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ABSTRACT 

External dose equivalents and internal dose commitments were esti- 
mated for individuals and populations from annual distribution, use, 

and disposal o f  10 million ionization chamber smoke detectors that con- 

tain 110 kBq ( 3  pCi)  americium-241 each. Under exposure scenarios 

developed for normal distribution, use, and disposal us ing  the best 

available information, annual external dose equivalents to average 

individuals were estimated to range from 4 fSv (0.4 prem) t o  20 nSv 

( 2  prem) for total body and from 7 fSv Lo 40 nSv f o r  bone. Internal 
dose commitments to individuals under post disposal scenarios were 

estimated to range from 0.006 to 80 pSv (0.0006 t o  8 mrem) t o  total 
body and from 0.06 to 800 IJSV to bone. 

The total collective dose (the sum o f  external dose equivalents 

and 50-year internal dose commi tments) f o r  all individuals involved 

with distribution, use, o r  disposal of 10 million smoke detectors was 
estimated to be about 0.38  person-Sv ( 3 8  person-rem) to total body and 

1.3 bone-Sv (130 bone-rem) 

I '  

. . . I  

vi i 





SUMMARY 

Ionization chamber smoke detectors contain small amounts, typi- 

cally 110 kBq ( 3  pCi), o f  the radioactive material, 241Arn. Therefore, 

they are potential sources of radiation exposure t o  the general public. 
This report presents estimates of external radiation dose equivalents 

and internal 50-year dose commitments that might be received by indi- 

viduals and the population of the United States from annual distribu- 

tion, use, and disposal o f  1 0  million ionization chamber smoke detec- 
tors. Although considerable uncertainty exists in these estimates, 
they indicate typical and maximum radiological -impacts o f  smoke detec- 

tors on various population groups (distribution workers, store customers, 
residential users, etc.). 

Persons who might be exposed t o  the smoke detectors were divided 
into functionally related groups. 

for a representative individual from each group. The scenarios were 

then used to calculate doses (external dose equivalents or internal 
50-year dose commitments) to the group members. Individual doses were 

summed to obtain population doses. 

An exposure scenario was constructed 

Exposure scenarios were constructed from information on domestic 

smoke detector use obtained from the literature and U .  S. Nuclear Regu- 
latory Commission's licensing files. These scenarios represented groups 

of persons involved in transport, distribution, use, and disposal o f  

smoke detectors. In addition, consideration was given to persons who 
could be exposed to the radiation from smoke detectors incidentally and 

accidentally during transport, distribution, disposal, and unusual 

circumstances. 

Table 1 is a summary o f  potential external dose equivalents and 

internal dose commitments to total body and bone (the critical organ) 

o f  the individuals and population groups considered in this assessment. 
Under normal conditions, average external dose equivalents to individ- 

uals were estimated to range from 4 fSv (0.4 prem) to 20 nSv (2 prem) 

to total body, and from 7 fSv to 40 nSv to bone. Highest total-body 

dose equivalents (80 nSv) were calculated for 14 local delivery truck 

drivers. These same individuals could receive dose equivalents o f  160 
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Tab1 e 1. (cont inued)  

To t o t a l  body To bone Number 

persons Average person-Sv Average bone-Sv 
o f  I n d i v i d u a l ,  Sv C o l l e c t i v e ,  I n d i v i d u a l ,  Sv C o l l e c t i v e ,  

Warehouse f i r e  e 8E-5' e 8E-4b e 

Home f i r e  7E+3 3E-7b 2E-3b 3E-@ 2E-2' 

Cleanup a f t e r  f i r e  e 6€-@ e 6E-8' e 

Foil i n g e s t i o n  b ,-a 5E-4b c 6E-3 c 5 

X 
-I. 

"Read as 5 x l o J .  
b50-year dose commitments f rom i n g e s t i o n  o r  i n h a l a t i o n  o f  241Am d u r i n g  one year .  

T h i s  n o t a t i o n  i s  used i n  o t h e r  t a b l e s  i n  t h i s  r e p o r t .  

Not est imated.  c 



nSv t o  bone. R e s i d e n t i a l  users o f  smoke d e t e c t o r s  were es t ima ted  t o  

r e c e i v e  s l i g h t l y  l ower  dose e q u i v a l e n t s :  3 t o  50 nSv (0.9 t o  5 ~ ~ r e m )  

t o  t o t a l  body, and f rom 20 t o  100 nSv (2  t o  10 prem) t o  bone. 

I n t e r n a l  dose coinmi tments t o  i n d i v i d u a l s  under p o s t  d i s p o s a l  and 

unusual scenar ios  ( e x c l u d i n g  f o i l  i n g e s t i o n )  were es t ima ted  t o  range 

f rom 6 pSv t o  80 pSv (0.6 nrem t o  8 I i ren)  t o  t o t a l  body and f rom 70 pSv 

t o  800 pSv (7  nrem t o  80 m r e m )  t o  bone. The h i g h e s t  i n d i v i d u a l  i n t e r -  

n a l  dose commitments i n  t h i s  group were f o r  f i r e f i g h t e r s  a t  warehouse 

f i r e s ,  

T o t a l  anniml c o l l e c t i v e  doses ( t h e  sum o f  e x t e r n a l  dose equiva-  

l e n t s  and 50-year i n t e r n a l  dose commitments) f o r  a l l  i n d i v i d u a l s  

i n v o l v e d  w i t h  d i s t r i b u t i o n ,  use, o r  d i s p o s a l  o f  10 m i l l i o n  smoke detec-  

t o r s  was es t ima ted  t o  be about  0.38 person-Sv (38 person-rem) t o  t o t a l  

body and 1 . 3  bone-Sv (130 bone-rem). 

When compared w i t h  t y p i c a l  annual r a d i a t i o n  doses from o t h e r  

sources o f  exposure (Table Z ) ,  t h e  doses p o t e n t i a l l y  assoc ia ted  w i t h  

t r a n s p o r t ,  d i s t r i b u t i o n ,  use, and d i s p o s a l  o f  I C S D s  a re  q u i t e  low. The 

es t ima ted  annual c o l l e c t i v e  dose assoc ia ted  w i t h  10 m i l l i o n  ICSCIs 
appears t o  be s i x  o r d e r s  o f  magnitude lower  than t h a t  f rom n a t u r a l  

r a d i a t i o n .  I n d i v i d u a l  doses from normal exposures t o  ICSDs range from 

4 t o  12 o r d e r s  o f  magnitude lower  than  doses f r o m  t h e  o t h e r  sources. 

x i  i 



Table 2. Summary of annual total-body radiation doses from 
various sources in the United States 

Source 
Population dose 
equivalents 

dose equivalents (Sv) (person- Sv) 
Average individual 

Environmental 

Natural 
Global fa1 l o u t  
Nuclear power 

Subtotal 

Medical 

Diagnostic 
Radiopharmaceuticals 

Subtotal 

Occupational 

M i  scell aneous 

Total 

ICSOs (normal events) 

1.OE-3 
4.OE-5 
3.OE-8 

2.1E+5 
8.2E+3 
7.0 

1.1E-3 

7.2E-4 
1.OE-5 

7.3E-4 
-_I__ 

8.OE-6 

2.OE-5 

1.. 8E-3 

4.OE-15 to 
7.OE-8 

2.2E+5 

1 5E+5 
2.OE+3 

1.5E+5 

1.6E+3 

5.0€+3 
3.7E+5 

3.8E-1 

Source: National Academy o f  Sciences, National Research Council, 
The Effects on Population o f  Exposure t o  Low Levels o f  
Ionizing Radiation, Report o f  the Advisory Committee 
on the Biological Effects of Ionizing Radiations, 
Washington, D.C.  20006 (November 1972). 
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1. INTRODUCTION 

R e s i d e n t i a l  f i r e s  r a n k  as t h e  second most f r e q u e n t  cause o f  a c c i -  

d e n t a l  death  i n  t h e  home i n  t h e  IJ. S. E a r l y  d e t e c t i o n  o f  home f i r e s  

can be a key element i n  reduc ing  t h i s  t o l l  on l i f e  and t h e  assoc ia ted  

p r o p e r t y  losses.  S ince 1969, over  25 m i l l i o n  i o n i z a t i o n  chamber smoke 

d e t e c t o r s  (ICSDs) have been d i s t r i b u t e d  i n  t h e  U n i t e d  Sta tes .  Almost 

a l l  o f  these ICSDs con ta ined  smal l  amounts o f  t h e  r a d i o a c t i v e  m a t e r i a l  

americium-241 (241Am), t hus  making ICSDs p o t e n t i a l  sources o f  exposure 

t o  t h e  genera l  p u b l i c  f rom i o n i z i n g  r a d i a t i o n .  

Because 241Am i s  c l a s s i f i e d  as a "byproduc t  m a t e r i a l , ' '  i t s  use i s  

r e g u l a t e d  by t h e  U. S. Nuc lea r  Regu la to ry  Commission (NRC). Cu r ren t  

(1980) r e g u l a t i o n s  r e q u i r e  t h a t  manufacture and i m p o r t  o f  ICSDs be 

l i c e n s e d ,  b u t  p l a c e  no r e s t r i c t i o n s  on t h e i r  r e c e i p t ,  possess ion,  use, 

t r a n s f e r ,  and a c q u i s i t i o n  ( i . e . ,  these a c t i o n s  a r e  exempt f rom regu- 

l a t i o n  and requ i rements  f o r  a l i c e n s e )  (Code o f  Federa l  Regu la t ions ,  

1980). 

T h i s  r e p o r t  was prepared w i t h  funds s u p p l i e d  b y  t h e  NKC under 

In te ragency  Agreement No. DOE 40-543-75. Suppor t  was p r o v i d e d  by t h e  

O f f i c e  o f  Eng ineer ing  Standards, D i v i s i o n  o f  Eng ineer ing  Standards, 

which was t r a n s f e r r e d  d u r i n g  A p r i l  1981 t o  the  O f f i c e  o f  Nuc lear  Regula- 

t o r y  Research, D i v i s i o n  o f  R isk  Ana lys i s .  T h i s  r e p o r t  c o n t a i n s  e s t i -  

mates o f  r a d i a t i o n  dose e q u i v a l e n t s  t h a t  m i g h t  be r e c e i v e d  by t h e  

popu la t l ion  o f  t h e  U n i t e d  S ta tes  d u r i n g  u n r e s t r i c t e d  t r a n s p o r t ,  d i s t r i -  

b u t i o n ,  use, and d i sposa l  o f  10 m i l l i o n  ICSDs t h a t  c o n t a i n  110 kBq 

(3 pC i )  o f  241Am each. I t  complements, adds t o ,  and suppor ts  o t h e r  

p u b l i s h e d  smoke d e t e c t o r  s t u d i e s  (Wrenn and Cohen, 1979; Belanger ,  

Buck1 ey, and Swenson , 1979). 
I n f o r m a t i o n  concern ing  manufacture,  t r a n s p o r t ,  and d i s t r i b u t i o n  o f  

ICSDs was ob ta ined  from t h e  N R C ' s  l i c e n s i n g  f i l e s .  T h i s  i n f o r m a t i o n  

and t h a t  g leaned from a v a i l a b l e  l i t e r a t u r e  was used t o  c o n s t r u c t  rep re -  

s e n t a t i v e  scenar ios  ( s e t s  o f  exposure c o n d i t i o n s )  f o r  t r a n s p o r t ,  d i s -  

t r i b u t i o n ,  use, and d i sposa l  o f  smoke d e t e c t o r s .  The r e s u l t a n t  se ts  o f  

c o n d i t i o n s  were t h e  bases f o r  c a l c u l a t i n g  r a d i a t i o n  doses t o  exposed 

persons.  

1 



2 

S e c t i o n  2 o f  t h i s  r e p o r t  c o n t a i n s  a d e s c r i p t i o n  o f  ICSDs and an 

e x p l a n a t i o n  o f  t h e i r  o p e r a t i o n .  S e c t i o n  3 c o n t a i n s  a d i s c u s s i o n  o f  t h e  

s t r a t e g y  and methods used t o  e s t i m a t e  r a d i a t i o n  doses t o  man. S e c t i o n  4 

c o n t a i n s  es t ima tes  o f  r a d i a t i o n  dose e q u i v a l e n t s  t o  persons from expo- 

sures t h a t  may occur  d u r i n g  t r a n s p o r t ,  d i  s t r i b u t i  on , use, and d i s p o s a l  

o f  ( i n c l u d i n g  f i r e s  and unusual events) .  Each o f  these s e c t i o n s  con- 

t a i n s  s p e c i f i c a t i o n s  o f  t h e  exposure c o n d i t i o n s  used t o  make t h e  dose 

es t ima tes .  T h i s  done i n  r e c o g n i t i o n  o f  t h e  f a c t  t h a t  we s e l e c t e d  f o r  

use i n  t h i s  assessment a sma l l ,  r e p r e s e n t a t i v e  ( n e i t h e r  wors t  no r  b e s t )  

sample o f  t h e  i n f i n i t e l y  l a r g e  number o f  p o s s i b l e  scenar ios .  

