f  21clPb due  t o  a 
h i g h  degree o f  equilibrium reached between the t w o  isatopes i n  bone 
j~lar1chat-d and ~ i a o r e ,  1971 1. 
o q a n s  was assumed as f o ~ ~ o w s :  
is deposited i n  1 iuer,  kidney, spleen, and a l l  o the r  organs ?I respectively.  
~(rnese va'li ues approximate t h ~ c ; e  recommended by I C F ~ P  Committee I I ( 1  959) .) 
except: t h a t  kidney and liver d e p o s i t i o n s  o f  *''PO were n o t  assumed 
equal e 
mental  d a t d  i n d i c a t . i n g  the kidney:liver r a t i o  of  "'Po conten t  may he 
higher ttiar, presumed by ICKP (~i359) when c o n s i d e r i n g  2 1 0 ~ ; 7  dist r i lxi t ion 
c:lor~e (Blanchard, 1366; Torv l ' k  ($& a%. 1974).  

computer code t o  derive ~ o s e  conversion f ac to r s  f o r  
over a one-year period. The dose commitment f ac to r s  thus calculated a r e  
listed i n  T a b l e  2,6* The breathing r a t e  wa5 based on Referenc~ Man d a t a  
( T C R P ,  19751 and was assumed t o  be 23 m3/day.  one wds found t o  be the 
o q a n  receiving the h i g h e s t  dose per u n i i  o f  "'Pb a c t i v i t y  i n h a l e d .  

r a t e s  arrrnng members o f  tkie p o p u l a t i o n  inha1 i n g  222~n daugtiters suck1 as 

21 O p o  

~ i s t r i b u t i s n  of '"PO from blood t o  body 

D o l p h i n ,  1966).  The apparent  e f f e c t i v e  h a l f - l i f e  of 

IO?:, IO'%, IO?:, and 70% of  ' " ~ o  i n  blood 

The asswrnptioris -involvir;q deposition h e w  aye based on experi- 

These rnetdbolic values were used i n  conjunctjon w i t h  t h e  INREM-?I 
* ~ b  inhalation 

Physiological and anatornl'cal ddfferences i n  l u n g s  a n d  'lung c i w r a n c e  
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Tab le  2 . 6 .  Fifty-year dose commitment factors  for. 
210Pb inhalation over a year 

3 Organ rem/pCi i nhal ed mi r- em/ p C i - m 

Bone 
Llrng 
Liver 
Kidneys 
Whul e-body 

110 
5.6 
1.8 
2.3 
8 . 4. 

940 

47 
1 5  
19 
Ti 

NOTE ADDED I N  PRESS -- The above dose coinrnitment factors ( D C F )  a r e  based 
on ear ly  d r a f t s  of a report  by D u n n i n g  e t  LIZ. ( i n  preparation).  
DCF’s g i v e n  above a r e  based on a qual i ty  f ac to r  ( Q F )  of 10, which was 
recommended in ICRP Publication 2 (1959) .  I n  more recent d r a f t s  a f  
their  document, Dunning el; aZ. have incorporated recent nxommendat ions 
from ICRP P u b 1  icat ion 26 ( Perganion Press  
DCF’s based on a higher QF o f  20 a r e  given in Appendix C o f  the present 
repor t .  

‘The 

1979) regarding qt ih l  i t y  f ac t a r s .  
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"'Pb may r e s u l t  in correspondingly d 
organs. Dose conversion fac tors  used 
the basis of XCRP Reference Man data 

f f e ren t  doses t o  various c r i t i c a l  
i n  t h i s  study were calculated on 
1975) ,  which represents average 

parameters fo r  adul t s .  I t  has  been suggested, however, t h a t  radiation 
dose f r o m  222Rn decay products may be dependent upon the age of the 
individual exposed t o  spec i f i c  a i r  concentrations (Moenes a n d  Soldat,  
1977; Hofmann and Steinhausen, 1 9 7 7 ) .  
var ia t ions in airway diameters (Desrosiers,  1977)  
physiological processes (Hoenes and Soldat,  1977; Hofmann arid Steinhausen, 
1 9 7 7 ) .  
three times higher f o r  individuals between the ages o f  f i v e  and seven 
years t h a n  f o r  adul ts  was made by one group of researchers (Mofmarm and 
Steinhausen, 1977)  * Another g r o u p  es  tiniated age-dependent fac tors  based 
on differences i n  s i z e  and mass of cer ta in  organs (neglecting differences 
i n  biological clearance) f o r  fou r  age groups from inhalation o f  a 

'''Pb, and associated decay products (Hoenes and Soldat,  1977) .  They 
indicated a dose conversion fac tor  approximately 3 . 5  times greater  fo r  
infants  t h a n  a d u ?  t s .  However, i t  was f e l t  t h a t  su f f i c i en t  information 
on age-dependency with respect t o  dose conversion fac tors  was n o t  
ava i lab le  a t  t h i s  time, because a l l  variables (including lung clearcance 
r a t e s )  were n o t  considered simultaneously as dose determinants in any of 
t h e  pert inent  s tud ies .  

This may be due t o  age-dependent 
l u n g  masses, a n d / o r  

An estimate t h a t  the dose t o  the respiratory t r a c t  may be two t o  

222Rn 

2.2.2 Ingestion 

Ingestion of 210Pb may occur t h r o u g h  consumption o f  faodstuffs  
exposed t o  a i r  o r  s o i l  concentrations of the isotope, as indicated i n  
previous sec t ions .  The resu l t ing  internal  dose commitment may again be 
quant i f ied w i t h  the use o f  f i f t y -yea r  dose commitment fac tors  determined 
by Dunning e% 02. ( i n  preparat ion) ,  using the INREM I1 computer code 
(Killough a l . ,  1978). Metabolic parameters describing fract ional  
t r ans fe r  of *'*Pb, 2105i ,  and 210Po from the GI t r a c t  t o  various organs 
were again necessary in developing these fac tors .  Documentation of 
these parameters i s  provided i n  Sect.  2 .2 .1 .  

whole body, bone, kidney, and l i v e r .  Again, the organ receiving the 
qrea tes t  dose per un i t  ingestion i s  bone. The DCF's presented here a re  

Fifty-;/ear DCF's  f o r  21*Pb ingestion a re  l i s t e d  in Table 2 . 7  f a r  
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T a b l e  2 . 7 .  Fifty-year dose cotiinitrnent fac tors  for  '"Pb ingestion 

Organ of 
reference 

rem/pCi 
ingested 

Bone 
Kidney 
Liver 
krhol e-body 

52 
0.49 
0.75 
3.8 

NOTE ADDED IN P R E S  - The above dose commitment fac tors  (DCF) a re  based 
on ear ly  d r a f t s  of a report by Dunning et ~ 2 .  ( i n  preparat ion) .  
DCF's given above a re  based on a q u a l i t y  f a c t o r  ( Q F )  s f  10,  which was 
recommended in ICRP Publication 2 (1959). In more recent d r a f t s  of 
t h e i r  document, Diinning e t  a%. have incorporated recent recommendations 
from ICRP Pub1 i ca t ion  26 (PePgamrsn Press, 1 9 7 7 )  reqifrdinq qua l i t y  fac%ors. 
DCF's based on a higher QF o f  20 a re  given i n  Appendix C o f  the present 
report .  

The 
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dependent on the values assumed f o r  rnetabolic parameters. 
suggested t h a t  lead metabolism i n  children may differ s ign i f i can t ly  f rom 
t h a t  i n  adul t s  (Blanchard ,  1966; Alexander et; u Z ,  , 1973; Karhausen, 
1973; Kolbye et ai., 1973); although the present metabolic values a r e  
based an the  average adul t .  
and/or re tent ion o f  ingested lead i n  t i s sues  and  organs may be g r e a t e r  
f o r  children (A7exander e t  ul.,  1973; Karhausen, 1973; Kolbye, e6 al, 1973) .  
However, i t  was f e l t  t h a t  accurate numbers t o  express age dependency 
o f  dose were n o t  available. 

I t  has been 

I t  has been sugges t ed  a l s o  t h a t  a b s o r p t i o n  



24 

2.3 References 

Alexander, F. W. , 11. P. Delves and B, E .  Clayton, "The Uptake and  Excretion 
by Children of Lead and Other Contaminants," p p .  319-330 i n  Pro- 

ceedings --- In t sm. t$omZ Symposium on the Enu:ronmoatai! Flealth 

Aspecbs  of Lend, organized j o i n t l y  by CEC and E P A ,  published by 
C E C ,  Luxembourg (May 1913). 

mental Data Useful i n  Establishing Max.imurn Permissible S i n g l e  and 
Multiple Exposures t o  Polonium," pp. 215-218 in Pmcce(z'ing.9 of t h e  

LnternatioraZ Conference on the Peaceful Uses Oj' Atomic Energy, 

Vol. 13, United Nat ions ,  New 'fork (1956). 

Anthony, D .  S . ,  R. K. Davis, R.  N.  Cowden, and M. P .  Jo l ley ,  "Experi- 

Blanchard, R .  L . ,  "Relationship Between 210Po and "OPb i n  Man and His 
E n v i  ronrnelnt ,I' pp. 281 -296 .i 1-1 i-2xd<oecoZogicaZ Concentmtion Processes, 

Proceedings of an Znte.mationu1 S y ~ ~ o s i w ~  he Id i n  Stockholm, 25-29 
April 1966, Pergarinon Press, pp .  287-96, 7956. 

137c, i n  

Alaskan Caribou and Reindeer Samples," Environ. Sei .  YechnoZ. ll, 
Blanchard, R .  L.. and J .  Id. Kearney, "Natural  Radioactivity and 

932-939 (1 9 6 7 ) .  

Blanchard, R .  L. and J .  B .  Moore, "Body Burden, Distr ibut ion,  and Internal 
Dose of "*Pb and 210Po in a Uranium Miner Population," Health 

Phys .  21, 499-518 (19 /1 ) .  
Rovay, E. , "Accumulation o f  Pb  on Vegetation along Expressways. Feeding 

Tests on Dairy Cows w i t h  Forage Contaminated w i t h  Pb , "  pp.  101-117 
i n  Switzerland Federal Committee f o r  Air Hygiene 1nves.tigations: 
The Problem o f  Leaded Gasoline, BulZ. d m  Eidg. Gesundheitsmtes, 

Suppl. B ,  No. 3 (1971). 
Chow, T .  J . ,  " P h  Accumulation i n  Roadside Soil and Grass," lVature ...__- 225, 

Cox, W. 3. and D .  W, Rains, "E f fec t  o f  Lime on Pb  Uptake by Five Plant 

Dedolph, R., G .  Ter Haa.r, R .  Holtzman and H .  Lucas, J r . ,  "SOUTCES o f  Pb  

295-296 (1 970).  

Species," J .  ,%viilon. Qual.  ! - ( 2 ) ,  w - 1 n  (19723. 

i n  Perennial Ryegrass and Radishes," Envipon. is&. YechnoI. 4.(3) , 
21 7 - 2 2 5  ( 1  970). 

Desrosiers, A. E . ,  "Alpha Pa r t i c l e  Dose t o  Respiratory Airway Epi . the l iurn ,"  
Health Phys .  L2-, 192-7 95 (1 9773. 



25 

Djuric, D . ,  Z .  Kerin, L .  Graovac-Leposavic, L. Novak, and M. Mop, 
"Environmental Contamination by Lead from a Mine and Smelter," 
Arch. Env-iron. NeaZth -- 23 , 275-279 (1 971 1. 

Donovan, P .  P., D. T. Feeley, and P. P. Canavan, "Lead Contamination 
i n i n g  Areas i n  Western Ireland I1 - Survey o f  Animals, Pastures, 

Foods and Waters," J .  S e i .  E'd. Agr i c .  _I 20, 43-45 (1969). 
Dunning, D. E . ,  dr.,  S .  R .  Bernard9 P .  J .  Walsh, G. G. Killough, and J .  

C. PI easant,  Estfmtztes of Inteulrd Dose Ecpz'valenta $0 22 T m g e t  

grguns for H a d h m c l i d e s  Ocmmincj ,irs Routine Releases frwn NucZear 

P m Z  C y c l e  Fac?zZ7:ties, VOl . I I ORNL/NUREG/TM-l90/V2, N U R E G I C R -  
0114/V2 ( i n  preparation).  

D u r b i n ,  P .  W .  a "Metabol i c  Character is t ics  Within a Chemical Family3" 

Eridani, S . ,  M. Balzar ini ,  D. Tag l io re t t i ,  M. Romussi, and R ,  Valentini, 
IictxZth P h y ~ .  2, 225-238 (1960). 

"'The Distribution of  Radiobjsmuth in the Rat," 13r. J .  R,~cl-ioZ. 37, 

F i e l d ,  A. C . ,  "The I n t a k e  o f  S o i l  by the Grazing Sheep," ( abs t r ac t )  i n  
Pmceedings of  Nuts*ition S o c i e t y  3, x x i  v (1 964). 

Fink, R .  M., ed., Bz"nlo_nicnZ Studies iA th  Po lon im ,  Radiwn anJ Plutonium, 

McGraw-Hill Book Company, Inc. ,  New York, pp.  77-84 and 140-148 
( 1  950). 

in USAEC Report UCRL-18140 ( 1  968). 

Envi ronment to  Animal s and Man ,'I CRC Crit-ica Z Haviews i n  Enviromncntal 

Control - 2 ,  337-385 ( 1  971 ) .  

311-314 (1964). 

F-e'senne, I .  M . ,  " 'Distribution o f  '"Pb and 226Ra in S o i l , "  pp .  145-958 

Garner, R .  , I . ,  "Transfer o f  Radioactive Materials from the Ter res t r ia l  

Hammond, P. B. and A. L .  Aronson, " P b  Poisoning in Cat t le  and Horses i n  
the  Vicinity of a Smelter," Ann. U . Y .  A r d  Sei. u ( 2 ) ,  595-611 
(7 964). 

Healy, W .  B., "Ingestion of S o i l  by Dair-y Cows," N. ZeaZtxrzd J .  A c p f c .  