I n  compl iance w i t h  t h e  o f f i c i a l  p o l i c y  o f  t h e  Oak Ridge N a t i o n a l  

Labora to ry ,  t h i s  r e p o r t  uses t h e  I n t e r n a t i o n a l  System o f  U n i t s  ( S I ) .  
The r e l a t i o n s h i p  between t h e  new S I  u n i t s  and t h e  p r e v i o u s l y  used u n i t s  

f o r  t h e  r a d i a t i o n  q u a n t i t i e s  found i n  t h i s  r e p o r t  a r 2  g i v e n  i n  Table 3. 

For  convenience, t h e  numerical  va lues o f  p r e f i x  symbols used i n  t h i s  

r e p o r t  a r e  g i v e n  i n  Table 4. 

2. PRODUCT INFORMATION 

I n f o r m a t i o n  ob ta ined  from t h e  NAC i n d i c a t e s  t h a t  app rox ima te l y  

25 m i l l i o n  ICSDs were d i s t r i b u t e d  throughout  the  U n i t e d  S ta tes  between 

1969 and 1978 (Table 5).  These d e t e c t o r s  a r e  designed t o  p r o t e c t  l i f e  

o r  p r o p e r t y  by sounding an a larm when a i r b o r n e  p roduc ts  o f  combustion 

f rom a f i r e  reach a predetermi  tied c o n c e n t r a t i o n .  The r e 1  a t i v e  m e r i t s  

of a v a i l a b l e  smoke d e t e c t o r  types ( I C S D s  and o t h e r s )  a r e  n o t  o f  concern 

i n  t h i s  r e p o r t .  They have been d iscussed amply elsewhere (Relanger,  

Buck1 ey , and Swenson, 1979 ; Organi z a t i  on f o r  Economi c Cooperat i  on and 

Development, 1977; USNRC, 1978; Wrenn and Cohen, 1979; and t h e  many 

re fe rences  c i t e d  i n  these r e p o r t s ) .  These s t u d i e s  f i n d  t h a t  t h e  

v a r i o u s  d e t e c t o r  types coinplement each o t h e r ,  and a r e  a l l  b e n e f i c i a l  

under c e r t a i n  cond. i t ions.  (Most f i r e  p r e v e n t i o n  exper- ts recommend 

i n s t a l l a t i o n  o f  b o t h  an I C S D  and a p h o t o e l e c t r i c  d e t e c t o r  i n  t h e  home.) 

An I C S D  c o n s i s t s  e s s e n t i a l l y  o f  an i o n i z a t i o n  chamber, e l e c t r o n i c  

c i r c u i t r y ,  an AC power supply  o r  b a t t e r y ,  an alarm, and an o u t e r  case. 
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Table 3. R e l a t i o n s h i p s  between some SI u n i t s  and p r e v i o u s l y  used u n i t s  

Q u a n t i t y  SI u n i t  
and symbol 

Prev ious  u n i t  Convers ion f a c t o r  
and symbol , 

A c t i v i t y  becquere l  , Bq c u r i e ,  C i  1 Bq = 2.7E-11 C i  

Dose e q u i v a l e n t  s i e v e r t ,  Sv rem 1 Sv = 100 rem 

Energy j o u l e ,  J e l e c t r o n  v o l t ,  eV 1 J = 6.2E+18 eV 

Table 4. Values o f  p r e f i x  symbols used 
i n  t h i s  r e p o r t  

_ _  

P r e f i x  Value P r e f i x  Va lue  

a m 

f 10- l~  k 
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The i o n i z a t i o n  chamber i s  t h e  c e n t r a l  component. I t  c o n t a i n s  a source 

o f  i o n i z i n g  r a d i a t i o n  (“ IAm) p o s i t i o n e d  between two o p p o s i t e l y  charged 

e l e c t r o d e s .  Alpha p a r t i c l e s  e m i t t e d  d u r i n g  r a d i o a c t i v e  decay o f  t h e  

241Am i n t e r a c t  w i t h  n e u t r a l  a i r  molecules f 1 owing th rough  t h e  chamber 

and i o n i z e  them p o s i t i v e l y  by  e j e c t i n g  an e l e c t r o n .  The e j e c t e d  e l e c -  

t r o n s  form n e g a t i v e  i o n s  by at tachment  t o  n e u t r a l  a i r  molecules.  The 

r e s u l t i n g  i o n s  a r e  a t t r a c t e d  toward t h e  o p p o s i t e l y  charged e l e c t r o d e ,  

t hus  e s t a b l i s h i n g  a sma l l ,  reasonab ly  s teady e l e c t r i c  c u r r e n t  between 

t h e  e l e c t r o d e s .  The e l e c t r o n i c  c i r c u i t r y  mon i to rs  t h i s  c u r r e n t  and, 

when t h e  c u r r e n t  changes by  more than  a predetermined amount, t r i g g e r s  

t h e  a larm.  

Under normal c o n d i t i o n s ,  i o n  p r o d u c t i o n  and removal a r e  i n  e y u i l i b -  

r ium.  However, i f  t h e  a i r  e n t e r i n g  t h e  i o n i z a t i o n  chamber c o n t a i n s  

p a r t i c l e s  ( v i z . ,  combustion p roduc ts )  t h a t  a r e  much more massive than  

t h e  a i r  molecules,  t h i s  e q u i l i b r i u m  w i l l  be d i s tu rbed .  The more 

massive p a r t i c l e s  cap tu re  some o f  t h e  i o n s  and e l e c t r o n s  i n  t h e  cham- 

be r .  Because they  a r e  more massive, t h e  r e s u l t i n g  charged p a r t i c l e s  

move toward t h e  e l e c t r o d e s  more s l o w l y  than  do t h e  io r is .  T h i s  a l l o w s  

some of  t h e  p a r t i c l e - i o n  p a i r s  t o  be swept o u t  o f  t h e  chamber by t h e  

a i r f l o w  be fo re  reach ing  t h e  a p p r o p r i a t e  e l e c t r o d e .  The n e t  e f f e c t  i s  a 

r e d u c t i o n  i n  t h e  i o n i z a t i o n  chamber c u r r e n t .  When t h e  c u r r e n t  drops 

below a predetermined l e v e l ,  t h e  a la rm w i l l  sound. 

Some ICSDs c o n t a i n  two i o n i z a t i o n  chambers. One chamber a c t s  as a 

re fe rence ,  t h e  o t h e r  as a measurement chamber. The re fe rence  chamber 

i s  c o n s t r u c t e d  t o  p r e v e n t  e n t r y  o f  combustion p roduc ts  and, thus ,  

mon i to rs  o n l y  ambient a i r .  The measurement chamber a c t s  as the  s i n g l e  

u n i t  desc r ibed  above. I n  t h i s  des ign ,  t h e  e l e c t r o n i c  c i r c u i t r y  senses 

d i f f e r e n c e s  between the  c u r r e n t  f l o w s  i n  t h e  two chambers. I f  the  c u r -  

r e n t  i n  t h e  measurement chamber drops below t h a t  i n  t h e  re fe rence  cham- 

b e r  by  a p redetermined amount, t he  a la rm w i l l  sound. 

Table 5 i s  a summary o f  241Am-containing ICSD d i s t r i b u t i o n  i n  t h e  

U n i t e d  S ta tes .  S ince  becoming g e n e r a l l y  a v a i l a b l e  d u r i n g  1969, t h e  

number o f  ICSDs d i s t r i b u t e d  each y e a r  has i nc reased  r a p i d l y ,  and su r -  

passed 14 m i l l i o n  i n  1978. 
has decreased f rom 2.9 MBq (79 p C i )  i n  1970 t o  0.12 MBq (3.2 p C i )  i n  

The average 2 4 1 A m  con ten ts  o f  t h e  d e t e c t o r s  



t u r e  o f  ICSDs o r  t h e  amer i c ium-con ta in ing  f o i l s .  (See U. 5 .  Nuc 

Regulatory  Commission, 1978, f o r  an assessment. ) F i n i s h e d  ICSDs 

packaged and d i s t r i b u t e d  as o r d i n a r y  consumer p roduc ts .  Wrapped 

1978. Manu fac tu re rs '  p r o j e c t  t h a t  t h e  numer ica l  d i s t r i b u t i o n  w i  11 

l e v e l  o f f  below t h e  1978 va lue,  and t h a t  t h e  average 241Am c o n t e n t  o f  

lCSOs w i l l  c o n t i n u e  t o  decrease (Belanger,  Buck ley,  and Swenson, 1979). 

The number o f  l i c e n s e d  d i s t r i b u t o r s  has also i nc reased  s i g n i f i c a n t l y  

s i n c e  1975. 

The sources o f  i o n i z i n g  r a d i a t i o n  used i n  ICSDs c o n s i s t  o f  1- t o  

3-mm wide s t r i p s  o r  5-mm diameter  d i s c s  t h a t  a r e  c u t  o r  punched f rom a 

0.2-mrn t h i c k  composite. The composi te c o n s i s t s  o f  a 0.002-mm-thick 

m i x t u r e  o f  g o l d  and 241Am t h a t  i s  h o t - f o r g e d  onto a 0.2-mm-thick s i l v e r  

back ing  and covered by a 0.001- t o  0.002-mm-thick g o l d  f o i l .  

We d i d  n o t  assess, a t  ou r  sponsor's ( t h e  NRC's)  r e q u e s t ,  manufac- 

e a r  

a re 
i n  a 

p l a s - t i c  bag, each d e t e c t o r  i s  boxed s i n g l y ,  t h r e e  boxes t o  a ca r ton .  

Most smoke d e t e c t o r s  a re  purchased from r e t a i l  s t o r e s  and i n s t a l l e d  i n  

homes. A l l  smoke d e t e c t o r s  a r e  mounted manual ly  on c e i l i n g s  o r  w a l l s  - 

u s u a l l y  one o r  two p e r  home i n  h a l l s  o r  bedrooms. Once i n s t a l l e d ,  t h e  

smoke d e t e c t o r s  should be ma in ta ined  by  r e p l a c i n g  b a t t e r i e s  ( f o r  those 

which r e q u i r e  b a t t e r i e s ) ,  t e s t i n g  t h e  alarm, and c l e a n i n g  a i r  i n t a k e s .  

i t a i  ned smoke d e t e c t o r s  shoul ci 

end o f  t h e i r  u s e f u l  l i f e ,  most 

d waste, and. may be rep laced  

Manufacturers  es t ima te  t h a t  p r o p e r l y  mai 

have a u s e f u l  l i f e  o f  .ten yea rs .  A t  t h e  

d e t e c t o r s  a r e  d i sca rded  as domest ic sol  
w i t h  new d e t e c t o r s ,  

3. ASSESSMENT STRATEGY 

The purpose o f  t h i s  s tudy  was t o  p r o v i d e  a b a s i s  f o r  e s t i m a t i n g  

p o t e n t i a l  r a d i a t i o n  dose e q u i v a l e n t s  t o  i n d i v i d u a l s  and t h e  populat , fon 

o f  t h e  U n i t e d  S ta tes  f r o m  ICSDs. To do t h i s ,  average dose e q u i v a l e n t s  

( h e r e a f t e r  s imp ly  c a l l e d  doses) t o  t o t a l  body, bone ( s k e l e t o n ) ,  and, i n  

some cases, l ungs  were c a l c u l a t e d  w i t h  t h e  a i d  o f  t h e  CONDOS method- 

o logy  and computer code (O'Donnel l  e t  a l . ,  1981) f o r  annual t ranspor t . ,  

d i s t r i b u t i o n ,  use, and d i s p o s a l  o f  10 m i l l i o n  ICSDs t h a t  c o n t a i n  3 pCi  



o f  241Am each. As p r e s c r i b e d  by  t h e  methodology, t h e  p o p u l a t i o n  was 

d i v i d e d  i n t o  f u n c t i o n a l l y  r e l a t e d  groups o f  persons. Each group was 

represented  by  a t y p i c a l  i n d i v i d u a l  who was assumed t o  be exposed t o  

ICSDs under a s e t  o f  exposure events  desc r ibed  i n  Sect .  4 and Appen- 

d i x  A. The computer code and t h e  exposure c o n d i t i o n s  were used t o :  

(1) c a l c u l a t e  e x t e r n a l  dose e q u i v a l e n t s  and i n t e r n a l  dose commitments 

t o  i n d i v i d u a l  group members; (2 )  sum i n d i v i d u a l  doses t o  g i v e  group 

p o p u l a t i o n  doses; and (3)  sum group doses t o  g i v e  o v e r a l l  p o p u l a t i o n  

doses. 