Healy, W. B , ,  W .  J .  McCabe and G .  F. Wilson, ""Ingested Soi l  a s  a Source 
Re,.;. 1 1 ,  - 487-499 (1968).  

o f  Microelements f o r  Grazing Animals ,I' 1v. Z p a Z m c I  J .  A g ~ i c .  Res. 

- 13, 503-521 (1970) .  
Hevesy, G . ,  "The  Absorption and Translocation of  P b  by plants ,"  Hiochem. 

J. - 17, 439445 (1923) .  



26 

Hoenes , G .  R .  , and J .  K.  S o l d a t ,  Age-Specific Dose Commitment Factors for  

a One-l"'cnr Chronic intake,  N U R E G -  01 7 2  ( 1 97 7 ) .  

Hofmann, W .  and F. S t e i n h a u s l e r ,  "Dose C a l c u l a t i o n s  f o r  I n f a n t s  and Youths 
Due t o  the  I n h a l a t i o n  o f  Radon and I t s  Decay Products  i n  the Norm1 
Environment," IRPA P u b l i c a t i o n  4 ,  p .  497 (1977) .  

210Po i n  Arctic B i o t a , "  pp. 1087-96 i n  Fromedings of ihe Firs t  

Hol tzman, R .  e . ,  t'226Ra and t he  Natural  Ai rborne  Nucl ides  210Pb and 

Tnternat-ional Congress 

I-lurst, J .  B . ,  " R e t e n t i o n  of 
29-35 (1 973) .  

I n t e r n a t i o n a l  Commission on 
I1 on PeTrnissibZe Dose 

(1959) .  
I n t e r n a t i o n a l  Commission on 

gf Radiation Protection, Part 2 ( 1  966) .  
210Pb i n  Beagle Dogs," Health Phys. 3, 

Radio1 o g i c a l  P r o t e c t i o n ,  Report of CommitLee 

for  internal  Radiat-ion, ICRP 3 u b l  i c a t i o n  2 

Radio logica l  P r o t e c t i o n ,  Heport of t l w  Task 

Group on Reference Man, ICRP P u b l i c a t i o n  23 (1975) .  
Jackson ,  W .  and G ,  W. Dolphin,  " T h e  Es t imat ion  o f  I n t e r n a l  Radia t ion  Dose 

from Metabol ic  and Ur inary  Excre t ion  Data f o r  a Number o f  Important  
Radionucl ides g l l  EieaZeh Phys. 12, 481 -500 (1  966) .  

Jaworowski , Z. and D. Grzybowska, "Natura l  Radionucl ides  i n  I n d u s t r i a l  

Jaworowski, L .  and h .  Kownacka, "Lead and Radium i n  the Lower S t r a t o s p h e r e , "  

John,  M .  K . ,  "Lead A v a i l a b i l i t y  Rela ted  t o  S o i l  P r o p e r t i e s  and F x t r a c t a b l e  

John,  M .  K. and C .  J .  Van Laerhoven, "lead D i s t r i b u t i o n  i n  P l a n t s  Growq 

and Rural S o i l s , "  Se i .  TotuZ Environ. I ,  45-52 (1977) .  

NaLvre - 263 , 303-304 ( 1976) .  

Lead," J .  Environ. Qual. 1 ( 3 ) ,  295-298 (1972) .  

on Contaminated S o i l  ,'I Environ. Le t t .  - 3 ( 2 ) ,  111-116 (1972a) .  
John,  M. K .  and C .  Van Laerhoven, "Lead Uptake by Lettiicc and Oats a s  

Affected by Lime, Ni t rogen ,  and Sources  of Lead," J .  Enuiron. Qual. 

- 1 ( 2 )  , 169-1 71 (1  972b) .  
J o n e s ,  1. H .  P . ,  C .  R.  Clement and M .  J .  Hopper, "Lead Uptake from S o l u t i o n  

by Perennia l  Ryegrass and I t s  T r a n s p o r t  from Roots t o  Shoots , "  
Plant and SoiZ 38( ._ 2 )  , 403-414 (1  973) .  

Karhausen, L .  , " I n t e s t i n a l  Lead Adsorp t ion ,"  i n  Proceedings - International 

Symposium i n  the Enviroivnental Health Aspects of Lead, organized  
j o i n t l y  by C F C  and E P A ,  publ i shed  by C E C ,  Luxembourg (May 1 9 7 3 ) .  



27 

Kerin, D . ,  and Z. Kerin, "Lead Contamination of Milk and Honey Caused 
by Industr ia l  Aerosols," Protectio Vi-tcze - 2 ,  61-62 (1971) .  

K i ' l l o u g h ,  G. G . ,  D. E .  Dunning, J r . ,  and J .  C .  Pleasant,  1mmi-f~: A 

Conipuker Implementation of Recmt  i'*1/7d~ Is f o r  Es t imat ing  the  Dose 

Equivalent $0 Organs of Man frmn CZTL Inha Z a i '  or rYyrge8 bed kxdionuclide, 

ORNL/NUREG/TM-84 ( 1  978). 
Koeppe, D. E . ,  "The Uptake, Distr ibut ion,  atid Effect of Cadmium and Lead i n  

Kolbye, A.  C . ,  J r . ,  K .  R .  Mahaffey, J .  A. Fiorino, P .  C .  Corneliussen, 
Plants ,"  The Scienct. of tkc. Tot;cz:L Enviromielit - 7(3 ) ,  197-206 ('8977). 

and C .  F .  Jelinek, "Food Exposures t o  Lead," R~~uiror?. l kn%th  Porspezt .  

-_ 7, 65-74 (1973).  
Ladinskaya, L .  A., 0. Y .  Parfenov, D. K. Popov, and A. V. Fedorouaz I1 21 OPb 

and *"Po Content i n  Air, Water, Foodstuffs, and the Hurnan Body," 
Arch. Lhviron. Health - 27, 254-258 ( 1  973). 

Lloyd, R .  D-, C .  W .  Mays, D. R. Atherton, and F ,  W. Bruenger, '12'clPb Studies 
i n  Beagles," Health Phys. I 28, 575-583 (1975) .  

MacLean, A. J . ,  R. L .  Walstead, and 8. J .  Finn, "Ext rac tab i l i ty  of Added 
Lead i n  Soi l s  and I t s  Concentration in Plants ,"  Can. J .  Soi7, :A%. 

Magno, P .  J , ,  P.  R. Groulx,  and J .  C.  Apidianakis, "Pb-210 i n  Air and 
- 49, 327-334 (1969). 

Total  Diets i n  the Uni t ed  S t a t e s  Dur ing 1966," Health Phy;. -- 18, 

Mathews, C .  M. E . ,  W. 3. Dempster, C .  Kapros, and 5 ,  Kountz, "The Effect 
383-388 ( 1  970). 

of Bisniuth-206 I r rad ia t ion  on Survival of S k i n  Homograft5," Br. J .  

Mayland, H. F , ,  A. R .  Florence, R. C .  Rosenau, V.  A. Lazar and H .  A. Turner, 
R ~ d i o l .  _- 37, 306-31 0 (1  964). 

"Soil Ingestion by Cat t l e  on Semiarid Range as  Reflected by Titanium 
Analysis of  Feces," J. ir'nnyc. Mgt .  - 2 8 ( 6 ) ,  448-452 (1975) .  

Menzel , R .  G . ,  "Soil-Plant Relationships o f  Radioactive Elements3" !!aaZth 

Miller ,  R.  J .  and D .  E .  Koeppe, "Accumulation and Physiological E f f e c t s  
Phys .  11, 1325-1332 (1965) .  

of Lead i n  Corn," pp. 186-193 i n  Pi-oceetZin3,~ of 4th LnnumI Cci/if'c~r*enre 

on %ace Substtmces in P m i r o m e n t a l  lieaZth, Univ .  of  Missouri, Columbia, 
Mo. (19JQ). 



28 

Moore, H .  E.,  E .  A. M a r t e l l ,  and S .  E. Poet ,  "Sources  o f  Polonium-210 i n  

Morse, R .  S .  and G .  A .  Welford, " D i e t a r y  I n t a k e  o f  27 OPb , I' :ieaZth Phys .  

Atmosphere," Environ. S e i .  Techml .  - 1 0 ,  586-591 ( 1 9 7 5 ) .  

- 21 , 53-55 (1971) .  
Nelmes, A. J . ,  R. S t .  J .  Buxton, F. A .  Fa i rweather  and A. E. Mart in ,  

"The I m p l i c a t i o n  o f  the T r a n s f e r  o f  Trace Metals from Sewage Sludge 
t o  Man," pp.  145-52 i n  Hemphill ,  D.  0. ( e d , ) ,  Proceedings of 8th 

Annual Conference on Trace Subs tcznces i n  EnuironmentaI! Health, 

Univ. o f  M i s s o u r i ,  Columbia, Mo. (June ? 9 7 4 ) .  
Ng, Y .  C .  , C .  A. Burton,  S .  E. Thompson, R .  K .  Tandy, H .  K .  Kretner, and 

M.  W. P r a t t ,  Prediction of the  Maximimi Dosage to Man from the  Fallout 

of NucZear Devices I V .  

Dose from Radionuc Zides Re leased t o  the biosphere, UCRL- 501 63 , 
Handbook f o r  E s  t-imating the M ~ ~ ~ i r n w n  In-Lemal 

P a r t  IV (1968) .  
Ng, Y .  C . ,  C .  S .  Colsher ,  D .  J .  Q u i n n  and S .  E .  Thompson, 'Transfer 

Coefficieni-s for the  Prediction of the Dose t o  Man v ia  the  Forage - 

Cow-M.i Zk Pathway from Radionuclides Released t o  the Biosphere, 

UCRL-51939 ( J u l y  1977) .  
Rabinowitm, M . ,  " P l a n t  Uptake Q F  S o i l  and Atmospheric Lead in Southern 

Rains ,  D, W., "Pb Accumulation by Wild Oats  (Avcna fat-ua) i n  a Contaminated 

Roberts, T. PI., W .  Gizyn and 1. C .  Hutchinson, "Lead Contamination o f  

C a l i f o r n i a , "  Chemosphere - 1 ( 4 ) ,  175-180 ( 1 9 7 2 ) .  

Area ,I' flatinre I_ 233( 531 4 )  , 21 0-21 1 ( 1971 ) . 

Air, Soil, Vegeta t ion  and People  in the V i c i n i t y  of a Secondary 
Lead S m e l t e r , "  pp. 155-166 i n  D .  0 .  Hcinphill (4.) Pyoceedings of 
8 t h  AnnuaZ Conference on Trace Substances in Environment-a1 Health, 

U n i v .  o f  M i s s o u r i ,  Columbia, Mo. (1974) .  
Sharmag R .  P.  and  J .  L .  Shupe, "Lead, Cadmiurn, and Arsenjc  Residues i n  

Animal Tissues i n  R e l a t i o n  t o  Those i n  Their Surrounding H a b i t a t , "  
The Science of the  TotaZ Enviroment .... 7 (  1 ) , 53-62 ( 1  977) .  

Sollrnan, T .  I { . ,  A Manual of Pharmacology and PLcs Application to Therapeutics 

and Toxicotogy, 8 t h  ed.,  W .  B.  Saunders Co., P h i l a d e l p h i a ,  Penn .  (1357).  

I n g e s t e d  Radio1 ead,"  HeaZt-h P h y s .  27, 21 1-29 5 (1971 ) . 
S t a n l e y ,  R .  E., A.  A. Mullen, and E .  W. Bretthauer, " T r a n s f e r  t o  Milk o f  



29 



30 

3 RECOMMENDATIONS O F  ENVIRONMENTAL. TRANSPORT PARAMETERS AND 
DOSE C O N V E R S I O N  FACTORS FOR 226Ra 

Radium-226 e x i s t s  in the biosphere a s  a long-lived decay product 
(T1 ,2  = 1620 year)  of the primordial nuclide 238U. 
such, i t  i s  present in crude iuranium and yellowcake dust emissions from 
ac t ive  uranium mil ls  (Sears e t  aZ., 1975, 1917), as well as i n  emissions 
from other  anthropogenic sources. Abandoned t a i l i n g s  ponds and unstabi- 
l i i e t l  t a i l i n g s  p i l e s  from inact ive uranium mill s i t e s  a r c  a l so  known t o  
he sources af  f ine ly  d i v i d e d  radium-bearing dusts .  Recent i n t e r e s t  in 
possible t r ans fe r  of t h i s  nuclide within food chains near technolog- 
i c a l l y  enhanced sources has led t o  the present evaluation of 276Ra 

t ransport  from a i r  and so i l  t o  human d ie ta ry  itenis. Recommendations fo r  
pararneters t o  b e  used i n  envi ronrnental t ransport  models a r e  presented 
in t h i s  chapter. Fifty-year dose commitmcnt fac tors  for inhalation and 
ingestion o f  '*%a a r e  a l so  provided. 

(Kocher, 1977) A s  

3.1 Envi ronmenia? Transport Parameters 

To quantify the t ransport  of 226Ra t h r o u g h  .food chains,  aerosol 
depos-ition o n ,  and root uptake and t ranslocat ion by, vegetation must be 
considered. 
should a l so  be evaluated. A l i t e r a t u r e  review o f  radium dynamics i n  the 
environment was conducted, and recommendations o f  t ransport  parameters 
appropriate  fo r  use i n  environmental rnodcls !)/ere derived. A discussion 
of the a v a i l a b i l i t y  t o  plants  of so i l  radium i s  included, t o  underscore 
the importance o f  obtaining s i t e - spec i f i c  information regarding t h e  

physical and chemical forms of the  element. 