P o p u l a t i o n  groups cons idered i n c l u d e :  (1) t r u c k  d r i v e r s ,  t r u c k -  

t e r m i n a l  workers,  and persons a long  t r u c k  r o u t e s  who c o u l d  be exposed 

d u r i n g  t r a n s p o r t  o f  ICSDs f rom 7 s u p p l i e r s  t o  70 l a r g e  r e t a i l  s t o r e  

warehouses and 700 w h o l e s a l e - d i s t r i b u t i o n  warehouses; (2)  warehouse 

workers,  t r u c k  d r i v e r s ,  r e t a i l  s t o c k  and sa les  c l e r k s ,  s t o r e  customers, 

and persons a long  t r u c k  r o u t e s  who c o u l d  be exposed d u r i n g  h a n d l i n g  o f  

ICSDs i n  t h e  warehouses, t r a n s p o r t  f rom t h e  warehouses t o  21,000 l a r g e  

c h a i n  s t o r e s  and 210,000 smal l  r e t a i l  s t o r e s ,  and h a n d l i n g  and s a l e  i n  

t h e  r e t a i l  s t o r e s ;  (3) persons who c o u l d  be exposed d u r i n g  use o f  ICSDs 
i n  res idences ;  (4) persons who c o u l d  be exposed d u r i n g  and a f t e r  d i s -  

posa l  o f  broken ICSDs; and (5 )  persons exposed d u r i n g  a r e s i d e n t i a l  o r  

warehouse f i r e .  S e c t i o n  4 c o n t a i n s  d e s c r i p t i o n s  o f  each group cons id -  

e red  and l i s t i n g s  o f  t h e  exposure c o n d i t i o n s  assumed f o r  each group. 

E x t e r n a l  doses a r e  t h e  r e s u l t  o f  exposures t o  photons e m i t t e d  

d u r i n g  r a d i o a c t i v e  decay o f  t h e  241Am con ta ined  i n  sources ( v i z . ,  ICSDs 
and a i r )  e x t e r n a l  t o  t h e  bod ies  o f  exposed i n d i v i d u a l s .  E x t e r n a l  dose 

e q u i v a l e n t s  g i v e n  i n  t h i s  r e p o r t  a r e  t h e  sums o f  doses r e c e i v e d  d u r i n g  

one y e a r  o f  such exposures. I n t e r n a l  dose commitments a r e  t h e  r e s u l t  

o f  exposures t o  a l l  r a d i a t i o n s  (photons, a lpha,  b e t a  p a r t i c l e s )  e m i t t e d  

by n u c l i d e s  taken  i n t o  t h e  bod ies  o f  exposed persons v i a  i n h a l a t i o n  and 

i n g e s t i o n .  I n t e r n a l  doses g i v e n  i n  t h i s  r e p o r t  a r e  50-year dose com- 

mi tments,  t h a t  i s ,  t h e  sums o f  doses r e c e i v e d  over  t h e  succeeding 50 

yea rs  f rom r a d i o n u c l i d e s  i n h a l e d  and inges ted  d u r i n g  t h e  y e a r  cons id -  

ered.  

A l l  doses were c a l c u l a t e d  u s i n g  t h e  CONDOS I1 computer code 

(O'Donnel l  e t  a l . ,  1981). CONDOS c a l c u l a t e s  e x t e r n a l  doses f rom d i r e c t  



exposures t o  p h y s i c a l  o b j e c t s  ( e . g . ,  ICSDs) and immersion i n  contami-  

nated a i r ,  and i n t e r n a l  doses f rom i n h a l a t i o n  and i n g e s t i o n  o f  r a d i o -  

n u c l i d e s  re leased  f rom I C S D s .  I n  a l l  cases, t h e  dose c a l c u l a t i o n s  a r e  

based on a p p r o p r i a t e  i n p u t  data.  

CONDOS so l ves  s tandard source geometry equa t ions  t o  c a l c u l a t e  

doses f rom p h y s i c a l  o b j e c t s .  Dose-rate convers ion  f a c t o r s  (Kocher, 

1980) a r e  used t o  c a l c u l a t e  doses from immersion i n  contaminated a i r ,  

A l l  organ doses from e x t e r n a l  exposures a r e  based on f a c t o r s  d e r i v e d  

from es t ima tes  by Poston and Snyder (19.74) o f  absorbed dose r a t e s  i n  

t h e  organs f o r  monoenergeti  c photons em.i t t e d  by r a d i  oni ic l  i d e s  d i  spersed 

un - i f o rm ly  i n  a s e m i i n f i n i t e  a i r  space. A l l  r a d i o n u c l i d e  decay da ta  

used i n  t h e  dose c a l c u l a t i o n s  were taken  from Kocher (1377). 

CONQOS I1 uses a b r e a t h i n g  r a t e  o f  0 .9  m3/h and o r g a n - s p e c i f i c  

50-year dose-conversion f a c t o r s  f rom Dunning e t  a l .  (1379) t o  c a l c u l a t e  

i n t e r n a l  doses f rom i n h a l a t i o n  o f  r a d i o n u c l i d e s .  I n g e s t i o n  doses a r e  

c a l c u l a t e d  m i n g  i n p u t - s p e c i f i e d  q u a n t i t i e s  o f  i n g e s t e d  r a d i o n u c l i d e s  

and o r g a n - s p e c i f i c  50-year dose-conversion f a c t o r s  f rom Ounning e t  a l .  

(1979). Both s e t s  o f  i n t e r n a l  dose-conversion f a c t o r s  were d e r i v e d  

u s i n g  a q u a l i t y  f a c t o r  o f  1 0  f o r  a lpha  p a r t i c l e s .  Table 6 i s  a l i s t i n g  

f o r  241Am o f  i t s  r a d i o a c t i v e  h a l f - 1  i f e ,  photon and b e t a - p a r t i c l e  

spec t ra ,  and immersion, i n h a l a t i o n ,  and i n g e s t i o n  dose-conversion 

f a c t o r s  f o r  n i n e  body organs and t i s s u e s .  (The i n h a l a t i o n  and inges- 

t i o n  dose-conversion f a c t o r s  f o r  endosteal  bone c e l l  s a re  -2-3 t imes 

h i g h e r  than  those f o r  bone, which were used i n  t h i s  assessment.) 

Americium-241 has a r a d i o a c t i v e  h a l f - l i f e  o f  433 y e a r s  and decays 

by emiss ion o f  a lpha  p a r t i c l e s  and gaiiiina and x - r a y  photons t o  237Np 

which has a h a l f - l i f e  o f  about 2 x l o 6  years .  Neptunium-237 has a 

l e n g t h y  decay c h a i n  b u t ,  due t o  i t s  l o n g  h a l f - l i f e ,  would n o t  app rec i -  

a b l y  a f f e c t  the dose es t ima tes  i n  t h i s  r e p o r t ,  Therefore,  i t  was n o t  

i n c l u d e d  i n  t h i s  assessment. 

Once i n h a l e d  o r  i nges ted ,  24aArn  depos i ted  i n  t h e  l u n g  o r  t h e  

g a s t r o i n t e s t i n a l  t r a c t  may be absorbed i n t o  t h e  b l o o d  and d i s t r i b u t e d  

t o  d i f f e r e n t  body organs, p r i n c i p a l l y  bone and l i v e r .  I n  ICRP-13 ( I C R P ,  

1372), i t  i s  assumed t h a t  45% o f  241A~11 i s  depos i ted  on bone su r faces ,  

45% i n  t h e  l i v e r ,  and 10% i n  o t h e r  t i s s u e s .  Based on animal s t u d i e s ,  



Table 6. Data for Am-241 (Radioactive half-life = 4.33E+02 Y ) .  

Dose-conversion factors 

Photon Beta particle Immersion 
(Sv/Y PER Ingestion Inhalation 

(Sv/Bq 1 (Sv/Bq) Bq/cm3 1 
Energy Intensity Energy Intensity Organ 
(PJ) ( P J )  

0.16 
0.24 
0.32 
0.48 
0.64 
0.80 
0.96 
1.12 
1.28 
1.44 
1.60 
2.40 
3.20 
4.81 
6.41 
8.01 
9.61 
11.21 
12.82 
14.42 
16.02 
24.03 
32.04 
48.06 
64.08 

. 0000 

.2800 

. 0000 

.0269 

.oooo 

. 0000 

.3630 

. 001 7 

.oooo 

. 0000 

. 0000 

. 0000 

. 0000 

.oooo 

.oooo 

. 0000 

. 0000 

. 0000 

. 0000 

.oooo 

.oooo 

. 0000 

. 0000 

.oooo 

.oooo 

1.60 . 0000 
3.20 . 0000 
4.81 .oooo 
6.41 .oooo 
8.01 .oooo 
9.61 .oooo 
11.21 .oooo 
12.82 .oooo 
14.42 .oooo 
16.02 . 0000 
17.62 .oooo 
19.22 .oooo 
20.83 .oooo 
22.43 .oooo 
24.03 .oooo 
25.63 .oooo 
27.23 .oooo 
28.84 .oooo 
30.44 .oooo 
32.04 .oooo 
33.64 .oooo 
35.24 .oooo 
36.85 .oooo 
38.45 . 0000 
40.05 .oooo 

Total body 
Skin 
Bone 
Testes 
Ovaries 
Liver 
Kidneys 
Lungs 
GI Tract 

4.32E-07 
0.00E+OO 
5.13E-06 
1.16E-07 
1.16E-07 
2.30E-06 
2.97E-07 
3.43E-11 
2.97E-09 

2.40E-05 
0.00E+00 
2.55E-04 
5.67E-06 
5.67E-06 
1.13E-04 
1.46E-05 
8.45E-05 
1.76E-08 

2.81E-02 
3.70E-02 
5.73E-02 
2.42E-02 
1.48E-02 
1.69E-02 
1.75E-02 

1.70E-02 
2.06E-02 ul 
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241Am i s  expected t o  remain i n  body organs w i t h  h a l f - t i m e s  r a n g i n g  

be.tween 40 and 100 yea rs .  

The i n h a l a t i o n  dose-conversion f a c t o r s  were d e r i v e d  (Dunning 

e t  a l . ,  1979) u s i n g  t h e  I n t e r n a t i o n a l  Coriiriiission on R a d i o l o g i c a l  Protec-  

t i o n  ( I C R P )  t a s k  group l u n g  model (Morrow e t  a l . ,  1966) and parameters 

f rom I C R P  P u b l i c a t i o n  19 ( I C R P ,  1972). R e t e n t i o n  o f  r a d i o n u c l i d e s  i n  

organs o t h e r  than  t h e  r e s p i r a t o r y  t r a c t  was modeled by l i n e a r  combina- 

t i o n s  o f  up t o  f i v e  decaying exponen t ia l  f u n c t i o n s .  The f a c t o r s  used 

i n t h i s  assessment correspond t o  those f o r  p a r t i c l e s  hav ing  a c t  i v i  ty 

rnedian aerodynamic d iameters o f  1 . 0  pm and t h e  y s o l u b i l i t y  c l a s s i f i -  

c a t i o n  which has t h e  h i g h e s t  l u n g  dose-conversion f a c t o r .  

The i n g e s t i o n  dose-conversion f a c t o r s  were d e r i v e d  (Dunning e t  a l . ,  

1979)  u s i n g  a four-segment ca tenary  model o f  t h e  g a s t r o i n t e s t i n a l  (GI) 
t r a c t  (Bernard,  1968) w i t h  mean t r a n s i t  t imes suggested by Eve (1966). 

R e t e n t i o n  o f  r a d i o n u c l i d e s  i n  organs o t h e r  t h a n  t h e  GI t r a c t  was modeled 

u s i n g  t h e  above mentioned l i n e a r  combinat ions o f  decaying exponen t ia l  

f u n c t i o n s .  

The source f o i l s  used i n  I C S D s  were modeled as 0.5-cm-diam x 

0.0002-cm-thick c y l i n d e r s  o f  a g o l d  p l u s  241Am m i x t u r e  covered by a 

0.00015-cm-thick g o l d  f o i l .  The m a t r i x  c o n t a i n s  2 my/cm" o f  2"1Arn 

(2.8 k8q/cm2) o r  a t o t a l  a c t i v i t y  o f  110 kBq ( 3  pC i ) .  The f o i l s  were 

assumed t o  be enclosed i n  a 0.254-cm-th ick i r o n  housing. 

A r rays  o f  d e t e c t o r s  ( c a r t o n s  and p a l l e t s )  were modeled as homo- 

geneous c y l i n d e r s  o f  a composi te m a t e r i a l  c o n t a i n i n g  0.28 ny/cm3 o f  

241Am (35 Bq/cm3). The composite was a homogeneous m i x t u r e  o f  2*1Am, 

p l a s t i c ,  c e l l u l o s e ,  i r o n ,  carbon, and l e a d  t h a t  was chosen t o  app rox i -  

mate exposure r a t e s  f rom an a r r a y  o f  p o i n t - s o u r c e  detec. tors i n  c a r t o n s  

and p a l l e t s .  The e f f e c t i v e  d e n s i t y  o f  t h e  composite m a t e r i a l  was 1 . 4  
g/crn3 . 
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DOSE ESTIMATES 

Rad a t i o n  doses were e s t  mated f o r  annual t r a n s p o r t ,  d i s t r i b u t i o n ,  

use, and d i sposa l  o f  10 m i l l i o n  ICSDs t h a t  c o n t a i n  110 kBq ( 3  pC i )  o f  

241Am each. 

d u r i n g  manufacture o f  t h e  smoke d e t e c t o r s .  Rather ,  we assumed a l l  

smoke d e t e c t o r s  t o  o r i g i n a t e  from s u p p l i e r s  (seven would be r e q u i r e d  t o  

d i s t r i b u t e  1 0  m i l l i o n  d e t e c t o r s  under our  assumptions) who a r e  d e f i n e d  

as i n d i v i d u a l s  l i c e n s e d  t o  manufacture,  impor t ,  or make i n i t i a l  d i s -  

t r i b u t i o n  f o r  s a l e  o f  241Am-containing smoke d e t e c t o r s .  I n  t h i s  sec- 

t i o n ,  we summarize t h e  dose es t ima tes  and d i scuss  t h e  more impor tan t  

exposure assumptions used t o  c a l c u l a t e  t h e  doses. Ex te rna l  dose equiva-  

l e n t s  a r e  g i v e n  f o r  t o t a l  body. Dose e q u i v a l e n t s  t o  o t h e r  organs may 

be es t ima ted  b y  m u l t i p l y i n g  t h e  va lues  f o r  t o t a l  body by t h e  f o l l o w i n g  

f a c t o r s :  

We d i d  n o t  e s t i m a t e  doses t o  workers o r  t h e  genera l  p u b l i c  

bone 

1 ungs 

k idneys  

1 i v e r  

max i mum 
o f  G I  

t e s t e s  

o v a r i e s  

- 1 . 9 3  
- 0 . 7 3  

- 0 . 6 3  
- 0.60 

segment 
t r a c t  - 0.63 

- 0.87  
- 0 . 6 1  

Appendix A c o n t a i n s  d e t a i l e d  t a b u l a t i o n s  o f  t h e  exposure cond i -  

t i o n s .  Appendix B c o n t a i n s  cor respond ing  t a b u l a t i o n s  o f  t h e  dose 

es t imates .  

4 . 1  T ranspor t  o f  Smoke De tec to rs  

The t r a n s p o r t  and d i s t r i b u t i o n  schemes used i n  t h i s  st,udy were 

c o n s t r u c t e d  f rom i n f o r m a t i o n  s u p p l i e d  t o  t h e  NRC by I C S D  manufacturers  

and a summary o f  procedures and exposure c o n d i t i o n s  f o r  t r a n s p o r t  and 

d i s t r i b u t i o n  o f  consumer p roduc ts  ( E t n i e r  and O 'Donne l l  , 1979). We 

a t tempted t o  make r e l a t i v e l y  s imp le  schemes t h a t  encompass a wide range 
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o f  exposure c o n d i t i o n s .  Local  t r u c k  d e l i v e r y  (LD) was assumed t o  

i n c l u d e  a l l  d e l i v e r i e s  made w i t h i n  32 km (20 m i l e s )  o f  t h e  o r i g i n .  

Regional d e l i v e r i e s  (RD) were assumed t o  span 400 km (250 m i l e s  - a 

5-hour d r i v e ) ;  ove r - the - road  d e l i v e r i e s  (OTKD) were assumed t o  span 

d i s t a n c e s  greater-  t han  400 km and t o  c o n s i s t  o f  t w o  o r  more successive 

r e g i o n a l  d e l i v e r i e s .  Most OTRD and RD t r u c k s  were assumed t o  c o n t a i n  

complete shipments t h a t  were loaded a t  t h e  o r i g i n  and d e l i v e r e d  t o  

t h e i r  d e s t i n a t i o n s  w i t h  no i n t e r m i t t e n t  h a n d l i n g  a t  t e r m i n a l s .  hess- 

t h a n - t r u c k l o a d  (LTL) shipments were modeled as composites o f  u n r e l a t e d  

i tems and were assuined t o  s t o p  a t  t r u c k  t e r m i n a l s  every 400 krn where 

t h e y  a r e  unloaded and loaded on to  o t h e r  t r u c k s  b e f o r e  reach ing  t h e i r  

f i  na? d e s t i n a t i o n s "  

To est,imate doses t o  workers and the genera l  p u b l i c  d u r i n g  b u l k  

t r a n s p o r t a t i o n  o f  smoke d e t e c t o r s  from s u p p l i e r s  t o  warehouses, we 

assumed seven s u p p l i e r s  who d i s t r i b u t e  a t o t a l  o f  10 m i l l i o n  ICSDs p e r  

yea r .  Each s u p p l i e r  was assumed t o  s h i p  720,000 smoke d e t e c t o r s  t o  t e n  

c h a i n  s t o r e  warehouses and 720,000 smoke d e t e c t o r s  t o  100 wholesale 

warehouses (see F ig .  1). T r a n s p o r t a t i o n  and d i s t r i b u t i o n  schemes d i f -  

f e r  depending upon t h e  f i n a l  d e s t i n a t i o n .  Each s u p p l i e r  was assumed t o  

send t e n  shipments per- y e a r  (7,200 d e t e c t o r s  p e r  shipment) t o  each o f  

t e n  warehouses (see F i g .  2). Each shipment was assumed t o  c o n s i s t  o f  

50 p a l l e t s ,  each c o n t a i n i n g  48 c a r t o n s  ( t h r e e  smoke d e t e c t o r s  p e r  

c a r t o n ) .  'these shipments were assumed made as OTRDs and t o  span aver-  

age t a t d l  d i s tances  o f  1,200 km (750 m i l e s ) .  Three d r i v e r s  (one f o r  
each 400-km l eg )  were assumed f o r  each t r i p  (30 d r i v e r s  p e r  warehouse); 

each d r i v e r  was assumed t o  make t e n  400-km t r i p s  a yea r .  

The t r a n s p o r t a t i o n  o f  smoke d e t e c t o r s  t o  wholesale warehouses i s  

o u t l i n e d  i n  F i g .  3. Each o f  t h e  seven s u p p l i e r s  was assumed t o  s e r v i c e  

100 who lesa le rs ,  making f . ive shipments p e r  y e a r  (1,440 d e t e c t o r s  p e r  

shipment) t o  each warehouse. I n  a l l  cases a l o c a l  p i c k u p  d r i v e r  was 

assumed t o  c a r r y  LD shipments t o  a l o c a l  t r u c k  t e r m i n a l  where shipments 

a r e  handled and loaded on r e g i o n a l  lLrL d e l i v e r y  t ruck-s .  The t r u c k s  

were assumed t o  t r a v e l  400 km (250 m i l e s )  t o  r e g i o n a l  t e r m i n a l s  where 

shipments a r e  handled and re loaded  o n t o  o t h e r  r e g i o n a l  d e l i v e r y  t r u c k s .  

T h i s  process was assumed t o  occur  t h r e e  t . in ies p e r  shipment. A t  t h e  



0 R N  L-DW G 8 1-6444 

DETECT0 RS/SUPPL I E R 1 

CHAIN STORE WAREHOUSE WHOLESALE WAREHOUSE 
(1O:SUPPLI E R )  i 1 OOiSUPPLi E R )  

15/WA R E HOU SE 

SMALL RETAIL STORE 
i30OIWAREHOLISE) 

CHAIN STORE 
i 30/WA R E H 0 US E ) 

fig. 1. General view o f  the transport and distribution of smoke detectors 
from supplier to destination. 
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7 SUPPLIERS 
10 WAR E HOUSES/SUPPI.I E R 
10 LOADS/Y EARIWAR EHOUSE 
50 PALLETS/LOAD; 144 DETECTORS/PALLET 

(lO/SUPF”-IER) 
10 TRRPPS/YEAR 

50 PA L L E TS/T R I P 
400 km/TR IP 

CHAIN STORE 

( 1 a/su PPL-1 E W) 

Fig. 2. F I O W  chart for the t r a n s p o r t ,  o f  5 m i l l i o n  sinoke de tec tors  
f r o m  the supplier t o  a chain s t o r e  warehouse. 
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7 SUPPLIERS 
(100 WAREWOUSES/SUPPLIE R )  
5 LOADS/'fEARIWAREHOUSE 
(10 PALLETSILOAD; 144 DETECTORS/PALLETI 

1 
(2/SLJPPCI E H)  

250 TRIPS/YEAR 
10 PALLETS/TRIP 

LOCAL TRUCK TERMINAL 
I2ISUPPL 1E R )  
5 FORKLIFT OPERATORS 
250 SH IPMENTSlY EAR 
10 PALLETS/StilPMENT 

5O/LOCAL TFRMINA 
5 THIPS'YtAR 

10 PALLETS/TRIP 
400 Crn/TRIP 

(SO/LOCAL TERMINAL) 
1 FORKLIF l  OPERATOR 

I 1  :WAREHOUSE) 

( I  OO/SUPPLl E R I  5 1 HIPS/YEAR 
10 PALLETSiTRlP 

Fig.  3 .  F l o w  c h a r t  for  the t r a n s p o r t  o f  5 million smoke detectors 
f r o m  t h e  supplier t o  a wholesale warehouse. 
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d e s t i n a t i o n  t e r m i n a l s ,  t h e  shiprnen.ts were assumed loaded onto L D  t r u c k s  
w h i c h  t r a n s p o r t  them t o  the  wholesale  warehouses (700 warehouses). 

Tables A . l  and A.2 l i s t  t h e  exposure c o n d i t i o n s  assumed f o r  trans- 
p o r t  of 5 m i l l i o n  smoke d e t e c t o r s  from s u p p l i e r s  t o  chain s tore  ware- 
houses,  and 5 m i l l i o n  d e t e c t o r s  from s u p p l i e r s  t o  wholesale warehouses. 
Tables 8.1 and 8 . 2  g ive  the e s t ima ted  r a d i a t i o n  doses t h a t  might be 
received by t r u c k  d r i v e r s ,  terminal workers and the  general  pub l i c  
during t h e  two modes of t r a n s p o r t  considered.  Table 7 i s  a summary of 
p o t e n t i a l  r a d i a t i o n  doses t o  t h e  t o t a l  body o f  the va r ious  populat ion 
groups involved i n  these modes. The 14 l oca l  d e l i v e r y  d r i v e r s  who 
c a r r y  smoke d e t e c t o r s  t o  loca l  t ruck t e rmina l s  p r i o r  t o  t r a n s p o r t  t o  
wholesale warehouses could r ece ive  the  h i g h e s t  total-body dose equiva- 
l e n t s ,  83 nSv (8 .3  prern), and bone dose e q u i v a l e n t s ,  160 nSv (16 prem). 
T h e  average to t a l -body  dose t o  a l l  t r a n s p o r t  workers could be about 
1 2  nSv ( 1 . 2  prem). T h e  t o t a l  c o l l e c t i v e  dose t o  a l l  t r a n s p o r t  workers 
could be 60 person-pSv (0 .006  person-rem). 

4 . 2  D i s t r i b u t i o n  o f  Smoke De tec to r s  

T h e  d i s t r i b u t i o n  scheme used f o r  t h i s  s tudy complements the t r a n s -  
p o r t a t i o n  scheme. We considered:  (1) d i s t r i b u t i o n  o f  5 m i l l i o n  ICSDs 
from 70 chain s t o r e  warehouses t o  21 ,000  chain s t o r e s  and subsequent 
s a l e  i n  t h e  s t o r e s  ( F i g .  4 ) ,  and (2)  d i s t r i b u t i o n  o f  5 m i l l i o n  detec-  
tors  from 700 wholesale warehouses t o  210,000 siiiall r e t a i l  s t o r e s  and 
subsequent s a l e  i n  t h e  s t o r e s  (see Fig. 5 ) .  