3.1.1 __. The source of 226Ra i n  . . . . . .. .. edible  c r ~  
The r e l a t i v e  importance o f  aerosol deposition versus root uptake in 

the  contamination o f  edib le  plant  par t s  w i t h  environmental *"Ra i s  
variable .  The s ignif icance o f  aerosol deposition wi l l  depend on morpho- 
logical and s t ruc tu ra l  cha rac t e r i s t i c s  of the plant  p a r t  in question, 
aerosol concentration, p a r t i c l e  cha rac t e r i s t i c s ,  and cl imate fac tors  
(Garner, 1971). 

nating from volcanic a c t i v i t y ,  wind t ransport  of so i l  a n d  water,  fo re s t  

As with 210Pb, . t ransfer o f  226Ra t o  titeat and milk of herbivores 

Natural sources of airborne seem t o  be inorganic m a t t e r  or ig i -  
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f i r e s ,  and  other  metearic 
Poet (1976) measured what 

material (Jaworawski e t  ai?. , 1971). Moore and 
they believed to  be  natural l eve ls  of 226Ra 

3 3 i n  a i r  and found a mean of  4.4 x dpm/m o r  2 .0  x p C i / m  from 
13 samples. Anthropogenic sources of 226Ra, including coal - f i red  power 
plants ,  uranium mill t a i l i n g s  p i l e s ,  and phosphate f e r t i l i z e r s ,  may 
e leva te  a i r  concentrations i n  the v i c in i ty  of the sources (Eisenbud and 
Petrow, 1964; Breslin and Glauberman, 1970; Jaworawski ei; u L . ,  1971; 
Jaworawski and Kownack, 1976; Moore and Poet 1 9 7 6 ) .  Bresl i n  and Glauberman 
(1970) found 226Ra a i r  concentrations o f  0.04 to  0 . 2  p C i l m  
p i l e s .  
km from the s i te .  
Alabama was found t o  contain 3.1 x t o  1 . 3  x pCi  
(National Council on Radiation Protection and Measurements, 1975) 
concentrations in New York City have been measured by Eisenbud and 
Petrow (7964) t o  be 8 .0  x 
than the previously c i t ed  natural value of 2.0 x l o m 5  pCi  226Ra/m3. 

Phosphate f e r t i l i z e r s  a r e  probably the major anthropogenic contribu- 
t o r s  of a e r i a l l y  deposited 226Ra on edible  crops i n  most,  i f  not  a l l ,  
agr icu l tura l  areas .  Airborne concentrations of ”‘Ra due t o  resuspension 
o f  s o i l  t rea ted  with these f e r t i l i z e r s ,  however, should not s ign i f icant ly  
exceed concentrations due  t o  natural so i l  resuspension s ince the soil  
226Ra enhdncement from f e r t i l i z e r  use i s  ins igni f icant  i n  comparison t o  
the natural so i l  226Ra cantent  (Travis ot a l . ,  1979) .  

3 near t a i l i n g s  
These concentrations were reduced by about a fac tor  o f  10 a t  1 

A i r  in the v i c in i ty  of a coal-fr’red power plant i n  
2XR, /m3 

Air 

3 pCi 2 2 6 R a / m  , which i s  somewhat greater  

T h u s ,  natural 

airborne 226Ra will  probably determine the extent o f  f o l i a r  o r  surface 
contamination o f  edible  plant  par ts  i n  most c ~ o p  production areas o f  
the United S ta tes .  

The r e l a t i v e  importance of so i l  and a i r  a s  sources of 226Ra i n  
ed ib le  crops wil l  again depend on the  conditions o f  environmental contami- 
nation, and the types o f  crops considered (Sect .  2 . 1 . 1 ) .  For natural ly  
occurring 226Ra> i t  seems l ike ly  tha t  root uptake a n d  t ranslocat ion t o  
ed ib le  portions i s  the primary contarnination pathway. However, i n  areas 
d i r e c t l y  downwind of anthropogenic 226Ra aerosol sources, aerosol deposi -  
t i o n  may become a more s ign i f i can t  source o f  226Ra i n  edible  crops, 
espec ia l ly  i n  leafy vegetables o r  forage crops. 
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The chemisty o f  the 226Ra isotope i n  so i l  i s  important i n  determining 
i t s  mobility i n  so i l  and the  degree of incorporation into biological 
t i s sues  of plants (Kovaleskii, 1962; Rusanova, 1964; Taskayev e t  aZ., 

1977; Verkhovskaja e t  al., 1966; Grzyhowska, 1974). Although the physical 
and chemical forms of airborne 226Ra from various sources is  largely 
u n k n o w n ,  i t  appears t h a t  soil  propert ies  a t  the deposition s i t e  a l so  
grea t ly  determine i t s  ult imate a v a i l a b i l i t y  t o  plant. r o o t s .  

acid-soluble,  and fixed phases (Rusanova, 1964; Verkhovskaja ei nZ., 
1966, Taskayev e t  a l . ,  1977; Grzybowska, 1974). Available l i t e r a t u r e  
deals  primarily w i t h  natural 226Ra introduced i n t o  so i l  by rock weather 
a1 t h o u g h  radium may a1 so have indus t r ia l  sources. 

time, b u t  i s  concentrated a t  d i f f e ren t  depths (Rusanova, 1964; Taskayev 
el: a l . ,  

pti of the so i l  horizons encountered. Most invest igators  believe t h a t  
radiurri concentrates more readi ly  i n  so i l s  w i t h  greater  organic coiiLerlt, 

Soil radium has been found to  exis t  i n  water-soluble, exchangeable 

There i s  evidence t h a t  radium migrates downward i n  a l l  s o i l s  over 

1966; Grzybowska, 1974) ,  depending on the organic content and 

and t h a t  i t  becomes bound and accumulates i n  organic complexes (Rusanova, 
1964; Taskeyev e t  aZ., 1977; Verkhovskaja e t  a l . ,  1966; Grzybowska 
1974). T h e  element a l so  seems t o  be more prevalent in s o i l s  with a 
basic t o  neutral pW (Rusanova, 1964; Verkhovskaja el, d., 1966). 

The concentration of other a lkal ine-ear th  elements in s o i l s  a l so  
seems t o  influence the form o f  radium i n  s o i l .  I t  has generally been 
believed t h a t  radium and calcium have s imi la r  react ions in s o i l .  More 
recent evidence indicates  pos i t ive  cor re la t ions  betwecn the cheiiiistry o f  
barium and radium i t1  s o i l ,  b u t  not between calcium and radium (Rusanova, 
1964; Taskayev e t  al., 1977; Grzybowska, 1974). Most  invest igators  do 
agree,  however, t h a t  the alnoiint o f  mobi l e  radium i n  so i l  tends t o  decrease 
w i t h  increasing concentrations o f  other  mobile a1 kal ine-earth elements 
(Rusanova, 1964; Tasayev et a l . ,  1977; Verkhovskaja e t  a l . ,  1966). 

The mobile f r ac t ion  o f  radium was found t o  range from 28.6 t o  33.1% 
of to t a l  radium among d i f f e ren t  s o i l s  i n  an analysis  by Taskayev and h is  
c a l l  e y e s  (1 966). Another researcher found the mobi 1 e f r ac t ion  t o  range 
between 2 .9  and 30.9% (Grzybowska, 9974). T h u s ,  most radium i n  so i l  i s  
s t rongly fixed i n  the so l id  phase (Taskayev et a l . ,  1977). 
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I t  was found t h a t  mobile radium can occur i n  the following f a r m :  
1 )  
2 )  as p a r t  o f  soluble  mineral sa l t s  o r  organic complexes, 
3) 
4) 

Only a small fraction o f  the  rriobile radium would be d i ~ e c t l y  ava i lab le  
for roo t  uptake i n  the f r e e  ionic form. 

ava i lab le  pool s ince the f a r m  are not s t a t i c .  That i s ,  p ~ v i ~ ~ s l y  
ac id - so lub le  o r  exchangeable radium many en ter  the water-soluble phase t o  
re-establ ish equilibrium conditions as radium is depleted from the 
available phase. Increased organic content o f  soil  may decrease the  
imnmeda’ate a v a i l a b i l i t y  of ’*%a fo r  plant  uptake (Grzybawska, 1974) .  

A l t h ~ u g h  t h e  above parameters a r e  essent ia l  i n  ga in ing  an under- 
standing o f  226Ra a v a i l a b i l i t y  t o  p l a n t s ,  many invest igators  o f  s o i l  - 
p l a n t  re la t ions  f a i l  t o  measure o r  report  t h i s  c r i t i c a l  information. 
Thus, the f o l l o w i n g  review o f  pert inent  ? i t c r a t u r e  CunCernir;g r o o t  
uptake of 226Ra from s o i l  does no t  lead to  a n  evaluation o f  t h e  -s’nfluence 
o f  s o i l  t y p e  on plant concentrations o f  the nuclide. 

3.11.2 Root uptake and d i s t r ibu t ion  - of - .---- 226Rd> _I v 2 e t a t i o n  c 

f r e e  i o n i c ,  in which i t  enters  plant roots ,  

bound w i t h  carbonates, oxalates  and less soluble  compo~lnds~ o r  
bound a t  the surface of coll~idal micelles. 

The e n t i r e  mobile f r ac t ion ,  however$ may be s a i d  t o  cons t i t u t e  the  

~ o o t  uptake o f  2 2 5 ~ a  from so i l  i s  j ~ ~ l ~ ~ n c e d  by .;oil type, as we11 
as  f ac to r s  such a s  soi l  pH, s o i l  content o f  other a lkal ine-ear th  elements 
(calc-ium, barium, and strontium) plant species ,  arid chemical form o f  
the s o i l  22%a {Rusanova, 1964; Verkhovskaja e t  ul., 1966; Kirchinann et 
QZ., 1968; Garner, 1971 ; and Grzybawska 1974).  Numerous s tudies  have 
been performed to  inves t iga te  “tie behavior o f  2 2 6 ~ a  i n  the s o i l - p l a n t  
system. 
d v a i l d b l e  f o r i i i ~  o f  t h i s  a lkal ine-ear th  element i n  soi l  with r ~ s p e c t  t o  
roo t  uptake i n  an attempt to  ident i fy  the b i o l a g i c a l % . y  inobile f o r m s  o f  
226 

analysis  of 22hRa i n  the plant compartment with respect t o  the t o t a l  
s o i l  2 2 6 ~ a .  
s o l u t i o n s  h d ~  a l s o  been investigated LO a lesser degree. 1-lowever, 
s t u d i e s  quantifying uptake from nutrient solut-ions a re  l e s s  use fu l  f o r  
ou r  pilrposess sitice retent ion o f  “%a by s o j 1  par t i c l e s  and i t s  interact ion 

Some invest igators  have c x m i d e r e d  the  avai lab le  and non- 

Ra present,  Others have r e s t r i c t e d  the i r  s tudies  t o  the quant i ta t ive  

~ a d i u m - 2 2 6  incorporation i n t o  p l a n t  t i s sues  from nut r ien t  
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with s o i l  components a re  important elements i n  deteriiiining -the e f f i c i enc ie s  
o f  t r ans fe r  t o  plants  (Rusanova, 1964; Verkhovskaja e t  a l . ,  1966; Garner, 
1971; Grzybowska, 7974; .Paskayev et nl., 197i) .  
within plant t i s sues  appears t o  he high d u r i n g  t ransport  from root  t o  
shoot,  b u t  low a f t e r  deposition i n  leaf  t i s sues .  /he r e s u l t  i s  acropetal  
concentration, and a potential  f o r  enhanced uptake by animals from 
forage o r  7 eafy vegetabl es ( Kusanova, 1964; Verkhovs kaja et a l . ,  1966; 
Grzybowska, 1974; Taskayev et d., 1977). The dynamics of t ranslocat ion 
t o  other  non-leafy ed ib le  portions of plants has n o t  been documented. 

Mobility o f  226Ra 

- 

Since na tura l ly  occurring 2 2 6 ~ r ,  or ig ina tes  in the s o i l  arid i s  n o t  

a major component o f  natural f a l l o u t  (Sect .  3 .1 .1) ,  the question o f  d i -  

r e c t  f o l  iai- uptake has generally been neglected in s tudies  o f  radium uptake 
by plan-ts. From the  previous discussion, however, technologically enhanced 
sources o f  radium may generate airborne concentrations o f  t he  nucl ide which 
may be s ign i f i can t  i n  some areas .  In addi t ion,  radium may be resuspended 
with s o i l .  Therefore, t h e  concentration f ac to r s  derived here (CF ) 
describing so i l - to-p lan t  t r ans fe r  o f  radium may overestimate the actual 
r a t i o  i f  aerosol radium was a s ign i f i can t  source of plant radium a t  the 
study s i t e .  

Values o f  CF were calculatcd from exjs-ting l i t e r a t u r e  ava j lab le  For 
ed ib le  crops and a re  presented in Table 3.1 f o r  several plant  species.  
The C F  ' s  a r e  given i n  dry weight (DW) concen-tratisns f o r  forage, hay, 
and feed,  and in f resh  weight (FW) concentrations f o r  vegetables and gra ins ,  con- 
s i s t e n t  w i t h  Sect. 2.1.2. When necessary, conversions of data to  fresh 
o r  dry weight were made with the use of information supplied in Appendix A. 
Unweighted averages o f  the  mean C F  
for  each food category, along w i t h  the range o f  individual values f o r  the 
various sources, a s  was done i n  Sect.  2 .1 .2 .  The i-anges indicate  t h a t  much 
uncertainty i s  involved i n  determining a s ing le  value f o r  CF 
uncertainty i s  probably d u e  t o  t h e  v a r i a b i l i t y  in experimental conditions 
among the s tudies  c i t ed .  

concentrate 226Ra more e f f i c i e n t l y  than f r u i t .  
in fo l iage  before maturation o f  the f r u i t ,  o r  natural var ia t ion i n  the 
data obtained. 