In  both c a s e s ,  warehouse workers were assumed t o  handle and work 
near  ICSDs awa i t ing  d i s t r i b u t i o n  and t o  load loca l  o r  regional  d e l i v e r y  
trucks t h a t  t r a n s p o r t  t he  d e t e c t o r s  t o  s t o r e s .  Stock c l e r k s  were 
assumed t o  handle and s e l l  detec.t;ors from f l o o r  d i s p l a y s .  S t o r e  cus- 
tomers were assumed t o  be exposed t o  the  d i s p l a y s .  

Tables A.3-A.4 l i s t  t he  exposure c o n d i t i o n s  assumed f o r  d i s t r i b u -  
t i o n  o f  t h e  smoke d e t e c t o r s  v i a  t he  two modes d i scussed .  Tables B.3- 
B . 4  present r a d i a t i o n  doses t o  t o t a l  body of i n d i v i d u a l s  and t h e  
va r ious  groups o f  persons involved i n  t h e  two d i s t r i b u t i o n  schemes. 



Table 7. Summary o f  total -body doses due t o  t r a n s p o r t  o f  smoke d e t e c t o r s  

Popul a t i  on group 
Individual  doses,  Sv 

Average Lowest Highest 
Number Population doses ,  

o f  persons person-Sv 

Truck d r i v e r s  

T r u c k  terminal  
workers 

Public on t r u c k  
rou te s  

1.7E-8 1.3E-8 8.3E-8 

3.8E-9 2.9E-9 3.1 E-8 

4.5E-15 8.3E-16 2.1E-12 

5.2E-5 

8.1E-6 

9.5E-7 



CHAIN STORE WA 
( 1 o/su PP L I E R ) 
RECEIVES 10 LOADS O F  50 PALLETS/YEA 
(144 DETE@TORS/PALI-ET) 
1 FORKLIFT' OPERATOR 
20 LQADERS/UNLaADERs 
18 STOREROOM CLERKS 

(30/WA R E H 0 u SE ) 
10 TRIPS/YEAW; 240 DETECTORS/TRDP 

200 krn/TRDP 

(3O/WAWEHOUSE) 
2400 OETECTQ RS/STO R E 
2 STOCK C L E R K S  
4 S A L E S  C L f R K S  
4 OTHER C L E R K S  
CUSTOMERS 

Fig .  4. F l o w  c h a r t  f o r  t he  d i s t r i b u t i o n  o f  smoke d e t e c t o r s  f r om 
a c h a i n  s t o r e  warehouse t o  a l a rge  c h a i n  s t o r e .  
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WHOLESALE WAREHOUSE 
Q 1 OO/SU PP L I E R ) 
RECEIVES 5 LOADS 
(144 DETECTO S/PA L LET 1 
4 UNLQADERS/LOADERS 
1 FORKLIFT OPERATOR 
5 STOCK HANDLERS 

6 10 PALLETS/YEAR 

(15/WAREHOUSE) 

SMALL RETAIL STORE 
(3QO/WA R E  HOUSE ) 
24 DETECTO RS/STO R E  

CK C L E R K  
2 SALES C L E R K S  

F ig .  5. Flow c h a r t  f o r  the d i s t r i b u t i o n  o f  smoke d e t e c t o r s  from 
a wholesale warehouse t o  sinal 1 r e t a i  1 s t o r e s  , 
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Table 8 summarizes t h e  r a d i a t i o n  doses t o  t h e  v a r i o u s  groups o f  i n d i -  

v i d u a l  s .  

The i n d i v i d u a l s  who c o u l d  r e c e i v e  t h e  h i g h e s t  doses t o  t o t a l  body 

d u r i n g  t h e  d i s t r i b u t i o n  o f  smoke d e t e c t o r s  were found t o  be s t o c k  han- 

d l e r s  work ing  i n  t h e  wholesale warehouses. 'These i n d i v i d u a l s ,  who handle 

c a r t o n s  o f  packaged smoke d e t e c t o r s  and work near s t o r e d  c a r t o n s ,  c o u l d  

r e c e i v e  annual t o t a l - b o d y  doses o f  70 nSv ( 7  prem). The h i g h e s t  group 

dose ( 0 . 1 1  person-Sv) c o u l d  be r e c e i v e d  by  s t o r e  ccrstomers even though 

t h ?  average i n d i v i d u a l  dose t o  these customers was found t o  be r e l a -  

t i v e l y  low (0 .5  nSv). Each customer was assumed t o  shop 12 h/year i n  a 

l a r g e  department s t o r e ,  and SO h/year i n  a smal l  r e t a i l  s t o r e .  

4 .3  Use o f  Smoke De tec to rs  

For  t h i s  assessment, we assumed t h a t  10 m i l l i o n  ICSDs, each con- 

t a i n i n g  110 kBq ( 3  p C i )  o f  241Am,  a r e  d i s t r i b u t e d  t o  5 m i l l i o n  house- 

ho lds ,  and c a l c u l a t e d  doses f o r  one y e a r  o f  use and a one-t ime purchase 

and i n s t a l l a t i o n .  I f  t h e  ICSOs have a 10-year  u s e f u l  l i f e  (as  c la imed 

by manufacturers) ,  t h i s  s e t  o f  smoke d e t e c t o r s  c o u l d  de l  i v e r  t h e  e s t i -  

mated doses f o r  10 yea rs .  Purchase, i n s t a l l a t i o n ,  removal, and d i s -  

posal  occur  o n l y  once d u r i n g  t h e  10-year l i f e t i m e  o f  an ICSD. Doses 

f rom these exposures were found i n s i g n i f i c a n t  w i t h  r e s p e c t  t o  doses 

d u r i n g  use. 

Two ICSDs were assumed t o  be i n s t a l l e d  i n  each home, 10% i n  bed- 

rooms and 90% i n  ha1 1s (Wrenn and Cohen, 1979; Belanger e t  a1 . , 1979) .  
Table 9 l i s t s  t h e  exposure c o n d i t i o n s  and r a d i a t i o n  doses f rom use i n  
t h e  home o f  two ICSDs t h a t  c o n t a i n  110 kBq o f  241Am each. 

A homeowner who purchases, i n s t a l  1 s ,  and ma in ta ins  two  smoke 

d e t e c t o r s  i n  h i s  home, s leeps 8 h/ciay, and spends 4 h/day a t  o t h e r  

a c t i v i t i e s  i n  t h e  home c o u l d  r e c e i v e  an annual dose e q u i v a l e n t  t o  t o t a l  

body o f  39 nSv ( 3 . 9  prem). A mate, who was assumed t o  spend 8 h/day i n  

t h e  home s l e e p i n g  and 8 h a t  o t h e r  a c t i v i t i e s ,  c o u l d  r e c e i v e  a dose 

e q u i v a l e n t  t o  t o t a l  body o f  50 nSv/year. Other  members o f  t h e  house- 

h o l d  c o u l d  r e c e i v e  9 nSv/year t o  t o t a l  body. 



Table 8. Summary o f  total -body doses due t o  d i s t r i b u t i o n  o f  smoke d e t e c t o r s  

Population group 
Individual doses ,  Sv Number Population doses ,  

Average Lowest Highest o f  persons person-Sv 

Warehouse workers 3.4E-8 1.3E-9 7.OE-8 9.7 E+3 3.OE-4 

Truck d r i v e r s  2.2E-9 1.9E-9 3.8E-9 1.3E+4 2.7E-5 

S to re  workers 1.5E-8 2.5E-10 4.OE-8 6.5E+5 9.  7E-3 

S to re  customers 5.OE-10 7.5E-10 5.OE-10 2.1E+8 1.1E-1 

Public on truck 
rou te  3.6E-15 7.5E-16 3.3E-14 2.1E+8 7.6E-7 
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I f  b o t h  ICSOs a r e  l o c a t e d  i n  h a l l s  (none i n  t h e  bedroom), t h e  

doses g i v e n  i n  Table 9 would change as f o l l o w s :  

Homeowner - f rom 39 nSv t o  10 nSv 

Mate - f rom 50 nSv t o  2 1  nSv 

Other  - unchanged a t  9 nSv. 

To es t ima te  an annual p o p u l a t i o n  dose f rom use o f  10 m i l l i o n  

ICSDs, t h e  f o l l o w i n g  assumptions were made: (1) 10% o f  f i v e  m i l l i o n  

homes (500 thousand homes) have one d e t e c t o r  i n  t h e  bedroom and one i n  

t h e  h a l l ,  as represented  by Table 9; and (2)  90% o f  t h e  homes (4.5 m i l -  

l i o n  homes) have b o t h  d e t e c t o r s  i n  h a l l s ,  as represented  above. Th is  

would g i v e  an annual c o l l e c t i v e  t o t a l - b o d y  dose o f  0.23 person-Sv 

(23 person- rem). 

A t o t a l ,  annual ,  s teady -s ta te ,  c o l l e c t i v e  dose may be es t ima ted  by  

u s i n g  t h e  above assumptions and assuming 100 m i l l i o n  smoke d e t e c t o r s  t o  

be i n  use ( t h i s  rep resen ts  a s teady s t a t e  o f  10 m i l l i o n  d i s t r i b u t e d  

annua l l y ,  100 m i l l i o n  i n  use, and 10  m i l l i o n  d i sca rded  each y e a r ) .  The 

r e s u l t i n g  s teady -s ta te  c o l l e c t i v e  dose t o  t o t a l  body f rom use would be 

2.3 person-Sv f o r  5 m i l l i o n  households. 

4 .4 D isposa l  

To assess t h e  impact  o f  t h e  d i s p o s a l  o f  10 m i l l i o n  ICSDs p e r  y e a r ,  

we made seve ra l  assumptions: 

1) a l o c a l  p o p u l a t i o n  group c o n s i s t s  o f  one m i l l i o n  persons 

i n  333,333 home u n i t s ,  each housing a f a m i l y  o f  t h r e e ;  

2) each home u n i t  c o n t a i n s  two ICSDs; 
3) under s teady -s ta te  c o n d i t i o n s ,  10% o f  t h e  ICSDs i n  use 

w i l l  be d i sca rded  each yea r ,  t hus ,  each s e t  o f  one m i l -  

l i o n  persons w i l l  d i s c a r d  66,666 d e t e c t o r s  a n n u a l l y  (150 
l o c a l  p o p u l a t i o n  groups a r e  r e q u i r e d  f o r  annual d i sposa l  

o f  10 m i l l i o n  ICSDs); 
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4) o f  t h e  d i sca rded  ICSDs, 90% (60,000) go d i r e c t l y  t o  l a n d  

d i sposa l  and 10% (6,666) a re  i n c i n e r a t e d  and t h e  i n c i n e r -  

a t o r  r e s i d u e  go ing  t o  a l a n d  d i s p o s a l  s i t e  ( B r i n k e r h o f f ,  

1973). 

4 . 4 . 1  tdaste c o l l e c t i o n  

Waste c o l l e c t i o n  crews were assumed t o  c o n s i s t  of  two c o l l e c t o r s  

and one d r i v e r .  Each crew was assumed t o  s e r v i c e  960 homes p e r  week 

and c o l l e c t  1119 d e t e c t o r s / y e a r .  Approx imate ly  347 c o l l e c t i o n  crews 

would be r e q u i r e d  t o  s e r v i c e  one m i l l i o n  persons, and 104,000 c o l l e c -  

t o r s  and 52,000 d r i v e r s  would be r e q u i r e d  t o  d ispose o f  10 m i l l i o n  

I C S D s .  Doses t o  c o l l e c t o r s  and d r i v e r s  a r e  summarized i n  Table 10. 

C o l l e c t o r s  c o u l d  r e c e i v e  i n d i v i d u a l  dose e q u i v a l e n t s  o f  2 nSv/year 

( 0 . 2  prem) t o  t o t a l  body and a c o l l e c t i v e  dose e q u i v a l e n t  o f  200 

person-pSv (0.02 person-rem) t o  t o t a l  body. D r i v e r s  c o u l d  r e c e i v e  

0.006 nSv/year, and t h e  c o l l e c t i v e  dose t o  d r i v e r s  c o u l d  be 0 . 3  person- 

pSv/year. 

4 .4.2 Land d i s p o s a l  

Several  assessnierits have been made o f  p o s s i b l e  doses f r o m  l a n d  

disposal o f  I C S D s  (Belanger e t  a l . ,  1979; Wrenn and Cohen, 1979). 

1-hese assessments cons ide r  l e a c h i n g  i n t o  ground water  and i n g e s t i o n  o f  

t h e  contaminated wa te r ,  l e a c h i n g  i n t o  ground water  and use o f  t h e  water  

t o  i r r i g a t e  crops which a re  subsequent ly i nges ted ,  and uptake o f  241Am 

by crops p l a n t e d  or) o l d  b u r i a l  s i t e s ,  d u s t i n g  o f  crops w i t h  241Am, e t c .  

A l l  o f  these assessments, and those t h a t  f o l l o w ,  a r e  h i g h l y  s p e c u l a t i v e  

i n  t h a t  t h e y  use c o n s e r v a t i v e  assumptions based on e x t r a p o l a t e d  data.  

Belanyer  e t  a l .  (1979) made t h e  f o l l o w i n g  assumptions t o  e s t i m a t e  

dose cornmi tments f rom d r i n k i n g  contaminated ground water.: 

"1. Ten r n i l l i o n  ICSBs a r e  d isposed o f  i n  one y e a r  w i t h  an 

average source a c t i v i t y  o f  3 pCi  (110 kBq). 

2. Ten p e r c e n t  o f  ICSDs disposed o f  i n  l a n d f i l l s  have been 

p r e v i o u s l y  i n c i n e r a t e d  and these  sources can l o s e  LIP t o  

t e n  pe rcen t  o f  t h e i r  i n i t i a l  a c t i v i t y  i n  one yea r .  



. I I 

Table 10.  Exposure cond i t ions  and ex te rna l  r a d i a t i o n  doses t o  municipal s o l i d  waste c o l l e c t o r s  
f r o m  disposal  o f  1 0  m i l l i o n  smoke d e t e c t o r s  con ta in ing  110 kBq o f  241Arn each 

Duration of Distance Dose equ iva len t  Co l l ec t ive  Exposed Number of Exposure 
person ind iv idua l s  a c t i v i t y  h/year nSv/y ea r person-Sv exposure, from source ,  t o  t o t a l  body, dose equ iva len t  

cm 

N 
tn 

Co7 l e c t o r s  l.OE+5 Pick up 4 .8  30 1 . 9  2.OE-4 
waste 

Total  

Near 500 180 2.3E-2 2.4E-6 

1 .9  2.OE-4 
t r u c k  

Drivers 5.OE+4 D r i v i n g  2000 180 5.7E-3 3.OE-7 
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3 .  

4. 

5 "  

6 .  

7. 

The rema in ing  90 p e r c e n t  o f  ICSDs l o s e  up t o  0.01. p e r -  

c e n t  of  source a c t i v i t y  i n  one yea r .  

One-hal f  o f  t h e  t o t a l  a c t i v i t y  leached from americium 

sources i n  one y e a r  e v e n t u a l l y  e n t e r s  t h e  ground water  

d u r i n g  a s i m i l a r  i n t e r v a l .  

The volume o f  l e a c h a t e  generated p e r  yea r  i s  90 b i l l i o n  

g a l l o n s ,  a l l  o f  which e n t e r s  t h e  ground water  system and 

i s  a v a i l a b l e  f o r  w i thd rawa l .  (.This assumption i s  p r e -  

d i c a t e d  on t h e  f a c t  t h a t  70 p e r c e n t  o f  18,500 s o l i d  waste 

l a n d f i l l  s i t e s  ....__...._ Î.̂ - i n  t h e  U. S. a r e  i n  ground wa te r  supp ly  

areas, and t h a t  t h e  average i n f i l  t r a t i o r i  o f  prec ip i  .......... t a -  - 

t i o n  i s  10 ..___..I inches .- p e r  y e a r . )  

There i s  no s i g n i f i c a n t  d i l u t i o n  o f  t h e  zone o f  contami- 

n a t i o n  f rom su r round ing  ground water .  

One p e r c e n t  o f  t h e  contaminated water  i s  wi thdrawn f o r  

domest ic water  supp ly  and f i v e  pe rcen t  o f  t h a t  amount i s  

consumed as d r i n k i n g  water. I' 

We b e l i e v e  assumption 4 t o  be u n r e a l i s t i c a l l y  conse rva t i ve .  C l i n e  

(1366) s t u d i e d  t h e  l e a c h i n g  of 241Am i n  s o i l s  under v a r y i n g  c o n d i t i o n s  

o f  s o i l  pH. His r e s u l t s  i n d i c a t e  t h a t  a f t e r  l e a c h i n g  w i t h  100 inches 

o f  wa te r  ( t h p  e q u i v a l e n t  o f  ten-years i n f i l t r a t i o n  o f  p r e c i p i t a t i o n  a t  

t e n  inches p e r  y e a r )  o n l y  2% o f  t h e  2 4 1 A ~  was leached f rom t h e  t o p  one 
c e n t i m e t e r  o f  a c i d  (pH = 4.5) s o i l  and o n l y  24% was leached f rom t h e  

t o p  c e n t i m e t e r  o f  b a s i c  (pll = 7 . 5 )  s o i l .  The maximum americ ium pene t ra -  

t i o n  o f  t he  s o i l  was observed t o  be 20 c e n t i m e t e r s  i n  t h e  b a s i c  s o i l  
and f i v e  cen t ime te rs  i n  the a c i d  s o i l .  Us ing t h i s  s tudy (which was 

based on t h e  e q u i v a l e n t  o f  1 0  yea rs  i n f i l t r a t i o n  o f  p r e c i p i t a t i o n )  as 

i n d i c a t i v e  o f  americ ium behav io r  i n  s o i l ,  we concliuded t h a t  2.5% o f  t h e  

t o t a l  a c t i v i t y  leached from americiurn sources i n  one y e a r  m igh t  e n t e r  

t h e  ground water  d u r i n g  t h a t  yea r .  kven t h i s  i s  a c o n s e r v a t i v e  e s t i -  

mate s i n c e  C1 i n e ' s  s tudy shows t h a t  t h e  maximiim aniericium p e n e t r a t i o n  

d u r i n g  t h e  e q u i v a l e n t  o f  10 yea rs  i n f i l t r a t i o n  o f  p r e c i p i t a t i o n  was 

20 cen t ime te rs .  Presumably, most a q u i f e r s  l i e  mcach deeper than  20 cen- 

t i m e t e r s  below ground su r face .  
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The r e s u l t s  o f  Belanger e t  a l .  (1979) were sca l ed  t o  match ou r  
assumptions ( i . e . ,  10 m i l l i o n  ICSDs d i sca rded  per yea r  i n  land f i l l s  
and 2.S% o f  t h e  t o t a l  americium a c t i v i t y  leached i n t o  ground water 
du r ing  t h a t  y e a r ) .  The r e s u l t i n g  50-year dose commitments from d r ink -  
ing 370 R o f  contaminated water p e r  y e a r  (and those  c a l c u l a t e d  using 
t h e  assumptions o f  Belanger e t  a l .  and our dose-conversion f a c t o r s )  a r e  
given i n  Table 11. The  i nd iv idua l  es t imated t o  r ece ive  the h ighes t  
dose commitments (under t h e  assumptions o f  Belanger e t  a l . )  could 
r ece ive  2 .6  pSv (0 .26  mrem) t o  t o t a l  body and 30 pSv t o  bone. The 
average ind iv idua l  (under our mod i f i ca t ions  t o  t h e  assumptions o f  

Belanger e t  a l . )  could r ece ive  0 .13 pSv t o  t o t a l  body and 1 . 6  pSv t o  
bone. Inges t ion  of contaminated ground water could y i e l d  c o l l e c t i v e  
doses of 0.061 person-Sv ( 6 . 1  person-rem) and 0.72 bone-Sv. 

Using t h e  assumptions of Belanger e t  a l .  (1979) f o r  i n g e s t i o n  o f  

crops i r r i g a t e d  w i t h  contaminated water and our 2.5% leach assumption, 
we es t ima ted  annual i nd iv idua l  dose commitments o f  0.009 nSv (0 .9  prem) 
t o  t o t a l  body and 0 . 1  nSv t o  bone (Table  11). Corresponding c o l l e c t i v e  
dose commitments were 0.002 person-Sv ( 0 . 2  person-rem) and 0.02 bone-Sv. 

I f  t h e  f r a c t i o n  o f  environmental ly  d i spe r sed  24LAm t h a t  i s  u l t i -  
mately inges t ed  by man i s  10 (Wrenn and Cohen, 1979) and 10% o f  the 
annual ly  disposed 241Arn (0 .11  TBq) i s  s o  d i s p e r s e d ,  about 110 kBq could 
be inges t ed .  T h i s  could produce c o l l e c t i v e  dose commitments o f  0.05 
person-Sv and 0 .6  bone-Sv. The average ind iv idua l  could r ece ive  
0.2 nSv t o  t o t a l  body and 3 nSv t o  bone (Table 11). 

To e s t i m a t e  p o t e n t i a l  doses from i n g e s t i o n  o f  crops grown d i r e c t l y  
on l a n d f i l l s ,  we assumed a l l  the d i sca rded  241Am (1.1 TBq) t o  be u n i -  
formly d i spe r sed  wi th in  the top  20 cm o f  s o i l  ( d e n s i t y  = 1 . 5  g/cm3) o f  

t h e  2000 km2 (500 thousand a c r e s )  o f  c u r r e n t l y  used l a n d f i l l  (Belanger 
e t  a l . ,  1979). T h e  r e s u l t i n g  concen t r a t ion  o f  241Am i n  t h e  s o i l  would 
be 1.8 mBq/g. Assuming the 241Am con ten t  o f  p l a n t s  t o  be 0.0001 t h a t  
of s o i l  and an annual d i e t a r y  p l a n t  intake o f  3650 g (Wrenn and Cohen, 
1979),  a person e a t i n g  p l a n t s  grown on o ld  l a n d f i l l s  could i n g e s t  
0.67 mBq o f  241Am. 

commitments o f  0.29 nSv t o  t o t a l  body and 3 . 4  nSv t o  bone (Table 11). 
To estimate a populat ion dose from i n g e s t i o n  o f  p l a n t s  grown on o l d  

Such a person was es t ima ted  t o  r e c e i v e  50-year dose 
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l a n d f i l l s ,  we assumed 10% o f  t h e  p o p u l a t i o n  ( 2 1  m i l l i o n  persons) t o  

behave as t h e  above i n d i v i d u a l .  T h i s  y i e l d e d  p o p u l a t i o n  dose commit- 

ments o f  0.0061 person-Sv and 0.072 bone-Sv f rom i n g e s t i o n  o f  14 k&q o f  

241Am. 

Another p o t e n t i a l  exposure pathway near  l a n d f i l l s  i s  resuspension 

Johnson f i n d s  t h e  average c o n c e n t r a t i o n  o f  uranium o f  uncovered 241Am. 

resuspended i n  a i r  above s o i l  t h a t  c o n t a i n s  1 By o f  uranium/g o f  s o i l  

t o  range between 3.5 and 540 pBy/m3 (as r e p o r t e d  i n  Wrenn and Cohen, 

1979, and Belanger  e t  a l . ,  1979). Assuming t h a t  resuspension o f  ameri-  

c ium and uranium a r e  similar  and t h a t  l a n d f i l l  s o i l s  c o n t a i n  1.8 mBq/g 

o f  241Am, we e s t i m a t e d  t h e  average, s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  

resuspended 241Am t o  range between 0.0064 and 1 .0  pBq/m3. Us ing t h e  

h i g h e r  va lue  and assuming a b r e a t h i n g  r a t e  o f  1 .2  m3/h and exposures 

d u r i n g  250 e i g h t - h o u r  days, we e s t i m a t e d  an annual i n t a k e  ( v i a  i n h a l a -  

t i o n )  o f  2 . 4  mBq/year. Such exposures c o u l d  y i e l d  i n d i v i d u a l  50-year 

dose commitments v i a  i n h a l a t i o n  o f  app rox ima te l y  60 nSv t o  t o t a l  body, 

610 nSv t o  bone, and 2011 nSv t o  l ungs  (Table 111, We d i d  n o t  es t i i na te  

p o t e n t i a l  c o l l e c t j v e  doses f rom resuspension because we f e l t  t h a t  v e r y  

few persons would be a t  a l a n d f i l l  f o r  8 h o f  each workday. 