S P  

SP  

SP  

S P  

' s  computed f o r  each species a r e  g i v e n  
S P  

Much of t h i s  
SP '  

From Table 3.1, i t  appears t ha t  grains  and vegetables t end  t o  
'This may be due to f ixa t ion  

The respect ive average f resh  weight CF ' s  f o r  vegetables, 
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Mean concentrat ioq 
Edible fac tors  (CF ) 

S P  p l a n t  ............ _ 
port ion ( x 1 0 - 2 )  

.-._____._ -. ..... .... .- 

Vegetables 
( f resh  weight) 

Beet 
Cabbage 
Carrot 
Potato 
Unspeci f iedl '  

Unweighted average 
F r u i t  ( f r e s h  weight) 

Grain ( f r e s h  weight) 
Unspeci f ie& 

Barley 
8iic kwhea t 
F1 our 
Mi l le t  
Uheat 

Unwei g h t e d  average 
Forage, hi.y, feed 

(dry weiqht) 
Alfdifa  hdy 
Clover 
Fescue 
Grass 
Herbage 
Rye grass  
Timothy tidy 
Vetch hay 

Unwei ghted average 

1 .BC 

2.0' 
u.3" 
0.1 
1 .2  

1.6' 

0.05 

3 . P  
1 311 

40 
100 
55 

1.1 . 5 

7.0 

1 .8  

0.8 

1 .4  
2.1 
9.0 

21 

1 3  

24 

Number o f  
derived 
values 

2 
5 
2 
3 
1 

13 

1 

2 
1 
1 
1 
1 
6 

24 
6 
I 

28 
1 

24 
i 
1 

86 

Kanqe Reference 

( A 1  0-2) 
- __.___ _ ............................... 

0.6- 3.0 
~ 0 . 0 1 - 4 . 0  

1 .'3-3.0 
0.07-0.6 

0.1 
.0. 01 -4.0 

0.0s 

1.4-6.0 
130 

0 5  
40 

1011 
0.5-130 

1 .O-34 
1 . l -48  

2.8 
2.0-63 

0 . a 
2.0-62 

1.4 
? . l  

0.8-63 
.................. -____.--. ... .. 

"Aercsol 226Ra was assimed t o  c o n t r i b u t ~ 2 6 r l s i g n i f i c a n ~ -  arnourlti of 226Ra t o  t.he p l a n t .  F Values express r a t i o s  of fresh-weight Ka concentrat ions i n  plants  to  d r y - w e i g h t  
concentrat ions in s o i l  f o r  a l l  Food crops d i r e c t l y  e d i b i e  !)y niari .  Dry--weight concentrat ions 
in b o t h  p l a n t s  a n d  s o i l  were used f o r  forage,  hay, d r ~ d  feed ca lcu la t ions .  

'-Values i n  (Ki rchann c f  a! .  , 1968) a r e  dry-weight concentrat ion f a c t o r s  a s  tjiveri. 

har ico ts ,  l t i t tuce,  and small Di:riip%ins in equal anoilnts. 
pears ,  apples ,  plums, and grapes i n  equal amoiinfs. 

YMordherg e i  n l . ,  1976. 
iGrzybows kat 1 974. 

Rusanova, 1964. 
ITask.ayev e t  , r Z . ,  1977 .  
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-7 
f r u i t ,  and  grain a re  1 . 2  x I O  L ,  5.5 x a n d  5 .5  x I O - ’ .  ’~hese  
values appear t o  be somewhat grea-ter t h a n  t hose  previously calculated 
for- lead fsotopes,  perhaps ref1 e c t i n g  a greater  absorption o f  radium 
from the  so i l  by plants ,  g rea te r  t ranslocat ion of rad ium t o  edible  
pa r t s ,  the  inclusion of  a e r i a l l y  deposited radium, or” a re f lec t ion  of  .the 
difference in t h e  sol u b i 1  i t y  of the nucl i d e  added t o  s o i l .  
CFSp f o r  ce r t a in  grains obtained by Mordberg et al. (1976)  appear t o  be 

m t ~ h  grea ter  than values f o r  a1 1 other  vegetation types. Information 
concerning empirical conditions under which these h i g h e r  values were 
obtained was riot avai lable;  i t  i s  possible t h a t  the grain crops were 
cu l t iva ted  on so i l  containing rad ium f o r  inordinate amourits o f  time> 
resu l t ing  i n  the  high CF’s observed. 

calculated,  with a range of individual values from 8.0 x to 5.3 x 
lo-’ .  
most useful s ince herbivore ingestion siiirdies seldom consider f resh 
weights. Obswvatjon o f  t he  w i c k  range o f  valries o f  CF derived suggests 

S P  
t h a t  experimental conditions can great ly  inf l  uence the  value derived f o r  
a par t icu lar  forage species.  Only two forage studies c i t ed  i n  Table 3.1 
involved vegetation grown in natural ly  contarninatted environments (Riisanova, 
1964; DeBortoli and Gaglione, 19721, r e su l t s  of w h i c h  indicate  CF ‘ s  t o  5.0 
be l e s s  than 3.0 x lo-‘ (dry weight). 

use i n  environmer-r.ta1 t ranspor t  models. For vegetables, f rui t ,  and 
gra in ,  a f resh w e i g h t  CF 
experiments by Mordberg et- aZ., (1976)  For grain were not considered in 
recommending t h i s  value, due  t o  the lack o f  information concerning 
empirical cond i t ions  i n  their analyses. For  forage and hay, a dry 
weight CF of 9.0 x i s  recornmendecl. The average value 0% CF f o r  

S P  S P  
f o rage ,  obtained i n  o u r  review, is  recsrnmended i n  l i g h t  o f  the  large 
r a n g e  o f  derived values, and the  f a c t  that, riatesrally contaminated environ- 
ments had associated C F  
average e 

measured f o r  several food categories by Fisenne and  Keller (1970) and 

Values o f  

F Q ~  forage and hay, a n  average dry weight C F , ~ ~  o f  9.0 x was 

The value f o r  forage, hay, a n d  f eed  expressed i n  dry weight i s  

From t h i s  review, two separate  values of CF a r e  rccomniended f o r  
S P  

of 2 .0  x lo-* i s  recommended. Results o f  the 
S P  

‘ s  of the same order o f  magni-tude as  th i s  
S P  

Dietary concentrations of 226Ra i n  the United States have been 
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Morse and Welford (1975). 
values obtained by these inves t iga tors .  
f r u i t s ,  and grains range from 0.24 to  2.5 pCi/kg f resh  weight. 
(1959) has reported the average U.S. "%a so i l  concentration to  range 
between 0.8 t o  2.8 pCi/g. Therefore, using an intermediate value o f  2 
p G i l g  and the recommended GF 
x lo-*, d ie ta ry  concentrations o f  these food items a r e  predl'cted t o  be 
on the order o f  4 x IO- '  pCi /g  o r  40 pCi/kg. Thus, these predicted 
values overestimate mean measured values by more t h a n  an order o f  magni- 
tude. 
F i r s t ,  the  average U.S. s o i l  concentration o f  2 pCi/g assumed in the 
calculat ion may no t  be representat ive o f  the actual average fo r  agr icul-  
twai l  so i l s  in the United S t a t e s ,  leading t o  inaccurate predictions.  

Table 3.2 i s  a l i s t  of some o f  the mean 
Mean values f o r  vegetables, 

Vinogradov 

f o r  vegetables, f r u i t s ,  and grains of 2 .0  
SP 

There a r e  many p o s s i b l e  explanations f o r  t h i s  discrepancy. 

Secondly, processinq o r  washing of the food items before 226Ra evaluations . .  - 

were done may have reduced the 226Ra content,  and decreased the measured 
concentration. Thirdly,  the recommended CF may overestimate the 

226Ra actual so i l -p l an t  re la t ionship  of 
i t y  have been s ta ted  previously. Brief ly ,  by ignoring aerosol 226Ra 
contr ibut ions t o  226Ra Concentrations i n  edible  plant  par ts  a t  the study 
s i t e ,  o r  by ignoring differences between s o l u b i l i t y  cha rac t e r i s t i c s  of 
soi l -appl ied 2 2 6 ~ a  and environmental 2 2 6 ~ a ,  i t  i s  possible t h a t  the 

SP . Reasons f o r  t h i s  l a s t  possibi l -  

s o i l  -plant re la t ionships  of 226Ra a re  overestimated in the s tudies  
c i ted .  
were measured may d i f f e r  s ign i f i can t ly  from the species from which 
C F  
r e su l t s  in r e l a t ive ly  high concentrations in vegetables such as  ca r ro t s ,  
bee ts ,  and cabbage, which were used t o  derive CF 
the recommended value based primarily on these species may overestimate 
the  average f o r  a l l  vegetable species.  

From Ng e t  a l .  (1968), a CF 
use by the U.S. Nuclear Regulatory Commission in i t s  Regulatory Guide 
1.109 ( d r a f t ,  March 19761, b u t  i s  label led Biv. 

forage crops and other  crops was made i n  e i t h e r  of these documents. 
Thus, i t  appears t h a t  our present values o f  2.0 x lo-' (FW) for  vegetables, 
f r u i t s  and grains and 9*O x lo-* f o r  forage and hay (FH)  great ly  exceed 
values commonly used to  t h i s  point f o r  soi l  t o  plant t ransfer  o f  

Final ly ,  the vegetable species f o r  which 226Ra concentrations 

's were derived in t h i s  review. T h u s ,  i f  t ranslocat ion o f  226Ra 
S P  

' s  (see Table 3 " 1 ) ,  
SP 

value o f  3.1 x l oe4  was adopted f o r  
S P  

No d i s t inc t ion  between 

22fjR, 
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Table  3.2.  Measured d i e t a r y  c o n c e n t r a t i o n s  o f  226Ra i n  
sel ec ted food it-sms 

I__ New York s__. Ci ty  .-.I________ d i e t  (pC i / kg )  San F r a n c i s c o  .-_-._ d i e t  (pCi/kg)  Food 
c a t e go r y  Morse Fisenng 8r Fisenng & 

We1 f o r d  Kel1 e r  Kel1 er 

Fresh f ru i t  
Fresh vegetab l  cs 
Root v e g e t a b l e s  
Pat.atoes 
Rice 
Dry beans 
F1 o u r  
Who1 e grains 

p rod u c t s 

0.40 
1.1 
0.21 
1 . 5  
0.88 
0.76 
1.3 
2.2 

0.32 
1 .i 
1 . 3  
2 .3  
2 .0  
1 . o  
2.1 
2.5 

0.26 
0.66 
1 . 4  
0.24 
0 .29  
0.70 
1 . 4  
2.2 

Morse and Welford,  1971.  
bFisenne and K e l l e r ,  1970. 

12 
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3.1.3 Deposition of aerosol radium onto vegetation 

Predictions of the 226Ra content o f  edible  crops due t o  deposition 
o f  airborne material may be made with the  use o f  the deposition and 
uptake model provided in the U.S. NRC's Regulatory Guide 1.109 ( d r a f t ,  
October 1977) ( see  Sect. 2.1 - 3 )  (. 
which represent interception cha rac t e r i s t i c s  of the plant  surfaces should 
be emphasized again. 
f o r  r9 the interception f rac t ion .  
ed ib le  plaint pa r t s ,  especial ly  r o o t  crops, o r  other  crops i s  unclear,  
I t  i s  a l so  unclear if the value of 2.0 kg/m2 f a r  Y,, the agr icu l tura l  
product ivi ty ,  i s  a reasonable value t o  use f o r  edible  portions o f  a l l  
crops, although i t  i s  suggested in the guide f o r  produce and leafy 
vegetables a l ike .  

f o r  edible  crops!, representing the time o f  exposure of f o l i a r  components 
of the crops t o  airborne pa r t i cu la t e s ,  does not account fo r  l e s se r  expo- 
sure  periods associated with some edible  portions,  such as tomatoes or  
beans. Use of t h i s  te value w i l l  cause overestimates f o r  many species. 

concentrations of 226Ra for  several food categories due t o  deposition 
a lone  u t i l i z i n g  the NRC model by neglecting the root uptake te rn  in the 
equation (see Sect. 2 .1 .3) .  Assuming a t o t a l  deposition veloci ty  o f  

0.3 cm/sec, based on a mean residence time of 4 days f o r  aerosols (Travis 
t?t a l . ,  i n  preparat ion) ,  and an average a i r  concentration fo r  225Ra o f  2 

3 x pCi/m (see Sect. 3.1.1)$ the following predictions may be made. 
For a l l  f resh  vegetables, f r u i t s ,  and  grains ,  a dietary concentration o f  

9.6 x p C i / k g  may be calculated.  For forage, a concentration o f  2 . 3  
x IO-' pCi /kg  may be calculated.  I t  seems reasonable t o  assume t h a t  the 
forage value would more closely approximate the actual value, s ince the 
model parameters a r e  more applicable t o  t h i s  type of vegetation. 

Measured d ie ta ry  concentrations o f  226Ra i n  the United States  were 
given in Table 3.2 of Sect .  3.1.2. Cornparing the measured concentration 
of 226Ra i n  vegetables and grain products with the values predicted due 
t o  aerosol deposition and w i t h  values predicted due t o  root uptake alone 
(Sect.  3.1.2) i t  appears t h a t  d i r e c t  deposition on edible  surfaces 
alone may not s ign i f i can t ly  account f o r  **%a found in the average human 

Inadequacies o f  various model parameters 

The regulatory guide suggests using a value o f  0.2 
The appropriateness of this value f o r  

In addi t ion,  the suggested t e  value o f  60 days 

Keeping i n  mind these uncer ta in t ies ,  one may estimate d ie ta ry  



d i e t .  However, deposition may becorne more important where aerosol 
226Ka i s  enhanced in areas located near anthropogenic sources ( sec t .  
3.1.1).  To predict  dietary concentrations due t o  aerosol deposition i n  
these a reas ,  i t  is  recommended tha t  the recjulaLory guide model he I J S ~  

a t  th i s  time. 

3.1.4 Uptake a n d  d i s t r ibu t ion  --.--.._. o f  226Ra by - grarlirg ...... ~ ......- . animals 

The nilmber o f  soiirces documenting trophic t r ans fe r  o f  236 Ra from 
feed t o  animal prod~acts  i s  small. Despite the presence ~f numerous 
references presenting t h e  22GRa content o f  milk and meat products from 
market basket surveys: most o f  t h e  l i t e r a t u r e  docs not contain the  
necessary information on d ie ta ry  concentrations o f  the 1 ivestock from 
which t h e  products were obtained (Morse a n d  Welford, 1971; Belova and 
Lunkina, 1967; Fiscnrie a n d  Keller,  1970; Hallden e t  al., 1963; tla:Iden 
and Harley, 1954; M u t h  e t  al., 1960; Turner et al., 1958). As a r e s u l t ,  
many ava i lab le  S O I J ~ C ~ S  were considered inadequate for inclusion i n  the  
present analysis .  

3.1.4.1 Distribution in -__I milk. A biological half-time o f  50 hours 
f o r  radium el irnination via milk has been est5mated from monitoring data 
on two dairy cows exposed t o  single oral administrations o f  5 mCi 224Ra 
(Sansom and Garner, 1966). Tnus, i t  my be estimated t h a t  93% of the 
t o t a l  "%a elimination via milk occurred d u r i n g  the 8 days following 
acute administration. A t  t h a t  time, sampling was discontinued. The 
major f a t e  o f  ingested 224Ra was fecal excretion ( > 9 9 % ) ,  w i t h  only 0.35% 
o f  t h a t  administered being recovered i n  milk. 
0,35%/0.93 o r  0.37% o f  the  oral dose administered was recovered i n  milk. 
This v a l u e  i s  expressed as  an average d i e t - t o m i l k  CFm o f  3.7  x 10 
( range o f  3.1 t o  4.4 x lom3) i n  '[able 3 . 3 ,  although the jsotope was not 
technically administered i n  feed. Ng and his colleagues (1977) suggest 
an f m  o f  1.5 x 
d a t a  ( i . e . ,  a t  93% equilibrium). Thiis, f m  would equal 1 . 6  x l on4  a t  
100% equilibrium (Table 3 . 3 ) .  

major source o f  radium excreted i n  mil k (Kirchmann e t  a l . ,  1 9 7 2 ) .  
Analysis o f  data obtained by tiiesc invest igators  from individual animals 
exposed t o  e i t h e r  d r i n k i n g  water containing 226RaCl 

I t  may be estimated t h a t  

- 3  

(range o f  1.3 t o  1.8 x l o m 4 )  based on 8-day recovery 

Kirshmann and his colleagues consider forage ingestion to  be  a 

or  hay harvested 
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Tab le  3 . 3 .  Concentrat ion f a c t o r s  (CF,,) and  t r a n s f e r  c o e f f i c i e n t s  (f,) 

f o r  226Ra ingested by da i ry  anirmls dnd t r a n s f e r r e d  t o  m i l k  

Number of Rrftveiic Fm Medii cr,” 

( .I o - ~  ) ( x 1 ~ - 4 )  
mil k : d i e t  (my/  1 i t e r )  A n i  ma. 1 Radium xource 

der ived values 

C a t t l e  Oral admin is t ra t ion  3.7 1.6 
o f  5 m C i  224Ra 

emiss ions  incorporated 
i n t o  Forage 

herbnqe 

C a t t l e  Ra from i n d u s t r i a l  8.4 5.0 

C a t t l e  IJncontami n a t e d  32 34 

I: 

2 t o  4 d 
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frorii i ndus t r i a l ly  contaminated pastures indicates  t h a t  forage only 
s l i g h t l y  exceeds drinking water a s  a source. Similar r e su l t s  have been 
observed f o r  another a1 kal in@-earth element, 85Sr (Van den iioek, 1969). 
Equilibrium estimates of CFin and fm from the hay ingestion experiment 
a r e  a l s o  presented i n  Table 3.3. 
difference betwen water and food sources i s  a function o f  t h e i r  residence 
t imes i n  the  in t e s t ina l  t r a c t  w i t h  watcr being m i - e  rapidly excreted a s  
ur ine,  

Kirchmann suggests that  the sinall 

The  f ina l  entry,  derived from a market basket survey performed i n  
northern I t a l y ,  has been included f o r  comparison (de Bortoli and Gaglione, 
1972). In t h i s  study, a l l  non-vegetable plant material was termed 
11 1 nerbage" and analyzed together. Tor the purpose o f  calculat ion,  "herbage" 
was considered c a t t l e  forage,  and i t s  '*%a content compared w i t h  that  
o f  milk. 
b r i u m .  T h u s ,  t he  resu l t ing  CF oi' 3.2 x 
are? not as rigorously defined as the two previous estimates.  

Of these three s tudies ,  the experimental design employed by Kirchmann 
and his colleagires (-1972) most c losely approximates the c l a s s i c  scenario 
of local grazing near a polluting industry ( i . e . ,  chronic ingestion o f  
contaminated forage i n  the f i e l d ) .  As such, values o f  CFm (8 .4  x lom3) 
and fm (5.9 x l o v 4  d a y l l i t c r )  derived from t h e i r  research a r e  recommended 
f o r  use i n  fu ture  t r a n s p o r t  models. 
adi  t h  t h e  recanimended stab1 e-el ement radium t r ans fe r  of 4.5 x 1 O-4. dayll i t e r  
for- forage t o  milk derived by Ng and his colleagues (Ng e t  a l . ,  1977). 
The preliminary value o f  8.0 x 
1 . lo9 (March, 1976) i s  approximately one order of magnitude greater  than 
t h e  va lue derived i n  the present study. 

O u r  reconmended concentration f a c t o r s  permit us to  make an estimate 
of 2 2 6 ~ a  a c t i v i t y  concentrations f o r  comparison w i  t t i  rneasuwd values o f  
t h i s  isotope i n  table-ready milk supplies.  Existing d a t a  a r e  summarized 
i n  T a b l e  3 .4 .  
United S ta tes  s o i l s  i s  0.8 t o  2 . 8  p C i / g  i f  areas of h i g h  background a r e  
excluded (Vinagradov, 1959). 
recommended sui l - to-forage C F  o f  9.0  x 
forage content i s  7.2 x 

I t  i s  a l so  assumed tha t  t h e  published values existed a t  equ i l i -  
arid fill o f  3.4 x 10-3 ,day / l i t e r  

This value of f m  compares well 

published i n  NRC Regulatory Guide 

I t  i s  known tha t  the range o f  "%a concentrations in 

A t  the low end o f  t h i s  range and the 
(Table 3 .1) ,  the predicted 

Multiplying th i s  value by the pCi 2 2 6 R a / ~ .  
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recommended fo rage t o  milk CF o f  8.4 x I O w 3  produces an e s ~ ~ m a ~ ~ ~  m i l k  
concentration of 6.0 x IO-’  pCi 226Ra/kg m i l k .  
a c t i v i t y ,  an estimate o f  2.1 pCi 226Ra/kg inilk was obtained. 
lie$* m i l k  range between 9.0 x 10 and 0.27 pCi 226Ra/kg milk, w i t h  an 
unweighted mean of 0.22 pGi/”kg (Table 3 . 4 ) .  
w i t h  a range extending t o  1,07 p C i  226Ra/kg. 
predictions based on concentration fac tors  recommended in BUY analysis  
c losely approximate ex is t ing  data.  

A t  the maximum so i l  
Samples o f  

2 

The world average i s  0.25, 
Thus, t rophic  t r ans fe r  

3.1.4,2 -- Distribution in meat. Sheep and swine have been ~n~~~~~~ 
i n  the  assessment o f  farage-to-meat t r ans fe r  for  several reasons: 

1 .  the paucity of infomiatian regard’ing c a t t l e  ingestion o f  

2 2 6 ~ a  and 
2 .  sheep a re  ruminants, and a r e  grazed extensively on western 

7 ands * 
A11 values gleaned f r o m  the  l i t e r a t u r e  a re  presented in Table 3.5. I t  
shsuld be noted tha t  swine possess a digest ive t r a c t  and physiology 
siniilar in many respects t o  tha t  o f  humans (Bustad and McC’lr’Wlan, 1965). 

The s o f t  t i s sues  and bones o f  one l i t t e r  of  ’33 pigs and  9 crossbred 
lambs maintained on uncontaminated d i e t s  were pcrisdically samp’i ed 
d u r i n g  a study performed by Hardy and his colleagues ~ l ~ ~ ~ ~ .  Any 22tiR, 
i n  animal feed origa’nated from natural sources. Nearly 97% o f  the 
sheep’s body burden o f  225Ra was stored i n  the skeleton, while 70% o f  
the  swine 226Ra burden was deposited i n  s o f t  t issues .  
of  the experiment, the sheep body burden equaled 9.2% o f  the  to t a l  

A t  the t ~ r m ~ ~ ~ ~ ~ ~ ~  

die ta ry  radium, a s  contrasted t o  the  0.5% incorporation by swl”ne, Soft 
t i s sues  ( n o  discrimination made between muscle and organs) o f  sheep and 
swine contained nearly equal concentrations o f  225Ra ( 7  pCi/kg and 8 
pCi/kg, respect ively) .  
approximates 3.0 x 

Thus, f o r  b o t h  species ,  the CF for s o f t  t i s s u e  
to  4.0 x 1 ~ 1 - 3 ~  

Other r u m i n a n t  data includes t h a t  f o r  caribou and reindeer g r a z i n g  
on cla.$~~.;-a l ichens ’in Alaska and Finland (Woltzman, 1966 a,b). Due t o  
t h e i r  slow growth  h a b i t  and large surface-to-volume r a t i o ,  l ichens 
accumulate d u s t  pa r t i c l e s  containing s i g n i f i c i a n t  quant i t ies  o f  the 
na tura l ly  occurring isotope 226Ra. Because data character iz ing the 
radium concentration of rumen contents was unavailable, an a l t e rna te  
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T a b l e  3.4. Measured va lues o f  n a t u r a l l y  o c c u r r i n g  226Ra i n  d i e t a r y  
meat and m i l k  ( p C i / k g  f r e s h  w e i g h t )  

....~____.I___ ~. ..____ ~. ... - -__.  .~ 

U!LitedL%te .s 
New York S t a t e  
W i  s cons io  
Tennessee 
Chicago 

New York Ci ty  

New York Ci ty  

New York Ci ty  
San F r a n c i s c o  

San F r a n c i s c o  

0 . 1 3  
0.24 
0.27 
0.23 

(0.22-0.24) 

(0.24-0,25) 

(0 .19-0.30)  

0.25 

0.25 

0.25 
0.25 

(0.24-0.25)  
0.09 

(0.08-0.10 

0 

0.55 

0.46 
( 0.45-0. €4 

(0.44-0.47 1 
0.02 

0.01 
0.46 

(0.44-0.47)  
0.02 

(0.01 -0.02)  

(0 .01 -0.02)  
Germany 0.3 0.8 

- 

U n i t e d  K i n e  0.10 ...___... 
(N = 6 )  

0.26 
0.10 

(0.1-0.2)  

0.18 
1.07 
0.22 

Varese, N .  I t a l y  0 .18 
(N = 2 t o  4 )  

(0.175-0.185) 

P u e r t o  R ico  0.15 
0.08 

Unweighted average, U . S .  0.22 

_____... 

Ranqe 0.09-0.27 

h 
h 
i, 

>l 

h 
12 

h 
i: 

0.22 
0-0.55 

Unweiohted mean, 0 .25 0.29 
a1 1 " s i t e s  

0-0.8 
-- 

Range 0.09-1.07 
. . . _ . ~ _ I _ _  ......... ___- 

- - - m & s  i n  parentheses a r e  range andhor N samples. 
hBased on i n i l k  d e n s i t y  o f  1.028 g/cm (Weast, R.C. e d . ,  Handbook of Chezistrg 2nd Physics, 

5 7 t h  E d . .  CRC Press, 1976. Paqe F - 3 ) .  
CShandley, 1953. 
dHa l l den  and F isenne,  1961. 
eF.isenne and K e l l e r ,  1970. 
fMorse and Wel ford,  1971. 

hSmi th  and Watson, 1963. 
iDe B o r t o l i  and Gagl ione,  1972. 
j H a l l d e n  and Har ley ,  1964. 

gMuth e t  a l . ,  1960. 
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Table  3.5. Concentration factors ( C F S  and CF,) arid t.rdnsfer c o e f f i c i e n t s  i f f )  
f o r  2z6Ka ingested by swine and ruminants and t rans fer red  to meat 

Mean 1 : ~ ~ ’ ~  CF? Ff Number o f  R-irbrks Reference 
musc1e:diet (day/ky ) derived Animal Radium source 

( x 1 ~ - 3 )  
......._____I......I.._ ~ ~ ~ . ~ . ~ ~  __ .................. 
Swine 

Uncontaminated mothers‘ 4.0 (117 days o l d )  1.7 1.3 Assume data  g i v e n  i n  f r e s h  c,d 
m i l k  and coiinwrcial feed 3.0 (177 days o l d )  0.9 w t  t i ssue and dry  d c  d i e t .  

S o f t  t i s s u e  o n l y .  1nte;rinal 
contents removed pr io r  t o  
analysis 

Rwnindnts 

Sheep Uncoritantinated pasture 4 .0  (168 days o l d )  4.n 9 5arne as e b o v r  c, 2 
and conmiercial feed 3.0 (5224 days o l d )  3.0 

Caribou Lichens contaminated 4.7 1.7 12 Muscle analy5is f- h 
w i t h  n a t u r a l l y  uccurr iny 
2’FRa 

w i t h  n a t u r a l l y  occurr ing 
Z ? f i R a  

Reindeer Lichens contatninatcd 8 .6  3.1 1 Muscle analysis f- h 

Mean f o r  s r i n e  3 . 5  1.3 
Mean f o r  ruminants 5.1 3.0 
II___ ~ _ _ _  

0. i F s  i s  coqcentrat ion factor. for  s w i  e and defined a s  r a t i o  o f  a t - t i v i t y  concentrdticn i n  rileat ( f r e sh  wt . )  
d c t i v i  t 

’ c I -~  i s  c o n c g n t r a t i o n  ?actor. f o r  ruminants. 
“iiardy r t  E ? . ,  1969. 
%Jpp, 1 9 m .  
“Bel l ,  1978. 

co icent r  t i o n  i n  d i e t  ?dry  k t . ) .  

fHol tzaisn, 1966a. 
“Hol Irman, 1966b. 
11 ILiden and Gustafsson, 1967. 
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method of estimating the concentration fac tor  t o  these ruminants ( C F  1 r 
was developed. Although i t  is  known t h a t  caribou and reindeer f ree ly  
ingest  annual grasses ,  sedges, and horse ta i l s  d u r i n g  the short  Arctic 
summer, t h e  present calculat ion conservatively assumes l ichen ingestion 
a s  the principal source of Ra intake. Annual means of l ichen Ra 
a c t i v i t y  in Alaska and Finland were used to  compute the caribou CFr o f  
4.7 x 
1966 a ,b ) .  I t  must be noted tha t  Holtimann's data represents a special  

236 226  

and t h e  reindeer CFr  of 8.6 x lom3 ('Table 3.5) (Holtzrnann, 

case. 
Transfer coef f ic ien ts  were calculated on  the b a s i s  o f  2.3 kg and 3.4 

kg dry da i ly  intake respectively f o r  117-  and 18O-day-old p i g s  (Kopp, 1978) ,  
1 .O kg and 1 . 2  kg dry da i ly  feed respectively fo r  1S8-to 224-day-old lambs 
(Bel l ,  1978), and 7 .0  kg f resh ( 2 - 8  kg dry) dai ly  consumption by adul t  
reindeer (Liden and G u s t a f s s o n ,  1967). In the absence o f  addi tianal 226Ra 
data f o r  beef c a t t l e ,  estimates of f f  f o r  w i n e  and ruminants were derived 
by d i v i d i n g  the concentration fac tor  by the dai ly  dry matter intake r a t e  
(daylkg) (Table 3 .5) .  