S ince o n l y  6% o f  t h e  12,000 l a n d  d i s p o s a l  s i t e s  o p e r a t i n g  i n  t h e  

U n i t e d  S t a t e s  d u r i n g  1967 were c l a s s i f i e d  as s a n i t a r y  l a n d f i l l s  (General 

E l e c t r i c  Company, 1975) ,  ano the r  p o t e n t i a l  source o f  p u b l i c  exposure i s  

a i r b o r n e  241Am r e l e a s e d  by b u r r i n g  a t  l a n d f i l  Is. To e s t i m a t e  p o t e n t i a l  

doses v i a  t h i s  pathway, we assumed 66,666 ICSDs c o n t a i n i n g  7.4 GBq o f  

241km t o  be d i s c a r d e d  d u r i n g  one y e a r  a t  one l a n d f i l l .  We f u r t h e r  

assumed 0.001% o f  t h e  d i sca rded  z41Am (74 kBq) t o  become a i r b o r n e  

d u r i n g  b u r n i n g  ( C u t s h a l l  e t  a l . ,  1978, f i n d  t y p i c a l  re leases  o f  0.0% 

a t  120O0C and about  an o r d e r  o f  magnitude lower re leases  a t  600-900OC). 

Us ing t h e  same assumptions r e g a r d i n g  d i s p e r s i o n  and i n t a k e  o f  t h e  

re leased  m a t e r i a l  as were used f o r  i n c i n e r a t o r s  (see Sect. 4.4.31, we 

e s t i m a t e d  t h a t  t h e  aveu.age i n d i v i d u a l  c o u l d  r e c e i v e  1.3 pSv t o  t o t a l  

body, 14 pSv t o  bone, and 4.7 pSv t o  lungs v i a  i n h a l a t i o n ;  1 . 5  pSv t o  

t o t a l  body, 18 pSv t o  bone, and 0.00012 pSv t o  lungs v i a  i n g e s t i o n .  

P o p u l a t i o n  doses f rom b u r n i n g  10 m i l l i o n  lCSDs were e s t i m a t e d  t o  be 

0.00020 person-Sv ( t o t a l  body), 0 .0021 bone-Sv, and 0.00071 lung-Sv v i a  
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i n h a l a t i o n ;  0.00023 person-Sv, 0.002.7 bone-Sv, and 0.18 lung-nSv v i a  

i n g e s t i o n  (Table 11). 

4.4.3 I n c i n e r a t i o n  

To es t ima te  p o t e n t i a l  r a d i a t i o n  doses from i n c i n e r a t i o n  o f  ICSDs, 
we assumed i n c i n e r a t i o n  o f  6666 ICSDs p e r  y e a r  i n  one i n c i n e r a t o r  t h a t  

s e r v i c e s  one m i l l i o n  persons. (Approx imate ly  150 such i n c i n e r a t o r s  

would be r e q u i r e d  t o  i n c i n e r a t e  10 m i l l i o n  ICSDs  p e r  y e a r . )  The i n c i n -  

e r a t o r  was assumed t o  have a 15-m-high s t a c k  and an 15-m/s e f f l u e n t  

r e l e a s e  v e l o c i t y .  I n h a l a t i o n  and i n g e s t i o n  doses were calculaLed w i t h  

t h e  AIRDOS-I1 computer code (Moore, 1977) u s i n g  average m e t e o r o l o g i c a l  

c o n d i t i o n s  (USAEC, 1974) and i n t e r n a l  r a d i a t i o n  dose convers ion  fac. tors  

froin K i l l o u g h  e t  a l .  (1978). A 10% r e l e a s e  o f  p a r t i c u l a t e s  o u t  t h e  

s t a c k  was assumed. C u t s h a l l  e t  a l .  (1975); EAD M e t a l l u r g i c a l  (19i77); 

H a l l  and Hunt (1975 and 1978); and Niemeyer (1963) have measured the 

r e l e a s e  o f  2 4 1 A m  f rom source f o i l s  and whole ICSDs d u r i n g  h i g h  tempera- 

t u r e  t e s t s .  'The range o f  r e p o r t e d  va lues i s :  

f o i l s  o n l y :  0.006 - 0.3%; 

whole d e t e c t o r s :  0.003 - 0.2%. 

For t h i s  assessment we assumed 0.2% o f  t h e  110 kBq ( 3  p C i )  p e r  d e t e c t o r  

t o  become a i r b o r n e  and 10% o f  t h i s  t o  be re leased  f r o m  t h e  s tack .  T h i s  

r e s u l t e d  i n  a p o s t u l a t e d  r e l e a s e  o f  140 kBq ( 4  p C i )  o f  241Am f rom each 

i n c i n e r a t o r  s t a c k  p e r  yea r .  

C o l l e c t l v e  dose es t ima tes  t o  t o t a l  body, bone, and lungs from 

i n h a l a t i o n  and i n g e s t i o n  a r e  l i s t e d  i n  l a h l e  12. These doses were c s l -  

c u l a t e d  assuming each person t o  remain near t h e  i n c i n e r a t o r  and t o  e a t  

f ood  r a i s e d  w i t h i n  80 km (50 m i )  d u r i n g  t h e  e n t i r e  y e a r .  The average 

i n d i v i d u a l  c o u l d  r e c e i v e  5.8 pSv (0.58 nrem) t o  t o t a l  body, 65 pSv t o  

bone, and 9.5 pSv t o  lungs.  The niaxirnal ly exposed i n d i v i d u a l  c o u l d  

r e c e j v e  3.8 nSv (0.38 prem) t o  t o t a l  body, 43 nSv t o  bone, and 7.0 nSv 

t o  lungs.  T o t a l  c o l l e c t i v e  doses t o  a p o p u l a t i o n  o f  150 i n i l l i o n  pe r -  

sons around 150 i n c i n e r a t o r s  was est i r r iated t o  be 0.87 person-mSv (0.087 

pei-son-rem) , 9. 7 bone-mSv, and 1 . 4  1 ung-tnSv. 
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Table 12. Populat ion dose e s t ima tes  f o r  a i rbo rne  r e l e a s e  
of 140 kBq of 241Arn from an i n c i n e r a t o r  s tack  

(1 mi l l ion  persons)  

Organ Exposure pathway C o l l e c t i v e  dose 
( pe r s o n -_ S v ) 

Total Body I n h a l a t i o n  
I nges t  i on 

Total 

Bone 

Lungs 

I n h a l a t i o n  
Inges t ion  
Tota  1 

I nhal a t-i on 

Inges t  i on 
l o  tal  

2.7E-6 

3. 'I E-6 

5.8E-6 
--- 

2.8E-5 
3 .  ?E-5 

6.5E-5 

9.5E-6 

2.4E-10 
9.5E-6 
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4.5 F i r e s  

To e s t  irriate 50-year dose commitments t o  f i r e f  i g h t e r s  f rom combat- 

i n g  r e s i d e n t i a l  and warehouse f i r e s ,  we made t h e  f o l l o w i n g  assumptions: 

1. D u r i n g  a f i r e ,  0.2% o f  t h e  2 4 1 A ~ ~  p r e s e n t  i n  t h e  b u i l d i n g  

becomes a i r b o r n e  as l-pm-diam p a r t i c l e s .  This assumption 

maximizes t h e  c a l c u l a t e d  dose commitments because i t  uses 
t h e  h i g h e s t  t o t a l  241Am r e l e a s e  f r a c t i o n  found d u r i n g  

temperature t e s t i n g  a t  1200OC ( C u t s h a l l  e t  a1 . , 1978). 

2. A l l  f i r emen  who e n t e r  a b u r n i n g  b u i l d i n g  use s e l f -  

con ta ined  b r e a t h i n g  apparatus (Oak Ridge F i r e  Department, 

1981). These apparatus a l l o w  no more than  1% o f  t h e  a i r  

b rea thed  by f i r emen  t o  come from t h e  a i r  i n  t h e  b u r n i n g  

b u i l d i n g .  

3. 1-he a i r  i n t a k e  r a t e  f o r  f i r emen  i s  1.2 m3/h (U. S. Depart-  

inent o f  H e a l t h ,  Educat ion,  and Wel fare,  1970). 

4. The b u r n i n g  b u i l d i n g s  have a v e n t i l a t i o n  r a t e  o f  one 

b u i  1 d i  ng v o l  ume p e r  hour,  an undoubtedly  1 ow v e n t i  1 a t i  on 

r a t e .  

5. F i r e f i g h t e r s  e n t e r  t h e  b u r n i n g  b u i l d i n g s  a t  t h e  i n s t a n t  

t h a t  t h e  2 4 1 A ~ n  i s  re leased  and remain i n  t h e  b u i l d i n g  f o r  

8 h. T h i s  i s  a c o n s e r v a t i v e  assumption because i t  i s  

r a r e  t h a t  a f i r e f i g h t e r  would remain i n  a b u r n i n g  b u i l d -  

i n g  d u r i n g  a cont inuous 8-97 p e r i o d  and because p o t e n t i a l  

dose commitments from b e i n g  i n  a b u r n i n g  b u i l d i n g  a r e  

t i m e  dependent (see Table 1 3 ) .  Delayed e n t r y  i n t o  t h e  

b u i  1 d i  ng cou l  d reduce t h e  c a l c u l a t e d  dose commi t i i ients 

s i g n i f . i c a n t l y  ( e . g . ,  a l - h  de lay  c o u l d  reduce doses t o  

37% o f  those g i ven ;  a 2-11 de lay ,  t o  14%). 

4 . 5 . 1  R e s i d e n t i a l  f i r e s  

Under t h e  p reced ing  assumptions, a f i r e f i g h t e r  combating a f i r e  i n  

a res idence  c o n t a i n i n g  two ICSDs and hav ing  a volume o f  450 m3 c o u l d  

i n h a l e  0.012 Bq (0.32 pC i )  o f  241Arn. The corresponding 50-year dose 
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Table 13. Time-dependent fraction o f  8-hour dose 
commitment received by individuals during f i r e  

D 

Fraction o f  8-h 
dose del ivered Hour 

0- 1 

1-2 

2-3  

3- 4 

4- 5 

5- 6 

6-7 

7-8 

0 . 6 3  

0 . 2 3  

0.086 

0,032 

0.012 

0. 0043 

0.001 6 

0.00058 
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commitments would be 0 .28  pSw (0.028 anrean) t o  t o t a l  body, 3 . 0  pSv t o  

bone, and 1 . 0  pSv t o  lungs.  I f  t h e  f i r e f i g h t e r  e n t e r s  t h e  res idence 

a f t e r  t h e  f i r e  has progressed f o r  1 h and remains f o r  7 h, he would 

r e c e i v e  o n l y  37% o f  t h e  8-h dose cominitments g i v e n  above. 

I t  has been es t ima ted  t h a t  t h e r e  c o u l d  be 7000 f i r e s  p e r  y e a r  t h a t  

m igh t  i n v o l v e  r e l e a s e  o f  241Am f r o m  smoke d e t e c t o r s  (USNRC, 1918). 

Assuming 1000 f i r e f i g h t e r s  (one near t h e  b u r n i n g  ICSDs i n  each home), 

we es t ima ted  p o p u l a t i o n  doses o f  0.0020 person-Sv (0.20 person-rem) t o  

t o t a l  body, 0.021 bone-Sv ( 2 . 1  bone-rem), and 0.0070 lung-Sv (0 .70  l ung -  

rem). 

4 .5 .2  Warehouse f i r e s  

Warehouse f i r e s  a r e  no t  common, and we b e l i e v e  t h e  p r o b a b i l i t y  i s  

ve ry  low t h a t  a warehouse c o n t a i n i n g  a l a r g e  q u a n t i t y  o f  ICSDs w i l l  
burn. Therefore,  a l t hough  we made i n d i v i d u a l  dose es t ima tes  f o r  f i r e -  

f i g h t e r s ,  we d i d  n o t  make a p o p u l a t i o n  dose es t ima te .  

A c h a i n  warehouse was assumed t o  have a volume o f  3000 m3 and t o  

c o n t a i n  3600 ICSDs (see Sects. 4 . 1  and 4.2) which c o u l d  r e l e a s e  800 kBq 

o f  2s1Am d u r i n g  a f i r e  ' that burned a l l  o f  them. Using t h e  assumptions 

and c o n d i t i o n s  ment ioned above, we es t ima ted  a f l r e f i g h t e r  t o  i n h a l e  

3 . 2  B q  o f  ""Im. Such a f i r e f i g h t e r  c o u l d  r e c e i v e  a t o t a l - b o d y  dose 

commitment o f  75 ~ S V  (7 .5  mrem), a bone dose commitment o f  800 pSv 

(80 mrem), and a l u n g  dose cornrni.tment of 270 pSv (27 rnrem). As b e f o r e ,  

these es t ima tes  may be reduced depending on .the t i m e  and d u r a t i o n  o f  

b u i l d i n g  e n t r y .  