In previous sect ions of t h i s  report ,  t r ans fe r  coef f ic ien ts  were de- 
rived from da ta  spec i f i c  f o r  c a t t l e  (Sects.  2.1.4 and 3.1.4.1). 
t h i s  option i s  n o t  avai lab le  f o r  developing a 226Ra ff, we have subs t i tu ted  
the  average ruminant CF of 5.1 x lom3 (Table 3.5)  and  an assumed dry dai ly  
intake of 10 kg (U.S. N R C  Reg. Guide  1.109, March 1976) into the above 
dei-ivation procedure. 
i s  approximately two orders of magnitude smaller t h a n  the regi.ilatory guide 
number o f  3.1 x lo-' day/kg. The 1a:tter value was derived by manipulation 
of data summarized by Ng and colleagues (1968) f o r  hutiian whole-body s t ab le  
radium concentrations and the average radium content i n  vegetables and 
f r u i t s  consumed by man. 

Comparison of predicted vs measured 226Ra content o f  ruminant meat 
by the method detai led i n  Sect.  3.1.4.1 f o r  m i l k  indicates  c lose agreement 
w i t h  exis t ing data.  Use o f  the m i n i m u m  so i l  content o f  0.8 pCi Ra/g 
(Vinogradov, 1959) and our recommended Forage-to-meat CF o f  5.1 x lom3 
p r e d i c t s  a meat '*%a content o f  0.37 pCi/kg; while the maximum soi l  
content of 2.8 pCi 226Ra/g (Vinogradov, 1959) gives r i s e  t o  an estimated 
1.3 pCi 226Ra/kg meat. 'The unweighted mean for the United States  i s  
0.22 pCi 226Ra/kg meat w i t h  a range o f  0 t o  8.55 pCi/kg (Table 3 .4) .  I f  

Since 

The resu l t ing  beef-specific f f  o f  5.1 x l o m 4  daylkg 

226 
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the  s ing le  non4.S. value o f  0.8 pCi/kg from Germany i s  included in the 
analysis  ( M u t h  e t  aZ., 1960), a mean o f  0.29 pCi/kg can be calculated 
from t h i s  data .  Use of the highest so i l  value predicts a meat 226Ra 
a c t i v i t y  approximately two times greater  than the l a rges t  l i t e r a t u r e  
data,  Otherwise, predicted values f a l l  c lose to  the range o f  a v a i l a b l e  
measured values. 

3.1.4.3 -^__- Soil ingestion. Soil ingestion by ruminants i s  a normal 
consequence o f  grazing behavior (Sect.  2.1.4.3), D u r i n g  cropping o f  
forage plants ,  quant i t ies  u f  so i l  are inadvertently consumed alon 
vegetation. T h e  degree and magnitude o f  so i l  jngestion a r e  degen 
a number o f  variables ,  including the  stocking r a t e ,  type o f  pasture,  
frequency of muddy patches o r  earthworm cas t s ,  so i l  moistures and selec- 
t i ve  grazing by individuals in the herd (Healy, 11168; Mayland a l . ,  

15170). T h e  g rea tes t  so i l  intakes occur d t l r jng  midwinter crowding of 

nonlactating individuals i n t o  feedlots  o r  protected f i e l d s  (i-Bealy, 
1968). Soil commonly cons t i tu tes  10% o f  the dry matter intake of sheep 
on winter pasture,  while beef c a t t l e  ingestion usually ranges between 
1.3% and 18.8% with a median o f  6,3% (Su t t l e  e t  aZ., 1975; Mayland e-t: 

a%., 1970). 
Sheep a re  known t o  so lubi l ize ,  absorb, and u t i l i z e  ingested soi l  as 

a source of t r ace  minerals ( S u t t l e  e t  az., 1975; Wealy e& a?,,, 1970). 
In feeding experiments w j t h  isotopical ly  tagged s o i l ,  i t  was found tha t  
34% o f  7 5 ~ e 9  14% o f  6 5 ~ n ,  1% o f  'Oca, and 0.4% o f  5 4 ~ n  present i n  the 
t a g  were absorbed by adul t  sheep (Healy e t  a l . ,  7970). 
comparable experiments have been performed w i t h  isotopes o f  the alkal ine 
ear th  elements, o r  on beef c a t t l e .  

On semiarid range, beef c a t t l e  can ingest  between Oel and 3 . 5  kg 
soil with a median of 0.5 kglanimal-day (Mayland s-G a%., 1970). 
ence o f  the Jntroduced forage species,  cheatgrass (Bromus tectormm) 

contributed to  the  incidence of so i l  ingestion in this investigation 
since the shallow-rooted plants were eas i ly  pulled from the dry s o i l  and 
consumed along with roots and attached earth.  
dairy c a t t l e  on 1 ightly-stocked pasture have ingested between 0.5 and 
0.9 ky soil/animal -day (Healy, 1968). 
winter,  this value soared t o  I .75 kgbanimal-day. 

Apparently, no 

Fres- 

In more humid climates, 

On densely-stocked pasture during 
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AS discussed in sect .  3.1 . I  . I ,  the  2 2 6 ~ a  incorporateci within vegeta- 
t i o n  i s  in a soluble form tha t  has been t ransferred across the root-cel l  
rnernbraries from t h e  l a rger ,  mobile radium so i l  pool - Soil ingested by 
grazing animals will  include the  mobile f ract ion plus the la-sger, nonmobile 
"fixed" pool. Since the camparativr d i g e s t i b i l i t y  o f  these radium 
phases by ruminants has n o t  been investigated,  .the extent  o f  so i l  -radiuru 
t ransport  from the rumen t o  muscle and milk i s  not; known. I t  i s  known 
t h a t  re7 ease o f  soi 1.- ingested molybdenum from the digest ive t r a c t  o f  
sheep i s  related t o  b o t h  physical and chemical cha rac t e r i s t i c s  o f  the 
s a i l  (Sut t le  e t  aZ., 1975).  

For the purpose of a worst-case calculat ion,  i t  has beern assunied 
t i h a t  transfer o f  so i l  radium t o  muscle p a r a l l e l s  t ha t  o f  Foraqe radium. 
However, i t  shou?d be emphasized tha t  GT absorption o f  so i l  radium arid 
i t s  d i s t r ibu t ion  t o  muscle may vary grea t ly  froin t h a t  of  forage radium. 
T h u s ,  .For dai ly  s o i l  ingestion by b e e f  c a t t l e  o f  8 kg dry matter of 
which 0.5 kg (6.25%) i s  so i l  (Mayland e t  a%., 1970; Bustad and Terry, 
19561, an average CF from s o i l  t o  forage o f  9.0  x lom2 dry weight (Table 
3.1) ,  a so i l  cointent o f  2 pC-i/y (see Sect.  3.1.2) and the derived ruminarit 
muscle CF o f  5.1 x lo-'% (Table 3.51, a mediazi concentration of beef 
muscle can be estimated. The average U.S .  f o r a g e  concentration may be 
ea1 cul a.l;ed a s  fol lows : 

Thus, the  e s t i m a t e d  Ra concentration in beef i s :  

s o i l ) ]  x (5.1 x = 1.5  pCi/kg beef. 
The value represents an increase o f  53% over  t h e  estimated bee f  con- 
centrat ion o f  §,9? p C i / k g  w / ~ n  no so i l  ingestion i s  included. Similar 
calculat ions f o r  the m i n i m u m  so i l  ingestion rat.e o f  0.1 kg/animal -day 
and  a maximum ~f 1 .5  kg/atiimal-day (Mayland e t  d., 1970) a re  1 .0  pCi /kg  
( increase o f  9%) ,  and 2.7 pCi /kg  ( increase o f  193%), respecti 'vely. 

Similarly,  f o r  da i ly  dry matter ingestion o f  10 kg by dairy c a t t l e ,  
(Ng et aZ., 1977)  a so i l  intake rangir ig  from 0.5 t o  1.75 kg/animal-day 
(Healy, 1968) and a forage t o  milk CF o f  8.4 x (Table 3.31, minimum 
and maxinum m i l k  estimates were determined. The minimum est4rriate 7's 2 .3  
P C ~  226ka/1iter,  an increase o f  53% over the  previous value" s f  I . 5  
pCi / l i t c r ;  w h i l e  the maximum i s  4 . 2  pCi / l i t e r ,  an increase o f  180%. 

(9 .0  x 1 O e 2 )  x I;! pCi  ii25Ra/g so i l  ) := 1.8 x 10-1 gCi 226Ra/g forage. 

[ (93.75%) x (180 pCi 226Ra/kg forage) f (6.25%) x (2008 pCi 226Ra/kg 

226 



For sheep -ingesting 2 kgjday dry matter o f  which 18% i s  s o i l ,  

This value 
(Kopp, 1978; Sulttle, 1975) use o f  the same assumptions and technique 
allows an estimate o f  1.8 pCi 226Ra/kg o f  sheep muscle. 
represents an increase o f  96% wer  the 8.92 pCi/kg derived for r u ~ ~ ~ a ~ ~ ~ ~  
from a d i e t  lack ing  s o i l .  

T h u s ,  i t  appears t h d t  normal ingestion o f  r a ~ ~ ~ ~ - b e a ~ i ~ ~  s o i l  could 
s ign i f i can t ly  increase muscle and milk concentrations o f  radium i f  GT 
absorp t ion  of s o i l  radium pa ra l l e l s  t h a t  o f  forage rad iu i~"  A l t h o u g h  
present'ly ~ n ~ ~ a n t ~ ~ ~ e ~ ~  the r a t e  o f  mineral imed radium absorption frcmrn 
s o i l  in the ruminant digest ive t r a c t  i s  probably Jess t h a n  t h a t  Trsm 
~ ~ ~ ~ ~ ~ ~ ~ ~ l ? y  ava i lab le  forage radium. 

3 . 2  Dose Conversion Factors f o r  22tjRa 

Factors r e l a t ing  t e radiat ion dose ~ ~ ~ ~ ~ ~ m ~ ~ t  received by bone, 
l u n g ,  livera kidney, and t h e  whole body t o  the amount o f  inha'-led o r  

have beer1 determined and a r e  presented jn lab'le. 3 ,6*  

TNREM 11, (Killough et al., 19783, a computer ~ ~ p l ~ ~ e n t ~ ~ ~ o n  o f  both a 

3 

ested 

model based on the ICRP Task Group h u n g  Model ~~~~r~~ et a%.,  1966) and 
a recent GI t r a c t  model described by Bernar (1968) was used t o  develop 
50-year dose ~ ~ ~ ~ m i t ~ e ~ t  fac tors  ( D C F * ~ I  f o r  226Ra and i t s  daughter  
radionuclides. Current metabolic data for  a l l  i so topes  i n  the  decay 
chain and organ-specific re tent ion func t ions  from a v a i l a b l e  1 i t e r a t u r e  
were u t i l i z e d  by Diinning et n ~ , ,  ( i n  preparation) to  describe and q u a n t i f y  

epQSitiOSl resUltinCj f r o m  internaa 2 X R ,  

3 , 2 . l  ~ ~ ~ a ~ a t ~ ~ ~  
-__1_-- 

I n i t i a l  deposition f rac t ions  i n  the f o u r  major por t i o r i s  of the  
lung, the  nasal-pharynx (N-P] ~ r ~ c h e ~ - ~ r ~ ~ ~ ~ ~ ~ a ~  t ree  (T-8) ~ ~ ~ ~ ~ ~ ~ r y  
( P I ,  and lymphatic t i s s u e  ( e ) ,  were determined by the INREM I I  code f rom 
a graphical representation o f  the r ~ ~ ~ t i ~ n s ~ i ~  between the a c t i v i t y  
median a @ r ~ ~ y n ~ ~ i ~  diameter ~A~~~~ o f  the inhaled pa r t i c l e s  and d ~ ~ ~ s i ~ i o ~  

urn was used f o r  the present DCF's, Parameters for  l u n g  clearance ~~~~~~~~ 

s o l u b i l i t y  c l a s s  f o r  aerosol pa r t i c l e s  o f  226Ra was assumed as g i v e n  by 
Translocation o f  2 2 2 ~ n  gas from the l u n g  o r  61. 

h i c h  i s  given i n  the Reactor Safety Study (U.S, NMC, 1975).  Ftn 

ere adapted f r o m  ICRP Publication 1 9  ( I C R P ,  1972a). A 

rrow e%: az4,  ( 1 9 ~ 6 ) .  
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Table 3 . 6 .  Fifty-year dose cornniitrnent fac tors  f o r  one yea r ’ s  
inhalation and ingestian o f  226Ra 

Inhalationa . . . ... ..__r__- ...- Ingestion 
3 

rem/pCi rem/pCi mrern/ pC i -111 
Organ 

i n  a l-year period 

Bane 24.5 21 0 
Lung 49 41 0 
Liver 0.34 2.9 
Kidney 0.34 2 .9  
Wlhole body 10.0 84 

22  

6.5 x 

0.30 
0.30 

8.1 

u ~ . 3  urn AMAD, Soli ibi l i ty  Class W. 
’Based on inhalat ion r a t e  23 m /day. 

NOTE ADDED I N  PRESS - The above dase commitment factors (DCF) are  basrd 
on early d r a f t s  o f  a report  by D u n n i n g  e k  aZ. ( i n  preparation).  
DCF’s g i v e n  above a r e  based on a qua l i ty  factor  (QF)  o f  10, which was 
recornended i n  ICRP Publication 2’ (Pcrgamon Press,  1959). 
i-ecent d r a f t s  o f  their document, Dunning et ai?. have incorporated recent 
recommendations f rom ICRP Pub1 icat ion 26 (Pergamon Press, 1977) re- 
garding quality f a c t o r s .  DCF’s based on a higher QF o f  20 a r e  g i v e n  i n  
Appendix C o f  t h e  present report. 

3 

The 

IP  more 
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t r a c t  t o  other portions of the  body was neglected i n  dose calculat ions,  
s ince the resu l tan t  dose would be sinal1 compared to  doses from other 
translocated daughters o f  226Ra (Dunning gt- ai?., i n  preparation).  

Metabolic parameters necessary in calculat ing an inhalation DCF 
include absorption fract ions and retent ion functions for  organs t o  which 
226Ra and daughters produced i n  the lung a re  translocated, and Far the 
l u n g ,  t o  which '"Rn gas  produced i n  other organs is  transported. 
Parameters used for lead, bismuth, and polonium isotopes (* '%b,  210Pb, 
2148i 210Bi 218po 

discussed in Sect ,  2.2.1 of t h i s  report .  Isotopic e f f ec t s  were neglected. 
Values f o r  f , ,  depicting GI a b s o r p t i o n ,  and f 2 ,  depicting absorption 
frorn the blood i n t o  cer ta in  organs a re  l i s t e d  i n  Table 3.7 f o r  isotopes 
in the 226Ra decay chain. Absorption fract ions and retention functions 
f o r  "%a translocated from the l u n g  were chosen by D u n n i n g  eit nZ., ( in  
preparation) as follows. Fractional absorption from the GI t r a c t  into 
the  blood ( f l )  f o r  226Ra was assumed t o  be 0.2, consistent with values 
given by the Task Group on Alkaline Earth Metabolism in Adult Man ( T C R P ,  
1972b). 
g r o u p  t o  character ize  radium dis t r ibu t ion  a f t e r  absorption from the GI 
t r a c t  a n d  clearance from the lungs. From these models, the values fo r  
blood-to-organ t ransfer  ( f 2 ' ) ,  given i n  Table 3.7 were derived. 

A model o f  the dynamics o f  "'Rn gas was developed by Dunning et 
a l . ,  ( i n  preparation) t o  account for  the amount taken into the l u n g s  by 
inhalat ion,  2 2 2 R n  formed in the lungs by decay of deposited 226Ra, a n d  

z - c  

Y 9 , 'l4PO, and '''PO) i n  the  *"Ra decay chain were 

Retention models were adapted from the review by this task 

'"Rn transported t o  the l u n q s  from other  portions of the b0d.y where - 
226Ra has Seen translocated a n d  deposited. 
222Rn gas i n  the lungs was calculated t o  be 8.2 x 
Man respiratory parameters (Task  Group of Committee 2, ICRP, 1975) .  
Retention functions o f  '**Rn, derived by Bernard and Snyder (1975) ,  were 
used t o  determine the uCi-days residence and release o f  222Rn produced 
in other  organs. 
lungs, a n d  subsequently t reated i n  the  same manner as inhaled radon gas, 
with a removal r a t e  consis tent  w i t h  the  biological half-titlie. Percutaneous 
loss  of **'Rn formed in the body was ignored, a s  was radioactive decay 
during t r a n s p o r t  frorn the s i t e  o f  formation i n  the lungs. 

The biological half-time o f  

days from Reference 

All  "'Rn was assumed t o  be transported back to  t h e  
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T a b l e  3 . 7 .  Absorpt ion f a c t o r s  f1“ and f;b f o r  
nucl ides  i n  226Ra decay c h a i n  

Organ Nucl i d e  

Bone 

L. i v e r 

Kidney 

Ra-226 
PO-218, 214, 210 
Pb-214, 210 
Hi-214, 210 

Ra-226 
PO-218, 214, 210 

Pb-214, 210 
Ki-214, 210 

Ra-226 
PO,-218,  214, 210 
Pb-214, 210 
Hi-214, 210 

Who1 e body Ra-226 
PO-218 ,  214, 210 
Pb-214, 210 
Bi-214, 210 

f 2  

0.20 
0.10 
0.08 
0.05 

0 .20  
0.10 

0.08 
0.05 

0.20 
0.10 
0.08 
0.05 

0.20 
0 .10  
0.08 
0.05 

0.1 7 
0.09 
0 .56  
0 .07  

0 .05  
0 .10  

0.11 
0.03 

0.008 
0.10 
0.05 
0.40 

1 .oo  
1 .oo 
1.00 
1 .oo 

‘J’f 

?> 
L a b s o r p t i o n  from GI t r a c t  i n t o  blood. 1 

f> 1 a b s o r p t i o n  f r o m  blood i n t o  organs l i s t e d .  
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W i t h  the w e  of these parameters and models, UCP’s for  -8’nha”sed 
2 2 6 ~ a  were determined (Table 3-s). 
year o f  i nha la t ion ,  are based on i n h a l a t i a n  rates of 23 rm /day for  
Reference Man (Task Group o f  Canrnittee 2 ,  ICKP, 1975) .  
t o  receive the  i-tighest dose per u n i t  2 2 6 ~ a  inhaled. 

 he values,  g i v e n  i n  ~ r ~ ~ ~ ~ ~ ~ - ~ ~ ~  pet- 

The lungs  appeal- 

3 

3 . 2 . 2  -- Ingestion 

by Bernard (1968) utilizing the f l  fraction o f  0.2 atid f.-f values as 
assigned previausly (Table 3.7) (. 

and i t s  daughters, i n  the  various organs, are described above i n  t h e  
discussion o f  DCF’s f o r  inhaled 226Ran 
bcat1-r modes o f  2 2 6 ~ a  intake cansidered here. 

The DCF’s for  ingested 226Ra are based on a GI t ract  rnodel described 

L miiia 
Retention funct ions for inges’r,ed 

These furictions are the same for 

Dose convers ion factors  f o r  ingested 2 2 6 ~ a  are g i v e n  i n  ~ a b ~ e  3 . 6 ,  

i n  mrem/pCi.  Bone appears t a  be the organ w i t h  the greatest dose commit- 
ment per u n i t  amount o f  2 2 6 ~ c 3  ingested. 
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4 SUMMARY OF RECOMMENDATIONS 

Lead-210 a n d  "%a t ransport  from a i r  and  so i l  t o  vegetables, f r u i t s ,  
g ra in ,  forage, milk, and beef have been evaluated th rough  analysis o f  
avai lable  1 iteratinre soiirces and a:i atmospheric deposition inodel . Con- 
centrat ion fac tors  (CF's) and t ransfer  coef f ic ien ts  ( f m  and .fr) were 
calculated i;c, describe and  quantify t ransfer  of these nuclides from so i l  
t o  edible  portions of crops, forage, and animal products. Values fo r  
these parameters were recominended for use in envi ronrnet-r-tal t ransport  
rrivdels on t h e  basis of .the information reviewed and a re  summarized in 
Table 4.1.  
s ince recommendations a r e  based on the upper l imi t s  o f  the range o f  
derived values in most cases. 

, 

Use of these recommended values iiiay produce overestimates, 

For aerosol deposition on edible  portions of crops and on Forage, 
use o f  a model provided by the U,S. Nuclear Regulatory Commission, 
i n  recent d r a f t s  of the Regulatory Guide 1.109, i s  recommended a t  t h i s  
time. 
a i r  t o  the resu l t ing  concentration in crops o r  forage were n o t  avai lable .  

During the present evaluation, the authors have ident i f ied  a nirmber 
of poorly researched areas in the environmental t ransport  l i t e r a t u r e  f o r  
* l 0 P b  a n d  22ERa. 
cation of food chain t ransport  of  these nuclides t h a n  current ly  possible 
in the absence of  s i t e - spec i f i c  d a t a ,  the following needs should bc! 
addressed, 

More d i r e c t  data re la t ing  the concentration of 'l0Pb o r  226Ra in 

I f  i t  i s  important t o  obtain a more realis-Cic quantiI5- 

1 .  A principal problem a r m  i s  the lack of experimentation spec i f i -  
ca l ly  designed t o  deteraiine milk and meat t ransfer  coef f ic ien ts  
f o r  these two isotopes in c a t t l e .  Not only should . transfer 
coef f ic ien ts  f o r  various chemical forms of 210Pb and 226Ra be 
evaluated, b u t  releases from t a i l i n g s  p i les  should also be 
simulated as nearly as possible by offer ing contaminated feed. 
In addi t ion,  su f f i c i en t  numbers of animals should be included 
t o  allow s t a t i s t i c a l  comparison o f  r e su l l s .  
The  importance of  ingested so i l  as a source of contamination fo r  
milk and meat has nat been c r i t i c a l l y  examined. 
s tud ies  a r e  needed t o  determine the degree of "OPb and 226Ra 
so lubi l iza t ion  from mineral so i l  in the digest ive t r a c t ,  and the 
subsequent internal t ransport .  

2. 
Data From feeding 



3 .  Experimental data a r e  needed t o  dist ingi-ra’sh between t h e  cont r i -  
butions o f  so i l  and atmospheric 226Ra to t o t a l  plant .  226Ra 
content.  Pa r t i cu la r  a t ten t ion  shou ld  be p a i d  t o  sirnulat’iion o f  
f i e l d  conciitions by the use of 2 2 6 ~ a  compounds which nay occur 
i n  s o i l  o r  a i r  na tura l ly ,  or as a product o f  technological 
a c t i v i t i es (. 
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Tab le  4 . 1 .  Suimnary of recommended v a l u e s  f o r  ' l0Pb and  
226Ra c o n c e n t r a t i o n  f a c t o r s  a n d  t r a n s f e r  c o e f f i c i e n t s  

- __--___ - ___ - _____-- Transpor t  iiiode 
2 1 0 P b  226Ra 210Pb 226Ra 21 OPb 226Ra 

S o i l - t o - p l a n t  (CF ) 
S P  

v e g e t a b l e s  , 1 . 0  x 2.0 x 
f r u i t s ,  g r a i n s  

Forage and has/' 2 . 0  x 10 9 . 0  x 

Forage-to-animal  p roduc t s  (CF, o r  C F f )  ' 

-1 

~- 

Milk 2.0 8 . 4  2.0 5.9 

Beef 8.0 5.1 8.0 5.1 1 0 . ~  
................... - ..... .___~ - .................... . 

'Values e x p r e s s  r a t i o s  of f r e sh -we igh t  226Ra c o n c e n t r a t i o n s  i n  p l a n t s  t o  
dry-weight  c o n c e n t r a t i o n s  in  s o i l  f o r  a l l  food crops  d i r e c t l y  e d i b l e  by man. 

hay, and  feed  c a l c u l a t i o n s .  

i' 
Dry-weight c o n c e n t r a t i o n s  in  both p l a n t s  and s o i l  were used f o r  f o r a g e ,  

"Dry-weight c o n c e n t r a t i o n s  in  f o r a g e  and f r e sh -we igh t  c o n c e n t r a t i o n s  in  
beef a n d  milk were used i n  C F m  a n d  CFf  c a l c u l a t i o n s .  
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Table A.l .  Ratios of f r e sh  to  dry weights (FW:CI.!) f o r  food crops 
ava i lab le  f o r  human or  herbivore consumption" 

~ ........ ~ ....... _____ -. . . . . . . ___ .______ __ 

Food crop 

Vege tab1 es (edi  bl e po r t  ion ) 
Bean 
Beet 
Broccoli 
Cabbage 
Car r o t s  
Caul i f lower 
Corn 
Cucumber 
Let tuce 
Peas 
Potatoes 
Pumpkin 
Rad i sh 
Spinach 
Sqoa s h 
Toma t o  

Fruit ( ed ib l e  port ion)  

App1.e 
Apricot. 
Banana 
Grape 
Lemon 
Peach 
Pear 
P1 Ulll 

Grain ( e d i b l e  po r t ion )  
Barley 
Oats 
Rice 
Inlheat 

88.9 
87.6 
89.9 
92.4 
88.2 
91.7 
73.9 
96.1 
94.8 
74.3 
77.8 
90.5 
93.6 
92.7 
88.6 
94.1 

84.1 
85.4 
74.8 
81.9 
89.3 
86.9 
82.7 
85.7 

11.1 
8.3 

12.0 
12.5 

Forage, bay, feed' 
Grain (ba r l ey ,  corn,  ba t s ,  wheat, 
Cottonseed w a l )  (7.0 10.7) 

8.8 

S i l age  ( a l f a l f a ,  corn,  yras,)  75.5 

Hay ( a l f a l f a ,  bluegrass ,  oa t s .  
( 74.7-76.2) 

11 .0 
g ra s s ,  p r a i r i e ?  wheat) (9.3-7 5 . 7 )  
Forage ( g r a s s )  8:!.J 

9.0 
8.1 
9.9 

13.2 
8 .5  

12.1 
3.8 

25.6 
19.2 

3.9 
4.5 

10.5 
15.6 
13.7 
8.8 

17.0 

6.3 
6 .8  
4.0 
5.5 
9 .3  
7.6 
5 . 8  
7.0 

1.1 
1.1 
1.1 
1.1 

1.1 

4.1 

1 .1  

5 .O 

'Spector, 1956. 
bAverage and range of  percent water given f o r  d i f f e r e n t  species  i n  Spector, 1956. 
'Healy, 1968. 
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6.1 Fifty-Year Dose Commitment Factors f o r  Inhalation of 
222Rn and Short-1 ived Daughters 

The calculat ion o f  dose commitment resul t ing from the inhalation o f  
222Rn and short-1 ived daughters, including ’lOPo(RaA), ‘l4Pb( KaB) , 
214Bi(RaC), and 214Po(RaC1 ),  must usually re ly  on assumptions regarding 
aerosol cha rac t e r i s t i c s  which m y  not be d i r ec t ly  applicable to  actual 
exposure conditions f o r  a par t icu lar  s i t e .  Factors such as radsn-daughter 
equilibrium conditions,  the fract ion o f  daughter i ons  attached t o  surfaces 
of aerosols ,  a n d  s i ze s  o f  the composite daughter and c a r r i e r  p a r t i c l e  
wil l  a f f e c t  dose calculat ions,  ye t  vary over a wide range of possible 
conditions (Johnson e t  aZ., 1973) .  Therefore, an attempt was made to  
assume reasonable, o r  average, values for these variables t o  determine a 
dose commitment f ac to r  (UCF) for  222Rn, when supporting 1 i t e r a tu re  was 
avai lable .  When documentation was lacking, values representing the upper 
1 h i t s  of estimated values were chosen fo r  the  variable i n  question, t o  
decrease the probabi l i ty  of producing underestimates of dose commitment 
when using the DCF derived here. 