4 . 5 . 3  Cleanup a f t e r  f i r e  

Cleanup a f t e r  a f i r e  i n  a res idence o r  a warehouse was assumed t o  

r e q u i r e  8 h, and cleanup personnel  were assumed t o  wear no r e s p i r a t o r y  

equipment. C u t s h a l l  e t  a l .  (1978) measured t h e  powdery ( t r a n s p o r t a b l e )  

r e s i d u e  ( 3 2  g) f rom h e a t i n g  an I C %  t o  1200°C, and f i n d  t h a t  t h e  a c t i v -  

i t y  con ta ined  i n  p a r t i c l e s  w i t h  d iameters l e s s  than o r  equal t o  10  pm 

t o  be -0.0014 o f  t h e  source a c t i v i t y .  We assumcd 1 w t  % o f  t h e  p a r t i -  

c l e s  i n  t h e  r e s i d u e  t o  have a d iameter  o f  1 pm. Therefore, t h e  average 
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c o n t e n t  of  l -pm-d ia  p a r t i c l e s  i n  t h e  t r a n s p o r t a b l e  r e s i d u e  l e f t  by 

burned ICSDs would be 0.048 Bq/g (110 kBq x 0.0014 x 0.01/32.1 9). 

We es t ima ted  p o t e n t i a l  dose commitments f rom c leanup by  u s i n g  t h e  

f i n d i n g s  o f  Johnson and C u t s h a l l  e t  a l .  (1978). Johnson es t ima tes  a i r -  

borne concen t ra t i ons  o f  uranium resuspended f rom s o i l s  t o  range between 

3 .5  and 540 pBq/m3 p e r  becquere l  p e r  gram of s o i l  (see  Sect, 4 .4.2) .  

From C u t s h a l l ,  we es t ima ted  t h e  t r a n s p o r t a b l e  res idue  f rom burned ICSDs 
t o  c o n t a i n  0.048 Bq o f  241Am/g. 

a i r b o r n e  c o n c e n t r a t i o n  o f  r e s p i r a b l e  n41Am c o u l d  be 26 pBq/m3. Breath-  

i n g  a t  a r a t e  o f  1 .2  m3/h f o r  8 h c o u l d  r e s u l t  i n  an i n t a k e  D f  0.25 mBq 

of 241Am. The r e s u l t i n g  50-year dose commitments due t o  i n h a l a t i o n  

c o u l d  be 6 .0  nSv (0.60 prem) t o  t o t a l  body, 64 nSv (6 .4  prem) t u  bone, 

and 2 1  nSv ( 2 . 1  prem) t o  l ung .  S ince i t  i s  h i g h l y  u n l i k e l y  t h a t  an 

i n d i v i d u a l  would remain near  t h e  r u b b l e  o f  burned ICSDs f o r  8 h and 

Johnson's assumptions app ly  t o  a l a r g e  contaminated-sur face  area  (here  

we have r e l a t i v e l y  smal l  contaminated s u r f a c e  areas) ,  doses f rom c leanup 

would most l i k e l y  be much lower  t h a n  t h e  above es t ima tes .  Th is  would 

be e s p e c i a l l y  t r u e  f o r  c leanup a f t e r  r e s i d e n t i a l  f i r e s .  

Us ing  Johnson's  h i g h e r  es t imate ,  t h e  

C o l l e c t i v e  dose es t ima tes  f rom c leanup a f t e r  7000 r e s i d e n t i a l  f i r e s  

under t h e  p reced ing  assumptions were 42 person-pSv (4.2 person-mrem) t o  

t o t a l  body, 450 bone-pSv (45 bone-mrem), and 150 lung-p5v (15 lung-  

mrem) * 

4 . 6  I n g e s t i o n  of Source Foils 

Under normal condi  t i 01-15 o f  d i  s t r i  b u t i  on, use, and d i  sposal o f  

ICSDs, t h e  241Am-containing source f o i l s  a r e  i n a c c e s s i b l e .  However, a 

determined i n d i v i d u a l  c o u l d  remove t h e  f o i l s  (p robab ly  by d e s t r o y i n g  

t h e  I C S D )  and subsequent ly  i n g e s t  them. To e s t i m a t e  p o t e n t i a l  dose 

commitments f rom such an even t ,  we used da ta  o b t a i n e d  f rom a s tudy  o f  

an I C S D  assembler who swallowed two f o i l s  which con ta ined  -70 and 90 kBq 

(1.9 and 2.4 pCi )  o f  2a1Am (Rundo e t  a l . ,  1977). T h i s  s tudy  cor ic l  ides 

t h a t ,  d e s p i t e  u n u s u a l l y  l o n g  d u r a t i o n s  i n  t h e  61 t r a c t  (16 and 24 d ) ,  

t h e  f o i l s  l o s t  cl% o f  t h e i r  o r i g i n a l  a c t i v i t i e s  and (1.5% o f  t h e  o s t  

a c t i v i t y  en te red  t h e  b l o o d  and body organs. 



To e s t i m a t e  p o t e n t i a l  50-year dose commitments f rom i n g e s t i o n  o f  

f o i l s  c o n t a i n i n g  110 kBq ( 3  p C i )  o f  2 4 * A m ,  we assumed 1% o f  t h e  a c t i v -  

i t y  t o  escape f r o m  t h e  f o i l s .  T h i s  would be e q u i v a l e n t  t o  i n g e s t i o n  o f  

-1.1 kBq o f  241Am.  

(48 mrem) t o  t o t a l  body and 5 . 7  mSv (570 mrern) t o  bone. 

T h i s  cou ld  g i v e  50-year dose commitments o f  0.48 mSv 
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DETAILED TABULATIONS OF EXPOSURE CONDITIONS 

The f o l l o w i n g  d e f i n i t i o n s  w i l l  be u s e f u l  f o r  i n t e r p r e t i n g  t h e  head- 

i n g s  o f  Tables A. l -A-4:  

T IME d u r a t i o n  (h/y) of exposure, 

A I R ;  
CONC 

RADIUS r a d i u s  (cm) o f  t h e  a i r  space, 

a i r b o r n e  c o n c e n t r a t i o n  (g/cm3) o f  r a d i o n u c l i d e s ,  

AMT I N G  mass (9) o f  i nges ted  r a d i o n u l i d e s ,  

SOURCE: 

D E S C R I P T I O N  source d e s c r i p t i o n ,  

G source geometry i ndex  number (1 i n d i c a t e s  a p o i n t  
source; 11 i n d i c a t e s  a c y l i n d r i c a l  source) ,  

M source m a t e r i a l  index  nurnbet. (14 = composite 
m a t e r i a l  used t o  r e p r e s e n t  ca r tons  and p a l l e t s  
o f  smoke d e t e c t o r s ) ,  

mass o f  t ho r ium i n  t h e  Source ( i n  CJ i f  G = 1; g/cm3 
i f  G = Il), 

MASS 

LENGTH l e n g t h  (cm) o f  a c y l i n d r i c a l  source,  

RAD I US r a d i u s  (crn) o f  a c y l i n d r i c a l  source, 

DISTANCE d i s t a n c e  (cm) between Source and exposed persons, 

ABSORBER: 
D E S C R I P T I O N  absorber  d e s c r i p t i o n ,  

M absorb ing  m a t e r i a l  index  number (1 = aluminum 
and 1 3  = a i r ) ,  and 

THICK t h i c k n e s s  (cm) of  t h e  absorber .  
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APPENDIX  B 

D E T A I L E D  TABULATIONS OF R A D I A T I O N  DOSES 
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TAELE P. 1 + R A D I A T I O N  IiOSES FROM 1 RfililSF'OET OF 5 HJi.1 TOb! IC!;D'S 
FROM SUPFLXEWS TO CHAIN aTORf WAFXHOUSES 

UOSES TO WHOLE POL11 

GENERilL FlJEL.If. I kYG + 

1,62E-1-? 0.0 

SI_IHMAR'f OF DOSES FOR TFiANSF'OET 
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T A B L E  B.2, R A t l I A T I O N  DOSES FROM TRANSPORT OF 5 iIILL1ON ICSD'S 
FROM SUF'PLIERS T O  MHOL.ESALE IJAREHOIJSES 

tlClSES TO WHOILE: R O t I Y  
.................................................................................................................................... 

F 'OF'ULATION DOSE 

EXTERN A L. I N T E: RN A I.. 'T DT A I. 

'r R IJ CK D F: I '.J E R S 

LOCAL. P I C K l J P  
(SbQOOE 01 MEMBERS) 

DF: I v I NG 
H A N  TIL. E: 
NEAR CARGO 
AT llOCK 

C R F: ti O 

G + G 3 I32E-08 

g t o  8 + 32E-OP 
.....-_.-...._.....I _I .- ....... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SIJMHARY OF DDSES FOR TRI.!CI\; T!KIL'ERS 

TRUCK TEEM + W@F:KEES 
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TABLE B+?+ (CONTINUED) 

ON LOCAL. FICKUP RTES 

ON ROUTES 
(StQSl iE 05 EIEMEERS! 

DOSE TO ON LOCAL FICK1JF' RTES 

ON BUSINESS ROUTES 
1 t 495E 08 iIEMBERS 

ON ROllTES 

DOSE TO ON BUSINESS F:OUTES 

ON RURAL. ROUTES 
(3.33I.E 06 MEMbERSj 

ON ROllTES 

DOSE TU ON EllRAL ROUTES 

ON BELIVEHY ROUTES 
i3,PQOE O? HEilBERS) 

ON ROUTES 

DOSE TO ON DELI'5'ERY ROUTE5 

GENERAL PUBLICY AVG, 

0 1 0 

0.0 

0 + 0 

0 * 0  

O , O  

GEHERRL. F'IJRL.IC Y M A X  + 

-- _" _-- ---. -._" -1-1. I -. - .--- ------ - I --.- ... - -- - - .- .- - --- I. I --- _. I. - - ._ -. 
SUMHARY OF DOSES FOR 'TRANSFORT 
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TABLE B+3+ H A I l I h T I O N  DOSES FRDH D I S T R I B U T I O N  OF 5 PI11 L T O N  TTSD 5 
F R O M  CHfiIN STORE WAREHT)USFS AND CHRIN STOKFS 

WRREltOlJSE WORKERS 

T R I! Cli D R I I!E F:S 

L.AF:GE STORE WORKERS 



57 

TABLE: B i 3 i (CDNTINUEL'I 1 

S A L E S  CLERKS 
IR+333E 03 HEHBERS) 

H A N D L E  BOXED DETECT + 3 t 37E-03 0 + 0 3 e 37E-GB 2 * 9 1 05 
HAND1.E CARTONS 1,25&-CtS'  0 ' 0 1 + 25E.-OP 1 ,04E-O5 
NEAR D I S P L A Y  1 t 2 P E - 0 8  0 , I  1 t 29E-08 1 * 09E-04 
OTHER U O E K  2+25E-08 0,O '2 I ?!:E-()fl 1 , 8 8 E - 0 4  

OTHER CLERKS 
( 8  + 333E 03 MEHfcERS ) 

IN S A L E S  AREA 

1 t 1 2 E - 1 5  



58 

TABLE B + 4 RRIlIATION IlOSES FROH DISTRIBUTION OF 5 HILLION 1:CSD I S  

FROM WHOLEtjALE WAF:EH@USES ANI1 SMALL RETAIL STDRES 

WAR E HO U SE Id OR K E RS 

0,o 

_- .^I-.--.-..I ..... ............. ......... .... ........ 
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TABLE 8.4 (CONTINUED) 

SALES CLERKS 
(4t164E 05 MEMBERS) 

HANl1L.E EOXEIl ISETECT r 3t37E-10 060 3 t 37E-iO 
NEAR ISISF"L.AY 1+7QE-08 OtO 1 + 74E-08 
OTHER WOF:K 4 t30E-09 O + t 2  4 + 30E-07 

SUMMARY OF DOSES FOR SHALL STORE WOFXERS LOWEST 2 t50E-10 
HIGHEST 2,10E-Cr9 

GENERAL F'UBL I C  9 klrG e 

STORE CUSTOMERS 
(2t100E 019 MEMBERS) 

IN STORE 
NEAR DISP L A Y  

1 +7?E-3.0 
1 +74E-10 

3 . 6  1 E -0 2 
3 I h5E-02 

ON TRUCK ROUTES 
I 2  + lOOE 08 MEMFEliS 1 

OM ROCITES 7 47E- I b 1 + 57E-07 

GENERAL. PURL1 C F MAX 

SUHHARY OF DOSES FOR GENERAL. PUELII I? H A X t  : LOWEST 9t46E-15 
HIGHEST Y,4t,E--15 
T O T A I... 
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