The  dasc r a t e  ( i n  rem per u n i t  time) fo r  radon and daughters var ies  
mainly with the amount and composition o f  the progeny breathed, the fract ion 
of t ha t  material deposited on the respiratory region of i n t e r e s t ,  and the 
fract ion o f  radiat ion emitted a f t e r  deposition t h a t  penetrates the c r i t i c a l  
c e l l s .  T h i s  l a s t  value, the fract ion penetrating c r i t i c a l  c e l l s ,  was assumed 
t o  be equal t o  unity i n  t h i s  assessment. 

For doses resu l t ing  from inhalation o f  222Rn and i t s  short-1 ived 
daughters, the c r i t i c a l  t i s sue  has been well-documented as being a portion 
of the tracheobronchial ( T B )  t r ee  (Jacobi,  1972;  Walsh and Hamrick, 1 9 7 7 ) .  
According t o  a l i t e r a t u r e  review by Walsh (1930), t h e  calculated dose 
averaged over the bronchial epithelium o f  the e n t i r e  TB t r e e  does not 
d i f f e r  great ly  from the highest doses calculated fo r  spec i f ic  TB regions 
from a uniform deposition o f  a c t i v i t y  i n  each region. The c r i t i c a l  
t i s sue ,  w i t h  respect t o  222Rn and short-l ived daughters, was assumed 
here t o  be the e n t i r e  bronchial epithelium o f  the TB region of the lung. 

The dose commitment fac tor  f o r  222Rn and shor t  -1 ived daughters a l so  
wil l  vary w i t h  the degree of equilibrium of radon progeny with 222Rn.  

For th i s  study, i t  was assumed tha t  radon daughters a re  i n  equilibrium 
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btith 2 2 2 ~ n ,  such t h a t ,  on the average, fo r  hotkt indoor and outdoor 
exposures, f o r  every 1001 p c i / l i t e r  of 2 2 2 ~ n  present i n  the atmosphere, 
there  i s  an associated 0.5 w o r k i n g  level (hlh)* o f  short- l ived radon 
daughters. T h i s  assumption was made based on equilibrium values  found 
i n  the l i t e r a t u r e  for .  typical dwell ings,  f o r  which calculated WL concen- 
t r a t i n n s  of radon progeny seldom exceed 0.50 per ?BO pCi/Iiter of  22ZRa 

(Johnson e6 aZ., 1973). 
pCi/Iiter o f  222Ra results i n  a 7 W t  concentration o f  daughters, i s  
doubtful due t o  removal processes fo r  progeny i n  most environnients 
(Jacsbi,  1972; Johnson e t  ne., 1973).  
outdoor exposures would be expected t o  vary grea t ly  due t o  wide  variat ions 
i n  atmospheric s t a b i l i t y  (Schliein, 1963). 

Other variables a f fec t ing  dose received due t o  inhalation of  radon 
and short- l ived daughters  are aerosol p a r t i c l e  s i zes  and  the f rac t ion  o f  

"f ree"  ions,  o r  those daughters not  attached t o  aerosol particles, b o t h  
o f  w h i c h  a f f e c t  deposition i n  the organ o f  concern, Median diameters o f  
par t i c l e s  w i t h  which a c t i v i t y  a's associated,  a s  measured in ~ ~ ~ n i u r ~  mine 
atmospheres by Harley and  Pasternack ( I 9 7 2 ) ,  a re  r e p o r t e d  ts range 
between 0,2 om and 0.4 prim. 

t h a t  t he  major f rac t ion  o f  radon daughter a c t i v i t y  i s  associated with 
pa r t i c l e s  less than 0.1 pm diameter. In  t h i s  as5essn;ent, < t  was assumed 
t h a t  a l l  pa r t i c l e s  were less than 0.1 prn in diameter, w h i c h  w i l l  tend t o  
rnaxim-ire dose calculat ions w i t h  respect t o  t h i s  parameter, s ince these 
s i z e s  deposit w i t h  g rea te r  eff ic iency i n  the  region o f  concern, the TR 
region of  the l u n g  (Morrow e t  a l . ,  1966). 
would involve dose cdlculat ions based on a c ~ ~ t ~ n ~ ~ o ~ s  d i s t r ibu t ion  o f  
p a r t i c l e  s i z e s ,  b u t  this was n o t  considered necessary due t o  uncertaint ies  
i n v o l v e d  with other  assumptions made concerning the DCF. 
the  unattached f rac t ion  of t o t a l  potent ia l  alpha a c t i v l ' t y  was ctiosen t o  
be 0.1, which may tend t o  overestimate dose ca lcu la t ions ,  
wi l l  ac tua l ly  vary with differences in aerosol cha rac t e r i s t i c s  such as  
~ ~ ~ ~ ~ d ~ t y  and vent i la t ion  r a t e s  (Johnson e t  aZ. , 1973) The unattached 

A conditjon of secular  equilibrium, where 100 

The degree o f  disequi l ibr iunl  fo r  

However, Hanrrick and a l s h  ( l 9 7 4 )  report 

T h e  most accurate assessment 

A value for 

T h i s  value 

f rac t ion  -in this study r e fe r s  t o  the u n c a ~ ~ ~ ~ e d  f rac t ion  o f  t he  t o t a l  
potent ia l  alpha a c t i v i t y ,  ra ther  t h a n  t h a t  f rac t ion  O F  '"Po atoms, a s  
--I_-- * 

1 hlL = any combination o f  radon daughters  which will  r e s u l t  i n  the emission 
o f  1.3 x 105 MeV o f  alpha energy i n  decay through 214~0, per 1 i ter  rsf a i r .  
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is  usually considered, s ince this  designation i s  r e l a t ive ly  independent 
o f  vent i la t ion  r a t e s  (Jacobi,  1973). 

Clearance f r o m  the TB region o f  t h e  l u n g  was neglected f o r  radon 
progeny based on evidence provided by Holleman e t  aZ. (1963) t h a t  i t  i s  
ins igni f icant  f o r  uranium miners. Clearance half-times f o r  the TB a r e  
probably much grea te r  than the shor t  radioact ive ha1 F-1 ives involved i n  
t h e  222Rn decay chain (Wallsh and  Hamrick, 1977). The effective qual i ty  
f ac to r  ( Q F )  used i n  determining a dose commitment f ac to r  f o r  radon 
progeny was 4 rem/rad, a value based on epidemiological data provided by 
the conimittee on the Biological E f f e c t s  of  Ionizing Radiation (National 
Academy of Sciences, 1 9 7 2 ) ,  as  derived by Walsh (Walsh, 1976), and on 
indications tha t  the QF f o r  alpha radiat ion may be lower than 10, a n d  
c loser  t o  3 (Johnson et a l . ,  1973; Walsh, 1976) under these aircimstanccs. 

Under these assumptions, a dose f ac to r  of 5 rctm/lrl&M* may be derived. 
Using s l i gh t ly  d i f f e ren t  assumptions, Jacobi (1973) calculated a f ac to r  
o f  4-5 rem/WLM under- norm1 conditions i n  mines, arid the  B E I R  report  
(National Academy of Sciences, 1972) provides a value o f  5 rern/blLM (0 .5  
rad/MLM w i t h  a Q F  of 10 rem/rad). 
r a t e s  o f  20 l i ters /minute  f o r  uranium miners while a t  work. 
breathing r a t e s  averaged over a 24-hour period would be approximately 
80% of the  miner 's  8--hr/day r a t e  (20 l i ter / i i i inute) ,  calculated by assuming 
20 1 iter/minute f o r  lii-hr/day and 7.5 l i ter/rninute f o r  8-hr/day (Task 
Group o f  Committee 2 ,  1975), thc dose commitment fac tor  should be decreased 
i n  the  same proportion. 
i s  reasonable i n  the  calculat ion of population organ doses from inhalation 
o f  radon and short- l ived progeny. 
f o r  radon daughter equilibrium ( i . e . $  0 .5  WL o f  radon daughters: 100 
pCi / l i t e r  of 222K,), a dose commitment fac tor  of 1.0 mrern/pCi/-rn was 
derived, f o r  c o n t i  nuousexposures , in pci/m3 o f  222Kn , over a one-year 
period. 

These numbers were based on breathing 
Since 

Therefore, i t  seems tha t  the value o f  4 rem/WLM 

Using the previously discussed value 

3 

21 opo B.2 Fifty-Year Dose Commitment Factors f a r  Inhalation of 

Polonium-210, the a1 pha-emitting daughter o f  21 'Pb, may contribute 
t o  the to t a l  inhalation dose received as  a consequence o f  222Rn released 
t o  the atmosphere, Fifty-year dose commitment fac tors  have been derived 
*1 W1.M =-exposure t o  a concentration of 1 IdL f o r  170 hours (8  hours per day, 

5 days per week). Continuous exposure to  1 WL f o r  a month would r e s u l t  i n  
about 4.3 WLM equivalents.  
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on the  basis o f  ava i lab le  metabolic da ta  fo r  21*Po, as detai led i n  
Sects .  2 . 2  and 3.2 o f  th i s  report, and the INREM-I1 computer code (Killough 
st c t l . ,  1978). 
manner by D u n n i n g  e t  nZ. ( i n  preparation).  From these values,  i t  
appears t h a t  lung i s  the  c r i t i c a l  organ fo r  210Po inhalat ion.  

T a b l e  8 l i s t s  these factors  derived f o r  *"Po i n  this  
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Table B.  Fifty-year dose commitment fac tors  for *"Po 
inhalation over one year 

3 Organ rem/llCi inhal eda inrem/pC i -til 

Bone 2.0 1 7  
Lung 40 340 
Liver 1 . 2  10 
Kidneys 7 .1  60 
Who 1 e- body 1 .o 8 - 4  
___  cIL_ ....-._I- ___ --.-. ....--__.I_-- _____I.- 

An a c t i v i t y  niedian aerodynamic diameter of 0.3 11111 was a s s u m ~ d .  a 

NOTE ADDED I N  PRESS - The above dose commitment fac tors  (DCF) are  based 
on ear ly  d r a f t s  o f  a report  by Dunning e t  a l .  ( i n  preparation).  
DCF's given above are  based on a qua l i ty  f a c t o r  ( Q F )  o f  10,  which was 
reeonmended i n  ICRP Pub1 icat ion 2 (Pergamon Press, 1959). 
recent d r a f t s  o f  their  document, h n n i n g  e k  (12. have incorporated recent 
recamnicndations from ICRP Pub1 icat ion 26 (Pergarnon Press, 1977)  regarding 
qua l i ty  fac tors ,  DCF's based on a higher QF o f  20 are  g iven in Appendix 
C o f  the present report. 

The 

In more 
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The dose conversion factors (DCF'S) presented here  are tentative. 

These tentative values are based on a report by Dunning e t  aZ. (in 

preparation) which is still under review. The DCF's given i n  this 

appendix are based on a quality factor ( Q F >  o f  20 f o r  alpha emitters, 

which was recently reconimended in ICRP Pub1 ication 26 (International 

Commission on Radiological Protection, 1977), rather than on the QF o f  

10 which has been used extensively in the past. 
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Tab1 e2C01 a Fifty-year dose commitment factors f o r  
Pb inhalation over a year (QF = 20) 

3 Organ remjpCi i nha7 ed myem/ pC i -m 
_I-_--- _II_ -_I __I.Î 

Bo?-Ie 220 1800 

Lung 11 92 

L i vcrr 3 . 4  29 

Kidneys 4.4 37 

Who1 e-body I f ,  130 
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Table C . 2 .  F i f t y - y e a r  dose cornmitment f a c t o r s  f o r  210Pb i n g e s t i o n  (QF = 20) 

Organ of  
reference 

rern/vCi 
i nges ted  

~~ 

Bone 
Kidney 

L i v e r  
Wtml e-body 

100 
0.96 

1.44 
7 . 5  
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Table C.3. Fifty-year dose commitment&ctors f o r  one yea r ’ s  
inhalation and ingestion of Ra (QF = 20) 

In ha1 a t iona - Ingestion 
rnrem/pCi-m 3 rern/uC i Organ 

i n  a l-year period renr/pCi 
-_II--- 

Bane 
Lung 

49 
95 

41 0 
808 

43 
1.3  IO-^ 

Liver 0.68 5.7 0.60 
Kidney 0.68 5.1 

Who1 e body 20 170 
0.60 

16 
I 

“0.3 Lrn AMAD, Solubi l i ty  Class W. 
’Based on inhalation r a t e  23 rn 3 /day. 
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T a b l e  C.4. Fifty-year dose commitment fac tors  f o r  *"Po 
i n h a l a t i o n  over one year  ( Q F  = 20) 

mrem/pCi -my 2 Organ rern/uCi inhaledn 

B O W  

Lung 
L i v e r  
Kidneys 
Who1 e-body 

3.9 
78 

2.4 

1 4  
2.0 

33 
650 

20 
120 

17  

A n  a c t i v i t y  median aerodynamic diameter  o f  0.3 urn was assumed. ci 
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